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Abstract

The investigation of the genetic background and phenotype structures of complex diseases, such as cardiovascular or psychiatric disorders
and tumors, is one of the most scrutinized fields of the post genomic era. Besides the multiplex analysis of genetic markers and polymorphisms
throughout the whole genome, more and more attention is focused on the interaction between the etiological factors of these traits. Haplotype
determination, rather than multiplex genotyping seems to be one of the first building blocks of this endeavor. This review focuses on the
importance and theoretical background of haplotyping, and summarizes the recent examples of novel and emerging haplotyping techniques
by capillary gel electrophoresis based DNA fragment analysis, a powerful tool for the examination of the inheritance of complex traits.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction allelic variants, one can distinguish polymorphisms and mu-
tations. The frequency of the minor form of a polymorphism
The basic rules of inheritance have been known for about is greater than 1%, while mutations are the rare allelic variants
one and a half centuries since Gregor Mendel published[9]. Polymorphisms are considered mostly neutral or having
his ground-braking work entitleBixperiments in Plant Hy-  only minor phenotypic effects, while mutation usually means
bridizationin 1865. Nearly 100 years later, Watson and Crick drop-out or serious lesion in gene function. Polymorphisms
described their hypothesis about the double helical structureare classified into two major groups of single nucleotide poly-
of DNA and the possible molecular structure of chromo- morphisms (SNPs) and length polymorphisms. SNPs are re-
somes[1]. Since then, efforts within the Human Genome sponsible for about 90% of person-to-person variations, i.e.,
Project revealed the sequence of the 3 billion base pairs (bp)approximately one in every 1000-2000 H,11] Length
of the human genome. Besides the vigorous development ofpolymorphisms are manifested as variable number of repe-
‘invivo’ and ‘in vitro’ molecular biology methods, ‘in silico’ titions in the DNA sequence, where the length of a repeat
approaches have also emerged. Today, not only the base sesection and the number of repeats can both y&fyThese
quence of any human chromosomes can be downloaded fronpolymorphisms are responsible for approximately 10% of
respective internet databad@$, but also information about  person to person variations, and can be further categorized
gene function, the spatial structure of proteins or even mu- according to the length of the repetitive DNA sections, such
tations and polymorphisms can be searched. However, oneas shorttandem repeats (STRs) that are 1-4 bp long, or longer
of the fundamental problems investigators are facing world- repetitive DNA sequences thatare referred to as variable num-
wide is the analysis of genetic factors that might contribute ber of tandem repeats (VNTR).
to common diseases. It is well known that illnesses affect-  Most of these polymorphisms exist in parts of the genome
ing the cardiovascular system, various tumors, diabetes orthat, in the best of our present knowledge, does not have any
psychiatric disorders show accumulation in families. Genetic effects on the phenotype. However, when polymorphisms are
and environmental effects take part in the etiology of these located in the coding regions of a gene it may change the
complex traits, and in this way it is usually very difficult to amino acid sequence of the expressed protein, and might con-
detect the possible effect of a single genetic polymorphism. comitantly manifest itself in the phenotype. Polymorphisms
Unfortunately linkage studies that were successfully used in can also result in changes in the phenotype if they are in the
sparser monogenic diseases cannot be applied to polygenipromoter region of a gene, thus influencing gene expression
diseases with reasonable success rE@8gsMore informa- levels[12,13].
tion about the genetic background of diseases would open up
new avenues towards the understanding of disease progres-
sion and concomitantly the development of diagnostics and 3. What is a haplotype and why is it important to
preventive treatments. Genetic association studies seem to beetect?
more effective, when the relationship is searched between a
given trait and its expected candidate gene. However, these Haplotype is the relative chromosomal localization of the
studies necessitate reliable and high throughput haplotypingalleles of the polymorphic lodil4]. During the search for
methods applied to a large number of samples (along with the genetic background of complex diseases and traits it is
phenotypic analysis), especially to highly polymorphic gene indispensable to examine multiple polymorphisms, i.e., hap-
regions. lotypes, as they can serve as very effective genetic markers.
To better understand the importance of haplotyping, let us
consider that locus L1 is a transcription factor-binding site,
2. Polymorphism and mutation which regulates the expression of geqé-ig. 1). The tran-
scription factor binds to allelé, but due to the polymor-
Studying the more than 3 billion base pairs in the hu- phism at this site not to allekein L1, therefore, respectively
man genome led to the striking recognition that only a very stimulates or does not stimulate the expression of géne
small portion of the genetic information actually codes for Furthermore, consider that in the same block, locus L2 has a
proteins. The approximate number of coding genes is only polymorphism in the coding region, which causes an amino
about 30,00(4,5]that can apparently generate a significantly acid change in the expressed protein (alkodes the nor-
larger number of proteins through co- and post-translational mal protein, whileb for the defective one). Thus, in case of
modifications and alternative splicing. The more than 20,000 sample 1, wher@& andB are on the same chromosome, a reg-
proteins already identified are listed in multifarious databases ular amount of normal protein is generatéd-B). The other
[6,7]. chromosome in this instance holds alledesndb, resulting
One of the major trends in post-genomic research is thein just a few copies of the deficient proteanr{(b). In sample
exploration of genetic variations in humans. Difference inthe 2, with allelesa andB, at L1 and L2, respectively, only a
DNA sequence between two non-related individuals is about small amount of normal protein is expressadB), while A
0.1%, resulting in an average of one in a thousand base pairsandb provides a large amount of defective variatién-p).
altogether about 3 milliof8]. Based on the frequency of the  As Fig. 1 exhibits, determining only the genotype of the two



E. Szantai et al. / J. Chromatogr. A 1079 (2005) 41-49 43

L1 L2
haplotype: +1
HpOYbe 8 == (B) y _—» Regular amount of normal protein v
Sample 1 A~B —
Ab B O © D T+ Small amount of defective protein
a b
2 +'L’ B8 __» Small amount of normal protein &
Sample 2 :"E ™ o = 0] D
~0 @ E\) (bD ) ~»Regular amount of defective proteing<,

(M__ ) Maternal chromosome
®___ ) Paternal chromosome

Fig. 1. Haplotype definition (+1 denotes the transcription start site).

loci in individuals 1 and 2 would not differentiate between technique is based on the use of an allele-specific primer in

the two heterozygote samples, as genotyping methods cannothe polymerase chain reaction and subsequent electrophore-

distinguish between theis (sample 1) andtrans (sample sis analysis of the producfg0,21] Actually, the 3 end of

2) localization of the alleles. This example clearly illustrates, the allele-specific primer is hybridized at the SNP site, so a

that haplotyping provides significantly more information on DNA-polymerase lacking‘3exonuclease activity can carry

disease predisposition prediction as simple genotyping. out the amplification only if the primer perfectly matches
with the template. Two allele-specific primers are applied to
the corresponding allelic variants in two separate reactions.

4. Capillary electrophoresis-based polymorphism A novel approach allows fast and reliable genotyping

detection methods of any SNP in a single tube PCR reaction followed by
electrophoresis analydig2,23]

4.1. Length polymorphisms Oligonucleotide ligation assay (OLA) applies a fluo-

rescently labeled aspecific and an unlabeled allele-specific
Interrogation of length polymorphisms usually accom- probe, and hybridization of the allele-specific oligo takes
plished by amplification of the gene section of interest using place only when the allelic variant of interest is present in
polymerase chain reaction (PCR), followed by electrophore- the sample DNA. The aspecific probe is designed to hy-
sis size separation of the resulting fragments. Two primers bridize to the template DNA in the adjacent position to the
with annealing sites outside of the polymorphic region are binding site of the specific probe. When the specific probe
utilized in the PCR, therefore the repeat number can be read-is complementary to the template then a nick (lack of the
ily determined based on the size of the generated fragment.3 -5 phosphodiester bond) is formed, consequently the two
For example, in DNA fingerprinting the number of 4bp long DNA fragments can be ligated, resulting in the formation of
repeat sequences are investigated in the relevant sections af longer labeled fragment. If the allele-specific probe cannot
the genom¢l5]. Capillary gel electrophoresis provides more hybridize, ligation does not occur and thus only the labeled
than adequate separation power and rapid analysis times foaspecific probe is seen in the electropherod@#h A similar
this application. More recent studies applied microfluidic de- method is multiplex ligation dependent probe amplification
vices for the separation of DNA fragments resulting in anal- (MLPA) where the process is initiated by the hybridization

ysis times of less than a few mjh6]. of an allele-specific and a non-specific probe, followed by a
polymerase chain reaction if the two probes were ligated in
4.2. Single-nucleotide polymorphism the first stef25].

Besides the emerging use of microarrflygd andrealtime 4.2 2. Primer extension-based methods
PCR analysi$18,19} the most frequently used methods for  |n primer extension-based SNP typing methods, the ap-
single-nucleotide polymorphisms necessitate electrophoresisylication of a primer ending just prior to the polymorphic
analysis. As capillary electrophoresis (CE) provides automa- region of interest is combined with a sequencing reaction
tion and superior resolving power even in a high throughput ysing dideoxy-ribonucleotide triphosphate terminators. One
clinical diagnostic environment, we summarize the most fre- gpproach referred to as SNaPsH®] employs an unlabeled

quently used CE based methods below. primer in conjunction with the four dideoxy nucleotides la-
beled by four different fluorescent dyes, so the color of the
4.2.1. Hybridization-based methods reaction product depicts the genotype. Multiplexing is offered

One of the most frequently used methods for SNP inthis instance by using primers with various lend2&]. A
investigation is allele-specific amplification (ASA). This second approach is based on the application of a fluorescent
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primer in conjunction with unlabeled dideoxy and deoxy nu- tained, specific for the two alleles. There is anovel endonucle-
cleotides so the genotype can be readily determined based omase based method that can identify even previously unknown
the DNA fragment lengths of the resulting primer extension SNPs. A modified repair enzyme, CEL | endonuclease, rec-
products. Multiplexing in this instance is possible by em- ognizes any mismatch in dsDNA and cuts the phosphodi-
ploying different fluorophore labeled primel27]. In both ester bond of both strands at thesde. After hybridizing
methods, the primers and the extended fragments are sepahe sample of interest with a PCR amplicon generated from
rated by capillary electrophoresis. DNA sequencing is also aa homozygote normal sample, the presence and even the ap-
very useful polymorphism characterization technique. In this proximate position of an SNP are identified by the cleaved
case longer (800 bp) fragments can be sequenced applying th&ragments appearing in the electropherogfagj.
chain terminator fluorescently labeled dideoxy nucleotides in
combination with their unlabeled deoxy counterp§2gj. It
is important to note here that, although the accuracy of this 5. Haplotyping methods
method is not 100%, DNA sequencing is still considered to
be the “gold standard” of SNP screening and identification 5.1. Family studies
by many researchers.
One of the most obvious haplotyping methods is based on

4.2.3. Methods based on electrophoresis mobility family studies, where the haplotypes are determined based
change on familial genotype datg83,34] However, some multifac-

Single-stranded conformational polymorphism (SSCP) torial diseases are of late onset making difficult orimpossible
and denaturing gradient gel electrophoresis (DGGE) are theto collect DNA sample form the biological parents. Moreover
two most often used techniques that utilize the phenomenonfamily studies are not applicable in some cases, e.g., when all
of mobility changes during electric field mediated sepa- the members are heterozygote for the same polymorphism.
rations. In SSCP denatured DNA molecules are separatedThese individuals must be excluded from the study, which
under carefully optimized conditions that makes possible means not only the decrease in sample size, but even the
to demonstrate the electrophoretic mobility change causeddistortion of the genetic composition of the investigated pop-
even by a single base differen{29]. The specificity and  ulation, as samples are dropped out not randomly but rather
the sensitivity of the approach are significantly increased genotype dependently (i.e., mostly the heterozygotes must be
when capillary gel electrophoresis is applied. DGGE is excluded).
based on the difference in electrophoretic mobilities between
double-stranded (ds) DNA and partially denatured DNA. 5.2. Software-based haplotype prediction
Prior to the electrophoretic analysis, the DNA fragments are
denatured and re-annealed in a way that allows heteroduplex The maximum-likelihood method is effected via the
formation. In an increasingly denaturing environment along expectation-maximization algorithm worked out by statisti-
the capillary during the run, the two homoduplexes and the cians[35-37] Other methods, such as the parsimony method
heteroduplexes get partially denatured at different denaturing[38], and the PHASE methods are based on Bayesian infer-
agent concentration. Since the electrophoretic mobility of ence calculating uncertainties associated with each phase call
the partially denatured DNA is usually lower than that of its [39,40] In case control studies, estimated haplotype frequen-
double stranded counterpart, the different forms are readily cies are not directly evaluated kyf tests. Please note that
separated30]. Please note that the so-called “GC-clamp” the accuracy of haplotype estimation is not guaranféétl
prevents complete denaturation of the fragments during cap-when a disease population is not under the Hardy—Weinberg
illary denaturing gradient gel electrophoresis. An alternative equilibrium[42]. Thus, it is important to unambiguously de-
technique is based on the original publication of Hah/zand termine individual haplotypes in a simple, direct way.
coworkerq31] using micropellicular anion exchanger made
of 3-um rigid polystyrene-based non-porous microspheres 5.3. Direct haplotype determination
with a covalently bound hydrophilic layer and DEAE
functional groups at the surface in high-performance liquid  Direct haplotype determination, namely the application of

chromatography31]. molecular genetic methods for each sample is another fairly
useful and reliable option besides family studies and the ap-
4.2.4. Enzymatic cleavage-based methods plication of computer algorithms. Cloning and sequencing

Restriction fragment length polymorphism can also be ap- of DNA fragments derived from each chromosome is a clas-
plied to SNP analysis. This technique utilizes type Il restric- sical but rather labor intensive method for molecular haplo-
tion endonucleases, which recognize and cut both strands otyping. One of the reported techniques is based on double
a dsDNA at very specific 4-8 bp long palindrome sequencesallele-specific amplification, which is suitable for the deter-
[14]. If the allelic variation of a single nucleotide polymor- mination of haplotype of two adjacent SNPS]. However,
phism creates or eliminates an endonuclease recognition siteywhen many polymorphic sites are located on the region of in-
a characteristic capillary electrophoresis peak pattern is ob-terest thus the number of predictable haplotypes is increased,
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this method gets rather complicated. In addition, nucleotide SLC1Al(the gene ofthe EAAC1) polymorphisms, confirmed
sequences around the polymorphic sites affect the optimiza-by cycle sequencing. The peak patterns correspond to differ-
tion of allele-specific amplification. An interesting approach entcombinations of three haplotypes of T, C~T and T~C.
is intense dilution of the DNA sample solution resulting in  The fragment size associated to each peaks are labeled on the
amplification of practically one DNA molecule, which makes three homozygote subjects.
possible the investigation of SNPs as far as 24 kb apart from Others studied possible association between SNPs and
each othef44]. Another approach by Douglas et #5] sporadic rectal cancer (SR{)9] utilizing a multi-capillary
suggested transformation of diploid cells to haploid by con- DNA sequencing instrument and developed a method for
struction of somatic cell hybrids. This provided an opportu- SNPsand (micro)haplotype detection within short DNA frag-
nity for direct haplotype determination through conventional ments of 100—1000 bp by integrating DNA melting theory.
DNA genotyping from the haploid cells. Another method Partial melting of DNA fragments was detected by the change
suggested intra-molecular ligation of PCR fragments con- intheir electrophoretic mobilities. Information in melting be-
taining two polymorphisms of investigation. Thus, the two havior of different (micro)haplotypes relative to the wild type
sites get to adjacent localization making it possible to ap- in combination with DNA sequencing allowed direct (mi-
ply allele-specific amplificatiofd6]. Heteroduplex analysis  cro)haplotype determination. A standard 96-capillary DNA
has also been applied to molecular haplotyg#if. Single- sequencing instrumentwas used in cycling temperature capil-
strand conformation polymorphism (SSCP) can be used for lary electrophoresis mode (CTCH)ig. 3depicts the CTCE
molecular haplotyping as well, and it is conceivable that con- traces representing the five (micro)haplotype combinations
formation of single-stranded DNA further changes by the discovered (samples are delineated by thin, internal standards
combination of more than one polymorphig#i]. are by bold lines). Haplotypes are given as three polymorphic
bases in each allele. Please note that heteroduplexes are not
shown in the electropherograms. No association was found
6. Haplotyping by capillary electrophoresis between the polymorphisms and the haplotypes in the ataxia-
teleangiectasia mutated gene with respect to sporadic rectal
Since the importance of haplotyping become apparent, acancer.
growing number of research groups took the lead to develop  Serotonin-related genes in antidepressant response were
rapid, sensitive and reliable methods. In this review we focus investigated using a high-throughput capillary electrophore-
on CE-based haplotyping methods. Cook and cowoik@&is sis based SNP analysis platform for 110 SNPs and four re-
reported a CE-based SSCP haplotyping method for the inves-peat polymorphisms located in seven candidate gengg®hy
tigation of two common SNPs within the gene of the EAAC1 Their result revealed three SNPs in the tryptophan hydroxy-
(neuronal and epithelial glutamate transporter) that is sug- lase gene and one SNP inthe serotonintransporter gene show-
gested to be a functional candidate in obsessive—compulsiveng noteworthy single locus association when response to

disorder.Fig. 2 shows six SSCP electropherograms for two fluoxetine is compared to non-response. To investigate pos-
sible interaction of alleles from different SNPs within a gene,

haplotypes were inferred using an expectation maximization
algorithm and tested for association using phenotypic com-
parisons. The use of haplotypes, or particular combinations

224 271 . .
3008' 3}3\8 /\_ Haplotypes : I 7 of alleles observed in a population, has been proved to be
] 354

a powerful approach for the dissection of complex genetic

300 312 324 336 348 360 372 384 396 408 420 432 [iH

3000 224 77 traits both theoretically and empirically. Using a haplotype
0] 40451 g I SNP tagging approach enabled to reduce the number of SNPs
required to represent the majority of haplotypes, and gener-
30003 N w2t = ally allowed observation of even greater association between
0] L e these htSNP (haplotype tagging SNP), haplotypes and phe-

notypes.

224 271
458' 3}38\ 3/59\ I g Association studies between the macrophage migration

inhibitory factor (MIF) gene and juvenile idiopathic arthritis
1200] 22 z7 (JIA) by Donn et al.[51] established linkage of a 2-locus

0] J N\ T o MIF promoter haplotype with JIA susceptibility using either
SNaPshot ddNTP primer extension or by a fluorescently
900 Pl o 2 A labeled primer method in conjunction with capillary gel

o] - = || electrophoresis. They have also demonstrated the functional
= consequence of this particular haplotype that was found to
Fig. 2. Electropherograms for six SSCP patterns. Length units assigned us-be transmitted in excess by measurng the plasma MIF con-

ing Genescan TAMRA 350 as internal standard. Each genotype was (:on—Cem.ra-ﬁ(?n in patignts with juvenile idiopathic arthritis. T_he
firmed by cycle sequencing. With permission frj48). application of luciferase reporter gene constructs provided
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-616CG -521CT
-521CT +—> * «— -521C-or T-
forward primer} Gaace | specific primer
L 3 H
Sau96 | (GGNCC) RFLP

166 < I -616C

GGNCC GCNCC

87bp  35bp 113bp 87bp 148 bp

®) Fig. 4. Schematics of haplotype analysis using combined allele specific

les TAA PCR/RFLP. Filled asterisks: position of the two SNPs, open asterisk: po-

sition of the controlSal96 | digestion site. With permission frof&3].

of matrix metalloproteinase (MMP) 1 and 3 gene promoters
asrisk factorsin head and neck squamous cell carcinoma. The
presence of the MMP1-2G and MMP3-6A alleles seemed to

be associated with decreased risk of tumor especially when
TAA/TAA the two forms were carried by the same chromosome forming
a haplotype.

Our group[53] introduced a novel haplotyping approach
(Fig. 4 combining allele-specific amplification and restric-
tion fragment length polymorphism (RFLP) for the investiga-
tion of the—616CG and-521CT SNPs in the’funtranslated
region of the Dopamine D4 Receptor geRigy. 5depicts cap-
illary gel electrophoresis haplotyping of the two SNPs of sev-
eralindividuals applying allele specific PCR (for th621CT
D) TGT TAA SNP) in conjunction wittal®6 | restriction enzyme diges-
tion (for the—616CG SNP). The left and right panels demon-
strate the digestion patterns of the PCR amplicons possessing
thymine or cytidine at positior-521, respectively. In sample
1, both the digested and undigested fragments are present in
the —521T specific reaction, but lacks any PCR-products in
the —521C specific reaction, suggesting the haplotype struc-
ture as—616C~ —521T/~616G~ —521T. Sample 2 is dou-

CAA TGT ble heterozygote as PCR-products were created by both the
—521T- and—521C-specific reactions, but as thé&21C-

Relative fluorecence

® specific product was not digested resulting in the haplotype
of —616G ~ —521T/~616C ~ —521C. Sample 3 is also
heterozygotic for site-521, as the expected PCR products
were produced in both reaction mixtures and both chromo-
| — somes contain the 616G allele consequently its haplotype
33 36 39 is —616G~ —521C/616G~ —521T. Sample 4is-521CC

homozygote and together with the presence of digested and
the undigested fragments in panel B the haplotype is as-
Fig. 3. Cycling temperature capillary electrophoresis of five genotypes rep- Sumed to be-616C~ —521C/616G~ —521C. This study

resenting five microhaplotype combinations. Sample traces are depicted withdemonstrated that capillary gel electrophoresis in combina-

thin line and the internal standard is presented in bold. Microhaplotypes are tion with laser induced fluorescence detection offered a sen-

given as the three polymorphlc bases in each allele. P!ease nqte_that hEt'Sitive and accurate tool for automated haplotyping in clinical
eroduplexes are not shown in the electropherograms. With permission from

[49]. settings.
More recently Kamio et al[41] took the lead to com-
pare statistical haplotyping with direct haplotype determi-
clear evidence of a functional interaction between the two nation methods for the MUC5B (human mucin 5B gene)
sites of genetic variation within the MIF promoter, and sug- promoter applying capillary gel electrophoresis based single
gested a haplotype linkage with juvenile idiopathic arthritis. strand conformation polymorphism method. They demon-
Capillary electrophoresis and PCR was utilized by strated that SSCP can identify up to 10 common SNPs and
Laurent-Puig and coworkef52] in their SNP investigation  a dinucleotide insertion/deletion site in a 2kb long DNA.

Migration Time (min)
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Fig. 5. Haplotype determination of the616CG and-521CT SNPs of the Dopamine Receptor D4 gene. With permission[B8mn
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Fig. 6. Comparison of statistically estimated and experimentally determined haplotypes. Statistical estimation of haplotype frequenciesnerteiirfor
two (A), three (B), four (C), and five (D) adjacent loci in the promoter regioMbfC5B gene. With permission frorf#1].

Haplotypes were reconstructed from diploid genotypes in 7. Summary

the same region by statistical methods including expectation

maximization.Fig. 6 depicts the comparison between sta- It is considered that the DNA sequence of any two hu-
tistical estimation and experimental haplotype determination man individuals is 99.9% identical. Although the frequency
revealing that major haplotypes containing multiple marker of all the possible variations is approximately only 0.1%, it
sites showing strong linkage disequilibrium (LD) are esti- still may affect the risk of the individuals to various diseases.
mated in good accuracy however haplotypes with weak LD Patterns of single nucleotide polymorphisms localized on the
are not reconstructed correctly. same chromosome are referred to as haplotype. In some cases
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haplotypes are inherited as conserved blocks. Within these Launchingthe HapMap project generated some concernas
blocks, however, only a few SNPs provide appropriate hap- if genetic difference between different populations gets pub-
lotype information. Capillary electrophoresis and capillary licity, some groups can be stigmatized by revealing that they
array electrophoresis are playing a major role in haplotype possess higher predisposition risk for specific illnesses. On
determination, especially in clinical settings. the other hand, getting such a map of haplotype blocks is of
high significance in the genetic mapping of complex diseases,
in pharmacogenetic researches and in achieving personalized
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