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Abstract

Multiple single nucleotide polymorphisms (SNP) in the promoter region of the human interleukin-10 (IL-10) gene and in
the signal / leader sequence of the human transforming growth factor beta 1 (TGF-b1) gene, have been associated with
susceptibility, severity and clinical outcome for a number of diseases. One common explanation for this, is that different
haplotypes of these SNPs regulate the expression of the respective cytokines. Therefore, accurate determination of
haplotypes by physical linkage analysis represents an important tool in investigating the pathogenesis of such diseases. Here,
we demonstrate that the use of induced heteroduplex generators (IHGs) may be used to identify haplotypes within target
sequences in the IL-10 and TGF-b1 genes. Four haplotypes were observed within the IL-10 promoter region, consisting of
21082, 2851, 2819 and 2592 SNPs. For the TGF-b1 signal / leader sequence, we observed three haplotypes of the T869C
(Leu10Pro) and G915C (Arg25Pro) SNPs. In both cases, all combinations of these haplotypes could be resolved
unequivocally with a single IHG reagent.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction cytokine promoter regions, leader sequences and
other regulatory regions have been conducted (Cam-

The establishment of associations between ge- bien et al., 1996; Fishman et al., 1998; Eskdale et al.,
netically determined variations in cytokine expres- 1999; D’Alfonso et al., 2000). These have revealed
sion and disease susceptibility or outcome has led to that the extent of polymorphism is much greater than
a rapid increase in the identification of single nucleo- originally perceived.
tide polymorphisms (SNP) in putative regulatory Studies of ethnic groups have shown high degrees
regions of human cytokine genes. of conservation at what were previously considered

A number of gene walking exercises spanning regulatory SNPs (Mok et al., 1998). This challenges
the concept of one SNP being causative of the switch
from high to low production of a cytokine. Reports*Corresponding author. Tel.: 144-117-973-8477; fax: 144-
of new SNPs both increase the complexity of studies117-973-0238.
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permit genotyping or haplotyping of patient and homozygosity has been shown to be a protective
control cohorts, and also to determine genetic as- factor for spinal osteophytosis (Yamada et al., 2000).
sociations with disease status. Induced heteroduplex generators (IHGs, formerly

The increased understanding of the complexity of called universal heteroduplex generators or UHGs)
polymorphisms in many of the cytokine genes has generate unique DNA conformations when hybrid-
led to the identification of ancestral haplotypes ized to a genomically-derived DNA sequence and
(Syrris et al., 1998), with more recent studies can be informatively resolved by polyacrylamide gel
focusing on the determination of haplotypes (Eskdale electrophoresis. They have previously been used to
et al., 1999; Hackstein et al., 1999; Jordanides et al., identify mutations in many genetic diseases, blood
2000). Clinically, haplotype analysis may permit clotting and metabolic disorders (Wood et al., 1993;
more accurate association with disease status. Ex- Savage et al., 1995; Culpan et al., 1997; Jack et al.,
perimentally, expression studies can only be consid- 1997). Often, an IHG analysis permits identification
ered accurate if the full haplotype of the expressing of multiple SNPs by a single reagent. Morse et al.
cell or cloned promoter region is determined. (1999) previously demonstrated the use of IHGs for

Apart from DNA sequencing and some multiplex screening SNPs in cytokine promoter regions. Analy-
PCR-RFLPs (Wood et al., 2000), highly informative sis with IHGs has frequently permitted identification
physical linkage maps are difficult to determine by of mutations in trans (Wood and Bidwell, 1996b),
conventional PCR-based methods. Here, we demon- and more recently Bolla et al. (1999) demonstrated
strate the use of induced DNA heteroduplex their ability to identify mutations in cis. When
generators (IHGs) to determine linkage between identifying haplotypes the IHG has to be able to
multiple SNPs in two cytokine genes: IL-10 (pro- discriminate between various cis conformations to
moter region) and TGF-b1 (leader sequence). establish the physical linkage between SNPs and

High level expression of IL-10 has been shown to generate different conformations for each haplotype.
result in a poor response to the challenge of a This paper reports the application of IHG analysis
bacterial infection in meningococcal disease in identifying cytokine haplotypes in both homo-
(Lehmann et al., 1995). An extension of this study zygotes and heterozygotes, for the cytokines IL-10
using in vitro analysis of patients’ relatives con- and TGF-b1. Single IHG reagents have been de-
cluded that high IL-10 expression was a result of a veloped to identify a four-locus haplotype in the
genetic component (Westendorp et al., 1997). The promoter region of the IL-10 gene, and for a two-
aetiology of the human autoimmune disease SLE locus haplotype in the leader sequence region of the
(systemic lupus erythematosus) strongly suggests the TGF-b1 gene.
involvement of IL-10, and a number of studies have
tried to establish a linkage between the polymorphic
variations, expression levels (Turner et al., 1997) and 2. Materials and methods
the disease (Lazarus et al., 1997).

The involvement of TGF-b1 in cellular prolifer- 2.1. Construction of induced heteroduplex
ation and differentiation has led to its implication in generators
a number of diseases and complications post trans-
plantation, where abnormal cellular events are the The method described here is a refinement of that
causative feature of the disease or symptom (Wood described by Wood and Bidwell (1996a,b). To
et al., 2000). More recently, the specific polymor- achieve the length of DNA fragment required for
phism that gives rise to the amino acid substitution at IHGs of the size used in these assays, a series of
position 10 of the leader sequence has been identified head-to-tail overlapping oligonucleotide longmers
as a risk factor in a number of disease association were fused and converted to double stranded DNA
studies. Homozygosity for leucine at amino acid 10 by PCR amplification. For each IHG the following
has been demonstrated as a risk factor for os- construction method was used. A reaction mixture
teoporosis (Yamada et al., 1998) and myocardial (sufficient for 18 reactions) was prepared containing
infarction (Yokota et al., 2000). In contrast, leucine 100 ml 103 reaction buffer (Thermal Polymerase
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buffer, NEB, Hitchin, UK), 25 ml of each longmer the incorporation of non-templated bases and over-
solution (see below) at a concentration of 2.5 mM, 80 hanging A residues.
ml NTPs (DNA polymerization mix, Abgene, Epsom
UK), 40 ml of 100 mM Mg SO solution, 10 ml Vent 2.3. TGF-b1 IHG2 4

polymerase (2 units /ml, NEB): the final volume was
adjusted to 960 ml with water. The reaction mixture This was constructed from two overlapping lon-
was divided into 48-ml aliquots in 200-ml PCR gmers of 161 and 162 bases in length (oligo[8 and
reaction tubes (Bio-Rad, Hemel Hempstead, UK). [9, respectively), using the methods described
The reactions were incubated in an MJ PTC100 above (see Fig. 1b). It is noteworthy that this is the
thermal cycler (GRI, Braintree, UK) using the first occasion we have used longmers of this length
following program: step 1, 948C for 5 min; step 2, in constructing IHGs. Two poly-adenine identifiers
948C for 1 min; step 3, 408C for 3 min; step 4, 728C (4A residues) were inserted downstream to both the
for 1 min; step 5 return to step 2 (four more times); T869C (Leu10Pro) and G915C (Arg25Pro) poly-
step 6, an indefinite hold at 728C. Whilst the program morphisms.
was at the 728C hold segment, to each tube 2 ml of a
combined PCR primer and enzyme mix solution 2.4. IL-10 genotyping: PCR parameters
were added, containing forward and reverse primers
at 25 mM and Vent polymerase 0.2 units /ml. After Standard 50 ml reactions contained 5.0 ml forward
the addition of the PCR primers and Vent poly- primer, 59-ACACACACACACACAAATCCAAG-39

merase, the thermal cycler was switched to the (5.0 mM), 5.0 ml reverse primer 59-
requisite PCR amplification program (see below). ATATCCTCAAAGTTCCCAAGCAG-39 (5.0 mM),

Isolation and purification of the generators was by 5.0 ml 103 Reaction Buffer (Abgene buffer IV, 750
polyacrylamide gel electrophoresis and electroelution mM Tris–HCl (pH 8.8 at 258C), 200 mM NH SO ,4 4

as previously described (Bolla et al., 1999). 0.1% (v/v) Tween-20), 4.0 ml 25 mM MgCl , 2.0 ml2

DNA polymerization mix (Abgene), 1.0 ml diluted
2.2. IL-10 IHG Taq polymerase (0.5 units) (Abgene), 2.5–5.0 ml of

genomic DNA (0.1 mg/ml) and 23 ml H O.2

Pilot studies showed that to construct an IHG Amplification was carried out in a Robocycler
capable of simultaneously identifying SNPs at posi- (Stratagene) using cycle parameters of: 10 min at
tions 21082, 2819 and 2592, it was necessary to 968C (initial denaturation), 35 rounds of 968C, 598C
reduce the size of the modifications from those used and 738C (75 s segments), and a final extension for 5
by Morse et al. (1999), in constructing individual min at 738C. The PCR generated IHG amplicons
IHGs for each SNP. The strategy used is shown in with a fragment size of 601 bp and genomic am-
Fig. 1a. Two overlapping double stranded subunits plicons of 604 bp.
were constructed: subunit 1 was generated from five An alternative rapid amplification was developed
oligonucleotide longmers (oligo[1–oligo[5, Fig. using an Idaho Technology Rapid Cycler (Biogene,
1a) spanning the IL-10 promoter sequence from the Kimbolton, UK). Twenty-ml reactions contained 2.0
primer site upstream of the 21082 SNP, to down- ml forward primer (5.0 mM), 2.0 ml reverse primer
stream of the 2819 SNP; subunit 2 was generated (5.0 mM), 10 ml of 23 Master Reaction Buffer (0.02
from two oligonucleotide longmers (oligo[6 and units /ml Taq polymerase (Abgene), 100 mM Tris–
[7, Fig. 1a), which ranged from the latter site to the HCl (pH 8.3 at 258C), 5 mg/ml BSA (Sigma
2592 SNP downstream primer site. The two Chemicals, Poole, UK), 8.0 mM MgCl dATP, CTP,2,

subunits were isolated and purified as detailed above. GTP, TTP each at 0.4 mM, 0.1% (Abgene), 0.1%
To generate the full length IHG, serial dilutions of (v /v) Tween-20 (Ameresco)), 2.0 ml of genomic
the two purified subunit amplicons, ranging from DNA (0.1 mg/ml), and 4.0 ml H O. Amplifications2

22 2410 to 10 , were co-amplified using primer[1 and were carried out in 5–30-ml glass capillaries
primer[4. The TaqPlus Precision PCR system (Biogene), using the following cycle parameters: 30
(Stratagene, Cambridge, UK) was used to prevent s at 948C (initial denaturation), 35 cycles of 948C for
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Fig. 1. (a) Nucleotide sequence alignment of IL-10 promoter region genomic DNA (gDNA), induced heteroduplex generator (IHG) and
constituent oligonucleotide longmers (oligo[1–oligo[7). Subunit 1 (see text) was constructed from oligo[1, [2, [3, [4 and [5. Subunit
2 was constructed from oligo[6 and [7. rc, reverse complement of sequence; deletions or insertions used in the IHG are shown in lower
case; PCR primer sequences and annealing positions are shown. Primer[1 and [2 were used to amplify subunit 1; primer[3 and [4 were
used to amplify subunit 2; primer[1 and primer[4 were used to amplify full length products. Nucleotide numbers are shown on the right of
each line: nucleotide 1 of the alignment corresponds to nucleotide 2885 of GenBank accession number X78437. Positions of SNPs are
denoted using asterisks. (b) Nucleotide sequence alignment of TGF-b1 leader sequence region genomic DNA (gDNA), induced
heteroduplex generator (IHG) and constituent oligonucleotide longmers (oligo[8 and [9). rc, reverse complement of sequence; insertions
used in the IHG are shown in lower case; PCR primer sequences and annealing positions are shown. Primer[5 and [6 were used to amplify
full length products. Nucleotide numbers are shown on the right of each line: nucleotide 1 of the alignment corresponds to nucleotide 1858
of GenBank accession number Y00112. Positions of SNPs are denoted using asterisks.
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0 s, 558C for 2 s, and 728C for 22 s, with a final 2.7. Polyacrylamide gel electrophoresis analysis of
extension for 30 s at 728C. DNA heteroduplexes

2.7.1. IL-10 genotyping
2.5. TGF-b1 genotyping: PCR parameters To obtain resolution between all IL-10 haplotypes

a high percentage polyacrylamide, controlled tem-
Standard 50 ml reactions contained 5.0 ml forward perature gel was required. The optimum gel con-

primer, 59-TTCCCTCGAGGCCCTCCTA-39 (5.0 ditions with the triple-wide minigel system (CBS
mM), 5.0 ml reverse primer, 59- Scientific Company Inc., Del Mar, USA) were: 15%

GCCGCAGCTTGGACAGGATC-39 (5.0 mM), 5.0 Protogel 2.6% cross-linkage gels (National Diag-
ml 103 Reaction Buffer (160 mM (NH ) SO , 670 nostics, Hull, UK) containing 13 TBE, 13 TBE4 2 4

mM Tris–HCl (pH 8.8 at 258C), 15 mM MgCl , running buffer, circulating coolant at 258C. A stain-2

0.1% v/v Tween-20 (Ameresco Chemicals, Ana- less steel heat-sink plate was attached to the un-
chem, Luton, UK)), 2.0 ml DNA polymerization mix cooled side of the gel. Samples were run into the gel
(Abgene), 1.0 ml diluted Taq polymerase (0.5 units) at 125 V for 30 min, the voltage was then increased
(Abgene), 2.5–5.0 ml of genomic DNA (0.1 mg/ml) to 300 V, and the samples were electrophoresed for a
and 27 ml H O. Amplification was carried out in a further 3 h. Gels were stained post electrophoresis2

Robocycler (Stratagene) using cycle parameters of: with SYBR Gold (Molecular Probes, Leiden, The
10 min at 968C (initial denaturation), 35 cycles of Netherlands). Images for all analyses were acquired
968C, 628C and 738C (75 s segments), and a final using a Kodak EDAS 120 system (Life Tech-
extension for 5 min at 738C. The PCR generated nologies, Paisley, UK).
IHG amplicons with a fragment size of 294 bp and
genomic amplicons of 302 bp. 2.7.2. TGF-b1 genotyping

Optimum resolution of the heteroduplex banding
patterns was obtained using 10% Protogel , 2.6%

2.6. Induced heteroduplex generation cross-linkage gels containing 23 TBE. The electro-
phoresis was carried out on a triple-wide minigel

Induced heteroduplex generation (otherwise refer- system. The following conditions were used: 13

red to as cross-matching) was achieved by denatur- TBE running buffer; constant voltage of 300 V;
ing 6 to 10 ml of genomic amplicon with 6 to 10 ml electrophoresis time 90 min at a constant temperature
of IHG amplicon (volumes were changed according of 108C. Gels were stained post electrophoresis with
to the concentration of amplicon as determined by ethidium bromide. Images for all analyses were
visualisation on agarose, and depending on the well acquired using a Kodak EDAS 120 system.
size of the polyacrylamide gel), followed by slow
controlled cooling. The following program on
Biometra UnoII and Biometra (Anachem) personal 3. Results
cycler was used to generate the heteroduplexes:
heating to 948C (default ramp rate) for 4 min, 3.1. IL-10 haplotyping
cooling to 458C at a ramping rate of 0.068C/s, hold
at 48C (default ramp rate). To cross-match amplicons Heteroduplex banding patterns were established by
generated by rapid cycling, 5.0 ml of Abgene re- the analysis of DNA samples for which the 3-locus
action buffer IV were added to the reaction before haplotype had been previously determined by in-
denaturation: this was because rapid cycling reaction dividual analysis of the three SNPs at 21082, 2819
buffers, unlike those used in conventional PCR, do and 2592 using the method described by Morse et
not contain KCl or NH SO and it was found that al. (1999). Unique banding patterns were seen for4 4

the ionic strength of cross-matching reactions needed the GCC, ACC and ATA haplotypes (Fig. 2). A
to be increased in order to optimise heteroduplex fourth pattern was also observed: the 3-locus hap-
formation. lotype (21082, 2819, 2592) for these samples had
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Fig. 2. (a) IL-10 promoter heteroduplex banding patterns observed using IHG analysis. Haplotypes are shown beneath each lane.
Polymorphic nucleotides within each haplotype are shown on the left. (b) Schematic representation of banding patterns for the four
haplotypes observed.

been previously identified as GCC. We determined recipients and one donor who possessed the 4-locus
the nucleotide sequences of these samples and haplotype, GACC (21082, 2851, 2819, 2592).
identified a nucleotide substitution G to A at position
2851 as described by D’Alfonso et al. (2000) and 3.2. TGF-b1 haplotyping
indicated also by the cytokine gene alignments of
Bidwell et al. (1998). This polymorphism is 32 DNA samples previously haplotyped by the mul-
nucleotides upstream of the identifier within the IHG tiplex PCR-RFLP method described by Wood et al.
for the 2819 SNP. As yet we have not observed the (2000) were used to verify the heteroduplex patterns
rare GTA haplotype described by both Eskdale et al. generated. Unique banding patterns were seen for the
(1999) and Mok et al. (1998). C /C , T /G and C /G haplotypes and all10 25 10 25 10 25

A blind trial cohort comprising 50 unrelated bone permutations of haplotypes were resolved (Fig. 3). A
marrow donor / recipient pairs was re-typed using the further 235 cadaveric renal allograft recipients trans-
IHG. We found 100% concordance with the data planted in Glasgow and Bristol between 1992 and
obtained using the single locus IHG assays of Morse 1995 were haplotyped by the method without any
et al. (1999), but in addition we identified six ambiguities.

Fig. 3. (a) TGF-b1 leader sequence heteroduplex banding patterns observed using IHG analysis. Haplotypes are shown beneath each lane.
Polymorphic nucleotides within each haplotype are shown on the left. (b) Schematic representation of banding patterns for the three
haplotypes observed. See text for details of amino acid substitutions associated with the nucleotide polymorphisms.
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4. Discussion Morse et al. (1999) or with SSCP analysis using the
same primers (data not shown) even though the

This study demonstrates the sensitivity of the IHG nucleotide is within the fragment generated by these
method and its ability to identify two or more SNPs conformational assays. Each IHG banding pattern is
linked in cis. Both IHGs described involved novel specific for a combination of four allelic loci in
developments of the technology. The TGF-b1 IHG physical linkage. IHG haplotyping data is therefore
was 302 bp in length but in contrast to previously precise, unlike that of other methods which rely on
described IHGs of this length, was constructed from assumed or statistically estimated linkage.
just two overlapping oligonucleotide longmers and There are potentially other reported IL-10 hap-
was capable of defining haplotypes of the GC-rich lotypes in which specific banding patterns have not
TGF-b1 leader sequence. yet been characterised with the IHG method. For

Although the current literature attributes risk example, D’Alfonso et al. (2000) described an A to
factors to a single amino acid substitution in the G polymorphism at position 2657 in the Italian
TGF-b1 leader sequence, this may well be an over population. Furthermore, Mok et al. (1998) and
simplification of the situation. Analysis of TGF-b1 Eskdale et al. (1999) report finding a 21082, 2819,
haplotypes demonstrates that there are two possible 2592 GTA haplotype in Chinese and Dutch popula-
leader sequences carrying the proline residue at tions, respectively. On the evidence of the identifica-
amino acid position 10 but with either arginine tion of the 2851 polymorphism with the IHG, it
(basic) or proline (hydrophobic) at amino acid would be reasonable to expect that both of these
position 25. This type of change may well affect the haplotypes would generate unique banding patterns.
export or stability of newly synthesised TGF-b1 Establishing haplotypes by IHG analysis should
across endoplasmic reticular membrane. not be confused with multiplex heteroduplex analysis

The IL-10 IHG contained less nucleotide sequence (O’Connor et al., 2000) and linked multiplex
modification in identifier regions than the individual generators that have recently been described (Bar-
IHGs described by Morse et al. (1999), namely two baux et al., 2000). These systems do not demonstrate
oligo-G inserts (3 bp and 2 bp) and one oligo-G physical linkage between a series of SNPs in cis, but
deletion (2 bp). The reduced retardation of gel are merely a means of identifying multiple SNPs.
mobility, over that seen in the pilot study, permitted We submit that the IHG methods we have de-
simplified identification of all three common hap- scribed here for identifying haplotypes in the regula-
lotypes and the rarer GACC haplotype, with the tory regions of IL-10 and TGF-b1 cytokines, cur-
heteroduplexes migrating in the range of 1.2 to 1.8 rently provide a superior form of analysis, given that
kb (apparent molecular weight). To date this is the single polymorphisms probably only represent
largest IHG we have constructed and from our markers of haplotypes which are associated with
experience appears to be approaching the limits of regulatory changes. Analysis by IHG has the advan-
the resolving power of nondenaturing poly- tages of rapidity, cost effectiveness (Bolla et al.,
acrylamide minigels. 2000), and provide information relating to physical

Although in comparison with previously described linkage that can only be assumed when using two or
IHG analyses the IL-10 electrophoresis conditions more single locus PCR analyses.
are more complex, there are distinct advantages.
Firstly, the 4-locus haplotype can be determined in a
single analysis, whereas current methods of analysis Acknowledgements
require separate PCR-based tests. The fourth con-
formation observed with this IHG is due to the We are indebted to Dr. Richard Smith for access
presence of the G to A mutation at 2851 within a to the renal recipient DNA samples, to Ann Green
GCC haplotype. This would not be detected by for access to the bone marrow donor / recipient pairs,
PCR-SSO, or PCR-SSP/ARMS analysis without the and to Doris Culpan for nucleotide sequencing. The
use of a specific reagent. The polymorphism was not induced heteroduplex generator technology is cov-
detected by the individual 2819 IHG described by ered by UK Patent No. 2280266.
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