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2002), their all-method-principle and all-instruments CVs
ranged from ~4% to 7% (10, 11), similar to our findings.
We chose to exclude results from two laboratories that
reported a gelatinous material in the TIBC medium pool
and chose not to impute values for one laboratory that did
not report raw values for the UIBC low pool. Addition-
ally, we excluded 13 values from the ~1650 analyte
values; these, however, represent <1% of all values and
should not reduce interpretation of analytic validity.

We gratefully recognize those involved in the envisioning
of the project, including Barbara A. Bowman, Mary K.
Serdula, Mary E. Cogswell, Larry Grummer-Strawn, Dan
Hulff, and Gary L. Myers, as well as all of the directors and
personnel of the following laboratories: Ortho Clinical
Diagnostics (Rochester, NY), Collaborative Laboratory
Services (Ottumwa, IA), Fairview University Medical
Center (Minneapolis, MN), Quest Diagnostics (Teterboro,
NJ; Tucker, GA; Dublin, CA; Van Nuys, CA; Auburn
Hills, MI; St. Louis, MO; Wood Dale, IL), Sonora Quest
(Tempe, AZ), ARUP Laboratories (Salt Lake City, UT),
William Beaumont Hospital (Royal Oak, MI), Atlanta VA
Medical Center (Atlanta, GA), Emory University Medical
Laboratories (Atlanta, GA), Spectra East Laboratory
(Rockleigh, NH), Reference Diagnostics (Bedford, MA),
South CA Permanente (North Hollywood, CA), Univer-
sity of Wisconsin (Madison, WI), Rochester General Hos-
pital Laboratory (Rochester, NY), Harborview Medical
Center (Seattle, WA), University Hospital of Wales
(Cardiff, UK), UZ-K.U. Leuven Medical Center (Leuven,
Belgium), and Sahlgrenska University Hospital (Goete-
borg, Sweden).
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We describe here a method for detection of three common
single-nucleotide polymorphisms (SNPs) in the inflam-
matory bowel disease (IBD)-related CARD15 gene. We
used a two-step approach with multiplex PCR and pyro-
sequencing. Although the three loci are spaced far from
one another, the built-in multiplexing capability of pyro-
sequencing reactions to extend for numerous bases was
used with appropriate primers and the design of efficient
deoxynucleoside triphosphate (dNTP) dispensation or-
ders to screen for the variants simultaneously.

IBDs are chronic relapsing disorders affecting the gas-
trointestinal tract with a population prevalence in West-
ern countries of 1:1000 (1). The complex trait is subdi-
vided on the basis of clinical and histologic features into
two main subtypes: Crohn disease (CD) and ulcerative
colitis (UC) (2-5). Whereas UC is limited to the rectal and
colonic mucosal layers, CD can involve any part of the
intestine, most frequently the terminal ileum and colon
(6-9). Several candidate loci for IBD have been identified
on the basis of whole-genome scans in different popula-
tions (10-18 ). Of these, the one on chromosome 16 named
IBD1 has been confirmed in several independent studies
(11,12, 15-18). Three SNPs in the CARD15 gene, located
in the IBD1 region, have been demonstrated to confer
susceptibility to CD, but not to UC, in several populations
and to correlate with an ileal site of the disease (6-10).

In this report, using a previously described approach
for SNP/mutation analysis (19), we developed and vali-
dated a protocol to characterize simultaneously the
R702W (SNP8), G908R (SNP12), and L1007fsinsC (SNP13)
variants, which are associated with increased risk of CD
(20-22). Although additional CARD15 variants have been
found to be associated to CD, these are the three most
common and are found in almost all populations tested
(7).

A total of 141, 163, and 61 individuals from 47 CD, 49
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UC, and 18 mixed (containing affected members with
both CD and UC) families, respectively, and 108 unrelated
healthy controls were included in the study after in-
formed consent. Genomic DNA samples were purified
from peripheral blood leukocytes according to standard
protocols or with the Puregene DNA isolation reagent set
(Gentra System).

Multiplex PCR reactions were performed on samples to
be genotyped for the three variants (R702W, G908R, and
L1007tsinsC) in the CARD15 gene. PCR and Pyrosequenc-
ing sequencing primers were designed according to Py-
rosequencing guidelines (http://www.pyrosequencing.
com). Briefly, three fragments of 106, 117, and 104 bp,
respectively, encompassing the three SNPs were PCR-
amplified using forward and the reverse primer pairs
R702W-F (5'-TTC CTG GCA GGG CTIG TT-3') and
R702W-R (5'-biotin-CCA GAC ACC AGC GGG C-3'),
GI08R-F (5'-TAG AGG GAG GAG GAC TGT TAG TT-3')
and G908R-R (5'-biotin-CCC CCT CGT CAC CCA CT-3'),
and L1007fsinsC-F (5'-TCC TTA CCA GAC TTC CAG
GAT G-3') and L1007fsinsC-R (5'-biotin-TCT TCT TTT
CCA GGT TGT CCA-3') with one of the two PCR primers
(Integrated DNA Technologies) for each SNP containing
biotin at the 5'-terminus to facilitate isolation of a single-
stranded template for the Pyrosequencing assay. All
primers were HPLC-purified.

Because a template hairpin was predicted by SNP
Primer Design software Ver. 1.0 (Pyrosequencing AB), a
nonmatching T (underlined and bolded above) was
added to the 5" end of the nonbiotinylated PCR primers
for the G908R and L1007fsinsC SNPs to prevent extension
from these templates. The triplex PCR reactions were
done in a final volume of 50 uL containing GeneAmp 1X
Buffer II (10 mM Tris-HCl, pH 8.3; 50 mM KCI), 2.5 mM
MgCl,, 3 U of AmpliTaq Gold DNA polymerase (Applied
Biosystems), 200 nM each primer, 1 mM dNTPs (Amer-
sham Pharmacia Biotech), and 50 ng of the genomic DNA.
Reactions were performed with initial denaturation at
95 °C for 10 min, followed by 35 cycles at 95 °C for 1 min,
annealing at 62 °C for 1 min, and extension at 72 °C for 1
min. Final extension was 72 °C for 10 min.

Bound biotinylated single-stranded DNA was gener-
ated using protocols recommended by the manufacturer
(PSQ™ HS 96A System Sample Preparation Kit; Pyrose-
quencing AB). The biotinylated triplex PCR products (5
uL) were bound to streptavidin-Sepharose HP beads (2
pnL; Amersham Biosciences) and incubated with binding
buffer pH 7.6 (38 nL; 10 mmol/L Tris-HCl, 2 mol/L NaCl,
1 mmol/L EDTA, 1 mL/L Tween 20) and diethylpyrocar-
bonate-treated water (30 uL; Ambion) in a 96-well micro-
titer plate for 15 min at 40 °C with mixing at 1400 rpm in
a Thermomixer R (Eppendorf). The 96-well plate was
subjected to vacuum filtration using the Vacuum Prep
Tool (Pyrosequencing AB), which consists of a hand-grip
with 96-filter probes. The bead-bound PCR products were
transferred to the filter at the end of each 96-filter probe,
and the remaining liquid was removed by vacuum filtra-
tion. The Vacuum Prep Tool was transferred to a trough
containing 700 mL/L ethanol for 5 s. Nonbiotinylated
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strands were removed after treatment with denaturation
solution (0.2 mol/L NaOH) for 5 s. Bead-bound biotinyl-
ated strands were retained on the filter and rinsed in
washing buffer (10 mmol/L Tris-acetate, pH 7.6) for 7 s.
The vacuum was removed to release beads from the filter.
Bead-bound single-stranded DNA templates for each SNP
were resuspended in annealing buffer (12 pL; 20 mM
Tris-acetate, pH 7.6; 2 mM magnesium acetate) containing
0.5 uM (6 pmol) of the HPLC-purified Pyrosequencing
primers R702W-F (5'-A CAT TGG AGA AGG CCC-3'),
G908R-F (5'-CTT TTA ACC TIT TCA G-3'), and
L1007fsinsC-F (5'-TGT CAT TCC TTT CAA GGG-3') in
wells of a PSQ 96 plate (Pyrosequencing AB). To prevent
extension from sequencing primers self-annealing, TG
and AA mismatches (underlined and bolded above) were
added to the R702W and G908R Pyrosequencing sequenc-
ing primers, respectively. Pyrosequencing assay design
flexibility and chemistry made it possible to introduce
these specific mismatches without affecting sequencing
results. The mixture was heated at 94 °C for 2 min and
then cooled to room temperature to facilitate annealing of
the Pyrosequencing primers to templates. The plate was
placed into the PSQ HS 96A System for analysis (Pyrose-
quencing AB).

An automated Pyrosequencing instrument, PSQ HS
96A (Pyrosequencing AB), was used to perform multiplex
genotyping in a single Pyrosequencing reaction at 28 °C.
Each well contained Sepharose beads with the bound
single-stranded DNA template and its annealed Pyrose-
quencing primer. The Pyrosequencing reaction began
with the addition of enzymes (DNA polymerase exonu-
clease-deficient, apyrase, luciferase, ATP sulfurylase) and
substrates (adenosine 5'-phosphosulfate and luciferin) to
each well. Individual dNTPs [TTP, dGTP, dCTP, or de-
oxyadenosine a-thio-triphosphate (dATPaS)] were se-
quentially added to the reactions after each elongation
reaction step. Excess nucleoside triphosphates from the
previous step were degraded by apyrase. Only one dNTP
was added at each step according to a dispensation order
(CGC TAT CGT GCG CTC TGA GA) entered in the
Pyrosequencing SNP Multiplex Entry software (Pyrose-
quencing AB), which was selected to allow for simulta-
neous detection of all three SNPs. The sequence of incor-
porated nucleoside at each elongation step was inferred
by measuring light emission as an indicator of incorpora-
tion with the particular dispensed dNTP. The resulting
sequences were analyzed automatically by the SNP eval-
uation software, Ver. 1.1 (Pyrosequencing AB). Each SNP
in all samples was confirmed by DNA sequence analysis
with the ABI BigDye Terminator, Ver. 3.1, Cycle Sequenc-
ing Ready Reaction on a ABI 3100 DNA sequencer (Ap-
plied Biosystems) according to the manufacturer’s recom-
mendations.

Three different primers pairs were used for multiplex
PCR, and three different Pyrosequencing primers were
used for simultaneous detection of the three SNPs in the
CARD15 gene in a single Pyrosequencing reaction. For
triplex CARD15 SNP genotyping, a dispensation order
was determined that allowed each SNP variant to appear
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Fig. 1. Simultaneous pyrosequencing results for L1007fsinsC (insertion C), G908R (G to C), and R702W (C to T) in CARD15 gene.

The three SNPs to be interrogated simultaneously are color-coded and depicted at the top with the expected read-outs from the three different combined Pyrosequencing
sequencing primers (red arrows), each of which stops one base short of the three sequences shown. Homozygous wild-type individuals are shown in panel A with the
experimental and theoretical pyrograms on the left and right, respectively. The reaction contains all three primers, and the theoretical sequence contribution of each
color-coded allele at each position is indicated by the colored columns in the pyrograms on the right (e.g., in panel A, C extension in the red box for G908R contains
nucleotide contributions from each of the three alleles). Details of the contribution of each SNP to the theoretical pyrograms are described in the text. Experimental
and theoretical pyrograms for heterozygous (top) and homozygous mutant (bottom) genotypes for SNP L1007fsinsC, G9O8R, and R702W are shown in panels B, C,

and D on the left and right, respectively.
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as individual peaks in the pyrogram. Pyrograms (left) and
the theoretical Pyrosequencing results (right) for the three
wild-type regions and six different genotypes are shown
in panels A and B-D of Fig. 1, respectively. The contribu-
tion to the theoretical sequence readout at each nucleotide
position by each of three different SNP regions is indi-
cated in different colors on the right (blue for L1007fsinsC,
red for G908R, and brown for R702W). Incorporation of
each nucleotide for each allele produces a 0.5 peak height.

The blue boxes in panels A and B show results for the
L1007tsinsC SNP extension reaction. L1007fsinsC is pro-
duced by a one-base insertion at nucleotide 3020 in exon
11 of the gene, which causes a frameshift mutation
(20,21). The wild-type genotype pyrogram for the
L1007tsinsC is shown in Fig. 1A, with the nucleotide
dispensation order indicated above; the primer extension
produces a double C peak height (e.g., 0.5 X 4 Cs; 2 for
each wild-type allele) followed by no signals for G or C at
the next two positions. The results for a heterozygote for
G insertion at SNP L1007fsinsC are shown in the top
portion of Fig. 1B, with the primer extension producing a
single C peak (0.5 X 2 Cs from the wild-type allele), a
half-magnitude G peak (0.5 X 1 G from the variant SNP),
and a single C peak (0.5 X 2 Cs from the variant SNP). The
results for homozygosity for the G insertion are shown in
the bottom portion of Fig. 1B, with the primer extension
producing no C peak, followed by a single G peak
(corresponding to 0.5 X 2 Gs for the G insertion in both
alleles) and a double C peak (0.5 X 4 Cs; 2 from each
insertion G allele).

The red boxes in panels A and C of Fig. 1 show results
for the G908R SNP extension reaction. G908R is caused by
a G-to-C base substitution at nucleotide 2722 in exon 8 of
the gene, producing a missense mutation (20, 21). Results
for the wild-type genotype are shown in Fig. 1A, with a
quadruplicate G peak (0.5 X 4 Gs in each allele) and a
triple C peak (0.5 X 2 Cs from the two wild-type alleles at
this locus plus 0.5 X 2 Cs each from the two wild-type
alleles at the L1007fsinsC and R702W loci), followed by no
G and no C peaks (indicating no mutation). The bottom
portion of Fig. 1C shows the results for homozygosity for
the G908R SNP, which produces a double G peak fol-
lowed by a triple C (as indicated above), a single G, and a
single C peak. The top portion in Fig. 1C shows the results
for heterozygosity at G908R with a triple G (0.5 X 4 Gs
from the wild-type allele and 0.5 X 2 Gs from the variant)
and C peaks (as indicated above), and half G and C peaks
attributable to the mutation.

The peaks in the green boxes are results for extension
reactions for wild-type, heterozygous, and mutant/mu-
tant genotypes for R702W, a C-to-T base substitution at
nucleotide 2104 in exon 4 of the gene, which produces a
missense mutation (20, 21). Results are completely con-
cordant with the theoretical expectation (Fig. 1, A and D).

Allele and genotype frequencies were calculated from
the families” probands, and differences between patients
and controls were tested by the Fisher exact and x* tests,
respectively. The frequency of L1007fsinsC was signifi-
cantly higher in probands from the CD and mixed fami-
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lies than in controls, but not in probands from the UC
families (P = 0.0002, 0.00002, and 0.38, respectively). In
addition, the frequency of G908R was significantly higher
in probands of CD families (P = 0.01). These frequencies
are similar to those observed in other European popula-
tions (7). From the same data, we calculated that the
relative risk of CD was 4.05 (95% confidence interval,
1.92-8.53) for heterozygotes and homozygotes for any of
the CARD15 SNP variants (Table 1). No Mendelian inher-
itance error was found. All 365 samples were scored
correctly compared to automated DNA sequence analy-
ses. Our experience demonstrates several advantages of
Pyrosequencing (23-25), including a relatively easy and
low-cost set up and a multiplexing capability that facili-
tates simultaneous detection of DNA variations that map
to different sites in the same template. The use of nonpro-
prietary supplies from the hardware manufacturers de-
creases the cost of Pyrosequencing, and template prepa-
ration can be standardized and robotically automated,
allowing 96 samples to be sequenced in 25 min.

We thank the patients and their families who provided
blood samples for this study and the Cooperative Inves-
tigators of the Italian Group for Inflammatory Bowel
Disease (IG-IBD): G. laquinto and I. Sorrentini (U.O. di
Gastroenterologia, Avellino); M. Campieri and P. Gio-
chetti (Clinica Medica, Policlinico S. Orsola, Bologna); D.
Valpiani and E. Ricci (Divisione di Medicina, Forli); G.
Frieri and M.T. Pimpo (Cattedra di Gastroenterologia,
Universitd L’Aquila); S. Giaccari and L. Grasso (Divisione
di Gastroenterologia, Galatina); M Saibene and R. De
Franchis (Gastroenterologia, Ospedale Maggiore IRCCS,
Milano); G. Bianchi Porro (Gastroenterologia, Ospedale
Sacco, Milano); G. Riegler and F. Morace (Cattedra di
Gastroenterologia, II* Universita di Napoli); S. Cucchiara
and O. Borrelli (Dipartimento di Pediatria, II* Universitd
di Napoli); F. Castiglione and G. Mazzacca (Cattedra di
Gastroenterologia, II Universitd Napoli); C. Prantera and

Table 1. Genotype and allele frequency distributions in
probands and controls based on SNP distribution.

Genotype frequency, n

Allele
SNP Group -/= +/- +/+ frequency, % P?
R702W CD 37 10 0.11 0.10
ucC 46 3 0.03 0.41
Mixed 15 3 0.08 0.71
Controls 96 11 1 0.06
G908R CD 39 8 0.09 0.01
uc 46 3 0.03 0.71
Mixed 17 1 0.03 1.00
Controls 103 5 0.02
L1007fsinsC CD 39 7 1 0.10 0.0002
uc 46 3 0.03 0.38
Mixed 13 4 1 0.17 0.00002
Controls 105 3 0.01

2 P for difference in allele frequencies between probands and controls (Fisher
exact test).
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The coexistence of a-globin gene triplication (aaa) is an
important modulator of the severity of B-thalassemia trait
or B-thalassemia intermedia, exacerbating the phenotypic
severity of B-thalassemia by causing more globin chain
imbalance (1,2). Typically, the inheritance of a single
B-thalassemia allele is associated with mild anemia and
hypochromic microcytic red cells. Compared with simple
B-heterozygotes, co-inheritance of triplicated or quadru-
plicated a-globin genes in B-heterozygotes often leads to
more significant anemia, splenomegaly, more pro-
nounced red cell abnormalities, the presence of circulating
normoblasts, higher hemoglobin F concentrations, and
even the presence of inclusion bodies in erythroblasts
(3,4). Because the a- and B-globin gene clusters are
physically unlinked and segregate independently,



