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Purpose: To validate a novel BeadChip assay system for cystic fibrosis (CF) mutation testing using the panel of 25 ACMG

recommended mutations and D1152H.Methods: DNA from 519 individuals originally tested for CF mutation status by

allele specific oligonucleotide hybridization (ASOH) were blindly analyzed by the BeadChip assay and the results were

compared. The elongation mediated multiplexed analysis of polymorphisms (eMAP) protocol, which combines multiplex

amplification of genomic DNA and multiplex detection of mutations on color-coded bead arrays, was used to analyze 26

CFmutations in two separate groups. Results: The system accurately distinguished the 26 CF genotypes and had 100%

concordance with the ASOH technique with an assay failure rate of 1.7%. Benign variants of exon 10 codons 506, 507,

and 508 did not interfere with mutation identification and reflex testing for the 5/7/9T IVS8 polymorphism was

performed on a separate array. Conclusions: The BeadChip assay system provided accurate and rapid identification of

the ACMG recommended CF mutations. Genet Med 2004:6(5):431–438.
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Cystic fibrosis (CF) results from mutations in the CF trans-
membrane conductance regulator (CFTR) and is a common au-
tosomal recessive disorder, particularly in individuals of Cauca-
sian and Ashkenazi Jewish (AJ) ancestry.1,2 CF also affects
individuals from other ethnic groups, including Hispanics, Afri-
can Americans, and Asians with carrier frequencies ranging from
1 in46 to 1 in 90.1More than1000mutationshavebeendescribed
in the CFTR gene and although many of them are private muta-
tions, there are a number ofmutations that are distributedworld-
wide and still others that are common to specific ethnic groups.3

In 2001, theAmericanColleges ofMedicalGenetics (ACMG)and
Obstetrics and Gynecologists (ACOG) established guidelines for
prenatal carrier testing for CF that included a panel of 25 paneth-
nic mutations with allele frequencies � 0.1% among CF patients
inNorthAmerica.1,4 In addition, they recommended that carriers
of R117H be subsequently tested for the 5/7/9T polymorphic al-
leles in intron 8 and that individuals positive for delF508 and
delI507 have reflex testing for interference from the benign vari-
ants F508C, I506V, and I507V.1

The ACMG/ACOG recommendations precipitated a dra-
matic increase in the number of CF tests performed in genetic
testing laboratories. In addition, 11 states have added CF to
their newborn screening program as a two-tier process, which
includes an immunoreactive trypsinogen assay followed by

mutation analysis as reflex testing and confirmation.5–7 Thus,
the rise in requests for CF testing necessitates the development
of rapid, robust, and efficient assay methods.
A variety of techniques have been used by genetic testing

laboratories for mutation detection of CF alleles that include
the ACMG recommended 25 mutations. Some laboratories
have developed CF testing in-house, whereas others use com-
mercially available Analyte Specific Reagents (ASRs) as well as
specialized instrumentation. Although most testing methods
require multiplexed PCR for DNA amplification, the technol-
ogies used to differentiate wild type from mutant alleles after
PCR vary and include allele specific oligonucleotide hybridiza-
tion (ASOH), reverse dot blot (RDB), oligonucleotide ligation
assay (OLA-PCR) and amplification refractory mutation sys-
tem (ARMS), among others. Each of these methods is widely
used and can genotype CF alleles; however, a number of draw-
backs have been noted.2,8,9 The ASO method is a home-brew
and, therefore, has no commercial ASRs, and although it can
be semiautomated with a robotic workstation,10 it is labor in-
tensive and inmost cases uses radioactive isotopes. In addition,
the ASOmethod is hybridization-based and in order to reduce
labor and materials, uses pooled probe groups that are tested
individually only after a positive is identified within a group.
The RDB is available commercially with ASRs but is relatively
inflexible with respect to the mutation panel. OLA-PCR has
commercial ASRs; however, expensive equipment is required
for analysis and is, therefore, more feasible for larger laborato-
ries. The ARMS method is also available as a commercial kit
with ASRs, but will not distinguish most homozygous geno-
types, and therefore requires additional methods for reflex
testing of positive samples. Currently, laboratories that per-
form CF mutation analysis have several existing options and
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use the testing method that best suits their needs. However, as
new technologies emerge, those that are robust, rapid, and
cost-effective are likely to replace existing methods.

During the past seven years, our laboratory has performed
mutation detection for various genetic diseases by multiplex
PCR followed by ASOH. This home-brew methodology has
been used for CF testing on over 60,000 samples. In this study,
we report the validation of a new semiautomated method us-
ing a novel BeadChip technology with the eMAP (elongation
mediated multiplexed analysis of polymorphisms) protocol
developed at BioArray Solutions Ltd. (BAS) for the rapid, sen-
sitive, and reproducible detection of the ACMG recommended
CF panel.1 The eMAP protocol combines multiplex amplifica-
tion of genomic DNA and multiplex detection of mutations
and polymorphisms using ASOs with variable 3'-terminal se-
quences displayed on color-encoded beads that are assembled
into random arrays on semiconductor chips. After amplifica-
tion, single-stranded PCR products are annealed to the bead-
displayed ASOs that function as allele-specific forward prim-
ers. These are elongated when there is complementarity with
the annealed amplicon and are rendered visible by incorpora-
tion of a fluorescently labeled nucleotide analog. Elongation
products of the panel of mutations and wild-type sequences are
simultaneously detected by instant imaging of the entire array
using an automated Array Imaging System (AIS) also provided
by BAS. The BeadChip format facilitates customization, en-
sures rapid, and exceptional discrimination of wild type and
mutant alleles, and provides automated allele calling with elec-
tronic data storage. In this study, we describe the validation of
this BeadChip assay system for CF carrier detection in the Ge-
netic Testing Laboratory at Mount Sinai School of Medicine
(MSSM).

METHODS
Patient population and control samples

The BeadChip assay system and elongation-mediated mul-
tiplexed analysis of polymorphisms (eMAP) protocol were
evaluated using DNA samples of 507 patients and 12 profi-
ciency samples referred to our laboratory for CF screening. CF
testing was initially performed by ASOH and results were re-
ported within two weeks after receipt of the sample. After re-
porting the test results, DNA from these samples were tested
for CF using the eMAP protocol and BeadChip assay system.
Mutation controls included DNA from previously identified
positive patient samples (I148T, D1152H, W1282X, R117H,
G85E, A455E, delF508, N1303K) and DNA from NIGMS Hu-
man Genetic Cell Repositories (Coriell Cell Repositories)
(delF508, delI507, G542X, R560T, 3849�10kbC�T, N1303K,
G85E; G551D, R553X, 621�1G�T, 1717�1G�A, A455E,
R334W, R347P, R1162X, 3659delC; 711�1G�T, 2789�5G�A,
3120�1G�A). Controls for the rare mutations 1078delT,
1898�1G�A, and 2184delA were reamplified from PCR prod-
ucts obtained from the respective heterozygous individuals. All
patientsamplesthatwereusedaspositivecontrolswereconfirmedby
sequencing. Normal controls were included in each run.

DNA purification

Genomic DNA was extracted from peripheral blood samples
using the simple and rapid lysis method as previously described.11

All patient DNA were tested for CF with informed consent and the
study was conducted with IRB approval at MSSM.

Allele-specific oligonucleotide hybridization

Multiplex PCR analysis was performed in two reactions with
seven amplimers in Group I and nine amplimers in Group II
for the analysis of the ACMG panel of 25 mutations plus
D1152H. Group I amplimers included CFTR exons 3, 4, 10, 11,
20, 21, and intron 19. Group II amplimers included CFTR
exons 5, 7, 9, 12, 13, 14b, 16a, 18, and 19. All primers contained
a 20 nucleotide universal primer sequence at the 5' end and
were amplified as described elsewhere.12 Patient and control
samples for all 26 mutations were included with each run. Fif-
teen microliters of all PCR products were visualized by electro-
phoresis on 2% agarose gels to evaluate amplification quality.
Group I multiplex PCR reactions were spotted onto three Hy-
bond-N� membranes, and Group II multiplex PCR reactions
were spotted to four 8 � 12 cm Hybond-N� membranes (Am-
ersham Pharmacia Biotech), using the Biomek 2000 auto-
mated workstation (Beckman Coulter). Mutant ASOs were
end-labeled with �-32P-ATP and pooled into three subgroups
(IA-IC) for Group I and four subgroups (IIA-IID) for Group II
mutations with the following breakdown of mutations: IA:
delF508, delI507, W1282X, R117H; IB: G542X, R560T,
3849�10kbC�T, N1303K, G85E; IC: G551D, R553X,
621�1G�T, 1717�1G�A, I148T; IIA: A455E, R334W,
D1152H; IIB: R347P, 1078delT, R1162X, 3659delC; IIC:
711�1G�T, 1898�1G�A, 2789�5G�A, 3120�1G�A; IID:
2184delA. Hybridizations were performed in TMAC hybrid-
ization buffer with 10-fold molar excess of unlabeled WT oli-
gos as competitor at 55°C for 2 hours to O/N.13 Filters were
washed twice at 55°C for 15 minutes in TMAC wash buffer and
exposed to Biomax MR film (Kodak).13

Reflex testing for positives was performed by amplification
of reextracted DNA and hybridization with individual mutant
and wild-type oligonucleotide probes for each mutation
within the group. Reflex testing for the 5T/7T/9T variants of
the intron 8 polypyrimidine tract was performed for all
R117H-positive samples. Reflex testing of delF508 and delI507
positive samples for the F508C, I506T, and I507T variants was
not necessary with this methodology.

BeadChip assay system

All BeadChip assay components were provided by BAS.
Each of the runs for validation of the BeadChip assay system, I
through VIII, was performed subsequent to the report of CF
results assayed by the ASOH method. Each run (I–VIII) corre-
sponds to a set of samples that were initially tested for CF by
ASOH. All 26 CF mutations (52 probes) were tested on all
samples within each run. Because each sample was amplified in
two separate multiplex PCR reactions, there were two distinct
BeadChips used for each sample, one that contained the nor-
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mal and mutant probes for GPI mutations and another that
contained the normal and mutant probes for GPII mutations.
Controls were run with each amplification, except for run I,
which was amplified simultaneously with run II and with the
same master mixes. A subset of the mutation controls were
included with each run with the majority of mutations repre-
sented in each run with a total of 145 mutation control samples
assayed in total. Overall, each mutation was assayed in the
heterozygous state at least 3 times. Homozygous samples were
included in the analysis for delF508 and 2789�5G�A.

Elongation-mediated multiplexed analysis of polymorphisms (eMAP)

BAS’s eMAP protocol for the analysis of CF genotypes, using
the BeadChip assay system, involves multiplex PCR amplifica-
tion, strand selection, and multiplex elongation. The individ-
ual steps are illustrated in Fig. 1A and described later.

Multiplex PCR amplification

Genomic DNA was amplified with corresponding primers in
two separate multiplex PCR reactions (Groups I and II) using a
GeneAmp 9700 thermal cycler (ABI) with an initial “hot start”
polymerase activation step at 94°C for 15 minutes followed by 30
cycles, each composed of denaturation for 30 seconds at 94°C with
a 60% ramp, annealing for 30 seconds at 60°C with a 50% ramp,
and extension for 20 seconds at 72°C with a 35% ramp followed by
extension for 8 minutes at 72°C. Each reaction (25 �L) contained
�200 ng genomic DNA, 1� PCR buffer (10 mmol/L Tris-HCL,
50 mmol/L KCL, 0.1% Triton X-100), 1.5 mmol/L MgCl2, 200
�mol/L each of PCR grade dNTPs, and 5 units of Hot Star Taq
DNA polymerase (Qiagen). Group I amplification included ex-
ons 3, 4, 9, 10, 11, 20, 21, and intron 19 and group II included
exons 5, 7, 12, 13, 14B, 16, 18, and 19. To permit strand selection
(“�” or “�” strand), the forward primers for exons 7 and 10 and
the reverse primer(s) for all other amplicons, were modified by 5'
OH-phosphorylation.

Post-PCR processing

Aliquots (6.5 �L) of PCR product were processed in a new
tube to remove excess primers and dNTPs using ExoSAPIT
(Amersham Pharmacia Biotech). To produce single-stranded
DNA templates, PCR products were incubated in the GeneAmp
9700 thermal cycler (ABI) with 2.5 units of � exonuclease (Amer-
sham Pharmacia Biotech) in 1� buffer at 37°C for 20 minutes; the
enzyme was then inactivated at 75°C for 10 minutes.

On-chip elongation

Single-stranded amplicons (10 �L) were added to an equal
amount of elongation mixture containing 3 U of Thermo Se-
quenase (Amersham Pharmacia Biotech), 1� enzyme buffer
with TAMRA-labeled deoxycytosine (dCTP) analog (NEN Life
Sciences), and 1 �mol/L of each unlabeled dNTP. Each elon-
gation sample (20 �L) was transferred to a single BeadChip
mounted on an 8 chip carrier (25 � 75 mm). The elongation
reaction was allowed to proceed for 15 minutes at 53°C and 3
minutes at 60°C in a temperature-controlled BeadChip processor
developed by BAS that held four slides each with eight BeadChips.

After elongation, BeadChips were washed three to four times with
ddH2O. An image of the fluorescence pattern of beads within the
array was recorded using an automated Array Imaging System
(BAS) equipped with fluorescence optics and a CCD camera. Im-
ages were analyzed using ImageStudio software (BAS) by deter-
mining the identity of elongated probes.

BeadChip design

Allele specific probes (20–25 bp) for 26 CF mutations were
designed with 30% to 50% G/C and a Tm of 50% to 55°C. Bead-
displayed probe libraries were produced by coupling oligonucle-
otide probes of interest to encoded microparticles (“beads”)
stained with combinations of fluorescent dyes. To produce a cus-
tom array composed of a desired set of specific probes, aliquots of
corresponding beads were selected from the library, pooled, and
dispensed onto silicon chips, and bonded on to a 1 � 8 chip car-
rier format shown in Fig. 1B. The resulting arrays exhibit a very
high feature density, containing approximately 4000 beads of 32
or more spectrally distinguishable types within an area of 300 �
300 �m. After array assembly, the color code of each bead within
the array was recorded as a single snapshot (Fig. 1A) using an
Array Imaging System (BAS).14

Data analysis

BAS’s Image studio software suite was used to analyze fluores-
cence images and combine them with prerecorded decoding im-
ages showing the color codes for all beads within the array. De-
coded image data were converted into CF results for Group I or
Group II mutations and displayed as bar graphs (Fig. 2). For each
allele of a given mutation, a normalized intensity (I) ratio repre-
sents the allelic ratio, namely r� IA/IB � IA � INC/IB � INC. where
IA, IB, and INC respectively denote: signal intensity for allele A,
allele B, and a negative control (NC).

In general, when the value of (I) was equal or less than zero,
it was adjusted to 0.01 to avoid the generation of negative val-
ues. Allele discrimination was achieved by comparison of the
fluorescent signals of beads containing the wild type and mu-
tant probes. The result was calculated as the ratio of the wild
type to mutant signal. The sample result is presented as the
ratio of the signal of the wild type probe to the mutant probe.
For most mutations, allelic ratios of � 2.0 were scored as ho-
mozygous for allele A, whereas an allelic ratio of � 0.5 was
scored as homozygous for allele B. An allelic ratio of 0.5 to 2.0
was scored as heterozygous. Certain mutations including
711�1G�A, R117H, G542X, R560T, and W1282X, required a
heterozygous allelic ratio with an upper limit set at 2.50.
G551D and R334W required a heterozygous allelic ratio with
an upper limit set at 3.00. These values were consistent for
multiple runs, permitting reliable thresholding.

RESULTS
Validation strategy

The BeadChip assay system and eMAP protocol were vali-
dated using a panel of 26 CF mutations currently screened for
in our laboratory including the ACMG 25 recommended mu-
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tations plus D1152H, a mutation that is prevalent in the AJ
population.15,16 To assess the overall performance and feasibil-
ity of this technology for use in the genetic testing laboratory,
we blindly assayed 507 patient samples, 12 proficiency sam-

ples, and 145 control samples with the CF-26 BeadChip assay
system and eMAP protocol, after reporting the testing results
obtained by ASOH. The results are summarized in Table 1. The
BeadChip assay system performed with high sensitivity and

Fig. 1. A, Schematic of individual steps of the eMAP protocol I, Multiplex PCR reaction carried out with one primer modified by 5'OH phosphorylation. II, Post PCR processing involving
removal of unincorporated primers and dNTPs and subsequent strand selection by digestion of the phosphorylated strand. III, Incubation of processed PCR products on the BeadChip and
incubation with probe sequence complementary to PCR single strand. IV, Incorporation of fluorescent nucleotide analog as a consequence of elongation. B, Shown above is a slide
containing 4 BeadChips per well on an 8-well slide. Each BeadChip contains a separate and distinct array of bead-displayed probes. Bottom, Corresponding fluorescence image of a single
BeadChip as captured by the AIS is displayed, which represents the raw image data.
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accurately identified all 26 CF mutations, each of which was
tested at least three times during the course of the validation.
Assay performance was highly consistent among runs and fail-
ure rates were low and evenly distributed throughout the runs
(I–VIII). The results obtained using the BeadChip assay system
had 100% concordance with the results that were reported by
our laboratory using the ASOH method.

The PCR failure rate for ASOH in our laboratory is 6.0%,
and primarily reflects the quality of the DNA samples, which
are extracted by the simple and rapid lysis method.12 In con-
trast, the PCR failure rate for the BeadChip assay system was
3.5% (Table 1) representing samples in which at least one am-
plimer of the multiplex PCR reaction failed to amplify. Eigh-
teen PCR failures were noted but in reality each sample had
two separate PCRs and most samples were failures for one
group but not the other. Although a failure of one group to
amplify will delay reporting of the CF results, only a single
reaction is repeated and the failure rate may be overestimated.

Reflex testing

With some methodologies, benign variants of codons 506,
507, and 508 in exon 10 can give false-positive results for the
delF508 and delI507 mutations. Therefore, it is imperative to
validate a new testing method for its ability to discriminate
between these variant and mutant alleles. Genomic DNA from
an F508C and an I506V carrier were amplified with the Group
I multiplex primer mix and analyzed using the BeadChip assay
system. In addition, single-stranded oligonucleotides for the
I507V and I506M variants, 40 nucleotides in length, were
tested directly on Group I BeadChips. None of the variants
produced fluorescent signals from delF508 or delI507 coupled
beads indicating that no cross reactivity occurred with the mu-
tant alleles. In addition, the PCR products amplified from the
genomic DNA of F508C and I506V carriers and the single-
stranded oligonucleotides for the I507V and I506M only elon-

gated from the normal probe indicating that these variants did
not interfere with allele discrimination. Thus, the eMAP design
requires no separate reflex test to confirm benign variants.

Reflex or direct testing for the 5/7/9T polymorphic alleles in
intron 8 was performed as a separate assay as recommended by
the ACMG1 and was validated in this study. This reflex test is
used for screenees who test positive for the R117H mutation or
are referred for male factor infertility and is performed by
ASOH in our laboratory. Because the exon 9 amplimer in the
Group I multiplex PCR reaction did not include the intron 8
polyT tract, an additional inclusive exon 9 amplification was
performed and the products were analyzed using the eMAP
protocol on PolyT BeadChips. Twelve samples were tested that
included 5T, 7T, and 9T alleles and no discrepancies were
found when compared with the prior results obtained using
ASOH.

Assay performance

The BeadChip assay system was used to analyze over 500
patient samples and 145 controls. The CF analysis program
provided automatic allele calling and summarized results in
two formats (Fig. 2). The corrected signal intensities, which
have background signals subtracted, were presented as bar
graphs with wild type and mutant signals for each mutation
displayed adjacently. The results for each mutation were dis-
played in a table that provided allelic ratios and the corre-
sponding result based on the ratios. The table also includes
messages regarding the overall QC of the sample, any problems
that occurred with the analysis and whether the sample should
be repeated. Of the 519 samples tested, 500 were negative for
the CF-26 panel and 19 were positive (3.7%) (Table 1). Most
importantly, there were no discrepancies between the results
reported by our laboratory using the ASOH method and the
results obtained using the BeadChip assay system.

Assay failure was scored as the inability to produce a result
for at least one mutation on the BeadChip. Nine samples re-
quired a repeat analysis giving an assay failure rate of 1.7%
(Table 1). As was noted above for PCR failures, this failure rate
may be an overestimate as each sample was assayed for two
separate groups of mutations and in all cases the failures were
for a single group. The failure rates were spread evenly
throughout the runs with each run, I–VIII, having 0, 1, or 2
failures with an average of 1.1 failures per run. Group II assays
failed twice as often as Group I. In accordance with user se-
lected settings, a low signal for any mutation (below 100) or
high background prompted warning messages from the soft-
ware and “flagged” samples were repeated. An allelic ratio
(wild type to mutant) within 10% of the preset threshold like-
wise prompted a warning message and the sample was re-
peated. This was more likely to happen when a wild-type sam-
ple had an allelic ratio that was close to the threshold of the
heterozygote for that mutation.

Control samples were not factored into the failure rate, but
one control sample failed analysis. A G551D/R553X com-
pound heterozygote was reported as G551D homozygote,
R553X heterozygote. This indicates that the R553X mutant

Fig. 2. Display (‘snapshot’) of CF using the BeadChip assay system. Shown are bar
graphs of corrected signal intesities and corresponding results for each analyzed mutation
in tabular format. Result of sample that was heterozygous for Group II mutation, R1162X.
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allele was not able to elongate from the G551 normal oligonu-
cleotide, but the G551D mutant allele was able to elongate
from the R553 normal oligonucleotide. This can be explained
by examining the sequences of the probes and the mutant al-
leles. There is no mismatch between the G551D mutant allele
and the R553 normal oligonucleotide because the mutation is
outside the region of complementarity. However, a T:G mis-
match exists between the R553M mutant allele and G551 nor-
mal oligonucleotide at the 6th position from the 3' end, which
interrupts complementarity and elongation. For this combina-
tion of alleles, the assay system is therefore inaccurate. How-
ever, the reported genotype is unlikely and the sample would
have been reflexed to another method for the analysis of the
G551D and R553X mutations. This sample was originally sent
to the laboratory as a CAP proficiency sample in 2001. The
CAP summary of results stated that the sample was problem-
atic for allele assignment with certain technologies. In our lab-
oratory using ASOH, a signal was detected with the normal
oligonucleotide as well as the mutant oligonucleotides for
these two mutations, which made it difficult to determine
whether the mutations were in cis or trans, and was ultimately
resolved by sequencing. All other control samples, which in-
cluded all 26 mutations in the heterozygous, compound het-
erozygous, or homozygous state, were identified correctly.
Therefore, with one specific exception, the BeadChip assay sys-
tem successfully identified all 26 mutations without ambiguity.

DISCUSSION
Validation and comparison of assay techniques

The BeadChip assay system offers several advantages over
most if not all current CF testing methods. They include reduc-
tion in time and labor, reduction in PCR and assay repeats,
automated allele calling, and electronic data storage. Using
ASOH, a single technician typically requires four days to com-
plete CF screening for 26 mutations in two groups, permitting

only weekly assays. The same technician using the BeadChip
assay system can perform testing for up to 150 samples in only
one day, which is a substantial reduction in time and labor.
This difference should impact the way in which results are
reported, such that sample repeats and confirmation of posi-
tive samples, which currently account for a two week turn-
around time, would require only a single additional day.
Therefore, results could be reported in less than one week and
prenatal samples, which currently require at least three to four
days for CF testing in our laboratory, would only take one day.
In the diagnostic laboratory setting, this difference would also
prompt changes in the structure of the work load such that new
tests could easily be added without additional staff or the same
tests would require a smaller staff effectively reducing labor costs.

With respect to performance, the BeadChip assay system
had a lower PCR failure rate (3.5%) than our current PCR
strategy (6.0%). These failure rates were within expected limits
for the simple and rapid lysis method of DNA extraction cur-
rently used in the laboratory.11 The lower failure rate observed
with the BeadChip assay system was most likely due to use of an
initial “hot start” polymerase activation step, which results in
increased enzyme specificity due to the 15 minutes denatur-
ation step necessary for its activation.

The BeadChip assay failure rate was 1.7% and was fairly
consistent from run to run. It is difficult to make a direct com-
parison to the ASOH because failures were scored by lack of
signal from the control sample or high background on the
filters, and were addressed by stripping and rehybridizing in-
dividual filters or by performing additional washes of filters,
and did not require full repeat of the assay. However, it should
be noted that these problems were common with the ASOH
method and varied from week to week. In addition, often sev-
eral different film exposures were required because of the mul-
tiple filters and probe groups that were used. Although a direct
comparison of assay failure rates is difficult to make between

Table 1
Data for runs performed with BeadChip technology

Run no. I II III IV V VI VII VIII Totals

Samples tested 87 57 69 72 66 35 72 61 519

Controls testedk 0h 17h 20 29 22 16 20 21 145

PCR Failuresi 4 4 2 1 1 2 1 3 18 (3.5%)

Assay Failuresi 2 0 1 0 2 2 1 1 9 (1.7%)

Positives 4a 3b 0 3c 4d 2e 2f 1g 19 (3.7%)

aW1282X, delF508, D1152H, W1282X
bdelF508, delF508, D1152H
cdelF508, R117H, R117H
dG542X, delF508, D1152H, N1303K (does not include proficiency samplesj)
eW1282X, delF508
fI148T, 3849�10kbC�T
gI148T
hRuns I and II were amplified with the same master mix and used the same control samples.
iFailures are for either Group I or Group II and are for samples tested.
jProficiency sample �s: delF508/G551D, R117H/delF508, R553X, delF508/delF508, 621�1G�T/delF508, delI507, delF508/3659delC, delF508/G551D
kControl samples were not included in calculation of failure rates. One control sample (G551D/R553X) failed in this study and is discussed in the text.
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the BeadChip assay and ASOH, the former required less fine-
tuning than ASOH.

With respect to the other commercial technologies available
for CF testing, the time required to perform the assay is com-
parable to the BeadChip assay system with ARMS, RBD, and
OLA-PCR all requiring approximately one day for assay com-
pletion.9 The BeadChip assay required approximately seven
hours for completion including PCR amplification. For testing
of the CF-25 panel, an assay repeat rate of 1.9% for the RBD
method using the Roche CF Gold LAp strip assay (Roche Mo-
lecular Systems) and 2.6% for the OLA-PCR method using ABI
instrumentation and allele calling software were reported.8 For
the ARMS method, a repeat rate of 1.7% was observed using
the CF20 Elucigene kit (Cellmark Diagnostics).17 The assay
time requirements and repeat rate for the BeadChip assay sys-
tem were therefore comparable to existing commercial
technologies.

Flexibility and limitations

The CF-26 panel was developed at Bioarray Solutions, Ltd.
specifically for custom use in our laboratory to mimic our cur-
rent CF panel, which contains the 25 ABMG recommended CF
mutations and the D1152H AJ mutation. It is used for CF
testing alone or as part of an AJ genetic testing panel. Three
other versions of the CF panel were also created, CF-25, CF-38,
and CF-50, all of which contain the core 25 with or without
additional ethnic- or region-specific mutations. The current
protocol for array production involves the assembly of libraries
of individual ASO-coupled beads into arrays on demand and,
therefore, specific customization is feasible. This level of flexi-
bility allows the rapid addition or removal of mutations from a
panel at will, requiring only a change in specification and soft-
ware adjustment.

If not designed correctly, a potential limitation of elongation
based assays is the interference of nondesignated polymor-
phisms present inpatient samples. Avoidance of known SNPs
when designing elongation probes and PCR primers is neces-
sary to minimize the occurrence of interference. In our eMAP
design, all known CFTR SNPS were identified and potential
conflicts on PCR primers and elongation probes were elimi-
nated whenever possible. The problem encountered with the
G551D/R553X control sample was the result of the R553X mu-
tant strand failing to elongate from the G551 normal probe due
to reduced annealing efficiency. Our results with the 506, 507,
and 508 exon 10 variants indicate that they are capable of elon-
gating from the normal F508 probe, but do not elongate from
the mutant delF508 or delI507 probes.

The limits of the BeadChip technology are set by the limits of
PCR multiplexing as well as the number of spectrally distin-
guishable beads. For example, BAS recently developed a PCR
design for the CF-26 panel, which includes amplimers for all 16
exons in a single multiplex PCR reaction. Currently, 128 en-
coded bead types are available with the BeadChip assay system,
which would allow for 64 different mutations to be assayed on
a single BeadChip. The number can be further increased at
least 4-fold by placing multiple BeadChips in a single well,

which would require capture of separate fluorescence images
from each BeadChip, but would allow for more mutations to
be elongated simultaneously. The CF mutation panel does not
push the upper limits of this technology. However, as new
applications arise it will be interesting to explore the level of
multiplexing possible using the eMAP approach.

In summary, a novel method for the analysis of CF mutations
using BeadChip technology and eMAP protocol has been vali-
dated. The method was robust with exceptional discrimination of
wild type and mutant alleles and had 100% concordance with
ASOH, a known reliable method of testing. The BeadChip tech-
nology offers flexibility and can be tailored to suit the needs of the
patient population and is rapid such that PCR amplification and
analysis can be performed in a single day. The system requires very
little reflex testing as all mutations are analyzed directly and offers
automated allele calling software and electronic data storage. The
results of this validation support the conclusion that the BeadChip
assay system provides an attractive and valid approach for the
multiplexed analysis of CF mutations.
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