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As more mutations are identified in genes of known sequence, there is a crucial need in the areas of medical
genetics and genome analysis for rapid, accurate and cost-effective methods of mutation detection. We have
developed a multiplex allele-specific diagnostic assay (MASDA) for analysis of large numbers of samples (>500)
simultaneously for a large number of known mutations (>100) in a single assay. MASDA utilizes oligonucleotide
hybridization to interrogate DNA sequences. Multiplex DNA samples are immobilized on a solid support and a
single hybridization is performed with a pool of allele-specific oligonucleotide (ASO) probes. Any probes
complementary to specific mutations present in a given sample are in effect affinity purified from the pool by the
target DNA. Sequence-specific band patterns (fingerprints), generated by chemical or enzymatic sequencing of
the bound ASO(s), easily identify the specific mutation(s). Using this design, in a single diagnostic assay, we
tested samples for 66 cystic fibrosis (CF) mutations, 14 B-thalassemia mutations, two sickle cell anemia (SCA)
mutations, three Tay—Sachs mutations, eight Gaucher mutations, four mutations in Canavan disease, four
mutations in Fanconi anemia, and five mutations in BRCAL. Each mutation was correctly identified. Finally, in a
blinded study of 106 of these mutations in >500 patients, all mutations were properly identified. There were no
false positives or false negatives. The MASDA assay is capable of detecting point mutations as well as small
insertion or deletion mutations. This technology is amenable to automation and is suitable for immediate
utilization for high-throughput genetic diagnostics in clinical and research laboratories.

INTRODUCTION discovered?—4), efficient, cost-effective, and highly informative
mutation analysis procedures are necessary in order to better
Over the last several years, there has been a significant increasderstand predisposition and polygenic diseases.
in the number of identified, cloned, and characterized genesThis has led to the development of two broad categories of
responsible for inherited diseases in humans. As the numbernafitation detection technologi€s€). The first group, designed
disease-associated sequences has increased, the numbeio afcan for mutations within a gene, includes single-strand
mutations identified within the genes has likewise increased. tonformational polymorphism (SSCP)),(denaturing gradient
some genes, only one or a few mutations are specificalfel electrophoresis (DGGEY)( heteroduplex analysis (HET)
responsible for the disease phenotype (e.g. sickle cell anemig), chemical cleavage analysis (CCM)0), ribonuclease
(1). However, in most disease genes, many different causatigleavage (RNase)l{) and direct sequencing of the tardel)(
mutations exist with no single mutation present at a significadtithough these procedures are highly informative, they can be
frequency within an affected patient population. Therefore, fdedious and are incompatible with high throughput and low cost.
both research and clinical diagnostic applications, improve@iven the need in the clinical diagnostic laboratory to be able to
methods of mutation analysis are required not only to confirm thabalyze large numbers of samples (>500 samples/analysis)
a candidate gene truly represents the disease gene, but alsooki-effectively, these scanning procedures are not used currently
build mutation databases and provide clinical diagnostic assags.routine methods of mutation detectignlf the second group,
In addition, with the increasing number of cancer genes beimgore direct methods of mutation analysis have been developed
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such as allele-specific amplification (ASA), oligonucleotide RESULTS
ligation assay (OLA) 14), primer extension 16), artificial
introduction of restriction sites (AIRS)L§), allele-specific Model system
oligonucleotide (ASO) hybridizatiori {) and variations of these _ ) ) _ _
procedures. Together with robotics, these methods for direggven different gene targets, representing eight different diseases,
mutation analysis have helped in reducing cost and increasi¥§re chosen as a model system for complex mutation detection
throughput when only a limited number of mutations need to Hdable1). A total of 106 different mutations were analyzed in a
analyzed. However, given that many of the mutations identifieingle hybridization and detection procedure, referred to as
in disease genes are rare, for most populations undergoing testMgiSDA 106. Although large numbers of mutations have been
large numbers of mutations must be analyzed in order to achidggntified within the majority of disease genes listed, for the
significant detection frequencies. purposes of this study a selected nhumber _of these mutations were
Unfortunately, such comprehensive multiplex mutatiort'S€d (Tablél columns 3 and 4). The specific mutations chosen
analysis (>100 mutations) cannot be performed by any currenwth'r! each disease gene represented the most clinically relevant
available diagnostic method while retaining the samplf?r diagnostic applications (except for CF, since the most
throughput and cost-effectiveness needed in a clinical diagnos$mmon mutatioAS08 was notincluded in this assay, and except
laboratory. A potential solution to this problem involves d0f BRCAL where the development of mutation databases with
miniaturized version of the reverse dot-blot procedie The 9enotype—phenotype correlations are ongoing). The largest
‘chip’ technology, or sequencing by hybridization (SBH)'numk_)er of mutations analyzed resided W|th|nGEé'Rgene: In
involves the hybridization of a single labeled target to a denggldition to the most frequently detected mutations within a CF
panel of oligonucleotides arrayed on a solid SUPPGHAR). patient population (Cystic Fibrosis Genetic Analysis Consortium,
Although this approach is an extremely appealing solution fgf994; unpublished data), additional point mutations were
large multiplex mutation analysis, a number of technical issudcluded that lead to premature translation termination, and
must be addressed before it can be applied routinely to clinicfPSeauently a truncated protein product. A total of 33 different
diagnostics 4). In addition, as with the reverse dot-blot amplification products were needed in order to interrogate for the

procedure, each sample analysis is performed independenB{fSence or absence of the 106 different mutations (Table
Therefore, a significant effort is needed in order to develop @IUMN 5). It is important to note, however, that amplifications

dure that will allow | f les (100—500) Yyere p_erformed in a disease-specific manner only, for example,
g(reogﬁalti/rzzd ?n vgnsﬁgcl);/v az;lrsgi;numbers of samples (10 ) :{T&a patient was suspected to be a CF carrier, the DNA sample was

While our previous modified ASO approach allowed thedmplified fo.r.the CF'gene only.. - .
simultaneous analysis of large numbers of patient samples f fhe s_pecn‘lc mutations examined W't.h'n each d'sease gene are
multiple cystic fibrosis (CF) mutationa%), relatively inefficient S'0Wn in Table2. These tables also include the size (bp) of
independent hybridizations were required to identify speciﬁEeglons amplified, and the primers used for each amplification.
mutations. Herein, we present a methodology which combines
high sample throughput and direct detection of a large ”Umberlﬁfsease-specific target amplifications

sequence variants. The multiplex allele-specific diagnostic assay

(MASDA) has the capacity to analyze large numbers of samplgghere applicable, multiplex PCR was performed to reduce the
(>500) for a large number of mutations (>100) cost-effectively iRumber of PCR reactions needed (Tableolumn 5). A total of

a single assay. Like the more familiar ‘chip’ technologiesine reactions facilitated amplification of 33 different loci. All
(19-22), MASDA uses oligonucleotide hybridization to single or multiplex PCR reactions were performed in a disease-
interrogate DNA sequences. However, in contrast to mampecific manner. In other words, individual DNA samples were
oligonucleotide array approaches, in the MASDA technology, thempilified for the relevant disease gene only, and not for all loci
target DNA is immobilized to the solid support, and interrogategxamined in the assay. Examples of the various disease-specific
in a combinatorial fashion with a pool of ASOs (i.e. a singleamplification products are shown in Fig@rén order to include
solution of hundreds of different oligonucleotides with eaclg6 CF mutations within our study, 17 different regions within the
oligonucleotide sequence specific for one mutation). By retaininQFTR gene were amplified using two multiplex PCR reactions
the forward dot-blot format, we can analyze large numbers @Fig.2, lanes 1 and 2). Amplicon sizes ranged from 130 to 510 bp.
samples (>500) for a large number of mutations (>100) single amplification product of 1600 bp was sufficient to
simultaneously. A schematic diagram of the MASDA technologinclude 14B-thalassemia- and two sickle cell anemia-associated
is shown in Figurel. During the hybridization, the ASO(s) mutations within thep-globin gene (Fig.2, lane 3). For
corresponding to a specific mutation(s) present in a given samfll@y—Sachs assays, a 2-plex amplification reaction was designed
is hybrid-selected from the pool of probes by the target DNAo examine three mutations (Fig, lane 4). To examine
Following removal of unhybridized ASOs, sequence-specifiCanavan-associated mutations 3-plex amplification reactions
band patterns associated with the bound ASOs are generatediuaye performed (Fi®, lane 6). A separate 4-plex amplification
chemical or enzymatic sequencing, and the mutation or mutationas performed for five breast cancer susceptibility-related
present in the sample are easily identified. Using the gene targetstations (Fig2, lane 7) and a single 3-plex amplification for
CFTR (26), B-globin (1), HEXA (27), GCR (28), ASPA(29),  Fanconi anemia-associated mutations (Rig.lane 8). For
BRCA1(3) andFACC (30) as a model system, we demonstrateSaucher disease, tH8CR pseudogene necessitated a 3-plex
that MASDA not only allows different patient samples withamplification and an independent, single amplicon amplification.
different disease indications to be analyzed in a single assay, Bot convenience of analysis, aliquots from both reactions were
allows the identification of multiple mutations in a single gene goooled and electrophoresed in the same lane of the analytical gel
multiple genes in a single patient's DNA sample. (Fig. 2, lane 5).
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Table 1. Model system detailing the diseases and mutations examined using the MASDA technology

16UPCFX16R

Disease Gene No. of known No. of ASO No. of PCR
mutations probes reactions
Cystic fibrosis (CF) CFTR >500 66 2
CF1-31 (8-plex and
CF33-68 9-plex)
B-Thalassemia (BT) B-globin >90 14 1
Sickle cell (SCA) B-globin 2 2 Same amplicon as BT
Tay—Sachs(TS) hexosaminidase A >28 3 1
(HEXA (2-plex)
Gaucher (GCR) glucocerebrosidase >35 8 2
(GCR (3-plex + 1)
Canavan disease (CD) aspartoacylase >4 4 1
(ASPA (3-plex)
Breast cancer BRCA1 >250 5 1
susceptibility (BRC) (4-plex)
Fanconi anemia (FA) Fanconi anemia >8 4 1
complementation C (3-plex)
(FACQO
Total 106 9
Table 2. Cystic fibrosis mutations examined@FTR8-plex amplifications
Exon Amplicon Primers Mutation Mutation
size (bp) number name
12 510 16UPCFX12F CF26 1898+1
16UPCFX12R CF36 1812-1
CF37 Y563D
CF38 P574H
19 450 UP3CFEX19F CF23 3849 + 4
UP3CFEX19R CF27 R1162X
CF31 3659dC
CF42 R1158X
CF43 S1196X
CF44 11203V
CF45 Q1238X
CF46 3662dA
CF47 3750dAG
CF48 3791dC
CF49 3821dT
9 375 15UPCFX9F CF28 A455E
15UPCFX9R
13 335 UP3CFEX13F CF29 2183AA—G
UP3CFEX13R CF39 K710X
CF40 2043dG
3 270 UP3CFEX3F CF30 G85E
UP3CFEX3R CF33 E60X
CF34 405+ 1
5 172 UP3CFEX5F CF25 711 +1
15UPCFX5R CF35 G178R
14b 150 15UCFX14bF CF24 2789 +5
15UCFX14bR
16 130 16UPCFX16F CF41 3120G—+A
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Table 3. Cystic fibrosis mutations examined@FTR9-plex amplifications Table 4.B-Thalassemia and sickle cell anemia mutations examined in

-globin gene amplifications

Exon Amplicon Primers Mutation Mutation Exon Amplicon Primers Mutation Mutation
size (bp) number name size (bp) number name
Int 19 480 15UCFINI9F CF8 3849 + 10 1-3 1600 GH260 BT1 IVS1-1
GH283 BT2 IVS1-6
15UCFIN19R BT3 IVS1-5
21 421 REUPCFX21F CF5 N1303X BT4 IVS-110
15UPCFX21R CF67 W1310X BTS NONS-39
BT6 IVS2-1
CF68 W1316X
BT7 IVS-745
15 361 UP3CFEX15F CF60 Q890X BTS coDpg/9
UP3CFEX15R CF61 2869 + G BT9 IVS-654
CF62 2909dT BT10 41/42
BT11 -29
4 307 15UPCFX4F CF6 R117H BT12 71/72
15UPCFX4R CF10 621 +1 BT13 CcOD24
CF21 Y122X BT14 —88
CE50 244dA 1-3 1600 GH260 SCAl HbS
GH283 SCA2 HbC
CF51 556dA
CF52 574dA
17b 285 L15UCF17BF CF16 Y1092X Table 5. Tay—Sachs mutations examinedHBEXA gene amplifications
LISUCF17BR  CF64 W1089X Exon Amplicon Primers Mutation Mutation
CF65 3358dAC size (bp) number name
7 260 REUPCFX7F CF12 1078dT 11/12 530 TSEX11F TS2 Ex11 4 bp Ins
REUPCEX7R CF17 R347H TSEX12R TS3 Ex12 splice
7 190 TSEX7F TS1 G269S
CF18 R347P
TSEX7R
CF20 R334W
CF53 G330X i ] o
Table 6. Gaucher mutations examined@CRgene amplifications
CF54 R352Q
CF55 S364P Exon Amplicon Primers Mutation Mutation
11 240 15UPCFX11F  CF1 G542X size (bp) number name
10/11 871 GCRDF GCR5 1448
15UPCFX11R CF2 G551D
GCRDR GCR®6 1604
CF9 R553X GCRS
CF11 1717-1 2 358 84IVSF GCR3 84GG
CF15 S549R 84IVSR GCR4 IVS2+1
9 319 1226F GCR1 1297
CF19 RS60T 1226R GCR2 1226
CF22 S549N GCR7 1342
CF59 A559T
10 215 15UPCFX10F CF7 DI507
Table 7. Canavan mutations examinedASPAgene amplifications
15UPCFX10R CF13 Q493X
CF14 V520F Exon Amplicon Primers Mutation Mutation
CF56 508C size (bp) number name
CE57 C524X 6 274 CD6F CD3 E285A
CD6R CD4 A305E
Cro8 1677dTA 5 151 CD5F CD2 Y231X
20 195 15UPCFX20F CF3 W1282X CD5R
15UPCFX20R CF4 3905+ T Int2/Ex3 147 CDInt2F CD1 433-2
CF66 S1255X CDEx3R
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Table 8.Breast cancer susceptibility mutations examineBRCAL

amplifications
1
Exon Amplicon Primers Mutation Mutation

size (bp) number name A
20 450 BRCA20F BRC4 5382+C 4
BRCA20R /@ @ @‘V
21 315 BRCA21F  BRC5 M1775R A 8 c
BRCA21R e

2 290 BRCA2F BRC1 185dAG

BRCA2R r
5 270 BRCASF BRC2 C61G @ @
BRCA5R BRC3 C64G A B c

A, MNegallve B. Positive C. Negallve

Table 9.Fanconi anemia mutations examined&CC amplifications
Exon Amplicon Primers Mutation Mutation @“O (.@'g/
size (bp) number name .
1 366 FA1F FA2 Q13X
FA1R 2
6 329 FA6F FA4 R185X
FABR FA5 D195V
4 274 FA4F FA3 IVS4+4 ‘ ’
1 ] or 1 |
FA4R 5, P 5l - 3 > 2
3
k w— Probe-Specific
. . 5! LD, Sequence
Mutation detection 2

In order to analyze large numbers of samples simultaneously fo
the mutations listed in Tablewe employed the standard forward " “’
dot-blot format and performed a single multiplex hybridization
(Fig. 3). Although the percent G-C content of the 106 mutation-
specific oligonucleotides ranged between 18 and 76%, the use (
tetramethylammonium chloride (TMAC3}1) allowed all 106 —
mutation-specific oligonucleotides to be mixed together and — e
hybridized in a single pool. Furthermore, the presence of TMAC
in the hybridization and wash solutions allowed the hybridization ’ ‘
and washes to be performed at the same temperature. As seen
Figure3, only the 106 mutation-specific positive control samples Fingerprint ldentifies:3pecific Mination
generated signals upon autoradiography with no significant
non-specific signal exhibited by the genotypically wild-type
samples. Overall S'Q”a' |nten5|tlgs and S,'Q”a"to_'f‘o'se I’atlolggure 1. Schematic representation of MASDA procedure. In Phase 1 (panel 1),
generated for the different mutation-specific positive controkne probe corresponding to a specific mutation (one probe sequence per mutation
samples were optimized by adjusting the concentrations of eagiterrogated) is hybrid-selected from the pool of probes by the target DNA on a
mutation-specific oligonucleotide in the hybridization. dot-blot. In this diagram, seven different probes and three different patient samples
(multiplexes A, B and C) are depicted whereas in the MASDA assay >100 probes
are used routinely to interrogate >500 patient samples in each assay. Each dot
Mutation identification represents the multiplex amplification performed on one patient DNA for one
disease gene only. Unhybridized probes are washed away, and mutation-positive
The specific mutation present in a positive sample was identifieghtient samples are located by the presence of the labeled probe. The second phase
by eluting the hybridized oligonucleotide from each individual©of the_ assay (panel 2) revgals the identity of the probe, an_d_ therefore t_he specific
dot and directly interrogating the oligonucleotide sequence. |futation present n the patient DNA. The dot from each positive sample is excised,

. B Oj.!r;%the probe eluted off the membrane disc. The identity of the probe is revealed
one scheme, the eluted oligonucleotides were attached to a s ne of two methods: directly by chemical cleavage sequencing, or indirectly by

support, G and C base-specific chemical modification reactionging the probe as a primer in a cycle sequencing reaction. In the latter case, a pool
were performed and the reaction products separated by polyacrgftemplates is used where only one template has a region complementary to the
amide gel eIectrophores&Z}. Figure4 represents an example of eluted probe and, therefore, downstream sequencing of the probe-specific identifier

the CG-limited ing fi int d df .D.) sequence reveals the identity of the probe. With limited sequencing of ‘C’
e -limited sequencing Tingerprints produced irom some O}, ' residues only, the fingerprints obtained on sequencing gels are compared

the oligonucleotides eluted from the mutation-specific positiveith a known database of sequences, the probe is identified and consequently
control samples in Figu@(CF30, CF31, TS1, TS2, TS3, BT2, unequivocal mutation identity is assigned.

|
|
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2000
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Figure 2. Disease gene loci amplified by multiplex PCR for MASDA assay. FACC 5

DNA samples (31g) were amplified in multiplexes specific for one of seven
different genes (Table 1), and analyzed by gel electrophoresis. M =
@eX174MHadIl molecular weight marker; 1 = eight amplicon multiplex within _ ) ) ) )
theCFTRgene; 2 = nine amplicon multiplex within tBETRgene; 3 = single Figure 3. Simultaneous detection of 106 different mutations from seven
amplicon within theB-globin gene; 4 = two amplicon multiplex within the  different genes in a single hybridization assay. DNA samples, each positive for
HEXAgene; 5 = (3 + 1) multiplex (three amplicon multiplex + one independent one of 106 different mutations, were amplified using disease-specific multi-

amplicon) for theGCRgene; 6 = three amplicon multiplex within tAEPA plexes. Amplified samples were denatured, spotted on membranes and
gene; 7 = four amplicon multiplex within tBRCAlgene; 8 = three amplicon hybridized under TMAC conditions to a mixture of 106 mutation-specific,
multiplex within theFACC gene. labeled oligonucleotide probes. The blots were washed, dried and exposed to

Kodak X-Omat X-ray film for 15 min at -8C€. Rows A-G = detection of 66
CFTR mutations present in cystic fibrosis. Rows H-ICETR wild-type

% P— . . negative control samples for cystic fibrosis mutations. Rows J-K = detection
BT3*, BT6 and BT7)' As shown in Flguﬂethe o“gonUCIeOtlde f 143-globin mutations if3-thalassemia and twiglobin mutations in sickle

eluted from each dot generated a characteristic fingerprint whicki anemia. Row L = detection of thigEXAmutations present in Tay-Sachs.
unambiguously identified the specific mutation present in th&ow M = detection of eigfsCRmutations present in Gaucher disease. Row

positive sample DNA. Unique band patterns were generated fdf = detection of fouASPAmutations present in Canavan disease. Row O =
each of 106 ASOs (data not shown) Sequence analysis of all ]ﬁﬁection of fiveBRCAlmutations present in breast cancer. Row P = detection
) of four FACC mutations present in Fanconi anemia. Disease-specific negative

e!Uted OligonUCIeoltiqu _Veriﬁed that a POSitiY? re_SUIt from t'h(?:ontrol (wild-type) samples follow the positive samples in rows K—P.
single pooled hybridization represented specific oligonucleotide

hybridization with no §i.gnificant cross-hybrid_ization be'gweerh" synthetic templates (Region B) followed by a mutation-spe-
different probes. In addition, one sample containing3gtbin  ific fingerprint (Region A). The pattern observed in the
mutations (Fig4, lane BT3*) generated a unique fingerprint tation-specific fingerprints allowed unequivocal identification
made up of two superimposed oligonucleotide-specific bangt ihe corresponding ASO primer, and consequently the specific
patterns. This demonstrated that a compound heterozyge{@ation present in the patient sample. No band patterns were
genotype was readily identified using this technique. observed when cycle sequencing reactions were performed with

In addition to the chemical modification and cleavage prog|yates from samples wild-type for the diseases interrogated (Fig.
cedure, we devised an enzymatic protocol for eluted oligonucleg-|5nes 5-7).

tide identification. This procedure involved using the elute
mutation-specific oligonucleotide as a primer in a cycle sequenc;, . :
ing reaction. The eluted oligonucleotide was added to a cyc Sroe scale sample analysis
sequencing reaction containing a mixture of synthetic (77mefp validate the procedure, we performed a blinded analysis to
templates. Each synthetic template contained a different primiagsess the ability of the MASDA technique to identify mutations
sequence complementary to only one of the mutation-specifis envisaged in the diagnostic setting. More than 500 samples
oligonucleotides in the pooled hybridization, and a downstreamhose genotype had been established previously using other
specific identifier sequence to generate unique, mutation-specifechniques were obtained from clinical collaborators. The
fingerprints identifying the eluted ASO. Figusés an example genotypes remained unknown to the laboratory personnel. After
of the C and G band patterns generated from cycle sequencthg analysis, the MASDA results were compared with the known
reactions utilizing oligonucleotides eluted from positive (mutangenotype. Figuré represents the hybridization results generated
genotype CF17, CF20, BT5 and BRC5) and negative (wild-tyfeom analyzing >500 different DNA samples for the presence of
genotype CF, BT and BRC) samples. Each reaction perform&€@6 different mutations, in a single hybridization assay. All
with oligonucleotides eluted from positive control samples (Figsamples known to carry one of the 106 different mutations were
5, lanes 1-4) generated a common band pattern contained witldantified correctly as positive in the hybridization (Feg.The
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Figure 6. Simultaneous detection of 106 different mutations in >500 different
patient samples in a single ASO hybridization assay. DNA samples were
- - - - amplified using disease-specific multiplexes, denatured, spotted on dot-blots

and hybridized under TMAC conditions to a mixture of 106 different, labeled
oligonucleotide probes. The blots were washed, dried and the autoradiographs
were prepared by exposure to Kodak X-Omat X-ray film for 30 min &G-80

Figure 4.Band patterns generated by chemical cleavage of eluted ASOs reveal
the identity of the mutation. Following hybridization, ASOs eluted from throughput was increased to >500 samples in a single hybridiza-

positive samples were subjected to chemical cleavage at C and G residues usi@@
a solid phase sequencing protocol (32), followed by gel electrophoresis. Unique

n assay.

band patterns were generated for all 106 mutations examined (data not shown) MASDA results are highly reproducible. These 500 samples
with representative data from 12 mutations shown in Figure 4. (See Tables 1-9ubsequently were analyzed in a blinded manner in five separate
for definition of mutation abbreviations.) C = C cleavage reaction; G = G assays. We did not observe any false positives from mutation-spe-

cleavage reaction.

cific hybridization to a wild-type genotype, or false negative
results from samples of known mutant genotype.

1 2 3 4 5 6 7
CF17 CF20 BTS BRCS CF BT BRC DISCUSSION
L6 LG LG LG CECGEEG CG We believe that the MASDA approach provides a major
B " er o= breakthrough in mutation detection. The combination of the
RegionA: — @ - " forward dot-blot, complex simultaneous probe hybridization and
"s-';';:';:?c"- B 8- ¥ direct mutation detection for the first time solves the dual
Fingarpeine | IR S 0 S problems of parallel, multiple sample analysis and parallel
e = - = multiplex mutation detection. In contrast, a significant limitation
= S in almost all of the currently available techniques is the inability
gegion B: P 2 " . to analyze a large number of samples simultaneously for a large
Tamplate g 8" @ =o number of mutations. The traditional dot-blot, wherein the PCR
Sequence " B » 5. products are bound to a filter membrane and hybridized with
g -2 = - allele-specific probes, is a very effective format for the analysis
| e . S A% of large numbers of samples. However, in a standard forward
Eluted ASO — ¥ & 8 =-

dot-blot procedure, a separate hybridization is performed for each
allele or mutation of interest. Because the number of probes
required for genetic diagnosis is large, this procedure is very
cumbersome. Previously we described a methodology for CF

Figure 5. Band patterns generated by an enzymatic sequencing procedur; ; ; ; A i A
reveal the identity of the mutation. The ASO(s) eluted from mutation—positivef‘eStIng which pOOIed together mUItIple mutation SpeCIfIC ol|go

samples were used to prime cycle sequencing reactions in a complex mixtu@uclem'de.s into a smgle hybndlzatldE‘BI. This fomat reta;'ns
of templates. Each template contained a region complementary to a specififie capacity for _Ia_rge_ sample throughput Whlle_ reducm_g the
ASO (the priming site), a common ‘stuffer region’ (Region B) and a number of hybridizations involved in performing multiple
downstream mutation-specific identifier sequence (Region A). With limited C \yutation analysis. Even with this approach the limited number
and G sequencing (lanes C and G for each sample), the fingerprint generat - i ’ :
from the mutation-specific identifier sequence unequivocally identified the reporters_avallable to dlscnm.mat.e between prot_:)_es necessitated
specific ASO, and therefore the mutation present n the target DNA. CF = cysti§econdary independent hybridizations on all positive samples to
fibrosis; BT =B-thalassemia; BRC = breast cancer susceptiBRgAlgene. identify the specific mutation present, reducing the cost-effec-
Lane 1 = CF17 mutation; lane 2 = CF20 mutation; lane 3 = BT5 mutation; langjveness of the methodology. The ability of the reverse dot-blot
4 = BRC5 mutation; lane 5 = CF wild-type control; lane 6 = BT wild-type ¢ the miniaturization of reverse dot-blots (oligonucleotide
control; lane 7 = BRC wild type control. . . . . .
arrays) to analyze multiple probes is an appealing solution to this
problem. However, in this approach, a separate hybridization is
specific mutations were identified correctly in each positivgperformed for each sample, thus eliminating the capacity for large
sample by performing the chemical modification and cleavageample throughput.
procedure (data not shown). It is significant to note that no Inthe MASDA approach, the disadvantages of both individual
increase in non-specific background was observed when samgénple hybridizations and independent probe hybridizations are
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avoided. By eluting and interrogating the sequence of thmore direct and cost-effective and is very appropriate for high
mutation-specific oligonucleotides hybridized to a patient’s DNAomplexity laboratories, or ultimately, closed systems. The
sample, MASDA eliminates the need for secondary independesrizymatic method described avoids the use of organic sequencing
hybridizations. Therefore, in a single day, hundreds of differemeagents, but has higher reagent costs. Because MASDA is
samples can be analyzed simultaneously in a single hybridizatiodular, as instrumentation changes, the method used to identify
containing a complex mixture of hundreds of mutation-specifithe eluted oligonucleotide can change, without requiring changes
oligonucleotides. Also, by generating short and unique band the remainder of the assay. Thus, each of the individual
patterns for the hybridized and eluted oligonucleotides, multipomponents of MASDA can be modified individually, without
samples can be analyzed by stagger loading samples acralfaring the basic protocol. These features are important in the
multiple lanes of a gel. Therefore, using currently availablelinical laboratory, where continual protocol changes are
automated sequencers, specific mutation identification can Hesruptive, and frequent purchase of capital equipment may not be
performed easily on hundreds of positive samples at a rate in fhgssible.
range of 150-900 samples/h. Finally, because all sequence variants are analyzed using the
When designing DNA diagnostic assays for widespread usesame reaction conditions, assays for rare disorders can be analyze
clinical laboratories, several parameters need to be consideredhithe same ‘run’ as tests for common disorders. Thus, high volume
addition to high throughput sample capacity and multiplegconomies of scale can be achieved for otherwise low volume tests.
mutation detection. These include ease of performance, overdlimore subtle benefit is the elimination of the internal support
assay economies of scale and ease and cost of modification [b@uired to maintain multiple disease-specific protocols.
in the assay design process and in implementation of the Currently, significant efforts are being made to develop
modification(s) in the clinical lab]. This is very important in ainformative databases on genotype—phenotype associations of
field such as genetic diagnostics, where both the number @fisting and new mutations within known disease genes. In
relevant genes and mutations identified in each gene charigdition, there is an ever increasing interest in establishing the
rapidly, as do available instrumentation and detection systenfiglationships between genotypes of patients involved in clinical
With these considerations in mind, MASDA has been designddals and their response to various therapies. In addition to the
to be a flexible, modular platform, allowing all of these challengegiagnostic applications, MASDA will allow research laboratories
to be addressed. to develop oligonucleotide libraries representative of previously
There is minimal development necessary for the addition é¢dentified expressed sequence tags or bi-allelic markers
new allele-specific oligonucleotides to a probe pool, and n@olymorphisms) identified within the human genome. For this
incremental labor cost to perform the improved/expanded te§Urpose, we currently are investigating the number of hybridized
For example, optimization of the oligonucleotides in MASDAand eluted oligonucleotides that can be uniquely identified from
106 involved nothing more than an independent hybridization &Ny given positive sample. Given that the MASDA technology
each oligonucleotide to determine the concentration necessarf$ the capacity to perform complex known mutation analysis on
yield a comparable signal to other mutation-specific probes in tfgindreds of patient samples with different disease indications in
pool. This allows new mutations easily to be added to arfy Single assay, we believe that it is suitable for immediate and
diagnostic assay. Because the hybridizations are performed re applications in both clinical and research laboratories.
the oligonucleotide probes in solution, it is possible to mix and
match probes on demand, therefore allowing clinical laboratori@ATERIALS AND METHODS
to customize diagnostic assays cost-effectively. Thus the assay ) - )
can be readily modified without incurring the significant cost§>€nomic DNA samples positive (mutant) or negative
associated with the design and manufacture of new hardware(3f!d-type) for known mutations
disposables. There is also flexibility in sample preparation angdenomic DNA was extracted from whole blood as previously
target detection. The sample nucleic acid can be either DNA gkqcribed 19.
RNA. For the purpose of performing multiplex target
amplifications, PCR was utilized as the amplification procedur& d . | |
for this work. However, MASDA is compatible with any target oned positive control DNA samples

amplification technology, and does not require any processing@fhen mutation-positive genomic DNA was not available,
amplification products prior to mutation detection ancligonucleotides representing 40 bp of endogenous gene
identification. This becomes a very important issue when larggquence including the mutation were synthesized, cloned into
numbers of samples need to be analyzed in a single assay. SiGEM®-3Zf(+) vectors (Promega Corporation, Madison, WI),
the sample nucleic acid does not need to be fragmented, long P& the presence of the mutation in each clone verified by
products can be analyzed, as well as the multiplex amplicoggquencing (data not shown).
demonstrated in this study.

A variety of different reporter groups and detection methods a| P
compatible with MASDA. For example, while the data presente@\‘A amplifications
herein used an isotopic format, MASDA is equally powerful withAs a model system for complex mutation detection, mutations
non-isotopic detection methods such as chemiluminescence amere selected from 33 regions in seven different genes. The genes
fluorescence, and appropriate instrumentation for sequeniteluded the CF transmembrane conductance regulator gene
analysis (data not shown). Similarly, we have presented both(@FTR), thep-globin gene, the Tay—Sachs hexosaminidase gene
base-specific chemical cleavage method, and an enzymatic metfld&XA), the Gaucher gen&CR), the Canavan aspartoacylase
to identify the specific sequences of eluted oligonucleotides. Eagbne ASPA, the breast cancer susceptibility gdBRRCA) and the
approach meets different needs. The chemical cleavage methoBasconi anemia complementation group C geA€Q).
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PCR amplifications were performed using Jsof genomic  use, the membranes were rinsed in distilled water and placed in
DNA or 10 ng of plasmid DNA in 10Qu of reaction buffer hybridization solution.
containing 10 mM Tris—HCI pH 8.3, 50 mM KCI, 1.5 mM MgCl
200 mM dNTPs and 0.05-0.1 U/ml _oTaq poI_ymerase Probe labeling
(Perkin-Elmer, Norwalk, CT). For the different disease gene .
amplifications, the concentration of primers ranged from 0.2 tdliquots of 106 pooled ASOs (one ASO sequence representing
1.6uM. each mutation) were thawed, resuspended in distilled water and
For DNA amplifications involving simultaneous multiplexes ofénd-labeled in a single reaction containirdihase buffer (New
three or more amplicon€ETR 8-plex and 9-plexASPA3-plex,  England Biolabs, Beverly, MA), 0.135 nmol of-JP]ATP
BRCA14-plex andFACC 3-plex), the primers were chimeras of a(DuPont, Boston, MA) and 35 U of T4 polynucleotide kinase
sequence-specific region with a common ‘universal primefNew England Biolabs, Beverly, MA). The labeling reactions
Sequence’ (UPS) as described by Shabat (33) These primers Were. incubated at 3-@ for 1 h. The EfﬁClency of the kinase
facilitated rapid multiplex development and consistently robusgaction was monitored by chromatography on cellulose
amplifications. Primer sequences are not listed but may be furnist@lyethyleneimine (PEI) plates (J.T. Baker Inc., Phillipsburg, NJ)
upon request. using 0.75 M NabPOy pH 3.5 buffer, follqwed by exposure of
DNA amplifications were performed using a Perkin-Elmer 960¢he plates to Kodak X-Omat X-Ray fim (Eastman Kodak
Thermal Cycler (Perkin-Elmer, Norwalk, CT). FOFTR HEXA ~ Company, Rochester, NY) at room temperature for 5 min.
ASPABRCA1andFACC, the amplifications were carried out for 28
cycles with ramping (94C/10 s hold with 48 s ramp, 80/10 s  Hybridizations/ASO pooling
hold with 36 s ramp, 7Z/10 s hold with 38 s ramp) and a final
74°C hold for 5 min before cooling. F@rglobin andGCR the
amplification program consisted of 28 cycles with a&%anneal
(94°C/10 s hold, 55C/10 s hold, 74C/10 s hold) and a final 7€
hold for 5 min before cooling.
Amplification products were analyzed by 2% agarose ¢
electrophoresis followed by ethidium bromide staining an
visualization on a UV transilluminator (Fotodyne, New Berlin, WI).

Hybridization and wash conditions, using TMAC, were the same
as previously describedq). For this protocol, the 96-well array

of spotted genomic samples was marked with a grid so that
positives identified in the hybridization could be located easily for
épe subsequent elution and ASO sequencing. Signal intensities
generated from the different mutation-positive samples were
optimized by adjusting the concentrations of each
mutation-specific oligonucleotide within the hybridization. In
. . . . order to achieve uniform hybridization signals, the final
Specific mutations examined in the MASDA 106 concentration of each labeled mutant ASO in the pool
hybridization assay hybridization ranged from .008 to 1.8 pmol/ml, with the

Mutations from seven different genes were selected as candidt@gcentration of cold normal ASOs ranging from 0- to 200-fold
for a complex mutation detection assay. The 106 mutatio§Xcess of the corresponding mutant ASO.

examined included point mutations, deletions and insertions.TO ensure that all 106 ASOs within the pool were labeled,
Details of the selected mutations and gene amplifications dfembranes containing a positive control sample for each

listed in Tablel. References for any of the mutations will beMmutation were included in each hybridization. _
provided upon request. Once washed, the blots were wrapped in plastic wrap and

exposed to Kodak X-Omat X-Ray film (Eastman Kodak
Oligonucleotide pools Company, Rochester, NY) at <€D for 15 minto 1 h.
ASOs were 17mers synthesized and HPLC-purified by Oper@pecific mutation identification
Technologies (Alameda, CA). All oligonucleotides were . o
quantitated by spectrophotometry and tested in independd#t chemical cleavage.The ASO hybridized to each
hybridizations before being pooled. The sequences of the 10B/tation-positive sample was identified by eluting and
different ASOs are not shown but may be provided upon requeggduencing the ASO. For a pool of 106 ASOs, sequencing ‘C’ and
Specified amounts of individual ASOs were combined into a podp’ bases only was sufficient to identify the ASO sequence
of 106 ASOs so that the pool would contain the required amou@mbiguously and therefore allowed unequivocal identification
of each specific ASO determined to be optimal for the podf the corresponding mutation in the DNA sample.

hybridization. Aliquots of pooled ASOs were lyophilized and The region of membrane containing each mutation-positive
stored at —2%C. sample identified in the pool hybridization was excised, and the

disc of Biotrans membrane placed in u06f distilled water and
heated at 95C for 10 min to elute the bound ASO. After cooling

to room temperature, the membrane disc was discarded, and the
Amplified products were denatured using 1.0 M NaOH, 2.0 Mluted ASO was subjected to chemical sequencing.

NaCl, 25 mM EDTA pH 8.0, containing bromophenol blue (30 Solid-phase chemical cleavage of the ASOs attached to a solid
pl of 0.1% bromophenol blue/10 ml denaturant) for 5 min at roorsupport was performed according to Roserghal (32) with
temperature. Denatured products were blotted onto Biotransinor changes. This method permitted simultaneous sequencing
membrane (ICN Biomedicals Inc., Aurora, OH) using a 96-welbf all bound ASOs in a single reaction vessel. To attach the ASOs
format dot-blot apparatus (Life Technologies, Gaithersburdgp a solid support prior to chemical cleavage, a small, labeled
MD). Membranes were neutralized im 3SC (0.15 M NaCl, piece (6 mmx 3 mm) of CCS papeB@) was immersed in each
0.015 M trisodium citrate) for 5 min at room temperature antube containing eluted ASO, and incubated &6for 1 h. All
baked in a vacuum oven at’@for 15 min. Immediately before pieces of paper were then combined into a single 50 ml tube

Dot-blots
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containing 25 ml of distilled water. The papers were then washside uniquely complementary to a specific ASO, and a second
at room temperature three times (30 s/wash) with distilled watanique region (17 bp) consisting of an ‘ASO-specific identifier
(25 ml/wash) followed by three washes (30 s/wash) with 96%equence’. Sequencing products were only observed when an
ethanol (25 ml/wash). Papers with attached ASOs could be batlhted ASO was bound to the complementary region of a unique
washed without cross-contamination (data not shown). template, acted as a primer and permitted cycle sequencing to
Once washed, the papers were air-dried and each piece cut ireeeal the identity of the downstream ‘ASO-specific identifier
two, with one-third assigned for the ‘G’ chemical cleavagesequence’.
reaction and two-thirds designated for the ‘C’ cleavage reaction.The cycle sequencing reactions contained a pool of
All‘C’ reaction ASO solid supports were combined into one tub&SO-specific templates (5 fmol/template), 0.Al of
containing 1 ml of 4.0 M hydroxylamine HCI pH 6. For ‘G’ Thermosequenase buffer concentrate (Amersham Life Science,
reaction modifications, the combined pieces of paper were plac€tkveland, OH), 0.125l of Thermosequenase (321l)/ and
in 1 ml of 50 mM ammonium formate pH 3.5 andul7of  either ‘G’ termination mix (1M dATP, 15uM dCTP, 15uM
dimethylsulfate added. Reactions were incubated at roodi7TP, 15 pM 7-deaza-dGTP and #4M ddGTP) or ‘C
temperature for 10 or 20 minutes for the ‘G’ and ‘C’ reactioriermination mix (15uM dATP, 15uM dGTP, 15uM dTTP, 15
respectively. Batch processing of >100 sequencing reactions wad 7-deaza-dGTP andi#M ddCTP) in a reaction volume of 8
performed without cross-contamination of cleavage productd. Cycle sequencing was performed betweeiC¥or 30 s and
(data not shown). 70°C for 1 min for 30 cycles, followed by a 2 min incubation at
Washes were performed on the batch of ‘C’ reaction papers ano°C. Sequencing products were resolved on a 15%
the batch of ‘G’ reaction papers as described above for waslasylamide/7 M urea gel before being exposed to Kodak X-Omat
after attachment of the ASOs to the solid support. The papeXsray film at —70'C for (116 h.
were then air dried and each piece of paper placed in their
designated location in a 96-well amplification tray
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