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METHOD FOR DETECTING DISEASES CAUSED BY CHROMOSOMAL
IMBALANCES

Related Applicatians

This application claims priority to U.S. Application Serial Number 60/300,266, filed on
June 22, 2001.

Field of the Invention

The invention relates to methods for detecting diseases caused by chremosomal

imbalances.

Bacliyround of the Inveniivn

Chromeosame abnormalities in fetuses typically resuli fram aberrant segregation cvents
during teiosis cansed by misalignment and non-disjunction of chromesomes, While sex
chrsmosome imbalances do not impair viability and may not he diagnased until puberty,
autosomal jimbalancos can have devastating etfects on the fetus. Jor example, autosomal
menosomies and most trisomies are lethal eurly in gestation (see, ¢.g., Bpstein, 1986, The
Conseguences of Chromosome fmbalance: Principles, Mechanisms and Models, Cambridge

Univ. Press).

Some trisomies di survive to term, although with severe developmental defects. Trisomy
21, which is associated with Down Syndrome (Lejeuge et al., 1955, C. R Acwd. Sci. 248 1721-
1722), is the mosr caommon cause of mental retardution in all ethnic groups, affecting 1 out of
TF00 live births. While parents of Down syndrome children gencrally do noi Lave chromosomal
abnarmalities themselves, there is a pronounced matcmal age effcct, with rigk increasing as
maternal nge progresses (Yang et al., 1998, Felal Diagn. Ther. I3{f): 361-366),

Diagnesis of chromosomal intbalances such as trisomy 21 has been mads possible
throagh the develapment of karyotyping and fluorescent in sitw hybridization {FISH) techniques
using chromosome-specific probes. Although highly accurate, these methods arg labor intensive
and time consuming, particularly in the case of karyotyping which requires several duys of ccll
culture after arnnipcentesis is performed to obtain sufficient numbcrs of feral cells for analysis,
Further, the process of exainiog wgtaphase chromosoiies obtained from fetal cells requires the

subjective judgment of highly skilled techmiciams,
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Many mothods have heen propesed over the years to replace traditional karyotyping and
FiSH methods, although none has been widely used. These can be grouped inte three mam
categories: detection of aneuplotdies through the use of short tandem repaats (5'1Rs}; PCR-based
quantitation of chromosomes using a synthetic competitor tomplate, and hybridization-based
maothads.

$TR-based methods rely en detecting changes in the number of STRs ina chramosomal
region of interest to detect the presence of an cxfra or missing chromosoms {see, €.g., WO
9403638). Chromosome losses or gains can be cbserved by detecting changes in ratios of
heferozygous STR markers using polymerase chain reaction (PCR} to quantitate these markers.
For cxample, 2 ratio of 2:1 of one STR marker with respect to another will indicare the likely
prescnce of an extra chromosome, while a 01 ratie, or homozygosity, for a marker can provide
arl indication of chromosume 1oss. Hewever, cerlain individuals also will be homozygous as a
result of recombination events or non-disjunetion at meiosis IT and the test will not distinguish
between these results, The quantitative nature of §TR-based methads is also suspect because
cach TR marker hag a different number of repeats and the amplification efticiency of each
marker is therefore not the sume. Further. because STR markers are highly polymoiphic, the

crealion of a Jiagnostic assay universally applicable to all individuals is not possible.

Compelitor mycleic acids also have been used in PCR-based asszys to provide an internal
control through which to monitor changes in chromosome dosagre. In this type of assay, a
synthetic PCR template {competitor) having sequence similarity with a targel {i.e., a genomic
region on a chromusome) is provided, and competiter and targel nucleic acids arc co-amplified
using the same primers (sce, ¢.g., WO 9914376; WO 9609407, WO 9409156; WO 9102187, and
Yang et al., 1998, Feral Diagn. Ther. 13(6): 361-6). Amplifisd competitor and target nucleic
acids can be distinguished by introducing modifications into the competitor, such as engineered
reswiction sites or inserted sequences which introduce a detectable difference in the size and/or
sequence of the competitor. By adding the same amoun: of competitor to u test sample 2nd a
control zample, the dosage of a targel genomic segment can be determined by comparing the
ratia of umplified target to amplified competitor nucleic acids. However, since competitor
nucleic acids must be added to the samiples being tested, there is inherent vuriubifity i the assuy
stemuning from variations in sample handling. Such varations fend to be magnified by the
exponential nature of the amplification process which can magnify small starting differences

betlwoen a competitor and target template and diminish the reliability of the assay.
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Some hybridization-based methods rely on using labeled chromosome-specific probes to
detect diflerences in gene and/or shramosnme dosage (see, e.g., Lapierre et al., 2000, Prenaf,
Diagn, 2002): 123-131; Boll et al., 2001, Fertil. Steril. 75(2): 374-379; WO 0024925; and WO
9323566). Other hybridization-based methods, such as comparative genome hybridization
(CGH), evaluate changes throughout the entire genome. For example, in CGH analysis, test
samples comprizing labeled genomic TNA containing an unknown dose ot a target genomic
regien and contro) samples comprising labeled genomic DNA contuining 2 known dose of the
target genomic region are applied 1o an immobilized genomic template and hybridization signals
produced by the test sample and control sample are compared. The ratio of aignals observed in
test and control samples provides a measure of the copy number of the farget in the genome,
Although CCIT offers the possibility of high throughput analysis, the method is difficult ©
implement sitee normalization between the test and vonlrol sample is critical and the sensitivity

ot the method is not optimal.

A method whick relies on hybeidization to twa different rarget sequences in the genome
te detect isemy 21 is described by Lea et al,, 1997, Hun. Gener, 99(3): 364-367. The method
uses a single pair of primers to simultanecusly amplify two homologous phosphoftuctokinase
gengs, one on chromasome 21 (the liver-1ype phospbofructokinase gene, PFKL-CH21) and one
on chromoseme 1 (the human muscle-type phosphofinctokinase gene, PEKM-CHI),
Amplification products corresponding te cach gene van be distingwshed by size, Tlowever,
although Lee et al. report that samples from trisemic and disomic {i.e., normal) individuals were
distinguishable using this method, the ratio of PFKM-CH1 and PFKL-CH21 amplification
observed was 1/3.3 ralher than the expeeted 1/1.5, indicating that the two homologaus genes
were not being amplified with the same efficiency. Further, amplification valucs abtained from
samples from nermal and trisomic individuals partially overlapped at their extremes, making the

usefilness of the test as a diagnostic tool questionable.
Suminary of the Invention

The present invention provides a high throughput method for delecling chremesomal
abponmalities. The method cun be used in prenalal testing as well as to detect chromosotnal
abnormalities in somatic cells (c.g., in assays 1o dotect the presence or progression of eancer).
The method can be used to detect o number of different types of chromosome imbalances, such
as trisomies, monosomies, and/or duplications or deleiions of chromoserme regions comprising

one Or moere genes.
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In one aspect, the invention provides & method for detecting risk of a chromosomal

imbalance. The method eomprises simultaneously amplifying a first sequence at a first
chromosnmal laeation to produce a first amplification product and amplifying a second sequence
st a sccond chromosomal location 1o produce 1 second amplificution product. The relative
amount of amplification products is detennined and a ratio of first to second amplification
products when different from 1:1 is indicative of a risk of a chromosomal imbalance. Preferally,
the first and second sequence are paralogows sequences located on different chromoseises,
although in some aspects, they are lacated on the same chromosome (e.g., on different arms).
The first and second amplification products comprise greatsr than abeut 80% identity, and
preferably, are substantially identical in length. Because the amplification cifficicncy of the first

and second sequences i5 substantially the samc, the method is highly quantitative and reliabic.

Asnplification preferably is performed by PCR wsing a single pair of primers to amplify
Both the first and second sequences. In one aspect, the primers are coupled with a first member
of a binding pair for binding to a solid support on which a second member of a binding pair is
bound, the sceond member heing capable of specifically binding fo the first member. Providing
the solid support enables primers and amplitication products ta be captured on the suppori {o
facilitate turther procedures such as sequencing. i one aspect, primets are bound to the support

prior to amplification. In another aspect, primers are hound to the support after amplification.

The first and sueond amplifieation preducts have at feast one nueleetide difference
berween them located at an at least one nucleotide position thereby snabling the first und second
amplification products to be distinguished on (e basis of this sequence difference. Therefore, in
one aspect, the method further comptises the steps of (f) identifying a first nuclectide at the at
least one nucleetide position in the first amplification product, (Jii) identifying a second
nuclcotide at the at least one nucleotide position in said second amplification product, and (jii)
determining the relative amovnts of the first and second nogleatides, The ratio of the firse and
second nucleatide is proportional ro the dose of the first and sccond sequences in the sample.
The steps uf identitying and determining can be performed by sequencing. In u preferred

cmibudiment, 4 pyrosequencing™ sequencing method is vsed,

In ong aspesct, the invention provides a method uf detecting risk of irisomy 21 and the
Tikelihood that the individual has Down syndrome by providing a first sequence on chromosome
6 and a second sequonce on chromosome 21. In & preferred aspect, the first sequence comprises
the SIM1 sequence, while the second sequence comprises the STM2 sequence, Amplification is

4
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performed using a single pair of primers specificully hybridizing to identical sequences in both
genes, such as primers SIMAF (GCAGTGGCTACTTGAAGAT) and SIMAR
(TCTCGGTGATGGCACTGGR). A ratio of amplificd STMI and SIM 2 scquences of abeut 1:1.5

indicates an individual at risk for trisomy 21 or Down Syndrome.

In ancther aspect, the invention provides & method of detecting tisk of risomy 21 and (he
likelihood that the individual has Bown syndrome by providing a fiest sequence on cheomosome
7 and a second sequence on chromosome 21, In a preferred aspect, the {irst sequence comprises
a GABPA pene paralogue sequence, while the second sequence comprises the GABPA
sequence. In one aspect, the first soquence comprises the GABPA gene paralogue sequence
presented in Figure 3. Amplification is performed using a single pair of primers specifically
hybridizing to identical sequences in both genes, such as primers GABPAF
(CTTACTGATAAGGACGCTC) and GABPAR (CTCATAGTTCATCGTAGGCT). A ratic of
amplitied GABPA gene paralogue sequence and GABPA of about 1:1.5 indicates an individual

al risk for trisomy 21 or down syndeome,

In another aspect, the invention provides a methed of detecting risk of trisony 21 and the
likclihood that the mdividual has Down syndrome by providing 2 first sequence on chromosome
1 and a second sequence on chromosome 21. In a preferred aspect, the first sequence comprises
a CCTY gene paralogue sequence, while the sscond sequence comprises the UCT8 sequence. In
one aspect the Orst sequence eomprises the CCTE gene parslogue sequence presented in Figure
4, Amplification is performed using a single pair of primers specificully hybridizing lo identical
sequences in both genes, such as primers CCTEE (ATGAGATICUITCCTAATITGY and CCTER
(GGTAATGAAGTATTTCTGG). A ratio of amplified CCT8 gene paralogue and CCT8 of

about [:1.3 indicaies an individual at risk for trisomy 21 or down syndrome.

In another aspect, the invention provides a method of detecting risk of trisomy 21 and the
likelihoad that the individual has Down syndrome by providing a first sequence on chromasome
2 and 4 second sequence on chromasome 21, wherein said second sequencs comprises

C210RF19. In one aspeet, the first sequence comprises 2 C21ORFLY gene paralopue sequence.

In another aspect, the invention pravides a methodl of dotecting risk of trisomy 21 and the
likelihood that the individual has Dewn syndrorae by providing a first sequence on chromosome
2 and a second sequence on chromosome 21, wherein said second sequence comprises DSCR3,

In one aspect, the first scquence comprises a DSCR3 gene paralogue sequence.

5

JP 2004-531271 A 2004.10.14
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In another aspect, the invention provides 2 methed of detecting risk of trisomy 21 and the
likelihend that the individual has Down syndrome by praviding a first zequence on chromosome
4 and a second sequence on chromosome 21, wherein said second sequence comprises C210rf6.

In one aspect, the first sequence comprises n CZ10xf6 gene paralogue sequence.

Tn anether aspect, the invention provides a msthod of detecting risk of trnsomy 21 and (he
likeliliond that he individual has Down syndrome by providing a first sequence an chromogome
12 and a second sequence on chromosomes 21, wherein said second sequence comprises WRBL.

In one aspeet, the first sequence comprises a WRB1 gene paralogue sequence.

In another aspect, the invention provides a method of detecting eisk: of trisomy 21 and the
likelihood that the lndividual has Down syndrome by providing a first sequence on chromoesome
7 and & second sequenee on chromasonw; 21, wherein said second sequence comprises

KIAAN958. Tn one aspect, the first sequence comprises a KIAADY5E gene paralogue sequence.

In ancther aspect, the invention provides a method of detecting risk of risomy 21 and the
Tikelihood that the individual has Down syndrome by providing a first sequence on the X
chromosonic and a second sequence on chromosome 21, wherein said second sequenec

comprises TTC3, In one aspect, the first scquence compriscs a TTC3 gene paralogue sequence.

In another aspect, the invention provides a method of detecting risk of trisorny 21 und the
likalihood that the individual has Down syndrome by previding a first sequence on chromoseme
5 and a second sequence on chromosomg 21, whersin sald secand sequence comprises TTSNL Tn

cne aspect, the first sequence comprises an TTEN1 gene paralogee soquenee.

In another aspect, the invention provides a method of detecting risk of trisomy 13 by
providing  first sequence on chromosome 3 and u sevond sequence on chromosome 13, Ina
preferred aspect, the first sequence comprises 4 RAP2A gene paralogue sequence, while (he
second sequence comprises the RAP2A sequence. Amplification is performed using a single
pair of primers apecifieally hybridizing to identical sequences in both genes. In one aspect, the
RAP2A pene paralogue scquence comprises lhe RAP2ZA gene paralogue sequence presented in
Figure 3.

[n another aspest, the invention provides a method of detecting risk of trisomy 13 by
providing a first sequence on chromosome 2 and a second sequence on chromosome 13. Ina

preferred aspect, the first sequence comprises a CDKS gene paralogue sequence, while the

[
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seoond sequence comprises the CDKS sequence, Amplification s performed using a single pair
ol primers specifically hybridizing te identical sequences in both genes. Tn one aspect, the CDES

gene paralogue sequence comprises the CDKS gene paralogue sequence presented in Figure 7.

In unother aspeut, the invention provides & method of detecting risk of trisomy 18 by
providing u first sequence on chromosome 2 and a sceond sequence en chromosome 18, Ina
preferred aspecl, the first sequence comprises an ACAA? gene puralogue sequence, while the
second sequence comprises the ACAAZ sequence. Amplification is performed using a single
pair of primers speeifically hybridizing to identical sequonces in both gencs. In one aspact, the
ACAAD gene paralogue sequence comprises the ACAAZ gene paralogue sequence presented in

Figure 8.

Tz another aspect, the invention provides a meihod of detecting risk of trisomy 18 by
providing a first sequence on chremosome % and a second sequenee on chromosome 18, Tna
preferred aspect, the tirst sequence comprises an ME2 gene paralogue sequence, while the
second sequence coniprises the MEZ sequence. Amplification is perfornied using u single pair off
prinicrs specifically hybridiziag to identical sequencces in both genes. Tn ane aspeet, the ME2

gene parelogue sequence comprises the ME2 gene paralegne sequence presented in Figure 6.

In another aspect, the invention provides a methed for detecting risk of a chromozomal
imbalance, wherein the chromosomal imbalance is selected from the group consisting of
Trisomy 21, Trisonty |3, Trisomy 18, Trisomy X, XXV and X0

In another aspect, the invention provides 2 methed for detecting risk of a chromosornal
hmbalance, wherein the chromosomal imbalance is associated with & disease sclected from the
proup consisting of Down's Syndrome, Tumer’s Syndrome, Klinefelter Syndrome, William’s
Syndrome, Langer-Giedon Syndrome, Prader-Willi, Angelman’s Syndrome, Rubenstein-Taybi
and Di George’s Syndrome.

Brief Description of the Drawings

The objects and features of the invention can be better understond with reference 1o the

following detailed description and accompanving drawings.

Figure 1 shows a partial sequence alignment of the SIM1 and SIM2 paralogs located on

chromosome 6 and chromosome 21, respectively.
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Figure 2 shaws allele ratios of SIM1 and STM2 paralogs in Down syndrome individuals

and normal individuals.

Figure 3 shows the sequence alignment of the GABFA gene and a GABPA gene
paralogue sequence. The firat sequence corresponds to chromesome 21 and the second sequence

corresponds 0 chromosome 7. The assayed mucleotide is shaded and indicated will an arrow,

Figure 4 shows the seguence alignment of the CCTY gene and a CCTY gene paralogue
segquence. The first sequence corresponds 1o chromosoroe 21 and the second sequence

corresponds to chromosome 1. The assayed nueleotide is shaded and indicated with an amow.

Figure 5 shows the scquence aligmment of the RAP2A pene and a RAP2A gene
paralogue sequence. The first sequence corresponds to chromesome 13 and the second sequence

corresponds 1o chromoseme 3. The assayed nucleotide is shaded and indicated with an arrow.

Figure 6 shows the sequence alipnment of the ME2 gene and an ME2 gene paralogue
sequence. The first sequence corresponds to chrorosome 18 and the second sequence

corresponds ta chromnsome 9. The assayed mucleatide is shaded and indicated with an arrow.

Figure 7 shows the sequence alignment of the CDKS pene and a CDKS genc paraloguc
sequence. The first sequence corresponds o chiromosome 13 and the second sequence

cotresponds to chromosome 2.

Figure 8 shows the sequence atignment of the ACAAZ gene and an ACAA2 gone
paralogue sequence. The first sequence corresponds to chromosome 18 andd the second sequence

corresponds ta chromasome 2.
Figure & illustrates the principle of the method of the invention.

Figure 10 is an example of a blast result showing the TTSN1 gene on chromosome 21 and

its paralogue an Chromosome 3 represented as a genome view.

Figure 11 shows the result of a GABPA pilot experiment. Panel A shows an example of
u pyrogram, with a clear diserimination between control and trisomic sample. See mtio hetween
peaks at the position indicated by the arrow. G peak represents chromoseme 21, Panel B shows
a plot of G peak values (chromosomo 21) for a series of 24 control and affected subject DINAs.

Panel Cisa sun-;mary af data.
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Figure 12 shows the primers used, as well as the position {circled} which was used for

quantification in a (GABPA optimized assay.

Figure 13 shows the distribution of G values for the 230 samples analyzed in a GABPA

ussay. The G allele represents the relative propartion of chromosome 21,

Figure 14 shows typical pyrogram programs for the GABPA assay. Arrows indicaie

positions used for chromasame quantification.

Figure 15 shows the primers used, as well as the position {circled) which was used for

quantificativn in a CCTS optimized assay.

Figure 16 shaws the results of a CCTS assay. The distribution of T valucs for the 190

samples analyzed are presented. The T allele represents the propurtion of chromosome 21,

Figure 17 shows typical pyrogram programs [or the CCTY ussay. Arrows indicate

pusitions used for chromosome quantflicution,

Dutailed Beseription

The invention provides a method te detect the prescnce of chromosomal abnormalities by
using paralogous genes as intornal controls in an amplification reaction. The method is rapid,
high-throughput, and amenable to semi-automated or fully automated analyses. In one uspecl,
the method comprises providing a pair of primers which. ¢an specifically hybridize te each of a
set of paralogous genes under conditions nsad in amplification reactions, such as PCR.
Paralogous penes are preferably on different chromosomes but may also be on the sume
chromeosome {&.2., to detect loss or gain of different chromosome arms). By comparing the
amount of amplified products generated, the relative dosc of each genc can be determined and
carrelated with the relative dose of each chromosemal region end/or each chromosome, on which

the gene is located.
Definitions

The following definitions arc provided for specific terms which are used in the following

written deseription.
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As used herein the term “paralogous gences” refer to genes that have a commeon
evoiutionary origin but which have been duplicated over time in the human genome. Paralogous
genes conserve gene stmeture (6.¢., number and relative position of infrons and exons, and
preferably transeript lengrh) as well as sequence. Inone aspect, paralogous genes have at least
about 801% identity, ut Jeast about 85% identity, at least abont 90% identity, or at least about 95%

identity over an amplifinhle sequence region.

As used herein the term “amplifiable region™ or an “amplifiable sequence region™ refers
to a singlc-stranded sequence defined at its 5'-most enxd by a first primer binding site and at its
3'-most end by a sequence complementary te a second primer binding sitc and which is capahle
of being amplified under amplification conditiens upon binding ol primers which specifically
bind to the first and secand prither binding sites in a double-strunded sequence comprising the:
amplifiable sequence region. Preferably, an amplifiable region id at least ahout 50 nucleotides, at
least about 75 nucleotides, at least about 100 nucleotides, at least abont | 50 nucleotides, at leasi
about 200 nucleotides, at least about 300 nucleotides, at least about 400 nucleotides, or at least
about 500 nueleotides in length,

Ag used herein, a “primer binding sitc™ refers to a sequence which is substantially
vomplementary or tully cemplementary to a primer such that the primer specifically hybridizes

to the binding site during the prirer mnealing phase of un umpiification reaction.

As uscd herein, a “paralog sct” or a “paralogous gene set” refers 1o at least two

paralogous genes of paralogues.

As used herein a “chromosomal abnormality™ or a “chromogomal imbalance” is 4 gain or
loss of an entire chromosome or a region of a chromosome comprising onc or mare gencs.
Chromoesoimnal abnormalities include monosornies, trisomies, polysomies, deletions and/or

duplications of gencs, including deletions and duplications caused by unbalanced translocations.

As used herein the tenn “high degree of sequence similarity” refers to sequence identity

of at least about $0% over an amplifiable reglon.

As defined herein, “substantially equal aniplification efficiencies” or “substaniially the
same amplification efficiencies” refers to ampiification of first and second seguences provided in
equal amounts to producc a loss than about 16% diftercnec in the amount of first and second

amplifieatzon products,
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As used herein, an “individual” refers to a fotus, newhom, child, or adult.
Identifying Paralogous Genes

Paralogous penes are duplicated genes which retain a high depree of sequence similarily
dependent on both the time of duplication and selective functional restraints, Because of their
high degree of sequence similarity, paralogous genes provide ideal templates for amplification
Teactions enabling a determination of the relative doses of the chromosome and/or chromosome

Tegion on which these genes are locared.

Paralogous genes are genes that have o common evolutionary history but that have been
replicated over time by either duplication or retrotransposition events. Duplication events
genorally results in two genes with a conserved gene strueture, that is to say, they have similar
patterns of intron - exon junctions. On the other hand paralegous gencs gencrated by
retrolrnsposition do not contain introns, and in most cases huve been functionally inactivated
through evolition, (not expressed) and are thus classed as psendogenes. For hoth categories off
paralogous genes there is a high degree of sequence conservation, however differences

accumulate through mutations at 4 rate that 1s largely dependant on functional constraints.

In one aspect, the invention comprises identifying optimal paraiogous gene sets for use in
the method. For example, one can target certain areas of chromosomes where duplications
cvents are known to have occurred using information available from the complcted sequencing
of the human genome (sec, &.15., Venter et al., 2001, Scierce 221(5507): 1304-51; Lander etal.,
2001, Nerere 409¢6822): 360-921), This may be done computationally by identilying a target
gente of interest and searching & genomic sequence databage or an expressad sequence database
of sequences from the same specics from which the tarpet gone is derived to identify a sequence
which comprises at lzast about 0% jdentity over an amplifiable sequence region, Preferably,
the paratogous sequences comprise a substantially identical GC content (i.e., the sequences have
less than about 5% and preforably, less than about 1% differcnee in GG content). Scquence
search programs are well known in the art, and include, but are not limived to, BLAST (see,
Alschul et al,, 1990, J, Mol Biof, 215; 403-410), FASTA, and SSATIA (sce, e.g., Pearson, 1988,
Proc. Nt Acad, Sci. US4 35(5): 2444-2448; Lung ctal., 1091, J Mol Biol 221¢4): 1367-
1378). Further, methods of determining the significance of sequence alignments are known in
the art und are described in Needleman and Wunsch, 1970, J. of Mol. Bisl. 48: 444; Walermun et
al., 1930, J. Moll. Biol. 147: 195-197; Rarlin et ul., 1990, Proc. Notl. Acad. Sci. TISA 8§7: 2264

11
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2268; und Dembo et ul., 1594, 4nn. Prob. 22; 2022-2039. While in one aspect, o single query
sequence is searched against the database, in another aspect, a plurality of sequences arc
searched agninst the database {e.g., using the MBGABLAST program, acoessible through
NCBI). Multiple sequence alignments can be performed at a single time using programs known
it the art, such as the Clustal W 1.6 (available at hitp://dot.imgen.bem.tine.edu:9331/multi-
align/multi-align.html).

In a preferred embodiment, the genomic or expressed sequence database being searched
cuomprises human scquences. Because of the completion of the human genome project (see,
Yenter ot al., 2001, supra; Lander et ul., 2001, supra), 2 compulational search of o human
sequence Jatabase will identily paralopeus sets for molngle chromosome combinations. A
number of human genomic sequence databases exist, ineluding, but not limited to, the NCET
GenBank datahasc (at htip:// www.ncbi.nlm.nih.gov! entrez/query.fogi7db=Genome); the Celera
Human Genaome database (at http://www.celera,comy; the Genetic Informration Research Institute
(GIRY) datzbase {at hittp:/Awww. girinst org); TIGR Gene Indices (at hup:/www tigr.arg/tdb/tgi.
shimf),and the like. Expressed sequence databases include, but are not limited to, the NCBI EST
database, the LIFESEQ™, database (Incyte Pharmaceuticals, Palo Alio, Calif), the random
cDMNA sequence database from luman Geneine Sciences, and the EMESTS database (EMBL,

Heidelberg, Germany).

In one aspect, genes, or sets of genes, are randomly chosen as query sequences to identify
paralogous gene sets. In another aspect, genes which have been identified as paralogous in the
literature are used as gquery sequences to scarch the database to identify regions of those genes
which provide optimal amplifiable sequences (i.e., regions of the genes which have greater than
about 80% identity over an amplillable sequence region, and less than about a 1%-5% diflerence
in GC vontent). Preferably, paralogous genes have conserved gene straetures as well as
conserved sequences; i.e., the namber and relative pogitions of exons and introns are conserved
and preferably, transeripts generated from paralogous genes are substantially identical in size
(i.c., have less than an about 200 base pair difference in size, and preferably less than about a 100
base pair difference in size), Table | provides cxamples of non-limiting candidate paralegous
gene sets whick can be evaluated according to the method of the invention. Table LA provides
examples of non-limiting candidale purulogous gene sets, wherein one member of the set is

Jacated on chromosome 21, which can be evaluated according to the method of the invention.
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Table IR provides cxamples of additioaal non-Timiting candidate paralogous gene sets which can

b evakuiated according ta the method of the invention.

‘Table 1. Candid

an;get xep hTmene(s)}_

nte Paralopous Gencs

Candidace Paralogons Region (Gene(s))
Xq28 (SLC6AS) p111 (DXSI1357E)
%8 (ALD} 2pll, 1eptl, 22ail (ALD-gxons 7-10-paralogs)
¥ (SRY) WplaEONITY -
1p33-34 (TALDOR) 11p15 {TATIO)
| 2931 &1y p15 (Spd), 12q13 Spl geae) -

2{LOLIAL COLSA2, COLGAS, COLAAZ;
TUBAL, G1.12)

12(COT2A1, TUBAL], GLI}

2 (TGFA, STTONL)

14 {TGFB3, SFTB)

2pl 1 {ALD-exon 7-10 paralog)

Kq28 {ALD); 16p11 and 22q11 [ALD-cxuns 7-10
pacalogs)

3n21.3 (HYALL AYAL2, HYALS}

7q31.3 (HYAL4, SPAMI, IVALT1)

3423-g27 (CBLb)

11q22-q2 (CBLa); 19 (hand 13.2) (CBLc gene)

3628 (HEM)

« {FGR3, ADRAZL?, QDFR, GABRA2, GABRBI,
PDGFRA, FGFS, FGEB, F11, ANX3, ANXS)

7p22 (GTV1): 17q12 (E1A-F}

5 (FGFR4, ADRAT, DHFR, GARRA, PTXGFRR, FGRA,
F12, ANXE)

3 (FGFR4, ADRAL, DHFR, GABRAL FLDUFRE,
FGFA, F12, ANX6)

+ (FGIR3, ATIRAZL2, QDFR, (FABRAZ, GABREI,
PDGHRA, FGES, FCPH, FI 1, ANX3, ANX5)

6p21.3 (COLI1[A2, NOTCHA, IISFALA, HEPALB.
IISPALL, VARS2, C2, 04, PBX2, RXRB.
NAT/RING3}

5433-34 {COL3 a1, NOTCH L. HSFAS, VARSL, C5t
PEX2, RXRA, ORFX/RINGIL)

fiql§.3921 (SIM1—confirmed paraloy)

21422.2 (8012-conlinned patulog)

B24.1424.2 (ANK13)

7p2% (ETV1) 3629 (FRM); 17g12 (FIAF)
7q11.3 (TTYAL4, SPAMI, KYALP1) 3p21.3 {HYALL, HYALZ, HY AL3)
7 (MYHT) 14 (MYHS)

10g32.3-923.1 (ANX11)

9q33-34 (COLIAL, NQTCH1, HEPAS, VAREL. C5,
PHX3, RXRA, ORFX/RTNG3L)

Sp2l.3 (COL11AZ, NOTCHS, ESPALA HEPALE,
HSPALL, VARSZ, C2. G, PBX2, RXRB, NAT/RING3)

i0pl 1 {AL))-exons 7-10-ike)

10q22.3-g23.1 (ANX11)

X28 (ALDY; 2p11 (ALD axans 7-10-like); 16p11 (ALD-
exans 7-10-like); 22q11 (ALD-cxons 7-10-hike)

8q24.1-q24.2 (ANX13)

L1pl$ (TALRG)

1p33-34 (TALDOR)

11q22.q24 (CHLe)

19 (band 13.2) (CBLg gene); 3q22-c2T(CBLb)

11 (HRAS, IGF1, PTIH)

12 (KRASZ, ICTZ, FTHLH)

12(COLIAL, TURALL, GT.1Y

2{COL3AL. CO1.5A2 COLGA3, COLAA3; TUBAT,
GL12)

$2pl2 (vun Wilebrand factor paralog)

22q)1 (von Willebrand factor paralog)

14 (TGFB3, SPTR)

Z(TGFA, SPTEN1)

13
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Table 1. Candidute Paralogous Genes

‘ Targel region (Genz(s)

Candidate Paralogous Region (Gene(s))

14 {MY1I6)

TMYTIT)

14932.1 {(GSC)

22q11.21 (GSCT)

j L5u24- 626 (TMGSF1)

19pl2-13.3 (IM6SF1)

1 16p14. [ (DXS13578)

" 16p13.3|CREBEP, HMOX2)

28 (SLCEAR)

22q13 {adenovirus ElA-as;)c[atcd protein p300-CRERRE
pezalog); 22412 (FMOX1-HMOX?2 paralog)

1712 (E1AF) 3q20 (FRM); 722 (KT 1]
T7qtel (SYNGR2) 2213 (SYNGRIY
['19 {band 13.3) (CBL gene) 3q22-g2N(CBLb) 11g22-q24 {COLa)
19p12-13.3 (TMGSF 13 15024-g26 (TM6ST1)
F0p13 (SOX22) v (SRV) -

2122 2 (STM2-conlirmed paralop)

6416.3-621 (SIMI-contivmed paralog]

23q13 (RYNCR1Y

17gtel (SYNGR2)

1 22q11 (von Wil:ghyand facter parloa)

12p 12 (von Willahrand factor paralog)

22q11.21 ({75CL)

14g32.1 (GSC)

Table LA: Chromesome 21 Gene and its Paralogous Copy.

Chrumosome 21 gene Position Paralegous | Class
(Gene position
GABPA 21q22.1 17 pseudogene
CCT8 21q222 HC1 pseudogens
C2IGRITY 21¢222 1Ccz Lixpressad
gene
NSCR3 21g22.2 HC2 pscudogenc
C210rf6 21q222 HC4 pseudogenc
SIM2 2ig22.2 uea | Lixpressed
gene
WREI1 21q222 HC 12 Expressed
gene
KIAAOQS58 21g22.3 HC7? pseudogene
T3 21g223 HCX preudagene
B TSN 21q22.2 HCS Exprossed
: gene
14
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Table 1B;  Additicnal Candidate Paralogous Genes

Trisomy 13 J’l‘risumy 18

Gene Paralogous target Gene Paralngous target
RAP2A HC3 psaudogene ACAAZ HC?2 Pseudogene
CDKS FIC2 Dseudogene ME2 I1C9 Psendogene

Paralogous gene sets useful according to the invention include but are not limited to the
following: GARPA (Accession No.; NM_002040, NT-011512, XMO04708, APODL6Y4, X84365)
and the GABPA paralogue (Accession No.: LOC154840); CCT8 (Accession No.: NM_006585,
NT_011512, AL163249, G09444) and the CCTS paraloguc {Actcssion No.: LOC149003);
RAPZA (Accession No.o NM_021033) und lhe RAPZA paralogue (Aceession No.:
NM_(02836); ME2 (Accession No.; NM_(12396) and an ME2 paralogue ; CDKE (Accession
No.: NM_001260) and 2 CDESR paralopue (Accession Wo.: LOC129359); ACAAZ [Accession
No.: NM 006311) and an ACAA2 paralogue; DBCR3 (Accession Nos.: NT_01{512,
NM_006052, AP001728) and a DSCR3 paralogue; C210rf19 (Accession Nos.: NM_015955,
NT_003367, AF363446, APO01725) and a C21orf19 paralogue; KIAAQ938 (Accession Nos.:
NT_011514, NM_015227, AL163301, AB023175) and a KIAA0958 paralogue; TTC3
(Acecession Nos.: NM_003316, NT_011512, APD01727, APG01728) and a TTC3 paraloguc;
ITEN | (Accession Nog: NT_0115)2, NM_003024, XM_0418621) and 4 [TSN1 paralogus.

Additional paralogous gene scis which can be used as query sequences inciude the HOX
genes. Related HOX genes and their chromosemal locations are deseribed in Popovici of al.,
2001, FERS Lettors 494: 237-242. Candidate paralogs for genes in chromosomes 1, 2,7, 11, 12,
14, 17, and 19 axe described further in Lundin, 1993, Genomics 16; 1-19. The entireties of these

references are incorporated by seference herein.

In still another aspect, query scquences are identificd by targeting regions of the hyman
genome which are duplicated (e.z., as determined by analysis of the completed human genome
sequence) and these sequences are used to search database(s) of huinan genomic sequences ¢

identity sequences at least 30% identical over an amplifiable sequence region.

In a farther aspect, a clustering program is ased to group expressed sequences in a
database which share consensus sequences comprising at least abuout 80% identity over an
amplifiable sequence region, to identify suitable paralogs. Sequence clustering programs are

15
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known in the art (see, e.g., Guan et al., 1998, Bioinformatics 14(9); 783-8%; Miller et al., Comput.
Appl. Biesei. 13(1): 81-7; and Parsans, 1995, Comput. Appl. Biosci. 11(6): 603-13, the entireties

of which are inoorporated by reference herein).

While computatienal methods of [dentifying suitable paralog sets are preforred, any
method of detecting sequences which are capable of significant base pairing can be used and are
encompassed within the scope of the invention. For exarmple, paralogous gene sets can be
identificd using a combination of hyvhridization-based methods and computational methods. In
this aspoct, a target chromosome region can he ideniificd and a nucleic actd probe corresponding
1o that region can be selected (c.g., from a BAC lbrary, Y AC library, cosmid library, cDNA
Tihrary, and (he like} 10 be used in in sitw hybridization assays {FISIE or IS1T agsays) w0 identify
probes which hybridize to multiple chromasameas (preferably fewer than abenr §). The
specificity of hybridization can e verified by hybridizing a rarget probe to flow sorted
chromosomes thought to contain the paralogous gene(s), to chromesome-specific Lbraries and/or
to somatic cell biybrids comprising fest chromosome(s) of interest (ses, e.g., orvath, et al.,
2000, Genome Research 10 839-852). Successively smaller prabe fragments can be used to
narrow down a region of interest thought to contain paralogous genes and these fragments can be

sequenced to identify optimal paralogous gene sets.

Although in one aspect, paralogous genes are used as amplification templates in methods
of the invention, any paralogous sequence which comprises sutficient sequence identity to
provide substuntiully identical umnplification templates having fewer than about 20% nuclevlide
differences over an amplifiable region. For example, pscudogenes can be included in paralag
sets as can non-cxpressed sequences, provided therc is sufficient identity between sequences in

cach set.
Sources of Nucleic Acids

In ene aspeet, the method according to the invenlion is used in prenatal testing lo asscss
the risk of a child being born with a chromosemal abnormality. For these types of assays,
sumples of DNA are obtained by procedures such as amnioceniesis (e.g., Barter, 4m. .J. Qbstod,
Gyneeol. 99: 795-805; 1.8, Patent No. 5,048,530), chotionic villus sampling (e.g., [marnura et
al., 1996, Prenat. Diagn, 1613): 259-61), ot by maternal peripheral blood sampling (e.g., Iverson
etal, 1981, Prenar. Diagn. 2 31-48; U8, Patent Me, 6,210,574). Fetal cells also can be

obtained by cordocentesis or percutancous nmbilical blood sampling, atthaugh this technigue is

16
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technically difficuit and not widcly available (see Erbe, 1994, Scientific American Medicine 2,
sectien Y, chapter IV, Scientific American Press, Mew York, pp 41-42). Preferably, DNA is
isolated from the fetal cell saniple und purified using techniques known in the art {see, e.g.,
Maniatis et al., In Moleczedlar Cloring, Cald Spoing Harbor, New York, 1982)).

However, in another aspecl, vells are obtained from adults or children (c.g., froin patienls
suspected of having cancer). Cells can he obtzined from hlnod samples or from a sile of cancer
wrowih (e.g., a tumor or biopsy sample) and isolated and purified as described above, for

subsequent amplification,

Anplification Conditions

Having identified 2 paralogous gene set comprising a target pene whose dosage is to be
deterrined and a reference pene having s known, dusape, primer palrs ace selected te produce
amplification praducts from cach gene which are similar or identical in size. Tn one aspect, the
amplification products generated from each paralogous gene differ in length by no greater than
about 0-75 nucleotides, and preferably, by no greater than about § to 25 nuclesiides, Primers for
amplification are readily synthesized using standard techniques {see, e.g., U.5. Patent No.
4,458,066; U.S. Patent No. 4,415,732; and Molecular Pratocols Online af http://www._protocol-
online.nermolbio/PCR/per_primer.hun). Preferably, primers are from about 6-50 necleotides in

length and amplificatinn products arc at least about 30 nucleotides in length.

Although in a preferred method, primers are unlabeled, in some aspeots, primers arc
labeled using miethods well known in the art, such as by the direct or indirect attuchment of
radivactive labels, fuvrescent labels, electron dense rmoieties, and the ke, Primers can also be
coupied to capture moteciles {¢.g., members of a binding pair) when it is desirable to capmra‘
amplified preducts on solid supports (see, e.g., WO 99/14376).

Amplification of paralogous genes can be performed using any method in knewn in the
art, including, but not limited to, PCR (Innis et al., 1990, MCR Pratocals. A Guide to Methods
and Application, Academic Press, Tne, San Diege), Ligase Chair Reaction (LCR) (%u and
Wallace, 1989, Cenomics 4: 560, Landegren, ot al., 1988, Science 241: 1077), Self-Sustained
Sequence Replication (38R) {Guatelli et al., 1990, Proc. Narl. Acad. Sci. USA §7:1874-1878),
and the like. However, preferahly, genes are amplified by PCR using stamard conditions (see,
Tur examaple, as described in U.5_ Patent No. 4,683,195; U.S, Patert No. 4,800,159; U.S. Patent

No. 4,683,202; and U.S. Patent No. 4,889,818).
17
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In one aspect, amplified DNA is immobilized to facilitate subsequent quantitation. For
example, primers coupled to first members of a binding pair can be attached 0 & support on
which is bound second memibers of the binding pair capable of specifically binding to the first
members, Suitable binding pairs inchude, but arc not limited to, avidin: biotin, antigen: antibody
pairs; Teactive puirs of chemical groups, and the like. In one nspect, primers are coupled to the
suppert prier to amplification and immobilization of amplification products cceurs during the
amplification proecess itself. Alernatively, amplification products can be immobilized after
amplification. Solid supports can be any koown and used in the art for solid phasc assays (c.g.,
particles, beads, magnetic or paramagnetic particles or beads, dipsticks, capillaties, microchips,
glass slides, and the like) (see, e.z., as described in U,5. Patent No, 4,654,2G7). Preferably, solid
supports are in the farm of micratiter wells (2.3, 96 well plates) to facilitale awlomation of

subsequent quantitation steps.

Quantitating Gene Dose

Quaniitation of individual paralogous genés can be perforined by any method known in
the art which can detect single nucleotide differences. Suitable assays include, but are not
limited 1o, real time PCR (TAQIMAN™), allele-specific hybridization-bascd assays (sez, c.g.,
U.8. Patent No. 6,207,373); RFLP unalysis (¢.g., where u nuclootide difference creates or
destrays a restriction site), single nuclentide primer extension-based assays (sve, e.g., U.S. Patcnt

No. 6,221,592); sequencing-based assays (scc, e.g., .8, Patent No. 6,221,592), and the liks.

In & preferred embodiment of ke invention, quantitation is performed using a
pyrosequencing™ method (see, e, U.S. Patent No. 6,214,891 and 1L, Patent No. 6,197,305,
the entiretics of which are invorporated by reference). In this method, the ampiification products
ol the paralogous gencs are rendered single-stranded and incubated with a sequencing primer
comprising a sequence which specifically hybridizes to the same sequence in sach paralogous
gene in the presence of DNA polymerase, ATP sulfurylase, luciferase, apyrase, adenosine 5°
phosphosulfate (APS), and luciterin. Suitable polymerases include, but are noet limited to, T7
polvimerase, (exc’) Klenow polymerase, Sequenase® Ver. 2.0 (USB U.S.AL), Taq™ polymerase,
and the like. The firs1 of four deoxynucleotide triphosphates (ANTPs) is added (with
deenyadenosine a-thio-triphosphate being used rather than dATP) and, if incorporated into the
primer through primer extension, pyrophuosphate (PPi) is released in g amoutt wihich is
cquimolar to the amount of the incorporated nucleotide. PPi is then quantilatively converted tu
ATP by ATP sulfurylase in the presence of APS. Therelease of ATP inlu the sample causes

I8
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Tuciferin to be converted to oxyluciferin by luciferase in a reaction which generates light in
amounts proportional to the ameount of AT, The rileased light can be deteoted by a charge-
ceupled device (CCD) and measured as a peak on a pyrogram™ display (e.g., ina
Pyroscquencing™ PSQ 96 DNAJSNE analyzer available from Pyrossquencing™, Inc.,
Westhorough, MA 01581). The apyrase degrades the unincorporated INTPs and when
degradation is complete {e.g., when na more light is detected), another INTP is added. Addition
of ANTPs is performed one at a time and the nuclectide sequence is determined frora, the signal
peik. The presence of Two contiguous bases comptising identical nucleotides will be detectable

as a proportionally larger signal peak,

In a currently preferred embodiment, chromosome dosage i a nucleic acid sample is

cvaluated by using a pyrosconencing™

method to determine the ratio of scquence differences in
paralogous sequences which differ at at least one nugleotide position. For exampie, in one
aspect, two paralogons sequences from two patalogous genes, each on different chromosomes,
arc sequenced and the ratios of different nucleotide bases at positions of sequence differences in
the two paralogs are determined. A 1:1 ratio of different nueleoride bases af a positicn where the
two sequences differ indicules a 1:1 mblo of chromosumes. However, a difference from a 1:1
ritio indicates ibe presence ol a chromasomal imhalance in the sample. For example, a ratio of
3:2 would indicate the presence of a trisomy. Paralopous sequences on the same chromosome
can also be cvaluated in this way (for example, to determine the loss or pain of a particular

chromosoms agmy.

Using a Pyroscquencing™ PSQ 96 INA/SNP analyzer, 96 samples ¢an he enalyzed
simultancously in less than 30 minutes. By wsing sequencing primers which hybridize adjscent
to the portion of the paraioy sequence which is unigue to each of ihe paralogs, it can be pussible
1o distinguish between the paralogs alter only one or 4 few rounds of dNTP incomporation (i.c.,
performing minisequencing). The analysis docs not require gel clectropharesis er any further
sample processing since the output from the Pyrosequencer provides a direct quantitative ratic
enabling the vser fo infer the genotype and hence phenotype of the individual from whom the
sample is obtalned. By using a paralogous gene as 2 natural infernal control, the amount of

variability from sample handling is reduced. Further, no radicactivity or labeling is required.
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Diagnostic Applications

Amplification of paralogous gene sets can be used to determine an individual’s rigk of
having a chromosomal abrormality, Using a paralogous gene sst inclnding a target gene from a
chromosome region of interest and a reference gene, preferabiy on a different chromosome, the
ratio of the genes is determined as desciibed above. Deviations from a 1:1 ratio of farget to
refercnee genc indicates an individual at risk for a chremosomal abnormality. Examples of
chromosente abnormalities which can be evaluated using the method according to the invention
are provided in Table 2 below,

Table 2. Chromesome Abnormalities aud Diseave
Chromoseme Abnormality Disease Associnlion
x, X0 Tumer’s Syndrome o — o _
| Y XXY Klinefclter syndrame
XYY Double Y syndrome
XXX Trisomy X syndroms _
| XK Four ¥ syndrome . o
Xp?1 deletion Duchenne’s MRecker syndrome, congenital adrenal bypoplisi,
| chionic granuiomatus disease e
Xp22 deletion steroid sulfatase deficiency
Xq26 deletion X-linked lympliproliferative discase
‘ 1 Lp- {sommatic) neuroblzstoma
onesomy |
bisomy . ‘
2 " momesomy I _ '
trisonty 29 growth retardatior, developmental and meotal delay, aud minor
\ | physival sbuormatities |
3 monosenty - e '
trisomy {somatic |_nen-Hadgkin's lymphoma
4 | manosom . |
usiomy (somatic) Agule non lymphocytic leoksemia (ANLLY .
5 Sp- 1 cri du char, Le‘eune syndrome ‘
' 5y- (soinatic) mye'odysplastic syndrawme
mnnoseTy
| trispemy |
6 IROLOZ00TY _ . _—1
y Lrisouny {somatic) clear—cell sarcoma
! Ty11.23 deletion William's syndronie |
monozomy 7 ] of childhood; somatic: renal cortical 1
| sdenomas; myelodysplastic syadvorne :
tTisomy o
3 i 8g24.1 deletion Laoyper-Giedon syndrome o j
g THONROSOMY
[Hrisomy myclodysplastic syndrome; Warkany syndromie; somatic: elironic
myelogenous lerkemia |
] mendsany 9p Alfi's syndrome
MONoS0my i .
9p pactial rrisnmy _ . Rethore syndrome :
trisomy | tomplete wisomy 3 syndrome: mosale trisomy Y ayndeotne
j&] MOROSOMLY . 4
trisoroy {somaic) LAV or ANLL
20
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Table Z (ont’d). Chromesome Abnormalities and Disease

Disease Asseciation

ilp-

Aniridin, Wilms tumer

1lg-

Jacobson Syndrame

monososy (somatic)

snyeloid Tineages affected (ANLT., MDS}

trisomy

|12 | menosomy . ]
L 1 tmisomy (somatic) TCLL, Juyenile granuloga cell lumoc (JCT)” — — =
13 T13g- |13g- syndrome; Orbeli syndrome
13q14 deletion * retinehlnstoma
monGsony .
trisomy Pataw's syndrome
14 | monsomy ! ]
Erisonyy (somaticy | myelaid disorders (MDS, ANLL., atypical CML) )
15 | 159i1-q13 deletion Prader Willl, Angelman’s syndrome T —
MEnosam) J
wisomy (snmatic) myeloid and lymphoid lineages affected, e.g., MDS, ANLL, ALL,
| CLL)
14 16q13.2 deletion Rnbenstein-Taybi o o _
monosomy _
_ __| trisomy (somatic) papillary rana’ cell carginomas (malipnant)
17 170 (soimatic) 1'p syndtome in mycloid malignancies
17011.2 deletion Smith-Magenis
_ _ Willer-Dieker
trisomy (somatic) renal cottical adenoas |
17pI1.2-12 trisoiny Chargot-Marfe Tooth Syndrome type T3 ENPP. 71
18 18p- 14p partia! monosomy syndrome or (Grouchy Lamy Thieffry
|
i
_ Grouchy Lamy Salmon Landry Syndrome
trisomy Edwards Syndrome
i | monosomy
— y kisomy . i
20 | 30p- hrisnmv 20p syndrome
20pil. Alepille L o
20q- somatie: MPS, ANLL, piiycythemia ver, chronie
leukemia
GNGA0NY
risomy {somatic) papillary renal cell carcinomas (maliguant}
21 | monosemy o
tisomy Down'ssyndroene ]
22411.2 deletion Diieorge’s syndrome, velocardiofacial syndrome, conotrincal |

aysessments, such as clinical evaluations of patient symptoms. Fer example, prenatal evaluation

__ . syndrowe, Cuylor cardiofacial syndrome
1

", complete wisomy 22 syndrome

anomaly Face syndrome, zutesonnal dominant Opitz G/BEBR

{Generally, evaluation of chromosome dosage i performed in conjunetion vith other

may be purticularly appropriate where parents have a history of spontaneous abortions, still

Birthis and neonadal death, or where advanced maternal age, abnernml maternal sera results, and

21
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in patients with a family history of chromosomal abnormalities. Postnatal testing may be
appropriate where there are multiple congepital abnormalities, clinical manifestations consistent
with known chromosomal syndromes, unexplaincd mental retardation, primary and secondary

amenorrhea, infertility, and the like.

The method is promised on the assamption that the 1ikelihoed that fwa chromesomes will
be altered in dose at the same time will be nepligible (i.e., that the test and reference
chromosome contprising the test and reference paralogous scquence, respectively, are not likely
{0 be monosomic or tisomic at the same time). Further, assays are generally performed using
samples comprising normal eomplements of chromosomes as conlrels. However, itr one aspect,
nwltiple sets of paralogous genes, each set from different pairs of chromosomes, are used ta
increaze the sensitivity of the assay. In another aspeet, for cxample, in postatal testing,
winplification o { an autosomal paralogous gene set is perfarmed at the same time a5 amplification
of an X chramesome scquence since X chuumosome dosage can gencrally be verified by
phenotype. [n still another sspect, a hierarchical testing scheme can be used. For exawple, &
positive result for trisonty 21 using the method aceording to the invention could be followed by a
different test to confirm altered pene dosage (e.g., such as by assaying for increascs in PRYL-
CIE21 activity and an ahsence of M4-type phosphofructokinase activity; see, e.g., as desuribed in
Vora, 1981, Blood 37: 724-731), whilc samples showing u negalive result would genecally not be
further analyzed, Thus, the method according to the invention would provide 2 high throughput
assay o identify rare cascs of chromosvme sbnormalities which eould be complemented with

lower fhroughput assays to confirm pusitive resulis.

Similarly, the agsumption that loss or gain of a paralogous gene reflects loss or gain afa
chromosome versus a chromosome arm versus a chromoesome band versus only the paralogous
gene itself, can be validated by complementing the method according to the invention with
addilional tests, for sxutmple, by using multiple sets of paralogous genes on the same

chromosome, sach sef corresponding to & different chromnsome region,

The invention will now he futther illustrated with reference to the following cxample. Tt
will be uppreciated (hat what follows is by way of example only and that modifications to detal

may be made while still falling within the scope of the inyention.

2
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Examples
EXAMPLE 1

The following examples describe a PCR based method for deteeting # chromosomal
imbalance, for example, trisomy 21 by coamplifying, with # single set of primers, paralogous

genes present in different chromesomes.

The rationale for using paralogous genes is that since they are of almost identical size and
sequence composition, they will PCR amplify with equal etficiency using a single pair of
primezs. Single nucleotide differences between the two sequences are identified, and the relative
amounts of each allele, ench of which represents a ehromosome, are quantified (see Figure 9).
Since the pyrosequencing method is highly quantitative one can accurately assay the ratio

between the ehromosemes,
For detecting Trisamy 21, the method involves the following steps:
a. Identification of suitable candidates for cu-amplification. (parzlogois genes)

b. Dasign of multiple assays for co-amplification of paralogous sequences between human

chromosome 21 and other chromosomes,
. ‘T'esting the assays using a panel of Trisomy 21 and control DNA samples.
d. ‘L'esting the robusiness of (he method on 2 suitably large retrospeetive sumple.

Analogous sleps are used to detect any chromosoma! imbalance according lo e

invention.
Identification of Paralogous Genes

Tn order to identity paralogous scquences between chromosome 21 and the rest of the
genome all chromosome 21 genss and pseudogenes (CDINA sequence) Incated hetween the 21g
22.1 region and the telomere were blasted against (compared with) the non redundant human

gmoﬁle datnbase (httpu/www.nebinln.nib.gov/eenome/seq/HsBlast.htmi), (Figurs 4) as this

region is present in three copies in all individuals reported with Down syndrome.

From this, 10 potential condidate pairs which could serve as suitable targets for co-

amplitication were identified (table 1A).
23
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Mozt of these paits are formed by a functional gene and an wnspliced pseudogene
suggesting that the most common origin of these paralogous copies is retrotransposition rather

than ancient chromosomal duplications,
Samples

Inn order to perform the retrospective validation studics for the (wo optimized tests, 400
INA, samples (200 DNAs from trisomic individuals and 200 control INAs) werc used. These
samples were collocted with informed consent by the Division of Medical Genetics, University
of Geneva over the past 15 years. The samples were exlracted at diffetent periods with

presumably different methods, hence the quality of these DN AS is not expected to be umiorm.

Conewrning the use of these samples for the development of a Diagnostic method,

permizsion vas granted by the local ethics committee for this spacific use.

The invention provides for methods whereln the samples used are either treshly prepared
or stored, for example at 4°C, preferably frozen at at least —20°C, and maore preferably frozen in

lguid nitrogen.
Assay Design

Using the results summarized in table 1A, a first round of assays were designed and

petformed,

A critical sspeet for assay development is to chovss regions of very high sequence
conservation (between 70 and 95% and preferably between 85 - 95%) that are contained within
the same exon in both genes (this iz neccssary so that both amplicons are of equal size), and that

comply with the tollowing conditions:

1. Therc are Jong stretches of perfect sequence conservalion from which compatible primers
can be designed,
2. One or more siogle nueleotide differences are presem within the amplimers which are

surrounded by perfectly homolegous sequence so that a suitable sequencing primer can

be designed.

Using these criteria assays were developed tor the GABPA gene and the CCTS gene.

24
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EXAMPLE 2

Trisomy 21 is detected by providing a sample comprising at least one cell from a patient
{c.pz., a fetus) and extracting DNA from the cell(s) vsing standuxd technigues. The sample is
ineubated with a single pair of pruners which will specifically anneal w both STM2 (GenBank
aceession nos. 180436, UBG457, and ABO3185) and SIMi genes (GGonBank accession no.
U70212), paralogaus genes located or chromosewe 21 and chromosome 6, respectively, under
standard amnealing conditions used in PCR. Alignment of partial sequences of SIM2 and SIM1

is shown in Figure 1.

Using primer sequences SIMAF (GCAGTGGCTACTTGAAGAT) and SIMAR
(TCTCGGTGATGGCACT), the semple is subjected to PCR conditions. For example,
providing 5.0 pl of amplification butfer, 200 pM dNTPs, 3 mM MgCls, 50 ng DNA, and 5 Uniis
of Taq polymerass, 35 cycles of touchdown 'CR (e.g., 34°C for 30 sceonds; 63-58°C for 30
seconds; and 72°C for 10 seconds) gencrates suitable amounts of amplification products for

subsequent detection of sequence differences botween the two paralogs.

The amount of ampified products corresponding to 3IM1 und SIM2 is determined by
assaying for single ucleotide dilferenves which distinguish the two genes (sec circled sequences
in Figure 1), Preferably this is done by a pyrascquencing™ method, using sequencing primer
SIMAS {CTGGGGCTGGTGGRCCGTC). The expested scquence obtained from the
pyrosequencing™ reaction is GGCCAICAFTCGCTECC; the brackets and bold highlighting

indicating the pesition of a sequence differvove batwees (he two sequences.

The allele ratio of SIM2:SIM1 is determined by comparing the ratio of onc basc with
respect to another at the site of 2 nuclcotide difference between the two paralogs. As can be seen
in Figure 2, the ratio of such a base is 1:1.5 in a Down syadrome individual and 1:1 in a normal
individual.

EXAMPLE 3

The following exampie describes a methed for detecting Trisomy 21 according to thie
method of the invention, wherein one member of the paralogous gene pair is GABPA.
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Trisomy 21 is detected by providing a sample comprising at least one cell from a patient
(e, a fetus) and extracting DNA from the cell{s) using standard techniques. The results of a
pilot experiment are presented in Figure 11, Following the performance of the pilot cxperiments,
the assayr werc further optimized by identilying sets o[ primers wiih a highet eificiency of
amplification and a smaller intra and inter sarnple variation. The details of the optimized assay

for deteetion of trisomy 21 are provided below.

Four Hundreg DNA samples (200 trisurnic and 200 cunirol samples) were incubated with
a single pair of primers whicly will specifically anncal to both a GABPA pene paralogue
(GonBank accession nos. LOC154840) and GABPA genes (GenBank accession no.
NM_002040), paralogous genes located on chromosome 7 and chromosome 21, respectively,
under standard annealing conditions uged in PCR. Alignnent of sequences of the GABPA uene

paralogue and GABPA is shown in Figure 3,

Lising primer sequences GABPAT (5 biotin CTTACTGATAAGGACGCTC) and
GABPAR (CTCATAGTTCATCGTAGGCT) (Figure 12), the sample is subjected to PCR
conditions. For example, providing 5.0 pl of amplification butfer, 200 uM dNTPs, 3 mM
MgClz, 50 ng DNA, and 5 Units of Tag polymerase, 35 cyeles of touchdown PCR. (e g., 94°C for
30 seconds; 63-58°C for 30 seconds; and 72°C for 10 seconds) generates snitable amounts of
amplification products for subsequent detection of sequence differences between the two
paralogs. Figure 12 demonsirates the optimized assay showing the primers used. Figures 3 and

7 show the positions (circled or indicated by amow) used for quantificalion.

‘The amount of amplified products comrespending to the GABPA. gens paralogue and
GABPA was determined by assaying for single nucleotide differences which distinguish the twa
genes {see cireled sequence in Figure 12 or sequence marked by an arrow in Figure 3).
Preferably this is done by a pyrosequencing™ wethod, using sequencing primer GABPAS
([CACCAACCCAAGAAA).

Samples were analyzed using a pyrosequencer. A thresheid of 10 units per single
nucleotide incorporation was set as a quality control for the TINA, helow which the samplcs were
discarded from the analysis. Following this procodurc 169 samples were discarded and the
remainder were analyzed. Although this threshold is guite congervative, assays with lower signal
Intensitics produce less reliable quantificatiens. Figure 13 shews the distribution of G values for
the 230 samples analyzed. The G allele represents the relative preportion of chromosome 21,
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Conirol TN As had an average G value of 31.11% with a Standard deviation of 1.3%. Trisomic
individuals had an average vaiuc of 59.54% with a standard deviation of 1.90%, As secn from
the graph the two groups are well separaied. Iiowever for samples with values befween 53,0-
549 no clear diagnosis can be given. However, only 5% of samples fall within this inferval and
hence an unambiguous diagnosis can be given in 95% of the cases according to the duta
obtained.

Tn addition there were 4 samples for which a wrong diagnosis was given. Turther
analysis using microsatellite markers showed that 3 of these individuals had been misclassified,
and hence were controls rather than trisomic individuals. The fourth samplic (DS0006-F5) was
confirmed to be trisomic and hence probably represents un ermor due lo contarnination in the

reaction, since the same sample gave a correct esvil with the CCTE assay.

Figure 14 shows typical prograrms for the GABPA assay. Arrows indicate positions used

for chromosome quantification.
EXAMPLE 4

The following example describes 2 method for detecting Trisemy 21 ageording to the

method of the invention, wherein one member of the paralogons gene pair is CCTE.

Trisomy 21 is detected by providing a sample comprising at lcast onc ccll from a paticnt

(e.g., a fetus) and extracting DNA from the cell{s) using standard techniques.

DNA sumples (trisomic and conirol samples) were incubaled with a single pair uf primers
which will specifically anneal ta both CCTS (GenBank accession no. NM_006585) and the
CCTS gene paralogue {GenBank accession no. LOC148003), paralogous gencs located on
chromosome 21 and chromoseme 1, respectively, under standard annealing conditions used in

PCR. Alignment of sequences of a CCTY paralogue and CCTS is shown in Figure 4.

Using primer sequences CCL8F (ATGAGATICTTCCTAATTTG) and CCTER
(GGTAATGAAGTATTTCTGG) (Figure 135), the sample is subjected to PCR conditions. For
example, providing 5.0 pl of amplification buffer, 200 uM dNTPs, 3 mM MgClz, 50 ng DNA,
and 5 Units of Taq polymerase, 35 cycles of touchdown PCR (e.g., 94°C for 30 seconds; 63-
38°C for 30 seconds; and 72°C [or 10 seconds) penerates suilable amounts of amplification

producis for subseguent detection of sequence differences between the twa paralogs. Figure £5
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demonstrates the optimized assay showing the primers used. Figures 4 and 15 demonsirate the

pesition (circled or indicated by arrow) which vwas used for quantification,

‘The amount of amplified products correspending to the CC'I'8 paralogue and CCTS was
determined by assaying for single mucleotide differcnces which distingtish the two genes (scc
eircled sequence or sequence marked hy arcow in Figure 4 and 15).  Preferably this is done by a
pyrosequencing™ methud, using sequencing primer CCTSS (AAACAATATGGTAATGAA),

Samples were analvzed using a pyrosequencer as described in example 3. Following this

procedure 210 samples were discarded and the remainder were analyzed.

Figure 19 shows the distribution of T values (praportion of ITC21) for the 190 samples
analyzed. The T allele represents the relative propartien of chromosome 21, As seen from the
graph, the distribution is very similar to that of the GABPA assay, with well separated medians
and a region in the middle for which no clear diagrosis can be made. In this case smnples with
values between 48-50 could not be dingnosed, but as in Example 3, only 5% of the samples fall
within this range. In addition there were 2/190 samples for which a wrong diagnosis was given,
probably as a result of contamination. Figure 17 shows typical programs for the CCTS assay.

Arrows indicate positions used for chromosome quantificalion,

The data from the validation studies for the GABPA and CCT8 tests show that using sach
assay scparatcly, 95% of the samples can be cermrcctly diagnosed, with a 1-1.5% error ratc of
unknown origin (likely to be caused by contamination). Howcver if both tests arc considored
together, the data show that 98% of the samples can be correctly disgnesed, {while for the
remaining 2% ne diapnosis can be given) and mote impocantly (he 3 emors could be easily
detecred, as both assays gave contradictory results. This argues strongly for the use of the twn

tests in parailel to minimize the probability of a false diagnosis.

Variations, medifications, and other implementations of what is described herein will
voeur 10 those of ordinary skill in the art without deparling from the spivit and s¢ope of the
imvention as claimed. Accordingly, the invention is to be defined not by the preceding

ilTustrative description but insfead by the spirit and scope of the tollowing claims.

What is claimed is:

28
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CLATMS

A method for detecting risk of a chromosomal imbalance, comprising:

providing 2 sample of nucleic acids from an individual;

amplifying a first sequence ai a first chromusomal location lo producs u first
amplification produst;

amplifying a second sequence at a second chromosomal location to produde a
second amplificaiion preduct, said first and second amplification products comprising
greater than about 0% idcnl.l'ty, and comprising at lcast ane nucleotide difference at
Icast one nucleotide position;

detenmining the ratio of suid first snd second amplificaticn products; wherein a

ratio which 15 not 1:1 1s indivative of a risk of o chromosomal imbalance.
The method according (o claim 1, whersin said amplifying is performed using PCR.

The methoed according to claim 1, wherein said first and secomd sequence are amplilied

using a single pair of primers.

The mcthod according to claim 1, whercin said first and second chromosomal location

are on different chromosomes.

The methed aveording 1o elaim 1, whevein said first wnd secoud sequences are paralogous

seguences.

The method according 1o claim 1, wherein said first and second amplification products

are the same numbct of nucleotides in length,

The method according to claim 1, fhrther comprising identifying a first nucleotide at said
at Jeast one nucleotide position in said first amplification product and identifying a
second nucleotide at said at least one nucleotide position in said second amplilication

product.

‘The methed acearding to elaim 7, wherein said identifying is performed by sequencing

said first and second amplification producl.

‘The method according to claim 8, wherein suid sequencing is pyrosequencing™.
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The method according to any of claims 7-9, [urther eamprising determining the amount
of raid first and second nucleotide at said at leasi one nucleotide position in said sampie,
wherein the ratio of said first and second nucleotide is proportional to the dose of said

first and second scquence in said sample.

The method according to claim 10, further corprising the step of determining the amout
of a nucleotide a1 a nuelectide position in said first and second amplification product

comprising an identical nucicotide.

The method according to claim 1, wherein said chromosome imbalance is a trisomy.
The method according to claim 12, wherein said trisomy is wisomy 21.

The method according to cloim 1, wherein said chromosome imbalunce s 1 monosomy.
The method according te claim 1, wherein said chromesome imbalance 1s a duplication.
The method according to claim 1, wherein said chromosome mbalance is a deletion.

The method according to claim 3, wherein said primers are coupled with a fitst member
ol'a binding pair for binding to a solid support on which a second member of a binding

pair is bound, said second mermber capable of specifically binding to said first member.

The method according to claim 17, further comprising providing said solid support
comprising said second member and binding said primers comprising said first niember

to said support.

The method according te claim 17, wherein said binding is performed prior to said

amplifying.

The methoed according to claim [, wherein said binding is performed after said

amplifying.

The methed aceording to claim 1, whergin said firsi sequence comprises the sequence af

SV and sand second sequence comprises the sequence of SIM2.

‘The methpd according to claim 3, wherein said pair of primers comprises SIMAF
{GCAGTGGCTACTTGAAGAT) and SIMAR (ICTCUGTGATGGCACTGG),

30
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23, The method sccording to claim 1, wherein said sample comprises at least ope fotal vell.

24, The method aceording io claim 1, wherein said sample coniprises somatic cclls.

25, The method according to <laim 1, whereinl said first sequence comprises the sequence of

a GABI'A paralogue and the second sequence comprises the sequence of GABEA,

26.  The method of claim 25, wherein said GABPA paralogue comprises the sequence

presented in Figure 3.

27.  The method according to claim 3, wherein suid pair of primers comprises GABPAF
(CTTACTGATAAGGACGCTC) snd GABPAR (CHCATAGUTCATCGTAGGCT).

28, The method aceording Lo cluim 1, wherein said first sequence comprises the sequence of

# CCT8 paralogue and the second sequonce comprises the sequence of CCTS.

29,  ‘The method aecording to claim 28, wherein said CCT8 paralogue cemprises the sequence

presented in Figure 4.

30.  The method according to claim 3, wherein said pair of primers comprises CCTEF
{ATGAGATTCTTCCTAATTTG) and CCTSR (GGTAATGAAGTATTTCTGO).

31.  The method according to claim 1, wherein said sccond sequence comprises the sequence
of C2LORF19.

32, The method according to claim |, wherein said second sequence comprises the sequence

of DECR3.

33.  The method acvording to clnim 1, wherein said second sequence comprises the sequence
of KIAAQD3S,

34,  The method according to ¢laim 1, wherein said second sequence comprises the sequence

of TTC3.

35.  The method according to claim 1, wherein said second sequence comprises the sequence
of TTSM1.

36, The method aceording to elaim 1, wherein said first sequence comprises the sequence of

a RAP2A paralogue and the second sequenec comprises the sequence of RAT2ZA sequence.

1
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37 The method acconding to liim 36, wherefn sald RAP2A paralogue comprises the

sequence presenied in Figure $,

38.  The methul according to claim 1, wherein said first sequence comprises the sequence of

a CDKS paralogue and the second sequence comprises the sequence of CDKS.

39, The method according 1o claim 38, wherein said CDKS8 paralogne comprises the

sequence presented in Figure 7.

40, The method according 1o claim 1, wherein said first sequence comprises the sequence of

an ACAA2 paralogue and the second sequence comprises the sequence of ACAAR.

41, The method according fo claim 40, wherein said ACAA2 paralogue comprises the

sequence presented in Figure 8.

42, The method aceording to claim 1, wherein said fizst sequence comprises the sequence of

an ME2 parziogue and the second sequence comprises the sequence of MIE2.

43.  The method according to claim 42, wherein said ME2 paralogue comprises the sequence

presented in Figure 6,
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