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ELECTRONIC LETTER

An alternative to FISH: detecting deletion and duplication
carriers w ith in 2 4 h ours
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A
range of genetic disorders has been revealed to be

cau sed by deletions and du p lications w ithin the

genom e. 1 – 3 I n addition, com p u tational analy sis of the

recently com p leted hu m an genom e seq u ence4 su ggests that

m any m ore rearrangem ents m ight ex ist. S u ch rearrange-

m ents are either directly involved in genetic disease or m ay

p lay an im p ortant, bu t y et to be determ ined, role in hu m an

variation and m u ltifactorial diseases. E fficient m ethods are

thu s req u ired to screen for and detect su ch rearrangem ents.

W hile changes of several m egabases are u su ally cy to-

genetically visible, sm aller changes req u ire other m ethods of

analy sis. M any techniq u es have been ap p lied, inclu ding

dinu cleotide rep eat p oly m orp hism analy sis, 5 array com p ara-

tive genom ic hy bridisation, 6 flu orescent in situ hy bridisation

( F I S H ) , 7 8 q u antitative m u ltip lex P C R , 9 1 0 and S ou thern

blotting. 1 1 1 2 T he last three m entioned are the m ost com m only

ap p lied techniq u es, 1 3 w ith F I S H analy sis p referred as the

m ethod of choice in m any clinical centres. F I S H has the

advantage that the analy sis is visu al, w ith the nu m ber of

flu orescent signals determ ining the cop y nu m ber of the

region ex am ined. H ow ever, the m ethod is rather laboriou s,

w ith cell cu ltu ring and p rep aration of m etap hase sp reads

being necessary , bu t difficu lt and tim e consu m ing step s.

F I S H is thu s ex p ensive and not su itable for high throu ghp u t

analy sis. I n addition, as F I S H p robes are u su ally artificial

chrom osom es or cosm ids, it p reclu des the analy sis of sm all

rearrangem ents, and du p lications can be difficu lt to detect.

Q u antitative m u ltip lex P C R seem s an attractive alternative.

I t can co- am p lify u p to 1 5 p rodu cts p er sam p le, w ith the

am ou nt of each p rodu ct corresp onding to the cop y nu m ber of

the locu s. H ow ever, achieving consistent resu lts has p roven

to be technically challenging, and the m ethod req u ires

flu orescent labels and sop histicated eq u ip m ent.

S ou thern blotting is m ore flex ible and does not req u ire

sop histicated eq u ip m ent. I ts disadvantages are that it is

laboriou s, req u iring several blots if m u ltip le loci are to be

ex am ined, and its accu racy critically dep ends on the q u ality

of the blot, w ith du p lications being p articu larly difficu lt to

detect.

W e have ap p lied an alternative m ethod, based on m u ltip lex

am p lifiable p robe hy bridisation ( M A P H ) . 1 4 M A P H facilitates

the q u antitative recovery of p robes hy bridised to im m obilised

genom ic D N A , and thu s the detection of deletions and

du p lications. P reviou s stu dies have sep arated the resu ltant

P C R p rodu cts on acry lam ide gels or w ith a cap illary

seq u encer, u sing a radioactively 1 4 or flu orescently 1 5 labelled

p rim er resp ectively . T o sp eed u p the analy sis, w e u sed a chip

based gel electrop horesis sy stem ( L ab- on- a- chip ; A gilent,

P alo A lto, C A , U S A ) to analy se and q u antify the reaction

p rodu cts. T his sy stem analy ses 1 2 u nlabelled sam p les in

,3 0 m in, w ith q u antitative data being generated au tom ati-

cally by the accom p any ing softw are.

W e have tested the efficacy and reliability of this

m ethodology by p erform ing carrier detection in D u chenne

m u scu lar dy strop hy ( D M D ) . T his lethal disease is cau sed by a

deletion or du p lication of one or m ore of the 7 9 ex ons of the

D M D gene in , 7 0 % of cases. 1 1 1 6 A s the D M D gene is located

on the X chrom osom e, deletion screening in m ale D M D

p atients is relatively sim p le. 1 7 1 8 D etecting du p lications or

carrier statu s in fem ales, how ever, req u ires a q u antitative

m ethod of analy sis. B y selecting p robes for ex ons w ithin and

ou tside the rearranged regions, it is p ossible to com p are the

relative ratios for the tw o grou p s. A s m u ltip le p robes in

p arallel hy bridisations are u sed, a high level of redu ndancy ,

and thu s reliability , can be obtained.

I n this p ap er, w e show the validity of this ap p roach by

analy sing 1 7 p otential carriers for deletion/ du p lication

m u tations.

M ET H O D S
P robe p rep aration and the M A P H p rotocol u sed have been

described p reviou sly . 1 5 B ased on the m u tation to be tested, a

sp ecific set of p robes w ere selected. W here p ossible, at least

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A b b r e v i a t i o n s : FISH, f luores cent in s itu h y b ridis ation; M AP H, m ultiplex
am plif iab le prob e h y b ridis ation; M L P A, m ultiplex ligation dependant
prob e am plif ication

K e y p o i n t s

N W h en a deletion or duplication m utation h as b een
detected in an index cas e, relatives m ay w is h to b e
analy s ed f or carrier s tatus . M eth ods currently applied
are eith er tech nically dem anding, tim e cons um ing or
not alw ay s applicab le.

N W e h ave previous ly des crib ed m ultiplex am plif iab le
prob e h y b ridis ation ( M AP H) as a vers atile m eth od f or
th e detection of deletions and duplications , applied to
th e analy s is of D uch enne m us cular dy s troph y patients .

N Here w e s h ow th at M AP H is a reliab le, q uick , and
inex pens ive alternative f or f luores cent in s itu h y b ridis a-
tion as a m eth od f or carrier detection of deletion/
duplication m utations . Follow ing M AP H- b as ed h y b ri-
dis ation and P C R , th e am plif ication products are
s eparated us ing ‘ ‘ L ab - on- a- ch ip’ ’ electroph ores is ,
w h ich q uantitatively proces s es 1 2 s am ples in 3 0
m inutes .

N T h e m eth od is very rapid, tak ing les s th an 2 4 h .
M oreover, as s everal independent prob es and dupli-
cates can b e run in parallel, it is als o very reliab le. T h is
approach is an attractive alternative f or current FISH-
b as ed s creens , and s h ould es pecially f acilitate genetic
couns elling in s ituations w h ere a rapid diagnos is is
im portant.

1 o f 4

w w w . j m edgenet. com

Chapter 2.3

81



two probes within the rearrangement were included, with a

minimum of 1 exon from an unaffected region of the gene. In

addition, at least two control probes were chosen from a set

of autosomal probes. A minimum of two hybridisations were

performed on each sample; if the mutation was of a single

exon, then three separate hybridisations with the specific

probe were carried out.

Following hybridisation and washing, the PCR reaction

was performed as previously described,15 with both primers

being unlabelled. Bioanalyz er 2100 (Agilent) analysis was

carried out according to the manufacturer’ s instructions

(http: //www.chem.agilent.com). Briefly, the DNA500 chip

was preloaded with a gel matrix containing a DNA dye. From

each PCR sample, 1 ml (,10 ng) of product was added, with

a maximum of 12 samples loaded per chip. The samples were

then separated, with the data being subsequently exported to

Excel (Microsoft Corp.).

Exon specific peak s were normalised within each sample to

unlink ed probes, with each exon subsequently being normal-

ised to 1.0 based on those samples k nown to be unaffected at

the respective loci.

Ratios derived from probes outside the rearranged regions

were compared with those from probes within the rearranged

regions with an independent samples Student’ s t test. An

individual was considered to be a carrier of the mutation if

the difference between the two groups was statistically

significant (p,0.01). Confidence intervals of 99% were

calculated, giving a predicted error rate of 1%. Statistical

analysis was performed using SPSS 10.0.7 (SPSS Inc., Palo

Alto, CA, USA).

RESULTS
Analysis started with the selection of the probes to be tested.

After hybridisation and subsequent amplification, the PCR

products were separated on the Lab-on-a-chip. In the

resulting trace pattern, each peak corresponded to a specific

probe. As shown in fig 1, changes in peak height and area

correspond to a deletion or duplication at that specific locus.

Although most mutations could be detected visually,

quantitative analysis was always performed. The area under-

neath each peak was calculated by the Bioanalyz er software

and subsequently tabulated in Excel. A typical example is

shown in table 1. In this analysis, six samples were tested:

two deletion and four duplication carriers. Based on the

exons k nown to be affected, four DMD exon probes were

chosen, ensuring that for each sample at least one exon gave

a normalised ratio of ,1.0. This probe represents the control

for hybridisation quality. As can be seen in this example,

deletions and duplications could be detected as ratios of

around 0.5 and 1.5 respectively. All samples were screened at

least twice, with the data from each sample being collated.

In total, 17 potential DMD carriers were analysed, with the

results summarised in table 2. The extent of the mutations

varied, ranging from a deletion or duplication of a single exon

to a deletion of 37 exons. O f the 17 samples tested, 13 were

shown to be mutation carriers. This agreed completely with

the results found with other methods, namely FISH,

Southern blotting or by MAPH analysed by capillary

electrophoresis.

Although duplications are k nown to be more difficult to

detect than deletions, the results were unequivocal in all

cases. All carriers had a p value of ,0.001, whereas the four

non-carriers had p values >0.10.

DISCUSSION
We describe a novel method for the clinical diagnosis of

deletion/duplication mutations, which we consider an attract-

ive alternative for FISH analysis. Based on prior k nowledge

as to where a mutation might be (index patient), a set of

probes is selected, of which some are located inside the

rearranged region, some directly flank ing and some from

other, unrelated regions in the genome. Rapid, quantitative

analysis of the reaction products is possible using the Lab-

on-a-chip from Agilent. This chip allows the electrophoretic

separation of 12 samples in ,30 min, providing a detailed

analysis of each peak .

Unless the suspected mutation was of a single exon, at

least two probes within the region of interest were chosen,

F igure 1 An example of the trace patterns obtained from the Bio-
analyz er software. Changes in the peak height and area correspond to
changes in copy number of the specific probe. The numbers refer to
DMD exons, with autosomal control probes indicated with C. M indicates
the two marker alignment peaks, at 15 and 6 00 bp. These are used by
the software for lane to lane alignment. Four different cases are shown
here: A, no mutation; B, duplication exon 4; C, duplication exon 12; D,
deletion exon 45 . In each case, the affected exon is indicated with an
asterisk.

Tabl e 1 Lab-on-a-chip analysis

Sampl e number

Mean1 2 3 4 5 6

A
E xon 5 2 5 .31 6 .8 6 8 .08 14.8 1 7 .27 6 .40 —
E xon 6 2 12.6 6 8 .14 13.6 8 12.16 5 .7 1 5 .08 —
C1 16 .7 7 12.11 14.5 0 18 .43 8 .8 4 7 .06 —
C2 16 .12 8 .8 6 11.5 4 13.42 7 .03 5 .6 9 —
C3 17 .7 4 12.14 13.7 3 18 .08 8 .6 1 6 .8 2 —
E xon 5 4 6 .6 8 8 .7 1 10.9 3 18 .7 5 9 .5 1 6 .7 6 —
E xon 49 7 .32 4.34 10.18 12.46 6 .6 0 4.8 8 —

B
E xon 5 2 0.10 0.21 0.20 0.30 0.30 0.33 0.21
E xon 6 2 0.25 0.25 0.34 0.24 0.23 0.26 0.25
E xon 5 4 0.13 0.26 0.27 0.38 0.39 0.35 0.27
E xon 49 0.14 0.13 0.26 0.25 0.27 0.25 0.25
C
E xon 5 2 0.48 1.00 0.9 5 1 .43 1 .43 1 .5 7 —
E xon 6 2 1.00 1.00 1 .40 0.9 6 0.9 2 1.04 —
E xon 5 4 0.48 0.9 6 1.00 1 .41 1 .44 1 .3 0 —
E xon 49 0.5 6 0.5 2 1.04 1.00 1.08 1.00 —

Following electrophoresis, the peak data areas from six samples (1– 6 )
were imported into E xcel from the Bioanalyz er software (Section A).
By dividing the area under each exon (specific peak is divided by the sum
of the area of the control peaks), a ratio for each exon was obtained
(Section B).
These ratios are were then normalised to 1.0 based on the mean ratio of
samples known to be unaffected at that specific locus (Section C).
The normalised ratios of the exons that are duplicated are shown in bol d,
those of the deleted exons are in i ta l i c s .
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and all samples were tested in at least two hybridisations

(three hybridisations for single exon mutations). Due to the

simplicity of the technique, it is little extra effort to perform

these hybridisations in parallel, and no time is lost. Data

derived from the different hybridisations for each sample

were collated, and the ratios were separated into two groups

based on whether the probes were localised within or outside

the potential breakpoints. By combining the data, the

potential influence of any false positives and negatives was

minimised. Previous studies have used different methods of

assessing a positive result, ranging from setting arbitrary

boundaries of 0.75 and 1.25,19 to bivariate analysis for each

affected probe.20 We have taken advantage of the fact that the

potential mutation was already known, by comparing the

ratios derived from probes within and outside the rearranged

region. If the difference was not statistically significant

(p.0.01) then it was assumed that the individual was not a

carrier. Conversely, a significant difference was taken to

indicate the presence of the suspected mutation. This was

confirmed by the results obtained. As can be seen by the 99%

confidence intervals, the actual error rate will be considerably

lower than the 1% predicted.

In some cases, the mother may be a mosaic, meaning that

the mutation will not be present in all cells. This makes the

analysis more difficult. Whether such cases would be

detected by the described method depends on several factors,

including the standard deviation of the probes, the number of

different probes that can be used, and the degree of

mosaicism. Due to the influence of the unaffected cells, a p

value between 0.01 and 0.1 may occur, prompting further

analysis.

There are several advantages to using MAPH in combina-

tion with the Lab-on-a-chip. It can be broadly applied, as a

variety of probes can be chosen and all can be used under

identical PCR conditions. The resolution is limited only by the

size of the probes, which can be as short as 100 base pairs.

Analysis is rapid, simple and can be readily automated, as

data can be exported to Excel. The DNA chip can measure

DNA fragments at less than 1 ng, meaning that unlabelled

samples can be directly loaded on the chip without any prior

concentration.

The advantages described here for MAPH based analysis

also apply to a similar technique, multiplex ligation

dependant probe amplification (MLPA).21 MLPA is based on

the specific hybridisation and subsequent ligation of two

oligonucleotides, with only ligated end products generating a

target for PCR amplification. MLPA has the advantage of

being a ‘ ‘ single tube’’ assay, and requiring less input DNA.

However, compared to MAPH, probe preparation for MLPA is

more time consuming. The method of choice would be based

on the exact goal and probe availability.

Many probes for MAPH/MLPA have already been devel-

oped15 19–22 and as more probes become available, the

possibility of screening other regions of the genome increases

(K riek et al, manuscript in preparation). The combination of

these techniques with a rapid and simple method of analysis

should allow diagnostic laboratories to implement this as a

broadly applicable, robust, and readily automated method for

high resolution copy number determination.

ACKNOWLEDGEMENTS
We would like to thank Professor Bert Bakker (LUMC) for providing

the DNA samples. This work was financially supported by Z on MW

(G rant 2100.0026).

Authors’ af f iliations
. . . . . . . . . . . . . . . . . . . . .

S J White, E Sterrenburg, G-J B van Ommen, J T den Dunnen,
M H Breuning, Human and Clinical G enetics, Leiden U niversity Medical
Center, Wassenarrseweg 72, Leiden, the N etherlands

Correspondence to: Dr J ohan T den Dunnen , Human and Clinical
G enetics Leiden U niversity Medical Center Wassenarrseweg 72 Leiden,
the N etherlands; ddunnen@ lumc.nl

REFERENCES
1 P etrij -Bosc h A, Peelen T, van V liet M, van Eijk R, O lmer R, Drusedau M,

Hogervorst FB, Hageman S, Arts PJ , Ligtenberg MJ , Meijers-Heijboer H,
K lijn J G , V asen HF, Cornelisse CJ , van ’t V eer LJ , Bakker E, van O mmen G J ,
Devilee P. BRCA1 genomic deletions are major founder mutations in Dutch
breast cancer patients. Nat Genet 1997;17:341–5.

2 P atel P I, G arcia C, Montes de O ca-Luna R, Malamut RI, Franco B,
Slaugenhaupt S, Chakravarti A, Lupski J R. DN A duplication associated with
Charcot-Marie-Tooth disease type 1a. C ell 1991;66:219–32.

3 Kurotak i N, Imaizumi K , Harada N , Masuno M, K ondoh T, N agai T,
O hashi H, N aritomi K , Tsukahara M, Makita Y , Sugimoto T, Sonoda T,
Hasegawa T, Chinen Y , Tomita Ha HA, K inoshita A, Mizuguchi T, Y oshiura
K i K , O hta T, K ishino T, Fukushima Y , N iikawa N , Matsumoto N .
Haploinsufficiency of N SD1 causes Sotos syndrome. Nat Genet

2002;30:365–6.

Table 2 The 17 samples examined

Case
no.

Mutation
in son

Mean ratio w ithin
rearrangement ( n)

Mean ratio outside
rearrangement ( n)

9 9 % CI of the
dif f erenc e p V alue Carrier?

1 dup 58-63 1.44 (3) 1.01 (11) –0.58 to –0.28 ,0.001 Y es
2 del 10-46 0.47 (10) 0.97 (13) 0.30 to 0.70 ,0.001 Y es
3 dup 44-57 1.51 (13) 1.07 (24) –0.58 to –0.31 ,0.001 Y es
4 dup 50-55 1.39 (6) 0.98 (19) –0.51 to –0.30 ,0.001 Y es
5 dup 52-55 1.48 (6) 1.03 (13) –0.61 to –0.29 ,0.001 Y es
6 dup 51-55 1.60 (7) 0.99 (18) –0.94 to –0.26 ,0.001 Y es
7 del 45 0.3 9 (3) 1.02 (15) 0.46 to 0.80 ,0.001 Y es
8 del 49-54 0.51 (10) 1.00 (19) 0.39 to 0.59 ,0.001 Y es
9 del 48-50 0.53 (5) 1.01 (12) 0.41 to 0.55 ,0.001 Y es
10 dup 2-9 1.01 (4) 0.98 (11) –0.16 to 0.11 0.63 N o
11 dup 3-7 1.43 (6) 0.94 (20) –0.65 to –0.32 ,0.001 Y es
12 dup 12-13 1.47 (4) 1.03 (17) –0.64 to –0.23 ,0.001 Y es
13 dup 2-6 1.28 (4) 1.01 (17) –0.42 to –0.11 ,0.001 Y es
14 dup 2-7 1.07 (4) 0.94 (8) –0.35 to 0.12 0.13 N o
15 del 52 0.55 (3) 0.96 (12) 0.10 to 0.63 ,0.001 Y es
16 del 8-43 1.00 (4) 0.96 (6) –0.24 to 0.15 0.47 N o
17 dup 12 1.10 (3) 1.00 (12) –0.28 to 0.07 0.10 N o

Listed are the ratios derived from probes within and outside the rearrangements.
The mean ratio for each sample is given (duplicated in bold, deleted in italics), with the figure in brackets being the
number of probes tested.
The p values were determined with Student’s t test, and the associated 99% confidence intervals (CI) of the
differences are also shown.

Electronic letter 3 of 4

www.jmedgenet.com

Chapter 2.3

83



4 Bailey JA, Gu Z , Clark RA, Reinert K, Samonte RV, Schwartz S, Adams MD,
Myers EW, Li PW, Eichler EE. Recent segmental duplications in the human
genome. Science 2002;297:1003–7.

5 Clemens PR, Fenwick RG, Chamberlain JS, Gibbs RA, de Andrade M,
Chakraborty R, Caskey CT. Carrier detection and prenatal diagnosis in
Duchenne and Becker muscular dystrophy families, using dinucleotide repeat
polymorphisms. A m J H u m Genet 1991;49:951–60.

6 Pinkel D, Segraves R, Sudar D, Clark S, Poole I, Kowbel D, Collins C, Kuo WL,
Chen C, Z hai Y, Dairkee SH, Ljung BM, Gray JW, Albertson DG. High
resolution analysis of DNA copy number variation using comparative genomic
hybridization to microarrays. Nat Genet 1998;20:207–11.

7 Rosenberg C, Navajas L, Vagenas DF, Bakker E, Vainzof M, Passos-
Bueno MR, Takata RI, Van Ommen GJ, Z atz M, Den Dunnen JT. Clinical
diagnosis of heterozygous dystrophin gene deletions by fluorescence in situ

hybridization. Neu r o m u sc D iso r d 1998;8:447–52.
8 Petrij F, Dauwerse HG, Blough RI, Giles RH, van der Smagt JJ, Wallerstein R,

Maaswinkel-Mooy PD, van Karnebeek CD, van Ommen GJ, van Haeringen A,
Rubinstein JH, Saal HM, Hennekam RC, Peters DJ, Breuning MH. Diagnostic
analysis of the Rubinstein-Taybi syndrome: five cosmids should be used for
microdeletion detection and low number of protein truncating mutations. J Med

Genet 2000;37:168–76.
9 Duponchel C, Di Rocco C, Cicardi M, Tosi M. Rapid detection by fluorescent

multiplex PCR of exon deletions and duplications in the C1 inhibitor gene of
hereditary angioedema patients. H u m Mu tat 2001;17:61–70.

10 Y au SC, Bobrow M, Mathew CG, Abbs SJ. Accurate diagnosis of carriers of
deletions and duplications in Duchenne/Becker muscular dystrophy by
fluorescent dosage analysis. J Med Genet 1996;33:550–8.

11 Den Dunnen JT, Grootscholten PM, Bakker E, Blonden LA, Ginjaar HB,
Wapenaar MC, van Paassen HM, van Broeckhoven C, Pearson PL, van
Ommen GJ. Topography of the DMD gene: FIGE and cDNA analysis of 194
cases reveals 115 deletions and 13 duplications. A m J H u m Genet

1989;45:835–47.
12 van Overveld PG, Lemmers RJ, Deidda G, Sandkuijl L, Padberg GW,

Frants RR, van der Maarel SM. Interchromosomal repeat array interactions

between chromosomes 4 and 10: a model for subtelomeric plasticity. H u m
Mo l Genet 2000;9:2879–84.

13 Armour JA, Barton DE, Cockburn DJ, Taylor GR. The detection of large
deletions or duplications in genomic DNA. H u m Mu tat 2002;20:325–37.

14 Armour JA, Sismani C, Patsalis PC, Cross G. Measurement of locus copy
number by hybridisation with amplifiable probes. Nu cl A cids R es

2000;28:605–9.
15 White S, Kalf M, Liu Q , Villerius M, Engelsma D, Kriek M, Vollebregt E,

Bakker B, van Ommen GJ, Breuning MH, den Dunnen JT. Comprehensive
detection of genomic duplications and deletions in the DMD gene, by use of
multiplex amplifiable probe hybridization. A m J H u m Genet

2002;71:365–74.
16 Koenig M, Hoffman EP, Bertelson CJ, Monaco AP, Feener C, Kunkel LM.

Complete cloning of the Duchenne muscular dystrophy (DMD) cDNA and
preliminary genomic organization of the DMD gene in normal and affected
individuals. Cell 1987;50:509–17.

17 Chamberlain JS, Gibbs RA, Ranier JE, Nguyen PN, Caskey CT. Deletion
screening of the Duchenne muscular dystrophy locus via multiplex DNA
amplification. Nu cl A cids R es 1988;23:11141–56.

18 Beggs AH, Koenig M, Boyce FM, Kunkel LM. Detection of 98-percent DMD/
BMD gene deletions by polymerase chain reaction. H u m Genet

1990;86:45–8.
19 Sismani C, Armour JA, Flint J, Girgalli C, Regan R, Patsalis PC. Screening for

subtelomeric chromosome abnormalities in children with idiopathic mental
retardation using multiprobe telomeric FISH and the new MAPH telomeric
assay. E u r J H u m Genet 2001;9:527–32.

20 Hollox EJ, Atia T, Cross G, Parkin T, Armour JA. High throughput screening of
human subtelomeric DNA for copy number changes using multiplex
amplifiable probe hybridisation (MAPH). J Med Genet 2002;39:790–5.

21 Schouten JP, McElgunn CJ, Waaijer R, Z wijnenburg D, Diepvens F, Pals G.
Relative quantification of 40 nucleic acid sequences by multiplex ligation-
dependent probe amplification. Nu cleic A cids R es 2002;30:e57.

22 Akrami SM, Winter RM, Brook JD, Armour JA. Detection of a large TBX 5
deletion in a family with Holt-Oram syndrome. J Med Genet 2001;38:E44.

4 of 4 Electronic letter

www.jmedgenet.com

Chapter 2.3

84


