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stage underwent biopsy and removal of one or two cells assess the method adequately. (N Engl J Med 199 
for DNA amplification and analysis. 905-9.) 

Cystic fibrosis is the most common potentially 
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residue at amino acid position 508 (AF508). Although 
the overall frequency of AF508 among cystic fibrosis 
chromosomes is 68 percent, it varies markedly among 
geographic regions and ethnic groups, ranging from 
80 percent in northern European populations and 75 
percent in North Americans of mixed ancestry to 40 
percent in Ashkenazic Jews and 30 percent in some 
populations in southern and eastern Europe.Wsing 
the ~olvmerase chain reaction fPCR) with nested . , 
primers, we have amplified a normal 154-bp fragment 
of the CFTR gene, including the AF508 region, from 
single cells.'0 The efficiency of amplification from sin- 
gle-cells of various types, including blastomeres, is 
high, with a success rate of 93 percent for amplifica- 
tion from single cells and a specificity of 100 percent 
for correct diagnosis of the gdnotypc.'O The bibpsy of 
the blastomere and DNA analysis are accomplished 
within eight hours, allowing diagnosis and embryo 
transfer to be ~erformed on the same dav. 

We report here our first attempts at preimplanta- 
tion diagnosis of cystic fibrosis after IVF. Three cou- 
ples in which both parents carried the AF508 deletion 
here treated. One of the two women undercoing. em- 

u " 
bryo transfer became pregnant and gave birth to a 
normal girl unaffected by cystic fibrosis and free of 
both parents' alleles with the deletion. 

Approval for this study was given by the Royal Postgraduate 
Medical School Ethics Committee, the national body (Interim Li- 
censing Authority) regulating research into human fertilization and 
embryology in the United Kingdom, and the institutional review 
board of Baylor College of Medicine. 

Patients 

Three English couples had each had at  least one child with cystic 
fibrosis. Each woman was in her mid-30s and fertile and wished to 
minimize the risk of termination of a pregnancy affected by cystic 
fibrosis; one woman had had tuba1 ligation. The patients were fully 
counseled about the various reproductive options. They were 
warned that the chance of pregnancy after a single IVF treatment 
was only about one in three, that there were theoretical reasons that 
the risk of miscarriage might be higher than after normal concep- 
tion, and that a specific genetic diagnosis could not be regarded as 
totally reliable. They were also advised that only five babies had 
been born after embryo biopsy, so that this procedure must still be 
regarded as experimental, and that a pregnancy might produce 
twins because the aim of IVF would be to transfer two embryos if 
possible. If pregnancy was achieved, it was recommended that the 
couple consider chorionic-villus sampling to confirm the preimplan- 
tation diagnosis. After repeated clinic visits involving detailed coun- 
seling and clinical evaluation, each couple entered the IVF program 
s t  Hammersmith; all were treated without charge on a National 
Health Service basis. IVF and embryo micromanipulation were 
conducted by the London team, and molecular analysis of the blas- 
tomere was performed in London by the Baylor (Houstor?) group. 

IVF Procedures 

The couples were advised not to have coitus during treatment. 
Superovulation was produced by administering exogenous gonado- 
tropins, after the pituitary gland had been desensitized with a go- 
nadotropin-releasing hormone analogue. This approach yields large 
numbers of eggs of consistent quality, optimizing the number of 
embrvos available for screening. Oocvtes were collected from the 

women on an outpatient basis: they were retrieved by the vaginal 
route under ultrasonic guidance." Insemination with the husband's 
sperm and embryo culture were performed in Earle's medium sup- 
plemented with 10 percent heat-inactivated maternal serum, and 
handling and micromanipulation of embryos in the same medium 
buffered with HEPES. Fertilization was considered normal if two 
pronuclei were seen 18 hours after insemination. Selected embryos 
were transferred on the evening of the same day as the embryo 
biopsy and DNA analysis. 

Biopsy of Cleavage-Stage Embryos 

Embryo biopsy was carried out early in the morning of the third 
day after fertilization." The embryos were immobilized on a hold- 
ing pipette by means of a micromanipulator. A hole was drilled into 
the zona pellucida with a stream of acidified medium (pH 2.4) 
applied through a fine micropipette pushed up against the outer 
surface. A second micropipette (internal diameter, about 30 p m )  
was then pushed through this hole, and a cell was removed by gentle 
aspiration. Each cell was checked for the presence of an interphase 
nucleus by interference contrast microscopy; if the interphase nu- 
cleus was present, the embryo was immediately returned to culture. 
If a nucleus was not visible and the embryo was sufficiently ad- 
vanced, a second cell was removed. 

Preparation of Single Cells 

Under sterile conditions in a horizontal lami~ar-flow cabinet, 
each blastomere was carefully washed twice in drops of HEPES- 
buffered medium supplemented with bovine serum albumin, to re- 
move traces of maternal serum and any contaminating sperm. 
The blastomere was transferred to a 0.5-ml microfuge tube con- 
taining 15 p1 of water, under a dissecting microscope; this al- 
lowed close observation of the cell to confirm that each had 
been delivered successfully to the tube. A medium blank was pre- 
pared from the final wash drop in each case. The samples were 
then freeze-thawed twice in liquid nitrogen, overlaid with 50 p1 
of mineral oil, and heated to 93°C for 30 minutes to inactivate 
cellular DNases and proteases and to denature DNA-associated 
proteins. 

Detection of the AF508 Deletion 

T o  amplify DNA from single cells, a protocol for nested PCR wns 
chosen to increase the level of amplification and reduce the accumu- 
lation of nonspecific DNA products.'%n outer set of primers was 
used initially to amplify a 193-bp (or 190-bp) fragment encompass- 
ing the common C T T  (cytosine, thymine, thymine) trinucleotide 
deletion (AF508) of the CFTR gene. A PCR mix (35 pl)  was added 
that had a final concentration of 10 mM TRIS-hydrochloride (pH 
0.3), 50 mM potassium chloride, 1.5 m M  magnesium chloride, 0.01 
percent (wtlvol) gelatin, 200 p M  each of four deoxynucleotide tri- 
phosphates, 0.8 pmol of each primer (IF, 5'-GACTTCACTTCT- 
AATGATGAT-3'; IR, 5'-CTCTTCTAGTTGGCATGC-3'), and 
1 unit of Tag polymerase. The reaction mixtures (volume, 50 pi)  
were incubated at 93'C (3 minutes), followed by temperature cy- 
cling (20 rounds) at 92°C (45 seconds), 40°C (45 seconds), and 72'C 
(90 seconds) and a final incubation at  72°C (5 minutes). Nested 
amplification" was accomplished by removing 2 p1 of the product 
of this reaction to fresh reaction tubes containing an inner set of 
primers (2F, 5'-TGGGAGAACTGGAGCCTT-3'; 2R, 5'-GCT- 
TTGATGACGCTTCTGTAT-3') at a final concentration of 0.8 
p M  each, with fresh PCR mix (as described above). The nested- 
PCR amplification was performed for an additional 30 cycles, with 
cycling at  92'C (45 seconds), 50°C (45 seconds), and 72°C (90 sec- 
onds), with a final extension at 72°C (5 minutes). Aliquots (5 pl) of 
amplified DN.4 from a single blastomere were mixed with either an 
equal volume of previously amplified PCR product known to be 
homozygous normal (154 bp-154 bp) or homozygous mutant (I51 
bp-151 bp), heated to 93°C for 10 minutes to denature d! DN.4 
strands. and then cooled to 65% for 10 minutes to allow annealinq 
of homoduplex and heteroduplex (1 54 bp- 15 1 bp) s t r a ~ d s .   he 
samples (10 pl)  were analyzed by electrophoresis through 10 per- 
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cent polyacrylamide at 200 V for 30 minutes and staining with 
ethidium bromide (200 pg per milliliter) before visualization under 
ultraviolet light. 

Each couple underwent a single IVF treatment 
(Table 1). The results in these fertile women (Patients 
1, 2, and 3) did not differ from those expected in infer- 
tile women undergoing IVF. The quality and stage 
of the embryos varied at the time of biopsy early on 
the third day after fertilization. Several embryos had 
reached only the four-cell stage, and others were most- 
ly fragmented, with a few intact cells. Altogether, 13 
embryos between the four-cell and eight-cell stages 
underwent biopsy, and generally one blastomere (cell) 
was removed. A second blastomere was removed from 
each of three embrvos at the seven-cell and eieht-cell 

u 

stages because no nucleus was visible in the first blas- 
tomere removed. Consequently, a total of 16 cells was 
available for genetic analvsis. 

CTT 
Pr~mer 1 R 
c. 

+ 
Primer 1 F 

f PCR (20 cycles) 
Remove 2 pl (4016) 

c 193-bp or 190-bp CF fragment fPy 
--+ - 

Prlmor 2F t Nested PCR (30 cycles) 

154-bp or 151-bp CF fragment - - 

t Remove 5 pl (1 0%) 
Add 5pl of DNA of 

known CF genotype 

Polyacrylamide gel electrophoresis (30 rnin) 
Analyze for presence of homoduplex and heteroduplex DNA 

DNA ampEfication acriss the CFTR AF508 locus 
of the single blastomere from the embryos was ac- Figure 1. Strategy of Nested DNA Amplification at the AF508 

Locus (Trinucleotide Deletion CTT). 
complished with nested PCR (Fig. '1. This approach PCR amplification of DNA from single cells is most efficiently 
greatly enhances the of the DNA accomplished by 20 therrnocycles wjth the use of an outer set of 
band on the gel while minimizing nonspecific DNA primers (IF and 1 R), followed by a second round of 30 cycles with 
amplification at other genomic loci. Overall, DNA am- a nested (internal) pair of primers (2F and 2R). Amplification from 

plification was successful with 12 of the 16 biasto- normal homoallelic DNA generates a 154-bp product, whereas 
homoallelic AF508 chromosomes produce a 151 -bp fragment. CF 

meres (75 percent), and in none of the procedures denotes cystic fibrosis. 
involving the 13 embwos was there any amplification " , A 

in the medium blank controls run simultaneously. 
A rapid approach to detection of the 3-bp deletion the migration of a DNA heteroduplex is retarded. 

involved the intentional formation of DNA strand Consequently, this technique highlights the presence 
heteroduplexes and of polyacrylamidc minigels that of the 3-bp deletion by producing an intense, slower- 
could be run in 30 minutes. A DNA heteroduplex con- migrating band on the gel; this observation is the basis 
sists of two nonidentical single strands of DNA that of the assay used in this study to detect the AF508 
are similar enough to form double-stranded DNA mutation in a single blastomere. When PCR-amplified 
along the majority of the nucleotide sequence. DNA product from a single blastomere is mixed with pre- 
heteroduplexes can be induced to form artificially viously amplified product of lcnown genotype, homo- 
among PCR products as the normal 154-bp single duplexes or heteroduplexes (or both) will form and 
strands of DNA anneal by desxynucleotide comple- will permit the molecular diagnosis of cystic fibrosis in 
mentarity with the nearly identical 151-bp strands (if a cell of unknown genotype. 
present). Under these conditions, both homoduplexes PCR amplification was successful in the blasto- 
(151 bp-151 bp and 154 bp-154 bp) and heterodu- meres of all of the five embryos from Patient 1; single- 
plexes (151 bp-154 bp) form spontaneously, and cell analysis showed that two embryos were homozy- 
when analyzed by polyacrylamide-gel electrophoresis, gous (affected, A:A), two were heterozygous (carrier, 

N:A), and one did not carry the 
Table 1. IVF, Preimplantation Diagnosis, and Outcome in Three Women at Risk for AF508 deletion (normal, N:N) (Ta- 

Transmitting Cystic Fibros~s. ble 1). In  one of the heterozygous 
embryos, the diagnosis was con- 

EMBRYOS 
PATIENT OONTES FERTILIZED EMBRYOS BLASTOMERE EMBRYOS OUTCOME OF firmed independently by analysis of 

%O RECOVEL@D NORMALLY* EXAMINED? DIAGNOSIS$ TRANSFERRED IMPLANTATION a second cell. Patient 1 and her 
NN NA AA husband chose to have one noncar- 

I 19 6 5 1 2 2  2 NO pregnancy rier embryo and one carrier embryo 
2 I I 6 6 2 1 2  2 Singleton birth transferred since these were the 
3 7 2 2 0 0  l 0 - best morphologically; no pregnancy 

*Fertilization lates (38 percent) seem lower than avcrage because only normally cleaving embryos were considered for ensued. Amplification Wa.5 UnSUC- 
biopsy. cessful with one embryo from Pa- 

?Embryos were examined after biopsy on the third day after fertilization. 

$NN denotes a homozygous normal embryo, NA a heterozygous-carrier embryo, and AA a homozygous affected embryo (a 
tient 3, and the other embryo was 

diagnosis of cystic fibrosis). shown to be affected (A:A); there- 
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fore, none were transferred. Finally, DNA amplifica- 
tion and diagnosis were successful with five of the six 
embryos from Patient 2; analysis revealed two noncar- 
rier embryos (N:N), one heterozygote carrier (N:A), 
and two affected embryos (A:A). 

The gel analysis of the six blastomeres from Patient 
2 is shown in Figure 2. The single cells isolated from 
the second and fifth embryos contained a prominent 
retarded heteroduplcx, represented in each case by 
the band in the second lane produced when the 
PCR product from the cell was mixed with amplified 
DNA known to be homozygous (A:A) for the deletion. 
The heteroduplex band was not seen when amplified 
DNA from a normal subject (N:N) was added. Since 
hetcroduplexes form only when DNA containing the 
deletion is added, this indicated that cells 2 and 
5 (and the corresponding embryos) did not carry the 
cystic fibrosis mutation. Single cells 1 and 6 displayed 
a heteroduplex band only in the lanes where homozy- 
gous normal (N:N) DNA was added, indicating that 
these cells were homozygous affected (A:A). Single 
cell 4 produced heteroduplex bands in both lanes, 
indicating that the corresponding embryo was hetero- 
zygous (N:A) for cystic fibrosis. Finally, PCR ampli- 
fication of cell 3 failed, since only the exogenous- 
ly added DNA was seen on the gel; in this case no 
diagnosis could be made. After Patient 2 and her hus- 
band were consulted, a homozygous normal embryo 
(the second embryo obtained) at the five-cell stage 
and a heterozygous embryo (the fourth embryo) at 
the four-cell stage were transferred. By day 14, serum 
human chorionic gonadotropin levels indicated that 
Patient 2 was pregnant, and subsequent ultrasonog- 
raphy confirmed the presence of a single fetal sac 
and heart. 

Patient 2 subsequently delivered a healthy girl 
weighing 2.7 kg (7 lb 3 oz). When the infant was evalu- 
ated by a pediatrician at four weeks of age, her phys- 

Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6 ------ 

ical examination and development were normal. Test- 
ing at an independent laboratory demonstrated that 
neither chromosome allele had the deletion. 

After IVF and removal of one or two cells from each 
embryo, we identified noncarrier, carrier, and affected 
embryos by nested-PCR amplification of DNA in a 
fragment including the site of the predominant AF508 
deletion of the CFTR gene causing cystic fibrosis. Bi- 
opsies were performed in 11 embryos from Patients 
1 and 2, and 6 of these were unaffected (noncarrier or 
carrier status), allowing 2 embryos per patient to be 
chosen for transfer. We consider this to be ovtimal 
since pregnancy rates are doubled when two embryos 
are transferred,I3 but in the event of a twin pregnancy 
separate samples of the chorionic villi can be recov- 
ered from each conceptus. Careful management of 
IVF is important at all stages, particularly during fol- 
licular stimulation, to optimize the number and qual- 
ity of oocytes recovered and fertilized. 

The value of preimplantation diagnosis as an al- 
ternative to other conventional prenatal diagnostic 
methods depends largely on pregnancy rates. The es- 
tablishment of a pregnancy in one of the two wom- 
en with transferred embryos is encouraging. A more 
extensive series of patients will be necessary to assess 
the pregnancy rates in fertile women. The two em- 
bryos transferred into Patient 1 were in the eight-cell 
stage at  biopsy, and in each case two cells had to be 
removed because the first cell had no visible nucleus. 
Although this patient did not become pregnant, preg- 
nancies have been established in other women with 
such embryos (unpublished data). The two embryos 
transferred to Patient 2 were a homozygous normal 
embryo in the five-cell stage and a heterozygous carri- 
er embryo in the four-cell stage from which a single 
cell had been removed. That the child of Patient 

DNA of known 
genotype added 

Heteroduplex 

Homoduplex 

2 was shown at  birth to be a non- 
carrier of cystic fibrosis indicates 
that the five-cell embrvo resulted in 
this pregnancy. This suggests that 
although embryos in early stages 
may be sensitive to micromanipula- 
tion,15 this sensitivity does not pre- 
vent the establishment of viable 
pregnancies. 

Extensive preliminary work has 
demonstrated that nested amplifi- 

------ 
N N - Diagnosis cation of DNA from single cells is 

A A NN No ampli- NA 
I; fication '! highly efficient with various types 

of cells, including those from cleav- 
Figure 2. Diagnosis of Cystic Fibrosis by Gel Analysis of Single Blastomeres from Six age-stage embryos, and has always 

Cleavage-Stage Embryos. accurately identified the genotype 
Heteroduplex (151 bp-154 bp) bands are formed when exogenously amplified DNA of the cells.'0 However, a number 
of known cystic fibrosis AF508 allelic composition is added to the unknown ampli- of pregnancies must be studied to 
fication product. The asterisks denote the cells from embryos that were later trans- 

ferred to the uterus; implantation of the second embryo produced an assess the incidence of misdiagno- 
unaffected girl. sis. This is particularly true of an 

NN denotes a homozygous normal embryo, NA a heterozygous carrier embryo, and autosoma1 recessive disease such as 
AA a homozygous affected embryo (with a diagnosis of cystic fibrosis). cystic fibrosis since, like the two 
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