Hum Genet (1989) 81:363-366

Euianain|
Cenetics

© Springer-Verlag 1989

Molecular genetic diagnosis of sickle cell disease
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Summary. The protein-based technologies used to screen
newborns for sickle cell disease require confirmation with a
liquid blood specimen. We have developed a strategy for
rapid and specific genotypic diagnosis using DNA extracted
from a dried blood spot on the filter paper blotter used to
screen newborns. DNA could be microextracted from a speci-
men as small as a & inch diameter punched disc representing
the dried equivalent of approximately 3 pl of whole blood. We
utilized the DNA from a % inch diameter specimen (12l
equivalent) for polymerase chain reaction amplification of the
B-globin region spanning the sickle cell mutation with detec-
tion by allele-specific oligonucleotide probes. Molecular con-
firmation of genotype from the original blotter would reduce
the personnel costs associated with obtaining follow-up liquid
blood specimens and would provide information to the family
in a more timely and less equivocal manner.

Introduction

Neonatal hemoglobinopathy screening utilizes sensitive elec-
trophoretic and isoelectric focusing techniques for determina-
tion of the abnormal B-globin (Schneider 1986; Garrick 1987).
The primary purpose for hemoglobinopathy screening is early
diagnosis and management of individuals with sickle cell dis-
ease (Wethers and Panel 1987). The incidence of pneumo-
coccal septicemia in these patients is 10 per 100 person years,
with a case fatality rate of 30% (Gaston and Rosse 1982). This
high mortality rate from sepsis in infancy can be eliminated by
penicillin prophylaxis (Gaston et al. 1986).

The developmental biology of the globin system results in
neonates having a high proportion of fetal hemoglobin and a
low proportion of the adult hemoglobin. Because the expres-
sion of the sickle (S) allele may be quite low in the neonatal
period, the status of the individual as carrier (AS) versus
homozygous affected (SS) may remain equivocal after the ini-
tial screen. The confusion generally can be resolved by confir-
matory electrophoresis using a follow-up liquid blood speci-
men, though in a group of these patients the diagnosis may not
be resolved until a subsequent specimen is obtained at 2 to 4
months of age. Direct DNA confirmatory diagnosis from the
initial newborn filter paper blotter, as recommended by the
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National Institutes of Health Consensus Development Con-
ference Statement on Sickle Cell Disease and Other Hemo-
globinopathies (Wethers and Panel 1987), would permit rapid
B-globin genotyping of these patients.

We have reported a method for DNA microextraction
from the dried equivalent of 50l of whole blood on filter
paper blotters and noted that this approach would be applica-
ble to follow-up of positive newborn screens for disorders
amenable to molecular genetic diagnosis, such as sickle cell
disease (McCabe et al. 1987). We suggested that the micro-
extracted DNA could be amplified by the polymerase chain
reaction (PCR, Saiki et al. 1985) for analysis. Here we de-
scribe the microextraction of DNA from the dried equivalent
of as little as approximately 3 pl of whole blood on filter paper
blotters, and the PCR amplification and analysis of micro-
extracted DNA using B-globin primers and allele-specific
oligonucleotide (ASO) probes.

Materials and methods

DNA extraction from blood dried on filter paper

Whole blood from adult volunteers was collected in
heparinized tubes and spotted on Schleicher and Schuell no.
903 filter paper using a Pasteur pipet. The specimens were
allowed to dry at room temperature for several hours until
completely dried. We also analyzed dried blood specimens
from newborn infants, diagnosed as being homozygous or
heterozygous for the sickle cell trait. Blood spots from new-
borns were supplied by the Texas State Health Department
Newborn Screening Laboratory, Austin. Steel punches (14
and % inches) were used and were routinely washed in 0.25 N
HCI for 5min between specimens to depurinate DNA and
prevent cross-contamination of specimens. Human total geno-
mic DNA was labeled by nick translation (Boehringer Mann-
heim, Ribgy et al. 1977) and was hybridized to microextracted
DNA to estimate the amount of DNA extracted by different
procedures.

After initial investigation of microextraction and fixation
conditions the following procedure was routinely used. DNA
was extracted from % inch (6 mm) dried blood specimens on
filter paper discs. The discs were quartered and placed in a
1.5ml disposable microcentrifuge tube, or, equivalently, four
Y& inch (3 mm) discs were used. Several drops of reagent grade
methanol, enough to cover the discs, were added to each tube.
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The tubes were incubated at room temperature for 5 min and
the methanol was evaporated to dryness under vacuum. After
the methanol had evaporated, 380 ul of 0.15 M NaCl contain-
ing 0.5% sodium dodecyl sulfate (SDS) was pipetted into the
tubes, and they were incubated at 37°C for 1h. When the in-
cubation was complete, 20 pl of proteinase K (400pg, 5.5
units) was added, and the tubes were incubated an additional
2h at 37°C. Following the proteinase K digestion, the super-
natant was removed from the filter paper discs. The tubes with
the discs were rinsed with two 100-pl aliquots of 0.15 M NaCl
containing 0.5% SDS and combined with the original superna-
tant. Phenol extraction and DNA precipitation were accom-
plished as reported previously (McCabe et al. 1987). DNA
was quantified using a Hoefer TKO 100 fluorometer and
Hoechst 33258 (bis-benzimidazole) fluorescence.

DNA was also obtained by boiling the specimens using an
adaptation of the method for liquid blood specimens {Kogan
et al. 1987). The Y inch, methanol-fixed, dried specimens
were boiled for 15min in 61l deionized water, which had
been filtered through a 0.45-pm nylon membrane. The paper
was pelleted by centrifugation for 15-20min at 10,000 g and
the supernatant was removed and used for PCR amplification.

Polymerase chain reaction (PCR)

DNA extracted from the dried blood on the filter paper was
amplified using a modification of a procedure described by
Kogan et al. (1987). Thermus aquaticus (Taq) polymerase
(Perkin Elmer Cetus) was used to amplify the sequence of the
B-globin gene desired. Amplification was accomplished in
100l of reaction mixture, which contained 50-100ng ex-
tracted DNA. Reaction buffer and other components of the
reaction mixture were the same as previously reported (Kogan
et al. 1987). The 20-base synthetic oligonucleotide primers
were identical in sequence to those of Saiki et al. (1985) and
were synthesized on an Applied BioSystems 380B DNA Syn-
thesizer. The times and temperatures of incubations used
routinely were as follow: annealing for 2.0 min at 55°C, exten-
sion for 1.5 min at 72°C, and denaturation for 1.0 min at 95°C.
At various times 37°C or 46°C were used for annealing and 2.0
or 3.0min for extension. Forty rounds of amplification were
typically used.

Analysis of amplified sequences

For slot blot analysis, 20-40 ul of amplified DNA was de-
natured for 7min at 95°C, cooled on ice, and loaded into the
wells of a Bethesda Research Laboratories slot blot manifold
containing a nylon filter (0.45 um, Zeta-Probe, BioRad). The
filter had been soaked in 20 X SSPE (3.0 MNaCl, 200 mM
NaH,PO,, and 20 mM EDTA, pH 7.4) for at least 2h. Sam-
ples were blotted by vacuum through the filter, and the wells
were rinsed with 400l of 20 X SSPE. Electrophoresis and
Southern blotting were performed as previously described
(McCabe et al. 1987).

The filters were baked under vacuum at 80°C for 1h and
then washed at 65°C for 40—60min in 0.1 X SSC (20 X SSC is
3M NaCl, 0.3 M Nagscitrate, pH 7.0) 0.5% SDS. Filters were
prehybridized and hybridized as previously reported (Kogan
et al. 1987). Nineteen-base allele-specific oligonucleotide
(ASO) probes were the same as those reported by Studencki
et al. (1985), and were synthesized as above. Probes were
labeled by polynucleotide kinase using (y-*P)-ATP.

Optimal conditions for washing the filters were determined
to be three times for 20min each, in 0.2 X SSC at 37°C, fol-
lowed by 20 min in 0.2 X SSC at 68°C. Filters were exposed to
film at —70°C overnight.

Results

The initial investigations were designed to determine the sen-
sitivity of, and optimal conditions for, DNA microextraction
from dried blood specimens on filter paper blotters. Figure 1
shows that DNA could be microextracted in detectable quan-
tities from specimens as small as the % inch diameter punched
disc routinely used in newborn screening laboratories and rep-
resenting the dried equivalent of approximately 3 pl of whole
blood (National Committee for Clinical Laboratory Standards
1985). The yield of microextracted DNA was clearly de-
creased by autoclaving the specimens, and methano] fixation
appeared to improve the yield, compared with no treatment of
the specimens prior to microextraction.

Blood discs, ¥ inch in diameter, from normal adults were
microextracted under the standard conditions and yielded
145-500ng DNA. Since a V4 inch disc contains the dried equi-
valent of approximately 12 ul whole blood (National Commit-
tee for Clinical Laboratory Standards 1985), this represents
yields of 12-42 ng/ul whole blood. The yield of DNA from %
inch discs from neonatal specimens was 520-940 ng or 43-78
ng/pl whole blood.

Blotters were prepared using blood from adult volunteers,
genotype AA, and microextracted DNA underwent PCR
amplification. Figure 2 shows results comparing a 25% aliquot
of the amplified microextracted AA DNA with amplified
cloned p* sequence and genomic AA DNA. Signal is evident
with the p* ASO but not with the % ASO.

When authentic screening blotters from neonates were
microextracted and DNA was amplified by PCR, the geno-
types could be clearly distinguished by differential hybridiza-
tion with the B* and B3 ASOs. It was important to wash the
punches in 0.25 N HCl for Smin to depurinate residual DNA
on the punches from the previous sample. Otherwise, signal
was occasionally seen in the SS DNA with the B* ASO and in
the AA DNA with the 5 ASO.

Discs Approximate Differing fixation conditions
extracted whqle blood None Methanol Autoclave
equivalent
1/8" 3ul £ s '
1/8'x2 6yl £ £ :
1/4" 12l £ #
L

14 x2 24y W ® ®

Fig.1. DNA microextraction from dried blood spots on filter paper
blotters using punched discs of differing diameters and with varying
fixation conditions. This was probed with human total genomic DNA
labeled by nick translation (Rigby et al. 1977)
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Fig. 2. Polymerase chain reaction amplification and slot blot analysis
using B* or B* allele-specific oligonucleotide probes. AA Homozygous
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Fig. 3. Southern blot analyses of products after polymerase chain reac-
tion amplification of DNA obtained from boiled homozygous normal
(AA), carrier (AS) and homozygous affected (SS) neonatal screening
specimens. The only bands identified by autoradiography were the
109-bp bands shown. The upper panel shows hybridization of the p*
allele-specific oligonucleotide (ASO) with the 109-bp bands from the
AA and AS (but not the SS) specimens, and the lower panel shows the
hybridization of the ¥ ASO with the 109-bp bands from the AS and
SS (but not the AA) specimens

DNA could also be obtained in sufficient quantity for PCR
amplification by boiling specimens from newborn screening
blotters and collecting the supernatants. Southern blot hybrid-
izations revealed appropriately sized amplification products,
which permitted genotypic analysis (Fig. 3). The p* ASO hy-
bridized with the amplified 109-bp bands from the AA and AS
specimens (upper panel) and the B ASO hybridized with the
109-bp bands from the AS and SS specimens (lower panel).

Discussion

These investigations demonstrate the applicability of molecu-
lar genetic techniques for p-globin genotype analysis directly
from the dried blood specimens on filter paper blotters used
for the initial newborn screening. DNA microextraction could
be achieved with material from a % inch punched disc, repre-
senting the dried equivalent of approximately 3 pl of whole
blood. Using a ¥4 inch punched disc (approximately 12 pl dried
equivalent), 145-500ng DNA was obtained from adults and
520-940ng from neonatal specimens. These differences un-
doubtedly represent the relatively higher white blood count
and the presence of circulating nucleated erythrocyte precur-
sors found in neonates. The yield of DNA was influenced sig-
nificantly by the treatment of the specimen prior to microex-
traction. Routine treatment of specimens in newborn screen-
ing laboratories varies. Our results showed that the yield was
diminished after autoclaving the specimens and that methanol
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fixation may be superior to no treatment at all. The microex-
traction method used in these investigations involved incuba-
tion of the dried specimens serially in SDS and proteinase K,
similar to that described by Gill et al. (1985).

The results described here also showed that the DNA ob-
tained by microextraction could be used for PCR amplifica-
tion and analysis with an ASO. PCR amplification was
routinely performed using a % inch punched disc, but the slot
blot analysis generally required only one-fourth or less of the
amplified DNA. DNA could also be rapidly obtained for
amplification by boiling the dried blood specimens, using an
adaptation of a method originally described for liquid blood
specimens (Kogan et al. 1987).

These investigations demonstrated the extreme sensitivity
of this amplification strategy and the need to minimize con-
tamination during sample collection and handling. Current
laboratory procedures for newborn screening do not involve
routine washing of specimen punches between samples. How-
ever, we found that it was necessary to wash these tools in a
depurinating solution to prevent sample cross-contamination
by this route. We also found that samples prepared in the lab-
oratory gave a clean background with the probe of the oppo-
site allele, whereas actual neonatal screening specimens occa-
sionally showed cross-hybridization. This may represent con-
tamination at the time of specimen collection, immediately
after collection before the spots have fully dried, or during
subsequent handling.

The synthesized primers and ASO were identical to those
previously described (Saiki et al. 1985), and utilized the stan-
dard approach to differential ASO hybridization (Conner et
al. 1983; Studencki et al. 1985). Amplification was carried out
using a thermostable polymerase isolated from Thermus
aquaticus (Taq) which allows for semi-automation of this pro-
cess using a programmable heat block (Saiki et al. 1988b; Oste
1988). Advances, including nonradioactive detection methods
(Saiki et al. 1988a), will facilitate routine diagnostic applica-
tion of this technology. Additional diagnostic approaches will
offer options to differential ASO hybridization (Caskey 1987;
Embury et al. 1987; Wong et al. 1987; Saiki et al. 1988b;
Landegren et al. 1988).

The value of newborn screening and follow-up in the pre-
vention of mortality from sickle cell disease has been shown in
a study of 88 patients screened by hemoglobin electrophoresis
of cord blood during the period 1976-1980 (Nussbaum et al.
1984). Gaston et al. (1986) observed an 84% reduction in the
incidence of pneumococcal septicemia by penicillin prophy-
laxis in a study of 215 children. The placebo group experi-
enced thirteen episodes of infection and three fatalities,
whereas the penicillin group experienced two episodes of in-
fection and no fatalities. They concluded that the fulminant
nature of the sepsis in these patients requires antibiotic
prophylaxis and this should be initiated no later than 4 months
of age. We would speculate that clarification of the initial
screening results with direct genotypic diagnosis from the orig-
inal newborn filter paper blotter should provide a more timely
diagnosis and convey to the families an appropriate sense of
urgency and immediacy regarding the diagnosis of sickle cell
disease. In addition, direct diagnosis using the original speci-
men will reduce a major expense to newborn screening pro-
grams, i.€., the personnel time required to contact the families
to obtain the confirmatory liquid blood specimen.

The molecular genetic approach to the follow-up of new-
born screening will be applicable to other disorders as well.



366

This approach has been reported for phenylketonuria (PKU,
Lyonnet et al. 1988) and cystic fibrosis (Williams et al. 1988)
using PCR amplification of DNA extracted from dried blood
spots. At this time 60% of the mutant PKU alleles can be
diagnosed using PCR and 90% may be accessible in the future
(DiLella et al. 1988). The value of this approach to PKU will
increase as additional information is obtained correlating
genotype and phenotype (Guttler et al. 1987). Follow-up for
positive cystic fibrosis screens may also be amenable to this
approach, especially if the prediction is accurate that there is
a single mutant allele (Estivill et al. 1987). Development and
refinement of DNA microextraction, amplification, and de-
tection may have eventual applications in such areas as prima-
ry newborn screening (McCabe et al. 1987) and evaluation of
fetal cells in the maternal circulation (Covone et al. 1984).
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