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Summary
The applicability of ribonuclease (RNase) cleavage at mismatches in

RNA:DNA duplexes (the RNase cleavage method) for determining nucleotide
variant rates was examined in a Japanese population. DNA segments of various
lengths obtained from four different regions of one normal and three thalassemic
cloned human {3-globin genes were inserted into transcription vectors. Sense
and antisense RNA probes uniformly labeled with 2P were prepared. When
RNA probes of 771 nucleotides (nt) or less were hybridized with cloned DNAs
and the resulting duplexes were treated with a mixture of RNases A and T1, the
length of products agreed with theoretical values. Twelve possible mismatches
were examined. Since both sense and antisense probes were used, uncleavable
mismatches such as G:T and G:G which were made from one combination of RNA
and DNA strands could be converted to the cleavable C:A and C:C mismatches,
respectively, by using the opposite combination. Deletions and insertions of one
(@), four (TTCT), five (ATTTT), and 10 (ATTTTATTTT) nt were easily detected.
A polymorphic substitution of T to C at position 666 of the second intervening
sequence (IVS2-666) of the 3-globin gene was detected using genomic DNAs from
cell lines established from the peripheral B lymphocytes of 59 unrelated Japanese
from Hiroshima or those amplified by polymerase chain reaction (PCR). The
frequency of the gene with C at the IVS2-666 (allele C) was 0.48 and that of
the gene with T (allele T) was 0.52. The associations of the two alleles were
in agreement with Hardy-Weinberg proportions. No contradiction to Mendelian

$The complete text of this report will not be available in Japanese.
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inheritance was observed in the results obtained from 11 family studies. Two
new polymorphic substitutions of C to A and A to T were detected at nucleotide
positions 1789 and 1945 from the capping site, respectively, using genomic DNAs
amplified by PCR. We conclude that it would be feasible to use the RNase
cleavage method combined with PCR for large-scale screening of variation in
chromosomal DNA.

Introduction

Evaluating any potential genetic effects of atomic bomb radiation is important
not only for the welfare of the children of A-bomb survivors, but also for industri-
alized societies that rely on nuclear energy and medical applications of ionizing
radiation. Extensive studies on the children of A-bomb survivors of Hiroshima
and Nagasaki have thus far yielded no statistically significant increases in
genetic effects when compared to a control population.! With particular reference
to biochemical studies, approximately 13,000 children of proximally exposed
(<2,000 m from hypocenter) survivors from Hiroshima and Nagasaki and 10,000
control children were examined for fresh mutations of 30 blood proteins using
starch gel electrophoresis. Three mutations resulting in altered mobility were
detected in each group after examining approximately 670,000 loci in the former
group and 470,000 loci in the latter, respectively.?? A subset of the children was
examined for loss of activity in nine erythrocyte enzymes. One mutation was
noted in the former group, but none in the latter after examining approximately
60,000 loci in each. Thus, no significant differences in mutation rates were
observed between children of the exposed and the control children.

Because of the importance of exhausting all possible approaches to the genetic
evaluation of these children, the Radiation Effects Research Foundation has
recently endorsed exploring the feasibility of studies at the DNA level. For a
study determining nucleotide (nt) mutation rates, it is necessary to choose a
method which can examine as many base pairs (bp) as possible at one time.
The methods of ribonuclease (RNase) A cleavage at mismatches in RNA:DNA
duplexes, reported by Myers et al,* and denaturing gradient gel electrophoresis
(DGGE) of DNA:DNA heteroduplexes, reported by Lerman and colleagues,>®
seem to be the most suitable among those available at present. Myers et al.*
reported results of the RNase A cleavage of all the 12 possible types of mismatches
in duplexes of 186 bp produced by hybridization of an RNA probe transcribed from
a DNA fragment including the mouse #-major globin promoter region with cloned
DNA fragments of the same region having single base substitutions. They noted
that 1/3 of all possible single base substitutions could be detected by the RNase
A method with an RNA probe homologous to one strand of the test DNA. This
number could be doubled with the use of a second RNA probe, homologous to the
opposite strand of the test DNA. Several examples of the RNase A cleavage at
mismatches in duplexes of approximately 615 bp made from human j-globin gene
fragments were also described. The method using RNase cleavage at mismatches
in RNA:RNA duplexes has been successfully applied to detect mutations in
human cellular KRAS oncogenes,®'® human hypoxanthine-guanine phosphori-
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bosyltransferase (HPRT) genes,!! mouse ornithine carbamoyltransferase genes,!2
and influenza viruses.!® Almoguera et al'* successfully detected mutant c-KRAS
genes in formalin-fixed, paraffin-embedded tumor tissues after the genes were
amplified by PCR. DGGE identified two new polymorphic sites within a 1.2
kilobase (kb) region of human chromosome 20.'® A combination of DGGE and
PCR permitted rapid identification and sequencing of the C to A substitution at
position 397 of HPRT Munich in genomic DNA.16

We have been experimenting with the use of both methods in combination.!71?
Here we present results obtained by using the RNase cleavage method that
detected mismatches caused by single base substitutions, deletions, or insertions
of one, four, five, and 10 bp in various sizes of RNA:DNA duplexes made from
hybridization of RNA probes transcribed from DNA fragments of various parts
of human f-globin genes with DNA fragments of cloned human g-globin genes.
We also demonstrate that this method, using chromosomal DNA obtained from
a Japanese population or those DNAs amplified by PCR?*?! could detect three
polymorphic nucleotide substitutions, one of which had previously been detectable
only by sequence analysis and two of which have never been reported. Results
obtained from DGGE of the same RNA:DNA duplexes are described elsewhere.??

Materials and Methods
DNA samples

Cloned DNA samples were made from five recombinant plasmids described
below by digesting them with restriction enzymes which do not cleave within the
sequence homologous to the RNA probe. YF204 is a plasmid pBR322 carrying
the BglII fragment from the clone of a human normal -globin gene originally
isolated by Dr. T. Maniatis (Department of Biochemistry and Molecular Biology,
Harvard University, MA), YF226 is a plasmid pUC9 carrying the Bg!II fragment
of a thalassemic f-globin gene from a Thai individual that has the same TTCT
deletion within codons 41 and 42, as reported previously,?® and polymorphic
nucleotide substitutions of C to T, C to G, G to T, and T to C at the third position
within codon 2 and positions 16, 74, and 666 of IVS2 (IVS2-16, 74, and 666),
respectively. YF227 is a plasmid pMK2004 carrying the BglII fragment of a
thalassemic g-globin gene from a Chinese. A substitution of C to T occurred
at position 654 of IVS2 (IVS2-654). #SVWT2 is a plasmid #SVHP carrying the
BgllIl-Pstl fragment of a human normal g-globin gene. 7SV3°39 is a plasmid
wSVHP carrying the BglII-Ps¢I fragment of a human thalassemic g-globin gene.
A substitution of C to T occurred within codon 39. Chromosomal DNAs were
isolated from cell lines established by Epstein-Barr virus transformation from
peripheral B lymphocytes of 59 healthy unrelated Japanese and their 20 children
using the standard procedure.?* They were digested with appropriate restriction
enzymes before hybridization with RNA probes.

RNA probes
To obtain DNA templates to synthesize RNA probes, each one of the DNA
fragments of regions I, II, III, and IV of the §-globin genes (Figure 1) from the
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above described five plasmids or a 439 bp Rsal-EcoRI fragment from region III
of YF204 was inserted into pGEM-3 or pGEM-3 blue vector (Promega Biotec,
Madison, Wis, USA). A plasmid containing a 671 bp K16 fragment (see Figure 1)
was produced from a recombinant pGEM-3 plasmid containing a BamHI-EcoRI
fragment of YF226 by deletion of 246 bp from the &' side of the fragment with
exonuclease III. The K16 fragment was longer than the Rsal-EcoRI fragment by
232 nt on the 5’ side. In this 232 nt region, no variation was reported. The
resulting recombinant plasmid was linearized by digestion with an appropriate
restriction enzyme. Transcription and isolation of the RNA probe was carried out
following the method of Melton et al?® with minor modifications. RNA probes were
named to show sequences of DNA templates from which they were transcribed.
For example, probes transcribed from the 439 bp coding strand of region III of
the YF204 clone and the coding strand of K16 were named sense YF2041III-439
and sense K186, respectively. To synthesize the probe for examining cloned DNA
gsamples, 1 pg of template DNA was treated for one hour at 40°C with 10 units
of SP6-RNA or T7-RNA polymerase (Promega Biotec) in 20 pl of transcription
mixture containing 40 mM tris-HCIl, pH 7.5, 6 mM MgCl2, 2 mM spermidine,
10 mM dithiothreitol, 1 unit/ul of RNasin (Promega Biotec), 500 uM each of
ATP, GTP, and UTP, 740 KBq of «-3?P-CTP (1.48 TBg/mmol, 25 M), and 5 pug
of transfer RNA (BRL, Gaithersburg, Md, USA). For the RNA probe with high
specific activity used to examine genomic DNA samples, 3.7 MBq of a-2P-CTP
(14.8 TBg/mmol, 12 pM) was used. The template DNA was removed by the
addition of RNase-free DNasel (Worthington, Freehold, NJ, USA) and RNasin to
the transcription mixture at the final concentration of 0.1 unit/ul and 1 unit/ul,
respectively. After a 15-minute incubation at 37°C, the mixture was extracted
with phenol:chloroform, and the transcript was precipitated by the addition of
sodium acetate (pH 5.5) to 0.25 M and 2.5 volume of ethanol. The RNA probe
was dissolved in a solution of 10 mM tris-HCI (pH 7.5), 1 mM EDTA, and 0.1%
SDS to make 0.5 xl of the solution containing approximately 3 x 10° cpm for
cloned DNA samples or 2 x 10% cpm for genomic DNA samples.

Hybridization and RNase treatment

Hybridization of 200 ng of cloned DNA or 4.5 pg of genomic DNA in 30 ul
of hybridization buffer with labeled RNA probe in 0.5 ul of the probe solution,
and RNase treatment of the duplex and extraction of the products from the
reaction mixture were performed following the method of Myers et al* with minor
modifications: the hybridization was carried out overnight for both cloned and
genomic DNA samples, the concentration of RNase A (Sigma, St. Louis, Mo, USA)
was decreased to 10 pg/ml or 5 ug/ml, and 250 ng/ml of RNase T1 (Sankyo, Tokyo)
was added in the RNase treatment procedure.

Gel electrophoresis

Extracted products from RNase treatment were suspended in 2 pl of loading
buffer containing 80% formamide, 0.05% xylene cyanol, and 1% sarcosine, and
they were analyzed by denaturing polyacrylamide gel electrophoresis using 8%
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Gensor gel (Fuji Photo Film, Kanagawa) developed for DNA sequence analysis.
As markers, 22 kinds of template DNAs with various lengths in a mixture were
transcribed by T7-RNA polymerase with 1.48 TBg/mmol «-*2P-CTP, extracted
without DNasel treatment, precipitated, and suspended in the loading buffer.
Autoradiography was carried out at —80°C with Fuji RX X-ray film and a Dupont
Gronex HI-Plus intensifying screen (Dupont, Wilmington, Del, USA).

DNA sequencing

The chain termination method?®?” was used for sequencing recombinant
pGEM-3 and pGEM-3 blue clones using SP6- or T7-promoter primer (Promega
Biotec) and Klenow fragment of E. coli DNA polymerase I

DNA amplification by PCR and direct sequencing of PCR products

The first and the second primers of 30 mer have a sequence between IVS2-353
and IVS2-382 in the sense DNA strand and one between positions 13 and 42 of
exon 3 in the antisense strand, respectively, of the human g-globin gene. The
third and the fourth primers of 20 and 30 mers, respectively, have a sequence
between positions 23 and 42 of exon 3 in the sense DNA strand and one between
the 2208th and 2237th nt from the capping site in the antisense DNA strand,
respectively, of the human #-globin gene (Figure 1). Amplification of the target
sequences was carried out following the protocol recommended by Perkin Elmer-
Cetus?® (Norwalk, Conn, USA). A reaction mixture of 100 xl contained 1 ug of
genomic DNA and 2.5 units of Thermus aquaticus (Taq) DNA polymerase in 50
mM KCI, 10 mM tris (pH 8.3), 1.5 mM MgClg, each primer at 1 uM, each dNTP
(dATP, dCTP, TTP, dGTP) at 200 uM, and gelatin at 100 pg/ml. The reaction
mixture was heated at 94°C for 10 minutes without Tag polymerase and rapidly
cooled to 4°C. After addition of the polymerase, the reaction mixture was overlaid
with mineral oil and subjected to amplification in a programmable heat block
(Perkin Elmer-Cetus Instruments). Conditions of thermal cycling for the first
target sequence of 540 bp between IVS2-353 and position 42 of exon 3 were 94°C
for one minute, 60°C for two minutes, 72°C for three minutes, and 30 cycles.
For the second target sequence of 870 bp between position 23 of exon 3 and
the 2237th nt from the capping site, conditions were 94°C for 20 sec, 68°C for
two minutes, 72°C for one minute, and 40 cycles. In the last cycle, heating at
72°C was extended to 10 minutes. Products from PCR were precipitated with
ethanol after phenol-chloroform extraction?* and 1/20 aliquots of the products
were examined using the RNase cleavage method. Direct sequencing of the first
target sequence after PCR amplification was carried out?®?° using approximately
1 pmol (1/5) of the products and 5 pmol of sequencing primer of 20 mer that
has a sequence of the antisense DNA between IVS2-743 and IVS2-762 and AMV
reverse transcriptase (Seikagaku Kogyo, Tokyo).

Results

In the preliminary experiments, we found that full-length transcription prod-
ucts could be obtained using either SP6-RNA polymerase or T7-RNA polymerase
and DNA templates of approximately 2 kb inserted into a pGEM-3 plasmid which
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contains both SP6-RNA and T7-RNA polymerase promoters. Nevertheless, it was
difficult to get good results using RNase cleavage at mismatches in RNA:DNA
duplexes of lengths longer than 1 kb, since many nonspecifically cleaved bands
appeared in addition to the expected bands. Therefore, we produced RNA probes
by transcription of various DNA fragments shorter than 917 bp obtained from
four regions (see Figure 1) of cloned human g-globin genes of the normal and
thalassemic types.

A part of the data obtained from cloned DNA samples is shown in Table 1 and
brief explanations are given. Results obtained using genomic DNA samples are
also described.

Table 1. Detection of mismatches, deletions, and insertions in the clened
-globin genes using the RNase cleavage method

Mismatches, deletions, and insertions

Regi i
gions  Probes =ample: BhA Detected™™ Not detected
| Sense YF227I YF204, mSVWT2  AAAAT del.
YF226 AAAAT ins.
TSV3°39 GT
Antisense YF227I YF204, mSVWT2  ATTIT del.
YF226 ATTTT ins.
TSV3°39 CA
1] Sense YF204ll YF226 AGAA del. C:A
TSVA°39 C:A
Antisense YF204lI YF226 TTCT del. GT
Sense YF226ll YF204 AGAA ins. UG
Antisense YF226ll YF204 TTCT ins. A.C
1l Sense K161 (YF226) YF204 CA
YF227 Cdel. 2 x C:A
Antisense K16 (YF226) YF204 GT
YF227 G del. 2 x GT?
Sense YF204I11-439 YF226 UG
YF227 C del. C:A
Antisense YF204111-439  YF226 A:C
YF227 G del. G:T
Sense YF204l!|-104 YF226 c.C GA
Antisense YF204ll YF226 CT G:G
Sense YF226lll-104 YF204 u.c G:G
Antisense YF226lll YF204 AG CC
v Sense YF2041V YF226 C:T
Antisense YF204|V YF226 GA
Sense YF226I1V YF204 AG
Antisense YF226IV YF204 u:.c
PCR-0010-1V u.c UT
Antisense PCR-0010-1V  YF226 G:A AA

*The sense YF227I defines a probe which has a sequence corresponding to that of the coding strand of
region | of YF227.

** Mismatches detected by both complete cleavage and partial cleavage are shown in this column.

IThe sense or antisense K16 probe has a sequence corresponding to a coding or complementary strand of
YF226 of 671 bp in region lll shown in Figure 1.

$Two C:A or GT mismatches at different positions of duplexes.
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Results with cloned DNA samples

Region I. A variable number of tandemly repeated sequences, (ATTTT)n, is
reported to exist approximately 1400 nt 5 to the capping site (-1411 to —1387)
of the g-globin gene.?®3! Sequence analysis revealed four repeats in YF204 and
#SVWT2, five in YF227 and «SV3°39, and six in YF226. Hpal (Region I)
fragments from these clones were employed as DNA samples and templates
to make RNA probes. With various combinations of the samples and probes,
deletions as well as insertions of 5 or 10 nucleotides were detected. Deletions
were more sensitive to the RNase treatment. In addition, bands of approxi-
mately 370 nt and 250 nt appeared for SV3°39. Sequence analysis revealed a
new G to A substitution 1069 nt &' to the capping site of the 3-globin gene.

Region ll. YF226 had a deletion of TTCT in codons 41 and 42 and a polymorphic
substitution of C to T in codon 2 (loss of the HgiAl site), whereas #SV3°39 had
a C to T substitution in codon 39. When YF226 was examined with a sense
RNA probe produced from the region II fragment of YF204 (sense YF204II), four
bands corresponding to those of 432 nt, 176 nt, 246 nt, and 186 nt were observed
without a band of 608 nt that was expected to appear for a DNA sample having the
B-globin gene with no variations in this region. The first two intense and rather
broad bands and two remaining weak bands indicated that the RNA probe was
cleaved completely at the site of four base deletions and partially at the site of
the polymorphic substitution (Figure 2).

Reglon lll. For YF226, there were substitutions of C to G, G to T, and T to C at
IVS2-16, 74, and 666, respectively. For YF227, a C to T substitution at IVS2-654
was detected by Y. Fukumaki of Kyushu University (personal communication).
In addition, a deletion of one of the three Gs between IVS2-579 and IVS2-581
happened to be detected in this study. When the sense K16 probe having a
sequence of 671 nt corresponding to that of YF226 (Figure 3) was employed, a 237
nt band appeared for both YF204 and YF227. This band was one of the products
of RNase cleavage at a C:A mismatch produced from a T to C substitution at
the IVS2-666 of YF226. For YF227, in addition to the C:A mismatch described
above, another C:A mismatch at IVS2-654 and a deletion of C around IVS2-580
were detected by the appearance of bands of approximately 250 nt and 320 nt,
respectively. Thus, three sequence differences in the 671 nt fragment were clearly
detected in one experiment. Employing the sense and antisense YF204111-439
probes, the substitutions of T to C at the IVS2-666 in YF226 and C to T at the
IVS2-654 in YF227 produced mismatches of U:G, A:C, C:A, and G:T, and the
former three were detected.

Region IV. The five clones were examined with sense and antisense probes
produced from the EcoRI-PstI (region IV) fragment from YF204 (called sense
YF2041V and antisense YF204IV, respectively). For both of the probes, YF226
showed two new bands of approximately 390 nt and 380 nt without the band of
approximately 770 nt which was observed for the other four clones. Sequence
analysis revealed a C to A substitution at the 1789th nt from the capping site in
YF226.
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Figure 2. RNase cleavage of region Il fragments of human [3-globin gene clones. Each of five human
[3-globin gene clones was digested by Rsal and BamHI and was hybridized with the sense YF204I|
probe. The resulting duplex was treated with RNases A and T1. Concentrations of RNase A were §
pg/ml and 10 pg/ml, respectively, for the duplexes in the left and right lanes, and that of RNase T1
was 250 ng/ml for the duplexes in both lanes. Expected sizes of bands are shown by the number of
nucleotides outside the autoradiogram (A). Schematic diagrams of region Il fragments of five clones are
shown in (B). Positions of the nucleotide substitutions are shown by numbers, beginning with 1 at the
capping site. In YF226, TTCT between positions 304 and 307 was deleted.
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Flgure 3. Region Ill fragments of the human [-globin gene clones. Each of the three human 3-globin
gene clones was digested by BamHI and EcoRl, hybridized with the sense K16 probe, and treated with
RNases A and T1. Concentrations of RNase A were 5 jtg/ml and 10 pg/ml, respectively, for the duplexes
in the left and right lanes, and that of RNase T1 was 250 ng/ml for the duplexes in both lanes. The
untreated sense K16 probe is shown in the first lane from the left in the autoradiogram (A). Expected
sizes of bands are shown by the number of nucleotides outside the autoradiograms. Schematic diagrams
of region Il fragments of the three human [3-globin gene clones are shown in (B). Positions of nucleotide
substitutions are shown by numbers, beginning with 1 at the capping site. In YF227, one of the three
Gs between 1074 (1VS2-579) and 1076 (IVS2-581) was deleted.

Results with genomic DNA samples

Region lll. Genomic DNA samples obtained from 59 unrelated individuals were
examined with the sense K16 probe. The 237 nt band appeared for 45 individuals,
showing a sequence difference at the IVS2-666 in the g-globin gene. Considering
a) the four frameworks of 3-globin genes which are defined by combinations of
five polymorphic nucleotide substitutions within codon 2 and at the 1VS2-16, 74,
81, and 666,%2 and that b) the sense K16 probe had C at the IVS2-666, the 45
individuals were therefore believed to have T at the IVS2-666 on one or two

10
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chromosomes. However, the possibility that they had A or G was not neglected.
The remaining 14 individuals who did not show any 237 nt band should have
had C on both chromosomes. Since the 59 individuals included 11 husband-wife
pairs, their 20 children were also examined. Examples of results are shown in
Figure 4. To confirm the results described above and to clarify whether the 45
individuals had T at IVS2-666 on one or two chromosomes, amplification by PCR
of a DNA fragment of 540 bp from the original 59 individuals was carried out with
the first and second primers (Figure 1). After digestion with Rsal, a fragment
of 432 bp was examined with the sense K16 and the sense YF204111-439 probes,
respectively. Examination with the sense K16 probe confirmed the observations
described above. Using the sense YF204III1-439 probe, the 14 individuals who
showed no cleaved bands for the sense K16 probe and 29 among the 45 individuals
who showed the 237 nt band showed two bands corresponding to those of 226 nt
and 206 nt, whereas the remaining 16 among the 45 individuals showed neither
band. Therefore, it was concluded that the 16 and the 14 individuals had T and
C, respectively, on both chromosomes 11, whereas the 29 probably had T and
C, respectively, on each chromosome 11. The results are shown in Table 2. No
contradiction to Mendelian inheritance was observed in the 11 family studies.
The identical conclusion was obtained by DGGE, and precise family study data
are shown in Takahashi et al.??2 One of the family studies is shown in Figure 5.
Nucleotides at the IVS2-666 of the husband, wife, and their son were determined
to be T/T, C/C, and T/C, respectively. Direct sequencing of the PCR products
confirmed these findings.

Region IV. To determine the genetic nature of the C to A substitution at the
1789th nt from the capping site detected in YF226 and to determine whether
it was a new polymorphic substitution or a rare phenomenon, PCR-amplified
region IV fragments obtained from members of three families were examined.
Among six unrelated individuals (three husbands and three wives who were
included among the 59 individuals examined for region III), two exhibited a very
intense band of approximately 380 nt and a weak band of approximately 390
nt for the antisense YF226IV probe as shown in Figure 6(A), but showed none
for the antisense YF204IV probe. Three individuals exhibited two bands for the
latter, but none for the former, whereas the remaining person showed two bands
for both probes. The observations indicated that the C to A substitution at the
1789th nt from the capping site of the 3-globin gene may not be a rare Japanese
phenomenon, and that the first two and the second three individuals should have
had C and A, respectively, on both chromosomes 11, whereas the last individual
most probably had C on one chromosome 11 and A on the other. The results
obtained from examining their children conformed to Mendelian expectation.

In the course of the examinations, three individuals (the husband and wife
of the second family and the husband of the third family) exhibited a band
of approximately 220 nt for both probes, suggesting the existence of another
sequence abnormality in the region IV fragment. Results obtained by the
antisense YF226IV probe are shown in Figure 6(A). The region IV fragment of the
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237 -

Figure 4. Examination of region Ill of the human beta-globin genes in genomic DNAs using the RNase
cleavage method. BamHI| and EcoRI digest of genomic DNA was hybridized with the sense K16 probe and
treated with RNase A (10 pg/ml) and RNase T1 (250 ng/ml). The autoradiogram shows results obtained
from 13 individuals, who were members of three families plus four unrelated individuals. (+) indicates the
presence of the 237 nucleotide band.

Table 2. Examination of PCR-amplified genomic DNA fragments including position
666 of IVS2 of the 3-globin gene obtained from 59 unrelated Japanese
by using the sense K16 probe and the sense YF204I1l-439 probe

Number of Cleavage of probes in 432 base pair duplexes Nucleotides at

individuals  genge K16* Sense YF204l11-439** IvS2-668
16 + = T
29 + + T/IC
14 = + cre

*The sense K16 probe has C at IVS2-666.
**The sense YF204lIl-439 probe has T at IVS2-666.
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(A) (B)

Figure 5. Examination of 432 bp fragments including the 1VS2-666 of the human J-globin gene from
members of one family. The fragments in genomic DNAs from a husband, wife, and son of one family
were amplified by polymerase chain reaction and examined with the sense K16 probe (A) and the sense
YF204111-439 probe (B), respectively. Expected sizes of bands are shown by the number of nuclectides
outside the autoradiogram with DNA markers (M).

PCR product from the wife of the second family (identification number [ID No.]
0010) was ligated to the pGEM-3 blue plasmid, and the clone was named PCR-
0010-1V. Sense and antisense RNA probes were produced from it. The region IV
fragments of the PCR products from the three individuals were examined using
the new antisense PCR-0010-IV probe. The individual having ID No.0010 did
not show the band of approximately 220 nt as shown in Figure 6(B), whereas the
other two individuals exhibited it. Sequence analysis of the region IV fragment
of the plasmid PCR-0010-1V revealed a substitution of A to T at the 551th nt
from the 5’ side in the fragment corresponding to the 1945th nt from the capping
site. Thus, the individual with ID No. 0010 should have T at the 1945th nt on
both chromosomes 11, whereas the two individuals most probably have T and A,
respectively, on each chromosome 11. The remaining three individuals who did
not show the band for the YF2041V probe or for the YF226IV probe were also
examined with the antisense PCR-0010-IV probe, and all of them showed the
band. Thus, they were inferred to have A at position 1945 on both chromosomes
11, as was subsequently confirmed by sequence analyses.
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Figure 6. Region IV fragments of human [3-globin genes. The 870 base pair fragments containing
the sequence between position 23 of exon 3 and the 2237th nucleotide from the capping site from
members of three families were amplified by polymerase chain reaction, digested with EcoRI and Pstl,
and examined with the antisense YF226|V probe (A). The members of the third family and the wife (*) of
the second family (ID No. 0010) were examined with the antisense PCR-00101V probe in (B). Expected
sizes of bands are shown by the number of nucleotides outside the autoradiograms. Schematic diagrams
of region IV of the three human (3-globin gene clones are shown in (C).

Discussion

All 12 possible types of mismatches were examined. The G:T and the G:G
mismatches were not cleaved, though RNase T1 was added in addition to RNase
A in the cleavage reaction. Since both sense and antisense probes were used,
uncleaved mismatches resulting from one combination of RNA and DNA strands
were converted to cleavable mismatches using the opposite strand combination.
Deletions and insertions of one, four, five, and 10 nucleotides were easily detected.
Three unreported sequence differences, namely, nucleotide substitutions of G to A
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and C to A and a G deletion in clones #SV3°39, YF226, and YF227, respectively,
were detected by this method and were confirmed by sequence analysis. The T
to C and the C to A substitutions at the IVS2-666 and at the 1789th nt from the
capping site, respectively, originally detected in the human j-globin gene clone
YF226 obtained from a Thai individual and a new A to T substitution at the
1945th nt were detected in genomic DNAs from Japanese using this method after
PCR amplification at the polymorphic proportion. Though the A to T substitution
at the 1945th nt occurs in a Hinfl site, it had never been reported heretofore.
These results, too, were substantiated by sequence analysis. The length of the
cleaved product signaled the position at which the variation occurred in the DNA
fragment. We confirmed that this technique was very useful in detecting sequence
differences in cloned DNAs or PCR-amplified genomic DNAs.

DGGE was applied to examine the RNA:DNA duplexes which were made
from genomic DNAs without amplification. Following the method that Lerman
and his colleagues had developed for DNA:DNA heteroduplexes, the difference
in the mobilities of RNA:DNA duplexes with and without a mismatch was
clearly observed for the nucleotide substitutions at IVS2-666.1%22 Moreover,
homozygosity and heterozygosity for the substitution were clearly shown by the
appearance of a single band and double bands, respectively. The results obtained
using DGGE of the RNA:DNA duplexes made from genomic DNAs were identical
to those obtained using RNase cleavage of the RNA:DNA duplexes made from
PCR-amplified genomic DNAs from the 59 unrelated individuals shown in Table
2 and their 20 children. These observations are described in detail elsewhere.?

YF227 is a §-globin gene clone obtained from DNA of a thalassemic patient
and a C to T substitution at the IVS2-654 was detected (Y. Fukumaki, private
communication). By using the RNase cleavage method, a deletion of one G from
GGG between IVS2-579 and IVS2-581 was detected, as well as the reported
substitution. A genomic DNA from which YF227 was cloned (also obtained
from Y. Fukumaki) was examined using the RNase cleavage method after PCR
amplification. Using sense K16 and sense YF204III-439 probes, no bands
corresponding to the G deletion appeared. Direct sequencing of the PCR product
confirmed that there was no deletion of G in the original genomic DNA sample.
Accordingly, the deletion of G in YF227 was probably an artifact which occurred
during gene cloning. Other examples of cloning artifacts and their correction by
PCR were recently reported. Another possible explanation is that a somatically
mutated gene happened to be cloned in YF227.

The observations described above indicated that the techniques which can
directly detect variations in genomic DNAs are necessary for mutation screening.
For our purpose, that is, mutation detection in DNAs from many individuals,
DGGE of RNA:DNA duplexes made from genomic DNAs and the RNase cleavage
of RNA:DNA duplexes made from PCR-amplified genomic DNAs are presently
the best approaches. Unfortunately, both approaches have imperfections. The
RNases cannot always cleave all types of mismatches, and DGGE cannot detect
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variants which have sequence differences in the highest temperature melting
domains.***5 Moreover, when DGGE detects variants, it does not reveal the
nature or location of the sequence differences. Therefore, we feel these two
approaches should be employed in an efficient combination. In the first screening,
DGGE, which can directly detect variation in genomic DNAs, should be used.
Secondly, a combination of PCR and the RNase cleavage method will not only
permit rapid identification and sequence analysis of variants, but will also detect
deletions, insertions, and 2/3 of mismatches not detectable by DGGE in the
highest melting domain of DNA molecules.

Saiki et al?® observed a 0.25% cumulative misincorporation rate by Tuagq
polymerase after the 30 PCR cycles, and the actual rate per nucleotide per cycle
was estimated to be 2 x 107*. Goodenow et al®® reported an approximately 10-fold
lower frequency. In our study, we sequenced 13 separate clones, each with 771 bp
of the amplified region IV fragment of the genomic 3-globin gene, obtained from
products of 40 PCR cycles, and we detected only one misincorporation. Thus,
the cumulative misincorporation rate was less than 1/25 of that reported by
Saiki et al. Because misincorporation will be randomly distributed over many
sequences, misincorporated nucleotides will not interfere with interpretation of
results obtained using the RNase cleavage method, since it directly examines the
accumulated PCR products without cloning. In addition to this misincorporation
in PCR, the possibility of cloned expansion of a somatic mutant in the established
cell lines was considered, because we used genomic DNA samples extracted from
established B lymphocyte cell lines. Since no contradiction of the Mendelian
inheritence was observed in any one of the families examined in our study, we
assume that such clonal expansion did not occur in our cell lines or occurred at
too low a level to interfere with the results. However, we keep intact lymphocytes
and mononuclear cells in liquid nitrogen in order to examine their DNA whenever
somatic mutation is suspected.

Recently, Sheffield et al®? described DGGE which uses PCR-amplified DNA
fragments with a GC-rich sequence attachment, and single base substitutions in
genomic DNAs are reported to be detected by ethidium bromide staining. We are
independently accumulating data on DGGE of PCR-amplified DNA fragments,
and we think that the new method will markedly enhance screening procedures.
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