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Summary

We have identified eight independent transversions at CpG in 290 consecutive families with hemophilia B. These
eight transversions account for 16.3% of all independent transversions in our sample, yet the expected frequency
of CpG transversions at random in the factor IX gene is only 2.6% (P<.01). The aggregate data suggest that the
two types of CpG transversions (G:C—T:A and G:C—C:G) possess similar mutation rates (24.8 X 107'° and 20.6
X 10719, respectively), which are about fivefold greater than the comparable rates for transversions at non-CpG
dinucleotides. The enhancement of transversions at CpG suggests that the model by which mutations occur at
CpG may need to be reevaluated. The relationship, if any, between deamination of 5-methyl cytosine and
enhancement of transversions at CpG remains to be defined.

Introduction

The observed spectrum of germ-line mutations in Men-
delian disease reflects the underlying or “true” pattern
of mutations skewed by the biology of the gene, the
biology of the disease, and ascertainment biases. For
most Mendelian diseases, the skewing is marked. How-
ever, the observed spectrum of mutation in the factor
IX gene is similar to the underlying pattern of mutation
(reviewed in Sommer 1992). By making relatively small
corrections for gene and disease biology and for ascer-
tainment biases, it is possible to deduce the underlying
pattern of mutation (Sommer 1992).

We previously reported that the frequency of trans-
versions at CpG showed significant elevation relative to
other transversions (Bottema et al. 19914). In that pre-
vious study, transversions at CpG dinucleotides were
found in 5 of 160 consecutive families with hemopbhilia
B. Herein we present three additional transversions at
CpG. The aggregate data suggest that the two types of
transversions at CpG arise at a similar frequency. The
data are used to estimate, in a direct manner, the muta-
tion rate per base pair per generation for transversions
at CpG.
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Methods

Patients with hemophilia B were obtained through
referral by hemophilia treatment centers or clinical ge-
neticists. Blood was drawn into ACD solution B and
was sent in ambient-temperature containers (Gustafson
et al. 1987). DNA was extracted as described elsewhere
(Gustafson et al. 1987).

The sequencing protocol utilized was genomic am-
plification with transcript sequencing (Stoflet et al.
1988) as described elsewhere (Sommer et al. 1990). Mu-
tations were confirmed by independent reamplification
and resequencing,

Factor IX coagulants were determined by a kit from
Diagnostica Stago. Clinical severity was assigned by us-
ing the criteria of Eyster et al. (1980).

Polymorphisms were determined as described else-
where (Bottema et al. 1993): B = BamHI (0.5 kb §' of
the gene); IA:RY(i) = alternating purine-pyrimidine tan-
dem repeat in intron A (Jacobson et al. 1993); X
= Xmml (intron C); T = Taql (intron D); M = Malmé
(exon F); Alu = Alu 4a (intron F [Dutton et al. 1993)); 3’
RY(i) = alternating purine-pyrimidine dinucleotide re-
peat in the 3' UTR (Sarkar et al. 1991); and H = Hbal (8
kb 3’ of the gene).

Results

The promoter region, coding regions, and splice
junctions were sequenced (2.2 kb /patient) in a total of
290 consecutive families with hemophilia B. In addition
to the five CpG transversions found in the first 160
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Table |

Novel Independent CpG Transversions

Ketterling et al.

HAPLOTYPE*
FACTORIX CLINICAL NUCLEOTIDE NUCLEOTIDE STRUCTURAL
FAMILY AcCTIVITY SEVERITY*  CHANGE NUMBER® CHANGE B IARY@H) X T M Alu 3RY(H) H
HB203 ....... 1% Severe C—A 30973 Y#>TAA - AB -+ Ala T Il -
HB246° ...... 16% Mild G—->C 31134 R33%—p — (AB/A,B,) — Thr T Il +
HB249 ....... 3% Unknown C—>A 17700 C*»>TGA - AB + + Ala C 1 -
2 See Methods.

® Numbering is from Yoshitake et al. (1985).

¢ Female with hemophilia. As in our other females with hemophilia B, HB246 is heterozygous for the mutation. No other mutations were
found, suggesting that symptomatic disease is due to nonrandom X inactivation. The haplotype associated with the mutation (except the
IA:RY(i) polymorphism) could be deduced by haplotyping her mother. This mutation has also been observed in a German hemophiliac (Ger 26)
with a published factor IX coagulant of 10% (Giannelli et al. 1993). Additionally, this mutation occurs at an amino acid evolutionarily conserved

in the factor IX gene of all known species.

families, three additional, independent transversions at
CpG were identified (table 1). The eight transversions
found at CpG dinucleotides constitute 16.3% of all in-
dependent transversions in our sample. This percentage
is significantly greater (P<.01) than the 2.6% expected
at random on the basis of the frequency of CpG in the
coding sequence. All eight CpG transversions occurred
independently, and all except one occurred at a differ-
ent base pair. Four G:C—T:A and four G:C—C:G
transversions were found, suggesting that there is no
major bias toward either type of transversion.

By focusing on mutations in the coding sequence of
the factor IX gene, the mutation rate per base pair per
generation for both the G:C—T:A and the G:C—>C:G
transversions at CpG can be estimated. The mutation
rate is calculated by determining the frequency of de
novo mutations occurring within these dinucleotides
and then dividing by the number of CpG transversions
of each type that can cause hemophilia B. The formula
for calculating the mutation rate (Koeberl et al. 1990) is

frequency of de novo mutations _ HAB,
M, = = CD

x

bp target for mutations

When applied to transversions at CpG, M, = mutation
rate for transversions at CpG; H = rate of de novo
mutations that result in hemophilia B; A = fraction of
all independent mutations in the coding regions; B,
= fraction of all independent mutations in the coding
regions that are either G:C—T:A or G:C—C:G trans-
versions at CpG; C, = fraction of CpG sites in the cod-
ing regions at which G:C—T:A or G:C—C:G muta-
tions can cause hemophilia B; and D = total number of

base pairs present in the CpG dinucleotides of the cod-
ing regions.

The incidence of sporadic cases of hemophilia B is
estimated at 2.6 X 107¢/generation (H) (Vogel and
Rathenberg 1975; Eyster et al. 1980; Giannelli et al.
1983; Koeberl et al. 1990). In our 290 families, 89% of
de novo mutations occur in the coding region (A). Of
the independent mutations found in the coding region,
4 (2.14%) of 187 (B,) are transversions at CpG of either
G:C—>T:A or G:C—>C:G. Thus, the frequency at which
new mutations give rise to transversions at CpG for
G:C—>T:A or G:C—>C:G is HAB, = 495 X 107%.

The mutation rate is the frequency of new mutations
divided by the “target size” for mutations that result in
hemophilia B (C,D). The fractions of G:C—T:A or
G:C—>C:G transversions at CpG that would alter an
evolutionarily conserved amino acid (Bottema et al.
1991b) or produce a nonsense mutation provide an es-
timate of C,. The total number of nucleotides within
the 18 CpG dinucleotides in the coding regions of the
factor IX gene is 36 (D).

To determine the target size, each C or G nucleotide
present in a CpG was examined independently to deter-
mine the result of a G:C—=T:A or G:C—C:G transver-
sion (table 2). Only those changes that result in either a
stop codon or a nonconservative missense change in an
evolutionarily conserved residue were counted. The
target sizes (C,D) for G:C—T:A and G:C—C:G trans-
versions are estimated to be 20 and 24, respectively
(table 2). The discrepancy in these numbers is due
mainly to the six conserved arginine codons (CGA or
CGG) in which a silent change would be generated in
each of the amino acids by a C—>A substitution in the
first base (CGA—>AGA or CGG—AGG).



Table 2
Calculated Target Size (C,D) for Transversions at CpG

G:C—-T:A G:C—»C:G
New New
CONSERVED Amino Amino
AMINO AcID* CoDON CLAsS® Acid Score* Acid Score*

N™ AAC Factor IX specific K 1 K 1
AT GCC Generic S 1 P 1
R™* CGG Partially generic R 0 G 1
CGG Partially generic L 1 P 1

R® ... CGA Partially generic R 0 G 1
CGA Partially generic L 1 P 1

G¥ . GGC Nonconserved G 0 G 0
G® ... GGC Generic C 1 R 1
C* o TGC Generic Stop 1 w 1
E* GAG Nonconserved Stop 1 Q 0
RM CGA Nonconserved R 0 G 0
CGA Nonconserved L 0 P 0

R ... CGT Factor IX specific S 1 G 1
CGT Factor IX specific L 1 P 1

R CGG Generic R 0 G 1
CGG Generic L 1 P 1

ATC Partially generic I 0 M 1
VAR GTT Generic F 1 Ld 0
VB2 GTC Partially generic \% 0 \' 0
AB GCA Factor IX specific S 1 P 1
R ... CGA Partially generic R 0 G 1
CGA Partially generic L 1 P 1

R®2 ...l CGA Nonconserved R 0 G 0
CGA Nonconserved L 0 P 0

D6 GAC Factor IX specific E 1 E 1
E¥ GAA Nonconserved Stop 1 Q 0
Y® TAC Factor IX specific Stop 1 Stop 1
VB GTT Partially generic F 1 L 1
T ACG Factor IX specific K 1 R 1
ACG Factor IX specific T 0 T 0

R CGA Partially generic R 0 G 1
CGA Partially generic L 1 P 1

R¥ CGA Factor IX specific R 0 G 1
CGA Factor IX specific L 1 P 1

R¥ ... CGG Nonconserved R 0 G 0
CGG Nonconserved L 0 P 0

Total ......... 20 24

* Numbering is from Yoshitake et al. (1985).

® The conservation classes have been described elsewhere (Koeberl et al. 1990). In brief, generic residues are conserved in factor IX, factor X,
factor VII, and protein C. Factor IX-specific residues are conserved in the aligned factor IX sequences but not in the other members of the gene
family. Partially generic residues are conserved in the factor IX sequences and in some but not all the members of the family. Nonconserved
amino acids differ within the aligned factor IX sequences.

¢ Both the missense changes at an evolutionarily conserved amino acid and the nonsense changes are scored as 1 (for a highly conservative
substitution not causing disease in a conserved amino acid, see footnote d). Silent mutations or missense mutations at nonconserved amino acids

are scored as 0. C,D equals the total score.

4V/L are considered highly conservative substitutions at this amino acid and should not cause disease (Koeberl et al. 1990, fig. 3).
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The mutation rates for G:C—>T:A and G:C—>C:G
transversions can now be calculated to be 24.8 X 1071°
and 20.6 X 107, respectively. Thus, the aggregate mu-
tation rate for transversions at CpG is 45.4 X 10710,
This aggregate rate is 5.1-fold higher than the aggregate
rates of G:C—T:A and G:C—C:G transversions previ-
ously calculated at non-CpG sites (Vielhaber et al., sub-
mitted). To place these values in perspective, consider
that the mutation rates per base pair per generation that
previously were calculated in the factor IX gene are
1.36 X 107" for microdeletions/microinsertions, 20.6
X 107" for transitions at non-CpG dinucleotides, and
360 X 107 for transitions at CpG (Bottema et al. 1993;
Vielhaber et al., submitted; R. P. Ketterling, unpub-
lished data).

When the expected statistical fluctuation associated
with observing 8 of 187 independent events (B,) is con-
sidered (Diem and Lentner 1970), the 95% confidence
interval for the rate of transversions at CpG is 19-86
X 107°, Since this confidence interval does not include
uncertainties in the values of H and C,, it should be
regarded as a minimum estimate.

Discussion

In summary, the mutation rate for transversions at
CpG sites in the factor IX gene is markedly elevated
relative to the rates for transversions at other dinucleo-
tides. The enhancement of CpG transversions is not
apparent until a large sample of independent mutations
is analyzed, because the great majority of mutations at
CpG are transitions. In our study of 290 consecutive
families with hemophilia B, 109 (39.1%) of the 279 mu-
tations identified occur at a CpG dinucleotide. Only
7.34% of the observed mutations at CpG are transver-
sions. When the two common founder effects at CpG
are eliminated (Ketterling et al. 19914, 1991b) and only
independent mutations are examined, 12.9% of muta-
tions at CpG are transversions. Thus, only one in eight
independent mutations at CpG is expected to be a
transversion. This follows because transitions at CpG
are enhanced 17-fold relative to transitions at non-CpG
dinucleotides, while transversions at CpG are enhanced
only 5.1-fold relative to transversions at non-CpG dinu-
cleotides. In addition, transitions at non-CpG dinucleo-
tides occur 2.3-fold more frequently than transversions
at non-CpG dinucleotides (Vielhaber et al., submitted).

The enhancement of transversions at CpG relative to
that of other transversions has implications for under-
standing the mechanism by which mutations occur at
CpG. Transitions at CpG are thought to be due to spon-
taneous deamination of 5-methyl cytosine, to produce
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a thymine (Coulondre et al. 1978; Cooper and Krawc-
zak 1989). If the resultant G:T mismatch is un-
corrected, a G:C—A:T transition will result when semi-
conservative replication occurs. In addition, transitions
are fixed by a specific G:T mismatch-correction system,
which preferentially corrects to G:C but occasionally
corrects to A:T (Brown and Jiricny 1987, 1988). In vitro
data indicate that the mismatch-correction system ex-
cises the mismatched nucleotide and reinserts the
correct, complementary base (Wiebauer and Jiricny
1989, 1990). The elevated mutation rate observed for
transversions at CpG may be explained by postulating
that the mechanism for single-base insertion is an error-
prone process. Alternatively, an unknown repair system
that predisposes to CpG transversions may be opera-
tive.

It is tempting to postulate that the G:T mismatches
generated by deamination of 5-methyl cytosine may be
preferentially attacked by a DNA-damaging agent,
since bases in single-stranded DNA are often much
more chemically reactive than bases in double-stranded
DNA. This hypothetical chemical(s) is constrained by
the data to produce approximately equal rates of
G:C—>C:G and G:C—>T:A transversions at CpG dinu-
cleotides. As an example, the major mutagenic base le-
sion generated by oxygen-derived hydroxyl and super-
oxide radicals is thought to be 8-hydroxyguanine. This
modified base bonds preferentially with adenine rather
than with cytosine, thereby producing G—=T transver-
sions after one round of semiconservative replication
(reviewed in Lindahl 1993). Thus, this simple model is
not compatible with the mutation rates observed for
CpG transversions.

The patterns of mutation in liver and spleen from
transgenic mice may shed light on the mutational pro-
cess at the dinucleotide CpG. In mouse liver, transver-
sions constitute the majority of spontaneous CpG mu-
tations recovered from transgenic mice containing a
lacl reporter gene (Knoll et al., submitted). Thus, mouse
liver cell extracts may provide a good in vitro system for
examining the mechanism by which transversions occur
at CpG.
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