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The Molecular Genetics
of Hemophilia

FIBRIN STRANDS stabilize a blood clot at the site of a wound by
rapping the platelets that form the bulk of the clot. The electron
micrograph, which was made by Jon C. Lewis of Wake Forest Uni-
versity, shows a clot formed in a suspn-usinn of platelets and fibrin.

A clot in the bloodstream is the result of a complex cascade of en-
zymatic reactions culminating in the conversion of fibrinogen, a sol-
uble protein, into insoluble fibrin strands. In hemophiliacs a crucial
protein in the blood-clotting cascade is either missing or defective.
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Hemophilia: Successful Treatment
of a Once Deadly Disorder

A small defect in an important gene can cause a fatal human
disease. In the past, hemopbhilia, excess bleeding caused by
a defect in blood clotting, was such a disease—often fatal
early in life. Before the 1960s, when scientist-physicians de-
veloped the first effective treatment, the life expectancy of
individuals with hemophilia was about 20 years. Today, he-
mophiliacs in most of the world have a nearly normal life
expectancy. An understanding of the molecular basis of the
disease resulted in the development of an effective treatment.
There are two major types of hemophilia. About 80 per-
cent of the individuals with this disease have hemophilia A
{classical hemophilia), and about 20 percent have hemophilia
B (also called Christmas disease because it was first detected
in a patient named Stephen Christimas). Both types of he-
mophilia are caused by defective genes on the X chromo-
some, the human chromosome that is present in two copies
in females and one copy in males (Chapter 6). Most hemo-
philiacs are males, because they only need one copy of the
defective gene to have the disease. Hemophilia is rare in fe-
males, because they need two copies of the defective gene,
one on each X chromosome, to have the disorder.
Hemophilia A is sometimes called “royal hemophilia”
because of its prevalence in the royal families of Europe. Eng-
land’s Queen Victoria (Figure 1) did not have hemophilia, al-
though she carried the defective gene that causes hemophilia
A on one of her X chromosomes. However, she passed the
defective gene to two of her daughters—Alice, who trans-
mitted the gene to the imperial families of Russia (see Fig-
ure 6.9) and Germany, and Beatrice, who passed the gene to
the royal family of Spain—and to her son Prince Leopold,
who died at age 31 from hemorrhages after a fall. Several of

the queen’s grandsons and great-grandsons died early in life
because of excess bleeding or hemorrhages after surgery or
accidents.
TTOUE Of transmission of hemophilia was probably
recognized in ancient civilizations. The Jewish Talmud, which
dates to about 400 B.c. and was compiled into a single docu-
ment in the 4th and 5th centuries A.p., decreed that boys whase
older brothers or male cousins had died from excessive bleed-
ing after circumcision were exempt from this procedure.

in blood coagulation—the cascade of reactions that causes
blood to clot at the site of a wound. A simplified version of
part of this pathway is shown in Figure 2. Individuals with
hemophilia A are deficient in a gene product called factor VIII;
those with hemophilia B are lacking factor IX. In the absence
of either of these blood-clotting factors, an individual can
bleed to death after suffering a small cut or can die from in-
ternal hemorrhages after an otherwise minor bruise.

When scientists discovered that hemophilia was caused
by the absence of specific blood-clotting factors, they realized
that the disease could be treated with transfusions of concen-
trates of the missing factor. Initially, beginning in the 1960s,
the proteins were purified from blood obtained from large
numbers of donors. This process was expensive, and the con-
centrates were either unavailable or were too expensive for
use by hemophiliacs in many countries. Fortunately, the ad-
vent of genetic engineering brought positive changes. The
genes that encode factor VIl and factor IX were both isolated,
and each gene was introduced into mammalian cells growing
in culture. By this procedure, cell culture lines were produced
that synthesize large quantities of either factor VIII or factor
IX. The clotting factors are now purified from these cells and
used to prepare concentrates for use in transfusions. As a re-
sult, both clotting factors are now available in essentially un-
limited quantity to treat people suffering from hemophilia.

Figure 1 A portrait of Great Britain’s
Queen Victoria, her husband Prince Albert,
and five of their nine children. Queen
Victoria passed the defective gene that is
responsible for hemophilia to at least three
of her children. They, in turn, passed the
gene to the roval families of Germany, Rus-
sia, and Spain (see Figure 6.9). The present
British royal family is free of hemophilia.
They are descendants of Victoria’s son King
Edward VII, who did not inherit the hemo-
philia gene from his mother.
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CLOTTING CASCADE begins when cell damage at a wound somehow activates the en-

zyme factor XII; it ends with the conversion of fibrinogen into fibrin by thrombin. At each o ﬂwda C@ 7'/
step an inactive protein is converted into a protease, or protein-cutting enzyme (color), *
which activates the next protein, Some steps require cofactors such as factors VIII and V.

The cascade includes positive- and negative-feedback loops (colored arrows). Thrombin acti-

vates factors VIII and V; it also deactivates them (by activating protein C), which helps

to halt clotting. Some 85 percent of hemophiliacs lack factor VIIL The rest lack factor IX.
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Disorder Symptom Defect Recessive Human Births
Cystic fibrosis Mucus clogs lungs, liver, Failure of chloride ion Recessive 1/2500

and pancreas transport mechanism (Caucasians)
Sickle cell anemia Poor blood circulation Abnormal hemoglobin Recessive 1/625

molecules (African Americans)

Tay-Sachs disease Deterioration of central Defective enzyme Recessive 1/3500

nervous system in infancy (hexosaminidase A) (Ashkenazi Jews)
Phenylketonuria Brain fails to develop in Defective enzyme Recessive 1/12,000

infan (phenylalanine hydro:
Hemophilia I'¢ Elood fails to clot ) (ﬁ‘e ective blood clotting factor Sex-linked 1/10,000
: VIO recessive (Caucasian males)
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deteriorates in middle age brain cell metabolism
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SEX-LINKED INHERITANCE of hemophilia results from the location of the factor VIII
gene on the X chromosome. A male carrying a mutant factor VIII gene lacks normal factor
VIII and is hemophilic. A female carrier is protected by the normal gene on her second
X chromosome, but half of her daughters will be carriers and half of her sons will be he-
mophilic. In the case of a hemophilic father (not shown), his sons will not be hemophil-
ic, because they receive his Y (not his X) chromosome, but his daughters will be carriers.
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Figure 10.1 How geneticists identified the hemophilia A gene. (a) A pedigree of the royal family descended from Queen Victoria. This
family tree uses the standard pedigree symbols. Black boxes represent males with hemophilia. (b) The blood clotting cascade. Vessel damage
induces a cascade of enzymatic events that convert inactive factors to active factors, The cascade results in the transformation of fibrinogen to fibrin
and the formation of a clot. (c) Many hemophiliac patients do not have an active form of Factor VIl Blood tests can determine the presence or
absence of the active form of each factor involved in the clotting cascade. The results of such analyses show that hemophiliacs, such as those found
in Queen Victoria’s pedigree, lack an active Factor Vill in their blood. (d) Starting with purified Factor VIII, scientists isolated DNA clones containing
the Factor Vill gene. Researchers determined the amino-acid sequence of purified protein. Knowledge of this sequence enabled them to synthesize
a degenerate oligonucleotide. They then used the oligonucleotide as a probe to screen a genomic library for clones containing all or parts of the

gene. Finally, they sequenced the positive clones (that is, the clones with which the probe hybridizes) to determine the structure and coding
sequence of the Factor VIIi gene.
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Figure 8-44 Knowledge of the
molecular biology of cells makes it
possible to experimentally move
from gene to protein and from
protein to gene. A small quantity of a
purified protein is used to obtain a partial
amino acid sequence. This provides
sequence information that enables the
corresponding gene to be cloned from a
DNA library. Once the gene has been
cloned, its protein-coding sequence can be
inserted into an expression vector and
used to produce large quantities of the
protein from genetically engineered cells.
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Selected Restriction Endonucleases and Their Restriction-Site Sequences

Enzyme* Recognition Site (]} Ends Produced

Alul AGICT ¥ 4 Blunt

s amyloliquefaciens H BamHI G|GATCC & Sticky

" Bierichia coli EcoRI GJAATTC & Sticky
Wepophilus gallinarum Hgal GACGC+S5| § ¥

ophilus influenzae HindlIII AJAGCTT & Sticky
ophilus parabaemolyticus Hphl GGTGA+8) & ¥

irdia otitiscaviaruns Notl GC|GGCCGe & Sticky

hylococcus aureus 3A Sau3Al |GATC ¥ Sticky

atia marcesens Smal CCC|GGG ¢ Blunt

us aquaticus Tagl T|ICGA ¥ Sticky

s are named with abbreviations of the bacterial strains from which they are isolated; the roman numeral indicates the enzyme’s priority of
v in that strain (for example, Alul was the first restriction enzyme to be isolated from Arthrobacter luteus).
onition sequences are written 5'—3' (only one strand is given), with the cleavage site indicated by an arrow. Enzymes producing blunt ends
strands at the indicated site; those producing stick ends make staggered cuts, with cleavage occurring between the same nucleotides in each
id as shown in Figure 7-5a.
eavage sites for Hphl and Hgal occur several nucleotides away from the recognition sequence. Hgal cuts five nucleotides 3’ to the GACGC
ence on the top strand and ten nucleotides S’ to the complementary GTGCG sequence on the bottom strand, Hphl cuts eight nucleotides 3' to
GGTGA sequence on the top strand and seven nucleotides 5' to the complementary CCACT sequence on the bottom strand.
ice: R. ]. Roberts, 1988, Nucl. Acids Res. 16(suppl):271.
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Figure 10-2 The nucleotide sequences
recognized and cut by five widely used
restriction nucleases. As shown, the target
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Eco RI Hae I

GTGGAGGTCCCG CACAACTGGAGCTGGGTGGA GGGGATCTTCAGAGGTIGGCACTG

CACCTCCAGGGC GTGTTGACCTCGACCCACCT CCT CCCCTAGAAGTCTCCAACCGTGAC
GTGGAGGTCCC CCACAACTGGAGCTGGGTGGA
CACCTCCA [o] [GGTGTTGACCTCGACCCACCT,
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DNA CAN BE CUT into comparatively short lengths with the ai

of restricti d le special enzymes that recognize specific
base sequences at which they cause the molecule to come apart. For
example, Eco Rl, the first such enzyme discovered, recognizes a cer-
tain six-base sequence and cuts the molecule wherever this Sequence
appears, whereas Hae 111, another restriction enzyme, operates at a
certain four-base sequence. Since the probability of finding a partic-

ular four-base saqueﬁcﬁ isiﬁe;mﬁan that of finding a particular
six-base sequence, one would expect Hae 111 to cut DNA more often
than Eco RI. Accordingly one Eco RI site and two Hae I1I sites are
represented in the DNA segment at the top, which corresponds to
part of the gene coding for insulin in rat cells. The same DNA con-
tains recognition sites for a number of other restriction enzymes, 0§
is shown in the line dingram of a larger gene fragment at the bottom.
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Figure 4.9: Generating a resriction map.
The size patterns from double digests provide information
PP | [ Bglll | [ B mH on the relative locations of restriction sites. The example
‘_igﬂ_lj [ia'i'ﬂJ L_Ps_'[_.‘ + BamH| [’* gm shows size fractionation by agarose gel electrophoresis of
_ restriction fragments following incubation of a 6.2 kb DNA
Sl L—5.2 fragment with the indicated enzymes. New bands in the
R 36 s double digests (i.e. not found in the original single digests)
5 = 3 3 are indicated by black boxes. In the Bgilll + BamHi double
e el 2.6 digest, the original 1.7 kb and 0.3 kb bands from the Bglil
g E}:g_ il ;}g digest alone are maintained, suggesting that these
c—03 ; 07 ==gg 1.0 fragments do not have a BamnHi site, while the 4.2 kb Bgill
=03 %8:5 fragment is replaced by 3.5 kb and 0.7 kb fragments,
suggesting that there is a BamH| site within 0.7 kb from one
,T end of the 4.2 kb Bglll fragment, Similarly, in the BamHi +
| o Pst | double digest, the 1.4 kb and 1.2 kb fragments seen in
J Restriction map the Pstl digest alone are maintained, suggesting that they
. lack a BamHI site, while the 3.6 kb Psti fragment is replaced
bya26kb + 1.0kb fragment, as a result of possession of
Bglll BamH| Pstl Bgill Psy an internal BamHi site located 1.0 kb from one end. By
[ e | com.paring all three patterns of double digestion, the
0307 26 09 05 12 restriction map at the bottom can be deduced. Note that

restriction mapping is often helped by the use of partial
digests and also by end-labeling (Section 5.1.1 )
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