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The Molecular Genetics
of Hemophilia
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nLroldpr, rhLf, rs md. b' Jon c. L.eb ot W.tc Fo.-t UrL
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Hemophilia: Successful Treatrneot
of a Once Deadly Disorder

a sfralt d€fe.i in an imponnl 8@ tu @e a farar h6an
disse, b tn€ pdr, hemophiua, qes bl€€ding 6!*d by
a def<t in bld.d .lottin8, was s.h a diffifkn t tal
drly in life. Berore the 1960s, wh€n sientisl-physicim de
!.eloFd lne fisl €iletiv€ trEatmmt, dE lif€ dFranct ot
indiliduals wnn hddhili wd about m v€a. Tod.v !e
-oo.,r.- - -*i'ilffiiiliffrl# f,i"mii rir.
er*dancy An und€Ehndins oI the rulmil b6is or dE
di*a* 6ult€d in tne developndt olar elktive tEatsmt

There a€ tuo m.idr itFs of ]mophilia. Abolt 30 pa
cenr of fi. i^dividuals with dljl dl€4 have hsaphilia A
(clasical henophilia), nd about 20 p€Kal har€ hehophilia
B ialso c.led Chiistmd diseE* b€6ue it wd 6Et d€tu
in a p.ii€nr d6ed Siephq Cbrntsd). Both t}?6 or lie
mphila are cau*d by d€f€.rive gq6 on the X cIrcnG
3me dle hmd .nftnGone tnat is pffit in hdo copios
in lonals and om.opy in male (chpt€r 6). Mct hdG
phniaG aF nals, beaE they only ned one @py oI rh€
del€dive 8de to have the diss, lldophilia is EF in Ie
n.l€, bda@ $ey ned h{o opi6 of tle dekila g6e,
ore on €ach X c!ot|l@m€, to have $€ dilo.dei

tlehophiua A is sn€lihc alled "byal hmophilia"
b.de oI its pEvaLre in $e myal ldili€s ol EumF- EnA'
Lnd'3 Queo victoria (FiguF 1) did not hAe h€nophni., al-
hougn !h€ ca(ied lh€ dedve g@ ilEt 6Us hemophili;
A d de of }ler X chftn6n5, HoNvd, she bas€d rne
dete<lire gEne io hvo ot her daughl€E-Alice, -ho t.c
niREd the g6e !o the inp€rial lanite of RBia (* Fig-
!€ 6-9) .nd C.mdy, ad B€dt jce, who p€s€d the g6e lo
dre Nyal far y of Spai^-dd to hd $n Prin.e lapold,
who died at ag€ 3l toh nero.lnrg6 ahe' a tall. Ss@l oI

the quan! grddsons and a€ai€rsd!@ di€d €dly in lile
b€cae or q6 ble€dir8 or hoordDtes after surgsy d

in blood Gsulatid-dE @sd€ ot e.tbre th.t calg
blood ro clot ar the sir€ of a wM.L A sinlu8ed ve6nh of
palt or lhis pa$my b 3hM in Fig@ 2- Ildividuals with
lEmophilia A.e d€6.i6i in a 86eprlduci @U€d factm VII';
tnGe widr hdophila B * lac*ing tactor D( In dE .bsE
of eitn€r of the blo.daodng Lcio6, d indivldql 6
bl€d to death atr.r s!6€dng . sarl ot or tu die td in-
t.Ml hdbEhaa6 afFr d otheMi* minor lrdse.

W16 *imtisE dircv€Ed thar ndophni! @ 6ed
by the ahsa of 3p*itu blmd<lotdna iacloF, they Eliad
dl.t dE aie.a .odd h€ t!@hed with tra$tusiw ot ffi
|.irts or the nising hcroi Inilialy, beAiMinS in ltE 1960s,
the proteiE w€E puined 6m blo.d oblalnd 116 LiB.
nunb€s of doc This ptrr6 @ €xpaiw, atd A. 6
ent ahes w@ €ithE @vailable or v@ too €xpadE 6r
@ hy h€mopNi.6 in 'luy @hFie,

U. Ilre cloddg h.tos @ now purin€d tuh ihe elb ad
@d to DED@ @nquate. fo. E in k$tusio6 As a F
sult, bour d;fling f.ct6 e nM availrble in .3gti:Iy m-
linid qlddrt ho h€t pftple salhtln8 6m hdDphilE.

Fi8{r 1 A portrait oI CEat B.itair's
Qe6 r.r.:toria her nusbard PliN Alberr,
and 6ve or tn.n nftE .NldM. Qu@
\tbna pas€d dE dekive Aoe thal G
Epwible for h€nophnia to at l6st tnR
oI hd c})idrd They, in he, paa3€d dE
g@ to the reyal Gldi€s otcerfuy, RrF
sia. and Spain (R FiBG 6.9), The pRnt
AnaBh 6y.l f.mny n {ce of hefupn ia
lrE e d6€de|3 ol Vi.toria's s Ktrg
Ednatd vL wno did not jnh€nt ihe nmc
pblia gere lron his horh€r

daEs to .bour,l00 ec. dd ,a .onpll€d ito a singh docu,
m6t in the4n.nd 5rh qturis ^.o, derE liharbo'! sr@
older btoft€B or bale osim hrrl rti.d nlq e'6ire bled,

Rotnized in dci€nt cjviliatiG, Th.Isi5h T.lnud,

ing alrer ciffiisim s@ Mpt fion this
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1 . F€l€as€d nln plalolsts and inj!.ed lissue

:r 2- Pbsma p,ot€ins sr4rth€€Ued in livff and
drulaled in ingcliw lonn

l

l0 Bbod Clotdng 6)Darnage to a blood \r'ass€llnlthtes a c€s-
Je of e\,ffts that prodrc€s a fitrin rn€shwo*, (B) As lh€ mesh! /ork
nB, r€d blood c6lls a€ 6nrn6h€d h th€ ibdn th|Bad8, tornlng a
t as $rov,fl in thb cobr-flharlc€d d€clrcn miqograph.
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fgure 13.3
TltE RoyAL HEMoPIiILIA PEDIGREE. Queen 

'!,idoria, shovm at the botmm qter of thc
photo, was a carrier for h€mophilia. Te'o of14cloliat fou daughre.s, Alice ald Beatrice,
hhented the henophilia alele fiom Vctonr fvo ofAlice! daughteB are sta ina b€hhd
r4ctona (qearins fe.rhered boas): Princs Irene of Pl1s' (dsrr) ud Ajetrd'a ({'),
who would soon become czarina of Russia. Both Ilene dd Alex.ndra vere atso carries of
henophilia. Frcm the pediglee, ir is clear that Alic€ ilroduced hemophilia iffo the Rssid
ud Pruio rcyal houe, ud Mctonat daughter Beetrice itrEoduced it into rhe SDa h ro!€t
bose. Mctoriat roD L.opold, hiruelf a vicrin, aho trannined rhe dForder b a drird line;f
decenr I{alf-sh:ded synbols represeDt @iers with one nom.l alele aad one defecrive allel€;
tullv shaded mbols reoeent atreted individuals.
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't024 Rod-Gre€n Color Blind-
nass |3 a S€x-Linked Trdit in
Humans Th6 mLnant allele for
red-grcen color blindness is in-
herited as an Xl nked recessve.

l}Iis mman nh€rit€d the mutant X
trod her molher and a nmd x frcm

this man nh€il€d the mulant X ch@m$m€ im his
moher dd a nmd Y trcm h s tather, and exp€ss€s
lhe mulation. He pa$ed his mulmt x chrcmcomo to
his d6ught€., and stE pased it 6 ro h6 s.

Trc s brings inhqilod th6 mutanl x
lrcm th€n mother 'lh€ 

so.r dp|Ess
lrE mllation; his $sl{ s a €rbr.

flapltt
lnatu
kaafory4,

9.2!m

fgure 10.6
A SUMAN IGryor*PE. The individual chromGorn€s dtat
makc up the 23 prin diffcr widcly in si?t and in cenEonere
position. In this prepaBtior\ drc chmmosomes havc been
ipeci06lly stained to indiotc differences in th€ir composition
and to distinguish thcm clcrrly ftom one mothcr Notic€ dtst
hembes of! chromosomc Dd! rr€ verv similar but not identical.
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fgure 13.10
TIIE HIJMAN X CI{ROMOSOME
GENrE MAA A paftial map for
the hul]d X cbronosome, a

more derailed map would rcqdre
a much larser fieue. The black
bands reprsent st ining pltteru
rhat cd be se€n in $e nicroscope,
dd the cotrEiction teprsents
rh€ cendon€re. An lysn of the
sequ€nce of the X chromoFrne
indides 1098 genes oo the X
chromosone. Many of th& nay
h.w mutmt alels that cd affect
dis6e s-tat6. The 59 diseases
sh()m have been Eaced to specific
s.gD€nts of th€ X chrornosone,
indiet€d by brackets, by analyzing
inhcritance pattems of affected
md uaffecrcd individuals.
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"i'"#",1^1:'; r-
Co3mid (ciculad

Bact€riel artilicial
chromosom€ (circula4

Yeasl artificial
chromosome (circular)

Ti v€ctor (clrcular)

iraxlmum lmert
Slzo {kb}
-6-12

DNA

-35

-300

200-1,000
(1 m€gabas6)

Varios d6p6ndlng on
type of Ti vector us€d

Applicallon3

DNA cloning, prot6ln
€xpreaaion, subclonlng,
dir€ct sequencing ol lnssrt
DNA

CDNA, gsnomic and
expression librafi€s

GDNA and g€nomic
llbrari€s, cloning large
DNA fragm€nls

G€nomic librsries, cloning
laru€ DNA fagm€nls

Genomic libraries, cloning
largs DNA fragm€nts

Gsns transfer in plants

Umitadons

R€stjc16d Insert sizq limit€d exprasston
of prcteins; copy number probl6ms;
replication r€strictsd to bacteda

Packaging limlts DNA iE€rt size;
host r€plic€tion problems

Phage pacl€ging rostrictions; not id€€l
for Pdtein exprosslofi cennot b€
Fplicat€d in mammalian cells

R€pllcation Estdct€d to bact€rla;
cannot be us€d for prclsin sxp|ession

Must b€ grcwn in y6ast; cannot bs

Umitsd to uss in phnt cells only; number
ol r€stdcton slt6 andomv dbiributod;
lar!6 slz€ of v€ctor not €aalv manlpllatod.
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L h€ad tak€s up

r€oombhant DNA in v ro, and
larnDda phaq€ v€ciors arB€mbto,

Phag€s that do not als€mbto
cannol hisci 6nd prcpagsio
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-6::d J

Phag€ v€cror with rc.ombtnanr
DNA Inl€cts E.r/and

prcpagar€s, kilring flB ho8t.

JTgure t t-t
USING PLASIIID AND PIIAGE I'ECTONS.
,. Plasmid! ue cut wirhh rhe p-g"lacroeid.s€

sene (k a, dd foreisn DNA ed DNA li8rsc
ffe added. Fo.eigr DNA insened into ,r.Z
inteinpts the codiDg sequ€nce iDacti%titrg
the gene. Pl.riry cels on mediu cont irins
rhe dribioric rmpicilis sel€cts fo. plasnid-
containing cens. The medtun also cont ils
X-9"1 and when /a,Z is inract (ror), the
expressed enzFre cteaves tl1e X-gd producing
blue colorues. Wletr r(Z n iDaftinEd
(rottoht), X-grl is not deav€d dd cotoDis
t@aiD white. L PhaS€ vecrols aire selected
fo. dle p.esere ofrecombinant DNA by
rh€ abiiiry of rh€ phlge to.semble in vi6o,
infecr e host, and pmpaglre inside its h6L
The phagE h.s been engileered such that
only pnage g€nonar with iBen€d DNA are
long enough for th€ Plcl.SiDg machincry to
prcduce maorc phege that m inlet cclls.
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l FIGURE 'l/1 Th. b.cL.lodugr r groom..nd
p.d6ging ol brct€dophrgc I D A. {a} Simplifi€d map of the I
phage g€nome- Iherc ar€ about 60 genes in ths r gsnom€, only
a f6w of which ars shown in this diagram. G€nes €ncoding
poleins required for assemblv of the head and tail are located at
lh6 l6ft endi thos€ encoding additionsl prcteins requir€d for the
lYlrc c,ycle, at ths ight €nd. Som€ r6gions of the gsnom€ c6n b€
r€phced by exogenous DNA {diagonal lin6s) or del€ied ldott€d}
wittou affecting the ability of I phage to inl€ct host c€lls and
ass6mbl€ new virions. lJp to -25 kb of exog6nous DNA can b€
st bly ins€rt€d be1{,€en th€ Jand /V genes. {b) In vivo a€sembly
0l I vhions. Heads and tails €rc formsd frcm muhipl€ copios ot
s€!€la| ditfercnt r prcteins. During th6 lare stage of I inf€cdon,
hng DNA molocules called concatumers ar€ iormed; thss€
multimeric molecules consist of multiplo cooies of the 1t9*b I
g€norno linked 6nd to €nd and seoarated bv COS sit* lr€dl,
Protein{inding nucleotide s€qu€ncos that occw once in €ach
copY ot the I g6noms. Binding of \ head protoins Nul and Ato
CoS sites promot€s inssdion ol the DNA segment botw€€o triro
sqacont COS sites into an €motv h€ad. After ths hea& ar8 fill€d
wrtn DNA, ass€mbl€d I tails al6 attad€d, producing compl€te I
vnons capable ol intucting E coii cells.
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on rhE 5' 6nd ol €ach stEnd. A hypoihsriet 6sion

rs 3l'ow- 6t L'r6 top. P..tiato,s€srio- ol tis,egi; ot OMvvu
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lhrl is p6.f6ctt coFpl.m.nrry to rh. .crult @dino

@,tt
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posit on indi@t6d. For 6xample, Phel is sncod€d by m
ITC; LeE2 is €n@ded by on€ ol six posstbte fiipt.rs

$.@nsd with this d€q6ne6r€ p|!b€. th€ on.

IT

ror a s6qu6.ce of 20 bas€s {2cmod is indi@r€d by th6
bGcket Ther6 aG 48 possibro ONA s6quen@s in rhis
rogion that @uld sn@d€ th6 popride s6qu€n@ 3-9. Sim
actu| s6quen6 otth6 gsn6 b lnknom, a dEg.no6t€

CIA, CTG, TTA, or TTG). The Bsion wnh th6 r6ast

prcb€ @nsislinq of € mixturo of €l the pGsiblo 2o.base
olioonuc eotid€s is pGp8cd, It a oONA or s€nomac tib..ry

l mUnE t-19 lr-fud{ oiad!.|-tb. D.d.. b-d a
pFr.rr t 4.E An isolat€d protoin is diq€sr6d ai$ a
sslectivo protss6 slch rs rrwsin, which sp€.ili€t1v ct€dves
p€ptido bonds on lhe @ hory-l€ h'na s'd6 ol tysir.nd aronrr
6id!es, Th€ rcsuh ns peprides s@ sepa@t6d, and s€v6Et ar€
panially sequoncsd l6h lh€n N-t6minus bv s.ou€ntj6t Edhan
d6qEda on. Thedetemlnod sequenc6s thon a@ anatyr€d ro
id€nlit ih€ 6- or 7ia @sion rhat en be €ncoded bv rh6
shallost.umb€r oi po$ible DNA soqu6nc.s. B@us€ of tho
dolon.dcy ol tho Oon€tic cod6, th. 12ia sequonm ltight qc€n)
3h@n h66 thErericalt @uld b.6n@dod bv anv ot ih6 DNA
fipr.r3 b.bw ir, wr|h rh. polrbr6 ah6mdiw bas6s st lhe same
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