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Hemophilia A is a sex—linked recessive coagulation disorder associated with diverse mutations of the
factor VIII gene and a variety of phenotypes. The type of mutation involved dictates the activity of factor
VIII, and in turn the severity of bleeding episodes and development of alloantibodies against factor VIII
(inhibitors). Missense mutations are the most common genetic risk factors for hemophilia A, especially
mild to moderate cases, but carry the lowest risk for inhibitor development. On the other hand, intron
22 inversion is the most common mutation associated with severe hemophilia A and is associated with
high risk of inhibitor formation. Large deletions and nonsense mutations are also associated with high risk
of inhibitor development. Additional mutations associated with hemophilia A include frameshift and splice
site mutations. It is therefore valuable to assess the mutational backgrounds of hemophilia A patients in
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order to to interpret their symptoms and manage their health problems.
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1. VIl 2IXt SFXe| EM

VIII A} frdaks X A Feh(Xq28) ol 914 (Fig.
1A) 3= 26709) exon@}t 257019 intron®® A A 2
o] 186 kb9 Athst 2o} (Fig. 1B). 26702] exon
% exon 149} exon 262 Z}z} 3,106 bp, 1,958 bp= H|mL
A size7} A3, YA 24712] exons 69—262 bp FEO|

%q28

A) X chromosome

t}. 283 intron 22 {Fell= 2702] nested gene?! FVIIIA
(factor VIII associated gene A)” 9} FVIIIB (factor VIII
associated gene B)Y 7} ZA18c}(Fig. 1B). VI AAF 44
2 RE 9 kb 2719 mRNAZ} #3 3}(encoding) 5 1, ©]
ZM 2,351709] o] Ato g A VI QIAF - ezl
2 21933 = (translation) @} ¥ (Fig. 10).

2. VIl QUXte| xo} &3t

VIII 1AF A5+ a2 370 A domian, 170¢] B do-
main, 2719 C domain, 28] 3709] acidic region (al,
a2,a3) 0.7 o]Fo|x glom IX <1z} X 21A}, phopholipid,
von Willebrand Q1AFe} 242} d 5 2Hg-8k 4= Ql= o] &
AFH Y (Fig. 1D). VI 1Ak §-3719) 54 Eddo)2
Qlal] VIII Q1A Wil e] 57 F-of| o] o] A7 A el 3o
k= e RAEHe A ARGl EAI7E A7 A E9 AL
WHHSHA B+ Aot} N—terminal signal peptide?l 1974
9] ofujrcAto] AAE L T F-] HF ARl A5t VIIT Q)

B) FVili N _
Bt —— ‘ FVINA FVIIIB
C) FVIIl mRNA 5 3
L 4 ’
D) FVIIl precursor protein A f— ,Aé B J— x o
) FVillp P | o - —AS 1 ,'92
E) Mature FYIll protein Al — A2 B A3 o3 =
Heawy chain Light chain

F) Activated FVIll protein - -

Fig. 1. Characteristics of FV/I/ (factor VIII gene) and activation of factor VIIl protein: adapted
from reference 52. FVIIN is located in Xg28 (A). FVIIl is composed of 26 exons and 25 introns,
and there are two additional genes (FV//IA and FVIIIB) in intron 22 (B). FVIN is translated into
factor VIII precursor protein through FVIIl mRNA (C). Factor VIIl has several interaction sites with
other coagulation components like FIX (Factor IX), FX (Factor X), PL (phospholipid), and vWF
(von Willebrand factor) (D). After cleavage at al and a2, and being eliminated B and a3 domain
by thrombin, activated FVIII protein is held by Cu®* (E and F).
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VIIT 912+8] /3 8= EEN] (thrombin) 7 E/d3h¢ X <
Aol 2Ja)) VIII 1A} dhiido] Fafjgoma) dAz o <
ojgt}* ¥ Arginine 1,689 #17%(a3) 9] #ao] Yoji}
Al1-A2-B&E o]Fo{x 90—210 kDa A% heavy chain
I A3—C1—C2= o]Fo|Z 80 kDa AX9] light chain®. %
E2¥th(Fig. 1E). tA] Arginine 740 A& (a2) o] £8=2
Y HE2] B domain®] A7 %2, Arginine 372 #74 (al) 2]

Ato g FdH 267kDe

32 A13} A2 domain Alo]7}F Zebd &43be VI Q1A
chalg o ra] o] 2 (Cu”) ol Q&) FHof shtel BaAlw &

3. 8ot 271 ;T VIl OIXte| TS

VI Q1A= W17 & (intrinsic pathway) ollA 3141 # ¢l
AE-S Sk S AAIT T2 Azl A E = VI
A= o= wEso] I A EZAA H]E = von

Willebrand 1Ahe} W&~ gHe o Jel= g o=A o
F QbellA] HallEA] ki b AR EAY S o
10 EZne 98l von Willebrand §17+e}e] Aol 201

T ZA s VI A= IX AAE B4 57 Bxdxt
(cofactor) 24| 2+-g-stt}. Z18]31 phospholipid membrane,
A3l IX Q1A}, X Q1AF 71" o] ubA 3 aA)| & & A 5]

Large deletions (3%) Splicessite mutations (3%)

smallinsertions (3%)

Small deletions (8%)

Nonsense mutations (9%) Intron 22 inversions (36%)

Intron 1 inversions (1%)
Missense mutations (38%)

A

Large deletions (3%)

Splice site mutations(3%)

Small delefions (16%)

Intron 22 inversions (45%)

Nonsense mutations (13%)

B Missense mutations (15%) infion1 inverions 3%
Fig. 2. Genetic profiles of hemophilia A and severe hemophilia A.
Missense mutations are the most common mutations in hemophilia A
(A), while intron 22 inversion is often seen in severe hemophilia A (B).

(Xase complex) X Q1A= FASAIH ™ 1 Az =7
E &0 (prothrombin)> EFWIC R A3, AHF4AY
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1. Intron 22 inversion (Fig. 3)

VIII Q12+ §-2121<] intron 22 (32 kb) o= FVIIAZ}F 23
o] Q= VIII A} F-34F2] 454 (telomere) Z0.% 7}
7} 500 kb, 600 kb gzl A3l FVITIAS} 22 HHgA o]
27) EANFPO 2V o] HE-L 95 kb DNAZH, 5135] 541
Hole] 717s W9t WA O =F int22h (intron 22 homo-
logous region) ©|2}aL WA STF? | nt22h1 7} int22h2 (F=
int22h3) Ate]e] “dE Az
O QI3 exon 1—-227} exon 23—26 2 2 HE] Eax]o] 994
(inversion) % Z¢](translocation) ¥ TA] 70 ZH
intron 22 inversion®] WA} o] HAwol= HA Y
1 A9 °F 36%, S5 FA °F 45%F A8k thaEZ <l
F37 2ol (Fig, 2). 91L& W Eo] Yehta, 1
R RIE7) s M) AAAE F2 4-7.2 X 10-6 %
OB intron 22 inversion®] ¥ W17} =2 F1 07 A7t
oL 20

(homologous recombination)

2. Intron 1 inversion (Fig. 4)

VIIL A} #5232 4] intron 191 intlh 241,041
bp) 7} EZFEe] Qa1 VI 1A} {478 &
140 kb = A 18} 28 WA do] EAjste] 747}
int1hl, intlh28}a 20} nz7A 2 T §-21x}; Afo] 9] AF
ZA)zsto 7 olg] Foro] st %Y A Fow A
e ok 1%, T5 A oF 2.5%C14 = vl
E Eduo] o]t (Fig. 2).

g xow

3. Large deletion ()50 bp) (Fig. 5)

Y A whg ol 1o Z VI AA}F F-1742] & -
2 ofg] Fito A% exond] A4 (deletion) ©] X% n}f
o9 B3] VI A4} AR Alu element”} E5-8F &
Axtelm, exon A4 st W=7 (breakpoint) & ZH=
8o A3 Alu—<d3 A3 (Alu—mediated recombina-
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Fig. 3. Intron 22 inversion of FVII (factor VIl gene): adapted from reference 20 and 52.
Translocation and rejoining of FVI// occurs by intrachromosomal homologous recombination
between int22h1 and int22h2 inversion, which is the most frequent mutation found in severe

hemophilia A.
S5 Fviit ‘2‘6
<« Telomere 7/ S Cenfromere—»
Int1h2 // Int1h1
(_
Telomere=>
<«Telomere Y/ Cenfromere—»
i 7/ A ——
<—
Exon Intron

Fig. 4. Intron 1 inversion of FVI/ (factor VIII gene): adapted from reference 27 and 52. This
is a rare mutation associated with severe hemophilia A that is the result of intrachromosomal
homologous recombination between int1h1 and int1h2.

o] VIII 1A} 312+ intron 3%} intron 109 $1X]5h= 2
< Alu sequence® I3l AsAzgo]l dojubd, exon
4-109] Aol 717 A (Fig. 5). AA &1 A oF
3%, == x}2] ok 2—5%7} o] 2]3t large deletion®l 2]3H
HhAPE T (Fig. 2).

4. Point mutation: missense & nonsense
mutation (Fig. 6)

Point mutation®] 2F 3%2] 1¢] CpG dinucleotide|A

Qoluhs Ao mise] F44 o9 Fo Mo o

A Qo 7 F 90% =7} CG-TG £ CG—
CA transitione]l 23t 2102 By VIIT 1A} 414}
X% CpG dinucleotides point mutation®] B3] Loj
U= 2 @o)epo Y VI 1=} 544} coding sequence®]l
= 70709 CpG siteZ} A8, 1 = 7717} Taq I site
(recognition sequence TCGA: exon 7, 13, 18, 22, 23,
24, 26) oA AT 1 = 5707F CGA (Arginine) codon
o]n], C—T transition®.% TGA stop codone] 2 4
o2

o5 59 CGT>CATE Arginine®| Histidine ©.Z w}#
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Fig. 5. Large deletion of FV//I (factor VIII gene): adapted from reference 35. After Alu—mediated
recombination between intron 3 and 10, exons 4—10 were eliminated from FV/// resulting in severe
hemophilia A.

Fvil >

Exonl 23 26
<«—Telomere Cenfromere —»

CCT CCA ATT ATT GIC | CGA | TAC ATC CGT G
Pro Pro lle lle Ala Arg Tyr lle Arg Leu

GET ECA ATT ATT GTC TGA | TAC ATC CGT TG
Pro Pro lle lle Ala Stop

Fig. 6. Nonsense mutation of FV/// (factor VIIl gene): adapted from reference 42. The substitution
of a stop codon (TGA) for arginine (CGA) by C—T replacement leads to early termination of
translation resulting in severe hemophilia A.

W VIII €1z} gl o] ojn| Al M3lE ZHE 58 55 89 5. Frameshift mutation: small deletion & insertion
W A7} 2A8HA Dt} (missense mutation). 858 CGA— . ,

. N - A 7 71 °
TGAZ Arginined] stop codon©.2 HHIE 97915 %] Exon 14 codon 1,191-1,194 %49 714 971¢]

adenine nucleotide®l*] A deletion®] 343, insertion®] 12
3] Ha¥ o] frameshift mutation©] WIH A dojtria <&+
24 doH?. olg) Ao BF SAUYTHE B9
frameshift ‘YT F5 I A7} 2AYsHA €t
Je §F 7S Qb Al He] FeF EAE exon 149
1,441 codon®l] YAt T Aol &8 ASTA2 sequence”}
Al0C.Z nhylo] gt 2107 dhej itk o]g A 7|ty A
B} 2#3o] A YER= A2 DNA replication/ RNA
transcription error® 13l reading frame?] &€ (resto-
ration) ©] dojubal, HE3H ‘ribosomal frameshiting’ ©.% 13}
74191 VIII 1A} polypeptide”} /317 Wil 2102 A

=

Z7] FLo®E QIsf VI 1A &zl Adut d4 Fho}
AA Ha, 1 A3 T35 998 A7 g ©ct(non-
sense mutation)*? (Fig. 6).

Point mutation A4 @9 A AW of W45
A3k (missense mutation 38%, nonsense mutation
9%), 5% A2 28% (missense 15%, nonsense 13%)
AEE A sk 7P E3 f34 220019 ™. Point mu-
tation®] 7H¢ W3] dojihi= 4= exon 239 codon

2,150 Aoz oA gy,
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Frameshift mutation A &1 A E<0]9 ¢F 10
%% 243t} (small deletion 7.5%, small insertion 2.6
%, combination of insertion and deletion 0.1%)%". 18]
I 55 4 A9 °F 16—-17%7} small deletion®] 23|
ST * (Fig. 2).

6. Splice site mutation

AA F$ A 2.6%, 55 B oF 3.5-7%7} splice
site mutation®]] &J3 AT} (Fig. 2).

Vil 21Xt Al dofl 2ot 77X ol

VIII 912kl @A) (inhibitor) 7+ A71& 21 53 A g4}
o A= Y F 7P A EAE, T REE oF 2

AR oA AT A VI QA FHER S0
A 2 QS BES- 2o Q= AlghEoll ARl BAEh, S5 5%
off #AIGle] Bt 24% JEolA] WA 4= QLo 5 St
o) Aol 52% FE= FA A wwst A =Y.
FFo] v Aol @A S clS5a7]= ol HAN,
N HAF4 Alzolu & ol A Aol tist AEAAL
Fal Al 5 31509 Bt A A 913lo] 7P =0

27 gRbel A Aol Tt F714 Q1 HARE Alddehs
20l Bes'Y. &4 A= BIA (Bethesda inhibitor
assay) 2 sl1, 97}1= BU (Bethesda Unit) 2 3A|8Hc)
A7} 5 BU/mL vqke]™d A1 7F(ow titer), 5 BU/mL ©]
Aol 11997} (high titer) 21 2w, VIII A} $HES
Fogs v 5 BU/mL vjo 2 F2]5w Anks-(low res-
ponder), 5 BU/mL °]Jo] ¥ 14k (high responder)
olgta Fp.

A 2] 13 FEE VI A Edmo] Tk
o] Qe 50 VI @1} w4 o] 2gato] whaljx] 7 u}
27} vl2)= S0 (intron 22 inversion, large dele-
tion, nonsense mutation) 8] 7-- @2 A A ] 9ol
obA 71 RIE7} 35% ol VI Q1AF whaido] ke
T o I 7)ol ool AVl T =dWo] (mis-
sense mutation, small deletion) 8] Z-$-oll&= 1 $13o] W
obx 5% FEoltPV. A4 B¢ A Bdwlo] Z4zHg Ay
Heks o A A ] Bl&2 large deletion (41%), non-

sense mutation (31%), intron 22 inversion (21%), in-

(o oy =
ol

2

2

i

o

m

=

tron 1 inversion (17%), small deletion (16%), splice site
mutation (17%), missense mutation (5%) <O % HIlY]
Tt

A7 B e A Sl Al= VI IR} sFE=
SRS thAshs T4 A7 Et gleER vE
Wijo] sttt VIII 914 #4925 73] (bypass) sto] &
ol S 115 F8}7] 98te] aPCC (activated prothrombin
complex concentrates) Y rFVIla (recombinant activated
factor VID & F4& o Utk m=gh =] VIII IR} s5=
= A71A02 ol 7|7 Fojato] FAE glol= W, &2
F7HAR1 Y] oA so] AlLEE Il Qo o3| 1 A=}
o= oj#eel Wt
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