Zardbeszamolbd

Genetikai interakciok é a GAS6 szerepe az idoskori makuladegeneracio

patomechanizmusaban

Bevezetés

Az id6éskori makula degeneracido (AMD) az iddskori vaksag vezetd oka a fejlett orszagokban,
kilonoskeppen a .kaukazusi populaciokban. A betegség prevalenciaja a 85 év feletti
korcsoportban eléri a 15%-ot. (1) Az AMD multifaktoridlis betegség, melyet a retina
depozitumok (drusenek) megjelenése jellemez. Az eldrehaladott betegséget a pigment
epithelium Kiterjedt pusztuldsa (un. térképatrofia) vagy a szubretindlis neovaszkularizacios
membran megjelenése jellemzi. A betegség klinikai klasszifikacidjara tobb mddszer is
alkalmazhat6, ezek koziil az epidemioldgiai vizsgalatokra az egyszertien alkalmazhato
CARMS Kklasszifikacidé az egyik legalkalmasabb. (2) A neovascularisatioval jaré format
exudativ vagy nedves tipusnak, mig a neovascularisatios komponenst nem tartalmazé tipust
non-exudativ vagy szaraz formanak nevezziik. Habar a betegség etioldgiaja nagyrészt
ismeretlen, hatterében tébb rizikofaktort ismerink. Egyértelmiien fokozza a betegség
kockézatat a kaukazusi rassz, a doh&nyzas és az eletkor. A magas koleszterinszint, obezités,
tartds napfény-expozicid, kék irisz, oxidativ stressz, krénikus gyulladassal jar6 allapotok
koroki szerepével tobb kozlemény is foglalkozik, de az eredmények ellentmondasosak. (3) Az
elmult években szamos genetikai polimorfizmus koroki szerepére derilt fény. Ezek nagy
része a komplement rendszert alkotd, illetve annak szabdlyozdsidban résztvevd fehérjék
génjében taldlhatd és a komplement rendszer szabalyozési egyensulyanak felbomlasahoz
vezet. Szamos kozlemény tébb populdcioban bizonyitotta az AMD és a komplement faktor H
(CFH) Y402H aminosavcserét okozd polimorfizmusanak kapcsolatat, mely a homozigéta
genotipus és az elérehaladott betegségforma kozott a legerésebb. Egy nemrégiben megjelent
metaanalizis szerint az eurdpai eredetii populaciokban a polimorfizmus allélenként kétszeres
rizikét jelent. (4) A komplement rendszer mas génjeiben is talaltak betegségre hajlamositd
polimorfizmusokat. A komplement faktor 3 (C3) R102G polimorfizmusa (rs2230199)
heterozigota formaban 1,7-szeres, homozigota formaban 2,6-szoros kockazatndvekedést



jelent. (5) A komplement faktor I (CFI) a C3b-t inaktivalo proteolitikus enzim rs10033900
polimorfizmusanak szerepe ellentmondéasos, az irodalomban talalhatunk szerepe mellett és
ellen is bizonyitékokat. (6-7)

A komplement rendszer harom atvonalon keresztll aktivalodhat: a klasszikus, az

alternativ és a lektin utvonalakon. Mindharom esetben proteolitikus kaszkad vezet a
komplement rendszer kozponti molekuldjanak, a C3-nak az aktivalodasahoz. A szabad
plazmaproteint a komplement faktor B (B) koti meg, ezzel téve lehetdvé, hogy a komplement
faktor D a B-t Ba eés Bb alegységekre hasitsa. Ezzel jon létre a C3 konvertaz komplex
(C3bBb), melynek kialakulasat a komplement rendszer szamos eleme korlatozza. Az AMD
pathogenezis szempontjabdl legfontosabbak a CFH ¢és a CFL. A legjelentdsebb szolubilis
komplement regulator a CFH, mely a C3 konvertdz komplexet és a C3b-t gatolja. (8) Az
Y402H polimorfizmus befolyasolja CFH C-reaktiv protein koté képességét, a retinalis
pigment epithelium MAC (membrane attack complex) mennyiségét, és fokozott komplement
aktivalddashoz vezet. (9)
A CFH Y402H polimorfizmustdl fliggetlen, szoros kapcsolatot igazoltak az AMD kialakulasa
és a 10926 kromoszoma régidban talalhato LOC387715 jeli ismeretlen funkcidju fehérje
Ser69Ala (rs 10490924) polimorfizmusa kozott. A két gén hatadsa egymastdl fuggetlen és
additiv természeti. (10) Ugyanebben a kromoszéma régioban. A HTRA1 nevii szerin
AMD-hez. A LOC387715 és a HTRAL gének egymas szoros szomszédsagaban helyezkednek
el, és a szakirodalomban ma is parazs vita folyik arrol, hogy a két gen kdzil melyik jelent
valédi kockazatot az AMD kialakulasara. Habar az els6é kozlemények a LOC387715 szerepét
talaltdk a fontosabbnak, ma mar mindkét gén szerepére taldlunk meglehtésen nagy
mennyiségli evidenciat: a LOC387715 mRNS-e kevésbé stabil, a HTRAL mRNS szintje
megnd a mutacidk hatasara, a HTRA1 részt vesz a retinalis pigment epithelium altal szekretalt
¢s a komplement rendszer szabalyozasaban résztvevd fehérjék lebontasaban, az okularis
angiogenezis szabalyozasaban,de epidemioldgiai modszerekkel is azt bizonyitottak a két gén
egyuttes szerepét. (11) Ezen Kivil egerekben bizonyitottak, hogy a retinalis pigment epithel
sejtek fokozott HTRA1 termelése a Bruch membran lebomlasahoz vezet, mely
kulcsfontossagu 1épés az AMD pathogeneziseben.

A Growth Arrest-specific Gene 6 (GAS6) K-vitamin-fiiggé fehérje, melyet a
fehérvérsejtek és endothelsejtek szekretdlnak elsdsorban sériilések hatasara. A GAS6
nagymértékii szerkezeti hasonldsagot mutat a véralvadas szabalyozasdban fontos szerepet

bet6lté antikoagulans hatasu Protein S-sel. A fehérje és génje AMD-ben bet6ltott esetleges



szerepérdl eddig semmilyen informdciéval nem rendelkeziink. Ugyanakkor a fehérje szamos
olyan tulajdonsaggal rendelkezik, melyek alapjan az AMD pathomechanizmuséban is
szerepet jatszhat. A GAS6 fehérjének noOvekedesi faktor-szeri hatasat a tyrozin-kinaz
receptorain (Tyro3, Axl és Mer TK) keresztil fejti ki. Ezeken keresztil részt vesz az
angiogenezis, sejttalélés, apoptozis, proliferacio, migracidé és adhézié szabalyozasaban. A
GAS6 ¢.834 + 7GA polimorfizmusa csokkenti a stroke és az akut koronaria szindroma
kockazatat. (12, 13) Figyelemre méltd, hogy a GAS6 Mer TK recptora részt vesznek a
fotoreceptor kiilsé szegmentum pigment epithel sejtek altali fagocitozsaban. A Mer TK
knock-out egerekben teljes pigment epithel sejt degeneracio alakul ki 10 hetes korukra. (14)
Mindezek alapjan érdekesnek tartottuk megvizsgalni a GAS6 gén és a GAS6 receptorok
ismert gyakori polimorfizmusainak és az AMD kapcsolatat.

A lipid transzportban szerepet jatszé génekre elsésorban azért terel6dott a figyelem,
mert ismert, hogy a drusenben jelentds mennyiségii lipid halmozodik fel. Bizonyitottdk a
LIPC gén egyik polimorfizmusdnak koéroki szerepét, illetve az ApoE epszilon 2-3-4
alléljeinek kapcsolodasat a betegséghez. Ugyanakkor az ApoE allélek vizsgalata
ellentmondasos eredményeket szult. A legtobb kdzlemény a kaukazusi populacidban talalt
eredmények alapjan az E4 allél protektiv és az E2 allél rizikot ndveld hatasarol tudosit, de
taladlunk példat ennek forditottjara is. Ezért tartottuk fontosnak megvizsgalni, hogy a hazai
populacioban jelent-e fokozott vagy csokkent kockazatot valamely ApoE allél hordozésa. Egy
kordbbi debreceni tanulmanyban nem tudtak 6sszefliggést kimutatni az ApoE és az AMD
kozott, ugyanakkor feltlind volt, hogy a f6 szakirodalmi trenddel ellentétben az E4 allél a
betegekben, az E2 allél a kontrollokban volt felil reprezentalt. Ugyanebben a vizsgélatban a
CFH, LOC387715 és HTRAL homozigdta polimorfizmusok korai AMD-re vetitett kockazata
4.9-szeres (95% konfidencia intervallum [CI] 1.7-14.2), 7.4-szeres (95% CI 2.1-26.2) és
10.1-szeres (95% CI 2.5-40.8) volt. A kés6i AMD-ben ugyanez 10.7-szeres (95% CI 3.7-
31.0), 11.3-szeres (95% CI 3.2— 40.4) és 13.5-szeres (95% CI 3.3-55.4) kockazatnak adodott.
(15)
Munkank egyik célja annak vizsgalata volt, hogy az AMD ismert genetikai rizikd faktorai
milyen kockazatot jelentenek a hazai populdcioban. Nagyon érdekesnek talaltuk a kérdést,
hogy a GASG6 és receptorainak génjeiben 1évé gyakori polimorfizmusok jelentenek-e fokozott
vagy csokkent rizikot az AMD kialakuléasat tekintve. Emellett a véralvadas Xlll-as faktoranak
artérias és vénas trombodzisokban vitatott szerepet jatszd6 VAL34Leu esetleges kockazati
hatasat is vizsgalni kivantuk. A Val34Leu polimorfizmusa azért is volt szamunkra érdekes,

mert a fehérje a véralvadason kivil az angiogenezis szabalyozasaban is szerepet jatszik.



Betegek és Modszerek

Osszesen 386 egyént vontunk be az eset-kontroll vizsgélatba. 213 beteg nedves tipusl, 67
beteg szaraz tipusi makuladegenracioban szenvedett. A 106 kontroll semmilyen AMD-re
jellemzd makula eltérést nem mutatott. A betegeket a CARMS Kklasszifikacid szerint
osztalyoztuk. (2). Statisztikai adatelemzeés céljabol a betegeket szaraz és nedves tipusu
csoportba soroltuk a sulyosabban érintett szemik alapjan. A vizsgalathoz helyi Kutatasetikai
Bizottsagi engedéllyel rendelkeztiink. A vizsgalatok soran a Helsinki Deklaracio iranyelveit
maradéktalanul betartottuk. A vizsgélatba a 2005 és 2011 kozott ambuldns rendelésen
megjelend AMD-ben szenvedd betegeket vontunk be, részletes betegtajékoztatas ¢és
beleegyezd nyilatkozat alairds utan. A kontrollokat a fénytorési hiba (leggyakrabban
presbyopia) miatt jelentkezd iddskora populaciobdl valasztottuk tgy, hogy ¢letkoruk
minimum 75 év legyen, igy biztositva, hogy életkoruk a betegek atlagéletkorat meghaladia,
illetve minél kisebb eséllyel keriiljenek a késébbiekben a betegség tiineteit mutatd egyének a
kontroll csoportba. A betegekrdl szines fundusfotd és fluoreszcein angiografia késziilt. A
betegeket és kontrollokat két vizsgald egybehangzo véleménye alapjan soroltuk csoportba. A
betegektdl és kontrolloktdl a konydkvénabol vettiink vért, melyet koddal lattunk el és igy
juttattunk el a genetikai vizsgalatot végzd laboratoriumba. A vizsgalatba bevont egyének
kérddivet toltottek ki, melyen a belgyodgyaszati betegségekre, dohdnyzéasi szokasokra,
munkahelyre, testmagassagra és testtdmegre, vonatkozd kérdesek alltak. A dohanyzast
dobozévben mértiik, ahol napi 1 doboz cigaretta egy évan at torténd fogyasztasa jelentett 1
dobozév mennyiséget. A genetikai vizsgalati modszerek tekintetében utalunk korabbi
kdzleményekre (5, 6, 12, 15)

Statisztikai elemzeés

A kontroll csoport genotipus eloszlasanak Hardy-Weinberg egyenstlyat a genotipus
kilonbségek Chi-négyzet probajaval vizsgalatuk. A folyamatos valtozdkat a Student-féle T-
teszttel elemeztiik. A kiilonb6z6 genotipusokhoz tartozo relativ kockazatot esélyhanyadosként
adtuk meg (odds ratio, OR) és logisztikus regresszi6 modszerével vizsgaltuk. A
polimorfizmusokat alacsony rizikdju (vad tipus és heterozigbta) és magas rizikoju
(homozigota) csoportositasban vizsgalatuk, mert a hazai populaciot vizsgald korabbi
kdzlemény lényegesen nagyobb esélyhanyadosokat irt le a homozigdta polimorfizmusok

esetén, mint a heterozigota formaknal. (Az egyes polimorfizmusok egymastol fliggd hatasat



interakcid vizsgalattal alogisztikus modellben  azonostiottuk. Az elemzést hamisan
befolyasold faktornak az életkort, cataracta miitétet, kiiltéri munkat, dohdnyzast, nemet,
testtomeg indexet tekintettik. A statisztikai elemzés soran az AMD kialakulasat potencialisan

befolyasolo faktorokra korrigaltunk.

Eredmények
. , . nedves
Tulajdonsag szaraz AMD AMD Kontrollok p
N=67 N=213 N=106

N6k N (%) 34 (50.7) 125 (58.7) 53 (50.0)  0,2569
Férfiak N (%) 33 (49.3) 88 (41.3) 53 (50.0)  0,2569
Kor (év, atlag+SD) 75.4 (11.5)  76.0(7.3) 79.1(6.1)  0,0047
CEMETZZES (g%t)’ozev' atlagt 450 (01) 11.2(19.8) 114 (219) 07601
BMI (atlag+SD) 27.3 (4.5) 27.3(4.4) 276 (4.7) 0,8306
Hypertonia N (%) 45 (67.2) 159 (75.0) 81(79.4)  0,2135
MVT N (%) 7 (10.4) 15(7.1) 15(14.9)  0,0928
AMI N (%) 6 (9.0) 19 (9.0 7(7.4) 0,9054
kiiltéri szakma N (%) 22 (32.8) 39 (18.5) 38(38.4)  0,0004
Cataracta miitét N (%) 21 (31.3) 48 (22.6) 73(70.2)  0,0000

1. Tablazat: A vizsgalt populécié tulajdonsagai

A vizsgalt populacio karakterisztikaja lathatd a fenti tablazatban. Osszesen 280 beteget és 106
kontrollt vontunk be a vizsgalatba. A betegség fenotipusa szerint a betegeket szaraz (67 beteg)
és nedves (213 beteg) tipusi AMD alcsoportokba soroltuk. A nedves formaba tartozoknal
enyhe néi dominancia volt észlelhetd, ami megfelel az Eurdpdban tapasztalhatdé nemi
megoszlasnak. A kontrollokat a kor befolyasold hatdsanak kiiktatasa céljabol a betegektdl
idésebbnek valasztottuk meg. Nem volt statisztikailag szignifikdnsan kimutathaté eltérés
betegek és kontrollok kozo6tt a hypertonia, mélyvénas trombozis, szivinfarktus, dohanyzas és
testtomeg index tekintetében. A cataracta miitét kontrollokban lathatdé magas aranyat az
magyaradzza, hogy ebben az ¢letkorban legféképpen cararacta miatt keresik fel a szemészetet.
A kiiltéri munka ¢és a kovetkezményes UV terhelés magasabb aranya pedig valoszinilileg a
cataracta magasabb aranyaval fligg 6ssze.

A populécié genotipus és allél eloszlasat az alabbi tablazatokban foglaltuk dssze. A
mintaszamot minden vizsgalatra kiilon megadjuk. A kontroll csoport egyedul a LOC387715-
HTRAL esetében tért el a Hardy-Weinberg eloszlastol. Ismert, hogy ez a két gén nagyon
szoros kapcsoltsagban helyezkedik el a 10926 kromoszéma régioban, ami megmagyarazza az
eltérést. A minor (rizikot okozé allél) a kontrollokban altaldban alul reprezentélt volt, ez aldl
Kivételt képezett a CFI, a GAS6, az ApoE és két GAS6 receptor polimorfizmusa.



Genotipus n Gyakorisag

ApoE 3/3 71 0,67
3/4 + 4/4 16 0,15
213 +2/2 17 0,16
2/4 2 0,02
- toa 1208600
CFH p.Y402H / rs1410996 TT 42,00 0,40
TC 51,00 0,49
CcC 11,00 0,11

LOC387715 p.A69S / rs10490924

GG 49,00 0,47

GT 50,00 0,48

TT 5,00 0,05

HTRA1 rs11200638 TT 50,00 0,48
TC 50,00 0,48

cC 4,00 0,04

C3 p.R102G / rs2230199 CcC 66,00 0,62
CG 37,00 0,35

GG 3,00 0,03

CFI rs10033900 cC 19,00 0,18

CT 56,00 0,53

TT 31,00 0,29

FXIIl p.Val34Leu rs5985 GG 48,00 0,45
GT 47,00 0,44

TT 11,00 0,10

GASG6rs8191974 / ¢.834+7G>A GG 36,00 0,35
GA 55,00 0,53

AA 13,00 0,13

Mertk I1a rs86016 GG 37,00 0,36
GA 51 0,49

AA 16 0,15

Mertk 11b rs17835605 CcC 60,00 0,57
CT 39,00 0,37

TT 6,00 0,06

Mertk I1c rs10496440 AA 91,00 0,87
AC 14,00 0,13

cC 0,00 0,00

Mertk 14 rs7573344 AA 69,00 0,66
AG 33,00 0,31

GG 3,00 0,03

2. Tablazat: A kontrollok genotipuseloszlasa



ApoE

CFH p.Y402H / rs1410996

LOC387715 p.A69S / rs10490924

HTRA1 rs11200638

C3 p.R102G / rs2230199

CFI rs10033900

FXI p.Val34Leu rs5985

GASG6 rs8191974 / ¢.834+7G>A

Mertk 11a rs86016

Mertk 11b rs17835605

Mertk l11c rs10496440

Mertk 14 rs7573344

Genotipus

3/3

3/4 + 4/4
213 + 212

2/4
total

TT

TC

CcC
total

GG
GT
TT
total
TT
TC
CcC
total
CcC
CG
GG
total
CcC
CT
TT
total
GG
GT
TT
total
GG
GA
AA
total
GG
GA
AA
total
CcC
CT
TT
total
AA
AC
CcC
total
AA
AG
GG
total

n

23
24
20
67

25
31
11
67
25
31
10
66
34
28
4
66
16
32
17
65
39
25
3
67
27
28
10
65
25
30
9
64
40
15
10
65
60
5
0
65
45
19
0
64

3.Tablazat: A betegek genotipuseloszlasa

szaraz AMD
gyakorisag
0,73
0,16
0,10
0,00

0,34
0,36
0,30

0,37
0,46
0,16

0,38
0,47
0,15

0,52
0,42
0,06

0,25
0,49
0,26

0,58
0,37
0,04

0,42
0,43
0,15

0,39
0,47
0,14

0,62
0,23
0,15

0,92
0,08
0,00

0,70
0,30
0,00

n
148
34
24
4
210

35

89

80
204

45
95
71
211
47
94
69
210
118
81
10
209
45
110
56
211
118
73
20
211
96
89
21
206
76
97
33
206
129
65
15
209
179
31

211
149
56

209

nedves AMD
gyakorisag
0,70
0,16
0,11
0,02

0,17
0,44
0,39

0,21
0,45
0,34

0,22
0,45
0,33

0,56
0,39
0,05

0,21
0,52
0,27

0,56
0,35
0,09

0,47
0,43
0,10

0,37
0,47
0,16

0,62
0,31
0,07

0,85
0,15
0,00

0,71
0,27
0,02

n
197
45
31
4
277

58
113
100
271

70
126
82
278
72
125
79
276
152
109
14
275
61
142
73
276
157
98
23
278
123
117
31
271
101
127
42
270
169
80
25
274
239
36

276
194
75

273

0sszes AMD
gyakorisag
0,71
0,16
0,11
0,01

0,21
0,42
0,37

0,25
0,45
0,29

0,26
0,45
0,29

0,55
0,40
0,05

0,22
0,51
0,26

0,56
0,35
0,08

0,45
0,43
0,11

0,37
0,47
0,16

0,62
0,29
0,09

0,87
0,13
0,00

0,71
0,27
0,01



Allele Dry AMD Wet AMD Controls

ApoE E2 0.06 0.07 0.09

E3 0.86 0.84 0.82

E4 0.08 0.09 0.09

CFH p.Y402H / rs1410996 T 0.52 0.39 0.65
C 0.48 0.61 0.35

LOC387715 p.A69S / rs10490924 G 0.6 0.53 0.71
T 0.4 0.47 0.29

HTRA1 rs11200638 T 0.61 0.45 0.72

C 0.39 0.55 0.28

C3 p.R102G / rs2230199 C 0.73 0.76 0.8
G 0.27 0.24 0.2

CFI rs10033900 C 0.49 0.47 0.44

T 0.51 0.53 0.56

FXIll p.Val34Leu rs5985 G 0.77 0.73 0.67
T 0.23 0.27 0.33

GAS6 rs8191974 / ¢.834+7G>A G 0.63 0.68 0.62
A 0.37 0.32 0.38

Mertk I1a rs86016 G 0.62 0.61 0.6

A 0.38 0.39 0.4

Mertk I1b rs17835605 C 0.72 0.77 0.75

T 0.28 0.23 0.25

Mertk l1c rs10496440 A 0.96 0.92 0.93

C 0.04 0.08 0.07

Mertk 14 rs7573344 A 0.81 0.85 0.81

G 0.19 0.15 0.19

Az alabbi polimorfizmusok esetén nem tudtuk igazolni az AMD-re gyakorolt hatast:

5. Tablazat: AMD-val kapcsoltsdgot nem mutaté polimorfizmusok

0sszehasonlitott

genotipusok OR (95%Cl) p

ApoE 3/4+4/4 vs 33 1.01 (0.54; 1.91) 0,9665

2/3+2/2 vs 3/3 0.66 (0.34; 1.26) 0,2062

CFI rs10033900 cC vs CT+TT 1.30 (0.73; 2.30) 0,3699

cC Vs TT 1.36 (0.70; 2.65) 0,3607

FXIII p.Val34Leu rs5985 GT Vs GG 0.64 (0.40; 1.03) 0,0690

TT VS GG 0.64 (0.29; 1.41) 0,2657

Mertk 11a rs86016 GA + AA vs GG 0.92 (0.58; 1.48) 0,7424

AA S GG 0.96 (0.48; 1.91) 0,9113

Mertk I1b rs17835605 TT vs CC+CT 1.66 (0.66; 4.18) 0,2789

TT VS cC 1.48 (0.58; 3.78) 0,4135

Mertk 11c rs10496440 AC Vs AA 0.98 (0.50; 1.90) 0,9502
CcC Vs AA NA (shortage of CC genotype)

Mertk 14 rs7573344 AG + GG vs AA 0.78 (0.48; 1.26) 0,3120

GG VS AA 0.47 (0.10; 2.17) 0,3367

4. Tablazat: A vizsgalt polimorfizmusok allélfrekvenciai

A teljes AMD populéciéban a CFH és a HTRA1 polimorfizmusok jelentds koclazatot
jelentettek (OR=5.3, 95%CI: 2.5-11.5, p<0.0001, and OR=9.8, 95%CI: 3.3-29.5, p<0.0001).

A GAS6 polimorfizmusa a teljes populacioban nem volt szignifikans hatassal a betegség



kialakulasara, habar az alacsony esélyhanyados protektiv hatasra utalt (OR=0.59, 95%CI:
0.33-1.06, p=0.077).

dry type AMD wet type AMD
HTRA1: wild /het ;
CFH:\’:\:iId?y?peeflfefer?ozzyy?gog':s_ e o gy
HTRA1:wildtggﬁ':hﬁ;er:’]oozgyggoouj;_ el Pa
C3 r82230199 HTRA1: homozygous; |
CFH: wild typefheterozygous |~ © [ —®—
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C3: heterofhomozygous i ——
C3: wild type - _ p——p——i
HTRA1 rs11200638
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Gas6 rs8191974 all subjects | o
T T T T T 7T T T T T T T LI T T T
01 .05.2512 5 20 100500 .01 .05 .2.512 5 20 100300
QOdds Ratio

A fenti adbrdn a széraz és nedves AMD Kkialakuldsara hatassal bird polimorfizmusok
eselyhanyadosai lathatdak. Kiemelendd, hogy a LOC387715 és a HTRAI polimorfizmus
szoros kapcsoltsdga miatt a kolcsonhatdsok statisztika elemzésekor csak a HTRAL
polimorfizmust vizsgaltuk. A heterozigéta/lhomozgéta C3 polimorfizmus a vad tipussal
szemben jelentds kockazatot jelentett a szaraz AMD kialakulasara abban az esetben, ha nem
volt jelen homozigéta CFH és HTRAL polimorfizmus (OR=4.93, 95%CI: 1.98-12.25,
p=0.0006). Az eredmény forditva is igaz volt: vad tipust C3 esetében mind a CFH, mind a
HTRALI jelent6s esélyhanyadossal birt a szaraz AMD csoportjaban (OR=7.96, 95%CI: 2.39-
26.50, p=0.0007, és OR=36.02, 95%Cl: 3.30-393.02, p=0.0033). A nedves AMD
csoportjaban a CFH és a HTRA1 mas genotipustol fiiggetleniil is jelentds kockdzati tényezdk
voltak, mig a GAS6 polimorfizmusa szignifikans protektiv hatast mutatott a nedves AMD
kialakulasaval szemben (OR=0.50, 95%CI: 0.26-0.97, p=0.04). A C3 hatasat a nedves

csoportban nem tudtuk igazolni.

Konkluzié
Vizsgalatunkban az idéskori makuladegeneracié kialakuldsara nézve fokozott kockézatot
jelenté kornyezeti és genetikai hatasokat vizsgalatuk eset-kontroll tanulmény keretében. A

szakirodalom egyOntetii adataival ellentétben nem talaltunk Osszefligést a dohanyzés és a



betegség kialakulasa kozott. Ennek oka tobbrétii lehet. Egyrészt a dohanyzast sokan
szégyellik, ezért nem lehetink biztosak a valaszok 100%-os &szinteségében, masrészrél a
hazai dohanyzasi szokasok eltérhetnek a mas orszagokban tapasztaltaktdl, harmadrészt
elképzelhetd, hogy a vizsgdlatunk nem rendelkezett megfeleld statisztikai erdvel az
Osszefiiggés kimutatdsdhoz. Ezt a negativ eredményt ezért semmiképp sem tekinthetjik a
dohanyzas koroki szerepét megkérddjelezd eredménynek.

Vizsgalatunkban igazoltuk, hogy az idéskori makuladegeneracio ismert rizikofaktorai a hazai
populécidban is jelentds kockazatnoveld hatdssal birnak a betegség kialakulasara nézve.
Ugyanakkor nem tudtuk igazolni a CFI polimorfizmus egyébként is vitatott hatasat, ami arra
utal, hogy a polimorfizmusnak vagy valéban nincs hatasa a betegségre, vagy pedig az ismert
erds rizikofaktorokhoz képest annyira kis merték hatassal bir, hogy vizsgalatunkban azt nem
tudtuk detektalni. Nagyon érdekes eredménye a vizsgalatnak, hogy a C3 polimorfizmusat
csak a szdraz AMD-ben szenved6 betegesoportban és az erds rizikofaktorokkal interakcioban
tudtuk detektalni. A C3 polimorfizmusanak elsésorban a nedves formaban van ismert és
enyhe hatasa a kaukazusi populécidban, de az azsiai populaciokban hatasat igazolni nem
tudtak a riziké allél alacsony eléfordulasi aranya miatt. (16,17) A hazai populacidban
detektalhatd interakcidnak oka lehet, hogy a C3 a komplement rendszer kdzponti molekul3ja,
melyre mindharom komplement aktivacios Gtvonal konvergal, igy az Gtvonalak szabalyozasi
egyensulyanak felborulasa végeredményben a C3 fokozott aktivacitjahoz vezet. Igy
elképzelhetd, hogy ezek a polimorfizmusok €és a C3 polimorfizmusa kozott valodi biologiai
interakcio is kialakuljon. Ennek eldontésére a késébbiekben funkcionalis vizsgalatok és
tovabbi epidemioldgiai vizsgalatok szlkségesek. A vizsgalatunk masik Ujdonsaga, hogy
igazoltuk, hogy az AMD pathomechanizmusaban eddig ismeretlen GAS6 gén egyik
polimorfizmusa protektiv hatassal bir a nedves AMD Kkialakulasara. A polimorfizmus
kardiovaszkularis betegségek ellen is véd, ennek ellenére az eredmény meglepd, és a
kardiovaszkuélaris betegségek és az AMD kapcsoltsagat erdsiti. Amennyiben biologiai hatést
keresiink a jelenség mogott, az id6skori makuladegeneracié pathomechanizmuséban
valoszinlileg az apoptozist ¢és angiogenezist szabalyoz6 hatasai révén vesz részt.
Eredményeink kozott a C3 interkacios hatdsa és a GAS6 protektiv hatasa tekinthetd teljesen
Uj, eddig ismeretlen eredménynek. Ezek megerdsitése mas populdcidkban ¢és a
polimorfizmusok hatasanak funkcionalis vizsgalata kozelebb vihet bennlinket az AMD
pathomechanizmusanak megértésehez, a feherjék interakciojanak pontossabb feltarasahoz.
Negativ eredménylink is volt sajnos: nem sikeriilt kozo6lhetd eredményt produkalnunk a

nedves tipusi AMD kezelésének hatékonysdga és a genetikai polimorfizmusok kozotti
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Osszefiiggésrol. Az ApoE polimorfizmusok 6 honapnal mért hatdsukat a 12 honapos kovetési
idénél elvesztették, illetva a tobbi polimorfizmus nem mutatott Osszefiiggést a kezelés

hatékonysagaval. Eredmeényeinket a PlosOne folyoirathoz kildtiik be, a biralok valaszait

varjuk.
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Vilagossejtes veserak kialakulésa egy tizenétéves VHL szindromaban

szenvedo6 filban — 4 0j VHL mutéacié a hazai populacioban

Munkank maésik 4gan a von Hippel-Lindau betegség genetikai hatterét vizsgaltuk. A VHL
betegség autoszomalis dominans 6roklésmeneti tumor szindroma, mely becslések szerint 1
embert érint minden 36.000-b6l. A betegség kozponti idegrendszeri hemangioblasztomara,
vilagossejtes veserdkra, feokromocitomara, endokrin pankreasz tumorra endolimfatikus
tumorokra, és tébb mas, kevésbé gyakori dagantos megbetegedésre hajlamosit. A betegséeg I.
tipusat alacsony, Il-es tipusat magas feokromocitoma rizikd jellemzi. lla tipusban az imsert
manifesztaciok mellett alacsony, 11B tipusban magas a veserak kockazata. llc tipusban csak
feokromocitoma forul el6. A betegek altaldban egy VHL mutacié 6rokdlnek és az érintett
szervekben az egészseges VHL allél elvesztése kdvetkeztében alakul ki daganat (1-2). A VHL
fehérje tobb fehérjéhez tud kapcsolodni. Ezek az Elongin C, Elongin B, HIF-1alpha, Cullin2,
Rbx, p53 és fehérjék ubiquitin medialta lebontdsaban vesz részt szubsztrat felismerd
elemként. Egyik legfontosabb feladata a sejt oxigénérzékeld rendszerében betdltott szerepe:
normoxias korilmények kozott a HIF-lalpha megkotésével annak ubiquitin medialta
proteolitikus lebontaséért felel (3). A VHL fehérje két funkcionalis szubdoménbdl all. A béta
domén (as. 63-154) a HIF-1lalpha megkdotéséért felel, mig az alfa domén az Elongin B és C
kotdhelye (4). A betegséget okozd misszensz mutaciok tobbsége a két kothely valamelyikét
érinti. A VHL betegség hatterében tobb mint 800 genetikai eltérest igazoltak mar (5-7). A
genotipus-fenotipus 6sszefliggésket mégsem ismerjik tokéletesen, aminek tobb oka van: 1.
kozlés pillanatdban nem lehet tudni, hogy a késdbbiekben a kozolt esetekben esetleg milyen
manifesztacidk jelentkeznek majd, 2. kdzlemények utdélag nem maddosithatok, 3. a betegek
esetleg kikeriilnek az addigi vizsgalatokat végzd intézménybdl, 4. ugyanazon ivarsejt-eredetii
mutaciohoz eltérd életkorban jelentkezd €s eltérd manifesztaciok is tarsulnak a kiilonbozo
csaladokban, 5. nem ismert, hogy a tumorok kialakulasat miként befolyasoljak a szomatikus
mutaciok. Mindezek miatt nehéz a genetikai statuszbol a betegség lefolyasara vonatkozd
pontos eldrejelzést adni, ugyanakkor a sajat beteganyagunk es a koradbban kdzolt esetek
feldolgozasakor talalhatunk olyan 6sszefliggeseket, melyek segitenek a genotipus-fenotipus
Osszefiiggés megismerésében €s hasznalhatoak a betegség szovodményeinek predikcidjahoz,

illetve legfoképp a betegség szlirévizsgalatainka személyre szabasahoz.
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Betegek és médszerek

A VHL csaladok vizsgalata sordn 5 csalad 7 tagjaban azonositottunk VHL gént érintd
mutaciot. A VHL gént 50 egészséges egyénben is megszekvenaltuk. A betegek részletes
szemészeti vizsgalaton estek at, mely magaban foglalta a pupillatagitas melletti fundusfoto
készitést és sziikség esetén a fluoreszcein angiographiat. A belgydgyaszati viszgalatokat a
DEOEC Ritka Betegségek Tanszéke koordinalta. Hasi ultrahang és MRI, koponya és gerinc
MRI valamint laboratoriumi vizsgalatok torténtek, a VHL szlir6vizsgalati protokolljaval
Osszhangban (2,8,33,34). A vizsgalatok a Helsinki Nyilatkozattal 6sszhangban, irasos

beleegyezd nyilatkozat aldirasa utan, a helyi Etikai Bizottsag engedélyével torténtek.

Genetikai  modszerek, SIFT analizis, evoluciés konzervaltsag analizise,

molekulamodellezés

A genetikai vizsgalatok modszertana tekinteteben a mellékelt kézirat idevago fejezetére
hivatkozunk Az egyes aminosavak evollcios konzervaltsagat a Constraint-based Multiple
Alignment Tool (COBALT) on-line fellletén vegeztik el (9). A misszensz mutécié hatdsanak
predikcidjat on-line, a Craig Venter Institute SIFT eszkdzével végeztik (http:/sift.jcvi.org/).

A SIFT analizis els6sorban az aminosavak konzervaltasagi foka alapjan josolja meg a
mutaciok fehérje funkciot érinté kovetkezményét. (10) SIFT analizisiink soran nemcsak a
sajat populacionk misszensz mutacidjat, hanem az 6rokletes VHL betegségben eddig leirt
minden aminosavcserét okoz6 mutaciokat is megvizsgaltuk. Ezzel arra kerestik a vélaszt,
hogy az l-es és ll-es tipusu betegséget okozd mutacok kozott mutatkozik-e kiuldonbseg a
fehérje funkcidra kifejtett hatds tekintetében. 33 I-es és 33 Il-es tipust okozd, Gsszesen 66
mutaciot vizsgaltunk.

Az N78Y mutécidé hatdsat VHL-HIF-lalpha-Elongin C komplex térszerkezetére in silico
modelleztik annak ismert geomertriai koordinataib6l kiindulva (11). A modellezés

részleteinek tekintetében utalunk a mellékelt kézirat idevago fejezetére (12-16).

Eredmények

Az 5 fluggetlen csalad 7 I-es tipusit VHL szindromaban szenved6 tagjanak genetikai analizise

soran 4 Uj és egy korabban kdzolt VHL gén mutaciot talaltunk. Egyik mutaciot sem talaltuk
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meg az 50 egészséges egyén 100 alléljének molekularis genetikai vizsgalatakor. A betegek
Klinikai és genetikai adatait az alabbi tablazatban 0sszegezzik.

CNs ) | VHL varsejt mutacio
Csalad Betegek RCC HB Phaeo | RA | Egyéb manifesztacio fenotipus sﬁr:g?g feh;ar{g:;g!tu
A P 15 - - 15 1 c.163G>T p.Glu55X
B P - 48 - 48 1 C.232A>T p.Asn78Tyr
Brother - 45 - 45 1 C.232A>T p.Asn78Tyr
IP 14 - 12 1 C.340+1G>A p.Gly114AspfsX6
¢ Father bilgttral 34 - 38 - 1 C.340+1G>A p.Gly114AspfsX6
P 25 25 - - - 1 ¢.555C>A p.Tyr185X
E P - 41 - 41 - 1 ¢.583C>T p.195GInX

1. Téblazat. A VHL szindroméban szenvedd betegek klinikai és genetikai adatai. RCC:
vilagossejtes veserak, CNS HB: kozponti idegrendszeri hemangioblasztoma, RA:

retinalis angioma.

Az A jell csalad két egészséges sziilobdl és I-es tipusi VHL betegségben szenvedd 15 éves
fiukbdl allt. A betegnek kétoldali retina angioma miatt szerozus retinalevélasa volt. A VHL
irdnyu Kkivizsgalas soran hasi ultrahanggal a bal vesében 18 mm-es a jobb vesében 10 mm-es
terimét talaltak. Az elvégzett kontrasztos MRI vizsgalat idegenszdvetre gyanus terimét irt le
mindkét oldalon. A hasi miitét soran eltavlitott tumorok szdvettani feldolgozasa vilagossejtes
veserakot igazolt. A betegben a ¢.163G>T azonnali trunkaciét okozd borostydn nonszensz
mutaciot (p.55GluX) igazoltuk. A paciens szlleiben nem sikeriilt a mutaciét kimutatni, ami
de novo mutaciora utal.

A B jelli csalad fia és lany testvérparjaban a p.Asn78Tyr aminosavcserét okozo eddig
ismeretlen mutécidt (c.232A>T) talaltuk. A csalad felmendiben ismert volt a VHL betegség.
A lanytestvérnél 48 éves koraban egyoldali retina angiémat és MRI segitsegével mindket
testvérnél cerebellaris hemangioblasztomat diagnosztizaltunk. A betegség mas
manifesztacidjat nem tudtuk igazolni.

A C csalad két sziilébdl és két lanygyermekiikbdl all. Az egyik gyermenél 12 éves koraban
retina angiomat taldltunk, majd a rendszeres sziirOvizsgalatok soran 14 éves koraban
gerincvel6i hemangioblasztomat fedeztiink fel. Erdekes, hogy a 34 éves édesapja tiinetmentes
volt, de a VHL Kkivizsgalas soran kétoldali vilagossejtes veserakot valamint gerincveldi és
Kisagyi hemangioblasztémat diagnosztizaltunk. A két érintett csalddtagban a VHL gén 1.
intronjanak donor helyét érintd splice mutaciot (€.340+1G>A) talatunk. A maésik gyermek és

az édesanya esetében sem VHL manifesztaciot, sem VHL gén mutaciot nem tudtunk
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kimutatni. A mutaci6 minden bizonnyal az els6 exon-intron hatar splicing helyének
elveszitésehez, olvasési keret eltolodadshoz és korai fehérje terminédciéhoz vezet
(p.Gly114AspfsX6).

A D csalddban egyetlen paciens volt elérhetd a vizsgalatokra, hozzatartozoja nem volt.
Edesapja évekkel kordbban kozponti idegrendszeri daganat kovetkeztében hunyt el, mely
valoszintileg VHL szindroma koévetkezménye volt. A betegnél kdzponti idegrendszeri
hemangioblasztomat és vilagossejtes veserakot diagnosztizaltunk. A VHL génben a 185.
aminosavnal kozvetlen trunkacidt okozo mutéciot taldltunk (c.555C>A, p.185TyrX). A
genetikai mutécié eddig nem kerllt kozlésre, de a 185. aminosavnél trunkaciot okozd
mutaciokat kordbban mar leirtak (18,6,30).

Az E csalad egyetlen érintett tagjaban a mar ismert ¢.583C>T protein trunkaciot (p.195GInX)
okoz6 mutaciot talaltuk. Erdekes, hogy ezt a mutéciot I-es és ll-es tipust VHL betegségben is
leirtak (18,19, 23).

SIFT analizis, konzervaltsagi fok analizis

Az orokletes VHL betegségben eddig kozolt misszensz mutaciok dontd tobbsége a SIFT
analizissel a fehérje funkcidra karosnak bizonyult. Ugyanakkor az I-es tipusban a mutaciok
18%-a, a ll-es tipusban a mutacidk 35%-a a fehérjefunkcido szempontjabdl toleralhaténak
adodott (Fisher's exact test, p=0.048). Megjegyzendd, hogy a toleralhatd mutaciok
legalacsonyabb aranyét, 11%-ot, a vilagossejtes veserakkal szov6dott I-es tipusban taléltuk.

Az alabbi abran a 78. helyen 1év6 Asn aminosav magas evoliicids konzervaltsagat lathatjuk.

omo Sapiens 58 RPRPVLRSVNSREPSQVIFCNRSPRVVLPVWULNFDGEPQPY 93
ongo pygmeaus 58 RPRPVLRSVNSREPSQVIFCNRSPRVVLPVWULNFDGEPQPY 98
attus norvegicus 24 RPRPVLRSVNSREPSQVIFCNRSPRVVLPLWLNFDGEPQPY 64
us musculus 24 RPRPVLRSVNSREPSQVIFCNRSPRVVLPLULNFDGEPQPY 64
anis familiaris 59 -PRPVLRSVNScEPSQVIFCNRSPRVVLPVWLNFDGEPQPY 98
enopus tropicalis 12 —--PgLRSENSROQPvQVVFCNRStReVgqPIWUVNFQGDPQSY 49

1. abra. Az Asn 78 aminosav filogenetikailag konzervalt.
A SIFT analizis a 78 aminosavat érintd jelenlegi és 0sszes korabban kozolt aminosaveserét
karosnak jelzett: ebben a pozicidban a tirozin, hisztidin, izoleucin és szerin és treonin 0,0,0,
0.03 és 0.04-es SIFT értékeket mutatott. Minden SIFT analizis 3,25-6s atlagos konzervaltsagi

érték alatt volt ami a vizsgalatok megbizhatosagat igazolta.

Az Asn78Tyr aminosavcsere hatdsa a fehérje térszerkezetére
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Az altalunk vizsgalt idokeretben a vad tipusat VHL-HIFlalpha-Elongin C komplex
térszerkezete rendkivill stabilnak bizonyult, amit az analizis elsd és utolsd képkockait
megjelenito 2-es abra A és B részabraja mutat. Az Asn78Tyr aminosavcsere azonban a VHL
fehérjeben a 77-83-as hurkot jelentésen deformalja. Ez a hurkot stabilizal6 Asn78.Arg82 H-
kotés felbomlasabdl is latszik, melyet a tirozin aszparaginhoz képest joval nagyobb oldallanca
magyarazhat. Ez a deformécié a Thr100-Arg107 hurok deforméciojat okozza (piros nyil),
mely végil a VHL-HIF1-alpha interakci6 felbomlasahoz vezet (zéld nyil). Erdekes, hogy
habar az Elongin CArg82-Phe93 hurokjat is érinti a deforméacio, ennek a két fehérjének a

kapcsolata a vizsgalat alatt megmaradt.

2. abra. Az Asn78Tyr aminsavcsere hatdsa a VHL-HIFlalpha-ElonginC komplexre. A:
vad tipus, kezdeti konformacio, B: vad tipus, vizsgalati periodus idészakanak végén
mért konforméacid, C: a mutans fehérje konformacioja az analizis idokeretének végén.
A piros nyil a Thr100-Arg107 hurok deformécidjat, a z6ld nyil a VHL-HIFlaplha
disszociaciojat mutatja.

Diszkusszio

Ot csalad 7 tagjaban igazoltunk I-es tipusi VHL betegséget az iranyelveknek megfeleld
szemészeti, képalkot6 és laboratdrimui vizsgalatok alapjan. Genetiaki vizsgalatok soran 4 (j
és egy korabban leirt VHL gén pontmutacio talaltunk. A jelen és egy koradbbi kozlés szerint
Magyarorszagon 12 VHL betegséggel érintett csalad van (32). A nonszensz, misszensz,
kereteltolodasi és trunkacidhoz vezeté mutaciok aranya a nemzetkdzi adatokhotz hasonlatos,
attol jelentGs eltérést nem mutat (7). A ¢.232A>T (p.Asn78Tyr) Uj mutacio I-es tipusi VHL
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betegséget okozott. A 78-as tirozin filogenetikailag konzervalt, amit szekvencia
Osszahasonlitissal és SIFT analizissel is bizonyitottunk. Eszerint az aminosav a fehérje
szerekezet és funkcidja szempontjabdl fontos szerepet tolt be és mutacioi térszerkezet
valtozashoz és funkcidvesztéshez vezehetnek. Ebben a poziciéban mas mutéciokat (His, Ser,
Thr, lle) mar leirtak aVHL betegség hatterében és a mi esetiinkhdz hasonléan I-es tipusd
VHL betegséggel tarsultak (17-24). A 78-as pozicidoban 1évé aszparagin a VHL fehérje béta
domén mélyén helyezkedik el. Az itt eléforduldé mutaciok altalaban I-es tipusd VHL
betegseget okoznak, mig a fehérje felszini mutaciok ettél nagyon gyakorisaggal okoznak
feokromocitomat (23). Vilagossejtes veserak nem tarsult esetlinkben a p.Asn78Tyr
mutacidhoz, ugyanakkor ebben a pozicidban tobb mutaciéval kapcsolatban is lerirtdk mar
(17-24). Egy maésik kozleményben azt talaltdk, hogy a 74-90. aminosav pozicié kozés esd
mutaciok nagy esellyel okoznak vilagossejtes veserakot (18). A p.Asn78Tyr aminosavcsere
hatasat molekulamodellezéssel vizsgaltuk. Az Asn78 oldallanca annak a huroknak a f6
stabilizal6 ereje, amelyben elhelyezkedik. a 78-82 H-kdtés felbomlasa destabilizalja ezt a
hurkot, amiben a nagy tirozin oldallancnak is komoly szerep jut (2.abra). A mutacio
legjelentdsebb hatasa, hogy a VHL-HIFlalpha kapcsolatot felbontja. Bar a VHL és ElonginC
fehérjék kozott is vannak felboml6 sohidak (Arg79VHL-GIu89Elongin C és Arg82VHL-
Glu92Elongin C), a két fehérje kapcsolatanak felbomlasat nem tudtuk a vizsgélattal
megerdsiteni. VHL mutans fehérjék in vitro analizise azt mutatta, hogy a HIF-lalpha
ubiquitinaciora és lebontasra csak a llc betegséghez tarsulé mutacok képesek, minden mas
mutacio ebben valamilyen mértékii funkciovesztést okoz. Ugyanakkor a HIF-1alpha reulécid
képességének teljes mértékii elvesztését csak a vilagossejtes veserakot okozd mutdciok
mutattak (26). Ezzel részben megegyezé eredményt adott egy in silico analizis, ugyanakkor
nem mutatott fokozatokat a HIF regulacidé képességében és azt talalta, hogy minden olyan
mutacio, ami a béta domén H-kétés halozatanak felbomlasat és igy térszerkezeti atalakulasat
okozza, a HIF-1alpha regulécid képességenek elvesztésehez vezet. Az eddigi eredményeket
0sszegezve megallapithatd, hogy azok a béta domén mutaciok, mely a VHL-HIF-1lalpha
kapcsolat felbomlasahoz vezetnek I-es tipusi VHL betegseget okoznak és a vilagossejtes
veserdk magas kockazataval jarnak. Ezen ismeret tikrében és a molekulamodellezésiink
eredményének ismeretében azt a kovetkeztetést hozhatjuk, hogy p.Asn78Tyr aminosavcsere |-
es tipusu VHL betegséget okoz és magas veserak valamint alacsony feokromocitoma
kockazattal jar. Az orokletes VHL betegségben korabban kodzolt aminosavcserék SIFT
analizise azt mutatta, hogya Il-es tipusi VHL betegségben szignifikansan tébb toleralhatd

mutécidt irtak le eddig, mint az I-es tipusban, ami szintén a fehérje térszerkezeti valtozaskot
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okoz6 aminosavcserék és az I-es tipusi VHL kapcsoltat timasztja ald. Emellett ramutat, hogy
a SIFT analizis a VHL mutécidk hatdsanak gyors predikcidjara is alkalmas.

Ahogy varhat6 volt, a nonszensz mutaciok mind I-es tipusu VHL betegséget és két
esetben vilagossejtes veserakot okoztak. Korabbi kozleményekbdl ismert, hogy a nagy
delécidk, a misszensz és olvasasi keret eltolodast eredményezé mutaciok I-es VHL fenotipust
okoznak (6,17,18,19,28,30). Szintén ismert, hogy a vilagossejtes veserak is gyakrabban tarsul
protein trunkacidhoz vezetd mutaciokhoz, mint misszensz mutaciokhoz (23,31). A nonszensz
mutaciok a lokalizaciojuktdl fliggetlentl fiatalabb életkorban okoznak VHL szindromat és az
magasabb korfliggd angioma és veserak kockazattal jarnak (23). Ezt tdmasztja ald az altalunk
leirt 15 éves fiu esete, akinek nonszensz VHL mutacidja (p.55X) kétoldali retina angiomat és
kétoldali vilagossejtes veserakot okozott. Ez a vildgossejtes veserak eddigi legfiatalabb kori
megjelenése, melyet VHL betegségben kozoltek, az eddigi legfiatalabb veserdkos eset
ugyanis 16 éves volt (1,29). Ezzel 6sszhangban a VHL betegség kdvetési protokollja szerint a
hasi MRI vizsgalatot 16 éves korban, a hasi ultrhang vizsgélatot 8 éves korban kell kezdeni és
évente ismételni (2,8,33,34). Ugyanakkor a protokoll nem veszi figyelembe a betegek
genetikai statuszat. Az altalunk leirt korai veserak megjelenés nonszensz mutaciohoz tarsult,
melyrdl ismert, hogy korai manifesztaciot és magas veserak kockazatot jelent. Esetiink azt
bizonyitja, hogy az eddig leirt legfiatalob 16 évnél hamarabb is megjelenhet a veserak,
valamint felveti, hogy épp emiatt a genetikai statusz ismeretében a sziirési protokollt
személyre szabottan kellene megtervezni. Ha figyelembe vesszik, hogy az MRI nagyobb
felbontoképessége miatt hamarabb képes a VHL szovodményeket detektalni, érdemes
megfontolni a nonszensz mutaciot hordozd betegeket hasi MRI vizsgalatanak egy évvel
korabbi, azaz 15 évesen torténd megkezdését. Esetiinket tovabbgondolva azonban az is
felmerul, hogy a hatalmas genotipus-fenotipus adatmennyiség ismeretében a teljes szlirési
protokoll Gijragondolasa és genetikai alapon torténd személyre szabésa lenne kivanatos.

Munkank a VHL betegség genotipus-fenotipus 6sszefliggéseinek pontosabb
megismeréséhez és megértéséhez, valamint a betegek sziirési, kovetési vizsgalatainak
programozasahoz ad segitséget. A kéziratot a BMC Medical Genetics folydirathoz kuldtik
be (IF: 2.33)

Az OTKA pélyézat téméajahoz rendkiviul kdzel allo szemészeti genetikai témaju
kozleményiinket itt csak megemlitjiik. Az ebben a kozleményben szerepld kutatdk koziil
harman is részesei a jelen OTKA projektnek, és a kutatok munkaiddraforditasa miatt
feltiintettik az OTKA tamogatasat (Takacs L, Losonczy G, Matesz K, Balogh I, Sohajda Z,
Toth K, Fazakas F, Vereb G, Berta A. TGFBI (BIGH3) gene mutations in Hungary--report of
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the novel F547S mutation associated with polymorphic corneal amyloidosis. Mol Vis. 2007
Oct 18;13:1976-83.)
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Age-related macular degeneration (AMD) is the leading cause of blindness in the elderly in
the developed world. Numerous genetic factors contribute to the development of the
multifactorial disease. We performed a case-control study to assess the risk conferred by
known and candidate genetic polymorphisms on the development of AMD. We searched for
genetic interactions and for differences in dry and wet AMD etiology. We enrolled 213
patients with exudative, 67 patients with dry AMD and 106 age and ethnically matched
controls. Altogether 12 polymorphisms in Apolipoprotein E, complement factor H,
complement factor I, complement component 3, blood coagulation factor XIIl, HTRAL,
LOC387715, Gas6 and MerTK genes were tested. No association was found between either
the exudative or the dry form and the polymorphisms in the Apolipoprotein E, complement
factor I, FXIIl and MerTK genes. Gas6 ¢.834+7G>A polymorphism was found to be
significantly protective irrespective of other genotypes, reducing the odds of wet type AMD
by a half (OR=0.50, 95%CI: 0.26-0.97, p=0.04). Multiple regression models revealed an
interesting genetic interaction in the dry AMD subgroup. In the absence of C3 risk allele,
mutant genotypes of both CFH and HTRAL behaved as strongly significant risk factors
(OR=7.96, 95%CI: 2.39=26.50, p=0.0007, and OR=36.02, 95%CI: 3.30-393.02, p=0.0033,
respectively), but reduced to neutrality otherwise. The risk allele of C3 was observed to carry
a significant risk in the simultaneous absence of homozygous CFH and HTRAL
polymorphisms only, in which case it was associated with a near-five-fold relative increase in
the odds of dry type AMD (OR=4.93, 95%CI: 1.98-12.25, p=0.0006).

Our results suggest a protective role of Gas6 ¢.834+7G>A polymorphism in exudative AMD
development. In addition, novel genetic interactions were revealed between CFH, HTRAL

and C3 polymorphisms that might contribute to the pathogenesis of dry AMD.
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Introduction

Age-related macular degeneration (AMD) is the leading cause of visual impairment in the
elderly in developed countries, most prominently in white populations [1,2]. The prevalence
of the disease increases with age reaching as much as 15% above the age of 80 [3]. AMD is a
multifactorial disease characterized by progressive degeneration of the central retina leading
to visual deterioration. Early stages of AMD are characterized by retinal pigment
abnormalities and accumulation of small deposits called drusen under the macular area of the
retina. Two advanced forms of the disease are distinguished: extensive pigment epithelium
atrophy also referred to as geographic atrophy (GA) leading to irreversible and untreatable
visual deterioration or subretinal neovascular membrane (SRNVM) formation characterized
by intra- or subretinal invasion of new vessels arising from the choroid. Multiple methods
have been developed to determine the severity of the disease and to estimate the risk of
progression from early to late stages. The neovascular form is referred to as exudative or wet
type, while AMD without any neovascular component is considered non-exudative or dry
type AMD [4]. Although the etiology of the disease is still largely unclear, several risk factors
have been unequivocally linked to AMD, including advanced age, European origin and
smoking. Other factors including high cholesterol level, sunlight exposure, blue iris, oxidative
damage, hypertension, obesity and inflammation have also been linked to AMD development,
however, with inconsistent results [5,6]. Cataract surgery has been shown to increase risk
exclusively of dry late AMD, however carriers of two complement factor H (CFH) risk alleles
are prone to develop all types of AMD [7].

In recent years a growing number of evidence has supported the role of genetic risk factors in
AMD pathogenesis. The most widely studied and strongest genetic risk factors map to genes
of the alternative complement pathway and its regulators, and are most likely responsible for
an imbalance in the complement activation. Additionally, there is a wide range of
chromosome regions and genes with different functions implicated in AMD pathogenesis.
Because in most studies sharp clinical difference between cases and controls is ascertained by
recruiting cases with unequivocally advanced phenotype, little is known about the genetic
background of intermediate dry AMD. It is still an open question what makes the difference
in the genetic etiology of exudative and non-exudative AMD [8].

After the initial reports [9,10,11], numerous case-control studies have provided supportive
evidence for a strong association between AMD and the p.Tyr402His (rs1410996)

polymorphism of the CFH gene in different populations. According to a very recent meta-
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analysis of 24 case-control studies the p.Tyr402His variant confers a 2-fold higher risk of
late-AMD per copy in individuals of European descent [12].

Other components of the complement system have also been implicated in AMD
pathogenesis. The initial report demonstrated that the p.Argl02Gly (rs2230199)
polymorphism in the Complement factor 3 (C3) gene confers statistically significant risk to
AMD with an odds ratio of 1.7 for heterozygotes and 2.6 for homozygotes in comparison to
wild type subjects [13]. Later similar odds ratios were reported equally contributing to early
and late AMD. The risk was independent of CFH p.Tyr402His and LOC387715 p.Ala69Ser
polymorphisms [14,15].

The rs10033900 polymorphism of Complement factor | (CFI), a proteolytic regulatory
enzyme inactivating C3b has been shown to be associated with AMD [16,17], however a
recent paper failed to confirm this association [18].

Strong association has been confirmed between AMD and the p.Ser69Ala (rs10490924)
polymorphism in LOC387715 coding a protein of unknown function [19,20] or a promoter
SNP of the HTRA serine peptidase 1 (HTRAL) gene (rs11200638) [21,22,23,24]. These two
polymorphisms are located in close vicinity and it is still a subject of debate which of the two
plays a role in the pathomechanism of the disease.

Although lipids are major components of drusen, proteins involved in lipid transportation
have been linked to AMD pathogenesis only recently [25]. Apolipoprotein E (ApoE), a
polymorphic gene with three common allelic variants (E2, E3 and E4) has also been
connected to the pathogenesis of AMD. E3 is the major allele among whites. E4 allele has
been reported to decrease AMD risk, or at least delay the occurrence of the disease. In
contrast, the presence of the E2 allele is associated with increased risk and younger age at
diagnosis [26,27,28]. ApoE E4 proved to be protective with an odds ratio of 0.5 (95%CI:
0.29-0.86) in a study comprising of 3137 individuals [29]. Another study demonstrated a
protective effect of the E4 allele only in the neovascular AMD patient group with an OR of
0.61 (95%CI: 0.38-0.97) [30]. In contrast with these findings, a Spanish study reported an
increased risk for AMD due to the ApoE E4 allele, with an OR of 5.6 [31]. Previously we
could not demonstrate statistically significant association between ApoE alleles and AMD in
a Hungarian population. However, the potential risk factor E2 allele was less frequent in
patients than in controls (0.066 and 0.1, respectively) while the E4 allele was more frequent in
the patient group than in controls (0.108 versus 0.084, respectively), interestingly [32]. The
somewhat inconsistent findings on the association of AMD and ApoE called for a recently
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published pooled analysis (n=21.160) demonstrating that the E2 allele in homozygous form
confers risk (OR=1.83, 95%CI: 1.04-3.23) and the E4 allele is protective (OR=0.72 per
haplotype; 95%CI: 0.65-0.74) in late AMD [33]. A recent well powered case-control study
(including 2187 cases and 2187 age and ethnically matched controls) demonstrated disease
risk of the E2 allele compared to the E3/E3 genotype (OR=1.32, 95%CI: 1.11-1.58).
However, the E2 allele only conferred risk to early AMD in the never smoker and previously
smoker group, while the E4 allele was protective against early AMD exclusively in the
current smoker population [34].

The growth arrest—specific gene 6 (Gas6) product is a vitamin K dependent protein secreted
by leukocytes and endothelial cells in response to injury. Gas6 has a high structural homology
with the natural anticoagulant protein S. It has not been implicated in AMD pathogenesis so
far, however there are certain functions of the protein and several reports on its contribution to
cardiovascular diseases that make it a possible candidate for AMD. It has growth factor-like
properties through its interaction with receptor tyrosine kinases of the TAM family; Tyro3,
Axl and MerTK, this way it contributes to the regulation of angiogenesis, cell survival,
proliferation, migration and adhesion, making it a relevant participant of biological processes
like atherogenesis and thrombosis [35,36,37,38]. Recently, we found that Gas6 is present in
the human circulation [39] and a Gas6 polymorphism (c.834+7AA genotype) is associated
with decreased risk of stroke (OR: 0.59; 95%CI: 0.37-0.93). Others found similar association
with acute coronary syndrome, and type 2 diabetes [36,40,41]. It is important to note that the
TAM receptor tyrosine kinases and their ligands Gas6 and Protein S are essential for the
phagocytosis of apoptotic cells and membranes in the immune, nervous, and reproductive
systems [42]. Moreover, MerTK receptor is the key player involved in photoreceptor outer
segment phagocytosis by RPE cells. MerTK knock-out mice develop almost total
degeneration of the retinal photoreceptor layer by 10 weeks of age [43,44,45].

The aim of our present case-control study was to refine the association of the known
polymorphisms and AMD subtypes in the Hungarian population and to explore the interplay
of different polymorphisms. We considered MerTK and its ligand Gas6 as candidate genes to
play a role in AMD pathogenesis and searched for association between their polymorphisms

and the disease.
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Patients and Methods

Ethics Statement
The study was approved by the Institutional Ethics Committee of the University of Debrecen

and the procedures strictly adhered to the tenets of the declaration of Helsinki.

Patients

In total, 386 subjects were enrolled in the case-control study: 213 patients with exudative
AMD, 67 patients with dry AMD and 106 unrelated ethnically matched healthy controls were
ascertained in Eastern-Hungary at the Department of Ophthalmology, University of Debrecen
between 2005 and 2011. The control group consisted of individuals attending to the
Outpatient Clinic because of refractive disorders, or post-cataract follow-up visits. To
maximize the reliability of our study, we deliberately selected controls to be somewhat older
than patients. Written informed consent was obtained from all participants. Detailed patient
history was recorded with the use of a questionnaire focusing on known or suspected non-
genetic risk factors of AMD such as cigarette smoking, exposure to blue light, medical history
of acute myocardial infarction, ischemic heart disease and deep venous thrombosis. Cigarette
smoking was determined in packyears. Smoking of one pack of cigarettes daily for a period of
one year was considered one packyear. Body mass index (BMI) was calculated on the actual
body height and weight values when ascertained that no considerable change in body weight
occurred in the past 10 years. An average BMI was calculated in patients with significant loss
or increase of body weight based on body weight values of the previous 10 years period.
Color fundus photographs were taken of patients and controls. Fluorescein angiography was
used to investigate patients with exudative AMD. Grading of the severity of the disease was
based on the clinical age-related maculopathy staging system (CARMS) [4]. For statistical
analysis, patients were classified according to the more severely affected eye into two groups
corresponding to either dry or wet AMD. No signs of AMD, such as abnormal pigmentation
or soft drusen were observed in controls. Color fundus photographs and fluorescein
angiograms were evaluated by two experienced ophthalmologist (T.L. and L.G.). Patients or
controls with other ocular diseases interfering with reliable evaluation of AMD were not

included in the study.
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Molecular genetic methods

Molecular genetic methods for the detection of the common ApoE alleles, CFH p.Tyr402His
polymorphism, LOC387715 rs10490924 (p.A69S) and HTRAL rs11200638 polymorphisms
were used as described earlier [32]. Factor XIII Val34Leu polymorphism was detected using
fluorescent PCR and hybridization probes [46]. Similar methodology was used for the
genotyping of Gas6 rs8191974 (c.834+7G>A) polymorphism and for the MerTK rs86016
(0.2920G>A) polymorphism, as described earlier [47]. Complement C3 rs2230199
(p.Arg102Gly) polymorphism was tested using a PCR-RFLP method. Amplification was
performed using the primers: C3R102F: 5- CAG GGA GTT CAA GTC AGA AAA GG -3
and C3R102R: TCT TGT CTG TCT GGA TGA AGA GG -3'. The 131 bp PCR product was
then subjected to the digestion with Cfol restriction endonuclease. The sole restriction site of
the enzyme in the PCR product is lost when the mutation is present. The candidate, most
likely a tag SNP, that has been shown to be associated with AMD, rs10033900 in the
complement factor | (CFI) gene was tested using TagMan SNP Genotyping assay. TagMan
assays were also used for the detection of the MerTK 11b rs17835605 (g.4916C>T), MerTK
I1c rs10496440 (g.8809A>C) and MerTK 14 rs7573344 (g.60127A>G), as described earlier
[47].

For the verification of all in-house mutation detection methods described above, randomly
selected samples were sequenced with the same primers that were used for PCR

amplification. No discrepancy was found in any of the tested samples.

Statistical methods

Biallelic polymorphisms were tested using the chi-square test for the deviation of Hardy-
Weinberg equilibrium in the control group. Continuous and categorical variables were
described in terms of mean (SD) and frequency (%), respectively, in AMD subtype groups
and in controls. Unadjusted between-group comparisons were made using ANOVA or
Kruskal-Wallis tests subject to normality and homoscedasticity assumptions (continuous
variables), and Fisher’s exact test (categorical variables). Unadjusted effects of explanatory
variables were estimated using simple logistic regression and expressed as odds ratios and
95% confidence intervals (Cl). Continuous variables were transformed with the formula
providing the best achievable fit. Categorical variables were regrouped by pooling groups
with close to identical effects if applicable. Models were fitted for the total sample and for
subsamples formed by restricting cases to dry or wet AMD variants. Adjusted effects were

estimated using multiple logistic regression. Age and cataract surgery were included as a
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priori adjustment covariates without effect interpretations, due to their association with study
group inherent in the control recruitment methods used. Further variable selection was based
on an iterative procedure where models were started by including all explanatory variables
with significant unadjusted effects, adding each of the rest one by one and keeping if
meaningful, and were made parsimonious by eliminating those of neutral behavior. Possible
interactions between explanatory variables of models thus developed were systematically
evaluated and kept if found significant. For comparability between dry and wet AMD variant
models, genetic interactions included in any subtype model were also used in the other. Model
fit was checked using Hosmer-Lemeshow tests for all three final models. As HTRAL
rs11200638 and LOC rs10490924 are in linkage disequilibrium, for the analysis HTRA1
rs11200638 was selected.

Results

Characteristics of the study population

In total, 280 patients and 106 controls were enrolled in the present study. Basic characteristics
of the study population are summarized in Table 1. Patients were divided into two subgroups
according to disease phenotype involving 213 patients in the wet and 67 patients in the dry
AMD subgroups. There was a slight female predominance among wet AMD patients which is
in line with European data on gender distribution in neovascular AMD [48].

There was no significant difference between the ages of the dry and wet subgroups of
patients, however, controls were significantly older than patients as a result of intentionally
older control selection. Cataract surgery was also more common in the control group because
of controls selection methods and probably because the older age of the controls. There was
no statistically significant difference between patients and controls in terms of frequency of
hypertension, deep venous thrombosis, myocardial infarct, smoking and body mass index.
Interestingly, outdoor profession was significantly more frequent among controls than

patients.

Genotype distribution and allele frequency of the analyzed polymorphisms

The genotype distributions in controls and patients are shown in Table 2 and 3, respectively.
Allele frequencies of the analyzed polymorphisms are summarized in Table 4. Actual sample
number is provided for each test. Small differences are due to the shortage of DNA sample

guantity available. The control group showed no statistical difference from Hardy-Weinberg
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equilibrium in the case of the tested polymorphisms. Minor alleles of genes unequivocally
linked to AMD were more frequent in patients than in controls. However, the minor CFl,
FXIIl and Gas6 alleles were overrepresented in controls. Except 11a, MerTK receptor
polymorphisms showed a very low minor allele frequency and no notable difference between
cases and controls. In case of ApoE the most common E3 allele was slightly more frequent in
patients than in controls while the potential risk factor E2 allele was less frequent in patients

than in controls. The ApoE E4 allele had similar frequency in all the three groups.

Multiple regression models

Polymorphisms that failed to show any significant association with AMD after adjustment
and had no interaction with any other polymorphisms are summarized in Table 5.

The model of pooled dry and wet AMD variants revealed strongly significant adjusted risks in
case of the presence of homozygous polymorphisms in the CFH and HTRAL genes,
increasing the odds of AMD by more than five and nearly ten times (OR=5.3, 95%CI: 2.5-
11.5, p<0.0001, and OR=9.8, 95%CI: 3.3-29.5, p<0.0001), respectively. An indication of a
weak protective effect of allele A of the Gas6 ¢.834+7G>A polymorphism was also apparent
(OR=0.59, 95%CI: 0.33-1.06, p=0.077). No significant interactions were found between any
pairs of these variables.

Factors showing remarkable adjusted associations with dry type AMD are shown in Figure 1.
These are genes C3, CFH, and HTRA1L, with interactions between both C3 and CFH
(p=0.020) and C3 and HTRA1 (p=0.024). The heterozygous/homozygous genotype of C3
carried a significant risk over wild type genotype in the simultaneous absence of homozygous
CFH and HTRAL polymorphisms only. In this case it was associated with a near-five-fold
relative increase in the odds of dry type AMD (OR=4.93, 95%CI: 1.98-12.25, p=0.0006). The
stratum of subjects with homozygous mutated HTRA1 and CFH genes contained an
insufficient number and distribution of observations for C3 effect estimation. In the case of
wild type C3 genotype, mutated alleles of both CFH and HTRA1 behaved as strongly
significant risk factors (OR=7.96, 95%CI: 2.39-26.50, p=0.0007, and OR=36.02, 95%CI:
3.30-393.02, p=0.0033, respectively), but reduced to neutrality otherwise (Figure 1).

Factors found to have significant associations with wet type AMD included the genes Gasb,
CFH, and HTRA1 (Figure 1). Gas6 was significantly protective irrespective of other
genotypes, reducing the odds of wet type AMD by a half (OR=0.50, 95%CI: 0.26-0.97,
p=0.04). There was no evidence for the effect of C3 (left in the model for comparability with

the dry variant), and although C3’s odds ratios specific for different combinations of CFH and
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HTRAL genotypes showed a fairly varied pattern, the interaction was technically not
significant, unlike in the case of the dry AMD. However, there was some indication that the
effect of HTRA1 (homozygous vs wild type or heterozygous genotype) was modified by the
C3 genotype, with estimated odds ratios of 45.04 (95%CI: 5.30-382.83, p=0.0005) and 4.34
(95%CI: 1.09-17.28, p=0.0372) in C3 wild type and hetero/homozygous mutated genotypes,
respectively. Homozygous CFH polymorphism was observed to be a highly significant risk
factor for wet type AMD, with odds ratios slightly varying around 7.5 depending on whether
mutations in C3 were present or not. All models had a sufficient goodness-of-fit by Hosmer—

Lemeshow tests.

Discussion

Our understanding about the genetic causes and therefore pathological pathways involved in
the development of AMD has increased substantially in the last few years. The p.Tyr402His
polymorphisms of the CFH gene, the rs11200638 polymorphism of the serine peptidase
HTRAL and the p.Ala69Ser polymorphism of the LOC387715 gene are unequivocally
associated to AMD in different populations with robust risks. Our results further support these
observations and demonstrate robust and highly significant adjusted risk conferred by these
polymorphisms as shown by the analysis of the pooled AMD population. After dividing the
patient group to exudative (wet) and non-exudative (dry) subgroups, other associations and an
interesting genetic interplay was revealed. The rs2230199 polymorphism of the C3 gene
contributed significant disease risk to non-exudative AMD in the simultaneous absence of
homozygous CFH and HTRA1 polymorphisms. Alternative complement activation is the
major biological process linked to AMD development so far. C3 plays a central role in the
alternative pathway and its role in AMD pathogenesis is supported by epidemiological and
experimental observations. The C3 polymorphism had no significant effect on the
development of wet AMD in our study population.

Epidemiological reports on the p.Argl02Gly C3 polymorphism are usually limited to
advanced cases including neovascular AMD and geographic atrophy. This approach,
however, falls short of detecting any difference between the etiology of dry and wet AMD.
Despite the fact that CFH and C3 are members of the same biological pathway, no evidence
of a genetic interplay between these two has been demonstrated so far [49]. Carriers of two
risk alleles of the rs2230199 polymorphism of the C3 gene are at moderate risk to develop
AMD compared to wild type subjects (OR: 1.88, 95%CI: 1.59-2.23) according to a recent
meta-analysis [15]. Besides that, it is well known that, drusen, the hallmark of dry AMD
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contains complement factors 3a and 5a among other inflammatory proteins, which therefore
could play a role in drusen formation and might even have an effect on neovascularisation
[50,51,52,53,54]. Experimental evidence showed that suppression of the complement cascade
in the retina delayed and reversed the onset of AMD in a monkey model of dry AMD [55].
The effect of CFH and C3 polymorphisms are mutually exclusive on the risk of dry AMD in
our study population. On the other hand, CFH has a robust effect on neovascular AMD
independent of the C3 status. Since the two proteins are located in the same biological
pathway, our results can be explained with the stronger effect overriding the other.
Interestingly, the interaction between C3 and HTRAL is very similar, which indicates that C3
and HTRAZ1 are also competing in dry AMD development. This finding underscores previous
reports on the role of HTRAL in complement regulation [56]. Taken together our findings
indicate a central role of C3 in dry AMD formation, however, CFH and HTRA1 genotype
have an influence on the effect of the C3 p.Arg102Gly polymorphism most likely explained
by their complement regulatory activity. CFI has been associated to AMD development with
conflicting results. Fagerness et al. reported an OR of 0.7 for the lower risk C allele
(p=6.46x107) of the rs10033900 polymorphism within the CFI gene in a large population of
European descent [16]. Chen et al found a statistically significant association of the
rs2285714 risk allele and AMD with a moderate OR of 1.31 (95%Cl: 1.18-1.45, p=3.4x10"")
[57]. Seddon et al. demonstrated that the protective effect of the hepatic lipase (LIPC)
rs10468017 polymorphism on AMD pathogenesis was stronger in the presence of double wild
type rs10033900 compared to the homozygous polymorphism [58]. The findings of the
original article by Fagerness were reflected in three case-controls studies. A report on a
Japanese population demonstrated an OR of 0.28 (95%CI: 0.11-0.69, p=0.0035) for the rare
homozygous CC genotype [59]. The work of Ennis et al. supports the involvement of the CFI
gene in AMD development by demonstrating four SNP’s in the CFI gene associating to
AMD, however the effect of the rs10033900 polymorphism, which had the strongest
association signal in the original work of Fagerness, was not statistically significant in their
cohort (p=0.135). Interestingly, the haplotype including rs10033900 polymorphism and
another non-significant polymorphism together conferred statistically significant disease risk
(OR=2.15, p=0.02) [17]. A very well powered case-control study based on independent
samples from England and Scotland failed to detect any statistically significant effect of the
rs10033900 polymorphism on AMD (OR=0.95, 95%CI: 0.83-1.09, p=0.47) [18]. Similarly to
that, in the present study we could not provide any additional support for the association of

the rs10033900 polymorphism and AMD. Although our sample size is not as large as some of

30



the cited works, it is large enough to detect strong or even weak but significant associations
with other well established risk factors of AMD as demonstrated by our findings on the CFH,
LOC387715, HTRA1 and C3 polymorphisms. Our results are in line with studies showing no
effect of the rs10033900 polymorphism. Although one cannot exclude such an association
based on a single negative result, there are a growing number of publications falling short of
detecting any effect of the polymorphism which clearly indicates that the association is not
unequivocal and calls for further epidemiological and functional analysis to clarify the link
between CFI and AMD.

No evidence of association with AMD could be demonstrated in the case of ApoE alleles. We
neither could confirm previous reports on the protective effect of the E4 allele, nor could we
show any risk related to the E2 allele. Two recent very-well powered epidemiological studies
[33,34] concluded on the disease causing effect of the E2 allele and the protective role of the
E4 allele. Albeit these convincing studies, our results still do not fit in the line. Interestingly,
we could not observe any statistically significant disease association with any of the ApoE
alleles, moreover the frequency of the E2 risk allele was higher in controls than in patients,
while the protective E4 allele showed similar frequencies in the wet AMD and the control
group. These data indicate that ApoE is not a key player in AMD pathogenesis in the
Hungarian population. This can either be explained by a geographical difference, or by other
different environmental factors, probably the different smoking habits of the Hungarian
population.

Candidate gene approach is widely used to identify biological pathways and genes involved in
pathological processes. Based on their biological functions, we directly tested for disease
association of common polymorphisms in the FXIII, Gas6 and in one of the Gas6 receptor
genes, MerTK, that is known to be involved in the signaling pathways in the eye. Blood
coagulation factor XIII is a plasma transglutaminase that cross links adjacent fibrin chains in
the final step of the coagulation cascade. In addition, FXIII is known to participate in wound
healing, tissue remodeling and embryo implantation at least partially through its
proangiogenic effect [60]. The cardioprotective p.Val34Leu polymorphism of the blood
coagulation factor XIII has been associated with accelerated thrombin activation, recurrent
subconjunctival haemorrhage, intracerebral haemorrhage, and a decreased immune reaction in
humans [61,62,63]. Most importantly, since angiogenesis plays a crucial role in neovascular
AMD, we found it reasonable to investigate if the polymorphism had any effect on AMD

formation. However, we failed to detect any association of AMD and the polymorphism in
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our present study, indicating a neutral polymorphism in relation to both dry and wet AMD
development.

Gas6, a Protein S structural homologue, has important functions in the regulation of
angiogenesis, cell migration and proliferation. Its common polymorphism Gas6 ¢.834+7G>A
is associated with decreased risk of cardiovascular diseases. Its receptors (TAM) play a
crucial role in phagocytosis of apoptotic cells in the immune, nervous, and reproductive
systems. These functions make Gas6 and its receptors a potential candidate involved in both
dry and wet AMD development. In the pooled early and late AMD population the Gas6
polymorphism associated to AMD with an OR of 0.59 (95% CI 0.33-1.06, p=0.077). Despite
the association was not statistically significant, the marginal p value and the 95%CI limits
were indicative of a possible association. When analyzing dry and wet subgroups separately,
no association with the dry AMD could be demonstrated; however a statistically significant
protective effect was detected in the wet AMD subgroup. As formation of new vessels is a
hallmark of wet AMD, it is likely that it is this function of Gas6 that is important in the
context of the disease. Gas6 is able to inhibit VEGF-A signaling through Axl activation of
SHP-2 phosphatases [38]. Recently, a similar inhibitory effect has been shown in metastasis
induced angiogenesis [64]. This finding suggests a role of Gas6 in controlling pathological
angiogenesis, and that ¢.834+7G>A polymorphism of the GAS6 gene, which has been linked
to disease repeatedly [36,40,41], could have a direct effect on the function of the gene through
an unknown mechanism.

In our case-control study we confirmed previous findings on the association of AMD and
genetic polymorphisms in the CFH, LOC387715 and HTRAL1 genes, however could not
demonstrate any association with the CFI gene. More interestingly, we found a genetic
interplay of CFH, HTRA1 and C3 genes, showing that the C3 polymorphism is a major
contributor of dry AMD in the absence of the other polymorphisms, while has no effect on
wet AMD development in our population. This result indicates that C3 plays a critical role in
dry AMD rather than wet AMD pathogenesis, and its effect can be overdriven by other known
genetic risk factors in the CFH and HTRAL genes. We detected a protective effect of a
common Gasb6 ¢.834+7G>A polymorphism on wet AMD formation. Our results shed light on
a new player and novel genetic interactions in AMD pathogenesis, however our data should

be confirmed in other populations, especially in the case of the Gas6 polymorphism.
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Table 1. Characteristics of the study population

Attributions Dry AMD
N=67

Female N (%) 34 (50.7)

Male N (%) 33 (49.3)
Age (year, mean+SD) 75.4 (11.5)
Smoking (pascéqear, meanz 12.0 (20.1)

)

BMI (meanxSD) 27.3(4.5)
Hypertonia N (%) 45 (67.2)

DVT N (%) 7 (10.4)

AMI N (%) 6 (9.0)
Outdoor profession N (%) 22 (32.8)
Cataract surgery N (%) 21 (31.3)

Wet AMD
N=213
125 (58.7)
88 (41.3)
76.0 (7.3)

11.2 (19.8)

27.3 (4.4)
159 (75.0)
15 (7.1)
19 (9.0)
39 (18.5)
48 (22.6)

Controls
N=106
53 (50.0)
53 (50.0)
79.1(6.1)

11.4 (21.9)

27.6 (4.7)
81 (79.4)
15 (14.9)
7(7.4)
38 (38.4)
73(70.2)

p

0,2569
0,2569
0,0047

0,7601

0,8306
0,2135
0,0928
0,9054
0,0004
0,0000

BMI: body mass index, DVT: deep vein thrombosis, AMI: acute myocardial infarction
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Table 2. Genotype distribution of the analyzed polymorphisms in the controls

Genotype n Frequency
ApoE 3/3 71 0,67
3/4 + 4/4 16 0,15
2/3 +2/2 17 0,16
2/4 2 0,02

. ol 10600

CFH p.Y402H / rs1410996 T 42,00 0,40
TC 51,00 0,49
CcC 11,00 0,11

LOC387715 p.A69S / rs10490924

GG 49,00 0,47

GT 50,00 0,48

T 5,00 0,05

HTRA1 rs11200638 T 50,00 0,48
TC 50,00 0,48

CcC 4,00 0,04

C3 p.R102G / rs2230199 CcC 66,00 0,62
CG 37,00 0,35

GG 3,00 0,03

CFI rs10033900 CcC 19,00 0,18

CT 56,00 0,53

TT 31,00 0,29

FXIIl p.Val34Leu rs5985 GG 48,00 0,45
GT 47,00 0,44

TT 11,00 0,10

GAS6 rs8191974 / c.834+7G>A GG 36,00 0,35
GA 55,00 0,53

AA 13,00 0,13

Mertk 11a rs86016 GG 37,00 0,36
GA 51 0,49

AA 16 0,15

Mertk 11b rs17835605 CcC 60,00 0,57
CT 39,00 0,37

T 6,00 0,06

Mertk 11c rs10496440 AA 91,00 0,87
AC 14,00 0,13

CcC 0,00 0,00

Mertk 14 rs7573344 AA 69,00 0,66
AG 33,00 0,31

GG 3,00 0,03
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Table 3. Genotype distribution of the analyzed polymorphisms in the patients

Dry AMD Wet AMD All AMD
Genotype n frequency n frequency n frequency

ApoE 3/3 49 0,73 148 0,70 197 0,71
34+4/4 11 0,16 34 0,16 45 0,16
213+22 7 0,10 24 0,11 31 0,11
2/4 0 0,00 4 0,02 4 0,01

total 67 210 277

CFH p.Y402H / rs1410996

TT 23 0,34 35 0,17 58 0,21
TC 24 0,36 89 0,44 113 0,42
CcC 20 0,30 80 0,39 100 0,37

total 67 204 271

LOC387715 p.A69S / rs10490924

GG 25 0,37 45 0,21 70 0,25
GT 31 0,46 95 0,45 126 0,45
TT 11 0,16 71 0,34 82 0,29

total 67 211 278
HTRA1 rs11200638 TT 25 0,38 47 0,22 72 0,26
TC 31 0,47 94 0,45 125 0,45
CcC 10 0,15 69 0,33 79 0,29

total 66 210 276
C3 p.R102G / rs2230199 cc 34 0,52 118 0,56 152 0,55
CG 28 0,42 81 0,39 109 0,40
GG 4 0,06 10 0,05 14 0,05

total 66 209 275
CFl rs10033900 CcC 16 0,25 45 0,21 61 0,22
CT 32 0,49 110 0,52 142 0,51
TT 17 0,26 56 0,27 73 0,26

total 65 211 276
FXIIl p.Val34Leu rs5985 GG 39 0,58 118 0,56 157 0,56
GT 25 0,37 73 0,35 98 0,35
TT 3 0,04 20 0,09 23 0,08

total 67 211 278
GAS6 rs8191974 / c.834+7G>A GG 27 0,42 96 0,47 123 0,45
GA 28 0,43 89 0,43 117 0,43
AA 10 0,15 21 0,10 31 0,11

total 65 206 271
Mertk I1a rs86016 GG 25 0,39 76 0,37 101 0,37
GA 30 0,47 97 0,47 127 0,47
AA 9 0,14 33 0,16 42 0,16

total 64 206 270
Mertk I1b rs17835605 CcC 40 0,62 129 0,62 169 0,62
CT 15 0,23 65 0,31 80 0,29
TT 10 0,15 15 0,07 25 0,09

total 65 209 274
Mertk 11c rs10496440 AA 60 0,92 179 0,85 239 0,87
AC 5 0,08 31 0,15 36 0,13
CcC 0 0,00 1 0,00 1 0,00

total 65 211 276
Mertk 14 rs7573344 AA 45 0,70 149 0,71 194 0,71
AG 19 0,30 56 0,27 75 0,27
GG 0 0,00 4 0,02 4 0,01

total 64 209 273

39



Table 4. Allele frequencies of the analyzed polymorphisms

Allele Dry AMD Wet AMD Controls
ApoE E2 0.06 0.07 0.09
E3 0.86 0.84 0.82
E4 0.08 0.09 0.09
CFH p.Y402H / rs1410996 T 0.52 0.39 0.65
C 0.48 0.61 0.35
LOC387715 p.A69S / rs10490924 G 0.6 0.53 0.71
T 0.4 0.47 0.29
HTRA1 rs11200638 T 0.61 0.45 0.72
C 0.39 0.55 0.28
C3 p.R102G / rs2230199 C 0.73 0.76 0.8
G 0.27 0.24 0.2
CFI rs10033900 C 0.49 0.47 0.44
T 0.51 0.53 0.56
FXIII p.Val34Leu rs5985 G 0.77 0.73 0.67
T 0.23 0.27 0.33
GAS6 rs8191974 / ¢.834+7G>A G 0.63 0.68 0.62
A 0.37 0.32 0.38
Mertk 11a rs86016 G 0.62 0.61 0.6
A 0.38 0.39 0.4
Mertk 11b rs17835605 C 0.72 0.77 0.75
T 0.28 0.23 0.25
Mertk 11c rs10496440 A 0.96 0.92 0.93
C 0.04 0.08 0.07
Mertk 14 rs7573344 A 0.81 0.85 0.81
G 0.19 0.15 0.19

Table 5. Polymorphisms that failed to show any association with AMD after adjusment

Genotypes compared OR (95%Cl) p
ApoE 3/4+4/4 vs 33 1.01 (0.54; 1.91) 0,9665
2/3+2/2 vs 3/3 0.66 (0.34; 1.26) 0,2062
CFI rs10033900 cc vs CT+TT 1.30 (0.73; 2.30) 0,3699
cC S TT 1.36 (0.70; 2.65) 0,3607
FXIIl p.Val34Leu rs5985 GT vs GG 0.64 (0.40; 1.03) 0,0690
TT S GG 0.64 (0.29; 1.41) 0,2657
Mertk I1a rs86016 GA + AA vs GG 0.92 (0.58; 1.48) 0,7424
AA S GG 0.96 (0.48; 1.91) 0,9113
Mertk 11b rs17835605 TT vs CC+CT 1.66 (0.66; 4.18) 0,2789
TT S CcC 1.48 (0.58; 3.78) 0,4135
Mertk I1c rs10496440 AC Vs AA 0.98 (0.50; 1.90) 0,9502

CcC S AA NA (shortage of CC genotype)

Mertk 14 rs7573344 AG + GG vs AA 0.78 (0.48; 1.26) 0,3120
GG S AA 0.47 (0.10; 2.17) 0,3367

Figure 1. The effect of GAS6 c.834+7G>A polymorphism and genetic interactions on the risk
of AMD. Polymorphisms and stratum of subjects involved in the analysis are shown on the
vertical axis. Adjusted odds ratios and 95% confidence intervals are represented by dots and

lines, respectively.
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Abstract

Background: Von Hippel-Lindau disease is an autosomal dominantly inherited highly
penetrant tumor syndrome predisposing to retinal and central nervous system
hemangioblastomas, renal cell carcinoma and phaeochromocytoma among other less frequent
complications. Patients and Methods: Seven members of five unrelated families affected
with VHL disease were enrolled in the study. All patients suffered from type | VHL disease.
Results: Molecular genetic investigations detected 4 novel (c.163G>T, ¢.232A>T,
€.340+1G>A, ¢.555C>A) and one previously described (c.583C>T) germline point mutation
in the VHL gene. Molecular modeling of the VHL-ElonginC-HIF-1alpha complex predicted
that the p.Asn78Tyr amino acid exchange remarkably alters the 77-83 loop structure of VHL
protein and destabilizes the VHL-HIF-1alpha complex suggesting that the mutation causes
type | phenotype and has high risk to associate to renal cell carcinoma. The novel ¢.163G>T
(p.55X) nonsense mutation associated to bilateral RCC and retinal angioma in a 15-year-old
male patient. Conclusion: We describe the earliest onset renal cell carcinoma in VHL disease
reported so far in a fifteen-year-old boy with a nonsense VHL mutation. Individual tailoring
of screening schedule based on molecular genetic status should be considered in order to
diagnose serious complications as early as possible. Our observations add to the
understanding of genotype-phenotype correlation in VHL disease and can be useful for

genetic counseling and follow-up of VHL patients.

Key words: genotype-phenotype correlation, germline mutation, renal cell carcinoma, von

Hippel-Lindau disease

Background

Von Hippel-Lindau (VHL) disease is an autosomal dominantly inherited highly penetrant
tumor syndrome affecting 1 in 36,000 individuals worldwide. VHL disease predisposes to
retinal and central nervous system hemangioblastomas (HB), renal cell carcinoma (RCC),
phaeochromocytoma, pancreatic endocrine tumors, endolymphatic sac tumors among other
less frequent complications. Type 1 diseases is accompanied with low risk of
phaeochromocytoma, type lla is associated with high risk of phaeochromocytoma and low
risk of renal cell carcinoma, while type I1b is linked to high risk of both phaeochromocytoma
and renal cell carcinoma. In type llc VHL disease only phaeochromocytoma develops.
Patients carry a heterozygous germline mutation in the VHL gene. Tumor development is

initiated by the somatic inactivation or loss of the remaining wild type VHL allele [1-2]. VHL
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protein associates with the elongins B and C, cullin2 and Rbx and functions as the substrate
recognition component of an E3-ubiquitin ligase that ubiquitinates HIF-laplha under
normoxic conditions resulting in HIF-1alpha proteolysis [3].

The protein model of pVHL19 contains two functional subdomains; the beta domain (residues
63-154 and residues 193-204) and the helical alpha-domain (residues 155-192). Two
important binding sites within VHL protein have been identified; one responsible for elongin
C binding in the alpha domain (amino acid residues 157-170) and the other in the beta
domain responsible for the binding of HIFlalpha (amino acid residues 91-113) [4]. The
majority of disease-causing missense VHL gene mutations are located in one of these two
binding sites. Molecular genetic defects identified in the background of the disease have
greatly helped to understand the role of VHL protein in the hypoxia sensing pathway and to
recognize genotype-phenotype correlation, a prerequisite of efficient genetic counseling and
patient follow-up [5]. More than 800 different germline mutations are listed in the VHL
mutation database (http://www.umd.be:2020/) [6] and also in a comprehensive analysis based
on 945 VHL kindreds [7]. Here, we describe 7 members of 5 families with 4 novel and 1
previously reported point mutations in the VHL gene and correlate genetic findings with

clinical phenotype.

Materials and methods

Patients

Seven members of five unrelated Hungarian families with von Hippel-Lindau disease were
referred to the Department of Ophthalmology, the national center for ocular tumors at the
University of Debrecen in Debrecen, Hungary. The diagnosis of VHL disease was based on
physical and ophthalmological examinations, abdominal CT, craniospinal and abdominal
MRI and laboratory tests (routine blood tests and urine catecholamines and vanillylmandelic
acid). All examinations were in line with previously reported screening protocols [2,8,33,34].
Screening and diagnostic investigations were coordinated at the Division of Rare Diseases,
University of Debrecen. Fifty healthy controls were enrolled in the study. After the exclusion
of any family history and any manifestation of VHL disease controls underwent direct
sequencing and MLPA analysis of the VHL gene. Controls, Patients and family members
were enrolled after informed consent. All procedures strictly adhered to the declaration of
Helsinki. Approval was obtained from local Institutional Ethics Committees at the University

of Debrecen.
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Mutation analysis of the VHL gene

Blood samples from patients and family members were obtained after informed consent.
Genomic DNA was purified from peripheral white blood cells. Exons of the VHL gene were
amplified using the following primer pairs: 1AF 5’-TATAGTGGAAATACAGTAACGAG-
3’, 1AR 5’-GAAGTTGAGCCATACGG-3’, 1BF 5’- AGAGTACGGCCCTGAAGAA-3’,
1BR 5’-GCTTACGAGCAGCGTCAC-3’, 2F 5’-ATCTCCTGACCTCATGATCC-3’, 2R 5’-
GGGCTTAATTTTTCAAGTGG-3’, 3F 5’- TGAGATCCATCAGTAGTACAGG-3’, 3R 5’-
CTAAGGAAGGAACCAGTCC-3’. After an initial denaturation step at 95°C for 10 minutes,
40 PCR cycles were performed under the following conditions: denaturation at 95°C for 1
minute, annealing at 56°C for exon 1 and 59°C for exons 2 and 3 for 1 minute and extension
at 72°C for 1 min. An additional elongation step for 7 minutes at 72 °C followed the final
cycle. PCR products purified by ultrafiltration were sequenced by ABIPrism 3100 Genetic
Analyzer (Applied Biosystems, Foster City, CA). Clinical and genetic data of previously
reported VHL cases were obtained from cited publications and from the Universal Mutation
Database [6]. Large deletions were tested using the Multiplex Ligation-dependent Probe
Amplification (MLPA) VHL kit (MRC-Holland, Amsterdam, NL).

Evolutionary alignment, SIFT analysis and molecular modeling

Multiple evolutionary protein sequence alignment was performed using the open access
source of Constraint-based Multiple Alignment Tool (COBALT) in the case of the p.N78Y
mutation [9]. To estimate whether this amino acid substitution affects protein function we also
applied the online available SIFT analysis tool (http://sift.jcvi.org/). SIFT prediction is based

on the degree of conservation of amino acid residues in sequence alignments derived from
closely related sequences, collected through PSI-BLAST [10]. We were curious whether the
SIFT tool could find any difference in the predicted effect between type | and type 1l missense
mutations, therefore we analyzed all germline missense mutations of familial VHL cases
reported in the comprehensive analysis of Nordstrom-O’Brien et al. Sixty-six mutations in
both type I and Il groups were analyzed.

For molecular modeling, starting geometries for the model complexes of VHL-, Elongin C-
and HIF-1a proteins [11] were obtained from the RCSB protein data bank (pdb 1D: 1LM8).
The unresolved N- and C-terminal fragments were substituted by acetyl and N-methyl groups
on the available protein fragments then the missing hydrogen atoms were added. Molecular

dynamics simulations using periodic boundary condition, explicit TIP3P water [12]
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molecules, AMBER99SB [13,14] force field and additional Na+ and CI- ions (~0.15M ionic
strength) were carried out with both the wild- and the Asn78Tyr point mutated VHL protein.
4fs time step and 50ns total time frame was applied for the constant pressure (105Pa),
constant temperature (310K), and constant particle number (68612, 68655 and 68548 for the
wild and N78Y mutant systems, respectively) simulations. The long range electrostatics
forces were calculated by particle mesh Ewald method [15]. The simulations and the analyses

of the trajectories were carried out by means of the Gromacs [16] suites of software.

Results

Molecular genetic analysis of 7 members of 5 VHL families detected 4 novel and 1
previously described point mutations in the VHL gene. No alterations could be detected in the
VHL gene with the MLPA test. All mutations associated to type | VHL disease. None of the
mutations could be observed in one hundred alleles of the control group. Phenotype

characteristics and genetic data of the study population are summarized in Table 1.

Family A consisted of 2 unaffected parents and their (IP), who developed bilateral retinal
angioma and serous retinal detachment at the age of 15. In search for VHL manifestations
abdominal ultrasound scan detected a mass of 18 mm in diameter in the left kidney.
Abdominal MRI scans showed a kidney mass of 15 mm’s in the left kidney and a 10 mm’s
diameter mass in the right kidney. After enucleation, histological analysis verified RCC. MRI
of the craniospinal axis could not detect any alterations. No deviation from normal values was
observed in the laboratory test. The patient was heterozygous for the novel c.163G>T
(p.55GluX) amber nonsense mutation. None of his parents displayed any mutations in the

VHL gene indicating a de novo mutation.

Two affected probands of family B, sister (IP) and brother, with a positive family history of
VHL disease were examined. The sister developed a retinal angioma of the right eye at the
age of 48 years. MRI examination revealed a cerebellar hemangioma in both patients. RCC
could not be revealed so far in any of the patients. Molecular genetic analysis detected the

novel ¢.232A>T (p.Asn78Tyr) missense mutation in heterozygous form in both patients.

Family C consisted of two parents and their two daughters. The 12-years old daughter (IP)
was investigated because of a retinal angioma. Except a spinal cord hemangioma, no other

manifestations have been detected so far in her case. Interestingly, her 34-years-old father was
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asymptomatic at the first examination, however radiological investigations revealed bilateral
kidney tumors, a cerebellar and a spinal cord hemangioma. Histological analysis of the kidney
verified RCC. Four years later, retinal angioma in both eyes developed. The mother and the
other daughter were free from any manifestations of the disease. Both affected family
members were heterozygous for the novel ¢.340+1G>A mutation, located at the first exon-
intron junction. The mutation destroys the conserved intronic donor splice site and most
likely leads to premature protein termination (p.Gly114AspfsX6). The mother and the healthy

daughter were wild type.

The 25-years-old male patient (Patient D) was the only available member of the
family. His father had died several years ago due to a central nervous system tumor, probably
a complication of VHL disease. The patient was diagnosed with cerebellar and spinal cord
hemangioma and a subsequently occurring RCC, while other manifestations of VHL disease
could not be detected. The novel heterozygous nonsense amber mutation (c.555C>A) was
detected in Patient D. The mutation caused a previously reported protein truncation
(p.185TyrX) [6,18,30].

Patient E suffered from retinal angioma and cerebellar hemangioblastoma. No other
VHL-related manifestations could be revealed so far. Genetic analysis detected the previously
described ¢.583C>T mutation resulting in premature protein termination (p.195GInX).
Interestingly, the mutation has been reported to associate to type I and type Il VHL disease as
well [18,19,23].

SIFT analysis and evolutionary sequence alignment

The majority of missense mutations reported in the literature in familial VHL were predicted
to be damaging by SIFT analysis. However, 18% and 35% of the mutations were predicted to
be tolerated among mutations associating to familial cases of type | and type Il VHL disease,
respectively (Fisher's exact test, p=0.048). It is to be noted, that the lowest rate (11%) of
tolerabile mutations was observed in type | VHL disease associating to RCC. As shown by
Fig.1, the Asn78 amino acid represents a highly conserved amino acid among different
species including Homo Sapiens, Pongo pygmeaus, Rattus norvegicus, Mus musculus, Canis
familaris and Xenopus tropicalis. SIFT analysis of the current and previously reported amino
acid exchanges at this position also indicated damaging effect on protein function with SIFT

scores of 0, 0, 0, 0.03 and 0.04 in case of conversion to Tyrosine, Histidine, Isoleucin, Serine
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and Threonin, respectively. Median conservation values were below 3,25 in each SIFT
analysis indicating high confidence predictions.

Effect of the Asn78Tyr protein exchange on the molecular structure

Molecular simulation on the model wild type VHL- ElonginC - HIF-1alpha complex shows
the protein complex to be remarkably stable as it is demonstrated by the first (Fig2A) and last
(Fig2B) snapshots from the corresponding trajectory. Whereas comparing the simulation
trajectories for the wild type and the Asn78Tyr mutant (Fig2C) VHL proteins it is clearly
demonstrated that this mutation remarkably deforms the 77-83 loop structure in the VHL
protein. It can be interpreted by the breaking of the loop-stabilizing H-bond interaction
between Asn78 and and Arg82 as well as by a larger space filling property of the tyrosine side
chain. This deformation spreads over the Thr100-Arg107 loop of VHL (marked by red arrow)
which finally resulted in a weakened interaction between this loop and the HIF-1alpha protein
(shown by green arrow). Interestingly, the deformed loop structure in VHL deforms
substantially the neighboring loop (Arg82-Phe93) structure in Elongin C (shown in blue
ellipse) as well. However, this deformation did not disrupt the interaction between VHL and

Elongin C in our simulation.

Discussion

We have investigated seven VHL patients from five unrelated Hungarian families. After
detailed physical, ophthalmological, radiological and laboratory investigations all patients
were found to have type 1 VHL disease. Molecular genetic investigations detected 4 novel
and 1 previously described point mutations in the VHL gene. According to the present and a
previous report [32], there are 12 VHL families in Hungary identified so far. Nonsense,
missense, frame shift mutations and exon deletions were detected in 4,4,2 and 2 families,
respectively. These proportions show no major deviation from those of other populations and
are comparable to proportions reported by the comprehensive analysis of Nordstrom-O'Brien
et al [7]. The novel ¢c.232A>T (p.Asn78Tyr) missense mutation associated to type | VHL
phenotype. The site is evolutionary conserved suggesting it is an important amino acid

position to maintain protein structure and function. Other mutations at the same codon,
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namely p.Asn78His, p.Asn78Ser and p.Asn78Thr, p.Asn78lle associated with type | disease
phenotype as well [17-24]. This mutation site is buried within the protein core where
mutations were found to associate with lower risk of phaeochromocytoma compared to
protein surface missense mutations [23]. N78H, N78I and N78S missense mutations were all
reported to coincide with RCC, however the N78T mutation did not show this association
[17-24]. According to a later publication RCC associates with high risk to missense mutations
located between codon 74 and 90 [27]. The effect of the novel p.Asn78Tyr mutation on VHL
protein structure was assessed using molecular modeling. The Asn78 side chain participates
in the stabilization of the turn where it can be found. The breaking of the loop-stabilizing H-
bond interaction between Asn78 and Arg82 as well as the replacement of this residue with a
larger one obviously destabilizes this turn (Fig. 2). It can cause partial or global misfolding.
The most remarkable effect of this structural reorganization on protein interactions is the high
probability of dissociation of the VHL and HIF-1alpha proteins. Despite molecular modeling
predicted that the turn deformation is accompanied by cessation of the Arg79(VHL)-
Glu89(Elongin C) as well as the Arg82(VHL)-Glu92(Elongin C) interchain salt bridges (Fig.
2) the disruption of the VHL-Elongin C interaction could not be observed during the
simulation. In vitro analysis of pVHL mutants showed reduced ability to bind and
ubiquitinate HIF-lalpha in case of type I, lla and Ilb mutations, on contrary, mutations
associated to Ilc phenotype showed normal binding and ubiquitination of HIF-1alpha protein.
Completely absent HIF-lalpha binding was only observed in consequence of mutations
associating to RCC in this study [26]. However, a recent computational study could not
confirm the dose-dependent effect of VHL-HIF-1lalpha dissociation and suggests that the
canonical configuration of the wild-type beta domain is vital for the efficient functioning of
the complex and that mutation of any of the residues implicated in the H-bond network in the
binding site disrupts HIF binding [25]. Taken together, mutations in the beta domain
disrupting the VHL-HIF-1alpha interaction lead to type | disease phenotype with an increased
risk of RCC. Based on these data and our molecular modeling results we can conclude that
the novel p.Asn78Tyr mutation associates to type | disease and has a high chance to associate
to RCC as well, while only minor risk to associate to phaesochromocytoma. In an attempt to
assess the effect of all previously reported missense mutations in familial VHL, we applied
SIFT analysis and found that in type Il disease the rate of tolerable mutations is significantly
higher than in type | mutations. This finding further supports that deleterious mutations
disrupting protein integrity are more prone to cause type | phenotype. Besides, it suggests that

SIFT analysis can be a useful tool when quick prediction of a novel mutation is necessary.
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As expected, nonsense mutations associated with type 1 VHL phenotype. Two of the
three nonsense mutations associated to RCC as well. Previous publications show that large
germline deletions, nonsense and frameshift mutations associate with type I VHL phenotype
[6,17,18,19,28,30]. Consistent with previous publications indicating that RCC coincides more
frequently with nonsense mutations than missense mutations, RCC only associated to MLTP
in our patients [23,31]. Nonsense mutations independent of their exonic location associate
with earlier age at onset and higher age-related risk of RA and RCC compared to missense
mutations and large deletions [23]. Supporting this observation, the patient with the p.55GluX
mutation was 15-years-old when bilateral retinal angioma and bilateral RCC was diagnosed,
which represents the earliest occurrence of RCC in VHL disease reported so far [1,29]. VHL
screening guidelines [2,8,33,34] recommend a screening schedule for VHL patients regardless
of their genetic status in order to recognize VHL complications in a curable stage. The earliest
occurrence of RCC was reported in a sixteen-year-old boy. Accordingly, screening guidelines
recommend yearly or biannual abdominal MRI from sixteen years of age and yearly
abdominal ultrasound starting at 8 years of age. The occurrence of RCC in a fifteen-years old
boy with a truncating germline VHL mutation highlights that renal cell carcinoma can be
detected in patients with nonsense VHL mutations younger than sixteen years of age. Taken
into account that abdominal MRI scans with a higher resolution can detect RCC earlier than
ultrasound, patients with nonsense mutations known to associate to RCC and early onset of
the VHL disease [23] could be considered for earlier MRI scans. In general, genetic status
might be considered to help tailoring individual screening schedules in the future.

Genotype-phenotype correlation was analyzed and related to the findings reported in
previous publications. In our study population we confirmed that the disuprion of the VHL
protein integrity leading to the disregulation of HIF-lalpha associate to type | phenotype.
Accordingly, we also showed that the proportion of non-deleterious mutations is higher in
type Il than in type | missense mutations among mutations reported in familial VHL cases.
Here we show the earliest occurrence of RCC reported in VHL disease so far and suggest
individual tailoring of screening schedule based on molecular genetic status. Clinical and
genetic data presented in our study can help the routine of genetic counseling and patient
follow-up, as well as the presymptomatic molecular genetic diagnostics and contribute to a
better understanding of genotype-phenotype correlations.
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Legends to figures and tables

Table 1. Summary of clinical and genetic findings. The age at diagnosis is indicated in
brackets. RCC: clear cell renal cell carcinoma, CNS HB: central nervous system

haemangioblastoma, Phaeo: phaeochromocytoma, RA: retinal angioma

Figure 1. Multiple sequence alignment of VHL protein. Asn78 is highly conserved

Figure 2. Ribbon and balls and sticks rendering of a representative snapshot from molecular
simulations carried out for model VHL-Elongin C-HIF-1 alpha complexes. The ribbon model
of VHL and Elongin C protein are colored yellow and purple, respectively, while HIF-1alpha
is shown in green. The first and last snapshots from the simulation trajectory of the complex
including wild type VHL protein indicates a remarkably stable protein complex (A,B). The
Asn78Tyr mutation (C) remarkably deforms the 77-83 loop structure in the VHL protein.
This deformation spreads over the Thr100-Arg107 loop of VHL (marked by red arrow) which
finally results in a weakened interaction between this loop and the HIF-1alpha protein (shown
by green arrow). The deformed loop structure in VHL deforms substantially the neighboring
loop (Arg82-Phe93) structure in Elongin C (shown in blue ellipse in FiglB and Fig1C).
Atomtype coloring (C, N, O, H atoms are colored grey, blue, red and white, respectively) was
used for the balls and sticks model which were applied for residues which are supposed to
play key role in intercahin interactions.
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Figures and tables

VHL ) . )
Family Patients RCC c;_ll\és Phaeo | RA | other manifestations | disease gfur{gtl;gﬁ Pri?(')%ﬁ?ﬂgtrigtnem
type
A P 15 - - 15 - 1 c.163G>T p.Glu55X
B P - 48 - 48 1 C.232A>T p.Asn78Tyr
Brother - 45 - 45 - 1 C.232A>T p.Asn78Tyr
IP 14 - 12 1 c.340+1G>A p.Gly114AspfsX6
¢ Father bilgttral 34 - 38 - 1 c.340+1G>A p.Gly114AspfsX6
P 25 25 - - - 1 c.555C>A p.Tyrl85X
E IP - 41 = 41 = 1 c.583C>T p.195GInX
Table 1.
omo Sapiens 58 RPRPVLRSVNSREPSQVIFCNRSPRVVLPVWLNFDGEPQPY 98
ongo pygueaus 58 RPRPVLRSVNSREPSQVIFCNRSPRVVLPVWLNFDGEPQPY 938
attus norvegicus 24 RPRPVLRSVNSREPSQVIFCNRSPRVVLPLULNFDGEPQPY 64
us musculus 24 RPRPVLRSVNSREPSQVIFCNRSPRVVLPLWLNFDGEPQPY 64
anis familiaris 59 -PRPVLRSVNScEPSQVIFCNRSPRVVLPVULNFDGEPQPY 98
enopus tropicalis 12 ---PgLRSENSROPVQVVFCHRStRCVgPIWVNFQGDPQSY 49
Figure 1.

Figure 2.
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