HHOOPMAILIUSA 3A:

HanmeHoBaHHe Ha 3200JIABaHETO

X-CB’bp3aH NAPKUHCOHHU3BM CHC CNTIACTUUHUTET CUHIAPOM

Onpeaenenue Ha 3a00/I9BaHETO

X-cBbp3aH NMapKUHCOHU3bM-CMACTHUHOCT CUHPOM e ¢ Hauasto mMexay 14 u 50 roaunu, karo
ce HabJtoaBa 110-paHHO Hayajo B [0CJIEABALIMTE MOKOJEHU. HAKOM nauuenTH umar camo
KJIACHYECKU MApKUHCOHOB CHHAPOM (PUIUIHOCT, TPEMOpP B MOKOH M OpaaukuHesus). Jpyru
nalueHTH pa3BUBaT cnacTHYHOCT (¢ xuneppeduiekcus W nojoxutened babuHCKH),
nocneBaHa OT Pa3BMUTHETO HA MAPKHHCOHM3bM. 3abonsiBaHeTo € ¢ 0aBHa mnporpecus. X-
CBbP3aHUAT MAPKUHCOHU3bM CbC CMACTULIUTET CE MPUUMHABA OT XEMHM3UIOTHA MyTalUs B
ATP6AP?2 rena na xpomosoma Xpll.

Yerupuuudpen ko Ha 3a601a8aHeTo no MKB-10 (ako TaKbB € HaJIH4€H)

G20

Kon Ha 3a6oasaBanero no Orpha code

ORPHA363654

EnuaeMuo/iornyHy JaHHH 32 3200 s1BadeTo B PenyOnauka buarapus

<l / 1 000000; HeuszsectHu TOuHM 3aboneBaeMocT M OonectHoct. I[lpeanonara ce
3a60J11Ba€MOCT CXOJIHA Ha cTaHanuTte cTpaHu B EBpona.

B T.4. HayuHu nmy0AHKALUM OT MOCJIEAHHUTE NeT FOAHHH H MPUJIOKeHa
oubauorpagcka cnpaBka

1. Milanov I, Kmetska K, Karakolev B, Nedialkov E. Prevalence of Parkinson's disease
in Bulgaria. Neuroepidemiology. 2001;20(3):212-4.

2. Poorkaj, P., Raskind, W. H., Leverenz, J. B., Matsushita, M., Zabetian, C. P., Samii,
A., Kim, S., Gazi, N., Nutt, J. G., Wolff, J., Yearout, D., Greenup, J. L., Steinbart, E.
J., Bird, T. D. A novel X-linked four-repeat tauopathy with parkinsonism and
spasticity. Mov. Disord. 25: 1409-1417, 2010.

EnuaeMHoJOrH4HH JaHHH 32 3a00/19BaHETO B EBpOHEﬁCKHﬂ CbHO3

<1 /1 000 000; HenzeecTHu Tounu 3abonesaemoct ¥ 6onectHocT. Poorkaj u koneru (2010)
cboOWaBar 3a ronasma (pamuiaMs ¢ JATCKH M HEMCKM MPOM3XOJ, B KOATO 5 MBXe OT 3
MOKOJIEHHS ca 3acerHaTH.

B T.4. Hay4HH nmy0JHKALUH OT NOCHEAHHTE NET FOJAHHH H NMPHJIOKeHa
OubGanorpadcka cnpaBka

1. Poorkaj, P., Raskind, W. H., Leverenz, J. B., Matsushita, M., Zabetian, C. P., Samii,
A., Kim, S., Gazi, N., Nutt, J. G., Wolff, J., Yearout, D., Greenup, J. L., Steinbart, E.
J., Bird, T. D. A novel X-linked four-repeat tauopathy with parkinsonism and
spasticity. Mov. Disord. 25: 1409-1417, 2010.

OlleHKa HA CbOTBETCTBHETO HA 3abossiBaHeTO ¢ AeHHHUHATA 32 PSAKO 3a00JsiBaHe
cbraacHo § 1, T. 42 or JoNbJIHUTEHUTE pa3nopeadu Ha 3aKoHa 32 3ApaBeTo




3abonaBaHeTo e ¢ pasnpocTtpaHeHue noa S/ 10 000 aywm ot Hacenenuero Ha EBponeiickus
ChIO3.

KpnTepml 34 AHArHoOCTHLHPAHE HA 3200.19BaHETO

Iunardoctuuypane Ha 3a601s1BaHeTo (ledUHULMA Ha ciydait):

[lpuzHauyre M cuUMNTOMUTE Ha 3a00J1ABaHETO: X-CBbP3aH MNAPKMHCOHU3IBM-CMACTUUHOCT
CUHAPOM € ¢ Hauano Mexay 14 u 50 roaumHd, kato ce HabawoAaBa MO-paHHO HA4ajlo B
nocieABalluTe MOKOoJeHUA. HsikouM mnauMeHTH uMar camo KJIacHYeCKH TMapKMHCOHOB
CHUHIPOM (PUIMAHOCT, Tpemop B nokod u OpaauxkuHesus). Jlpyru nauueHTH pa3BUBaT
cnacTU4HOCT (¢ xuneppedraekcus U nonoxureneH babuHcku), nocaenaBaHa OT Pa3BUTHETO
Ha MapKMHCOHU3BM. 3ab0JsiBaHETO € ¢ HaBHA MporpecHs.

Etnonorusara u_ narorenesara: Korvatska u koneru (2013) upentuduumpa npomsiHa B
¢.345C-T na ATP6AP2 rena. [1pu noctMopTeH u3cneABaHe Ha €MH 3acerHaT MALHMEHT Ce
ycTaHoOBsBa HamaneHue Ha ATP6AP2 BB dpoHTanHata kopa u cTpuaryma. B nombnHenue
ce ycraHoBABa MacuBHO HaTtpynBaHe Ha SQSTMI B cTpuaryma, KoeTo mnpeanonara
HapylueHa aBTodarus 1 aedekT B In3030MoMeaupaHaTa 6enTbyHa Aerpajauus.

B 1.u4. HAY1IHH nyﬁ.ﬂmcaulm OT MOCJECIHHUTE NET rOAHHH H NPUJIOKEHA
Oubanorpadceka cnpaBka

1. Poorkaj, P., Raskind, W. H., Leverenz, J. B., Matsushita, M., Zabetian, C. P., Samii,
A., Kim, S., Gazi, N., Nutt, J. G., Wolff, J., Yearout, D., Greenup, J. L., Steinbart, E.
J., Bird, T. D. A novel X-linked four-repeat tauopathy with parkinsonism and
spasticity. Mov. Disord. 25: 1409-1417, 2010.

2. Korvatska, O., Strand, N. S., Berndt, J. D., Strovas, T., Chen, D.-H., Leverenz, J. B.,
Kiianitsa, K., Mata, I. F., Karakoc, E., Greenup, J. L., Bonkowski, E., Chuang, J.,
Moon, R. T., Eichler, E. E., Nickerson, D. A., Zabetian, C. P., Kraemer, B. C., Bird,
T. D., Raskind, W. H. Altered splicing of ATP6AP2 causes X-linked parkinsonism
with spasticity (XPDS). Hum. Molec. Genet. 22: 3259-3268, 2013.

AJll"OpHTMPl 34 JHArHOCTHLIHpAHE HA 3200/19BaHETO

ANropuT™My 3a AMarHOCTULMpaHe Ha 3abonsaBaHeTo: JInarHo3a Ha NapKWHCOHKU3MA ChI1acHO
HanuoHaneH KOHCEHCYC 3a AMArHocTUKa U eueHue Ha [lapkuHcoHoBara 60JecT.
AHaMHe3aTa: X-CBbp3aH NapKUHCOHU3bM-CMACTHYHOCT CUHHAPOM € C Havyaao Mexay 14 u 50
rofMHH, KaTo ce Hab/oJaBa NoO-paHHO Hayajlo B MOC/eABalMTE MOKoneHus. Hskou
NauueHTH MMAT CaMoO KJIACHYECKH MapKUHCOHOB CHHIAPOM (PUTMAHOCT, TPEMOD B MOKOH U
OpanvkuHesus). JIpyrd maudeHTd pasBMBAaT CrnacTM4HOCT (¢ xuneppediekcus u
nonoxurened BabuUHCKK), nocneaBaHa OT Pa3BUTHETO Ha MapKMHCOHU3BM. 3a00ABAHETO €
¢ 6aBHa nmporpecus.

HudepeHuuanyara ayardosa Ha 3abonseaHeto: JIpyru ¢opMu Ha NapKMHCOHM3BM C PaHHO
Havasno

Jlaboparopuu, o0pasnu M xuctosoruund wuscrnesasanus: Fluoro-DOPA PET nokassa
HaMajeHo HaTpymnBaHe B cTpuatyma. [locTMOpTeM H3CjeaBaHETO 10Ka3Ba HEBpOHallHa
zaryba B o0nactra Ha cyOcTaHlMs HUrpa 0e3 HatpynBaHe Ha Lewy Tena. B gombiaHeHue e
HalMIE M3BECTHa anuxailMepnogoOHa nartojorus B obnactra Ha crtupatyma M 4-
TaynoBTopHd (MAPT) —03UTMBHU MIaKH.

[eHEeTUYHU  W3CHEIBAHUA W MEIMKO-TeHETHMYHO  KOHCYJITHpaHe:  X-CBbp3aHus
NapKMHCOHM3BLM ChC CMACTULIMTET Ce NPHUMHIBA OT XEMH3UroTHa myrtauus B ATPO6AP2
rena Ha xpomozoma Xpll. [lpenaBanero Ha 3a00ONsIBaHETO CE€ OCBUIECTBABA 4pe3 X-
CBBP3aHO PELECUBHO YHACEIs1BaHE.

B T.4. HAy4YHH NYOJMKAIMH OT NMOCJEAHHTE MeT FOAHHH H MPHJIOKEHA




Onbanorpadeka cnpaBka

1. HauuoHaneH KOHCeHCyc 3a AMarHoCTHKa W JiedeHde Ha IlapkuHcoHOBaTa GoiecT,
Hsuratennu 3abonasauus, 2013, 10, 1.

2. Poorkaj, P., Raskind, W. H., Leverenz, J. B., Matsushita, M., Zabetian, C. P., Samii,
A., Kim, S., Gazi, N., Nutt, J. G., Wolff, J., Yearout, D., Greenup, J. L., Steinbart, E.
J., Bird, T. D. A novel X-linked four-repeat tauopathy with parkinsonism and
spasticity. Mov. Disord. 25: 1409-1417, 2010.

3. Korvatska, O., Strand, N. S., Berndt, J. D., Strovas, T., Chen, D.-H., Leverenz, J. B.,
Kiianitsa, K., Mata, 1. F., Karakoc, E., Greenup, J. L., Bonkowski, E., Chuang, J.,
Moon, R. T., Eichler, E. E., Nickerson, D. A., Zabetian, C. P., Kraemer, B. C., Bird,
T. D., Raskind, W. H. Altered splicing of ATP6AP2 causes X-linked parkinsonism
with spasticity (XPDS). Hum. Molec. Genet. 22: 3259-3268, 2013.

AJITOPUTMH 3a JieueHHe Ha 3a00/151BaHeTo

AHFODHTMI/I 3a JeyeHue Ha 3abonaBaHero: Jleuenue Ha NapKUHCOHU3Ma CBIrjIaCHO
Hauuonanen KOHCCHCYC 3a IUarHoCTUKa " JICUCHUEC Ha HapKl/lHCOHOBaTa fonecr.
TepaneBTHUHHUTE noaxoan KbM 3360J]ﬂBaHeTO, B TOBa YHUCJIO KOHCCpBATHUBHU U
OlNepaTUBHU, TEXHUTE TMPEeAMMCTBA, PHCKOBE M ouakBaHa edeKTUBHOCT: KiMa
c&oﬁme}me 3a eIMH MaUuMeHT cbc 3abonsBaHeTo ¢ ciad OTIOBOp Ha Jlesomona
Tepanus U rnocjcaApaulo pa3BuTHEC HA JUCTOHHH JUCKHUHE3HH.

B T.4. Hay4HH NyGJHKALHH OT MOCJIEHHUTE NET FOAUHH H MPUJIOKEHA
Oubanorpagceka cnpaBka

1. HauvoHaneH koHceHcyc 3a AuMarHocTvka M JedeHue Ha IlapkuHcoHoBata Gouecr,
JlBuratenuu 3adongasanus, 2013, 10, 1.

2. Poorkaj, P., Raskind, W. H., Leverenz, J. B., Matsushita, M., Zabetian, C. P., Samii,
A., Kim, S., Gazi, N., Nutt, J. G., Wolff, J., Yearout, D., Greenup, J. L., Steinbart, E.
J., Bird, T. D. A novel X-linked four-repeat tauopathy with parkinsonism and
spasticity. Mov. Disord. 25: 1409-1417, 2010.

AJIFOpPlTMPl 3a nNpocjcaAABaHe HA 3a00.1BaHETO

AJTOpUTMH 33 TpociaeisBaHe Ha 3abongsaHero: CbriacHo Hauuonanen KOHCCHCYC 3a
JAUArHoCTHUKa M JICUCHUC Ha HapKl/IHCOHOBaTa oouecr.
Bb3MOXKHM Yea0HEHUA: Pa3Butre Ha Jiepogona-uHayuupaHii JUCTOHH JUCKUHE3HH.

B T.4. HayuHH My0/IMKALHH OT NOCJIeIHUTE MeT FOAHHH H MPUJIOKeHA
Onbaunorpadeka cnpaska

1. HauuoHaneHn koHCeHCyc 3a AMarHocTvka W jeuyeHue Ha [lapkuHcoHoBaTta 0osecr,
Ilsuratennu 3abonasanusg, 2013, 10, 1.

2. Poorkaj, P., Raskind, W. H., Leverenz, J. B., Matsushita, M., Zabetian, C. P., Samii,
A., Kim, S., Gazi, N., Nutt, J. G., Wolff, J., Yearout, D., Greenup, J. L., Steinbart, E.
J., Bird, T. D. A novel X-linked four-repeat tauopathy with parkinsonism and
spasticity. Mov. Disord. 25: 1409-1417, 2010.

AJ]FOpl/lTMH 3a pexaﬁn.rlnTauuﬂ Ha 3a200JIsIBaHeTO

AnroputMu 3a pexabunurtanms Ha 3abonssaneto: CwbrnacHo HauumoHaneH koHCEHCyc 3a
JMarHocTHKa u nevyenue Ha [lapkuHcoHoBara GoJecT.

B 1.4. Hay4HH Ny0IMKANHH OT AOCJETHHUTE MET FOAHHH U MPHJI0KEHA
oubanorpadcka cnmpaBka

1. HauvonaneH koHCEHCYC 3a QMarHOCTUKa M JjiedyeHue Ha [lapkuHcoHOoBaTta Oolecr,
Jeurarenuu 3abonasauus, 2013, 10, 1.

Heobxoanmn  aeiiHOCTH 3a npoduiakTHKa Ha 3a00/15iBAHETO (AKO TaKHBAa ca




MPUJIOKHMH)

HeiiHocTy 3a npodunakTika Ha 3a00JI1BAHETO:

[1bpBHYHA, BTOPUYHA U TPETUYHA NPEBEHUMSA: X-CBBP3aHUAT MAPKUHCOHU3BM CHC
CMNacTULIMTET Ce NMPUUYMHABA OT XeMU3UToTHa MyTauusi B ATP6AP2 rena na xpomosoma
Xp!ll. IlpenapaneTo Ha 3a00JIIBAHETO CE OCBLLIECTBABA Upe3 X-CBbP3aHO PELECUBHO
yHacnensaHe. [1pu cemeiicTa ¢ yctaHOBeHa MyTauusi Ou Morio jaa ce obcbxaa
npeHaTalHa AMarHoCTHKa.

B T.u. HAY4YHH nyﬁnmcaunn OT NOCJICAHHTE NIET 'OAUNHH H NMPRJIOKEHA
6ubanorpadcka cnpaBka

1. Poorkaj, P., Raskind, W. H., Leverenz, J. B., Matsushita, M., Zabetian, C. P., Samii,
A., Kim, S., Gazi, N., Nutt, J. G., Wolff, J., Yearout, D., Greenup, J. L., Steinbart, E.
J.,, Bird, T. D. A novel X-linked four-repeat tauopathy with parkinsonism and
spasticity. Mov. Disord. 25: 1409-1417, 2010.

2. Korvatska, O., Strand, N. S., Berndt, J. D., Strovas, T., Chen, D.-H., Leverenz, J. B.,
Kiianitsa, K., Mata, I. F., Karakoc, E., Greenup, J. L., Bonkowski, E., Chuang, J.,
Moon, R. T., Eichler, E. E., Nickerson, D. A., Zabetian, C. P., Kraemer, B. C., Bird,
T. D., Raskind, W. H. Altered splicing of ATP6AP2 causes X-linked parkinsonism
with spasticity (XPDS). Hum. Molec. Genet. 22: 3259-3268, 2013.

IIpennoxeHus 3a OpraHM3alUs HA MeIHLHHCKOTO 06CTY)KBAHe HAa NMAIMEHTHTE H 32
(puHAHCHpaHe HA CHLOTBETHHTE [JEHHOCTH, cLOOpa3eHH ¢ AeicTBalaTa B CTpaHaTa
HOpMATHBHA ypeada

Cnb3paBanero Ha HanyoHaneH excniepteH HEHTHP ,,PeKku HeBpoaereHEpaTHBHU
3a001s1BaHuUsl, IPOTHYALM ¢ KOTHUTHBHH, MIOBEICHUYECKH U MOTOPHHM HapyLIEHHUs™ 34
JHArHOCTHKA, IEYEHUE U NpociesBaHe U pexaOuinTauus BKIIOUUTETHO U Ha MalUeHTH C
TOBa 3a00JIABaHMUS 0]] PbKOBOACTBOTO Ha 4ii.kop.npod.a-p JI. Tpalikos, IMH (HaLlMOHAIEH
€KCIIEPT C HAM-TOJIAM OMUT ¥ NPUHOC 33 JMarHOCTHKATA U JICYEHHETO Ha Te3M 3a001aBaHus).

OnucanMe Ha ONHTA ¢ KOHKPETHH NAIIMEHTH CbC CHOTBETHOTO PsIAKO 3abossiBane (aKo
HMAa TAKbB)

OnuThT Ha KaHAWAATCTBAIIMSA EKCMEePTeH LUEHThP MOJ pPBKOBOACTBOTO HA 4YJ. KOp.
npod.TpaiikoB 3a [AuarHo3a M JieueHHE HAa peAkd 3aboyABaHMsA, MpOTHYALLM C
MapKUHCOHU3BM C M 6e3 KOTHUTHBHH HapylueHus, natupa ot 2001 roamua ¢bC Cb3aBaHETO
Ha LEHTHp 3a [UarHosa M JjieueHUe Ha HEeBPOJACT€HEpaTUBHU 3a00NABaHMsA, MPOTHYAILHK C
JEMEHLMA U JIOMbAHMTEIHO HA LEHTHP 3a AMarHosa u JeueHue Ha [lapkuHcoHoBa Goecr.
OT IbArM TOAMHH TO3W LEHTBHP e pedepupaH LEHTbp 3a 3abonsgBaHMA, MPOTHYALLM C
NapKUHCOHU3BM ¢ M 0€3 KOTHMTHBHHM HapylUleHHsi, OCOOEHO 3a KOMIUIEKCHH, PeIKH U
HacneJACTBeHU ciiyyad. [Ipe3 roaMHuTe BCIECACTBUE HA HATPyMaHHsi ONMT U TPYA, KAKTO U
3HayuTeNieH Opoil HA MAlMEHTH C Te3M pefiku 3abonsBaHus, pedepupaHH KbM LEHTbpa ca
OCBIIECTBEHH HAKOJKO aAdcepraudd B obnactra: 1. KOrHMTMBHM HapylleHHs IpH
[NapkuHcOHOBa GoJecT (3alUTEHa AMCEpPTalMs 3a JOKTOp M0 MeAMUMHA oT A-p Mapus
[lerpoea, 2010 r., ppkoBoauTen: ua.-kop. npod. Jipuesap Tpakikos), 2. JIOHrUTyaHHAIHO
MpocCjefsBaHe Ha KOTHWUTUBHWTE HapyweHus npu [lapkuHcoHoBa OonecT (3amureHa
JMcepTalus 3a JOKTOp Mo MmeauuuHa oT A-p SBop XKenes, 2012 r., ppkoBOAMTEN: YJI.-KOP.
npod. JIvuesap TpaiikoB) ¥ 3. KIMHUMKO-T€HETUYHH KOpENauuu MpH HEBPOJAEr€HEPAaTHBHU
3a00NABaHMs, MNPOTHYALM C MAPKMHCOHU3BM (3alLMTEHA JUCEpTauus 3a JOKTOp Mo
meauuMHa oT a-p Paaxa [lasnosa, 2013 r., pbkoBoAMTeN: uj.-kop. npod. JIbuesap
TpaiikoB). CbOpaHa e 6aza JaHHM 3a OTAE/IHM MALMEHTH C OTACIHU TIPYNHU PEAKU
3a0014BaHNs, NPOTUYAILM C MAPKMHCOHHW3BM ¢ U 0€3 KOTHMTHMBEH AeGMUUT ¢ moapobHO




(eHOTHNU3UpaHEe Ha BCEKM €MH clyyaii, KOETO AaBa Bb3MOXKHOCT 3a 100bp MOHUTOPHHT Ha
NalLKMEHTUTE, KAKTO M H3CAEAOBATENICKM aHalM3 BbPXY XapaKTEpPUCTUKATA HA OTICIIHUTE
3abonspanud. JleiiHOCTTa Ha LEHTBbpa MO OTHOLIGHME HA AMAarHO3a U JeYeHWE Ha pPeAKH
3a00/19BaHKUs, MPOTHYAllY C MOTOPHU M KOTHUTWBHM HapyulieHWs, 00XBallla BCHUKH
JAMArHOCTUYHHU JEHHOCTH ChOOPA3HO HOBUTE TUArHOCTUUHKU KPUTEPUM HA Te3W 3a00NABaHUs,
BKJIFOYMTEJTHO JOITBJIHUTENHMA U3CJIEABAaHMsA, KOUTO ca HY)XKHM 3a AudepeHumanHa AMariosa
Ha AaTUNUYHW/PaHHU/HACNEACTBEHU CJIy4yaH, BKJIIOYBALIM HM3CIEABAHHUSA 3a OHOMapKepH,
HEBPOU300pa3fABallld U FeHETUYHU HaKTOPH.

[Ty6nukauumu:

1. Pavlova R, Mehrabian S, Petrova M, Skelina S, Mihova K, Jordanova A, Mitev V,
Traykov L. Cognitive, neuropsychiatric, and motor features associated with
apolipoprotein E €4 allele in a sample of Bulgarian patients with late-onset
Parkinson's disease. Am J Alzheimers Dis Other Demen. 2014 Nov;29(7):614-9.

2. Petrova M, Raycheva M, Traykov L. Cognitive profile of the earliest stage of
dementia in Parkinson's disease. Am J Alzheimers Dis Other Demen. 2012
Dec;27(8):614-9.

3. Petrova M, Raycheva M, Zhelev Y, Traykov L. Executive functions deficit in
Parkinson's disease with amnestic mild cognitive impairment. Am J Alzheimers Dis
Other Demen. 2010 Aug;25(5):455-60.

4. Kochev D, Petrova J, Petrova M, Krastev D, Traykov L. Possibility of combined
assessment of biomarkers in early Parkinson’s disease. International Journal of
Science and Research, 2014, 3, 10, 1332-1334;

5. Ilerposa M., PaiiueBa M., IleneB JI., I'puroposa O., XKenes ., Tpaiikos JI.
KorHuTuBHM pa3nuuus Mexay neKo KOTHUTHBHO HapylleHWe M AECMEHLHS [pH
[TapxuHcoHnoBa 6onect. Bwiarapcka Hesposorus, 2010, 4, 168-172.

6. Ilerposa M., PaiiueBa M., Mexpa6uas 111., XKenes 5., Auros I'. Tpaiikos JI. Bpb3ku
MEXAY JENnpecusTa U KOrHUTUBHMTE AepHUMTH npu mauueHTH c¢ [lapkuHcOHOBa
OosiecT M IeKO KOTHUTUBHO HapylueHMe. briarapcka Hesponorus, 2010, 10, 3, 122-
125.

7. Terposa M., Tpaiikos JI. PuckoBu ¢akTop 3a pa3BUTHE Ha KOTHUTHBHU HapyllIEHUS
u aemenuus npu IlapkuHcoHoBa Gonect. bearapcka Hesponorus, 2010, 10, 3, 98-
102.

8. TlerpoBa M., PaitueBa M., TpaiikoB JI. Bpb3ku Mexay npeiOMHHaHTHHS MOTOPEH
NOATHUII U KOHUTUBHU JAeduuuTd npu nauueHTu ¢ [lapkrHcoHoBa OosecT ¢ Jeko
KOTHUTMBHO HapyuieHus1. beinrapcka Hesponorus, 2010, 4, 161-164.

9. Tlerposa M., Tpaiiko JI. OcobeHocTy B npoduia U AUarHOCTHKA HA KOTHUTUBHUTE
HapyueHus npu Iapkunconosa 6onect, Hesposiorus u Icuxuarpus, 2011, 1, 43.

10. IlaBnoBa P, Mexpabuan LI, Ckenuna C, XKenes 51, Muxoa K, KvHesa P, Mutes B,
WMopnanosa A, Tpaiikos JI. XapaKkrepucTuka Ha JIereHEepaTUBHHUS TNMapKUHCOHOB
CUHIPOM B 3aBUCMMOCT OT AnonunonporedH E reHotuna. Hesponorus wu
ncuxuatpus, 4, 30-33, 2014,

11. IlerpoBa M., I'puropoea O, XKenes 5., [laBnosa P., Bnanumupos b., Tpaiikos JI.
Bnusnue Ha J[lyogona BbpXy MOTOPHUTE W HEMOTOPHUTE YCJOXHEHHWs TpH
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1,24-29.

Koues ]I., IlerpoBa lO., Iletpopa M., TpaiikoB JI. OueHka Ha €XOreHHOCTTa Ha
cyOcTaHLMs HUrpa nmpu nauudeHTH ¢ paHHa [lapkuHcoHoBa Gonect. MeaMULIMHCKK
Ipernen, 2014, 50, 5, 45-47.
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Abstract

The parkinsonian syndromes comprise a highly heterogeneous group of disorders. Although 15
loci are linked to predominantly familial Parkinson’s disease (PD), additional PD loci are likely to
exist. We recently identified a multi-generational family of Danish and German descent in which
five males in three generations presented with a unique syndrome characterized by parkinsonian
features and variably penetrant spasticity for which X-linked disease transmission was strongly
suggested (XPDS). Autopsy in one individual failed to reveal synucleinopathy; however, there
was a significant 4-repeat tauopathy in the striatum. Our objective was to identity the locus
responsible for this unique parkinsonian disorder. Members of the XPDS family were genotyped
for markers spanning the X chromosome. Two-point and multipoint linkage analyses were
performed and the candidate region refined by analyzing additional markers. A multipoint
LODyy 5« score of 2.068 was obtained between markers DXS991 and DXS993. Haplotype
examination revealed an approximately 20 ¢cM region bounded by markers DXS8042 and
DXS1216 that segregated with disease in all affected males and obligate carrier females and was
not carried by unaffected at-risk males. To reduce the possibility of a false positive linkage result.
multiple loci and genes associated with other parkinsonian or spasticity syndromes were excluded.
In conclusion, we have identified a unique X-linked parkinsonian syndrome with variable
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spasticity and 4-repeat tau pathology, and defined a novel candidate gene locus spanning
approximately 28 Mb from Xp11.2-Xq13.3.

Keywords

Genetic linkage; Parkinson’s disease/parkinsonism; X-linked parkinsonism; X-linked spastic
paraparesis; tauopathy

Introduction

The parkinsonian syndromes comprise a heterogeneous group of disorders characterized
clinically by postural instability, rigidity, bradykinesia and resting tremor. Pathological
features of classic Parkinson’s disease (PD) include selective neurodegeneration of
dopaminergic neurons in the substantia nigra and cytoplasmic Lewy bodies (LBs). Other
parkinsonian diseases, such as progressive supranuclear palsy (PSP) and corticobasal
degeneration (CBD) have predominant tau pathology. Mutations have been identified in a
number of PD genes !, and susceptibility loci 28 and potentially protective alleles have been
reported % 10, Other parkinsonian loci are likely to exist.

Linkage regions or genetic variation on the X-chromosome associated with late-onset PD
(Xq21-25 and Xp11.23) 1! or with neurodegenerative disorders that present with
parkinsonian features (DY T3, Xq13 and FXTAS, Xq27.3)1213, have been reported. We
identified a multi-generational family with a unique syndrome characterized by
parkinsonism and variably penetrant spasticity in which X-linked disease transmission was
strongly suggested (XPDS). We conducted whole-X-chromosome linkage studies to
determine if the X-chromosome susceptibility locus overlaps with existing candidate regions
or if a novel X-linked candidate region is responsible for XPDS.

Subjects and Methods

Subjects

Members from a four generation American family of Danish and German ethnic descent
with a unique parkinsonian syndrome were evaluated at the Medical Genetics Clinic at the
University of Washington (UW) Medical Center or the Neurology Clinics at the Puget
Sound Veterans Affairs Hospital (T.D.B. or A.S.) and Oregon Health and Sciences
University (J.N.) (Figure 1). Subjects gave informed consent for blood draw and DNA
studies (protocols approved by the institutional review boards). Blood samples were
obtained from nine family members, including all affected living males.

Neuropathology

Standard gross and microscopic neuropathologic evaluation was performed on the only
autopsy case. Histologic stains included hematoxylin and eosin. Luxol Fast Blue,
Bielschowsky, and Gallyas. Immunohistologic evaluation used the following antibodies: Ab
peptide (6E10, Signet Labs, 1:400), alpha-synuclein (LB509, 1:1000 and syn 303. 1:500.
gifts 1.Q. Trojanowski), glial fibrillary acidic protein (polyclonal GFAP, Dako, 1:1000), tau
(ATS, Endogen, 1:250; PHF-1, gift P. Davies, 1:10; RD3 and RD4. Upstate Cell Signaling
Solutions, 1:800 and 1:80 respectively; Tau-2, Sigma, 1:500). SMI-31 (Sternberger
Monoclonals, 1:4000), TDP43 (Protein Tech, 1:2000), and ubiquitin (Dako, 1:150).
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DNA extracted from leukocytes or B-lymphoblastoid cell lines was used to amplify eighteen
microsatellite markers spanning the X chromosome (panel 28 ABI-PRISM Linkage
Mapping Set v 2.0, Perkin Elmer) at an average spacing of 10 cM. Alleles were resolved on
an ABI PRISM 310 genetic analyzer running GENESCAN 2.1 software and analyzed with
GenotyperR (v 2.5). To refine the candidate region, five additional Marshfield genetic
markers (Xp: DXS8016, DXS8042 and Xq: DXS1217, DXS1196, DXS1216; Research
Genetics Huntsville. AL) were genotyped and haplotypes were constructed '#. Exclusion
mapping of autosomal dominant familial spastic paraplegias (SPG) 3A and 4 and FBXO?7.
responsible for a parkinsonian-pyramidal syndrome !> were performed and analyzed as
above.

Statistical analysis

Power analysis was performed with SLINK. a modified program of the LINKAGE package
(v. 5.1) 1017 Two-point, multipoint, and haplotype analyses were performed with
GENEHUNTER-IMPRINTING (v.1.3) !% 19, Allele frequencies were obtained from CEPH.
Sex-averaged map distances are available from Marshfield
(http://research.marshfieldclinic.org/genetics/)?C.

Sequencing of XPDS candidate genes

Results

XPDS candidate genes in the minimal linkage region were prioritized on the basis of
expression patterns. function, or similarity to genes involved in neurodegenerative disorders.
and sequenced using DNA from one affected male and one unaffected female carrier (IV-5
and II1-12, Figure 1). SNPs were confirmed in affected male I11-9 and female carrier I11-2 by
DNA sequencing. PCR primer pairs were designed to amplify candidate gene exons with at
least 100 nt of flanking intronic sequence 2!. PCR products were treated with ExoSAP-IT
(USB Biochemical) and sequenced with dye-terminator cycle technology (Big-Dye v. 3.1)
on an ABI310 DNA analyzer.

Genes for known parkinsonian syndromes not in the region of the linkage signal were also
evaluated. Sequencing of MAPT, PARK2, LRRK2 and SNCA 1 exons and gene dosage
analysis of PARK?2 exons were performed in two affected males and two unaffected obligate
carrier females 21 22, The DSC3 single nucleotide polymorphism (SNP) associated with X-
linked parkinsonism-dystonia (DYT3) was also sequenced 23.

XPDS phenotype

The XPDS disease phenotype presents in the second through fifth decades with an onset
range from 14 to 50 years. Age of disease onset varied between generations, with earlier
ages of presentation in the most recent generation. Two persons had only a parkinsonian
syndrome. Two and possibly three others first showed spasticity, followed by parkinsonian
features. The disease followed a slowly progressive course with increasing resting tremor.
Affected males in the first generation lived a normal life span.

Clinical characteristics of five affected males are summarized in Table 1. Two brothers (I11-2
and 11-9) had onset in their 50s of a typical parkinsonian syndrome consisting of cogwheel
rigidity, resting tremor, and bradykinesia; neither developed spasticity. Rigidity and resting
tremor were mildly asymmetrical in individual [1-9 and moderately asymmetrical in
individual II-2. Individual I1-6, with the non-disease associated haplotype, died at age 82
and was clinically unaffected.
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Individual I11-8 gave a history that spasticity developed in his early 20s. He had the onset of
a parkinsonian syndrome at age 44 with resting tremor, rigidity, and bradykinesia and
reported a mild response to I-dopa. He had signs of spasticity with hyperactive tendon
reflexes and Babinski responses. An MRI showed mild diffuse atrophy and disproportionate
enlargement of lateral and 3 ventricles compared to the extra-axial CSF spaces.

Individual V-5 had the onset of spastic paraparesis at age 14. He subsequently developed a
parkinsonian syndrome that included resting tremor and bradykinesia. At age 30 a fluoro-
DOPA PET scan showed bilateral decreased uptake in the putamen (R>L) with normal
uptake in the caudate consistent with PD. He showed a mild response to I-dopa but with
prominent dystonic dyskinesias. At age 31 bilateral electrodes were placed in the
subthalamic nucleus for deep brain stimulation, which improved motor symptoms. including
tremor. A few months later a series of generalized convulsions was controlled with mysoline
and have not recurred. He tested negative for mutations in SCA1. 2, 3, 6, 7, and 8 and had
normal long-chain fatty acids.

Individual IV-1 had the onset of marked spastic paraparesis at approximately age 26. At age
30 he had a stiff scissoring gait, hyperactive tendon reflexes, ankle clonus, cogwheel rigidity
in his arms and resting tremor of the right hand. At age 36, parkinsonian features were more
prominent including masked facies, asymmetric resting tremor of hands and feet, and
cogwheel in his upper limbs. He had no bradykinesia or retropulsion. He now had bilateral
Babinski reflexes as well as the previously noted signs of spasticity.

Neuropathology of XPDS

Neuropathology was performed on individual II-2 who died at age 86. Gross examination
revealed a brain weight of 1235 g with mild ventriculomegaly. Microscopic examination
revealed neurofibrillary tangle (NFT) pathology limited to the medial temporal lobe,
consistent with a Braak stage of [1I 2%, NFTs and neurites in the medial temporal lobe were
immunopositive for all tau antibodies including RD3 and RD4 (Figure 3). Diffuse Ap
deposits were observed in the neocortex and limbic system. however neuritic plaques were
only seen in the medial temporal lobe. The severity of plaques and tangle pathology was not
sufficient to fulfill criteria for Alzheimer’s disease (AD) 2°. There was mild to moderate
neuronal loss in the substantia nigra with rare NFT pathology and no LBs. Evaluation for p-
synuclein failed to reveal pathologic lesions in the brainstem, limbic system, basal ganglia,
or neocortex. TDP-43 immunostaining was negative.

Anterior portions of the striatum, including both putamen and caudate, demonstrated plaque-
like structures that were Gallyas, AT8, PHF-1, and RD4 immunopositive, while RD3 and
ubiquitin immunonegative. Notably, in the same case, the limited AD changes observed in
the medial temporal lobe were immunopositive with RD3 (Figure 3H). Double
immunolabeling with GFAP and AT8 revealed a close association of astrocytes and tau
positive processes (Figure 3E), and individual glial cells had AT8 immunopositive processes
(Figure 3F). Similar plaque-like structures were not observed in other regions including the
neocortex and limbic system. SMI-31 (anti-neurofilament) immunostaining failed to reveal
ballooned neurons in the amygdala, hippocampus, basal ganglia, and neocortex.

XPDS linkage analysis

Disease inheritance is consistent with X-linked transmission (Figure 1). All five affected
males in three generations are related through unaffected females and none of the three sons
of two affected males are affected. Assuming a disease frequency of 0.00001, 90%
penetrance, and four alleles of equal frequency, a simulation study estimated a maximum
two-point LOD score of 1.81 at recombination fraction, 8. of 0.00. Two-point analysis
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obtained a maximum LOD score of 1.46 at DXS993. Multipoint analyses using 18 markers
identified a candidate region delineated by DXS1214 (Xp sex averaged location [SAL]
33.54 cM) and DXS990 (Xq SAL 60.62 cM), and provided a maximum LOD score of 2.02.
Inclusion of five additional markers narrowed the critical region to ~20 ¢M defined by
DXS8042 (Xp SAL 37.87 ¢cM; Xp11.2) and DXS1216 (Xq SAL 53.58 ¢M; Xq13.3). The
XPDS disease haplotype was not present in the unaffected at-risk male (11-6). A final
maximum LOD score of 2.068 was obtained between markers DXS991 and DXS993
(Figure 2). For an X-linked disorder, a LOD score >2 provides significant evidence in favor
of linkage, with LOD~2 corresponding to p~.05.

XPDS critical region

Human genomic sequence for the DXS8042-DXS1216 critical region is available as five
contigs (NT_079573, NT_086939. NT_011638, NT_011630. and NT_011669) spanning
~28.5 Mb that includes an ~3 Mb gap encompassing the pericentromeric region. A
comprehensive gene retrieval in this region (UCSC Browser March 2006 and NCBI Map
Viewer Build 36.1) identified ~370 RefSeq genes, including multiple splice variants per
gene. With splice variants represented as a single gene ~200 candidate genes remain.
including 29 known disease loci and the G-, melanoma-, and P-antigen-family clusters and a
synovial sarcoma breakpoint clusters. In addition, 118 hypothetical genes, twelve
microRNAs, and one small nuclear RNA are annotated in the critical region. The
observation of earlier onset in more recent generations, one feature of anticipation, raises the
possibility of a nucleotide repeat expansion mechanism for XPDS. The XPDS candidate
region harbors 174 simple trinucleotide repeats (range 8-90.7 repeat units) where 36 repeats
are found in genes (31 intronic, 3 in UTRs and in one exon each in SHROOM4 and RBM [0}).
Disruptions in SHROOM4 are linked to Stocco dos Santos X-linked mental retardation
syndrome. RBM 0 contains an imperfect GGA repeat in exon 3 that is not expanded in
individuals I11-12 and 1V-5 (Figure 1) and no other coding sequence change was detected.

Fifty-eight other candidate genes within the XPDS critical region were excluded due to lack
of expression in the brain or classification as disease genes for distinctly different disorders.
Seventeen candidate genes were selected on the basis of central nervous system expression
and other characteristics (Table 2). Proteins that function within the ubiquitin/proteosome,
mitochondrial, or oxidative stress pathways were given high priority. All exons and splice
junctions of these genes were sequenced. Polymorphisms in dbSNP were identified in UBA !
(rs11558783), USP 11 (rs10126669), SYN (rs2294219), and T/MM17B (rs1128363). A novel
A—G nucleotide change encoding an R38Q amino acid substitution in GR/IPAP ] was
identified in one carrier female and was not present in either affected male. No other non-
polymorphic changes were found.

Candidate gene analysis outside the linkage region

Although a LOD score of 2.068, the maximum possible for this family’s structure, provides
approximately 95% confidence for the X-chromosome locus we identified, a 5% possibility
remains that the disease gene lies elsewhere. Given that the sequence analyses of positional
candidates had not yielded a causative mutation, we believed it to be prudent to rule out
known genes that cause similar parkinsonian phenotypes. The disease-single-nucleotide
change 3 (DSC3) in exon 4 of the multiple transcript system that is diagnostic for X-linked
dystonia-parkinsonism (DYT3) was ruled out by targeted analysis in affected male IV-5.
Several autosomal genetic risk factors for parkinsonism were evaluated by DNA sequencing
of the same subject: PARK2, MAPT, SNCA, and LRRK2 26, No pathogenic mutations were
identified in these genes. No dosage variations were identified in PARK2. MAPT SNP
analysis revealed that affected subjects I11-8 and V-5 had H1/H2 haplotypes, while the
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remaining family members had H1/H1 haplotypes. Linkage to FBXO7 and PLA2G6 (22q12-
q13), atlastin (SPG3. 14g11) and spastin (SPG4, 2p22) were excluded.

Discussion

We have described a unique parkinsonian syndrome, XPDS, mapping to Xp11.2-Xq13.3.
Affected males present with a neurologic disease in which everyone eventually develops
parkinsonian features with variable spasticity. XPDS is unlike idiopathic PD because of
prominent spasticity and a lack of LB pathology and is unlike classic hereditary spastic
paraplegia because of the co-occurrence of parkinsonian features.

We identified an ~20 ¢M region on the X-chromosome of shared genotypes among affected
males, providing significant evidence for linkage (p .05). It is an unlikely alternative that an
autosomal locus is responsible for the disease (with reduced penetrance in females) or that
the more classic PD cases are disease phenocopies given the transmission pattern in the
tfamily of affected males in three generations related through unaffected females and the
absence of mutations in genes responsible for three common autosomal parkinsonian
disorders. Detailed analyses that ruled out the potential involvement of nine autosomal PD-
associated genes strengthens our confidence in the X-chromosome linkage findings;
however, until the X-linked disease gene and mutation are identified the possibility of a false
positive linkage finding remains.
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The XPDS locus does not overlap with any known X-chromosome PD or spasticity locus.
Pelizacus-Merzbacher disease, X-linked adrenoleukodystrophy. the XDP locus 23 2,
Fragile-X tremor/ataxia syndrome !! and PARK 12 28 all map distal to XPDS, Thus. XPDS
is a novel parkinsonian syndrome with a unique gene locus.

Pathological findings in the one autopsied case failed to reveal -synuclein immunopositive
inclusions or neurites that are generally observed in PD. However. there were plaque-like
structures observed in the striatum that were positive with silver stain, and tau and GFAP
immunopositive. These aggregates of tau positive glial processes had the appearance of
astrocytic plaques, a frequent finding in CBD 29, Consistent with CBD the astrocytic plaque
processes were immunopositive with the 4-repeat (4R), but not the 3-repeat (3R), tau
antibody suggesting this was a 4R tauopathy. Unlike CBD. we did not observe astrocytic
plaques in other brain regions, nor did we observe CBD-associated pathologic changes such
as ballooned neurons, neuropil threads in white matter, or oligodendroglial tau pathology.
Thus, neuropathologically this appears to be a distinct 4R tauopathy. Similar to CBD and
PSP, there was a predominance of the H1 haplotype in this family 30,

- 1duoshUB JOUINY Vel-HIN

Two autosomal recessive syndromes share features of both parkinsonism and pyramidal
track signs. These are Kufor-Rakeb and a parkinsonian-pyramidal syndrome with mutations
in ATP13A42 and FBX07, respectively 31> 32, In addition to different inheritance patterns
these disorders have earlier onset and more severe findings than in the present family. They
may represent the disorder described by Davison (1954) with one autopsy showing nerve
cell 1033531n the globus pallidus and substantia nigra without LBs and pallor of the pyramidal
tracks °-.

The XPDS critical region contains ~200 candidate genes and 118 hypothetical genes. We
selected 17 candidate genes for sequencing, including a ubiquitin-related gene (UBQLN).
two mitochondrial-related genes (NDUFB11 and TIMM17B), two protein kinases (CASK
and PCTK 1), and two G-protein coupled receptors (GPR34 and GPR173). The remaining
candidate genes were selected for high CNS expression levels. Within the time frame of this
study five candidate genes were published as causing distinctly different diseases (CASK.
UBAI, PORCN, SYN, and EFNBI; Table 2). No disease-associated mutations or
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polymorphisms were identified in these genes. Screening of seven additional genes. based
on CNS expression is underway including CRSP2 (cofactor for SP1 transcriptional
activation), DDX3.X (putative RNA helicase), RGN (senescence marker protein). RBM 10
(RNA binding motif protein), USP !/ (ubiquitin specific protease), PPPIR3F (protein
phosphatase inhibitory subunit), and MAOB, because of previous linkage studies suggesting
it is a PD susceptibility locus 3*. Although brain-specific micro-RNAs have been implicated
in neurodegeneration 33, the micro-RNAs that map to the critical region are implicated in
erythropoietic. immunologic, and oncogenic pathways and are unlikely to cause XPDS. Our
analyses have only ruled out exon deletions for those exons that demonstrated SNP
heterozygosity. Array comparative genomic hybridizations may be used to exclude copy
number variants and additional screening for triplet repeat expansions and PD-associate
SNPs (genome wide association studies) may be employed. Ascertainment of additional
XPDS family members may further refine the critical region and aid in identifying the
disease gene.
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Figure 1. The four-generation pedigree of the XPDS family

A diagonal line denotes individuals who are deceased. Haplotypes are shown for all
pedigree members from whom DNA was obtained. The apparent disease-related haplotype
region is boxed. Haplotype markers are listed to the right of the genotype for subject 11-9
and approximate distances between markers are listed to the right. Secondary genotyping
defined the critical region between markers DXS8042 and DXS1216; DX 1216 is located
between markers DXS991 and DXS986.
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Figure 2.
Multipoint linkage analysis performed with GENEHUNTER-IMPRINTING using 23
markers spanning the X chromosome.
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Figure 3. Immunostaining characteristics of plaque-like pathology in the striatum of the XPDS
autopsied case

ATS, Gallyas, and RD4 (4-repeat tau specific antibody) stain plaque-like pathology in the
striatum (A—D). Double immunolabeling with GFAP for astrocytes and AT8 demonstrate
close association of glia and tau pathology (E) and double labeling of glial processes (F.
arrow). Immunostaining with the 3-repeat tau specific antibody RD?3 fails to label this
pathology in the striatum (G), although age-associated neurofibrillary tangle and neuritic
plaque pathology in the hippocampus was immunopositive (H).
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Altered splicing of ATP6AP2 causes X-linked
parkinsonism with spasticity (XPDS)
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We report anovel gene for a parkinsonian disorder. X-linked parkinsonism with spasticity (XPDS) presents either
as typical adult onset Parkinson’s disease or earlier onset spasticity followed by parkinsonism. We previously
mapped the XPDS gene to a 28 Mb region on Xp11.2-X13.3. Exome sequencing of one affected individual iden-
tified five rare variants in this region, of which none was missense, nonsense or frame shift. Using patient-
derived cells, we tested the effect of these variants on expression/splicing of the relevant genes. A synonymous
variantin ATP6AP2,c.345C>T (p.5115S), markedly increased exon 4 skipping, resultinginthe overexpression of
a minor splice isoform that produces a protein with internal deletion of 32 amino acids in up to 50% of the total
pool, with concomitant reduction of isoforms containing exon 4. ATP6AP2is an essential accessory component

of the vacuolar ATPase required for lysosomal degra
affected in Parkinson’s disease. Reduction of the fuil

dative functions and autophagy, a pathway frequently
-size ATP6AP2 transcript in XPDS cells and decreased

tevel of ATP6AP2 protein in XPDS brain may compromise V-ATPase function, as seen with siRNA knockdown
in HEK293 cells, and may ultimately be responsible for the pathology. Another synonymous mutation in the
same exon, ¢.321C>T (p.D107D), has a similar molecular defect of exon inclusion and causes X-linked mental
retardation Hedera type (MRXSH). Mutations in XPDS and MRXSH alter binding sites for different splicing fac-
tors, which may explain the marked ditferences in age of onset and manifestations.

INTRODUCTION

Recently. we described a family (Fig. 1) affected with a distinct
X-linked parkinsonian syndrome, XPDS (1). XPDS is a slowly
progressive discase with considerable phenotypic variability
with respect to age of onset (range: 14-58 years) and presenting
symptoms. Spasticity was the initial symptom in three affected
individuals who later developed a parkinsonian resting tremor,
masked facies and bradykinesia. Two individuals presented

with typical parkinsonian features and did not manifest spasti-
city, even at old age. One affected individual developed seizures
and one had moderate memory loss in his 80s, but none had de-
velopmental delay. We mapped the XPDS locus to a 28 Mb
region on chromosome Xp! 1.2-Xq13.3 that contains ~200
protein coding genes (1). Complete or partial sequencing of 18
selected candidate genes failed to reveal a pathological change.

Analysis of genetic variation in families via exome resequen-
cing has proved a powerful approach for identifying genes that

*To whom correspondence should be addressed. Tel: +1 2065430896 (0.K.), +1 206543 3177 (W.HR.x Fax: + 1 2066167366 (0.K.), +1 2066167366
(W.HR): Email: okS@u.washington.cdu (0.K.), wendyrun@uw. cdu (W.HR)

(; The Author 2013. Published by Oxford University Press. All rights reserved.
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Figure 1. Family with X-linked parkinsonism and spasticity { XPDS). The indi-
vidual tested via exome sequencing is designated with an arrow.

underlie Mendelian disorders. Tt has been successful even in
challenging circumstances, including rare disorders with a
limited number of subjects, presence of locus heterogeneity
and/or reduced penetrance (2,3). These studies have relied on
an exceedingly rare frequency of the causative variant in the
population. Here we report functional analysis of candidate var-
iants detected by exome resequencing that identified the genetic
cause of XPDS.

RESULTS
identification and functional analysis of candidate variants

Exome sequencing revealed 100 variants (91 SNPs, 9 indels) in
the identity-by-descent (IBD) region on the X chromosome. As-
suming that XPDS is an extremely rare disorder, we filtered out
variants annotated in dbSNP or the 1000 Genomes Database as of
June 2011, or were present in 1200 Caucasian cxomes (NHLBL
Exome Variant Server; UW EVS). This reduced the number of
candidate variants to five, of which onc was synonymous, two
resided in a 3-UTR and two were intronic indels within 30 nt
from an cxon—intron boundary (Table 1). Sanger sequencing
was performed to validate the exome data and confirm
co-transmission with disease.

In parallel, given the pattern of decreasing age at onsct and
increasing scverity of symptoms with successive generations
in the XPDS family, we tested possible repeat expansions in
the coding sequence within the linkage region. Repeat n-
stability within non-coding regulatory sequences tends to
produce very variable phenotypes, whereas repeat expansions
within coding regions more typically produce a core pheno-
type with increased severity (4) as is manifested in this
family. No expansions were detected in the re-aligned
exome reads from the IBD interval. The reference genome
contained ~3700 potentially unstable repeats (total length
>24 nt) within genic regions of the IBD interval, of which
10 resided in coding exons and/or exon—intron boundaries.
All 10 sites were verified by Sanger sequencing in two
affected subjects (IV-1 and IV-5) and two control subjects,
but no repeat expansions were found (data not shown).

Given the absence of mutations that directly affect protein se-
quence. we next evaluated the effect of the five variants on gene
expression and RNA splicing using patient-derived lymphoblas-
toid cell lines (LCL). For an X-linked disorder, even modest

changes in genc cxpression/RNA splicing may be sufficient to
cause discase in males who lack a normal allele. By qRT-
PCR. we tested the two variants in 3 UTRs for changes in the
gene-expression level. We also examined an intronic variant
near the exon—intron boundary and a synonymous exonic
variant for evidence of altered splicing. such as changes in the
balance of splice isoforms or appearance of new products.

Using LCLs from two patients and two unaffected Caucasian
males, we did not find consistent effects of variants in RGN and
XA4GE3 on mRNA expression level or the variant in MEDI4/
EXLM! on splicing. PAGES was not expressed in LCL. In con-
trast, the silent exonic ¢.345C > T (p.S115S) mutation dramatic-
ally altered splicing of the ATP6A4P2 gene (MIM 200356)
(Fig. 2).

Tn addition to a major splice product of the expected size that
migrates at 250 bp, a faint minor band at 150 bp is seen in both
controls. This 150 bp band becomes a major species in both
XPDS subjects. Direct sequencing of the eluted and purified
RT-PCR fragments determined that the 230 bp band contains
normally spliced exons 3. 4 and 5, whereas the 150 bp band
lacks exon 4. The skipping of exon 4 results in an in-frame tran-
script (Aed) encoding a protein with internal deletion of 32 resi-
dues. The upper band seen in both patients consists of a
heterogeneous mixture of transcripts and is likely an RT—PCR
artifact.

ATP6AP2 is an essential gene with ubiquitous expression.
It encodes a single-pass transmembrane domain protein that
is involved in a range of processes such as intracellular pH
homeostasis {3). renin—angiotensin system (6) and WNT sig-
naling (7). Surprisingly. another mutation in this gene causes
the MRXSH syndrome (OMIM #300423), a congenital mental
retardation with epilepsy (8). This silent mutation. ¢.321C>T
(p.D107D), also positioned in exon 4, significantly impairs
splicing efficiency resulting in the overexpression of the
Aed transcript.

Variants in ATP64P2 exon 4 and their predicted effect
on splicing

The nucleotide sequence of exon 4 is nearly invariant in the
human population. Besides mutations found in the MRXSH
and XPDS families. there is only onc rare synonymous
¢.357G>A {p.E119E) variant (0.02% frequency) listed in the
EVS. No phenotypic information was available for this
sample. We found no exon 4 mutations in 1160 patients with Par-
kinson’s disease (PD). However, only 35 male paticnts had a
family history consistent with an X-linked disorder (e.g. two or
more affected males, no male-to-male transmission) and none
had a history of spasticity.

Human Splicing Finder predictions suggest that the two
disease-related mutations, ¢.321C>T (p.D107D) and
¢.345C>T (p.S115S), affect different sets of splicing factors
(Table 2). ¢.321C>T (p.D107D) disrupts enhancer sites for
SRp40 and 9G8, whereas ¢.345C>T (p.S115S) creates anew si-
lencer site. Interestingly, ¢.357G>A (p.EL119E) could also
affect splicing of exon 4, although through different mechan-
isms. ¢.357G>A (p.E119E) is predicted to disrupt both a
potential enhancer for splicing factor SRp55 and a silencer for
hnRNP Al
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‘Table 1. Unique variants found in the XPDS exome within the X-chomosome linkage interval

Variant (hg19 coordinates) Description Gene symbol Gene name
40456545C>T Coding, synonymous ATPOAP2 ATPase. H+ transporting, lysosomal accessory protein 2
55250449 A>G 3-UTR, non-coding PAGES P antigen family, member S (prostate assoctated)
40932333 G A 3.UTR. non-coding RGN regucalcin {senescence marker protein-30)
40388 605 G>>GA Tntronic indet MEDI14. EXLMI mediator complex subunit 14, transcription activator
32891 619GT>G Intronic indel XAGE3 X antigen family, member 3
N e . , o .
A Controls Patients ¢DNA clones, respectively, Fig. 3A), as well as several minor

NC1 NCZ M I8 V-1

B exon 3 exon 4

NC1

NC2

-8

-1

Figure 2. The silent ¢ 343C>T (p.S115S) mutation results in overexpression of
ATP6.4P2 splice isoforms that lack exon 4. (A) RT-PCR with primers positioned
inexons 3 and 5 amplifies a major 250 bp and 4 minor 150 bp product in controls:
the minor product is highly overexpressed in patients. (B and C) Sequence ana-
lysis of splicing products from 250 bp (B) and 150 bpbands () confirming exon
4 skipping in the 150 bp band. TII-8. IV-1: affected patients from the XPDS pedi-
gree depictedinFig. {NCE.NC2: normal controls. M: molecular weight marker.

Overproduction of minor Aed isoform in XPDS cells
compromises the level of normal full size transcript

According to the AceView database (http://www.ncbi.nhn.nih.
gox'x"IEB.r"Rescarch/"Acembly/), the human 4 TP64 P2 gene is al-
ternatively spliced in multiple tissues including brain
(Fig. 3A), and human 47P64P2 mRNA splice isoforms are
much more complex than those of mice (Fig. iB). There are
two major ATP64P2 isoforms containing normally spliced
exon 4 (a and d supported by 214 and 117 tissue-averaged

forms, including Aed (isoform ¢, 12 supporting clones). We
used qRT~PCR quantification to measure the effect of the
¢.345C>T (p.S115S) variant on the relative proportion of
ATP6AP2 splice isoforms, as well as on the overall transcript
fevel (Fig. 4). In normal individuals, blood-derived cells
contained < 1% ol Ae4 transcript (average 0.4%. range 0.07—
0.8%) while brain tissues produced it at a 10-fold higher level
{average 4%, range 1.5-8.4%, Fig. 4A). Strikingly, the Aed
level is increased over 90-fold in XPDS patients, becoming a
major isoform in blood cells (average 44%; patients’ averages
of35% in LCL and 50% in uncultured white cells). The observed
increase in Ae4 production caused by ¢.345C>T (p.S1158) 15
comparable to that of the ¢321C>T (p.D107D) mutation
found in MRXSH (50% in LCL) (8).

We were interested in whether Aed overexpression increases
total production of ATP6AP2 mRNA or competes with the pro-
duction of the isoforms that contain exon 4, resulting intheirrela-
tive depletion. To account for total ATP64AP2 mRNA
production, we performed an additional quantification using
exons 8§ and 9 present in splice isoforms a through f (Fig. 3A).
The expression of e8—e9, e3—c4 and Aed was compared with
that of external reference genes (GUSB and TBP, Fig. 4B-D).
We observed no differences in the amount of total ATP6AP2
transcript between patients and controls (Fig. 4C). In XPDS
patients, production of exon 4-containing isoforms was
decreased, indicating that they indeed compete with Ae4 for
pre-mRNA (Fig. 4B and D).

Deficit of ATP6AP2 protein in XPDS brain

To study the expression and distribution of ATPGAP2 protein in
XPDS brain, we took advantage of available brain sections from
the previously characterized patient [1-2 (1). Sections from this
brain and two age-matched control brains were stained with
polyclonal antibodies raised against the extraceliular domain
of the ATP6AP2 protein (Fig. 5). In the normal brain, the cyto-
plasm and plasma membrane of the majority of neurons were
stained positively. In the XPDS case. we observed a similar dis-
wibution of immunostaining, but with marked decrease in stain-
ing intensity in both the frontal cortex and the striatum: the
difference was less pronounced in the hippocampus.

On the role of ATP6AP2 in Wnt/B-catenin signaling

ATP6AP2 has been shown to modify Wnt/B-catenin signaling
and may act as an adaptor between Wnt receptors, Frizzled
and Lrp5/6, and the V-ATPase complex (7.9). Because deregu-
lated Wnt signaling is a frequent tinding in neurotogical disor-
ders (10), we tested whether modulaton of ATP6ADP2
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expression and/or overexpression of the Aed isoform could influ-
ence Wnt/B-catenin signaling. We first deplcted ATPOAP2
protein in HEK293T cells harboring a Wnt/B-catenin-activated
luciferase reporter (BAR) (11). Of six siRNAs shown by western
blot to reduce ATP6AP2 protein, three reduced the ability of
Wnt3A conditioned media to activate Wnt signaling, one
further enhanced Wnt3A-dependent signaling, and two had no
effect (Supplementary Material, Fig. S1).

Overexpression of ATP6AP2 is thought to repress Wnt/
B-catenin signaling (9); whereas, expression of ATP6AP2
lacking its C-terminus (AC) has been shown to synergize with
Wnt3A to activate Wnt/B-catenin signaling (7). Thus, we

Table 2. Predicted effect of variants in exon 4 of ATPSAP2 on splicing

Phenotype Variant Exon Enhancer Site Fxon silencer site

XPDS ¢345C>T —10.01% for SRp40  new siwe
MRXSH  ¢321C>T  site broken for SRp4  422% for hnRNP Al
site broken for 9G8
Unknown  ¢357G™A  site broken for SRp55  site broken for hanRNP Al

Human ATP6AP2 splice isoforms

L )

tested whether overcxpression of the Acd isoform of
ATP6AP2 could also influencc Wnt/B-catenin activation.
Unlike positive control protcins, B-catenin and constitutively
active LRP6 (12), we did not observe changes in BAR activity
when full length ATP6AP2, ATP6AP2 AC or ATP6AP2 Aed
were overexpressed (Supplementary Material, Fig. $2). Collect-
ively, our findings suggest that ATP6AP2 does not significantly
influence Wnt/B-catenin signaling.

ATP6AP2 deficiency affects V-ATPase function with
resultant impaired autophagy and lysesomal clearance

ATP6AP?2 is an essential accessory unit of the V-ATPase multi-
protein complex responsible for a number of processes in the eu-
karyotic cell including endosome acidification, endocytosis and
vesicular trafficking. The engineered ablation of ATP6AP2 in
cardiomyocytes leads to disassembly of the V-ATPase
complex, loss of its function, impaired autophagy and eventually
cell death, (13) mimicking the effect of V-ATPase inhibitors,
such as bafilomycin Al (BafA1). We were interested whether
partial depletion of this essential protein by siRNA could
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produce a V-ATPasc-deficiency related phenotype. High con-
centration of BafA (=100 nM) inhibits V-ATPase completely,
induces vacuolar deacidification that impairs lysosomal protein
degradation (14) and promotes apoptosis (15). We thercfore
investigated whether ATP6AP2 knockdown by siRNA would
synergize with BafAl at concentrations below its reported
ability to inhibit vesicular acidification. All three siRNAs
ATP6AP? shown to efficiently deplete the protein (Supplemen-
tary Material, Fig. S1) decrcased cell survival at low doses of
BafAl (Fig. 6A). Next, we exanined the cffect of sSiRNA knock-
down on autophagy using the expression of LC3 and p62 as the
read-outs. Conversion of LC3-1 (cytosolic form) to LC3-11
(membrane-bound lipidated form) is a measure of autophagoso-
mal formation. We evaluated the LC3-1I/LC3-T ratio under con-
ditions that either induce or block autophagy (Fig. 6B). In cclls
where autophagy was induced by starvation or blocked at the
fusion step by BafAl the ratio was increased at a comparable
level: the combined treatment {starvation followed by BafAl)
augmented the LC3-IVLC3-1 ratio in an additive manner. We
did not observe significant differences in autophagic flux
berween control and ATP6AP2 knockdown cells.

Another common method of autophagy evaluation is visual-
ization of autophagosomes as LC3-positive puncta. We used
HEK?293 cells stably transfected with the mRFP-GFP-LC3 re-
porter (16). The difference in pH sensitivity of the two fluores-
cent tags allows the autophagosome before fusion with the

lysosome (yellow fluorescence of both RFP and GFP) to be dis-
tinguished from the autolysosome (red fluorescence of RFP). Ali
three siRNAs to ATP6AP2 augmented the presence of punctatc
LC3-positive structures (Fig. 6C). Accumulation of yellow and
red LC3-positive puncta indicates perturbation of autophagy
and lysosomal clearance.

To examine the XPDS brain for defects in autophagy, we
performed comparative immunostaining with p62/SQSTMI
antibodics, a marker of impaired autophagy in various necurode-
generative conditions (17). THC revealed massive accumulation
of p62 in the XPDS striatum (Fig. 7) but not in other regions
examined (data not shown) indicating a region-specific impair-
ment of constitutive autophagy in the XPDS brain. Tt is of note
that ATP6AP2-deficiency was also most prominent in the
XPDS striatum (Fig. 5).

DISCUSSION

Herein, we show that a silent mutation in ATP6AP2, which
encodes an accessory unit of an essential lysosomal enzyme.
V-ATPase, is the cause of a familial parkinsonian disorder,
XPDS. The availability of patient blood cells allowed detection
of the underlying molecular phenotype, aberrant splicing of
ATP6AP2 mRNA that results in the overexpression of ils
minor isoform. Another silent mutation in the same exon of
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Figure 5. Reduced ATP6AP2 immunostaining in the XPDS brain. Representative immunostaining of brain sections of the XPDS case (A and B) and controls
(C and D). In both the frontal cortex (A and C) and striatum (B and D), the XPDS case demonstrated normal distribution but marked reduction in the intensity of

ATPEAPZ immunostaining in neurons.

ATP6AP2 that produces a similar defect in splicing causes
X-linked mental retardation Hedera type (MRXSH; OMIM
300423). adistinct CNS pathology with several overlapping fea-
turcs with XPDS, which include spasticity and scizures (1,8,18).
According to recent estimates, atleast 15% of all discasc-causing
mutations affect RNA splicing (19,20). Many of them are silent
exonic mutations with no clearly predictable cffect on splicing.
This highlights a necessity to procure cells or other biological
material from patients for studies of genetic disorders.
V-ATPase complex and its accessory protein ATP6AP2 are
present within the plasma membrane and membranes of some
organelles such as endosome, lysosome and secretory vesicle.
V-ATPase is involved in receptor-mediated endocytosis, mem-
brane trafficking, protein processing and degradation and nutri-
ents uptake (21,22). V-ATPase complex is composed of an
8-subunit V1 sector that is responsible for ATP hydrolysis and
a 6-subunit VO sector that serves as a transmembrane proton
channel (23,24). ATP6AP2 is specifically associated with the
VO sector ensuring its integrity. Targeted disruption of
ATPG64P2 is lethal to the cell; it destabilizes VO and prevents
its assembly but has no effect on V1 (13). The resulting acute
V-ATPase deficiency carries multiple consequences including
impaired lysosome-mediated protein degradation and autop-
hagy (13,25). We show that even partial depletion of
ATP6AP2 by siRNA sensitizes HEK293T cells to low doses
of V-ATPase pump inhibitor BafA 1. The accumulation of autop-
hagosomes and autolysosomes upon siRNA knockdown sug-
gests a direct effect of ATPOAP2 deficiency on the autophagy

process. The immunoblotting with endogenous L.C3 did not
detect autophagy changes: the results from the two L.C3-based
assays may reflect differences in assay sensitivity and/or
cell-line-specific responses and warrant further investigation.
Perhaps most relevant to the pathogenesis of the disorder, the
most affected arca of XPDS brain. the striatum, showed
ATP6AP2 deficiency, pathological Tau deposits (1) and
massive accumulation of p62/SQSTMT1 indicating profound
defect in lysosome-mediated protein degradation and autop-
hagy.

ATP6AP? is a ubiquitous protein as is its pathological Ac4
ATP6AP2 isoform. which is overexpressed in XPDS and
MRXSH cells of non-neural origin. Yet, the effect of mutations
in both disorders is CNS-confined rather than pleiotropic. This
may be explained by particularly strong demand of neurons for
V-ATPase related functions. Additionally, ATP6AP2 isoforms
may carry out yet unidentified functions exclusive for neural
cells. The complexity of alternative splicing of 4TP64P2 has
greatly evolved in the human compared with the mouse
(Fig. 3). In the PC-12 model of neurogenesis. overexpression
of Ae4 ATP6AP2 inhibited neural differentiation (26). Besides
overexpression of Ae4. a splicing mutation ultimately affects
the level of the normal full size ATP6AP2 isoform. At the tran-
script level, the production of the normal isoform is reduced
because of competition for pre-mRNA. At the protein level,
the Aed isoform seems to have a shorter half-life (8,26) resulting
in a lowered output of total ATP6AP2 protein. In normal brain,
basal Aed expression is an order of magnitude higher than in non-
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neural cells so one can reasonably anticipate that the cffect of the
XPDS mutation on ATP6AP2 protein level in the brain will be
also augmented. By THC, we did observe a deficit of total
ATP6AP2, which was most pronounced in the XPDS striatum.
an area commonly involved in PD. Of note, heterozygous
female carriers in both MRXSH and XPDS families do not mani-
fest clinical symptoms even though the Ae4 transcript is overex-
pressed in their blood cells {(8) and our unpublished data]. The
cells that express the normal 4TP64P2 allele may be sufficient
to compensate for cells with the mutant allele on the active X
chromosome. It is also possible that disease-free female carriers
have a skewed pattern of X inactivation in neural tissues.

Why do splicing mutations that produce a similar molecular
phenotype in blood cells cause such different CNS disorders?
The most likely explanation is a quantitative difference in Ae4
expression level and/or in the balance of ATP6AP2 splicing iso-
forms in the developing brain of MRXSH and XPDS patients.
Although point mutations in the canonical 5" and 3’ splice sites
often have severe splicing phenotypes, exonic point mutations
that cause efficient exon skipping are rare. This suggests that
exon 4, by natural design, is balanced between inclusion and ex-
clusion that always produces transcripts with a correct reading
frame. The ratio of inclusion to exclusion would then depend
on the developmental and tissue specific control of splicing
factors. For many pathogenic splicing mutations, change in the
isoform level is the tissue-specific quantitative trait. Examples
are MAPT-related tauopathies (27). in which splicing mutations
in MAPT result in rather subtle changes in the balance of splice
isoforms of tau protein, and the pathology is confined to the
CNS. The differential effect of 4TP64P2 splicing mutations
can be viewed as a result of interaction of corresponding
cis-elements affected by the mutation with development stage-
specific splicing factors in the brain. For instance, ¢.321C>T
(p.D107D) disrupts a cis-clement for several positive regulators
and produces a permanent splicing defect in MRXSH patients.
On the other hand. ¢.345C>T (p.S1158) creates a new silencer
site. If the respective negative splicing regulator is temporarily
downregulated in the developing brain, this would mitigate an
early effect on neurodevelopment, but later might cause
PD-like symptoms. It remains to be seen whether the affected
individuals from the MRXSH family, who are currently very
young, will develop PD-like features in adulthood.

MATERIALS AND METHODS

Subjects

Approval for the recruitment and genetic analysis of the XPDS
family. control subjects and individuals with PD was granted
by the University of Washington and VA Puget Sound Health
Care System Institutional Review Boards. All tissue samples
were obtained following written informed consent for autopsy
and the use of the material and clinical information for research.
The three living affected males and two obligate carrier females
in the previously reported XPDS family were re-examined. Sub-
jects with PD were participants in the Parkinson’s Genetic
Research Study (28) at the VA Puget Sound Health Care
System. Unrelated participants from other studies, who provided
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Figure 7. p62 immunostaining of the striatum of a control (A) and XPDS case
(B). Note p62 labeling of plaque-like pathology, similar to tau immunostaining
previously described in this case (1)

informed consent for sharing DNA or genetic information foruse
in research, served as controls. These individuals were not
screened for PD.

Exome sequencing

Genomic DNA isolated from the blood of the most severely
affected individual. TV-5 (1) (Fig. 1). was used to prepare a
shotgun sequencing library. The Nimblegen_solution_V 2ref-
5¢q2010.HG19 probe library was used for target enrichment,
and sequencing was performed on the Tllumina GAllx platform
with paired-end 76 base reads. Fastq sequence files were aligned
against the human reference sequence (National Center for Bio-
technology Information 37/hgl9) with the Burrows-Wheeler
Aligner. Duplicate paired-end reads were removed from the
merged data sets. SND and indel calling was performed with
the GATK Unified Genotyper and annotated with SeattleSeq

server (http://gvs.gs.washington.cdu/Scattlcch/\nnotation;’)
according to the National Center for Biotechnology and Univer-
sity of California Santa Cruz (http://genome.cse.ucsc.edu/
cgi-bin/hgGateway) databases. Additionally, exome reads
from the linkage interval on the X chromosome were re-aligned
using the Splitread algorithm (29) to 1dentify nucleotide repeat
sequences within coding sequences and near intron/exon junc-
tions. Tandem Repeats Finder ( htp://tandem.bu.edu/trf/urf. hmD)
(30) and Short Tandem Repeat DNA Internet DataBase
(hups://tandem bu.eduw/cgi-bin/trdb/trdb.exe) (31) were used to
screen the reference genome within the IBD interval for potential-
ly unstable repeats, detined as having length 24 nt or more.

Cell lines and brain tissues

EBV-transformed LCL from patients and controls were estab-
lished and maintained according to standard protocols (32).
Human embryonic kidney cells (HEK-293 and HEK-293T)
were obtained from the American Type Cultre Collection and
cultured in DMEM supplemented by 10% FBS at 37°C and
5% CO,. Post-mortem brain tissues of neurologically normal
control subjects used for RNA isolation were obtained from
the Neuropathology Core Brain Bank at the University of Wash-
ington. The average age of subjects was 70 and the average post-
mortem interval was 4 h. Tissue samples were flash frozen at the
time of autopsy and stored at —80°C.

RNA isolation and cDNA synthesis

Total RNA was extracted from whole blood using Pure Link
Total RNA Blood Kit (Invitrogen, Carlsbad, CA, USA), from
cultured LCL or fresh-frozen human cerebella using RNeasy
Mini Kit (Qiagen, Valencia. CA, USA). cDNA synthesis with
poly-dT primer was performed using the SuperScript HI RT—
PCR kit (Invitrogen). Primers for detection of splice variants
were designed using Primer3 and are available on request.
Effect of variants on splicing was evaluated using Human Spli-
cing Finder, http://www.umd.be/HSF/ (33).

Quantitative reverse transcription PCR

RNA was isolated from culrured cells at least two tmes per
sample. Quantitative reverse transcription ( qRT)—PCR was per-
formed on a 7500 Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA) using ABI gene-expression assays.
Experiments were carried out in triplicate with two external
control genes (GUSB (Hs00939627_ml. ABI) and TBP
(Hs00427620_m1, ABI) for normalization of gene expression.
To quantify the expression of ATP6AP2 isoforms, the following
ABIqPCR assays were used: (i) Hs00997140_gl to amplifye3—
e4 junction; (i) Hs00997145_m1 to amplify the invariant e8-¢9
junction; (iii) a custom made ATP6AP2_ Ae4 assay to amplify
e3—e5 junction lacking e4.

The following primers/probes were used for ATP6AP2_ Aed
assay: Forward primer 5'-AGGGAGTGAACAAACTGGC
TCTA-3": Probe 5-6FAM_CCCCAGGCAGTGTC_MGB-3";
Reverse primer 5'- taccatatacactetattclecaaagggta-3".



Immunohistochemistry of brain sections

Post-mortem brain tissue from one XPDS case (pedigree pos-
ition T1-2) and two neurologically normal control subjects was
obtained from the Neuropathology Core Brain Bank at the Uni-
versity of Washington. Formaldehyde-fixed parafﬁn-embedded
sections from the frontal lobe, striatum and hippocampus were
de-paraffinized and autoclaved at 13 psi. 121°C for 20 min
either in citrate buffer, pH 6.0 {ATP6AP2) or in Tris/EDTA,
pH 9.0 (p62/SQSTMI) for antigen retrieval. Immunodetection
was performed with goat polyclonal antibodies against
ATP6AP2 (AF5716. R&D Systems, Minneapolis, MN, USA).
mouse monoclonal antibodies against p62/SQSTMI (D-3,
c-28359, Santa-Cruz, Daflas, TX, USA) and secondary anti-
mouse and anti-goat antibodies (Vector Laboratories, Burlin-
game, CA, USA). The specificity of the antigen detection was
ascertained by omitting the primary antibody.

LC3 immunoedetection by western blotting

Forty-cight hours after siRNA transfection, HEK293T cells
were cultured in conventional or nutrient-deprived media
(Eagle’s balanced salt solution) for 6 h total time:; where indi-
cated, 400 nM BafAl was added during the last 2 b of incuba-
tion. Cells were lysed in 2% SDS sample buffer followed by
sonication twice for 5 s on ice to obtain whole-cell tysate. The
lysates were heated at 100°C for 5 min and cleared by centrifu-
gation at 20 000 rpm for 5 min at 4°C. Lysates werc resolved
fractionated on Novex” Tris—Glycine polyacrylamide gcl
(Life Technology). After transfer to PDVF membranc (Life
Technology, CA, USA), immunoblotting with following
primary antibodies: rabbit anti-LC3 (Thermo Scientific, 1L,
USA), rabbit anti-SQSTM 1/p62 (Cell Signaling, MA, USA).
rabbit anti-GAPDH (Sigma-Aldrich, St Louis, MO, USA) and
with anti-rabbit HRP-conjugated secondary antibodies (Life
Technology. CA, USA) werc performed. The protein bands
were visualized by enhanced chermiluminescence (Thermo Sci-
entific, IL, USA)under densitometry (BioChemi digital imaging
system, UVP, CA. USA) and quantified with ImageJ software
(NIH). GAPDH expression level served as a loading control.
The data were averaged trom triplicate experiments and ana-
lyzed by T-test.

siRNA knockdowns

Reverse transfections of HEK-293T cells in 24-well plates were
performed using LipofectamineTM RNAiIMAX reagent (Invitro-
gen)and siRNAsat 10 nM concentration. We used three siRNAs
targeting various ATP6AP?2 exons: NM_005765_stealth_1978:
NM_005765_stealth_421; NM_005765,stealth_803; and
Negative control No. 2 siRINA. Sequences are provided in the
Supplementary Material and Methods.

Cell-viability assay

The luminescent CellTiter-Glo cell viability assay (Promega,
Madison, WI. USA) measuring cellular ATPD level was per-
formed in duplicate according to the manufacturer’s protocol.
Briefly, 5 x 107 cells were seeded on wells in white clear
bottom 96-well plates (Greiner Bio-One, Germany). The next
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day. a series of concentrations of BafAl (Sigma-Aldrich,
St Louis, MO, USA) or DMSO was added to the wells. After
48 h of culture, CellTiter-Glo reagent was added to the wells:
luciferase luminescence was measured on a FluoStar Omega
plate reader (BMG LABTECH, Germany).

Fluorescence microscopy

ptfLC3, the plasmid encoding the tandem fluorescent reporter
was obtained from AddGene (Addgene plasmid 21074 (16).
tfLC3 expressing stable cell lines were constructed by transfect-
ing HEK293 with GenePorter 2 (Genlantis) using the manufac-
turer’s protocol (34). Geneticin (400 pg/mb) and Zeocin
(100 mg/ml) were used to maintain selections.

Cells were seeded onto poly-p-Lysine coated (Sigma-Aldrich.
St Louis, MO, USA) 12 mm round glass cover slips in 24-well
plates. Cells were fixed for imaging 96 h after siRNA transiec-
tion. Microscopy was performed on a Delta Vision microscope
(Applied Precision, Inc.) using a 60x oil-immersion objective.
2 sSCMOS camera, and 2 x 2 binning. Image analysis, volume
rendering and isolation of red/green co-localization into a blue
color channel were performed using softWorx 6.0 Beta software.
Tlinage segmentation, color channel separation and puncta counts
were conducted in Adobe Photoshop CS5.

WEB RESOURCES
The URLs for data presented herein are as follows:

1000 Genomes Project, http://www. 1000genomes.org/ page.php

Database of Genomic Variants, http:/.:"projects.tcag.ca/variation,ﬂ"

dbSNP homepage, http:/ Jwww.ncbi.nlm.nih.gov/SNP/

Online Mendelian Inheritance in Man (OMIM). http://www.
nebi.alm.nih.gov/Omimy/

SeattleSeq Annotation, http:/'/gvs.gs.washinglon.edw’ScaitleSeq
Annotation/

University of California Santa Cruz Human Genome Browser,
http:f"/'genome.cse.ucsc.edu/cgi-bin:‘thateway

Tandem Repeats Finder, http://’tandem.bu.edu/'trf/trf.htm]

Short Tandem Repeat DNAlInternet DataBase, https://tandeim.
bu.cdu/cgi-bin/trdb/

Human Splicing Finder, http://www.umd.bc/HSF

AccView databasc, http://www.ncbi‘nlm.nih.gov/IEB/Rcscarchf
Acembly/

NHLBI Exome Sequencing Project Exome Variant Server.
http:f"/cvs.gs.washington.cdu/EVSf

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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