HEHVETAREIHKRCTVEOD ) mRcid R
TO—FOHERE LTO suPAR LW T BHEN & #
2E5%Bh,

CD80(B7-1)

—BELIERERICBNWT, ERIERKER< 7O
77—V EORERTRHEBIC L - TR AT hHURE
LTRRENS, THIRIETHIBZEE(T cell receptor:
TCR) 2 L CHBERTHE LoREFHRL Z&L, 8
SEMILLCHELIZY T 7 27 ¥ — i~ & 51T
%o ZOEREHBOR, TSR L EEIC
BEL, FOBE®EIC "REVS TR AEET b
CDSO(BT-1}IXEERE TH Y, HEIL B L& HUER
TFHRBICEERT 5, CDS0 X TCR DFEMHALICFE L T
CD4+T s E o cD28 &E4 L, THBOBEM EET
Bo 2D X HIZCDSO & CD28 DRI OMEVER 7 i
Y MEER THRE B MR T A3 HURSLR A R
TOEERFREERE-TBY, EERENELRE
LTwa, —F, BOHBRBZERTHLS CTLA4 b
CDSO XY H U FELTEHETIN Z0FHMEN
CD28 & (D80 OHFADHTELEHE /LD D &
CD80 DFEE, Tihbb CDB V7TV ERIICHEETS
B

AR LRSS E 2T EESNS & CDS0 B F
55Xkl eFBFPERICIVHELMICSH
723, 72 MCNS DEFEICR B @ CD8o N EF
TAY, THITEHER FSGS BATHE AL RV L
b, CD80 DEEHELIL MCNS CHENICALNLLTH
RTHHTWEESRBENR TV, MCNS BE DML
BERER P A MOEMT 5 & cDso DEBENEET
BZ XN in vio CHRENTH Y9, MCNS & CDSO
EHELOBICEEBELHENHLEEZONDL, 2O
IS THEDOMS PORMIC L 5 cD80 DIEMEE
EE 1thit, FOHBOCDO DY T EIT S
CTLA4 OFEBET % 2@ hit £ L, FR 50O S CD8o
DEERIEESLEETAZEPFMCNS DERTH A
EF 5 two-hit 54 b FIB S NIGEH TV B3,

FINF LT FIECTLAL £ IgG DF AT F VNV ET
HY, CDSO EREETHIEICL Y CD8O-CD28 ¥ 7 T
VeI L RERE LIS h, 22 CTT/N8 2T b
12 &9 BRI B cDso ZHIEIT 5 2 L ATEH
ROBENDRHADB D, TEEBEOTNV—TIZE DK
AT b7z Yu Bl 5 ADFSGS BF 4 AXU U F
VY TERE 1 ARAT O FIERE S 7 e - EER

AR Vol 28 No. 2

BTNy 7 2E5L, WTFhoBECBWTY
F 70— ELRVOBARPYEL - L HE LY,
—FC, Garin X757 17 AT MCNS BEICBNWT
—F 2 EHRIFB R 2 Fo 20K LT, FSGS &
ETIRT CO0 FUEDNBI T BId bbby, &EH
REBIDE o ERELTWAE®, $ DY
=T b TINY &S MR FSGS BHEOEHARANDLE
HEZLOWIEPRESRTWAEY, 2 70— VERE
BT 5 cD80 DR, BIUTFTNAY S rOFPEICo
WTRASBOEFDERPVLETH 5,

FRHA FAF

EFREF 70— EEREPPATOA FEHEA 70—
CREBHECIERBREFIHELPICE)DDH 5 (K
2)o TNOHIEEFMICLY, BRER 70— VRERE
ELTHEBRBICEROR S Y © (WPHSI, NPHS2,
NPHS3, CD24P, MYOIE, PTPRO), ¥ LB AEEREZED
BRE L BRAGEED D O (TRPCS, ACTN4, INF2), fii
EERERE LS b O (WTI, L4MB2, LMXIB, MYHY9), &
BHEHEIDIKELPETAIENTESL, CNBHDE
EFEY DS L LAMB2 BEERER S TdH 5 Laminin A2
- F5 AN, TOMOE L ORETFIRIFE LM
e BB A ERER 2~ FLTWA LD, Ihb
DEBILR FY 4} {Podocytopathy) D—iFEE S & & %
HIENTED, 1B, BROBECldAER 1 E£PI
BIETAARA 70— EREGEHD 350213 4 DOEIE
F B¢ & L (NPHSI-24%, NPHS2-38%,
LAMB2-5%, WTI-3%), 2 BRWMBEDOA 704 FHEH
A 70— ERERER  ERER 7B — VEREICBNT
BHEAHBLTYSS b0 24 BEFOTED o 2L
KRHBERDEZEOME SN TVEY, 25704 FiE
Btk 7 o — VEEEICBWTH 2000 %2 B2 5 AER
DFHH S EBREIO 27 BIET CHE SN A ERMD 3 FIi
BAZ EPHE S T3,

AF A FRENER 70— YERE (SSNS) £ MCNS
THBENLEENCOBESEIES L TWH DS
I, AFuA FREEES 70— CEREORBAT
DR 3% L ENTHY, RENLBEEAEIHTH
2%, BeHIC SRNS |2 T SSNS TR BN ORET
BEOEBEIEBOD TR, FlxiX38 &0 SSNS OB
THBRETFREEZETHLDEROPL 2 ho 24,
L LIBESAIIC MCNS & ENTWAERAIBVWTY
BETFEREIERE 2580 FEET 5, W2 TEHBO
EHREHRYET LRI BWTER R Nephrin DEFEH

17 (123)



BIEEH Vol 28No.2

&2 FUu-—-EEGEHEOEREZEET

BET BETE #EBRX oMM FHEG& =] &E
1. B/MEECEETSb0  NPHS! 19q13.1 AR 602716  FSGS/MGC  Nephrin AUy HERT
NPHS2 1q25-31 AR 604766 ~ FSGS/MGC  Podocin 2 v MBS
NPHS3 10q23-24 AR 610725  DMS/FFSGS  PLCel ?
Wi 11p13 AD(&ZH) 256370 DMS/FSGS  WTI wERT
CD24P 6p12.3 AR 607832  FSGS CD2AP Ay MERES
PTPRO 12p12 AR 600579  FSGS/MGC  GLEPP1 HEHREES
MYOIE 159222 AR 601479  FSGS Myosinle Rl
ARHGDIA 17q253 AR 601925  DMS/FSGS  RhoGDI polinkegsd
ADCK4 19q13.2 AR 615567  FSGS ADCK4 BEx
EMP2 16p13.13 AR 602334  MCD EMP2 BEEH
CRB2 9q33.3 AR 609720  FSGS Crumbs2 BEEH
coQ? 4q21-22 AR 609825  FSGS/CG coQ2 TravrYTEER
LMXIB 9g34.1 AD 161200  FSGSMCNS LMXib mERT
2. ENEAEETBLO INF2 1493233  AD 613237  FSGS INF2 BRI
ACTN4 19q13 AD 604638  FSGS @-actinind REE—HaTE
ARHGAP24 4q21 AD 610586  FSGS Filgap Rho BZHHE
ANLN 7p142 AD 616027  FSGS Anilin R
TRPC6 11¢21-22 AD 603652  FSGS TRPC6 A1)y MBS
3. iERREREES b
HREE LAMB?2 3p21 AR 609049  DMS/FSGS  Lamininf2 IR 5
A bRE, Wilms BE wrl 11p13 AD 194080  DMS WT1 BEHET
B bEE wTI 11p13 AD 136680  FSGS WT1 EERT
R, HER LMXIB 9q34.1 AD 161200  FSGS/MCNS IMXlb BERT
PN CRB2 9q33.3 AR 609720  FSGS Crumbs2 BEH
WA E, WERE SMARCALI 2435 AR 606622  FSGS SMARCALL iy
HREREAR coQ2 4q21-22 AR 609825  FSGS/CG coQ2 IbavFYTER
WK, B COQ6 149243 AR 614647  FSGS COoQ6 FPIVFYTEER
HHEREIR PDSS2 6921 AR 610564  FSGS DLP1L I paVFYTER
AR MTTL] 1paviyT 590050  FSGS MTTL1 FbavFYTER
FEEEK SCARB?  4q21.1 AR 602257  FSGS LIMPI YV —4
FEERIEE, MMHE ITGR4 17q25.1 AR 147557  FSGS IntegrinR4 LR/ A s
FEOREE, BE CDI51 11pl5.1 AR 602243  FEEIERE  Tetraspanin RIS
BB ZMPSTE24  1p34 AR 606480  FSGS STE24 ?
MR RS, SEOKEE 11643 17q2133 AR 605025  FSGS Integrina3 Eaid e aliE s
MRS MYH9 0qil2 AD 160775  FSGS Myosin Heavy Chain 9 JEEE—HINL T
4, EREEEET GPCS 13¢313 602446 NS GPC5 ?
HIADQAI 6p21.32 146880  SSNS HLA-DQA1 THRY 7
PLCG2 16q23.3 600220  SSNS Phospholipase C y2 Ca ¥ &+
APOLI 22q123 603743 FSGS Apolipoprotein L-1 7
MYOIE 15q22.2 601479  FSGS Myosinle RS
CUBN 10p13 602997 Cubilin ZHE

AR BREAESEER AD FROAERER

DMS : UZ A AT 7 AT{LE, FSGS : BIRGE Rk ER{LE,

H|E X NTV 5, 7= Nail-Patella SEREE O B HE(E
F IMXIB DEENFBENEREZESTHUEOAROALE
THEZRBOTRRERTWEY, 5612, WIH%
JEDRIEME SSNS OFEATIC & ) EMP2 OBEFEENR
HENRTWRY, EMP2 545k R R
RELTEY, BEAZOANTY) v OERELHBLT
BY, 2OBEPLERHMOBESOERE 2L EE
ZoN%, TLEOBOEERTFEELLT, SRNSOE
A& LCRM & N7 kidney ankyrin repeat-containing pro-

CG : BBEARIREE, MGC @ BUNRIRENE

tein 1{KANK)1, 2, 4 DZE)H SSNS/MCNS BFICL R
HERTWAE®, ChHOFEERPDS, AERE E MR
BB TABETERRLT LA EREL 70— ¥
B SRNS L\ I 2 2 E 3712, SSNS/MCNS D
Rebeh )b eIREBENS,
HEBETEEOREICL > TRROBENRESN
58 RERBETFOATEEL, BEHEET LW
NEEH37%, BEOYATRHITERETLHIZONT
S RBEHEREADPBET - T b, EHEORSZHEET%

18 (124)



FEHET2ERBORE, TNEROBETFESOREY
AZDRESE [y Xl THobEhb, BEMIC
i, BREERETEILRVARLSERT, KEhEE
FELDADY A7 PMAEI B h b EETESR
Bo 77 BT A FIHEEBAT (Genome Wide Association Study:
GWAS)IX, & hO&y / adiZ 1000 FRELELHB &
Vibih SNPs(—¥EEEM 7 A B T—EES )N
DLDLBEERD-TWBERDS b, HEVERD
1% ECHaONEIDEZVI)ORENLEIOEY—
H—E LT, BEQOBEARES / AFILEDL I %
SNPs % b D00 E WEMIBRE TS50 TH S, K
D200 AFOBRERES 7O - EEGEELNRELE
GWAS AThi, Glypican—5 % 2— F§5% GPC5S DA
POIIBITA SNP SEP R 7O —BERRORBEL
BT 5B 2 &P SRk, Glypican—5 135486 L
JRICHEBE LT, AFELEABBESI
Glypican5 % / v 7 ¥ v LIz 7 AT ERN L EA
REFEVIEIEEZRT 2D, COREFORHEEL
LY RBELEOEE~DORZTEFHAESINELEELD
WTWBY, 7=, 200 FliZ X ONRESEERF 0L K
BZER 70— VEGED GWAS B ¢, s Tk
LD HLA-DQAL DL OE A8 SSNS TEEICESF L
TWiz(Fy X219, Cho0EEEZ0L02FT
WEBORETAHRTIELZVA, 2o BERORS
HRIEFOUEGBHA 70— EREOYATIIKE

THURENH D, SBETHEEZLNBINGOHE
BET ) BN EZERETOREEZESMCTE0
AT, BEORES AL YOKRICALNSRE
BBl o PIIT 00 EYTH 5,

BEREICMCNS OFERES LS BVOH?

F7 O —BREBREICOVWTIRE IR 15 8,5 B8
WY, NTTHRRBY 1970 FA L LOREEIKC
DWTHiA BIREP TN T E 7, BRER 70— VE
BEELAT T A FIEFUER 7 0 — VEERIC OV TR
BFEEFHELPICRY, £ 0BG I1RERE LR
BECHESING Z LB LT A7), MCNS 22w
TRBELE - T TXEFHELZEGRE V. ZOBHIC
BETO LS 24 RTRENEZ 5N 5,
MBEBTENTOEMFRT (A b4 V%5528

DY PHOEFICE S
Q)FEEGEEN, RENETRDLVIIERET) HE—

Tid e
GIEHOEFORAES LTI L~ THET S (F : 3%

BIRERE Vol28No.2

FLEMBEF+RERT, THARETB HEBET,
1% hit+2™ hit 72 &)
() BEENLEHORTORE L -EEREET 5 (Doubke
Heterozygosity 7% &)
Tz, k7 u—UEEROBREETICYT 2HE0R
MEBEHIBABTO N5,
(IOMBHETE % in vitro BELR, BIWET VAR 2T
Wiz
Q) A7 04 FEORBEWHEDCEREMTbNE 20,
BEBEOMED 5 IR~ IV EEBITICED 5 &
FORBEERTE 2w
BYNEBEOERTH Y, FSGS ¥ &0 - NEEEOM
TGRS B L UTEEF DR
WERZEHZENE LAKBEELZL YA M) —51Th
nTniwy
SHEOBRFELTRINCOMBESZET2, ¥/
A/ TS I N/ TOAFF =K/ b F VAT )T b—Als
CORBRIN E RBER 25— P EBWTTH BEN
HBLEZIOND, TIRFEEREEODLBEOEENEE
PHLPICTHE LN, LY —BROSERELA 7O
FERFEOREERBEIGEAFBL 259 Lithv,

] 42

B A 70— CEREROBRO PLOIMKRE LTA
TOA FEERE L L RENSRETHY, SHLEHE
BAVEE L5, 2 70— VREEROFEEBEHOERY
ZEHBEEZ T L RRN L RESTHEE AR
ZETHY, SHOBMEVAT A FIfib #7428l
T CEGBFEEORBIC oML Z EFHEFsR
B

FBANEEERFESOED 5 HERICET RIRHE
BT ARREEED Y TE A

X 3

1) Shalhoub RJ: Pathogenesis of lipoid nephrosis: a disorder of T-cell
function. Lancet 1974; 2: 556-560.

2} Lagrue G, Xheneumont S, Branellec A, Hirbec G, Weil B: A
vascular pemmueability factor elaborated from Iymphocytes. I
Demonstration in patients with nephrotic syndrome. Biomedicine
1975; 23: 37-40.

3) Koyama A, Fujisaki M, Kobayashi M. Igarashi M, Narita M: A
glomerular permeability factor produced by human T cell hybndo-
mas. Kidney Int 1991; 40: 453-460.

4} Pereira Wde F, Brito-Melo GE, Guimaraes FT. Carvalho TG, et al:
The role of the immune system in idiopathic nephrotic syadrome. a

19 (125)



BEEE Vol 28No.2

review of clinical and experimental studies. Inflamm Res 2014; 63:
1-12.
5) Araya CE, Wasserfall CH, Brusko TM, Mu W, Segal MS, Johnson
RJ, Garin EH: A case of unfulfilled expectations. Cytokines in
idiopathic minimal lesion nephrotic syndrome. Pediatr Nephrol 20)
2006; 21: 603-610.
6) Kanai T, Shiraishi H. Yamagata T, Ito T, Odaka J, Saito T, Aoyagi J,
Momoi MY: Th2 cells predominate in idiopathic stercid-sensitive
nephrotic syndrome. Clin Exp Nephrol 2010; 14: 578-583.
7) Yap HK, Chenng W, Murugasu B, Sira SK, Seah CC, Jordan SC:
Thl and Th2 cytokine mRNA profiles in childhood nephrotic
syndrome: evidence for increased IL-13 mRNA expression in
relapse. J Am Soc Nephrol 1999; 10: 529-537. 21)
8) Mishra OP, Teli AS, Singh U, Abhinay A, Prasad R: Serum
immunoglobulin E and interlenkin-13 levels in children with
idiopathic nephrotic syndrome. J Trop Pediatr 2014; 60: 467-471.
9) Komatsuda A, Wakui H, Iwamoto X, Togashi M, Masai R, Maki N,
Sawada K: GATA-3 is upregulated in peripheral blood mononuclear
cells from patients with minimal change nephrotic syndrome. Clin 22)
Nephrol 2009; 71: 608-616.

10) Van Den Berg JG, Aten J, Chand MA, Claessen N, Dijkink 1,
Wijdenes J, Lakkis FG, Weening JI: Interleukin-4 and interleukin- 23)
13 act on glomerular visceral epithelial cells. J Am Soc Nephrol
2000; 11: 413-422.

11) LaiKW, Wei CL, Tan LK, Tan PH, Chiang GS, Lee CG, Jordan SC,

Yap HX: Overexpression of interleukin-13 induces minimal-change- 24)
like nephropathy in rats.  Am Soc Nephrol 2007; 18: 1476-1485.

12) Grimbert P, Valancinte A, Audard V, Pawlak A, Le gouvelo S, Lang
P, Niaudet P, Bensman A, Guellagn G, Sahali D: Truncation of C-
mip (Tc-mip), 2 new proximal signaling protein, induces c-maf Th2 25)
transcription factor and cytoskeleton reorganization J Exp Med
2003; 198: 797-807.

13) Zhang SY, Kamal M, Dahan K. Pawlak A, Ory V, Desvaux D,
Audard V, Candelier M, BenMohamed F, Mohamed FB, Matignon 26)
M, Chrstov C, Decrouy X, Bemard V, Mangiapan G, Lang P,
Guellaén G, Ronco P, Sahali D: c-mip impairs podocyte proximal
signaling and induces heavy proteinuda. Sci Signal 2010; 3: ra39. 27)

14) Bitzan M, Babayeva S, Vasudevan A, Goodyer P, Torban E: TNFa
pathway blockade ameliorates toxic effects of FSGS plasma on
podocyte cytoskeleton and A3 integrnin activation. Pediatr Nephrol
2012; 27- 2217-2226.

15) Sahali D, Pawlak A, Le Gouvello S, Lang P, Valanciuté A, Remy P,

Loitrat C, Niaudet P, Bensman A, Guellaen G: Transcriptional and
post-transcriptional alterations of IkappaBalpha in active minimal- 28
change nephrotic syndrome. J Am Soc Nephrol 2001; 12: 1648-

1658.

16) Araya C, Diaz L, Wasserfall C, Atkinson M, Mu W, Johnson R, 29)
Garin E: T regulatory cell function in idiopathic minimal lesion
nephrotic syndrome. Pediatr Nephrol 2009; 24: 1691-1698.

17) Hashimura Y, Nozu K, Kanegane ¥, Miyawaki T, Hayakawa A,

Yoshikawa N, Nakanishi K, Takemoto M. Tijima K, Matsuo M:

Minimal change nephrotic syndrome associated with immune

dysregulation, polyendocrinopathy, enteropathy, X-linked syn- 30)

drome. Pediatr Nephrol 2009; 24: 1181-1186.

Zbang L, Dat Y, Peng W, Lu J, Zhang Y, Wang L: Genome-wide

analysis of histone H3 lysine 4 tnimethylation in peripheral blood

mononuclear cells of minimal change nephrotic syndrome patients.

Am T Nephrel 2009; 30: 505-513. 3

19) Kobayashi Y, Aizawa A, Takizawa T, Yoshizawa C, Horiguchi H,

o

18

=

20 (126)

Tkeuchi Y, Kakegawa S, Watanabe T, Maruyama K, Monkawa A,
Hatada I, Arakawa H: DNA methylation changes between relapse
and remission of minimal change nephrotic syndrome. Pediatr
Nephrol 2012; 27: 2233-2241.

Tijima K, Sako M, Nozu K, Mori R, Tuchida N, Kamei1 K, Miuma K,
Aya K, Nakanishi K, Ohtomo Y, Takahashi S, Tanaka R, Kaito H,
Nakamura H, Ishikura K, Ito S, Ohashi Y; Rituximab for Childhood-
onset Refractory Nephrotic Syndrome (RCRNS) Study Group:
Rituximab for childhood-onset, complicated, frequently relapsing
nephrotic syndrome or steroid-dependent nephrotic syndrome: a
multicentre, double-blind, randomised, placebo-controlled tral
Lancet 2014; 384: 1273-1281.

Fomoni A, Sageshima J, Wei C, Merscher-Gomez S, Aguillon-
Prada R, Jauregmi AN, Li J, Mattiazzi A, Ciancio G, Chen L,
Zilleruelo G, Abitbol C, Chandar J, Seeherunvong W, Ricordi C,
Tkehata M, Rastaldi MP, Reiser J, Burke GW 3rd.: Rituximab targets
podocytes in recurrent focal segmental glomerulosclerosis. Sci
Transl Med 2011; 3: 85ra46.

Cheung PK, Klok PA, Baller JF, Bakker WW: Induction of
experimental proteinuria in vivo following infusion of human plasma
hemopexin Kidney Int 2000; 57: 1512-1520.

Bakker WW, van Dael CM, Pienk LJ, van Wijk JA, Nauta I,
Borghuis T, Kapojos JJ: Altered activity of plasma hemopexin in
patients with minimal change disease in relapse. Pediatr Nephrol
2005; 20: 1410-1415.

Lennon R, Singh A, Welsh GL Coward RJ, Satchell S, Ni L,
Mathieson PW, Bakker WW, Saleem MA: Hemopexin induces
nephrin-dependent reorganization of the actin cytoskeleton in
podocytes. J Am Soc Nephrol 2008; 19- 2140-2149.

Clement LC, Avila-Casado C, Macé C, Soria E, Bakker WW,
Kersten S, Chugh SS: Podocyte-secreted angiopoietin-like-4
mediates proteinuria in glucocorticoid-sensitive nephrotic syndrome.
Nat Med 2011; 17: 117-122.

Clement LC, Macé C, Avila-Casado C, Joles JA, Kessten S, Chugh
SS: Circulating angiopoietin-like 4 links proteinuria with hypertn-
glyceridemia in nephrotic syndrome. Nat Med 2014; 20: 37-46.
Wei C, El Hindi S, 11 J, Fomoni A, Goes N, Sageshima J, Maiguel
D, Karumanchi SA, Yap HK, Saleem M, Zhang Q, Nikolic B,
Chaudhuri A, Daftarian P, Salido E, Torres A, Salifu M, Sarwal
MM, Schaefer F, Morath C, Schwenger V, Zeier M, Gupta V, Roth
D, Rastaldi MP, Burke G, Ruiz P, Reiser J: Circulating urokinase
teceptor as a cause of focal segmental glomerulosclerosis. Nat Med
2011; 17- 952~960.

Sidenius N, Sier CF, Blasi F: Shedding and cleavage of the urokinase
receptor (WPAR): identification and characterisation of uPAR
fragments in vitro and in vivo. FEBS Lett 2000; 475: 52-56.

Wei C, Trachtman H, Li J, Dong C, Friedman A, Gassman JJ,
McMahan JL, Radeva M, Heil KM, Trautmann A, Anarat A, Emre
S. Ghiggeri GM, Ozaltin F, Haffner D, Gipson DS, Kaskel F, Fischer
DC, Schaefer F, Reiser J; PodoNet and FSGS CT Study Consortia:
Circulating suPAR in two cohorts of primary FSGS. J Am Soc
Nephrol 2012; 23: 2051-2059.

Meijers B, Maas RJ, Sprangers B, Claes K, Poesen R, Bammens B,
Naesens M, Deegens JK, Dietrich R, Storr M, Wetzels JF, Evenepoel
P, Kuypers D: The soluble urokinase receptor is not a clinical marker
for focal segmental glomerulosclerosis. Kidney Int 2014; 85: 636—
640.

Bock ME, Price HE, Gallon L, Langman CB: Serum sohible
urokinase-type plasminogen activator receptor levels and idiopathic



32}

33}

34)

35}

36}

37

38)

39}

40}

41}

42}

FSGS in children: a single-center report. Clin J Am Soc Nephrol
2013; 8: 1304-1311.

Hanta Y, Ishizuka K, Tanego A, Sugawara N, Chikamoto H, Akioka
Y, Tsurumi H, Miura K, Gotoh Y, Tsujita M, Yamamoto T, Hortke
K, Takeda A, Oka A, Igarashi T, Hattord M: Decreased glomerular
filtration as the primary factor of elevated circulating suPAR levels
in focal segmental glomerulosclerosis. Pediatr Nephrol 2014; 29:
1553-1560.

‘Wada T, Nangaku M, Maruyama S, Imai E, Shoji K Kato S, Endo T,
Muse E, Kamata K, Yokoyama H, Fujimoto K, Obata Y, Nishino T,
Kato H, Uchida S, Sasatomi Y, Saito T, Matsuo S: A mmlticenter
cross-sectional study of circulating soluble urokinase receptor in
Japanese patients with glomerular disease. Kidney Int 2014; 85:
641-648.

Reiser J, von Gersdorff G, Loos M, Oh J, Asanuma K, Giardino L,
Rastaldi MP, Calvaresi N, Watanabe H, Schwarz K, Faul C, Kretzler
M, Davidson A, Sugimoto H, Kalluri R, Sharpe AH, Kreidberg JA,
Mundel P: Induction of B7-1 in podocytes is associated with
nephrotic syndrome. J Clin Invest 2004; 113: 1390-1397.

Garin EH, Mu W, Arthur JM, Rivard CJ, Araya CE, Shimada M,
Johnson R3: Unnary CD80 is elevated in minimal change disease but
not in focal segmental glomerulosclerosis. Kidney Int 2010; 78: 296~
302

Ishimoto T, Cara-Fuentes G, Wang H, Shimada M, Wasserfall CH,
Winter WE, Rivard CJ, Araya CE, Saleem MA, Mathieson PW,
Johnson RJ, Garin EH: Serum from minimal change patients in
relapse increases CD80 expression in cultured podocytes. Pediatr
Nephrol 2013; 28: 1803~1812.

Ishimoto T, Shimada M, Araya CE, Huskey J, Garin EH, Johnson
RI: Minimal change disease: a CD80 podocytopathy? Semin
Nephrol 2011; 31: 320-325.

Yu CC, Fornoni A, Weins A, Hakroush S, Maiguel D, Sageshima J,
Chen L, Ciancio G, Faridi MH, Behr D, Campbell KN, Chang JM,
Chen HC, Oh J, Faul C, Armaout MA, Fiorina P, Gupta V, Greka A,
Burke GW, Mundel P: Abatacept in B7-1-positive proteinuric kidney
disease. N Engl J Med 2013; 369: 2416-2423.

Gann EH, Reiser J, Cara-Fuentes G, Wei C, Matar D, Wang H,
Alachkar N, Johnson RJ: Case semies: CTLA4-IgGl therapy in
ounimal change disease and focal segmental glomerulosclerosis.
Pediatr Nephrol 2015; 30: 469-477.

Alkandari O, Nampoory N, Nair P, Atta A, Zakaria Z, Mossad A,
Yagan J, Al-Otaibi T: Recurrent focal segmental glomerulosclerosis
and abatacept. Case Report. Exp Clin Transplant 2015.

Rood IM, Deegens JK, Wetzels JF: Genetic causes of focal
segmental glomerulosclerosis: implications for clinical practice.
Nephrol Dial Traasplant 2012; 27: 882-890.

Sadowski CE, Lovric S, Ashraf S, Pabst WL, Gee HY, Kohl S,
Engelmann S, Vega-Warner V, Fang H, Halbntter J, Somers MJ,

43)

44)

45)

46)

47)

48}

49)

50)

21 {127)

BIRE#E Vol 28No. 2

Tan W, Shril S, Fessi L Lifton RP, Bockenhauer D, El-Desoky S,
Kan JA, Zenker M, Kemper MJ, Mueller D, Fathy HM, Soliman
NA: SRNS Study Group, Hildebrandt F: A single-gene cause in
29.5% of cases of steroid-resistant nephrotic syndrome. J Am Soc
Nephrol 2015; 26: 1279-1289.

Xia Y, Mao J, Jin X, Wang W, Du L, Liu A: Familial steroid-
sensitive idiopathic nephrotic syndrome: seven cases from three
families in China Clinics (Sao Paulo) 2013; 68: 628-631.

Giglio S, Provenzano A, Mazzinghi B, Becherucci F, Giunti L,
Sansavim G, Ravaglia F, Roperto RM, Farsetti S, Benetti E, Rotondi
M, Murer L, Lazzen E, Lasagni L, Materassi M, Romagnani P:
Heterogeneous genetic alterations in sporadic nephrotic syadrome
associate with resistance to immunosuppression. J Am Soc Nephrol
2015; 26: 230-236.

Kitamura A, Tsukaguchi H, Hiramoto R, Shono A, Doi T, Kagami S,
Tijima K- A familial childhood-onset relapsing nephrotic syndrome.
Kidney Int 2007; 71: 946-851.

Isojima T, Harita Y, Furnyama M, Sugawara N, Ishizuka K, Horita
S, Kajiho Y, Miura X, Iparashi T, Hattori M, Kitanaka S: LMX1B
mutation with residual transcriptional activity as a cause of isolated
glomerulopathy. Nephrol Dial Transplant 2014; 29: 81-88.

Gee HY, Ashraf S, Wan X, Vega-Wamer V, Esteve-Rudd J, Lovric
S, Fang H, Hurd TW, Sadowski CE, Allen SJ, Otto EA, Korkmaz E,
Washbum I, Levy S, Williams DS, Bakkaloglu SA, Zolotnitskaya A,
Ozaltin F, Zhou W, Hildebrandt F: Mutations in EMP2 cause
childhood-onset nephrotic syndrome. Am J Hum Genet 2014; 94:
884~890.

Gee HY, Zhang F, Ashraf S, Kohl S, Sadowski CE, Vega-Wamer V,
Zhou W, Lovric S, Fang H, Nettleton M, Zhu JY, Hoefele J, Weber
LT, Podracka L, Boor A, Fehrenbach H, Innis JW, Washbum J, Levy
S, Lifton RP, Otto EA, Han Z, Hildebrandt F: KANK deficiency
leads to podocyte dysfunction and nephrotic syndrome. J Clin Invest
2015; 125: 2375-2384.

Okamoto K, Tokusaga K, Doi K, Fujita T, Suzuki H, Katoh T,
‘Watanabe T, Nishida N, Mabuchi A, Takahashi A, Kubo M, Maeda
S, Nakamura Y, Noiri E: Common vanation in GPCS5 is associated
with acquired nephrotic syndrome. Nat Genet 2011; 43: 459-463.
Gbadegesin RA, Adeyemo A, Webb NI, Greenbaum LA,
Abeyagunawardena A, Thalgahagoda S, Kale A, Gipson D,
Srivastava T, Lig JJ, Chand D, Hunley TE, Brophy PD, Bagga A,
Sinha A, Rheault MN, Ghali J, Nicholls K, Abraham E, Janjua HS,
Omoloja A, Barletta GM, Cai Y, Milford DD, O’Brien C, Awan A,
Belostotsky V, Smoyer WE, Homstad A, Hall G, Wu G, Nagaraj S,
Wigfall D, Foreman J, Winn MP; Mid-West Pediatric Nephrology
Consortiom: HLA-DQA1 asd PLCG2 are candidate risk loci for
childhood-onset steroid-sensitive nephrotic syndrome. J Am Soc
Nephrol 2015; 26: 1701-1710.



BIREEE Vol 28No.2

Pathogenic mechanism of childhood idiopathic nephrotic syndrome

Yutaka Harifa
Department of Pediatrics, Graduate School of Medicine, The University of Tokyo

Pathogenic mechanism of childhood nephrotic syndrome has been investigated for decades, and congenital nephrotic
syndrome and early onset steroid resistant nephrotic syndrome has been found to mainly be attributed to podocyte
dysfunction. Although many hypotheses regarding the pathogenesis of minimal change nephrotic syndrome (MCNS)
including immunological abnormalities and podocyte dysfunction have been proved to be valid, the common definitive
cause of MCNS has not been identified. Here, different hypotheses regarding the cause of MCNS are reviewed, and the
difficulty in resolving the mechanism is discussed.
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ARTICLE

Biallelic Mutations in Nuclear Pore Complex Subunit
NUPT107 Cause Early-Childhood-Onset Steroid-Resistant
Nephrotic Syndrome

Noriko Miyake,1.17 Hiroyasu Tsukaguchi,217* Eriko Koshimizu,! Akemi Shono,? Satoko Matsunaga,*
Masaaki Shiina,5 Yasuhiro Mimura,® Shintaro Imamura,” Tomonori Hirose,® Koji Okudela,®

Kandai Nozu,? Yuko Akioka,1° Motoshi Hattori,10 Norishige Yoshikawa,!! Akiko Kitamura,!2

Hae Il Cheong,!3.1415 Shoji Kagami,'6 Michiaki Yamashita,” Atsushi Fujita,! Satoko Miyatake,!
Yoshinori Tsurusaki,! Mitsuko Nakashima,! Hirotomo Saitsu,! Kenichi Ohashi,® Naoko Imamoto,®
Akihide Ryo,* Kazuhiro Ogata,> Kazumoto lijima,3 and Naomichi Matsumotol*

The nuclear pore complex (NPC) is a huge protein complex embedded in the nuclear envelope. It has central functions in nucleocyto-
plasmic transport, nuclear framework, and gene regulation. Nucleoporin 107 kDa (NUP107) is a component of the NPC central scaffold
and is an essential protein in all eukaryotic cells. Here, we report on biallelic NUP107 mutations in nine affected individuals who are from
five unrelated families and show early-onset steroid-resistant nephrotic syndrome (SRNS). These individuals have pathologically focal
segmental glomerulosclerosis, a condition that leads to end-stage renal disease with high frequency. NUP107 is ubiquitously expressed,
including in glomerular podocytes. Three of four NUP107 mutations detected in the affected individuals hamper NUP107 binding to
NUP133 (nucleoporin 133 kDa) and NUP107 incorporation into NPCs in vitro. Zebrafish with nup107 knockdown generated by
morpholino oligonucleotides displayed hypoplastic glomerulus structures and abnormal podocyte foot processes, thereby mimicking
the pathological changes seen in the kidneys of the SRNS individuals with NUP107 mutations. Considering the unique properties
of the podocyte (highly differentiated foot-process architecture and slit membrane and the inability to regenerate), we propose a
“podocyte-injury model” as the pathomechanism for SRNS due to biallelic NUP107 mutations.

Introduction

Nephrotic syndrome (NS) is a renal disease caused by
disruption of the glomerular filtration barrier, which results
in massive proteinuria, hypoalbuminemia, and dyslipide-
mia. Idiopathic NS occurs in 16/100,000 children.! Most
children with idiopathic NS respond well to steroids, but
10%-20% of affected children are categorized as having
steroid-resistant NS (SRNS).>® SRNS is a clinically and
genetically heterogeneous renal disorder that might have
an immunological, structural, or functional etiology.?*”~*
Higher rates of genetic delineation are expected in early-
onset SRNS.” Clinical differences in SRNS have been
suggested to depend on its age of onset.” Current medical
management and prognosis in NS are based largely on the
histological diagnosis. Effective SRNS treatments are not
well established, and renal transplantation is eventually
required. Importantly, 63%-73% of those with childhood-
onset SRNS show pathologically focal segmental glomeru-

losclerosis (FSGS),which carries a great risk of progression
to end-stage renal disease (ESRD).}5%1° To date, at least
27 genes are associated with SRNS, thereby expanding our
knowledge of the pathomechanisms involved in SRNS
and podocyte development and function.!' Although
SRNS is the leading cause of ESRD in children worldwide,
approximately 70% of those with childhood-onset SRNS
are genetically uncharacterized.”'! We describe here an
additional genetic cause of early-onset SRNS and propose
its possible pathomechanism.

Material and Methods

Human Subjects

A total of 18 families (10 with affected siblings and 8 with a single
affected individual) who lack any known genetic causes of SRNS
(in 27 known genes) were recruited to this study. They presented
with non-syndromic early-onset SRNS with onset ages between 1
and 11 years. The clinical aspects of 7 of the 18 families have
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been described previously.'? Affected individuals were resistant to
standard steroid therapy but were partially responsive to immuno-
suppressive drugs. At least ten affected individuals in eight families
underwent renal transplants and have had no recurrence of SRNS
to date. All samples were collected after written informed consent
was obtained. The study protocol was approved by the institu-
tional review boards of Yokohama City University School of Med-
icine, Kansai Medical University, RIKEN, Tokyo Women’s Hospital,
and Kobe University.

DNA Extraction

Peripheral-blood leukocytes or saliva from affected individuals and
their families was collected. Genomic DNA was extracted with a
QIAamp DNA Blood Max Kit (QIAGEN) or Oragene DNA (DNA
Genoteck) according to the instructions of each manufacturer.

Whole-Exome Sequencing and Informatics Analyses
Whole-exome sequencing (WES) was performed on affected indi-
viduals (one individual from each family) and their parents when
the samples were available, as reported previously.™ In brief, 3-ug
samples of genomic DNA were sheared with the Covaris S2 system
(Covaris); genome partitioning was performed with SureSelect
Human All Exon VS§ (Agilent Technology) according to the manu-
facturer’s instructions. Prepared samples were run on a HiSeq 2000
instrument (Illumina) with 101-bp paired-end reads and 7-bp
index reads. The sequence reads were mapped to the human refer-
ence sequence (GRCh37) by Novoalign 3.00. Next, PCR duplica-
tion and variant calls were processed by Picard and the Genome
Analysis Toolkit. Ten of the 18 families have multiple affected
children, suggesting the autosomal-recessive model, in which
homozygous or compound-heterozygous variants are focused in
each affected individual. Genetic variants in exons and canonical
splice sites (+ 2 bp) with a minor allele frequency (MAF) of >0.005
in the NHLBI Exome Sequencing Project Exome Variant Server
(EVS), Exome Aggregation Consortium (ExAC) Browser, Human
Genetic Variation Database (HGVD, which is a public exome data-
base for the Japanese population), or in-house Japanese exome
data (n = 575) were removed from the candidates. Genes that
harbor recessive variants detected commonly in two or more
probands were selected. Candidate recessive variants were checked
in each family by Sanger sequencing for confirmation that such
variants co-segregated with the disease.

Haplotype Analysis

To determine the haplotype associated with ¢.2492A>C
(p-Asp831Ala), which was found commonly in the five families,
we amplified samples of genomic DNA or whole-genome-ampli-
fied DNA with 13 microsatellite markers (D125364, §128310,
D1251617, D128345, D125885, D125368, D12583, D12S326,
D128351, D125346, D12578, D12579, and D12586) from the ABI
PRISM Linkage Mapping Set (Life Technologies).The PCR products
were run on a 3500x1 Genetic Analyzer (Life Technologies) and
analyzed with GeneMapper 5 software (Life Technologies).
Additionally, informative SNPs were chosen from the WES data
for each affected individual and used thereafter for constructing
haplotype blocks.

Expression of Human NUP107

NUP107 (nucleoporin 107 kDa; GenBank: NM_020401.2; MIM:
607617) expression in human embryos and adults was checked
by a TagMan Gene Expression Assay with two probe sets

(Hs00914854_g1 and Hs00220703_m1 from Life Technologies)
internally standardized by beta actin (Life Technologies). cDNA
from human fetal and adult tissues was purchased from Clontech.
gPCR was performed by a Rotor-Gene Q instrument (QIAGEN),
the data from which was analyzed by the AACt method with
Rotor-Gene 6000 Series software (QIAGEN). The experiments
were done in duplicate. The expression level of each tissue repre-
sents the mean value of the duplicates.

Histopathology and Transmission Electron
Microscopy on Samples from Individuals with
Early-Onset SRNS

We stained 3-pm-thick sections cut from paraffin-embedded
biopsied kidney tissues with H&E, periodic acid-Schiff stain, and
periodic acid methenamine silver stain according to standard
methods. For transmission electron microscopy, 1-mm renal-bi-
opsy specimen cubes were fixed in 2% phosphate-buffered glutar-
aldehyde (pH 7.3) at room temperature, dehydrated in an alcohol
gradient, and embedded in Epon-Araldite resin. Sections of 1-ym
thickness were cut with an ultra-microtome (Ultracut UCT, Leica),
stained with toluidine blue, and examined with a light micro-
scope. Ultrathin sections (60-90 nm) stained by lead citrate were
examined with a JEM1011 transmission electron microscope
(JEOL). The TUNEL method was used to detect apoptotic cells
on tissue sections with an in situ apoptosis detection kit (Takara)
according to the manufacturer’s instruction.

Immunofluorescence Microscopy

We deparaffinized and rehydrated 3-pm-thick paraffin sections of
a necropsy specimen and then autoclaved them in target retrieval
solution (S1700, Dako) for 15 min at 105°C. The sections were sub-
jected to immunofluorescence labeling with primary antibodies
including rabbit anti-NUP107 mAb (1.5 pg/ml, EPR12241,
ab182559, Abcam), mouse anti-WT1 mAb (1:100, WT49, NCL-L-
WT1-562, Leica), and mouse anti-Ezrin mAb (1:500, 3C12,
EB8897, lot 102K4824, Sigma-Aldrich). Normal rabbit and mouse
immunoglobulins (IgGs) (sc-2027 [lot L1212] and sc-2025 [lot
H1512], respectively, Santa Cruz) were used for negative controls.
The CSAII kit (K1497, DAKO) was used for signal amplification
of WT1, and other primary antibodies were visualized with
Alexa555-conjugated anti-rabbit (1 pg/ml) or Alexa647-conju-
gated anti-mouse IgG (2 pg/ml) secondary antibodies (A21429 or
A21236, respectively, Life Technologies), and then samples were
mounted with ProLong Gold antifade reagent (P36930, Life Tech-
nologies). Single optical sections were acquired at 16-bit data
depth with a confocal microscope system (Axiolmager.Z1 micro-
scope with LSM 700 laser scanner, Cail Zeiss) equipped with a
C-Apochromat water immersion objective (40x, 1.2 numerical
aperture [NA], Carl Zeiss); images were arranged with Photoshop
CS5 (Adobe Systems).

Expression Vectors

Mammalian expression vectors were prepared with the Gateway
system (Life Technologies). The NUP107 open reading frame was
amplified by PCR with human ¢cDNA derived from a human lym-
phoblastoid cell line. The PCR product was introduced into the
Gateway pDONR221 vector (Life Technologies), and its sequence
was confirmed by Sanger sequencing. For mutagenesis, a Quick-
Change IT XL Site-Directed Mutagenesis Kit (Agilent Technologies)
was used. After confirming appropiiate mutagenesis, we per-
formed LR recombination to create a mammalian expression
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vector (pcDNA-DESTS3, Life Technologies) to produce N-termi-
nally GFP-fused NUP107 proteins. Among four NUP107 mutations
observed in this cohort, c.969+1G>A was mimicked by
¢.969_970insTAG, which created the nonsense codon just after
the mutation (p.Asp324*). Whereas two truncating mutations
(c.969+1G>A and c.1079_1083delAAGAG [p.Glu360Glyfs*6})
are thought unlikely to be present in vivo because of nonsense-
mediated decay, these constructs were used as controls for the
binding loss, given that C-terminally truncated proteins report-
edly lose the NUP107-NUP133 interaction.’*

Cell-free Protein Synthesis and In Vitro Pull-Down
Assays

In vitro transcription and cell-fiee protein synthesis were
performed as described previously.*>'¢ In vitro transcription tem-
plates for wild-type or mutant NUP107 were amplified by slit-
primer PCR. For generation of transcription templates, the first
PCR was performed with 50 ng/pl of each plasmid, 100 nM of
the S1 common primer (5-CCACCCACCACCACCAACAAAAAAG
CAGGCTATG-3'), and 100 nM of the vector-specific reverse primer
(5'-ATCTTTTCTACGGGGTCTGA-3). The second PCR was per-
formed with the first PCR product as a template with 100 pM of
the SPu primer (5'-GCGTAGCATTTAGGTGACACT-3'), 100 uM of
the vector-specific reverse primer (5-ACGTTAAGGGATTTTGGT
CA-3'), and 1 uM of either the deSP6-E02-FLAG-tagged primer or
the biotin-ligation site (bls) primer for the addition of the nucleo-
tide sequences of the FLAG tag or the bls tag, respectively (FLAG
tagged: 5'-GGTGACACTATAGAACTCACCTATCTCTCTACACAAA
ACATTTCCCTACATACAACTTTCAACTTCCTATTATGGACTACAA
GGATGACGATGACAAGCTCCACCCACCACCACCAATG-3’; bls
tagged: 5'-GGTGACACTATAGAACTCACCTATCTCTCTACACAAA
ACATTTCCCTACATACAACTTTCAACTTCCTATTATGGGCCTGA
ACGACATCTTCGAGGCCCAGAAGATCGAGTGGCACGAACTCC
ACCCACCACCACCAATG-3').

An ENDEXT Wheat Germ Expression Kit (CellFree Sciénces) was
used for cell-free protein synthesis according to the manufacturer’s
instructions for the bilayer translation method. Biotinylated pro-
teins were produced as described previously.'’

Biotinylated wild-type or altered NUP107 was mixed with FLAG-
NUP133 (nucleoporin 133 kDa; GenBank: NM_018230.2; MIM:
607613) in lysis buffer containing 25 mM Tris-HCl (pH 7.5),
100 mM NaCl, 1 mM EDTA, 2% Triton X-100, 1 mM DTT, and
10 mg/ml BSA. After incubation for 1 hr at 26°C, streptavidin Mag-
neSphere beads (Promega) were added, and the mixture was incu-
bated for 30 min at room temperature. After three washes with
lysis buffer, bound proteins were eluted from the beads with
20 pl of 2x SDS sample buffer. Bound proteins were separated by
SDS-PAGE followed by immunoblotting with an anti-FLAG anti-
body (Sigma-Aldrich) or a Streptavidin-HRP conjugate (GE Health-
care). Proteins on the blot were detected with Immobilon Western
Chemiluminescent HRP Substrate (Millipore) and FluorChem FC2
(Alpha Innotech) in accordance with the protocol from each
manufacturer.

Immunoprecipitation

The cell lysate used for immunoprecipitation was prepared accord-
ing to a method reported previously’®!® with a slight modifica-
tion. In brief, Hela cells were transfected with the wild-type or
altered N-terminally GFP-fused NUP107 construct by Viafect
(Promega) according to the manufacturer’s instructions. The cells
were lysed with lysis buffer containing 10 mM Tris-HCI (pH 7.4),

400 mM NaCl, 1% Triton X-100, 2 mM EDTA, 1 mM DTT supple-
mented with complete proteinase inhibitor cocktail (Roche Diag-
nostics GmbH), and PhosSTOP (Roche Diagnostics); sonicated;
and then incubated for 30 min at 4°C. For debris removal, the
crude lysate was centrifuged at 20,630 x g for 20 min at 4°C. After
collection, the supernatant was diluted 3.75X in dilution buffer
(10 mM Tris-HCI [pH 7.4], 2 mM EDTA, 1 mM DTT, complete
proteinase inhibitor cocktail, and PhosSTOP). For immunoprecip-
itation of the GFP-fused NUP107, mouse anti-GFP antibody (11-
814-460-001, Roche Diagnostics) and Protein G Sepharose beads
(17-0618-01, GE Healthcare) were added. After incubation for
2 hr at 4°C, the beads were washed with wash buffer (lysis buffer
diluted 3.75x in dilution buffer). After the protein-bound beads
were boiled, they were run on an SDS-PAGE gel and transferred
to a polyvinylidene fluoride membrane (Millipore). Membranes
prepared in this manner were incubated in 0.2% Casein in Tris-
buffered saline containing 0.1% Tween 20 (TBS-T) for blocking.
The membrane was probed with rabbit anti-GFP primary antibody
(598, MBL) diluted at 1:1,000 and mouse anti-NUP133
(M00055746-M01, Abnova) diluted at 1:500 followed by second-
ary antibodies HRP-rabbit anti-rat IgG (A5795, Sigma-Aldrich)
and HRP-goat anti-mouse IgG (170-6516, Bio-Rad) both diluted
at 1:3,000 with 0.2% Casein in TBS-T. For obtaining protein
signals, Immobilon Western Chemiluminescent HRP Substrate
(Millipore) was used as a chemiluminescence substrate.

Subcellular Localization of NUP107

Hela cells cultured in DMEM (Life Technologies) containing 10%
fetal bovine serum (Sigma-Aldrich) at 37°C in an atmosphere of
5% CO, on poly-L-lysine-coated coverslips (Wako) were trans-
fected with the wild-type or altered N-terminally GFP-fused
NUP107 vector with the use of Viafect (Promega). After incuba-
tion for 48 hr, the cells were washed with pre-warmed PBS at
37°C and then fixed with pre-warmed 2% paraformaldehyde
(Wako) in PBS at 37°C for 10 min. The cells were treated with
0.5% Triton X-100 in PBS for 2.5 min and then incubated with
5% normal goat serum (NGS, Merck Millipore) in PBS for 1 hr.
After blocking, the cells were reacted with the primary antibody
(MAb414 [mouse anti-nuclear pore complex (NPC) proteins],
MMS-120P, Covance) diluted at 1:3,000 in 1% NGS in PBS for
2 hr, washed with PBS, and then reacted with the secondary
antibody (Alexa Fluor 594 goat anti-mouse IgG, A11032, Life
Technologies) in 1% NGS in PBS for 2 hr. After staining, the cells
were mounted in paraphenylenediamine solution (80% glycerol
in PBS and 1 mg/ml paraphenylenediamine, 11873580001, Roche
Diagnostics). Images were captured with a DeltaVision micro-
scope (Applied Precision) equipped with a Plan Apo objective
lens (100x, 1.35 NA, Olympus) and a Cool Snap HQ2 CCD cam-
era (Photometrics).

Zebrafish Knockdown by Microinjection of
Morpholino Oligonucleotides

The antisense morpholino oligonucleotides (MOs) for nup107
translation blocking (TB) (5-AAGTCTGACTCCATTCCATATT
GTC-3)*® and for nupl07 splice blocking (SB) (5'-ATACATTTA
AGCTCACCTCTCTGAC-3) and a standard MO control (5-CCT
CTTACCTCAGTTACAATTTATA-3") obtained from Gene Tools
were injected into 1- to 2-cell-stage embryos, each at a final con-
centration of 0.25 mM. The experiment was authorized by the
Institutional Committee for Fish Experiments at the National
Research Institute of Fisheries Science.
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RNA Isolation and RT-PCR Analysis

Total RNA was extracted from embryos at 24 hr post-fertilization
(hpf) with TRIzol reagent according to the manufacturer’s (Life
Technologies) protocol. Double-stranded cDNA was synthesized
with M-MLV reverse transcriptase (Promega) and then amplified
by PCR with ExTaq (Takara). For detecting the splicing mutation
(caused by the MO injections) in nup107 exon 24, the following
primers were used: 5'-TGAACTGTCCTCCGGTGAAG-3' (forward)
and 5-TGCGATGATGTCAGCAAGAC-3' (reverse). For the PCR
amplifications, the initial denaturing step at 94°C for 5 min was
followed by 29 cycles of 30 s at 94°C, 30 s at 61°C, 30 s at 72°C,
and a final extension of 7 min at 72°C. PCR products were sepa-
rated on 3% agarose gels.

Histopathology and Transmission Electron
Microscopy of Zebrafish

Larvae injected with control MO, nup107-TB MO, and nup107-SB
MO at 5.5 days after fertilization were fixed with 2% paraformalde-
hyde and 2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) at
4°C overnight. After fixation, the samples were washed three times
with 0.1 M cacodylate buffer for 30 min each and then postfixed
with 2% osmium tetroxide in 0.1 M cacodylate buffer at 4°C for
3 hr. The samples were dehydrated in graded ethanol solution
(50%, 70%, 90%, and 100%), infiltrated with propylene oxide
(PO) two times for 30 min each, immersed in a 70:30 mixture of
PO and resin (Quetol-812, Nisshin EM) for 1 hr, and then kept
in an open-capped tube so that volatile PO would evaporate over-
night. The samples were transferred to fresh 100% resin and poly-
merized at 60°C for 48 hr. The polymerized resins were cut into
semi-thin (1.5-pm) sections with an Ultracut UCT (Leica) and
then stained with 0.5% toluidine blue. Ultra-thin (70-nm) sections
were cut on an Ultracut UCT (Leica) ultramicrotome and mounted
on copper grids. The sections were stained with 2% uranyl acetate
at room temperature for 15 min, washed with distilled water, and
stained with lead stain solution (Sigma-Aldrich) at room tempera-
ture for 3 min. The grids were observed with a transmission elec-
tron microscope (JEM-1400Plus, JEOL) at 80 kV.

Molecular-Dynamics Simulation of the p.Asp831Ala
Substitution in NUP107

Molecular-dynamics (MD) simulations of the wild-type and
p-Asp831Ala Nup107 were carried out with the program package
GROMACS (Groningen Machine for Chemical Simulation)
version 5.0 with the Optimized Potentials for Liquid Simulations
all-atom force field based on the local Mgller-Plesset perturbation
theory (OPLS-AA/L).?! The starting structure of NUP107 was ex-
tracted from the crystal structure of the NUP107-NUP133 complex
(PDB: 3CQC). The missing regions in NUP107 were modeled with
the Phyre2 modeling server,”> and the p.Asp831Ala substitution
was introduced with FoldX software.”® The wild-type and altered
NUP107 molecules were solvated with simple-point-charge water
molecules in a cubic box extending at least 1.0 nm from the pro-
tein surface. Sodium ions were added to neutralize the systems,
which were then subjected to energy minimization for 50,000
steps by steepest descent. The minimized systems were then equil-
ibrated by position-restrained MD simulation for soaking the
water molecules in the macromolecules in two steps as follows:
an NVT ensemble (constant number of particles, volume, and
temperature) for 100 ps and an NPT ensemble (constant number
of particles, pressure, and temperature) for 4,000 ps each at
310 K. The well-equilibrated systems were then subjected to MD

simulations for 30 ns each at 310 K without any restrictions. In
all simulations, for maintaining a constant temperature of
310 K, temperature coupling using velocity rescaling with a
stochastic term** was employed with a coupling constant r of
0.1 ps. Van der Waals interactions were modeled with 6-12 Len-
nard-Jones potentials with a 1.4-nm cutoff. Long-range electro-
static interactions were calculated with the particle-mesh Ewald
method® with a 1.4-nm cutoff for the real-space term. Covalent
bonds were constrained with the LINCS algorithm.?®

Results

Pathogenic Mutations Detected by WES

To identify the genetic cause of early-onset SRNS, we per-
formed WES on 18 probands. Because we found multiple
affected siblings in ten families, we speculated on an auto-
somal-recessive inheritance pattern for SRNS and focused
on the recessive variants shared by two or more families
with well-performed WES data (Tables S1-S3, S4, and S5).
Biallelic mutations in NUP107, which encodes NUP107,
were common in five families, and the mutation co-segre-
gated perfectly with the affected state in all five families
(Figure 1A, Table 1, and Figure S1). None of the other fam-
ilies in our cohort had any pathological variants in NUP107
or any other known genes associated with SRNS, as listed
in Table S6.

We identified a total of four NUP107 mutations, including
two missense mutations (c.469G>T [p.Asp157Tyr]
and c.2492A>C [p.Asp831Ala]), one 5-bp deletion
(c.1079_1083delAAGAG  [p.Glu360Glyfs*6]), and one
splice-donor-site mutation (c.969+1G>A) (Table 2).
Heterozygous c.2492A>C was common in all five families.
The two missense mutations altered evolutionally
conserved amino acids (Figure S2) and were predicted to
be pathogenic by web-based programs PolyPhen-2 and Mu-
tationTaster (Table 2). Furthermore, p.Asp831Ala resides
within the Nup84-Nup100 domain (Figure S3). The 5-bp
deletion was subjected to nonsense-mediated mRNA decay
and probably led to a lack of protein synthesis (Figure S4).
The splicing mutation (c.969+1G>A) causes a loss of the
intrinsic splicing donor site (Figure SS). All four variants
were examined in the EVS, EXAC Browser, HGVD,
and in-house Japanese exome database (n = 575). The
€.1079_1083delAAGAG variant was observed at fre-
quencies of 0.0000083 in the ExXAC Browser and
0.0008696 in the in-house Japanese exome data. Another
variant, ¢.2492A>C, was observed at a frequency of
0.0013587 only in HGVD, but not in the EVS, ExAC
Browser, or in-house Japanese exome data (Table 2). The
other mutations (c.469G>T and ¢.969+1G>A) were never
observed in any of four variant databases. Among 881
NUP107 variants registered in the ExAC Browser, a total of
31 variants with a MAF > 0.005 were in non-coding regions
(intronic but not in canonical acceptor or donor sites or
UTRs) or were synonymous variants (Table S7). Further-
more, 36 loss-of-function variants in NUP107 are not homo-
zygous (all heterozygous; Table S8). Therefore, this genetic
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