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2 4 b v (60 XX FLAA): Progeroid syndrome and insulin resistance (41 3(57)

T7AMZ 27 (2000 SLFLAN):

It is widely known that the insulin resistance of the human body increases with aging. Age-
related organismal visceral fat accumulation and sarcopenia are contributing factors

to insulin resistance. At the cellular level, various abnormalities such as

mitochondrial dysfunction, increased inflammatory signals, oxidative stress, endoplasmic
reticulum stress, and impaired autophagy underlie these conditions. Progeroid syndromes
caused by abnormal DNA damage responses exhibit symptoms that mimic general aging
from an early age. In particular, Werner syndrome, which is considered a model disease of
human aging due to the acceleration of aging-like symptoms after puberty, is markedly
associated with early onset of diabetes, dyslipidemia, and atherosclerotic diseases, and the
average age of death is in the 50s. We have previously found that patients with Werner
syndrome manifest remarkable visceral fat accumulation and sarcopenia, which are closely
associated with insulin resistance and diabetes. In basic research, we also discovered
abnormalities in Werner syndrome-derived cells, such as accumulation of dysfunctional
mitochondria and increased endoplasmic reticulum stress, which might contribute to the
development of insulin resistance and diabetes. Furthermore, we have found that these
underlying abnormalities can be ameliorated by anti-aging therapeutics. This symposium
will discuss the pathophysiology and treatment of insulin resistance associated with aging,
based on discoveries through clinical and basic research of progeroid syndromes.

(1561 XF)
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0-80. EREE - BEFCBUAIMPTERTFT T4 KA F VRBEEETFREAYT oo
(BEZVAZEZFEETFREFRL Y & ", LBEXEXERELHERAREELHE", BEX
BAZRZERFHER LY ¥ ) E4RER", FH [E, FHHLET", SLRER", HiH
ﬁl)
0-81. /MR L ABBREIET = M —ERFOBMIREICS X HREBMOBH ooovverrermmrne
(FEAZEAZREEHARASUAS - MW - BENRE, TRRERFREEHNERS / X—Ta
YEERR, RRAFEMNEHMEMSHERGRNEL Y 5 —BlRSFESE, THAFPSHE
FRRFZERT (CRA))£F UL 0", MMM, SPEH°, KAEE®, BmlEd”?, ZREE, @
iz, #FEEAmY

9:20~10:20 (0-82—0-86) #BAAYREESTH EE:FEE—B (FEZV=v )

0-82. DASC8IZ X 2 ERE DR HEEE - ADL DH 7Y —381E, BULHFREABREDOVR I ZRKMT S -
(ERHRBEEFER L~ ¥ —HR% - 83 - ASRARY, REBRERFER LY 5 —AREN
Y, HAHBREEFERSRE Y S -TERZMERRLSEEL Y 7 ) BRE & BEERE",
£ FHEP, AFHRE", KEMAY, B, BEERY, TEET, RHE-S, wk BV
0-83. HMERAMETFFHICELABEERZ V- JHIBRHT 7Y 7= a YORFE oo,
GRAERFEMBEINE - BEHRL, BACKEHBEE SR - FEEHARY, RACKRFMEREFFIERER
MBEEBESH) EHMAY, EEREL?, REBT, Sk 2, FWER?, #H WY
0-84. E *l:i’o’ﬁ' A 90 ﬁﬂﬁﬁ%ﬁ‘@%:@ i) ﬁgo*ﬁ%ﬂi .................................................................................
(KERAZEAERAMEHET R RIS - BETHRHE) DAY, HERZ, FEPE IIEE
E
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4. BEIEZED Up-to-date
(S &
EI B ERAFARHE K PR ERHE IR IS - X3 - W AREE

BEfED B VIR M EILERE (progeroid syndrome, premature aging syndromes) TIXEERNZHIEE L TSRS A
RAEL CTBBEINS. BEOREMEIFEDOMIFICHERINLBTRESNLZ L LD, RO EEEMRTE (segmental
progeroid syndrome) & H0fiEN 5. ZDORFEF & LT Werner syndrome (JLF WS & B), Hutchinson-Gilford Progeria
JEWEDNE (LLF HGPS & B&) %° Rothmund-Thomson JEM&# (LLTF RTS L 85) 23HMbNn b, WSIZBEMUBICREEL, 2A
RINRIEILD 728 50 w2 I TIHREL, BAHEEBREFILF 700~2.000 %, HRAOMED 6 # % AARAIED L. 2013 EEIC
X BRIILHELET L R D WS B4 F5 4 oMER S, 2014 48, EREESEAER S, 2014 4£ 5 AR E I8
EEINT. 2021 SENIEZBHA 1 T 4 22 Geriatr Gerontol Int ZRICAFR S 7z, HGPS 1 1~2 B IC R EMEASHIR L
10 A TIRIFEFARET HEHEL/NREBTH Y, 2013 EIHITSN-2EREIICL Y, BAET6BOBEVFFRIC
BlE &, 2017 B (IR D HGPS SWrIEMEAER & 1, 2019 4F 4 A EHEM IS T SNz RTS 3B A&
HELIERM D 5 B0 HEREFRHBIEZ A0FT 5. 2018 FEITHlifT S - ZEREICL ) 10 H0BEDFE SN, BHrkiE
MBYE SN, AHFHRFHTIE WS 290012, T TOREFEICHT B ERPHIRE DM ICH LTI L 72w,

5. BRBEZBIIBITBIAINZT T ICT BBERSE
A HER
BINEEENTE - F— ATV —T AL AT TEER

B8 2094 W ARMEOE K BERIEADERE LN HARERKX CEETANT, BRAAVATTHR - H-VABETNTOAH, FOBEE - F -V ASHBIHRTA L L AkE
LEFERYRALEN DA,

LR, ICT MG, REFGERPERRRHEOSRIERRY v o BRI R THA. BEFRE ¥DOIT -5 AV AREREDON, RE - REE - AEAFISA ICT OFMARE
SMTVA, A TH-IVRENLEASORIERER AV ASTERCEAMAANER LN, BE 10 AR6RFLIEERSOTHFIRIE LN T0A,

GREEETL 29 LBAOREDS (PR ; Personal Health Record) %5Ui%) JEH PHR #— ¥ ABFEAMFT & fii% [JRM PHR BEEC L ARDEBRONB I B ASARESH] L LT,
k%, BEARALLVIRETALY, PHROFIMBECH TR HATEY, 20RELRATA.

i1, AARHHEREAE(AMED) SR LT BANRE L GHERATEEL T XD EENOTH - RIS ORBIEDNREOLY Y A LR /T A LDOETHELFoTVA, $HIL,
DMBRETOMHCLORRRIHEE, RET- 7 ¥ RERBFCERT A FES LT -2 L LREHEER 0, AVATTH-CAORSERIRFDIV TV ARIBEL, BT, BESNLIVT VA
AL, HAFRCLFLRACFEEESLERL, B ORROCANA ST -V ANER S A AL BET (78 - RO ) DAL - FARREBEREE 0w TORATA.
ABECBOTE, (SR F2%) 1L A0 - REIC)IMTAAA K4 /50REIRUTFH - BES N A2 U7 AREORDORLL T 70-FORKHEORE ORERE 22
EEMGREL, 7HFITERICLATH - B0 ) BROLSER A RAA T ENA L L TVD

6.ICOPE A RS A L ICRIEHMED-HDBIFNF 7
e KE
BB AL A (R 2 SR AR 2 e

2.278=4W - AW R - 28V 7 ¥ (Universal Health Coverage (UHC) & i3, [2 TOAPEYLTH, #ik U AE) $ORRESRY -V 2%, FAOTELRATHTONAKE]
BT, UHC R, EWE0) [Hpiligi bIatn (SDGS) J0BAR3 [T ToAKREEL ity | OEROLBIRAb0THA. fAEICB T, COBRRERT A0 &
MY ABBEORE - A0 TOZ- X2 2ETH I LILIMATHA.

REORSY 27 M8, BEOREAERINETS LI CRAHENTOAY, MKl ) B CHER L REHCHT AHERT 1 HTHAL BRA. BREIBVT, AL 7
£2)=AVASTOTTO-FRBEL, EWTAZET ADLITRTH - S¥TA 2 LANEDKE R REL Lo TwA. KA TT70-Fit, BRITBEL. -V AREE
== ATE (H-E A2 ZH 2 BBED = — Xilito TRt &, AEHIE L ARMIHET 5 L85 5,

ot BROM, BREOLHOAENY 7 (integrated care for older people : [COPE) 414 74 13, IERAEEM (WHO) ® Department of Ageing and Life Course 75% &
DEYOTHA. ICOPEH 1 K54 ¥ REHEPE AV AV TOBYLT 70— FIo0TIEF VAT H L ¥ v ARREL, EXLHENE L ERMEART 2 B0
TERTALEL, NEELROLDONAET 22 L% BME LTwA. ICOPE #14 K51 v I BHEOREREICHT A EN L SR BREV G K - HROLIEN &5
L, 2ORT2ESELNSELL) TEAREANAT T OR[N EE L TRT A DO AFEORE] Lo tHRIOWTIEF Y Al SR FARZERL TwA,

FEEHECTRICOPE N A ¥ 74 vOFERRAXBRT 5. AFRIWAER L IRERBEOF 20—k 2 A% 61FETHA.
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DRI LIS
F2HEFEFAMES PEEEICEITT (2) BEEFSRERICKZREANDOHE

EREODZ &I
JEE  RERSERER (T-aeks kbl 2 se b i Sl - e - AEERR)
B BRS CREURFREIH SR AT/ Ak vy 3 Viige > 4 —)

WRRERE L o EAEIZBCT, HRLOERIHE) Bir ZEZFRPOLAMLHRENIRL T b, ZORROLD, HAEEEFRIE 2018 F125
DOT = bl I RHERAFEN T LA 5 EERFHE 5 MR 1258 LIEL TE 7 Ba pREP WP ERL, T E0 R W REIZEPL TR B4
YR BIT, BICTHEIBO A 1L T, 0L RIELARE, 2 LTRLH D HHERERETE20D, WHTZOEHLHARE LonD LiHiL
TSR TS, S50, ThOoDRASHEZ, LY RATERRELMIETEL L), KBRS RED T CREEICORTD. AV VK
VU AT [5 2 I AEREE 5 MAERTINCINT T e LT, BICHABERE QORI ¥ A= LSRR, JERERILRTTE D O 307 1 — b FIF%E
IR, FIREEROBKICIA, EEEFBIPEFHFLTCRUET AR THEMLT 7T —-F2 LA LAV, BRFINDARNOKEEE 2 THT

1LERIZZAE—F [BFEEZICET I SEMNERH, S D E 5 & 5 RE
S
REORF R SR AT Aok € Y 3 S Bfgee > ¥ —

2. [#1t] 2BET 5 ~REBEARP SRABCEROSEDOREE~
I Y, R Y, ARTSERERY
THRFRE BRI EBEP P - MG - B AEPURRE, T-HER B SR BERE RS - FC - PO aRe

MEsIEH S50 5 BALMHEERICBT2RKDIV AT 7725 —=Th 1, HEE [ Z0b0NHEA]I ThHD ETrHMEDET -
TETWA., INEHEETHZ L2 HIBTH¥S %, “Geroscience” (Y= 0¥ A LU ) LIER. Y0¥ A TV ATIE, ZLD9
DNF—=NI =2 L LTHONLUTOERINUT BLERH L. Thbh, 7 AREEE, 70X 708 Z¥s7 ) A0Z L
oy BlEERoRE, RRENOFMBR, I ba v Py TEERE, MiiEl, BHRoOMNE MM Ia =Y a0k
ETHE. 72 VF—EBEERN Y F VY - FNT = FEBHICRE SN REEER, ZLD 92D F— V< —7 2 BfHHRT
ZEBFHENTBY, [BIOEFVERIE LTHREPTIL IR TON T D, SRS REEOTYE T VR, HHE PSS
FWZRFRICE D, NADWHAITHL=aF v 7 I FYRY R, A MKV I Y, 9594 3 v o550, HTE LB 8 €
TVOFGILEEZ DO TIEPWHLNLE Lo TWA, I, 4T 27T VBN THRFIFRSEL 2 LI [ ERD R,
ZALMINL % BN TR 25 % “Senolytics” (£ /) 74 7 ) D52 LT, BETNVOEGPEET S LM SN Th
S OGRS, —BEALE B AN R BRI C, 4B 7oy = 7 MO RMICETRTH L. Ky Vv RY Y
AT, Youdf TV AR 0 THEMEROSBROBELRZHREICHANOWHEEICOWT, BRHOAREZ R LB HERT 5.

3. WIEREMEL S KRB ZEAOMBDEN T EHRS : PHTIT7EHMET 1 —ILNEDZAZHT
AR DI % 1 <

I A8

SRHOKE F I 2 AR SE B

EEREORLLTIMAOIOLLT, TVAVIERREDTA. 7VA VIR, EifREIREDANERD, L) EEPLOTHIEERSATA. S8, 7V VREOES
BRONDERATCRICROTIL, BRAXEMARIRENTH, COBHERLEETHA. Lt T, AFETHARRERAIMMATHRL 7 VA MR Mt 2L TER L9
BB CVBLETHE. 7V A VHROWRD () 2RRMDOBIER b o CHET DI BERFMRAEH 17 27 3 7H AR AW CRERL E pRER R HIT Tw (2t
PRIRTHS.

RERFRRHARATERRCY, BEORBLZILERER 7V AV HE-5 = BERORBE [7VAVF 2y 7 | %, 2EOHBENOGALEDTE. TVAVF2y )
T, SMERHE-5 =R bAoA, HRKEBAOTVAVREOERERIZLY, 2ERDT VA VI 2HOEED, ey L el Tvd. $REER7 VA VIR
hAERMATER AEORARLFIALT 7 M) =F5 BIH ARIEET2AF- AL LA,

G, BRBTHPER, EELOERI L7 VAVHEROMEI (D IowT, EROToLALEIBRIL, (1) 7VA VT v 7 OBIPRREOERES - PHIHRE WA, #
BEENOMAIRPIETE SR, ) BiREIRS KDB 7 F S MEML LA, TVAVF 2y ) p b LERESE LA PO~ BHEROTY MA L P OHET 5

A, 7VA VR L LI EREORSRE R IR 2400, ERREELETRA LRIV F AT =7 50 Y =B) 47, R ARROREOEY fETRlIERL 2w

NN AN



114 AAEBFEZESMELD
A R#EY, EARFE?Y. FHEAEH?, FEHMD, & 6ime,

8 fE, Hakx

[BHY] BHEEISA DS 2 EEIHIE T & 2 (D F )%
8L, 7 LA IVIRIERICIRS A [ o YOS 290658, 42
BEAETER STV A, Hid, @G oERAaLEL 7 -
F— 7 ZEH L, REBNASEA MW BILE & T LT H 220 6
PICT B L TH B, [Hik] Ut T-MEAIATIC B B 2020 4E1EH
)T S RRLE IS D-Z 5 ¢ 20,151 2D ((Za5% 36.8%). Il 2E
TEHASI L, Z0isni & 0 BELER, BIRMGR ORIMBHI R MY, 8
WG/ TS LA ¢ bedk L7s 18130 44 ()4 80.1 = 4.1 1%, #oit
55.1%) T A. WAMLEKIIE, 20224E1 B THBIF LS. B
Lt7 b F—% & RBFEMOBIIBEES OKINSTE, £, 5
[ %, BMIL ICD-10 23— F»56F ¥ — vy Y HFEBIEYK HE
W - HiHIE OB G & @ L. (R) BHMMP, 727
% (4.0%) Vi ICEAERE 2T GRYFH Boep sl (4 50788
PH] = 457 (408-519] B). #%MBEHEOKMERRAOENETRE
FIZHT ATk RETDH - 72A% (F3923+1.9 & : ROC Hifg
Tiifi=70%) HFFEBEREMKTAIZETHEICHELL
(ROC BhAR T H#=74%). BN EFREEIIH T 5 FUHEILRE
B34 %ML LBEICRlE 2 (4N 23%, MIES4%, 4%
RE78%), FEMPLHFERBRITE M L TENEFRBZEON
H— FRAT o7 [HENYF— FH 95% EEEM) =2.5(2.1
29)|. [&#R) #MEHEORMEIENEFRZE*FNTETD
D, BEFEEBRRZETZAHZETFNRIENINETSZ EAHS
e ots. FEMEEFER LT LA VIKEDIRI & 4 035 10K
REfT 2, RRBFBE L NEFH2 —FICIEE = £ 5% B
DIEMIZHFES T HWHEMIDH 5.

0-76

Y IV F—ERE 41 Bl 3 EMOIZBRE
FRERZEREBELEEHFIEBE IR - NG - HAENF2:
BTEAER, MIEMA, ERSC, SRR, AT KA

(B8] & = v —SiEfiEdk (WS) RIEARIEOREIETH Y, FHEL
DRke EAEEEZ 2L, RBHERDROAHERE, WAL &% 4
P 5. FEBOERLBELEHONCTEII L EZHMNE L.
(78] WS LR N UICERABG T, D&V EEME &
BHE, BIETFER MAEZSRE. ZOMoOBKIEICOWT, WA
e & ARAERIURNSE L 7. FIEREDORIT BT, FNIERE & (T4 DL b
BRI % 1To7:. €7V D h A4 ZFeE, Wilcoxon F51FMIRL:
FrAVE. [BR]41 B0 WS BEHFBES L. WS O EE MBI
oML L, FRHREL 7 MO Ld7-. HRE HERELT
M, BMLESE 1 4 YNCE20 7o, BAATH D3 BAEE#IL 50.7 R TH
D, 30MXH»SREL, 3EMOBENMFIZH 25% DERICALN
7o, EREMEEIEERMEHEOMEIT]: 1 Thol. HEEIZMIER
DF3Y eGFRere 97.8mL/min/1. 73m* 2%t L ¥ eGFReys & 72.5
mL/min/1.73 m?& Cre & Cys DRMICTEBE % 2D . fRWTHIRRIT T
X, FIERFI eGFRere 74. 8mL/4%/1. 73 m?, 39K KK IE
eGFRcre 59.3mL/52xt L, 3 % DFH eGFRere 63.4mL/53/173
m?, EHFEREBKRHIE eGFRere 502mL/A EE TRz F
=R DFET=I 7 BT, FIYSETER I 56. 758, P 6 Bl BMEATLS
ARRETHo7z. [BiR) WS BEIEMTHESEE»SRELFEL
B HEOBEHNZ VW EAHBE L. £ 7 eGFRcre & eGFReys
IZTEREDSD ) BB EOHEICHL DAL &, MA THBEET
HHECTT A D B 720, HAEAMONBTLRICER*ETS. WS
O MmEA X b, B, B CNFERBIEDNA ) A T
HY, BEBROPTHENZREIVELEI OIS FKBEDE
MBI L FHEE D7D ITIINEE WS L EFEF WAL E L E 2
Y (VAN

o-77

RIEMREE Werner ERBORBEVBABRICE T 2ELREX =X
L DRZER

FERFRZEREZMEREASGRY - MK - BEAREY, T3

9% MWRHYTS (FERUSHEIYRE) - 2022 4

KERFEBEERFEN 7 be/ N RAREEY

UMY, DEMALY, BV, KTAMY, fLE—ARY,
EFO LY, WkEnth?, RIRFMHD, HE B?, BEFEKRERY
[F9] Werner SEl:RE (WS) ILBIEHREEETH ), WHERE,
W TORHAE 2 ¥ OF LEVIRFEAL A & DR EICE S T &N 5,
FEARERE D i TR A N TH B, WS TR ICARIEN %
R & TR %8 % il 5%, IR O R IE L AHIL R 2R
THbH. Ferit WS OENHIENC B 2 BILRER 7 = X A OFH
FEME U7 (i) WS A diskest T hiih#l#& A & Stromal vascu-
lar fraction (SVF) Z/rMk L. WS Mi#rB3: SVF (WSVF) & ftH#&
3% SVF (HSVF) DML DI 4 MWME T (SASP : senes-
cence associated secretory phenotype) Mgt L. F/2, BlLRPR
FEICBD B0 FIRME AT B 7200, RNA-seq (2 & ) FRORIZTF
BRI &1To 72, MA T, SVF OIIiSMLSEZ T, IESE
RE% AT L7z, (%] WSVF (2 HSVF (2 e~ T 5L MR ot % &
L7 MIMAERE X WSVF CTRiEAE, Kt L 7= Z eadiiasssiin L.
FUXTRIIAZICEMR LA (p<001). SAfgal ¥ Tixk WSVF
TR ORI % Lo 7o, BIZTFREBMAT Tz WSVF TILIB, IL
6, CXCL8 % &' ® SASP A FEIHM L (Wb p<001), Mk
£<—#—0 CDKN2A 2 ER L (p=0094), WSVF 2sfila&ftx 2
TAHIEDHBLL b5 A2 S b — AT Cid WSVF THIR
TR CHRE ML LBEFHENLAL, Ml - Bk - BHR,
MR bH 5 Bz FRAMET L. B S 1L5EE Tix WSVFE
THERES LA & 7z [#3R] WSVF 2 B E1LRE, SASP Y
. JERESMEMEI 2R L. WS OERIEICEE L T,

0-78
BEED TIVF—ERE iPS MREBREERBMEEOBGERICH
DE-E Yk

FREAFRFEREEMERASBAH - ME - ZEARE", T
KERFREFENIREA ) N— ¥ 3 VEERES?, BREASEFRE
e ARG ~ ¥ — M5 FESEY, RmEKEiPSH
MamFsERT (CiRA)Y

FRUEL—ERY, AR, HEEEAY, WLEd?, KMER?,
HRPREY, TREEZY, BEEKRRD

[BM) Y = v+ —ERE(WS) 3R EN L RIEHEEETHS. WS
AR A T A REEMER N B R 2 D Z E TRBE DA
FHOR W LIRT S HAEICTRWINICES., L2 LZDORIE
RN TH D, MERL RERBIZBT 2 EMRE 0GR ICHE
VR HIE (MSC) OBMHAEBENTWS., FZITHLILWS
i MSC OB EBHC BT 2 E MM 2RI L TEOMIFE2HBEL
WS OIERIHRT-%2MET A L Z RO E L7 [HE)
BH BT WS B2 & iPS #MilN % 8 32 % MSC ~ & 5k (iMSC) &
SREEMERLM I ' F U< o A DML ES S 5 = & TRIMGHE
WO Z M L7, IMSC %5~ XD Pecam-1 MEPEMITa I % H. 8¢
L7z, IMSC & DILREIEIT 3513 5 B B ARKESF A o0 3 7 i % Meat L
7=, IMSC 82 E DM ETTT7 U A BT 21T o 7. BETAYERL MBS €
F< oy ZADMBEE U WS-IMSC & VEGF OiR&1ES %4784
BB ERET L7, IMSC (284 2% FLT1 (SFLT1) Os#fx
FREAXHG L. REHF RO WS BEORFPIIEITS SFLT1 &
BREMA L7z, (AL % iIMSC #3258 (% BE) 12l L WS-HMSC
5B (WS B) Tl WICHIEEASBIE L T, WS BETidfl
R LOEREIAEICRS LT, WSIMSC & LTI
A3 IMSC & DIEEIEIH LR OSEERISAETICRI LT
Wi U IMSCIZ L WSHMSC Tidsgsk bikh o VEGF 88 &
MPEFEIE T LT/, VEGF & WSIMSC DiREHRS5HTIZ WS
BR U VEGF B2 LAREICAIMBERAT® L T, % iMSC
IZH L WS-MSC Tid sFLT1 D BIZFREAFAZTICLR L WS
iIMSC'Z VEGF 2 ML= L TWSEICHLAEICETLTY
7o. RO SFLTI RBEZFICBVWTERKEEOHM 2R L. (&
] WS-MSC O RIMBHEFA) R I3MES LT h sFLT1 ORI
VEGF {fERE FISEE L TWw5. BIZ sFLTI i WS RUELDOFRE
MERFO—HMTHELEEIZOND.
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0-79

BHEDOIEFRMVBMERICH T RS L7 1 NEERIT

B RFEMTEL v & —EBNRD, BXRFERFEL Y 5 —
EERHEBFES?, EARFERAFEL Y ¥ —EEHAFEHEL
Z=2

BHEAND, R EP, SRMAFED, BHEHY, EE
BE#Z?

(B89) BHAMITEIC L HRERRZEICMBGE & B 1+
5. o i TBUEMN L BARHRL OMMZ M LT A% EmMRA
SR ARERAIZ I ATV ARV, AFRTREBHEOREOW &
P TRVIERROBUERBET -y RN— 206, BEERMHZEIC
4 574 FEEAT (GWAS) 21T o 7. [HiE] BtEm et
FBRPOFEREZERAICIFELBR V6 +» AU LEFFET 565K
Do —inBtEmEBE 261 5 (FH 787 ) 20t L L, HF%ER
BFEBTIPELL/SA A8 2 i) gDNA DOR4EE% %1, Asian
Screening Array \C& YW ¥4 ¥V 7 iTo7:. BHUEMEREL 2N
T HEE 4,243 BIDIRFEIM % control & L7-. Quality control (QC) &
L THRA—3, kinship>0.25, 1IKGp3 # AVv:7z PCA, call rate<
095, MAF<0.001, control & 8} 5 HWE<LIx10%% 4 L T
GWAS #1To7:. [#8] QC %™ 4333 ) (247 cases ; 4086 con-
trols) (235 8652029 variants # AW TAITo7: GWAS DERT
12, QQ plot I & & Rl TIXBUMEATICHE L TH Y A&7 SNP ERL
DIFLEAIRME & 172, Manhattan plot Tl genome-wide significance
(p <5x10%) 2R 4 ODEMAMRE LN, £D S b protein-coding
gene Td 5 CYP4All, ZNF841, CUBN WA ELZER L L TREh
7o FLRBAEHBTHWHEMEDOD 55 F%IEH T 5 Causal Network
Analysis # EfTL7-#R. BRUEV pETHo AT LHEFL L
T, arachidonyl-2-chloroethylamide (ACEA) »*RE &7z [#&)
FE &N 4 RIZFDH b CYP4AIL 3P RABREABIcWD
Y, 75 % FUEED S 20-hydroxyeicosatetraenoic acid (20-HETE) @
AR EMEEST S PO HOEEREFETH Y, TRPV] zigtkit+ 51
BYEEEA T4 -5 —Thb. FEMITBIT 5 EIMA 20HETE
EATIRET S LA, 20 20-HETE AEEOEMR~—H—L
LT, CYP4A FHEH I /- % HREL L TOFEAMMFI NS, —
B, AE%TY Fh U FE 4 FEMEROMEINHREINRTED,
ACEA 2SRIZEIC BT AL E 2D ) BHEM IR EN S,

0-80

BERENE  BFECHII2NFBIFTTARRIFBREELE
REREIAG AR

BREERAZEZREFLENEL Y 7", LilEEREXRFERE
NI ARMAESLHE?, BERRKEFEESTFHERE Y 5
% AR, FH E?, FHELTFY, &WLUEERY, HHH0n"
[B&y) M ®E2>F (HMW) 754 K325 >~ (ADPN) i#EEiZ4 >
Ta) YR EARMN, BMI MMM ERT 2O AEE
HHERONA T —h— b EZONTE-D, BHETHETICL
RELAML, BHEFLEBETIRE LOEROREY A0
LREMAT S e SN AR TIIBEHE (8589 %) &
UBEFETOIMS HMW  ADPN B EEISE & U4 TR RIRBAT % 1T -
7o () BREEE Ik — b (8580 % : 1498 A, &t 523%), BF
Fak— b (100 #%- : 812 A, &t 844%) oifish HMW ADPN i/
% ELISAICX Wil L7-. Ifif HMW ADPN i % #RB DA B
ToOLe, HDLC, BMI & OHMBEN %17 -7, li% HMW ADPN
WAEIC X b 3BT B Kaplan-Meyer & % W C A fE R M BRAT
fTo 7z [#%) $ HMW ADPN BEIIBHE T - BHETOLIIK
EEDITHIMBM%E R L7z (r. B 0 045, Kt 1 0.38). BiIRIBRED MM
1 HMW ADPN i i3 #IEAE %R L7-. HDLC iz ¥R sE R O
BHEEDICHM»ED 5N, BMILIZBEES (. B4 : 02 &
% 034) TS RN BEFEE (r, B4 012 &2 012)
TIAMBRA L. EFERMBTOLER S8EHBMCIzmS
HMW ADPN BiREH CHEICRIECEIN T - 7258, BRELH
RUBHE T3P HMW ADPN BEERIC L VBB RICERR
bhehor:. [HH] BEBMHTIZMS HMW ADPN i L 475E

TAHEM LT 7zas, WG R OF 0 4 Ll HMW ADPN
BEEIIRIEC EAME LT ad o7z, A HTE BMI & OHIMAS
BOLTWBZ b, BERLME RO ¢ Ol HMW ADPN
BEIHHET TEENOBMICE D LN LF RIS LW &
AR E NI,

0-81
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Background: Werner syndrome (WS) is an autosomal recessive premature ageing disease that causes accelerated
ageing-like symptoms after puberty. Previous studies conducted in the late 2000s reported that malignant neoplasms
and atherosclerotic diseases were the two leading causes of death, with life expectancies in the mid-50 s. However,
the recent lifespan and cause of death in patients with WS remain unclear.

Objective: To clarify the latest lifespan and causes of death in patients with WS.

Method: We conducted a questionnaire-based survey in 2020 among the primary doctors of WS patients who were
identified in previous nationwide surveys in Japan and clarified the following: the age of WS patients (age of death,
if the patient had already died), sex, and cause of death. Patients who died in 2010 or earlier were excluded from the

Results: A total of 123 living patients were identified at the time of the survey in 2020. Fourteen WS patients died
between 2011 and 2020, with a mean age of 59.0+£ 8.9 years (mean = SD). The most common cause of death was
non-epithelial tumours, accounting for eight deaths, while no patient died of atherosclerotic diseases.

Conclusions: Compared to previous studies, this study suggests that the lifespan of patients with WS has been
extended. Although there were no deaths due to atherosclerotic diseases, non-epithelial tumours were still the lead-
ing cause of death. Further development of screening and treatment methods for these tumours is required.

Keywords: Werner syndrome, Lifespan, Mortality, Epidemiology, Etiology, Rare disease, Ageing

Introduction

Werner syndrome (WS), also known as adult progeria, is
a rare autosomal recessive premature ageing syndrome
displaying signs of ageing, such as grey hair, hair loss,
cataracts, and diabetes, early after puberty [1]. Previ-
ous studies conducted in the late 2000s reported that
the average life expectancy was in the mid-50s, and
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malignant tumours and cardiovascular diseases were the
two leading causes of death [1-3]. As part of the Japanese
Werner Consortium, we have been working on the devel-
opment of diagnostic criteria, establishment of patient
registries, and genetic diagnosis of suspected cases in
Japan [4—6]. In the course of these efforts, we hypothe-
sized that the recent life expectancy of individuals with
WS had been extended because a number of patients
recently died at a relatively advanced age compared to
past cases [7]. Hence, this study aimed to clarify the latest
lifespan and cause of death in WS.
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Materials and methods

We conducted a questionnaire-based survey in 2020
among the physicians who were identified as primary
doctors of patients with WS in previous Japanese nation-
wide surveys and genetic tests [4-6, 8], to determine
the following: the patient’s age (at the time of death, if
the patient had already died), sex, and cause of death.
Those who died in 2010 or earlier were excluded from the
analysis.

Results

A total of 143 physicians were contacted for the survey,
and 105 (73.4%) responded. At the time of the survey
in 2020, 123 patients with WS were alive (61 males and
62 females) with a confirmed diagnosis according to the
Japanese diagnostic criteria [4], and the mean age was
51.9£9.6 years (mean=+SD) (Table 1). The number and
age of patients who died between 2011 and 2020 were 14
(5 males and 9 females) and 59.0 £ 8.9 years (mean £ SD),
respectively. The causes of death were eight malignant
non-epithelial neoplasms (including five haematological
malignancies) (Table 2), three infections, two malignant
epithelial neoplasms, and one unidentified.

Discussion/conclusion

This study suggests that the life expectancy of WS
patients has been extended. Studies conducted in
2006 and 2008 reported that the median lifespan was
54.3 years [1], and the average lifespan was 55.0 years [3].
Also, the average age of patients who died between 1997
and 2006 was 51.8 years [2]. In the present study, the
mean age of patients who died between 2011 and 2020
was 59.0 years, suggesting a 4.0 to 7.2-year increase in the
lifespan of patients with WS compared to the previous
studies. This increase is higher compared to the increase
in life expectancy at birth in the general population in
Japan from 2006 (males, 79.0 years; females, 85.8 years)
or 2008 (males, 79.3 years; females, 86.1 years) to 2020
(males, 81.6 years; females, 87.7 years) [9-11]. These
results imply that there are some factors that have

Table 1 Summary of the results
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Table 2 Breakdown of the malignancies that caused deaths

Diagnosis Number
of
patients

Non-epithelial malignancy

MDS/AML
AML

Non-gastric MALT lymphoma
Fibrosarcoma

Osteosarcoma

—_ . s s s W

Melanoma
Epithelial malignancy
Hepatocellular carcinoma 1

Lung cancer 1

specifically improved the life expectancy of WS in addi-
tion to the general factors, such as healthcare improve-
ment, which have contributed to lifespan extension in the
general Japanese population.

Regarding the cause of death, Goto et al. previously
reported in a retrospective study of patients with WS
from 1917 to 2008 in Japan that cardiovascular diseases
were the second leading cause of death, accounting for
30% of the total deaths [3]. However, in the present
study, there were no apparent deaths from atheroscle-
rotic diseases such as myocardial infarction or stroke.
Koshizaka et al. reported that only 2.5% of patients in
the WS registry in 2020 had angina pectoris, myocar-
dial infarction, or stroke [5]. They suggested that this
decrease in prevalence compared to the WS nationwide
study in 2009, which showed that 18.5% of patients
with WS had angina pectoris, myocardial infarction, or
stroke, might be due to the improved long-term control
of metabolic risk factors such as dyslipidemia, hyper-
tension, and diabetes with better treatment modali-
ties that developed in recent decades. In addition, in
a recent autopsy of a patient with WS who died at age
76, there were almost no atherosclerotic changes in the
cerebral vessels and no stenosis in the coronary arteries

Mean age +SD Number of patients
Patients with WS who were alive in 2020 519496 123 (male, 61)
Patients with WS who died between 2011 and 2020 5900489 14 (male, 5)

Causes of death
Non-epithelial malignancy
Infection
Epithelial malignancy
Unidentified

— N W @
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[7, 12]. A number of other recent case reports have
also shown that atherosclerotic changes were absent
or slightly present [13, 14]. These findings suggest that
atherosclerotic diseases are being controlled in WS.
This result is partially consistent with the trends in
leading causes of death in the general Japanese popu-
lation which showed a decrease in age-adjusted death
rates of heart diseases per 100,000 population from
2005 (males, 83.7; females, 45.3) to 2019 (males, 62.0;
females, 31.3) [15]. However, heart disease was still the
second leading cause of death in 2019, accounting for
15.0% of total deaths in Japan [16]. These facts indicate
that atherosclerotic diseases in patients with WS are
susceptible to general treatment and may not occur via
a WS-specific mechanism.

On the other hand, the incidence of malignancies,
mainly non-epithelial tumours, remained problematic
in our study, accounting for 71.4% (10 of 14 cases) of
total deaths (Table 1). Goto et al. reported that the inci-
dence ratio of non-epithelial to epithelial neoplasms
was 1.5:1 in WS, which is remarkably higher than the
usual ratio of 1:10 [3]. Especially, haematological malig-
nancies accounted for 17.6% of all neoplasms in WS
cases from 1996 to 2008 [3]. In another study, Lau-
per et al. reported in a systematic review that 9.3% of
WS tumours were haematological malignancies [17].
However, in the present study, 50% (5 of 10 cases) of
the tumours that caused death were haematologi-
cal malignancies (Table 2). These results indicate that
managing haematological malignancies in patients with
WS has become a substantial problem. In the general
Japanese population, however, age-adjusted mortality
rates of malignant neoplasms per 100,000 population
decreased from 2005 (males, 197.7; females, 97.3) to
2019 (males, 149.5; females, 83.7) [15], while malignant
neoplasms remained the leading cause of death in 2019,
accounting for 27.3% of the total deaths [16]. Interest-
ingly, while haematological tumour deaths have been
declining as well (2005, 22.4 per 100,000; 2019, 19.5
per 100,000), their share of total tumour deaths have
increased slightly (2005, 16.0%; 2019, 17.3%) [18]. How-
ever, this prevalence is far smaller than the percentage
of haematological tumour deaths in WS; tumour devel-
opment in WS, unlike atherosclerotic disease, might
depend on a WS-specific mechanism [19].

In this study, we found an extension of the lifespan
in patients with WS, which might be attributed to a
decrease in the incidence of cardiovascular diseases.
Although cardiovascular diseases are being controlled,
malignant neoplasms account for the majority of deaths;
therefore, effective screening and treatment strategies are
required.
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LETTERS TO THE EDITOR
CASE REPORTS

Case of Werner syndrome with significant improvement of
refractory skin ulcer despite fibroblast cellular senescence

Keywords: diabetes mellitus, atherosclerosis/fat metabolism,
infectious disease, skin ulcer, Werner syndrome.

Dear Editor,

Werner syndrome (WS) is a hereditary premature aging syndrome
with an estimated 700-2000 cases in Japan. It is inherited as an
autosomal recessive trait, and causes graying of hair, juvenile cata-
racts, insulin-resistant diabetes mellitus, dyslipidemia, abdominal
adiposity, atherosclerosis and malignant neoplasms in patients aged
in their 30s to 50s. The cause of WS is a mutation in the WRN
gene, a RECQ helicase on chromosome 8. Among patients with
WS, 67.5% experience intractable skin ulcers, which are often
accompanied by severe pain and osteomyelitis, and 15% of WS
patients require amputation of the lower extremities." One of the
causes of intractable skin ulcers is the cellular senescence of fibro-
blasts, which lose their proliferation capacity and express inflamma-
tory cytokines called senescence associated secretary phenotype.
Although cellular senescence itself is untreatable, the negative
effects of cellular senescence might be overcome by dealing with
other factors involved in ulcers. Here, we report a case of a WS
patient with intractable skin ulcers and cellular senescence of fibro-
blasts, who was able to avoid amputation by intensive treatment.

A 48-year-old woman with WS presented with intractable ulcers.
She developed bilateral cataracts at the age of 32 years, and hair loss
at 44 years. For 13 months, she had multiple ulcers on her left foot,
which did not resolve despite visits to several dermatologists. A bird-
like face and a high-pitched hoarse voice were also detected.

Her height was 148.8 cm, weight 43.4 kg and body mass index
19.8. She had a large 5 x 3-cm ulcer on the dorsum of her left
foot that reached the periosteum, with a red granulation in the
center and yellow necrotic tissue around it. No bleeding was
observed. A 3 x 3-cm ulcer was also found in the left Achilles ten-
don area, exposing necrotic tendon tissue. Both ulcers were
infected (Fig. 1a). She was diagnosed with diabetes, with a glycated
hemoglobin of 6.7% and fasting blood glucose of 144 mg/dL. Her
C-reactive protein was 6.44 mg/dL, and magnetic resonance imag-
ing showed a sign of osteomyelitis (Fig. 1g). X-rays showed the
calcification of the bilateral Achilles tendons (Fig. 1h). The cardio-
ankle vascular index, ankle brachial index and skin blood flow
were normal. Computed tomography showed 108 cm? of visceral
fat accumulation. Her homeostasis model assessment of insulin
resistance was 3.3, and the hyperinsulinemic euglycemic glucose
clamp test (insulin infusion rate 1.25 mU/kg/min) showed that the
patient’s glucose infusion rate was 4.4 mg/kg/min (normal
9.43 + 4.69), indicating insulin resistance. In addition, the skeletal
muscle mass index was 4.68 kg/m2 (normal >5.46).

According to the Japanese criteria for the diagnosis of WS, a
definite diagnosis of WS was made. Genetic analysis showed that
she had compound heterozygous mutations, the type 4 mutation,

DK and HK are contributed equally to this case report.

© 2023 Japan Geriatrics Society.

c.3139-1G>C and the type 1 mutation, ¢.3913 >T of the
WRN gene.

Debridement of the wound, intravenous antimicrobial infusion
and hyperbaric oxygenation were carried out. After negative pres-
sure closure therapy, skin transplantation was performed from
healthy femoral groin to the ulcers. These multidisciplinary treat-
ments resulted in significant improvement of the ulcer (Fig. 1a-f).

We cultured skin fibroblasts from the wound area with the
patient’s consent (#1145, Chiba University Ethics Committee),
and found that the proliferation of patient-derived dermal fibro-
blasts was slower than that of healthy individuals (data not
shown). In addition, senescence-associated B-galactosidase
staining showed strong cellular senescence (Fig. 1i,j). Fibroblasts
from the WS patient showed increased mRNA expression of the
aging marker, CDKN1A, the senescence-associated secretary phe-
notype factors IL1B and IL6. The nuclear protein LMNB1 was
severely decreased (Fig. 1k). Taken together the patient’s fibroblast
showed severe cellular senescence. The datasets are available from
the corresponding author on reasonable request.

Fibroblasts in WS show cellular senescence with decreased prolif-
eration, increased senescence markers as seen in this case. Recently,
we reported that WS fibroblasts have distinct characteristics between
the trunk and the extremities, and that peripheral fibroblasts retain
their osteogenic potential, while their adipogenic potential is
reduced.? In addition, WS fibroblasts show overexpression of Pitl, a
phosphorus transporter, and are prone to ectopic calcification.® In
other words, senescent fibroblasts are prone to develop calcification,
cause inflammation, leading to ulcer formation.

Risk factors for diabetic skin ulcers, representative skin ulcers
in healthy individuals, include severe neuropathy, history of foot
ulcers, peripheral artery disease, depression and poor glycemic
control.* Sarcopenia and reduction of blood flow is also a risk fac-
tor for skin ulceration.>” Therefore, along with cellular senes-
cence of fibroblasts, atherosclerosis or poor diabetes control
might contribute to the refractoriness of skin ulcers in WS
through reduction of blood flow and susceptibility to infection. In
the present case, fortunately, none of these factors were observed.
These facts suggest that even in the presence of cellular senes-
cence and senescence associated-secretary phenotype, if structural
changes, such as fibrosis and atherosclerosis, are mild, wound
healing of WS patients can be expected. Therefore, the present
case implicated the importance of early diagnosis and early treat-
ment of skin complications of WS patients.
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Figure 1 (a—f) The treatment of intractable skin ulcer. Hyperbaric oxygen therapy was used for 2 h at two atmospheres over

30 sessions for 68 days. Negative pressure closure therapy was used for 48 days using the V.A.C. ULTA Therapy System (KCI
USA, Henderson, NE, USA). For the first 28 days, negative pressure of —75 mmHg was applied for 3 h and 30 min after
immersion in 30 mL of saline for 10 min. For the second 20 days, negative pressure was applied alternately at —25 mmHg for

3 min and at —75 mmHg for 3 min. (g) Magnetic resonance imaging showing high intensity on Short tau inversion recovery
(STIR), indicating osteomyelitis. (h) Achilles tendon calcification typical for Werner syndrome (WS). (i, j) Senescence-associated
p-galactosidase staining of (i) normal and (j) WS fibroblasts. Normal fibroblasts were collected from a forearm of an individual
without WS and without obvious chronic diseases. (k) Real-time reverse transcription polymerase chain reaction analysis using the
fibroblasts from the WS patient and healthy control, showing cellular senescence. White bar: healthy control, gray bar: Werner
syndrome. *#*P < 0.001, ****P < 0.0001.
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Omicron variant infections and multiple strokes in older

adults

Keywords: elderly, multiple strokes, omicron variant.

Dear Editor,

Ischemic stroke is a major complication of coronavirus infection
2019 (COVID-19).! Among strokes, multiple strokes, including
bihemispheric cerebral infarctions, are uncommon, suggesting an
embolic source, and are associated with increased death and dis-
ability.”> During the seventh wave of the COVID-19 pandemic in
Japan, >200 000 people a day were infected with the omicron vari-
ant. During this period, multiple strokes with poor prognosis
occurred frequently in older people.

A 92-year-old woman was infected with the omicron variant
due to a cluster outbreak at the facility she lived in. She had
already received the third dose of the COVID-19 mRNA vaccine.
She had a fever of 38°C, loss of appetite, decreased sense of smell
and polymerase chain reaction testing confirmed COVID-19 infec-
tion. Chest radiographs showed no evidence of pneumonia. Con-
sidering the patient’s advanced age, she received intravenous
infusion of remdesivir as antiviral therapy, 200 mg on the first day,
and 100 mg on and after the second day, once a day for a total of
S5 days. With systemic management, COVID-19 infection did not
become severe and her appetite recovered within a week. However,
2 weeks after the COVID-19 infection, she suddenly developed a
loss of consciousness. Magnetic resonance imaging of the head
showed swollen cerebellar hemispheres and high-intensity lesions

Figure 1 Diffusion-
weighted image of the
patient. High-intensity lesions
were found in bilateral
cerebellar hemispheres, right
occipital lobe and parietal
lobe, indicating the presence
of multiple acute cerebral
infarctions (shown by white
arrows).

© 2023 Japan Geriatrics Society.

in the bilateral cerebellum and right occipital to parietal lobes on
diffusion-weighted images, leading to a diagnosis of multiple stroke
(Fig. 1). Magnetic resonance angiography at onset showed bilateral
occlusion of the posterior cerebral arteries, which reopened
1 month later (Fig. 2). Electrocardiogram showed no atrial fibrilla-
tion or other arrhythmias. Blood tests were almost normal except
for an elevated D-dimer level of 9.7 pg/mL. Intensive systemic man-
agement was carried out and edaravone was administered, but her
level of consciousness did not improve, so she was placed on central
venous nutritional management. Consent for the presentation of
the case was obtained from the patient’s family.

There is a risk that COVID-19 infection might induce severe
thrombosis due to hypercoagulable conditions, such as large ves-
sel occlusive ischemic stroke.” According to the TOAST classifica-
tion, this case was classified as a “stroke of unknown cause”.
Endothelial damage, hypercoagulability, viral myocarditis and
hypoxic damage have been proposed as the pathogenesis of
COVID-19-related stroke,* and in the present case, hyp-
ercoagulability was one of the causes of the stroke. In a multivari-
ate analysis controlling for race/ethnicity, COVID-19 infection
was significantly and independently associated with large vessel
occlusive stroke, with an odds ratio of 2.4.°> However, the relation-
ship between omicron variant infection and cerebral infarction is
unclear, as all of these reports of the relationship between cerebral
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in three patients with Werner syndrome

Tatsuya Nagai', Hirotaka Yokouchi' ®, Gen Miura', Masaya Koshizaka?, Yoshiro Maezawa?, Toshiyuki Oshitari'?,

Koutaro Yokote? and Takayuki Baba'

Abstract

(EDN-OCT.

cataracts

Background: Werner syndrome is a rare, autosomal recessive disorder characterised by premature aging. It is a typi-
cal hereditary progeroid syndrome that can be difficult to diagnose owing to its rarity and the similarity of some of its
symptoms, such as juvenile cataracts, to other common ophthalmologic conditions. Early onset of bilateral cataracts is
currently used as the ophthalmological feature for Werner syndrome; however, ophthalmologists often find perform-
ing a detailed examination of the medical history and genetic testing for Werner syndrome at the time of an ophthal-
mologic consultation challenging. If a unique ocular finding was observed on ocular examinations in cases of juvenile
bilateral cataracts, we could consider Werner syndrome as a differential diagnosis.

Case presentation: We documented the cases of three patients with Werner syndrome in whom thinning of the
retina in the retinal nerve fiber layer (RNFL) and ganglion cell complex (GCC) were observed using optical coherence
tomography (OCT). Visual field tests revealed the loss of visual field mainly owing to glaucoma.

The thinnig of the choroidal thickness (CT) in three patients was also observed using enhanced depth imaging

Conclusions: Three patients have thinning of the RNFL, GCC, and choroidal thickness and the loss of visual field.
These findings suggest the need for including Werner syndrome in the differential diagnosis when patients present-
ing with juvenile cataracts of unknown cause also show abnormal retinal and choroidal thinning in the OCT images.

Keywords: Werner syndrome, Optical coherence tomography (OCT), Retinal thickness, Choroidal thickness, Juvenile

Background

Werner syndrome is a rare, autosomal recessive dis-
order characterized by premature aging. The known
major signs of Werner syndrome include premature
hair changes, bilateral cataracts, atrophic hardening and
intractable skin ulcers, soft tissue calcification, bird-like
face, and Achilles’ tendon calcification. In addition, ath-
erosclerosis is one of the most important features of this

*Correspondence: yokouchil23@peace.ocn.nejp

! Department of Ophthalmology and Visual Science, Chiba University
Graduate School of Medicine, Inohana 1-8-1, Chuo-ku, 260-8670 Chiba, Japan
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B BMC

disease. Many patients with Werner syndrome die by
their mid-50s owing to diseases such as cancer or arte-
riosclerosis. Calcification of the Achilles tendon is con-
sidered particularly useful for the clinical diagnosis of
Werner syndrome owing to its high sensitivity and speci-
ficity. The estimated number of patients with Werner
syndrome in Japan is approximately 700-2000 [1-4]. In
1992, a causative gene was identified in 8p12 of the short
arm of chromosome 8 [5], and in 1996, the gene respon-
sible for this disease, i.e. WRN, which encodes RecQ-type
DNA helicase, was discovered [6]. In terms of eye-related
complications, the positive rate of cataracts is 100% (with
a 96% positive rate for cataracts in both eyes) [7]. Certain

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
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reports exist of patients with Werner syndrome with cys-
toid macular edema [8, 9], bilateral retinal detachment
[10], or primary bullous keratopathy [11]; however, few
reports have documented the changes in the thickness
of the retina and choroid. In healthy people, aging causes
thinning of the retina and choroid [12, 13] and similar
changes are speculated to occur in patients with Werner
syndrome. This report documents three cases of Werner
syndrome in which thinning of both the retina and the
choroid was observed using optical coherence tomogra-
phy (OCT) (Table 1).

Case presentation

Case 1

The case was that of a 44-year-old Japanese male who
presented with six major signs of Werner syndrome,
including grey hair, cataracts in both eyes, intractable
skin ulcers, soft tissue calcification, Achilles’ tendon cal-
cification, and a bird-like face. The condition was attrib-
uted to a compound heterozygous mutation of type 4
mutation (c. 3139-1G > C) and novel mutation. His height
was 168 cm and weight was 55 kg (body mass index
[BMI]: 19.4). He had grey hair and hair loss since his
30s. Moreover, since his 40s, he had right Achilles’ ten-
don and outer ankle ulcers, skin hardening and atrophy,
soft tissue calcification, bird-like face, a high-pitched and
hoarse voice, diabetes, dyslipidaemia, osteoporosis, latent
hypothyroidism, atrophic thyroiditis, and sarcopenic
obesity. At the age of 38 years, he had undergone cata-
ract surgery in both eyes and had been treated with glau-
coma eye drops. He had no family history of Werner

Table 1 Laboratory findings in the three patients

Case 1 Case 2 Case3

Sex male male female
Age 44 57 47
BMI (kg/m?) 194 135 193
Hematology

WBC (ub) 9,100 7,800 7,100

RBC (/ub) 404 x 10* 339 10* 415x 10

Hb (/dL) 135 10.8 1

PLT (/ul) 161 x 10° 326 x 10° 387 x 10°
Biochemistry

AST (UL 44 29 19

ALT (UL 52 25 20

ALP (/L) 223 298 472

y-GTP (UsL) 47 47 215

BUN (mg/dl) 12 22 14

Cre (mg/dl) 0.81 113 042

Na (mmol/L) 138 141 149

K (mmol/L) 4.5 4.7 44
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syndrome. At the initial visit, his best-corrected visual
acuity (BCVA) was 1.2 and 1.2 in the right and left eyes,
and the refraction was — 1.00 diopter sphere (DS) / -0.50
diopter cylinder (DC) x 125° and —0.50 DS / -0.50 DC
x 120° in the right and left eye, respectively. The axial
length was 23.68 mm and 23.60 mm in the right and left
eyes. The patient was already diagnosed with glaucoma
and followed up at previous eye clinics before referral
to our hospital. The intraocular pressure (IOP) was 6
mmHg in both eyes with treatment using tafluprost, tim-
olol maleate, and brimonidine for both eyes.

He had intraocular lenses (IOLs) in both eyes. The
OCT images were all taken after the cataract surgery.
The choroidal thickness was determined from the SD-
OCT (Heidelberg Spectralis OCT; Heidelberg, Germany)
images. We used enhanced depth imaging (EDI) methods
under the same settings. Each image was obtained using
the eye tracking system, and 100 scans were averaged
to increase the signal-to-noise ratio, and the EDI-OCT
algorithm was used. The choroidal thickness was manu-
ally measured from the outer border of the retinal pig-
ment epithelium (RPE) to the inner border of the sclera.
The RNFL and GCC were automatically measured from
the inner layer membrane to the inner border of the RPE
with the software in the RS3000 advance spectral domain
OCT (SD-OCT; NIDEK, Gamagori, Japan). OCT showed
that the average circumpapillary retinal nerve fiber layer
(cpRNFL) thickness was 93 pm in the right eye and
81 pm in the left eye, indicating cpRNFL thinning in the
left eye (Fig. 1A). Additionally, the ganglion cell complex
(GCCQ) thickness was 97 pum at the superior macula and
76 um at the inferior macula in the right eye and 92 pm at
the superior macula and 59 pm at the inferior macula in
the left eye, indicating GCC thinning at the inferior mac-
ula in both eyes (Fig. 1B). The central choroidal thickness
(CCT) was 222 pm in the right eye (Fig. 1C) and 189 pm
in the left eye (Fig. 1D). Mean deviation of the Humphrey
Field Analyser 30 —2 test was —0.19 dB and —5.14 dB in
the right (Fig. 1E) and left (Fig. 1F) eyes, respectively.

Case 2

The case was a 57-year-old Japanese male who was
referred for cataract surgery because of poor vision of
his left eye. He presented with six major signs of Wer-
ner syndrome, including grey hair, cataracts in both eyes,
intractable skin ulcers, soft tissue calcification, Achilles’
tendon calcification, and a bird-like face. The condition
was attributed to a type 6 (c. 1105 C>T) homozygous
mutation. His height was 163 ¢cm and weight was 36 kg
(BMLI: 13.5). He had grey hair and hair loss since his 20s
and experienced Achilles’ tendon pain bilaterally and
skin hardening and atrophy since his 30s. In his 40s, he
developed toe ulcers, osteomyelitis, and a high-pitched
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Fig. 1 Optical coherence tomography (OCT) images in case 1 showing the circumpapillary retinal nerve fiber layer (cpRNFL) thinning in both eyes
(A) and the ganglion cell complex (GCC) thinning at the bottom in both eyes (B). Enhanced depth image (EDI)-OCT images in case 1 showing
choroidal thickness of the right (C) and left (D) eye. Mean deviation of the Humphrey Field Analyser 30 — 2 test is -0.19 dB and — 5.14 dB in the right
(E) and left (F) eye, respectively. S: Superior, N: Nasal, I: Inferior, T: Temporal, ILM: Inner limiting membrane, NFL: Nerve fiber layer, GCL: Ganglion cell
layer

and coarse voice. After undergoing surgery for bladder
cancer at 39 years of age, he had hypertension, diabetes,
dyslipidaemia, osteoporosis, and hypothyroidism. At the
age of 40, he underwent cataract surgery in his right eye
and developed glaucoma; he had also been treated with
glaucoma eye drops. At the initial visit, his best-corrected
visual acuity was 1.2 and 0.02 and the refraction was
+0.50 DS / -1.00 DC x 90° and —1.50 DS in the right
and left eye, respectively. The axial length was 24.83 mm
and 24.82 mm in the right and left eyes. The IOP was
13 mmHg in the right eye and 15 mmHg in the left eye
upon treatment with latanoprost and timolol maleate
for both eyes. He had an IOL in the right eye, and a cata-
ract in the left eye. After cataract surgery in his left eye,
his visual acuity improved to 1.2 and OCT revealed that
the cpRNFL had thinned to 86 pm in the right eye and
81 um in the left eye (Fig. 2A). Moreover, the GCC was
78 um at the superior macula and 96 pm at the inferior
macula in the right eye and 73 pm at the superior macula
and 71 um at the inferior macula in the left eye, indicat-
ing GCC thinning at the superior macula in the right eye
and at the entire macula in the left eye (Fig. 2B). The CCT

was 192 pm in the right eye (Fig. 2C) and 211 pym in the
left eye (Fig. 2D). Mean deviation of the Humphrey Field
Analyser 30 — 2 test was —2.80 dB and —4.68 dB in the
right (Fig. 2E) and left (Fig. 2F) eyes, respectively.

Case3

The case was a 47-year-old Japanese female who pre-
sented with five major signs of Werner syndrome, includ-
ing grey hair, cataracts in both eyes, intractable skin
ulcers, Achilles’ tendon calcification, and a bird-like face.
The condition was attributed to a compound heterozy-
gous mutation of type 1 (c. 3446delA) and type 4 muta-
tions. Her height was 149 cm and weight was 43 kg (BML:
19.3). In her 40s, she had developed grey hair, hair loss,
hardening of the Achilles tendon on her right leg, ulcers
on her left leg, soft tissue calcification, bird-like face, a
high-pitched and hoarse voice, diabetes, dyslipidaemia,
osteoporosis, and papillary thyroid cancer. At the age
of 30, she underwent cataract surgery in both eyes, fol-
lowed by posterior capsulotomy for secondary cataract
in her right eye. At the initial visit, her best-corrected
visual acuity was 1.0 and 1.2 and the refraction was
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layer, GCL: Ganglion cell layer

Fig. 2 Optical coherence tomography (OCT) images in case 2 showing the circumpapillary retinal nerve fiber layer (cpRNFL) thinning in both

eyes (A) and the ganglion cell complex (GCC) thinning at the top in both eyes and the bottom in both eyes (B). Enhanced depth image (EDI)-OCT
images in case 2 showing choroidal thickness of the right (C) and left (D) eye. Mean deviation of the Humphrey Field Analyser 30 — 2 test is -2.80 dB
and —4.68 dB in the right (E) and left (F) eye, respectively. S: Superior, N: Nasal, I: Inferior, T: Temporal, ILM: Inner limiting membrane, NFL: Nerve fiber

+0.50 and +0.50 DS / -2.50 DC x 65° in the right and
left eye, respectively. The axial length was 24.52 mm
and 24.49 mm in the right and left eyes. The IOP was
18 mmHg in both eyes. She had IOLs in both eyes. She
showed no signs of diabetic retinopathy. The cpRNFL
had thinned to 52 and 61 pm in the right and left eyes
while the GCC was 55 pum at the superior macula and
60 um at the inferior macula in the right eye and 55 pm at
the superior macula and 73 pm at the inferior macula in
the left eye, indicating GCC thinning at the entire mac-
ula in both eyes (Fig. 3A, B). The CCT was 252 pm in the
right eye (Fig. 3C) and 272 pm in the left eye (Fig. 3D).
Mean deviation of the Humphrey Field Analyser 30 —2
test is -8.47 dB and —6.52 dB in the right (Fig. 3E) and
left (Fig. 3 F) eye, respectively.

Discussion and conclusions

Juvenile cataracts frequently occur in the patients with
Werner syndrome [14]. In fact, the positive percentage of
cataracts is 100% (with a 96% positive percentage for cat-
aracts in both eyes). Therefore, the presence of cataracts
is a diagnostic criterion for this disease [7]. Our patients
also had the histories of cataract surgery, and two of

them already had IOLs in both eyes at their initial visit.
Among Japanese people, age-related cataracts are usu-
ally observed around the age of 50, with a morbidity less
than 10%, and the morbidity increases to 80% or more
after the age of 70 [15]. Interestingly, the age of onset
of cataracts is extremely young and is usually around 31
years for patients with Werner syndrome [16]. There-
fore, most patients consult an ophthalmologist because
of poor vision and are diagnosed as having juvenile cata-
racts of unknown cause at their first visit to an eye clinic.
In fact, the causes of juvenile cataracts include diseases
that are congenital or atopic dermatitis, as well as diabe-
tes, trauma, and metabolic disorders. Werner syndrome
is rarely included in the differential diagnosis because of
its rarity.

A national survey in Japan also reported that Wer-
ner syndrome was often suggested by dermatologists
or plastic surgeons, and not by ophthalmologists [4].
These results suggest that it is necessary to consider
measures for early diagnosis and early intervention.
The onset of Werner syndrome is usually recognised by
bilateral cataracts or grey hair and hair loss, which are
usually the first symptoms. However, many of patients
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Fig. 3 Optical coherence tomography (OCT) images in case 3 showing the circumpapillary retinal nerve fiber layer (cpRNFL) thinning both eyes (A)
and the ganglion cell complex (GCC) thinning at the top and bottom in both eyes (B). Enhanced depth image (EDI)-OCT images in case 3 showing

choroidal thickness of the right (C) and left (D) eye. Mean deviation of the Humphrey Field Analyser 30 — 2 test is -8.47 dB and — 6.52 dB in the right
(E) and left (F) eye, respectively. S: Superior, N: Nasal, I: Inferior, T: Temporal, ILM: Inner limiting membrane, NFL: Nerve fiber layer, GCL: Ganglion cell

and ophthalmologists may not have adequate informa-
tion to diagnose Werner syndrome. Ophthalmologists
often find it difficult to perform a detailed examination
of the medical history and genetic testing for Werner
syndrome at the time of an ophthalmologic consulta-
tion. Therefore, it is difficult for ophthalmologists to
make a diagnosis of Werner syndrome.

If a unique ocular finding other than cataracts were
observed on ocular examinations in cases of juvenile
cataracts in both eyes, we could consider Werner syn-
drome as a differential diagnosis, and this would lead to
an early diagnosis of Werner syndrome. In this report,
we documented the cases of three patients with Werner
syndrome in whom thinning of the retina and choroid
were observed using OCT.

Glaucoma is a well-known disease that causes thin-
ning of the retina owing to the loss of retinal ganglion
cells and retinal nerve fiber. The RNFL and GCC start
thinning from the early stages of glaucoma, and this
finding is useful for its early diagnosis [17]. In addition,
aging is considered one of the most important risk fac-
tors for the development of glaucoma [18].

The patients in cases 1 and 2 had already been diag-
nosed with glaucoma and followed up at previous eye
clinics before referral to our hospital. And we presume
this patient to have glaucoma in left eye upon visual
field testing. In fact, Abraham, L.M et al. have also
reported primary glaucoma in three siblings with Wer-
ner syndrome [19]; however, we could not completely
exclude the effect of premature aging as the main fea-
ture of this disease.

On the other hand, thinning of the RNFL and GCC
also occurs with aging. Leung et al. reported that the
cpRNFL thickness naturally decreased by approxi-
mately —0.3 pm per year along with normal aging. An
examination showed that the RNFL thickness of the
upper area and lower temporal area decreased after the
patients reached their 40s [12]. Sung et al. reported that
the macular thickness in healthy individuals thinned by
approximately — 0.4 pm per year [20], and other stud-
ies showed a decrease in the RNFL thickness along with
aging [21]. However, the exact cause of this thinning
remains unknown.
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Therefore, the following question "Were the changes
observed in the cases presented here simply due to the
effects of glaucoma?” still remains. We cannot clearly
answer this question. Because of that, next, we focussed
not only on the retina but also on the choroid in our
patients.

The choroid is located between the retina and sclera
and is a tissue which is rich in blood vessels and pig-
ments. The choroid can be divided into three layers. The
innermost layer is the choriocapillaris, which consists of
a dense network of fenestrated capillaries; the second is
the Sattler’s layer, which consists of small and medium-
sized blood vessels; and the third is the Haller’s layer,
which consists of large blood vessels [22]. In healthy
individuals, a relationship between choroidal thickness
and aging has been reported, and choroidal thickness is
known to decrease gradually with aging [23]. Therefore,
we focused on the choroidal changes in the OCT images.
Considering past literature, the health condition of the
patients in Case 1 (44 years old) and Case 2 (57 years old)
corresponded to that of a healthy person in their 80s, and
the health condition of the patient in Case 3 (47 years
old) corresponded to that of a healthy person in their 60s
[24]. Other than aging, some factors, such as axial length
[25], sex [25], intraocular pressure changes [26], diurnal
fluctuations [27], blood glucose levels, and blood pres-
sure treatment [28], have been reported to affect choroi-
dal thickness. However, in our cases, we think that the
effect of these factors on choroidal thickness was small,
suggesting early age-related changes in the choroid.

Few reports have documented structural retinal
changes, especially in the choroid in patients with Wer-
ner syndrome, and some cases of complications of glau-
coma have also been reported [19]. As described before,
the thinning of the cpRNFL and GCC observed on
OCT images might be caused not only by an age-related
change, but also by a glaucomatous change. However, if
we consider choroidal thinning, these retinal and choroi-
dal changes might be due to accelerated aging in patients
with Werner syndrome.

When we evaluate age-related retinal and choroidal
changes in a healthy human, it is very difficult to fol-
low the changes on OCT images over decades in the
same patient. In fact, most of the previous reports on
the relationship between aging and choroidal changes
are comparative analyses of data measured separately
for each age group. However, in Werner syndrome, the
same patient can be followed up for several years and
we might have the possibility of witnessing the changes
similar to those in a healthy human for decades because
of the accelerated age-related changes in Werner syn-
drome. Although more cases and further research are
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needed in the future, Werner syndrome might be a
‘human retinal/choroidal aging model’ that can help
determine aging-related retinal and choroidal changes.

We should describe some limitations of this case
report. First, the changes in the choroid and retina
might have been due to incidental thinning. Second,
these changes might be because of complications, such
as glaucoma, which are associated with Werner syn-
drome. Third, although our cases showed no evidence
of diabetic complications, such as diabetic retinopathy,
the choroidal and retinal changes could possibly be due
to diabetes and the effects of anti-diabetic drugs [29].

Fourth, we could not exclude the effect of athero-
sclerosis on retinal thickness. It is well known that ath-
erosclerosis, which is an important aspect of Werner
syndrome, is associated with reduction of retinal thick-
ness on OCT. For example, previous studies revealed
that reduction of retinal thickness is associated with
chronic renal failure [30]. No serious atherosclerosis
was observed in the fundus of the patients, and they did
not have severe renal failure; therefore, we believe that
these retinal thickness reductions were not associated
with chronic renal failure in our patients.

Finally, the effects of other oral medications, such as
blood pressure-lowering drugs, and diurnal fluctua-
tions cannot be excluded.

In our three cases, OCT examination enabled the
observation of retinal and choroidal thinning. In order
to promote early diagnosis of Werner syndrome, it is
necessary to create awareness regarding Werner syn-
drome among ophthalmologists. When we encounter
juvenile cataracts of unknown cause and OCT images
show thinning of the retina and choroid unexpected to
occur naturally with aging, we should consider Werner
syndrome as a differential diagnosis.
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RNaseH2A downregulation drives inflammatory
gene expression via genomic DNA fragmentation in
senescent and cancer cells
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Cellular senescence caused by oncogenic stimuli is associated with the development of
various age-related pathologies through the senescence-associated secretory phenotype
(SASP). SASP is mediated by the activation of cytoplasmic nucleic acid sensors. However, the
molecular mechanism underlying the accumulation of nucleotide ligands in senescent cells is
unclear. In this study, we revealed that the expression of RNaseH2A, which removes
ribonucleoside monophosphates (rNMPs) from the genome, is regulated by E2F transcription
factors, and it decreases during cellular senescence. Residual rNMPs cause genomic DNA
fragmentation and aberrant activation of cytoplasmic nucleic acid sensors, thereby provoking
subsequent SASP factor gene expression in senescent cells. In addition, RNaseH2A
expression was significantly decreased in aged mouse tissues and cells from individuals with
Werner syndrome. Furthermore, RNaseH2A degradation using the auxin-inducible degron
system induced the accumulation of nucleotide ligands and induction of certain tumourigenic
SASP-like factors, promoting the metastatic properties of colorectal cancer cells. Our results
indicate that RNaseH2A downregulation provokes SASP through nucleotide ligand accu-
mulation, which likely contributes to the pathological features of senescent, progeroid, and
cancer cells.
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induced by a variety of oncogenic stimuli. This important

tumour suppressor mechanism prevents the proliferation
of damaged cells at risk of becoming cancerous!~4. Senescent cells
that accumulate with age gain the ability to produce various
inflammatory proteins®~’. This phenomenon, which is caused by
persistent DNA damage, termed as the senescence-associated
secretory phenotype (SASP). SASP induces chronic inflammation
in surrounding tissues and promotes numerous age-related
pathologies such as cancer®®. Senolytic drugs, which selectively
target senescent cells, have been the subject of recent studies
because the elimination of senescent cells from mouse models
improved many age-related phenotypes and maintained homo-
eostasis in tissues by inhibiting SASP!0-12, Therefore, under-
standing the regulatory mechanisms underlying SASP induction
has received attention with respect to the development of anti-
ageing treatments.

In recent years, it has been demonstrated that activation of the
innate immune response pathway through cyclic GMP-AMP
synthase linked to a stimulator of interferon genes (cGAS-
STING) signalling is important for SASP induction in senescent
cells'3-17. Endogenous genomic DNA ligands in the cytoplasm
promote SASP through activation of the cGAS-STING pathway
in senescent cells. However, the molecular mechanism of chro-
mosomal DNA fragmentation and the origin of the nucleotide
ligands for DNA sensors in senescent cells have not been
explained.

Ribonuclease H2 subunit A (RNaseH2A) is the catalytic
subunit of the RNase H2 endonuclease complex (RNaseH2A,
RNaseH2B and RNaseH2C)!8. Both RNase H1 and RNase H2
complexes resolve R-loop structures, consisting of double-
stranded RNA-DNA hybrid and non-template single-stranded
DNA, which are formed during transcription!®20. Unlike
RNase HI1, which can only process R-loops, RNase H2 can
recognise ribonucleoside monophosphates (rNMPs) that have
been incorporated into the genome because of DNA replication
errors or DNA repair synthesis?!. Accumulation of rNMPs has
been considered a factor that induces genome instability22-24.
RNASEH2A is responsible for Aicardi-Goutiéres syndrome
(AGS)?>. AGS is associated with a viral infection-like pheno-
type in the embryo and severe neurological symptoms in
infancy, causing early childhood mortality!®, and the cGAS-
STING pathway is activated in AGS model mice?®?7. Accord-
ingly, we hypothesised that RNaseH2A is involved in nucleotide
ligand production and the subsequent induction of SASP dur-
ing cellular senescence.

Several lines of evidence suggest that RNase H2 plays an
important role in tumour progression. Intestinal epithelial-
specific deletion of Rnaseh2b and Trp53 leads to the sponta-
neous development of small intestine and colon carcinomas
in mice?8. In addition, lower levels of RNase H2 are correlated
with poor overall survival in patients with colorectal
adenocarcinoma23. Another group demonstrated that RNA-
SEH2B deletion is frequently detected in patients with metastatic
prostate cancer or chronic lymphocytic leukaemia?®. These
reports indicate that RNase H2 functions as a tumour suppressor.
However, the molecular interplay between a decrease in RNase
H2 activity and gain of tumour malignancy has not been clarified.

In this study, we demonstrated that RNaseH2A gene expres-
sion is regulated by E2F transcription factors. Downregulation of
RNaseH2A destabilises genomic DNA because of increased
rNMP levels and facilitates nucleotide ligand accumulation,
thereby activating cytoplasmic nucleic acid sensors in senescent
and progeroid cells. This pathway induces inflammatory SASP-
like gene expression and potentially contributes to the gain of
malignant features in cancer cells.

C ellular senescence is an irreversible, arrested growth state

Results

RNaseH2A expression and its enzymatic activity are sup-
pressed in senescent cells. To identify potentially significant
factors that regulate genomic DNA fragmentation and the pro-
duction of nucleotide ligands for DNA sensor activation, we
performed RNA sequencing (RNA-seq) using pre-senescent and
senescent human diploid fibroblasts (HDFs; Supplementary
Data 1 and 2). Pre-senescent TIG-3 and IMR-90 cells (early
passage) were rendered senescent by either serial passage (late-
passage; Fig. 1a and Supplementary Fig. 1a) or ectopic expression
of oncogenic Ras (HRasY1% Supplementary Fig. 1b). We inves-
tigated the changes in the expression of nuclease-related mole-
cules involved in genomic DNA fragmentation in senescent
HDFs. Based on gene set enrichment analysis (GSEA)3031, the
gene expression associated with nuclease activity tended to be
lower in senescent HDFs (Fig. la and Supplementary Fig. 1a, b).
The top 10 downregulated genes in senescent cells compared to
the findings in young cells are listed in Fig. 1b and Supplementary
Data 3. Of these, Nei-like DNA glycosylase 3, a DNA glycosylase
involved in telomere maintenance, was identified>2. However, the
knockout of Nei-like DNA glycosylases did not result in chro-
mosomal instability or DNA fragmentation33. The next seven
genes were primarily associated with homologous recombination
repair, and it is known that homologous recombination decreases
during cellular senescence34. Although the downregulation of
RNA-degrading enzymes is related to genomic instability, its
association with cellular senescence has not been fully elucidated.
Therefore, we focused on RNaseH2A, an endonuclease that
specifically degrades rNMPs in genomic DNA.

RNA sequence analysis revealed that the expression of RNase
H family genes (RNaseH2A and RNaseH2B) was significantly
decreased in senescent HDFs, and several senescence markers
were detected (Fig. 1c). RNase H2 is a heterotrimer composed of
the catalytic subunit RnaseH2A and non-catalytic subunits
RNaseH2B and RNaseH2C. Of these genes, we confirmed a
significant decrease in RNaseH2A expression via quantitative
reverse transcription PCR (RT-qPCR; Fig. 1d and Supplementary
Fig. 1c) and western blotting (Fig. le) in senescent HDFs.
Coherently, senescent HDFs exhibited a significant reduction in
RNase activity in an in vitro RNase H2-specific activity assay
(Fig. 1f). These results indicate that RNaseH2A activity is
significantly decreased in senescent cells.

RNaseH2A expression is regulated by E2F transcription fac-
tors. To obtain insight into the mechanism responsible for the
downregulation of RNaseH2A during cellular senescence, we
conducted a promoter sequence analysis of human RNASEHZ2A.
The transactivation activity of the E2F family is known to be
repressed by the pl6/NK42.RB pathway in senescent cells!®3>-36,
Therefore, we hypothesised that E2F activity is crucial for RNA-
SEH2A expression in HDFs. Based on this idea, we identified
several putative binding sequences for the E2F-family transcrip-
tion factors (Fig. 2a)3’. Chromatin immunoprecipitation (ChIP)
analysis illustrated that E2F transcription factors, namely E2F1
and E2F3, bound to the promoter region of RNASEH2A (Fig. 2b).
To confirm the importance of E2F transcription factors in
RNaseH2A expression, we used small interfering RNA (siRNA)
to knock down DPI, an essential activator of E2F transcription
factors3>37, This resulted in a significant reduction in RNaseH2A
mRNA and protein expression in pre-senescent HDFs (Fig. 2¢, d).
Conversely, E2F3 overexpression increased the expression of
RNaseH2A in HDFs (Supplementary Fig. 2a, b). Furthermore, a
reporter analysis using deleted and mutated E2F-binding sites in
the RNASEH2A promoter revealed the importance of E2F-
binding sites for RNASEH2A expression (Fig. 2e, f and
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Fig. 1 RNase H2 activity is decreased in senescent cells. a Gene set enrichment analysis using the gene set for the nuclease activity of pre-senescent TIG-
3 (early passage) and senescent TIG-3 cells (late-passage). NES: normalised enrichment score. FDR: false discovery rate. b List of the top ten genes from
RNA sequencing. The rank reveals significantly downregulated genes in senescent TIG-3 cells compared to their expression in pre-senescent TIG-3 cells.
See also Supplementary Data 1-3. ¢ Heat map created by calculating the median from log2 (fragments per kilobase of transcript per million mapped reads)
of early-passage, late-passage, or vector-infected and oncogenic Ras (HRasV12)-infected TIG-3 cells. d Quantitative reverse transcription PCR analysis of
RNASEH2A gene expression in early-passage, late-passage, vector-infected or HRasV12-infected TIG-3 cells. Error bars indicate the mean + SD of technical
triplicates. @ Western blot of TIG-3 cells as in d using the antibodies indicated on the right. Alpha-tubulin was used as a loading control. f In vitro RNase
H2-specific activity assay of TIG-3 cells as in d. Error bars indicate the mean £ SD of technical triplicates. All data are representative of at least three

biological replicates.

Supplementary Fig. 2c, d). According to ChIP-Atlas data8, we
confirmed the enrichment of E2F1 binding to the promoter
region of RNASEH2A in three cancer cell lines (HeLa, MCF7 and
MDA-MB231; Supplementary Fig. 2e). To further verify the
significance of E2F and p16!NK4a_RB pathways, we treated HDFs
with the cyclin-dependent kinase (CDK) 4/6 inhibitors palboci-
clib and abemaciclib, observing that CDK4/6 inhibition decreases
RNASEH2A mRNA expression (Supplementary Fig. 2f). Collec-
tively, these data indicate that RNaseH2A expression is regulated
by E2F transcription factors.

Residual rNMP levels in genomic DNA are increased in
senescent cells. Previous studies demonstrated that ribonucleo-
tides misincorporated into the genome remained following
RNASEH?2 knockout in yeast and mouse cells, leading to genomic
DNA fragmentation?#3*-41. Because RNase H2 activity was sig-
nificantly reduced in senescent HDFs (Fig. 1f), we next examined
whether rNMPs accumulate in the genomic DNA of senescent
cells following a hydrolysis reaction under alkaline conditions
using agarose gel electrophoresis. Compared to its mobility in
control pre-senescent HDFs, genomic DNA from senescent
HDFs exhibited significantly increased mobility following alkaline
treatment (Fig. 3a, b), whereas its mobility was constant under
normal conditions (without alkaline treatment; Supplementary
Fig. 3a, b). We then estimated the distribution of the fragment
sizes and the number of rNMPs incorporated (breakage) per cell

as previously described in refs. 2449, finding that the length of the
DNA fragments was significantly reduced and numerous ribo-
nucleotides remained across the whole genome of senescent cells
(Fig. 3c). To further investigate genomic DNA instability in
senescent cells, we focused on cytoplasmic DNA fragments. A
nucleic acid analyser detected an increase in short dsDNA frag-
ments from a few to 100 bases in length in the cytoplasm of
senescent cells (Supplementary Fig. 3c). In addition, we found
that fragmented double-stranded DNA (dsDNA) signals sig-
nificantly increased outside the nuclear membrane by super-
resolution microscopic analysis (Supplementary Fig. 3d, e).
Importantly, although RNaseH2A expression was reduced in
quiescent cells, probably because of the decrease in E2F activity
(Supplementary Fig. 3f, g), genomic DNA fragmentation was not
observed by alkaline gel electrophoresis in quiescent cells (Sup-
plementary Fig. 3h). These results suggest that genomic rNMPs
and cytoplasmic dsDNA fragments are accumulated in senescent,
but not quiescent, cells.

RNaseH2A suppresses the expression of SASP factor genes. To
evaluate the importance of RNaseH2A for cellular senescence, we
performed siRNA knockdown experiments. The depletion of
RNaseH2A by siRNA in HDFs (siRNH2A#1 and #2 in TIG-3 and
IMR-90 cells) resulted in increased SA-B-Gal activity (Fig. 4a, b
and Supplementary Fig. 4a, b) and the accumulation of DNA
damage, as previously reported?3-24272939 (Fig. 4c and
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Fig. 2 RNaseH2A is regulated by E2F transcription factors. a Schematic diagram showing the E2F-binding sites in the RNaseH2A gene promoter. Red
arrows indicate the region containing the PCR primers for ChIP analysis. b ChIP-gPCR analysis of pre-senescent TIG-3 cells using antibodies shown at the
bottom. Error bars indicate the mean + SD of technical triplicates. ¢ RT-gPCR analysis of RNASEH2A and DP1T mRNA expression with siRNA-treated TIG-3
cells. Error bars indicate the mean = SD of technical triplicates. d Western blot of TIG-3 cells as in ¢ using antibodies shown at right. Alpha-tubulin was used
as a loading control. e Left panel: Schematic representation of the reporter construct of human RNASEH2A gene promoter used in the analysis. Firefly
luciferase is shown as Luc. Right panel: HEK293T cells were transfected with the indicated reporter plasmids and a Renilla plasmid as an internal control.
After 48 h of transfection, luciferase activities were measured. Error bars indicate the mean £ SD of technical triplicates. f Left panel: Schematic
representation of the reporter construct of human RNASEH2A gene promoter used in the analysis. The E2F-binding element or its mutant is presented as a
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Supplementary Fig. 4c). In addition, genomic DNA fragments
were detected at high levels in the cytoplasm of RNaseH2A-
depleted HDFs (Fig. 4d). Moreover, we discovered a significant
decrease in the expression of LMNBI and induction of the CDK
inhibitor gene CDKN2A and various SASP factor genes, indi-
cating that RNaseH2A depletion results in cellular senescence
(Fig. 4e and Supplementary Fig. 4d). Additionally, cGAS or
STING depletion significantly attenuated the induction of SASP
factors caused by RNaseH2A depletion (Fig. 4f, g). These results
indicate that SASP induction by RNaseH2A depletion largely
depends on the cGAS-STING pathway.

Conversely, RNaseH2A overexpression restored RNase H2
activity and inhibited the accumulation of genomic DNA
fragments in the cytoplasm in RasV!2-induced senescent cells

(Fig. 5a—c and Supplementary Fig. 5a). Consistent with these data,
SASP-related gene expression was attenuated by RNaseH2A
overexpression in HRasV12- and serial passage-induced senescent
TIG-3 cells (Fig. 5d and Supplementary Fig. 5b). Collectively,
RNaseH2A suppresses SASP factor gene expression.

RNaseH2A is dysfunctional in cells derived from patients with
Werner syndrome (WS). To determine whether RNaseH2A is
downregulated during ageing in vivo, we conducted a database
analysis of RNA sequences derived from the skin fibroblasts of
healthy donors of various ages*? and found that RNASEH2A
expression tends to decrease with age (Supplementary Fig. 6a). In
addition, RNaseH2A was present at high levels in hepatic and
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representative data.

pancreatic cells collected from young mice; however, RNaseH2A
expression was significantly decreased in p21WAFL/CIPL expres-
sing cells, considered as senescent cells'>1043-45, in aged mouse
tissues (Supplementary Fig. 6b-d). These results suggest that
RNaseH2A expression is downregulated during the ageing pro-
cess in vivo.

Mutations in RNASEH2A occur in AGS'%2>41; therefore, we
speculated that the ablation of RNaseH2A expression may be
associated with pathological phenotypes via SASP factor secretion
in some age-related diseases. Because RNASEH2A expression
decreases with age, we examined RNaseH2A expression in
patients with progeria. WS is caused by a homozygous mutation
in the RecQ-type DNA helicase (WRN helicase) on the short arm
of chromosome 8, resulting in multiple aging phenotypes after the
age of 40 years®, When we conducted GSEA using RNA
sequence data from cells derived from patients with WS, the
expression of a set of nuclease activity genes tended to be lower
than that in normal fibroblasts (TIG-3 or NF; Supplementary
Fig. 7a, b and Supplementary Data 3), as similarly observed in
senescent cells?”+48 (Fig. 1a). Next, we examined the expression of
RNaseH2A, observing clear downregulation in fibroblasts derived
from patients with WS (WF1A, WF5 and WF8L) compared to its
expression in cells from healthy volunteers of the same generation
(NF1 and NF8-2) or established human fibroblast lines (TIG-3,
IMR-90, BJ and Hs68; Fig. 6a, b and Supplementary Fig. 7c).
Consistently, RNase H2-specific enzyme activity was also reduced
in cells derived from patients with WS (Fig. 6¢ and Supplemen-
tary Fig. 7d). Agarose gel electrophoresis under alkaline
conditions revealed that ribonucleotides were frequently incor-
porated into the genomes of cells derived from patients with WS
and in senescent cells (Fig. 6d, e and Supplementary Fig. 7e). As
expected, genomic DNA fragments accumulated in the cytoplasm
of cells derived from these patients (Fig. 6f and Supplementary
Fig. 7f). Moreover, SASP factor gene expression was upregulated
in cells derived from patients with WS (Fig. 6g and Supplemen-
tary Fig. 7g). Furthermore, knockdown of DP1 in WFIA also
resulted in decreased in RNaseH2A expression, indicating that
RNaseH2A expression is regulated by E2F transcription factors in
fibroblasts derived from patients with WS (Supplementary
Fig. 7h, i). These results suggest that RNaseH2A downregulation

is associated with age-related pathologies in patients with
progeria.

RNaseH2A depletion induces SASP-like gene expression in
cancer cells. Although a previous report suggested that
intestinal epithelial Rnaseh2b deficiency in mice leads to
severe DNA damage and that concomitant deletion of Trp53
provokes spontaneous carcinogenesis?®, the underlying
mechanism was not investigated in detail. We then hypothe-
sised that RNaseH2A downregulation also induces inflam-
matory gene expression, which leads to the metastatic
transformation of cancer. To test this hypothesis, we evaluated
the effect of RNaseH2A ablation on SASP-like inflammatory
gene expression using a degron-mediated protein degradation
system in the HCT116 colorectal cancer cell line*® (Fig. 7a).
The degradation of RNaseH2A protein resulted in the accu-
mulation of genomic DNA fragments in the cytoplasm
(Fig. 7b, c¢). Coherently, the induction of some tumourigenic
genes was observed in HCT116 cells (Fig. 7d). The SASP factor
matrix metalloproteinase-2 can promote cell migration and
invasion, contributing to cancer metastasis. Indeed, the
downregulation of RNaseH2A significantly enhanced the
invasiveness of HCT116 (Fig. 7e). Consistently, RNaseH2A
knockdown also tended to increase SASP factor gene expres-
sion and invasion capacity in SK-OV-3 ovarian cancer cells
(Supplementary Fig. 8a, b). These data suggest that RNaseH2A
downregulation leads to malignant conversion in cancer cells.
To further test this idea, we performed experiments using
colonic organoids from colorectal cancer multistage carcino-
genic model mice (Fig. 7f)°0. Consistent with a gradual decline
in RNaseH2A expression, cytoplasmic DNA accumulation and
tumourigenic gene expression were observed in accordance
with the degree of malignancy (Fig. 7g-i).

Finally, we found a strong correlation between RNASEH2A and
E2F1 expression and an inverse correlation between RNaseH2A
expression and poor prognosis in patients with colon, cervical, or
ovarian cancer by an analysis of TCGA database®! (Fig. 8a, b).
Together, these data suggest that RNaseH2A downregulation results
in the production of cytoplasmic nucleotide ligands, inducing
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Fig. 4 RNaseH2A depletion induces cellular senescence in human fibroblast. a \Western blot of pre-senescent TIG-3 cells treated with siRNAs
(siRNH2A#1 and #2) for 72 h four times. Alpha-tubulin was used as a loading control. b Left: Representative images SA-p-Gal staining of TIG-3 cells as in
a. Scale bars indicate 200 pm. Right: Quantification of SA-B-Gal positive cells. The graphs indicate the percentage of SA-B-Gal positive cells. Error bars
indicate the mean £ SD of biological triplicates. One-way ANOVA coupled with Dunnett's multiple comparisons test. ¢ Left: Representative
immunofluorescence images of DNA damage marker of TIG-3 cells as in a. y-H2AX (red), phospho-Ser/Thr ATM/ATR (p-SQ/TQ) substrate (green) and
DAPI (blue). Scale bars indicate 10 pm. Right: Quantification of DNA damage-positive cells. The graphs indicate the percentage of nuclei containing more
than two foci positive for both y-H2AX and p-SQ/TQ. Error bars indicate the mean = SD of biological triplicates. One-way ANOVA coupled with Dunnett's
multiple comparisons test. d Quantitative PCR analysis of chromosomal DNA in the cytoplasm of TIG-3 cells as in a using primers against chromosomes 3,
10 and 13. Error bars indicate the mean * SD of technical triplicates. e RT-gPCR analysis of the indicated genes using RNA extracted from TIG-3 cells as in a.
Error bars indicate the mean + SD of technical triplicates. f Western blot of TIG-3 cells depleted of RNaseH2A, cGAS or STING by siRNA. Alpha-tubulin was
used as a loading control. g RT-gPCR analysis of indicated genes using RNA extracted from TIG-3 cells as in f. Error bars indicate the mean = SD of
technical triplicates. All data were representative of at least three biological replicates.

tumourigenic gene expression in cancer cells, which is likely linked to
a poor prognosis.

transformation, cancer invasion, and metastasis through the
secretion of SASP factors>4®. SASP components have been
reported to have both beneficial and harmful effects on human
health, and these effects are regulated by multiple steps46:52:53,
Remarkably, it was recently reported that SASP factor gene
expression can be induced via the cGAS-STING pathway!3-17. In

Discussion
Paradoxically, cellular senescence features both physiological and

pathological aspects?~410, Although senescent cell cycle arrest can
prevent tumour development, senescent cells also promote

this study, we identified the novel mechanism that RNaseH2A is
transcriptionally regulated by E2Fs, thereby permitting rINMPs to
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Fig. 5 RNaseH2A suppresses the expression of SASP factor genes. a Western blot of TIG-3 cells infected with retrovirus encoding flag-tagged

RNaseH2A (lanes 3 and 4) or empty vector (lanes 1and 2). After puromycin selection, cells were infected with retrovirus encoding HRasY'2 and subjected
to western blot analysis using the antibodies shown at right. Alpha-tubulin was used as a loading control. b In vitro RNase H2-specific activity assay of TIG-
3 cells as in a. Error bars indicate the mean + SD of technical triplicates. ¢ Quantitative PCR analysis of chromosomal DNA in the cytoplasm from TIG-3
cells as in a using primers against chromosomes 3, 10 and 13. Error bars indicate the mean + SD of technical triplicates. d RT-qPCR analysis of the indicated
genes was conducted using RNA extracted from TIG-3 cells as in a. Error bars indicate the mean = SD of technical triplicates. All data were representative

of at least three biological replicates.

promote genomic fragility via the downregulation of RNaseH2A
during cellular senescence, leading to increased levels of genomic
DNA fragments in the cytoplasm and the induction of SASP
factors in senescent, progeroid and cancer cells (Fig. 8c).

The pathological features observed in individuals with WS,
including ocular cataracts, dyslipidemia, diabetes mellitus,
osteoporosis, atherosclerosis, premature hair greying with alope-
cia, and refractory skin ulcers might result from the pro-
inflammatory function of SASP. In this study, we observed that
RNaseH2A expression was also decreased in fibroblasts from
patients with WS. Most importantly, patients with WS experience
concomitant oncogenic complications®. It is possible that SASP-
like gene expression contributes to the pathogenesis and onco-
genesis of WS. We also observed that a decline in RNaseH2A
expression is associated with the accumulation of genomic DNA
fragments in the cytoplasm and oncogenic SASP-like gene
expression in cancer cells and organoids. Furthermore, we found
a strong correlation between E2F1 and RNaseH2A expression and
an inverse correlation between RNaseH2A expression and poor
prognosis in patients with colorectal, cervical, or ovarian cancer
via TCGA database analysis!. In addition to a previous report
regarding colorectal cancers?$, we also found the possibility that
RNaseH2A ablation is associated with malignant phenotypes in
other cancer types. Thus, further analysis is important to deter-
mine the relationship between the biological function of RNa-
seH2A and malignant alterations in various cancer types.

The accumulation of rNMPs in genomic DNA is associated
with DNA damage and genomic instability; thus, Rnaseh2-
knockout mice are non-viable from the embryonic stage?3.
Some progeria syndromes and age-related diseases may be sup-
pressed by the regulation of nucleotide ligand production. In
recent years, several cGAS and STING inhibitors have been

reported to suppress the innate immune response®»°>, Consistent
with these reports, we suggest that the nucleotide ligands for
DNA sensors represent ideal targets for SASP regulation. Our
study demonstrated that RNaseH2A is a key factor for the
induction of SASP via nucleotide ligand accumulation during
cellular senescence. Therefore, we anticipate that further analysis
will reveal more details of this mechanism and lead to the dis-
covery of novel strategies for SASP regulation.

Methods

Cell culture. TIG-3, IMR-90, Hs68 and HEK293T cells were obtained from the
JCRB. BJ and SK-OV-3 cells were obtained from ATCC. These cells were cultured
in Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with 10% foetal
bovine serum (FBS). HCT116 cells expressing OsTIR1 and AID-RNaseH2A were
cultured in McCoy’s 5 A medium (Thermo Fisher Scientific, 16600082) supple-
mented with 10% FBS and 2 mM L-glutamine. To induce the degradation of AID-
fused RNaseH2A protein, 500 uM indole-3-acetic acid (SIGMA, 12886), which is a
natural auxin, and 2 pg ml~! doxycycline (Clontech, 631311) were added to the
culture medium.

Senescence or quiescence induction. Early-passage TIG-3 or IMR-90 cells (fewer
than 40 population doublings) were used as growing cells. Late-passage TIG-3
(more than 70 population doublings) or IMR-90 cells (more than 60 population
doublings) that ceased proliferation were used as replicative senescent cells. For
retroviral infection, TIG-3 cells were rendered sensitive to infection by ecotropic
retroviruses. The cells were then infected with recombinant retroviruses encoding
RasV!12 (in pBabe-puro®®) or RNaseH2A (in pMarX-puro®’) cDNA. After the
selection of infected cells with puromycin, pools of drug-resistant cells were ana-
lysed 7 days after infection. For X-ray-induced senescence, IMR-90 cells were
exposed to 15 Gy irradiation using a CP-160 X-ray machine (Faxitron X-ray
Corporation). After irradiation, IMR-90 cells were plated at a density of 2500 cells
cm~2 and analysed 10 days after irradiation. For quiescence induction, TIG-3 cells
were cultured in DMEM supplemented with 0.1% FBS for 48 h. We confirmed the
absence of mycoplasma contamination in the cultured cells.
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Fig. 6 RNaseH2A dysfunction also occurs in cells derived from patients with Werner syndrome. a RT-gPCR analysis of RNASEH2A mRNA expression in
TIG-3, IMR-90, BJ, Hs68, NF1 and WF1A cells (35-40 population doublings). NF1: healthy human fibroblasts, WF1A: fibroblasts derived from patients with
Werner Syndrome (WS). Error bars indicate the mean £ SD of technical triplicates. b Western blot of six human fibroblasts as in a using antibodies shown
at right. Alpha-tubulin was used as a loading control. {: Nonspecific signal. ¢ In vitro RNase H2-specific activity assay of six human fibroblasts as in a.
Error bars indicate the mean = SD of technical triplicates. d Top: Genomic DNA was extracted from NF1 or WF1A cells and then subjected to alkaline gel
electrophoresis following alkaline hydrolysis. The representative gel is shown from three biological replicates. Bottom: The density curves of the gel image
are shown. e The estimated fragment sizes and numbers of rNMPs in the NF1 and WF1A cells. f Quantitative PCR analysis of chromosomal DNA in the
cytoplasm from the NF1 and WF1A cells using primers against chromosomes 3, 10 and 13. Error bars indicate the mean £ SD of technical triplicates. g RT-
gPCR analysis of the indicated genes was conducted using RNA extracted from the NF1 and WF1A cells. Error bars indicate the mean + SD of technical
triplicates. All data are representative of at least three biological replicates.

Plasmids. The epitope-tagged cDNAs of RNaseH2A were cloned into the pMarX-
puro retroviral vector. To amplify flag-tagged RNaseH2A c¢DNA, the following
primers were used: 5-ACCGGATCCACCGCCATGGATCTCAGCGAGCTGGA-
3/ (forward) and 5-ACCGAATTCGAGGCTGGTTGCTGACTCC-3/ (reverse). All
cDNAs were sequenced using Genetic Analyzer 3130 (Applied Biosystems) and a
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems).

Isolation of cytoplasmic DNA fractions. Cytoplasmic DNA was prepared by
modifying a previously described method!®58. Briefly, cells were centrifuged for
1 min in a microcentrifuge, resuspended in 0.3 M sucrose buffer and homogenised
by pipetting. The homogenate was overlaid with the same amount of 1.5 M sucrose
buffer and centrifuged at 18,506 x g for 10 min. Cytoplasmic DNA was purified by
treatment with 0.4 mg ml~! proteinase K (Wako, 160-22752), phenol-chloroform
extraction, and ethanol precipitation with a carrier (Dr. GenTLE® Precipitation
Carrier, TaKaRa Bio Inc., 9094). The amount of nuclear DNA was measured via
real-time PCR using three different sets of primers designed for different chro-
mosomes (human chromosomes 3, 10 and 13). The fragment length of cytoplasmic
DNA was defined using an NGS 3 K Reagent Kit and a LabChip GX Touch nucleic
acid analyser (PerkinElmer).

Immunofluorescence microscopy. The cells were fixed with 4% paraformaldehyde/
PBS (Wako, 163-20145) and permeated with 0.5% Triton X-100/Tris-buffered saline for
1 min. The cells were blocked with 1% bovine serum albumin (BSA; Sigma-Aldrich,
A3059) and 10% goat serum (Sigma-Aldrich, G9023)/ Tris-buffered saline for 1h at
4°C. The samples were then incubated with primary antibodies targeting y-H2AX
(1:1000, Millipore, 05-636) and phospho-(Ser/Thr) ATM/ATR substrate (1:500, Cell
Signaling Technology, 2851). After incubation with secondary antibodies coupled to
Alexa Fluor 488 or Alexa Fluor 594 (Thermo Fisher Scientific), the nucleus was stained
with DAPI (Dojindo, 342-07431). After immunostaining, DNA damage-positive cells
were quantified using a fluorescence microscope (Carl Zeiss).

Super-resolution microscopic analysis. The cells were fixed with 10% formalin
(Wako) and 0.1% glutaraldehyde (SIGMA, G5882)/cytoskeleton stabilisation buffer
(CSB) and permeated through the membrane with 0.5% Triton X-100/CSB for

1 min. CSB contained 137 mM NaCl, 5 mM KCl, 1.1 mM Na,HPO,, 0.4 mM
KH,PO,, 4 mM NaHCOj3, 2 mM MgCl,, 5.5 mM glucose, 2 mM EGTA and 5 mM
PIPES (pH 6.1). The cells were blocked with 3% BSA/CSB for 1h at 4 °C. NaBH,
was used to reduce the fluorescent background caused by glutaraldehyde. Then,
samples were reacted with primary antibodies targeting the dsDNA marker (1:500,
HYB331-01, sc-58749) and lamin B1 (1:100, Abcam, ab16048). After incubation
with antibodies conjugated to Alexa Fluor 488 or Alexa Fluor 555, the nucleus was
stained using DAPI. After inmunostaining, fluorescence images were observed and
photographed using a TCS SP8 STED 3X super-resolution microscope (Leica
Microsystems). dsDNA signals outside and associated with lamin B1 signals were
regarded as fragmented dsDNA signals.

RNase H2 activity assays. RNase H2-specific activity assays were performed
using a FRET-based fluorescent substrate release assay>’. We annealed 10 uM
3/-FAM labelled oligonucleotides (GATCTGAGCCTGGGaGCT for RNase H2-
specific activity; uppercase DNA, lowercase RNA) to a complementary 5-DAB-
CYL-labelled DNA oligonucleotide (NIPPON GENE CO., LTD.) in 60 mM KCl
and 50 mM Tris-HCI (pH 8) by heating for 5 min at 95 °C followed by slow cooling
to room temperature. Reactions were performed in 100 pl of buffer (60 mM KCl,
50 mM Tris-HCI [pH 8], 10 mM MgCl,, 0.01% BSA, 0.01% Triton X-100) con-
taining 0.25 uM oligonucleotide duplex in 96-well flat-bottomed plates at 37 °C for
3 h. In total 5 pg of each whole-cell lysate were used for each reaction. Fluorescence
was read for 100 ms using a VICTOR Nivo Multimode Microplate Reader
(PerkinElmer), with 480-nm excitation and 535-nm emission filters.

Western blot analysis. For western blotting, cells were lysed in lysis buffer
(50 mM HEPES [pH 7.5], 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 10%
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Fig. 7 RNaseH2A depletion leads to malignant transformation in cancer cells. a Scheme of experiments with HCT116 cells stably expressing TIR1 and
RNaseH2A-mAID. Cells were treated with 500 pM auxin to degrade RNaseH2A-mAID for 24 h (b, ¢, e) or 48 h (d). b Western blot of HCT116 cells as in
a using antibodies shown at right. Beta-actin was used as a loading control. ¢ Quantitative PCR analysis of chromosomal DNA in the cytoplasm from
HCT116 cells as in a using primers against chromosomes 3 and 10. Error bars indicate the mean + SD of technical triplicates. d RT-gPCR analysis of the
indicated genes was conducted using RNA extracted from HCT116 cells as in a. Error bars indicate the mean + SD of technical triplicates. e Cell invasion
assay using HCT116 cells as in a. Error bars indicate the mean £ SD of technical triplicates. f Top: Schematic representation of mutant alleles of each driver
gene. Bottom: Schematic representation model of the evolutionary changes in the gene expression pattern in association with malignant progression
phenotypes. g Colon cancer organoids were subjected to immunofluorescence for indicated antibodies. Scale bars indicate 5 um. White arrows show
dsDNA fragments in the cytoplasm. h The percentage of cytoplasmic DNA-positive cells in g. Error bars indicate the mean + SD of biological triplicates.
One-way ANOVA coupled with Dunnett’'s multiple comparisons test. i RT-qPCR analysis of the indicated genes was performed using RNA extracted from
colon cancer organoids as in g. Error bars indicate the mean £ SD of technical triplicates. All data were representative of at least three biological replicates.

glycerol, 0.1% Tween 20 and 10 mM P-glycerophosphate) containing 1% protease  rabbit secondary antibodies (GE Healthcare, NA934-1ML), visualised using
inhibitor cocktail (Nacalai Tesque, 25955-11). The protein concentration was SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific,
determined using the DC Protein Assay (Bio-Rad), and the proteins were separated ~ 34096) and detected using FUSION SOLO S (Vilber Lourmat).

via SDS-PAGE and then transferred to PVDF membranes (EMD Millipore). After

blocking with 5% milk, membranes were probed with primary antibodies targeting ) . . .

HRas (Santa Cruz, sc-29), p16 (IBL, 11104), STING (Cell Signaling Technology, Alkaline agarose ggl electrophm;elsm ngomlc DNA was purified from cultgred
13647), cGAS (Cell Signaling Technology, 15102), Lamin BI (Abcam, ab16048), cells by treatment with 0.4 mgml~! proteinase K, phenol-chloroform extraction,

DPI (Abcam, ab11834), a-tubulin (Sigma-Aldrich, T9026), RNaseH2A (PRO- and ethanol precipitation. For alkaline hydrolysis, 1 ug of genomic DNA was
TEINTECH, 16132-1-AP), E2F3 (Santa Cruz, sc-878), mini-AID-tag (MBL, M214- incubated with 0.3 M NaOH at 55 °C for 2 h. After alkaline treatment, 6x loading
3), P-actin (Santa Cruz, sc-47778) and GAPDH (PROTEINTECH, 60004-1-Ig).  Duffer (300 mM NaOH, 6 mM EDTA, 18% [w/v] Ficoll PM400, 0.15% bromocresol

The membranes were incubated with a mouse (GE Healthcare, NA931-1ML) or green and 0‘2_5% xylene. cyanol FF) was added to the treated ,DNA samples" .
Electrophoresis of alkaline-treated samples was performed using a gel containing
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Fig. 8 Low RNaseH2A expression is associated with poor prognoses in cancer. a Plots of RNASEH2A and E2FT mRNA expression levels in tissues derived
from patients with colon (n =329), cervical (n =309) and ovarian (n = 379) cancers from TCGA database. The correlation between E2F1 expression and
RNASEH2A expression was evaluated by Pearson's correlation coefficient. b Comparison of overall survival time between patients with low expression of
RNaseH2A (blue) and those with high expression (red) in colorectal (n=418), cervical (n=296) and ovarian (n=378) cancers from TCGA database.

Log-rank test. ¢ Outline the diagram of this paper.

50 mM NaOH, 1 mM EDTA and 0.8% w/v alkaline agarose and loading buffer
containing 50 mM NaOH and 1 mM EDTA running buffer at 1V cm~! for 18 h.
After electrophoresis, the gel was neutralised in 1 M Tris-HCI buffer (pH 7.6)
containing 1.5 M NaCl, stained with FluoroStain™ DNA Fluorescent Staining Dye
(SMOBIO TECHNOLOGY, INC. DS1000), and visualised using FUSION SOLO S.

Prediction of ribonucleotide incorporation rates. Ribonucleotide incorporation
rates were estimated using the same similar method as that described by ref. 24.
First, the densitometric images of the electrophoresis lanes corresponding to alkali-
treated genomic DNA were taken. These images were pre-processed with GelJ 2.0
(Jénathan Heras, César Dominguez, Eloy Mata, César Larrea and Vico Pascual).
The relevant lanes were cropped, the background was removed, and the densito-
metric curves were obtained. The densitometric curves were then analysed using R
(R Development Core Team [2008]. R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-
900051-07-0, URL http://www.R-project.org.). The curves were smoothed by
convoluting with a Gaussian filter (window size 3%) of the lane length. The con-
version from the electrophoretic distance (d) to the fragment size (sz) was per-
formed using the equation d =a + b log(sz), where coefficients a and b were
estimated by fitting to the size reference (marker) lane. The histogram of the
densitometric intensity was obtained at intervals of width Asz=0.5 mm. The
number of fragments at each interval was assumed to be proportional to the

densitometric intensity divided by sz. Moreover, we assumed that the probability of
break at a point was uniform along the genome so that the distribution of the
fragment length could be approximated by the exponential distribution. We esti-
mated the mean (m) of the distribution and by the property of exponential dis-
tribution, the number of incorporations (breakage) per genome was obtained as
m_0/m, where m_0 denotes the original size of the genome.

ChIP-qPCR analysis. ChIP analysis was conducted using Dynabeads® Protein G
(Thermo Fisher Scientific, 10004D) according to the manufacturer’s protocols.
Briefly, chromatin was extracted from TIG-3 cells, cross-linked with formaldehyde
(1% final concentration), and sonicated (Bioruptor, Cosmo Bio Co. Ltd.: 10 cycles
of 30's on/30's off, on the highest setting) to generate DNA fragments®2. The
immunoprecipitation of cross-linked chromatin was conducted using anti-human
E2F1 (Santa Cruz, sc-193X), anti-human E2F3 (Santa Cruz, sc-878X), or rabbit IgG
(Cell Signalling Technology, 2729) as a negative control. After immunoprecipita-
tion, the DNA was extracted using a QIAquick PCR purification kit (Qiagen,
28104), and an aliquot was amplified via real-time PCR using primers flanking
the putative human E2F-binding site position at —278 to —208 bp of the

human RNaseH2A promoter (5'-CTAGTTCCCCGTTAGGCTGG-3’ and
5'-CGGTGGGAAGAGGGGGAAAT-3') or primers flanking the putative human
E2F-binding site position at —89 to +7 of the human RNaseH2A promoter
(5'-GGCGTCGGCTGCGTAA-3 and 5-GCCTGCTTCCGGCCAAT-3').
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RNA-seq analysis. Total RNA from cultured cells was isolated using a mirVana
Kit (Thermo Fisher Scientific, AM1560). DNA contamination was eliminated with
DNase (TURBO DNA-free™ Kit, Invitrogen, AM1907) treatment. Library pre-
paration was performed using a TruSeq mRNA Sample Prep. Kit (Illumina) (early
passage, late-passage, TIG-3) or TruSeq Standard mRNA LT Sample Prep Kit
(Ilumina) (Vector, HRasV12, TIG-3). Sequencing was performed using the Illu-
mina HiSeq2500 platform (early passage, late-passage, TIG-3) or the Illumina
NovaSeq6000 platform (Vector, HRasV12, TIG-3). The quality of raw reads was
evaluated using FASTQC v0.11.5 (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc). To reduce bias in the analysis, artifacts such as low-quality reads,
adaptor sequence, contaminating DNA and PCR duplicates were removed using
Trimmomatic 0.32 (http://www.usadellab.org/cms/?page=trimmomatic). Trim-
med reads were mapped to the reference genome hgl9 using TopHat v2.1.1
(https://ccb.jhu.edu/software/tophat/index.shtml) splice-aware aligner. The tran-
script was assembled using Cufflinks v2.2.1 (http://cole-trapnell-lab.github.io/
cufflinks/) with aligned reads that contain paired-end information. The expression
profiles of assembled transcripts for each sample were calculated using Cufflinks
and represented as normalised values, which were based on transcript length and
coverage depth. The fragments per kilobase of transcript per million mapped reads
served as the expression profile.

GSEA. GSEA was conducted using the GSEA v4.1.0 programme (Broad Institute)
with the RNA-seq or microarray data3? gene set for nuclease activity. We used our
RNA-seq data, proliferating, senescent IMR-90 cell microarray data (GSE36640)3!
and WS patient-derived fibroblast microarray data (GSE62114, GSE48761)47:48,

Luciferase-reporter assays. The human RNaseH2A gene promoter sequence (NCBI
Reference Sequence: NG_012662.1) was amplified with PCR using genomic DNA
extracted from HDFs. The sequences of the PCR primer sets used to clone the RNa-
seH2A promoter were as follows: RNaseH2A-promoter-F, 5'-accggtaccTGGGGA-
CATTCATTCTAAGTTGGGAGCCGCTCGAGATTACGATTCTITATGTGTGTG-3'
(containing a Kpnl site [underlined]); and RNaseH2A-promoter-R, 5'-
accacgchTTTCCCGCATCCTCCGTAC—3’ (containing a Mlul site [underlined]).
Deletion mutants were prepared using standard PCR procedures. The sequences of the
primer sets used to prepare deletion mutants of the RNaseH2A promoter were as
follows: RNaseH2A-promoter-Cutl-F, (395 bp), 5'-accggtaccTGGGGA-
CATTCATTCTAAGTTGGGAGCCGCTCGAGATTACGATTCITATGTGTGTG-3'
(containing a Kpnl site [underlined]); RNaseH2A-promoter-Cutl-R, 5
accacgchCTTCGAAGACCCAGCCTAACG—3' (containing a Mlul site [underlined];
RNaseH2A-promoter-Cut2-F, (181 bp) 5’-accggtacc CGTTAGGCTGGGTCTTC-
GAAGC-3' (containing a Kpnl site [underlined]); RNaseH2A-promoter-Cut2-R, 5'-
accacgchTCCTGGGAATTGTAGTCCCGA-3’ (containing a Mlul site [underlined]);
RNaseH2A-promoter-Cut3-F (110 + 94, 181 bp), 5-accggtaccTCGGGACTA-
CAATTCCCAGGAG-3' (introducing a Kpnl site [underlined]); and RNaseH2A-pro-
moter-Cut3-R, 5'- accacgegt GTTTCCCGCATCCTCCGTAC-3' (containing a Mlul site
[underlined]). Promoter sequences containing point mutations were generated using a
QuickChange site-directed mutagenesis kit (Agilent Technologies). The sequences of
the PCR primer sets used to generate point mutations for the RNaseH2A promoter
were as follows: RNaseH2A-promoter-muation1-F, 5'-cagtttccctcttatttcAA-
cAtcttcccacegggecacg-3' (containing a mutation site [underlined]); RNaseH2A-pro-
moter-muationl-F, 5'-cgtggcceggtgggaagaT gl T gaaataagagggaaactg-3’ (containing a
mutation site [underlined]); RNaseH2A-promoter-muation2,3-F, 5'-gtgttctgccAgAA-
gattgAcA Agaagcaggcgecg-3' (containing a mutation site [underlined]); and RNa-
seH2A-promoter-muation2,3-R, 5'-cggcgectgcttc TTgTcaatc TTcTggeagaacac-3'
(containing a mutation site [underlined]). The pgmgter ﬁ@n;nts were inserted into
the pGL3 basic firefly luciferase-reporter plasmid (Promega). All inserted DNAs were
sequenced and verified. Reporter plasmids were transfected into HEK293T cells using
X-treamGENE9 DNA transfection reagent (Roche, 6365809001) according to the
manufacturer’s protocols. The luciferase assays were performed using a Luciferase Assay
System Kit (Promega, E1910). Cytomegalovirus promoter Renilla luciferase plasmid
was used as an internal control.

RNA interference. RNA interference was performed by transfecting siRNA oligos
using Lipofectamine™ RNAIMAX transfection reagent (Thermo Fisher Scientific,
13778075), according to the manufacturer’s protocols. The sequences of the siRNA
oligos used in Fig. 2 and Supplementary Fig. S8 were as follows: siCtrl>?,
GCGCGCUUUGUAGGAUUCG; siDP1 #1, ACGCCUCAGAGACCGGCAG; and
siDP1 #2, AUGACCAGAAAAACAUAAG. The following ON-TARGETplus
siRNAs (Dharmacon) were used in Fig. 4 and Supplementary Figs. 4, 8: siCtrl
#1, ON-TARGETplus Non-targeting siRNA #3 (D001810-03); siRNH2A #1,
ON-TARGETplus Human RNASEH2A siRNA (J-003535-09); siRNH2A

#2, ON-TARGETplus Human RNASEH2A siRNA (J-003535-12); siCtrl #2,
ON-TARGETplus Non-targeting Pool (D001810-10); sicGAS, ON-TARGETplus
Human MB21D1 siRNA SMARTPool (L-015607-02); and siSTING,
ON-TARGETplus Human TMEM173 siRNA SMARTPool (L-024333-00).

RT-qPCR. Total RNA was extracted from cultured cells using a mirVana miRNA
Isolation Kit (Thermo Fisher Scientific) and then subjected to reverse transcription
using a PrimeScript RT reagent kit (TaKaRa Bio Inc., RR037A). RT-qPCR was

performed on a StepOnePlus PCR system (Applied Biosystems) using SYBR Pre-
mix Ex Taq (TaKaRa Bio Inc., RR820A). The PCR primer sequences are listed in
Supplementary Data 4.

Cell invasion assay. The cell invasion assay was performed using CytoSelect™ 24-
Well Cell Invasion Assay, Basement Membrane (Cell Biolabs, CBA-111) according
to the manufacturer’s instructions. Briefly, HCT116 cells expressing OsTIR1 and
AID-RNaseH2A were incubated with 500 uM auxin (indole-3-acetic acid) after

2 pg ml~! doxycycline treatment for 24 h. After auxin treatment for 24 h, the cells
were seeded at a density of 5 x 10° cells per polycarbonate membrane insert uti-
lising 300 pl of medium containing 0.1% FBS. SK-OV-3 cells were treated with
5nM siRNA three times for 72 h each and seeded on polycarbonate membrane
inserts. Then, 500 pul of medium containing 10% FBS were added to the lower well
of the plate, which was cultured for 24 h. Invasive cells passed through the base-
ment membrane layer and clung to the bottom of the insert membrane. The cells
were dissociated using Cell Detachment Buffer, lysed, and quantified using
CyQuant GR fluorescent dye. Fluorescence was read for 100 ms using a VICTOR
Nivo Multimode Microplate Reader with 480 nm excitation and 535 nm emission
filters.

SA-B-gal assay. Cells were fixed in fixation buffer (2% PFA and 0.2% glutar-
aldehyde in PBS) and stained with staining solution (5 mM potassium ferricyanide,
5 mM potassium ferrocyanide, 2 mM MgCl,, 150 mM NaCl and 1 mg/ml X-Gal) in
citrate/sodium phosphate buffer (pH 6) overnight at 37 °C. Cells were then washed
twice with PBS, and the percentage of stained cells was determined.

Organoid experiments. ApcA716, KrasLSL + G12D, Tofpyoflox/flox, Typ53LSL/R270H and
villin-CreER mice have been described previously>’. The organoid cultures were
established from small intestinal tumours, as described previously®?. We were
provided with the small intestinal tumour organoids from ApcA716, KrasLSL « G12D,
Tgfbr2flox/flox, Trp53LSL/R270H and villin-CreER mice by Dr. Nakayama and Dr.
Ohsima of Kanazawa University.

For passage, the organoids were removed from Matrigel (BD Biosciences) using
Cell Recovery Solution (Corning, #354253) and mechanically separated into a
single coding domain. The crypts were mixed with 30 pl of Matrigel and seeded in
48-well plates. After Matrigel polymerisation, growth factors (50 ng ml~! EGF
[Thermo Fisher Scientific, PMG8041]), GlutaMax supplement (Thermo Fisher
Scientific, 35050061), HEPES (Thermo Fisher Scientific, 15630106), N-2
supplement (Thermo Fisher Scientific, 17502048), B-27 supplement (Thermo
Fisher Scientific, 17504044), N-acetyl-L-cysteine (SIGMA, A9165), and medium
(Advanced DMEM/F12 (Thermo Fisher Scientific, 12634010)) were added. The
entire medium was changed every week. Passages were performed every 1-2 weeks
at a 1:5 split ratio.

Immunofluorescence analysis were performed as previously described in ref. 61
with minor modifications. Briefly, the organoids were fixed in 4%
paraformaldehyde (Nacalai Tesque, 26126)/PBS at room temperature for 30 min,
mechanically dissociated from Matrigel by pipetting, washed with PBS
supplemented with 0.2% BSA and suspended in 2.0% agarose (SIGMA, A2676).
Then the samples were centrifuged at 1000 rpm for 3 min at room temperature in
50-ml tubes, and the samples were cooled on ice, removed from the tubes, and
embedded in paraffin. Samples were sectioned on a microtome (3-um-thick),
deparaffinized in xylene, rehydrated, and then analyzed via histological
examination. For antibody staining, deparaffinized and rehydrated sections were
subjected to heat-induced antigen retrieval for 20 min at 121 °C in sodium citrate
buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) in an autoclave. After
washing in PBS, the sections were incubated in a blocking buffer (10% goat serum/
PBS) for 1 h at room temperature. Then, the sections were incubated with primary
antibodies against lamin B1 and dsDNA marker in 1% BSA/PBS overnight at 4 °C.
To detect primary antibodies, relevant Alexa Fluor 488 goat anti-mouse or Alexa
Fluor 594 goat anti-rabbit secondary antibodies (Invitrogen, 1:500) were used.
Fluorescence images were observed and photographed using a BZ-X700
immunofluorescence microscope (Keyence).

Animal experiments. Liver and pancreas tissues from young (6 weeks old) and
aged (108 weeks old) mice were prepared using C57/BL6] mice (CLEA Japan, Inc).
The biopsy samples were subjected to fluorescent immunohistochemistry using
antibodies against p21WAFI/CIP1 (BD Biosciences, 556430) and RNaseH2A (Ori-
Gene, TA306706), as previously described®2. All animal procedures were per-
formed using protocols approved by the Japanese Foundation for Cancer Research
(JFCR) Animal Care and Use Committee in accordance with the relevant guide-
lines and regulations (approval number: 1804-05). Signal quantification of images
was performed using the ImageJ software (NIH, v1.53).

Clinical samples. The use of clinical samples was approved by the Institutional
Review Board of Chiba University Graduate School of Medicine (approval number:
1145). The samples were obtained during surgical procedures. The patients pro-
vided written informed consent before the surgery. NF1, NF8-2, WF1A, WF5 and
WESL cells are human skin fibroblasts. NF1 cells were collected from a healthy 42-
year-old Japanese man and NF8-2 cells were collected from a healthy 45-year-old
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Japanese man. WF1A cells were collected from a 47-year-old Japanese man diag-
nosed with WS, WEF5 cells were collected from a 43-year-old Japanese man diag-
nosed with WS and WESL cells were collected from a 43-year-old Japanese man
diagnosed with WS. WF1A, WF5 and WEFSL cells carried a homozygous mutation
in the WRN gene (Mut4 mutation: ¢.3139-1 G > C). These cells were collected from
patients who provided informed consent for genetic and cell biological analyses.
The cells were cultured in DMEM supplemented with 10% FBS. All methods were
performed in accordance with the protocols approved by the Institutional Review
Board (approval number: 2019-1211) of JFCR.

Statistics and reproducibility. Statistical analysis was conducted using an
unpaired two-tailed Student’s t-test, one-way ANOVA coupled with Dunnett’s
multiple comparisons test, two-way ANOVA coupled with Tukey’s multiple
comparison test, or the log-rank test. Statistical analyses were carried out by PRISM
software version 7.04. p values less than 0.05 were considered statistically sig-
nificant. Error bars indicate means + SD. Results were repeated at least three times
unless indicated otherwise.

Data availability

Nucleotide sequence data reported are available in the DDBJ Sequenced Read Archive
under the accession numbers DRA009786. Source data are available in Supplementary
Data 5. The data that support the findings of this study are available in the
supplementary material of this article.
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Targeted long-read sequencing identifies missing
pathogenic variants in unsolved Werner

syndrome cases
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ABSTRACT

Background Werner syndrome (WS) is an autosomal
recessive progeroid syndrome caused by variants in
WRN. The International Registry of Werner Syndrome has
identified biallelic pathogenic variants in 179/188 cases
of classical WS. In the remaining nine cases, only one
heterozygous pathogenic variant has been identified.
Methods Targeted long-read sequencing (T-LRS) on

an Oxford Nanopore platform was used to search for a
second pathogenic variant in WRN. Previously, T-LRS was
successfully used to identify missing variants and analyse
complex rearrangements.

Results We identified a second pathogenic variant

in eight of nine unsolved WS cases. In five cases, T-LRS
identified intronic splice variants that were confirmed

by either RT-PCR or exon trapping to affect splicing; in
one case, T-LRS identified a 339 kbp deletion, and in two
cases, pathogenic missense variants. Phasing of long
reads predicted all newly identified variants were on a
different haplotype than the previously known variant.
Finally, in one case, RT-PCR previously identified skipping
of exon 20; however, T-LRS did not detect a pathogenic
DNA sequence variant.

Conclusion T-LRS is an effective method for identifying
missing pathogenic variants. Although limitations with
computational prediction algorithms can hinder the
interpretation of variants, T-LRS is particularly effective in
identifying intronic variants.

INTRODUCTION

Segmental progeroid syndromes are a group of
disorders that phenotypically resemble accelerated
ageing.! The prototypical example of an adult-
onset progeroid syndrome is Werner syndrome
(WS; OMIM #277700), a rare autosomal reces-
sive disorder caused by loss-of-function variants
of the gene WRN.?* Individuals with WS typically
do not show clinical signs until their early teens
when the first clinical sign—lack of a growth spurt
(often recognised retrospectively)—appears. An
aged appearance (grey hair, atrophic skin) begins to
develop in the 20s and 30s, which is followed by
a series of common age-related diseases, including
bilateral cataracts, gonadal atrophy, type II diabetes
mellitus, osteoporosis and arteriosclerosis.” *
Alzheimer-type dementia is generally not a feature

Key messages

What is already known on this topic

= The burden of undiagnosed genetic disorders on
individuals is high.

= In some cases, a specific genetic disorder is
suspected but no variants are found in genes
associated with that disorder.

= In other cases, testing identifies a single variant
in a gene associated with the suspected
disorder but no second variant.

What this study adds

= This study reports the results of targeted
long-read sequencing (T-LRS) in a cohort of
individuals highly suspected to have a specific
genetic disorder, Werner syndrome, but only one
pathogenic variant identified in the causative
gene, WRN.

= This study demonstrates that T-LRS in a well-
phenotyped cohort has a high yield.

How this study might affect research, practice

or policy

= The implications of this work are that in a well-
defined cohort with a clear phenotype T-LRS
represents an excellent next best test after non-
diagnostic clinical testing.

of WS. The most common causes of death in WS are
myocardial infarction and malignancies at a median
age of 54 years.’ ® The most significant quality-of-
life issue is development of deep ulcerations around
the ankles and, occasionally, the elbows, which are
associated with soft tissue calcifications and may
eventually require lower limb amputation.”

WRN encodes a multifunctional nuclear protein
with exonuclease and RecQ-type helicase domains.*
Molecular and cellular evidence suggest the
involvement of WRN in a wide variety of functions,
including DNA repair, recombination, replication
and telomere maintenance.® Cells derived from
individuals with WS exhibit limited replicative
lifespan, altered epigenetic signatures and mito-
chondrial dysfunction.* ®  More recently, WRN
helicase activity was shown to be essential for the
survival of mismatch repair-deficient cancer cell
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lines, suggesting some functional overlap of these DNA repair
pathways.'°

To date, nearly 100 different pathogenic variants have been
reported in individuals with WS worldwide.” ' The majority of
disease-causing variants in WS result in truncation of the WRN
protein and the elimination of the nuclear localisation signal at
the C-terminus and/or nonsense-mediated mRNA decay, making
them functionally null.*> That most variants result in little to
no protein expression seems to be why all individuals with
WS share similar phenotypes regardless of the causal variants.
Several amino acid substitutions that abolish helicase activities
have also been identified but only as compound heterozygous
variants in combination with null variants.'> Founder variants
have been detected in specific populations, such as in Sardinia
and Japan where carrier frequencies as high as 1:150 have been
observed for specific variants.” '* Possible founder mutations
have also been reported in India, Pakistan, Turkey and the Neth-
erlands."* ° Differences in WS presentations among various
populations have also been reported. For example, Indian/Paki-
stani individuals with WS tend to have earlier onset of cataracts,
at a median age of 20 years compared with 31 years in non-
Indian individuals with Ws."

Established in 1988, the International Registry of Werner
Syndrome at the University of Washington recruits individuals
with suspected progeroid syndromes from all over the world
for molecular diagnosis and further biological study. Potential
therapeutic approaches are being sought out in collaboration
with the Japanese Werner Consortium.® ' 7 As of November
2021, the Registry has enrolled 179 individuals with classical
WS with documented biallelic causal variants and 9 individuals
with classical WS presentations in which only a single hetero-
zygous causal variant has been identified. Recently, targeted
long-read sequencing (T-LRS) on the Oxford Nanopore Tech-
nologies (ONT) platform was used to clarify complex structural
variants and identify missing variants in cases that remained
unsolved despite a complete clinical evaluation.’® We hypoth-
esised that T-LRS could identify a second pathogenic variant
in the unsolved WS cases. Of the nine molecularly unsolved
cases from eight pedigrees in the registry, we identified a second
pathogenic variant in eight. A second pathogenic variant was not
identified in one case with known skipping of exon 20, despite
long-read sequencing and phasing, demonstrating the limitation
of both T-LRS and currently available prediction algorithms used
to interpret DNA variants.

MATERIALS AND METHODS

Recruitment of study participants, sample processing and
standard sequencing analysis

Individuals are referred to the International Registry of Werner
Syndrome at the University of Washington by physicians who
suspect a diagnosis of WS. Biological samples collected from
individuals suspected to have WS who consent to be enrolled in
the study are shipped to the International Registry.

Blood and skin sample processing was performed as previously
described.® Briefly, participant blood samples were processed
immediately on arrival for cryopreservation of primary cells
and plasma, isolation of DNA and RNA and establishment
of lymphoblastoid cell lines (LCLs) using Epstein-Barr virus.
Depending on the year of referral, different methods of DNA
and RNA sequencing were done (table 1). In some cases, Sanger
sequencing of some exons was done, while in others, sequencing
was done on an exome backbone.?* ¥ ¥ RT-PCR sequencing was
performed on total RNA isolated from blood or LCLs. Western
blot analysis was done using total protein isolated from LCLs.
Detailed protocols for Sanger sequencing and western blot anal-
yses have been previously described.?®

Targeted long-read sequencing of the WRN locus

T-LRS was performed using ReadFish*® on an ONT GridlON
as previously described.'® Briefly, for each sample 1-2pg of
genomic DNA was sheared using a Covaris g-TUBE by centri-
fuging at 6000 rpm for 2min then inverting and centrifuging at
6000 rpm again for 2min. DNA was prepared for sequencing
using the ONT Ligation Kit (SQK-LSK109) following the manu-
facturer’s instructions. Each library was loaded onto one or more
R9.4.1 flow cells (FLO-MIN106D) and run for 72 hours with
the goal of recovering at least 20X coverage per library (online
supplemental table 1). For each sample, an approximately 3 Mbp
region surrounding WRN was targeted along with two control
regions (online supplemental table 2).

Long-read sequencing of RT-PCR products from individual
SILV1010

To identify a second pathogenic variant in SILV1010, we
performed overlapping RT-PCR of WRN mRNA using previously
published primers.”” The RT-PCR product was prepared for
ONT sequencing using the SQK-LSK109 ligation kit following
the manufacturer’s instructions. A single library was loaded

Table 1 Targeted long-read sequencing (T-LRS) identified candidate pathogenic variants in eight of nine individuals with Werner syndrome
(BIA1010 and BIA1020 are siblings)
Registry Known variant (all heterozygous) Additional workup T-LRS result Confirmation of T-LRS result
wv RT-PCR: .2773delG, p.A925fs Western: no protein ¢.3961C>T, p.R1321%, PCR+Sanger
BIA1010 Sanger: ¢.1105C>T, p.R369* Western: no protein €.3234-170A>G RT-PCR
BIA1020 Sanger: ¢.1105C>T, p.R369* Western: no protein €.3234-170A>G RT-PCR
PD1010 Exome sequencing: ¢.561A>G, p.K187* Western: no protein chr8:9.31135822_ PCR+Sanger
31474535delinsTCT
CB4 Sanger: ¢.3139-1G>C, p.G1047fs Western: no protein €.1982-297A>G RT-PCR
SNP array: normal
CB6 Sanger: ¢.1105C>T, p.R369* Western: no protein €.1982-297A>G RT-PCR
SNP array: normal
FES RT-PCR: c.1165delA, p.R389fs Western: no protein €.2103_2104delAC, p.Leu702fs PCR+Sanger
SILV1010 Sanger: ¢.2665C>T, p.R889* Western: ~1% protein No second variant found nla
RT-PCR: skipping of exon 20
EN1010 Genome sequencing: ¢.2367_2368delAT, p.5790fs ~ None €.839+1309T>G Exon trap (figure 3)

n/a, not available.
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onto a Nanopore R9.4.1 Flongle flow cell (FLO-FLG001) and
sequenced for 24 hours. Reads were aligned to GRCh38 using
minimap2.*!

Data analysis

Fast5 files were base called using the high accuracy model in
Guppy 4.0.11 (ONT). Given no second candidate pathogenic
variant was identified in SILV1010, it was re-base called using
the superior model in Guppy 5.0.7 (ONT). For all samples,
all FASTQ reads were aligned to GRCh38 using minimap2.*'
Single-nucleotide and insertion/deletion variants (SNVs and
indels) were called with Medaka (ONT), which was also used for
phasing. Variant calling and phasing were redone using Guppy 5
data for SILV1010 using Clair3.?* Structural variants were iden-
tified using Sniffles,” SVIM** and CuteSV.>® VEP V.103.1?° was
used to annotate VCF files produced by Guppy or Medaka and
add splice predictions from SpliceAL* CADD V.1.8 scores®® and
population allele frequency from the gnomAD V.2.1.1 genomes
file.”” Aligned reads were visualised using integrative genomics
viewer.>® Analysis was performed by filtering the VCF file by
allele frequency and examining variants absent from population
databases or those with allele frequencies <1%.

Exon trapping assay

The 1.8 kbp region that spans intron 7 to intron 8 (c.724-167
to ¢.839+1553) was amplified from genomic DNA of individual
EN1010 and subcloned into the multicloning sites of the pSPL3
vector’! *? linearized with EcoRI and Pstl, using the NEBuilder
HiFi DNA assembly cloning kit (catalogue# E5520, New
England Biolabs) to generate pSPL3-EN1010-Wt and pSPL3-
EN1010-Mut. These constructs were transfected to immortal-
ised control human fibroblasts, 82-6hTERT, using FuGENE 6
(catalogue# E2693, Promega). After 48 hours, total RNA was
isolated and reverse-transcribed with High-Capacity ¢cDNA
Reverse Transcription Kit (catalogue# 4368814, Thermo Fisher
Scientific). RT-PCR was done using primers: SD6 (5" TCTGAGT-
CACCTGGACAACC-3"), SA2 (5-ATCTCAGTGGTATTTG

TGAGC-3") and one designed from WRN exon 8, J20 (5'-CTGA
GGAAGTGATGGATCTGG-3").

RESULTS

Individuals sequenced in this report

Seven of the nine individuals with a single heterozygous variant
in WRN have been previously described.> All nine individuals
were referred to the Registry with a clinical diagnosis of WS
(table 2), two of which are newly described below. Variants in
WRN were initially identified by Sanger sequencing of coding
exons, which, over time, was gradually replaced by clinical
exome or genome sequencing. A western blot analysis for WRN
was done in cases for which material was available. RT-PCR and
SNP arrays were also used in selected cases.”>

Individual EN1010 is a man in his 50s born to non-
consanguineous parents with a birth weight of 2.7 kg. He began
to experience signs of premature ageing in his 20s with greying
hair. He underwent bilateral cataract surgery in his early 30s
and was subsequently diagnosed with hypothyroidism and type
2 diabetes mellitus in his 30s. He was diagnosed with hypogo-
nadism and a prolactinoma in his 40s. His other medical history
includes cardiac atherosclerosis, valve insufficiency and tinnitus.

On physical examination, his body mass index (BMI) was
20.2 kg/m?, height of 168 cm (Z-score —1.2) and weight of 57
kg (Z-score of —1.34). He had a mildly elevated blood pres-
sure (148/62) and appeared progeroid, with grey hair, vocal
cord atrophy, tight, atrophic skin with a waxy appearance and
ulcers of the right heel and left metatarsal. His limbs were thin
and notable for cold fingers, reduced subcutaneous fat, muscle
atrophy and flat feet. Dual-energy X-ray absorptiometry scan
revealed osteoporosis, osteosclerosis of the fingers and toes
and soft tissue calcification. He had elevated liver enzymes with
hepatic steatosis observed on abdominal MRI.

His family history includes two unaffected siblings: a sister
in her 40s who is 160 cm tall (Z-score —0.5) and a brother in
his 50s who is 170 cm tall (Z-score —0.92); each has one child.
The father is in his 80s; his height is 180 cm (Z-score 0.48). The

Table 2 Clinical signs of Werner syndrome in seven previously reported cases

Registry# EN1010 PD1010 BIA1010 BIA1020 SILv1010 CB4 wv
Age at evaluation (years) 42 42 45 38 68 40s 40
Cardinal signs
Cataracts Y Y Y Y Y* Y Y
Skin and facial feature Y Y Y Y N Y Y
Short stature N Y Y Y N Y Y
Greying or loss of hair Y Y Y Y Y Y Y
Parental consanguinity or affected sibs N N Y Y Y N NA
Further signs and symptoms
Diabetes mellitus N Y Y Y Y Y
Hypogonadism N NA Y Y NA NA
Osteoporosis Y Y Y Y NA NA Y
Osteosclerosis N NA Y NA NA NA NA
Soft tissue calcification N N Y Y Y Y Y
Atherosclerosis N NA Y NA NA Y NA
Neoplasms N NA Y NA Y N NA
Voice change Y Y Y Y Y Y Y
Flat feet N N Y Y Y NA
Werner syndrome diagnostic criteria Possible Possible Definite Definite Possible Probable Probable

*Unilateral cataract.
N, no; NA, not available; Y, yes.
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mother is in her 70s; her height is 160 cm (Z-score —0.5) and
she has hypothyroidism and a pacemaker. Although he lacked
short stature, this individual had three cardinal signs of WS (cata-
racts, dermatological pathology and premature greying) as well
as additional clinical features, including type 2 diabetes mellitus
and atherosclerosis; thus, this individual met criteria for possible
diagnosis of WS diagnosis.” Genome sequencing revealed a novel
heterozygous WRN variant, ¢.2367_2368delAT, in exon 20,
which results in the truncation of the WRN protein, p.Ser790fs
(table 1). A second pathogenic variant was not reported.

Individual PD1010 is a South Asian man in his 40s born to
non-consanguineous parents who was diagnosed with Addison
disease in his teens, hypothyroidism and type 2 diabetes mellitus
in his 20s (which later became insulin-dependent) and bilateral
cataracts requiring surgery in his 30’s. On physical examination,
his BMI was 17.8 kg/m?, height was 150 cm (Z-score —3.54) and
weight was 40 kg (Z-score —4.3). He had a progeroid appear-
ance, with sparse grey hair, a high-pitched squeaky voice and
atrophic, thin skin. His limbs were thin, with loss of subcuta-
neous fat, muscle wasting and ulcers at both elbows. He had no
siblings.

Exome sequencing revealed a heterozygous variant in exon
6 of WRN, c.561A>G (table 1). This synonymous variant is a
known founder mutation seen in individuals of Indian or Paki-
stani descent and has been shown to activate a cryptic splice site
in exon 6, resulting in p.Lys187fs.'* A second pathogenic variant
was not identified by exome sequencing. Western blot analysis
of protein from LCLs showed no detectable WRN protein,
confirming the diagnosis of WS.
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Detection of deep intronic splice variants by T-LRS

We performed T-LRS on eight of the nine molecularly unsolved
cases with an average depth of coverage of 20X (figure 1A,
online supplemental table 1). In all eight sequenced cases, the
known pathogenic variant was identified. In four of the eight
sequenced cases, T-LRS identified an intronic variant predicted
by SpliceAI?” to alter splicing (figure 2, table 1, online supple-
mental table 3). One individual was not sequenced because a
splice variant was found in his affected brother (BIA1010 and
BIA1020). In all four cases, phasing predicted that the intronic
splice variant is on a different haplotype than the previously
identified pathogenic variant.

Individuals BIA1010 and BIA1020 were affected siblings
from Poland carrying a heterozygous c.1105C>T, p.Arg369%,
a known founder variant, accounting for approximately 20% of
the mutant alleles in our registry.” T-LRS revealed a heterozygous
¢.3234-170A>G in intron 26, which was predicted by SpliceAl
to create a cryptic splice acceptor site (AA—AG). RT-PCR of
the region including exons 25 and 26 showed two abnormal
transcripts, one with a 69 bp insertion (r.3233_3234ins69) and
the other with a 169 bp insertion (r.3233_3234ins169) between
exons 25 and 26 (online supplemental figure 1). Both cryptic
exons started at ¢.3234-169, as predicted by in silico analysis.
Within the family, PCR and Sanger sequencing confirmed that
the two variants were from the parents: ¢.3234-170A>G was
transmitted from the mother (BIA1040) and ¢.1105C>T from
the father (BIA1050).

In two unrelated Japanese individuals with WS, CB4 and CB6,
T-LRS detected a ¢.1982-297A>G in intron 17. In silico analysis
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Figure 1

Targeted long-read sequencing (T-LRS) was used to identify missing variants. (A) T-LRS was used to target an approximately 3 Mbp region

around WRN. Data shown for individual WV. Increased coverage (y-axis) represents the target region, decreased coverage represents background. The
position of WRN is represented by the horizontal black bar around 31 Mbp (GRCh38). (B) T-LRS revealed a 339 kbp deletion in individual PD1010 that
began within WRN. (C) Long-read sequencing of RT-PCR products from individual SIV1010 confirmed the absence of exon 20 in approximately half of the
reads (arrow). Please see online supplemental figure 3 for an integrative genomics viewer screenshot of exons 19-21 that shows how reads are linked
and that approximately half of reads skip of exon 20. (D) Long-read sequencing revealed RT-PCR products from individual SIV1010 did not carry the T
allele present on haplotype 2 within exon 20, confirming that splicing was altered on haplotype 2. The previously known pathogenic variant (table 1) was
predicted to be located on haplotype 1. No second pathogenic variant was identified in this individual.
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Figure 2 Diagram of WRN and the location of variants identified in this study. Pathogenic variants found in this study are shown with respect to the 35
exons within WRN. Functional domains of WRN proteins are shown below the corresponding exons. Those functional domains are the exonuclease and
helicase domains, RecQ helicase conserved region (RQC), helicase RNaseD C-terminal conserved region (HRDC) and the nuclear localisation signal (NLS).

predicted that this substitution activates the adjacent GT to be
the cryptic splice donor (A|GT—G|GT). RT-PCR sequencing
revealed the presence of the corresponding 73 bp cryptic exon
between exons 17 and 18 (r.1981_1982ins73) in CB6. RT-PCR
was not done for individual CB4 because there was insufficient
remaining mRNA.

For individual EN1010, T-LRS detected a c.839+1309T>G in
intron 8, along with the previously identified ¢.2367_2368delAT
in exon 20. This intron 8 variant has a CADD of 9.3 and SpliceAl
predicts it creates a new donor site (T | GT—G|GT) with a score
of 0.73. Unfortunately, we were unable to amplify RT-PCR
products directly from the individuals materials or establish an
immortalised cell line from the individual sample. We, therefore,
performed exon trapping to test whether this variant altered
splicing and generated a cryptic exon. Using the pSPL3 system,’!
we observed that RT-PCR of the wildtype construct (pSPL3-
EN1010-Wt) gave a single band with the expected exon 8
splicing, while the construct with the ¢.839+1309T>G variant
(pSPL3-EN1010-Mut) gave an RT-PCR product with a 171 bp
insertion following exon 8 (r.839_840ins171) (figure 3). The
inserted 171 bp corresponded to ¢.893+1139to ¢.893+1309.
This insertion is predicted to cause premature termination of the
WRN protein at position 280 (p.Arg280SerfsTer9).

T-LRS identified a previously unknown large deletion and
missense variants

T-LRS of individual PD1010 revealed a 338 715 bp deletion that
began within WRN and included exons 25 through 35 (figures 1B

and 2). PCR and Sanger sequencing of the predicted junction
confirmed the deletion as chr8:g.31,135,822 31,474,535delin-
sTCT (online supplemental figure 2). Encouraged by the efficacy
of T-LRS, two archived cases, individuals WV and FES, were
then re-examined.®® Western blot analysis of these cases showed
no WRN protein, and RT-PCR in the mid-1990s revealed a single
heterozygous variant in both cases.’” T-LRS identified a hetero-
zygous pathogenic coding variant, ¢.3961C>T, p.Argl1321*, in
exon 33 of individual WV, and ¢.2103_2104delAC, p.Leu702fs,
in exon 19 of individual FES (figure 2). In all three cases, phasing
predicted that the previously known pathogenic variant was on
a different haplotype than the newly identified second variant.
That we identified variants in coding sequence in these cases was
not surprising as they were enrolled in the registry prior to the
availability of PCR and Sanger sequencing.

T-LRS failed to identify a pathogenic variant in a case with
known exon skipping

Individual SILV1010, a man from the USA whose presentation
and phenotype is consistent with possible WS, was found to
have a pathogenic heterozygous ¢.2665C>T, p.Arg889* in exon
22. Western blot analysis on lymphoblastoid cells demonstrated
1% WRN protein expression, consistent with WS. RT-PCR
of material from a LCL derived from the affected individual
showed heterozygous skipping of exon 20 (r.2274 2448del175)
(figure 1C).> T-LRS of DNA from this individual detected the
previously identified ¢.2665C>T, which was predicted to be on
haplotype 1 (figure 1D), and a second variant (c.1269+36A>G)

B Marker

Mut Control

. sD w@ sa I

SD (Exon8" SA Wit

Figure 3  Exon trapping of the EN1010 variant. (A) The pSPL3 vector contains splice donor (SD) and splice acceptor (SA) exons and functional introns, with
transcription beginning following the SV40 promoter and ending at the poly(A) site. The wildtype (Wt) construct, pSPL3-EN1010-Wt, and the mutant (Mut)
construct, pSPL3-EN1010-Mut, contain the 1.8 kbp fragment derived from EN1010, with the ¢.839+1309T>G variant at the asterisk (*). (B) Agarose gel
electrophoresis of RT-PCR products shows the larger amplicon in the Mut compared with Wt due to the 171 bp cryptic insertion.
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located in the ninth intron predicted by SpliceAl to affect
splicing by creating a new donor site with a score of 0.45 and
loss of a donor site at ¢.1269 with a score of 0.12. However,
we did not detect splice alteration involving exon 9, intron 9 or
exon 10 in LCLs from the affected individual, nor did we find
pathological significance linked to this variant in literature or
databases. Thus, we felt this variant did not explain skipping of
exon 20 in this individual. Because exon 20 contained a hetero-
zygous ¢.2361G>T, we performed WGS of RT-PCR products
on an ONT Flongle and found that approximately half of reads
skipped exon 20 (online supplemental figure 3) and that those
RT-PCR products which contained exon 20 were homozygous
for the reference allele G and did not contain the T allele that
was predicted to be located on haplotype 2 (figure 1D). A single
SNV on haplotype 2 with an allele frequency <19% and absent
from population databases was found in either intron 19 or 20
(c.2273+155A>G). Unfortunately, this variant is not computa-
tionally predicted to alter splicing. Thus, sequencing of RT-PCR
products did not reveal a clear potentially pathogenic variant,
and this case remains unsolved at the molecular level.

DISCUSSION

Here, we show that computational selection of specific genomic
regions for sequencing using adaptive sampling on the ONT
platform can be used to identify disease-causing variants in a
cohort of individuals with WS. Different approaches for T-LRS
have been described using both PCR and CRISPR/Cas-based
methods.’*¢ PCR-based methods allow for targeting by overen-
richment of target regions but remove epigenetic information
from the target and are limited by the length of the fragment that
can be reliably amplified by PCR. CRISPR/Cas-based methods
work by first dephosphorylation of genomic DNA, then exposing
new phosphorylation sites with targeted double-stranded breaks
where sequencing libraries then anneal. The advantage of the
CRISPR/Cas method is that epigenetic information is preserved
while segments up to about 200 kbp can be targeted. The draw-
back is that multiple regions must be targeted if one wants to
target several megabase pairs of genomic space, and recovery of
large fragments may require gel-based separation of cut DNA
fragments. In both cases, fragments can be sequenced on either
an ONT or PacBio platform.

Recently, adaptive sampling on the ONT platform was shown
to be an effective method to evaluate known structural variants
and missing variant cases.'® This method works by computation-
ally selecting DNA molecules for sequencing.?’ There are several
advantages of adaptive sampling over CRISPR/Cas and PCR-
based methods, including broader flexibility in selecting target
sites, ability to target a larger amount of genomic space and
simpler library preparation steps without the need for DNA frag-
ment isolation by pulse-field gel if large segments are targeted.
However, ONT sequencing has a higher per-read error rate than
PacBio high-fidelity (HiFi) sequencing because each DNA mole-
cule is read only one time by ONT instead of multiple times as
with PacBio HiFi.’” This error is most apparent in homopoly-
mers, meaning that certain classes of variants are more likely to
be missed by ONT sequencing.

Using adaptive sampling, we identified a second pathogenic
variant (including missense, deep intronic splice and struc-
tural variants) in eight of nine individuals clinically diagnosed
with WS and a single known pathogenic variant identified by
prior testing. While all eight variants identified using T-LRS
would likely also have been identified by short-read genome
sequencing (WGS) and focused analysis of WRN there may be a

cost advantage of T-LRS over short-read WGS in missing variant
cases such as these. Each individual was sequenced on a single
ONT R9.4.1 flowcell after a single library preparation, repre-
senting a materials cost of approximately US$600 per sample
which is cost competitive with short-read WGS today. Exome
sequencing, on the other hand, would likely identify the two
missense variants but may have difficulty identifying the large
deletion in individual PD1010 and would be unable to identify
deep intronic variants because those regions are not typically
targeted for capture or enrichment.*® %’

The major advantage of our approach over short-read WGS
is the ability to resolve repetitive regions and phase samples for
which parental samples may not be available. WRN contains two
1400 bp segmental duplications involving exons 10 and 11 as
well as surrounding intronic sequence that are approximately
95% similar. Prior work using PCR to identify pathogenic
indels and nonsense variants in exons 10 and 11 depended on a
single-nucleotide difference between these two regions to design
region-specific primers.” Thus, there is a technical advantage of
T-LRS over short-read WGS to cover such regions.*” Further-
more, unlike short-read WGS, T-LRS is able to more easily
phase variants in the absence of parental samples for segregation,
representing an additional advantage of T-LRS over short-read
WGS. Thus, a strong argument exists for T-LRS the next best
test for individuals with non-diagnostic clinical testing and either
a compelling phenotype for a specific disorder or a single known
variant in a gene associated with the suspected disorder.

That four of the missing variants identified in our study were
splice variants demonstrate how difficult these can be to detect
in the laboratory. Here, in silico analysis allowed us to identify
candidate splice variants and allowed for targeted evaluation in
our unsolved cases. Interestingly, the highest reported heterozy-
gote frequency for a pathogenic WS variant is a deep intronic
splice variant, ¢.2089-3024A>G, r.2089_2273del85 found in
approximately 1:120 individuals in Sardinia." "

Despite advances in the ability of computational prediction
algorithms to identify intronic variants that may alter splicing,
it is still necessary to confirm the pathogenicity of these vari-
ants in the laboratory. When material from an affected indi-
vidual is unavailable, CRISPR may be used to generate a cell line
containing the candidate variants. Intronic regions, however,
generally contain repetitive sequence that makes CRISPR muta-
genesis more challenging. Therefore, in this case we used exon
trapping as an alternative approach to validate the candidate
variant identified in individual EN1010.*! ** Although exon
trapping has been widely used for this purpose, there is a formal
possibility that natural introns and exons may have an unknown
influence on cryptic splicing.

Worldwide, WS is thought to be clinically underdiagnosed
because many of the symptoms are relatively non-specific and
may be viewed as common age-related diseases. We believe that
additional genetic testing, including long-read sequencing, will
lead to an increased rate of diagnosis for individuals with WS.
This increased diagnostic rate and awareness will help drive
interest in research and development of therapeutics, thereby
benefiting all individuals affected by this disorder.
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