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SOLVE-RD: Beyond the exome
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The exome is only 1-2% of our entire genome!




UNSOLVED after WES:
50% of all patients with a

rare disease will not have
access to health care
without having a clear
diagnosis

300 Mio RD patients worldwide &%
150 Mio patients unsolved “ ‘}
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30 Mio patients in Europe
15 Mio unsolved

3-4 Mio RD patients in Germany
1.5 Mio unsolved after WES



Limitations of Whole Exome Sequencing (WES)

Important: Type of enrichment system: SureSelectXT Human All Exon v6
Statistics of coverage: complete coding sequence +/-5bp intronic region

depth of ing (at least 20 fold)
coveragd: 98.99% VR, 1 FRENE PR FRDU U, STL PR FSCNY FTLFT0 FIS1 FUCAY GBP GASGR:

GABRAY, CADIAS, GABREY, OABFED, GABRIEY GAERGD, GADY, GALC, GALE, GALNT1E (WALNTZ, GALT, GAMT. GAK
GATAIE QATM, BRAZ, GOCZ, GEOH, GCHI, GCN1, GOSH, GON, GEMNG OFAR GFN, GFFTE GGN, GIOYF], GOYFE,
GMAPE, GJAY, GG, G, GLEY, OLDC, GUZ GLO, GLRAZ, OL3, GLUL GLYGTK, GMGA, GHMN. OMFFA, GUPPE, GRAT,

s BZI2E08 GMAD, GHAOT, TMAD GMAS, G, GNES ME'fp!r';“' Glﬁntgmmém ngmml En:.:g.gml:.gzm
"9 ABCD GFWEA, GPR1IG, GPIY!, GPRSZ GFS1, GPSMZ. GRANDH 1, i \ ) ) )

Auzpgreraitine Gene | 1084 ATALY, AACS, RARS AKSE ABAT, ABCATY, ABCAT, ABCCH ABCCH 1, ADCO, ABHEE, B v, w1 Gt G G411y, GTFEED GTF2V, GFACS GTPAPY. GUCY:D, GUF?, GuSS, KACE!

ACACA, ACACE ACADH, ACADS, ACBDS, ACHDH, ACERI, ACDR, ACOKT. ACOKE, ACPL A, KEELA, HALLT HAXY, MEGS, HEFCT. HOM1, HOWE, HOAGE HOACE, HECWE, MENS1, HEPRCAM, HERCH, HERCZ, HESA!1,
g g Dt ADVAMEY, ARAR ADATY ADCYS, ADGACT ADORGE ADIFCE HENA, HIERB, FGEMAT, HHAT, HIBGH, HIKESH, HIETTHIE, MET1h4B, HET1HAC, KIETIHI, MIVEFZ HVEPS, HK!, HLCS
ACTE, ACTOY, ACTLAS, ACTIAR, ACVRY ACY1 A ] 1. . ) e BN L HEX, WEXB, FISHAT, HHAT, HEC, HIKESH, HE i, v, PR, HARNEL,
A0 ADMP ADRASE ADEL AFFZ AFF3 AFF4, AFGILE AGA A, KOO, AGOY, AGPATI, AOPE, AGTRE, AHLY, 1, HHES, HICHE JNGAEA 1940ES HUGCL HUGGLL, HhF 18 LA Bl HIHPLD, TaAEL S
W AHEE, AFMY, AMPY A &K1, AT, ALOHTBAY, BLOHIAZ, ALDH3AT, ALDHAA], ALOHAAT, ALOETAS, ALDOA, R, ICEZ, D2, IDKIA, 5, IOUA, ERIIPY, IFRH1, IFT1T2, 137, FTST, IGERY, IGFY, MEKG: ILTR2, L1AAPLY ILFZ,

1 -::1'2 ALEAT ALY ALGS, ALGE ALGH ALGH ALY, ALSZ AMER? AMMECR1, AMPLE, ANT AMED LF3 MPAT INE INCS0, INPPAA, INPPSE, INPRSK, INTES, INTE12, NTSH, INTLL IPR I08EC3, RS, ISCAZ, B3P0, MTCH,
Mmﬁ‘pc' 'M'G.l 42 “m-c! AMHLED 1 AHOD AMOE AP15Y, APFIED AFIET, AFNEZ, APMET, APLET, APAMI FEiAT TESA (TIHE, ITF®, TR, [TSNT, WL JNGY, JAKD, JAM3, KALFN MAHKT HANSLY, KATRA, KATEH, KATNALE,
i 2 . gt KT, - s mAI T, ARLAGY ADWCADY LEHRFFY KATHE, KCNAZ, KRk, KCME? , KENGY, KGN, RENDS, KENHA, KOHJ19, KR, KENE, MCHKE, KOKKS, KENMAT,

1 RS AR | e mEELd, mE TR RIUCLT, iPIrOEs e, AT, A TR, . 2 : T K e watnh KETEA, KETE, KDMA. KDMGA, KDMS, KEMSE, KMo,

AMHGEFS ARHGEFS, ARIDTA, ARD{E. ARIDZ ARIH1, ARL13B, ARLMEPR, SRLB, ARMCE ARSA ARSE, ARV ARX, HOWEE, KIAACTIS, MIAALEEE, KIAADGR, mRITSE, KIAATICH, KIAAT21T, KICINSZ30 K11, KF14, KIF1S, KIFTA, KIF1EF,
ARAHY, At ASRAY NERID ABLL ALY RLMY AW AAPYL AAN | ANTI, AOOL1 MONLE, ACHLD. AT ATSAY

JOF A, KIS, KF4A, KFEC, KIFT, KIRRELS, KLHLAK HLMLX), KLALAD, MWT2A, KMTZE, KMTIC, M0, KMTIE, KNTSE,
ATETIE ATIC, AT ATHA, ATOHT, ATPACO, ATR 1AL BIF 1AL AL BT ATFML | ATPIAZ ATFIED, ATPFEES ATTES, ATPRART,

WML1, KPRAT, KPTN, KILAS, KABDK, KY L1CAM, LG, LAGES, LAMAY, LAMAZ, LaMAS, LAMBT, LAMCY, LAMC).
ATPEVTAZ, ATPIVIEY ATPTA. ATFOAZ ATR il 2L, LMMEZ LMTK, LOMP, LRCH3, LRFY,

Ll YT, AARTLT, MABD1LD. MADD, AR,
B4GALTY, EAGALTT, BSCQ, AZ1A, BEIF1, BE

o ° ° £16, WACHA, MAPT, MARZHY, MARHC,
RKIA ACOHE BCLT1A BCOR. BOORLY A WA o W
EeaT1, BALS, BRF, BRAPT, BREKD, BRWD LI m Itat I o n s Of W ES : ua. m"‘““‘jm.@u -
S{MFEET, C190RFEE, CIBDRFIBAPIED C
A2 CASA CKE CACMALA, CACMAIT, CAL

g 54, NDLIFE8, KDUFST, NDUFSA, NIRIFYT,
D Pt Sarge. EL, LA EXMIF, MFY, KFLA, NFIX, NFUT, MFRLT,
CEAPIL. CLEM4A CLHEA, CLIC2, CLPT, CL

WATACOZ, MT-C03, MT-KOD5 MT-TE, MT-TE,
LR DS (L, AL, T
MACT, WsaR, KAGLL, NaE, MALTH,

WeADH NPEARY KNNADE NIDET NDET
[ILIFAFY, KIOUFAFZ, MOUFAFS, NDUFAFS

CORSRAPD, COKE, CONS, COKLE COMKZA
CEF{52, CIP9, CERND, CEPH), CEPSS, CF

SO, AR, CAMDOT CEEIEAL ALK

LGNS MLGNEY M.ﬁ}. N:Ei;:;a.]mﬁ

2 MHAS BHL) MK i

Wiz, CROT3, G, CaPY ENTHY, Opy num er K1 MLIBFL. .

Chi8 COGT COGA COLIBA, CELIAY, CO 1, OF) B2, o

muﬁﬁ GO, CINSA, LUK,

CAYLA, CEDEY, GERNEEAT, D51, CHTE, C e o

o S Aberrant splicin

i, PR DT MCEAFT IO ODEHEY

DEAF!, DENNDSA, DEFDGA, BHERAZ, DHOH

HE1, DLAT, CLGY, bl nl.ﬂ:l.ml:l.:; I';:;\ LML L TMERIS e S ST —nr = 0 CAR THEA e - o BARCK BNIHF PRLED

DHA ONAICT 1 i . . X h p——— W e 0

LK, EaiON, CoREY:, DPWGTY, CPH, DFWH, OFUQOF - Tu BN, TUFMAKT THME%‘:E]TTEG}T#EFTET'F?ET:"E 2&,_.3,::'&: 1mﬁ'm4;?u}lmw AR, P e T Rt T TTOMT, rTWdTH, Mg rragn

BFY, 1, . ] ! i | ® : ) ) A 3, PEAH, PTCHY, PTCHN

orcint YRY1A A3 EBFS (5 O, FOKS 06 TOEY, OV TOFSB, TORIA, TP o, T, TPtz TP, T, TR TRMTION TRUTIIC, s e, s o, e, TR (0,

RIF2AR3, BFZE3, BITAAS, EPOE EFHAZ. EPHBE, E Tﬁf’@ L : TOOL TOCHN. Tt TREST, TOEwes Téfu TRHA THHE T‘ET 1 | GCPR. TRFDI GRICHI RAEALA, RAINH, RARTE, RABZ), RATGTA, RARDA, RABIGE

ECGT. EPX00, EFBAILY, EPBMILAA, BPHBLE 2 THPRE, [HESY, | RARP 1R TUBA TUBEA, TUBRIE, I_'H!, B ROBLA (N AABLE, D, MAGL), TADIETL, SR [V TV, kTS, eteen

ERECE, ERF, ERLMZ, BRMARD, ESCOZ ETHE ETVY, EXD! oo e prm s Froe, TTCS, THIZ, TTH, TUB, TUBAIA, TUBKIE TUBAR, TWEALE EYE 31 REEPA JEAFC1. RENGE REMS3 RBPJ RCETE!, AOHN, REEPY, RELN, RERE, RFT!,
A, FAAHD, FAMIZ0ACS FAMTISA FAM1TTAY, FAM! : . T4, THVKI, LI2AF2, LIBAS, LAY, UBEZA, UBELI2 UBEDA, LG HESETRES WY, IRLE WOPPLY 1, IEL, LI, MRARLS PR, UIGACT L, T4 6,

A e FANCL PARCM FART F  TUBBAA, TUBIGY, TUBGCR4, TUBGCRS, TUSCS, TR, '

FAMDIS, FAMCE, FANGF, :

1 0, URDCA, 458, MK, MNFS, RIFTZ, RHUTZ, BNUMATAL, ROCK2 RDGOL
"  UBRT. LIBTOZ LIBTF, WFM, LMFS. LIRGED, LPB1, UPF, UPFIE, UOCA i1k, RMF135, ANF125 RKF i
FEXDA1, FEACMT, FEXAA, FCRLE, FOPS, FOXR, FERMTY, F Fﬁ"".}lw-'ﬂm ULLHEI.‘UBUE'F.JLHN”“H_ e, W, VT VST, YY1, UDEVIN LGRS UPATA UPSED, VRKL, Pan, Raza, RSP, RTELY FIP RITIL RUSCE, RNRS, RYFL SALLY SAMCS,
FER® FETH FLG. FLMA FLYCR1, FLVCR2, FRMNZ, FIOD, F D, WARES IHASHEC, WASHCE, WOFTS, WOPCR, WORT3, WOR2S WDALE WDH4SE WDRGZ W u ;&mﬂuﬂu e tins, SIS BELLAAL), SELmR!, SEMAE, SEMATE,
.‘_-.m'w o SEED WWNTY, WL WWEZ GAF KPS TPHPEFT, XPOT KRCCA, NOLTL, YRS, WMEILL. e cemmp seTone, BETOe, SETOR, SETDS, SR, BRARA, SGUEN, SOPLY, EGSH,
R, e ; ] FRTAR, FITHSC. ZETRAD, BEIH14, 03, BCAH, ICCHCE, SHANKY SHH EHOGE Bk, SILY, SR8, SIKD. BRAT, 5K, SHIAY, SLANT
TRFAG, TWHAL 111, YT1AM, ZBTa1 T, i bt B, SLCTIAS, SLCIGAZ, BLEISAY BLIAY, MLERY SLLIAA, BLLJAR |, BLL2WAIE,
ZDHHGAS, FBHHCE 7EM: FFAMDEE, 2PHNS, IFYVED, SIC2 THTYRED, SMIYRES, EMIYIAS, wzh%??;;ﬂ;‘fe. Ehan A R FORATD S1CSRATY &%ﬁm ELLE'EHI
\ 1 ! ; . X
7S THFLY, PMFAID0, THFEDE, FHFGZA, THISAN THFEG? FHFLGE, ZNFET4, IRFT1, INFTE3 H ;mwi ;LE;:: :ﬂ?ﬁ_ﬁ?&g‘m R 7 s, BLCOAL S8,
ZEWIAG, ZEWIME SMADA, EMADS, SMAIRCAS, SMARCAZ SMARCAS, SUARCE!, SMARCED, SWARCE!, SMTIA

e, o, anmet, sear 09, EMS, SMURFZ, EMYDS, SHAP2S, SNAFZD SNIPY, SHORDH1E, BNRPB, SNTGT, SHEM,



RNAseq in diagnostics

Prior WES and/or WGS analysis
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GENETIC DIAGNOSIS

Improving genetic diagnosis in Mendelian disease with
transcriptome sequencing

Beryl B. Cummings,”** Jamie L. Marshall,"* Taru Tukiainen,"* Monkol Lek,'***
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Disruptions of Topological Chromatin Domains
Cause Pathogenic Rewiring
of Gene-Enhancer Interactions
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PacBio sequencing reads

Read lengths > 20 kb
Data per SMRT Cell: 750 Mb - 1.25 Gb

Half of data in reads: > 20 kb

Reads

Maximum read length: > 60 kb
r b
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Read Length

From: http://www.pacificbiosciences.com



Technical hurdles in diagnostics

[Patient Technologies Data Analysis

Implementation into
diagnostics pathways

Structural =
variation n

Differential

; exprassion \
Transcriptomics '

md L e T
' ‘| Altemative >

,,Pilot diseases”

splicing

_f L R /
\: - |+ Methylation

Epigenomics
! ChiP-Seq . medification

! ' Transcription
Factor binding

Modified from Shyr and Liu 2013 7



Technological hurdles in diagnostics

Solve-RD - Solving the unsolved Rare Diseases
Horizon 2020
m European | e U R
Commission for Research & Innovation

Solve

Transcriptome Solving the unsolved Rare Diseases

Challenge in Diagnostic Transition:
From genome analysis towards
,oystem Diagnostics”

Proteome Metabolome

Neur¥Omics



in numbers”

Solve

e Re-analysis of exomes of unsolved cases
RD patients presenting new phenotypes that will
undergo WES/WGS
to achieve a more complete coding
sequence
with smartly chosen

phenotypes such as anticipated repeat expansion disorders
(SBMA; DM1 and DM2)

(transcriptome, epigenome, proteome,
metabolome, deep WES, deep molecular phenotyping) for more
than




Main implementation steps

Challenge 2: New and improved approaches for the discovery of novel
molecular causes

Reanalyse
exomes /
genomes

Novel molecular

Functional

strategies

analysis

=» Data mining on the variants and regions detected with Solve-
RD standard analysis pipelines

=>» Approaches: (i) a data driven approach, (ii) an expert driven
approach.

=>» Solve unsolved diseases from unique RD cohorts provided by
4 ERNs with unique phenotypes applying novel (multi-) omics
tools

=>» Solve ultra-rare diseases presenting with novel phenotypes
by holding phenotype-jamborees’

=>» ,Solve the unsolvable syndromes’ with joined power of
clinical ERN and genomics experts applying all available latest

Validate up to 50 novel candidate genes identified by a re-
sequencmg those in even larger cohorts of relevant clinical

Implement an innovative brokerage system which allows
gene/model/pathway experts to verify pathogenicity of new
genes or new disease mechanisms quickly




Resources and infrastructures

Core group of 4 European Reference Networks: ERN-RND,
ERN-EURO-NMD, ERN-ITHACA, ERN-GENTURIS

Associated networks: 6 additional ERNs and 2 Undiagnosed
Patient Programmes (Italy, Spain)

Existing RD infrastructures: RD-Connect/ELIXIR, Orphanet,
HPO, EuroGentest, Canadian Models and Mechanisms Network

Patient organisations: EURORDIS, Genetic Alliance UK



Solve
Solving the unsolved Rare Diseases

Coordinators: Olaf Riess, Holm Graessner (Tubingen)

Co-coordinators: Han Brunner (Nijmegen), Anthony Brookes (Leicester)
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EN Eberhard Karls Universitaet Tuebingen EKUT Germany
P stichting Katholieke Universiteit Nijmegen RUMC Netherland
[EI university of Leicester ULEIC U.K.
B University of Newcastle upon Tyne UNEW UK.
[E Central Manchester University Hospitals NHS Foundation Trust MUH U.K.
I Centre Hospitalier Reg Universitaire Dijon DIJON France
Fundacio Centre de Regulacio Genomica CRG-CNAG Spain
[EX EURORDIS - European Organisation for Rare Diseases Association EURORDIS France
[ER Institut National de la Sante et de la Recherche Medicale INSERM France
EL univerzita Karlova cuP Czech Republic
European Molecular Biology Laboratory EMBL-EBI U.K.
[FF2 The Jackson Laboratory Non Profit Corporation JAX USA
EEI King’s College London KCL U.K.
I University College London ucL U.K.
FEI Universiteit Antwerpen UA Belgium
Universita degli Studi della Campania Luigi Vanvitelli Uni Naples Italy
Universita degli Studi di Ferrara UNIFE Italy
Universitaetsklinikum Bonn UHB Germany
“ IPATIMUP - Instituto de Patologia Eimunologia Molecular da UoP Portugal
Universidade do Porto PCUP
I Academisch Ziekenhuis Groningen UMCG Netherlands
X Charite — Universitaetsmedizin Berlin Charité Germany
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