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(1) BonesHun, cuHAPOMBI 1 Apyrue onpeaeneHus

(2) Mouck reHeTnHeckux ocHoB 3abonesaHuii

(3) MeHaenesckue 3a60neBaHNA 1 BUAbl HACNEAOBAHUS

(4) ddbcbexT BapnaHTOB: NpUobpeTeHne UM noTeps dyHKLNN

(5) MeHeTPaHTHOCTb, OTHOCUTENbLHBIF PUCK, COOTHOLLEHMNE LLIAHCOB
(6) Mouck reHos MeHaeneBckux 3abonesaHuii

(1) Knunuyeckasi 3Ha4NMOCTL BapyaHTOB reHoMa

@ leHeTuyeckas ANArHOCTNKA MEHAENEBCKUX 3abonesaHuii
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BonesHu, CUHAPOMBI M APyrie onpeaeneHUs
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BonesHn, cuHapoMEl M Apyrue onpepeneHns

leHeTnyeckme ocHOBbLI 3aboneBaHuli

Moutn pns Bcex 3abonesanuii YenoBeka VHANBUAYANbHAS NPEAPACTONOKEHHOCTD, B
HEKOTOPOIA CTereHU, ONPefesieTCst FEHETUHECKON N3MEHHNBOCTbIO.
—Claussnitzer (2020) Nature

(1) ngusupyansHeie pasznuyns 8 AHK, nianengyansio unn 8 kombuHaumsx, MoryTt
chenatb nHaMBMAYyyma Gonee npegpacnonoxeHHbIM K ofHOMY 3aboneBaHunio
(Hanpumep, TuRy paka), HO N MOFYT CAENaThb TOro X CaMoro WHAMBMAYYMa MeHee
NPeapacnonoXeHHbIM K pa3sBuTuio apyroro 3abonesanus (Hanpumep, guabera).
(2) Okpy»eHue, B ToM Hucie n 0bpas XXU3HU, UFPAET 3HAYUMYIO POJIb BO MHOMMX
HapyLeHusix (NpuMep: B3anMOCBsI3b AUETbI 1 (PU3NHECKON aKTUBHOCTY 1 AnabeTa), HO
HaLlM KNETOYHbIE OTBETbI U PEaKLM OPraHN3Ma Ha OKPYXXEHWe MOryT pasnuyaTtbcs B
3aBUCUMOCTMN OT HALIEro reHoma.
(3) MeHeTka MMMYHHOI CUCTEMBI, C OFPOMHOI N3MEHYMBOCTBIO B MOMYASLNAN,
onpeaensieT Hal OTBET Ha MHMULMPOBAHME NaTOreHamu.
(4) BonbluMHCTBO Cy4aeB paka pa3BMBAETCS U3-3a HAKOMJIEHUS TEHETUYECKNX
U3MEHEHWA, NPONCXOAALLMX HA NPOTSHKEHUN XKU3HW UHANBUAYYMA, NPK 3TOM Ha 3TOT
NPOLECC MOTYT BAMSITL (PaKTOPbI OKPY>KatoLLeli Cpeabl.

— Jackson (2018) Essays in Biochemistry
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BonesHn, cuHapoMEl M Apyrue onpepeneHns

HekoTopble onpeaenexuns

3aboneBaHune: MeANLMHCKOE COCTOSIHME TeNa, KOTOPOE HapyLLAeT HOPMaJibHbIE
yHKUMOHaNbHbIE U hu3nonornyeckue npoueccol. FeHeTnyeckoe 3abonesaHne BbI3BaHO
OfHOI MNIN HECKONbKUMW aHOMAMSIMK B FE€HOME.

HacnepcteeHHble: nepepaetcs oT poguteneli K NOTOMKaM.

FeHeTnuyeckoe: yHacnegosaHHoe uau de novo.

Cnopaguyeckue: HapyLieHne, NPon3oLLeLIee CyHaiiHO (FeHETNYECKOE NN HET).
BpoxpeHtoe (vs. npuobpeTeHHoe): HapyLueHre, NPUCYTCTBYIOLLEE MPU POXKAEHNN.
®eHokonus: heHOTUNNYECKAs N3MEHYUBOCTbL, KOTOPasi HAMOMUHAET NPOsiBNEHNe
reHoTuna, HO Bbi3BaHa haKTOPaMU OKPYXKatoLWEN cpedbl.

CuHAPOMOM Ha3blBaeTCst HAbOP CUMNTOMOB, KOTOPbIE 3a4aCTYHO aCCOLMMPOBaHbI C
onpegeneHHbM 3abonesaHmnem.

NB: B reHeTuyecknx ciyyasix CMHAPOM = 3abosieBaHue.

Mpumep: cungpom CHARGE (ren CHD?), cungpom JayHa (Tpucomus no 21
XpomocoMe), cuHapom TypeTTa (npuynHa HeusBecTHa).

CrokronbMcKuii CUHLPOM.
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BonesHn, cuHapoMEl M Apyrue onpepeneHns

3abonesaHusi, CUHAPOMbI U ApPYrue OnpeaesieHuns

1. Mengenesckue (MoHoreHHbie) 3ab0neBaHNs 3aBUCAT OT rEHOTUNA B OAHOM JIOKYCE,
HacnefoBaHne nogumHsietcst 3akoHam Mengensi (MykoBucunaos, remocpunmns A).

2. Komnnekchbie (MynbTuchakTOpHbIE) HAPYLUEHUS: PE3YSLTAT [CNOXKHbBIX]
B3aVMOZAENCTBUN HECKONbKNX (UM MHOTUX) FreHeTUHecknx hakTopoB U (hakTOpoB
okpyxatoLeli cpeapl (anabet 2 Tuna, nwemnyeckas bonesHs cepgua, wusodpeHus).

HacnenyemocTb: 0THOCUTENbHBINA BKIAA reHETUHECKUX (haKTOPOB B
3abonesaHue/deHoTur.
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BonesHn, cuHapoMEl M Apyrue onpepeneHns

3abonesaHusi, CUHAPOMbI U ApPYrue OnpeaesieHuns

1. Mengenesckue (MoHoreHHbie) 3ab0neBaHNs 3aBUCAT OT rEHOTUNA B OAHOM JIOKYCE,
HacnefoBaHne nogumHsietcst 3akoHam Mengensi (MykoBucunaos, remocpunmns A).

2. Komnnekchbie (MynbTuchakTOpHbIE) HAPYLUEHUS: PE3YSLTAT [CNOXKHbBIX]
B3aVMOZAENCTBUN HECKONbKNX (UM MHOTUX) FreHeTUHecknx hakTopoB U (hakTOpoB
okpyxatoLeli cpeapl (anabet 2 Tuna, nwemnyeckas bonesHs cepgua, wusodpeHus).

HacnenyemocTb: 0THOCUTENbHBINA BKIAA reHETUHECKUX (haKTOPOB B
3abonesaHue/deHoTur.

3. MuroxongpuansHbie 3abonesanus npoucxogsT n3s-3a myTtaumii 8 mTAHK.

4. XpomocomHblie 3ab0n1eBaHNsA NPONCXOAAT, KOTFAA Lesble XpOMOCOMbI UM NX 4acTu
OTCYTCTBYIOT WU 3aMEHSIOTCS.

5. dnureneTnyeckme 3abonesanus — 3a601€BaHNs, CBS3aHHbIE C HAPYLUEHUAMU B
aKTUBHOCTM FEHOB, HeXeNn 4eM ¢ MyTauueii B cTpykType JHK.
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BonesHn, cuHapoMEl M Apyrue onpepeneHns

I\/Iep,eneBCKme VS KOMTMJIEKCHbIe 3aboneBaHus

MeHnpenesckue

KomnnekcHbie

WNHpmnBnayansHo peaku B nonynsauuu

Yactel B nonynauun

[MaTTepHbl HacnemoBaHusi B cembe: AD,
AR, n T.4.

Het 4yeTkux naTTepHOB B CEMbE; Cylle-
CTBYHOT B nonynayumn

O,EI,VIH NN HECKOJIbKO FEHOB C CUJIbHbIM

adhdbekTOM

Heckonbko nokycos, HeT ofHOro Heobxo-
AVMOro 1 JOCTAaTOYHOrO JIOKyca

Bbi3biBaeTcs annenem c BbICOKOU wuan
noJiHo NEHETPAHTHOCTbIO

Kombunauuns reHeTnyecknx chakTopos u
chakTOpOB OKpy><atoLLeii cpeabl

AnnenbHas reTeporeHHOCTb

CrnoxHas annenbHasi apxuTekTypa

lMpumepbr:  mykoBucunaos, cemeinnas | lMpumepsi: WBC, aptepnansHas ¢hub-
rMnepxosinCTepeHeMusl,  HaCNeACTBEH- | PUINAULUS, TUNEPTeH3us, wusodpeHuns,
Hble  KapAuOMMOMaTWW,  HApYLUEHUS | cepheyHasl HeAOCTaTOYHOCTb
puTma cepaua
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BonesHu, CUHAPOMBI M APyrie onpeaeneHUs

[Mpumep: ankanToHypus

Dietary
protein

!
THE INCIDENCE OF AUKAFTONURIA: \ CH27(‘37COOH

A STUDY IN CHEMICAL INDIVIDUALITY

N

2
. Phenylaianine
Ty || Phenylalanine
Mydroxylase

H

HOO CHZ—%— COOH

— NH,
Tyrosine

Tyrosine
aminotransferase

AHomanbHble YPOBHN rOMOreHTN3UHOBOW KUCNIOTbI

(ankanToHa), KOTOpbIE BLIAENSIOTCS B MOYY, Bbl3biBasi ee prhydroxyphenyipyruvic

MOYepHEHNE NPU KOHTAKTE C BO34YXOM. Hydophenyipyute
AnkantoHypusa (AKU) siensieTcs HacneacTBeHHON 1 Homogentisic
NOAYNHSAETCA PeLeCCUBHOMY MaTTEPHY HACIeA0BaHUS. Hamogentsc
Cap Apunbansg Mappog (1902): myTtaums — noteps Maleylacetoacetic

depmeHTa — BPOXAEHHOE HapylleHue meTabonnsma
Brooker — Genetics, Analysis
and Principles
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oMck reHeTuuyeckmx ocHoe 3abonesaHnii
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Mounck reHeTuyeckux ocHoe 3abonesannii

Monck reHeTUYeckux oCHOB 3abonesBaHuii: 6J1I/I3H€Ll,bl

MoHo3surotHbie 6nu3Hep (MZ) pa3BuBaloTCst U3 OLHOI 3UTOTbI, KOTOPasi Pa3AENSEeTCs

n chopmupyet gea smMbpuoHa.
Ousurothbie 6ansneub (DZ) paseuBatoTcst U3 pasHbiX SNLEKNETOK, KaXKAAS 13

KOTOPbIX ONNOA40TBOPSAETCA CBOUM CMEPMATO30MA0M.

Concordance
Disease type MZ DZ
Monogenic 100%  50%
Complex 70%  25%
Non-genetic X% X%
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Mounck reHeTuyeckux ocHoe 3abonesannii

Monck reHeTn4eckmnx ocHOB 3aboneBaHuii: ANnAEMMonNorna

CemeiiHas arperauus: nossnsercs nn 3abonesaHne B CemMbe Yalle, YEM OXKUAANOCH Obl
npw cnyvaiiHom nosisnenun? YV poacTBEHHNKOB obLiMe HE TONBKO FeHeTUYecKmne
BapuMaHTbl, HO 1 haKTOpPbl OKPY>KatoLleil cpeabl: aneTa, BOCANTaHME, SKOMOTUS.

® MaTTepHbl cerperayun (Tunbl HacnefoBaHMS)

® lccnegosanns 6amnsteyos (Hanp., pasgeneHHbIX MOHO3UrOTHbIX 613HeLoB)

L4 Vlccnep,OBava nocne yCblHOBIEHUA! 60J'IbeIe/3AOpOBbIe poanTenn nam NOTOMKMN

OnucartenbHas [reHeTuyeckas] anMAEMNMONOrus: N3MEHYMBOCTb B PUCKE Pa3BUTUS
3aboneBaHunii MeXay CTpaHaMu; NCcaefoBaHUs MUrpaHTos; admixture

Case types

i Schizophrenia cases among Schizophrenia cases among adoptive

| biological relatives relatives |
Index cases (47 chronic schizophrenic adoptees) 44/279 (15.8%) 2/111 (1.8%) E
Control adoptees (matched for age, sex, social status of adoptive 5/234 (2.1%) 2/117 (1.7%) |

family, and number of years in institutional care before adoption)

The study involved 14,427 adopted persons aged 20-40 years in Denmark; 47 of them were diagnosed as chronic schizophrenic. The 47 were

matched with 47 non-schizophrenic control subjects from the same set of adoptees. [Data from Kety SS, Wender PH, Jacobsen B et al. (1994)
Arch. Gen. Psychiatry 51, 442-455.]

Strachan, Read — Human Molecular Genetics
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MeHnpenesckne sabonesanus u Buabl HacnepoBaHus

uobl ha M&Bﬂéaﬁﬁ}
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MeHnpenesckne sabonesanus u Buabl HacnepoBaHus

CumBonbl B cxemax pOAOCJ’IOBHOVI

|:| Male

(O Female Unaffected
Sex unspecified

..’ Diseased 1 & Deceased
3 Multiple progeny [ ==) Consanguineous

mating

= Mating line
Generation |
Sibship line——L==2— Line of descent

Generation Il - o _
1 2= |ndividual number within generation

Hartwell — Genetics. From genes to genomes
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MeHnpenesckne sabonesanus u Buabl HacnepoBaHus

AyTocomHo-gomuHaHTHoe Hacneposatue (AD): 0b3op

® BosnbHoii (npobaHa) obbivHo nmeeT xoTsi 6bl ogHOro 6onbHOrO poanTens
® [lopaxaet oba nona

® PebeHoK ¢ ogHUM BOAbHLIM 1 OAHMM 340poBbIM pogutenem nmeet 50%
BEPOSATHOCTb PoAnTbCa BoNbHBIM; YacTo, de novo

® KaysanbHblii BapuaHT sIBNSIETCS BapUaHTOM NpuobpeTeHust unm notepu pyHKLmuu,
€CJIN TeH ranJioHefOoCTaTOYHbINA

n e

1 2
]
1 2 3 4 5 6 7 8 9 10 11 12
1]
1 2 3 4 5 6 7 8 9 10 14 12 13

Strachan, Read — Human Molecular Genetics
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MeHnpenesckne sabonesanus u Buabl HacnepoBaHus

AyTocomHo-peueccusHoe Hacnegosatune (AR): 0b3op

® BonbHble Yalle BCEro poxxaaroTcs y
~ @
300POBbIX POAUTENEl, KOTOPbIE YacTO ' = 4@
ABNAOTCA HOocuTenamu 6es cuMNToMOB 1 2

® [lopaxaeT oba nona

® V peberka 25% BepOSTHOCTL POANTLCS

60AbHBIM

® Kaysa/ibHbIM BaprvaHTOM SIBASIETCS
BapuaHT notepun byHKLMM

® YacTbl cilyHan poacTBEHHONR CBA3W

popuTenen

<

miel X

a 2 3 4

Strachan, Read — Human Molecular
Genetics
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MeHnpenesckne sabonesanus u Buabl HacnepoBaHus

AR: POACTBEHHOCTb N TOMO3UTOTHOCTb

ab

&)

{ac, ad, bc, bd}

{ac, ad, bc, bd}

{....ba, bd, da, dd, ... }

VYnpaxkHeHune

VKa)kuTe BCE BO3MOXHbIE FeHOTUMbI BAN3KOPOACTBEHHOrO NOTOMKA 1 paccunTaiTe
BEPOATHOCTb FOMO3UIOTHOCTU, T.€. Ko3cbpnumneHT nHbpugntra F
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MeHnpenesckne sabonesanus u Buabl HacnepoBaHus

AR: POACTBEHHOCTb N TOMO3UTOTHOCTb

O6nactu romosurotHoctu (ROH): cermenTbl reHoma, B KoTOpbIx Habntogaercs
NPOTSXKEHHAst FOMO3NIOTHOCTL (6e3 nepemerxaloLLeiics reTepo3nMroTHOCTH)

(W
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-
§
L
(=== Roe]ns]

it

Ao

g SEIEIEE TR

Fig. 1.ROH detected by SNP microarray analysis (Affymetrix Cytoscan HD) in a male child who was the offspring
of a brother-sister mating. Each block on the right of the chromosome represents a genomic region at least 3 Mb
in size. The laboratory-reported autosomal Froh was >21%.

Sund & Rehder (2014) Hum Hered
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MeHnpenesckne sabonesanus u Buabl HacnepoBaHus

DbheKkT BapMaHTOB: PELECCUBHOCTD 1 JOMUHAHTHOCTb

JdomMmuHaHTHbIE
® JcbchekT HabnoAaeTCA Kak y rOMO3NIOT, Tak U y reTepo3nroT
® YacroTa BapmaHTa & BCTpe4YaeMoCTb 3abonesaHusi
® [lepegaeTcs OT OLHOro poauTenst uan xe de novo
TMpumepsi
® CHD7:p.Trp2332Ter, cungpom CHARGE
o KMT2D:p.Argh5179His, cungpom Kabyku

PeueccusHble
® DbcpekT HabOAAETCA TONLKO Y FOMO3UrOT
® YacToTa BapuaHTa >> BCTpedaemMocTb 3abosieBaHus
® [lepegaetcs oT obonx poguteneii
lMpumepsbi
® CFTR:p.F508del, mykoeucumpos
® GJB2:c.35delG, noteps cayxa
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MeHnpenesckne sabonesanus u Buabl HacnepoBaHus

X—CLJ,eI'IJ'IeHHOG [peLl,eCCI/IBHOG] HacnenoBaHUe

Kak

npaBsuno:
Mopa>kaeT My>4uH

| 010
MeHwWwumHbl MoryT 6bITb 6ONbHBIMK 1 2

Tonbko ecnm (a) otew, bbin BonbHbLIM, a
MaTb — Hocutenem; (6) npousowna
Hecy4aiiHast NHaKTUBaL st
X-XpoMocoMmbl

BonbHble NOTOMKN My>XCKOro nosa
POXKAAIOTCA Y 3[0POBbIX
MaTepei-HocuTenei

HeT nepepaun oT My>4uHbI K My>X4lnHe
B POAOCOBHOIA v

Strachan, Read — Human Molecular Genetics
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Mpumep X-cuenneHHoro Hacneposanus: remodpunus A (OMIM:306700)

L4 HapyLueHVIe CBEPTbIBAHUNA KPOBU (KOBFyﬂOI‘laTI/IFI)Z ANNTENbHbIE KPOBOTEYEHUA NMOCne
obbIx I'IOBpe)K,D,eHI/IVI KOXXW, CaMOMNMpPOnN3BOJIbHOE BO3SHUKHOBEHNE MOLAKOXHbIX
remaTom

® l3eectHa bonee 1,500 net: pekomeHgaumu B Tanmyge no oTmeHe obpesaHus npm
Hanu4um 3abonesarus y bpatees // Rosner (1969) Ann Int Med

® 50% BepoATHOCTb Nepegayn OT MaTepu CbiHy
® YacToTa BCTPEYAaEMOCTU Y HOBOPOXKAEHHBbIX Manbinkos: ~1/4,000-1/5,000

® Temodunus A: caktop ceeptbiBatusi kpoeu VIII (F8A) Ha X-xpomocome //
CoBpemeHHas Tepanus: nHbekuun dakTopa

® QakTop cBepThiBaHUA Kpoeu IX Ha X-xpomocome: remodunusi B

® [emocpunus A, NpUMEpPHO B MOJIOBUHE Cly4aeB: MHBEPCUS MOBUIBHOMO 31EMEHTa
LINEL, van L1

Scae oo — e T hes
cheX: 154,850,000 154,900,000 154,950,000] 155,000,000|

SMiM [USrI
Fo
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Mpumep X-cuennennoro Hacnegosarus: remocpunus A (OMIM:306700)

10 14 22 &

—
v drd <
ater i ./ cen
F8A3 F8A2 F8A1
(_
//— cen
qter
€€
gter I I/ cen
 E— L |
100 kb inversion
exons 22-1 exons 23-26

Figure 16.1 Hemophilia A can be caused
by an inversion that disrupts the F8A
gene. (A) There is a repetitive sequence in
intron 22 of the F8A gene (F8AT, red bar);

(B) two additional copies are located 360 kb
and 435 kb upstream of the F8A gene.
Arrows indicate the relative orientations

of the three copies. (C) During male
meiosis, this part of the X chromosome

has no homologous pairing partner. The
F8A repeats may pair, forming a loop.

(D) A crossover between paired F8A repeats
causes inversion of a 500 kb segment.
Although the F8A gene is disrupted and
nonfunctional, each individual exon and its
flanking intronic sequence is still intact.

Strachan, Read — Human Molecular Genetics
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MeHnpenesckne sabonesanus u Buabl HacnepoBaHus

Mpumep X-cuennennoro Hacnegosarus: remocpunus A (OMIM:306700)

Family'of Tsar Nicholas Romanov II of Russia. The boy in front is the
tsar’s son Alexei, who suffered from hemophilia.
[Mondadori Portfolio/Getty Images.]

A Royal Disease

n August 12, 1904, Tsar Nicholas Romanov II of Russia wrote in his

diary: “A great never-to-be forgotten day when the mercy of God has
visited us so clearly.” That day, Alexei, Nicholas’s first son and heir to the
Russian throne, had been born.

Pierce — Genetics Essentials. Concepts and Connections
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Menaenesckmne sabonesanus n Buasl HacnegoBaHN=

Mpumep X-cuennentoro Hacnegosanus: remocpunus A (OMIM:306700)
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Pierce — Genetics Essentials. Concepts and Connections
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Llapckas cembsi: remocpunust A unu B? // Rogaev et al. (2009) Science

A Normal base

Exon 3 Intron Exon 4
Gene: ... AAG CAG TAT GTT g gtaagca ... ctatctcafag [AT GGA GAT CAG TGT GAG TCC AAT CCA TGT TTA ...|
Messenger RNA: | ... AAG CAG UAU GUU GAU GGA GAU CAG UGU GAG UCC AAU CCA UGU UUA ... ]
Protein: [ ... K Q Y V. D G D Q C E S N P C L ... |
B Muta(ioné

Exon 3 Intron Exon 4
Gene: gtaagca ... ctatctcaGAG ATG GAG ATC AGT GTG AGT CCA ATC CAT GTT TAA ...|
Messenger RNA: | ... AAG CAG UAU GUU GAG AUG GAG AUC AGU GUG AGU CCA AUC CAU GUU UAA ... |
Protein: [ ... K Q Y V E M E I s V s P 1 H VvV sTor|

Figure 3. The mutation that caused hemophilia in Queen Victoria and her descendants. Figure 3A shows the sequence of
DNA in the normal Factor IX gene at the end of exon 3 and the beginning of exon 4, with the ends of the intron between
them. The next lines show the messenger RNA coded for by the normal gene, followed by the sequence of amino acids
coded for by this part of the normal gene. Figure 3B shows the sequence of DNA in the mutated Factor IX gene, with the
point mutation (A to G) highlighted. This mutation alters the splicing, so that the last two bases of the intron (AG) are now
included in the mRNA, as shown. The next lines show the messenger RNA and the order of amino acids in the mutated
protein. Notice that every amino acid after the faulty splice is different, and that after 11 altered amino acids there is a stop
codon, so the last part of the protein is not produced. The changed amino acids are shown in bold. The point mutation, A to

Offner (2013) doi:10.1525/abt.2013.75.9.5
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MeHnpenesckne sabonesanus u Buabl HacnepoBaHus

Llapckas cembsi: remocpunust A unu B? // Rogaev et al. (2009) Science

RN T

out before the final mRNA is
Factor IX that £40% of the DNA in th
whereas only ~1.5% of the D
exons and actually codes for |
not highly conserved, because
the order of amino acids ina |
folding or properties of protei
usually not selected against by
otide sequences at the ends of
that splice out the introns. 1

Factor VIII

Figure 1. Partial map of the human X chromosome (idiogram
copyright 1994 by David Adler, http//www.pathology.
washington.edu/research/cytopages/idiograms/human; used
with permission).

because

[J = Normal male e

D— a mutatio
B - Hemophiliac male faulty spl

Nicholas Il Alexandra O = Normal female and a ver;
In st

(P = carrier female philia, yo

in an exo
would ex}
amino aci
ever, occt

Olga Tatiana Maria  Anastasia  Alexei the splice

two-base
Figure 2. The Russian royal family. Alexandra was a granddaughter of Queen to the tnn
Victoria. Alexei had hemophilia, so it was assumed that his mother, Alexandra, mutation
was a carrier. The work of Rogaev et al. (2009) confirmed that Alexandra was a nature of
carrier and showed that Olga, Tatiana, and Maria were normal, while Anastasia why the ]
was a carrier. are critica

Offner (2013) doi:10.1525/abt.2013.75.9.5
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MeHnpenesckne sabonesanus u Buabl HacnepoBaHus

X—cu,enneHHoe AOMWHAHTHOE HaCcNneaoBaHNE

® [lopaxaet oba nona i B—O
- 2
® KeHLnHbI nopaxeHbl crabee
n bonee BapuabensHo, Yem i |J_-, ‘ m ﬁ
MY>X4YUHbI 1 2 3 4 5 6

~HlH

7 8
® [lopaxkeH xoTs bbl oguH
poanTens . ‘ g é_[_g (55 m C;) [;,Tﬁ
® PebeHok 6ONLHON XKEHLUHBI,
BHE 3aBMCUMOCTMN OT Mona, W @ é‘ é @ ? ? @ ?é

9 10

e

0 1 12 13 14
nmeeT BeposiTHoCTb 50%

poANTECs 60NbHEIM Strachan, Read — Human Molecular Genetics
® V 60NLHOrO MY>)K4YUHbI 4OYb

byneT 60bHOI, a BCE CbIHOBbSI

— 340pOBbIMM

Bonpoc
Movemy? J
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MeHnpenesckne sabonesanus u Buabl HacnepoBaHus

Y—CLJ,eI'IJ'IeHHOG HacnenoBaHUe

L4 I'Iopa)KaeT TONIbKO MY>XX4YUH
® V 6oNbHbIX MY>X4YUH OTey Bceraa 6OJ1€H, TONLKO €CAn 3TO He de novo MyTauunsa

® Bce cblHOBbs 6ONBHOrO My>XUuHbI ByayT 6osbHbI

' O
: O ®O W oL
«OTE N N8O O OO
T :

Strachan, Read — Human Molecular Genetics
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MeHnpenesckne sabonesanus u Buabl HacnepoBaHus

MoHoreHHbIXx 3abonesaHus: O6LLI,I/I€ cBeAeHnA

Mengenesckue (MoHoreHHbie) 3ab6onesaHNs 3aBNCAT OT FEHOTUNA B OAHOM JIOKyCe
(reHe); HacnepoBaHne nogumHsietcst 3akoHam Mengens.

PacnpocTtpaHeHHOCTb MOHOTreHHOrO HacnenoBaHust 3abonesanuii Ha 1,000
HoBopoxaeHHbix: // Blencowe (2018) J Community Genet:

® AyTocoMHO-AoMUHaHTHoe: 1.40

® AytocomHo-peueccueHoe: 1.84 + F x 650 (cBSi3aHO C KPOBHBIM POLACTBOM)
® X-cuenneHHoe peueccusHoe: 0.05

® X-cuenneHHoe AOMUHAHTHOe: 7

® Y-cuenneHHoe: ?

® HeuseectHo: 1.16

Obwasn sctpevaemocTs: ~ 0,4% >KNBbIX HOBOPOXKAEHHbBIX
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MeHnpenesckne sabonesanus u Buabl HacnepoBaHus

MpuMepbl MOHOreHHbIX 3aboneBaHuii

Inheritance pattern

Disease

Gene/region

Nature of variants

Estimated frequency

Autosomal dominant

Autosomal recessive

X-linked recessive

X-linked dominant

Y-linked

Glut1 deficiency (De Vivo
disease)

Osteogenesis imperfecta (brittle
bone disease)

Achondroplasia

Phenylketonuria

Cystic fibrosis

Sickle-cell anaemia
Haemophilia A

Duchenne muscular dystrophy

Fragile X syndrome
Rett syndrome

X-linked hypophosphatemic
rickets

Nonobstructive spermatogenic
failure

SLC2A1

COL1AT or COL1A2 (90%) (also
CRTAP or P3H1)

FGFR3
PAH

CFIR

HBB

F8

DMD

FMR1

MECP2

PHEX

USPYY

Mutations reduce or eliminate
function

COL1A1/COL1A2 ~ usually
missense mutations that lead to
protein (collagen) of altered
structure

Activating point mutations
Many different mutations,
including missense, non-sense,
splicing mutations

Over 2000 different variants
known

Various missense variants, gene
deletions

Missense and nonsense
mutations

Usually deletions or duplications

CGG trinucleotide repeat
expansion

Missense mutations, abnormal
epigenetic regulation

Deletions, insertions, missense,
nonsense, splicing mutations

Most commonly delstions

Rare, approximately 1/90000

6-7/100000

1/15000 to 1/40000
1/10000 to 1/15000

1/2500 to 1/3500 in Caucasians,
less common in other ethnic
groups

1/70000 to 1/80000 inthe US.A.,
more commen in other countries
1/4000 to 1/5000 males

1/3500 to 1/5000 (Duchenne and
Becker muscular dystrophy
together)

1/4000 (males), 1/8000 (females)
1/8500 females

1/20000

1/2000 to 1/3000

Jackson (2018) Essays in Biochemistry
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MeHnpenesckne sabonesanus u Buabl HacnepoBaHus

MMprMepbl MOHOreHHbIX 3abosieBaHmni @

Huntington disease (HD) is one of the trinucleotide repeat expansion disorders where the CAG
repeat encodes a polyglutamine tract within the coding region of the huntingtin gene HTT on
chromosome 4p16. It is a progressive neurodegenerative disorder with patients suffering from
progressive neural cell loss and atrophy. Symptoms start with personality and mood changes,
followed by a steady deterioration of physical and mental abilities. The function of the huntingtin
protein is unclear, but it is essential for development.
Inheritance follows an autosomal dominant pattern, caused by a gain-of-function associated with
the repeat expansion. Unaffected individuals carry between 9 and 35 CAG repeats, incomplete
penetrance occurs in carriers of 36—39 repeats, while the disease is fully penetrant when 40 or
more repeats are present. Alleles containing 250 and more repeats have been reported. While
repeat alleles of 9—30 are almost always transmitted without change to the next generation,
larger alleles show instability, both in somatic tissues and in the germline, with a tendency
towards expansion from one generation to the next. There is a correlation between the number of
repeats and the severity of disease and also an inverse correlation between the number of repeats
and the age of disease onset. The degree of repeat instability is also largely proportional to the
number of repeats, and is also affected by the sex of the transmitting parent, with larger
expansions occurring in male transmission. This leads to ‘anticipation’ where an apparently
healthy individual might have a child with late onset HD and a grandchild with more severe
symptoms and an earlier onset, and so on.

Jackson (2018) Essays in Biochemistry
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MeHnpenesckne sabonesanus u Buabl HacnepoBaHus

MMprMepbl MOHOreHHbIX 3abosieBaHmni @

Achondroplasia (ACH) is the most common form of dwarfism in humans and is inherited
in an autosomal dominant fashion with 100% penetrance. Individuals with ACH have
shortened limbs, a large head, and a trunk of relatively normal size. ACH is caused by
specific variants in FGFR3, the gene for fibroblast growth factor (FGF) receptor 3
(FGFR3), on chromosome 4p16.
Almost all individuals with ACH are heterozygous for a variant p.Gly380Arg in the
mature protein. 80% of ACH cases are due to spontaneous, de novo mutations, often
occurring during spermatogenesis. FGFR3 is a transmembrane receptor protein which
binds to FGF ligands and triggers intracellular signalling processes. One of these
processes is the inhibition of chondrocyte proliferation in the growth plate of long bones.
The p.Gly380Arg variant in FGFR3 generates a constitutively active version of the
receptor which can be further activated by binding of FGF. Therefore, this variant acts as
a gain-of-function mutation. Consequently, chondrocyte proliferation in growth plates is
constitutively inhibited. While one such variant allele (in the heterozygous state) leads to
ACH, homozygosity is lethal before birth or perinatally.
Interestingly, loss-of-function variants in FGFR3 have also been described which cause a
different condition, camptodactyly, tall stature and hearing loss (CATSHL) syndrome.
This is an example where different variants of the same gene result in different
phenotypes, so-called ‘allelic disorders'.

Jackson (2018) Essays in Biochemistry
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MeHnpenesckne sabonesanus u Buabl HacnepoBaHus

MMprMepbl MOHOreHHbIX 3abosieBaHmni @

Cystic fibrosis (CF) mostly affects the lungs (resulting in breathing difficulty and frequent
lung infections) and the pancreas, but the liver, kidney, intestines and male reproductive
system are also frequently affected. It is the most common lethal genetic disease among
Caucasians, and is inherited in an autosomal recessive pattern.

CF is caused by pathogenic variants in the CFTR gene, which encodes the CF
transmembrane conductance regulator, a transmembrane protein which functions as a
selective chloride channel. If the CFTR protein does not function properly, the chloride
balance between the inside and outside of cells becomes disrupted, leading to the
build-up of mucus in narrow passages in affected organs such as the lungs. The CFTR
gene is located on chromosome 7q31 and encodes a protein of 1480 amino acids with
>2000 pathogenic variants have been identified in its sequence. These variants fall into
different classes (e.g. those where protein synthesis is defective, those where reduced
amounts of normal protein is made, and others). As long as an individual carries one
functional allele of CFTR, they may show no or only very mild symptoms, but an
individual carrying two pathogenic variants will display symptoms that depend on the
amount of functional protein generated.

The most common pathogenic variant, representing approximately 70% of Caucasian CF
alleles, is a deletion p.Phe508del. This particular variant leads to the synthesis of a
protein which does not fold properly into its 3D shape, and is degraded by the cell before
it can reach the membrane, therefore representing a loss of function.

Jackson (2018Y’Essavs in Biochemistrv
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OTKNOHEHMA OT MOHOMEHHOro HacnenoBaHUA

® [eTeporeHHOCTb I0KYCa: HEKOTOpble KMHUYeCKNe (PEHOTUMbI MOTYT NPOSIBUTLCS OT
MyTauuu B JIl0BOM U3 HECKONBKNX JIOKYCOB

® AnnenbHas reTeporeHHOCTb: MHOFO pa3HbiX MyTauuii B O4HOM reHe Bbi3blBaloT
OfHO 1 TO e 3abonesaHne

® KnuHuyeckas reteporeHHOCTb: MyTaLuy B OAHOM reHe BbI3bIBAOT ABa wn bonee
3abosieBanuii y pasHbix ntogeii. // He To xe camoe, 4To nneitotponus. [lpumep:
myTauun B rene HPRT moryT BbisbiBaTh unu copmy nogarpsi [OMIM:300323], uan
cungpom Jlewa-Huxena, nposiBisitoLerocst B 3ajep>kke passnuTus ¢
nosegeHyeckumu npobnemamu [OMIM:300322]

® HenonHas NEHETPaAHTHOCH: Y Ye/I0BEKA, KOTOPbI SBASIETCS HOCUTENEM
BbI3blBatowero bonesHb reHoTuna, 3abonesaHune He Bcerga nposieasietcs. B
YaCTHOCTM, NEHETPAHTHOCTb, 3aBNCSILLAst OT BO3pacTa y 3abonesaHnii C NO3gHUM
pa3BuTUEM.

Strachan, Read — Human Molecular Genetics
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MeHnpenesckne sabonesanus u Buabl HacnepoBaHus

OTKNOHEHMA OT MOHOMEHHOro HacnenoBaHUA (npop,omKeHme)

® BapuabenbHas 3KCNpeccusi: y pasHbIX YJE€HOB CEMbU NPOSIBNAIOTCA pasHble
npusHakn 3abonesaHuns

® /IMNpUHTUHT: y MyTaumn ecTb 3pPeKT, TONIbKO eC/IN OHa yHAC/e0BaHa OT
poanTens onpegenenHoro nona. [Ipumep: ayTOCOMHO-LOMUHAHTHOE HAaCleAOBaHME
naparanrnvnom [OMIM:168000], HacneayeTcsi TONBKO OT OTUA; CUHAPOM
Bekeuta-Bugemana [OM1M:130650], HacnepyeTcst ToabKO OT MaTepu

® MdeHokonus: ciy4vau, Korga 3abonesaHne HabnogaeTcs 6e3 BbI3bIBAOLWEro €ro
deHoTuna. Mpumep: rnyxora

® De novo myTauum yCnoxHsIIOT MEHAENEBCKOe Hac/eAoBaHmne
® Mo3anumsm B IMHUN COMATNYECKNX KIETOK

Strachan, Read — Human Molecular Genetics

_ Nekuusi 6. MoHoreHHbie 3aboneeanus 2025 35 / 101



SdbchekT BapnanTos: npmobperenue unn noteps chyHkymn

)(P(Pu(m/ [wpuamiﬁ

_ Nekuusi 6. MoHoreHHbie 3aboneeanus 2025 36 / 101



ScbchekT BapnaHToB: npmobpeTeHme nan norepsi chyHKuMN

DbchekT BapuaHTOB: NpuobpeteHne nanm noteps dyHKLUN

Movepsa dyHkuun (loss of function): y npogykTa reHa orpanuyeHa nam ytepsiHa
byHKLMSA.

[Npumepnbi: akTopbl TPaHCKPUNLMM, HapyLlleHne PyHKLUM KaTanusa y hepMeHToB
® Vkopauumsatowue 6enoK, MucceHco!?

® PeLieccnBHOE HaC/IeAOBaHNE, HO B HEKOTOPbIX CNy4asix (ranjoHefoCTaTOHHOCTL) 1
OOMUHaHTHOE

Mpuobperenne dynkumn (gain of function): npogykT reHa genaer «4To-TO
NOJNIOXKUTENILHO aHOMaNbHOE»

[Mpumepsbi: TpaHckpunuuHHble dakTopbl, MyTauun npuobpeterus dyrHkumn 8 GPCR
® B OCHOBHOM MWUCCEHCHI, HO Takxe feseunn 6e3 cABMra paMKy CHUTBLIBAHUS.

® Hann4ne HOPMaJIbHOIrO anafieNns He MOXET OCTAaHOBUTb aHOMaAJIbHOE noBefeHNe
MYTaHTHOIro annnensa = ,D,OMI/IHaHTHI:II‘/'I?

Bonpoc

MpnobpeteHne hyHKLUMM M3-3a CABMIA PAMKIN CHUTbIBaHNS? J
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ScbchekT BapnaHToB: npmobpeTeHme nan norepsi chyHKuMN
Mpumep npuobpetenuns dynkumun: GPCR

® G-protein coupled receptors siBnsitoTcss ceHcopamu BHYTPEHHUX CTUMYJIOB:
rOPMOHOB, MOHOB 1 XEMOKWHOB; CBeTa, 3anaxa u Bkyca. G-benok-cesasaHHble
peLenTopbl UrpatoT BaXkKHYIO Posib B SHAOKPUHHOI cucteme.

® Yenoseyecknii revom: >700 pasnnynbix GPCR.

® AccouumpoBaHbl C PasANyHbLIMK 3a60NeBaHNSIMU, B T.4. SHAOKPUHHLIMU.

(A) Wild-type GPCRs

Basal condition Ligand binding I:> Desensitization
membrane
G-protein

| No signal | | Signal transduction | | No signal |

(B) Known gain-of-function mutant

Increased Broadened Increased Delayed
constitutive activity ligand specificity ligand sensitivity and sensmvw desensmzanon

Enhanced signal transduction

Fukami (2018) Clin Endocrinol
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SdbchekT BapnanTos: npmobperenue unn noteps chyHkymn

Mpumep notepu unu npuobpererns dpyHkuun: PCSK9

CepuHosasi npoteasa PCSK9 (nponpoTenHoBasi koHBepTasa CybTUINZMH-KEKCMHOBOIO
Tuna 9) perysmpyeT XosecTepUH ANMONPOTENHOB HU3KOI naoTHocTu (XC JIMHIM).

Boicokne yposru XC JIHI = aTepockiepo3 = MHQapKT uam nHcynbT

>
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Kotowski (2006) Am J Hum Genet
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Mpumep npuobpeterunsi dpyHkumm: TP53 @&

TP53 mutational spectrum in human cancers

Gain-of-function

A 10
] R248 R273
8 Mutation 'm ":m m cpG Class
= i R175 RI7SH 6% cGC cAC Yes | Conformation
! o R248Q as% cGG CAG/CAA Yes DNA Contact
E g R273H 3% cGT CAT Yes | DNA Contact
4 G243 p2ug i R248W 28% c66 TGG | Yes | DNA Contact
3 G245 28% 6GC AGC | Yes | Conformaton
2 R273C 2% ceT TGT Yes | DNA Contact
1 R2g2W 24% cee 166 Yes | DNA Contact
0 s et R248S 1.8% AGG AGT No | Conformation
e D -ty - - 1B 0.68% GG GAC No | Conformation
1 A 2 "2 0 % 08 4 8 o W
\ ‘\ \ N
~
B Cc \

William A. Freed — Pastor (2012) Genes & Development
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ScbchekT BapnaHToB: npmobpeTeHme nan norepsi chyHKuMN

BI/IAI:I HacnenoBaHMA N MEXaHU3MbI 60)163HeTBOpHOCTI/I MyTaU,I/Iﬁ

Mexa- Yucno
KommeHTapum Mpumepnbl
HU3M reHoB

Autosomal recessive
Kak npasuno, LoF. Enzymes; NA ACO2, PNPT1, PNKP,

AR 648 binding; receptors LAMA2, GSS
Autosomal dominant
HI 67 Haplolnsufficiency ~ LoF. NA FBN1, JAGI, EP300,
binding; TF PKD1, GATA4
o s Lo semene s g
S ’ GABBR2, PAX8, OTX2
binding; Transporters; TFs
Gain-of-function, npnobpeterne SNCA, FGFR2. PRSSL,
GoF 74 ¢pyHkuyum. Transporters; Enzymes;
S JAK1, PSEN1
NA binding
Unk 126 Heussectrno. NA binding; ACTC1, CLTC, HNF4A,
Transporters; TFs KCNJ2, GABRB2

Gerasimavicius (2022) Nat Comm
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Scpchext BapuanToB: npmobpeTeHne nnn noteps chyHkuMM

BI/I/J,bI HacneaooBaHMA N MEXaHNU3MbI 6OJ'Ie3HETBOpHOCTVI MyTaLI,VIﬁ

Gene level Protein level Consequences

’ Dominant negative
Wild-type
homotrimer
(1/8)
& & % Inactivation Degradation

Mutant Dominant positive

& da
adaded [ 1F A

Poisoned F N [ o
wimers & & exdald

Mislocalization Activation

Wild type

Figure 5

Assembly-mediated dominant-negative and dominant-positive effects. For a hypothetical homotrimeric
protein complex, where wild-type and mutant subunits are expressed at equal levels, seven of the eight
possible trimers that form will contain at least one mutant subunit. The presence of a mutant subunit in a
trimer can poison its activity and cause a dominant-negative effect in various ways, including inactivation,
mislocalization, and degradation. A mutant subunit can also cause increased activation, leading to a
dominant-positive effect.

Backwell (2022) Annu Rev Genomics Hum Genet
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SdbchekT BapnanTos: npmobperenue unn noteps chyHkymn

ﬂpmmep: Knactepunsaunsa JOMMHAHTHBIX MyTaLl,I/II7I

KCTD1 Dominant-negative disease EDC = 1.90

BRIt >

ADSL  Autosomal recessive loss of function EDC = 0.89

Pathogenic mutations in genes associated with dominant-negative and gain-of-function
mechanisms are significantly more clustered in space than those associated with loss-of-function
mechanisms // Gerasimavicius (2022) Nat Comm
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SdbchekT BapnanTos: npmobperenue unn noteps chyHkymn

MonbiTkn CNCTEMATU3aUNN np|/|06peTeH|/|;| beHKLI'I/II/I

Table 1| Examples of different gain of

function effects

Principle Disease/trait Gene(s) Refs.
Protein activation Ligand- C activation by i il [o! onic dysplasia, FGFR1 2z
and/or loss of signalling increase cross-linking or loss of negative regulation encephalocutaneous lipomatosis
rotein control A
& Ligand-dependent Increased binding affinity for physiologicalor  Pfeiffer syndrome FGFRI s
signalling increase non-physiological ligands
L enzyme of the normally Periodontal Ehlers-Danlos syndrome IR, C1S 2
function blocked serine protease domain
Uncontrolled ion channel  Loss of gating Paramyotonia congenita, hypokalaemic ~ SCN4A
function and hyperkalaemic periodic paralysis
Long QT syndrome type 3 SCNSA g
Transcription factor Mixed gain and loss of transcription factor Congenital dyserythropoietic anaemia ~ KLF1 o
binding promiscuity binding specificity type IV
Activation of other protein  Decrease in the activation threshold of the Familial Mediterranean fever MEFV o
functions pyrin inflammasome
Loss of expression  Ectopic gene expression  Promoter activation Exercise-induced hyperinsulinism SLCI6AT =
control =
Enhancer activation Pre-axial polydactyly SHH il
Alteration of splicing Disruption of alternative splicing Apert and Pfeiffer syndromes FGFR2 a
Frasier syndrome wrt ®
Alteration of topologically Novel regulatory landscape, enhancer Acropectoral syndrome SHH 5
associating domains adoption
Non-specific Abnormal mRNA effects  Detrimental interaction with repeat RNA- Myotonic dystrophy DMPK, CNBP i
effects of abnormal binding proteins, aberrant repeat-associated

gene product

non-ATG translation

Toxic protein effect Coding triplet repeat expansion Huntington disease HTT -
(polyglutamine disorders)
Protein disorders Hereditary lated TR
amyloidosis
Other functional Novel protein function Different substrate binding based on size of /ABO blood groups ABO n

effects

active centre

Note that this table is not exhaustive, and additional gain of function (GoF) mechanisms are well recognized, for example in tumour development.

Zschocke (2023) Nat Rev Genet
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MeHeTPaHTHOCTEL, OTHOCUTENBHBIVI PUCK, COOTHOLUEHUE LUAHCOB
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MeHeTPaHTHOCTEL, OTHOCUTENBHBIVI PUCK, COOTHOLUEHUE LUAHCOB

HeHeTpaHTHOCTb, OTHOCUTENbHbIA PUCK, OTHOLUEHNE LLIQHCOB

BonbHble  3goposble

Ectb mytauuss  Dp, Hn

Het myTtauun Do Ho

Puck 3aboneBaHusi, n1M NEHETPAHTHOCTb: BEPOSITHOCTb 3ab0neBaHNS NPU HaM4YNM
MyTaLuu: % // NB: He yunTbiBaeT puck 3abonesaHusi B oTCyTCTBME MyTauuu!
m m

. _ Dm(Do+Ho)
CoortHowenue puckos: RR = BBt

. _ Dm/Hm _ DmHe P
CootHowenue wancos: OR = 72w = g /[ -2

VnparkeHune
1. Korga OR = RR?
2. Paccuuraiite OR, RR pns Dy, = 60, Hy, = 40, Do = 2, Ho = 48
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MeneTpaHT:

Th, OTHOCMTE/ILHbI

pu

COOTHOLUEHME LUaHCOB

Mpumep: OR unn 3 8 UK Biobank

MAF
White Significantly Linked Disease
Position British Associated Trait(s) Odds Ratio or (Mode of
Gene UKB ID (GRCh37) HGVS (%) in UKB (Units) Beta [95% CI] p value Inheritance)
ACSF3 dbSNP: chrlé6: GenBank: 0.632 ease of sunburn 0.31[0.20,0.42] 4 x 107" combined malonic
rs141090143 89220556  NM _174917: (number of episodes) and methylmalonic
C>T c.C1672T:p.R558W aciduria (AR)
AR dbSNP: chrX: GenBank: 0.129 skeletal mass (SD) —-0.16 [-0.21, 1 x 107" partial androgen
rs137852591 66941751 NM_000044: -0.11] insensitivity
C>G €.C2395G:p.Q799E syndrome (XLR)
height (cm) ~0.85[-1.27, 1x107®
—0.43]
dbSNP: chrX: GenBank: 0.269 balding pattern -0.13 [-0.17, 1% 10™®  partial androgen
rs1800053 66931295  NM_000044: (males only) —-0.08] insens
C>A ¢.C1937A:p.A646D syndrome (XLR)
ERCC4 dbSNP: chrlé6: GenBank: 0.060 ease of sunburn 0.980.64,1.33] 2 x 107  xeroderma
rs121913049 14041848  NM_005236: (number of pigmentosum (AR)
C>T €.C2395T:p.R799W episodes)
FLG dbSNP: chrl: GenBank: 0.369 eczema 1.66[1.40,1.98] 9 x 107® ichthyosis vulgaris
rs150597413 152277622 NM_00201 (AD)
G>T €.C9740A:p.S3247X
dbSNP: chrl: GenBank: 0.446 eczema 1.96[1.69,2.27] 5x 107'® ichthyosis vulgaris
rs138726443 152280023 NM_002016: (AD)
G>A ¢.C7339T:p.R2447X
GCK dbSNP: chr7: GenBank: 0.001 maturity-onset 68 [14, 325] 2% 107®  diabetes mellitus
rs104894006 44189591 NM_000162: diabetes of the (AD)
G>A €.C556T:p.R186X young
Wright (2019) AJHG
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Mpumep: npoTpoMbuH F2, Tpombo3 LepebpanibHbix BEH

Cases With  Controls

CVT Without CVT  Totals
20210G>A allele 23 4 D7
present
20210 G>A allele 97 116 24153
absent
Total 120 120 240

CVT, Cerebral vein thrombosis.

Because this is a case-control study, we will calculate
an odds ratio: OR = (23/4)/(97/116) = 6.9 with 95%
confidence limits of 2.3 to 20.6. The effect size of 6.9
is substantial, and 95% confidence limits exclude 1.0,
thereby demonstrating a strong and statistically sig-
nificant association between the 20210 G>A allele and
CVT. Stated simply, individuals carrying the prothrom-
bin 20210 G>A allele have nearly seven times greater
odds of having the disease than do those who do not
carry this allele.

Thompson & Thompson (2024) Genetics and Genomics in Medicine, 9th Ed.

NB: Oral contraceptive use in a heterozygote for prothrombin 20210 G>A raises the
relative risk for cerebral vein thrombosis 30- to 150-fold!
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PUCK, COOTHOLUEHMNE LA

[leHeTpaHTHOCTL: onpefeneHuns

Incomplete penetrance (phenotype is 60% penetrant)

H EE

Variable expressivity (phenotype is 100% penetrant)

EEECC
Il T[]

HOe¢ O

FIGURE 1 | Conceptual ion of penetrance, ity, and
pleiotropy. Squares represent individuals with the same genotype, with
shaded squares indicating the individual displays the related phenotype and
non-shaded squares indicating the individual does not display the

related dissase phenotype. Line one shows incomplete penetrance, where
0% of the individuals display the related phenotype. Line two shows that all
individuals disp to milder
presentations. Line three shows incomplete penetrance and variable
expressivity, where the genotype varies both in the severity of presentation
and in penetrance across the papulation. Line four shows pleiotropy, whereby
different phenotypes are caused by variants (represented by different shapes)
in one gene.

from severe

GENE
EXPRESSION
o) S
<

{ e
A b o [T
CAUSAL

GLOBAL Enhancar
MODIFIERS A

B
GLOBAL MODIFIERS

* Threshold model
Polygenic risk

* Genetic compensation

« NMD efficiency

‘GENE EXPRESSION
CAUSAL VARIANTS

* Family history
« Age

« Sex
- Environment

FIGURE 2| Factors affecting penetrance and expressivity. (A) Examples

of different biological mechanisms that can affect the overall penetrance and
of monogenic di g genetic variants. Figure created

using BicRender,com. (B) Summary of factors affecting penetrance and

expressivity across the genome, from global modifiers that can have wide-

ranging overall effects to expression of the gene containing causal variants

and to specific causal variants that have more distinctive effects.

Kingdom and Wright (2022) Frontiers Genet
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neHETpaHTHOCTbZ onpeneneHns

Incomplete penetrance (phenotype is 60% penetrant)

B EE

Variable expressivity (phenotype is 100% penetrant)

——

e and variabl ivity

Il [

Pleiotropy

HOe6 O

FIGURE 1 | Conceptual representation of penetrance, expressivity, and
pleiotropy. Squares represent individuals with the same genotype, with
shaded squares indicating the individual displays the related phenotype and
non-shaded squares indicating the individual does not display the

related disease phenotype. Line ane shows incomplete penetrance, where
60% of the individuals display the related phenotype. Line twa shows that al
individuals display from severe ns to milder
presentations. Line three shows incomplete penetrance and variable
expressivity, where the genotype varies both in the severity of presentation
and in penetrance across the population. Line four shows pleiotropy, whereby
different phenotypes are caused by variants (represented by different shapes)
in one gene.

Il causal monogenic variant
I Level of causal gene expression
[ Genetic and non-genetic modifiers

B
]
Threshold for
clinical
presentation
100% Incompletely penetrant
penetrant causal variant, with
causal contributions from gene
variant expression and modifiers

FIGURE 4 Threshold model of disease, Seme deleterious monogenic
variants are sufficient to cause the disease alone and do not need any genetic
modifiers to cause the disease phenatype. Other monogenic variants may be
incompletely penetrant and only display a disease phenotyps when
accompanied by other gentic or non-genelic factors that raise them above
the clinical threshold for disease presentation. Inthe iatter scenario, individuals
may have the same undertying causal variant but have very different
phenotypic presentations depending upon their madiifying factors

Kingdom and Wright (2022) Frontiers Genet
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MeneTpaHTHOCTL: npuMepbl 3 ClinVar

Gene, variant, ClinVar ID Disease

Penetrance

BRCA1 DNA Repair
Associated BRCA1
P.ArZ1699GIn
SCV000210198.11

Homeostatic Iron
Regulator HFE
p.Cys282Tyr
SCV000221190.3

Leucine Rich Repeat
Kinase 2 LRRK?
p.Gly2019Ser
SCV000640135.3

Breast cancer,
ovarian cancer

Hemochromatosis

Parkinson's disease

A study of 4,024 individuals from 129 families
(Moghadasi 2017): a 20% risk of breast cancer and a
6% risk of ovarian cancer by age 70. Lifetime risks
associated with typical BRCA1 variants are estimated
to be 57 to 87% for female breast cancer and 24 to
54% for ovarian cancer (Claus 1996, Antoniou 2003,
King 2003. Risch 2006, Chen 2007)

Biochemically, 82% of p.Cys282Tyr homozygotes were
shown to have elevated transferrin saturation (Pederson
2009); however, <5% of individuals with biallelic
pathogenic HFE variants exhibit clinical symptoms of
HH (Beutler 2002 , Gurrin 2009)

This variant is clearly defined as a Parkinson's disease
(PD) causative allele and is the most common known
genetic cause of PD. having been observed in ~5% of
familial and ~1-2% of sporadic PD cases (PMID:
18986508, 15726496, 22575234, 15680455). This
variant exhibits age-dependent penetrance, with the
probability of becoming affected increasing from 20%
at age 50 years to 80% at age 70 years (PMID:
18986508, 15726496).
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MeneTpaHTHOCTb: ewe npumep // Wright (2019) AJHG
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Comparison of Penetrance Estimate for HNF4A p.Argl14Trp in UK Biobank versus Previously
Published Estimates from MODY Cohort Studies
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neHeTpaHTHOCTbZ K 4eMYy CTPEMUTLCA

B Probands [o] ® O © R B
e RARARAAR
[l Health system cohorts
W Population ® @ ® ® ©
: ARARAAAN
] Sequencing at birth
with subsequent
pathogenic variant
identification
Age Disease 1 Disease 1 Disease 1
Variant 1 Variant 2 Variant N
Zaicenoka (2025) Circulation: Genomic and F f f "k
Precision Medicine — - —
ol \ge \ge
Disease K Disease K Disease K
Variant 1 Variant 2 Variant N
Age Age Age
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MeHeTpaHTHOCTL: 4TO nosiensietcs // McGurk (2023) Am J Hum Genet

Box 1. Case study: The MYBPC3 ¢.1504C>T (p.Arg502Trp) Northwestern European variant

The variant MYBPC3 ¢.1504C>T (p.Arg502Trp) (GenBank: NM_000256.3) was found in our cohort 159 times in in-
dividuals referred for HCM genetic panel sequencing (3.7% of total observations; 1.5% total case frequency). To date,
the variant has been classified on ClinVar 15 times as pathogenic (ClinVar ID 42540). Penetrance has been previously
estimated as ~50% (increased relative risk of 340) by 45 years old in a clinical setting, and major adverse clinical
events in heterozygotes are significantly more likely when another sarcomeric variant is present.’?

In our case cohort, heterozygotes of this variant were reported as broadly European ancestry (Oxford, n = 59; Lon-
don, n = 11; Belfast, n = 30; LMM, n = 45; GDX, n = 14). In gnomAD, the variant was identified ten times, of which
seven heterozygotes were non-Finnish Northwestern Europeans (NWE; plus one African; one South Asian, and one
other), and in the UK Biobank, the variant was found 77 times, of which 68 heterozygotes were NWE (plus eight other
Europeans and one other). The population frequency of the variant in Ensembl population genetics showed that the
variant (rs375882485) is only found multiple times in NWE ancestry sub-cohorts. Thus, the variant is most common
in NWE populations: the UK, Ireland, Belgium, the Netherlands, Luxembourg, Northern France, Germany, Denmark,
Norway, Sweden, and Iceland.

We use this relatively common variant to highlight the effect of ancestry on estimated variant penetrance (see
related figure in this text box):

we estimated the penetrance as 6.4% (4.6%-9.0%) with the UK Biobank cohort (93% European) and this is inflated
to 35.1% (18.2%-67.5%) when we estimated the penetrance with the gnomAD dataset (45% European) as a result of
the difference in the proportion of individuals with NWE ancestry. In individuals of NWE ancestry only, the pene-
trance of this variant is 6.4% (4.6%-9.0%). Penetrance estimated from the NWE subset of gnomAD or UKBB do
not differ significantly.
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MeneTpaHTHOCTL: YTO nosiensietcst // Gudmundsson (2025) Nat Comm
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Incomplete penetrance, or absence of disease phenotype in an individual with
a disease-associated variant, is a major challenge in variant interpretation.
Studying individuals with apparent incomplete penetrance can shed light on
underlying drivers of altered phenotype penetrance. Here, we investigate
clinically relevant variants from ClinVar in 807,162 individuals from the Gen-
ome Aggregation Database (gnomAD), demonstrating improved representa-
tion in gnomAD version 4. We then conduct a comprehensive case-by-case
assessment of 734 predicted loss of function variants in 77 genes associated
with severe, early-onset, highly penetrant haploinsufficient disease. Here, we
identify explanations for the presumed lack of disease manifestation in 701 of
734 variants (95%). Individuals with unexplained lack of disease manifestation
in this set of disorders are rare, undersconng the need and power of deep case-
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prp,HOCTI/I npuy NONCKE reHOB MOHOI€HHbIX 3aboneBaHwuii

® Pegkune KNMHMYeECKne HabAOAEHUS; CIOXKHO HabnoaaTh MeHAENEBCKME NaTTepHbI
HacnefoBaHUs

® De novo myTauuu: HeT cerperauum B cembsx (AD)
® [loMuHaHTHble Wan cocTaBHble reteposuroTsl (AR)

® CaBur B CTOPOHY OYEBUAHBIX BapUAHTOB; HY>XHbl NOC/EAyOW e PyHKLNOHAbHbIE
nccnepoBaHms

® Bce BO3MOXHbIE OTKJIOHEHUSA OT MEeHOENEBCKOINro HacneaoBaHuA: JNOKyCHas,
annenbHas N KNNHNYECKasA reTePOreHHOCTb; HEMOJIHAA NEHETPAHTHOCTbL U
Bapma6eanaﬂ SKCNpeccnsa; NMNPUHTUHT; CbeHOKOI‘II/II/I n MO3anunsm
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Mouck rexos, xpoHonorus @ // Claussnitzer (2020) Nature

Rare (monogenic) disease
Genes namnunng variants causal for monogenic disease

0 1,000 2000 3,000 4,000 Type of discovery

1994
2008
1996 : “«—® 199
i 2009: Clinical exome sequencing'’
2010
1998 H
<—® 2011: Exome-based diagnosis in trios'®
. 2012 .
2000 <€—® 2000: Draft human genome’ 2013; Launch of ClinVar, ClinGen and
H Matchmaker Exchange 32
2014 : : e ﬁggﬁm"‘“‘m”m i
2002
H <—8 2015:
2003: Clinical microarray testing'? - 2016: Population frequency
. 2016 “—® \ariant database (EXACE
2004 H : i :
‘ <«—=® 2004: Open dal.a sharing (DECIPHER) 2017:
2005: Next-generation sequencing'? 2018: &
i ; 2018 “—® 2013 Poly
2006 3 i «—® 2006:
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Table 1 Landmark events from DNA structure identification to new NGS reports

Year Event Reference
1953 Watson and Crick infer DNA's structure Watson and Crick®®
1964 The first nucleotide sequence of the gene encoding yeast alanine tRNA was reported Holley et al.?
1977 Initial DNA sequencing methods were introduced by Sanger, Maxam and Gilbert Sanger et al.1®
Maxam and Gilbert!!

1980 First human linkage map based on restriction fragment length polymorphism Botstein et al.t6
1983 First dominant disease locus on the basis of linkage Gusella et al.l5
1985 Mullis discovered PCR technique Mullis et al.6”
1986 The idea of human genome sequencing was proposed Smith et a8

The first human disease gene was cloned Royer—Pokoraet al.5%
1987 The first homozygosity mapping was done Lander and Botstein!®
1989 First positional cloning of a recessive disease gene on the basis of linkage Riordan ef all4
1993 A first-generation physical map of the human genome Cohen et al.70
1995 First-genome sequence of an organism (Hemophilus influenza) was reported Fleischmann et al”!
1999 First human chromosome was sequenced Dunham et al.”2
2000 Fruit fly genome was sequenced Adams et al.”3

First assembly of the human genome was completed Myers et al.7*
2001 The first draft of human genome sequence was published Venter et al.7®

Lander et al7®
2003 The human genome sequence was completed Jasny and Roberts 2003
2004 Massively parallel sequencing platforms giving rise to the ‘next-generation sequencing’ were introduced http:/Awww.genome.gov/12513210
2005 The first NGS instrument was on market Margulies et al.””
2008 First individual genome based on NGS was published Wheeler et al’8
2009 Proof of principle: disease-gene identification by WES Ng et al.”®
2010 The first successful application of WES to identify the gene for a rare Mendelian disorder Ng et al12
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[Mownck reHos ¢ NOMOLLBbIO CUENNEHNA @

® Heckonbko nokoseHnit ¢ 60bHBIMU 1 340POBLIMY NOTOMKaMM

® Kapra noaumopdHbix mapkepos JHK, nnsi KoTopbix M3BECTHbI reHeTUYECKNE
paccTosiHus

1. Haiitn mapkepbl JHK, koTopble kocerperupytoT (B cuenieHnmn) ¢ npusHakom

bonesHu B noToMcCTBE, I/I,D,eHTI/ICbI/ILI,VIpOBaTb BO3MOXXHbIN PErnoH reHa, CBA3aHHOro cC

3abonesaHunem

2. CekBeHMpPOBATb reHbl B CLEMJIEHHOM JIOKYCE AJ1si MOUCKA DOIE3HETBOPHbIX asnenei,

NpoOBEPUTL ajijleNnn B 340POBbIX UHANBUAYYMAX
3. Mpoeectu noaTeepxaatowne PyHKLUUOHANbHbIE NCCIEA0BAHUS B KIETOYHbLIX 1
JKNBOTHbIX MOAENSAX

£ %%Z e

AA AA AD AR AB AC AC BC AC BCCC AC CCACAC CCCCCC CC AAACACACAC ACAC|  AC CD AC AC | AB AC ACAC AA AC

AC AB BCBC

Hartwell — Genetics. From genes to genomes
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Mouck reHos ¢ NOMOLLBKO CUenJIEHNA "
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Hartwell — Genetics. From genes to genomes
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Hauyano: ren bonesun XaHTuHrtoHa @&

® HelipogereHepaTueHoe 3abonesaHm, HadMHaeTcs Bo B3pocsiom BospacTe (30-45 ner)
n nporpeccupyet 3a 15-20 net

® [lcuxmaTpumyeckme HapyLLeHUsl, HAPYLUEHNS ABUTraTENbHON OYHKLMU 1 yXyALleHne
KOTHUTMBHBIX (DYHKLNT

® JlomuHaHTHOE Hac/iefoBaHme, HET Cnopagnyecknx hopm

® [lepBbiii NOKYC, aCCOLMNPOBaHHbLIV C HONE3HLIO, KOTOPLIV KapTUPOBaAM Ha
xpomocomy (1983)

® [lo cux nop (2018) HeT nederusi, kpome cumntomaTuyeckoro // 7 2024 7

Timeline | By ks in disease r

1983 1987 1989 1991 1993 1994 1996 1997 1998 2000

WRNAHA, Workd Huntingior o

Bates (2005) Nat Rev Genet
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Hayano: ren bonesnu XaHTtuHrroHa @&

® Bebicokasi BcTpedaemocTb B Benecyane, ognH ocHoBaTenb

® 1983, nabopatopus dxeiimca [Nyzennbi: usydenme 8 NOKyCoB, KOTOpbIE CBSi3anu C
60ne3HbI0 XaHTUHITOHA, B ~4 cM oT TefloMepHOro y4actka 4 XpoMoCOoMbl

® He 6bino TexHonoruii gns «nporyskn» no xpomocome ganswe 100-200 T.n.o.

® 1993: ren HTT (xaHTUHTTVH) BblA KNOHUPOBAH COBMECTHLIMU yCuansmu 9
nabopatopuii; TpaHckpunt gavdoit 10,366 n.o. c nosTopeinem CAG tpunnera
(GIn) B nepsom 3k30He, KOTOPBLIN bl NOAUMOPHBIM B HOPMaJIbHBIX XPOMOCOMaX,
n yBenn4mBancs npu 6onesHn XaHTUHITOHA

® 1993-1996: Konunyectso (CAG),: 6-35 be3spegHbl; 6onee 40 noaHOCTbIO
NEHETPaHTHbI U BbI3bIBalOT 60se3Hb XaHTUHITOHA B TedeHne xn3Hu; bonee 70:
paHHee Ha4ano bonesHu

® PoguTenbckasi aHTMCHNALUS: KONMYECTBO MOBTOPOB YBEJIMYMBAETCA NpU nepepaqe
N3 NOKONEHNS B NOKOJIeHNe

® onn-Gln noeTopbl B 60/1€3HETBOPHOM KONMHECTBE CMIOHTAHHO arperupyroT B
amuiongHble hrbpunibl = HelipoHHas fereHepaLus

® TecTnpoBaHue B JETCTBE HAa HAYMHAIOLLMECS BO B3POCJIOM BO3pacCTe HensnevynmMble
3aboneBaHns MOXET NprHecTn bonblue Bpeaa, 4em Mnosib3bl

Bates, (2005) Nat Rev.Genet
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CekBeHNpoBaHNe KOPOTKUMU npoyTeHnsmu &

CACTGAGCTTAGTCTAATGCTGAAGTTA CACTGAGCTTAGTCTAATGCTGAAGTTA
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Casals (2012) J Neuroimmunology
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[NepBbiii ycnex: cuHgpom Munnepa

Exome sequencing identifies the cause of a mendelian
disorder

Sarah B Ng"'%, Kati ] Buckingham®'’, Choli Lee, Abigail W Bigham?, Holly K Tabor??, Karin M Dent*,
Chad D Huff®, Paul T Shannon®, Ethylin Wang Jabs”#, Deborah A Nickerson', Jay Shendure! &
Michael ] Bamshad">?

We demonstrate the first successful application of exome sequencing to discover the gene for a rare mendelian disorder of
unknown cause, Miller syndmme (MIM®263750). For four affected individuals in three independent kindreds, we captured

and sequenced coding regions to a mean coverage of 40x and sufficient depth to call variants at ~97% of each targeted exome.
Filtering agamsl publlc SNP databases and eight HapMap exomes for genes with two previously unknown variants in each of the
four individ 1 asingle didate gene, DHODH, which encodes a key enzyme in the pyrimidine de novo biosynthesis
pathway. Sanger sequencing confirmed the presence of DHODH mutations in three additional families with Miller syndrome.
Exome sequencing of a small number of unrelated affected individuals is a powerful, efficient strategy for identifying the genes
underlying rare mendelian disorders and will likely transform the genetic analysis of monogenic traits.

30 VOLUME 42 | NUMBER 1 | JANUARY 2010 | NATURE GENETICS
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Figure 1. Clinical characteristics of an individual with Miller
syndrome and an individual with methotrexate embryopathy,
Figure 2. Genomic structure of the exons encoding the open
reading frame of DHODH. Arrows indicate the locations of 11
different mutations found in 6 families with Miller syndrome.
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Mo cnegamM nepBoro ycnexa

Table 2 di gene identifi by exome sequencing Number exome
Year  Disorder Mi Location Gene sequenced
2010

1 Miller syndrome AR 16q22 DHODH 4
2 Autoimmune lymphoproliferative syndrome AR 11q13.3 FADD 1
3 Nonsyndromic hearing loss AR 1p13.3 GPSM2 1
4 Combined hypolipidemia AR 1p31.1-p22.3 ANGPTL3 2
5 Perrault syndrome AR 5g21 HSD17B4 1
6 Complex | deficiency AR 3q21.3 ACADS 1
7 Hyperphosphatasia mental retardation AR 1p36.11 PIGV 3
syndrome
8 Sensenbrenner syndrome AR 2p24.1 WDR35 2
9 Cerebral cortical malformations AR 19q13.12 WDR62 3
10 3MC syndrome AR 3q27-q28 MASFP1 2
11  Kabuki syndrome AD 12q13.12 MLL2 10
12 Schinzel-Giedion syndrome AD 18g21.1 SETBPI 4
13 Spinocerebellar ataxia AD 20p13 TGM6 4
14  Terminal osseous dysplasia XLD Xq28 FLNA 2
2011
15 Nonsyndromic mental retardation AR 19p13.12 TECR 6
16 Retinitis pigmentosa AR 1p36.11 DHDDS 4
Rabbani (2012) J Hum Genet
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[Monck «urosikm B cTore ceHa»

Heobxopgumo onpepennTs, Kakoil N3 BbISIBNIEHHbIX BapUaHTOB Haubosee BEPOSTHO
[HapywaeT dyHkumto rena u] sensieTcs npuyduHoli GonesHu.

SNVs Average Deviation SNVs Average Deviation
PTV HIGH 97 6 Singleton 18 13
Missense <0.01% 177 30
MODERATE 6291 139

0.01-1% 273 23
Synonymous 7192 88

Low 1-10% 1308 72
M%TSER 561 13 >10% 12365 109

Indels Indels
Frameshift 69 3 <=5% 15 5

Other 41 3 >504 151 6

BapuaHnTtbl B uHgusugyansHom sksome: ExAC, Lek (2016) Nature
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CrpaTerun noucka

a Inherited mutations

Autosomal recessive Consanguineous autosomal recessive X-linked recessive Autosomal dominant

o 3

variants in
affected male

Il variants in
unaffected

b De novo deminant mutations € Moszaic mutations

Unaffected tis

Affected tissue

Variants in unaffected tissue! Variants in affected tissue

Boycott (2013) Nat Rev Genet
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Monck reHoe menaeneeckux 3abonesanmii

CrpaTerun noucka

RARRRR"

10-20 rare, functional

variants in relevant
disease genes

1-4 variants in
relevant inheritance
(trio analysis)

Whole genome
sequencing

Variant calling

Filtering

for variants

in genes

Filtering
by variant

consequence

Filtering by
phenotype

Filtering by
inheritance

Clinical
assessment

Genomic Variants

MAF (consider disease frequency, penetrance, possibility of compound
heterorygosity for a low frequency allele and a loss of function allele)
Zygosity (consider recessive mutations in a known dominant disease

gene

Linkage locus when applicable (consider pitfalls of positional mapping)

Variant class (consider deep intronic and exonic splicing variants)

Causal Variant(s)

Wright (2018) Nat Rev Genet, Alkuraya (2016). Hum_Genet, .
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Mouck reHoe meHaenesckux sabonesannii

Kyaa nonagatoT pesynbTaTbl noucka’

PubMed

ii ~ ) ClinVar oMIM

ior acie A Public archive of reports of human variations An Online Catalog of Human Genes and
classified for diseases and drug responses, Genetic Disorders
with supporting evidence.

Actor Actor  Actor

NGS | Pekomenpauuu: ClinGen, ACMG, ESHG

ClinGen: A central resource that defines the clinical relevance of genes and variants for use

Actor  Actor  Actor
i i i VEP in precision medicine and research.

Actor Acor  Actor Aclor Actor Actor Actor Actor gnOmAD UK Biobank HPO
i i ﬁ % i i Genome The world’s most The Human Phenotype Ontology: a
Actor Actor Actor Actor Actor AClor Actor Aclor Aggregation comprehensjve . vocabulary of phenotypic abnorma
) i i i Datab dataset of biological, ) )
atabase health and lifestyle encountered in human disease.
Actor Actor Actor Actor Actor Actor Actor Actor —
Jlioau BapuaHTbl FeHbI
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Mouck reHoe meHaenesckux sabonesannii

CnoxxHocTtu un OrpaHN4YeHn-

OcHoBHbIE CNOXKHOCTHU:
® Pepnkue 3abosieBaHUsA: Manoe KOJNYECTBO CAyHaeB u/uimn cemeli
® BapuabenbHas neHeTpaHTHOCTbL
® HenssecTHblli TUN HacnefoBaHusA
® [eTeporeHHOCTb JIOKYCOB U (PEHOTUMNOB
® De novo wnn yHacnepoBaHHble BapuaHTbl (Criopaguyeckune vs cemeliible ciy4van)
® YacroTta anneneii MoxeT bbITb 0bMaH4YMBOM
® OrpaHn4eHHOCTb NpeAcKasaTenbHbIX anropuTmos in silico
OrpaHunyenns nonHosk3omHoro cekseHnposatus (WES)
® MHOXECTBO HEKOAUPYIOLLMX BapUAHTOB HE AETEKTUPYETCA
® CnoXKHOCTU B AeTeKUNMN CTPYKTYpHbIX BapnaHTos u CNV

® JloxxHooTpuuaTenbHbie (MOKPLITHE) 1 NOXKHONONOKUTENbHBIE (Napanoru?)
BapuaHTbI

® Bonblioe KONMYECTBO BapUaHTOB-KaHAUAATOB, Heobxoauma unbTpayms
Orpanunyenns nonHoreHomHoro cekseHuposatusi (WGS)

® CANWKOM MHOrO AaHHbIX, Heobxoanmo ewle bonble bunsTpauun

® CTOMMOCTb CEKBEHUPOBaHMS N 0OpaboOTKM JaHHbIX
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KnuHnyeckas 3HauMMocThk BapuaHTOB reHoma

/(A uhW e Ko X ]’(ﬁ Z”Moa;?;
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Cranpaptbl u pekomengauum // Richards (2015) Genetics in Medicine

Standards and guidelines for the interpretation of sequence
variants: a joint consensus recommendation of the American
College of Medical Genetics and Genomics and the
Association for Molecular Pathology

Knunuyeckas 3HaummocTb noboro BapnaHTa NOCNEA0BATENLHOCTI MONAZAET HA TOYKY
CMeKTpa, KOTOpbIi NPOCTNPAETC OT CKopee BCero HoMe3HETBOPHOrO A0 Tex, KoTopble
ckopee Bcero besspegHbl.

Cuctema knaccudmkauum ns 5 yposHeli Ans MmeHgenesckux 3abonesaHus:

® Pathogenic (P)

® Likely pathogenic (LP)
Benign (B)

Likely benign (LB)

® Variant of unknown significance (VUS)

Mei npegnaraem tepmunbl Likely pathogenic v Likely benign pns obosnadeHus Tex
cnydaes, Korga ¢ bonee yem 90% yBEpeHHOCTbIO MOXHO CKa3aTb, HYTO BapuaHT win
60/1€3HETBOPHBINA, UM be3BpeaHbIi, 4TObLI NpesocTaBuTL Nabopatopusim obuiee, nycTb
n cybbekTUBHOE, onpepenexue.
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KnuHnyeckas 3HauMMocThk BapuaHTOB reHoma

CTaHp,aprl N peKOMEHOaUNN: OTEHECTBEHHAA BEPCUA

MEAVWUMHCKASA FTEHETMKA, — 2017, — No7

PyKoBOACTBO N0 MHTEPNPETALUMN AAHHbIX,
NOJIy4EHHbIX METO4AMMN MACCOBOIO
napannenbHoro cekseHnposaHus (MPS)

Puixkoea 0.MN.", Kapasimon 0.J1.2, Mpoxopuyk E.B.%, Kowoeanos ®.A.%, Macnexkukos A.B.'
CrenavoB B.A.%, Apanacker A.A.7, 3aknassmuHckas E.B.%, Koctapesa A.A.°,
MNasnoe A.E."°, Fony6erko M.B.%, Monakos A.B.!, Kyues C.WN."

" OrEHY «Meanko-reneTiiecknii HayuHeii uenTp», Mockea; e-mail ryzhkova@dnalab.ru

Tepmunoaorus

l'[pmuaraercsl 3aMEHUTDH LL[B[]J()KD l{Cl[O.lb’JyCMble 'l'Cp*
MUHBI «MyTalUMsi» W <«[IOJUMOPHU3M» HA TEPMUH «BapUaHT
HYKJIEOTUIHOM IOC/IEA0BATENLHOCT» CO CIICAYIOLIMMH Xa-
p'dKTﬁpl/lCTl[Kﬂ,\ll‘lf

e naroreHHblit (pathogenic);

e geposiTHO natoreHHbiit (likely pathogenic);

® HeOolpele/eHHOTO 3HaueHHs (uncertain significance);

® geposiTHO ao0pokadecrBeHHbI (likely benign);

® jjoOpokayecTBeHHblil (benign).
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KnuHnyeckas 3HauMMocThk BapuaHTOB reHoma

CTaHp,aprl N peKOMEHOaUNN: OTEHECTBEHHAA BEPCUA

OPTAHWU3ALNOHHO-METOAWUYECKWE ACMEKTDI

Pykoeo0cmeo no uHmepnpemayuu 0aHHbIX
nocnedoeamenvHocmu JHK yenoeeka, nosny4yeHHbix
MemooOamu mMaccoeo20 napaiiesibHo20 cekeeHuposaHus (M
(pedakyus 2018, eepcus 2)

P 0.1.", Kay 0.J1.", Mpoxopuyk E.B.% K ®.A.%, Macnennmkos A.B.%,
CrenaHoB B.A.%, AdpaHacbeB A.A.% 3aKknaAsbl Kan E.B.”, Pe6p A.B.., CaBocTbAHOB K.B.*,
otos A.C."*"", KoctapeBa A.A."2, Naenos. A.E."*, Tony6eHko M.B.%, Monakos A.B.", Kyues C.l.

1 — OrBHY «MeANKO-reHeTUUECKWIA HayUHbI LIEHTP»,

BBepeHune

JIA TIPOTOKOJIBI TI0 MHTEPIIPETALIMY PE3YJIbTaTOB  pepabOoTaHbl TPYIIIION BEIYIIMX POCCUIACKUX CIIt
MacCOBOTO IapajUIeIbHOTO CEKBEHUPOBAHUS CTOB B 06JACTU IEHETUKU U GUOMH(DOPMATUKHA.
(MPS), pa3HOBUIHOCTBIO KOTOPOTO SIBJISIIOTCSI METOIBI  PeIaKIlvsl PyKOBOJCTBA ObUIa OIyOIMKOBaHA B 2
cekBeHMpoBaHusI HoBoro nokoneHust (NGS), paspabotan-  xypHaie «MenuiuHcKast reHetrkas [9]. Ero o6cy

OCHOBOF[ JUTSL HAaCTOSIIIero pykoBoncTBa nociayxu- Hele B CIIIA u EBporte [1—8]. OTi nmpoToko:b 6
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KnuHnyeckas 3HauMMocThk BapuaHTOB reHoma

CTaHp,aprl N peKOMEHOaUNN: OTEHECTBEHHAA BEPCUA

MEAVLMHCKAA FTEHETUKA. 2019. N

* HyHO OBITb OCTOPOXHBIM IIPY UHTEPIPETALIIH Ba-
PUAHTOB, PACIIONIOXKEHHBIX OJIM3KO K 3’ KOHILY F'eHa;

* TpeGyeT OCTOPOXHOCTH MHTEPIIPETAIUS CIUIaiC-
BapUaHTOB, KOTOPBIE IPOTHOZUPYEMO TIPUBOJIST K MPOITY-
CKY 9K30HOB, HO OCTaBJISIIOT OCTABIIYIOCS YacThb OeJKa MH-
TAaKTHOM U HE MEHSTIOT PAMKY CUUTHIBAHUSI.

* HEOOXOIMMA OCTOPOKHOCTD P HATMYUU HECKOJTb-
KHX TPRHCKPHIITOB OIHOTO TeHa, TaK KaK OJIFH U TOT Xe Ba-
PHAHT MOXET TI0-Pa3HOMY KJTaCcCUGbUIIMPOBATHCS B 3aBU-
CHMOCTH OT €TO ITOJIOXEHUS B KOHKPETHOM TPAHCKDUIITE.

Kpumeputi «cuneHeit» (strong, PS 1-4)

PS1. DToMy KPUTEPHUIO COOTBETCTBYET BaApUAHT HY-
KJIEOTUTHOM TIOCIIEIOBATEIbHOCTH, IPUBOISILIA K 3aMe-
HE Ha Ty Xe¢ aMUHOKWCJIOTY B TOM Xe MOJIOXECHUH, 9TO U
BapHaHT, pPaHee ONMCAHHBIN KaK ITaTOTeHHBIA IPU 3TOM
3aboneBanuu. Hanpumep, ecnu onucaHa 3ameHa G>C,
npuBosIIas K 3aMmeHe Val>Leu, To 3amena G>T, mpuBo-
ISIast K TO e aMMHOKHMCIIOTHOM 3aMeHe, COOTBETCTBY-
et kputeputo PS1. Cienyer npuHSAT, BO BHUMaHUE, YTO
BapUaHThI, TATOTEHHOCTh KOTOPHIX 00YCIIOBIEHA M3MEHE-

Nekuusi 6. MoHoreHHbie 3aboneeanus

(HanpuMep, B aKTUBHOM caiite ¢hepMeHTa), B KOTOPBIX 1
OMMCaHBI TOOPOKAYECTBEHHBIC N3MCHEHUSI.

PM2. K 3TOMy KPUTEPHIO OTHOCAT BapUaHT, OTCY
CTBYIOIII B KOHTPOJIBbHO BEIGOPKE MY BCTPEYAIOIIH]
Cs1 B HEH ¢ KpaiiHe HU3KOM YaCTOTOM: 171 ayTOCOMHO-]
MHHAHTHBIX 3200JIeBaHU# YaCTOTa aJlTesIsl He IOJDKHA TP
Beimath 0,01%, i ayTOCOMHO-PELECCUBHBIX 326
neBanuit — 0,5%, 1JIsl IOMUHAHTHBIX X-CLETUIEHHBIX
0,01%, ns penieccuBHbIX X-crieruieHHbIX — 0,3%.11pu o
HECEHHY BapUaHTa K 3TOMY KPUTEPHIO CIIEyeT YIUTHIBAT
4TO B 6a3aX JaHHBIX BAPUAHTOB HYKJICOTUIHOIM TTOCITE/I
BaTEJIbHOCTH, BBISBICHHBIX MeTogaMu MPS, Moxer ¢
JiepXaThbesl HeMoTHast ”HPOpMaLus 0 YacToTe B ITOITYIL
MsIx aenenuil/uHcepuuii. Kpome Toro, HEOGX0AUMO Yy
THIBaTh HETIOJHYIO IEHETPaHTHOCTh, BO3pAcT Havaia
Haymuue heHoKonuit 3a60y1eBaHMSI.

PM3. DToMy KpUTEPUIO COOTBETCTBYET BApUAHT, H
XOMSIUIUIACS B TPAHC-TIOJIOXXKEHUU C ONMMMCAHHBIM ITaT
TEeHHBIM BapMaHTOM IIPU PELIECCUBHBIX 3a00JIEBaHUS
JI1s1 moATBepXICHUSI TPAHC-IOJIOXEHHSI BADMAHTOB TP
6yeTcst ob6cenoBaHUe pOTUTENeil (MU TOTOMKOB) IT
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KnuHnyeckas 3HauMMocThk BapuaHTOB reHoma

Crangaptel u pekomengauuu // Richards (2015) Genetics in Medicine

Standards and guidelines for the interpretation of sequence
variants: a joint consensus recommendation of the American
College of Medical Genetics and Genomics and the
Association for Molecular Pathology

Evidence of pathogenicity

Category
Very strong

PVS1 null variant (nonsense, frameshift, canonical £1 or 2 splice sites, initiation codon, single or multiexon
deletion) in a gene where LOF is a known mechanism of disease

Caveats:

+ Beware of genes where LOF is not a known disease mechanism (e.q., GFAP, MYH7)
* Use caution interpreting LOF variants at the extreme 3’ end of a gene

« Use caution with splice variants that are predicted to lead to exon skipping but leave the remainder of the
protein intact

* Use caution in the presence of multiple transcripts

Strong PS1 Same amino acid change as a previously established pathogenic variant regardless of nucleotide change
Example:  Val-Leu caused by either G>C or G>T in the same codon
Caveat: Beware of changes that impact splicing rather than at the amino acid/protein level

PS2 De novo (both maternity and paternity confirmed) in a patient with the disease and no family history

Note: Confirmation of paternity only is insufficient. Egg donation, surrogate motherhood, errors in embryo
transfer, and so on, can contribute to nonmaternity.

PS3 Well-established in vitro or in vivo functional studies supportive of a damaging effect on the gene or gene
product

Note: Functional studies that have been validated and shown to be reproducible and robust in a clinical
diagnostic laboratory setting are considered the most well established.

PS4 The prevalence of the variant in affected individuals is significantly increased compared with the prevalence
in controls
Note 1: Relative risk or OR, as obtained from case—control studies, is >5.0, and the confidence interval around
the estimate of relative risk or OR does not include 1.0. See the article for detailed guidance.

Note 2: I instances of very rare variants where case—control studies may not reach statistical significance, the

prior observation of the variant in multiple unrelated patients with the same phenctype, and its absence in
controls, may be used as moderate level of evidence.
Moderate

PM1 Located in a mutational hot spot and/or critical and well-established functional domain (e.g., active site of
an enzvme) without benian variation
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Crangaptel u pekomengauuu // Richards (2015) Genetics in Medicine

Standards and guidelines for the interpretation of sequence
variants: a joint consensus recommendation of the American
College of Medical Genetics and Genomics and the
Association for Molecular Pathology

Evidence of pathogenicity Category
Very strong PVS1 null variant (nonsense, frameshift, canonical +1 or 2 splice sites, initiation codon, single or multiexon
deletion) in a gene where LOF is a known mechanism of disease

Caveats:
« Beware of genes where LOF is not a known disease mechanism (e.g., GFAP, MYH7)
= Use caution interpreting LOF variants at the extreme 3’ end of a gene

= Use caution with splice variants that are prediicted to lead to exon skipping but leave the remainder of the
protein intact

= Use caution in the presence of multiple transcripts
Strong PS1 Same amino acid change as a previously established pathogenic variant regardless of nudeotide change
Example:  Val—sLeu caused by either G>C or G>T in the same codon
Caveat Beware of changes that impact splicing rather than at the amino acid/protein level
PS2 De novo (both maternity and paternity confirmed) in a patient with the disease and no family history

Note: Confirmation of paternity anly is insufficient. Egg donation, surrogate motherhood, errors in embryo
transfer, and sa on, can contribute to nanmaternity.

PS3 Well-established in vitro or in vivo functional studies supportive of a damaging effect on the gene or gene

product
Nate: Functional studies that have been validated and shown to be reproducible and robust in a dlinical
oo+« diagnastic laharatary setting.areconsideced thamostwel established.e s cvcevevniecnnneniecniannannes

PS4 The prevalence of the variant in affected individuals is significantly increased compared with the prevalence
* incontrols

Note 1: Relative risk or OR, as obtained from case—control studies, is >5.0, and the confidence interval around
:  theestimate of relative risk or OR does no See the article for detailed g

controls, may be used as moderate level of evidence.

Moderate PM1 Located in a mutational hot spot and/or critical and well-established functional domain (e.qg., active site of
an enzyme) without benign variation
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Crangaptel u pekomengauuu // Richards (2015) Genetics in Medicine

Standards and guidelines for the interpretation of sequence
variants: a joint consensus recommendation of the American
College of Medical Genetics and Genomics and the
Association for Molecular Pathology

Evidence of benign
impact

E

Stand-alone

BA1 Allele frequency is >5% in Exome Sequencing Project, 1000 Genomes Project, or Exome Aggregation Consortium §
strong B Wil Fretpieney S arestar than expacted for aesssssitastssastatasnatastssrisattrratnans

order (s Table (3]

BS2 Observed in a healthy adult individual for a recessive (homozygous), dominant (heterozygous), or X-linked
(hemizygous) disorder, with full penetrance expected at an early age

BS3 Well-established in vitro or in vivo functional studies show no damaging effect on protein function or splicing
BS4 Lack of segregation in affected members of a family

Caveat: The presence of phenocopies for common phenotypes (i.e., cancer, epilepsy) can mimic lack of segregation
among affected individuals. Also, families may have more than one pathogenic variant contributing to an autosomal
o+ =+ (dominantdisorder, furtber contaunding.an appatent.lack of segregatian.
Supporting « BP1 Mlssensev

a genE for which pnmanly lrun(ating variants are known to cause

""BP2 Observed in trans with a Dalhogemc Variant for a fullv Denelram dominant gene!dlsorder or obsewed in ciswitha
pathogenic variant in any inheritance pattern

BP3 In-frame deletions/insertions in a repetitive region without a known function

BP4 Multiple lines of computational evidence suggest no impact on gene or gene product (conservation, evolutionary,
splicing impact, etc.)

Caveat: Because many in silico algorithms use the same or very similar input for their predictions, each algorithm
cannot be counted as an independent criterion. BP4 can be used only once in any evaluation of a variant.

BP5 Variant found in a case with an alternate molecular basis for disease

BP6 Reputable source recently reports variant as benign, but the evidence is not available to the laboratory to perform an
independent evaluation

BP7 A synonymous (silent) variant for whlch splicing prediction algorithms predict no |mpact to the splice consensus
PSS SN Zt ARIR b oo mbdodn £ o bbb e
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Crangaptel u pekomengauuu // Richards (2015) Genetics in Medicine

Standards and guidelines for the interpretation of sequence
variants: a joint consensus recommendation of the American
College of Medical Genetics and Genomics and the
Association for Molecular Pathology

Table 5 Rules for combining criteria to classify sequence

variants
Pathogenic (i} 1 Verystrong (PVS1) AND Benign i) 1Stand-alone (BA1) OR

(@) 21 Strong (PS1-PS4) OR (i) =2 Strong (BS1-854)

1) =l s TR Likely benign (i) 1 Strong (BS1-BS4) and 1 supporting (BP1-

(© 1 Moderate (PM1-PM6) and 1 supporting BF7) OR

(PP1-PPS) OR
(i) =2 Supporting (BP1-BP7)
(d) 22 Supporting (FP1-PP5) N
(i) 22 Strong (PS1-PS4) OR Uncertain (i) Other criteria shown above are not met OR
significance

(i) the criteria for benign and pathogenic are

(iii) 1 Strong (PS1-PS4) AND et
contradicto
(@)=3 Moderate (PM1-PMB) OR i

(b2 Moderate (PM1-PME) AND =2
Supporting (PP1-PPS) OR

(€)1 Moderate (PM1-PM6) AND 24
supporting (PP1-PPS)

) 1 Very strong (PVS1) AND 1 moderate (PM1—

Likely pathogenic

(ii) 1 Strong (PS1-PS4) AND 1-2 moderate
(PMI1-PM8) OR

(iij) 1 Strong (PS1-PS4) A
(PP1-PP5) OR

(i) 23 Moderate (PM1-PM6) OR

() 2 Moderate (PM1-PM6) AND 22 supporting
(PP1-PP5) OR

() 1 Moderate (PM1-PM6) AND 24 supporting
(PP1-PPS)
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KnuHnyeckas 3HauMMocThk BapuaHTOB reHoma

Crangaptel u pekomengauuu // Richards (2015) Genetics in Medicine

Benign

Pathogenic

strong Supporting

Supporting

Moderate

strong

Very strong

Population MAF s too high for Apsent in population Prevalencs in
data disorder BA1/BS1 OR atanases PM2 aftecteds statistically
observation in controls increased over
incansistent with controls PS4
diseass penetrance BS2
Computational Multple lines of Mutiple fines of ‘same amino acid Predicted nul
and predictive nal evidence computational changs as an vasiant in a gene
data e | evidence supporta establs! where LOF isa.
deleterious efiect pathogenic variant known
on the gene /gene Pst mechanism of
Missense in gene where product PP3 dissase
Iy truncating cause Pust
Sient variant with non
predicted spice impact BP7
In-frame indels n repeat
tknown function BP3
Functional Wellestabisned Missense in gene with | Mutationl hot spot Welkestabished
data functional studies show low rate of benign or welstudied functional studies
o deleterious effec missense variants and | functional domain show a deleterious
path. missenses without benign effect PS3
common PP ation PH1
Nonsegregation Cosegregation with
Segregation | Wih disease BS4 dseaseinmuliple || on deta)
data affected family 9= >
members PP1
Denovo De novo (paternity and
data paternity & maternity confirmed)
niirmed) PM§ P2
Alllic data Oserved in trans with
a dominant variant BP2
Opserved in ciswith a
pathogenic variant BP2
Other Reputable source wiout Reputable source
database shared data = benign 8P6 | = pathogenic PP5
Found n case with Patient’s phenotype or
Other data an altemate cause FH highly specfic for
BP5 jene PP4
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KnuHnyeckas 3HauMMocThk BapuaHTOB reHoma

Sherloc: yTouHeHne kputepues knaccuukaumm BapuaHToB

Sherloc: a comprehensive refinement of the ACMG-AMP
variant classification criteria

The ACMG-AMP criteria were not capturing certain qualitative considerations.
Therefore, we first posed a normative question: “What kind of evidence, and how much,
should be required for a pathogenic classification?” We first recognized that there are
two general types of evidence: clinical and functional.

1. Clinical evidence describes the correlation of the variant with disease (or absence of
disease) in human populations, and includes observations in affected and unaffected
individuals and families.

2. Functional evidence describes the molecular consequence of a variant on various
gene products and includes the results of molecular and cellular experiments, and
predictions about functional effects based on variant type or complex computational
algorithms.

Clearly, clinical and functional evidence are both important: a variant is pathogenic if it
disrupts a gene product in a way that leads to human disease, and is benign if it has an
effect that does not lead to disease in humans.

Nykamp (2017) Genetics in Medicine

_ Nekuusi 6. MoHoreHHbie 3aboneeanus 2025 82 / 101



KnuHnyeckas 3HauMMocThk BapuaHTOB reHoma

Sherloc: yTouHeHne kputepues knaccuukaumm BapuaHToB

Sherloc: a comprehensive refinement of the ACMG-AMP
variant classification criteria

Although both clinical and functional evidence are relevant, they have a hierarchical
relationship. Clinical data describe human disease directly, whereas functional data are
relevant to disease only to the extent to which the measured property correlates with
disease physiology. Therefore, when a discrepancy or conflict arises between clinical and
functional observations, the clinical observations should be considered more persuasive.
Broadly speaking, a variant should not be considered pathogenic if it is present in a large
percentage of healthy individuals (clinical data), even if a measurable effect on protein
function has been observed in an experimental assay (functional data). Conversely, a
variant should be considered pathogenic if it is present in many affected individuals and
has not been observed in healthy individuals (clinical data), even if it is predicted to be
nondeleterious and has been demonstrated to have no effect on a measured protein
property (functional data).

Nykamp (2017) Genetics in Medicine
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KnuHnyeckas 3HauMMocThk BapuaHTOB reHoma

Sherloc: yTouHeHne kputepues knaccuukaumm BapuaHToB

Sherloc: a comprehensive refinement of the ACMG-AMP
variant classification criteria

[s8 3B ap |sp
Variants of uncertain significance

Nykamp (2017) Genetics in Medicine
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KnuHnyeckas 3HauMMocThk BapuaHTOB reHoma

Sherloc: yTouHeHne kKpuTepues KvH. Knaccudmkaumum BapuaHToB

Sherloc: a comprehensive refinement of the ACMG-AMP
variant classification criteria

Variants of uncertain significance

@ [

Clinical:population data.

)
Very high High Absent from EXAC

Nykamp (2017) Genetics in Medicine
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KnuHnyeckas 3HauMMocThk BapuaHTOB reHoma

Sherloc: yTouHeHue KpuTepues knaccudukauum BapmaHToB

Sherloc: a comprehensive refinement of the ACMG-AMP
variant classification criteria

Very high (>0.5%) 5B (EV0096)
T r—

AD or :

X-linked Somewhat high (8 total alleles) 1B (EVO161)

High-quality [~—(Pathogenic range (<8 total alleles) }— 0.5 P (EV0161)

and abundant (Absent (Oalleles) )~ 1P (EV0i35)

data

(15,000 alleles. Very high (>1%) )58 (EV00o3)

W Crr—t
AR

‘Somewhat high (>8 total alleles) 1B (EV0160)

0.5P (EVO101)

Pathogenic range (<8 total alleles) }—
Absent (0 alleles) J—1P (EV0135)

Population
database: M)— 5B (EVO165)
frequenc poe
requency High-quality Xolinked High (>0.5%) 3B (EV0ies)
but less inherit [~—{'Somewhat high (>0.1%) )~ 1B (EVo167)
abundant Low (<0.1%) )0  (Evoizs)
data
(15,000 anetes [~ Very high (-3%) 5B (EV0162)
in EXAC, default AR ((High (>1%) }— 3B (EV0163)
1o 1 KG data set). -
Somewhat high (>0.3%) 1B (EVO164)
| " Low (<0.1%) }-0  (EvOi78)
Quality-filtered EXAC position o (EVO177)
L°“g:"f"'y Al Absent, but mediocre coverage 05P (EVO179)
Absent, but poor coverage }-0  (evoiso

Population data: Sherloc criteria and decision tree

Nykamp (2017) Genetics in Medicine
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KAuHMYecKas 3HaYMMOCTL BapUaHTOB reHOMa

Sherloc: yTouHeHue KpuTepues KAuH. Knaccudrkauuy BapuaHTos

Sherloc: a comprehensive refinement of the ACMG-AMP
variant classification criteria
T s3] [sr]
B Variants of uncertain significance H

a [ B

b
Clinical:population data )
5 .
Very high High Absent from EXAC
( Functional:variant type
\ — - S
Synonymous Missense AG/GT  Nonsense
non-conserved intron dinucleotide - frameshift
1 Glinicatcinical bsenvtions ]
Dominant: c-ocurtence  Dominant: co-occurtenco Zoteos S  dcoses Suiamiles
intrans phase unknown Y ecsne: 2™
in rans
( Functional:experimental studies
‘ ) )
Noiral Netiral Disripled Disrupied
STRONG  WEAK WEAK sTRONG
\
( Indiree and compuiational
All Al

neutral  deleterious

Classification scorina thresholds and evidence cateaories

Nykamp (2017) Genetics in Medicine
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KnuHnyeckas 3HauMMocThk BapuaHTOB reHoma

Sherloc: yTouHeHne kputepues knaccuukaumm BapuaHToB

Mpumep 1: TTC8 c.459G>A (p.Thrl53=)

® OvueHb penkast cuHoHuMuYHast 3amena (0.02% B ExAC) B reHe, KoTOpbIli MOXeT BbI3BaTb
cungpom bapge-Bngnsa

® [IpefnckasaHo, 4TO HapyLllaeT HOPMaJbHbIA CrnacuHr
® HabntopaeTcs B roMO3UIOTHOM COCTOSIHWM Yy Tpex BosbHbIX BpaTbeB/cecTep B 0fHON cembe

® HabntopaeTcsi B roMO3MIOTHOM COCTOSIHUM Y HEPOACTBEHHbBIX MALMEHTOB 1 Tenepb
KnaccmpuumpyeTcst kak naToreHHas

Mpumep 2: CDHI c.1118C>T (p.Pro373Leu) BapnaHT B reHe, accoLMMpOBaHHbIM C
HacneacTBeHHbIM Andy3HBIM pakoM >xenyaka u gonbkosbim PMXK (nobynspHas kapuyuHoma)

® OrcyTtcreyet B EXAC

® [opnepxnBaeTcsi PyHKLMOHANbHBIMY UCCNEA0BAHNSIMU: HAPYLLAET KIETOYHO-KJIETOUHYIO
afiresvio U NPUBOANT K MOBbILIEHHON KNETOYHONR NoasmxHoOCcTU n aktuBaumn EGFR,
MUTOreH-aKTNBVPYEMOI MPOTENHOBON KMHA3bl 1 Src-KnHa3bl

® KoMMblOTEPHbIE MPEACKa3aHUs NOATBEP)KAAIOT STOT BbIBOA,

® OpHako KAMHUYeCKne HAbIOAEHNSI HEOLHO3HAYHbBI: STOT BapUaHT Obln HallgeH u y
6ONbHBIX, U Y 300POBbIX B OLHOI CeMbe.

Bes noaaepxuBatowmx KAMHNYeckx HabstoaeHnii, knaccudukauus sapmaHTa Kak BO3MOXHO
NaToOreHHOro NpexpaespeMeHHa
Nykamp (2017) Genetics in Medicine
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KnuHnyeckas 3HauMMocThk BapuaHTOB reHoma

Sherloc: yTouHeHne kKpuTepues KvH. Knaccudmkaumum BapuaHToB

Mpumep 3: CDKN2A c.9 32dup24
® Nlynnukauns 6e3 caBura pamkm CHUTbIBAHUS
® [lpeacka3saHo, 4TO HE MMEET BAUSIHUSA Ha PpyHKLMIO Beska
® [lokasaHo, 4To He BausieT Ha cesasbiBaHne CDK4 nnn CDK6
® HaiigeHa y HECKOJIbKMX MaLMEHTOB C MeJlaHOMO
® Cerpernpyet 6onesHb (HENOsHas NEHETPAHTHOCTb) B HEMKOJIBKMX CEMbSIX C
MeslaHOMOIA
N306unme nonoXxuTenbHbiX KIMHUYECKUX [0Ka3aTeNbCTB NPeBoCXoAUT oTpuLaTesbHble
cyHKuMOHanbHbIE Aoka3aTenscTBa (3ddekTneHoCTb cBsizbiBaHus CDK4/6 He siBnsieTcs
peneBaHTHBIM MosekynsipHbiM nocnegctenem) Mpumep 4: SCN5A ¢.3578G>A
(p.Argl193GlIn)
® MucceHc-3amMeHa B MOTEHLMAN3aBUCUMOM HaTPUEBOM KaHane
® [loka3aHo, 4TO AecTabunnsnpyeT NOPOr NHAKTUBALUU U NMPUBOLMUT K NOCTOSIHHOMY
TOKY in vitro
[MUUMH NPUCYTCTBYET B aHANOrMYHOW NO3ULMKU B OPTOJIOrE JOLIAAN
Yactota 6onee 7% B BoctouHo-AsunaTckoli nonynsunu, ¢ 17 romosnrotamu,
HaiigeHHbiMu B EXAC
N306unme oTpuuaTenbHbIX KAMHUYECKUX A0KA3aTeNbCTB NPEBOCXOAUT NOMIOXKUTESbHbIE
cyHKUMOHaNbHbIE A0KA3aTENLCTBA
Nykamp (2017) Genetics.in Medicine
] JNekumns 6. MoHorenHbie 3abonesanns 2025 89 / 101



FeHeTMYecKkas ANArHOCTUMKa MeHAeneBckux saboneeanmii

ﬁ/u ( m\ﬂU/KaX

Y uad ocmuks

_ Nekuusi 6. MoHoreHHbie 3aboneeanus 2025 90 / 101



FeHeTMYecKkas ANArHOCTUMKa MeHAeneBckux saboneeanmii

[eHeTnyeckas ONAarHOoCTMKa: NOCTAHOBKA 3a4a4un

an/IMeHVIMOCTbZ ATUNN4HHOE NposBAEHNE; CUMNTOMBbI,
CXOXKWNE Yy HECKONBbKUNX HapymeHmﬁ; CJIOXKHOCTb

NOATBEPXKAECHUA KNMHNYECKUMUN nan nabopaTopHbiMM o —
KpUTEPUAMM g o
= o010
e
Bxop: Knunnyeckne cumntombl (HPO), meguumtckne 3 om
3anucm
2 oo 0005501 0005127 00003715 00001950 000 000
000 ——
Aunnortauus: VEP; gnomAD; ClinVar, OMIM « 9 I

gnomAD population

DunbTpauus BapuaHToB U NPUOPUTM3ALNS: YacToTa BapManTa B pasnnuHbIx
20,000-100,000 — 50 - 1,000 nonynsunsix // Bamshad (2011)
M3BeCTHbIE naToreHHble BapuaHTsl; pegkne (MAF < Nat Rev Gene

0.5%) wnu Hoeble PTV; apyrue BapmaHTbl, reHbl €

accouunposatHbiMu perotunamu (ClinVar, OMIM, HPO)

BbIXOAZ KNNHNYECKUIA OTHET C p,I/IaFHOCTI/IKOVI,
KaHONA4aTHbIMN FEHBMVI/BapVIaHTaMVI; HanpaBaeHNA;
3anpoC CEKBEHNMPOBAHNA MO CeHrepy
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FeHeTMYecKkas ANArHOCTUMKa MeHAeneBckux saboneeanmii

leHeTuueckast guarHoctuka: npumepsl // Bamshad (2011) Nat Rev Genet

1. Hosblli romosurotHeiii BapuaT (Asp652Asn) B TpaHCNOpTepe pacTBOPEHHbIX
BewecTs 26, unen 3 SLC26A3 — reH, Bbi3blBalOWNT BPOXAEHHYIO X0PUAHYIO
Avapeto — Obin HaligeH y pebeHka, y KOTOpOro M3Ha4asibHO MOAO3PEBANICS 4pPYroii
anarHos — cungpom Baprrepa

2. Hossbili Bapuant Cys203Tyr B X-cuenneHHom nnrubutope anontosa (XIAP) y
MaJleHbKOrO MaJjlbiMKa C OCTPbIM BOCMaUTENbHbIM 3aboneBaHNeM KMLEYHMKa,
TOYHbIV AnarHos 66110 cnoxHo noctasute. MyTauun B rere X/AP Bbi3biBatoT
X-cuennenubiii nimmdonponudepatushbiii cuigpom 2 tuna (XLP2), ogHako
OCTPbIl KONUT siBsieTCst HeTunu4yHbiM cumntoMom XLP2. TouHbiii guartos XLP2
NPEeANIoKUI NyTb NEYEHUS.
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FeHeTMYecKkas ANArHOCTUMKa MeHAeneBckux saboneeanmii

ﬂpmmep 3aAKIKOHEHNA MO pPeE3Y/IbTAaTaM F'EHETNHECKOIO TECTUPOBAHNA

DEJIEPAJIBHOE I'OCYJAPCTBEHHOE BIO/UKETHOE YYP EXXJIEHUE
«HAIMOHAJIGHBI 1 MEJALIMHCKHWA UCCJIEJOBATEJIBCKHI HEHTP TEPAIIMY 1
MPOPUIAKTHYECKO I MEJINLMHBI»
MumnucTepcrBa 3paBooxpanenus Poccuiickoit denepaimn
(®I'BY «<HMHUII TIIM» Mun3apasa Poccun)
101000, Mockaa, IlerpoBepurckuii nep., .10, crp.3, Ten: (495) 623-86-36, dakc: (495) 621-01-22

DHO
Tlon

JlaTa poskaeHust

JlaTa B3siTHS OMOMaTepHana

Bun Oumomartepnana

®enorun//{narno3

Pe3ybTaThl FeHETHYECKOI0 TECTHPOBAHHS
B PaMKax HAyYHOI'0 HCCJIEN0BAHAA
«H3y4enne reHETHKHU cep/ied HO-COCYAMCTRIX 3a00/1eBaHHi»

M

MYKCKOH

XX.XX.1989
15.03.2024

KpoBs BeHO3 Hast

CeMeiiHas THIIEPX OJIECT EPUHEMIS, TETEPO3UrOTHAS (popMa

PE3YJIBTATBI HCCJIEIOBAHUSA

Tabanna 1. BapuanTel HyKJI€OTHIHOH MOC/I€I0BATEILHOCT H, HMEIOIHe BEPOsSITHOE OTHOLIEHHE K (heHOTHITy

Ten
Tlonosxenue HWsmenenue Yactora
5 ]E{Ig/l 5 (GRCh38/hg38) Tpauckpunt | TeHo!I [DK30H WIHK Hsmenenue Genka e dbSNP ID
(;{‘)2555) chr19é;1\07433 NM_0005275 G/A 6 c.859G>A p.Gly287Ser 0,001675% |rs375495026f
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FeHeTMYecKkas ANArHOCTUMKa MeHAeneBckux saboneeanmii

ﬂpmmep 3aAKIKOHEHNA MO pPeE3Y/IbTAaTaM F'EHETNHECKOIO TECTUPOBAHNA

Tabauna 2. [1o604HO BHISIBJIEHHBIE Bap ThI B TeHAX, P HBIX K IPOBep Ke MEKXyHAPOXH bIMH
pyKoBoacTBamu ?

Ten
Tlonosxenue HW3menenune YacroTa
(Ne (GRCh38/hg38) Tpauckpunt | Fenoan [9x30H WIHK Vi3smeHeHue Gelnka amens* dbSNP ID
OMIM)
He

*cormactio Genome Aggregation Database (gnomAD) v4.1.0

V nauueHTa METOJOM IMOJHOTEHOMHOIO CEKBEHHPOBAaHWS ObUI NpPOBEJEH IOUCK BAapUAHTOB HyKJIEOTHIHOM
nocnenosarensHoct (BHII), CBS3aHHBIX ¢ Pa3BHTHEM HACIE/ICTB €HHbIX JUCIUIINACM Hif.

B pesynsrare uccnenosanns BoisBiaeH BHII B rene LDLR B rerepo3urotHoM coctosHun (Ta6m. 1). IlatoreHHsie n
BEPOSATHO NATOTEHHbIE BapHaHTHI B reHe LDLR CBs3aHBI C Pa3BUTHEM fHOU rumepxonecrep (Ne OMIM
143890).

B cootBercTBUH C pOCCHﬁCKﬂMl/l PEKOM ECHIAAIMAMH JUI UHTEPIPETalMid JaHHBIX, IIOJIYYE€HHBIX METOJaMH MacCOBOIo
TIapaJuIeJIbHOT'O CCKBCHPIPOBBHHX‘, JUIsL OLICHKHM MaTOI€HHOCTH BapHaHTa (93017 TIPUMEHEHBI CIIEAYIOIIHE KPHUTECPHH

TIATOT €HHO CTH

[ ] PM2 (3apeructpupoBaH B KOHTPOJIbHOH BbIOOpKe gnomAD C 4acTOTOM, He NMpEeBHINIAMIEH 0XKUTAEMYIO I
MOHOT'€HHOH NAaTOJIOIMH C ayTOCOMHO- IOMHHAHTHBIM THIIOM HacienoBanus (0,01%))

[ ] PMS5 (MucceHc- BapuaHT, 3aTparuBaloNIHii 103 HIMIO, B KOTOPO# paHee ObUI OmiIcaH Apyroi natoreHnsii BHIT
¢.859G>T, p.Gly287Cys (ClinVar ID 251489))°

L] PP3 (xoMIIbI0TEp HbIE TIPOIPaMMBbI P ACKA3aHN sl [0 ATBEPXKAAIOT ero matoreHHocts: REVEL score = 0,902 5,

MetaSVM rankscore = 0,99233¢, MetaLR rankscore = 0,9806° (BHII ¢ REVEL score > 0,75 wm MetaSVM rankscore

>0,82257 wm MetaLR rankscore > 0,81 101 cunrany NOTeHUMATBHO NIATOTEHHBIM))
L4 PP4 (BHIBIEH y aHANM3MPYEMOrO NAIlMEHTa C KIMHHYECKH IOATBEPXIEHHBIM auarHosom CI'XC mocne
HCKITIOYCHHS AIbTEPHATHB HBIX TIPUYHH THIIEPIMITAIEMUH (KBEPOSTHBIN HarHo3 1o kpurepusm Caiimona Bpyma).
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ACMG-56 2.0: renbl BTopuyHbix Haxopok // Kalia (2017) Genet Med

® ACMG-56: cnucok reHoB, ciiydaiiHble U1 BTOPUHHbIE HAXOLKN B KOTOPbIX
HEODXOANMO BLIHOCUTb B 3aKJIIOHEHUE, BHE 3aBUCHMOCTN OT MPUYUHBI MPOXOXKAEHUS
reHETUHECKOro TECTUPOBAHUS

® Llenb: ngeHTndnumpoBaTh 1 YyNpaBasiTb PUCKOM A5t OTOBPaHHbIX
BbICOKOMEHETPAHTHbIX reHeTUYecknx 3abonesaHnii [C OMUHAHTHBIM TUMNOM
HacnefoBaHUsI| 3a CYET OCHOBaHHLIMU BMELLATENLCTB, HANPaB/IEHHbIX Ha
NpeaynpeXKaeHne Nan 3Ha4nTeNbHOE yMeHbLueHe 3ab0NeBaEMOCTN N CMEPTHOCTY

® Q6HoBnenus: nosisuscs B 2013, 8 2017 ybpanu oguH rex, gobasunu 4

® Mpumep: ATP7B accoumupoBaH C ayTOCOMHO-peLeccuBHbIM 3abonesaHuem Buncona
(OMIM 277900). 3aboneBaeMoCTb Cpeay roMO3NTOT HAMPSIMYIO KOPPENUPYET C
OTNIOXKEHMSIMU MeAW B nedeHun, Mo3re u rnasax. bonesHb nporpeccupyert, n, ecau
ocTaetcsi 6e3 neveHusi, ¢ BObLION BEPOSITHOCTBLIO BbI3bIBAET PaHHIOW cMepTb. B
HEKOTOPbIX C/ly4asix, OTKa3 Ne4veHn MOXeT ObiTb 3HakoM nposieneHus. <...>
JNleuvenne pns Gonesnu BuncoHa Bkntovaer B cebsi Ha3zHaueHNe XenaTUpyoLWMX Meab
areHToB u/uanm umHkKa anst 61okMpPoBKM abcopbunn Meamn B KNLLEHHUKE; NeYeHne
kpaiiHe 3h(heKTMBHO, €CIM Ha3HAYEeHO A0 NPOSIBIEHUSI CUMTOMOB
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ACMG-56 2.0: reHbl BTopuuHbIx Haxopok // Kalia (2017) Genet Med

Table 1 ACMG SF v2.0 genes and associated phenotypes recommended for return of secondary findings in clinical sequencing

PMID Gene
MM Reviews Typical age MIM Variants
Phenotype disorder entry of onset Gene gene Inheritance®  to report®
Hereditary breast and ovarian cancer 604370 20301425 Adult BRCAT 113705 AD KP and EP
612555 BRCA2 600185
Li-Fraumeni syndrome 151623 20301488 Child/adult TP53 191170 AD KPand EP
Peutz-Jeghers syndrome 175200 20301443 Child/adult STK11 602216 AD KPand EP
Lynch syndrome 120435 20301390 Adult MLH1 120436 AD KPand EP
MSH2 609309
MSH6 600678
PM52 600259
Familial adenomatous polyposis 175100 20301519 Child/adult APC 611731 AD KPand EP
MYH-associated polyposis; adenomas, 608456 23035301 Adult MUTYH 604933 AR® KPand EP
multiple colorectal, FAP type 2; colorectal 132600
adenomatous polyposis, autosomal
recessive, with pilomatricomas
Juvenile polyposis 174900 20301642 Child/adult ~ BMPR1A 601299 AD KP and EP
SMAD4 600993
Von Hippel-Lindau syndrome: 193300 20301636 Child/adult VHL 608537 AD KPand EP
Multiple endocrine neoplasia type 1 131100 20301710 Child/adult MENT 613733 AD KP and EP
Multiple endocrine neoplasia type 2 171400 20301434 Child/adult RET 164761 AD KP
162300
Familial medullary thyroid cancer® 1552401 20301434 Child/adult RET 164761 AD KP
PTEN hamartoma tumor syndrome 153480 20301661 Child/adult PTEN 601728 AD KPand EP
Retinoblastoma 180200 20301625 Child RB1 614041 AD KPand EP
Hereditary paraganglioma- 168000 (PGL1) 20301715 Child/adult SDHD 602690 AD KPand EP
pheochromocytoma syndrome 601650 (PGL2) SDHAF2 613019 KP
605373 (PGL3) SDHC 602413 KPand EP
115310 (PGL4) SDHB 185470
Tuberous sclerosis complex 191100 20301399 Child T5C1 605284 AD KP and EP
613254 TsQ2 191092
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Mepeknaccudpmkaunsi svaqumoctu // Shah (2018) Am J Hum Genet

Identification of Misclassified ClinVar Variants
via Disease Population Prevalence

Naisha Shah,! Ying-Chen Claire Hou,! Hung-Chun Yu,! Rachana Sainger,! C. Thomas Caskey,?
J. Craig Venter,’.3" and Amalio Telenti®*

The American Journal of Human Genetics 102, 609-619, April 5, 2018 609

* Whole-genome sequence data from 10,495 unrelated individuals to
contrast population frequency of pathogenic variants to the expected
population prevalence of the disease

* 2.6% at risk for disease for 16 of the 26 ACMG-59 conditions,
* 4.9% were carriers for 17 of the 26 ACMG-59 conditions.

* 1.5%—6.5%, the estimated range of screened individuals that would
have an incidental finding for the ACMG-56

* Allele frequency x disease prevalence for 25,505 variants:
many pathogenic variants have low penetrance
or incorrect pathogenicity
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FeHeTMYecKkas ANArHOCTUMKa MeHAeneBckux saboneeanmii

HekoTopbie nepcnektussl WES /WGS-guarHoctukm

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

GENETIC DIAGNOSIS

Diagnosis of genetic diseases in seriously ill children by
rapid whole-genome sequencing and automated
phenotyping and interpretation

Michelle M. Clark!, Amber Hildreth'23, Sergey Batalov', Yan Ding’, Shimul Chowdhury’,

Kallu Watkine'! Katarzuna Fllamnrth! Rrandnn famn! Curiallal Kint? Calium Vacaohian®
Use type Retrospective patients Prospective patients
Subject ID 263 6124 3003 6194 290 352 362 374 7052 412
Age 8days 1 years 1 year 5 days dweeks 2days 17 months 3days
Sex ?
Abbreviated Neonatal Rhabdo-  Dystonia,  Hypoglycemia, h'::'::::“i Diabetic Neonatal WE anemia | Pocudomonal Neonatal
presentation seizures myolysis  dev.delay seizures o ketoacidosis seizures 2 septic shack sefzures
Method Auto. Auto.  Auto. Auto.  Aute. Std. Auto. Std. Auto. Std. Aute. Sd.  Auto. Std.  Aute. S Aute. St
Number of
phenotypic s1 s 148 14 2 7 4 103 4 65 1 12 6 28 3 £ 1
features
Eayinertle o ogen  Dops (e X-linked Benign familial
Molecular eplleptic . neonatal
< storage  responsve  Nome  None None  None Mone MNone MNone None  agamma- neonatal
diagnosis  encephalopathy diabetes
disease V. dystania ° glabulinemia seizures 1
7 mellitus
Gene and PYGM ™
causative . ;g"ffh c2262delA  <785C>G  na.  na.  na  na  INSC26C>G na  na na. na. Bm: i’“ Z . "é?“‘fi g
variant(s) - ATHOT  eSNCT -
Tatal (hours) 20:25  19:56 19:20 19:14 20:42°  56:03 19:29 48:46 1911 42:04 19:10 5721 31:02° 34:38  22:04  38:37 20:53 48:23
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FeHeTMYecKkas ANArHOCTUMKa MeHAeneBckux saboneeanmii

BeiBoabi

® Mengenesckue (MoHoreHHble) 3aboneBaHNS 3aBUCST OT rEHOTMNA B OfHOM
e[IHCTBEHHOM JIOKYyCe, Hac/lefoBaHNe NogyuHseTCcs 3akoHam MeHgens

L4 anI 3TOM CYLLECTBYET MHOro OTKJIOHEHUIH OT ANPOCTOro NaTTepHa HacnenqoBaHnMA

® CewmeliHasi arperayusi, onucaTenbHasi AMUAEMUONIOTUSt U APYreé METOAbI MOMOratoT
YCTaHOBUTb FEHETUYECKME OCHOBbLI MOHOreHHbIX 3abonesannii. Mounck reHos,
aCCoOLMNPOBaHHbIX C 3a00/IEBAHUSIMY, 3HAYNTENBHO N3MEHWJICS 1 YCKOPWJICS 33 CYeT
BbICOKOMPON3BOANTENBHOIO CEKBEHMPOBAHUS

® Ba)Hble NaTTepHbl HaC/efOBaHNS MEHAENEeBCKUX 3ab01eBaHMii:
ayTOCOMHO-AOMUHAHTHbIA, ayTOCOMHO-PELLECCUBHBbINA, X-CLIENJIEHHbIVi PELLECCUBHbIA,
X-cuenneHHbIli AOMUHAHTHbIN, Y-cuenneHHoe

® [leHETPaHTHOCTb, OTHOCUTENbHbIV PUCK 1 OTHOLLEHWE LLIAHCOB SIBASOTCS
pasnu4YHbIMU, HO Bn3kuMM Mepamu. [NeHeTpaHTHOCTL BapMaHTOB 3a4acTyto
Hen3BeCTHA WJIN 3aBbllUEHa

® PaspaboTaHbl CTaHJAPTbLI U PYKOBOACTBA: OT MHTEPNPETALNM BapUaHTOB A0 OTHETOB
Mo BTOPWUYHbLIM HaxoAkKam
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FeHeTMYecKkas ANArHOCTUMKa MeHAeneBckux saboneeanmii

Cnncok nutepaTypsl

EkaTtepuHa MNMomepanuesa — leHeTuyeckasi guarHocTuka m niaaHMpoBaHUE CEMbU
https://youtu.be/TRLBiXgVqKg
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Cnncok nutepaTypsl
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