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Abstract

Genetic variations bring many clinical diseases, ranging from single nucleotide variation
(SNV), small indel to copy number variation or chromosomal diseases. Genetic testing should
assess all levels of variations to make precise genetic diagnosis. WES brings much information
about SNV and small indel, which is also able to evaluate copy number variation by analyzing

reads of coverage (exome CNV).

Aim
Using exome CNV to re-analyze possible pathogenic CNV from the WES cohort, and

calculate the genetic yields of WES and exome CNV.

Total 130 cases were enrolled in the study. We reviewed all the CNVs from the 130 cases
that are larger than 5 Kb and containing Mendeliome genes or OMIM genes. The pathogenic
CNV was filtered out if compatible with CNV syndrome reported on Decipher, or had genes
with high pLI/pHaplo/pTriplo values and similar phenotypes. The diagnostic rate of exome

CNV was presented.

6 of 130 cases were found having pathogenic CNV from exome CNV, including
Klinefelter syndrome, Vissers-Bodmer syndrome, 1g21.1 recurrent microdeletion and 17p11.2
duplication syndrome. The diagnostic rate of exome CNV was 3.85%. By adding exome CNV,

the diagnostic yield of WES improved to 47.69% from 44.62%.
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Conclusions

Exome CNV can detect pathogenic CNV and improve diagnostic rate of WES by 3.06%.

However, further study that enrolls more cases is needed to complete validation.

Whole exome sequencing, next generation sequencing, copy number variation.
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A 5 A G (CNS) ~ s Bg(heart) ~ #5555 5§ (gastrointestinal/liver/biliary) ~ ¥ %25 &

I 3 ke g (muscle skeletal) ~ i d(metabolism) ~ & {2 7# % (cancer) 2 3 £ i

S i #¥ (multisystemic/syndromic) & o

Exome CNV ¢34~ 4 B 38 (validation)
%% exomeCNV {5 > A BXELF 5 &M 2t arayCCGH & 4

ERE O WERS INESNES T R SR
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=% > A1 %% (Result)
- ~ & & FT# £ 57 (demographic data) 2 = 3 7= 4% &) (flowchart)
- 5130 B EAARTEA AP G T6 BRI P ALEE
58.46% ; 51 i % 5 % & L% > 53023% ;35 465 k2 X ELE o ik
2.30% > 63 = 5 T4+ > ik 48.46% ; 67 i 5 4+ 0 ik 51.54% o & %X WES
wh2 LR FIE j s FRA SRR TR CAERE  FES
B PRE)LF RS 0§ 53 2(40.8%) ; H =k 5 & HHA g 18 2(13.8%) -

FAEH S8 15 (11.5%) ~ 5 € B F 12 (9.2%) -

Z~CNVEFF2MEELT
#i B &4t SICNV A g > $RF =% T 54 ) 8.09 B
Mendeliome CNV/(4 ] 2-86 » * =#c 7)% 24.75 & OMIM CNV(# [ 12-74 » ¢
= # 23)(% =) # ¢ > Mendeliome ## i+ 59.22% ~ 4 % ik 40.78% ; OMIM
FRH 1k 35.72% ~ 44 4 1k 64.28% o o 11} ¥ 4o 51F L 30% § >Bkb & 4
Mendeliome & OMIM 2 #1517 CNV o & B B % e CNV fasg » # A B4 ™ (B

;)o

= ~ =3 inde W (flowchart)2 Exome CNV &l .35 ¥ 5
AP EA7130 Fik o B P o FIRG 1i=F 5 deletion 4p B (7 CNV
syndrome - 4 =+ 3 duplication 4p & <3 CNV syndrome - 31 =4 3 %
pLI/pHaplo/pTriplo & 38 %] » e & 40 B Tk i 47 #(G2P & OMIM morbid) >
= VUS. ¥ ¢ 93 =% 7% 73 CNVsyndrome 4p B 2 B pLI/pHaplo/pTrioplo &

1 CNV % £ > 5 negative - Exome CNV ef5 (4.2 %75 5 5/130=3.85% -
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r ~ Exome CNV B B % 5] 4

# = 5 exome CNV 4~ 47 5 positive 22 B &% » 2§ 7 X o

BER17T 53/ FRiv2 FZFBELYE « 30z $(febrile
seizure) 2 *gv B A %:}i(leukodystrophy)ﬁfai;ﬁ o Exome CNV # B %4 7§
16:56192232-58723975 = 2.53 Mb % 16:46474257-48609957 + 2.14 Mb s £
duplication - # 3 % 3 CNOT1 » GNAO1 ~ RSPRY1 & %] » ¥ iy i = Vissers-
Bodmer syndrome %2 Developmental and epileptic encephalopathy = & & 4 7 4%
SIAH1 £ %] » ¥ it 12 = SIAH1-Associated Neurodevelopmental Disorder - Vissers-
Bodmer syndrome sn& & Z i * X~ FEAE(EHZ F ) TER Y2
WE e o P Hcg & FHRR - "e? MRl B4R ¥ [23] - @ SIAH1-Associated
Neurodevelopmental Disorder ~ #- 5 Buratti-Harel syndrome » # 35 & # % 373
WRBE B QAR A KT G IRE F R [24] -

B%50% %126 4~% 5 05L%&% 349 M4 f]&;/,‘}%v Fla B A A AT
A Z R o S exome CNV # s B B %355 X 4 d Mt FEHH > 5tk
224+ i (Klinefelter syndrome) é,—‘*‘ ° pt 1% 2R o(incidental finding) & /2 2%

B BB % DL FORK o FILARERE 5  ofS R AR R 0 AT S 1

BX67 2 1&93  Fl4EB% [ FR %?ﬁ;’sﬁ_;{*ff%ﬁ > Exome
CNV # ¥ %+ 7 1:146975637-148483351 + 1.51 Mb 2 deletion » # iy i@ =
1021.1 recurrent microdeletion syndrome = #* 5 5 % %= 2 % J(incomplete
penetrance) » 7= W § 44 CNV 7 — 2 100% ¢ 3 5 » %@ > & F ¢t & CNV &
EH X7 50%¢ 7 I 21 (microcephaly) & 3 ~ 30% 7 4 & A i Hiat ~ 26%7F %
IMEPHHHBE Y 15T EERR TR REEFAZFLRBY > F 4R
B ~iin 4 4 B¢ 2 pERAEE o T 400t > GeneReview 112 3k i B
B AR & PR F 0 R RREL AR[25] -

Bx95 5 1&LF > 7T g (lissencephaly) ~ o ~ % B &% ~ ] FE
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2]

4

4

xfi#fjhgﬁ o ExomeCNV # B X F 3 3 B34 ¢ 4 17 cnCNV > » 5] 5
17:16939117-18388300 * 17:18636469-20460452 > ~ |- & %] % 1.45 % 1.82
Mb - CNV ¥ it 13 & 17p11.2 duplication syndrome(* #£ Potocki-Lupski
syndrome) » H 2 iR TR - FERAE P AT RE 5B F -8B
Boos UER A4 T S FRFIEEERE LB A ORE M BR o KA o
% 33 @A < # en17pll.2 duplication & 7 ac FE R & A > &AW E BEEE
EPrE o GeneReview :23k 8. 7 vv3R 4 2 K A H AR TR 4 EBY B BB

$ 0 EBEDLE 0 BB RIS A

Exome CNV VUS # % 5| £

w543 VUSCNV ehip ka4 » £4 312k -3l nB%35%
1£ % pLl/pHaplo/pTriplo & & Fleds b #icE % » 2@ 16 =B % CNV 7 3540
A FE3 OMIM & & ~ 3 & OMIM & G2P 23] » # s 15 =B % 5 CNV 52

Ry 2RA S rBE B ERIER AR @ éii’—:’ﬁﬁ’?ﬁiﬁ*v? VUS -

WES SNV % exome CNV &% 53 1t fi

FAEE R A IAR ) Bledn 130 B &Y o X BB AR -
e WES #5 3| pathogenic ¢ likely pathogenic 7 SNV/indel » # ¥ %73 % 58/130
=44.62% - H = 72 = WES % VUS ~ benign/likely benign # negative i3 % »
3 4 5% - arexome CNV 45 3| # 5 mi{},% CNV» " W32 3

62/130 = 47.69% > 3 4r 3.07% - (% 1)

¥ 351 array CGH %% Exome CNV (validation)

AT e 130 R &Y o W5 11 = pEdE < array CGH 4~ 4745 F #ic
BAH (2~ %)

#¥ o exomeCNV R B M5 =% > 3 3 (B % 1750~ 95)

array CGH 4~ 4722 exome CNV ~ 452 > 2 & » ¥ #F 2 i+ (1 % 67 ~ 126) A fx
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array CGH -

Exome CNVVUS 131 = %7 » 5 2 (B % 33~ 64) & exome CNV 2
array CGH (7 CNV =% 2 < /[ 35% & » ¥4 4t arrayCGH 75 VUS| ¥ *t 1
= (® % 122) & exome CNV #5 3| - & 17.34 Kb = duplication » F]# 3 pTriplo
E % 0.96 7 CARD14 2 7] » #& % exome CNVVUS ; #m & CNV ¥ it F]&
B =] &ixd array CGH i /p] » # array CGH 3r 2 % negative - H 4 28 = %
£ array CGH & 17 » g & v i o

Exome CNV 7 negative i794 =B % ¢ > 3 89 i~ A fiarray CGH - H 4 5
=3 1=k 5 arrayCGH 51 > @ ¥ #t 4 =eharray CGH 47 2 5 VUS - fiz 4
@& o3 2 (%% 13~ 131) & exome CNV % array CGH 4 #[:2CNV #
By~ A3 s e Flexome CNV #-3F 3 OMIM A Flie
pLI/pHaplo/pTriplo & 4 i % cH 3 f2 7] 5 negative » @ array CGH » & CNV
FEF 3 OMIM AR Al 5 VUS » s 2| end » o @ § ¢k 2 = exome
CNV s £ ~array CGH 5 VUS i % (F % 10 ~ 11)+ & £_exome CNV iz &
{4 (false negative) > # ¢ % 10 A array CGH # 7 % ¢ %% 14 + 86.82 Mb 3}
o0 e 544 Al (mosaicism) o B F B F 10% o pARAR I L B R A
exome CNV F & ;24 5B » &% F_MViewer & IGV 2 2 g1 > dwipl R Fl i
B ¥ b, M w2 GATKgCNV caller 3% - ¥ ¢k B % 11 A array CGH #
A d 4 A53MDb i o e fexome CNV F 7 AAR BT - 42B]F & R
F] 5 4t B ETF — protein-coding gene > F]t A 45 WES P &AL F] P ELPFIUEL
7R (B4 ) ptoh s bz WES @ * cngrd|eBiics > » ¥ ERBFa

BUi R A K E A AT R TR

22 doi:10.6342/NTU202302212



%= & - 3#% (Discussion)
~ ~CNV &35 4%

FP R R E TP AT P BanE e (recombination) 2 54 0 Flt ¥ £ EH
DNA E 7 e f7# 7 (rearrangement) ~ 25 F1#] £ (dosage) 73§ i 2 gain-of-
function 47 allele 2 2 [26] - CNV 25 % crfgg ¢ 42 : )7 F allele 2 B e & &
s (nonallelic homologous recombination, NAHR) 2 2 2)Ir - allele 2. ® 24}
DNA & 7| @ 1¢ 41 en2b e & & 71 (4- nonhomologous end joining, NHEJ)[27] -
NAHR £ DNA @i #A& s g2 84 en 24 > Vi €7 — %9
V- makdengic A4 om NHE) B2 8 % DNA 2B R S 4F PR 7 F &
R 7] o A FIHEY > A FAF P B B % & (4o Alu ~ LINE/LL region)# 4 eh
F L BB F R NAHR 4] 5 2R S 30A L CNV 2%k p 2k & 1

#1 - [28](8 )

= ~ Deletion v.s. duplication » 813 1t §& % % R ?

HEHB AR g e 502 o 3% 5 F LenCNV(Z% 5 allelic
frequency <0.1%) ¥ £  4¢ £ i @ & s (Mendelian disease) * 47 fe- 14 & 2 5 4
B0 2 CNV A [ ¥ ¥ 07 § Bak A% > #48 k+ A=A genomic
disorders » % 2 4 DiGeorge syndrome(22q11.2 deletion) ~ Charcot-Marie-Tooth
disease type 1A(17p12 deletion) % - Genomic disorders & 3% — » £ & F L eh
JEA 5 A 58 5 & % (neurodevelopmental delay) o 7 &= CNV % £lix & 2% 353 32
Sk € R 2R F (4o 16pll2 42 2 AL~ M A ML L) L
CNV ¥ fengt £ Sy ir ¢ i = 7 | g }I%(iir 17p12 4 % ¢ 1% = Charcot-
Marie-Tooth disease ~ 43 ¢ i = hereditary neuropathy with pressure
palsies)[29] - — #&3n s CNV ® £¢ chgk 7] T &8 | (dosage) 3%z 2r 4 33 4
o a0 g CNV nsop I 3 37 oo

WP R LA I Y S R R TR R R T A [30,
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oy

31] > e WA FE E H

5 o B 3 2022 & R. L. Collins[21]41] * #-:iTF & * &3k 7]
TR > FE & 273 allelic frequency <0.1% ~ = -] /i %+ 100Kb & 20Mb H%F &
CNV > ¢ 54 & Human Phenotype Ontology (HPO) & #f ch:5 5 % JLGARE 55 & 47
(Bl -)> #1204 14 £F 53§ A FlenpHaplo @ % pTriplo & > ¥ &% g
$» i haploinsufficiency(HI) % triplosensitive(TS) ek %] o & {8 =_d)

pHaplo>0.86 ~ pTrioplo>0.94 % i = protein truncation variants (PTV)& 3§ b *& &
i (odds ratio>2.7) » # & 11 3635 BHE L KL RERRE AT BHEATERES
ARG R o FYRGEATFEARL STy > @ pHaplo 2 pTriplo &
7= 4% Decipher &+ FHLE 31 % > ¥ 5 AT BB ¥ hh L i o

R.L.Collins # &7 7 ¢ #& 3| » 82 A F4 7 % deletion +* duplication 3 #B
IR e 0 L F AT F pHaplo & 0 L ¥~ §F % pTrioplo & o 7 4
Flak % @ RpCNV T o 4§ 7 AL § FIgRH A 5o o (B 2)

Ra o Wi¢ 3 pHaplo &2 pTriplo & i 4 45 CNV h% » & F % *
Decipher & :E ¥ i & e CNV 7 fp > 5 ¢ G 37 % 2 Flak > pHaplo & %
pTriplo & » & % Decipher | W47 © 37 5 2. ¢ (4v® 1 77 ADGRL13 A 7%
#£72 %39 pHaplo/pTriplo) - ¢* *t - Decipher i 24 & & 12 pHaplo & %7 2 7]
% pHaplo BB B % ¢ ~ MB|Z %4 o 2Ra o B X 2B pTriplo & >
F A B CNV R e §ehars AT 7 i & AR & (browser) o

§ > ZRBIAFILAIFE A7 F P pHaplo/pTriplo & -

17 s L

(s

R 7 # %144 £ pHaplo/pTriplo & &% %4 ¢t > B3 3% 5 R 57 a0 F2 58
RFF g 41% exome CNV e #75 o &7 4 4 2.4 % 5Kb 7 CNV » B2 X7 2
A FFDCNV e e v g /R 4o B exon 3k £ o 4oiB % 86 5 9 & ¥

3 Fbrigdoeg 4 Ky 18 k5 MLPA /Z3n § DMD & F] exon 10-11 45

# > & Duchenne muscular dystrophy £ + - fmg B ERH L ) 1 2Kb =+
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2 IGV F 23 v uysash o & MViewer 755 7| > e 1P #R % ] % 5 5Kb 7
LA g 2 B oo pt et > DMD 2 F] & Decipher 77 4% 2 pHaplo/pTriplo & - #&= %
i@ GATK gCNV caller # it gt 555 CNV » e 12 A7 3 chadi § R vg 19 g 72 & 5
i o (B+= ~Fltwe)

# it F g pHaplo/pTriplo & ¢k %]:& 3 3% 5 @ 4reo CNV syndrome 1 & 2
&% pHaplo/pTriplo & 7 F] » 4o i % 95 < Potocki-Lupski syndrome (17p11.2
duplication syndrome) - #* +* # B CNV ¢ 7 #ic- B OMIM A 7] » e izit A7)
¢h pHaplo/pTriplo & 4% A 42i% 0.86 & 0.94 - k@ - }* CNV %3 & Decipher 2
WO ARk Ry PREAR F A A RAR M 0 B o AU ST TR R A R
% 22 ¢ 5o CNV syndrome % & & & &% ¥ 4> 4 B pHaplo/pTriplo & 7% -
# o

ClinGen & F F# 2 & CNV % 33 haploinsufficiency 2 triplosensitive score
S m s * P AT 4R Eﬁiﬁ:ﬁﬁ CNV % it £ 5 7 # A Feh i a4
(pLI ~ pHaplo ~ pTriplo) » # ff %4 CNV F Fiens o] ~ =8 ~ & 4 S &
[ERENENE 2 0: N —‘}g gk 0 4 & CNV syndrome 7 F 4 35 (variable expressivity)

227 = > % 3 (incomplete penetrance) sndF 4+ - A i gt (e D) %7 o (B 7))

Exome CNV hig 4 g7 7 41
FOF B E IR T O > 1 WES e A FALA 4 exome CNV &7/ 4

AL gCNV &_F »cm ¥ fFehro AT 3 f1* array CGH fi s FErc ¥ - 3 IS
exome CNV #5 3] 7 CNV 5 B2 array CGH ent % mih =% & = /[ 3598 A v
£ oA p R e WES & 47 SNV/indel sk p » =+ & 5 CNV * 7 B¢

MR A WT XA N GONV AL Z T A FehA 4 2R o 5P
exome CNV 247 & ¥ | 1 #ic Kb > +* 4= array CGH fz47 & (180k array 5 #
i 60-100Kb)[32] 7 = tgi&4H » # & ¥ 4 47 genomic disorder » # 3 ¥ m-f exon
% % epstructural variation o gt ¢k > £ 5 WES & 2 e BAM A% 0 B ¥ B EEA 5

25
doi:10.6342/NTU202302212



Ry

single nucleotide polymorphism (SNP)eha # 2 847 » 5§ &4 < # T A T
Lo Wi § *ﬁf %7 CNV cfiphase ¢ #_F 5 loss of heterozygosity(LOH)3R % - i&
4 T ehimprinting disease (4 Prader Willi Syndrome) £ 5 # 7.1 0l i@ - [33]

H @ pEf]* WES 2 exome CNV e~ 5 @ 4f H 5 %75 ¥ iF 36%[32] - %
- AR® WIHEET ¢ > WES & & exome CNV 7 75 i 41.38% » H ¢ 12.02%
&_d4 Exome CNV 6%3?)5%[34]

Rm > exome CNV 722 WES & % HjiF b andd 8h > ¢ J5 4543 P 5 exon
AT A BB s F ~ GC content #2 B <% 3 ¥ 1 A ~ pseudogene F]
WA A 2 A B A 2w pk(alignment) ~ £ BLiE 1 & (epigenetics) g i
Fk A E[13] - A k¥ 5 2 A F148 %A (whole genome sequencing) ¢ & & 71| @_&

(long-read sequencing) » & 3 ¥ 12 B PR b iR P o

HAPFEIZMRWES?

F 238 @5 5 (rare genetic disease) ¥ AFEsk b b B PR AL o p o e
“} 6000-7000 5.5 2B @A 0 550 4 ¢ T L HFLL o KA o d i
FAXEBREGF > TRELEGA BV EREBA I > kg 50%
LenF A BAR LY RE TS LE SR A E S TRE A 4 I
%72 % | (diagnostic odyssey) » ¢ 3237 S KB e P~ R GERE L
ErPRAGrA RS R BRI RAE AT E U F
B BFRE - grrodyssey 77 > TR ERAUFTERER - TRF 4
B RDBEL ALY o JFEI  BRPYETZ T R 530 £

PRm B ey A0%eh R TR S K S ETL R 0 v L D4 S dT

BiEd 30 # 0 FIRAMAF LA BAE O F T AADRI WP LA
(karyotype) 2 2 78 %148 2 F]5 & (chromosomal microarray analysis) *t > & ¢ 2 4
+ 4 $ (4 Sanger sequence)FEin T 5 B A FIEEF R E o SRR T
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T_A B4 H07 gene-by-gene 0= NGB T o TR - BAFIFERD ¥ s R AART -
BAF o Rd > FBAFDTAGD F Y X AF > F At gene panel &%
o BFRARAR N AN AT PR FILETF Y & 4 > [39]
EF S R LA NGS)R 2 0 2 A TR (WES)FE* g4 F b - R
ATEAGEPRATIL FEA UL EBHER L L2 ATk RS
TRISEAP D AT - % WES § i% - s(firsttien) A F1Z ¥r1 & ¢ 437 %
R AR E #& F15 s (monogenic) sh8F 52 ~ b & 4 0 B i
Bl Fd e B F IR GR A E i FID e 2 R F[36-39] - L §
< }gki # WES &4 7 F i Send f8 4 A » ¥ f& standard care (¢ z Sanger
sequencing ~ NGS gene panels ~ methylation studies ~ mitochondrial mutation

panels)a & § & e v > F)ptaE ik WES = 5 £ 8547 » [35, 40, 41]

ADRFE BB KRR
CNV syndrome 822X = 7 fif 50 & efv grigs > fe v &% 2§ 2 I & R

(variable expressivity) ¥ 7 = > # J.(incomplete penetrance) I % » I ¥ L3R

RIZA TR B 2 RA g $ M R[42] o A p A AR RE L %éfﬁ? v
BARAZ ER A EVAAHETARERY LAE BB ESEFT K
%%ﬂﬂo%ﬁ’ﬁwﬁﬁ@%%@%&éﬁﬁ%ﬁ’ f AR DA A
Folo SRR gl AL TR & - AR EY AT FRAP A
5T Ao il g F2b FELeh o B Ak WES ehs AT % )
* exome CNV i ;2] CNV syndrome i * A% kA& R i > %5 ¥ av € ™1 exome
CNV B~ &7 A% % * charray CGH 2 W p|Pss2erdt L B # » ¥ 7 b BB
# WES F 424 47 SNV/indel - £ pF > & % i @353 f i & w # CNV
syndrome > § & 4c + £2 SNV/indel 4p & e1single gene disease > & 35 #7424 52 1% 3#f
7 Jp (inborn error of metabolism) ~ A ¥]4 4 47 (carrier screening) » # & & 8t % 14
AR H N A RER G AF]A T o S BT BT B A BT
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Vo enp R IR L AL 5T AT A VUS & ik & 2R AR -
ERATALH AR T > TR R AR Y PRS2 ER 2 TR
B ix vk M heru 2 (attachment) [43] © Fi2 2 AR A - R 2 T Al 6 F 5 L fE
AWAFILEa FHR R VLS NBF T F[44] o Ra o in A g
BT AR AL LG 2RSS AT A EIRE TR DRk

FRRALA FIRZ[45,46] - Flot o FOREEH ~ FRh 2 sUT R B A TP H K
B TR E D BRE S S R R A AP M G2 T )
TRECROEDFE B ABRE EFLAIZFIAAPL L fEAD

ABBE S (TR RE o TGP RN ER AT

AKRER

AT REP TGS i0F {0k chig & 2 Decipher 4 b AL R e ik o
BN R AT A ARE LR o KA P e AR A S Bk a S R
Fmp RS o T - R B R T RPEFREI S 20-30 =B % charray
CCH % > 1 e AT { B -

pt 2k 5 exome CNV + e pr 5 e WES SNV/indel - 25 % B ek 5180 53T
v2 % 347 B (2Kb) e exome CNV FE3n 23 § Mol ¥ Boehih & S5 > 5 F 7 it

4 & B 3L %] & & (compound heterozygous) - (B -+ =)
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%I % - &3 %% (Conclusion)

Exome CNV # 12 3 »c i | F1RE ¢ e b e & - 1% MViewer #; %8 2

Decipher & + T4 E > &:E>5Kb ~ ¢ 7 CNV syndrome = & pHaplo/pTriplo & A ¥

ACNV F &> ¥ - WES e 75 3 3 3.07% o
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FIGURE 11.3 DNA preparation for NGS sequencing. The method of NGS DNA template preparation affects CNV detection options.
First, genomic DINA is typically fragmented by sonication or enzymatic methods to ~ 300 bp sheared fragments, or prepared by specialized
methods in a mate pair library, e.g., ~3 kb inserts. For mate pair libraries, short sequencing reads are done at either end of the ~3 kb insert,
allowing inference of copy number gains or losses when the two paired sequences do not map to a reference genome at the expected ~3 kb
distance. Sheared DNA may be sequenced by shotgun sequencing, in which all fragments are sequenced, or by targeted approaches including
PCR-based amplification or hybridization capture to enrich only selected regions. At the bottom a schematic of mapped NGS sequence reads
is shown for a mate pair ]ihmr_v (black), shnlgnn 5&]1I¢nring (blue), and lnrgctr'd sequenci ng (red).
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Discordant mate pair

Overview: Mate pair paired end that reads map further apart or closer than expected indicate deletion/insertion. Paired reads
that map to disparate regions or DNA strand indicate balanced structural variation.

Paired end reads -_—— - [rep— [ —
3kb fragment length fg— ~~ Disparate
—— — Genomic >3kb <3kb chromosomes
region G O
3kb map distance == ——— e — -—
Deletion Insertion Translocation

Strengths: Detects all classes of structural variation at low coverage
Limitations: Requires mate pair library, incompatible with targeted approaches, no CNV characterization
Primary applications: Whole genome structural variation profiling of cellular or cell free DNA

Depth of coverage

Overview: Sequencing depth of coverage is dependent on copy number of the sequenced region. Relative depth of coverage is
compared across samples to identify regions where copy number changes are present.

- —— — ] —— — — — — ey —— — —— — — —
Control —— — -
Reads o Eie s S
1
Test -—=
Reads 't o Genomic
" Deletion " Duplication ! region
Strengths: Compatible with all NGS approaches, can detect all sizes of CNV
Limitations: Resolution dependent on high sequencing depth, subject to capture/sequencing bias
Primary applications: All NGS applications
Allele frequency ratio
Overview: SNP allele frequency ratios used to predict change in copy number across a genomic region.
CIA G G AIC C T T Gi1€C A ACI1T G A
Sampl C:AGGA:CCTTG=CAAc:TGA
ample CJ]A GG AIC C T T G;C A AC ;T G A
SNP CIA GG AIC C T T GiC A ACIT G A
reads AlAGGA}GTTACIGTTGIAAG
AfA GG AIG T T A CJG T TG A A G genomic
H i HE ) ) H o o region
IDe\etlon(LOH)I Diploid region (1:1) IDupllcatlon (2:1) i

Strengths: Compatible with all NGS approaches as complementary evidence, detect LOH
Limitations: Dependent on presence of heterozygous SNPs, low resolution
Primary applications: Secondary evidence supporting CNV call, LOH screening

Split read/assembly

Overview: Individual NGS reads that partially map to disparate regions indicate presence of structural variant breakpoint. Local
assembly of split reads can characterize CNV breakpoints at base level resolution
Deletion spanning read Duplication breakpoint spanning read

:— €——  spltreadss ——> T Reference
: ; g genome

: : ‘ : i Sample
U — ~ ~ - genome
Deletion Duplication
Strengths: Complete characterization of CNV (base-level sequence resolution), can detect all classes of SV
Limitations: Limited to detection of CNVs/SVs where breakpoints are sequenced
Primary applications: Secondary evidence supporting CNV call, high coverage whole genome CNV/SV screening

FIGURE 11.4 Conceptual approaches to CNV detection. An overview of four conceptual approaches to CNV detection by NGS, including
the strengths and limitations of each approach. Each approach is covered in detail in Figures 11.5-11.8.
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TABLE 11.2  Clinical NGS Approaches and CNV Calling

s8R % (depth of coverage) 2K EB

Approach Scope Clinical Per Sample DNA Primary CNV CNYV Detection
Example Cost Preparation Methods Resolution
Targeted Selected Cancer gene Low Capture or Depth of coverage Coverage
sequencing; genes/exons panel amplification dependent, all
selected regions CNVs possible
Targeted All coding Rare disorder Medium Capture or Depth of coverage Coverage
sequencing; exons amplification dependent,
whole exome currently
multi-exon
Whole genome Full genome Tumor profiling ~ High Shotgun, mate Depth of coverage, Variable, all
pair library mate pair, split structural variants
read, allele possible
frequency
Cell-free DNA Variable Trisomy 21 Variable Variable Depth of coverage, Variable, generally

detection

mate pair

very large CNVs

Bh « GATK gCNV BIEBERIRIZ  [47]

a Coverage Collection b Genomic Interval Filtering ¢ Sample Clustering d Ploidy Determination

D [ — Unmappable targets
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E S —— —_— o
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:
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T T T e i PCA1
Interval 1 Interval T ; e  S————
pass too low too high
e Concurrent Modeling of Read-depth Bias and Noise and CNV Detection
Learn read-depth bias and noise Estimate CN state Update CN state Perform Viterbi segmentation
given CN state probabilities emission probabilities posterior probabilities and calculate CNV quality scores
c - CN=4 = CN=4 «» CN=4
£ o [ 5@l £
g ] 52 Converged? g’
113 — é % CN=2 R 001 % CN=2 %
3 W g fen=i o g cN-1 0 [cN=1
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Genomic Intervals Genomic Intervals Genomic Intervals Genomic Intervals
T lterate until convergence

Fig. 1 | GATK-gCNV pipeline steps
a, Coverage information is collected from genome-aligned reads over a set of predefined genomic intervals. b, The original interval list is filtered to
remove coverage outliers, unmappable genomic sequence, and regions of segmental duplications. ¢, Samples are clustered into batches based on
read-depth profile similarity and each batch is processed separately. d, Chromosomal ploidies are inferred using total read-depth of each chromosome.
e, The GATK-gCNV model learns read-depth bias and noise and iteratively updates copy number state posterior probabilities until a self-consistent
state is obtained; after convergence, constant copy number segments are found using the Viterbi algorithm along with segmentation quality scores.
Abbreviations: CN - copy number; QS - quality score.
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Figure 1. The contribution of rCNVs to 54 disease phenotypes

(A) Phenotype categorization for 950,278 samples using Human Phenotype Ontology.

(B) ORs per phenotype from meta-analyses of rCNVs matching 95 GDs reported in the literature (top) and of rCNVs impacting PTV-constrained genes outside of
known GDs (bottom). Error bars indicate 95% confidence intervals.
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DISCLAIMER

The loss of function score should be used to evaluate deletions, and the
triplosensitivity score should be used to evaluated duplications. CNVs encompassing
more than one gene must be evaluated in their totality (e.g. overall size, gain vs. loss,
presence of other genes, etc). The rating of a single gene within the CNV should not
necessarily be the only criteria by which one defines a clinical interpretation. Individual
interpretations must take into account the phenotype described for the patient as well
as issues of penetrance and expressivity of the disorder. ACMG has published
guidelines for the characterization of postnatal CNVs, and these recommendations
should be utilized (Genet Med (2011)13: 680-685). Exceptions to these interpretive
correlations will occur, and clinical judgment should always be exercised.
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F— BRI -

® B N(+ 51%)
# ¥
0-17 76(58.46%)
18-65 51(39.23%)
66- 3(2.30%)
15
g 63(48.46%)
- 67(51.54%)
-G
CNS (seizure, neuropathy, intellectual 53 (40.8)
disability, autism)
Heart (cardiac, vascular) 10 (7.7)
Gastrointestine, liver, biliary system 9 (7.0)
Kidney and genitalia 9 (7.0)
Skeleton, joints and skins 15 (11.5)
Metabolism (hyperlipidemia) 18 (13.8)
Cancer 4 (3.1)
Multisystem, syndromic 12 (9.2)
&~ CNV BE R E#iREt -
Mendeliome OMIM Dup/Del
Deletion | Duplication | Total Deletion Duplication | Total
Number (N) 429 623 1052 2068 1149 3217
Mean (N) 3.30 4.79 8.09 15.91 8.84 24.75
Percent (%) 40.78 59.22 100.00 64.28 35.72 100.00
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Num | Age/ Chief complaints CNV location CNV size Deletion/ Involving | plLl pHaplo | pTriplo | Phenotype (G2P or OMIM morbid)
ber Sex duplication | genes
17 3/F leukodystrophy, 16:56192232- | 2.53 Mb Dup CNOT1 1.00 1.00 1.00 Holoprosencephaly, with or without pancreatic agenesis
motor and speech 58723975 Vissers-Bodmer syndrome (VIBOS) (impaired intellectual
delay, recurrent development, speech delay, motor delay, and behavioral
febrile seizure abnormalities)
GNAO1 1.00 0.94 0.99 Developmental and epileptic encephalopathy
RSPRY1 1.00 0.87 0.99 Spondyloepimetaphyseal dysplasia, Faden-Alkuraya type
16:46474257- | 2.14 Mb Dup SIAH1 0.85 0.86 0.96 SIAH1-Associated Neurodevelopmental Disorder
48609957
16:50025129- | 782.54 Kb Dup CYLD 1.00 0.99 0.98 Brooke-Spiegler syndrome (skin tumors)
50807670 Cylindromatosis
(VUS) Frontotemporal dementia and/or amyotrophic lateral
sclerosis 8
Trichoepithelioma
50 48/M | Niemann-Pick X: 8532951- 147.01 Mb | Dup - - - - XXY syndrome
disease, vertical gaze | 155545285
palsy, splenomegaly,
dementia, NPC1
NPC2,
neurodegeneration,
Parkinson
45
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= s exome CNV [BHEBERTIEX o (18)

Num | Age/ Chief complaints CNV location CNV size Deletion/ Involving | plLl pHaplo | pTriplo | Phenotype (G2P or OMIM morbid)
ber Sex duplication | genes
67 1/M Failure to thrive, 1:146975637- | 1.51Mb Del - - - - 1921.1 recurrent microdeletion (Intellectual disability,
Microcephaly, high 148483351 Microcephaly, Short stature)
T2WI in globus
pallidus, tremors
95 1/F lissencephaly, 17:16939117- | 1.45Mb Dup - - - - Potocki-Lupski syndrome (17p11.2 duplication
epilepsy, 18388300 syndrome) (Autism, Hyperactivity, Short attention span,
developmental delay, | 17:18636469- | 1.82Mb Dup - - - - Short stature)
microcephaly 20460452
126 3/M Epilepsy, Seizure X: 8465706- 147.06 Mb | Dup - - - - XXY syndrome
155524640
17:80181430- | 17.34kb Dup CARD14 | 0.00 0.85 0.96 Psoriasis
80198774
(VUs)
46
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%M « exome CNV VUS AEFX o

Num | Age/ | Chief complaints CNV location CNV size Deletion/ Involving | pLI pHaplo | pTriplo | Phenotype (G2P or OMIM
ber sex duplication | genes morbid)
4 3/M hearing impairment, atresia of left external 7:74752088- 6.80 Kb Dup GTF2I 0.96 0.83 0.97 none
auditory canal, VSD (ventricular septal defect), 74758891
r/o CHARGE syndrome
12 0/F Pelizaeus-Merzbacher Disease, leukodystrophy, 8:3284079- 125.59 Kb Del CSMD1 1.00 0.92 0.05 none
Neurometabolic, Optic nerve coloboma, Moring 3409667
glory optic nerve
15 1/F Imperforate anus with rectovestibular fistula , 7:74752088- 25.28 Kb Dup GTF2I 0.96 0.83 0.97 none
Congenital anomalies of kidney and urinary tract | 74777369
(CAKUT)
21 0/F Citrullinemia, CIT2(-) 7:70775268- 12.22kb Dup AUTS2 1.00 0.99 0.97 Syndromic Intellectual
70787488 Disability
29 34/F r/o Bartter Syndrome, hypokalemia 1:151364464- | 66.43kb Dup POGZ 1.00 0.98 0.98 Intellectual Disability
151430890
7:74752088- 6.80kb Dup GTF2I 0.96 0.83 0.97 none
74758891
33 4/M hypotonia, joint hyperlaxity, collagenopathy, 9:126690820- | 1.29Mb Dup LMX1B 1.00 0.99 0.96 Nail-Patella Syndrome
congenital myopathy, developmental and moter 127980207 STXBP1 1.00 0.99 0.96 Epileptic Encephalopathy

delay

Early Infantile Type 4

**similar patient**

Decipher #270873 (unspecified pathogenecity)

Conductive hearing impairment, Delayed speech and language development, Moderate global developmental delay
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RO « exome CNV VUS BZEFXK - (&)

Num | Age/ | Chief complaints CNV location CNV size Deletion/ Involving | pLI pHaplo | pTriplo | Phenotype (G2P or OMIM
ber sex duplication | genes morbid)
46 2/F X-linked hypophosphotemic Rickets 21:43068504- | 39.03kb Del U2AF1 0.99 0.99 0.97 Intellectual disability
43107532
51 13/F Long Qt syndrome, Polycystic kidney, funnel chest | 1:151364534- | 66.31kb Dup POGZ 1.00 0.98 0.98 White-Sutton syndrome
151430849 (hypotonia, sensorineural
hearing impairment, visual
defects, joint laxity, and
gastrointestinal difficulties)
58 0/M Adrenoleukodystrophy, r/o peroxisomal disease, 1:151364534- | 66.31kb Dup POGZ 1.00 0.98 0.98 White-Sutton syndrome
albinism, abnormal NBS 151430849 (hypotonia, sensorineural
hearing impairment, visual
defects, joint laxity, and
gastrointestinal difficulties)
62 1/F r/o Rasopathy, Noonan related spectrum, short 7:74752071- 6.80kb Dup GTF2| 0.96 0.83 0.97 none
stature 74758868
64 46/F Russell-Silver syndrome, Hemihypotrophy, 2:213007351- | 367.88kb Del IKZF2 0.99 0.99 0.85 none
asymmetry, Schizencephaly 213375227
65 8/M myoclonic astatic epilepsy, heterotopia, brain 11:116846386 | 110.68kb Dup SIK3 1.00 0.98 0.96 Spondyloepimetaphyseal
malformation -116957065 dysplasia, Krakow type
69 21/F Amennorhea, dominant, Hypogonadotrophic 7:74752071- 6.80kb Dup GTF2I 0.96 0.83 0.97 none
hypogonadism 74758868
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RO « exome CNV VUS BZEFXK - (&)

Num | Age/ | Chief complaints CNV location CNV size Deletion/ Involving | pLI pHaplo | pTriplo | Phenotype (G2P or OMIM
ber sex duplication | genes morbid)
71 21/F Neuromuscular, Neurodegeneration 9:26842282- 488.3kb Del TEK 1.00 0.92 0.32 Venous malformations,
27330661 multiple cutaneous and
mucosal, Glaucoma
72 28/F Ataxia, Migraine, Cerebellar atrophy, 1:151364534- | 66.31kb Dup POGZ 1.00 0.98 0.98 White-Sutton syndrome
Neurometabolic 151430849 (hypotonia, sensorineural
hearing impairment, visual
defects, joint laxity, and
gastrointestinal difficulties)
74 50/F Renal cell carcinoma and lung cancer 5:32107959- 35.91kb Dup GOLPH3 | 0.24 0.57 1.00 none
32143874
80 24/M | Cardiomyopathy, LV honcompaction 1:27830803- 19.66kb Dup PPP1R 0.99 0.87 1.00 none
27850465
82 13/M | Inflammatory bowel disease, Crohn disease 11:120112385 | 16.33kb Del TRIM29 0.00 0.86 0.64 Intellectual disability
-120128717
83 27/F Inflammatory bowel disease, Crohn disease 5:139322453- | 7.77kb Dup MATR3 1.00 0.97 0.99 Amyotrophic lateral sclerosis
139330224 21, Intellectual disability
90 4/M Autistic behavior, borderline mentality, selective 1:151364534- | 66.31kb Dup POGZ 1.00 0.98 0.98 White-Sutton syndrome
autism 151430849 (hypotonia, sensorineural
hearing impairment, visual
defects, joint laxity, and
gastrointestinal difficulties)
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RO « exome CNV VUS BZEFXK - (&)

Num | Age/ | Chief complaints CNV location CNV size Deletion/ Involving | pLI pHaplo | pTriplo | Phenotype (G2P or OMIM
ber sex duplication | genes morbid)
92 1/M motor delay, Hypotonia, short stature 21:43068504- | 26.29kb Del U2AF1 0.99 0.99 0.97 none
43094797
96 2/F febrile seizure, epilepsy, vaccine encephalopathy, | 17:46170835- | 52.91kb Dup KANSL1 1.00 0.96 0.96 Chromosome 17g21.31
seizure, Severe Myoclonic Epilepsy in infancy 46223741 duplication syndrome
(intellectual disability,
microcephaly)
100 18/F Epilepsy, SCN1A, Tuberous sclerosis 1:151364534- | 66.31kb Dup POGZ 1.00 0.98 0.98 White-Sutton syndrome
151430849 (hypotonia, sensorineural
hearing impairment, visual
defects, joint laxity, and
gastrointestinal difficulties)
101 7/M Marfan syndrome 7:74753807- 23.56kb Dup GTF2| 0.96 0.83 0.97 none
74777365
104 13/M | Inflammatory bowel disease, Ulcerative colitis 9:33817160- 30.38kb Dup UBE2R2 0.98 0.92 0.97 none
33920399
107 15/M | Cardiovascular, Marfan syndrome Y:23229568- 1.57mb Del AZFb+AZFc, oligospermia
24796151 (CNV syndrome)
108 47/F OI/EDS, Cardiovascular-bradycardia Fhx, Thyroid 5:139293674- | 7.77kb Dup MATR3 1.00 0.97 0.99 Amyotrophic lateral sclerosis
cancer FHx, Bone 139331677
119 58/F Breast cancer 16:69677210- | 240.68kb Dup wwp2 0.16 0.82 1.00 none
69917892 NFAT5 1.00 1.00 1.00 none
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RO « exome CNV VUS BZEFXK - (&)

Num | Age Chief complaints CNV location CNV size Deletion/ Involving | pLI pHaplo | pTriplo | Phenotype (G2P or OMIM
ber duplication | genes morbid)
121 0/F Rasopathy, Mega cisterna magna, mild hypotonia | 21:43066250- | 29.30kb Del U2AF1 0.99 0.99 0.97 none
43095547
122 4/F r/o Microcephalic osteodysplastic primordial 17:80181430- | 17.34kb Dup CARD14 0.00 0.85 0.96 psoriasis
dwarfism, type |, short stature, moyamoya, high 80198774
pitched voice
129 16/F Idiopathic hypogonadotropic hypogonadism, 21:43094462- | 75.39kb Del U2AF1 0.99 0.99 0.97 none
Primary amenorrhea, Idiopathic 43169849
hypogonadotropic hypogonadism, Kallmann 7:74752071- 6.80kb Dup GTF2I 0.96 0.83 0.97 none
syndrome 74758868
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x A« WES SNV & exome CNV H952ERLEES o

WES (SNV & indel)
pathogenic/likely pathogenic | VUS | Benign/likely benign | negative
Exome CNV
- 1 1 0 3
positive
Exome CNV
11 12 0 8
VUS
Exome CNV
) 46 33 3 12
negative
7\~ Exome CNV R array CGH B2 B LB K B & (validation) o
Array CGH
B #(N) Pathogenic/ Benign/ .
i i VUS i i Negative | Notdone | Total
likely pathogenic likely benign
Exome
CNV 3 0 0 0 2 5
positive
Exome
CNV 0 2 0 1 28 31
VUS
Exome
CNV 0 4 0 1 89 94
negative
Total 3 6 0 2 119 130
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&+t » Exome CNV % array CGH BOfERLLE K o

Num | Age/ Chief complaints NGS-based | NGS-based CNV | NGS-based | Deletion/ Array CGH | Array CGH CNV Array CGH | Deletion/
ber sex result location CNV size duplication | result location CNV size duplication
10 9/F progressive motor regression Negative undetectable VUsS 14: 20052038- 86.82 Mb Dup
106871264 (mosaic
10%)
11 o/M Seizure, Hypoparathyroidism, Canavan | Negative undetectable VUsS 3:122172818- 136 Kb Dup
syndrome (Leukodystrophy), 122308437
Subcortical white matter VUsS 4:57327425-61864939 | 4.53 Mb Dup
13 3/M global delay, lactic acidosis, high CK Negative 7:33905631- 247.76 Kb Dup VUsS 7:33751776-34350519 | 599 Kb Dup
34153392
17 3/F leukodystrophy, motor and speech positive 16:56192232- 2.53 Mb Dup pathogenic | 16:46455602- 12.3 Mb Dup
delay 58723975 58769428
16:46474257- 2.14 Mb
48609957
16:50025129- 782.54 Kb
50807670
16:51137082- 14.25kb
51151331
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%t  Exome CNV X array CGH B9fE RLEEFIR o (18)

Num | Age/ Chief complaints NGS-based | NGS-based CNV | NGS-based | Deletion/ Array CGH | Array CGH CNV Array CGH | Deletion/
ber sex result location CNV size duplication | result location CNV size duplication
33 4/M hypotonia, joint hyperlaxity, VUs 9:126690820- 1.29Mb Dup VUsS 9: 124988129- 3.05 Mb Dup

collagenopathy, congenital myopathy, 127980207 128039106

motor delay, normal creatine kinase,

COL6A1, developmental and moter

delay
50 48/M | Niemann-Pick disease, vertical gaze positive X: 8532951~ 147.01 Mb | Dup pathogenic | Xp22.33g28 155.75Mb | Dup

palsy, splenomegaly, dementia, NPC1 155545285

NPC2, neurodegeneration, Parkinson
64 46/F Russell-Silver syndrome, VUS 2:213007351- 367.88kb Del VUS 2:212831105- 2.42 Mb Del

Hemihypotrophy, asymmetry, 213375227 15251928

Schizencephaly Negative 2:213862475- 574.28kb

214436753
Negative 2:214728445- 409.79kb
215138238

67 1/M Failure to thrive, Microcephaly, high positive 1:146975637- 1.51Mb Del Not done Del

T2WI in globus pallidus, tremors 148483351
75 1/F Hypotonia, chubby face, tapper finger negative negative
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%t  Exome CNV X array CGH B9fE RLEEFIR o (18)

Num | Age/ Chief complaints NGS-based | NGS-based CNV | NGS-based | Deletion/ Array CGH | Array CGH CNV Array CGH | Deletion/
ber sex result location CNV size duplication | result location CNV size duplication
95 1/F lissencephaly, epilepsy, developmental | positive 17:18636469- 1.82Mb Dup pathogenic | 17:16919369- 3.37 Mb Dup
delay, microcephaly 20460452 20289856
17:16939117- 1.45Mb
18388300
122 | 4/F r/o Microcephalic osteodysplastic VUS 17:80181430- 17.34kb Dup negative
primordial dwarfism, type I, short 80198774
stature, moyamoya, high pitched voice
126 3/M Epilepsy , Seizure positive X: 8465706- 147.06 Mb | Dup Not done
155524640
VUS 17:80181430- 17.34kb Dup
80198774
131 24/M polyneuropathy negative 2:43832564- 149.88kb Dup VUsS 2:43823900-43981032 | 157 Kb Dup
43982442
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