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Collapsing Analyses

Common Complex Disorders: Rare Variants

Key Accommodations: Allelic and Locus Heterogeneity
Do trait-ascertained samples have more ‘qualifying variants’ in gene X than controls?
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Collapsing Analyses

Common Complex Disorders: Rare Variants

Key Accommodations: Allelic and Locus Heterogeneity
Do trait-ascertained samples have more ‘qualifying variants’ in gene X than controls?

Example Published Applications:

Amyotrophic Lateral Sclerosis - Cirulli E, Lasseigne B, Petrovski S, et al. Science 2015
Genetic Generalized Epilepsy* - EPI4K Consortium. Lancet Neurology 2017
Idiopathic Pulmonary Fibrosis - Petrovski S, Todd J, Durheim M, et al. AJRCCM 2017
Non-acquired Focal Epilepsy* - EPI4K Consortium. Lancet Neurology 2017

Sudden Unexplained Death - Bagnall R, Crompton D, Petrovski S, et al. Annals of Neurology 2016




Cohort Design

Step 1: Select an appropriate control sample, including “controls of convenience”

Cases

Step 2: Evaluate QC metrics of samples to ensure high quality WES samples remain.
Outlier removal across various sample-level sequencing metrics.

Step 3: Identify pairs with evidence for cryptic relatedness in test cohort; removing one
from each pair to focus tests on unrelated index samples

Step 4: Run PCA on the common exome variation to predict genetic ancestry and identify
population outliers.! Stringency can depend on genetic model of interest.

Petrovski S & Goldstein DB; Genome Bio 2016



Cohort Design

Step 4 (cont.): Require the probability of being European > 0.95. Furthermore, samples
required to be within 4SD of the Pr(European)>0.95 sample centroid.
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Cohort Design

6331 100%

Contamination >2% based
on' amination >2% based on 6318 99.8%
VerifyBamID

Gender discordance between

clinically-reported and X:Y coverage 6315 99.7%

ratios

A 1A 40-
: L::Iosoma verage Coverage <40 6271 99.1%
o}

<84.7% of CCDS 33.27M bases 6250 98.7%

Controls

covered with 210-fold coverage

Cryptic Relatedness (KING and PLINK 6218 98.2%
v1.07)

Self-declared Non-European 5114 80.8%

EIGENSTRAT multinomial
Pr(European ancestry) <0.95

4486 70.9%

14SD outside of PC 1 — 5 Pr(European 4403 69.5%
ancestry) centroid

Final Test Cohort 4403 69.5%

Petrovski S, et al. AIRCCM (2017)
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Opportunity Bias

Underlying issue: for a given gene, cases and controls can be imbalanced
for their sequencing coverage ability to have called a variant. This can
cause enrichment bias in one group.
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Cumulative percentage of total variation explained by sites
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Opportunity Bias

' ' ' ' ' ' ' Y-axis = Cumulative sum of variation explained. Green

I /// line = point at which we maximize the amount of study-

wide variation explained (here 89.1%) while minimizing
the % of the exome that is pruned out (here 7.8%).

Post-pruned CCDS >10-fold coverage: Cases =
. 98.1%+0.3%. Controls = 97.9%+0.8% of sites.
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Petrovski S, et al. AIRCCM (2017)



Collapsing Analyses

Controls



‘“zowuﬂ Rﬁm °5%09 's310 pazs . P10300 &

C4078 113N T4 AI21T L108 vi20M R190Q K1032R R374X AtV 61323V Plg
62398 Asmgi iy w@o t!] 23sza 31 164 R Ré%gHA788 N260|¥725§2}%M29 PREs ey
4;

o Negs T550 . yos
I508P279 ) x9K118 P3s7 ‘— 2 N2d 1406 2 T920 .ypee i
§’3(65 b 27A ;,_1;1404 1811 |é|3326 cm5 ‘2 R| a ABD L3 e 1%%22;1&8
L7122 =
BB‘FZSOYm A13 H T173c15%ﬂ1§% <3488> el L4§5 5211(_:,2?2 n231 V10 $280P 85
Hom1 67 Ufmmoz% §N296H R128 3‘“‘5 S Régé?quWRMQOR vy S
e e %” L1835 P‘MWY‘{ Ry e Madon & oitieriem [ g
E 135563 m snsn smAnPSmbM( 307 §22 %ﬁgaﬁnm g R267{7ﬁ33555
|\ 4 T26M
A N843 §A294 <°—l2228 4 1 Y1 4 ; 5 R309W D525K184
P13 — W 6 NNEI139¥E39 S A3761% D2081 Tsogﬁf‘?gs
1368 i?]% '-21 R500L L27G740 G7 B 520% \,{,"7‘27 RQ35
‘fiézm ’%ﬁ%{,{ o VP o oo mzb o:«smg ROICET P23, po75 poa 2 G381R B
R24%%  a7as SO YGQSQggLﬂg Aé Y160 G5éi;\1 L301Vi514 Vsswg% R2155W V2
HIs0 G1199 Pg13
g HzaanR12m?§2 b GarR140 622“ ‘&F@% eape o0 YL 1016GS 1858C 5! 120
05 oty &k EB01 - §COKeH Sg;gx . A280 ARP2310 \@1M uug 193R F#Z8yse) P340 }ﬂaggP'@m
§0L20E’ Izziigz 524 M>Y354:~Y‘é'52§3 1%19;0 F5 P491S ooy |_301 >’/73572M N 130,
cq S T2335 " P;? RA"“’ G1836C 77 o Y1407§4§R418Hm sma m pise | 5 0 _,
71 74 W23RT456  G63. 1 tn'
Kigy "Wl Y643 Fz;m**ﬁ Rlzz‘i o L e Agmmm 178u b aa)

1 >
30 r?ﬁléovmscw. Rr1500 H30N T Tioeomt 18 gﬂ 1680 030 “L;;dehg&m
7626 K119 G Sﬁ s 2200 0 (2091, 43P e

S 36R i RZaW:H989 A
BATISIATES 8 iy D e b W’aﬁ?a ‘Ttﬁ 'gsﬁ‘%. cas Taa "msvam §
ST, . Qus3E | <iasay G47G467 07N 8756‘32877247 ¥ Cass stzo o
ERETAWess AN ﬁm 53993%8 T oo
E‘{: Evgﬁﬁ L190G294 Reizn 2 2 §9Quarsiro el S W05 gLt A% 11 % plss 532,;
BESOT%T” RI20Q VRN R &3 - 3 B s1a74 Nmzsopg A A3715 “3'503%0”;;7 D7 lé%g
eo
@!3;(: By R 2 éuﬁébéy ooz’ %2920 PATTL R BT O o ped 1530 T392v 5 %N 12833‘%}2
wsezs < E109 T47A 1 to‘._,, 13077 93, 267 <1568
Ao Réi'e.ﬁpﬁn Pig74 '5981% e T228 aarrr F112 AH?N|4482 % iy Gy AR
219 Raoay P75 2S Q610 H R‘ﬁw E1171T143 R253Q

A2290 " Rosq 8 V|731-v340M

T34 A293
Nsozen Loie R{%@MS“ iy 151’12_..“,,5 m4026n)155R1043? et 7 8 '&37'5‘46 1327 i un;!NBﬁZ 3;78 "b2ER ™ i
R‘MQ WZOQR

gg D243
Y?gm% & T335P Almw T160 L35P 24 T 2 g

-
R313Q Sg L11Lm Ns24 o313 X 2 Zpy MR Fost
R E1461 . z Lss
: LGSPfGLu .1092 ;] £1461 5 Ataas | ABST Dg; vui%P142 %iéffw gfg%%?i
A271 R6ASC 1205 <™
W00 FH206 e G‘E %ka'lﬁ 1OOS§ WFQEEQ“ V49 B e B 225 il
5% q’ §5L‘fgqi4;‘7% VaiznssH ok “E760EKk mé‘g,, B '\iéﬁm
E bt C407R 8E 5'20 K231X
b u?i”m S SR aril X57W Fﬁ (E‘E 383“5??8 cgY Pg%gg
R37 18 P228 L"es F953°° 1 K325T pra B s 4T E%ZIE(
A1664 ngSSQL 4203P331
W;«;‘ (B s1 K 1135 .'.'80. K66821Y441‘!,8F§ 149
119M: W 56 psgs V‘°‘9§365L344
q§280l_e1?o1§39y 0; G’?%D L1'é é% 7387 iRy i1 G76 a
20y E E% TOTaMP1 524 g 59 “f::ﬁ;‘“ Nida2 KX G g
szgsm EG453D Ad57 Pz&‘fL;?{\?é D79'(;6mv1o 93‘ dﬁ r204 82 e Hue LTHER Sies Lepg7Y
T LBBTF 'pus St S 1 2o ‘ 21L499Q 210t
Jigt et G9Q T77IM ST nat 15502%,s, 5&]“1 /3168 Q408X Af221 1159 gl



R374X Plig
NagTS, 8
P10300 &

A118V

R190Q K1032R
s1164 HA7 8 3

Ri?%é’o “ZostH s:mé
T8l H86 G%} 43 R1 s

L4

§N296H 511270 V140
V4|5M P10R743wY1 1

N421 H

V|250§«A457
404

Les1 G488
P284T

N260IX,25§2}%¥269’”3V ‘;%f?
N24 S1496 gqgsTséao y2

v141Fv4zs

5277G2&
A11512106
357788

FAS9IM 5ok para

Ty 144
A376!% G 7

P223Q
Y160 G53A 1301vista

R|037

1508 P279T 3:;m|(1 18 P357
G5

L7129 305
L F50"22 Af 367%%9

H271 39
$812 3<
N251

i 4075 T135N T462 A‘Zﬂ LIS yiZo
62398 Asv‘vgisYAsx 'ZO t!] 23Y
g

‘_ E PRt SRS

S280P ‘éé%?%

G161E P
K1187 E268

V573
%%Fnsw
" T173c14% R665C
~ HI:

L|5m;\1ozu'~
Pi0 o

3
G260 Roa7H %AM
0g &% 1 swwzpam km <

155 % i
N343 gA204 ~=l2228

%98355
ﬁ% N
25!
P “%?]%?3? >F1 i85 “"E‘““’xEsg -
ng F F5|3

é‘é E
V1088t U8 Lo ﬁ7§mﬁ 03(519g R2350%E480K

1571F.
X272W Y395 L129
R ‘ W2384R
Q602 P2oa fi700 (48, 2388

R714ZC A174 29,
& H2480R12m‘8 Ga7 R140 1 F1 2
E801 coxs45 g??;'( 5A280 2 P2310 \@1MFA§,§ 193,; smavw VZ%QM
R252H L301

61\
5577‘.0>
of ?5‘52 Y354 ol 0
: P173 Erzz:?? g 2§3 1%19; P85 g
L7 ok e

N 2 168 P78 Q
2335 gga = G180 Y1 407943“21 GHS% Abighis G %%2

meou‘@ 3 D'gaaHQ,zg”&%"‘m GroW23RTASS 970",

P241L 5 £ap
s«w L?é\ﬁm F?“i;;::m:z?mom HA:?O%VNH353Q 'I'I§7o S]; " ‘ﬁo 4"%83 %sn GRP1| 263080 K18
PTREHI0) 2 iy

e SS%MHQBQ e VgaggAAm ‘}0% 18
Siseor G 47G467 N 875;,3287 5H  <i59C383
Tt ggﬁz 53903
w”c)

8 T|52| D4
V3 508 3 ﬁzm E“:La o
e

2 sszguui 28 A 11
L3BSO I3795T17 R120Q" vsspaty R, mzsupg 1944 A371 E R38Q K713
087 2~ gaag L126F Y PATIL g X137Q
E1 09359? R 91 30 Ro 55

[
Syl °me7 071
B
TO7A
P Ré?s.ﬁpﬁn P1974 Agar%

8B 1392
T228 A477T F112 Al&
iy s

R153C 9 i
14482 458 E1171T14a
Lvaam“*
ft ggﬂﬂ
|13tg

n.

zmn

@~
DL o

Kiaos
.3’7"" S R267W 325 mu

5 K184
} R309W D525 Tsogﬁmss
1 ﬁzn %ﬁ g W\mn R235§
P275 Agm,_ R 2
vasor
G1199 Pg13
$1858C o
H196P pa3

R1086C%¢139

o

8

262F w |20 J
;;ﬁss%u

1108

195?60 _oo
80
l;le; 283858 <
o78 T‘_9\184 pres
3Q (’)

522

G376

R2155W VZ?G

aAte2
|274
"n.
K7, “Eiior Y643
T826 K1109

RS S1358
lsééﬂsm%%?

ﬁ930

R
S78P.

SIQBF

Q453E
BRI7EW,2

4” é%“ﬂié L190 GZME]E]RWH

HZIB

T247

3
3
.

333

=
3
©
-
=
L5962
visp 0%

L68F

% &
W5625 2
=

M)
2S Q610

A1 563 7394'7.?‘12_,“,55 vn4°2“ﬁ°‘55R1049Q 120622
8T R946 oaoT33sp o M
N524

§L3§

33
T219 Raoay, ) P75

?2522 L918
Rwu W200R
(D

%%ﬂ Q-3
i L63PIuL.4

z ) R645<:
H206

i ,%g 9§5L1‘€°iw g

0292 OS T57K59 @417\/\’5;

2RV 8 B P1837 Sy Py

A29
ﬁ% D1327Y ATE | 1725yNB62K3] DZE"” 75
4Q X —N504 R14 o

T160 L52P124
R18Y313 Ay 1X oy may

At AGST 0%55 w% P142

R13]
67768 153

DBZW

AIﬂIL‘)

=
L“um §
<

©

4
A73TL20

‘%’?g%kaﬁ 100S; /.

vmmesn i ymzx

z$1°'RX57W H192

P228

6V

V49 C54R &
Y R70||H %
R385HES TR e mae: ok ‘\ié‘ém
L1165 E o PTgR1 AL C“L’%ﬁs ,%?m!? .
F953 zéﬁ%STg 203P331 T1410 EmSK
OK L1350'—<(%n- K668P1 17 Ffz%mﬂmc

bz P35GL s St
NI 4
g% ‘Z’ M3iTo57 TE5 7 2 A302 gg‘é‘%msLSMO
7 S200 1651 Ates e g

GFidb
TIP1524 S wov% § AL
mg‘eaoovw AT 434 6f:f82 M o Lq%ﬁom L19p97w

« T3816 R407H 'Po7
Figin G168 Q408X %

xe «—
pRZ A

RUQNF 41 294
§1o1 >

$141G

& A1136

mmn G1791

A1664 LagSSSL

2§§280LG1.%1§3?%§‘EO§%_
vzvzgm A2E G453D Ad57
Tﬁw L867F P461

A148V

R

T204

2 smRAQTH
T7Z;]M run Rgsw A921 T2357T562 A1221 313091 a9l

Synonymous
Missense Predicted Benign
Missense Predicted Damaging
Protein Truncating Variants (PTV)

S7347
Variant Quality/Confidence HIS00. ‘Igﬂa R162C
VB92M > A4260T R1087CD51IN
(e.g., QUAL, MQ, GQ, etc.) 571F usfé 5305 Ew G1208"2 ‘hxcgigg"

$1052F

oora 7825
ARRA DR eurm A
o n?azgag‘ R@ﬁ EP ‘“ sass rmvc
GG S o) (' viaen

et AU PR i S -

R
RS560184WRIIC RIASBH o\
nas7k R429CQ 3 R9H§

Minor Allele Frequency
(e.g., test cohort, EXAC, discovEHR)

7{35‘ E123X
Si7aRg § RO RBQLIZTMG3 TR b még%%%"msap R‘;ﬁj‘&s
R

Mz R304)
& p1saL S PN Eraoc Rason [ clois RETZW
RoaK S5 szaewg HizeL £

20c 3 YI624C 311754
CooL uzw oszsn E
R5640
nunngs . VZSggAsnzv?zm% Ju%v g:
T o i Lo 2
saox_ & vwgmmnug;gmzn A8 7&912” gﬂ?%ﬁs
Oh7n & "m L'Q‘ 2;53 |94sv75:u:
S D”“”””"Esﬁbx GZ‘ED mm‘mé Tarsu S Ls«ormw §§
SR S TunE 5 i
FLI26F fuge Veom3 DBON (91408 Toim PI1IR Rygay R288Q fiaw
P78S 35|9(§C S FRlL 2VB0M
z G563R
PTOTH & 2"2;"2'

RO9IH
UIBW

Adr. El?BG ez

Predicted Transcript Effect
(e.g., Ensembl)

53K
EP?'}R'?&’ " Ggwmm“z‘"" RAOSH 060N
e Ro@Rer DT7IN

Bioinformatic Predictions

(e.g., PolyPhen-2, CADD, etc.




C407S T135N T462 A|21T L108 v129M R190Q K1032R R374X 61323V g

(S e LR i gy T 5 e e T

& Rme7 QANGrs V396 2(3@«/\457 Rﬁm S209 s:m gqgﬁTS §90 paza P10300 &
1508 P279 ‘— = N24 §la06 s

T;%%118 P357 7A L-sl;4.04 1811 H86 G%af 43 R1 s e - P3251. &ggwug;é

L7 =

Eé%%|:250\(229 A1367ﬁn T173014% Aﬁ%ﬁ—g%% PORAT G488 S0z L4 27162 R 0073531 V10 S280P i%aﬁ

Reoi L8 G;;gmmozva 4 L1 83 §N296H 51170 40 g ATISE2106 3%? R1490R80Y;“A s

g?t{ V140 3

-0 § ggé RWHA g V415M P10R743WY1 3 1 12]39 '233& D414 9{3 m'\ 5‘156715 P7E268 iﬁ

259) 1 swsAnpambm( 891 307 oy, R14ga

03 5890

A OdtiEe I "EENB4IEaz0s 552008

P|39 P-4 %?]% |_21 >F‘Ii“883 mE1139§E39 o N421 H

Eé!-

E240G

3 R2350(é Ea

58

1465

s B o527 R Lo (957 oaﬁ G319
E71F V1 gg§
R724ZC A174 X272W Y395 L1H29:m
RET8
& H248eoR12g1?§’\ Y SRLR140 e 062247 F’%?E!
5
5577(O> ﬁ%z & =801 (OKS"S st
Of 12745, 52400 Y354:~VA€§1§§3 1%19;0
gN P173 726]2
’xn_ PR T2335 — ysmsm G1836C

K117 Ridor Y643 B R‘GOH"O
T826 K1109 S'w

RS S1358 g
FLT151ARS4Q S,;p‘

77 7S e

L?féﬁao .ﬁoigomsm%mmHaoN

1ZBDMI
A109V H3539 72703141 ga

éssR by

s ss&sél 7Y, H989 Rﬂi@ VgaggAAm 54033?

F6|3

80K

poos glif00, MEUR

A280£2p2310 ¥£1MFA§B§ 193R T#8vss2 ngGBmH'IQGP P43

A97 LA

V"M IS R267VfL33555 T26M
1 4 z 5 R309W D525K184
5V

A3769%0 G7 T80 V1
E1150A e@& 128BOE2SK
512420 Lo0gsy \&‘ G381RE g

P223Q.poge k
Y160 G53A 301vi514 M,Ze%w R2155W. V216

S1858C “ot1es pois

148 2385

PASIS s 1301 V272M R"’m%’”

YMO%RW”“"??“"“ % By £ 1203
/819 ©

8 v1 W23RT456_ G63
3 As%g oz} 0,5274% 003" G70!
o

L1006 2

S LA10F
172:;36] Pﬁﬁag‘ CK18 1930 st é}ﬁgﬁﬂ-

o SZZBGV111

2 A8V R1004C K 'gsﬁl%,sgcm T44M! &
3R}72§V3,43%[ V;aa;‘w G47G467 N8755‘Sﬁ2;;72"7 5390 Zaéﬁs n52| m % Cags R203Q a
[:‘14;‘: E‘%M‘é L190G204  reszn 2 S%: §£M§§1§% soralps] Dé EﬁzILa o A 11 ?’2 -!;51 532,:8
2l - R38Q K713 |, a
Lsaopygs'rﬂ RI20Q vaanayy/ w77 5 S H1Z0 PociLo 5 Ra3a & °me7 O71 T5%§ &gﬁu _oo
D87 s uzsrv] _u_, 6; 2050 PATTL RG xu/u NG 0 Q0 vo8s - < B0
weazs - E100°0 i k g e 18 o M m“’TS% 3 &N1283680 "<
194K Y207 AR Va3l 1108T i S B T298 - pom
T8 e 18 Afo78T Réi‘aﬁspﬁn P1974 T% 25 Q610 T228 A477T F112 A431 |‘$§g%§§ Eﬁ”“‘m :253?“73‘ :’\C:;ZM
Nss2ez 018 Xf%%"“ 56363394'151‘12 & 20,5367 B8R 1040 L0622 W o AR e L,,J:Jéz 378 D
RIBAQ. W200R - PT4 "R946 0203T335P o1 prg 4Q B 2 3
i 5 18 e 1001 Cagr 72 iy o7 o B
%“%‘:130 g YE%% L11um N524 e R76Y313 a5 1% ?6 g EPZ%J&%‘“B'R e
- D255 P142
L ThEss oot AT3TIZ0 @ (G R‘1£\55T4 5. %51 ngagﬁo
z for1 Rozc F 2o - =8 @
s g%igHzo fé"i ‘g%g%k 11 1 OOS ow et & vao EBffflcend Eio Sk
og P§5 L 45:678W€;29 varaRasH v Yoy 5 101 > #7805k R"’"” Niaeg \;é\éM
=2 AR s P T K231X
&% L|?22992G1705 T57kss ﬁ 214 X57W L1133E R3 B%OH E%?g B m%gs %?ﬁcp i
E?s‘ﬁ\?‘w Lﬁ%ﬂ 222 F953 K325T r R §p331 T1410 E!BSK
189 ﬁ“w F:!SGL o 51 é A%%OK i ;;gg_w KGGB;Y418F({S§P%‘2«C Giie
TH9TM - S296C
>gr§280L mé’&é’é?ﬁg"% ) bl i8b L,gg' Lw (5533776;[?15& VA S A302 G76§365L344g
vi’ L 0 T3816 9?/%' P1 524 o701, ?% gﬁj Bﬁf&z bz g 026215:4,817\9 &
S AEGASID pdsy PZ@{L252VER GGOOVW%%, T el ki) P97

Y16, STT0 ) 5y

T4 LB67F Pas1
T150ﬁ %9 T7IZ;0M run Rggw A921 T235%T562

A148V

L4 Q L210L50

&6‘6“1 G1 68 Q408 Mg S}§091 Y706 Y388

Synonymous
Missense Predicted Benign
Missense Predicted Damaging
Protein Truncating Variants (PTV)

Variant Quality/Confidence
(e.g., QUAL, MQ, GQ, etc.)

Minor Allele Frequency
(e.g., test cohort, EXAC, discovEHR)

Predicted Transcript Effect
(e.g., Ensembl)

Bioinformatic Predictions
(e.g., PolyPhen-2, CADD, etc.

Casel|Case2|.. tase Control 1 | Control 2 ... Control
Nca Nco
Genel | Yes No Yes No No No
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Gene3 | Yes No Yes No Yes Yes
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o Qual| Case |Qual| Ctrl | Fisher's
Case| Freq | Cirl | Freq | Exact Test|
Gene 1 | 15 |2.86%| 14 [0.36%| 1.8¢10”
e | Gene2 | 8 |152%| 2 ]0.05%| 1.4x10®
statistical test Gene 3 11 12.10%| 15 [0.39% 9‘0)(10‘5
GeneNg| 0 | 0% | 3 [o.08%] 1




Example “Qualifying Variants” Classes

Internal External .
Model Variant Effects

MAF(%)  MAF(%)

Ultra-rare
! PTV and PolyPhen-2 “probably”
(Primary)

PTV (LoF) 0.1% 0.1% PTV (LoF)
Rare non-syn _
0.1% 0.1% PTV and missense
(MAF<0.1%)
Neutral
0.05% 0% Synonymous

(Ultra-rare)







15 20

Frequency (%)
10

I T I T 1
0 20 40 60 80
Tally of genes with a rare synonymous variant
PF case cohort (red; average 30.7+6.5 qualifying genes) to the
control cohort (blue; average 31.2+7.9 qualifying genes), (Mann-
Whitney U test, p=0.68).
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Petrovski S, et al. AIRCCM (2017)
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Frequency (%)
10

T T I T 1
0 20 40 60 80
Tally of genes with a rare synonymous variant

PF case cohort (red; average 30.7+6.5 qualifying genes) to the
control cohort (blue; average 31.2+7.9 qualifying genes), (Mann-
Whitney U test, p=0.68).
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Observed —logo(p)

A=1.0017 ¢

4
|

I I I T
0 1 2 3

Expected —log,gl(p)

S4K: Pulmonary Fibrosis Rare Synonymous
(Neutral) Model QQ-Plot

QQPerm: https://cran.r-project.org/package=QQperm
Permutation QQ plots reflecting the empirical NULL distribution

Petrovski S, et al. AIRCCM (2017)


https://cran.r-project.org/package=QQperm

Collapsing Analyses

Some Published Applications (to date):

Amyotrophic Lateral Sclerosis - Cirulli E, Lasseigne B, Petrovski S, et al. Science 2015

Genetic Generalized Epilepsy* - EPI4K Consortium. Lancet Neurology 2017

Idiopathic Pulmonary Fibrosis - Petrovski S, Todd J, Durheim M, et al. AJRCCM 2017
Non-acquired Focal Epilepsy* - EPI4K Consortium. Lancet Neurology 2017

Sudden Unexplained Death - Bagnall R, Crompton D, Petrovski S, et al. Annals of Neurology 2016

17




Collapsing analyses of the common
complex epilepsies (familial ascertainment)

Publication:
Ultra-rare genetic variation in common epilepsies: a case-control sequencing study
Epi4K Consortium. The Lancet Neurology (2017); 16 (2), 135-143



Observed —logio(p)

NAFE

(525 vs 3,877)

DEPDC5
A=1.082 p=1.6x107® HGNC Rvis% | Q49 | case Freq| @421 | W FET
X = 1.000 Case Ctrl Freq p- value
syna==< —_— DEPDC5 67% | 15 | 2.86% | 14 | 036% | 1.82E-07
[ ]
s LGI1 8.8% 8 1.52% 2 0.05% 1.41E-06
PCDH19 5.3% 6 1.14% 2 0.05% 6.35E-05
p— SCN1A 2.4% 11 2.10% 15 0.39% 8.99E-05
1
p;g,‘:l);;f):o GRIN2A 1.2% 7 1.33% 7 0.18% 5.33E-04
p=9.0x10*¢ TYRO3 10.6% 5 0.95% 3 0.08% 9.74E-04
GRIN2A 7
P=5~3x10.';' ¥ i LMAN1L 78.1% 5 0.95% 3 0.08% 9.74E-04
(T 1]
¥ ./,/// PKHD1 67.4% 10 1.90% 19 0.49% 0.0013
S
/
S ATP8B1 39.3% 6 1.14% 6 0.15% 0.0014
PCDHB6 98.5% 6 1.14% 6 0.15% 0.0014
Summary:
Likelihood of getting five of 43 known genes occupy genome-wide
ranks [1-5] of ~18K tested genes, p=5.7x10**

I I I I I I
0.0 0.5 1.0 1.5 2.0 2.5

Expected —logqo(p)

[ ' QV in one of these five epilepsy genes contributes to disease risk in
&0 ae ~8% of cases with OR 13.2 [95%Cl 8.0 — 22.1].

EpidK Consortium. Lancet Neurology (2017)



Population Reference cohort resolution:
What minor allele frequencies (MAF) are we able to estimate?

Cohort: EVS
Sample: 6,503
MAF res.: <0.008%

gnomAD - 141,352 population reference cohort
http://gnomad.broadinstitute.org/



http://gnomad.broadinstitute.org/

Population Reference cohort resolution:
What minor allele frequencies (MAF) are we able to estimate?

Cohort: EVS -> EXAC
Sample: 6,503 -> 60,706
MAF res.: <0.008% -> <0.0008%

gnomAD - 141,352 population reference cohort
http://gnomad.broadinstitute.org/



http://gnomad.broadinstitute.org/

Cohort:
Sample:
MAF res.:

Population Reference cohort resolution:

What minor allele frequencies (MAF) are we able to estimate?

EVS -> ExAC ->
6,503 -> 60,706 ->
<0.008% -> <0.0008% ->

gnomAD - 141,352 population reference cohort
http://gnomad.broadinstitute.org/

gnomAD
141,352
<0.0004%


http://gnomad.broadinstitute.org/

NAFE Architecture: Comparing relative contribution of rare allele frequencies
Based on the enrichment of variants among dominant epilepsy genes

@ Ultra-Rare ® . ® p=141077
OR 3.60
95% CI [2.7 - 4.8]

0 0.5 1 1.5 2 2.5 3 3.5 4 45 5

Odds Ratio
XOxeplriiK
*Ultra-rare : MAF <0.05% among combined test population, while absent (MAF=0) in both EVS and ExAC reference cohorts. 5 ;

EpidK Consortium. Lancet Neurology (2017)



NAFE Architecture: Comparing relative contribution of rare allele frequencies
Based on the enrichment of variants among dominant epilepsy genes

@ Ultra-Rare ® . ® p=141077
OR 3.60
95% CI [2.7 - 4.8]

-8-0.005% MAF (conditional) ———— p=060
OR 1.12
95% CI[0.7 - 1.7]

-8-0.1% MAF (conditional) ——y p=076
OR0.92
95% CI[0.5-1.5]

-8-Neutral (Synonymous) el p=087
OR 0.96
95% CI[0.6 - 1.9]

0 0.5 1 1.5 2 2.5 3 3.5 4 45 5

Odds Ratio e
XOXepiZiK
*Ultra-rare : MAF <0.05% among combined test population, while absent (MAF=0) in both EVS and ExAC reference cohorts. 9 ;

EpidK Consortium. Lancet Neurology (2017)



NAFE Architecture: Comparing relative contribution of rare allele frequencies

=9=0.005% MAF (conditional)
[ MAF 20.0008% and <0.005% ]

=#=0.1% MAF (conditional)
[ MAF 20.005% and <0.1% ]

=8-Neutral (Synonymous)

Based on the enrichment of variants among dominant epilepsy genes

p=057
OR11
95% CI [0.7-1.7]

p=059
OR 0.9
95% CI [0.5-1.4]

p=079
OR 0.9

95% CI [0.6-1.4]

Odds Ratio .
Wl Z
*Ultra-rare : MAF <0.05% among combined test population, while absent (MAF=0) in both EVS and ExAC reference cohorts. \\ep" I\

EpidK Consortium. Lancet Neurology (2017)



NAFE Architecture: Comparing relative contribution of rare allele frequencies
Based on the enrichment of variants among dominant epilepsy genes

g ® ® p=4Ix10?
OR 5.9
95% CI [4.2-8.3]

=@~Ultra-rare (MAF<0.0004%)

[ absent in gnomAD and ExACv2 ]

i . ) p=081
=8=Ultra-rare (in gnomad) OR L1
[ MAF 20.0004% and <0.0008% ] 95% CI [0.5-2.0]
N p=057
=#~0.005% MAF (conditional) —— OR11
[ MAF 20.0008% and <0.005% ] 9% CL[0.7-17]
p=059
=#=0.1% MAF (conditional) *——t—=e OR 0.9

95% CI [0.5-14]
[ MAF 20.005% and <0.1% ]

p=079
=8-Neutral (Synonymous) Lo L) OR 0.9
95% CI [0.6-1.4]

Odds Ratio .
*Ultra-rare : MAF <0.05% among combined test population, while absent (MAF=0) in both EVS and ExAC reference cohorts. \\ep I~

EpidK Consortium. Lancet Neurology (2017)



Observed -10gio(p)

GGE (640 vs 3,877

HGNC |RVIS% g::; (F:f:: %‘t‘:' Ctrl Freq p_::lTue
. | | cacnaB | 08% | 8 |125% | 3 | 0.08% | 1.736-05
KEAP1 |88% | 5 |078%| O | 0% | 5.63E-05
coPB1 |24.9%| 7 |1.09% | 4 | 0.10% | 2.18€-04
GABRG2
o - LeR210'/ 4 PHTF1 |32.5%| 5 |078% | 1 | 0.03% | 2.986-04
e Ken@2 | 5.9% | 4 |062%| 0 | 0% | 4.00E-04
SLC9A2 | 40% | 4 |062%| 0 | 0% | 4.00E-04
7 ATPIA3 | 22% | 5 |078% | 2 | 0.05% | 9.22E-04
GABRG2 |105%| 5 |078% | 2 | 0.05% | 9.22E-04
] ZNF100 [692%| 6 |094% | 4 | 0.10% | 9.99E-04
cuxt |23%| 9 |141%| 12 | 031% | 0.0013
SCNIA | 24% | 10 | 1.56% | 15 | 0.39% | 0.0013
° | | | | ARNT2 |55% | 4 |062%| 1 | 003% | 0.0018
2 ! 2 ? : Summary:
Frsle] ks No single gene is genome-wide

Qualifying variant: R
High confidence variant call S|gn|flcant-
LoF / Polyphen “Probably” prediction adjusted alpha p=2x10° ~epi/lK
Ultra-rare and absent among EVS and ExAC (i.e., ~ <0.0008% MAF) \\ p e
EpidK Consortium. Lancet Neurology (2017)



GGE Architecture: Comparing relative contribution of rare allele frequencies
Based on the enrichment of variants among dominant epilepsy genes

- Ultra Raze ® ® 9 p=28x10%
OR238
95% CI[1.7-32]

-8-0.005% MAF (conditional)  — m— p=097
OR1.01
95% CI[0.7 - 15]

-8-0.1% MAF (conditional) —t—e p=028
ORD.76
95% CI[0.4-12]

) PP
-8-Neutral (Synonymous) p=063
OR091
95% CI[06-13]

0 0.5 1 15 2 25 3 35 4 45 5
Odds Ratio

*Ultra-rare : MAF <0.05% among combined test population, while absent (MAF=0) in both EVS and ExAC reference cohorts.

YlIe
Gb CorLuMBIA UNIVERSITY IG M Institute for \\@PW A

= College of Physicians and Surgeons Genomic Medicine



GGE Architecture: Comparing relative contribution of rare allele frequencies

«@=Ultra-rare (MAF<0.0004%)

=#-Ultra-rare (in gnomad)

=#=0.005% MAF (conditional)

=#=0.1% MAF (conditional)

=#=Neutral (Synonymous)

0

Based on the enrichment of variants among dominant epilepsy genes

Odds Ratio

*Ultra-rare : MAF <0.05% among combined test population, while absent (MAF=0) in both EVS and ExAC reference cohorts.

IGM

CorLuMBIA UNIVERSITY
College of Physicians and Surgeons

Institute for
Genomic Medicine

® ,=sxio”

OR 3.8
95% CI [2.6-5.4]

p=064
OR 11
95% CI [0.6-1.9]

p=092
OR 1.0
95% CI [0.7-1.5]

p=021
OR 0.7
95% CI [0.4-1.2]

p =048
OR 0.9
95% CI [0.6-1.3]

X Oxepiiilk



Mega-Gene Burden
Gene #1 Outcome (Y/N)

Case #1 ‘_ Yes
Case #2 ‘- Yes
Case #3 ‘_ Yes
Control #1 _ No
Control #2 _‘ Yes
Control #3 _ No

Current
Collapsing

Mega-Gene (Pathway) #1 Burden of QG’s

Gene #1 Gene #14 Gene #101 Gene #107 Gene #214 Gene #10045
casett [N : RN : S TN e N .
casetz (RN : UMD ¢ D ¢ N N .
case#s (RN : RN & W ¢ N D e s
control#1 (NN : N ¢ S : Y Y e
control#2  (NNNNIINEY . D : D : D e D e ———
control#3 (NN : DN : VD . D N e

Regression correcting for: gender, exome-wide CCDS coverage, exome-wide average read
30 depth and ultra-rare synonymous rate in corresponding mega-gene. Permutation-based
implementation supported.

Mega-gene
Burden test
R, NN & DO




Mega-Gene Analysis

Enrichment after
Qualifying variants enrichment p- o )
o . Neutral variation removing the 43
Average qualifying variants® value

enes enrichment p-value epilepsy genes
= (Odds Ratio [95% C1]) g p ppv;’lﬁe

Number of

43 0.052 P =9.1x10° =0.86 N/A
: (OR=2.3[95% CI 1.7 - 3.2]) =

p =2.6x107

33 0.037 =0.34 N/A
(OR=2.6 [95% CI 1.8 - 3.6]) g /
lon p=0.028
209 0.264 p=0.73 p=0.21
Channel (OR=1.2 [95% CI 1.0 - 1.5])

p=0.034
823 1.481 p=0.94 p=0.04
(OR=1.3 [95% CI 1.0- 1.6])
NMDAR & p=0.004
78 0.067 p=0.80 p =0.007
ARC (OR=1.6 [95% CI 1.1 - 2.1])
p =0.003
235 0.269 p=0.97 p=0.17
(OR=1.3 [95% CI 1.1 - 1.6])

9Average number of qualifying variants in the corresponding gene set, per sample in
the test population EpidK Consortium. Lancet Neurology (2017)



Observed —logo(p)

SUDEP (58 vs 2,936)

Rank HGNC Case Freq Ctrl Freq FET P
1 DEPDC5 8.6% 0.2% 1.6x10-6
2 RSPO2 3.5% 0% 3.7x10-4
3 NFE2L2 3.5% 0% 3.7x10-4
15 SCN2A 3.5% 0.1% 0.005
17 KCNH2 3.5% 0.2% 0.007

A=1.061
[ ]
[ ] ./
7
o9 -
[
— "
~
_/.
| T |
0 2 3

Expected —logqo(p)

Both SCN2A confirmed de novo mutations through trio-based

Sanger validation.

Both KCNH2 variants previously reported as pathogenic in

unrelated samples for Long QT syndrome.

Bagnall R, et al. Annals of Neurology (2016)




Missense Tolerance Ratio (MTR)

Use sequence context to estimate a regions expected proportion of non-
synonymous variation, taking into account the underlying mutation rate.

Using gnomAD reference cohort extract the observed proportion of non-
synonymous variation.

Take the ratio of Observed over Expected proportions (MTR) as a metric to
guantify the departure of the observed from the expected proportion of non-
synonymous variants in a given coding region.

Traynelis et al. Genome Research (2017)



Ex

KCNQ2 example...

AC vi release 2.3.1 OE-rafo

Traynelis et al. Genome Research (2017)




KCNQ2 example...

ExAC vi release 0.3.1 OE-rafio

T =5 =50 FT.~] 250 =do ES 500 =20 TOo 750 == E1 =80
KCNQ2 (043526) Residue
ClinVar - b4
- . ® - -23
Pathogenic ex? 2 ol p=1.1x10
. o |en oese o oo “e o
Missense se s & o oo -
ooz o
L AL 2 ] L] e e @ L] L] L e & o0 20 @ a8 & 2 S0 LN 1] & G080 20 & 20N @ LR
eee (] e e e & o e o I - ] se® @ o
Novel Control b ¢ . ® ¢ *

Missense
Traynelis et al. Genome Research (2017)



SCN2A Missense Tolerance Ratio (MTR)

Traynelis et al. Genome Research (2017)



SCN2A Missense Tolerance Ratio (MTR)

ExAC 2 & gnomAD MTR
S [ =

l

N=62 variants; e "
* @ - L
p=16x1012 .3 . o e = * AR

L ]
lon transport protein Ma_trans_cytopl

Traynelis et al. Genome Research (2017)



Genic regional intolerance: MTR

100 )
90
80
Cltavar Benign
§ Clinvar Pothogenic (specified os de nove)
&= ‘70 . hitney U p < 1x10-300
g
~
2 60
e
8
s S50 ©
@
2
kg
a
g
=
i
2 ]
5 30 r T T
e oo 05 10 15
Missense Tolerance Ratio (MTR)
20 8
10
o
°© 8 3 4 3 8 3 8 3 ¢ 3 8 3 8 3 8 3 8 3 8 " 8 3 4 38 T8 3 8 %7
o o o o =] o o o o L -y - - - -
Missense Tolerance Ratio (MTR) z
§ =
&
ClinVar Pathogenic not specified as DNM wwClinVar Pathogenic de novo specified
ClinVar Benign - = Population Control: Novel Missense (DiscovEHR)
~ « Population Control: Novel Missense in ClinVar Genes (DiscovEHR) @
Group 25%|Median | 75%
: P : : s s Exome-Wide| 0.776] 0.887| 0.985
Mann-Whitney U test comparing to Novel Population Missense Variants (DiscovEHR) Chinvar Pathogenic D;\‘M 0366|0565 0.747
i i i i 300 - - -
835 ClinVar Pathogenic variants specified as DNM (p<107%) Clinvar Pathogenic Other| 0.664] 0.825] 0.943| .

24,900 ClinVar Pathogenic variants not specified as DNM (p<107%) ClinVar Benign| 0.835| _0.922| 1008, r T T 1

Novel Control Missense (DiscovEHR)| 0.785] 0.892| 0.991 2 P I 2 L
Novel Control Missense in ClinVar Genes (DiscovEHR)| 0.776 0.885| 0.982

exome-wide percentile 5% 10% 15%| 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70% 75%| 80% 85% 90% 95%| 100%
MTR value 0.5462| 0.6477| 0.7041| 0.744| 0.7757] 0.8024| 0.8262| 0.8476| 0.8678| 0.8872| 0.9061| 0.9249| 0.9441| 0.9641| 0.9854| 1.009| 1.0363| 1.0707| 1.1228| 1.6099

http://mtr-viewer.mdhs.unimelb.edu.au/



http://mtr-viewer.mdhs.unimelb.edu.au/

QObserved / Expected ratio

Observed | Expected ratio

Observed / Expected ratio

tolerance

[\
!

selection

tolerance

selection

tolerance

selection

1.0

GRIN1

0.8 4
0.6 +
0.4 4
0.2 4
0.0 4

_________________________________ P I R - =
100 200 300 400 500 600 700 800 900
ABD-S1 ABD-S2 CTD
23 397 544, M1 M2 M3 663 789 , M4 833 938
Yy A A

Linker regions

GRIN2A

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
] 11111 I] ABD-s2 |] CTD |
23 405 539 M1 M2 M3 661 801 M4 839 1464

Linker regions

1.0 JGRIN2B
0.8 -
0.6
0.4 -
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0.0 -
o] 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
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Linker regions

Ogden et al. PLOS Genetics (2017)
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Ogden et al. PLOS Genetics (2017)



Observed / Expected ratio

Observed / Expected ratio

Observed / Expected ratio
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Swanger et al. AJHG (2016)



gnomAD MTR

061

Leveraging MTR in Collapsing

041

024

0.04

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

SCN1A (NM_001165963.2) Residue

SCN1A FDR<0.1
— FALSE
— TRUE

(MTR = 1)

(MTR = 0.75)

@ EpiaK IGM Control (n=3877)
@ Epidk NAFE (n=525)
@ Epi4K GGE (n=640)

2100

Despite all case and control missense variants going through precisely same filtering (including absent in EXAC and predicted

to be probably damaging by PolyPhen-2), their MTR distributions significantly differ (median MTR of 33.4% [20 case

variants] and 70.4% [14 control variants]; Mann-Whitney U p = 0.004). Alternatively, using a SCN1A MTR 50t percentile

threshold (MTR<0.746 for SCN1A) finds case variants preferentially residing among intolerant sequence (16/20 case
control missense variants; Fisher’s exact test p=0.005).

vs. 4/14



