Figure 1

designation for each of one or
acid sequence samples obtained more of the samples
from a plurality of human subjects

1
\ 2
> Remove low-quality sequence Establish an ancestral superclass
variants from a dataset of nucleic

4
Generate first identity-by-descent
SJ&ernove low_quality Samples from estimates of Subj ects within an

the data set > ancestral superclass

N> Generate second identity-by-

descent estimates of subjects
independent from subjects’
ancestral superclass

=)

degree family networks based on
one or more of the second identity-
N by-descent estimates

\ Cluster subjects into primary first-
~ |
T

7
\ Generate third identity-by-descent

8 P
Ny estimates of subjects within a \ Merge first and third identity-by-
primary first-degree family descent estimates to obtain merged
network identity-by-descent estimates

9 Construct secondary first-degree Phase variants in accordance with
family networks of samples based merged identity-by-descent
on merged identity-by-descent estimates and secondary first-
estimates

degree family networks as being or

not being a compound
heterozygous mutation (CHM), or
identifying variants in accordance
10 with merged identity-by-descent
estimates and secondary first-
degree family networks as a de
> novo mutation (DNM)

1/71




11\

>
Identify variants in DNA sequence
samples from a plurality of human
subjects

Figure 2
12

Generate first identity-by-descent
estimates of subjects within an
> ancestral superclass

J

Establish an ancestral superclass
designation for subjects based on
identified variants

> Cluster subjects into primary first-
degree family networks based on
one or more of the second identity-
bv-descent estimates

Generate second identity-by-
descent estimates of subjects

> independent from subjects’

ancestral superclass

> .
Merge first and third identity-by-
descent estimates to obtain merged
identity-by-descent estimates

[,
|
v

Generate third identity-by-descent
estimates of subjects within a
primary first-degree family
network

> Phase variants in samples

according to population-allele
frequencies

| J

Construct secondary first-degree
family networks based on merged
identity-by-descent estimates

Classify a phased variant as a
s potential CHM based on the

> Phase a potential CHM as cis or
trans with another variant in the
same subject and gene, and then
classifying the potential CHM
phased as trans as CHM

2/71

(]
\//'j

presence of two or more variants in
the same subject and gene




Figure 3

22
\ 23
S — :
Identify variants in DNA sequence Establish an ancestral superclass
samples from a plurality of human designation for subjects based on
subjects identified variants
) 25
Generate first identity-by-descent Generate second identity-by-
. . e descent estimates of subjects
estimates of subjects within an . L
NS ancestral superclass s independent from subjects
ancestral superclass
2
2
> Cluster subjects into primary first- Generate third identity-by-descent
degree family networks based on estimates of subjects within a
one or more of the second identity- i primary first-degree family
) bv-descent estimates network
2
S . .
Merge first and third identity-by-
descent estimates to obtain merged .
identity-by-descent estimates Construct nuclear families based
on merged identity-by-descent
estimates
3

Assign a genotype likelihood score to a
variant in samples from each parent and
child in a trio in a constructed nuclear family
and calculate a probability that the variant is
a de novo mutation, and independently
naively identify a variant in a child sample
that is not present in either parent sample in

3 a trio and calculate a probability that the
variant is a de novo mutation, and then

combine both probabilities, thereby forming

N @ data set of probable de novo mutations

Identify variants in nuclear
families S

3/71



Figure 4

100 N : :
™~ \J Performing a burn-in phase of 120
= 110 )[\ years to establish a second
Establishing a first population population dataset
dataset
120
N\
y| Modifying the second population \
k dataset by conducting the »Move individuals to an appropriate
following steps: age pool
140 150
~ .
N Marry individuals at specified Y _ .
marriage by age parameters and as D1vorce‘marr1e.d couples ata
specified by marriage rate - specified divorce rate
parameters
160
A 170

N

> Allow pairs to reproduce according

Allow individuals to pass away at
a specified death rate

to specified fertility rates

Y

180_ 190
N \

\
s Allow individuals to migrate to AN e o
and from the popula%ion > Allow individuals to move within

the populations
200, "///,,,,,///'
N\ z

\. Repeat steps reiteratively at one
year intervals for a pre-determined
number of years

oo

4/71



FIG. SA

ey th

A
%

b
b4

!
e

W

5/71




FIG. 5B

Cluster samples into
¥ degree family
networks

Run PLINK to get
IBD estimates within
ancestry classes

Run PLINK to get
IBD estimates within
each famidy networks

Merge IBD estimates where

ancestry based IBD estimates [

trump family-basad [BD

estimates

]

Output 1BD

estimatss to file

6/71




FIG. 5C

Train a Kernel Density
estimate function with
bhe HM3 PCOs and keown

ancestral classes

For each sample’s PCUs,

catculate the likelthood

that they correspond to
each ancestral class

Store likelihood for
each sample i avector
and normalize i fo sum

{o one

Determine superclass
assignment from
lilcelthoods

7171



FIG. 5D

Palf represootative
ot samples of G0
el SiERDICS With <100
s vefatives from
IBD eatimates

Caleulate D-stat for
exch sample

i 3

Y

S

variand i each
DEFSOT

!

Biy the allele
balanves from st
Remove saple - ) ' . -

v e the samples te 30

sttt 2812 . .
¢ 1 equihy sized bins

'

Remove sample iF%
0% coverags Is UTEY

balance for cach
vk

!

Binthe allele
balances from that
sampie inte 30 bins

Y

X

R the K3-dest 1o
compare the ssmple
distribusion bins to
the reference
distyibution bins

!

Return the P-
statistic caloulate
froms the K3-test

8/71



:z§'§1§f§§ after BN
and PRIMUS
pipalines

iPhase altvartants|

FIG.

6A

using BAGLE |

| Filter variants to high |
guality verlants:
AR 15% for SNPs
ABR> 2% for INDELs
OP»= 7 reads for SNPs
OFe 10 for INDELS
Gl 3 for SNPs
QD=5 for INDELs
No variant with 10 bhps |
in HWE
Missingress <10%

identify all possible |
compound heteroaygous
rugtations {(pCHMs! by
loking for 2 all pajrs of
yariants i the same
gene and RETRON

9/71

Break the genome
up into equally sized |
segments with |

{ substantial sagment

ovevlaps and with
break points in
irtargenic rogions

| Separate the exoric |
data into these |
segments

............ -

PFhase sach segment
with FAGLE




Phase each pCHM

L

Y

Score each pCHM
according to the
severity of variant
impact, and by
whether it affects all
transcripts

!

Select most
deleterious pCHM
for each person- gene pair

/DOutput phased\
 pCHMs

10/71



N
e e,

M

o R
‘Can pUHM be “‘-~\,\ ;

FIG. 6C

mﬁhabﬁﬁ with trio *iaia”i,\- o

. N _w,\»-"

b o
-

-

“-»

wan QQHM B,

- a%‘ased with parent- u@it% At ——

“-«_\.
RS

e,

\-"""

A gdata?

T

¥

- .,
= e
oy

" Can pCHM b ™
phased with distant >
T relative data?

o

N,

o

B8N pOHM B _
t“s‘“éiéi'i%éi‘f with same
o M m\ -
"\\\”\ S { e

™

-
.

X

N
-
= "‘\\_

‘ﬂ&m g}ﬁ?‘%ﬂ b@ ~
f« ;\h%ﬁ{* with g‘-{%pssi?mn
.. allsle fregquency based
x\\\\ F}ha&wggﬁ
R e

N

P

_Can pOHM B e

.‘.ﬁ\\'
T

T
e
-
o
o
-

o S,

e 3 S poty e,

< ﬁm«@{i with popalation e ves—w| al
e diflele frequenoy based .

B e

JL\' e

ahawmg?

T

pCHM cannot De phassd:
phase uniinown

YRR

t o

Fhase with trlo

Phase with parent-
child relationships)

Phase with fulksibling

refationship{s)

Fhase with diztant

relationshipls)

i

Ca

Phase §

3 ois if both
ViEt ani have the
same smalt MAD

Phase with population-
ele fraquany baged

phasing resulls

11/71




FIG. 7A

Start after IBD and pedigree reconstruction

pipalines

!

For each reconstructed rnuciear family

'

Joint call gVChs for all individuals in nuclear

farnily

\J

For each trio in nuclear family

i.

Use genotype likelihoods to
oradict DNMs
{TricDeNova)

!

Annotate variants with GC
metrics

_;

Filter variards:
Child GO =38
MAC bt DiscovEHR =100
ChildDP <7
Child AD <4
Farent AR »2%
Child AB <15%
{hild AB =80%
HOM al in trio
Blacklist genes

*

Natwely predict DNMs base on
variant call in child's vof and
tack of call in parents’ vt

#

Annotate variants with QC
metries

'

Filter variants:
Child GQ <=35
MAC i DiscovEHR »=100
Child DP «7
Child AD <4
Parent AB »2%
Child AB <15%
Chitd AB »808%
HOM altin trio
Blacklist penss

:

12/71



FIG. 7B

13/71



FIG. 8A

Tradtiona! Pop-siudy  HPG Study Mendelian Famiy

Avcrement el |28
Family Stuchire | & &

# Say
Agrariaingd

# Samples
Azceriahed

- OB o

Famdy o Y.

Strurdure oo
& O

K]

A

50 o
= R PN
i)

. ":{3
e

S

-,
L

]
L

14/71



FIG. 9

i
¥

W

2
¥

B o

031 ok

15/711



Figure 10

201
250
Collaborator 240
260
D> .
\4 Remote Data/Processing
i Center
Internet
{

> Local Data/Processing | \\> NGS Sequencing
Center N - Facility
N N
220
\ v
>

Medical Data Provider

16/71



300\

>

Genetic Data
Component

320
\

Figure 11

310\

>

Phenotypic Data
Component

\

Genetic Variant-

Phenotype Association

Data Component

330

\ 4

D>

Data Analysis
component

17/711




FIG. 12A

MZ Twins
s Parent-child

Py

0.0+

6122 Fu

ll-sib

20 MZ twins

a Fulksibling
= 279 Degree
3 Degree

0.2

3
{}

18/71



FIG. 12B

5000 417

500 -|F

# of Counts (Log Scale)

2 8 1 14 17 20 23
# of Sequenced Individuals in a Network

19/71




FIG. 12C

Wond

TR

gig

P

1 No genetic

20/71



&

g

T W

.
g g N {‘\é

O W3

s

aci "o

e Y 2%, Wﬁ\o Z
UonEEy anlhel) ot

Aiue. eal

sabng
SOD0ON

21/71



o %

# Relationships {Solid Lines) of # of Individuals

Dashed Lines)

{

s

b,

7

(m
o

30 -

10000 -

£

FIG. 13A

—o— 18 Dagree Relationships

~--o-~ People with a 1 Degree Relationships
o 1304200 Degree Relationships

--o -~ People with a 150 or 2 Degree Relationship

/
i
: &
§
.J‘ L4
;“‘CE 4
|
.1 ’
- . “
P e
P . (&
"‘E -
o -~
Id -~
i-,\/'
. R
I e Al
4 -~ -
4 - e
¥ " e
o’ X =
- v - >
ey - ,",b
AN =
s e o
e -r‘ l‘\/"’f
A -~ ey
o L
e ~ Pl
- el
. P L
a. S
& _',.r""‘
LT
P ‘- . Tt s
SR T
G
| i : : { i {
N 4% % 0 A8 by Faga
{ i 20 30 { 5 &l

# of Individuals in the Dataset {in Thousands)

22/71



FIG. 13B

—o— 18! Degree Relationships
—-a-- 1804200 Degree Relationships

Feas
B
o

i {

2 50- 2
°§ e "
ey R 3 g
iy o
& -

o 40~ L

2
S -

ey
fx&] (‘_.M"H'ﬂ

B PR

s 30~ o P

o o f,,f:r“

e -~

& e B -
3 Pl % ¢ L -
= ;f Fed
ﬁ £ '} ’}‘,ao#

Hy
L3 i s
Siponn i
& i
€5
2 U@

I 3 : i { { ;
0 1 20 30 40 50 80

-

# of individuals in the Dataset {in Thousands)

23/71



FIG. 14A

Real Data
Real Dala
-------- 230K

Z

(9

000 -

20000 -

# of 15t Degree Relative Pairs

Lo

460K
578K

Shutfled
Simulated Population Size:

e
SE
e
e
o F
R
A
et
e
- e P
A e
A g .
— P e
- L -~
o e o~
R, o . .
o el -
. . ol -
g e heT T
o’y& % & i‘f - i"td - -
= s f_a" o
T - )
Ll o
e e

&

1001

5
L%

0 20000 30000 40000 50000

# of Samples Ascertained

24/71

[

3

'

‘;.}

p
<




# of Samples with More than One

FIG. 14B

—o—  Reat Dala

---=-=- Regal Data Shuflled
Simulated Popuiation Size:

-------- 230K

~~~~~ K

. e e:i;%x

------- - 460K

feed
ﬁ g g o
= - 576K
o3
fxid
=

th 15! Degree Relat

Dataset nthe Dats
é;;

i

% of Bamples w

00 60000

5

2
=y

{ [ { : H
{ 10000 20000 30000 40000
# of Samples Ascertained

25/71



FIG. 15A

—o— Real Data
Simulation Size {Alphay
- 450K {0.2)

20000 "
uuuuuuu - 547K (0.2)
—-—- 634K (0.2)

15000 - '

10000 -

5000 -

# of 15 @egme Relative Pairs

.,,«J?Q’

;‘3_ e e

{ ] i : 3 i
{ 10000 20000 30000 40000 5000 6??{ a0
# of bamples Ascertained

26/71



# of Samples with More than One
1%t Degree Relatives in the Dataset

FIG. 15B

—o— Real Dala
Simulation Size {Alpha):
——— 480K {0.2)
""""""" - B47TR{0.2)
— === G34K (0.2}

| : : H i i
i 0000 20000 30060 40000 50000 600G
# of Samples Ascertained

27/71



FIG. 15C

Real Data
460K {0.3)

547K (0.2)

200000 -

150000 -

100000 -

50000 -

# of 15t Degree Relative Pairs

634K (0.1)

Simulation Size {Alpha):

~F
Prae A
-
S e
- ,- ,
- o
v ey s
o o
e e <
T o
o . -
e & .
S
- -~
- e

o
Folaaa®

| i
100000 180000 200000
# of Samples Ascertained

| :

28/71

250000



FIG. 15D

Simulation Size (Alphay:
160K {0.3)
ATR {0.2)

—-— 634K (0.1)

!
I
i
L«,

£
100

5% 4.5

{4

A

.\‘
nars

e

S e
T
o~ Sannl .
£y T -
QU - -
SAE o~ - -
ol -
e Lt e
- T =
o - -

th More than One

«

8% Wi

1%t Degree Relatives in the Dataset
%

% of Sampl

0 50000 100000 150000 200000 250000
# of Samples Ascertained

29/71



iBD1

Figure 16A

1.0+ 16,476 parent-child M7 twins
\\ N 2 pavent-chid
N i full-sibling
TR 8 Znddegree
N 3d degree
~39K 2 degree
0.6
»100K 3% degree

0.4

10479 fuli-sib B

0.2

0.0 143MZtwins

.
=¥

0.0 0.2 04 0.6 0.8 1.0
iIBDO

30/71



Figure 16B

10000

o
o]
jun]

{aye0s Doy

10+

e

SIINOD JO #

20 23 26 29 32 35

# of sequenced individuals in a network

2 5 8 1114117

Figure 16C

o]
=
]
]
L2
=
[
I
)
=)
Q
zZ

31/71



= SOPE enig JENPIAIDUL = 8D0U X08IY

oo

2718 Ajuieg

2810ep i

ERRRORR

.S
N

RS

/,////y////.//. A T I T

N R TR

T

RN

@91 21n3iy

32/71



FIG. 17A

—c— Regal Dals

Data Shuffled

i
i
i

- Real

£ 5 fom
g

100000

~
o |
i { H 1 i
iR s £ood Lo o]
Lot 9 P e P
[ s £

i3

* 3 £ o3
b8 2 AN g

w‘wwmm aaijeiey sauban sb 08

e
£

N

i

P
Lot

# of Samples Ascertainedi

33/71



N .

FIG. 17B

34/71

# of Samples Ascertained

'

\

A

B3
U

bt o ) <
& & &4

1aselR(] 9Y) Ui $9AnReY 904D L
BULY UBYY BIOY Yum sepdues 10 9,



FIG. 18A

40004 -

xS

30000 -

—0—

RealData
simulalion Size {Lambdal; )
ST RN V ‘ &
480K (0.3)
547K {0.2)

634K (0.1)

lative Pairs

....... ;3 {} {‘}E:} {;}

# of 15t Deg

{000 40000 80000 80000

# of Samples Ascertained

35/71



% of Sam

¢
48

FIG. 18B

—o—  Reg] E:‘éfii’i

Simu wi:,n Size {Lambdal:
460K

\
» §
e
r'\ 3 ™
e B3K(0.1)
X -
,\N»
—_
e -
e .
- N
e RSN
i - NS
o e
- e e
- e B ‘v;,\-,\'.- S - -
27 (o e
3 v -
£ e
. T -
& - e e
¢ - e - -
..? j‘ .‘Q. - =
. »
& \;;/,,s’f -
s i -
“j' ‘(‘_#/‘ w7
P
ot &
& -
4 ey

I ] : I i
G 20000 40000 60000 80000

# of Samples Ascertained

36/71

'ié‘%{?

AN
b \}



200000 -

s%ﬁazm
5%
Lt
o
o
o

FIG. 18C

o Real Daia
Simulation Size {Lambda):

——— 460K (0.3) ,
------- - 547K (0.2) /’

o1 00000 -

634K {0.1)
§ N &
& &
# 5
PO
o~ ,”
i N
A
fa‘! z
& P
- &
- e
e d -
& < ~
L e 2
& o N
s o
A w
.A"” o ) " d
& T =
-~ e
(“,‘»ﬁﬁfﬂ" - o
T
AT e

{ {
0 50 ”3{‘{3 100000 150000

# of Samples Ascertained

37/71

20 W’”‘@ 2500000



FIG. 18D

1004 —o— RealData ‘
Simulation Size {Lambda):

460K {0.3)

ag - - 547K {0.2)

—-—- 834K {0.1)

572
Lo
!
%
%
|1
%
¥
3
%

L o
wreees 5 s ! - -
% -~ ul - e ™
* & o - T - -
- & -
) ERE o -8 -
] o - Pt
: ;

Degree Relat]

% of Sam
Pt
.
%,

15‘%

Gt
]
- %ﬁlh

: s | !
a 50000 100000 150000 200000 250000
# of Samples Ascertained

38/71



FIG. 19A

35000 f —o— RealData  _ Y
Simulation Size &%;3% g 18t:2nd). ya
30000 -~~~ 400K(0.2:0.5) ;
""""""" - g"i?&’\ i\;} 2 g \I“ & r
25000 .- B34K(0.2:01) |

15

# of 15t and 279 Degree Relative Pai

G M f&%‘ﬁdg 30000 40000 50000 60000
# of Samples Ascertained

39/71



FIG. 19B

1Y
A !
o by
T
S A1
I
34
yood 4
\ ;
b ”
Pty

’ w.w Y M ..v_
MWW& A, Aty g I, s ,c mww .J
% |3 »3 3 g w_m " .x._ A,..
iry .\.\..‘. ey y \ E 5,
w© n 4 % . " . .vm '

N & < o %N
oy o owy Wy a .ef ww» :
.3
© |

L
= |
168

»

|

i "
. i .
i .

{

5 B o

i I {
o i o < <
(e 9] (5% g Fach |

188810 BY) Ul Saalrlay aauba(] 7 10
jsb BUQ LB} B0 Yim sajdiies Jo %,

40/71



FIG. 19C

000000 4 —o— Real Daia y
Simulation Size {Alpha): /
@ ——— 480K {0.3)
& T ) 3‘“{%{ 2) R
150000+ — - —- 634K (0.1)

&r Z .

. . ¢ &

L et f . e
st i P
191 & & &

%ﬁg
"5\‘
\'”&

# of 15t Q@gz
=
s,

@ - o
o e Ed
< = e «
LT e
e o
O -
- -
e S
, o

7
,

%
%

0 50000 3& 000 150000 200 a}%} :fi}i}@i}@
# of Samples Ascertained

41/71



FIG. 19D

—o—  Real Dala .
Simulation Size {Alpha 18421d);
——— 480K {0.3:0.5)
~~~~~~~~ 547K (0.2 0.3)

— - BMK(01:01) | o———os

e e e

oy
|

s
D

the Dataset

*

Yes in
[y
Lo
%

%
3
p)

%

Relati

o5 with More than One 15

o y7and
ol & A
0. 5 r;&
o i
ol T D

B

rkoni,
~,

%}ﬁf
or 21

i ¥ ]
{ 0000 100000 150000 200000 250000

# of Samples Ascertained

42/71



ve Pairs

# of 15! and

FIG. 20A

70000 -

—— Rl —
Simulation Size (Lambda 1822™: ¢

_______ - B4TK{0.2:0.3) ‘
. . «;%‘ - &5 .saf.‘e
B34 {0101 Al

L

o
G
o

30000

0

}3'3” < d
A . &
S & :
ﬁﬁ # . “
¢ &
] P -
& > =
s o
ES -
P K“ e . -
e > -~
o > ~ Ed
& o -
& S :
- i"’{ ’ e
ST e
o T -
p e -
R -
ea TS sl

)

S

# of Samples Ascertained

U

43/71



r1 the Dataset

amples with More than One 15¢

Degree Relatives |

Y% of

e
[

FIG. 20B

&5
]

—o— Real Data
Simulation Size {Lambda 18t:2ndy;
——— 460K {0.3:0.5)
547K (0.2: 0.3)
634K (0.1:0.1)

0.
0.

e
st

e
e
..
e A . -
> e - e = -
e R
e et )
e RN
L o - oA et
e -
- Yoo .
é“vf M.'.»"‘” S e -
& R ool T
7 o e -
P PP ey
¢ - - - ©
o ;J . ‘_“J . ‘-.»e’\
£ o f\&:" e
£ & L
& & -
B o i
;5 -
& -
¢ o K
Fur -
+ . -
S

20000
# of Samples Ascertained

44/71

; : ]
40000 50000 80000 1000

!
0

0



FIG. 20C

400 { —— Redl Dala
Simulation Size {Lambda 184204

460K (0.3:0.5)
ATRLS A Tt g

e B4TK(0.2:0.3)

— - B34K(0.1:0.1)

Lok
&y
o

ands}

us
",

o
=
=
e
5
o
B
Rooe

i 3 B { I
U 50000 100000 i}ﬁw{% 200000 250000

# of Samples Ascertained

45/71



les with

gzzam;:;

or 2"¢ Degree Relat

% of

FIG. 20D

—o— Real Data —
Simulation Size (Lambda 151219,

R — 460K (0.3 : 0.5)
~~~~~~~ - 547K (0.2:0.3)

—-—- B3K(0.1:0.1) B

s

. -
e " e e -
Sl e e
o e >
- ~ o - -
o e -
- o o
. -
- o o o~
. PR
- R -
& o *
§ v
o o
§ g =
§ o~ o -
& &
H { =
i <

: : ! f
# of Samples Ascertained

46/71

250000



FIG. 21A

47/71



FIG. 21B

Ty

S

L5

48/71



FIG. 21C

00

0
A

’i

49/71



FIG. 21D

Al

A

£

50/71



Figure 22

a

¥

Trans pCHMSs

000007

00001

6001 00t o1

{paieos 8oy)
saed aSeq Ul B2UBISIP DIUCUDD

Cis pCHMs

51/71



Figure 23A

Carrier for specified
disrase causing variant

. Mon-carrier for spedified
¢ gdisease causing variant

ndbaidual not ascertained iIn
current DiscovEHR cohort

ACTAY {p Argl18GIn} : Aortic ansurysrg

Figure 23B

4

KONH2 {p ProlD93Leuk Long QT syndrome

Figure 23C

#

it

RET {p Ser&f1alal; Thyroid cancer

52/71



Y
N

FIG. 24

A

o 3

2

S R s A
@

&
« 3
& 3
v\
3
3‘%
mm
N Kt

i

&




FIG. 25
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FIG. 26C
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Figure 30
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Figure 33
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Figure 36A
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