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Supplementary note

Additional analysis methods

Gene-based collapsing analysis utilizing CADD scores

In addition to our LoF and coding models, we also tried two different collapsing models, both of
which restricted to rare (MAF<0.1%) variants with a CADD score above the 95% mutation
significance cutoff (MSC) for its gene'. The inclusive CADD model collapsed all such variants
that were within 5kb of a gene, and the restrictive CADD model only collapsed coding variants
(stop_lost, missense_variant, start_lost, splice_donor_variant, inframe_deletion,
frameshift_variant, splice_acceptor_variant, stop_gained, or inframe_insertion) that met these
criteria.

In our initial analysis performing BOLT-LMM analysis on European ancestry individuals in the
UKB cohort, we identified 17 significant associations (p<3.4x107'°) in the inclusive CADD model
and 26 in the restrictive CADD model. All of these associations were also statistically significant
in the European ancestry BOLT-LMM meta-analysis coding or LoF models used in the main
paper. In contrast, nearly half of the significant results from the main UKB European ancestry
BOLT-LMM coding and LoF models were not found among the significant CADD model
associations. Because these additional models did not provide new insights, we did not include
these analysis results in the main manuscript.

SKAT analysis

We also performed a gene-based SKAT analysis of the unrelated European ancestry individuals
*. We performed this analysis in Hail, with accuracy set at 1x10™"" and 1x10° iterations and using
age, sex, and 10 European-specific principal components as covariates °. We used two models:
a basic SKAT model with weights based on beta (1,25) of the MAF and using the same set of
coding variants from our main gene-based collapsing analysis (MAF model); and a SKAT model
with weights of beta (1,25) x Phred-scaled CADD score that used all coding variants with
MAF<0.1% (MAF-CADD model). The MAF-CADD model included 2,000,908 variants for the
UKB cohort and 1,427,500 for the HNP, approximately twice as many as the MAF model.

We started with the set of unrelated European ancestry individuals from the UKB cohort as a
discovery set. We ran the full set of 4,264 phenotypes and restricted to results where at least
five individuals were variant carriers for quantitative traits, or five expected case carriers based
on the overall prevalence for binary traits. We ran linear regression for quantitative traits and
logistic regression for binary traits. We identified 464 statistically significant results (p<3.4x107"%)
for the MAF model and 1,331 for the MAF-CADD model. Of these, 235 and 778 respectively
had data available for replication in the HNP cohort. When we attempted to replicate the
findings, we found that respectively only 8.1% of the 8.6% associations generated a statistically
significant result (p<0.0002, Bonferroni correction for 235 tests, and p<6.4x107°, correction for
788 tests). This is in contrast to 46% formal replication in our main gene-based collapsing


https://paperpile.com/c/Q6nswR/0Eb5+SIvq+P8Ii
https://paperpile.com/c/Q6nswR/hpIa
https://paperpile.com/c/Q6nswR/0EaT

analysis, as described in the main text. Furthermore, if we chose a more lenient replication
p-value cutoff that would confirm at least the suggestion of replication (p<0.05), we found that
respectively only 24.2% and 24.4% of associations replicated, compared to 82% in our main
gene-based collapsing analysis as described in the main manuscript. In our main gene-based
collapsing analysis, 100% of signals showed at least the same direction of effect in the
replication cohort, but this statistic cannot be analyzed in the context of a SKAT analysis as
there is no main direction of effect provided.

Even when we were more stringent about which SKAT analyses to include as significant, the
replication rate was very low. For example, when we required the significant binary associations
to have at least 10 expected case carriers based on the overall frequency, for the MAF model,
only 25% of the 32 eligible associations replicated (p<0.0015, correction for 32 tests), and only
34% had uncorrected p<0.05. For the MAF-CADD model, only 7.3% of the 82 eligible
associations replicated (p<0.0006, correction for 82 tests), and only 24.4% had uncorrected
p<0.05.

Our results coincide with a number of previous studies documenting that the results of SKAT
analyses in real-world datasets can often be noisy and difficult to interpret®’. Given these
difficulties, we did not include these analysis results in our main manuscript.


https://paperpile.com/c/Q6nswR/vemo+OlOL

6000 1

5000

Count: UKB European
N w Py
o o o
o o o
o o o

1000+

0 100 200 300 400
Coding variants per gene

4000

3000

2000+

1000+

Count: UKB All ethnicities

500

0 100 200 300 400
Coding variants per gene

500

5000

4000

(9]
o
o
o

Count: UKB European
]
o
S

1000+

0 005 01 015
Coding variants per nucleotide per gene

35001

Count: UKB all ethnicities
o wn o (41
o o o o
D D D 2

500

0 005 01 015 02
Coding variants per nucleotide per gene

6000+

Count: UKB European
3
o
2

n

o

o

o
!

0 20 40 60 80

LoF variants per gene

6000

50001

[ H

o o

o o

o o
! !

i 2000

Count: UKB All ethnicities

=)
o
o
o

o

0 20 40 60 80
LoF variants per gene

100

4000

3000

2000+

Count: UKB European

1000+

30001

25001

ties

ICl

Count: UKB all ethni

20001

1500+

:: 10001

500+

0 001 002 003 004 005
LoF variants per nucleotide per gene

0 001 002 003 004 005
LoF variants per nucleotide per gene



8000 1

Count: HNP European
8
o
o

2]
(=]
(=]
o

4000 +

Count: HNP All ethnicities
S
S
e

6000 1

20001

0

100 200 300
Coding variants per gene

400

0

100 200 300 400
Coding variants per gene

500

7000 1

6000 7

8}
o
o
o

W »
[=] o
[=] o
o o

Count: HNP European
3
o
il

1000+

0 005 01 015 02
Coding variants per nucleotide per gene

5000 1

w H
o [=]
(=] [=]
o o

Count: HNP all ethnicities
S
o
o

10001

0 005 01 015 02
Coding variants per nucleotide per gene

Count: HNP European

10000 +

8000

6000

4000+

2000

6000 1

5000 ¢

N
o
S
=]

;20001

Count: HNP All ethnicities
8
o
o

1000+

20 40 60 80
LoF variants per gene

20 40 60 80
LoF variants per gene

100

5000

4000+

w

o

o

(=)
|

+s 2000

Count: HNP European

1000+

0 001 002 003 0.04
LoF variants per nucleotide per gene

3000 1

2500

n
o
(=]
o

-y
o
o
o

i; 1000

Count: HNP all ethnicities

500

0 001 002 003 004 005
LoF variants per nucleotide per gene



Supplementary Figure 1. Histograms of number of qualifying variants per gene. Each
histogram is labeled to indicate whether it is UKB or HNP cohort, European ancestry only or all
ancestries, coding or LoF model, and number of qualifying variants per gene or number of
qualifying variants per coding nucleotide of each gene. Between 1 and 42 genes were excluded
from each plot as they were out of range.
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Thalassaemia; coding model
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Thalassaemia; lof model
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Hair colour: Blonde; coding model
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Hair colour: Red; coding model
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Taking cholesterol lowering medication; coding model
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Observed

Self-reported high cholesterol; coding model
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Median T2star in caudate (left); lof model
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Median T2star in putamen (left); coding model
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Median T2star in putamen (right); coding model
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Median T2star in putamen (right); lof model
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Observed

Red blood cell (erythrocyte) count; coding model
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Red blood cell (erythrocyte) count; lof model
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Haemoglobin concentration; coding model

10 -

(})

LMM meta, All eth, 15949 genes, lambda=1.04
LMM meta, Eur, 15864 genes, lambda=1.02

4 6 8 10
Expected




Observed

Haemoglobin concentration; lof model
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Mean corpuscular volume; coding model
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Mean corpuscular volume; lof model
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Mean corpusc

ular haemoglobin; coding model
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Observed

Mean corpuscular haemoglobin; lof model
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Observed

Mean corpuscular haemoglobin concentration; coding model
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Mean corpuscular haemoglobin concentration; lof model
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Red blood cell (erythrocyte) distribution width; coding model
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Red blood cell (erythrocyte) distribution width; lof model
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Platelet count; coding model
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Mean platelet (thrombocyte) volume; coding model

14 A

12 A

10 -

e

LMM meta, All eth, 15948 genes, lambda=1.06

LMM meta, Eur, 15859 genes, lambda=1.0

2 4

6

8
Expected

10

12

14




Observed

Mean platelet (thrombocyte) volume; coding model
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Platelet distribution width; coding model
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Platelet distribution width; lof model
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Mean sphered cell volume; lof model
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Alanine aminotransferase; coding model
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Apolipoprotein B; lof model
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LDL direct; coding model
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Supplementary Figure 2. Overlaid QQ plots for each each phenotype that produced a
statistically significant association. Shown is the number of genes analyzed and resulting
lambda (genomic inflation factor) for each analysis.
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Alkaline phosphatase; Gene effect size
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Gene=ASGR1; Chr=1; Phenotype=Alkaline phosphatase; Gene effect size=1.04

splice stop gain stop lost start lost frameshift

E118*
V159*
w244*
w244*

Q 9
— <
(9\] (9\]
+ |
% N~ X O
— [00] Kp] Kp]
N N X ™
| %) O %)
3
5
_

N

c.—25-1G>T

Q270*
c.876 *4del

Amino acid position

B PFO0059: Lectin_C O PF03954: Lectin_N



=0.46

HDL cholesterol; Gene effect size
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Gene=CRP; Chr=1; Phenotype=C-reactive protein; Gene effect size=-0.84

e missense M in—-frame indel splice e stop gain W stop lost A start lost M frameshift
L
I < wn O N~ o>5
23 ¢ & 8
> L o O 0

2 '5)

| % L - 5 _ — x

N o Bmé%mg N~ N 2 ~ 5 A
3 cE st 8 2 3 %9 e

Amino acid position

B PF00354: Pentaxin

1192M

R206P

W223*

Q221L



Variant effect size

62 EeS w N = o
I

p<le-10

p>0.05

Gene=CST3; Chr=2; Phenotype=Cystatin C; Gene effect size=—1.66
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Gene=CST3; Chr=2; Phenotype=Cystatin C; Gene effect size=-2.69

splice e stop gain W stop lost A startlost M frameshift
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Gene=FCGRT, Chr=1; Phenotype=Albumin; Gene effect size=-2.37

splice stop gain stop lost start lost frameshift
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Aspartate aminotransferase; Gene effect size=
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Gene=GOT1,; Chr=1; Phenotype=Aspartate aminotransferase; Gene effect size=-2.15
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Gene=GP1BA, Chr=1; Phenotype=Mean platelet (thrombocyte) volume; Gene effect size=0.55

splice stop gain stop lost start lost frameshift
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Gene=GP1BB; Chr=2; Phenotype=Mean platelet volume; Gene effect size=1.06
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Variant effect size
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Gene=GP9; Chr=3; Phenotype=Platelet count; Gene effect size=-0.55
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Variant effect size
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Gene=GP9; Chr=3; Phenotype=Mean platelet volume; Gene effect size=0.59
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Gene=GPLD1,; Chr=6; Phenotype=Alkaline phosphatase; Gene effect size=—0.71
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Gene=GPT; Chr=8; Phenotype=Alanine aminotransferase; Gene effect size=-1.01

e missense M in—frame indel splice e stop gain W stop lost A startlost M frameshift
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Variant effect size
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Gene=HBB,; Chr=1; Phenotype=Red blood cell count; Gene effect size=0.68

e missense M in—frame indel splice e stop gain W stop lost A startlost M frameshift
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Gene=HBB; Chr=1; Phenotype=Red blood cell count; Gene effect size=2.51

splice e stop gain W stop lost A startlost M frameshift
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Gene=HBB, Chr=1; Phenotype=Haemoglobin concentration; Gene effect size=-0.54

K133Q

e missense M in—frame indel splice e stop gain W stop lost A startlost M frameshift
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Gene=HBB, Chr=1; Phenotype=Haemoglobin concentration; Gene effect size=-1.42

splice e stop gain W stop lost A startlost M frameshift
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Variant effect size

62 EeS w N = o
I

p<le-10

p>0.05

V2M

H3R

P6*
E7A

E7*
S10*
Al4v
W16*

G17D

Gene=HBB; Chr=1; Phenotype=Mean corpuscular volume; Gene effect size=-0.78

e missense M in—frame indel splice e stop gain W stop lost A startlost M frameshift
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Gene=HBB; Chr=1; Phenotype=Mean corpuscular volume; Gene effect size=-2.51

splice e stop gain W stop lost A startlost M frameshift
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Variant effect size
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Gene=HBB; Chr=1; Phenotype=Mean corpuscular haemoglobin; Gene effect size=-0.94
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Gene=HBB, Chr=1; Phenotype=Mean corpuscular haemoglobin; Gene effect size=-2.49

splice e stop gain W stop lost A startlost M frameshift
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Variant effect size
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Gene=HBB; Chr=1; Phenotype=Mean corpuscular haemoglobin concentration; Gene effect size=-2.18
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Gene=HBB; Chr=1; Phenotype=Red blood cell distribution width; Gene effect size=2
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Gene=HBB, Chr=1; Phenotype=Mean sphered cell volume; Gene effect size=-2.11
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Mean platelet volume; Gene effect size
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Platelet count; Gene effect size=
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Platelet crit; Gene effect size
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Gene=KLF1; Chr=1; Phenotype=Mean corpuscular volume; Gene effect size=-1.27
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Mean corpuscular haemoglobin; Gene effect size

KLF1; Chr=1; Phenotype=

Gene
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Gene=KLF1; Chr=1; Phenotype=Mean corpuscular haemoglobin; Gene effect size=-1.4

splice stop gain stop lost start lost frameshift
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Gene=KLF1; Chr=1; Phenotype=Red blood cell distribution width; Gene effect size=1.39

splice stop gain stop lost start lost frameshift
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Apolipoprotein A; Gene effect size
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HDL cholesterol; Gene effect size
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E78.0 Pure hypercholesterolaemia; Gene effect size
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Cholesterol lowering medication; Gene effect size
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Self-reported high cholesterol; Gene effect size

=1; Phenotype=

LDLR: Chr

Gene

stop lost start lost frameshift

stop gain

splice

e missense M in—frame indel

N098Y
NSS81

41580
M0S8Y

Mv184

168.V
INLBLN

1T69S
1989d
ST890

*6L9A

42290
S9299
€999
N9G9H

HEE9Y
OEE9Y
S€E9%Y
HZEON
J0Z9M

MS6SH

d28s’
10) JAS}<
SY9SN
N9VSO
45750
x9SO
NZvSl
ATESGIN
NOESH
INECSA
4819

S9T1SO
INOTSL
NTOSVY
Nc6vd

NZ8vad
Aclvd

A [TAZAY

M8T¥3
NETYL
M80¥3
A66EY
166V
A98¢€d
d8.e0

IN6IEA
v2oed
oraeEd
d0Sed

x0G€d
NMLEET

1TTEN
A9620

S68¢0

3992d
E|%14e)
Tted
STied
SYANAS
«8223
3/22d
x/22a

9T1¢2ced

[PP6TCO

NOZTd

N891d
xL9TD

V<OT+ETED
MTOT4
S869

A680
9/.8M

H8.d
08.d

x¢ld
NZ9L
NA8S3

x0vl

Ora8S
16¥8S

d/.€8H
vSsE8d
N¥€8d
acesd
4,28
NOZ8S
NOT8
4908A
dv081

42081

J1084

INTOLL

MTS.Ld

IveLL
180ZIN
NBOLIN
N.Z0.Ld
SS0LV
ICOLIN

© NATO0LO
\ ST0.9

x*889N
4/89I

—_—

Y0593

AM9¢94
NCTIV

dooov

108SS
SYASYAN

NEVGH

346249d

IN9OSA

NSLYV

dTlevv

0907y
MOOYY

IN6BE L

INGSEI

6
J

ITGEH
e

HZred

SGEED
ALTES

1 drTED
3Iroead
MEOEY
38823
S/829

MLSZd
10) 474

A0vcd
i d.€2y

a.soco

90.1d

ILZTA
OSTTY

METTI
I9PT+ETE ETED
O<OT+ETED

- 0184

0.8

0.6
0.4

MILO

i d1.9

N.vd

[ | [ [ [ [ |
N © o o % © o o
o o O O O

9ZIS 109)J9 JUBLIRA

p<le-10

Amino acid position

t a

_recep

t b O PF14670: FXa_inhibition O PFO0057: Ldl

P

B PF07645: EGF_CA M PF00058: Ldl_rece



=0.09

Treatment/medication code: atorvastatin; Gene effect size
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Hair colour: Red; Gene effect size
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Platelet count; Gene effect size
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MPL; Chr=
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stop lost start lost frameshift

stop gain
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¥9E9x«
€90

AVT199
x7097

489971

*TS0
I8ESA
0./esy
ISTSM
dOTS1
¥6059
acoso
INTOSA
B4
NG.¥S
VLM
SYAA%3)

M99YN
deovy
dESYd
067171

09z
IETYd

S8071

o06¢€d

189€EA
A6SEd

O<9T-1869
oG1¢ed

dT1€S

d29¢9
4€9¢I

OYASTAS|
d94¢
x*0S¢N

J8ECO

dS6Td

INESTL
HOLTY
dJrrTo
T9€Td
H9ETd
HoeTd
¥92T4
I6TTL
IETTN
dz0Ty
HzoTYd
*T6A

006y

«06Y

aoLv

HS.Y
O<VZ-ETZ0
V<OT+ZTZ0
AT99

V6t L

«£vY

T4

3/2d

16

12

28

55

_
o

_ _ _ _ _ _ _ _ _ _ _
< ™ N — o o — N ™ < Lo

9ZIS 10949 1UBLIRA

dvcoH

IrT99
xG09S

€654

N99SS
V1953
49GGA
SYSev

[BPT+EGIT O
17195d
SO0vSO

MLESH
12744

18LYS
18.vS

A9YYO
avvvv

N¥9El
J1SEY
OT1SEY

1TEEM

H.SGcd

d6€¢O

J0.4Td

J¢0Td

4050
x1G4
e

1<9T-089

Amino acid position

p<le-10 ‘ u

B PF09067: EpoR_lig—bind O PF00041: fn3



0.8
0.6

o
(N
I

o
I

Variant effect size
o o
N N o

|

o 9o
© o
I I

[EEN
I

p<le-10

p>0.05

Gene=0CAZ2; Chr=1; Phenotype=Hair colour: Blonde; Gene effect size=0.24
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Apolipoprotein B; Gene effect size
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Variant effect size
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Cholesterol; Gene effect size
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Gene=PCSK9; Chr=1; Phenotype=Cholesterol; Gene effect size=-0.9
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LDL direct; Gene effect size=

PCSK9; Chr=1; Phenotype=

Gene

stop lost start lost frameshift

stop gain
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e missense M in—frame indel
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Variant effect size
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Gene=PCSKO9; Chr=1; Phenotype=LDL direct; Gene effect size=-1.02
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HDL cholesterol; Gene effect size

SCARBL1; Chr=1; Phenotype=
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Red blood cell distribution width; Gene effect size

SEC23B; Chr=2; Phenotype=

Gene
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SHBG; Gene effect size
splice e stop gain W stop lost A start lost M frameshift
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Variant effect size
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Urate; Gene effect size

SLC2A9; Chr=4; Phenotype=
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splice e stop gain W stop lost A start lost M frameshift
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Urate; Gene effect size=

SLC22A12; Chr=1; Phenotype=

Gene

splice e stop gain W stop lost A start lost M frameshift

e missense M in—-frame indel
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splice e stop gain W stop lost A start lost M frameshift

Hair colour: Blonde; Gene effect size
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6mm weak meridian (right); Gene effect size
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Median T2star in caudate (left); Gene effect size
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Median T2star in putamen (left); Gene effect size
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Median T2star in putamen (right); Gene effect size
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Median T2star in putamen (right); Gene effect size
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Mean corpuscular volume; Gene effect size=
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Supplementary Figure 3. Distribution of effects of rare variants on phenotypes in genes
with statistically significant associations. Plots show the effect sizes of rare damaging
variants on the phenotypes. The legend shows the gene, its associated phenotype, and the
Effect Size (B). The effect size is computed from the gene-based collapsing model, in which
individuals were coded as either having or not having a qualifying variant. A positive value
indicates that variant carriers have, on average, higher values for the phenotype, while a
negative value indicates that variant carriers have lower values. The amino acid positions are
shown on the x-axis, with the PFAM domain highlighted. The y-axis displays the beta of each
individual variant, with negative values shown below and positive values above the horizontal
axis. Variants are indicated according to their consequence as shown and labeled according to
their amino acid change or splice site variation. The number inside the circle is the number of
people carrying that variant. Darker lines connecting the variants to the gene and darker-filled
shapes indicate more significant p-values for the association. The cohort used is the UKB all
ethnicities cohort.



Supplementary Table 1. Van Hout et al. comparison.

Gene

TUBB1

KALRN

IQGAP2

KLF1

KLF1

KLF1

IL33

ASXL1

MLH1

PKD1
IL33

COL6A1

HBB

TUBB1

ASXL1

GMPR

TTN

Phenotype

Platelet distribution width

Mean platelet thrombocyte
volume

Mean platelet thrombocyte
volume

Mean corpuscular
haemoglobin
Mean corpuscular volume

Red blood cell erythrocyte
distribution width

Eosinophill percentage

Red blood cell erythrocyte
distribution width

Z85.0, Personal history of
malignant neoplasm of
digestive organs

N18, Chronic kidney disease
(CKD)

Eosinophill count

Corneal resistance factor
mean

Red blood cell erythrocyte
count

Platelet count

Platelet distribution width

Mean corpuscular
haemoglobin

142, Cardiomyopathy

Van Hout
p

2.50E-23

2.70E-23

1.10E-19

1.70E-16

4.00E-14

1.50E-13

5.40E-12

2.40E-11

3.50E-11

2.90E-10
3.30E-10

3.60E-10

1.70E-09

2.10E-09

4.70E-09

1.10E-08

1.40E-08

N

Ourp carriers
2.50E-23 25
3.90E-01 1
7.80E-15 167
5.00E-15 27
6.90E-14 27
1.50E-14 27
7.90E-01 85
3.30E-06 126
5.30E-26 6
N/A N/A

5.30E-01 85
1.30E-05 10
1.20E-01 1
5.60E-10 25
8.00E-08 126
1.60E-02 7
3.90E-15 9

N

expected

case
carriers

N/A

1

Replic
ation?

FET p
Yes
No

Yes

Yes

Yes

Yes

No

No

3.64E-

07 No

N/A No

No

No

No

No

No

No

2.96E-
06 No

Reason not replicated

N/A

Lead Van Hout SNP MAF>0.1%

N/A

N/A

N/A

N/A

Lead Van Hout SNP MAF>0.1%

Unclear, appears due to
difference in variant calls used
for indels

Too few expected carriers for
regression, and Fisher's exact
not significant

Outside of GIAB high
confidence regions

Lead Van Hout SNP MAF>0.1%

Some variants outside of GIAB
high confidence regions

Too few carriers in this
population subset

Difference in p-value cutoff

Unclear, appears due to
difference in variant calls used
for indels

Lead Van Hout SNP MAF>0.1%

Too few expected carriers for
regression, and Fisher's exact
not significant




MEPE Heel bone mineral density
COL6A1 Corneal hysteresis mean
Mean platelet thrombocyte
TUBB1 |volume
183.9, Asymptomatic
varicose veins of lower
PIEZO1 extremities
D47, Other neoplasms of
uncertain behavior of
lymphoid, hematopoietic and
CALR related tissue
Red blood cell erythrocyte
HBB distribution width
Mean platelet thrombocyte
GP1BA volume
CHEK2 Platelet crit

1.40E-08

2.10E-08

2.40E-08

2.70E-08

4.10E-08

5.80E-08

6.40E-08
7.90E-08

3.30E-05

7.00E-05

2.10E-07

2.30E-15

7.60E-12
2

1.80E-02

8.40E-09
7.60E-01

106

10

25

19

88
55

7.16E-
06

2.06E-
05

No

No

No

No

No

No

No
No

Unclear, appears due to
difference in variant calls used
for indels

Some variants outside of GIAB
high confidence regions

Small difference in p-value

Too few expected carriers for
regression, and Fisher's exact
not significant

Too few expected carriers for
regression, and Fisher's exact
not significant

Too few carriers in this
population subset

Difference in p-value cutoff

Lead Van Hout SNP MAF>0.1%

The p-values from Van Hout et al. are from an analysis of unrelated European ancestry individuals from the UKB
cohort with a MAF cutoff of 1%. The p-values shown for our analysis are from the linear mixed model (LMM) analysis
of the European UKB cohort, including relatives, with a 0.1% MAF cutoff and a restriction to Genome in a Bottle
(GIAB) high-confidence regions. The number of carriers in our analysis is shown for quantitative traits, and for binary
traits the number of case carriers and expected number of case carriers (given overall prevalence) is shown

separately. Fisher’s exact test (FET) is performed for binary traits as well.
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