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Supplementary Methods: FinnGen genetic QC details

Samples were genotyped with [llumina (Illumina Inc., San Diego, CA, USA) and Affymetrix
arrays (Thermo Fisher Scientific, Santa Clara, CA, USA). Genotype calls were made with
GenCall and zCall algorithms for Illumina and AxiomGT]1 algorithm for Affymetrix data. Chip
genotyping data produced with previous chip platforms and reference genome builds were
lifted over to build version 38 (GRCh38/hg38) following the protocol described here:
dx.doi.org/10.17504/protocols.io.nqtddwn.

Sample and initial variant QC

Individuals with ambiguous sex, high genotype missingness (>5%), excess heterozygosity (+4
SD) and non-Finnish ancestry were removed. In variant-wise quality control variants with high
missingness (>2%), low Hardy-Weinberg equilibrium (HWE) p-value (<1x10°%) and minor
allele count, MAC<3 were removed. Chip genotyped samples were pre-phased with Eagle
2.3.5 (https://data.broadinstitute.org/alkesgroup/Eagle/) with the default parameters, except the

number of conditioning haplotypes was set to 20,000.

High-coverage (25-30x) WGS data (N= 3,775) used to develop the SISu v3 reference panel
were generated at the Broad Institute of MIT and Harvard and at the McDonnell Genome
Institute at Washington University; and jointly processed at the Broad Institute. Variant callset
was produced with GATK HaplotypeCaller algorithm by following GATK best-practices for

variant calling.

Additional genotyping QC

Batchwise filters:

1) Not passing Axiom best practices and not recommended by Thermo Fisher Finngen team
2) Proportion of samples missing variant (F_MISS) > 0.02.

3) Hardy-Weinberg equilibrium test p-value < 0.000001.

4) Genotype duplicates marker discrepancy > 2.

5) Mendelian discrepancy in known trios > 2.

6) Allele frequency differences to whole genome reference (SISu v3 imputation panel) and
exome datasets (gnomAD exome version 2.1 (Finnish participants) and Finnish exons me

collection) log2 fold change +5 or allele frequency difference 0.1.
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7) Variants showing significant differences to population reference panel in GWAS analysis
(Sisu v3 imputation panel) p-value < dynamic p-value limit (5x10-8/lambda3) (PLINK2, glm
firth-fallback).

8) Common variants (AF > 0.05) that are not in reference panel WGS or exon data.

Batches were merged and variants were further filtered:

1) Variant call rate > 80%

2) Hardy-Weinberg Equilibrium test p-value < 0.000001

3) Variant call rate 97.8 % for variants that cannot be validated with allele frequency
comparison to reference panel

4) Allele frequency differences to whole genome reference (SISu v3 imputation panel) and
exome datasets (gnomAD exome 2.1 panel (Finnish participants) and Finnish exome collection)

log2 fold change £5 or allele frequency difference 0.1.

Imputation QC

Genotype-, sample- and variant-wise QC was applied in an iterative manner by using the Hail
framework (https://github.com/hail-is/hail) v0.1 and the resulting high-quality WGS data for
3,775 individuals were phased with Eagle 2.3.5 as described above. Genotype imputation was
carried out by using the population specific SISu v3 imputation reference panel with Beagle

4.1 (version 08Junl7.d8b, https://faculty.washington.edu/browning/beagle/b4 1.html) as

described in the following protocol: dx.doi.org/10.17504/protocols.io.nmndcSe. Post-

imputation quality-control involved non-reference concordance analyses, checking expected
conformity of the imputation INFO-values distribution, MAF differences between the target
dataset and the imputation reference panel and checking chromosomal continuity of the
imputed genotype calls. The distributions of imputation INFO scores for all FinnGen variants
and sentinel associated variants (Supplementary Table 3), stratified by MAF of 1% are shown

in Supplementary Figure 1 (Imputation info score distribution of FinnGen data).



95 Supplementary Figure 1. Imputation info score distribution of FinnGen

96 data

97 A) All FinnGen variants B) All FinnGen variants MAF < 1% C) All imputed variants shown
98 in Supplementary Table 3 D) MAF <1% variants shown in Supplementary Table 3.
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Supplementary information on choice of significance threshold

To define significance, we used a combination of (1) multiple testing corrected threshold of
p<2x107, 0.05/(~26.8x10°) [sum (mean number of variants tested per disease cluster)], to
account for the fact that some traits are highly correlated disease subtypes, (2) concordant
direction of effect between UKB and FG associations, and (3) p<0.05 in both UKB and FG
consistent with approaches in previous large-scale GWAS>!. Here we assume all coding
variants tested are independent, which is a stringent assumption as we ignore the LD, and we
tested only the small subset of coding variants rather than the complete genome-wide. Our
meta-analysis threshold should control for multiple testing whilst our added controls of
concordant beta and p<0.05 should increase the robustness of the association across population

cohorts without ignoring many potential true positives.

Our approach is also supported by empirical analyses in which we permuted the disease labels
simultaneously across all diseases for each individual in the UKB samples to estimate
(approximately) the number of expected associations under the null. The permutated sample
data preserves the genetic LD and correlations between phenotypes. Then we ran the same type
of genetic association analyses and subsequent meta-analyses, then used the same thresholds
of concordant betas, p<0.05 in both cohorts, and meta-analysed p<5x10-%, followed by
clumping of the associations, in the same manner as our main analysis (Methods). Under the
null permuted scenario (permuted 10 times as sensitivity analyses without being too
computationally cumbersome), we expected to see on average 39 associations (range: 32-47)
compared to 975 associations that we actually observed, giving an approximate empirical false
discovery rate (~39 expected false positives/all 975 positives observed) of ~0.04 (<0.05) on
average (and 0.048 (47/975) in worst case scenario of 10 simulations). Thus, our choice of
thresholds, even with a meta-analysis cut-off of 5x10%, are also supported by empirical

estimates in controlling for false positives.
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Supplementary Methods: Theoretical description and simulation of the
impact of MAF enrichment on inverse-variance weighted (IVW) meta-

analysis Z-scores

Here we provide the details of theoretical frameworks and empirical simulations relating MAF

enrichment and IVW meta-analysis Z-scores and the interpretation of the results.

Let the parameter b; denote the effect of genotype g; on disease endpoint Y; in the ith study,
for a total of i = 1,2, ...,m : m > 2 studies. The meta-analysis inverse variance weighted Z-

score, which aggregates information across all m studies, is given by
IR
=1 O'bi

sm 1/A '
i=1 O-g

i

Zivw =

where Z; is the Z-score from the ith study, i.e.,

Sp)

L

Zi: )

i

|

S

with b; denoting the sample-based estimate of b; and by, being its corresponding standard
error. We re-write the above to illustrate the impact of integrating additional independent study
information relative to a reference study, which we arbitrarily take to be study i = 1. That is,

we write Zj,,,, as:

m Glzi
Zivw =23
o2
1+3n, 1/Ji2
=7Z,*a

Zivw
= = .

Zy

(1)

Hence, a denotes the increase/decrease in Z-score computed on aggregating results across m
studies relative to the reference study. When a > 1 the aggregated Z;,,, score is larger than the
reference Z-score (Z;) - a scenario we refer to as ‘IVW uplift’. Our goal is to assess changes

in a as a function of MAF and MAF-enrichment between m = 2 studies. To fix ideas, we are



154
155
156
157
158
159
160
161
162
163
164
165
166
167

168
169
170
171

172
173
175
174
176

177

178

179
180
181

182

183

interested in assessing uplift when (i) the reference study is the largest study and (ii) MAF is
enriched in the smaller study, i.e., study 2. Hence, N; = N, and MAF, > MAF,. The scenario
in which the reference study has larger sample size and also enriched MAF, i.e., N; = N, and

MAF, = MAF,, is considered later.

Theoretical description of uplift «

In this section we present a formula which relates uplift a to the core parameters underpinning
computation of the test statistic Z;,,,,, i.e., MAF;, disease prevalence (1r;) and sample size (N;),
for each of the i € {1, 2} studies. In doing so, we will (a) illustrate complexity in the
relationship between a and the core parameters and (b) highlight the expected utility of a MAF-
enriched study design, in particular how the probability of detecting novel (rare variant)

associations increases as a function of enrichment.

Let the probability of disease status follow a logistic model, i.e.,

e(aitbig)
Tyg =PY;=1]g)= 1+ o@itbigy

(2)

where g denotes a genotype putatively associated with disease risk, a; is the population

baseline effect and b; is the effect of genotype on disease risk. Given observed data {y;, g;},

estimates of the effect parameters, denoted {4;, b;}, are typically derived by maximizing the

log-likelihood function

L(a;, b;) =logP(y; |a;,b;, g).

That is, values for {a;, b;} which satisfy:
aL(ail bl)
ab; = gT(y - T[}’ilg) = 0.
(3)
Assuming that the effect of genotype on disease risk is small, in the sense that |b;g| < 1, it
follows that

e(aitbig)

”yilg:P(Yizllg):m

et et )
TTten ((1 + eai)z)big +0(br)
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=a; +b;g + 0(b;")
=B:g + 0(b;°),

(4)
where we have made the transformation of variables:

Bi = (a, b)),

g=0g"
Hence, when |b;g| < 1 the conditional probability of disease is well approximated by the
linear predictor 8;g. As it will be important later, the relationship between parameters in the

logistic and the linear predictor is

br

b=———— and a; =1lo a
ECHCETD) T\

(5)

Combining equations (3) and (4), it follows that the score of the logistic model satisfies

dL(B;)
9B;

which is approximately zero when

=5 (yi —my,5,) = 8’ i — BiG0), |bigij| <1, j=12,..,N,

~ T ~
g i—Big) =0
5 ~ T\ 1T
= B, = (gi gi) 9gi Yo
(6)
note that these are the familiar ordinary least-squares estimates of main effect parameters in a
linearized model. When the vector of genotypes has been centered, ie., g =0, it is

straightforward to show that:

N.

N; i —
N Z}.;lyij N} 4 & \/Zj=1n3/ij|gij (1 T[Yij|9ij)
a; = ——=—and 4§, =
: N; N; % N; ’

N.

N; i — 2,
5 2L, Yij9i) . \/Zj=1T[J/ij|gij (1 7Tyijlgij)gu
P Ty g N O T sV g2 '

j=1gl] j=1gl]

(7)
We have used N; to denote the number of cases in the ith study, thus @; is a measure of
population baseline disease prevalence. The linearized genetic effect in equation (4), however,

can be interpreted as
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B Z] 1yl]g] MAFL'* Ni*

: N; > 1,
S g2 ~ MAF;(1 — MAF,) (N, — 1)’

i

(8)

where MAF;" is an estimate of the MAF; in the cases only:

N;

1
ZNL' -
j=1
(9)

We will use equations (8) and (9) later, when aiming to interpret uplift via core model

parameters.

Recall the relationship between the parameters in the logistic and linearized models presented
in equation (5). After an application of the delta method, the variance of b; in the logistic model

(1) can be written as:

~

2 < bi
05, = var| x
l ((1—ap)

On combining equations (5) and (7), we reveal that the Z-score of the genetic effect in the

Ak
O,

laa-ap

’ by 6.
1+ 0 <% ji) .

(10)

logistic model (1) is well approximated by the estimated Z-score from the linearized effects

(equation (7)), i.e.,

. __hi
b; a(1—-a) b
Zi=—n~ = Lsen(a;(1 - a) = 7},
75y, G G 8 (ai(1-ap) =7
/\*(1_

where we have used the fact that sgn(aj(1—a;)) =1 from equation (7). Thus,
Zi = Zl*
(11)

and it follows therefore, that the uplift a can be written as:

1+
o
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a; (1 - )53, 2;
a;,(1- a6, Z;
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1+
a;(1- al)ab2

1+

~
~

(12)

Explicit description of MAF enrichment, disease prevalence, sample size and log odds-

ratio on IVW uplift (a)

In this section our goal is to gain some intuition as to how uplift can vary in terms of core

parameters, e.g., MAF;, MAF/, N;, N;, for each study i € {1,2}. We have demonstrated that

equation (12) provides an accurate approximation to uplift (see Extended Data Figures Sa-c,

Supplementary Files 2a-c), however these core parameters are implicitly defined in the

approximation. To help provide some guidance on their explicit role, we replace @;, 65, and Z;

in equation (12) with large sample (population) estimates, i.e., on assuming N; > 1 for i €

{1,2}. In addition, we make the assumption of weak genetic effects (i.e., |b;| < 1), low disease

prevalence ( r; < 1) and rare/low MAF (in both studies), so that:

ﬁf(l ) = & =T ¢ Ni > 1 and TT; 1G4 1,

a;
yl]lgl]( yl]lglj) ~ T[J/ingij : 7-"-yingij «1,

z g% ~ 2(N; — )MAF,(1 — MAF))
=1
~ 2MAF;(N; = 1), N; > 1.
(13)
Recall that MAF;" denote the MAF in the cases, i.e.,
Nj
MAF; = 0.52 I(y;; = 1)gij — MAF,,
j=1

then, in combination with equations (4) and (7), it follows that

MAF;
T[yij|gijzni 1+——g;; |, Ni > 1 and |bl|<1'

MAF; 9
which, with equations (7), (12) and (13), returns:

10



257

258

259

260

261

262

263

264

265

266

267
268
269
270
271
272

273

274

275

276
277
278

279

280

N, MAF;

1+ K77
N, MAF;
a = L T N; > 1 and i € {1,2},
1+ N, MAF,
N, MAF,
(14)
where
MAF;
_m [t wmar,
T\ 4 + MAF;
MAF,
(15)
«  MAF; " . . MAF,
Note that X* = —= denotes the X*-fold enrichment of MAF in the cases and X = ——= the X-
MAF; MAF;

fold enrichment in the base-line population. Equation (14) makes clear that the relationship

between the core parameters and uplift is complex. Nevertheless, there are some similarities

between how power can increase with additional samples, via the ratio N—z, and increases in
1

MAF; MAF.
2 and Z

power due to X *-fold and X-fold enrichment of MAF via the ratios -
MAF; MAF,;

in (14). We

explore this relationship further in section ‘Analysis of Z-score boost due to MAF

enrichment and increased sample size in simulated data’.

To emphasize the role of effect sizes on uplift, recall that b; in equation (2) is the ‘log odds-
ratio’ (LOR;) for the i-th study, i.e., b; = LOR;. By combining equation (5) with equations (7)
and (8), it follows that

R MAFi* Nl-*
— = b; MAF,(1 — MAF,) (N; — 1)
IOR, =h;=— =~ t t t * *
b oar-ay) &1_1\’_1' ’
N; N;
MAF; 1 ,
= LOR; N; > 1land i € {1,2}.

~ MAFL (1 — T[i),

(16)

From the above, the variable k in (14) can be written as:

" m, \1+ LOR,(1 — m,)

T, <1 + LOR,
1+ LOR,

~ 2 ) 7, « 1and i € {1,2},
T

11
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which returns:

1+

Ty (1 + L0R1) N, MAF;
my \1+ LOR,) Ny MAF}

142 (1 + LORl)&MAFZ'
m, \1 + LOR,/ N, MAF,

a =

N; >» 1, m; K1 and i € {1,2}.

(17)

Equation (17) highlights the influence of disease prevalence (m;), study sample size (N;), MAF

MAF; MAF.
Z and —=
MAF; MAF;

enrichment ( ) and the log odds-ratio (LOR)), i.e., regression effect size b;, on

IVW uplift a from studies i € {1,2}. Owing to some dependencies between variables, e.g.,
equation (16) relates the log odds ratio to MAF and disease prevalence, it is difficult to make
general statements about expected uplift based on increasing MAF enrichment, while
attempting to fix the value of other variables. Broadly speaking, however, our theoretical,
simulated and observed results indicate that IVW uplift @ increases with increasing MAF-
enrichment (Extended Data Figures Sa-d, Supplementary Files 2a-c and Supplementary

Figure 2 (MAF enrichment on Z-scores)).

MAF enrichment in the larger study: N; > N, and MAF;, > MAF,.
From equation (14), if MAF, > MAF, and MAF; > MAF; then both X <1 and X < 1 and

thus uplift decreases as a function of increased MAF enrichment in study 1.

Analysis of Z-score boost due to MAF enrichment and increased sample size in observed
data

In an ideal scenario, one would also be able to compare the Z-score boost for enriched variants
using an additional UKB like cohort matched for the sample size of FG which is not currently
readily available for all diseases. However, we are able to subset the larger UKB cohort into a
FG sample size (i.e., N=260405) matched cohort and use the remaining (N=132409) samples
as a “base” analysis cohort and compare the Z-scores of base UKB meta-analysed with FG

(UKBxFGQG) against base UKB meta-analysed with FG sample size matched UKB (UKBxUKB).

Focusing on associations with MAF<0.1 from Supplementary Table 3, we randomly
subsetted UKB into a base UKB and a FG sample size matched UKB cohort (n=4 random
subsets). We performed association testing and meta-analysis using the same approach and

calculated the ratio of Z-scores (Zuksxrc/Zuksxuks), logl0 transformed so that >0 means Z-

12
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score higher in UKBxFG than UKBxUKB, and <0 means Z-score higher in UKBxUKB than
UKBxFG (Extended Data Figure 5d).

Analysis of Z-score boost due to MAF enrichment and increased sample size in simulated
data

We further investigate the relative gain in IVW Z-scores across a broader range of enrichment
values. For this, we modified our simulation strategy detailed in section Simulations of MAF
enrichment effect on inverse-variance weighted meta-analysis Z-scores to match the cohort
analyses above. Specifically, we followed the identical simulation protocol, yet now simulated
results from a UKBxFG and separately UKBxUKB meta-analysis, followed by computing the
ratio of IVW Z-scores. Results are presented in Supplementary Figure 2 (MAF enrichment
on Z-scores). Again, our theoretical predictions of the relative IVW uplift closely match the
simulated results (Supplementary Figure 2b). For instance, when considering a 5-fold MAF
enrichment in the FG study, our theoretically predicted estimates (equation (12)) from the
simulation study closely approximate the observed estimates (Supplementary Figure 2d and
Extended Data Figure 5d). Our simulations further support our findings that studies involving
cohorts with MAF enriched designs are likely to provide (potentially significant) additional

power gains relative to gains achieved by increasing sample size alone.

Supplementary Results: Simulations of MAF enrichment effect on inverse-

variance weighted meta-analysis Z-scores

To go some way toward assessing the impact of MAF-enrichment for rare variants (MAF<1%)
on IVW uplift in a realistic setting, we performed a simulation study informed by UKB and
FG study information. We simulated two binary variables, representing two disease endpoints,
with study sample sizes set to N; = 392814 and N, = 260405, respectively. To specify

disease prevalence parameters, we computed the median ratio of disease prevalence across all

[=1,2,..,744 disease endpoints in UKB and FG datasets, i.e., median(nZl/nll)

(Supplementary Table 3). As median(n”/nll ) = 1.5, we setm, = 1.5m, and fixed m; =

0.005, which is approximately 2 times the median disease prevalence across the 744 disease
endpoints within UKB. To assess impact of MAF enrichment across a range of rare/low MAFs,
we varied MAF in the reference study, MAF, € {107%,5% 107%,1073,2.5 x 1073,5 X
1073,0.01} and X-fold MAF-enrichment in study 2, X € {1,5, 10, 20,30,50}. Note that

13
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MAF, = 0.01 and X = 50 results in MAF, = 0.5, at which point the effect allele switches in

study 2. This motivated our choice of maximum MAF and X-fold enrichment values.

Data for disease status were generated under a logistic model, i.e., equation (2):
logit (ny”gi}.) = a; + b; * gij,
a; ~ logit(m),
where
Tygy = P(Yi=11gi) i€e{1,2},j=12,..,N,

denotes the probability of disease conditional on genotype g;; for the jth participant in the ith
study. Finally, a value for b; - the effect of genotype on disease — was randomly sampled from
the set of positive regression coefficients (to reflect the fact that vast majority of low frequency

variants have disease risk-increasing effects), computed in UKB (for b, values) and FG (for b,

values) (Supplementary Table 3).

We validate the accuracy of the theoretical approximation to the IVW uplift, i.e., equation (12),
by monitoring the median absolute relative error (MARE) across i = 1,2, ...,1000 simulated
datasets and over variety of MAF and enrichment values. Specifically, we computed

MAREj;, = median|ﬂjk|, Qi = {a)ljk,wzjk, ---'w1000jk}r

where

| @obsyj T Yexpyjy
Wijk =

aobsijk
with j indexing the set of values MAF; € {107%,5x 107%,1073,5 x 1073,0.01} and k

indexing the set of X-fold enrichment values X € {1,5, 10, 20, 30,50}, i.e., X = %. Our
1

findings reveal very good correspondence between the theoretical prediction (equation (12))
and simulated uplift a-values (Extended Data Figure 5c; Supplementary File 2¢). Excluding
the scenarios in which MAF; = 10™*, the MARE (as a percentage) was < 5 % across the
range of MAF and enrichment values considered: highlighting the accuracy of the
approximation in equation (12) over a wide range or rare MAFs and MAF-enrichment values.
The observed increase in MARE when j = 107* is a consequence of the approximation
equation (10) becoming less accurate — this happens when Ny MAF; < 1 and hence the number
of cases with an effect allele in the reference sample is typically very small. Extended Data

Figures 5a-c and (Supplementary Files 2a-c) makes clear that, on approaching and passing

14



374  this boundary (which in our simulation set-up occurs when MAF; ~ 5 X 10™*) the MARE
375  quickly increases. Despite this, in our simulation the MARES 20% at MAF; = 107*.
376
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Supplementary Results: Summary of theoretical, simulation and observed

results

We observed the uplift to increase with increasing MAF and allelic enrichment as expected.
The gain in IVW uplift is not linear across MAFs, with most of the gain in uplift occurring at
MAF<0.5% before plateauing (Extended Data Figure Sa; Supplementary File 2a). There is
a rapid increase in uplift as baseline MAF increases from 10 to 10 suggesting the added
potential for novel findings benefitting very rare allele frequency ranges. The increase in utility
at rare MAF ranges has practical impact on novel association findings as common and low
frequency variant association can be well-powered to be detected already at biobank sizes for
prevalent diseases. IVW uplift also increases with allelic enrichment, once again sharp
increases in uplift are expected and observed at lower enrichment values, eventually flattening
out towards MAF 1% and fold enrichment 50x (Extended Data Figure Sa-c, Supplementary
Files 2a-c). Note that, MAF ~1% and fold enrichment ~50x would fall within the region of
inflection (top right quadrants of Extended Data Figure Sa and Sb) where the MAF in the
enriched cohort approaches 50%. In practice, the vast majority of rare variants do not fall near
the region of inflection as it would suggest, for example, a MAF of 1% in one study and near
50% in the other. Our results make clear that the surface of IVW uplift values using observed

data is in general similar to theoretical results.

For the observed sentinel associations (MAF<0.1, Supplementary Table 3), we compared the
Z-score ratio of a randomly subsetted “base” UKB cohort (of N=132409 samples) meta-
analysed with FG (UKBxFG) against the base UKB meta-analysed with the remaining
N=260405 UKB samples (UKBxUKB), to estimate the observed gains in power accounting
for sample size (Extended Data Figure 5d). We repeated the process of randomly subsetting
the UKB samples a total of n=4 times and aggregated the results - to assess sensitivity to our
choice of “base” UKB samples (and equivalently the remaining UKB samples). Note that, a
value of n=4 was chosen as the association analyses for each subset is computational
cumbersome. Consistent with our theoretical and simulation expectations, we found a clear
trend between allelic enrichment and Z-score gains (Extended Data Figure 5d), where higher
variant fold enrichment in FG and UKB, on average, led to more significant associations in

UKBxFG and UKBxUKB respectively.
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Taken together, the simulation results both theoretically and empirically along with observed

data show the added utility in boosting association findings through cohort specific allelic

enrichment additional to increased power from larger sample size.
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Supplementary Figure 2. MAF enrichment on Z-scores

Surface plot illustrating the relative gain in inverse variant weighted meta-analysis z-
score (IVW uplift) between MAF enriched meta-analysis and standard (i.e., additional
samples) meta-analysis. For each combination of MAF and allelic enrichment, we simulated
1,000 datasets for three binary variables, representing disease status in: (1) a baseline cohort of
N=132,409 individuals (simulated using UKB study characteristics and denoted “UKB 1),
(2) a second cohort of N=260,405 individuals (simulated using UKB study characteristics and
denoted “UKB_2”); and (3) a third cohort of N=260,405 individuals (simulated using FG study
characteristics, denoted “FG”). Disease prevalences were fixed (matching values estimated
from UKB and FG data), genomic effects were randomly sampled from the set of positive
effect sizes in UKB and FG (Supplementary Table 3), MAF was varied from 0.01% to 1%
and allele enrichment (in study-3 only) ranged from 1 to 50. Relative gain is defined as the

. . . . Z .
ratio of MAF enriched to no MAF enrichment IVW Z-scores, i.¢, — 2% (a) theoretically
ZUKB{xUKB

predicted relative IVW uplift. (b) observed relative IVW uplift. (c) Median absolute
relative error (MARE, %) between simulated and theoretical relative IVW uplift values.
(d) first, second (median) and third quartiles of the distribution of relative IVW uplift
when study 3 has 5-fold MAF enrichment - for reference, the distribution of the IVW
uplift for studies 1 and 2, i.e., “UKB_1” and “UKB_2", is presented.
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uidn MAIL
Pidn MAL

Result

1N
~
f

o 5-fold enrichment
(simulated)

5-fold enrichment
(predicted)

o
o
T
1
1
1
1
1
1
1
1
1
1
1

Reference analysis
—~&—— UKB_1+ UKB_2

(simulated)

Reference analysis
—A— UKB_1+UKB_2
(predicted)

log10(FG/UKB meta Z-score ratio- "IVW uplift")
S
'S

0.001 0.0025 0.005 0.01
MAF

18



434

435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462

Supplementary Results: New roles for coagulation proteins in PE

We discovered a rare missense mutation in F10, enriched by ~5-fold in FG (rs61753266:A;
Glul42Lys; MAF=0.33% [UKB], 1.85% [FG]), to be protective against PE (log[OR]=-0.44,
p=2.9x10-9). This variant has been associated with reduced plasma coagulation factor X
(beta=-1.12, p=2.0x10"%) and factor Xa (beta=-1.54, p=7.9x10"'%) levels previously’!, as well
as clinical factor X deficiency®. Deficiencies in coagulation factors, including factor X, are
associated with increased bleeding liability and reduced thrombotic risk. In a similar fashion,
we found a previously reported venous thromboembolism risk-reducing variant (rs4525:C;
His865Arg; MAF=27.2% [UKB], 22.3% [FG]) in F5 that is also protective for PE (log[OR]=-
0.14, p=1.2x10"'°) and associated with reduced plasma F5 levels®® (beta=-0.25, p=6.0x107).
This variant acts opposite to the well-established risk promoting F5 Leiden missense mutation,
which leads to increased resistance to activated protein C cleavage® and thromboembolism
liability, thus unravelling that coding variants in 5 can have opposite effects on PE risk at the

population level (Extended Data Figure 7b).

We also found a rare variant in fibrinogen (FGB rs2227434:T; Pro100Ser; MAF=0.13% [UKB],
0.15% [FG], Extended Data Figure 7a, Supplementary Table 3) that associated with
increased PE risk at nominal GWAS significance (log[OR]=1.03, p=1.5x10"%). Missense
mutations in FGB have previously been linked to both elevated and reduced fibrinogen levels

through GWAS>3¢, as well as congenital afibrinogenemia’’.

We performed Mendelian randomisation (MR) using rs4525 and rs61753266 as instruments to
estimate the relative reduction in PE risk due to reduced F5 (betamr=0.57, p=1.0x10"'%) and
F10 levels (F10: betavr=0.40, p=2.9x10"; F10a: betamr=0.28, p=2.9x10°) respectively
(Extended Data Figure 7b). MR results support the expected clinical indication of factor X
inhibitors in thromboembolic diseases and the hypothesis that developing drugs inhibiting

factor V will also likely be beneficial for PE.
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Supplementary Results: ADH 1B missense variant and alcohol related effects
The low-frequency missense variant in ADHIB (rs1229984:T; Arg48His; MAF=2.2% [UKB],
0.5% [FQG]) that is associated with increased enzymatic activity of alcohol dehydrogenase and
reduced alcohol tolerance, is also associated with reduced risk of alcohol-related disorders
(alcoholic liver disease: log[OR]=-1.08, p=1.5x10"; mental and behavioural disorders due to
alcohol: log[OR]=-0.82, p=1.2x1073*) and increased risk of gout (log[OR]=0.39, p=3.3x1019).
Notably, the alcohol dependence disorder-promoting ADH B allele (C) is also associated with
reduced IGF-1 (beta=-0.11, p=1.5x10") and vitamin D levels (beta=-0.049, p=2.6x1019),
increased levels of liver enzymes (alkaline phosphatase: beta=0.087, p=3.1x1077; gamma-
glutamyl transferase: beta=0.041, p=1.62x10°) and total bilirubin (beta=0.031, p=5.1x107),
macrocytosis with increased mean corpuscular volume (beta=0.047, p=4.2x107!?) and mean
corpuscular haemoglobin (beta=0.048, p=1.4x10'2), as well as reduced erythrocyte count
(beta=-0.034, p=3.2x10®). The gout risk reducing C allele is associated with reduced urate
levels (beta=-0.061, p=1.4x10"2").
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Supplementary Results: Examples of coding associations in aiding drug

development

In addition to providing further support for well-established drug target associations such as
between PCSK9 loss-of-function and hypercholesterolaemia, or F/0 loss-of-function and
venous thromboembolism, we also found an association between a common missense variant
(rs231775:G) in CTLA4 with increased risk of thyrotoxicosis (log[OR]=0.12, p=8.5x10""%).
Since this variant is also a blood eQTL for decreased CTLA4 expression®® (Z-score=-6.91,
p=5.0x10"12), the association between genetic CTLA4 reduction and thyroid dysfunction might
contribute to the adverse event of hyperthyroidism in cancer patients treated with CTLA4

inhibitors>°.

Genetics can inform drug discovery also on alternative indications for repurposing. For
example, 7YK2 inhibitors are being tested in clinical trials for various autoimmune and
psoriatic diseases®®. Consistent with previous GWASS!, we found a missense variant in TYK2
(rs34536443:C) to be associated with reduced risk of rheumatoid arthritis and psoriatic diseases
(Supplementary Table 3). Our analyses establish this variant to also be associated with
sarcoidosis (log[OR]=-0.41, p=3.6x10®), proposing sarcoidosis as a new indication for 7YK?2
inhibitors. Similarly, while the pleiotropy of CHEK?2 provides support for exploring CHEK?2
inhibitors against a broader spectrum of malignancies, our analyses also highlight a risk for

potential haematological perturbations upon CHEK2 inhibitor treatment.
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Supplementary Results: METTL11B methylase missense variant in AF

METTLI11B is a N-terminal monomethylase that methylates target proteins containing a N-
terminal [Ala/Pro/Ser]-Pro-Lys motif®>. The missense variant Ilel27Met (SIFT=0,
PolyPhen=1.0) falls within a conserved motif in the enzyme’s S-adenosylmethionine/S-
adenosyl-l-homocysteine ligand binding site®. METTL1 1B expression is enriched in heart and
skeletal muscles with highest expression in heart, in particular cardiomyocytes®*%. We
scanned protein sequences for a presence of the [Ala/Pro/Ser]-Pro-Lys motif and elevated
expression in cardiomyocytes (Methods, Supplementary Table 12). We found statistically
significant enrichment of genes encoding [Ala/Pro/Ser]-Pro-Lys motif containing proteins
amongst genes with elevated expression in cardiomyocytes (OR=1.34, 95% CI=[1.16, 1.54],
p=3.2x10"°), many of which show N-terminal [Ala/Pro/Ser]-Pro-Lys motifs (OR=1.24, 95%
CI=[1.06, 1.44], p=5.6x10"). The group of proteins containing [Ala/Pro/Ser]-Pro-Lys motifs
includes several well-established AF genes® such as potassium channels (KCNAS5, KCNEA4,
KCNN3), sodium channels (SCN54, SCN10A4), NPPA, and TTN. Our data support METTLI1B
as the causal gene in this GWAS locus and a relevance for N-terminal [Ala/Pro/Ser]-Pro-Lys

methylation in cardiomyocytes for AF.
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Supplementary Discussion on coding associations in SCN54-SCN10A and

HCN4-REC114 AF loci

The SCN10A Alal1073Val variant associated with AF

The SCN54-SCN10A locus is well known to be associated with cardiac arrhythmic disorders
including AF. A common variant in SCN10A alternatively presents Alanine or Valine at the
p.1073 position and is associated with AF. In the present study, the Vall073 variant was
associated with a decreased risk of developing of AF. This is consistent with the previously
shown association of the Alal073 variant with higher incidence of AF®’. The Val variant was
also associated with slower cardiac conduction®®. Functional studies of the Nav1.8 sodium
channel encoded by SCN10A4 have shown the Val variant to exhibit lower current density and

67.69 and faster inactivation and slower and

lower persistent (or late) current than the Ala form
incomplete recovery from inactivation®. There is a negligible transcription of Nav1.8 in the
human atrial in sinus rhythm and AF subjects’ but a sizeable expression of Nav1.8 channels
in cardiac ganglionated plexi’!:’? localized within the atrial epicardial adipose tissue. Perfusion
of these plexi with a specific Nav1.8 inhibitor prevented the ability of vagus nerve stimulation
to decrease heart rate, to increase the PR interval and to increase the inducibility of AF by local
atrial tachypacing’!. Of note, the Val1073 variant was also linked to a diminution of mechanical

pain sensation’>.

The SCN5A4 Thr220Ile variant associated with AF

The SCN5A4 Thr220lle variant causes a 5 mV hyperpolarizing shift of the SS-inactivation and
a 25% reduction of current density of the Nav1.5 channel’*”>, The Thr220Ile variant lies in the
S4, voltage sensing segment, of the first transmembrane domain DI of Nav1.57¢ and causes a
loss of function (LOF) through a 5 mV hyperpolarizing shift of steady-state inactivation and a
25% lower current density’*7>, This variant has also been associated with conduction defects,

sick sinus syndrome and atrial standstill”’

in family studies with bradycardic changes.
Importantly, this variant has also been associated with dilated cardiomyopathy (DCM)’®. The
Thr residue implicated is neighbored, in the same DI/S4 voltage sensor domain, by three Arg
residues whose mutations Arg219His, Arg222Gln, and Arg225Trp all are also associated with
DCM. They share a substitution of the positively charged Arg residue by non-polar ones, and

this creates a cation-selective gating pore current that carries a permanent depolarizing current

and disturbs ionic homeostasis (reviewed in 7-%%). The moderate LOF found with Thr220Ile is
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not likely to explain such a severe phenotype as DCM. An alternative hypothesis is that

replacement of the polar Thr by the non-polar Ile might create a cation-selective gating pore’®-0.

The HCN4 Asp364Asn variant associated with AF

Another AF GWAS locus is tagged by the common intergenic sentinel variant rs74022964
between HCN4 and REC11432,33. We identified a rare, FG enriched variant in HCN4
(rs151004999:T; Asp364Asn; MAF=0.045% [UKB], 0.17% [FG]; SIFT=0.05, PolyPhen=0.41)
as associated with increased AF risk (log[OR]=0.72, p=2.8x10-8). HCN4 is a
hyperpolarization-activated ion channel contributing to the cardiac pacemaker current known
as the funny current (Ir). Mutations in HCN4 have been associated with familial bradycardia
(also known as sick sinus syndrome 2) and Brugada syndrome 8 in family studies®'.
Consistently, in addition to the AF signal, we also found an association with decreased heart
rate (beta=-0.49, p=3.8x102").The Asp364Asn variant lies in a poorly conserved region of the
protein and its effects on the HCN4 channel have not been explored (ClinVar). The association
with decreased heart rate and increased AF risk potentially points to a LOF effect of HCN4,

although further functional studies are required to elucidate this further.
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Supplementary Methods: Functional characterization of PITX2¢ Pro41Ser
Methods relating to Independent AF participants, DNA extraction, PCR and Sanger

sequencing relating to the analysis of association of Pro41Ser PITX2 with AF in a French

cohort were previously described in®.

PITX2c cDNA constructs

For gene reporter essay in TM-1 cells (Transformed human trabecular meshwork cells), the
Pro41Ser variant was generated by site-directed mutagenesis (QuikChange®, Agilent
Technologies, Mississauga, ON) using a pcDNA4/HisMax© plasmid (Invitrogen, Burlington,
ON) expressing the wild-type Xpress™-tagged PITX2c% (accession number for the PITX2
sequence is MIM 601542). The forward mutagenesis primers are similar to those reported
before®?. Ndel/Xhol restricted fragments were subcloned into pcDNA4:PITX2c. The plasmids
were purified using QIAGEN Maxiprep or QIAprep® Spin Miniprep kits (QIAGEN Inc.,
Mississauga, ON) and validated by sequencing. For HL-1 cells experiments, we generated a
V5-Tag-pcDNA3.1/Zeo vector carrying the open reading frames from human P/7X2 wild type

and mutant sequences as previously described®?.

Western blot Analysis

Protein expression of the Pro41Ser variant was assessed in TM-1 cells using Anti-Xpress™
(Invitrogen) antibodies to detect Xpress-tagged recombinant proteins®*. The PITX2c¢ protein
expression was also confirmed in HL-1 cells (mouse immortalized atrial myocardial cells)®,
transfected with V5-tagged vectors. The cells were seeded in 24-well plates and transfected
using lipofectamine 2000 (Invitrogen) and 0.2ug of plasmid per well (V5-PITX2¢c WT or V5-
PITX2c Pro41Ser). 24hr after transfection, cells were collected, and Western blot was

performed as previously described®?.

Transactivation assays
A pGL3Basic-SLC13A3 reporter plasmid was engineered to contain an upstream promoter
fragment of SLC13A3 and contains a putative binding site for PITX2¢*. The promoter controls

the transcription of an appended luciferase-coding sequence.

A PITX2c-expressing plasmid or the empty expression vector were co-transfected (n=3) with

the pGL3Basic-SLC13A3 reporter and a pCMV( transfection control vector (Clontech

25



599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632

Laboratories, Inc, Mountain View, CA) into TM-1 cells (500 ng, 60 ng and 30 ng respectively).
Luciferase activity was measured by luminometry (Turner Designs, Sunnyvale, CA) according
to the manufacturer’s instructions and standardized to the -galactosidase (internal control, 3-

galactosidase Enzyme Assay System, Promega, Madison, WI, USA).

Immunolocalization

Immunofluorescence was carried out as previously described®®. 24hr after transfection, TM-1
cells (grown on coverslips) were fixed with 2% paraformaldehyde/PBS for 20 min. Antibodies:
anti-Xpress and Mouse-Cy3 (Jackson ImmunoResearch, West Grove, PA) were used at a
dilution of 1:500. The nuclei were labelled with a mounting medium containing DAPI. No
significant difference of PITX2c protein expression was seen when normalized to GADPH

internal control.

Electrophoretic mobility shift assays

WT and mutated PITX2c proteins’ affinity with the DNA bicoid binding site were investigated
by non-denaturing polyacrylamide gel electrophoresis of a mixture of double-stranded Cy3-
labelled DNA (at 0.5 uM) and whole-cell extracts of TM-1 cells (40 pg) transfected with a
PITX2c construct.

Quantitative Reverse Transcriptase-PCR Analyses in HL-1 cells

HL-1 cells transfected with V5-tagged vectors were collected 24h after transfection. Total
RNA extraction was carried out using SV Total RNA isolation system (Promega) followed by
cDNA synthesis using Maxima first strand cDNA synthesis kit for RT-qPCR (Fermentas life
science) according to the manufacturers' instructions. qRT-PCR was performed using

SsoFast™ EvaGreen (BioRad) supermix in a CFX384 QPCR System (BioRad).

Additional details on antibodies and cell-lines

Antibodies used: For Western blots on HL-1 cell protein extracts, antibodies were a mouse
monoclonal anti-V5 (V8012, Sigma-Aldrich) and a mouse monoclonal anti-GAPDH (G8795,
Sigma-Aldrich). Batch numbers unknown. Antibodies used with TM-1 cells experiments:
Anti-Xpress Monoclonal Antibody was purchased from ThermoFisher Scientific (#R910-25).
Batch number unknown. Goat Anti-Mouse-IgG coupled to Cyanine3: Cy™3 AffiniPure Goat
Anti-Mouse IgG (H+L) polyclonal, was purchased from Jackson ImmunoResearch

Laboratories Inc. (#115-165-003). Batch number unknown. (115-165-003).
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Antibody validation:
V8012, Sigma-Aldrich

https://www.sigmaaldrich.com/FR/fr/search/v8012?focus=products&page=1&perPage=30&s

ort=relevance&term=V8012&type=product
V8012 V5-10, monoclonal WB, ICC
G8795, Sigma-Aldrich

https://www.sigmaaldrich.com/FR/fr/search/g8795?focus=products&page=1&perPage=30&s

ort=relevance&term=G8795&type=product
G8795 GAPDH-71.1, monoclonal WB, ARR, ICC, ELISA mouse, mink, rabbit, rat, human,

hamster, canine, turkey, chicken, monkey, bovine. Sigma-Aldrich quote papers and show
images from the literature in which Abs V8012 and G8795 were used, but do not endorse them
as a validation.

Cell lines: The TM-1 cell line are also named HTM or HTMC (immortalized Human
Trabecular Meshwork cells). The TM-1 cell line (immortalized human Trabecular Meshwork
cells) was a gift from Dr. Vincent Raymond, and was cultured in Dulbecco’s Modified Eagle's
Medium - low glucose (Sigma, #D6046). HL-1 cell were a gift from Dr. W.C. Claycomb and
were cultured using his dedicated "Claycomb Medium" ordered from Sigma-Aldrich (product
51800C) and the Fetal Calf Serum lot certified by Dr. Claycomb, ordered from Sigma-Aldrich
(product F2442 lot #058K8426). Since Dr. W.C. Claycomb passed-away the HL-1 cells are
provided by SIGMA and other firms. HL-1 cells were authenticated by Dr. W.C. Claycomb.
No authentication tests have been performed in our laboratories. The ISLAC register searches

for TM-1 or HTM or HTMC and for HL-1 did not report any match.
All experimental quantitative data were analyzed using unpaired two-tailed Student’s t-

test. Unless otherwise mentioned, assays and measurements were done in triplicate. Data

are reported as mean £ SEM.
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Supplementary Results on PITX2¢ Pro41Ser

We genotyped the PITX2 gene in a cohort of 60 unrelated patients with a history of atrial
fibrillation and 389 controls. We identified a novel heterozygous variant, a single-base
substitution of a cytosine by a thymidine at nucleotide 121 (c.121C>T) resulting in an amino
acid change from proline to serine at position 41 (Pro41Ser) (Supplementary Figure 3). The
propositus is a 65-years old female. She was first diagnosed with paroxysmal AF without heart

disease when she was 48 years old.

Reporter gene assay

We verified that the increased transactivation effects did not result from a higher protein
expression of the variant (see Western blot images in Supplementary Figure 4) or from a
change in the intracellular distribution of the recombinant proteins since the nuclear
localization was similar to that of the WT (Supplementary Figure 5a). Moreover, they were
not linked to the ability of WT and mutated PITX2c¢ proteins to interact with the DNA bicoid
binding site as tested by EMSA assay (Supplementary Figure 5b). The full images of the
EMSA gel and corresponding Western blot are shown in Supplementary Figure 6.

qRT-PCR determination of connexins and ion channels

Control experiments show the differences in expression of PITX2c (Supplementary Table
14) that were taken into account to normalize the mRNA level measurements. Further, it was
verified that cells transfected with an empty vector had mRNA levels similar to those in non-

transfected cells (Supplementary Table 14).

Supplementary Discussion on PITX2c Pro41Ser

PITX2c Pro41Ser is the second PITX2c gain-of-function mutation identified as underlying AF
and appears to impact PITX2c in a similar manner as a previously described Met207Val
mutation that had been identified in a family study®?. The Pro41Ser variant is situated in exon
4, which encodes a 52 amino-acid N-terminal sequence specific to PITX2c and humans. This
domain has been ascribed a crucial role in cardiac asymmetric morphogenesis®’. Its
overexpression on the left side of the chick embryo randomized the direction of heart looping,
an effect that was lost when a Lysine at amino acid position 41 (amino acid position 33 in

human PITX2c) was artificially mutated to an Arginine®®.
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We observed a gain-of-function in the transactivation activity of Pro41Ser-PITX2c (Extended
Data Figure 8). PITX2c has been found to be over-expressed in human atrial myocytes
isolated from patients with chronic atrial fibrillation®. The Pro41Ser mutant in HL-1 cells
increased KCNH2 mRNA 1.81-fold. Such an increase in the rapid outward rectifier current Ik,
(encoded by KCNH2), likely shortens atrial action potential duration and refractory period,
which favors re-entry of excitation and thus AF®°. Such Ik: gain-of-function induced by
mutations of KCNH2 has been associated with familial AF°-%?. In HL-1 cells, the Pro41Ser
mutant caused an increase in Cx40 and Cx43 mRNAs by1.76-fold and 1.85-fold respectively
(Supplementary Table 14). Such a parallel increase was found in Cx40 and Cx43 proteins in
the left atrial myocardium of patients with AF®*. In summary, the results obtained for Pro41Ser
PITX2c experimentally are likely to explain the association of this variant with increased risk

of AF.
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Supplementary Figures PITX2c-Pro41Ser
Supplementary Figure 3. Electropherogram of the proband carrying the Pro41Ser

variant. Arrows show the cytosine to thymidine change and box shows the resulting codon
change.
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Supplementary Figure 4. Western Blots related to PITX2c transactivation reporter
assays of Extended Data Figure 8. (a) Western blot of PITX2c proteins in TM-1 cells: the
WT and Pro41Ser PITX2c proteins were expressed comparably in TM-1 cells. Molecular
weight markers were cropped from a visible light image of lane 1. The numbers on the left are
the molecular weights in kDa. (b) Superimposed labeling of PITX2c and the a-tubulin loading
control. Rectangles in panel b delineate the regions that were cropped to provide panel c.
“empty” is empty vector transfection; P41S stands for Pro41Ser, NR: unrelated to the present
study. (¢) Cropped data. EV is empty vector. These data are representative of n=3 separate

transfection experiments.
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Supplementary Figure 5. (a) Inmunofluorescence detection of recombinant PITX2c in
TM-1 cells. Merged images of DAPI-labelled nuclei (blue colour) and anti-PITX2c¢ labelling
with Anti-Xpress Ab (1:500) as detected by goat Anti-Mouse-IgG coupled to Cyanine3 (1:500)
(red colour) in cells transfected with the WT cDNA (left) or the Pro41Ser variant cDNA (right).
Red labelling was undetectable outside of nuclear location in TM-1 cells. The scale bar is
20um. (b) Upper panel: Electrophoretic mobility shift assays (EMSA) analysis. Whole-
cell extracts from TM-1 cells transfected with cDNA4: Xpress-PITX2c plasmids. Negative
control: probe alone (P) or with empty vector (P+EV) exhibited a single low-mobility shifted
background band. Complexes of probe bound to recombinant PITX2c constructs (WT and
Pro41Ser), separated by blank lanes (B), were shifted to the same location in the respective
lanes, with unbound probe migrating to the bottom of the gel. Lower panel: Western analysis
shows the expression levels of the Xpress-PITX2c constructs, PITX2¢c WT (WT) and PITX2¢
Pro41Ser in TM-1 cells, in relation to the oa-tubulin internal lane control. The data are
representative of n=3 separate transfection experiments. Full EMSA gel and WB membrane
images are provided in Supplementary Figure 6.
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Supplementary Figure 6. Full size images of the EMSA gel. (a) and corresponding western
blot (b). The molecular weight markers (¢) were run on a separate gel in the same conditions.
A cropped image of the markers lane in ¢ was juxtaposed to the western blot image to produce
the image in (d). P: probe only; P+WT: probe + PITX2c WT; B: blank; WT: PITX2c WT;
EV: empty vector; Pro41Ser: PITX2c Pro41Ser; NR: not relevant to this study. This figure is
provided for showing the absence of undue image manipulation for producing Supplementary
Figures 5b and Sc. The data are representative of n=3 separate transfection experiments.
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Supplementary File 1 Legend

Interactive Manhattan plot summary of novel sentinel associations. Size of the point is
proportional to effect size. -logio(p) capped at -logio(10-°). Colours indicate disease groups
(click [select/deselect trace]/double click [isolate one trace] on the legend to toggle selection).
“+” indicate novel variant and gene, “x” indicate novel variant (r><0.2) not reported in GWAS
Catalog/PhenoScanner for the disease. Dotted horizontal lines indicate -logio(2x10) [brown]
and -logio(5x107®) [grey]. Hover over the points for detailed information and double click/click
on colors/shape in the legends to filter on select groups. Tooltip is available at top right for
additional interactive options including: zooming and panning, selection, toggling multiple

highlighting of nearby regions on hover and saving as static images.
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Supplementary Files 2a-c Legend

Interactive surface plot of effects of cohort specific allele enrichment on inverse variant
weighted meta-analysis z-scores (IVW uplift) across MAFs (up to MAF 1%). Uplift is
defined as the ratio of meta-analysed IVW Z-score to the Z-score of an individual study. (a)
theoretically predicted IVW uplift. (b) observed IVW uplift. (c) Median absolute relative
error (MARE, %) between simulated and theoretical IVW uplift values. For each
combination of MAF and allelic enrichment, we simulated 1000 datasets for two binary
variables reflecting disease status. Study sample size and disease prevalence were fixed
(matching values estimates from UKB and FG), genomic effects were randomly sampled from
the set of positive effect sizes in UKB and FG (Supplementary Table 3), MAF was varied
from 0.01% to 1% and allele enrichment (in the smaller study) ranged from 1 to 50. Tooltip is
available at top right for additional interactive options including zooming, panning and saving

as static images.
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Supplementary Table Legends

ST1. Demographics of UKB and FG cohorts
Abbreviations: UKB (UK Biobank); FG (FinnGen); R5 and R6; (FinnGen release 5 and 6 respectively);
International Statistical Classification of Diseases and Related Health Problems 10th Revision (ICD10).

ST2. Disease definition and counts in UKB and FG

Phecode/ICD10: Unique disease code identifier, either Phecode or ICD10 code.

FG trait ID: identifier used in FG

FG-UKB similarity score: similarity between FG and UKB defined disease phenotypes (see Methods).
Disease cluster ID: unique identifier of grouped diseases (similar disease grouped as one) as defined in Methods
UKB/FG cases: UKB/FG number of cases in each cohort (R5 and R6 denote release 5 and 6 of FG respectively)
Additional sex specific analysis: whether additional male/female specific analysis were performed

Post-QC variants analysed: number of genetic variants analysed post-QC filtering (see Methods).

ST3. Genome-wide significant associations identified in UKB-FG CWAS meta-analysis

Abbreviations: CWAS (Coding-Wide Association Study); CHR: chromosome; POS: genetic position (hg38);
A0, Al (effect): variant alleles with A1 denoted effect allele which beta relates to; MAF: minor allele frequency
in UKB/FG; SE: standard error; META: meta-analysis.

Variant ID: unique variant ID

Region ID: unique (distinct) genetic region ID, where any overlapping regions across all associations are merged
into one region (identified by the region ID). See Methods.

Disease cluster ID: defined above.

Sex: whether the association came from analysis of both males and females (all), or males/females only
BETA/SE/LOGP_|[META/UKB/FG]: effect size (log([OR])/SE/-logio(p) for meta-analysis/UKB/FG
respectively

1-SIFT/PolyPhen: (1-SFIT score)/PolyPhen scores where available.

Novel variant-trait association: indicator (1=novel, O=reported) for whether the sentinel variant or its proxy
(r>>0.2) for the same/similar trait has been reported previously in GWAS Catalog or PhenoScanner at p<5x107%
(see Methods).

Novel gene-trait implication: indicator (1=novel, O=reported) for whether the associated coding gene has been
reported previously (as the annotated gene) in GWAS Catalog (GC) or PhenoScanner (PS) at p<5x107® (see
Methods).

Novel ClinVar variant/ ClinVar pathogenicity: indicator (1=novel, O=reported) for whether the sentinel variant
has been reported previously in ClinVar, and if reported previously, what is the assigned ClinVar pathogenicity.
See Methods and ST7 for further details.

Manual curation of novel associations: indicator (1=novel, O=reported) for whether the novel variant or gene
associations were previously reported at p<5x10® (see Methods). Only associations with Novel variant-trait
association (=1 for both GC and PS) AND Novel gene-trait implication (=1 for both GC and PS) AND Novel
ClinVar (=1) were followed up in manual curations to see whether the associations were novel.

ST4 and STS. Significant sentinel associations identified in UKB/FG alone

Sentinel associations (p<5x107) using UKB (ST4) and FG(ST5) cohorts alone and indicator (1=replicated,
0=not replicated) to indicate whether the association was replicated in FG (ST4) or UKB (ST5) at p<0.05.
Abbreviations and column legend are defined above.

STé6. Allele frequency enrichment between UKB and FG for sentinel CWAS variants

Ordered by magnitude of enrichment. Green: >2 fold enrichment in UKB, Red: >2 fold enrichment in FG.
Al freq UKB/FG: Allele 1 frequency in UKB/FG.

log2(FG/UKB freq): log2(FG Al frequency/UKB Al frequency).

Enrichment (Fisher's) p: p-value of allele frequencies for UKB and FG from Fisher’s test (two-sided).
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ST7. ClinVar annotation of sentinel variants

Gene Info: Gene identified in ClinVar.

Clinical disease: Clinical disease in ClinVar

Matched Trait (FG trait ID): CWAS associated disease trait (FG trait ID —used for more interpretable
naming) matching one of the clinical diseases.

Putative related traits for unmatched traits (FG ID [possible clinical connection]): curated putatively
related CWAS associated diseases (FG trait ID) for clinical diseases with no direct matched trait. The possible
clinical connection of the relationship is summarised in square parentheses.

ACMG actionable gene: whether the gene is an ACMG (American College of Medical Genetics) clinically
actionable gene (see Methods).

ST8. List of biomarkers tested in UKB

UKB Field ID: UKB unique field identifier.

Participants: number of individuals with measurement.

Category: Broad category of biomarkers.

Biochemistry subcategory: Additional subcategory for “blood biochemistry” and “urine assays” categories, as
defined by UKB in https://www.ukbiobank.ac.uk/media/oiudpjga/bcm023 ukb biomarker panel website v1-
0-aug-2015-edit-2018.pdf

ST9. Significant associations (p<10-) of CWAS sentinel variants with biomarkers
BETA: effect size (c.f- log[OR] in disease association BETA columns).
Other column names as defined above.

ST10. List of drugs targeting genes with a significant coding association

Abbreviations: CT (Clinical trial); MOA (Mechanism of Action); TTD (Therapeutic Target Database)
Target Gene: The gene/gene encoding the protein target of the drug

TTD Target ID/Drug ID: unique identifier used for the target/drug in TTD

ST11. Enrichment of significant genes for approved drug target
Abbreviations: OR (Odds Ratio); CI (Confidence Interval)
Fisher’s test (two-sided) used.

ST12. Proteins containing METTL11B target motifs with elevated expression in cardiomyocytes
Uniprot: UniProt identifier

Entry name: UniProt entry name

Gene names: Gene name and aliases for the protein

Motif (single letter amino acids): protein position of motif: P (Proline), A (Alanine), L (Lysine), S (Serine)

ST13. Clustered-MR estimates of overlapping GWAS and CWAS gene set

Abbreviations: MR (Mendelian randomization)

_gwa: MR using AF GWAS results (Nielsen et al)

Cluster label: ID label of the MR cluster

Cluster mean: MR estimate of the cluster

Ratio est: MR estimate of each gene locus

Cluster class: whether the locus belongs to one of the cluster labels or part of the “null” class (see Methods)

ST14. PITX2c Pro41Ser variant effects on the mRNA levels for selected proteins involved in AF.
Quantification of PITX2c¢ expression in HL-1 cells transfected with either the WT or the Pro41Ser-
mutated PITX2c plasmid (Pro41Ser) normalized to GADPH internal control.

Levels of mRNA for connexins and ion channels in HL-1 cells, either non-transfected (NT) or transfected
with an empty vector (EV) (i.e: the V5-Tag-pcDNA3.1/Zeo vector devoid of any PITX2 sequence).
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Abbreviations: WT (Wild-type); SEM (Standard Error of the Mean).
n=3 transfections with n=3 repeats of dosage on each cell dish extract. Two-sided t-test used.
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Biobank contributions to FinnGen

Auria Biobank (www.auria.fi/biopankki),
THL Biobank (www.thl.fi/biobank)

Helsinki Biobank (www.helsinginbiopankki.fi)

Biobank Borealis of Northern Finland (https://www.ppshp.fi/Tutkimus-ja-

opetus/Biopankki/Pages/Biobank-Borealis-briefly-in-English.aspx)

Finnish Clinical Biobank Tampere (www.tays.fi/en-

US/Research_and_development/Finnish_Clinical Biobank Tampere)

Biobank of Eastern Finland (www.ita-suomenbiopankki.fi/en)
Central Finland Biobank (www .ksshp.fi/fi-FI/Potilaalle/Biopankki)
Finnish Red Cross Blood Service Biobank

(www.veripalvelu.fi/verenluovutus/biopankkitoiminta)

Terveystalo Biobank (www.terveystalo.com/fi/Yritystietoa/Terveystalo-

Biopankki/Biopankki/)

All Finnish Biobanks are members of BBMRI.fi infrastructure (www.bbmri.fi) and FinBB

(https://finbb.fi/).
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FinnGen ethics statement details

Patients and control subjects in FinnGen provided informed consent for biobank research,
based on the Finnish Biobank Act. Alternatively, separate research cohorts, collected prior the
Finnish Biobank Act came into effect (in September 2013) and start of FinnGen (August 2017),
were collected based on study-specific consents and later transferred to the Finnish biobanks
after approval by Fimea, the National Supervisory Authority for Welfare and Health.
Recruitment protocols followed the biobank protocols approved by Fimea. The Coordinating
Ethics Committee of the Hospital District of Helsinki and Uusimaa (HUS) approved the
FinnGen study protocol Nr HUS/990/2017.

The FinnGen study is approved by Finnish Institute for Health and Welfare (permit numbers:
THL/2031/6.02.00/2017, THL/1101/5.05.00/2017, THL/341/6.02.00/2018,
THL/2222/6.02.00/2018, THL/283/6.02.00/2019, THL/1721/5.05.00/2019,
THL/1524/5.05.00/2020, and THL/2364/14.02/2020), Digital and population data service
agency (permit numbers: VRK43431/2017-3, VRK/6909/2018-3, VRK/4415/2019-3), the
Social Insurance Institution (permit numbers: KELA 58/522/2017, KELA 131/522/2018,
KELA 70/522/2019, KELA 98/522/2019, KELA 138/522/2019, KELA 2/522/2020, KELA
16/522/2020 and Statistics Finland (permit numbers: TK-53-1041-17 and TK-53-90-20).

The Biobank Access Decisions for FinnGen samples and data utilized in FinnGen Data Freeze
6 include: THL Biobank BB2017 55, BB2017 111, BB2018 19,BB 2018 34,BB 2018 67,
BB2018_71, BB2019 7, BB2019 8, BB2019 26, BB2020 1, Finnish Red Cross Blood
Service Biobank 7.12.2017, Helsinki Biobank HUS/359/2017, Auria Biobank AB17-5154,
Biobank Borealis of Northern Finland 2017 1013, Biobank of Eastern Finland 1186/2018,
Finnish Clinical Biobank Tampere MH0004, Central Finland Biobank 1-2017, and Terveystalo
Biobank STB 2018001.
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FinnGen consortium contributors
Steering Committee
Aarno Palotie  Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland

Mark Daly Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland
Pharmaceutical companies

Bridget Riley-Gills Abbvie, Chicago, IL, United States

Howard Jacob Abbvie, Chicago, IL, United States

Dirk Paul Astra Zeneca, Cambridge, United Kingdom

Heiko Runz Biogen, Cambridge, MA, United States

Sally John Biogen, Cambridge, MA, United States

Robert Plenge Celgene, Summit, NJ, United States/Bristol Myers Squibb, New York, NY, United
States

Mark McCarthy Genentech, San Francisco, CA, United States

Julie Hunkapiller Genentech, San Francisco, CA, United States

Meg Ehm GlaxoSmithKline, Brentford, United Kingdom

Kirsi Auro GlaxoSmithKline, Brentford, United Kingdom

Caroline Fox Merck, Kenilworth, NJ, United States

Anders Milarstig Pfizer, New York, NY, United States

Katherine Klinger Sanofi, Paris, France

Deepak Raipal Sanofi, Paris, France

Tim Behrens Maze Therapeutics, San Francisco, CA, United States

Robert Yang Janssen Biotech, Beerse, Belgium

Richard Siegel Novartis, Basel, Switzerland

University of Helsinki & Biobanks

Tomi Mikela HiLIFE, University of Helsinki, Finland, Finland

Jaakko Kaprio Institute for Molecular Medicine Finland, HiLIFE, Helsinki, Finland, Finland

Petri Virolainen Auria Biobank / University of Turku / Hospital District of Southwest Finland, Turku,
Finland

Antti Hakanen Auria Biobank / University of Turku / Hospital District of Southwest Finland, Turku,
Finland

Terhi Kilpi THL Biobank / The National Institute of Health and Welfare Helsinki, Finland
Markus Perola THL Biobank / The National Institute of Health and Welfare Helsinki, Finland

Jukka Partanen Finnish Red Cross Blood Service / Finnish Hematology Registry and Clinical
Biobank, Helsinki, Finland

Anne Pitkéranta Helsinki Biobank / Helsinki University and Hospital District of Helsinki and
Uusimaa, Helsinki

Juhani Junttila Northern Finland Biobank Borealis / University of Oulu / Northern Ostrobothnia
Hospital District, Oulu, Finland

Raisa Serpi Northern Finland Biobank Borealis / University of Oulu / Northern Ostrobothnia
Hospital District, Oulu, Finland

Tarja Laitinen Finnish Clinical Biobank Tampere / University of Tampere / Pirkanmaa Hospital
District, Tampere, Finland

Johanna Mékeld Finnish Clinical Biobank Tampere / University of Tampere / Pirkanmaa Hospital
District, Tampere, Finland

Veli-Matti Kosma Biobank of Eastern Finland / University of Eastern Finland / Northern Savo Hospital
District, Kuopio, Finland

Urho Kujala Central Finland Biobank / University of Jyvéskyld / Central Finland Health Care

District, Jyvéskyld, Finland

Other Experts/ Non-Voting Members

Outi Tuovila Business Finland, Helsinki, Finland
Raimo Pakkanen Business Finland, Helsinki, Finland

Scientific Committee
Pharmaceutical companies

Jeffrey Waring Abbvie, Chicago, IL, United States

Ali Abbasi Abbvie, Chicago, IL, United States
Mengzhen Liu Abbvie, Chicago, IL, United States

Ioanna Tachmazidou Astra Zeneca, Cambridge, United Kingdom
Chia-Yen Chen Biogen, Cambridge, MA, United States
Heiko Runz Biogen, Cambridge, MA, United States
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