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A B S T R A C T

Background: Mitochondrial disorders are a group of rare diseases, caused by nuclear or mitochondrial DNA
mutations. Their marked clinical and genetic heterogeneity as well as referral and ascertainment biases ren-
der phenotype-based prevalence estimations difficult. Here we calculated the lifetime risk of all known auto-
somal recessive mitochondrial disorders on basis of genetic data.
Methods: We queried the publicly available Genome Aggregation Database (gnomAD) and our in-house
exome database to assess the allele frequency of disease-causing variants in genes associated with autosomal
recessive mitochondrial disorders. Based on this, we estimated the lifetime risk of 249 autosomal recessive
mitochondrial disorders. Three of these disorders and phenylketonuria (PKU) served as a proof of concept
since calculations could be aligned with known birth prevalence data from newborn screening reports.
Findings: The estimated lifetime risks are very close to newborn screening data (where available), supporting
the validity of the approach. For example, calculated lifetime risk of PKU (16¢0/100,000) correlates well with
known birth prevalence data (18¢7/100,000). The combined estimated lifetime risk of 249 investigated mito-
chondrial disorders is 31¢8 (20¢9�50¢6)/100,000 in our in-house database, 48¢4 (40¢3�58¢5)/100,000 in the
European gnomAD dataset, and 31¢1 (26¢7�36¢3)/100,000 in the global gnomAD dataset. The disorders with
the highest lifetime risk (> 3 per 100,000) were, in all datasets, those caused by mutations in the SPG7,
ACADM, POLG and SLC22A5 genes.
Interpretation: We provide a population-genetic estimation on the lifetime risk of an entire class of mono-
genic disorders. Our findings reveal the substantial cumulative prevalence of autosomal recessive mitochon-
drial disorders, far above previous estimates. These data will be very important for assigning diagnostic a
priori probabilities, and for resource allocation in therapy development, public health management and bio-
medical research.
Funding: German Federal Ministry of Education and Research.
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1. Background

Mitochondrial disorders (MDs) are a group of clinically and geneti-
cally extremely heterogeneous disorders. Here we use the term MDs
to describe diseases with a primary defect in the entire route of the
pyruvate oxidation process, including the pyruvate dehydrogenase
complex, the citrate cycle and the respiratory chain including ATP syn-
thase (respiratory chain complexes I-V). In this regard, the requisite
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Research in context

Evidence before this study

Mitochondrial disorders (MDs), primary defects in mitochon-
drial energy metabolism, are a diagnostically challenging, clini-
cally and genetically heterogeneous group of diseases, caused
by mitochondrial or nuclear DNA mutations. Knowledge of dis-
ease prevalence is crucial in guiding physicians’ attention in
patient care and resource allocation in both public health man-
agement and biomedical research. Regarding MDs with autoso-
mal inheritance, the most comprehensive study so far
identified 62 clinically affected individuals in the population of
North East England equating to a minimum point prevalence of
2.9 (95% CI 2.2�3.7) in 100,000 and an estimated lifetime risk
of 5.9 (5.0�6.9) in 100,000.

Added value of this study

We utilised the publicly available gnomAD database comprising
123,136 exomes and 15,496 genomes, as well as our own
14,130 in-house exomes to provide the lifetime risk data for
249 nuclear-encoded autosomal recessive MDs. The combined
lifetime risk estimate was up to 48¢4 in 100,000, corresponding
to almost 1 in 2000 people. This implies that of the appr. 5 mil-
lion newborn babies per year in the European Union, around
2500 will develop a nuclear-encoded recessive MD during their
lifetime. Moreover, we could rank all 249 disorders by their
prevalence and define the disorders with the highest lifetime
risk as being caused by mutations in the SPG7, ACADM, POLG
and SLC22A5 genes.

Implications of all the available evidence

The study highlights the substantial cumulative prevalence of
autosomal recessive MDs and suggests that previous pheno-
type-based epidemiological investigations largely underesti-
mated their prevalence. These data are valuable for clinical,
genetic and pharmaceutical applications alike. Knowledge of
disease prevalence is crucial in guiding physicians’ attention in
patient care and resource allocation in both public health man-
agement and biomedical research. The data are especially rele-
vant in view of the substantial and further growing number of
MDs amenable to specific treatment strategies.

2 J. Tan et al. / EBioMedicine 54 (2020) 102730
“support machinery” of mitochondrial DNA (mtDNA)-related protein
synthesis (including mtDNA replication, mitochondrial RNA metabo-
lism, and mitochondrial translation), the metabolism of mitochondrial
cofactors and finally mitochondrial homeostasis (including protein
import into mitochondria, lipid metabolism, fusion and fission, quality
control etc.) is accordingly taken into account. MDs can result from
mutations in both the mtDNA and the nuclear DNA (nDNA) genes,
since both genomes code for mitochondrial proteins [1]. While the
mtDNA codes for two rRNAs, 22 tRNAs, and 13 poly-peptides, it is esti-
mated that mutations in the mtDNA are responsible for 15�30% of
childhood-onset and over 50% of adult-onset cases of MD [2,3]. The
proteins encoded by the nDNA comprise the large majority of respira-
tory chain complex I - V subunits, their assembly factors, and proteins
involved in the “support machinery” [4�6]. To date, pathogenic var-
iants in more than 306 nDNA genes have been identified and the num-
ber continues to grow on a high pace [5].

Currently, there is only limited epidemiological data on MDs. The
point prevalence of childhood-onset and adult-onset MDs combined
was estimated to be at least 20 in 100,000 [7]. For childhood-onset
disease, the point prevalence was reported as 4¢7 - 6¢2/100,000 in
studies where the clinical diagnosis was confirmed by biochemical or
genetic evidence [8,9]. For adult-onset MD, a combined point preva-
lence of 12¢5/100,000 was reported in northern England, with a prev-
alence of 9¢6/100,000 for mtDNA mutations and 2¢9/100,000 for
nDNA mutations [10]. To date, prevalence estimations were based on
clinical diagnoses, potentially generating an ascertainment bias
towards patients with classical symptoms of MD and overlooking
those with atypical presentations.

Therefore, taking a different approach, we calculated the lifetime
risk of nuclear-encoded MDs based on the frequency of pathogenic
and likely pathogenic variants in genetic databases under the
assumption of the Hardy-Weinberg equilibrium. This is the first study
providing lifetime risk data for all autosomal recessive MDs using a
population-based genotype approach. These data are valuable for
clinical, genetic and pharmaceutical considerations alike.

2. Methods

Fig. 1. shows a schematic diagram of the experimental design. Our
study was performed following the GATHER statement guidelines [11].

All raw data used for this study has been uploaded to figshare
(https://figshare.com/; DOI: 10.6084/m9.figshare.11366027).

2.1. Ethics

The study was conducted within a research project approved by
the local ethics committee of the Technical University in Munich
(#5360/12S).

2.2. Defining the gene list

We thoroughly reviewed the literature available via PubMed to col-
lect a comprehensive list of MD disease genes. We included all genes
coding for enzymes involved in the (1) pyruvate oxidation process,
including the pyruvate dehydrogenase complex, (2) the citrate cycle, (3)
the respiratory chain including ATP synthase (respiratory chain complex
I-V), (4) mtDNA replication, mitochondrial RNA metabolism and mito-
chondrial translation, (5) the metabolism of mitochondrial cofactors
and their metabolism and, finally (6) mitochondrial homeostasis
(including protein import into mitochondria, lipid metabolism, fusion
and fission, quality control etc.) that were reported in association with
MD in two or more independent patients [12].

In total, 306 genes were selected of which 249 are encoded by the
nuclear DNA and have been associated with autosomal recessive
MDs. These were used to estimate the total calculated lifetime risk
(Supplementary Table 1).

2.3. Defining the set of pathogenic variants

First, we assessed the publicly available databases ClinVar (https://
www.ncbi.nlm.nih.gov/clinvar/), Human Gene Mutation Database
(HGMD, http://www.hgmd.cf.ac.uk/ac/index.php), and Human DNA
Polymerase Gamma Mutation Database (https://tools.niehs.nih.gov//
polg/, as of May 2018) and collected all variants which have been sub-
mitted as “pathogenic” or “likely pathogenic” in at least one of these
databases. According to the American College of Medical Genetics and
Genomics (ACMG), “likely pathogenic” correlates to a probability of
90% that a variant will be disease-causing [13]. We assumed that the
subgroup of variants of uncertain significance (VUS) that are in fact
disease-causing would compensate for the proportion of likely patho-
genic variants that are benign polymorphisms. Additionally, our in-
house exome database was queried for variants not listed in any of the
above databases but classified as pathogenic or likely pathogenic
according to the guidelines for the interpretation of sequence variants
developed by the ACMG [13]. All frameshift, nonsense and splice var-
iants were included as they most likely result in a loss of function.

https://figshare.com/
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.ncbi.nlm.nih.gov/clinvar/
http://www.hgmd.cf.ac.uk/ac/index.php
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Fig. 1. Analysis diagram showing the experimental design. A comprehensive set of genes for autosomal recessive mitochondrial disorders was defined based on a review of the lit-
erature. ClinVar and HGMD were queried to collect the total number of disease causing variants for each gene. In addition, loss of function variants in our in-house database and
gnomAD were considered pathogenic. These variants were evaluated for their pathogenicity according to the ACMG guidelines. The lifetime risk of mitochondrial disorders was cal-
culated based on the allele frequencies of these variants in the gnomAD dataset as well as in our in-house database.
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Second, in order to avoid an overestimation, we took a number of pre-
cautions. The pathogenicity of each variant from our list was re-evaluated
with the information available in public databases. Variants were
excluded if they were 1) listed as VUS in ClinVar, 2) found in a homozy-
gous state in gnomAD or ExAC and 3)when publications listed in PubMed
raised doubt on pathogenicity. For variants with conflicting interpretation
of pathogenicity in ClinVar we reviewed the literature and evaluated the
pathogenicity according to the ACMG criteria.

For the phenylalanine hydroxylase gene (PAH), we first collected
837 variants from ClinVar, HMGD and our in-house database, and
later excluded 277 (33¢1%) variants, mostly because of uncertain sig-
nificance, summing up to 560 likely pathogenic or pathogenic var-
iants. For the 249 MD genes analysed in the present paper, we
collected 37,857 variants and later excluded 530 (1¢4%) of the var-
iants (as listed in Supplement 2).

2.4. Estimation of the lifetime risks of diseases

The lifetime risk is defined as the proportion of a population that at
some point in life will develop the disease. The expected lifetime risk Ri
for an autosomal recessive MD caused by mutations in nDNA gene iwas
calculated from the sum of the allele frequencies qij of the nj disease-
causing variants in the respective gene under the assumption of Hardy-
Weinberg equilibrium and mutual independence of these rare variants.
Biallelic combinations of variants were considered to be fully penetrant.
Accordingly:

Ri ¼ qi1 þ qi2 þ . . .þ qini
� �2 ¼

Xni

j¼1

qij

0
@

1
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2

The combined lifetime risk Rtotal for developing one of the
assessed MDs was calculated by summation of the lifetime risks of
each of the diseases, assuming that these rare disorders are indepen-
dent of each other and do not occur together.
Rtotal ¼
X
i

Ri ¼
X
i

Xni

j¼1

qij

0
@

1
A

2

Due to low numbers, 95% confidence intervals (95%CI) were calcu-
lated using the Clopper-Pearson Exact method [14].

Two databases were utilized to assess the allele frequencies of dis-
ease-causing variants in the general population. First, the genome
Aggregation Database (gnomAD, http://gnomad.broadinstitute.org/)
comprising 123,136 exomes and 15,496 genomes from unrelated
individuals of various disease-specific and population genetic studies
was queried. In gnomAD, allele frequencies of all identified variants
are provided for different ethnic backgrounds. We assessed the prev-
alence in both the European (Non-Finnish) population and in the
overall dataset encompassing European (Non-Finnish), Finnish Euro-
pean, African, Latino, Ashkenazi Jewish and East and South Asian
individuals. Second, the in-house database of the Institute of Human
Genetics, containing exome sequencing data of healthy unrelated
individuals and patients with various genetic disorders, was used as
an independent data source. To prevent selection bias in the analysis
of our in-house database, we excluded individuals with homozygous
or compound heterozygous variants, which were causative for the
respective disease as well as their parents, leaving 14,130 individuals
(28,260 alleles) in May 2018.

To verify the validity and feasibility of our method, we used phenyl-
ketonuria (PKU) as proof of concept. PKU is an autosomal recessive dis-
ease resulting from deficiency of phenylalanine hydroxylase (PAH).
There are no predominant common mutations in PKU, which ensures
that pathogenic variants segregate independently of each other. The life-
time risk of PKU is equivalent to the birth prevalence in population-wide
metabolic newborn screening programs. There is a significant variability
of country-specific prevalence of PKU in Europe [15]. As the European
gnomAD dataset is mainly based on individuals living in North-America

http://gnomad.broadinstitute.org/


Table 1
Comparison of the calculated lifetime prevalence with the birth prevalence of PKU, MCADD, BD and VLCADD per 100,000 according to the Ger-
man National Screening Report.

PKU MCADD BD VLCADD

Calculated liftetime risk gnomAD dataset (European) 16¢0 (14¢5�17¢6) 7¢9 (7¢0�8¢9) 2¢1 (1¢8�2¢5) 1¢3 (1¢1�1¢6)
gnomAD dataset (worldwide) 8¢2 (7¢6�8¢9) 3¢3 (3¢0�3¢6) 1¢2 (1¢0�1¢3) 0¢64 (0¢55�0¢74)
in-house database 12¢3 (9¢8�15¢3) 4¢8 (3¢6�6¢3) 0¢35 (0¢20�0¢60) 0¢45 (0¢26�0¢75)

Average birth prevalence
in Germany[16]

18¢7 (16¢9�21¢6) 9¢8 (7¢6�12¢4) 3¢9 (2¢6�5¢7) 1¢2 (0¢5�2¢3)
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that largely descend from immigrants from Britain and Germany we
used the newborn screening results made available by the German Soci-
ety for Newborn Screening (“Deutsche Gesellschaft f€ur Neugeborenen-
screening”, DGNS e.V., http://www.screening-dgns.de), from 2004 to
2015 (Table 1) as a control dataset [16]. These data were compared to
the calculated lifetime risk for PKU, based on the variant allele frequen-
cies in datasets of European origin in gnomAD and in our in-house data-
base. In addition, biotinidase deficiency (BD), medium chain Acyl-CoA
dehydrogenase deficiency (MCADD) and very-long-chain-acyl-CoA-
dehydrogenase deficiency (VLCADD) which are mitochondrial disease
genes and for which newborn screening data is available were used as
further validation.

Overestimation of the lifetime risk could occur in this approach in
benign variants being falsely interpreted as pathogenic (non-
sampling error) or in the setting of pathogenic variants conferring
reduced penetrance (parameter uncertainty). Conversely, underestima-
tion of the lifetime risk could occur as a consequence of exclusion of var-
iants not identified by exome sequencing such as pathogenic large
deletions or insertions as well as intronic splice variants (non-sampling
error). In addition, not all coding variants, which are predicted to be
pathogenic, were considered as we limited screening to those which
have already been published or are present on well-established plat-
forms such as ClinVar (non-sampling error). To date, there are no
reports of polygenic inheritance for MD, which could lead to specifica-
tion uncertainty if present. Of note, our calculations are based on the
gnomAD as well as our in-house database, which do not represent an
ideal random sample therefore leading to sampling error. This however
is reduced by comparing the results from two databases.

2.5. Statistical analysis

Statistical analysis was performed using R 3.6.2. Comparison
between the calculated lifetime risks based on the European gnomAD
population and the overall dataset was done using a 2-tailed Wil-
coxon signed ranks test using the R package “MASS”. Lin’s Concor-
dance Correlation Coefficient was calculated using the R package
“DescTools”. Bland-Altman-Plots were drawn using the R package
“BlandAltmanLeh”.

3. Results

3.1. Estimation of the lifetime risk of PKU, MCADD, BD and VLCADD as a
proof of concept

A total number of 174 (likely) pathogenic variants in PAH was
identified in the gnomAD dataset. The sum of their allele frequencies
was 0¢0111 in the European (Non-Finnish) and 0¢0091 in the total
gnomAD dataset resulting in a calculated PKU lifetime risk of 16¢0
(14¢5�17¢6 95% CI)/100,000 in the European (Non-Finnish) popula-
tion and of 8¢2 (7¢6�8¢9)/100,000 in the total dataset. In the in-house
database, 82 variants were identified collectively with 313 disease-
causing alleles among the 14,130 individuals. Accordingly, the com-
bined frequency of these variants was 0¢0111 resulting in a calculated
PKU prevalence of 12¢3 (9¢8�15¢4)/100,000. These estimated lifetime
risks for PKU, in particular the one for the European gnomAD dataset
(16¢0 (14¢5�17¢6)/100,000) are very close to the birth prevalence in
the German newborn screening (18¢7 (16¢9�21¢6)/100,000). More-
over, birth prevalences from newborn screening were also available
for three recessive MDs. Again, the calculated lifetime risks were very
similar to the birth prevalences in medium chain Acyl-CoA dehydro-
genase deficiency (MCADD, disease gene ACADM), biotinidase defi-
ciency (BD, BTD) and very-long-chain-acyl-CoA-dehydrogenase
deficiency (VLCADD, ACADVL) (see below, Table 1 and Fig. 2a).
3.2. Estimation of the lifetime risk of autosomal recessive MDs

The numbers of all (likely) pathogenic variants in the most frequent
MD genes are depicted in Table 2 and Fig. 2 and in all MD genes in Sup-
plementary Table 3. A detailed list of these variants and their associated
allele frequencies in our in-house database and gnomAD can be found
in the online material on figshare (https://figshare.com/).

As the most frequent autosomal recessive MDs we found adult-
onset neurological disorders due to mutations in SPG7 and POLG.
SPG7 encodes a mitochondrial metalloprotease, and biallelic muta-
tions of SPG7 cause spastic paraplegia 7 (MIM #607259) [17]. Based
on the gnomAD dataset, the calculated lifetime risk is 8¢4 (7¢5�9¢4)/
100,000 in Europe (Non-Finnish), and 3¢7 (3¢4�4¢1)/100,000 world-
wide. Based on the in-house database, the calculated lifetime risk is
5¢2 (3¢8�6¢6)/100,000.

POLG encodes mitochondrial DNA polymerase gamma. Mutations of
POLG cause a broad range of autosomal recessive disorders ranging from
an often early lethal mitochondrial DNA depletion syndromes 4A/B (MIM
#203700/#613662), progressive external ophthalmoplegia (MIM
#258450) to mitochondrial recessive ataxia syndrome (MIM #607459).
Additionally, autosomal dominant progressive external ophthalmoplegia
due to POLG mutations has been described (MIM #157640). Genotype-
phenotype comparison shows that different variants cause
different conditions depending on their location and their potential to
reduce exonuclease or polymerase activity, therefore complicating our
assessment of the lifetime risk of POLG-related disorders [18,19]. In this
study, we analysed all pathogenic variants independent of the inheri-
tance mode, as the combination of these variants in a biallelic state,
though linked with different phenotypes, will all be disease-causing. Our
method of estimating the lifetime risk of a genetic disorder cannot be
applied to autosomal dominant disorders as population databases will
be depleted of their pathogenic variants. Therefore, the POLG-associated
autosomal dominant disorders are not included in the analyses. The
allele frequency of POLG mutations was 0¢0083 in the European (Non-
Finnish) gnomAD dataset, 0¢0061 in the total gnomAD dataset and
0¢0074 in the in-house database, resulting in lifetime risk estimates for
POLG-associated disorders of 6¢9 (6¢1�7¢8), 3¢7 (3¢4�4¢0) and 3¢7
(3¢3�4¢1)/100,000, respectively. Previously, the point prevalence of
POLG-related mitochondriopathies was reported as 0¢3 (0¢1�0¢6)/
100,000, not including early onset mitochondrial depletion syndrome 4A
which is often lethal in infancy [10].

Other disorders with a high calculated lifetime risk were inborn
errors of metabolisms (IEMs) with secondary impairment of

http://www.screening-dgns.de
https://figshare.com/


Fig. 2. Calculated life time risk for the most prevalent autosomal recessive mitochondrial disorders. Comparison of the lifetime risks of different monogenic nuclear mitochondrial
diseases according to the in-house database and gnomAD dataset calculated independently for the European population and the overall dataset. Error bars represent 95%-confi-
dence intervals. (a) depicts the lifetime risk for genes >1/100,000 in any population as well as for the remaining 220 genes. (b) shows the lifetime risk for genes with a lifetime risk
>0.02/100,000 in any population.
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mitochondrial function due to mutations in ACADM, SLC22A5, BTD
and ACADVL.

For medium-chain-acyl-CoA-dehydrogenase deficiency (MCADD)
caused by ACADM mutations, one of the most common inborn errors
of fatty acid metabolism, 80 pathogenic/likely pathogenic variants
were verified in the gnomAD dataset and the combined frequency of
these variants is 0¢0089 in the European (Non-Finnish) and 0¢0057 in
the total dataset, leading to a lifetime risk of 7¢9 (7¢0�8¢9)/100,000 in



Ta
bl
e
2

Li
fe
ti
m
e
ri
sk

of
th
e
m
os
tf
re
qu

en
tm

it
oc

ho
nd

ri
al

di
se
as
es

pe
r
ge

ne
.

G
en

e
N
um

be
r
of

di
se
as
e-

ca
us

in
g
va

ri
an

ts
in
-h

ou
se

da
ta
ba

se

N
um

be
r
of

di
se
as
e-

ca
us

in
g
al
le
le
s
in
-h

ou
se

da
ta
ba

se

N
um

be
r
of

di
se
as
e-

ca
us

in
g
va

ri
an

ts
in

gn
om

A
D
da

ta
se
t

N
um

be
r
of

di
se
as
e-

ca
us

in
g
al
le
le
s
in

gn
om

A
D
da

ta
se
t

(E
ur
op

ea
n,

N
on

-F
in
ni
sh

po
pu

la
ti
on

)

N
um

be
r
of

di
se
as
e-

ca
us

in
g
al
le
le
s
in

gn
om

A
D
da

ta
se
t

(w
or
ld
w
id
e)

Li
fe
ti
m
e
ri
sk

in
-h

ou
se

da
ta
ba

se
pe

r
10

0,
00

0
(9
5%

CI
)

Li
fe
ti
m
e
ri
sk

in
Eu

ro
pe

an
(N

on
-F
in
ni
sh

)
po

pu
la
ti
on

(g
no

m
A
D

da
ta
se
t)
pe

r
10

0,
00

0
(9
5%

CI
)

Li
fe
ti
m
e
ri
sk

in
w
or
ld
w
id
e
po

pu
la
ti
on

(g
no

m
A
D
da

ta
se
t)
pe

r
10

0,
00

0
(9
5%

CI
)

SP
G
7

31
19

5
10

7
11

60
16

84
5¢2

(3
¢8�

6¢6
)

8¢4
(7
¢5�

9¢4
)

3¢7
(3
¢4�

4¢1
)

A
CA

D
M

24
19

5
80

11
26

15
84

4¢8
(3
¢6�

6¢3
)

7¢9
(7
¢0�

8¢9
)

3¢3
(3
¢0�

3¢6
)

PO
LG

35
17

4
13

7
10

50
16

97
3¢7

(3
¢3�

4¢1
)

6¢9
(6
¢1�

7¢8
)

3¢7
(3
¢4�

4¢1
)

SL
C2

2A
5

27
18

6
77

96
1

19
11

4¢3
(3
¢ 2�

5¢8
)

5¢8
(5
¢1�

6¢5
)

4¢8
(4
¢3�

5¢2
)

B
TD

26
53

95
58

5
94

5
0¢3

5
(0
¢20

�0
¢60

)
2¢1

(1
¢8�

2¢5
)

1¢2
(1
¢0�

1¢3
)

A
CA

D
V
L

25
26

1
10

8
78

9
11

83
0¢4

5
(0
¢26

�0
¢75

)
1¢3

(1
¢1�

1¢6
)

0¢6
4
(0
¢55

�0
¢74

)
CP

T2
16

69
72

38
2

76
6

0¢6
0
(0
¢36

�0
¢95

)
0¢9

1
(0
¢74

�1
¢10

)
0¢7

6
(0
¢66

�0
¢88

)
TR

M
T5

5
35

23
36

8
54

2
0 ¢1

6
(0
¢08

�0
¢30

)
0¢8

4
(0
¢68

�1
¢04

)
0¢3

8
(0
¢32

�0
¢45

)
CL

PB
19

61
33

34
6

51
0

0¢4
7
(0
¢27

�0
¢77

)
0¢7

5
(0
¢60

�0
¢92

)
0¢3

4
(0
¢28

�0
¢40

)
H
A
D
H
A

14
48

56
31

0
54

6
0¢2

9
(0
¢16

�0
¢51

)
0¢6

0
(0
¢48

�0
¢75

)
0¢3

9
(0
¢33

�0
¢46

)
CO

Q
8A

26
64

66
30

9
52

3
0¢5

1
(0
¢30

�0
¢84

)
0¢6

0
(0
¢47

�0
¢75

)
0¢3

6
(0
¢30

�0
¢ 42

)
CE

P8
9

19
69

41
30

0
43

4
0¢6

0
(0
¢36

�0
¢95

)
0¢5

6
(0
¢44

�0
¢70

)
0¢2

5
(0
¢20

�0
¢30

)
LI
PT

1
8

39
31

28
2

38
5

0¢1
9
(0
¢10

�0
¢36

)
0¢5

0
(0
¢39

�0
¢63

)
0¢1

9
(0
¢16

�0
¢24

)

6 J. Tan et al. / EBioMedicine 54 (2020) 102730
the European (Non-Finnish) population and of 3¢3 (3¢0�3¢6)/100,000
in the total dataset. In the in-house database, 24 different disease-
causing variants were verified in 195 disease-causing alleles among
the 14,130 individuals, implying a combined frequency of 0¢0083,
and leading to a calculated MCADD lifetime risk of 4¢8 (3¢6�6¢3)/
100,000.

Systemic primary carnitine deficiency (CDSP, MIM #212140) is a
metabolic disorder of the carnitine cycle due to SLC22A5mutations. The
estimated lifetime risk of CDSP was 4¢3 (3¢2�5¢8)/100,000 based on the
in-house database, 5¢8 (5¢1�6¢5)/100,000 in Europe (Non-Finnish), and
4¢8 (4¢3�5¢2)/100,000 worldwide based on the gnomAD dataset.

BTD mutations lead to a disorder of biotin metabolism - biotini-
dase deficiency (BD, MIM #253260), and ACADVL mutations result in
very long-chain acyl-CoA dehydrogenase deficiency (VLCADD, MIM
#201475) which is an inborn error of fatty acid oxidation. The calcu-
lated lifetime risk of BD was 0¢35 (0¢20�0¢60)/100,000 according to
our in-house database, which was less than the risk of 2¢1 (1¢8�2¢5)/
100,000 according to the European (Non-Finnish) and 1¢2 (1¢0�1¢3)/
100,000 in the whole gnomAD dataset. The lifetime risk of VLCADD
was 0¢45 (0¢26�0¢75)/100,000 based on our in-house database, 1¢3
(1¢1�1¢6)/100,000 and 0¢64 (0¢55�0¢74)/100,000 according to the
European and overall gnomAD dataset, respectively. The calculated
lifetime risks of MCADD, VLCADD and BD were compared with data
from the German newborn screening report further validating the
method used in this study (see above and Table 1). MCADD has a cal-
culated lifetime risk of 7¢9 (7¢0�8¢9)/100,000 according to the Euro-
pean gnomAD dataset whereas the incidence is 9¢8 (7¢6�12¢4)
according to the newborn screening data. The calculated lifetime
risks of BD and VLCADD were 2¢1 (1¢8�2¢5)/100,000 and 1¢3
(1¢1�1¢6)/100,000, respectively, comparing to 3¢9 (2¢6�5¢7)/100,000
and 1¢2 (0¢5�2¢3)/100,000.

Next, we calculated the minimal combined lifetime risk of all
autosomal recessive MDs, resulting in a combined lifetime risk of
48¢4 (40¢3�58¢5)/100,000 based on the European (Non-Finnish) pop-
ulation in the gnomAD database, 31¢1 (26¢7�36¢3)/100,000 based on
the worldwide gnomAD dataset, and 31¢8 (20¢9�50¢6)/100,000 based
on our in-house database. Notably, there were 29 MDs with a calcu-
lated risk of more than 0¢02/100,000 according to the European
(Non-Finnish) population (Fig. 2b). The combined risk of these 29 dis-
eases was 25¢9 (18¢5�36¢6)/100,000 based on our in-house database,
42¢3 (36¢3�49¢2)/100,000 in Europe (Non-Finland), and 24¢4
(21¢6�27¢5)/100,000 in total gnomAD, corresponding to 81¢5%, 87¢4%
and 78¢5% of the overall risks, respectively.

3.3. Calculating the estimated lifetime risk based in different
populations based on loss of function variants

Calculated lifetime risks for the individual monogenic disorders as
well as the combined lifetime risk for autosomal recessive MD in gen-
eral are depicted in Table 2. Bland-Altman plot and concordance cor-
relation coefficient of the log-transformed risk values (Suppl. Fig. 1)
revealed a high degree of correlation (rc = 0¢938) between the risks
derived from the European dataset and those derived from the
worldwide dataset. On average, the native, i.e. non-transformed risks
appeared to be lower (p = 0¢013, Z = �2.5, Wilcoxon signed rank test)
when based on the worldwide dataset (Fig. 2). We hypothesized that
this discrepancy arises from a bias in the queried databases HGMD
and ClinVar for ethnicity-specific pathogenic variants as most of the
submitters are based in the USA and Europe (https://www.ncbi.nlm.
nih.gov/clinvar/docs/submitter_list/). Therefore, we compared the
estimated lifetime risks by only including loss of function variants
(namely nonsense, frameshift and splice variants) in the calculations
as these are considered disease-causing regardless of a listing in any
mutation database. Apparently, there was no significant difference
anymore between the lifetime risks based on the European and
the worldwide dataset (Wilcoxon signed rank test: p = 0.32, z = �1.0).

https://www.ncbi.nlm.nih.gov/clinvar/docs/submitter_list/
https://www.ncbi.nlm.nih.gov/clinvar/docs/submitter_list/
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We conclude, that the actual lifetime risks of most MDs are therefore
closer resembled by the calculations based on the European gnomAD
dataset.

4. Discussion

The gnomAD dataset provides allele frequencies for different
ethnical backgrounds, allowing the calculation of lifetime risks for
each of the selected MDs based on the European (Non-Finnish) pop-
ulation only, or on the entire dataset additionally including Finnish
European, African, Latino, Ashkenazi Jewish, East Asian and South
Asian individuals. It should be noted that the ethnical composition
of gnomAD does not reflect the world population and the data
therefore do not yield worldwide lifetime risks. By comparison, our
in-house database comprises 14,130 exomes from mostly Caucasian
individuals. The exact ethnical composition of the in-house database
is however unknown, as the ethnical background was not routinely
documented.

The method of the present study has been used previously to
assess lifetime risk for single genes [20�24]. For conditions covered
by newborn screening, the lifetime risk equals the biochemical preva-
lence at birth, therefore enabling us to compare our calculated PKU
data with the newborn screening reports. The small difference of 2¢7/
100,000 between the calculated lifetime risk in Europe and the new-
born screening data in Germany for PKU likely results from the fact
that our lists of pathogenic mutations cannot be 100% complete and
due to our inability to detect non-coding mutations as well as patho-
genic deletions and duplications with exome sequencing data which
are responsible for a significant subset of disease causing variants
[25]. Unavoidably, there will always remain pathogenic mutations
that have evaded identification.

We were also able to validate our method by comparing the
lifetime risks of medium-chain-acyl-CoA-dehydrogenase defi-
ciency (MCADD), very-long-chain-acyl-CoA-dehydrogenase defi-
ciency (VLCADD) and biotinidase deficiency (BD) with data from
the national newborn screening report. As depicted in Table 1, the
calculated lifetime risk of these conditions based on the European
gnomAD dataset approximates the data published by the German
National Screening program, further validating the applied
method. We conclude that our method for assessing the lifetime
risk of autosomal recessive disorders provides reliable data, with
minimal risk of overestimation due to stringent variant exclusion
criteria.

Of note, we calculated the lifetime risk assuming full penetrance.
There are no reports about reduced penetrance for autosomal reces-
sive MDs. However, there are examples such as Thrombocytopenia
absent radius (TAR, MIM #274000) syndrome where alleles are not
disease-causing when present in homozygosity but in combination
with a null allele [26]. We cannot exclude the presence of variants
that convey reduced penetrance but our method and framework can
serve as a basis to detect these when thoroughly comparing calcu-
lated data with data from rare disease registries that are being estab-
lished at the moment.

Our data provides the first estimation of the minimal overall life-
time risk of recessive MDs collectively. This lifetime risk is 48¢4
(40¢3�58¢5) and 31¢1 (26¢7�36¢3)/100,000 based on the European
and overall gnomAD dataset, respectively. One limitation of our study
is that the employed method of calculating lifetime risks is only
applicable for autosomal recessive diseases. We feel, however, that
these data provide a very valuable complement to the epidemiologi-
cal data known for mtDNA-related MDs. In accordance with the over-
all gnomAD dataset, our in-house database calculates a lifetime risk
of 31¢8 (20¢9�50¢6). The difference between the risks based on the
European and the overall gnomAD data is significant (p = 0¢013,
Z = �2.5, Wilcoxon signed rank test). As the main reason for this dif-
ference we assume the European and American predominance in
genetic research and diagnostics which likely has identified already
most of the frequent Caucasian pathogenic variants while a number
of variants from other ethnical backgrounds probably have not been
published yet. This hypothesis is supported by the fact that there is
no statistical difference between the calculated lifetime risks based
on the European and the overall dataset when only considering loss
of function variants listed in gnomAD (Wilcoxon signed rank test:
p = 0.32, z = �1.0). Additionally, the selective pressure of consanguin-
ity in certain communities could reduce the frequencies of carriers
for autosomal recessive disorders.

In summary, we provide estimation of the lifetime risk of all
known autosomal recessive MDs based on population genotypes.
The combined lifetime risk estimate is up to 48¢4 in 100,000, corre-
sponding to almost 1 in 2000 people. This implies that around 2500
of the approximately 5 million newborn babies per year in the Euro-
pean Union will develop a nuclear-encoded recessive MD during
their lifetime.
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The authors regret that the published manuscript contains a few
rounding and copying errors. The mistakes are minor but affect the
allele frequencies of disease-causing variants in 3 genes. These minor
corrections do not change the overall description, interpretation, or
conclusions of the manuscript.

page 4, paragraph 3.1., 2nd sentence:

The sum of their allele frequencies was 0.0111 in the European
(Non-Finnish) and 0.0091 in the total gnomAD dataset resulting in a
calculated PKU lifetime risk of 16.0 (14.5�17.6 95% CI)/100,000 in the
European (Non-Finnish) population and of 8.2 (7.6�8.9)/100,000 in
the total dataset.

is corrected to

The sum of their allele frequencies was 0.0126 in the European
(Non-Finnish) and 0.0091 in the total gnomAD dataset resulting in a
calculated PKU lifetime risk of 16.0 (14.5�17.6 95% CI)/100,000 in the
European (Non-Finnish) population and of 8.2 (7.6�8.9)/100,000 in
the total dataset.

page 4, paragraph 3.2., close to the end of 3rd paragraph

The allele frequency of POLG mutations was 0.0083 in the Euro-
pean (Non-Finnish) gnomAD dataset, 0.0061 in the total gnomAD
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dataset and 0.0074 in the in-house database, resulting in lifetime risk
estimates for POLG-associated disorders of 6.9 (6.1�7.8), 3.7
(3.4�4.0) and 3.7 (3.3�4.1)/100,000, respectively.

is corrected to

The allele frequency of POLG mutations was 0.0083 in the Euro-
pean (Non-Finnish) gnomAD dataset, 0.0061 in the total gnomAD
dataset and 0.0061 in the in-house database, resulting in lifetime risk
estimates for POLG-associated disorders of 6.9 (6.1�7.8), 3.7
(3.4�4.0) and 3.7 (3.3�4.1)/100,000, respectively.

page 6, right column, line 4�6

Implying a combined frequency of 0.0083, and leading to a calcu-
lated MCADD lifetime risk of 4.8 (3.6�6.3)/100,000.

is corrected to

Implying a combined frequency of 0.0069, and leading to a calcu-
lated MCADD lifetime risk of 4.8 (3.6�6.3)/100,000.

In addition, the Author Contribution section was accidentally
omitted due to a production error. This reads:
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MW and TK conceived the study. JT and MW defined a compre-
hensive list of mitochondrial disease genes and set up a list of patho-
genic variants in these genes, supported by SLS, TMS, and SBW. JT
and MW queried two databases (gnomAD and in house) to assess the
allele frequencies of disease-causing variants in the general popula-
tion and calculated the lifetime risks, supported by HP, TM, KO and
TK. JT and MW drafted the manuscript which was then refined by all
other authors and finalized by MW and TK.
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