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Extended Data Figures 

Extended Data Figure 1: A. Median apparent heteroplasmy VAF per tissue at the top 10 % most 
variable apparent mtDNA heteroplasmy positions; each circle is a tissue. Grey bars indicate the 
median across tissues, colours indicate if the position is an RNA modification site. B. Mean of the 
fraction of alleles across samples detected in RNAseq and WGS at mtRNA modification sites in GTEx 
Whole Blood; colours indicate the respective alleles. C. Correlation VAF returned by the variant caller 
mtDNA server and the fraction of allelic counts obtained from WGS in GTEx Whole Blood; each dot is 
an apparent heteroplasmic site; colours indicate if the sum of MajorLevel and MinorLevel returned by 
mtDNA server deviated from 1.00 by >= 10 median absolute deviations (MADs). D. Correlation VAF 
returned by the variant caller mtDNAserver and the fraction of allelic counts obtained from RNAseq in 
GTEx Whole Blood; each dot is an apparent heteroplasmic site; ; colours indicate if the sum of 
MajorLevel and MinorLevel returned by mtDNA server deviated from 1.00 by >= 10 median absolute 
deviations (MADs). E. Correlation of VAF quantified from RNAseq and from WGS data at mtDNA 
heteroplasmic sites in GTEx Whole Blood; consistency between heteroplasmy levels found in both 
data types is defined as <= 3 MADs.  
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Extended Data Figure 2: A. QQplot for Breusch-Pagan test for heteroskedasticity in apparent 
heteroplasmy VAF at different RNAseq coverage. B. QQplot for association results between 
heteroplasmy VAF and site-specific RNAseq coverage across all tissues. C. QQplot for association 
results between RNAseq coverage at all apparent mtDNA heteroplasmic sites and donor age across 
all tissues. For all QQplots in A-C, dots show results at all apparent heteroplasmic sites across all 
tissues; red line indicates y=x, black ranges show 95% confidence interval for null results. D. Boxplots 
of real data ranges identified in GTEx v8 across all apparent mtDNA heteroplasmy in all tissues for: 
regression coefficient between donor age and RNAseq coverage (slope); r2 values between donor 
age and RNAseq coverage (r_sqr); mean RNAseq coverage (mean_coverage) and mean apparent 
mtDNA heteroplasmy VAF (mean_het); red dots indicate minimum and maximum values identified in 
all tissues and apparent mtDNA heteroplasmic sites across GTEx v8; blue dashed lines and 
associated values indicate the range of values we use in our simulations; box shows interquartile 
range (IQR); median value is shown by the straight line in the box; whiskers show 1.5 x IQR. E. Table 
showing the 16 simulation runs with different parameters derived from realistic ranges across GTEx 
tissues; each simulation assumes no relationship between heteroplasmy VAF and donor age. F. Plot 
comparing the false discovery rate (FDR) for LM and BB models testing for relationships between 
heteroplasmy and donor age in synthetic data to the theoretical uniform distribution for LM and BB 
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Across all apparent mtDNA heteroplasmy sites with non-missing values in more than 60 samples in each tissue:  

Multiple testing correction (Bonferroni)

Step 2: Beta-binomial (BB) model testing 

Multiple testing correction (Bonferroni)VAF ~ donor age + sex + gPCs

Step 1: Linear model (LM) testing 

betabin(A0,A1) ~ donor age + sex + gPCs 
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models; simulation runs are indicated by their numbers as shown in E. G: Barplot showing the 
estimated FDR for LM and BB models for each simulation run. H. Schematic showing our 
recommended two-step association testing approach using a combination of LM and BB models.  
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Extended Data Figure 3: A. mtscATAC-seq pseudobulk mean heteroplasmy at position mt.2623, 
mt.3232, mt.8167 in human PBMCs across donor age. B. mtscATAC-seq pseudobulk mean 
heteroplasmy for shared variants detected at position mt.2623, mt.3232, mt.8167 in human PBMCs 
across donor age. C. VAF at mt.2623A>G in GTEx v8 whole blood RNAseq data across donor age.  
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Extended Data Figure 4: Plot showing the significant cis-eQTL effect sizes at mt.10405 (MT-TR) and 
mt.7082 (MT-CO1); each dot represents a significant cis-eQTL effect on a mtDNA gene in a tissue; 
dots are coloured by tissue type; error bars represent the 95% CI of the effect sizes.  
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Extended Data Figure 5: Significant interaction effects on tissue-specific mtDNA gene expression 
levels between VAFs at apparent mtDNA heteroplasmy and xCell scores of enriched cell types in each 
tissue34. For each significant interaction we show the VAF of the apparent mtDNA heteroplasmy on 
the x axis, the residuals of log(TPM+1) values for gene expression levels of mtDNA genes (corrected 
for PEER factors calculated per tissue) on the y axis, the xCell scores of the tested cell type in colour, 
and the black two lines show the linear relationships between the VAF and mtDNA gene expression 
levels at high (>mean) and low (<=mean) xCell scores, for visualization of the difference in effects at 
high and low xCell scores.  
 
  

Tissue: Esophagus Mucosa
Cell type: Epithelial cells
mtRNA modification: mt.7028
mtDNA gene: MT-ND1

Tissue: Esophagus Mucosa
Cell type: Epithelial cells
mtRNA modification: mt.11251
mtDNA gene: MT-ND4L

Tissue: Lung
Cell type: Epithelial cells
mtRNA modification: mt.7028
mtDNA gene: MT-ND1

Tissue: Lung
Cell type: Epithelial cells
mtRNA modification: mt.7028
mtDNA gene: MT-C01

Tissue: Lung
Cell type: Epithelial cells
mtRNA modification: mt.11719
mtDNA gene: MT-ND1

Tissue: Lung
Cell type: Epithelial cells
mtRNA modification: mt.11719
mtDNA gene: MT-ND4L

Tissue: Pancreas
Cell type: Epithelial cells
mtRNA modification: mt.7028
mtDNA gene: MT-CO1

Tissue: Pancreas
Cell type: Epithelial cells
mtRNA modification: mt.14233
mtDNA gene: MT-ND1

Tissue: Pancreas
Cell type: Epithelial cells
mtRNA modification: mt.14233
mtDNA gene: MT-ND4L

Tissue: Pancreas
Cell type: Epithelial cells
mtRNA modification: mt.14271
mtDNA gene: MT-ND3

Tissue: Pancreas
Cell type: Epithelial cells
mtRNA modification: mt.14721
mtDNA gene: MT-ND5

Tissue: Pancreas
Cell type: Epithelial cells
mtRNA modification: mt.14721
mtDNA gene: MT-CO1

Tissue: Stomach
Cell type: Epithelial cells
mtRNA modification: mt.10405
mtDNA gene: MT-ATP6

Tissue: Thyroid
Cell type: Epithelial cells
mtRNA modification: mt.16311
mtDNA gene: MT-ND4

Tissue: Thyroid
Cell type: Epithelial cells
mtRNA modification: mt.16311
mtDNA gene: MT-ND4L

−2

−1

0

0.00 0.02 0.04 0.06
VAF

m
tD

N
A

 g
en

e 
ex

pr
es

si
on

xCell scores

−2
−1
0
1
2

−3

−2

−1

0

0.0 0.1 0.2
VAF

m
tD

N
A

 g
en

e 
ex

pr
es

si
on

xCell scores

−2
−1
0
1
2

−1.0

−0.5

0.0

0.5

0.00 0.05 0.10 0.15 0.20
VAF

m
tD

N
A

 g
en

e 
ex

pr
es

si
on

xCell scores

−2
−1
0
1
2

−2

−1

0

1

0.00 0.05 0.10 0.15 0.20
VAF

m
tD

N
A

 g
en

e 
ex

pr
es

si
on

xCell scores

−2
−1
0
1
2

−1.0

−0.5

0.0

0.5

0.00 0.02 0.04 0.06
VAF

m
tD

N
A

 g
en

e 
ex

pr
es

si
on

xCell scores

−2
−1
0
1
2

−1.5

−1.0

−0.5

0.0

0.5

0.00 0.02 0.04 0.06

VAF

m
tD

N
A

 g
en

e 
ex

pr
es

si
on

xCell scores

−2
−1
0
1
2

−4

−3

−2

−1

0

1

0.000 0.025 0.050 0.075 0.100

VAF

m
tD

N
A

 g
en

e 
ex

pr
es

si
on

xCell scores

−2

−1

0

1

2

−1

0

0.000 0.025 0.050 0.075 0.100

VAF

m
tD

N
A

 g
en

e 
ex

pr
es

si
on

xCell scores

−2

−1

0

1

2

−2

−1

0

0.000 0.025 0.050 0.075 0.100

VAF
m

tD
N

A
 g

en
e 

ex
pr

es
si

on

xCell scores

−2

−1

0

1

2

−1

0

1

0.00 0.05 0.10

VAF

m
tD

N
A

 g
en

e 
ex

pr
es

si
on

xCell scores

−2

−1

0

1

2

−3

−2

−1

0

1

0.00 0.05 0.10
VAF

m
tD

N
A

 g
en

e 
ex

pr
es

si
on

xCell
scores

−2

−1

0

1

2

−3.5

−3.0

−2.5

−2.0

−1.5

−1.0

0.00 0.05 0.10
VAF

m
tD

N
A

 g
en

e 
ex

pr
es

si
on

xCell
scores

−2

−1

0

1

2

0.00

0.25

0.50

0.75

1.00

0.0 0.1 0.2 0.3
VAF

m
tD

N
A

 g
en

e 
ex

pr
es

si
on

xCell 
scores

−2

−1

0

1

2

−1.5

−1.0

−0.5

0.0

0.5

1.0

0.00 0.05 0.10 0.15
VAF

m
tD

N
A

 g
en

e 
ex

pr
es

si
on

xCell
scores

−2
−1
0
1
2

−2

−1

0

0.00 0.05 0.10 0.15
VAF

m
tD

N
A

 g
en

e 
ex

pr
es

si
on

xCell 
scores

−2
−1
0
1
2

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 16, 2024. ; https://doi.org/10.1101/2024.12.11.627989doi: bioRxiv preprint 

https://paperpile.com/c/IiVWQz/mVrC
https://doi.org/10.1101/2024.12.11.627989
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 

34 

Extended Data Figure 6: Significant interaction effects on tissue-specific mtDNA gene expression 
levels between VAFs at apparent mtDNA heteroplasmy and donor age. For each significant interaction 
we show the VAF of the apparent mtDNA heteroplasmy on the x axis, the residuals of log(TPM+1) 
values for gene expression levels of mtDNA genes (corrected for PEER factors calculated per tissue) 
on the y axis, the donor age groups (<50th percentile and >= 50 percentile) in colour, along with lines 
of the respective colours showing the linear relationships between the VAF and mtDNA gene 
expression levels at high (>=50 percentile) and low (<50th percentile) donor ages, for visualization of 
the difference in effects at high and low donor ages.  
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