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Reduced provision of protein translation machinery promotes healthy aging in a number of animal models. In humans,

however, inborn impairments in translation machinery are a known cause of several developmental disorders, collectively

termed ribosomopathies. Here, we use casual inference approaches in genetic epidemiology to investigate whether adult,

tissue-specific biogenesis of translationmachinery drives human aging.We assess naturally occurring variation in the expres-

sion of genes encoding subunits specific to the two RNA polymerases (Pols) that transcribe ribosomal and transfer RNAs,

namely Pol I and III, and the variation in expression of ribosomal protein (RP) genes, using Mendelian randomization. We

find each causally associated with human longevity (β=−0.15 ±0.047, P=9.6× 10−4, q=0.015; β=−0.13 ±0.040, P= 1.4×

10−3, q=0.023; β=−0.048±0.016, P=3.5× 10−3, q=0.056, respectively), and this does not appear to be mediated by al-

tered susceptibility to a single disease. We find that reduced expression of Pol III, RPs, or Pol I promotes longevity from

different organs, namely visceral adipose, liver, and skeletal muscle, echoing the tissue specificity of ribosomopathies.

Our study shows the utility of leveraging genetic variation in expression to elucidate how essential cellular processes impact

human aging. The findings extend the evolutionary conservation of protein synthesis as a critical process that drives animal

aging to include humans.

[Supplemental material is available for this article.]

The changing demographic of human societies, where the propor-
tion of older people is rapidly increasing (Christensen et al. 2009),
makes it imperative to understand the basic biology of aging as an
avenue for improvement of the health in older people (Partridge
et al. 2018). Work in model organisms has identified a number
of genes and processes that drive animal aging (López-Otín et al.
2013; Partridge et al. 2020). These often show striking evolution-
ary conservation, strongly suggestive of their relevance to aging
in humans. However, direct evidence for their involvement in hu-
man aging is not often sought owing to the inherent methodolog-
ical limitations, long timescales, and excessive costs associated
with studying aging in human populations. The general challeng-
es of translating findings from model organisms to humans are
only starting to be overcome, for example, with human popula-
tion genetic studies or drug trials (Mannick et al. 2018; Deelen
et al. 2019; Torres et al. 2021). Validation of candidate processes
as drivers of human aging may prove essential to show their
potential as targets for treatment of age-related diseases and
dysfunctions.

Multiple lines of evidence obtained in model organisms indi-
cate that the biogenesis of protein synthesismachinery is one such
conserved processes that drives organismal aging. For example,

loss of function in the genes encoding ribosomal proteins (RPs)
can extend life span in yeast and worms (Kaeberlein et al. 2005;
Chen et al. 2007; Chiocchetti et al. 2007; Curran and Ruvkun
2007; Hansen et al. 2007). Our own work has shown that reducing
the activity of Pol I, which supplies most ribosomal RNAs (rRNAs),
and Pol III, which generates the 5S rRNA and transfer RNAs
(tRNAs), can extend life span in fruit flies, with the effect of Pol
III also conserved in worms and yeast (Filer et al. 2017; Martínez
et al. 2020). However, the relevance of the biogenesis of translation
machinery to human aging has not been examined.

Protein synthesis is essential for cellular and organismal func-
tion. Indeed, loss of function in genes required tomake ribosomes,
the macromolecular machines that synthesize cellular proteins, is
a cause of disease in humans (Mills andGreen2017). A range of hu-
man developmental disorders results from mutations in genes re-
quired for ribosome biogenesis, including RP genes (Mills and
Green 2017) and subunits of Pol I and III (Bernard et al. 2011;
Dauwerse et al. 2011; Weaver et al. 2015; Paolacci et al. 2018).
These disorders are collectively called ribosomopathies, and their
occurrence appears to contradict evidence from aging studies in
model organisms, where loss of function in genes required for
protein synthesis promotes longevity. However, it is possible
that human disease–causing mutations cause a substantial loss of
function present during development, whereas the prolongevity

Corresponding authors: k.kuchenbaecker@ucl.ac.uk,
n.alic@ucl.ac.uk
Article published online before print. Article, supplemental material, and publi-
cation date are at https://www.genome.org/cgi/doi/10.1101/gr.275636.121.
Freely available online through the Genome Research Open Access option.

© 2022 Javidnia et al. This article, published in Genome Research, is available
under a Creative Commons License (Attribution 4.0 International), as described
at http://creativecommons.org/licenses/by/4.0/.

Research

32:1–8 Published by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/22; www.genome.org Genome Research 1
www.genome.org

 Cold Spring Harbor Laboratory Press on January 26, 2022 - Published by genome.cshlp.orgDownloaded from 

mailto:k.kuchenbaecker@ucl.ac.uk
mailto:n.alic@ucl.ac.uk
https://www.genome.org/cgi/doi/10.1101/gr.275636.121
https://www.genome.org/cgi/doi/10.1101/gr.275636.121
http://genome.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://genome.cshlp.org/site/misc/terms.xhtml
http://genome.cshlp.org/
http://www.cshlpress.com


interventions in model organisms are
induced by a more moderate, possibly
tissue-specific, reduction in activity in
the adult. This idea prompted us to seek
ways to assess the impact of moderate
reduction in expression of components
of translation machinery in adult tissues
on human aging.

In this study, we establish a new
paradigm for in homine validation of
candidate aging processes from model
organisms. Using Mendelian randomiza-
tion (MR), we examine if naturally occur-
ring variation in the expression of the
subunits of Pol III or Pol I complexes or
of RPs in adult humans is causally associ-
ated with human longevity. We provide
evidence that biogenesis of protein syn-
thesis machinery in specific adult tissues
drives human aging.

Results

Expression of Pol III–specific subunits

in the adipose tissue is linked

to human longevity

We initially focused on Pol III because
limiting expression of its subunits has
been shown to affect life span inmultiple
animal models (Filer et al. 2017). These
effects are tissue specific; for example, re-
ducing Pol III subunit expression specifi-
cally in the intestine of the fly and the
worm is sufficient to extend their life
span (Filer et al. 2017). For this reason,
we focused on organs and tissues known
to modulate life span in model organ-
isms: the brain, pituitary gland, muscle,
liver, pancreas, small and large intestine
(colon), and adipose tissue (Libina et al.
2003; Bartke and Brown-Borg 2004; Giannakou et al. 2004;
Hwangbo et al. 2004; Broughton et al. 2005; Taguchi et al. 2007;
Demontis and Perrimon 2010; Templeman et al. 2017; Woodling
et al. 2020). Where gene expression has been shown to be highly
correlated between similar tissues (The GTEx Consortium 2020),
we used only one representative organ (e.g., visceral adipose for ad-
ipose). Because of technical constraints of transcriptomic analyses,
no information is available on the variation in expression of genes
transcribed by Pol III (or Pol I for that matter), such as rRNAs or
tRNAs, requiring us to focus on the expression of the genes that
code for the polymerase. Pol III is a protein complex composed
of 17 subunits, 11 of which are specific to the enzyme (Vannini
and Cramer 2012). The expression of these 11 genes was ubiqui-
tous across these tissues (Fig. 1A) as expected from Pol III’s funda-
mental cellular role. Still, the expression levels differed between
tissues, with, for example, the pancreas showing the overall lowest
expression (Fig. 1A).

To assess how variation in the expression of Pol III subunits
may impact human aging, we gathered expression quantitative
trait loci (eQTLs) for all the Pol III–specific subunits in the noted
tissues from the Genotype-Tissue Expression (GTEx) project (The

GTEx Consortium 2020). Because all the subunits participate in
a common function, we pooled all the available cis-eQTLs associat-
edwith the expression of any of the subunits of the Pol III complex
for further analysis. Note that this includes a set of paralogs,
POLR3G and POLR3GL, for which recent work has indicated that
previously described differences in their cellular roles most likely
arise from expression-level differences (Wang et al. 2020). We
used these cis-eQTLs as instruments in a two-sample MR analysis
to assess their causal effects on human longevity. The outcome
was based on a recent meta-analysis of genome-wide association
studies of human longevity. It included 11,262 individuals (cases)
that had survived beyond the 90th percentile in a given human co-
hort and 25,483 controls (Deelen et al. 2019). The study also as-
sessed associations in 3484 cases that had survived beyond the
99th percentile.

MR revealed Pol III subunit expression in the visceral adipose
as causally associated with the likelihood of surviving above the
90th percentile (β=−0.13±0.040, P=1.4 ×10−3, q=0.023) (Fig.
1B,C; for per-cis-eQTL effect sizes and gene annotation, see
Supplemental Fig. S1A; for details of MR results for all tissues, see
Supplemental Table S1). This was statistically significant at a
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Figure 1. MR analysis of the association between the expression of Pol III–specific subunits and longev-
ity. (A) Levels of mRNA coding for Pol III–specific subunits in the indicated tissues are shown. (TPM)
Transcripts per million. (B) MR analysis was performed using Pol III–specific subunit expression in indicat-
ed tissues as exposures and longevity (survival beyond the 90th or 99th percentile) as outcomes. The val-
ues of β are given per tissue and the significant associations indicated as those that pass the 10% FDR
threshold (accounting for eight tissues and two outcomes, i.e., 16 tests). (C) MR scatter plot of associa-
tion between Pol III expression in visceral adipose and longevity (90th percentile), showing results of two
MRmethods. Each black point denotes a cis-eQTL; green bars show SEM. Longevity β is the natural log of
the odds ratio, where lower values indicate a lower chance of surviving beyond the 90th percentile.
Expression β is reported as normalized effect sizes (NESs), with larger values indicating higher expression,
and refers to expression of multiple genes.
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10% false-discovery rate (FDR), accounting for the number of tis-
sues tested and the two case definitions considered as outcomes
(i.e., 16 tests). Note that the interpretation of the absolute value
of the causal estimate β is complicated by the fact that cis-eQTLs
for multiple genes were combined in the MR; however, the direc-
tion of the association is not, and the negative β revealed
that increased Pol III subunit expression within adipose tissue
is detrimental for longevity (Fig. 1C). No evidence for horizontal
pleiotropy (HP) was found (Egger intercept, P>0.05; MR-PRESSO,
P>0.05). No significant association was detected between
longevity and Pol III subunit expression in any other tissue, al-
though a strong negative association could also be observed in
the small intestine, where the number of cis-eQTLs available as in-
struments was low (Fig. 1B; Supplemental Table S1). Overall, MR
analysis indicated that reduced expression of Pol III subunits
in the adult adipose tissue is causally associated with human
longevity.

RP gene expression in the liver is associated with human longevity

Wenext examined the relationship between expression of over 80
human genes coding for RPs and longevity, as loss of function in
RP genes can delay aging in yeast and worms (Kaeberlein et al.

2005; Chen et al. 2007; Chiocchetti et al. 2007; Curran and
Ruvkun 2007; Hansen et al. 2007). RP gene expression was ubiqui-
tous, and their overall expression levels varied across tissues (Fig.
2A). MR analysis, using RP gene cis-eQTLs as instruments and lon-
gevity as the outcome, revealed a negative, causal association
with the likelihood of survival beyond the 90th percentile for RP
expression in the liver, which was statistically significant at 10%
FDR (β=−0.048±0.016, P=3.5 ×10−3, q=0.056) (Fig. 2B,C; for
per cis-eQTL effect sizes and gene annotation, see Supplemental
Fig. S1B; for details of MR results for all tissues, see Supplemental
Table S1). We found no evidence of HP (Egger intercept, P>0.05;
Mendelian randomization pleiotropy residual sum and outlier
[MR-PRESSO] P>0.05). Hence, in addition to reduced Pol III sub-
unit expression in visceral adipose, we found evidence for a causal
association where reduced expression of RP-coding genes in the
liver promotes human longevity.

Some RPs have secondary, nonribosomal roles, and indeed,
not all RP gene mutants are long-lived in model organisms
(Kaeberlein et al. 2005; Chen et al. 2007; Chiocchetti et al. 2007;
Curran and Ruvkun 2007; Hansen et al. 2007). For this reason,
we additionally examined the relationship between the expression
of a subset of RP genes in the liver and survival beyond the 90th
percentile. Specifically, we looked at the RPs whose orthologs are
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Figure 2. MR analysis of association between expression of RP genes and longevity. (A) Levels of mRNA coding for RPs in the indicated tissues are shown.
(B) MR analysis was performed using RP gene expression in indicated tissues as exposures and longevity (survival beyond the 90th or 99th percentile) as
outcomes. The values of β are given per tissue and the significant associations indicated as those that pass the 10% FDR threshold (accounting for eight
tissues and two outcomes, i.e., 16 tests). (C) MR scatter plot of association between RP expression in liver and longevity (90th percentile), showing results of
twoMRmethods. Each black point denotes a cis-eQTL; green bars show SEM. Longevity β is the natural log of the odds ratio, where lower values indicate a
lower chance of surviving beyond the 90th percentile. Expression β is reported as NESs, with larger values indicating higher expression, and refers to ex-
pression of multiple genes.
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implicated in longevity in model organisms and found that the
variation in their expression in the liver was also negatively associ-
ated with longevity (β=−0.046±0.018, P=0.010) (Supplemental
Fig. S2), confirming our initial findings.

Human longevity is affected by Pol I subunit expression

in skeletal muscle

To date, Pol I has only been shown to affect aging in the fruit fly
(Martínez et al. 2020). Similarly to Pol III and RP, the genes encod-
ing the subunits unique to the Pol I complex were expressed ubiq-
uitously, with levels of expression differing between tissues (Fig.
3A). MR analysis revealed a negative, causal association, with the
likelihood of survival beyond the 99th percentile in skeletal mus-
cle that was statistically significant at 10% FDR (β=−0.15±
0.047, P=9.6 ×10−4, q=0.015) (Fig. 3B,C; for per cis-eQTL effect
sizes and gene annotation, see Supplemental Fig. S1C; for details
of MR results for all tissues, see Supplemental Table S1). Again,
this organ was distinct from those where Pol III subunit or RP
gene expression was relevant for longevity. In this case, we
found some evidence of HP (Egger intercept, P>0.05; MR-
PRESSO P=3×10−3), indicating that the genetic variants used in

MR may not affect longevity solely through their effect on Pol I
subunit expression in muscle or, alternatively, that the relation-
ship between expression and longevity may not be linear, as in-
deed is the case in the fruit fly (Martínez et al. 2020). Using MR-
PRESSO to correct for outliers, the negative association between
muscle expression and longevity remained significant (corrected
for one outlier, β=−0.18, P=1.4 ×10−4, no significant distortion).
Overall, we found evidence that the expression of Pol I subunits in
skeletal muscle is causally associated with human longevity.

Effects on longevity are unlikely to be explained by susceptibility

to a specific age-related disease and are not observed

for Pol II–specific subunit expression

The longevity phenotype captures the relative time of death but
not the cause of death. For this reason, the link between expression
of genes required for protein synthesis and longevity could be ex-
plained by the genes’ effects on one or few age-related diseases
rather than on organismal aging more broadly. For example, if
RP expression solely affected cancer susceptibility and progression,
but not agingmore broadly, it may still have a noticeable effect on
longevity per se. To examine this, we performedMR analysis using

either the Pol III or Pol I subunit or RP
gene expression as exposures and a range
of age-related diseases as outcomes. We
limited the analysis to tissues in which
a significant effect on longevity was ob-
served for a specific gene set, namely,
Pol III in visceral adipose, RP in liver,
and Pol I in skeletal muscle. The associa-
tions that were significant and passed the
10% FDR threshold (accounting for 10
tests per exposure) are shown in Table 1
(for full analysis, see Supplemental Table
S2). The only strong associations identi-
fied were for Pol I subunit expression in
skeletal muscle, where increased expres-
sion was associated with a reduced risk
of coronary heart disease and a decreased
risk of amyotrophic lateral sclerosis (ALS)
but an increased risk of Alzheimer’s dis-
ease. Note that in models of Alzheimer’s
disease and ALS, protein synthetic ma-
chinery has been implicated in diseases
pathophysiology, albeit cell autono-
mously (Meier et al. 2016; Moens et al.
2019; Yamada et al. 2019). The complex
modulation of disease susceptibility ob-
served for Pol I skeletalmuscle expression
makes it unlikely, albeit possible, that the
effects on longevity were owing to a dif-
ferential susceptibility to a single disease,
such as Alzheimer’s. Overall, our analysis
did not provide substantial evidence that
any of the longevity effects we observed
could be explained by altered susceptibil-
ity to a single disease, indicating they
may be caused by a broad effect on aging
itself.

We also examined several anthro-
pometric and developmental traits, as
well as smoking as a common
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Figure 3. MR analysis of association between expression of Pol I–specific subunits and longevity. (A)
Levels of mRNA coding for Pol I–specific subunits in the indicated tissues are shown. (B) MR analysis
was performed using Pol I–specific subunit expression in the indicated tissues as exposures and longevity
(survival beyond the 90th or 99th percentile) as outcomes. The values of β are given per tissue and the
significant associations indicated as those that pass the 10% FDR threshold (accounting for eight tissues
and two outcomes, i.e., 16 tests). (C) MR scatter plot of association between Pol I expression in skeletal
muscle and longevity (99th percentile), showing results of two MRmethods. Each black point denotes a
cis-eQTL; green bars show SEM. Longevity β is the natural log of the odds ratio, where lower values indi-
cate a lower chance of surviving beyond the 99th percentile. Expression β is reported as NESs, with larger
values indicating higher expression, and refers to expression of multiple genes.
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confounder, finding no associations that passed the 10% FDR
threshold (Supplemental Table S2).

Pols I and III are more specifically involved in the production
of translation machinery, whereas Pol II is required for expression
of all coding, messenger RNAs (Vannini and Cramer 2012). To fur-
ther examine if longevity was associated specifically with provi-
sion of translation machinery rather than general transcription,
we performed MR analysis for Pol II–specific subunits. We found
no significant associationswith longevity for Pol II subunit expres-
sion in any tissue at 10% FDR (Supplemental Table S1), indicating
that longevity is specifically associated with RNA Pols that are ded-
icated to the production of the translation machinery.

Discussion

The biogenesis of the translationmachinery is an essential cellular
process required for cell and organismal growth (Grewal et al.
2007; Marygold et al. 2007; Marshall et al. 2012). Indeed, muta-
tions in human genes that are key to this process can be linked
to a number of developmental diseases (Mills and Green 2017).
In contrast, in this study we provide evidence that a reduced ex-
pression of these genes in particular tissues in adult humans is
causally linked to human longevity. The magnitude of the reduc-
tion in expression that favors longevity corresponds in scale to the
natural, genetically encoded variation observed in human popula-
tions. Hence, it is likely that the relative reduction in biogenesis of
the translation machinery that promotes longevity has substan-
tially less effect on overall cellular capacity for translation than
do disease-causing mutations. The contrast between the essential
role of the translationmachinery in development and its proaging,
detrimental effect on the adult is consistent with evolutionary the-
ories of aging, specifically antagonistic pleiotropy (Williams 1957):
The rate of production of translation machinery is selected for op-
timal growth and reproduction even if it comes at a cost of acceler-
ated aging later in life.

Our analyses indicate that Pol I, Pol III, or RPs limit longev-
ity from different adult tissues, namely, muscle, adipose, and liv-
er, respectively. This is akin to tissue specificity of
ribosomopathies that may be explained by different protein syn-
thesis requirements for different cells or cellular functions (Mills
and Green 2017; Farley-Barnes et al. 2019), and would imply that
protein synthesis drives aging from (at least) each of these three
tissues. Indeed, previous work has shown that protein translation
capacity plays an important role in the biology of each tissue; for
example, Pol III plays an important role in adipocyte differentia-
tion (Chen et al. 2018); tight control of ribosome biogenesis is
likely to underlie the liver’s daily cycles of protein synthesis
(Sinturel et al. 2017); and reduced hepatic protein synthesis is ob-
served in long-lived mouse models (Thompson et al. 2016),

whereas rDNA transcription by Pol I appears pivotal in the aging
of skeletal muscle (Kirby et al. 2015). Each of the three tissues
plays an important role in whole-animal metabolism. Although
the link between gene expression and longevity is observed in
specific tissues, the underlying mechanisms may involve tissue-
nonautonomous effects such as those mediated by metabolic
changes or endocrine signaling. Indeed, altering translation in
specific tissues during development can have nonautonomous,
endocrine effects on organismal growth in Drosophila (Lin et al.
2011; Marshall et al. 2012). Additionally, a recent report indicates
that improved fidelity of translation can also promote longevity
in the fruit fly (Martinez-Miguel et al. 2021).

Ethical considerations and costs of clinical trials severely limit
the possibilities to investigate fundamental mechanisms of aging
in humans. Numerous studies have shown that biogenesis of
translational machinery drives aging in a number of experimental
models, including yeast, nematode worms, and fruit flies
(Kaeberlein et al. 2005; Chen et al. 2007; Chiocchetti et al. 2007;
Curran and Ruvkun 2007; Hansen et al. 2007; Filer et al. 2017;
Tiku et al. 2017; Martínez et al. 2020). We believe our study to
be the first to show that this process is likely to be similarly relevant
in the context of human aging. The paradigmwe established lever-
ages natural human variation in gene expression and can assess
subtle, tissue-specific effects on longevity. This approach is espe-
cially useful for essential genes, in which complete knockouts
are very rare or not observed owing to a severe impact on develop-
ment, and overcomes the issues of assigning functional conse-
quences to coding sequence variants. One drawback of our
method is that the causal estimate β is essentially unit-less, as we
are using the variation in mRNA expression of multiple genes as
a proxy for the activity of the complex formed by the genes’ pro-
tein products. However, the method does allow us to identify sig-
nificant associations and, importantly, define their direction. The
application ofMR and the utilization of public data resourcesmake
it possible for future studies to apply this paradigm to investigate
the relevance of other pathways that have been implicated in ag-
ing in animal models to humans. Finally, our work indicates that
further studies of the link between translation machinery and ag-
ing are warranted and may result in interventions and treatments
for human aging and age-related conditions.

Methods

Instrument selection

The human genes encoding the specific subunits of Pol I, II, and III
or RPs were identified based on published literature (Vannini and
Cramer 2012; Khatter et al. 2015).We identified cis-eQTLs for each
gene usingGTEx version 8 (TheGTExConsortium2020) and com-
bined them together based on their belonging to Pol III, ribosome,

Table 1. Associations between Pol I expression and disease

Exposure Outcome

Gene set Tissue Disease n β SE P q

Pol I Muscle skeletal Alzheimer’s disease (ID: 297) 38 0.058 0.023 0.011 0.037
Amyotrophic lateral sclerosis (ID: 1086) 47 −0.013 0.0041 0.0011 0.011
Coronary heart disease (ID: 7) 50 −0.030 0.011 0.0048 0.024

Only associations that pass 10% FDR threshold are reported (adjusted for 10 tests performed per exposure). For full analysis, see Supplemental Table
S2. (n) Number of eQTLs (instruments) in the analysis.

Translation machinery levels drive human aging
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Pol I, or Pol II. The human orthologs of the genes implicated in
yeast or worm aging were obtained from the Saccharomyces
GenomeDatabase and fromWormBase. The lists of genes per com-
plex are provided in Supplemental Table S3.

In short, cis-eQTLs analysis was performed by GTEx consor-
tium using FastQTL (Ongen et al. 2016). Based on 838 donors
with whole-genome sequencing available, genes were included
in tissue-specific eQTL analysis if expression thresholds of >0.1
TPMand six ormore readswere detected in at least 20%of samples.
For each gene, variants with a MAF>0.01 in the 838 donors and
located in ±1-Mb window around the transcription start site
(TSS) were considered for cis-eQTL analysis. GTEx contains up to
17% of individuals with non-European or admixed ancestry
(Gay et al. 2020). The association analyses between SNPs and
gene expression were adjusted for ancestry by including the first
five principal components from a principal component analysis
based on genetic similarity between the samples.

The GTEx tissue dashboard was used to query for single tissue
cis-eQTLs in eight tissues of interest: (1) adipose (visceral), (2) co-
lon (transverse), (3) small intestine, (4) pancreas, (5) liver, (6) mus-
cle (skeletal), (7) pituitary, and (8) brain (cortex). Query results for
all significantly associated cis-eQTLs (FDR<0.05) containing
GENCODE ID, gene symbol, variant ID, dbSNP ID, P-value, and ef-
fect size were downloaded for subsequent analyses. The cis-eQTL
associations were assessed by the GTEx investigators using linear
regression, implemented in FastQTL (Ongen et al. 2016) after re-
moval of low expressing genes. Effect sizes for cis-eQTLs are report-
ed as normalized effect sizes (NESs) calculated as effect of the
alternative allele (ALT) relative to the reference allele (REF). NESs
are computed in a normalized space as the slope in the linear re-
gression; any noise frompotential residual variation in the relative
NES between genes is unlikely to result in false-positive associa-
tions as it is unlikely to be linked to the outcome.

Effect allele frequencies were obtained from gnomAD v2.1.1
for European (Non-Finnish) ancestry samples. To ensure indepen-
dence of instruments, linkage disequilibrium (LD) pruning was
performed for each gene using the 1000 genomes reference panel
for European ancestry samples and excluding weaker instrument
(determined as larger P-value for eQTL) in pairings exceeding r² =
0.1. The lists of all cis-eQTLs that were fed into the MR analysis
are provided in Supplemental Table S4, including details of their
genomic location and the affected gene.

Tissue-specific two-sample MR

We used R version 3.6.1 (R Core Team 2017) and the
TwoSampleMR package version 0.5.3 (Hemani et al. 2018) to per-
form two-sample MR separately for the eight tissues of interest.

To assess causal effects of sets of genes coding for either sub-
units specific to Pol I, II, or III or genes encoding RPs on human
longevity, we obtained the summary statistics of a meta-analysis
of genome-wide association studies, where cases were defined as
persons living to an age above the 90th of 99th percentile of their
cohort, based on cohort life tables (Deelen et al. 2019). The meta-
analysis was based on 11,262 case and 25,483 control samples of
European ancestry from 18 studies. Longevity meta-analysis sum-
mary statistics were kindly provided by J. Deelen.

After data harmonization between tissue-specific pooled cis-
eQTL instruments per gene set (Pol I, II, or III or RPs) and outcome
meta-analysis of life span, MR estimates were obtained using MR
methods inverse variance weighted (IVW) (Burgess et al. 2013),
MR Egger regression, and weighted median. Harmonized data are
provided in Supplemental Table S5.

We also investigated whether associations of Pol I or III and
RP with longevity were mediated by effects on a single disease or

risk factor. We included common age-related diseases and smok-
ing. GWAS summary statistics were extracted from the largest pub-
licly available study. The antagonistic pleiotropy theory states
aging is related to mutations that are beneficial for early fitness
but harmful for the organism in later life. To assess whether we
see such pleiotropic effects, we also included some developmental
and anthropometric traits. MR on these other outcomes was per-
formed with MR-Base online (Hemani et al. 2018). Please find
the detailed description of studies included for age-related disease
outcomes, as well as developmental and anthropometric trait out-
comes, in Supplemental Table S6.

HP analysis

The presence of HP was investigated using MR Egger estimates
(Bowden et al. 2015), as well as MR-PRESSO (Verbanck et al.
2018). In short, the intercept of a MR Egger regression gives an es-
timate of the average pleiotropic effect across all instruments. MR-
PRESSOwill also test for significant global HP andwill additionally
test individual instruments. This allows the detection of outliers,
their removal, and the estimation of distortion in causal effect es-
timates owing to inclusion of instruments with significant pleio-
tropic effects.

Multiple testing correction and correlation analysis

The P-value threshold for 10% FDR was calculated using the
Benjamini and Hochberg procedure (Benjamini and Hochberg
1995) to account for the number of tissues (eight) and the two
case definitions (for longevity) or the number of outcomes (for dis-
ease or developmental and anthropometric traits). Thismeans that
for the longevity analysis, we accounted for 16 tests, whereas for
disease or developmental and the anthropometric traits, we ac-
counted for 10 tests. We calculated the q-values using the qvalue
package version 2.16.0 in R with conservative parameters that ap-
proximate the Benjamini andHochberg procedure (lambda=0) ac-
counting for the same numbers of tests as indicated above (Storey
et al. 2004).

Expression data

GTEx transcript abundance data were obtained from the Human
Protein Atlas version 19.3 (Uhlén et al. 2005) for expression in ad-
ipose tissue, cerebral cortex, colon, liver, pancreas, pituitary gland,
skeletal muscle, and small intestine.
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