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Abstract

Objective: The mechanistic target of rapamycin (mTOR) pathway plays an integral role in
cellular metabolism, growth, and aging. While rapamycin and its analogs inhibit the mTOR
pathway, extending lifespan in various organisms, the long-term safety and efficacy of these
compounds in humans remain understudied.

Methods: Utilizing two mTOR expression QTL instruments derived from the eQTLgen and
MetaBrain studies, we sought to explore the potential causal relationship between mTOR
expression inhibition in blood and brain cortex (mimicking chronic rapamycin use), and its
effects on longevity, cardiometabolic disease, prostate cancer and anthropometric risk
factors. Subsequently, we extended the selection of instruments to 47 other members of
the mTOR pathway. To complement this Mendelian randomization (MR) evidence, we
conducted genetic colocalisation and sampling-based enrichment testing.

Results: Our findings suggest that genetically proxied mTOR inhibition may increase the
odds of attaining top 1% longest lifespan in the population (OR=1.24, ORgse,=1-1.53, p-
value=0.048). Moreover, mTOR inhibition significantly reduced body mass index (BMI), basal
metabolic rate (BMR), height, and age at menopause, while increasing bone mineral density.
Interestingly, there was generally little evidence linking mTOR inhibition to cardiovascular
disease incidence, with the exception of weak evidence for a protective effect against heart
failure (OR=0.94, ORg5%c=0.89-0.99, p-value=0.039). Chronic mTOR inhibition did not
causally affect prostate cancer incidence but increased the risk of developing type 2
diabetes. A higher-than-expected (p-value = 0.05) number of genes in the mTOR pathway
were causally associated with BMR.

Conclusions: This study highlights the potential lifespan-extending effects of mTOR
inhibition and its significant influence on metabolic risk factors and disease. Members of the
mTOR complex, especially mTORC1, play a disproportionate role in influencing BMR and
BMI, which provides valuable insight for potential therapeutic target development.
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Introduction

The mechanistic target of rapamycin (mTOR) pathway plays a crucial role in regulating
cellular metabolism, growth, and aging”. It is centred on the mechanistic target of
rapamycin (mTOR), a protein kinase that integrates various environmental and intracellular
signals. The pathway is composed of two protein complexes, mTOR complex 1 (mTORC1)
and mTOR complex 2 (mTORC2), which have different substrates and functions but are
inter-linked?.

mTORC1 is activated by growth factors, nutrients, and energy status, and regulates protein
synthesis, autophagy, and metabolism®. mTORC1 is directly activated by the PI3K/AKT
pathway through inhibition of the TSC1/TSC2 complex, which acts as a negative regulator of
Rheb GTPase which in turn stimulates mTORC1. mTORC1’s main substrates include S6
kinase 1 (S6K1) and eukaryotic translation initiation factor 4E-binding protein (4E-BP), which
control mRNA translation and protein synthesis. mTORC1 also promotes lipid synthesis and
inhibits autophagy through its phosphorylation of the Unc-51-like kinase 1 (ULK1).

mTORC2 is activated by insulin, IGF-1, and leptin, and regulates cell survival, cytoskeletal
organization, and glucose metabolism®*. mTORC2 phosphorylates AKT at $473, which
enhances its activity and leads to feedback activation of mTORC1 via PRAS40 (AKT1S1)
phosphorylation. mTORC2's main substrate is serine/threonine-protein kinase 1 (SGK1),
which controls cell survival and proliferation. mTORC2 also modulates actin cytoskeleton
organization and motility through its regulation of protein kinase C & (PKC = ) and Rho
GTPases.

While mTORC1 and mTORC2 share many common components, such as Deptor and mLST8,
they differ in regulatory mechanisms and downstream signalling pathways. Dysregulation of
either complex has been implicated in various diseases, including cancer, type 2 diabetes,
and aging in general®.

mTOR is a drug target for rapamycin (sirolimus), a macrolide agent first isolated from
Streptomyces bacteria on Rapa Nui (Easter Island)’. In addition, several analogs of
rapamycin (rapalogs), such as everolimus, are in clinical use due to their improved
pharmacokinetic properties®’. Inhibition of mTORC1 with rapamycin or its analogs has been
shown to extend lifespan and delay age-related diseases across many model organisms,
from yeast to mammals®. In mice, rapamycin increased mean lifespan by 9-14% when
started at middle age, which is similar in magnitude to the effect observed in S6K1 loss-of-
function mutants and Mtor+/—Mst8+/— heterozygotes®’. Rapamycin can also delay age-
related disorders, such as cancer, cardiac dysfunction, cognitive decline and immune
senescence™. While it partially mimics the effect of calorie restriction, the precise
mechanism of lifespan extension by rapamycin is not fully understood but may involve
modulation of nutrient sensing pathways, autophagy induction, inflammation reduction,
stem cell renewal, inhibition of protein translation and others®*.

Low-dose and long-term unauthorised rapamycin use has been gaining interest among anti-
aging “biohackers” as a longevity-promoting intervention in humans and dogs™ ™.
Randomized clinical trials are ongoing, with some early results indicating potential benefits
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in immune function in phase 2 trials'®'’. PEARL (Participatory Evaluation of Aging with

Rapamycin for Longevity), a randomized, placebo-controlled phase 4 trial aiming to enrol
1000 healthy older adults will assess the safety and efficacy of rapamycin in improving
visceral fat content, bone mass density and lean body mass®.

However, long-term safety and efficacy data is still lacking and will continue to be so given
the short duration of intervention in clinical trials (e.g. 24 weeks for PEARL). Collected
endpoints measured in clinical trials will reflect short-term changes in cardiometabolic and
immune health which may not be adequate proxies for extended longevity. Moreover, long-
term rapamycin treatment can have undesirable side effects such as immunosuppression,
insulin resistance leading to type 2 diabetes™, and increased risk of prostate cancer®® due to
off-target inhibition of mTORC2°, Study designs of current clinical trials will make it difficult
to uncover such side-effects of chronic rapamycin use (as potentially experienced when
pursuing longevity).

To fill this gap, in this study we aim to investigate the effect of mTOR pathway inhibition on
longevity and adverse side effects in humans using a genetic approach called Mendelian
randomization (MR). This method uses genetic variants (typically single nucleotide
polymorphisms, SNPs) that are known to be associated with the risk factor of interest but
not directly related to the outcome, as instrumental variables. The genetic variants are
randomly assigned to individuals at conception and are therefore not subject to the
confounding factors that may affect observational studies””*>. Once the instrumental
variables are identified, they can be used to approximate the causal effect of mTOR
inhibition by assessing their association with the outcome of interest in large-scale genome-
wide association study (GWAS) data sets. As MR estimates are closer to representing
lifetime rather than short-term effects of a given intervention?’, they can reveal the
potential benefits and risks associated with chronic rapamycin use.

The MR approach has recently been extended to employ protein quantitative trait loci
(pQTLs) — variants associated with protein levels, and expression QTL (eQTLs) — variants
associated with gene transcript levels, which can serve as useful proxies for the impact of
modulating such targets by drugs®*. Three main goals of drug target perturbation MR
concern: validation of hypothesized drug effects®>’, prediction of adverse effects?®**° and
repurposing of existing therapeutics?’>%*!; here we focus on the last two uses.

Previous research employed genetic variants that modulate the expression of mTORC1’s
downstream targets regulating protein translation to study their effect on type 2 diabetes,
rheumatic fever, Alzheimer’s disease, Parkinson’s disease, and cataract formation®?7.
These studies utilised moderately associated (p-value < 5 x 10°°) and independent (linkage
disequilibrium r® < 0.05) variants associated with protein expression in blood plasma. In this
current study, we extend that selection to include the mTOR protein, both mTORC1 and
MTORC2 along with their select upstream regulators and downstream targets. Using
stringently selected plasma pQTL and eQTL genetic instruments from blood and brain
cortex, we attempt to model rapamycin’s inhibitory effect on longevity, anthropometric
traits and disease.
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Materials and Methods

Genetic exposure data sources

We used KEGG*” and a number of reviews™ on mTOR pathway biology to select the 48
gene exposures used in the analysis, which correspond to the specific proximal regulators
and effectors of mTORC1 and mTORC2 which are associated with cis-eQTL variants or pQTL
variants in the following studies: MetaBrain cortex eQTL (European)®® and blood plasma
eQTLs from eQTLgen39 and European pQTLs from ARIC4°, deCODE“, FENLAN D42, UK Biobank
(UKBB)® (Supplementary Table 1-2, Figure 1). We used those tissues due to high expression
of mTOR in the brain and blood**, high metabolic activity of the brain* and blood
expression reflecting overall physiological state of the organism™®. In addition, previous
research has shown that eQTL effects tend to be shared among brain and non-brain
tissues®’, so our study includes a single representative from each group based on availability
and sample size (and therefore statistical power).

Genetic outcome data sources

We used the CHARGE Longevity GWAS meta-analysis for top 90" percentile and 99t
percentile®® lifespan as our longevity outcome for mTOR inhibition. This is the biggest GWAS
to date directly looking at individuals identified to have the longest lifespan in their birth
cohort. 'Cases' were participants who survived beyond either the 90th or 99th percentile of
their birth cohort's lifespan, determined using demographic data from the relevant country.
On the other hand, 'controls' were those who either died by or were last checked up by the
age at the 60th percentile of their birth cohort's lifespan. Various resources such as the
Human Mortality Database, the US Social Security Administration, and national registries
provided the cohort life tables. For instance, for the US 1920 birth cohort, men reaching the
60th, 90th, and 99th percentiles lived 75, 89, and 98 years respectively, while women lived
83, 94, and 102 years, respectively. When cohort life tables listed birth cohort by decade,
yearly birth cohort survival percentiles were estimated using linear model predictions.

To narrow down pleiotropic and off-target effects of mTOR inhibition, we mined
EpigraphDB™* (https://epigraphdb.org/xqtl) for previous MR results showing significant
association of eQTL expression in the blood in eQTLgen with a number of anthropometric
and disease outcomes detected (height, weight, body mass index (BMI), age at menopause,
heel/total bone mineral density, type 2 diabetes: Supplementary Table 2). We were then
interested to replicate those results using our chosen exposures, and also extend the
analysis to a wide network of mMTORC1/2 key players. Given mTOR’s role as a grand
conductor of metabolism**®>!, we also evaluate basal metabolic rate as an outcome
(Supplementary Table 4). We also considered if potentially life-extending properties of
rapamycin were mediated through overall improved cardiac function, as previously
observed in mice and currently trialled in humans (ClinicalTrials.gov: NCT04996719)
Thus, we included common cardiovascular disease phenotypes: coronary heart disease,
myocardial infarction, heart failure, atrial fibrillation and stroke, and additional 14 cardiac
function traits (listed in Supplementary Table 4). Kidney transplant recipients receiving
rapamycin were reported to be at an elevated risk of prostate cancer in an observational
study and in a meta-analysis of randomized controlled trials (RCT)*. Previously, mTOR
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inhibition has been targeted as an intervention for a related outcome (prostate cancer
progression®°) which is currently on a small scale trial in humans™. Therefore, we also
consider prostate cancer incidence outcome. Summary statistics for these outcome GWAS
were extracted from OpenGWAS®’.

Two-sample Mendelian Randomization analyses

We selected our genetic instruments using a stringent, genome-wide p-value threshold of 5
x 10°%. To see if a relaxation of the p-value threshold increases the number of genes with a
valid genetic instrument, we subsequently also tested a relaxed p-value threshold of 5 x 10°
which resulted in addition of eQTL instruments for 2 genes (NPRL2, RHOA) and pQTL
instruments for 1 gene (AKT1). We chose to include these additional instruments in our
analyses, but for all the other genetic instruments we maintain the stringent p-value
threshold. We used only cis- acting variants located in close proximity to the gene (within 1
Mbp of transcription start site, TSS) as such instruments are less likely to be horizontally
pleiotropic, ie. affecting the outcome through expression of multiple genes®® and violating
the exclusion restriction MR assumption. Furthermore, for pQTL instruments, we removed
SNPs (or correlated proxies at r* > 0.8 in 1000 Genomes European) with potentially epitope-
altering mutations (“stop_gained", "stop_lost", "frameshift_variant", "start_lost",
"inframe_insertion", "inframe_deletion", "missense_variant", "protein_altering_variant”)

identified by Ensembl Variant Effect Predictor (VEP)*®, as done previously?’.

6

To prevent multiple instruments from detecting the same causal effect, we performed
clumping of the SNPs to ensure that the linkage disequilibrium (LD) - quantified by r* - was
below 0.001 within a 10 Mbp range in the 1000 Genomes European panel®. This procedure
was conducted using the Id_clump function from the ieugwasr R package
(https://mrcieu.github.io/ieugwasr), invoking plink version 1.943%%. Associations between
the genetic variants, exposure and outcome trait were collected and harmonized using the
default settings in the TwoSampleMR® package. In that step, we removed all the
palindromic SNPs which could not be reliably aligned (minor allele frequency, MAF > 0.42)
relative to the same strand and SNPs absent from the outcome dataset. If a given
instrument was missing in the outcome data, we tried to establish a proxy with high genetic
correlation (r* > 0.8). Finally, we evaluated the F-statistics and R* to identify weak
instrument bias.

Two sample MR {Wald ratio for single-SNP instruments) was carried out using default
settings in the TwoSampleMR® R package. We used Steiger filtering implemented in the
package to assess correct directionality of our MR results.

Colocalisation evidence

We used the Bayesian colocalisation method coloc® to further establish if significant MR
effects observed were likely causal or confounded by LD patterns®. We used a 200 kb
window around each instrument SNP to define the colocalisation region and run coloc using
extracted exposure and outcome summary statistics if at least 50 variants were found in the
region. We were interested to identify cases where posterior probability of colocalization
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(hypothesis 4, H4 - both traits are associated and share a single causal variant) was higher
than the other scenarios (> 0.6).

It can be inferred that the power for colocalisation is low if both H3 (both traits are
associated, but with different causal variants) and H4 show low posterior probabilities®.
This conclusion is based on the fact that colocalization was only utilized for cases with a
strong association in the exposure dataset (i.e., p-value < 5 x 10°®) and supported by MR
evidence of a cause-effect relationship. Under this scenario, only H3 or H4 hypotheses are
viable, so if the highest posterior probability points to H1 (only trait 1 has a genetic
association in the region), it indicates that the outcome dataset may not have enough
power for colocalization. Consequently, for significant (p-value < 0.05) MR results which met
this criteria, we calculated alternative posterior probability (PP) H4 (referred to as altH4), as
follows: PP.H4 / (PP.H3 + PP.H4)* as only these two hypotheses are plausible in this case.

Random gene set simulation

To see if a high number of MR results with at least marginal evidence (p-value < 0.05)
observed for certain outcomes in the mTOR pathway is likely to be a biologically meaningful
overrepresentation, we sampled a random 48 gene set with genetic instruments at the
stringent p-value threshold available in the eQTLgen blood eQTL resource, which contains
the highest number of genes with cis- instruments overall {15,698). We then ran the
MR/coloc analysis described above for 100 randomly drawn gene sets and calculated the
empirical distributions of the following statistics: number of significant MR results (p-value <
0.05) and number of coloc results where the (alternative) posterior probability (PP) of
hypothesis 4 (H4) > 0.6.

Results

Chronic inhibition of mTOR expression may extend longevity

We used single-SNP expression QTL instruments from the blood (eQTLgen study) and brain
cortex (MetaBrain study) to investigate the effect of reduced mTOR expression on longevity,
and in this way genetically proxy the effect of chronic rapamycin use. Both instruments are
strong with F-stats of 757 and 105, respectively, which explain 2.3% and 1.6% of variance in
the gene expression, accordingly (Supplementary Table 5). Our two-sample MR analysis
(Figure 2) revealed limited statistical evidence for the effect of mTOR gene expression
inhibition on being ranked in the 90" percentile with the highest longevity (MetaBrain:
OR=1.06, ORgs55=0.93-1.22, p-value=0.38; eQTLgen: OR=1.03, ORysy=0.91-1.15, p-
value=0.66, Supplementary Table 6). However, for the top 99 percentile, there was
stronger evidence for a positive effect of mTOR inhibition on longevity, with odds-ratio of
1.17 based on blood eQTL instrument (ORgsyc=0.98-1.41, p-value=0.086) and 1.24 based on
the brain eQTL (ORgsy=1-1.53, p-value=0.048). Using Steiger filtering, we found evidence
that our interpretation of the direction of causal relationship was correct (Supplementary
Table 7). Colocalisation analysis (Supplementary Table 8) suggested that hypothesis 1 (only
trait 1 has a genetic association in the region) had the most support. Since we already found
some effect of mTOR expression on longevity, we surmised that only hypotheses 3 and 4,
involving both traits having an association but with a different or the same variant,
respectively, are viable. In that case, the ratio of posterior probability of hypothesis 4 (true
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colocalisation) to the sum of posterior probabilities of hypotheses 3 and 4, labelled “altH4”
here, was previously used®. For mTOR, we found that hypothesis 4 was supported over
hypothesis 3 as altH4 probability rose to 0.75 for the eQTLgen result and 0.79 for
MetaBrain.

mTOR expression affects metabolism rate and risk of type 2 diabetes along with other
anthropometric traits

We then assessed the effect of mTOR gene expression inhibition on other outcomes, which
include anthropometric traits (Figure 3) and potential off-target effects of rapamycin
previously described in the literature (Figure 4). Since consistent results were obtained
using both eQTLgen and MetaBrain instruments, we will focus on the estimates from
eQTLgen in the following section. We found strong evidence that genetically proxied mTOR
inhibition leads to reduced body mass index (B=-0.038, Bgsyci=(-0.048,-0.028), p-value=9.4 x
10™), height (B=-0.056, B 9s%ci=(-0.074,-0.038), p-value=1 x 10°®), age at menopause (p=-
0.032, B 95%a=(-0.055,-0.008), p-value=0.021) but also basal metabolic rate (=-0.04, B
os9ci=(-0.048,-0.032), p-value=1.6 x 10*°). We also found evidence that bone mineral
density increased on mTOR inhibition: total (=0.099, B gs%c=(0.032,0.166), p-value=0.014)
and heel (B=0.056, B 95%c=(0.034,0.078), p-value=6.4 x 10'7). Strong colocalisation evidence
(posterior probability of H4 ranging from 0.63 to 0.95) was found for body mass index,
height, heel bone mineral density, and basal metabolic rate (but not in eQTLgen).

There is poor MR evidence for the role of mTOR expression inhibition in cardiovascular
disease incidence (Figure 4). We arrived at null results for atrial fibrillation, coronary heart
disease, myocardial infarction and stroke (as well as cardiac function traits, Supplementary
Table 9) but some protective effect was found for heart failure (OR=0.94, ORgs5¢=0.89-0.99,
p-value=0.039) with supporting altH4 colocalisation evidence (0.75). Similarly, we found
little evidence that chronic mTOR inhibition causally affects prostate cancer incidence
(OR=1.04, ORgs55¢=0.98-1.09, p-value=0.423). However, we find some evidence that mTOR
inhibition results in increased odds of developing type 2 diabetes (OR=1.18, ORgs5¢=1.06-
1.31, p-value=0.011) which is supported by altH4 colocalisation {0.87).

Ras-related GTP binding A expression is potentially associated with increased longevity
Having focussed on proxying the inhibition of mTOR by rapamycin in the first instance, we
then extended our analysis to members of the mTOR complex 1 and 2, as well as proteins
directly upstream and downstream of mTOR (total n=47) to evaluate their independent
causal relationships with the select outcomes (Supplementary Table 10). We discovered
limited, and partially contradictory, genetic support for direct effects of other mTOR
pathway members on longevity (Figure 5, Supplementary Figure 1) for 6 genes, however
only 1 result survived false discovery rate (FDR) correction for multiple testing. Increased
expression of RRAGA in blood is associated with reduced odds of top 1% longevity (OR=0.41,
ORgs50=0.24-0.72, p-value=0.035), and this result is corroborated by colocalisation
(altH4=0.94). However, the effect is not replicated using MetaBrain eQTL as instruments
(OR=1.31, ORgs5¢=0.81-2.12, p-value=0.65).
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MR evidence for effect of EIF4B and TELO2 expression on prostate cancer risk, as well as
RPTOR and MAPKAP1 on coronary heart disease risk.

Among disease outcomes, we found substantial evidence for the effect of mTORC pathway
proteins on prostate cancer and coronary heart disease (Supplementary Table 10).
Genetically increased protein expression of EIF4B leads to reduced risk of prostate cancer in
the pQTL MR with OR=0.63 {ARIC: ORgs5%c=0.52-0.76, p-value=1.3 x 10'4) with eQTL MR
results in agreement. Some evidence also points to reduced gene expression of TELOZ2,
member of both mTOR complexes, being protective against prostate cancer (eQTLgen:
OR=0.9, ORgs9,=0.84-0.96, p-value=0.03). Reduced gene expression of RPTOR and
MAPKAP1, components of mTOR complex 1 and 2, respectively are also potentially causally
associated with reduced risk of coronary heart disease (eQTLgen RPTOR OR=0.91,
ORgs9%c1=0.87-0.96, p-value=0.01; eQTL MAPKAP1 OR=0.83, ORgsy=0.74-0.93, p-
value=0.03).

Members of the mTOR 1 and 2 complex pathway are overrepresented for causal impact on
metabolism and BMI

Overall, across all outcomes, the highest number of genes was found to be nominally
causally associated with basal metabolic rate (n=25, Supplementary Figure 2), followed by
BMI (n=20, Supplementary Figure 3), and then height (n=16). Since as many as 54% and 29%
of the mTOR pathway genes were revealed to have a nominally and FDR-corrected
significant causal impact on BMR, respectively (Figure 5), we decided to investigate if this
proportion represents enrichment relative to background selection of random genes with a
genetic instrument in the eQTLgen study. We detected an overrepresentation of genes
associated with BMR in the entire mTOR dataset (p-value=0.05, Supplementary Figure 4 A),
but not H4 or altH4 coloc evidence (p-value=0.43, Supplementary Figure 5). We were also
interested to see if the molecular components of the mTORC1 show overrepresentation as 5
out of 7 of them were found to be nominally associated with BMR: mTOR, Raptor, Deptor,
AKT1S1 (proxied by AKT1 due to lack of genetic instrument) and MLST8; similarly for
MTORC2 genes where association was found for 6 out of 8 genes (Figure 5). These
complexes showed enrichment consistent with the extended selection of mTOR pathway
genes (p-value=0.05, Supplementary Figure 4 B). Assessment of targets influencing body
mass index revealed lack of substantial enrichment in the extended mTOR pathway gene set
(p-value=0.10, Supplementary Figure 6 A, Supplementary Figure 7) but just among the 7
mTORC1 complex members (p-value=0.03, Supplementary Figure 6 B).

Discussion

In this study, we used MR to evaluate whether inhibition of mammalian target of rapamycin
(as proxied by eQTL in the blood and brain) causally affects longevity as well as other traits,
including disease. Such a study design aimed to mimic chronic rapamycin usage and
foreshadow the results of clinical trials. We find some limited evidence to support the
hypothesis that inhibition of mTOR results in increased odds of reaching the top 1% of
longest lifespans, possibly mediated by the effect on basal metabolic rate. Potential off-
target effects include increased risk of type 2 diabetes but also reduction in the risk of heart
failure. We further assessed the influence of mTOR inhibition on other traits, discovering
that it substantially decreases body mass index, basal metabolic rate and height but
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increases Broadening our focus to encompass members of the mTOR complex 1 and 2
pathways and associated proteins, we discovered a pronounced overrepresentation of
genes impacting BMR within the entire mTOR dataset, and a similar enrichment for BMI and
BMR was observed for specific mTOR complexes. bone mineral density. We then extended
exposure selection to include both mTORC1 and mTORC2 complexes along with their
upstream regulators and downstream targets. We find enrichment of mTOR pathway genes
whose expression impacts significantly on BMR relative to background of random genes
with eQTL in the blood, and some evidence of their causal role in prostate cancer and
coronary heart disease.

Previous MR research has fruitfully harnessed pQTL and eQTL to mimic mechanism of action
of prospective or existing therapeutics®®. Across many disease traits, association with eQTL
instruments (which we focus on in our analysis of mTOR pathway) in MR revealed 2.7x
enrichment of existing drug targets®®, demonstrating the predictive power of this approach.
The limitations include the inability to model molecule-specific effects as MR is applied to
drug targets rather than compounds®* so our results inform broadly about effects of
rapamycin along with rapalogs. Post-transcriptional and post-translational effects are also
not easily discernible with the use of instruments derived from simple measurements of
mRNA levels and protein abundance. This is a serious impediment to modelling the effects
of rapamycin inhibition in the mTOR pathway where phosphorylation-based activation and
inhibition play important roles®”®®. Selection of the most relevant tissue is also important in
sourcing the expression genetic instruments. For that reason, we chose morphologically and
functionally distinct tissues: brain and blood, but they provide consistent support for our
main findings. Ideally, eQTL and pQTL results should be compared side-by-side as the
direction of effect reported can differ in up to a third of cases®. We were only able to
triangulate MR evidence derived from eQTL and pQTL instruments in a limited number of
cases — e.g. the consistently protective effect of eukaryotic translation initiation factor 4B
against prostate cancer.

In general, careful consideration and validation of three assumptions is necessary to ensure
validity of all MR analyses’. The relevance assumption, that genetic variants used as
instrumental variables are strongly associated with the exposure of interest®?, was satisfied
by the use of strong instruments (mean F-statistics=539) associated with exposure at
genome-wide significant p-value threshold of 5 x 10 (5 x 10 in a limited number of cases)
and explaining a large percentage of variance in gene expression (mean=4.3%). The second
assumption of exchangeability (association between genetic instrument and outcome is not
affected by any unmeasured confounders) was evaluated by conducting colocalization
comparing eQTL/pQTL signal with outcome GWAS. The exclusion restriction assumption of
no horizontal pleiotropy, ie. no other independent pathways through which the exposure
variant(s) can affect the outcome, cannot be thoroughly tested in our dataset due to use of
single SNPs as instrumental variables’. However, we note that the chosen mTOR exposure
SNPs show strongest evidence of association with the gene’s expression in a phenome-wide
association study (PheWAS) search on OpenGWAS, and we only used cis- variants located in
close proximity to the target gene, which should limit the risk of bias®.
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Studies in model organisms indicate that the timing of administration of rapamycin for
longevity-enhancing benefit may be crucial with effects dependent on intervention start and
duration’”. However, our MR estimates represent life-long consequences of perturbing a
drug target and so they may not depict the magnitude of a drug intervention’s effect but
rather inform us about its presence and direction”. Furthermore, MR estimates cannot
easily distinguish life-time effect from effects obtainable only during critical times of
development, unless multiple exposure measurements are taken across the lifecourse’.

Overall, we find that putatively causal relationships between mTOR and anthropometric or
metabolic outcomes detected by MR triangulate well with external evidence. We find that
mTOR inhibition (as proxied by lower gene expression of the mTOR kinase) results in both
reduced basal metabolic rate and body mass index, and increased odds of type 2 diabetes.
All of these traits have been found to have an inverse association with lifespan in other MR
studies”’®. One caveat of MR analyses, though, is that BMR was not measured directly in
the UK Biobank but estimated based on BMI, age, sex and height so the effect sizes will be
correlated to those of composite traits”’.

Reduction in BMR predisposing to longevity is in agreement with the “rate-of-living” theory
of aging which links higher metabolic rate with oxidative stress, and is supported by RCT
evidence in humans’®. In animal models, mTOR inhibition by rapamycin causes reduction in
BMR>®, concomitant with increased longevity. In longitudinal human cohort studies, higher
BMR has been identified as a risk factor for mortality’>®°. In rats and mice, chronic
rapamycin treatment has been reported to reduce body weight, adiposity and fat cell
number whilst promoting insulin resistance and diabetes-like syndrome®~**
results disagree with evidence from mice in which insulin sensitivity is reversed after even
longer exposure to rapamycin®>. Diabetogenic properties of rapamycin and rapalogs have
long been observed in transplant patients (adjusted hazard ratio of 1.6)" and are supported
by adverse effect monitoring in RCTs*%’.

. However, our

Lower height being causally associated with mTOR inhibition in our study agrees with
evidence from paediatric renal transplant patients in whom rapamycin treatment for 12
months was correlated with decelerated growth rate in a case-control study setting®.
Similarly, data from breast cancer patients are consistent with improved bone mass
following rapamycin treatment since they indicate reduced bone turn-over®*®°. Unlike other
immunosuppressants, rapamycin use in rats was protective against bone loss, mainly
through inhibition of bone resorption®.

One counterintuitive MR result obtained by us is a reduction in age at menopause caused by
genetically-proxied mTOR inhibition. Rapamycin is currently being evaluated for a
favourable effect on reproductive aging in humans in the VIBRANT trial (ClinicalTrials.Gov
NCT05836025) since it was found to increase ovarian lifespan in mice previously®**.
Furthermore, in a prospective cohort study, women with early onset of menopause had a
shorter life expectancy (-3.3 years) relative to healthy women experiencing menopause at a
normal age®.
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A key novelty of our study is that we deliver a bird-eye’s view of the effect of gene
expression change across key players in a well-characterised biological pathway, covering
both upstream and downstream targets of mTOR kinase. Alignment in the direction and size
of causal effect in downstream signalling cascade could in principle be used as a robustness
check against horizontal pleiotropy in our main mTOR results. However, with a complex
network of protein interactions arranged into regulatory feedback loops® complicating
detailed quantitative interpretation, we instead focussed on global evidence of enrichment
of metabolic outcomes: BMI and BMR, helping illuminate the mTOR pathway’s contribution
to polygenic traits.

Rapamycin and mTOR pathway are potentially interesting targets for promoting life
extension in humans, however the risk of side effects (such as T2D) requires caution in any
RCT with rapamycin and its analogs used as intervention. Based on MR evidence, well-
informed off-label chronic use of rapamycin by healthy “biohackers” needs to balance the
potential cost of decreased healthspan relative to benefit of increased longevity. Future MR
studies of the mTOR pathway could be improved by better powered source GWAS and
generation of pQTL resources for more gene targets.
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Figure legends

Figure 1. Key assumptions of Mendelian Randomization and study overview. BMI/ - body
mass index, BMR - basal metabolic rate, BMD - bone mineral density, eQTL - expression
guantitative trait locus, pQTL - protein quantitative trait locus.

Figure 2. 95% confidence interval of the effect of mTOR expression inhibition in the blood
(eQTLgen) and in the brain cortex (MetaBrain) on the odds of belonging to the top 90"
99 percentile with highest longevity. Effect sizes are scaled per 1-SD exchange in
expression.

Figure 3. The effect of mTOR expression inhibition in the blood (eQTLgen) and in the brain
cortex (MetaBrain) on a range on anthropometric outcomes. Effect sizes are scaled per 1-SD
exchange in expression. P-values following FDR (Benjamini-Hochberg) correction are
displayed above the 95% confidence intervals of the point estimate. Posterior probability of
H4 (PPH4, true colocalisation) and alternative posterior probability of H4 colocalisation
values (altPPH4) are also listed in the accompanying table.

Figure 4. The effect of mTOR expression inhibition in the blood (eQTLgen) and in the brain
cortex (MetaBrain) on type 2 diabetes, prostate cancer and cardiovascular outcomes. Effect
sizes are scaled per 1-SD exchange in expression. P-values following FDR (Benjamini-
Hochberg) correction are displayed above the 95% confidence intervals of the point
estimate. Posterior probability of H4 (PPH4, true colocalisation) and alternative posterior
probability of H4 colocalisation values (altPPH4) are also listed in the accompanying table.

Figure 5. A cartoon representing mTOR1 and mTOR2 complexes and simplified network of
their interactions with nutrient sensors and downstream effectors regulating metabolic
processes. Each rectangle represents an individual gene product, and is coloured according
to the availability of molecular QTL instruments for Mendelian Randomization.

corresponds to presence of eQTL instruments below the stringent p- value threshold of 5 x

10 whereas corresponds to relaxed p-value threshold of 5 x 10 Similarly, dark
purple corresponds to presence of pQTL instruments below the stringent p-value threshold

(5x10 ) |n addition to eQTL, whereas corresponds to relaxed p-value threshold

of 5 x 1O Coloured arrows within boxes represent the nominally significant (p-value < 0.05)
predicted genetic effect of expression inhibition of a given gene on basal metabolic rate
and longevity

Supplementary Figure 1. 95% confidence intervals of the effect of gene expression of
nominally significant mTOR pathway genes in the blood (eQTL: eQTLgen, pQTL: ARIC,
deCODE, FENLAND, UKBB) and brain cortex (eQTL: MetaBrain) on the odds of belonging to
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the 99" percentile with highest longevity. Effect sizes are scaled per 1-SD exchange in
expression.

Supplementary Figure 2. 95% confidence intervals of the effect of gene expression of
nominally significant mTOR pathway genes in the blood (eQTL: eQTLgen, pQTL: ARIC,
deCODE, FENLAND, UKBB) and brain cortex (eQTL: MetaBrain) on basal metabolic rate
(BMR). Effect sizes are scaled per 1-SD exchange in expression.

Supplementary Figure 3. 95% confidence intervals of the effect of gene expression of
nominally significant mTOR pathway genes in the blood (eQTL: eQTLgen, pQTL: ARIC,
deCODE, FENLAND, UKBB) and brain cortex (eQTL: MetaBrain) on body mass index (BMI).
Effect sizes are scaled per 1-SD exchange in expression.

Supplementary Figure 4. Distribution of significant (nominal p-value < 0.05) MR results
among 100 replicates of a set of randomly selected genetic instruments from eQTLgen
blood eQTL dataset with basal metabolic rate (BMR) used as outcome: a) set of 48 genetic
instruments; b) set of 7 genetic instruments. The result observed for mTOR pathway gene
set is highlighted with a golden star.

Supplementary Figure 5. Distribution of coloc results among 100 replicates of randomly
selected 48 genetic instruments from eQTLgen blood eQTL dataset with basal metabolic
rate (BMR) used as outcome. Coloc was applied only to nominally significant MR results. a)
number of coloc results with posterior probability (PP) of hypothesis 4 (H4) > 0.6; b) number
of coloc results with alternative posterior probability (PP) of hypothesis 4 (H4) > 0.6.

Supplementary Figure 6. Distribution of significant (nominal p-value < 0.05) MR results
among 100 replicates of a set of randomly selected genetic instruments from eQTLgen
blood eQTL dataset with body mass index (BMI) used as outcome: a) set of 48 genetic
instruments; b) set of 7 genetic instruments. The result observed for MTOR pathway gene
set is highlighted with a golden star.

Supplementary Figure 7. Distribution of coloc results among 100 replicates of randomly
selected 48 genetic instruments from eQTLgen blood eQTL dataset with body mass index
(BMIl) used as outcome. Coloc was applied only to significant MR results. a) number of coloc
results with posterior probability (PP) of hypothesis 4 (H4) > 0.6; b) number of coloc results
with alternative posterior probability (PP) of hypothesis 4 (H4) > 0.6.
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