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Frailty is a clinically relevant phenotype with notable gapsin our
understanding of its etiology. Using the Hospital Frailty Risk Score (HFRS)

to define frailty, we performed a genome-wide association study in FinnGen
(N=500,737), replicated the results in the UK Biobank (V= 407,463) and
performed a meta-analysis. We prioritized genes through colocalization
with expression, splicing and protein quantitative trait loci and proteomics
integration. We identified 53 independent lead variants associated with
frailty (P <5 x1078), of which 45 were novel and not previously reported in the
GWAS Catalog. Replication at the individual variant and polygenic risk score
of the HFRS (P=1.86 x 107°%) levels and meta-analysis largely confirmed the

W Check for updates

findings. Colocalization analysis supported a causal role for several genes,
including CHST9, C6orf106 (ILRUN), KHK, MET, APOE, CGREFI and PPP6C.
Additionally, plasmalevels of MET, CGREF1and APOE were associated with
HFRS. Our results reveal new genetic contributions to frailty and shed light
onits biological basis.

Aging is a highly complex process with substantial heterogeneity in
health trajectories among individuals. Frailty represents a clinically
relevant aging phenotype that gauges health in aging' and predicts
various adverse outcomes independent of chronological age?. Frailty
describes a syndrome of decreased physiological reserves across
multiple homeostatic systems'. Currently, no gold standard exists to
measure frailty; instead, several scales with different properties have
been developed, each capturing partially different at-risk populations®.
Created based on109 weighted International Classification of Diseases,
10th Revision (ICD-10) codes characterizing older adults with high
resource use and diagnoses associated with frailty, the HFRS presents
arelatively new scale to measure frailty*. It has a fair overlap with exist-
ing frailty definitions based on the deficit accumulation (frailty index
(FI)) and phenotypic (frailty phenotype (FP)) models of frailty and has a

moderate agreement with the FI*. While the HFRS uses ICD-10 codes for
administrative ease, enabling the measurement of frailty in real-world
data, the FI° and FP° are rooted in clinical and functional data and are
oftenassessedin cohortstudies. The Flisa multidimensional measure
of frailty, offering a comprehensive view of a person’s overall health’.In
contrast, the FP defines frailty through specific physical characteristics:
weakness, slowness, exhaustion, low physical activity and weight loss®.
While each measure captures distinct aspects of frailty, together they
provide a more complete understanding of the condition.

The etiology of frailty remains incompletely understood. Twin stud-
iesbyusand otherssuggest that frailty, measured using the Fl,isup to 52%
heritable™, withrelatively stable geneticinfluences across age’. Todate,
only two previous large-scale genome-wide association studies (GWASs)
of frailty exist. Atkins et al. performed a meta-analysis GWAS of FI that
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Fig.1|Outline of the study. Discovery GWASs of HFRS and HFRS without
dementia were performed in FinnGen to identify genetic variants associated

with frailty. The significant variants (P < 5 x107®) were then replicated in the

UK Biobank, and a meta-analysis of the FinnGen and UK Biobank results was
performed. The GWAS summary statistics of FinnGen were used to calculate
HFRS-PRSs, which were then assessed for their association with mortality and
hospitalizations in the UK Biobank. Finally, protein association and colocalization
analyses were performed to prioritize genes and identify causal variants.

identified 34 loci and estimated the single nucleotide polymorphism
(SNP) heritability of the Flat 11%". Ye at al. identified 123 loci for FP and
estimated the SNP heritability of the FP at 6%". However, it is likely that
additional genetic signals exist and analyses in other large populations
canshed further light on the genetic underpinnings of frailty.

To date, no previous studies into the genetics of frailty using the
HFRS exist. To this end, we performed a GWAS of the HFRS in FinnGen
(N=500,737), with replication of the results in the UK Biobank
(N=407,463),bothat theindividual variant level and through polygenic
risk scores (PRSs). We also performed a meta-analysis on the results
from both GWASs to capture the totality of the evidence. Given that
dementiahas the highest weight in the HFRS definition, we performed
asensitivity analysis by excluding dementia from the HFRS definition
and similarly replicated the resultsin the UK Biobank and conducted a
meta-analysis on the results. A functional follow-up to identify causal
genetic loci was performed through colocalization analysis™ with
expression, splicing and protein quantitative trait loci (eQTL, sQTL
and pQTL, respectively) and associating measured protein levels with
the HFRS in the UK Biobank (N = up to 42,495).

Results

Sample characteristics

The workflow of the analyses is presented in Fig. 1. In the HFRS GWAS,
we included 500,737 (282,202 females, 56.4%) FinnGen and 407,463
UK Biobank participants (220,208 females, 54.1%). Characteristics of
the study populations are presented in Table 1.

Discovery GWAS of HFRS in FinnGen

Weidentified 1,588 variants associated (P< 5 x 1078) with the HFRS in the
main analysis and 492 variantsin the sensitivity analysis, which removed
the dementia weights from the HFRS (Fig. 2a,b and Supplementary
Tables1and 2). Of these, 53 variants (at 50 loci) and 42 variants (at 42

Table 1| Characteristics of the study samples

Characteristic FinnGen UK Biobank
No. of individuals 519,200 407,463
Age at baseline assessment, 531(17.9) 56.9 (8.0)
mean (s.d.)
Age at end of follow-up/death, 60.8 (18.0) 70.9 (7.9)
mean (s.d.)
Sex, n (%)
Women 292,784 (56.4) 220,208 (54.1)
Men 226,416 (43.6) 187,255 (45.9)
BMI (kg/m?), mean (s.d.) 27.35(5.53) 27.41(4.76)
Missing, n (%) 142,454 (27.4) 1273 (0.3)
Smoking, n (%)
Nonsmoker 156,355 (50.9) 221,770 (54.6)
Former smoker 70,317 (22.9) 143,384 (35.3)
Current smoker 80,736 (26.2) 41,09 (10.1)
Missing 211,792 1,380
HFRS, median (IQR) 5.2 (1.6-10.4) 1.5 (0-5)
Women, median (IQR) 5.3 (1.6-10.5) 1.5(0-4.7)
Men, median (IQR) 5.0 (1.5-10.3) 1.5 (0-5.4)
HFRS categories, n (%)
Low risk (<5) 241,656 (48.4) 304,555 (74.7)
Intermediate risk (5-15) 188,147 (37.8) 74,386 (18.2)
High risk (>15) 65,925 (13.2) 28,702 (7.0)
HFRS>5, n (%) 254,874 (51.0) 101,326 (24.9)
HFRS >5 before age 65, n (%) 95,410 (18.4) 33,485 (8.2)
Died during follow-up, n (%) 62,764 (12.1) 36,795 (9.0)
Number of hospitalizations, 8 (4-17) 1(0-3)

median (IQR)

FinnGen participant characteristics are presented for the sample with non-missing data on
the HFRS (N=519,200). IQR, interquartile range.

loci) were identified as independent lead variants (r* < 0.01) for the
HFRS and HFRS without dementia, respectively. As dementia diagnosis
has the highest weight in the HFRS formula, the most influential peak
expectedly resided in the APOE (rs7412) region on chromosome 19
(Fig. 2a). Sensitivity analysis confirmed the expected loss of the APOE
peak (Fig. 2b). Of theindependent lead variants associated with HFRS
and HFRS without dementia, 45/53 and 36/42, respectively, were novel
withrespect tothe GWAS Catalog and previously reported GWAS results
of the FI'°, FP" and mvAge® (Fig. 3aand Supplementary Tables 1and 2).
The variants mapped to 41 (HFRS) and 30 (HFRS without dementia)
genes of which 6 and 3, respectively, were novel, that is, previously
unreported for any trait at P<5x 1078, The results also demonstrated
unique, non-shared associations inboth analyses (Fig.3b and Supple-
mentary Tables 1and 2). Supplementary Table 3 presents the shared
and unique genes between the HFRS, Fland FP GWASs.

Replication in the UK Biobank and meta-analysis

For HFRS, 1,262/1,588 variants were available for replication and
meta-analysis. Inthe UK Biobank, 73 variants (6%) replicatedatP< 5x 1078
and 688 (55%) at P< 0.05, while in the meta-analysis, 357 variants (28%)
replicated at P<5x10®and 1,260 (100%) at P< 0.05 (Supplementary
Table 1). Of the 53 lead variants, 36 were available; 2 lead variants (6%)
replicatedat P<5x10and 14 (39%) at P < 0.05 in the UK Biobank, while 6
(17%) replicated at P< 5 x 108 and 35 (97%) at P < 0.05 in the meta-analysis
(Supplementary Table1). For HFRS without dementia, 435/492 variants
were available for replication and meta-analysis. In the UK Biobank, 21
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Fig.2| GWAS results in FinnGen. a,b, Manhattan plots for the associations with HFRS (a) and HFRS excluding dementia (b) in FinnGen using linear mixed-effects
modeling adjusted for birth year, sex and the first ten PCs. The dashed lines indicate the genome-wide significance threshold (P =5 x 107%). The annotations represent

theindependent lead variants associated with frailty.

variants (5%) replicated at P< 5 x 10 and 118 (27%) at P < 0.05, while in
the meta-analysis, 50 variants (11%) replicated at P< 5 x10~® and 435
(100%) at P< 0.05 (Supplementary Table 1). Of the 42 lead variants, 26
were available; 1lead variant (4%) replicated at P< 5x 10 and 10 (38%)
at P<0.05inthe UK Biobank, while 4 (17%) replicated at P< 5 x 108 and
26 (100%) at P< 0.05 in the meta-analysis (Supplementary Table 2).
The effect direction was consistent for all variants that replicated at
P<5x10"%in the meta-analysis (Supplementary Tables1and 2).

Genetic correlation and heritability

We observed alambdagenomic control value of 1.27 with anintercept of
1.19(s.e. = 0.011) for HFRS and 1.11 with anintercept of 1.23 (s.e. = 0.010)
for HFRS without dementia (QQ plots provided in Extended Data Fig.1).
Despite the relatively high lambda values, the intercepts suggest that
the inflation in test statistics was mainly due to polygenicity, rather
than bias due to population stratification. The SNP heritability was
0.06 (s.e.=0.002) for HFRS and 0.04 (s.e. = 0.002) for HFRS without
dementia. Statistically significant and positive genetic correlations
(P<2.2x107%) were observed between HFRS and previous GWASs on
frailty and mvAge (Fig. 3¢).

Cell-type and pathway enrichment

For HFRS, the top (P <3.7 x107°, corrected for multiple testing) cell
typesenriched for expression were limbic systemneuronsin cerebrum,
excitatory neurons (Ex6) in visual cortex, oligodendrocyte precursor
cells (OPCs) incerebellar hemisphere and oligodendrocytes in cerebel-
lum (Extended Data Fig.2 and Supplementary Table 4). For HFRS with-
out dementia, the top cell types were OPCs and astrocytes in cerebellar
hemisphere, skeletal muscle satellite cells inmuscle and endocrine cells

instromal cells in stomach (Extended Data Fig. 3 and Supplementary
Table 5). Enrichr' pathway analysis (adjusted P < 0.05) showed that the
top pathways for the HFRS signals were relevant to the nervous system
functions (herpes simplexvirus linfection, netrin-mediated repulsion
signals), celladhesion and lipid metabolism (Supplementary Table 6).
Comparison of the pathways from the HFRS, Fland FP GWASs revealed
overlap inherpessimplex viruslinfectionand cell adhesion molecules
between HFRS and FI, and in multiple pathways related to lipid and
lipoprotein metabolism, cellular interactions and adhesion between
HFRS and FP (Supplementary Table 6). Each GWAS also had distinct
pathwaysnot shared withthe others (Supplementary Table 6). For HFRS
without dementia, several functions related to cell cycle were enriched
atP<0.05, although none of the pathways were statistically significant
after correction for multiple testing (Supplementary Table 7).

Exploring causal variants through proteomics integration
Toidentify potentially causal and functional variants (that is, missense,
spliceregion, loss of functionand 5’ and 3’ untranslated region variants
associated with the HFRS and HFRS without dementiaat P<5x107;
Supplementary Tables 8 and 9), we associated the protein levels of
the corresponding genes to HFRS (13 proteins available in UK Biobank
Olink platform) and HFRS without dementia (8 proteins available in
UK Biobank Olink platform). We adjusted the models for birth year,
sex and the first ten principal components (PCs; model 1), as well as
batch, baseline assessment center, body mass index (BMI) and smok-
ing (model 2). Significantly associated proteins at a false discovery
rate (FDR) < 0.05 in both models1and 2 were CGREF1, MET, ALDH2,
NECTIN2, APOC1, APOE and FOSB for HFRS, and CDK and POF1B for
HFRS without dementia (Fig. 4 and Supplementary Table 10).
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full HFRS and the HFRS without dementia in FinnGen and those reported in the
literature. ¢, Genetic correlations between HFRS in FinnGen and other frailty-
related traits estimated using linkage disequilibrium score regression. All the
correlations were statistically significantat P<2.2 x 107,

Colocalization analysis

Severalgeneloci, such as CHST9, C6orf106 (ILRUN), KHK, MET, CGREF1
and PPP6C had shared causal variants (posterior probability for H4
(PP.H4) > 80%) ineQTL and/or sQTL for HFRS. Several colocalized (PP.
H4 >80%) eQTL and/or sQTL loci were also identified for HFRS with-
out dementia, including CHST9, CGREF1, PPP6C, ADARBI and PSMB?7.
The full eQTL and sQTL colocalization results for the HFRS and HFRS
without dementia are presented in Supplementary Tables 11 and 12,
and the colocalization results with a PP.H4 > 80% are summarized by
tissue for each gene in Extended Data Fig. 4. In the pQTL analysis, of
those genes that had a protein measurement available (that s, the pro-
tein was detectablein plasma), atotal of 20 locifor HFRS and 9 loci for
HFRS without dementia had enough power for the analyses (PP > 88%;
Methods). Of them, a colocalized signal (that is, shared single causal
variant, PP.H4 > 80%; Methods) was detected within APOE and BRAP
genes for HFRS (Supplementary Table 13), whereas no colocalized sig-
nal with pQTL was detected within genes for HFRS without dementia.
For most of the tested genes, the PP.H3 values were greater than or
closeto90%, indicative of distinct causal variants for protein levels and
HFRS (Supplementary Tables 13 and 14). Regional association plots of
the APOE gene demonstrated that the strongest signal peak rs429358
and variants in high linkage disequilibrium with it fall in the vicinity
(Extended Data Fig. 5).

HFRS-PRS analyses in the UK Biobank

The PRSs for HFRS (HFRS-PRSs) were statistically significantly asso-
ciated with the HFRS in the UK Biobank (8= 0.074 per s.d. increase;
P=1.86 x107°?) after adjusting for birth year, sex and the first ten
PCs (Fig. 5a). Next, using similar adjustments, we analyzed whether

the HFRS-PRSs could predict early-onset frailty in the UK Biobank
(thatis, HFRS > 5 before age 65) and observed an odds ratio of 1.25
(P=2.0 x107*%;Fig.5b). We further examined whether the HFRS-PRSs
could predict all-cause mortality and number of hospitalizations
and found statistically significant associations with both outcomes
(Fig. 5c,d). The estimates of the HFRS-PRSs were similar in men and
women compared to the full sample, and also consistent for the
HFRS-PRsS excluding dementia (Fig. 5a-d). Numeric estimates for all
the HFRS-PRS analyses are presented in Supplementary Table 15. Lastly,
we found that adding the HFRS-PRSs to a model with age, sex and the
first ten PCs significantly improved model performance on mortality
and hospitalizations, as assessed by likelihood-ratio and F-test statistics
(Supplementary Table 16).

Prediction of mortality using HFRS

To assess the validity of HFRS in predicting mortality, we examined its
association with all-cause mortality and found that higher HFRSs, both
with and without dementia, were associated with mortality in FinnGen
(hazardratio1.29 for both HFRS and without dementia) and UK Biobank
(hazard ratio 1.48 for both HFRS without dementia), independent of
age, birth year and sex (Supplementary Table 17).

Discussion

Our study represents a large GWAS of frailty using the HFRS. We
identified 1,588 associated variants and 53 lead variants, of which 45
were novel, and not previously reported for any trait. The lead vari-
ants mapped to 41 genes, of which 6 were novel. Replication in the
UK Biobank and subsequent meta-analysis showed that 28% of all
variants and 17% of lead variants replicated at P< 5 x 1078, while 100%
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confidenceintervals.

of all variants and 97% of lead variants replicated at P< 0.05 in the
meta-analysis. Colocalization analysis identified several causal can-
didate genes, including CHST9, Céorf106 (ILRUN), KHK, MET, APOE,
CGREF1 and PPP6C. Additionally, plasma levels of MET, CGREF1 and
APOE were associated with HFRS, further supporting their roles in
frailty. We also derived PRSs for HFRS and showed that they pre-
dict frailty, early-onset frailty, mortality and hospitalizations in the
UK Biobank.

The strongest GWAS signals were observed in the TOMM40/APOE
/APOCI1/NECTIN2locus on19q13.3,alocusinstrong linkage disequilib-
rium and known for its associations with cognitive” and cardiometa-
bolic™ traits. We observed the strongest signal for the missense variant
rs429358 (388 T > C) that, together with rs7412, defines the APOE €2,
€3 and €4 haplotypes. The rs7412 was, however, not associated with
frailty in our study. A similar finding has been observed for longitudinal
weight loss—a feature that also characterizes frailty—where rs429358
increased the risk, while rs7412 did not”. Our sensitivity analysis, which
removed dementia from the HFRS, truncated the chromosome 19
peak as expected and revealed additional loci. The HFRS lead variants
mapped to 42 genes, 7 of which were shared with HFRS without demen-
tia, while 31 genes were uniquely mapped in HFRS without dementia.
Theuniquelead variant associations for both HFRS and HFRS without
dementiaare plausible, asdementia had the highest individual weight
inthe HFRS definition, and for highly polygenic traits like frailty, even
small differencesin phenotype definitions caninfluence which variants
reach genome-wide significance. Genetic correlation between HFRS
and HFRS without dementia was nevertheless almost perfect (0.98),
indicating the same underlying genetic construct.

Thegenestowhich the45novellead variants for the HFRS mapped
include Cé6orf106 (ILRUN) and CHST9, both of which also displayed
colocalized signals with eQTL across different tissues, supporting their
potential causal roles. C6orf106 (ILRUN) is aregulator of inflammation
and lipid metabolism'®, while CHST9 encodes an enzyme essential for
cell-cellinteractions and signal transduction'. Notably, several CHST9
variants were also associated with HFRS without dementia and simi-
larly exhibited colocalization with eQTL. CGREF1, agene linked to cell

cycleregulation and adhesion®, and PPP6C, agene involved in nuclear
factor-kB pathway regulation”, showed the same sQTL-colocalized
gene-tissue pairs for HFRS and HFRS without dementia, supporting
their functional roles in frailty, irrespective of the HFRS definition.
While Cé6orf106 (ILRUN), CHST9, CGREF1 and PPP6C are functionally
diverse, they collectively linkimmunoinflammatory modulation, cel-
lularinteractions and adhesionto frailty. Specific to HFRS, we addition-
ally identified multiple colocalized signals in KHK and MET, while for
HFRS without dementia, we identified additional colocalized signals
inADARBI and PSMB?. Aside from afew links to blood pressure, plasma
lipids or BMIin the GWAS Catalog, CHST9, CGREFI1, PPP6C, KHK, MET,
ADARBI and PSMB?7 have no prior GWAS associations with the HFRS
conditions, suggesting that HFRS, as a composite measure, can offer
insights into frailty beyond its individual components.

Proteomics integration showed that CGREF1, NECTIN2, MET and
APOC1 were associated with the HFRS with the largest effect sizes;
elevated levels of the first two and lower levels of the latter two were
associated with higher HFRS scores. Previous studies have linked
elevated circulating NECTIN2 levels to Alzheimer’s disease risk** and
low APOCl levels to cognitive decline and frailty, as defined using the
FP?’, whichlikely explains their associations with the HFRS. In contrast,
no prior studies have linked plasma CGREF1 or MET to frailty or HFRS
conditions, highlighting a novel association. Additionally, as CGREF1
and MET exhibited eQTL-colocalized and/or sQTL-colocalized signals
across multiple tissues, their protein-level associations further support
their biological relevance in frailty.

We estimated the SNP heritability of HFRS at 6%, an estimate in
the same range as previously reported for the FI (11%)"° and FP (6%)".
Genetic correlations between HFRS, Fland FP were moderate, ranging
from 0.54 to 0.63, while gene-level overlap was limited: two shared
genes between HFRS and Fland eight between HFRS and FP. The limited
gene-level overlap is likely a result of frailty being a highly polygenic
trait, where genome-wide significant variants represent only a frac-
tion of the total genetic signal. Genetic correlation, in turn, reflects
the combined influence of numerous variants, including those that
do not reach the genome-wide significance threshold, but still make
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e HFRS w/o dementia
included birth year, birth region, sex and the first ten PCs as covariates. The bars

indicate 95% confidence intervals of the beta coefficients, odds ratios (ORs) and
hazard ratios (HRs).

a substantial overall contribution to the trait. Moreover, it has been
shown that different frailty scales identify only partially overlapping
groups ofindividuals as frail***, suggesting that these scales may cap-
ture somewhat distinct constructs. In our previous study”, we assessed
the phenotypic correlation between HFRS and Flat 0.21and HFRS and
FP at 0.31in the UK Biobank participants, indicating somewhat lower
phenotypic correlations compared to their genotypic counterparts.
A possible explanation s that, because most UK Biobank participants
arestill relatively young, frailty may not yet be fully expressed, leading
to many values being 0 and thereby diluting the phenotypic correla-
tions. Additionally, environmental factors, such as physical activity,
may directly influence phenotypic frailty, but might not affect the
multidimensional Fl or HFRS to the same extent, leading to reduced
phenotypic correlations. The overall low prevalence of frailty inthe UK
Biobank participants may also have contributed to the low gene-level
overlap between FI, FP and HFRS because both the FI'* and FP" GWASs
included UK Biobank participants. For the same reason, the overall
lower HFRS scores in the UK Biobank and differences in the propor-
tions of individuals with certain HFRS conditions between FinnGen
and the UK Biobank may have also affected the replication results,
potentially leading to underestimated effect sizes in the UK Biobank
and the overlooking of some true associations.

Cell-type enrichmentindicated enriched expression of the genes
associated with the signals in various neuronal cells, such as limbic
system neurons, excitatory neurons, OPCs and oligodendrocytes
located in the cerebrum, visual cortex, cerebellar hemisphere and
cerebellum, respectively. Enrichment of OPCs (cerebellar hemisphere)
persisted even after removing the contribution of dementia diagno-
ses from the HFRS. Expression enrichment in brain tissues was like-
wise observed the GWAS of FI'°, which identified frontal cortex BA9,
cerebellar hemisphere, spinal cord cervical C1 and hippocampus as
statistically significant. The GWAS on FP" also identified the genetic
signals enrichedinbrain tissues, such as cerebellar hemisphere, frontal
cortex BA9 and cerebellum. It is noteworthy that neither Fl nor FP in

these GWASs included any items of cognition or dementia diagnosis
inthe frailty definition. Our findings thus reinforce the role of central
nervous system functionsin frailty, regardless of the frailty definition.

Our pathway analyses highlighted Herpes simplex virus 1infec-
tion and various cell adhesion and lipid/lipoprotein metabolism path-
ways relevant to the signals. The first two pathways overlapped with
the Fl pathways, while lipid metabolism processes were shared with
the FP pathways. However, several pathways were unique to each frailty
measure: Flwas enriched forimmunoinflammatory functions, while FP
included cardiacand membrane transport processes. These differences
likely stem from the varying components of each frailty measure. The
HFRS, whichincludes109 conditions capturingboth multisystem decline
and core physiological senescence, showed enrichment in fundamen-
tal processes like cell adhesion and lipoprotein metabolism. The Fl,
alsoreflecting multisystem decline, appears particularly influenced by
immunoinflammatory factors, as seenalsoin previous associations with
GlycA*, amarker of systemicinflammation, including studies supporting
acausallink?”. Many Fl-related conditions, such as cardiovascular disease
and diabetes, also have inflammatory components, potentially explain-
ingthe connection. The FP, whichmostly focuses on physical frailty, was
enriched for cardiac function and membrane transport pathways, both
essential for muscle activity, ion flux regulation and nutrient uptake.

To assess the usefulness of the HFRS in our samples, we showed
that it predicts mortality independent of sex and birth year and per-
forms equally well even when dementia is excluded. Similarly, the
HFRS-PRSs, also when dementia was removed, associated with the risk
of frailty, early-onset frailty, mortality and hospitalizations. As frailty
manifests relatively late in life for most individuals, risk assessment
through PRSs may offer possibilities for early intervention to mitigate
frailty before it escalates. Future studies are needed to ascertain the
clinical utility of such approaches.

Our definition of frailty was based on clinical diagnoses in regis-
ter data; such an approach has both advantages and disadvantages.
Anotableadvantageis thatin Finland and the United Kingdom, public
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healthcare is primarily tax-funded, and each citizen has equal access.
Issues pertinent to self-reported data, such as recall bias and missing
information were also avoided. On the other hand, some conditions
may be underreported in the registers, while others may have a lag
from the onset of symptoms to assigning the diagnosis. We also note
that the genetic associations were weaker in the UK Biobank com-
pared to FinnGen, a finding likely explained by healthy selection due
to volunteer-based participation in the UK Biobank®® compared to
FinnGen, which consists of national cohorts and biobank samples of
hospitalized individuals. Also pertinent to all GWASs, the discovery
samples tend to have stronger association statistics compared to
replication, aphenomenon known as the winner’s curse.

In conclusion, we provide a large GWAS on HFRS and reveal new
genetic contributions and causal candidate genes. Overall, the results
reinforce previous findings that immunoinflammatory and nervous
system functions are relevant to the etiology of frailty, regardless
of how frailty is defined. Future studies should thus explore the role
of these functions in the development of frailty, including cognitive
frailty, to better understand the etiology of frailty.

Methods

This work complies with all relevant ethical regulations. A full list of
the ethicsboards thatapproved the study protocolsis provided at the
end of this section.

Samples
FinnGen is a large national genetic resource (N =520,210; release 12)
established in2017 and consists of Finnish individuals, aged 18 years and
olderatstudy baseline”. FinnGenincludes prospective epidemiological
and disease-based cohorts, as well as hospital biobank samples. Informa-
tion on diagnoses since 1969 was linked by the unique national personal
identification number to national healthcare, population and cause of
deathregistriesand recorded using the ICD Revisions 8-10. Information
on dates and causes of death were obtained via linkages to the popula-
tion and cause of death registers through 30 September 2023 (R12 v1).
After excluding individuals with missing information on baseline age,
birthyear and sex, and samples not passing genotyping quality control
(see below), we included 500,737 FinnGen participantsin this study.
The UK Biobankincludes 502,642 volunteer participants, aged 37
to 73 years old at baseline, recruited through 22 assessment centers
across England, Scotland and Wales between 2006 and 2010 (ref. 30).
The participants provided self-reported information on demograph-
ics, lifestyle and disease history via questionnaire and underwent
physiological measurements, including providing ablood sample for
genetics data. Hospital inpatient data were sourced from the Hospital
Episode Statistics for England, Scottish Morbidity Record and Patient
Episode Database for Wales, which contain electronic medical records
(thatis, ICD-10 codes) for all hospital admissions in England, Scotland
and Wales, respectively. The hospital inpatient data were available
through 31 October 2022 for England, 31 August 2022 for Scotland
and 31 May 2022 for Wales. Death register data contained all deaths
inthe population through 30 November 2022, including primary and
contributory causes of death. Participants in both UK Biobank and
FinnGen have not received compensation for their participation.

Assessment of frailty

The HFRS was calculated according to a previously described protocol*
based on109 weighted ICD-10 codes. The codes were selected through
a data-driven approach to include codes that were most prevalent in
individuals with frailty and high healthcare resource use®. Each code
was assigned with aweight ranging from 0.1to 7.1, based onits associa-
tion with frailty and predictive value for frailty-related outcomes*. The
weights of all relevant ICD-10 codes presentin anindividual’s records
were then extracted and summed to calculate the HFRS score. The
conditions, their respective weights and proportion of individuals

with each condition in FinnGen and the UK Biobank are listed in Sup-
plementary Table 18. The HFRS was used as a continuous variable in
the GWAS. We also categorized the HFRS into low (<5), intermediate
(5-15) and high (>15) risk of frailty as previously described* and used
the cutoff points to describe frailty in our study populations. In the
main analysis, we included all available ICD-10 codes for each person
from age 30 years to the age at the end of follow-up to calculate the
HFRS. As dementia diagnoses have the highest weight in the HFRS,
we also calculated the HFRS by excluding dementia weights from the
formula and performed sensitivity analyses on all analyses using the
HFRS without dementia.

Genotyping and imputation

Genotyping in FinnGen was performed in Illumina and custom Axi-
omGT1Affymetrix (Thermo Fisher Scientific) genome-wide arrays and
imputed to 16,387,711 (imputation INFO score > 0.6) variants using a
population-specific SISuv.3 imputation reference panel as previously
described®. Individuals with ambiguous sex and non-Finnish ancestry
were excluded. UK Biobank samples (v3 genotyping release) were
genotyped on custom Affymetrix microarrays and imputed using the
1000 Genomes and the Haplotype Reference Consortium reference
panelsto~93 million variants®. Participants were excluded if they were
flagged as having unusually high heterozygosity or missing genotype
calls (<5%). Our analysis was restricted to participants with European
descentand white British ancestry (V=407,463). Detailed procedures
ongenotype calling, quality controls and imputation have been previ-
ously described for FinnGen?” and the UK Biobank™.

Statistics and reproducibility

No statistical method was used to predetermine sample size, as the
UK Biobank and FinnGen cohorts are sufficiently large and can be
anticipated to provide adequate statistical power for the planned
analyses. We have sought to include all samples after exclusion based
only onincomplete data, such as sex, birth year and genotype qual-
ity control as called by the respective cohorts. In the case of the UK
Biobank, non-European descent and non-white British ancestry partici-
pants were excluded to facilitate the comparison to the homogeneous
FinnGen Finnish populations. Our study did not involve randomiza-
tion/allocation into experimental groups, as it was an observational,
hypothesis-free GWAS treating the HFRS as a continuous outcome.
Therefore, no experimental manipulation or group assignment was
performed. In a hypothesis-free GWAS, blinding is not possible/nec-
essary as the analysis is fully automated and applies standardized
statistical tests uniformly across the genome. Data distribution was
assumed to be normal, but this was not formally tested.

Discovery GWAS, replication and meta-analysis

The analytical pipeline for GWAS and post-GWAS analyses is presented
inFig.1. Wefirst performed GWASs of HFRS and HFRS without dementia
in FinnGen using the SAIGE™ (v.0.35.8.8) software, which uses linear
mixed-effects modeling to account for genetic relatedness and con-
founding by ancestry®*. We included variants (N = 21,294,561) with
minor allele frequency > 0.01%, Hardy-Weinberg Pvalue >1x10~° and
imputation INFO score > 0.9. The models were adjusted for birth year,
sexand the first ten PCs. The genome-wide significance level was set to
5x 1078, The total number of genes to which the variants were mapped
was determined by extracting variants with a P< 5x107%, followed by
variant mapping and annotation using the Variant Effect Predictor®in
the standard FinnGen GWAS annotation pipeline”. Independent lead
variants were identified using the R package gwasRtools**. We used a
distance-based loci definition on the genome-wide significant vari-
ants (that is, 500 kb from index variant) to estimate the independent
genomic loci. Independent lead variants were identified by linkage
disequilibrium clumping and defined as those that wereindependent
fromeach otheratr?<0.01.
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To replicate the findings at the variant level, we performed both
HFRS GWASs in the UK Biobank. To account for the related samplesin
the UK Biobank, we applied amixed linear model-based GWAS analysis
(‘fastGWA")¥, which is an efficient method to control for relatedness
by asparse geneticrelationship matrix, without the need of excluding
related individuals. The models were adjusted for birth year, sex, geno-
typing array and the first ten PCs. Finally, to capture the totality of the
evidence, we conducted a meta-analysis on the results from FinnGen
and the UK Biobank using METAL?®, A fixed-effect meta-analysis was
performed using the default approach, with P value and direction of
effect weighted according to sample size, and with adjustment for
genomic control (lambda). Using the NHGRI-EBI GWAS Catalog® fil-
tered for P< 5 x107® and results of previous GWASs into frailty (using
the FP" and FI'° to measure frailty) and mvAge®, a genomic structural
equation modeling-derived composite construct of healthspan, paren-
tallifespan, extreme longevity, frailty and epigenetic aging, we assessed
the number of novel and previously unreported associations relative
to the FinnGen results.

Genetic correlation and heritability

Using linkage disequilibrium score regression*° (v1.0.1) and linkage
disequilibrium merged with the HapMap3 reference panel of ~1.1 mil-
lion variants, we estimated (1) the potential bias from, for example,
population stratification and cryptic heritability in the GWAS results,
(2) heritability of HFRS and (3) genetic correlations between HFRS
and previous GWASs of FI'°, FP" and mvAge". As the FIGWAS"’ used an
opposite effect allele compared to the standard FinnGen workflow, we
inverted the genetic correlation coefficient to prevent an artifactual
negative correlation and facilitate interpretation.

Functional annotation: cell-type and pathway enrichment

To explore tissue and cell-type specificity of the annotated genes
underlying HFRS, we applied WebCSEA, a web platform to derive
context-specific expression patterns of genes underlying com-
plex traits, encompassing the Human Cell Atlas and single-cell data
resources**?, Enrichr pathway analysis' based on KEGG* and Reac-
tome*’ resources was applied to explore enriched pathways of the
identified genes (GWAS P <5 x1078). To effectively compare the
enriched pathways of the HFRS with those of the Fl and FP GWASs,
we extracted all genome-wide significant variants from these GWASs
and performed KEGG and Reactome pathway analyses using the same
(default) settings.

Proteomics integration

To prioritize genes and identify potentially functional and causal vari-
ants, we narrowed down the association signals to a smaller number
of missense, splice region, loss of function and 5’ and 3’ untranslated
region variants (the two last mentioned potentially affecting transcript
stability, localization and signal response), identified from the Variant
Effect Predictor pipeline®, that were associated with the HFRS at a
slightly more relaxed threshold (P < 5 x107). Using the Olink proteom-
ics data, we then examined if the protein levels of the variants (at a
gene-level resolution) were associated with HFRS in the UK Biobank.
Details of the UK Biobank Olink proteomics assay, quality-control and
data processing procedures have been described elsewhere®. Briefly,
54,239 UK Biobank participants were selected for the proteomics profil-
ing using EDTA plasma samples collected at the baseline assessment.
Of the 54,239 samples, 46,595 were randomly selected, while 6,376
were chosen by UKB-PPP consortium members and 1,268 were from
participants in the coronavirus disease 2019 repeat imaging study,
resultingin asample that was predominantly, but not entirely, random.
Atotal of 2,923 proteins were measured across 8 protein panels using
the antibody-based Olink Explore 3072 platform. Protein levels were
measured in Normalized Protein eXpression values, which represent
the relative concentration of proteins on alog, scale. All the protein

levelswere scaled tomean = 0 and s.d. = 1before the association testing.
Linear regression models were then performed to assess the associa-
tions between the proteins that were available in the Olink platform
and HFRS, adjusting for (i) birth year, sex and the first ten PCs and (ii)
batch, baseline assessment centers, BMIand smoking. We considered
anFDR < 0.05 as statistically significant in the proteomics analysis.

Colocalization analyses

To further prioritize the genes and identify causal variants, we per-
formed a Bayesian-based colocalization analysis with eQTL, sQTL
and pQTL, using a flanking window of 1 Mb and default parameters for
prior probabilities’. The analysis assumes that only one causal vari-
ant exists for each trait in a genomic locus and returns PPs indicating
the likelihood that the following hypotheses (H) are true: there is no
association at the locus with either expression/splicing/protein level
or HFRS (HO); there is an association with expression/splicing/protein
level but not HFRS (H1); there is no association with expression/splic-
ing/protein level, but there is an association with HFRS (H2); there is
anassociation with both expression/splicing/proteinlevel and HFRS,
butwithdistinct causal variants (H3); thereisan association withboth
expression/splicing/proteinlevel and HFRS with ashared causal variant
(H4). We considered the analysis having enough power if the sum PPs
had a distinct or shared causal variant exceeded 88%. A colocalized
signal was detected if the PP of a shared causal variant (H4) existence
was greater than 80%. The GTEx database** (v8) was interrogated for
eQTL and sQTL, while the UK Biobank Pharma Proteomics Project®
was used for pQTL.

PRS analyses

Using the GWAS summary statistics from FinnGen, we calculated the
PRSs for HFRS in the UK Biobank by applying PRSs with continuous
shrinkage*™*¢ and using the European panel from the 1000 Genomes**
linkage disequilibrium reference, where ~1.1 million variants were
selected. Usinglinear regression, we fitted alinear model to assess how
the HFRS-PRSs associate with the HFRS score. HFRS was considered
asastandardized z-score inthe linear regressions. We also performed
logistic regressions to assess the associations of the HFRS-PRSs with
early-onset frailty, defined as HFRS > 5before age 65. Age 65 was chosen
as the cutoff as it is commonly used to distinguish ‘young’ from ‘old’
in statistical and policy contexts. Our previous work also identified
age 65 as the optimal threshold for distinguishing between early-life
and late-life frailty*’. The PRS was modeled per standard deviation
change, and all the models included birth year, sex and the first ten
PCs as covariates.

Lastly, as frailty manifests in late life for most individuals, we asked
whether the HFRS-PRSs could be used in early risk stratification toiden-
tify individuals at risk of adverse outcomes. To this end, Cox models
with attained age as the timescale and linear regression models were
fitted to assess whether the HFRS-PRSs predict all-cause mortality
and number of hospitalizations, respectively. The added value of the
HFRS-PRSs beyond age and sex inthe prediction was assessed using the
F-test for linear regressions and likelihood-ratio test for Cox models.
The number of hospitalizations was scaled toamean=0and s.d.=1
before modeling.

Prediction of mortality using HFRS

Coxmodelswithattained age asthe timescale, which inherently adjusts
for age, were fitted to assess the association between HFRS, HFRS with-
out dementia and all-cause mortality in FinnGen and the UK Biobank.
Two models were fitted for each HFRS definition: one adjusting for sex
and birth year, and one without adjustments.

Ethics statements of FinnGen and UK Biobank
FinnGen. Patients and control participants in FinnGen provided
informed consent for biobank research, based on the Finnish Biobank
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Act. Alternatively, separate research cohorts, collected before the
Finnish Biobank Act came into effect (in September 2013) and the
start of FinnGen (August 2017), were collected based on study-specific
consents and later transferred to the Finnish biobanks after approval
by the Finnish Medicines Agency, the National Supervisory Authority
for Welfare and Health. Recruitment protocols followed the biobank
protocols approved by the Finnish Medicines Agency. The Coordinat-
ing Ethics Committee of the Hospital District of Helsinki and Uusimaa
(HUS) statement number for the FinnGen study is HUS/990/2017.
The FinnGen study is approved by Finnish Institute for Health and
Welfare (permit nos. THL/2031/6.02.00/2017, THL/1101/5.05.00/2017,
THL/341/6.02.00/2018, THL/2222/6.02.00/2018, THL/283/6.02.00/
2019, THL/1721/5.05.00/2019 and THL/1524/5.05.00/2020), Digital
and population data service agency (permit nos. VRK43431/2017-
3, VRK/6909/2018-3 and VRK/4415/2019-3), the Social Insurance
Institution (permit nos. KELA 58/522/2017, KELA 131/522/2018, KELA
70/522/2019, KELA 98/522/2019, KELA 134/522/2019, KELA 138/
522/2019, KELA 2/522/2020 and KELA 16/522/2020), Findata (permit
nos. THL/2364/14.02/2020, THL/4055/14.06.00/2020, THL/3433/
14.06.00/2020, THL/4432/14.06/2020, THL/5189/14.06/2020,
THL/5894/14.06.00/2020, THL/6619/14.06.00/2020, THL/209/
14.06.00/2021, THL/688/14.06.00/2021, THL/1284/14.06.00/2021,
THL/1965/14.06.00/2021, THL/5546/14.02.00/2020, THL/2658/
14.06.00/2021 and THL/4235/14.06.00/202), Statistics Finland (per-
mit nos. TK-53-1041-17, TK/143/07.03.00/2020 (earlier TK-53-90-20),
TK/1735/07.03.00/2021 and TK/3112/07.03.00/2021) and Finnish Reg-
istry for Kidney Diseases permission/extract from the meeting minutes
on4July 2019.

The Biobank Access Decisions for FinnGen samples and data
utilized in FinnGen Data Freeze 9 include: THL Biobank BB2017_55,
BB2017 111, BB2018_19, BB 2018 34, BB_2018 67,BB2018_71,BB2019 7,
BB2019 8, BB2019 26, BB2020 1, Finnish Red Cross Blood Service
Biobank 7.12.2017, Helsinki Biobank HUS/359/2017, HUS/248/2020,
Auria Biobank AB17-5154 and amendment no.1(17 August 2020), AB20-
5926 and amendment no. 1 (23 April 2020) and it’s modification (22
September 2021), Biobank Borealis of Northern Finland_2017_1013,
Biobank of Eastern Finland 1186/2018 and amendment 22 § /2020,
Finnish Clinical Biobank Tampere MHO004 and amendments (21 Feb-
ruary 2020 and 06 October 2020), Central Finland Biobank 1-2017, and
Terveystalo Biobank STB 2018001 and amendment 25 August 2020.

UK Biobank. The UK Biobank study was approved by the North West
Multi-centre Research Ethics Committee (approval no.11/NW/03820).
All participants provided writteninformed consent for data collection,
analysisand record linkage. We have also obtained ethical approval for
the use of UK Biobank data in Sweden (2016/1888-31/1).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Individual-level data cannot be stored in public repositories or oth-
erwise made publicly available due to ethical and data protection
restrictions. However, data are available uponrequest for researchers
who meet the criteria for access to confidential data. Data from the
UK Biobank are available to bonafide researchers upon application at
https://www.ukbiobank.ac.uk/enable-your-research/. The following
UK Biobank-associated data were accessed through, and as part of,
our UK Biobank accession: Hospital Episode Statistics for England,
Scottish Morbidity Record and Patient Episode Database for Wales.
FinnGen results, according to the FinnGen consortium agreement,
are subjected to a one-year embargo, and summary statistics are
then made available to the scientific community and released two
times a year. Information on accessing FinnGen data can be found at

https://www.finngen.fi/en/access_results/. The national healthcare,
populationand cause of death registers were accessed through, and as
partof, our FinnGen accession, implemented in the FinnGen pipelines.

Code availability

All the data processing, visualization and statistical analyses were
performed using Python 3.8 (2.7 for LDSC) and Rv.4.3.2 (R Foundation
forStatistical Computing, Vienna, Austria; https://www.r-project.org/).
Meta-analyses were performed using METAL v.2011-03-25.Independent
Genomiclociwereidentified using the R package gwasRtools*® (version
0.1.7; https://Icpilling.github.io/gwasRtools/). Venn diagrams were cre-
ated using the R package ggvenn (version 0.1.10; https://cran.r-project.
org/web/packages/ggvenn/index.html). Correlation plots were cre-
ated using the R package corrplot (v.0.92; https://cran.r-project.org/
web/packages/corrplot/index.html). Forest plots were created using
the R package ggforestplot (v.0.1.0; https://nightingalehealth.github.
io/ggforestplot/). The analysis codes are available as follows: FinnGen
GWAS via https://github.com/FINNGEN/saige-pipelines/; UK Biobank
GWAS via http://cnsgenomics.com/software/gcta/#fastGWA and QTL
colocalization analysis via https://github.com/Moritz-JD-Krueger/
Colocalization-Analysis/.
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Extended Data Fig. 1| QQ-plots of association summary statistics for the HFRS and HFRS without dementia. Panels a and b show results for FinnGen, and panels ¢
and d for the UK Biobank, respectively.
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Extended Data Fig. 2 | Cell-type enrichment analysis of HFRS. Top 20 enriched cell types for the variants associated with the HFRS in FinnGen are shown.
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Extended Data Fig. 3 | Cell-type enrichment analysis of HFRS without dementia. Top 20 enriched cell types for the variants associated with the HFRS without
dementiain FinnGen are shown.
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Extended Data Fig. 4 | Colocalized expression and splicing quantitative trait loci. Colocalized eQTL and sQTL by tissue with the genes associated with (a) HFRS and
(b) HFRS without dementia. For each gene, the posterior probability for a shared causal variant was >80%.
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Extended Data Fig. 5| Regional association plots for gene loci. Regional association plots for gene loci - panel a for APOE and panel b for BRAP - identified in the
colocalization analysis of protein quantitative trait loci (pQTL) and the variants associated with the Hospital Frailty Risk Score (HFRS).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XOO O O00000%

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Genotyping in FinnGen was performed on Illumina (lllumina Inc., San Diego, CA) and custom AxiomGT1 Affymetrix (Thermo Fisher Scientific,
Santa Clara, CA) genome-wide arrays and imputed to 16,387,711 (INFO > 0.6) variants using a population-specific SISu v.3 imputation
reference panel (available at: https://www.protocols.io/view/genotype-imputation-workflow-v3-0-e6nvw78dIimkj/v2). UK Biobank samples
(v3 genotyping release) were genotyped on custom Affymetrix microarrays and imputed using the 1000 Genomes and the Haplotype
Reference Consortium reference panels to ~93M variants. Detailed procedures on genotype calling, quality controls and imputation have
been previously described for FinnGen (Kurki, M. I. et al. FinnGen provides genetic insights from a well-phenotyped isolated population.
Nature 613, 508-518 (2023)) and UK Biobank (Bycroft, C. et al. The UK Biobank resource with deep phenotyping and genomic data. Nature
562, 203-209 (2018)).

Data analysis All the data processing, visualization, and statistical analyses were performed using Python 3.8 (2.7 for LDSC) and R v.4.3.2 (R Foundation for
Statistical Computing, Vienna, Austria; https://www.r-project.org/). Venn diagrams were created using the R package ggvenn (version 0.1.10;
https://cran.r-project.org/web/packages/ggvenn/index.html). Correlation plots were created using the R package corrplot (v.0.92; https://
cran.r-project.org/web/packages/corrplot/index.html). Forest plots were created using the R package ggforestplot (v.0.1.0; https://
nightingalehealth.github.io/ggforestplot/).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Individual-level data cannot be stored in public repositories or otherwise made publicly available due to ethical and data protection restrictions. However, data are
available upon request for researchers who meet the criteria for access to confidential data. Data from the UK Biobank are available to bona fide researchers upon
application at https://www.ukbiobank.ac.uk/enable-your-research. The following UK Biobank—associated data were accessed through, and as part of, our UK
Biobank accession: Hospital Episode Statistics for England (HES), Scottish Morbidity Record (SMR), and Patient Episode Database for Wales (PEDW).

FinnGen results, according to FinnGen consortium agreement, are subjected to one year embargo and summary statistics are then made available to the scientific
community and release two times a year. Information on accessing FinnGen data can be found at https://www.finngen.fi/en/access_results. The national
healthcare, population and cause of death registers were accessed through, and as part of, our FinnGen accession, implemented in the FinnGen pipelines.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Our data and results pertain to sex as a biological attribute. Information on sex was obtained from register and genotype
data. Individual-level data on sex are not shared as part of this publication; details on how to access such data in FinnGen and
UK Biobank are presented in the manuscript under “Data availability” . In FinnGen, 282,202 (56.4%) participants were
females, whereas in the UK Biobank, 232,380 (54.1%) of the participants were females.
The main analysis was adjusted for sex, whereas the PRS replication of the main findings was performed additionally
stratified by sex. Sex-specific estimates are also provided for the PRS associations on mortality and hospitalizations.

Reporting on race, ethnicity, or The analysis samples included individuals of Finnish ancestry in FinnGen and white British individuals in the UK Biobank. No

other socially relevant socially constructed variables were used in this study. To control for confounding, the models were adjusted for birth year,
groupings birth region, sex and the 10 first principal components.
Population characteristics FinnGenn:

- mean age (SD) was 53.1 (17.9) at baseline and 60.8 (18.0) at the end of follow-up/death

- BMI was 27.35 (5.53) at baseline

- 156,355 (50.9) were non-smokers at baseline (information missing in 211,792 individuals)
- median Hospital Frailty Risk Score (IQR) was 5.2 (1.6-10.4) at baseline

- 62,764 (12.1%) of the participants died during the follow-up

- median number (IQR) of hospitalizations was 8 (4—17)

UK Biobank:

- mean age (SD) was 53.1 (17.9) at baseline and 60.8 (18.0) at the end of follow-up/death
- BMI (SD) was 27.41 (4.76) at baseline

-232,968 (54.2) were non-smokers at baseline (information missing in 1,471 individuals)
- median Hospital Frailty Risk Score (IQR) was 1.5 (0-5) at baseline

- 38,636 (9.0%) of the participants died during the follow-up

- median number (IQR) of hospitalizations was 1 (0-3)

Recruitment The FinnGen participants were recruited through the following mechanisms: 1) legacy samples collected by the National
Institute of Health and Welfare (THL) and 2) prospective samples that were mainly collected by Finnish hospital biobanks. The
UK Biobank participants were recruited through 22 assessment centers across England, Scotland and Wales. In the UK
Biobank, a healthy selection bias may exist due to volunteer-based participation, whereas in FinnGen that consists of national
cohorts and biobank samples of hospitalized individuals, some diseases may be overrepresented compared to general
population.

Ethics oversight FinnGen:
Patients and control subjects in FinnGen provided informed consent for biobank research, based on the Finnish Biobank Act.
Alternatively, separate research cohorts, collected prior the Finnish Biobank Act came into effect (in September 2013) and
start of FinnGen (August 2017), were collected based on study-specific consents and later transferred to the Finnish biobanks
after approval by Finnish Medicines Agency (Fimea), the National Supervisory Authority for Welfare and Health. Recruitment
protocols followed the biobank protocols approved by Fimea. The Coordinating Ethics Committee of the Hospital District of
Helsinki and Uusimaa (HUS) statement number for the FinnGen study is Nr HUS/990/2017. The FinnGen study is approved by
Finnish Institute for Health and Welfare (permit numbers: THL/2031/6.02.00/2017, THL/1101/5.05.00/2017,
THL/341/6.02.00/2018, THL/2222/6.02.00/2018, THL/283/6.02.00/2019, THL/1721/5.05.00/2019 and
THL/1524/5.05.00/2020), Digital and population data service agency (permit numbers: VRK43431/2017-3, VRK/6909/2018-3,
VRK/4415/2019-3), the Social Insurance Institution (permit numbers: KELA 58/522/2017, KELA 131/522/2018, KELA
70/522/2019, KELA 98/522/2019, KELA 134/522/2019, KELA 138/522/2019, KELA 2/522/2020, KELA 16/522/2020), Findata
permit numbers THL/2364/14.02/2020, THL/4055/14.06.00/2020,,THL/3433/14.06.00/2020, THL/4432/14.06/2020,
THL/5189/14.06/2020, THL/5894/14.06.00/2020, THL/6619/14.06.00/2020, THL/209/14.06.00/2021,
THL/688/14.06.00/2021, THL/1284/14.06.00/2021, THL/1965/14.06.00/2021, THL/5546/14.02.00/2020,

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
A




THL/2658/14.06.00/2021, THL/4235/14.06.00/202, Statistics Finland (permit numbers: TK-53-1041-17 and
TK/143/07.03.00/2020 (earlier TK-53-90-20) TK/1735/07.03.00/2021, TK/3112/07.03.00/2021) and Finnish Registry for
Kidney Diseases permission/extract from the meeting minutes on 4th July 2019.

The Biobank Access Decisions for FinnGen samples and data utilized in FinnGen Data Freeze 9 include: THL Biobank
BB2017_55, BB2017_111, BB2018_19, BB_2018 34, BB_2018_67, BB2018_71, BB2019_7, BB2019_8, BB2019_26,
BB2020_1, Finnish Red Cross Blood Service Biobank 7.12.2017, Helsinki Biobank HUS/359/2017, HUS/248/2020, Auria
Biobank AB17-5154 and amendment #1 (August 17 2020), AB20-5926 and amendment #1 (April 23 2020) and it’s
modification (Sep 22 2021), Biobank Borealis of Northern Finland_2017_1013, Biobank of Eastern Finland 1186/2018 and
amendment 22 § /2020, Finnish Clinical Biobank Tampere MH0004 and amendments (21.02.2020 & 06.10.2020), Central
Finland Biobank 1-2017, and Terveystalo Biobank STB 2018001 and amendment 25th Aug 2020.

UK Biobank:

The UK Biobank study was approved by the North West Multi-Centre Research Ethics Committee (approval number: 11/
NW/03820). All participants provided written informed consent for data collection, analysis, and record linkage. We have also
obtained an ethical approval for the use of UK Biobank data in Sweden (Dnr 2016/1888-31/1).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences

|:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life scien

ces study design

All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

Blinding

Behaviou

We included all available Finngen (N=500,737) and UK Biobank (N=407,463) participants in the latest data releases that met our inclusion
criteria.

Individuals with missing minimum genotype data or ambiguous sex information based on genotype and register data were excluded.
Additionally, individuals with a non-Finnish ancestry were excluded in FinnGen, whereas non-white British participants in were excluded in the
UK Biobank.

The GWAS results in FinnGen (discovery sample) were replicated in the UK Biobank (replication sample) at the individual variant level and
using polygenic risk scores. Proteomics integration for a funtional follow-up of the GWAS results was performed in the UK Biobank.

Our study did not involve allocation into experimental groups, as it was an observational, hypothesis-free GWAS treating the Hospital Frailty
Risk Score (HFRS) as a continuous outcome. Therefore, no experimental manipulation or group assignment was performed. To control for
potential confounding, we adjusted the linear regression models for key covariates: birth year, sex, and the first ten genetic principal
components, which account for population structure and ancestry differences. This is a standard approach in large-scale genetic association
studies to ensure that associations between genetic variants and the outcome are not driven by non-genetic confounders.

In a hypothesis-free GWAS, blinding is not possible/necessary because the analysis is fully automated and applies standardized statistical tests
uniformly across the genome. There is no prior hypothesis guiding the selection of variants, reducing the potential for investigator bias. The
role of the analyst is limited to managing predefined workflows, with no influence on the outcome. As such, the objectivity of the process is
maintained without the need for blinding.

ral & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.
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Timing Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.
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Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,

describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.
Timing and spatial scale |/ndicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which

the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? [] Yes []No

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).
Access & import/export | Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,

the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |:| |:| ChiIP-seq
Eukaryotic cell lines |:| |:| Flow cytometry
Palaeontology and archaeology |:| |:| MRI-based neuroimaging

Animals and other organisms
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Antibodies used Describe all antibodies used in the study, as applicable, provide supplier name, catalog number, clone name, and lot number.

Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or
vertebrate models.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  pngme any commonly misidentified cell lines used in the study and provide a rationale for their use.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field, report species and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released,
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex.
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall




numbers in this Reporting Summary. Please state if this information has not been collected. Report sex-based analyses where
performed, justify reasons for lack of sex-based analysis.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.
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Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards
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Plants

Seed stocks

Novel plant genotypes

Authentication

ChlP-seq

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
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assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
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Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links

For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,

May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
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(e.g. UCSC)

Methodology

Replicates

Sequencing depth
Antibodies
Peak calling parameters

Data quality

Software

Flow Cytometry

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
enable peer review. Write "no longer applicable" for "Final submission" documents.

Describe the experimental replicates, specifying number, type and replicate agreement.

Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and
lot number.

Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files
used.

Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community
repository, provide accession details.

Plots
Confirm that:

|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation
Instrument

Software

Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.
Identify the instrument used for data collection, specifying make and model number.

Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.
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Cell population abundance

Gating strategy

Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design
Design type

Design specifications

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures  State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used

Acquisition
Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ ] used

Preprocessing

Preprocessing software
Normalization
Normalization template
Noise and artifact removal

Volume censoring

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

D Not used

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings

Effect(s) tested

Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether

ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain || ROI-based [ ] Both

Statistic type for inference

(See Eklund et al. 2016)

Correction

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
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Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.qg. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.

-
Q
C
=
()

o
o)
=
o
=
-
D)

S,
o)
E,..
)

Q@
wm
C
3
=
Q
S

<




	Large-scale genome-wide analyses with proteomics integration reveal novel loci and biological insights into frailty

	Results

	Sample characteristics

	Discovery GWAS of HFRS in FinnGen

	Replication in the UK Biobank and meta-analysis

	Genetic correlation and heritability

	Cell-type and pathway enrichment

	Exploring causal variants through proteomics integration

	Colocalization analysis

	HFRS-PRS analyses in the UK Biobank

	Prediction of mortality using HFRS


	Discussion

	Methods

	Samples

	Assessment of frailty

	Genotyping and imputation

	Statistics and reproducibility

	Discovery GWAS, replication and meta-analysis

	Genetic correlation and heritability

	Functional annotation: cell-type and pathway enrichment

	Proteomics integration

	Colocalization analyses

	PRS analyses

	Prediction of mortality using HFRS

	Ethics statements of FinnGen and UK Biobank

	FinnGen
	UK Biobank

	Reporting summary


	Acknowledgements

	Fig. 1 Outline of the study.
	Fig. 2 GWAS results in FinnGen.
	Fig. 3 Lead variants and genes and genetic correlations of the HFRS.
	Fig. 4 Proteomics integration in the UK Biobank.
	Fig. 5 HFRS-PRSs, frailty, mortality, and hospitalizations.
	Extended Data Fig. 1 QQ-plots of association summary statistics for the HFRS and HFRS without dementia.
	Extended Data Fig. 2 Cell-type enrichment analysis of HFRS.
	Extended Data Fig. 3 Cell-type enrichment analysis of HFRS without dementia.
	Extended Data Fig. 4 Colocalized expression and splicing quantitative trait loci.
	Extended Data Fig. 5 Regional association plots for gene loci.
	Table 1 Characteristics of the study samples.




