Disentangling the Genetics of Lean Body Mass
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Body mass can be decomposed into fat and fat-free mass
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Age-related longitudinal changes
in body composition among elderly people

M
W

Data from 400 community-dwelling people
aged > 60 years, with 20-year follow-up

Absolute FFM seems to remain stable until
70 years of age and then decreases.

Jungert et al, Nutrients 2020, 12, 3626;
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1.

Body composition is one way of assessing nutritional status.

2.

Lean body mass consists primarily of muscle mass.
(especially in the extremities).

3.

Lean body mass is a key index for the definition of
sarcopenia, a major modifiable cause of frailty in the elderly.
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How to assess lean body mass? electrical bioimpedance
Laboratory-based
bioimpedance
(BIA) device

Home-based
bioimpedance
(BIA) device

A weak electric current flows
through the body and the
voltage is measured in order
to calculate impedance
(resistance) of the body
Accuracy and reliability
vary widely among BIA
instruments

photo courtesy of Clifton J. Holmes, PhD.
Holmes & Racette, Nutrients 2021
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How to assess lean body mass? Dual-energy X-ray absorptiometry (DEXA)
Dual-energy X-ray
absorptiometry (DXA,
or DEXA) is a means of
measuring bone mineral
density (BMD)
using spectral imaging.
DEXA scans can be used to
measure total body
composition and fat
content with a high degree
of accuracy comparable
to hydrostatic
weighing with a few
important caveats

regarded as the
reference method in
body composition
analysis
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Reference methods to assess body composition
DEXA

CT scan

• multi-compartment (fat, lean,
bone mass)
• personnel training &
certification required
• may be difficult in severely
obese patients
• low radiation exposure
• used in NHANES

• accurate mean of quantifying
body composition at the
tissue–organ level
• require expensive scanners,
certified, trained technicians
• uses ionizing radiation
• high radiation exposures
• inappropriate for whole body
assessments, ok for large body
sizes
• segmentation of specific
tissues

MRI
• accurate mean of quantifying
body composition at the
tissue–organ level
• require expensive scanners,
certified, trained technicians
• uses interaction between
protons and the magnetic
fields
• segmentation of specific
tissues
• loud noises, long duration
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UK biobank

Scientific Reports | (2022) 12:3748 |
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Precision MRI phenotyping detects small changes in body composition
for longitudinal cohorts
•
•
•
•
•

Changes in body composition in 3088 free-living participants, part of the UK Biobank indepth imaging study.
neck-to-knee MRI scans at the first imaging visit and after approximately two years (second
imaging visit).
Overall, no significant changes in BMI, body weight, or waist circumference over the
scanning interval.
Significant decrease in grip strength was observed, coupled to small, but statistically
significant, decrease in all skeletal muscle measurements.
even after a relatively short period of time, significant changes in body composition can
take place, probably reflecting the obesogenic UK environment.
Whitcher et al, Scientific Reports | (2022) 12:3748
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Associations of fat mass, lean body mass and BMI
with all-cause mortality (US men)

HPFS (1987-2012)
38’006 men aged 40-75 years
Follow-up: 21.4 yr
12 356 deaths

first analysis to examine the association of
predicted body composition with all-cause and cause
specific mortality in a large prospective cohort study.

The J shaped association between BMI and mortality can be explained when the two different shapes in mortality risk for fat mass and
lean body mass are taken together.
Thegeneralizability
increased risk of mortality
in thefindings
lower BMI range
be attributed to a combination of
the
of the
may(<25)
becould
limited
the high risk among men with low predicted lean body mass, which overrides the weak association between predicted fat mass and
given
the
study risk
participants
were
restricted
mortality in this lower range of BMI.
The that
increase
of mortality
at the BMI range
of 25-29.9
is likely dueto
to the high risk associated with
predicted fat mass in combination
with
only
a
moderate
risk
associated
with
predicted
lean
body
mass.
health professionals and predominantly white men

Lee et al. BMJ 2018;362:k2575. PMID: 29970408
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Association of predicted lean body mass with all-cause mortality:
NHANES 1988–1994 and 1999–2014

Sex-specific quintiles of lean body mass.
55’818 participants [50.6% female, baseline mean age: 45.0 years.
validated sex-specific anthropometric prediction equations developed by the NHANES based on
individual age, race, height, weight, and waist circumference.
Liu et al, Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 1064–1075
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Locus vs allele
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Alleles and not genotypes are the unit of transmission
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Types of single nucleotide polymorphisms (SPNs) / variants
(SNVs)

Synonymous
Coding
Intragenic
Non-coding

SNP/SNV
Intergenic

Nonsynonymous

Missense
Nonsense

Codon stop

Non-coding
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Number of genomic variants per genome
across populations

Code
CEU
TSI
FIN
GBR
IBS
CHB
JPT
CHS
CDX

The 1000 Genomes Project Consortium.
A global reference for human genetic variation. Nature 2015.

KHV
GIH
PJL
BEB
STU
ITU
MXL
PUR
CLM
PEL
YRI
LWK
GWD
MSL
ESN
ASW
ACB

Super
Population Code

Population
Utah Residents with Northern &
Western European Ancestry
Toscani in Italia
Finnish in Finland
British in England and Scotland
Iberian Population in Spain
Han Chinese in Beijing, China
Japanese in Tokyo, Japan
Southern Han Chinese
Chinese Dai in Xishuangbanna,
China
Kinh in Ho Chi Minh City, Vietnam
Gujarati Indian from Houston, Texas
Punjabi from Lahore, Pakistan
Bengali from Bangladesh
Sri Lankan Tamil from the UK
Indian Telugu from the UK
Mexican Ancestry from LA, USA
Puerto Ricans from Puerto Rico
Colombians from Medellin
Peruvians from Lima, Peru
Yoruba in Ibadan, Nigeria
Luhya in Webuye, Kenya
Gambians in Western Divisions
Mende in Sierra Leone
Esan in Nigeria
African Americans in SW USA
African Caribbeans in Barbados

EUR
EUR
EUR
EUR
EUR
EAS
EAS
EAS
EAS
EAS
SAS
SAS
SAS
SAS
SAS
AMR
AMR
AMR
AMR
AFR
AFR
AFR
AFR
AFR
AFR
AFR

AFR, African
AMR, Ad Mixed American
EAS, East Asian
EUR, European
SAS, South Asian

The 1000 Genomes Project Consortium.
A global reference for human genetic
variation. Nature 2015.

Conceptual model for translating genetic variants into disease mechanisms

Sullivan; Nat Rev Nephrol. 2020 Nov;16(11):628-640.
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Methods and objectives for the downstream characterization of
findings from large-scale meta-analyses of GWAS

Tin & Köttgen, CJASN 2020; 6;15(11):1643-1656
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Genome-wide polygenic risk score (GPS): principles

Liu & Kiryluk, Nat Rev Nephrol 2018
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Use of polygenic risk scores for risk prediction

Lambert, Hum Mol Genet 2019.
Towards clinical utility of
polygenic risk scores

Figure 1. PRS define lifetime risk trajectories. (a) Example density plot of a population according to polygenic risk. The distribution is filled and labeled according to the
lowest (0–20%; blue), population average (40–60%; grey) and highest (80–100%; red) quintiles of genetic risk. (b). Example of a risk trajectory (Kaplan–Meier cumulative
risk curve) for the population average (grey) and the highest and lowest quintiles of genetic risk (colored as in a). Representative risk threshold is shown for example.
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Clinical utility of polygenic risk scores

Torkamani et al, Nat Rev Genet 2018
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GWAS-based genetic risk score for coronary artery disease compared to lifestyle

Khera et al, NEJM 2016

Clinical utility of genome-wide polygenic scores (GPS) for obesity
3722 young adults
Framingham Offspring
CARDIA
288,016 middle-aged UK
Biobank participants binned
into 10 GPS deciles

Khera
Cell 2019
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Association of disease PRS with cause-specific mortality (UK biobank)

PRS were typically more
strongly associated with
disease onset than
with prognosis.

Meisner et al, AJHG 2020
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Association of trait-specific PRS with all-cause mortality (UK biobank)

Meisner et al, AJHG 2020
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First GWAS for lean body mass in Europeans
•

•
•
•

Stage 1: genome-wide association study (GWAS) for whole body lean
body mass (n = 38,292) and appendicular (arms and legs) lean mass (n =
28’330) measured using DEXA or BIA, adjusted for sex, age, height, and
fat mass.
Stage 2: replication study in 48,125 participants of European descent (33
cohorts).
No significant sex-specific associations.
No evidence for heterogeneity between measurement techniques (BIA vs
DEXA)
Zillikens et al, Nat Comm 2017;19;8(1):80. PMID: 28724990
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5 human genomic loci associated with whole body lean mass
(adjusted for fat mass)

Zillikens et al, Nat Comm 2017;19;8(1):80. PMID: 28724990
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rs9936385 in FTO locus
•

No specific enrichment in any tissue.

•

rs9936385 was associated with FTO expression in skeletal muscle tissues.

•

T allele of rs9936385, associated with reduced lean mass in the present
study, was significantly associated with lower FTO gene expression levels
in the GTEx project.

•

FTO gene regulate postnatal growth in mice, associated with
adiposity/obesity (BMI, metabolic syndrome, type 2 diabetes, menarche).

•

FTO knockout mice have reduced fat and lean mass.
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FTO (fat mass and obesity-associated protein): function
•
•
•
•
•
•

Enzymatically, FTO is the first reported RNA N6-methyladenosine (m6A) demethylase in
eukaryotic cells.
m6A is the most abundant (highly conserved) internal post-transcriptional modification in
mRNA (involved in alternative splicing, stability, transport and expression).
FTO facilitates adipogenesis, by regulating adipogenic pathways and inducing pre-adipocyte
differentiation, promotes thermogenesis and white to-beige adipocyte transition.
FTO regulates ghrelin m6A levels and subsequently mRNA abundance.
FTO regulates lipid accumulation in skeletal muscle cells.
FTO is also involved in tumorigenesis (acute myeloid leukemia, glioblastoma, cervical
squamous cell carcinoma, breast cancer, melanoma).
Gerken et al, Science. 2007;318:1469–1472
Jia et al, Nat. Chem. Biol. 2011;7:885–887
Mauer et al, Nature. 2017;541:371–375.
Tang et al, Front Cell Dev Biol 2022. PMID: 35141221.
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m6A: reversible RNA modification involved
in multiple metabolic processes

m6A is a reversible RNA modification which undergoes methylation under the action of methylases
(writers), and is demethylated under the action of demethylases (erasers).
The RNA base site at which m6A is modified is recognized by specialized enzymes (readers) which
regulate downstream RNA translation, decay, and stability.
Aik, Nucleic Acids Res 2014. PMID: 24489119.
Tang et al, Front Cell Dev Biol 2022. PMID: 35141221
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3 human genomic loci associated with appendicular lean mass
(adjusted for fat mass, in people of European ancestry)

Appendicular lean mass (ALM), derived from DEXA, is the sum of the lean tissue in the arms and legs.
ALM alone, or scaled to height squared (ALM/height(2)) or body mass index (ALM/body mass index), is
the most common metric used as an approximation of muscle mass in sarcopenia research
Zillikens et al, Nat Comm 2017;19;8(1):80. PMID: 28724990
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Association of lean mass loci with body types
Intermediate loci:
TNRC6B, HSD17B11
Indirect/fat locus:
IRS1

sumo wrestler loci:
FTO, MC4R

body builder loci:
VCAN, ADAMTSL3

Karasik et al, Am J Clin Nutr. 2019 Feb 1;109(2):276-287. PMID: 30721968
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Association of lean mass loci with metabolic phenotypes

Karasik et al, Am J Clin Nutr. 2019 Feb 1;109(2):276-287. PMID: 30721968
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Association of lean mass loci with metabolic phenotypes
Intermediate loci:
TNRC6B, HSD17B11
Indirect/fat locus:
IRS1
sumo wrestler loci:
FTO, MC4R

No clear metabolic
phenotype

Adverse metabolic profile
(higher fasting insulin, higherHOMA-IR, increased T2DM risk;
higher triglycerides, lower HDL)

body builder loci:
VCAN, ADAMTSL3
Some metabolic protection
(lower fasting insulin, higherHOMA-IR, reduced T2DM risk;
lower triglycerides, higher HDL)

Karasik et al, Am J Clin Nutr. 2019 Feb 1;109(2):276-287. PMID: 30721968
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GWAS for appendicular lean mass in UK Biobank
•
•
•
•
•
•
•

Genome-wide association study (GWAS) with 450’243 UK Biobank participants.
lean mass measured by BIA
1059 conditionally independent variants (including 51 missense variants) from
799 loci were identified at the genome-wide significance level.
Of the 51 missense variants, 28 predicted to be deleterious (PolyPhen-222,
SIFT23, PROVEAN24 and FATHMM25), supporting their potential functional
relevance.
15.5% of the phenotypic variance explained.
no difference in genetic effect between sexes or among different age strata.
all five lead SNPs (Zillikens et al) successfully replicated.
Pei et al. Commun Biol. 2020 Oct 23;3(1):608.PMID: 33097823
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Pei et al. Commun Biol. 2020 Oct 23;3(1):608.PMID: 33097823
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Larger per allele effect size for variants with a smaller MAF

Pei et al. Commun Biol. 2020 Oct 23;3(1):608.PMID: 33097823
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Heritabilities and functional enrichment
GWAS-attributable total
heritability estimated to be:
48.6± 3.1 % in women
47.6 ± 3.6 % in men.

Conserved
regions

Coding
regions

3’UTR

Identified loci explained
heritability of
27.9% women
28.8% men.
Heritability enrichment in different functional annotations
Pei et al. Commun Biol. 2020 Oct 23;3(1):608.PMID: 33097823
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Genes for the 51 missense variants across allele frequency categories
Rare variants
(< 1)

SCMH1
CCN1
PHC3
PAM
STC2
ZFAT
HAPLN3
SPSB3

Pei et al. Commun Biol. 2020 Oct
23;3(1):608.PMID: 33097823

Less common
variants DTL
IRS1
(1-5%)

ADAMTS3
CCND3
ZNF800
CNOT4
ABCC9
E2F7
SERPINA1
ARHGAP17
ABCA6
ADAMTS10
RYR1
LTBP4
IL11
ZNF628

Common
variants
(> 5%)

CACNA1S
GCKR
EIF2AK3
CPS1 PSMD2
AC008695. 1
RREB1
LOXL2
ZFHX4
ENPP2 ZFAT
MYPN
CDKN1B
PRIM1
WSCD2
SH2B3
NCOR2
RIN3
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Functional relevance of the identified signals
•

Enriched pathways:
• Skeletal system development
• Connective tissue development
• Cartilage development
• Pathways involved in musculoskeletal development (TGF pathway
genes, BMP pathway genes, SMAD family genes)
 findings concordant with knowledge that cells from bone, cartilage,
muscle and fat share the same progenitor, mesenchymal stem cells.
Pei et al. Commun Biol. 2020 Oct 23;3(1):608.PMID: 33097823
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Overlap of appendicular lean mass loci with obesity loci
•

478 lead SNPs ±500 kb flanking regions associated with 1 or more obesity traits
(GIANT consortium).

•

581 lead SNPs ±500 kb flanking regions not associated with obesity traits (GIANT
consortium).
Novelty of the findings. Possibly lean mass specific loci.

Pei et al. Commun Biol. 2020 Oct 23;3(1):608.PMID: 33097823
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UK biobank GWAS:
polygenic risk score profiling for appendicular lean mass (ALM).
•
Training set: 277’762 unrelated white participants:
 134’277 variants associated with ALM (P value <1x10-5)
•
Validation sample: 92’206 unrelated white participants.
•
Raw phenotypes adjusted for age, ge2, sex, center, array, AFM, top 10 PCs and
residuals converted into standard normal distribution quantiles.
•
Polygenic risk score was generated using the LDpred method, taking into account
the linkage disequilibrium (LD) among nearby SNPs.
•
there are high hopes for using these scores in clinical practice to improve disease
risk estimates and predictive accuracy.
Pei et al. Commun Biol. 2020 Oct 23;3(1):608.PMID: 33097823
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Ability of the polygenic risk score to predict appendicular lean mass (ALM)

Women

Men

Category

Adjusted raw ALM (kg)

Genetically predicted
top 1% of ALM

20.26

Genetically predicted
bottom 1% of ALM

18.87

Genetically predicted
top 1% of ALM

29.82

Genetically predicted
bottom 1% of ALM

27.53

Pei et al. Commun Biol. 2020 Oct 23;3(1):608.PMID: 33097823
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Genetic Lean Mass Score Affects
the Appendicular Lean Mass (ALM) in Elderly Humans
UK biobank
316’589 adults aged
37 to 74 years

The elderly cohort was
ranked by genetic lean
mass score and
clustered in five quantiles
(Q1–Q5) (horizontal axis).
Hernandez Cordero, AJHG 2019; 105, 1222–1236
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Genetic overlap (genetic correlations) between ALM variants
and loci for other traits
Significant positive genetic correlation
of appendicular lean mass with:
•
whole body lean mass,
•
hand grip strength,
•
hip circumference,
•
body height,
•
birth weight,
•
child birth length,
•
infant head circumference
•
intelligence
•
years of schooling
Significant negative correlation with:
•
2-hour glucose
•
blood lipids
•
leptin
•
body fat (to be interpreted with caution)
Pei et al. Commun Biol. 2020 Oct 23;3(1):608.PMID: 33097823
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Importance of large sample sizes for GWAS analyses
Phenotype =
lean body mass

N=38’000
0.23% variance explained

N=86’000
0.23% variance
explained

N=450’243
15.5% variance explained

5 associated variants
6’693 associated variants
(180 independent loci)

121’109 associated variants
(1059 independent variants)

Zillikens, Nat Comm 2017. PMID: 28724990
Hernandez Cordero, AJHG 2019; PMID: 31761296.
Pei, Nat Comm 2020; PMID: 33097823.
48

Conclusions
•

Lean body mass is an important concept associated with sarcopenia and frailty.

•

Lean body mass has a U-shaped association with all-cause mortality in men and women.

•

GWAS meta-analysis for appendicular lean mass in people of European ancestry (UK biobank)
identified 1059 independent loci (phenotypic variance explained: 15.5%).

•

These findings highlight the polygenetic nature of lean body mass and provide novel insight into
the molecular mechanism involved in lean mass.

•

Very large sample sizes are needed to decipher the genetic architecture of common complex
traits, including continuous phenotypes.

•

Findings were similar in men and women and across age strata.

•

A polygenic risk score for appendicular lean mass is able to identify people with very high ALM
and people with very low AML.
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