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MATTERS ARISING

Response to Wyckelsma et al.: Loss of a-actinin-3
during human evolution provides superior
cold resilience and muscle heat generation

Alexander Morseburg,* Luca Pagani,?? Boris Malyarchuk,* Miroslava Derenko,*
and Toomas Kivisildz5*

Summary

The common loss-of-function mutation R577X in the structural muscle protein ACTN3 emerged as a potential target of positive selec-
tion from early studies and has been the focus of insightful physiological work suggesting a significant impact on muscle metabolism.
Adaptation to cold climates has been proposed as a key adaptive mechanism explaining its global allele frequency patterns. Here, we re-
examine this hypothesis analyzing modern (n = 3,626) and ancient (n = 1,651) genomic data by using allele-frequency as well as haplo-
type homozygosity-based methods. The presented results are more consistent with genetic drift rather than selection in cold climates as
the main driver of the ACTN3 R577X frequency distribution in human populations across the world. This Matters Arising paper is in
response to Wyckelsma et al. (2021)," published in The American Journal of Human Genetics. See also the response by Wyckelsma et al.

(2022),% published in this issue.

The loss-of-function (LoF) mutation rs1815739C>T in
ACTN3 (MIM: 102574), also known as the ACTN3 R577X
allele, impacts muscle performance in elite athletes® and
muscle mass, bone mineral density, and other health pa-
rameters in life and during the aging process.” The derived
LoF allele is frequent (>0.25) among non-African popula-
tions, while in West and South African populations, its
frequency is low (<0.15). Because of its latitudinal correla-
tions in a small number of populations representing inter-
continental variation and longer haplotype homozygosity
in non-Africans, recent positive selection either for
increased efficiency in skeletal muscle metabolism and
endurance,>® a partial protection from muscle wasting’
or adaptation to cold environments® have been suggested
as the adaptive mechanisms behind its allele frequency
patterns across the world. However, it has remained unre-
solved when and where the R577X frequency shift
occurred, whether populations exposed to extreme cold
environments, such as those living in Siberia, follow the
expected patterns of increased latitudinal R577X fre-
quency, as predicted by the cold adaptation model, and
what exactly the physiological mechanism of adaptation
has been.

Recently, Wyckelsma and colleagues’ have shown a sig-
nificant effect of the ACTN3 LoF allele on skeletal muscle
thermogenesis and core body temperature maintenance
through cold water immersion experiments on healthy
volunteers and suggest these physiological effects to be
the mechanism for cold adaptation responsible for the in-
crease of allele frequencies, potentially by increasing infant

survival in cold environments. While the physiological
evidence presented by Wyckelsma et al. is undeniably
insightful, it leaves open the question of where and
when adaptation occurred and the role of other physiolog-
ical aspects of muscle performance related to ACTN3 inac-
tivation. The arguments for the mechanism of latitudinal
adaptation to cold environments—either through differ-
ential survival of infants or some other mechanism—are
only relevant if the premises for the adaptation linked to
survival in cold environments hold. Here, we re-examine
currently available data from 89 locations (Figure 1) of
R577X frequency in the world from modern genomes.

We analyze them together with ancient genomes to test
for global versus local correlations between the presence of
R577X and latitude and to determine where the LoF allele
became common.

Consistent with previous studies,” we find a modest but
significant correlation between latitude and R577X
frequency (r = 0.251, p = 0.018) in a global panel’~** of in-
dividuals from 89 regional groups (n = 3,616) (Figure 24,
Table 1, Table S1). However, this positive correlation be-
tween latitude and the derived allele frequency (DAF) of
R577X appears to be entirely driven by inter-continental
differences rather than latitude, as we find no significant
intra-continental relationships (Figures 2C-2F). There is
also no significant correlation when considering only
East African and non-African variation (Figure 2B). Four
populations appear to be outliers with the highest R577X
frequencies. These are the Kalash from Pakistan (DAF of
0.89) and three Native American populations (0.88), each
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Figure 1. Locations of origin for modern genetic data

World map showing as circles the approximate ancestral coordinates for modern data. Please note that for the 12 macro-groups from the

EGDP panel these represent the average of individual locations.

characterized by small effective population size, making
genetic drift the most likely explanation of their outlier sta-
tus. The lack of significant correlations at an intra-conti-
nental level is informative for distinguishing the effects
of latitude and genetic ancestry on R577X allele frequency.

Notably, the Ethiopian R577X frequency (0.325, n =
318) is comparable to most non-Africans, being substan-
tially higher than the frequency in Bantu or Khoisan
speakers (Figure 2C). To address whether this increase in
frequency reflects possible selection or neutral demo-
graphic history, we re-analyzed data from Pagani et al.
(2015)."3 First, we find that the R577X frequency in the
Ethiopian Gumuz people, who putatively are not affected
by non-African admixture, is 0.13 (Table S1, Table S2). Sec-
ond, we make use of the local ancestry deconvolution re-
sults reported in Pagani et al. (2015)."” Thereby, we observe
that the unadjusted mean R577X DAF in the four admixed
Ethiopian populations (0.32) is between the DAF measured
on haplotypes in these populations that could be confi-
dently assigned to African (0.19) or non-African (0.53)
ancestries (Table S2). In conclusion, the Gumuz and the Af-
rican deconvoluted frequencies broadly match the ones
found for other Sub-Saharan African populations, while
the non-African deconvoluted frequency matches the
one for other West Eurasian populations. These findings
suggests that the R577X allele frequency in the population
ancestral to West and East Africans was most likely <0.2
and that the currently observed higher DAF in East Africa
is likely to be the result of the previously documented
West Asian admixture ~3,000 years ago.'*

The absence of latitudinal correlation is most apparent
in East Eurasia where populations from the extremely

cold environments of Northeast Siberia have a mean fre-
quency of R577X (0.28) substantially lower than South
Asian (0.60) or Melanesian (0.73) populations living in
tropical environments (Table 1, Figure 2E; Table S1).

To further explore the relationship between climate vari-
ables and the DAF at R577X, we ran the same regressions as
above by using mean annual temperature retrieved from
the WorldClim2 database'® as predictor. The observed pat-
terns confirm the latitude analyses. There is no significant
relationship between temperature and R577X DAF on a
global scale (Figure S1A) or for most continental subsets
(Figures S1D-S1F). The only exception is a moderate nega-
tive correlation among Sub-Saharan Africans (r = —0.481,
p = 0.043). This is at a first glance consistent with cold
adaptation. Visual inspection of the evidence shows that
this signal is driven by populations from Ethiopia living
at higher altitudes (Figure S1C). Here, it is crucial to note
that as discussed above, these also carry substantial
amounts of non-African ancestry and the latter is sufficient
to explain the higher R577X frequencies in Ethiopians (see
above).

As a further method to investigate neutral processes that
affect allele frequencies as potential confounders of selec-
tion, we applied the phylogenetic generalized least-squares
(PGLS) method,'® adapting a framework developed by Key
et al. (2018)."” We focused on 12 regional groups from the
Estonian Biocenter Genome Diversity Panel (EGDP) data-
set where a pre-computed Fsr matrix was available and
from which we generated a neighbor joining tree
(Figure S2). When accounting for phylogenetic history,
there is no significant relationship between latitude and
the frequency of the T allele (beta = —0.0575, p = 0.169);
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Figure 2. Relationship between ACTN3 R577X allele frequency and latitude

(A-F) Dataset obtained from three global panels of human genomes,

9-11

a dataset of Northeast African genomes,'” and a survey focusing

on the ACTN3 R577X allele.'” The panels show simple linear regressions of ACTN3 LoF allele frequency and latitude globally (A), in Ethi-
opians and non-Africans (B), in Sub-Saharan Africans (C), in West Eurasians (D), in East Eurasians (E), and in Native Americans (F). The
respective correlation coefficients and p values are displayed in the bottom right corner of each panel. In (B) and (C), Ethiopians are rep-
resented by a triangle. In (C), Bantu speakers are marked by squares and Khoisan speakers by a diamond. Abbreviations: DAF, derived
allele frequency of the ACTN3 R577X allele; LAT, absolute value of latitude in degrees.

the same holds when temperature is used instead of lati-
tude (beta = 0.044, p = 0.235) (Figures S3 and S4). This is
further supported by the comparison of a null PGLS model,
which is only based on shared ancestry, against the full
PGLS model, which includes latitude as an additional pre-
dictor. We do not find evidence that the full model is supe-
rior to the null model in explaining the allele frequency
patterns at R577X (X? = 2.49, df = 1, p = 0.138). This is
also the case when temperature is added to the null model
(X?=1.69, df = 1, p = 0.206).

As climate represents a selection factor that acts over
long time periods, it is important to reduce potential con-
founding due to populations that recently migrated to
different latitudes/climates. First, we excluded the African
American, African Caribbean, and Native American popu-
lations from the 1000 Genomes Project panel from all
analyses in this paper, as their ancestry is substantially
derived from European sources.'' Second, we exploited
available aDNA data to test whether the lower than
expected DAFs at R577X in Europe and Siberia could
potentially reflect recent admixture and/or replacement
by populations from lower latitudes. Siberia was reached
by modern humans by 45 kya'® and has had at least three
subsequent population expansions and large-scale com-
plex admixture events.'? Similarly, Europe has experienced
major population turnover events since the Ice Age.”’ To
examine temporal changes of R577X frequencies in Siberia

and in Europe, we used pseudo-haploid genotype data of
ancient individuals from Europe and from archaeological
sites located in Russia east of 60 degrees east longitude
from the comprehensive Allen Ancient DNA Resource
(n = 1,651). We observe no consistent frequency increase
of the LoF allele in the time series of the past 50 kya in Eu-
ropean or Siberian subsets of the aDNA data as would be
predicted by the cold adaptation model (Table 2). The un-
usually low frequencies observed in the period following
the Last Glacial Maximum are unexpected but need to be
interpreted with caution because of small sample sizes.
These allele frequency patterns are inconsistent with tra-
jectories previously identified for targets of recent strong
positive selection in Europe and Siberia.*'>*

To assess the linkage disequilibrium (LD)-based evidence
for recent positive selection on the R577X allele globally in
populations from different latitudes, we examined the
haplotype homozygosity-based nS;*° statistic for R577X
in 12 regional population groups from the EGDP data.'’
The nS; is complementary to the allele frequency-based ap-
proaches discussed above and more robust to variation in
recombination rates than comparable tests, such as the
iHS.?” We find that the empirical p values of the 1S, scores
at R577X are not significant across 12 regional groups
considered, including populations from extremely cold cli-
mates such as Northeast Siberians who, in fact, show a
lower rather than a higher frequency of R577X. The nSy
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Table 1. Global distribution and evidence for selection for the ACTN3 R577X allele

Population n Latitude DAF nS, p value
AFR 26 5 0.10 0.61
MIE 26 35 0.44 0.52
WEU 32 49 0.42 0.33
EEU 53 56 0.35 0.48
VOL 23 54 0.39 0.34
SOA 28 23 0.57 0.04
WSI 17 64 0.32 0.20
SSI 34 53 0.49 0.49
CSI 31 64 0.55 0.61
NSI 25 63 0.28 0.97
SEM 29 24 0.45 0.14
SEI 45 9 0.51 0.29

DAF, derived allele frequency of the ACTN3 R577X allele in 12 regional populations of the EGDP panel;'O AFR, West and Central Africa; MIE, Middle East; WEU,
South and West Europe; EEU, East and North Europe; VOL, Volga-Ural Region; SOA, South Asia; WSI, West Siberia; SSI, South Siberia and Mongolia; CSl, Central
Siberia; NSI, Northeast Siberia; SEM, Mainland East and Southeast Asia; SEI, Island Southeast Asia. Latitude in degrees refers to the average absolute value of in-
dividual sampling sites. nS; p value: the nS scores were standardized for derived allele frequency bins in relevant populations and then the empirical p values were

generated.

statistic thus does not support recent selection on the
derived allele at R577X in populations from high latitudes
(Table 1, Figures S5-S7). This suggests that the low levels of
diversity and recombination in HapMap Europeans and
Asians detected previously® should either not be consid-
ered unusual in context of genome-scale variation in a
broader set of non-African samples or at least not be inter-
preted as a signal of strong positive selection in popula-
tions living in cold environments." Other tests of selection
applied on global genetic datasets, including those incor-
porated in the 1000 Genomes Project”® and HGDP selec-
tion®” browsers or those specifically designed to identify
signals of temperature-related adaptation,’””' have also
failed to identify ACTN3 as a significant target of selection
in high latitude populations. Conversely, examples of cold
adaptation genes identified previously, such as TRPMS,"’
show a clearly different latitudinal cline and temporal
allele frequency pattern than ACTN3 R577X.

Lastly, we examined how unusual a SNP showing an
allele frequency pattern in Africans versus non-Africans
comparable to that of ACTN3 R577X is. The African
populations from the 1000 Genomes Project (n = 504,
excluding African Americans and African Caribbeans)
exhibit an R577X frequency of 0.1 and the 1000 Genomes
Eurasians (n = 1,496) a frequency of 0.49. We tested how
likely it is for a SNP showing a frequency of 0.1 in Africans
to have experienced an increase up to 0.49 in Eurasians in
the 1000 Genomes Panel. Of the 37,970 SNPs with a non-
reference frequency of 0.1 in Africans, 4,741 have a non-
reference frequency of 0.49 or higher in Eurasians. We
find that ACTN3 R577X ranks approximately on the 12"
percentile, i.e., it is not an outlier relative to the genome-
wide empirical distribution. Therefore, it is plausible that
the ACTN3 R577X frequency difference between Africans
and non-Africans solely reflects the demographic events
that led to the colonization of Eurasia.

Table 2. Frequency of the ACTN3 R577X allele in ancient and modern genomes from Siberia and Europe
Siberia Europe

Time period n DAF 90% CI n DAF 90% CI
modern 168 0.46 0.41-0.50 727 0.43 0.41-0.45
<2,500 25 0.56 0.4-0.71 434 0.43 0.39-0.47
2,501-5,000 95 0.44 0.36-0.53 589 0.49 0.45-0.52
5,001-10,000 32 0.59 0.45-0.72 447 0.37 0.34-0.41
10,001-20,000 2 0 0.00-0.60 16 0.06 0.02-0.25
20,001-50,000 3 0.67 0.25-0.9 8 0.50 0.25-0.75

Note, time is given in years before present. DAFs (derived allele frequencies) are based on pseudo-haploid calls from Allen Ancient DNA Resource, and 90%
credible intervals (Cls) were calculated with the beta distribution as described by Burger et al., 2020.%°
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In sum, the ACTN3 R577X shows a wide frequency
range (0.28-0.89) in non-African populations not corre-
lated with latitude or temperature regardless of whether
shared phylogenetic history is adjusted for. Neither allele
frequency nor haplotype homozygosity-based tests reveal
evidence for positive selection for this allele in popula-
tions living in cold environments. Its weak correlations
with latitude in the global dataset can be explained by in-
ter-continental differences between Bantu- and Khoisan-
speaking Africans and the rest of the world. Selection in
Khoisan ancestry has not been supported by previous
selection analyses.’” The apparent relative increase in fre-
quency in Ethiopians versus other Africans can largely be
explained by West Eurasian gene flow into the former
and argues against a selection event in East Africans pre-
ceding the out of Africa dispersal. Although Wyckelsma
et al. provide insightful new physiological evidence on
the relationship between RS577X and skeletal muscle
thermogenesis and core body temperature maintenance,
multiple lines of population genetic evidence are more
consistent with drift rather than selection behind its
global frequency distribution. That being said, traits
related to the impact of muscle performance on endur-
ance® or on general health and aging®* cannot be ruled
out yet as potential alternative mechanisms that
contribute to the global allele frequency patterns at
ACTN3 R577X.

Data and code availability

Whole genomes from the 1000 Genomes, HGDP, and EGDP
projects are publicly available (see links under web resources).
The Ethiopian data presented by Yang et al., 2007'? only cover
allele frequencies at the ACTN3 R577X locus and can be
found in Table 1 of their paper. Details on how to access the
120 Ethiopian genomes from Pagani et al., 2015'* can be found
in the respective paper. No new methods were developed to
analyze the data presented here. In the cases where the data
were not pre-computed, e.g., to generate the figures, the rele-
vant code is available from the corresponding author upon
request.

Supplemental information

Supplemental information can be found online at https://doi.org/
10.1016/j.ajhg.2022.03.014.
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Web resources

1000 Genomes VCFs, http://ftp.1000genomes.ebi.ac.uk/
voll/ftp/release/20130502/

Allen Ancient DNA Resource, version 44.3, https://
reich.hms.harvard.edu/allen-ancient-dna-resource-aadr-
downloadable-genotypes-present-day-and-ancient-dna-
data

Complete Genomics data from Pagani et al. 2016'" in
PLINK and VCF formats, https://evolbio.ut.ee/CGgenomes.
html

HGDP Selection Browser, http://hgdp.uchicago.edu/
cgi-bin/gbrowse/HGDP/

HGDP VCEFs, ftp://ngs.sanger.ac.uk/production/hgdp/

The 1000 Genomes Selection Browser 1.0, https://hsb.
upf.edu/

WorldClim?2 data, http://www.worldclim.com/version2
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