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Summary

The protein a-actinin-3 expressed in fast-twitch skeletal muscle fiber is absent in 1.5 billion people worldwide due to homozygosity
for a nonsense polymorphism in ACTN3 (R577X). The prevalence of the 577X allele increased as modern humans moved to colder
climates, suggesting a link between a-actinin-3 deficiency and improved cold tolerance. Here, we show that humans lacking o-ac-
tinin-3 (XX) are superior in maintaining core body temperature during cold-water immersion due to changes in skeletal muscle
thermogenesis. Muscles of XX individuals displayed a shift toward more slow-twitch isoforms of myosin heavy chain (MyHC)
and sarcoplasmic reticulum (SR) proteins, accompanied by altered neuronal muscle activation resulting in increased tone rather
than overt shivering. Experiments on Actn3 knockout mice showed no alterations in brown adipose tissue (BAT) properties
that could explain the improved cold tolerance in XX individuals. Thus, this study provides a mechanism for the positive
selection of the ACTN3 X-allele in cold climates and supports a key thermogenic role of skeletal muscle during cold exposure
in humans.

Introduction Material and methods
The sarcomeric protein a-actinin-3 resides in the Z-discs
of fast-twitch skeletal muscle fibers, where it cross-links
the actin filaments of adjacent sarcomeres.'™ a-actinin-
3 is absent in 1.5 billion people worldwide due to homo-
zygosity for a nonsense polymorphism in ACTN3
(R577X).* The lack of functioning ACTN3 (MIM:
102574) does not cause muscle disease, but it has been
shown to affect muscle function both in the general pop-
ulation and in athletes;>® in general, a-actinin-3 defi-

Participants, mice, and ethical approval

Humans

Healthy young (18-40 years) males were recruited to participate in
the study. Before being included in the study, each participant was
informed of the aims, the experimental procedures, and the po-
tential risks of the study and signed a written informed consent
form consistent with the principles outlined in the Declaration
of Helsinki. The study was approved by Kaunas Regional Biomed-
ical Research Ethics Committee (license number BE-2-30). All ex-
periments were performed double-blinded regarding the ACTN3

ciency (MIM: 617749) is detrimental for power and
sprint activities.™”"®

A study exploring evolutionary implications of a-acti-
nin-3 deficiency demonstrated that the X-allele became
more abundant as humans migrated out of Africa
into the colder climates of central and northern Eu-
rope.*?'Y This led to the hypothesis that a-actinin-3-
deficient humans are superior in adapting to lower tem-
perature.” On this basis, we sought to determine
whether a-actinin-3-deficient (XX) humans were better
at defending their body temperature during an acute
cold challenge than humans with functioning ACTN3
(RR).

genotype.

The participants were residents in a modern town (Kaunas) and
hence subjected to a typical city lifestyle. They were moderately
physically active (<2 h physical exercise/week) and did not partic-
ipate in any formal physical exercise or sport program. They did not
have occupations where they were exposed to prolonged cold chal-
lenges and they had not been involved in any temperature manip-
ulation program or extreme-temperature exposure (e.g., ice water
bath after physical exercise or swimming in open cold water) for
at least 3 months. Individuals with any existing medical condition
or taking medication that could affect natural thermoregulation
were excluded from the study. The physical characteristics of the
participants are presented in Table S1. Their weight (in kg), body
fat percentage (TBF-300 body composition analyzer, Tanita, UK),
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and height (in cm) were measured, and body mass index was calcu-
lated. Body surface area (in m? was estimated as previously
described using the following formula: body surface area =
128.1 x Weight®** x Height®°°.'! Skinfold thickness (in mm)
was measured with a skinfold calliper (SH5020, Saehan) at ten sites
(chin, subscapular, chest, side, suprailium, abdomen, triceps, thigh,
knee, and calf) and the mean subcutaneous fat layer thickness was
calculated.'?

Actn3 KO and WT mice

All animal work was carried out in accordance with approval from
the Murdoch Children’s Research Institute Animal Care and Ethics
Committee (Approval No. A760). Animals were housed in a spe-
cific-pathogen-free environment at a constant ambient tempera-
ture of 22°C and 50% humidity on a 12 h light-dark cycle, with
ad libitum access to food and water, unless otherwise specified.
Generation of Actn3 KO mice on a C57BL/6] background has
been previously reported.'® Age-matched 3-month-old female
WT and Actn3 KO littermates derived from heterozygous Actn3
crosses were used for all animal studies.

Genotyping

Human

DNA was extracted from blood samples using the NucleoSpin
Blood kit (Macherey-Nagel) according to the manufacturet’s proto-
col. ACTN3 R577X genotype was determined using a PCR-RFLP
method as previously described.'*

Mouse

Actn3 WT and KO genotypes were determined using PCR-RFLP us-
ing DNA extracted from ear punch biopsies and extracted as out-
lined previously.*

Acute cold exposure

Human cold-water immersion protocol

An intermittent whole-body water immersion cooling protocol
was used as previously described.'*~!” Experiments were conduct-
ed indoors at the same time of day (from 7:00 a.m. to 11:00 a.m.).
The participants refrained from consuming any food for at least
12 h before the experiment. To standardize the state of hydration
and the sensation of thirst, subjects were allowed to drink still
water as desired until 60 min before the water immersion session.
The experiments were performed at a room temperature of 22°C
and a relative humidity of 60%. Prior to cold-water immersion,
the participants rested for 10-15 min dressed in a T-shirt, swim
shorts, and socks and baseline ventilation parameters, heart rate,
and temperatures were measured during the subsequent 20 min.
Thereafter, they entered a 14°C water bath with only the head
above the surface. Individuals stepped out of the bath every
20 min and rested for 10 min at room temperature, and then re-
turned to the water bath for the next 20 min of cold-water immer-
sion. This intermittent whole-body water immersion procedure
continued until either the rectal temperature (T;.) had decreased
to 35.5°C or a maximum of 120 min of cold-water immersion
(170 min including the breaks).

Mouse acute thermoneutral and cold exposure

For acute temperature exposure experiments, 12-week-old female
WT and Actn3 KO mice were singly housed in cages kept at either
30°C or 4°C as previously published.'® Briefly, mice housed at
thermoneutrality (30°C) were acclimatized at this temperature
for 20 h (with food and water ad libitum) prior to commencement
of experiments. Food, water, and bedding were removed from
cold-exposed mice during the 5 h cold exposure period.

Body temperature measurements

Humans

Tie was measured throughout the experiment using a thermo-
couple (Rectal Probe, Ellab; accuracy + 0.1°C) which was inserted
by the subjects to a depth of 12 cm past the anal sphincter. Muscle
(Tmu) and skin (Tgx) temperatures were measured before and at the
end of the water immersion session. The T, was measured with a
needle microprobe (MKA, Ellab; accuracy = 0.01°C) inserted
~3.5 cm under the skin covering the lateral gastrocnemius muscle
of the right leg. The skin was prepared before each intramuscular
temperature measurement by shaving and disinfecting with a cot-
ton-wool tampon soaked with medicinal alcohol. The insertion
area was marked to ensure the repeatability of the measurement.
Tsx was measured with thermistors taped to the back, the thigh,
and the forearm (DMS852, Ellab; accuracy + 0.1°C), and mean
Ty was calculated as: Ty = 0.5Tpack + 0.36Tthigh + 0.14Tforearm.
Mice

Core body temperature was measured by a rectal probe (BAT-12
microprobe thermometer) over a 5-h period between the times
of 8:00 and 14:00. Temperatures were measured at 0, 30, 60, 90,
120, 180, 240, and 300 min. Body weights were recorded before
and after the 5-h temperature measurement period. At the conclu-
sion of the temperature assessment, all mice were euthanized by
cervical dislocation and tissues were collected for further analysis.

Human functional measurements

Spirometry and heart rate measurement

A mobile spirometry system (Oxycon Mobile, Jaeger/VIASYS
Healthcare) was used to measure VO, and VCO, on a breath-by-
breath basis. Automatic calibration of the gas analyzer and delay
time were performed before measurements as described by the
manufacturer, i.e., a calibration gas at 180 kPa (15.2% O,, 5.02%
CO;, and 79.62% N,) was supplied to attain gain, offset, and delay
times within 1%. Heart rate was measured throughout the exper-
iment with a heart rate monitor (S-625X, Polar Electro).

EMG measurement of thermoregulatory muscle activation
Heat-generating muscle activation is pronounced in the chest re-
gion and we therefore measured EMG signals in the pectoralis major
muscle during cold-water immersion.”*! After careful prepara-
tion of the skin (shaving, abrading, and cleaning with alcohol
wipes) to obtain a low impedance (<10 kOhm), a surface EMG
sensor (SX230W, Biometrics Co.) with integrated bipolar Ag-
AgCl electrodes (10 mm diameter, 20 mm center-to-center dis-
tance) and differential amplifier (gain 1000, input impedance
100 MQ, an input noise < 5 pV, common mode rejection ratio
higher than 96 dB) was placed on the right pectoralis major mus-
cle. The ground electrode (R206, Biometrics Co.) was positioned
on the wrist of the right hand. The EMG sensor and ground elec-
trode were connected to a portable data acquisition unit (DataLog
P3X8, Biometrics Co.) Before measurements, the channel sensi-
tivity was set to 3 V and the excitation output to 4,600 mV as rec-
ommended by the manufacturer. EMG signals were digitized and
files were stored on a computer for subsequent analyses of the
mean frequency (MnF, in Hz) and root mean square (RMS, in
mV) using a dedicated software (Biometrics DataLOG) and manual
analysis of the rate of burst activity.

Human protein analyses

Muscle biopsies

Prior to cold-water immersion, biopsies from the vastus lateralis
muscle were collected from a subgroup of RR (n = 11) and XX (n
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= 8) individuals. The biopsy site was cleaned with alcohol and
anesthetized locally. After making a small skin cut with a scalpel
tip, a biopsy needle was inserted perpendicular to the muscle fibers
and biopsies were collected with an automatic biopsy device (Bard
Biopsy Instrument, Bard Radiology). After collection, muscle bi-
opsies were snap frozen in liquid nitrogen and stored at —80°C un-
til analysis. The skin cut was cleaned and closed with wound
closure strips. Biopsies were not collected after cold exposure.
Whole-muscle homogenate preparation

Whole-muscle homogenate was prepared from frozen muscle bi-
opsies for western blots, analysis of MyHC isoform composition,
and immunoprecipitation (IP) experiments. Approximately 15 mg
of frozen muscle was weighed and homogenized on ice (1:20 w/v)
in HEPES lysis buffer (20 mM HEPES, 150 mM NaCl, 5 mM EDTA,
25 mM KE 5% glycerol, 1 mM Na3zVOy, 0.5% Triton [pH 7.6])
with Protease Inhibitor (#11836145001, Roche, 1 tablet per
50 mL). After this stage, 70 uL was diluted to 33 ug wet weight mus-
cle pL™! using 3x SDS denaturing solution (0.125 M Tris-HCI, 10%
glycerol, 4% SDS, 4 M urea, 10% 2-mercaptoethanol, and 0.001%
Bromophenol Blue [pH 6.8]). Finally, samples were further diluted
to 2.5 pg wet weight muscle pL.=! with 1x SDS solution (3% SDS
denaturing solution diluted 2:1 with 1x Tris-HCI [pH 6.8]). A small
amount of undiluted homogenate was taken from each RR partici-
pant to make a calibration curve included on every gel for western
blotting. The remaining undiluted homogenate was used for IP.
Single-fiber collection, fiber-typing, and pooling

Approximately 10 mg of muscle was freeze-dried for 24 h. Biopsies
were left in a desiccator in drying pearls (Sigma) at room tempera-
ture for 60 min and then placed in —20°C for long-term storage.
Between 40 and 60 segments of single fibers were collected from
each muscle biopsy and placed in 12 uL of 1x SDS denaturing so-
lution, once collected fibers were kept at room temperature for
60 min and then stored in —80°C until dot blotting.

Each single-fiber segment was fiber-typed using the dot-blotting
method as previously described.? Briefly, a polyvinyldifluorid
(PVDF) membrane was activated in 96% ethanol for 120 s and
then activated in transfer buffer containing 20% methanol for
120 s. Following activation, 1 pL from each single fiber tube was
spotted on to a membrane. Once the membrane had dried, mem-
branes were reactivated in ethanol (120 s) and transfer buffer (120
s), membranes were washed in X1 Tris-buffered saline-Tween
(TSBT) and then blocked for ~10 min in 5% blocking buffer
(Bio-Rad) in 1x TBST. The membrane was then incubated in pri-
mary antibody overnight at 4°C followed by 2 h at room temper-
ature . After washing and incubation with a secondary antibody,
membranes were washed with 1x TBST and coated with chemilu-
minescent substrate (Clarity Max ECL substrate, Bio-Rad) for imag-
ing on Chemidoc MP (Bio-Rad).

In this study, two membranes were prepared simultaneously
from each fiber segment. These membranes were probed either
for myosin heavy chain (MyHC) II (mouse, monoclonal IgG,
A4.74, Developmental Studies Hybridoma Bank [DSHB]) or for
MyHC I (mouse, monoclonal IgM, A4.840, DSHB) diluted 1:200
in blocking buffer in PBS (LiCOR Biosciences) 1:1 v/v in 1x
TBST. Single-fiber segments of the same fiber type from each mus-
cle biopsy were subsequently pooled into a single tube and frozen
at —80°C until western blotting. Each pool ranged between 4 and
15 fibers. Only fiber segments that were identified either as MyHC
II or MyHC I were used in subsequent analyses.

Western blotting
Proteins of whole homogenates and pools of single-fiber segments
were separated on either 4%-15% TGX stain-free gels or for analysis

of sarcolipin (SLN), 16.5% Tris Tricine gels. TGX stain-free gels had
total protein visualized prior to transfer and analyzed on Image
Lab software (Image Lab 6.0, Bio-Rad).?* Protein was wet transferred
to a PVDF (or nitrocellulose for SLN) membrane for 1 h. Following
transfer, tris-tricine gels were stained (Coomassie Brilliant Blue R-
250, Bio-Rad) for 2 h at room temperature and de-stained (40%
methanol, 10% acetic acid) for 2 x 1 h washes at room temperature
and then stored overnight in MilliQ H,O before being visualized for
myosin bands on a Chemi Doc MP (Biorad). Membranes were
blocked at room temperature for 2 h using LI-COR blocking buffer
with TBS (LI-COR Biosciences). After blocking, membranes were
incubated in primary antibody overnight at 4°C and 2 h at room
temperature. Primary antibody details are as follows: sarcoplasmic
reticulum Ca?*-ATPase (SERCA) 2a (1:5,000, rabbit, A010-20, Ba-
drilla), SERCA1 (1:1,000, mouse, CaF2-5D2, DHSB), calsequestrin
(CSQ) 1&2 (1:1,000, mouse, MA3-913, Thermofisher), CSQ2
(1:1,000, rabbit, ab3516, Abcam), ACTN3 (1:1,000, rabbit,
ab68204, Abcam), SLN (1:1,000, rabbit, ABT13, Merck Millipore),
MyHC II (1:200, mouse 1gG,A4.74, DHSB), MyHC I (1:200, Mouse,
IgM, A4.840, DSHB), and actin (1:1,000 rabbit, ab1801, Abcam).
All antibodies were diluted in LI-COR blocking buffer in PBS (LI-
COR Biosciences) 1:1 v/v with 1x TBST. After incubation in primary
antibody, membranes were washed in 1x TBST, incubated in sec-
ondary antibody (1:20,000, IRDye 680-conjugated donkey anti-
mouse IgG and IRDye 800-conjugated donkey anti-rabbit IgG
[926-68,072, 926-32,213], LI-COR Biosciences) and immunoreac-
tive bands were visualized using infrared fluorescence (IR-Odyssey
scanner, LI-COR Biosciences). Band density was analyzed using Im-
age Studio Lite v 5.2 (LI-COR Biosciences). During data analysis, the
density of each sample for a given protein was expressed relative to
the calibration curve and then normalized to the total protein of
each respective lane. SLN in homogenate was normalized against
actin, which was not different between RR and XX individuals. Sin-
gle-fiber SLN was normalized against Coomassie stain. The same cali-
bration curve was used across all gels and data are expressed relative
to the average of the RR subjects on each gel, which was set to 1.0.

Myosin heavy chain composition

MyHC composition was determined by electrophoresis using a pro-
tocol adapted from Mizunoya et al.”* The whole-muscle homoge-
nates were diluted 2.5 times in MilliQ H,O and then in 2x sample
buffer containing 100 mM DTT, 4% w/v SDS, 0.16 M Tris-HCI (pH
6.8), 43% v/v glycerol, and 0.2% bromophenol blue. 100 ng of pro-
tein was loaded on a separating gel consisting of 100 mM glycine,
35% v/v glycerol, 200 mM Tris-HCI (pH 8.8), 0.35% w/v SDS,
8.5% w/v acrylamide-N,N’-methlyenebisacrylamide (99:1), 0.1%
w/vammonium persulfate, and 0.05% v/v N,N,N’,N’-tetramethyle-
thylenediamine. The stacking gel consisted of 10% v/v glycerol,
70 mM Tris-HCI (pH 6.8), 4 mM EDTA, 0.34% w/v SDS, 4% w/v
acrylamide-N,N’-methlyenebisacrylamide (99:1), 0.1% w/v ammo-
nium persulfate, and 0.05% v/v N,N,N’,N’-tetramethylethylenedi-
amine. After adding lower (0.05 M Tris Base, 75 mM glycine,
0.05% w/v SDS) and upper running buffer (6 x concentrated lower
running buffer with 0.12% v/v 2-mercaptoethanol), electropho-
resis was run at 4°C for 40 min at 10 mA and then for 22 h and
20min at 140 V. After electrophoresis, gels were stained with the Sil-
verXpress Silver Staining Kit (Invitrogen) according to the manu-
facturer’s instruction. Bands were analyzed using Image]J software.
Immunoprecipitation

For IP, 1 pg anti- ryanodine receptor 1 (RyR1; ab2868, Abcam) anti-
body was bound to 12 pL G-protein Dynal magnetic beads
(10007D, Life Technologies) following the manufacturer’s instruc-
tions. The lysates were centrifuged at 700 X g and 4°C for 10 min
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and the protein concentration of the supernatant was determined
with the Bio-Rad Protein Assay (#500-0006). The samples were
then diluted to 0.5 pg protein per uL and 400 pL of each sample
was added to the antibody-bead complex. Samples were incubated
overnight at 4°C under gentle rotation. After incubation, samples
gently washed four times with HEPES buffer. Samples were placed
on amagnet rack for removal of buffer. To remove separate peptides
from the beads, 50 pL Laemmli buffer (Bio-Rad) with 5% 2-mercap-
toethanol were added and samples were heated for 5 min at 95°C.
To remove the beads from the solution, tubes were placed on a mag-
net and the solution was transferred to fresh tubes. Samples (10 pg/
well) were loaded on precast 4%-12% Bis-Tris gels (NuPAGE, Invi-
trogen) and run for 1 h at 150 V. Proteins were transferred to
PVDF membranes for 3 h on ice. After blocking in blocking buffer
(LI-COR) and TBS-T for 1 h, membranes were incubated overnight
with anti-RyR1 (1:5,000, mouse, ab2868, Abcam) and anti-12-kDa
FK506 binding protein (FKBP12; 1:1,000 rabbit, ab2918, Abcam)
antibodies. After washing with TBS-T, membranes were incubated
in secondary antibody (1:20,000, IRDye 680-conjugated donkey
anti-mouse IgG) and IRDye 800-conjugated donkey anti-rabbit
1gG (926-68,072, 926-32,213, LI-COR Biosciences) for 1 h at
room temperature. Membranes were washed three times with
TBS-T and bands were visualized using an infrared fluorescence
scanner (IR-Odyssey, LI-COR Biosciences). Band densities were
analyzed with Image Studio Lite v 5.2 software (LI-COR). Data are
expressed as ratios of FKBP12/RyR1 relative to the group mean of
the RR group, which was set to 1.0.

Human proteomics analysis

Protein extraction and solubilization

Vastus lateralis muscle biopsies were homogenized in 16 pg/mL
PBS and briefly centrifuged. After discarding the supernatant,
200 pL lysis buffer (8M Urea, 1% SDS, 50 mM Tris [pH 8.5], Roche
protease and phosphatase inhibitor) were added to the pellet and
samples were vortexed and sonicated on ice. Cell lysates were then
centrifuged for 10 min at 4°C and 15,000 rpm and cleared lysates
were transferred to new tubes. The extracted proteins were precip-
itated with chilled acetone (1:4 vol) at —20°C overnight and then
centrifuged for 20 min at 14,000 x g at 4°C. The protein pellets
were dissolved in 40 pL of 8 M urea and a 3 pL aliquot of each sam-
ple was diluted 10-fold to BCA-assay. A volume equivalent of 25 pg
of proteins from each sample were adjusted to 43 uL with water
and 5 pL of 1 M ammonium bicarbonate (AmBic) was added.

In solution digestion and TMT-labeling

Proteins were reduced with adding 1.5 pL of 200 mM dithiothreitol
(DTT, Sigma) in 500 mM AmBic and incubated at 37°C for 1 h with
shaking at 400 rpm. Alkylation was performed with adding 1.5 pL of
66 mM iodoacetamide (Sigma) in 500 mM AmBic at room temper-
ature for 30 min with shaking at 400 rpm. Thereafter 1 pg of
sequencing grade modified Trypsin (Promega) was added to each
sample (1:33 trypsin:protein) and incubated for 16 h at 37°C. The
digestion was stopped by adding of formic acid at final concentra-
tion of 5% and incubating the solution for 20 min at 37°C. Then
the samples were cleaned on a C18 Hypersep plate (Thermo Scien-
tific), dried using a Speedvac and re-suspended in 70 pL of 50 mM
triethylammonium bicarbonate (TEAB) buffer and 30 pL of TMT-
10plex (Thermo Scientific) reagent was added in dry acetonitrile
(ACN) following incubation for 2 h at room temperature with
shaking at 550 rpm. Labeling reaction was quenched with 11 pL
of 5% hydroxylamine. Labeled samples were combined and dried
on Speedvac. Following a cleaning on StageTip C18, 20 pL of the
combined samples were dissolved in 0.1% formic acid and 2% ACN.

PRLC-MS/MS analysis

Chromatographic separation of peptides was achieved using a
50 cm C18 Easy-C18 column (Thermo Scientific) connected to
nanoLC-1000 system (Thermo Scientific). Approximately 1.3 pg
peptides were loaded onto the column in a volume of 2 pL and
then eluted at a 300 nL/min flow rate for 180 min at a linear
gradient from 4% to 26% ACN in 0.1% formic acid. Orbitrap Q Ex-
active plus mass spectrometer (Thermo Scientific) analyzed the
eluted peptides that were ionized with electrospray ionization.
The survey MS spectrum was acquired at the resolution of
140,000 in the range of m/z 350-1600. MS/MS data were obtained
with a higher-energy collisional dissociation (HCD) for ions with
charge z = 2-3 at a resolution of 70,000 using m/z 2 isolation
width.

Proteomics data analysis

Data were analyzed on Proteome Discoverer v2.2 (Thermo Scienti-
fic) identifying protein in SwissProt database and the extracted
abundances were further evaluated using an in-house developed
R algorithm calculating fold changes and p values. Data were visu-
alized using Qlucore Omics Explorer (Lund, Sweden).

RNA sequencing in BAT of Actn3 KO and WT mice

Brown adipose tissue (BAT) was collected from Actn3 WT and KO
mice after 5 h of core body temperature analyses across the three
treatment groups (thermoneutral [TN], room-temperature [RT],
and cold exposed [CE]). A total of 18 WT and 16 KO mice under-
went RNA sequencing using the Illumina HiSeq 2500 platform
as per manufacturer instructions. Raw read data was processed us-
ing the Illumina BaseSpace RNA Express application (Illumina).
Briefly, sequencing reads were aligned using STAR ultrafast RNA
seq aligner”® in the SAM file format,’® then counted using
HTSeq.”” The resulting genewise count data was analyzed using
the R (3.6.0) statistical programming language (R Core Team).
Modeling of differential expression was conducted using the
voom precision weights approach®® in the limma (3.40.6)*° pack-
age from the Bioconductor (3.9) project.

Statistics

Statistical analyses were performed using GraphPad Prism 8. Un-
paired t tests or one-way ANOVA with Tukey’s post hoc test were
used to assess statistical significance between groups. Two-way
repeated-measures ANOVA with Tukey’s post hoc test was used
when two subsequent measurements were performed in the
same individual. Mantel-COX log-rank test was used for compari-
sons of the effect of cold-water immersion (baseline to end-point).
Data are presented as mean + SEM and p > 0.05 was considered
statistically significant.

Results

Cold-water exposure of XX and RR individuals

Young male XX and RR individuals (Table S1) were
immersed in 14°C water for 20 min periods interposed
by 10 min pauses in room-temperature air; cold-water
exposure was continued until the rectal temperature
reached 35.5°C or for a total of 120 min (170 min
including the pauses). The percentage of individuals able
to maintain their body temperature above 35.5°C for the
complete cold-water exposure was markedly higher in
the XX group (69%) than in the RR group (30%)
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Figure 1.

Temperature measurements and physiological responses during cold-water immersion

(A) Survival plot of the time taken to reach a rectal temperature (T,.) of 35.5°C or sustaining the complete 170 min period of cold-water
immersion in RR (n = 27) and XX (n = 15) individuals. Log-rank (Mantel-COX) test was used to assess statistical difference between RR

and XX individuals.

(B-D) The decline rate in rectal (T;.), intramuscular (Ty,,), and skin (Tsx) temperatures in RR and XX subjects. Statistical difference be-

tween the two groups was assessed with unpaired t test.

(E-G) Heart rate and rate of pulmonary O, uptake (VO,) and CO, exhalation (VCO,) before (baseline) and at the end of cold-water im-
mersion in RR and XX subjects. Statistical assessment with 2-way RM ANOVA revealed no differences between the two groups either
before or at the end of cold-water exposure. Plots show values for each RR (black circles) and XX (red circles) individual and mean = SEM.

(Figure 1A). The average rate of decline of rectal (T,.) and
gastrocnemius muscle (Tp,,) temperatures in XX subjects
was about half of that in RR subjects (Figures 1B and
1C). The rate of skin temperature (Tyc) decline, on the
other hand, was not significantly different between the
two groups (Figure 1D). The dates of experiments were
relatively evenly distributed over the year except for fewer
experiments during the summer months (June-
September). There was no obvious difference in the rates
of temperature decline depending on when during the
year experiments were performed (Figure S1). Thus, no
obvious cold adaption over the winter months was de-
tected in the present experiments, which fits with
the concept that factors such as clothing, houses, and

behavioral changes are more important than physiological
adaptations for coping with a cold climate in modern soci-
eties.””

The overall increase in energy consumption induced by
the cold challenge was assessed by measurements of heart
rate and the rate of respiratory O, uptake (VO,) and CO,
exhalation (VCO,); all three rates were significantly
increased at the end of cold exposure irrespective of
ACTN3 genotype (Figures 1E-1G). Thus, a-actinin-3-defi-
cient individuals showed superior protection of core
body temperature during an acute cold stress and this
was achieved without increased energy consumption as
judged from similar cold-induced increases in heart rate,
VO,, and VCO, in XX and RR individuals.
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Figure 2. ACTN3 deficiency is accompanied by a shift toward a slower skeletal muscle phenotype

(A-D) Summary data (mean = SEM) and representative western blots of the SR Ca“-handling proteins SERCA1, SERCA2a, CSQ, and
CSQ2 in muscle of RR (n = 8) and XX (n = 7) individuals. Band intensities were normalized to their respective myosin loading controls.
Data expressed relative to the mean value of the RR group, which was set to 1.0. Statistical difference between the two groups was as-

sessed with unpaired t test.

(E) Silver-stained gels were used to assess the distribution of MyHC isoforms in RR (n = 7) and XX (n = 7) individuals. Right part shows a
representative example of the distribution of MyHC in RR and XX individuals. The total staining of the three MyHC bands was set to 1 in
each subject. Statistical difference between the two groups was tested with unpaired t test.

(F) Mean-centered sigma-normalized heatmap of differentially expressed proteins (p < 0.05).

(G) Volcano plot of all identified proteins (n = 601) expressed as fold-change (FC) in XX compared to RR individuals. Differentially abun-

dant proteins are indicated in red.

Muscle protein analyses in XX and RR individuals

In mice, Actn3 knockout (KO) results in changes in intracel-
lular Ca** handling with marked increases in SR Ca** leak
and the subsequent heat-generating active sarcoplasmic re-
ticulum (SR) Ca*" re-uptake via SERCA.*' Uncoupling of
SERCA activity from the actual Ca®" transport into the SR
is considered a key component in muscular non-shivering
thermogenesis.*”*° SERCA is expressed in several different
isoforms in mammalian tissues, with SERCA1 and SERCA2a
being the main isoforms in adult fast-twitch and slow-
twitch muscle fibers, respectively.*®~*® Notably, we detected
a shift in dominance from SERCA1 in RR muscles to SER-
CA2a in XX muscles (Figures 2A and 2B). The SR Ca** stor-

age protein CSQ also shows a fiber type-dependent isoform
distribution with CSQ1 dominating in fast-twitch fibers
and CSQ2 in slow-twitch fibers.>”"** We observed similar to-
tal CSQ expression in XX and RR muscles, whereas the
expression of CSQ2 was about twice as high in XX
compared to RRmuscles (Figures 2C and 2D). The difference
in SERCA and CSQ isoform expression between XX and RR
muscles may reflect a larger volume of the muscle to be
composed of slow-twitch fibers in XX than in RR subjects.
Therefore, we used high-sensitivity silver staining to
analyze the MyHC composition and found that XX muscles
had significantly more slow-type MyHC I (8-MyHC) and
less fast-type MyHC IIx than RR muscles (Figure 2E).
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The sarcomeric a-actinins are known to interact with a
multitude of functionally diverse proteins involved in
structural, metabolic, signaling, and Ca®*"-handling path-
ways.” We used proteomics as an exploratory measure to
look for further differences in muscle between XX and RR
individuals. This proteomic analysis of skeletal muscle bi-
opsies shows distinct differences in protein abundance be-
tween XX and RRindividuals. Overall, we found 42 proteins
to be differentially expressed between genotypes
(Figure 2F), including higher protein levels of slow-twitch
muscle fiber markers MyHC I [MYH7], slow-type myosin-
binding protein C [MYBPC1], SERCA2) and lower levels of
fast-twitch markers (myosin light chain 1/3 [MYL1],
myosin regulatory light chain 2 [MYLPF], fast-type muscle
troponin T [TNNT3]) in XX than in RR individuals
(Figure 2G). Furthermore, pathway analysis revealed that
differentially expressed proteins were enriched in pyruvate
metabolism (p = 0.0003; FDR = 0.02), including pyruvate
dehydrogenase (PDHA1) with an ~60% higher protein
expression in XX than in RR individuals.

Although the difference in SERCA and CSQ isoform
expression between XX and RR muscle homogenates corre-
sponds with the MyHC distributions, o-actinin-3 defi-
ciency might still affect the abundance of these Ca**
-handling proteins within individual fiber types. However,
fiber type-specific western blots performed on pooled single
muscle fibers did not reveal any fiber type-dependent dif-
ferences in the expression of SERCA1, total CSQ or CSQ2
between XX and RR muscles (Figure S2). Intriguingly, SER-
CA2a was higher in the RR than in XX type I fibers, which
might indicate that the abundance of SERCAs is not the
limiting factor in temperature regulation. SERCA might
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Figure 3. Improved cold tolerance in
Actn3 KO mice

(A) Survival plot of the time taken to reach
35.5°C core body temperature within 5 h
exposure to 4°C air temperature in WT (n
= 38, blue line) and Actn3 KO (n = 29, red
line) mice. Log-rank (Mantel-COX) test was
used to assess statistical difference between
WT and KO mice.

(B and C) The rate of decline in rectal tem-
perature and body weight of WT and Actn3
KO mice.

(D) The rectal temperature at the end of the
5 h of cold exposure plotted against the
body weight.

Plots in (B)—-(D) show values for each WT
(blue squares) and Actn3 KO (red squares)
mouse and mean + SEM. Statistical differ-

p=0.024
ences between the two groups assessed
. with unpaired t test.
UL T
m Ey
l. l-
: be involved in muscular non-shivering
. thermogenesis via its associated protein
- T . . .
WT Ko SLN, which interferes with SERCA

function by mediating uncoupling of

the SR Ca®" uptake from the heat-

generating ATP hydrolysis.”**" Hence,
we measured SLN expression in muscle homogenates
and in pooled single fibers, and the results showed no dif-
ference in SLN expression between XX and RR muscles
(Figure S3 and S4). Another potential Ca*"-SR-related
mechanism for heat generation is Ca®" leak through the
SR Ca*" release channel, the RyR1 channel complex, due
to dissociation of the channel-stabilizing subunit
FKBP12.*"** However, immunoprecipitation experiments
did not reveal any difference in the amount of FKBP12
bound to RyR1 between XX and RR muscles (Figure S3B).
To summarize, we could not detect any SR Ca*"-handling
protein-dependent explanation for the superior cold toler-
ance of XX subjects.

Cold exposure and brown adipose tissue analyses in
Actn3 KO mice

Brown adipose tissue (BAT) has been shown to function as a
heat-generating organ especially in hibernating mammals
and human infants.*> Adult humans have little BAT (<5%
of total fat mass**) and it is difficult to assess its importance
as a heat generator.”>*® We therefore utilized the well-
defined Actn3 KO mouse model to examine the impact of
BAT activation as a mechanism for improved heat genera-
tion in a-actinin-3-deficient individuals.* Adult wild-type
(WT) and Actn3 KO mice were kept in a cold (4°C) room
for 5 h and core body temperature was measured at regular
intervals using a rectal probe. In accordance with the human
results, the number of mice able to maintain their body tem-
perature above 35.5°C for the cold exposure period was
markedly higher in the Actn3 KO (41%) than in the WT
(16%) group (Figure 3A). Although the overall rate of tem-
perature decline during cold exposure was not significantly
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Figure 4. Acute cold exposure induced major, but Actn3 genotype-independent, changes in mouse BAT gene expression

(A) Following cold exposure, Actn3 mRNA is present in WT but not in Actn3 KO mice. Plot show values for each WT (blue triangles) and
Actn3 KO (red triangles) mouse and mean + SEM. Statistical difference between the two groups assessed with unpaired t test.

(B and C) RNA-sequencing analyses show an effect of temperature but no effect of Actn3 genotype on BAT gene expression with both the
principal component analysis (PCA) and heatmap. Description of symbols below heatmap refers to both PCA (B) and heatmap (C).
(D) Volcano plot of altered genes confirms that marked changes in BAT gene expression occurs following acute cold exposure, with
>2,000 differentially expressed genes identified. Genes showing the largest changes are specified in Table S2.

(E) Interaction plot shows no general difference based on Actn3 genotype in BAT following acute cold exposure.

different between the two groups (Figure 3B), Actn3 KO mice
were significantly lighter than their WT counterparts
(Figure 3C) and therefore showed an improved cold toler-
ance after normalizing for body weight (Figure 3D).

Following cold exposure, Actn3 mRNA was present in BAT
of WT mice, but absent in the KO mice (Figure 4A). RNA
sequencing was performed on BAT collected from mice sub-
jected to either thermal neutrality (TN, 30°C), room temper-
ature (RT, 22°C), or low temperature (cold, 4°C). An unbiased
principal component analysis (PCA) and heatmap clustering
separated samples based on temperature (TN, RT, and cold),
whereas no consistent effect of Actn3 genotype was observed
(Figures 4B and 4C). Further analysis showed more than
2,000 differentially expressed genes in BAT following cold
exposure (Figure 4D). However, an interaction plot shows
no general difference based on Actn3 genotype in BAT after
acute cold exposure with only one transcript being signifi-
cantly altered based on genotype and temperature (cold;
glycine/arginine rich protein 1 [GrrpI], thus excluding any
physiologically relevant genotype-specific difference in
BAT properties after acute cold exposure (Figure 4E).

Muscle activation during cold-water exposure in XX and
RR individuals

The major heat-generating mechanism in mammalian skel-
etal muscle during an acute cold challenge is involuntary

activation of motor units resulting in skeletal muscle
contraction. This mechanism is generally referred to as shiv-
ering thermogenesis although it involves both increased
basal muscle tone due to continuous low-intensity activa-
tion and overt shivering due to high-intensity bursting
activity.”” In our human cohort, we used surface electromy-
ography (EMG) to follow the activation of pectoralis major
muscles during cold-water immersion and observed more
frequent bursting activity in RR individuals with mean data
showing an approximately two times higher rate of bursts
in RR than in XX muscles (Figures 5A and 5B); the markedly
higher activity during bursts also resulted in a slightly higher
mean EMG signal frequency in RR muscles (Figure 5C). On
the other hand, there was no significant difference in the
amplitude of the EMG signal, which reflects the overall num-
ber of muscle fibers being activated (Figure 5D).

Discussion

We here show an improved body temperature defense
during cold-water immersion in humans deficient of the
sarcomeric protein o-actinin-3 expressed in fast-twitch
skeletal muscle. Intriguingly, the improved cold tolerance
in XX individuals was not accompanied by increased en-
ergy consumption as judged from similar cold challenge-
induced increases in heart rate, VO,, and VCO, in XX
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and RR individuals. Our results thus provide a physiolog-
ical mechanism underlying this energy-efficient cold pro-
tection in XX individuals: more slow-type I MyHC in XX
muscle coupled to a shift in neuronal muscle activation to-
ward increased muscle tone rather than overt shivering.

Previous studies have not shown any, or only minor, shifts
toward more slow-twitch type I fibers and less fast-twitch
type II fibers in XX than in RR muscle.**>" On the other
hand, the cross-sectional area of type II fibers might be larger
in RR than in XX individuals.*>>! Moreover, the absence of
the structural protein a-actinin-3 limits the response in
type II fibers to strength- and power-oriented training and
XX individuals are underrepresented in elite power/sprint
athletes.”®>? Thus, rather than a difference in the number
of type I versus type II fibers, the shift toward more type I
MyHC in the present XX individuals is likely due to a smaller
cross-sectional area of type II fibers (and/or larger area of type
I fibers) in XX than in RR muscle.

Cold-induced low-intensity continuous muscle activity,
i.e., increased muscle tone, is associated with activation
of type I muscle fibers, whereas high-intensity burst activ-
ity is linked to the recruitment of type Il muscle fibers.>* >°
Thus, our finding of a higher burst rate in RR than in XX
muscles is consistent with the larger proportion of type II
MyHC in RR muscles. Importantly, given that the superior
cold resistance in XX individuals was not accompanied by
any signs indicating a larger increase in energy consump-
tion, low-intensity tonic activation of type I muscle fibers
appears as an energetically effective way to generate
heat.°* In conjunction with the increased frequency of
the X-allele in colder climates, this finding indicates an
evolutionary survival advantage of a-actinin-3 deficiency
as humans migrated to colder climates.

Infant survival would have been an important factor dur-
ing the human migration to colder climates. While our data
demonstrate an important role of ACTN3 in adults, it re-

uncertain whether the shift toward

more type I MyHC in XX individuals
is present already at birth, hence contributing to the protec-
tion against infant mortality when moving to a colder envi-
ronment, or whether it develops later in life as an adaptive
response to strength-related physical activities. Second,
BAT constitutes a significant heat source in human in-
fants.*>*° We here show expression of Actn3 in BAT of adult
mice following acute cold exposure. Although we could not
detect any physiologically relevant Actn3 genotype-specific
difference in BAT properties after acute cold exposure, our
data do not exclude the possibility of an a-actinin-3-depen-
dent effect on BAT thermogenesis in human infants.

In conclusion, o-actinin-3-deficient humans exhibit
improved cold tolerance during cold-water immersion
linked to a shift toward more slow-twitch type I MyHC
and an energetically effective heat-generating increase in
muscle tone rather than overt shivering. These findings
provide a mechanism for the increase in X-allele frequency
as modern humans migrated from Africa to the colder
climates of central and northern Europe over 50,000 years
ago.g/m

Data and code availability

The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the
PRIDE®® partner repository with the dataset identifier
PXD022997.

The RNA sequencing in mouse BAT data have been
deposited in NCBI's Gene Expression Omnibus and are
accessible through GEO: GSE164936 (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE164936).
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