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Abstract

High CO, retention, or hypercapnia, is associated with worse
outcomes in patients with chronic pulmonary diseases. Skeletal
muscle wasting is also an independent predictor of poor outcomes in
patients with acute and chronic pulmonary diseases. Although
previous evidence indicates that high CO, accelerates skeletal muscle
catabolism via AMPK (AMP-activated protein kinase)-FoxO3a—
MuRF1 (E3-ubiquitin ligase muscle RING finger protein 1), little is
known about the role of high CO, in regulating skeletal muscle
anabolism. In the present study, we investigated the potential role of
high CO, in attenuating skeletal muscle protein synthesis. We found
that locomotor muscles from patients with chronic CO, retention
demonstrated depressed ribosomal gene expression in comparison
with locomotor muscles from non-CO,-retaining individuals, and
analysis of the muscle proteome of normo- and hypercapnic mice
indicates reduction of important components of ribosomal structure
and function. Indeed, mice chronically kept under a high-CO,
environment show evidence of skeletal muscle downregulation of
ribosomal biogenesis and decreased protein synthesis as measured by
the incorporation of puromycin into skeletal muscle. Hypercapnia
did not regulate the mTOR pathway, and rapamycin-induced
deactivation of mTOR did not cause a decrease in ribosomal gene
expression. Loss-of-function studies in cultured myotubes showed
that AMPKa2 regulates CO,-mediated reductions in ribosomal gene
expression and protein synthesis. Although previous evidence has

implicated TIF1A (transcription initiation factor-la) and KDM2A
(lysine-specific demethylase 2A) in AMPK-driven regulation of
ribosomal gene expression, we found that these mediators were not
required in the high CO,-induced depressed protein anabolism. Our
research supports future studies targeting ribosomal biogenesis and
protein synthesis to alleviate the effects of high CO, on skeletal
muscle turnover.
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Clinical Relevance

Skeletal muscle wasting and hypercapnia both contribute to
higher mortality in chronic obstructive pulmonary disease.
Although accelerated CO,-induced protein degradation has
been reported, no data are available on the role of high CO,
retention in protein anabolism. We demonstrate that CO,
causes AMP-activated protein kinase-mediated attenuation of
protein synthesis, which occurs by downregulating ribosomal
biogenesis and independently of the mTOR pathway. This
research could potentially allow development of strategies to
target protein anabolic suppression in chronic obstructive
pulmonary disease, with effects on relevant clinical outcomes.
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Skeletal muscle wasting is a frequent
comorbidity in patients with acute and
chronic pulmonary diseases such as chronic
obstructive pulmonary disease (COPD),
cystic fibrosis, and others (1-3). Muscle
wasting is associated with worse clinical
outcomes, including higher disability,
rehospitalization rates, and mortality (1-7),
and results from an imbalance between
protein degradation and synthesis, which
leads to net muscle loss (7, 8). Although
muscle protein degradation via the
ubiquitin—-proteasome (9-11) and
autophagy (12) pathways has been observed
in COPD and other pulmonary conditions,
less information is available regarding the
reduced protein anabolism in the context of
CO,-retaining pulmonary diseases.

Chronic CO, retention, or hypercapnia,
frequently occurs in patients with
COPD and other pulmonary diseases and
is associated with worse outcomes,
including higher mortality (13-16).
Accumulating literature indicates that CO,
regulates, in a pH-independent manner,
immune response (17), wound healing (18),
edema reabsorption (19), and other
processes (20). Recent evidence indicates
that AMP-activated protein kinase (AMPK)
regulates skeletal muscle turnover (21, 22).
AMPK is an important energy sensor that
is activated by cellular stress such as low
oxygen, high CO,, or glucose deprivation
(23). The mammalian AMPK consists of a
heterotrimeric complex formed by a
catalytic subunit (o) and two regulatory
subunits (B and <y). The phosphorylation of
a conserved threonine residue (Thr-172) in
the kinase domain of the catalytic subunit is
needed for AMPK activation (23). We have
previously reported that chronic CO,
exposure leads to skeletal muscle wasting
via acceleration of protein catabolism, a
process mediated by the muscle-specific
MuRF1 protein (E3-ubiquitin ligase muscle
RING finger protein 1) (24). Surprisingly,
we have also observed an association
between CO, exposure and downregulation
of ribosomal RNA expression in cultured
myotubes (24). Thus, the present work was
conducted to determine the role of chronic
hypercapnia in the regulation of muscle
protein synthesis and ribosomal biogenesis.
Our central hypothesis was that high
CO,-mediated AMPK phosphorylation
negatively modulates protein anabolism via
downregulation of ribosomal RNA. Part of
this study was previously published in
abstract form (25).

Methods

Human Subjects
Seven patients with or without chronic CO,
retention were enrolled in this study.
Ethical approval was obtained from the
Albany Medical College Committee on
Research Involving Human Subjects (IRB
4619), and written informed consent was
obtained from the patients at the time of
study participation. Enrollment took place
between December 2016 and July 2018.
Patients were considered for enrollment if
they were older than 18 years of age and
had a history of pulmonary disease with
or without chronic hypercapnia, which
was based on previous CO, or serum
bicarbonate determination and confirmed
with arterial blood gas sampling on the day
the muscle biopsy was performed. All
patients were clinically stable at the time
of the study, and none of them had
contraindications for the biopsy procedure,
including receiving chronic anticoagulation
or having a known blood-clotting
abnormality. Normal international
normalized ratio and platelet values were
also confirmed before the procedure.
Rectus femoris cross-sectional area
(CSA) and thickness measurements were
performed as previously established (26).
Vastus lateralis biopsy was performed as
previously described (27) and using a 14-
gauge automatic Bard Marquee disposable
core biopsy instrument (Bard MKQ1410).
In short, before the procedure, local
anesthesia was provided with 2 ml of
lidocaine 2%. The skin was then punctured
with the insertion cannula perpendicular to
the muscle until the fascia was pierced, and
the needle was inserted through the
cannula after removal of its trocar. A
muscle sample was obtained, and the
procedure was repeated three times to
ensure the quality and quantity of samples.
The muscle specimen was removed from
the biopsy needle using a sterile scalpel, and
the sample was subsequently placed in a dry
tube and immediately stored at —80°C for
further analyses.

Animals

Wild-type male C57BL/6 mice obtained
from The Jackson Laboratory were used in
this study. We accounted for different
variables, determined a priori, that could
confound the results: animals’ age (28, 29),
sex (30), mobility (31), and food intake (32)
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and blood values of oxygen (33) and pH
(34). Male mice 12-14 weeks old were
placed in a 10% CO, chamber (BioSpherix)
for 60 days. Another group of mice was
placed in hypercapnia for 3 weeks to define
shorter-term effects of CO, on protein
anabolism. Age- and sex-matched (male)
animals left in ambient air were used as
control animals. We deliberately used mice
in early adulthood to avoid the potential
confounding effect of aging on the reported
results (35), and to determine the lack of
CO,-mediated developmental effects on
skeletal integrity, we measured tibial length
in the mice. We also used male mice in this
study to prevent the confounding effect of
hormonal cycling on the skeletal muscle
anabolic response, as previously reported
(36). Indeed, because we have previously
observed evidence of fibers’ nuclear
centralization (potentially indicating
accelerated muscle turnover) in high CO,
(24), and because that process has been
shown to be different between sexes (37),
we reasoned that animals’ sex needed

to be specifically accounted for in our
experiments. Food and water were
accessible ad libitum, and a 12-h/12-h
light/dark cycle was maintained. Animals
were weighed immediately before entering
the hypercapnia chamber as well as 30 and
60 days later, and again immediately before
being killed, which was accomplished via
cervical dislocation. Extraction of the
extensor digitorum longus (EDL) and
soleus muscles was performed directly after
mice were killed. The time elapsed between
animals’ withdrawal from the high-CO,
environment, their killing, and muscle
procurement and freezing never exceeded
4-5 minutes. All the procedures involving
animals were approved by the Albany
Medical College Institutional Animal Care
and Use Committee (IACUC protocol
06002); animals were handled according to
NIH guidelines; and all methods were
performed in accordance with the relevant
guidelines and regulations as stated by the
Journal and public agencies.

CO, Medium and CO, Exposure

For the different experimental conditions,
initial solutions were prepared with
Dulbecco’s modified Eagle medium/
F-12/Tris base/3-(N-morpholino)
propanesulfonic acid (MOPS) (3:1:0.25:0.25)
containing differentiation media
described above. The medium buffering
capacity was modified by changing its
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initial pH with Tris base and MOPS

to obtain a pH of approximately 7.4 at
carbon dioxide tension (pCO,) of 40 and
120 mm Hg. The desired CO, and pH
levels were achieved by equilibrating the
medium overnight in a humidified
chamber (VWR). In this chamber, cells
were exposed to the desired pCO,

(5% to obtain pCO, ~40 mm Hg and 20%
to obtain pCO, ~120 mm Hg) while 21%
O, balanced with N, was maintained as
previously reported (24). Before and after
CO, exposure, pH, pCO,, and oxygen
tension levels in the medium were
measured using an i-STAT blood gas
analyzer (Abbott Point of Care).
Experiments were started by replacing
the culture medium with the
CO,-equilibrated medium and
incubating it in the chamber for the
desired time.

Transfection of Myotubes with siRNA
After 3 days of differentiation, media
were removed from C2C12 or primary
myotubes and replaced with antibiotic-free
differentiation media, and transfection

was performed after 4 hours. Myotubes
were transfected with mouse scrambled
(control), AMPKal, AMPKa2, and
KDM2A (lysine-specific demethylase 2A)
siRNA duplexes (100 pmol) obtained from
Santa Cruz Biotechnology and TIF1A
(transcription initiation factor-la) siRNA
(100 nM) purchased from Dharmacon by
using Lipofectamine RNAIMAX (Life
Technologies) according to the respective
manufacturers’ recommended protocols.
Cells were incubated with the
RNA-Lipofectamine complexes for

30 minutes at 37°C. After this period,

the transfection complex was
supplemented with differentiation

media up to 1.5 ml for TIF1A siRNA
complexes and 3 ml for all Santa Cruz
Biotechnology siRNA complexes,

and experiments were performed 48 hours
later.

Western Blot Analysis

C2C12 and primary myotubes were
homogenized in lysis buffer (Cell Signaling
Technology) with 100X Halt Protease and
Phosphatase Inhibitor Cocktail (Thermo
Fisher Scientific) and then further
homogenized by sonication (Sonics and
Materials, Inc.). Samples were then
centrifuged at 1,600 X g for 5 minutes at
4°C. Muscle samples were homogenized on

ice with cold lysis buffer in a 10-fold
(wt/wt) excess of lysis buffer, pH 7.6, that
contained 8.7 mM NaH,PO,, 58 mM
Na,HPO,, 144 mM NaCl, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1%
SDS, and 100X protease and phosphatase
inhibitor cocktail as previously described
using a Minilys bead homogenizer (Bertin
Corp.) (24). Samples were centrifuged at
22,000 X g for 10 minutes at 4°C, and
after two spins, the final supernatant
was collected. Protein concentrations
were determined by performing a
bicinchoninic acid assay (Thermo Fisher
Scientific). Proteins were separated by
SDS-polyacrylamide gel electrophoresis,
transferred to nitrocellulose membranes
using a wet electroblotting system
(Bio-Rad Laboratories), immunoblotted,
and visualized by chemiluminescence
following the manufacturer’s
instructions (Bio-Rad Laboratories).
Used antibodies, with corresponding
manufacturers and working dilutions, are
presented in Table E2 in the data
supplement. Membranes were stripped
for reprobing with an internal lane
loading control using stripping buffer,
pH 2.2, that contained 100 mM glycine,
20 mM Mg(CH;COO), - 4H,0, and

50 mM KCI. Quantification of protein
concentrations was performed by
densitometric scanning with Multi Gauge
V3.0 software from Fujifilm or Image
Lab 6.0 software (Bio-Rad Laboratories),
and image exposure and contrast were
adjusted to prevent saturation and to
optimize adequate comparison between
different conditions. For the
immunoblots presented in the main
figures representing sections

cropped from larger membranes, the
entire image has been included in the
data supplement.

Statistics

Data are expressed as the mean *+ SEM. For
results normalized to a reference value, we
used a single-sample f test, and values
represent fold change in reference to
control. For comparisons performed
between two groups, significance was
evaluated by Student’s ¢ test, and values
represent ratios of values. For comparisons
in which more than two groups were
compared, ANOVA was used followed by
the Dunnett test. Prism software
(GraphPad Software) was used. Results
were considered significant at P < 0.05.

For the proteomic analysis, data were
processed using MaxQuant software
(version 1.6.2.3). Searches were performed
against a target-decoy database

(UniProt [mouse]; www.uniprot.org;
October 28, 2018). Searches were
conducted using a 20-ppm precursor mass
tolerance and a 0.04 Da product mass
tolerance. A maximum of two missed tryptic
cleavages were allowed. The fixed
modifications specified were
carbamidomethylation of cysteine residues.
The variable modifications specified were
oxidation of methionine and acetylation of
the N-terminus. Within MaxQuant,
peptides were filtered to a 1% unique
peptide false discovery rate. Characterized
proteins were grouped on the basis of rules
of parsimony and filtered to a 1% false
discovery rate (38). Label-free
quantification was performed in MaxQuant
(Max Plank Institute, Germany)

using MaxLFQ (39). Missing values were
imputed using the Perseus tool available
with MaxQuant (40). Quantitative data
from each experiment were log,
transformed and mean normalized across
all tissues for each given protein.
Significantly changing proteins were
identified using a two-sided Student’s f test
in Excel (Microsoft). Gene Ontology
enrichment was performed in R software
(41) using Fisher’s exact test and corrected
for multiple comparisons using the
Hochberg correction (42). Further details
on the methods can be found in the data
supplement.

Results

Patients with Chronic CO, Retention
Demonstrate Depressed Ribosomal
Biogenesis in Locomotor Skeletal
Muscle

On the basis of our previous observation
that high-CO, exposure to cultured
myotubes is associated with decreased
expression of ribosomal RNA (24), we
conducted an exploratory pilot study
enrolling CO,-retaining individuals
(n=3) and nonretaining counterparts
(n=4). In these subjects, we performed
percutaneous quadriceps muscle biopsies
and simultaneous determination of
arterial blood gases to confirm ongoing
pCO, values. Hypercapnic patients
demonstrated a significant downregulation
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Clinical Characteristics of Subjects at Time of Recruitment

Normocapnia, n=4 (+ SEM) Hypercapnia, n=3 (+ SEM)

General

Age 61.5+6.6 48.3 + 8.1
BMI 30.1+1.5 349 +6.1
Skeletal muscle mass

Qcsa (cm2) 572+0.7 3.91+0.5
Qthick (cm2) 1.52+0.2 1.07 £ 0.41
Pulmonary function

FVC (% predicted) 82.5+4.6 67.7+11.3
FEV, (% predicted) 67.5 +10.09 33+6.11
Arterial blood gases

pH 7.4 £ 0.004 7.35+£0.05
pCO2 37.2+268 75+ 7.57
pO2 89.5 +8.17 79.67 +2.4
HCOS- 23.25+1.49 39+55
Sat 02 95+1.4 94.33 + 0.3

Figure 1. High CO, associates with decrease of skeletal muscle ribosomal gene expression

in humans. (A) Biopsies from quadriceps skeletal muscle of normocapnic (NC; n=4) versus
hypercapnic (HC; n=3) patients were sampled, and quantitative PCR (gPCR) was performed to
determine the expression level of 45S pre-RNA/GAPDH. **P < 0.01. (B) Different covariables present
in both groups of patients. (No statistical analyses were performed to compare these variables, given
the small number of patients in this pilot study.) BMI=body mass index; FEV, =forced exporatory
volume in 1 second; FVC =forced vital capacity; pCO, = carbon dioxide tension; pO, = oxygen
tension; Qcsa = quadriceps cross-sectional area; Qthick = quadriceps muscle thickness; Sat

O, =arterial oxygen saturation.

of 45S pre-RNA (pre-rRNA, a precursor
of rRNA required for the assembly of

the mature ribosome) compared

with normocapnic control subjects (Figures
1A and 1B), which suggests, in this

small cohort, that high CO, could be
associated with depressed ribosomal
biogenesis.

High-CO, Exposure Leads to a
Proteomic Signature Suggesting
Downregulation of Ribosomal
Structural Components and
Translation-Regulating Proteins in
Murine Skeletal Muscle

Given the presence of confounding
covariables in our pilot human study

(Figure 1B) that could have potentially
accounted for the association of high CO,
retention with depressed ribosomal

RNA expression, we conducted an animal
study in which these covariables were
controlled a priori (Figure 2A). Mice in
normal and high CO, environments
demonstrated similar tibial lengths,
suggesting that skeletal
development/growth did not play a role in
the effects of hypercapnia. Food intake
and motion activity, as measured by
aggregated vertical and horizontal
motions, were not significantly different
among the normocapnic and hypercapnic
mice, indicating that these variables are
unlikely to have played a major role in the
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observed effects (Figure 2A). Thus, mice
were housed for 60 days in a 10% CO,
and 21% O, (hypercapnia) environment
or in room air (normocapnia), then

the EDL muscle was sampled and
processed for a large-scale, unbiased
proteomic study. We found a significant
downregulation of individual components
of translation initiation, such as
eukaryotic initiation factors eIF4E3 and
elF3M (P < 0.001), which recruit mRNA
to the ribosome (43) (Figure 2B).
Moreover, ontology enrichment analysis
included “structural constituent of
ribosome” among the significant or
nearly significant terms generated with
that dataset (Figure 2C; see the data
supplement for the complete dataset).
These data suggested that ribosomal
biogenesis could be disrupted in skeletal
muscle in the context of chronic hypercapnia
and supported further studies to directly
interrogate that process using validated
surrogates.

High-CO, Exposure Leads to
Depressed Ribosomal RNA
Expression and Protein Synthesis in
Mice

On the basis of information obtained
from the previous experiments, we

directly determined mouse skeletal

muscle expression of 45S pre-RNA in the
context of chronic high-CO, conditions
and compared that with room air
counterparts. This gene expression was
found to be downregulated in both soleus
and EDL muscles in hypercapnic mice
(Figures 3A and 3B). The housekeeping
gene GAPDH, similarly to previous
evidence (44, 45), was found to remain
stable in high CO, (24). To further
determine whether that downregulation
was associated with decreased protein
synthesis, chronically hypercapnic mice
received a nontoxic dose of puromycin (an
aminonucleoside antibiotic with a structure
that mimics tRNA, which can be
immunodetected) for 30 minutes before
being killed (Figure E1) (46). Immunoblot
analysis of lysates from soleus and EDL
muscles incubated with antipuromycin
antibody demonstrated a significant
decrease of puromycin incorporation in
hypercapnic mice, reflecting an attenuation
of protein synthesis during the time elapsed
between the puromycin injection and
muscle procurement (Figures 3C and 3D).
Consistent with previous data, hypercapnic
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Variable Normocapnia (n=4) Hypercapnia (n=4) pP=
45s-PreRNA 0.095 + 0.01 0.042 + 0.007 0.006
Venous bicarbonate (mEq/l) 22.5+0.36 35.5 +0.49 <0.001
Motion (average movements/h) 1,872 + 320.1 1,420 + 336 0.35
Food Consumption (grams/d) 4.86 + 0.5 4.007 = 0.36 0.23
Tibial Length 2.267 + 0.01 2.308 + 0.03 0.25

GO Term Description Adjusted P-value Fishers P-value Significance
GO:0005524 ATP binding 0.000007860 0.000000006060 Significant
G0:0031625 ubiquitin protein ligase binding 0.113657931 0.000087800000 Nearly Significant
G0:0003735 structural constituent of ribosome 0.113657931 0.000087800000 Nearly Significant
GO:0005509 calcium ion binding 0.113657931 0.000087800000 Nearly Significant

| UpRegulated (Hypercapniawm |

GO Term Description Adjusted P-value Fishers P-value Significance
G0:0003823 antigen binding 0.261349173 0.000201503 Nearly Significant

B
4.00 - .
3 3001 °Ei4ed Eitsm . 5
> I ¥ LA L
£ 2.00
5 ]
T 1.00 - .
0.00
-6

log,fold-change(hypercapnia/WT)

Figure 2. Hypercapnia causes a proteomic signature suggesting depressed ribosomal function and structure. (A) Covariables chosen a priori were
investigated to determine their possible confounding effect on ribosomal RNA expression and puromycin incorporation. Extensor digitorum longus
muscles were sampled and submitted for a large-scale proteomic analysis. (B) Volcano plot highlighting proteins found to be downregulated (green circles)
and upregulated (red circles). Eif4e3 and Eif3m are indicated by arrows and significantly downregulated (P < 0.001). (C) Ontological enrichment terms
identified as significant or nearly significant in this study. n=6 (3 normocapnia and 3 hypercapnia). Eif3m = eukaryotic translation initiation factor 3 subunit m;
Eif4e3 = eukaryotic translation initiation factor 4E family member 3; GO = gene ontology; WT = wild type.

mice demonstrated decreased tibialis
anterior and gastrocnemius muscle weight
(Figure 3E). CSAs fibers” reductions
reached statistical significance only in EDL
and not in soleus muscle, consistent with a
more glicolytic profile of EDL (see below
and Figures 3F and 3G), and in force-
generation capacity as measured by the
grip-strength method (Figure 3H).
Interestingly, although we previously
found that a 3-week high-CO, exposure
led to similar reduction of CSA among
types I and II fibers (24), the present data
involving longer-term hypercapnia and
using a more specific identification
method of fiber types were associated
with more significant atrophy of
type II (glycolytic) fibers, specifically
types Ila and IIb/x (Figure 3I).
Moreover, anabolic attenuation was not
evident in the shorter-term CO, exposure
(Figures E2A and E2B), which suggests
that this process is activated at a later
time in the context of chronic
hypercapnia.

Because we observed a more robust
downregulation of ribosomal gene
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expression, puromycin incorporation, and
atrophy in EDL than in soleus muscle
(Figures 3A-3D), and because soleus
muscle is richer in type I (oxidative) fibers
than the type II (glycolytic)-rich EDL
muscle (47), we speculated that CO,-driven
anabolic attenuation could be fiber type
specific. To address that hypothesis, we
scored the immunofluorescence intensity of
EDL and soleus muscle sections stained
with both antipuromycin antibody and
merged with images stained with fiber type
myosin heavy chain isoform antibodies
(46). We found that in hypercapnia,

type II fibers demonstrate a more robust
attenuation of puromycin signal than type I
fibers (Figure 3] and higher magnification
in Figure E3A), which is associated with
the mentioned CO,-induced reduction

of fiber type-specific diameter (Figure 3I).
Moreover, we took advantage of the
anabolic stimulation entailed by 1 month of
endurance exercise in normocapnic and
hypercapnic mice, which indicates that
although hypercapnic (more oxidative)
types I and Ila fibers regain baseline
normocapnia-similar CSA and puromycin

contents, more glycolytic type IIb/x fibers
fail to significantly increase both

variables under the same exercise protocol
(Figures 3K, 3L, and E3B). These data
suggest that the muscle wasting

associated with chronic CO, retention
could be contributed by decreased
expression of ribosomal RNA and protein
synthesis and that this process is more
pronounced in type II fibers than in type
I fibers. Also, the magnitude of
fiber-specific mass and protein puromycin
incorporation is associated in the context
of hypercapnia, both in a steady-state
catabolic status and after endurance
exercise.

Hypercapnia Leads to Depressed
Ribosomal RNA Expression and
Protein Synthesis In Vitro

To determine whether in vitro hypercapnic
conditions recapitulate the observed in vivo
decrease in ribosomal RNA transcription
and protein synthesis, we established two
cell culture models: C2C12 cells, which are
nontransformed mouse skeletal muscle
myotubes (48); and primary myotubes,

American Journal of Respiratory Cell and Molecular Biology Volume 62 Number 1 | January 2020
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Figure 3. Hypercapnia causes a decrease in skeletal muscle anabolism and expression of ribosomal RNA. Age-matched male C57BL/6 mice were
exposed to 10% CO, (HC) for 60 days or maintained in room air (NC). RNA was isolated from these samples; gqPCR was performed; and the amount of
458 pre-RNA/GAPDH ratio was determined in (A) soleus (n =6) and (B) extensor digitorum longus (EDL) muscles (n = 6). After chronic high CO, or room air
exposures and 30 minutes before mice were killed, 0.040 wmol/g of puromycin was intraperitoneally injected. Then, soleus and EDL muscles were
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Figure 4. Cultured myotubes demonstrate hypercapnia-driven decrease in protein synthesis and
ribosomal gene expression. (A) Values of pH, pCO,, and pO, as measured in buffered media
under NC and high-CO, (HC) conditions. (B and C) C2C12 myotubes exposed to 20% CO, for
4,18, and 24 hours as compared with cells maintained in 5% CO, (0 h) were sampled, and
45S-preRNA/GAPDH expression was determined with gPCR (1 =3). (C) Primary myotubes exposed to
20% CO, for 24 hours as compared with cells maintained in 5% CO. (0 h) were sampled, and
expression of 45S-preRNA/GAPDH expression was determined with gPCR (n=23). (D) Representative
immunoblot of C2C12 myotubes exposed to 20% CO, for 4, 18, and 24 hours as compared with cells
maintained in 5% CO, (0 h). All cells were kept on a puromycin-containing medium, and then lysates
were immunoblotted with antipuromycin antibody, and the intensity was interpreted as the index of
puromycin incorporation over the analyzed period. Membranes were then stripped and probed with
antiactin antibody, used as a lane loading control (n=3). (E) Representative immunoblot of primary
myotubes exposed to 20% CO, for 24 hours as compared with cells maintained in 5% CO, (0 h). Cells
were kept on a puromycin-containing medium, and then lysates were probed with antipuromycin
antibody, and the intensity was interpreted as the index of puromycin incorporation over the analyzed
period. Membranes were then stripped and probed with antiactin antibody, used as a lane loading
control (n=3). *P<0.05, *P <0.01, and **P < 0.001.

obtained from in vitro differentiation of
epitope-specific isolated myoblasts (49). In
both cells, exposure to a culture medium
buffered to maintain normal pH and

oxygen but high CO, (Figure 4A) resulted
in a significant reduction of ribosomal
RNA expression (Figures 4B and 4C)

and puromycin incorporation (Figures
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4D and 4E). Importantly, these cells
demonstrate morphological and molecular
characteristics of skeletal muscle that are
not affected by exposure to puromycin and
high CO, (Figures E4A-E4C). These data
indicate that an in vitro model using
cultured myotubes recapitulates the effects
of high CO, on ribosomal gene expression
and protein synthesis as reflected by

the puromycin incorporation and can be
used as a system to perform mechanistic
studies.

High-CO, Effect on rRNA Expression
and Protein Synthesis Depends on
AMPKa2

Exposure to high CO, has previously been
shown to cause AMPK phosphorylation
in different cell lines, including
fibroblasts, alveolar epithelial cells, and
skeletal muscle myotubes (19, 24). We
confirmed this process in chronically
hypercapnic mice (Figure 5A) and in
cultured myotubes (Figures 5B and 5C).
We then investigated the possible role
of AMPK in regulating ribosomal RNA
and protein synthesis by transfecting
C2C12 cells with scrambled or AMPK
isoform-specific siRNAs. We found

that knockdown of AMPKa2, but

not AMPKal, attenuated the high
CO,-mediated reduction in 45S pre-RNA
expression (Figure 5D) and puromycin
incorporation (Figure 5E). Because
AMPK regulation by the mTOR pathway
has been reported to modulate ribosomal
biogenesis and protein synthesis (50, 51),
we investigated the potential role of that
signaling in the context of high-CO,
exposure. Although myotubes treated
with rapamycin demonstrated a robust
dephosphorylation of mTOR, no such
effect was observed in the context of CO,
stimulation (Figure E5A). Moreover,
although high CO, causes robust and
significant downregulation of 45S pre-
RNA expression and puromycin
incorporation (Figures 4B-4E),
rapamycin exerts no significant effect in
45S pre-RNA (Figure E5B); yet, it causes

Figure 3. (Continued). procured, samples were immunoblotted with antipuromycin antibody, and the intensity of the resultant smear was scored.

(C) Soleus muscle puromycin incorporation (n=23). (D) EDL muscle puromycin incorporation (n=3). (E) Tibialis anterior (TA) and gastrocnemius (GN)
muscles from NC and HC mice were procured and immediately weighed (n = 3). (F) Soleus muscle average fiber size in NC and HC (n =3). (G) EDL muscle
average fiber size in NC and HC (n=3). (H) Grip strength determinations in NC and HC mice (n=3). (/) Fiber-specific cross-sectional area (CSA) in NC
and HC (n = 3). (J) Cryosectioned samples from soleus or EDL muscles were immunostained with antipuromycin antibody and specific antibodies to type |, lla,
or type llb/x fibers. Then, the amount of fiber-incorporated puromycin in the specific fiber types of soleus and EDL muscles was scored by grayscale scoring
of room air-maintained (NC) CO, versus 10% CO, for 60 days (HC). NC and HC mice underwent a regime of endurance exercise during 1 month. Scale
bar: 2560 pm. (K and L) Then, fiber-specific CSA (K) and puromycin incorporation (L) were determined and scored. *P < 0.05 and **£ < 0.01.
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Figure 5. AMP-activated protein kinase (AMPK) regulates protein anabolism during exposure to high
COs in cultured myotubes. (A) AMPK phosphorylation (b AMPK) in skeletal muscle from mice exposed
to high CO, (HC) versus room air (NC) for 60 days. Actin was used as a lane loading control (n = 3). (B)
PAMPK in primary myotubes exposed to 40 mm Hg (NC) or 120 mm Hg (HC) CO, for 24 hours. Actin
was used as a lane loading control (n=3). (C) pPAMPK in C2C12 myotubes exposed to 40 mm Hg
(NC) or 120 mm Hg (HC) CO, for different durations. Actin was used as a lane loading control. (D)
Myotubes were transfected with scrambled (Scr), AMPKa1, or AMPKa2 siRNA and then exposed to
normal (NC) or high CO, (HC). Representative figures depict results of gPCR with primers to amplify
45S pre-RNA/GAPDH. Cell samples were processed for Western blotting and probed with specific
antibodies to indicate AMPKa1 or AMPKa2 siRNA expression as a control of transfection and
silencing efficiency in each condition (n = 3). (E) Conditions similar to D with myotubes exposed to NC
and HC for 24 hours in the presence of puromycin-containing medium. Samples were then lysed and
immunoblotted with antipuromycin antibody, and the intensity of the smears was scored as shown.
Membrane was then stripped and probed with actin as a lane loading control. Transfection control
was carried out by Western blotting and probing with specific antibodies to indicate specific silencing
of AMPKa1 or AMPKa2 siRNA (n=3). *P < 0.05, *P < 0.01, and **P < 0.001.
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a significant reduction of puromycin
incorporation (Figure E5C). These mTOR
pathway effects demonstrated in

cultured myotubes are similarly observed
in vivo (Figures ESD-E5F). Taken together,
our data suggest that CO, leads to
AMPK activation that negatively
regulates ribosomal RNA expression

and protein synthesis specifically via
AMPKa2 in cultured myotubes, effects
that are not mimicked by rapamycin-
induced deactivation of the mTOR
pathway.

CO,-mediated AMPK Regulation of
Protein Synthesis Is Independent of
TIF1A or KDM2A

Because AMPK has previously been shown
to phosphorylate the transcription factor
TIF1A, leading to inhibition of ribosomal
RNA expression (52, 53), we hypothesized
that this mechanism could be relevant in
the context of high CO,. Using different
commercially available antibodies, we
were unable to reliably detect a TIF1A
product of approximately 75 kD in lysates
for C2C12 cells or primary myotubes,
whereas a robust band of that molecular
weight was detected in lysates from
human embryonic kidney cells (HEK293)
(Figure 6A, showing one antibody as an
example). These antibodies are reported
to detect TIF1A in mouse cells (54),
which made it unlikely that the lack of a
visible C2C12 or primary myotube
product was due to a species-related
reactivity. Surprisingly, both C2C12 cells
and primary myotubes expressed a 50 kD
product that was detectable by various
TIF1A antibodies and regulated during
the transition from myoblast into
myotube form (Figures E6A-E6D). Thus,
we directly evaluated TIF1A expression in
C2C12 myotubes using a Crispr/Cas9-
mediated addition of a 3XFLAG tag to
exon 18 of the TIFIA gene. Using this
strategy, we were able to detect a band at
75 kD (Figure 6B). Silencing TIF1A with
specific siRNA led to downregulation of
both the RNA expression and FLAG-
tagged protein product, confirming
TIF1A expression (Figures 6C and 6D) in
the cultured skeletal muscle cells, despite
our inability to detect the endogenous
wild-type form by Western blotting with
commercial antibodies. To screen for a
possible role of TIF1A in the CO,-
mediated downregulation of muscle
anabolism, we incubated C2C12 cells
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previously transfected with scrambled or
TIF1A-specific siRNA with normal or
high CO,. Surprisingly, silencing of
TIF1A did not prevent the decrease in
puromycin incorporation into

myotubes in response to hypercapnia
(Figure 6E).

Previous research has also shown
that AMPK regulates ribosomal biogenesis
via KDM2A-mediated H3K36me2
demethylation in the rRNA gene, and thus
we entertained the possibility that this
process could also be relevant in
hypercapnia. We therefore transfected
myotubes with scrambled and specific
KDM2A siRNA, and we found that,
similarly to TIF1A knockout, it failed to
protect hypercapnia-exposed cells
from depressed protein synthesis
(Figure 6F). Consistent with previous
literature, silencing of TIF1A (52) or
KDM2A (55) had no significant effect on
45S pre-RNA expression in baseline
conditions (Figures E6F and E6G).
Taken together, our data indicate that
an unidentified mechanism
involving neither TIF1A nor KDM2A
mediates the CO,-triggered
downregulation of protein synthesis in
skeletal muscle.

Discussion

Skeletal muscle dysfunction is a major
comorbidity in patients with acute and
chronic pulmonary diseases, including
COPD and others (1, 2), and is
independently associated with mortality
in these populations (3-5, 16, 56).
Moreover, recovery of skeletal muscle
mass and function in the context

of pulmonary rehabilitation has
demonstrated benefits in important
outcomes, including hospital
readmissions, rate of exacerbations, and
others (7, 57-59). Muscle wasting is
associated with an imbalance between
protein synthesis and degradation, and we
are reporting that in the present study,
chronic CO, retention or hypercapnia,
which is prevalent in patients with COPD,
was associated with a dysfunctional
protein anabolism contributed by
downregulated ribosomal biogenesis.
Specifically, we conducted a small
exploratory pilot study that suggested a
potential association between chronic
hypercapnia and decreased skeletal

muscle ribosomal RNA expression in
humans. We also performed an unbiased
analysis of the skeletal muscle proteome
from animals housed in normal and
high CO, environments, which also
suggested an association between
hypercapnia and depressed ribosome-
mediated anabolism. The process was
then directly confirmed in high
CO,-exposed mice and in cultured cells
using a validated surrogate of ribosomal
biogenesis. Importantly, animal and
cellular data also indicate a
hypercapnia-induced depressed muscle
puromycin incorporation, suggesting
attenuated protein synthesis in that
setting (46), which could depend on
ribosomal biogenesis. Rapamycin-induced
deactivation of the mTOR pathway was
unable to recapitulate the hypercapnia
effects on ribosomal gene expression, and
hypercapnia exposure did not regulate
mTOR phosphorylation status, indicating
that although CO, stimulation and
rapamycin-driven deactivation of mTOR
are both able to attenuate muscle

protein anabolism, they operate through
distinct signaling pathways.

Common confounders that could
potentially lead to muscle wasting,

such as lower food intake, motion activity,
or skeletal development, are

not significantly different between
animals in normocapnic and high-CO,
environments, indicating that they

are unlikely to have played a major

role in the current model and

facilitating the use of this setting to
interrogate the association

between hypercapnia and attenuated
anabolism.

Although deceleration of protein
synthesis does not necessarily require a
decrease in the ribosomal mass (45), lower
transcription of the 45S pre-rRNA has
been described to downregulate cellular
anabolism in different settings, such as
skeletal muscle atrophy and others (54,
60-62). Moreover, dysfunctional ribosomal
biogenesis has been described in age-related
sarcopenia (45).

Ribosomal biogenesis involves the
generation and processing of the four
rRNAs and more than 80 ribosomal
proteins that form the mature 80S
eukaryotic ribosome (63). Three classes
of RNA polymerases participate in
that process, which also requires the
synthesis of an array of proteins

related to processing, assembly, and
nuclear import/export of ribosomes (64).
Synthesis of rRNA is a major rate-limiting
step in ribosomal biogenesis, with rRNA
comprising 85% of total cellular RNA
(45). Specifically, of the four rRNAs,
three (28S, 18S, and 5.8S rRNAs) are
transcribed from a single gene
(ribosomal DNA [rDNA]) that exists in
hundreds of tandem repeats throughout
the genome (65). Transcription of
rDNA via RNA polymerase I (Pol I) leads
to the generation of a precursor rRNA,
45S pre-rRNA, which is processed to

form the 28S, 18S, and 5.8S rRNAs.
Evidence indicates that TIF1A regulates

Pol I activation in different cellular models
(65).

Previously, using 3-week hypercapnia
stimulation, we found that CO,-triggered
muscle catabolism is not associated with
different effects in type I versus type II
fibers (24). In this study, using more
specific fiber type identification methods,
we found that 8-week hypercapnia-induced
anabolic attenuation and reduction of CSA
are both more pronounced in the glycolytic
type Ila fibers and even more in type IIb/x
than in the oxidative type I fibers,
suggesting that less oxidative myofibers are
more vulnerable to this wasting signal.
Indeed, the association between fiber-
specific reduction of anabolism and fiber
mass persists after 1 month of endurance
exercise, which leads to regaining of
puromycin incorporation and CSA in the
more oxidative type I and type Ila fibers,
whereas the more glycolytic type IIb/x
fibers remain relatively atrophic and
puromycin poor. The timing of CO,-
induced altered muscle turnover indicates
that attenuation of puromycin
incorporation seen at 8 weeks is not
observed at earlier time points.

Similar observations regarding higher
type II fiber lability have been made in
different human and animal models,
including COPD (66). The causes of
fiber-specific anabolic attenuation
remain to be determined and are beyond
the scope of this report. Possible
mechanisms regulating higher vulnerability
of less oxidative fibers involve

previously reported CO,-induced
microRNA-183-mediated mitochondrial
dysfunction, which could have more
impact on cells with lower oxidative

capacity (18).
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Figure 6. CO,-driven skeletal muscle anabolic attenuation is independent of TIF1A and KDM2A.
(A) Example of commercially available anti-TIF1A antibody that does not detect an approximately
75 kD band in lysates of C2C12 cells, whereas it does in HEK293 cells. (B) Cas9-expressing
C2C12 cells were transfected with a donor clone holding the sequence of 3XFLAG and with
three different guide RNAs (GRNA; A, B, and C) or no guide RNA (last lane with no FLAG
detection) to localize the donor clone to exon 18 of the TIF1A gene. Cells were then lysed and
immunoblotted with anti-FLAG antibody, demonstrating a band of approximately 75 kD (expected
weight of TIF1A). (C) C2C12 cells from (B) (clone A) were transfected with Scr or specific TIF1A
siRNA and then sampled for gPCR using TIF1A-amplifying primers, which demonstrate a decrease
in the gene product in the siRNA-transfected group. GAPDH was used as a housekeeping control
(n=3). (D) The same C2C12 cells as in (C) were processed for Western blotting and probed with
anti-FLAG antibody, demonstrating a significant decrease in the FLAG band intensity in the
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Previous work by different groups has
implicated AMPK in the regulation of
muscle wasting (12, 21, 24), and we have
reported that high CO,-induced muscle
atrophy is mediated by AMPKa2 (24). In
this work, we exposed cultured myotubes to
high CO, and found an association between
the time-dependent, CO,-induced AMPK
phosphorylation, downregulation of 45S
pre-RNA, and reduction of puromycin
incorporation. The silencing of AMPKa2,
but not AMPKal, attenuated the effects of
high CO, on 45S pre-RNA and puromycin.
AMPKa?2 is the major catalytic
subunit expressed in skeletal muscle and
has also been shown to mediate
activation of proteasomal degradation
and muscle atrophy induced by high CO,
(24).

The precise signaling mechanism
leading to CO,-induced, AMPKa:2-
dependent downregulation of 45S pre-RNA
and protein synthesis remains undefined.
We investigated previously reported
pathways that were found not to be relevant
in this model. The transcription factor
TIF1A was reported to be phosphorylated
and inhibited by AMPK, leading to
decreased assembly of a functional
transcription initiation complex.
Interestingly, although TIF1A molecular
weight is approximately 75 kD, we found
that various commercially available
antibodies raised to the N- and C-terminal
areas of the protein detect, in myotubes, an
atypical band of approximately 50 kD that
is regulated during the transition from
myoblasts into myotubes and is specifically
pulled down upon IP with these antibodies.
To determine whether this band
represented TIF1A or a nonspecific binding
to commercial antibodies, we used
Crispr/Cas9 technology to introduce a
3XFLAG tag to the TIFIA gene and
confirmed the expression of a product with
expected molecular weight (~75 kD, not
50 kD) in C2C12 cells. Further
confirmation of the product’s identity was
obtained by consistent siRNA-mediated
silencing in both C2C12 (3XFLAG and
RNA) and primary myotubes (RNA).
Although AMPK regulation of TIF1A
was originally investigated in nonmuscle
cells and upon glucose deprivation (52),
and recently in myocardial cells (53),
our data suggest that CO,-driven
downregulation of skeletal
muscle protein synthesis is not mediated by
TIF1A.
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Another reported mechanism of
AMPK-driven depressed ribosomal
biogenesis is KDM2A-mediated H3K36me2
demethylation in the rRNA gene. However,
silencing KDM2A with specific siRNA did
not attenuate the effect of high CO, on
protein synthesis. Thus, it appears that
some unidentified molecular link between
AMPK and ribosomal biogenesis
participates and regulates the skeletal
muscle anabolic suppression observed in
the context of chronic hypercapnia.
Identification of this mechanism potentially
involving epigenetic changes leading to
modulation of DNA methylation, histone
acetylation and methylation (67), and
regulation of noncoding RNAs such as
microRNAs (68, 69) will be a focus of
future studies.

The main strengths of this study
include being, to our knowledge, the first to
establish a clear link between chronic CO,
retention, ribosomal biogenesis, and
protein synthesis in humans and mice,
which is not mimicked by pharmacological
deactivation of mTOR pathway and
depends, at least in cultured myotubes,
on AMPKa2. Given the relevance of
hypercapnia and muscle integrity to
pulmonary diseases outcomes, this process
could be a potential target to alleviate an
important comorbidity. Although the
endurance exercise protocol we used
allowed us to investigate the fiber-specific
association between fiber anabolism and
mass, the present data could stimulate
future studies focused on the effects of
chronic hypercapnia on skeletal muscle
response to exercise, which could add
potentially important insight related to
rehabilitation strategies commonly used in
patients with chronic pulmonary diseases.
Also, and given the relevance of ribosomal
function on skeletal muscle turnover, we
present a highly validated instrument
to investigate the role of TIF1A that is
particularly useful, considering the limited

Summary of proposed model of CO,-induced anabolic attenuation in skeletal muscle

@ + Protein synthesis

& Muscle wasting

Figure 7. A proposed schematic model showing that hypercapnia triggers skeletal muscle anabolic
attenuation though a pathway that involves the activation of AMPKa2, downregulation of ribosomal
RNA expression, and protein synthesis. We were unable to identify the mechanism that links AMPKa2

with ribosomal gene expression in this setting.

value of available antibodies in that setting.
Our study has some limitations, including
the lack of a mechanism that links AMPK
to ribosomal biogenesis, the small size of
our human cohort, and the lack of a
transgenic AMPK animal that validates
our findings in vivo. Another limitation is
that although the association between
fiber-specific puromycin incorporation and
CSA, both in steady-state hypercapnia and
after endurance exercise, suggests a
contribution of CO,-induced anabolic
attenuation to muscle wasting, owing to the
overlap between protein degradation and
synthesis, we are unable to determine the
magnitude contributed by each individual
process to the fiber phenotype. Future
studies could provide more quantitative
data. In summary, we report that
hypercapnia contributes to skeletal muscle
wasting by causing anabolic suppression via
AMPKa2-dependent depressed ribosomal

biogenesis and protein synthesis (Figure 7),
a pathway that seems to be of
pathophysiological significance in patients
with chronic CO,-retaining pulmonary
diseases. Ml
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Figure 6. (Continued). silenced group. Actin was used as a lane loading control (n =3). (E) Myotubes were transfected with Scr or TIF1A siRNA and
then exposed to NC or HC for 24 hours in the presence of puromycin-containing medium. Samples were then lysed and immunoblotted with
antipuromycin antibody, and the intensity of the smears was interpreted as the amount of protein synthesis occurring in 24 hours. Actin was used as a
lane loading control. Representative graphs depict results of gPCR with primers to amplify TIF1A and GAPDH used as a housekeeping control,
demonstrating the siRNA transfection and silencing efficiency (n =3). (F) Myotubes were transfected with Scr or KDM2A siRNA and then exposed
to NC or HC for 24 hours in the presence of puromycin-containing medium. Samples were then lysed and immunoblotted with antipuromycin antibody, and
the intensity of the smears was interpreted as the amount of protein synthesis occurring in 24 hours. Representative graphs depict the results of gPCR with
primers to amplify KDM2A and GAPDH as a housekeeping control, demonstrating the siRNA transfection and silencing efficiency (n=3). *P < 0.01 and
P < 0.001. C2C12 = immortalized mouse myoblast cell line; Cas9 = CRISPR associated protein 9; FLAG = octapeptide sequence added to the TIFTA gene
is DYKDDDDK; HEK293 = human embryonic kidney 293; KDM2A = lysine demethylase 2A; T1F1A = transcription intermediary factor 1-a.
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