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Degradation of ribosomal and chaperone proteins is
attenuated during the differentiation of replicatively
aged C2C12 myoblasts
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Abstract

Background Cell assays are important for investigating the mechanisms of ageing, including losses in protein
homeostasis andproteostasis collapsé We used novel isotopic labelling and proteomic methods to investigate protein
turnover in replicatively aged (>140 population doublings) murine C2C12 myoblasts that exhibit impaired
differentiation and serve as a model for age-related declines in muscle homeostasis.

Methods The Absolute Dynamic Pro ling Technique for Proteomics (Proteo-ADPT) was used to investigate proteostasis
inyoung (passage 6-10) and replicatively aged (passage 4850) C2C12 myoblast cultures supplemented with deuterium
oxide (D,0) during early (0—24 h) or late (72-96 h) periods of differentiation. Peptide mass spectrometry was used to
quantify the absolute rates of abundance change, synthesis and degradation of individual proteins.

Results Young cells exhibited a consistent ~25% rise in protein accretion over the 96-h experimental period. In aged
cells, protein accretion increased by 32% P < 0.05) during early differentiation, but then fell back to baseline levels by
96-h. Proteo-ADPT encompassed 116 proteins and 74 proteins exhibited sigrdantly (P < 0.05, FDR< 5% interaction
between age x differentiation stage) different changes in abundance between young and aged cells at early and later
periods of differentiation, including proteins associated with translation, glycolysis, celicell adhesion, ribosomal
biogenesis, and the regulation of cell shape. During early differentiation, heat shock and ribosomal protein abundances
increased in aged cells due to suppressed degradation rather than heightened synthesis. For instance, HS90A increased
at a rate of 10.62 £+ 1.60 ng/well/h in aged which was signi cantly greater than the rate of accretion (1.86 + 0.49 ng/
well/h) in young cells. HS90A synthesis was similar in young (21.23 + 3.40 ng/well/h) and aged (23.69 + 1.13 ng/
well/h), but HS90A degradation was signi cantly (P = 0.05) greater in young (19.37 + 2.93 ng/well/h) versus aged
(13.06 £ 0.76 ng/well/h) cells. During later differentiation the HS90A degradation (8.94 + 0.38 ng/well/h) and
synthesis (7.89 + 1.28 ng/well/h) declined and were signi cantly less than the positive net balance between synthesis
and degradation (synthesis = 28.14 + 3.70 ng/well/h vs. degradation = 21.49 + 3.13 ng/well/h) in young cells.
Conclusions Our results suggest a loss of proteome quality as a precursor to the lack of fusion of aged myoblasts. The
quality of key chaperone proteins, including HS90A, HS90B and HSP7C was reduced in aged cells and may account for
the disruption to cell signalling required for the later stages of differentiation and fusion.
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synthesis; Proteomics; Proteostasis

Received18January2022 Revised12 April 2022 Accepted12 May 2022
*Correspondence to: Claire E. Stewart and Jatin G. Burniston, Research Institute for Sport & Exercise Sciences (RISES), Liverpool Johsitylobwes ReillseBuilding,
Byrom Street, LiverpooBL3AF, UK. Emait.e.stewart@Ijmu.ac.yl.burniston@ljmu.ac.uk

© 2022 The Authors. Journal of Cachexia, Sarcopenia and Muscle published by John Wiley & Sons Ltd on behalf of Society on Sarcopenia, Cachegi®moddétasti
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use &idistmjpuiedium,
provided the original work is properly cited, the use is non-commercial and no reatibns or adaptations are made.


https://orcid.org/0000-0001-7982-9070
https://orcid.org/0000-0002-8104-4819
https://orcid.org/0000-0001-7303-9318
mailto:c.e.stewart@ljmu.ac.uk
mailto:j.burniston@ljmu.ac.uk
http://creativecommons.org/licenses/by-nc-nd/4.0/

2 A.D. Browret al.

Introduction Protein degradation is the crucial cellular process that
removes damaged or misfolded proteins and, thereby, helps
Skeletal muscle is the most abundant tissue in young healthiy prevent proteostasis collapse and the accumulation of pro-
adults and serves as a repository of amino acids that can liein aggregates that may become toxic to the cél5timula-
used to repair other tissues. Losses in muscle mass, wheth@n of the ubiquitin proteasome system (UPS) can extend
due to ageing, disease, disuse atrophy or damage, negativéifgspan inC. elegans but few studies have speaally in-
impact health, disease prognoses and the indivitkuability ~vestigated changes to the balance between protein synthesis
to enjoy an independent life. Muscle consists of terminalland protein degradation that, together, constitute protein
differentiated myo bres that undergo atrophy or hypertrophy turnover. Proteomic analysis of biosynthetically labelled sam-
in response to decreases or increases in mechanical load, grids can provide measurements of both the abundance and
regenerate in response to injury or damage through a procesynthesis rate of individual proteii§. Early work'®
of satellite cell activatiort. Muscle regeneration requires employing radio-labelling of heat-shocked U937 pro-mono-
myoblasts to undergo differentiation and fuse to formcytic, human myeloid leukaemia cell line reported increases
myotubesin vitro or myo bresin viva The capability of mus- in the abundance of the heat shock proteins were accounted
cle to regenerate declines with advancing &genderpinned for by the increases in protein-speci synthesis rates. More
by factors that are intrinsic to satellite cells as well asecently, stable isotope labelling of amino acids in culture
age-related changes in cell environmémiyogenic precursor (SILAC) has been used to study the relative contributions of
cells extracted from the muscle of 32-month-old rats exhibisynthetic and degradative processes to changes in protein
impaired differentiation compared with those extracted fromabundance® Similarly, we have conducted proteomic analy-
3-month-old rats> Similarly, myoblasts generated from thesis of deuterium oxide-labelled murine C2C12 muscle cells
muscle of older humans exhibit compromised fusfoand in  to report protein abundance and synthesis data in mole and
addition to age-related decreases in satellite cell numberabsolute (ng) units, which benés the biological interpreta-
may contribute to declines in myogenic regenerative capacitjon of protein turnover data-> Our Absolute Dynamic Prb
and the bro-adipogenic phenotype of aged muscle. ing Technique for Proteomics (Proteo-ADPT) measures pro-
Muscles of older humans can exhibit disproportionateein abundance at different time points to calculate the
losses of fast-twitch Type llbres, whilst resistance exerciseabsolute rate of abundance change, which is driven by
training may selectively reverse these effettShis interac- changes to the absolute synthesis rates (ASR) and/or the ab-
tion between ageing and physical activity presents challengeslute degradation rates (ADR) on a protein-by-protein
to studies on satellite cell dysfunction and age-related muscleasis>* Changes in protein abundance that are not matched
lossin viva Therefore models of muscle ageimgvitro have by equivalent changes to the synthetic rate of the protein
been generated, including serial passaging (i.e. replicativeay be attributed to protein degradation. In the current work
ageing), which results in a robust retardation of the myogeniwe have applied Proteo-ADPT to study the contributions of
programme in human muscle precursor célfsSimilarly, mu- protein synthesis and degradation to changes in protein
rine C2C12 myoblasts that have undergone replicative ageiagundance in replicatively aged murine C2C12 cells that ex-
in vitro exhibit lesser expression of the myogenic regulatonibit impaired differentiation and fail to form myotubes.
factors (MRF), myogenin and myoblast determination protein
1 (MyoDf"'° and impairments in myoblast differentiation
and fusion® ! These hallmarks of muscle ageingvitro also
occur in muscle cells upon silencing of the progeroid genMethOdS
mitotic  checkpoint  serine/threonine-protein  kinase
(BubR1)? The mechanisms that link the loss of differentia-Cell culture experiments were performed according to our
tion and lack of fusion of replicatively aged myoblasts witlprevious studie$'* using young (low passage-B0) and
differences in the expression of MRF are unknown but couleplicatively aged (high passage-%8) C2C12 murine myo-
include de cits in proteostasis. C2C12 myoblasts exhibit highlasts. The protocol was designed to investigate the impact
levels of protein turnover and are enriched with chaperonef age on early (824 h) or late (7296 h) periods of differen-
proteins and ribosomal protein subunits during earltiation. Isotopic labelling of newly synthesized proteins was
differentiation®> Conversely, ribosomal subunits and proachieved by supplementing media with 4% deuterium oxide
teins involved in proteostasis become sigrantly less abun- (D,O; Figurel), as described previously.Early differentia-
dant in the muscle of older adult§ and a collapse of tion (ED) was investigated by culturing myoblasts (seeded at
proteostasis is an acknowledged component of skeletal mu00 000 cells/mL) in differentiation media (DM: DMEM, 2%
cle ageing?® Therefore, we hypothesized that replicativelyheat-inactivated horse serum, 2 mM-glutamine, 1%
aged myoblasts exhibit disruptions to proteostasis and thpenicillinstreptomycin) supplemented with or without O
normal turnover of proteins evident in young cells, which culever a period of 824 h. Late differentiation was investigated
minates in impaired fusion. by rst culturing myoblasts in DM for 72 h, after which myo-
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Figure 1 Proteo-ADPT analysis young and replicatively aged myoblast differentiation. Young and aged C2C12 myoblasts were cultured in the absence
or presence of BO during either early or later periods of differentiation. Total protein was extracted and queshiand proteins were digested into

peptides using trypsin. Peptide digests were spiked with 50 fmol of yeast alcohol dehydrogenase-1 (ADH1) and separated by reverse-phase ultra-per-
formance liquid chromatography. Tandem mass spectrometry was used to record MS1 and MS2 mass spectra. MS1 peptide ion mass spectra were
used to measure the relative abundance anglODincorporation based on relative distribution of peptide mass isotopomers. The incorporation of
deuterium-labelled amino acids in to newly synthesized protein causes a shift in distribution, ahyjnms, m, ...isotopomers, and the gimass
isotopomer declines as a function of protein synthesis. MS2 fragment ion mass spectra of each peptide were used to identify peptides against the
UniProt knowledge database. The absolute dynamic lorg technique for proteomics (Proteo-ADPT) was used to calculate protein-smseithesis,
abundance and degradation data in absolute (ng) units.

Journal of Cachexia, Sarcopenia and Mug622
DOI: 10.1002/jcsm.13034
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tubes were transferred to fresh DM supplemented with orabundances normalized to the spiked-in yeast alcohol dehy-
without D,O and cultured for a further 24 h (736 h of dif- drogenase standard. The rate of protein abundance change
ferentiation). Each differentiation period (two time points)was calculated by quantifying the difference in absolute pro-
was conducted in triplicate on one 6-well plate and in totaltein abundance between the end and beginning of the label-
12 plates = 24 samples) were studied. Cells were extractelihg period. The absolute degradation rate (ADR) was calcu-
after being cultured in the absence or presence gfDat 0, lated by quantifying the difference between the ASR and
24,72, and 96 h and were processed according to our recerdte of protein abundance change (ABR).

similar studies->* Cell imaging and morphological analyses Data are presented as mean + standard error of the mean
(Supporting InformationFigure S1) were performed prior (SEM) unless otherwise stated. All statistical analyses were
to DM aspiration and cells were lysed in RIPA buffeconducted in R (version 4.0.2). Differences between age
(Sigma-Aldrich, Poole, UK) including Completmtease in- (young vs. aged) and differentiation period (early vs. late)
hibitors (Roche; Basel, Switzerland). Lysates were digestedre analysed by two-way ANOVA. Statistical sicarice
with sequencing grade trypsin (Promega; Madison, WI, US&as accepted aP< 0.05 andg-values were used to calculate

at an enzyme to protein ratio of 1:50 and aliquots werefalse discovery rate.

desalted using {g Zip-tips (Millipore, Billercia, MA, USA) be-

fore being dried by vacuum centrifugation and then resus-

pended in 0.1% formic acid spiked with 10 fmdl/ yeast

ADHL1 (Waters Corp. Milford. MA). Results
Peptide mixtures were analysed by nanoscale reverse-
phase ultra-performance liquid chromatographyin young cells, differentiation was associated with a consis-

(NanoAcquity; Waters Corp.) and online electrospray ioniztent rise in protein content from 463 + 10 ng/well at 0 h to
tion quadrupole time-of-ight mass spectrometry (QToF Pre618 + 65 ng/well (~25% increade= 0.052) after 96 h of dif-
mier; Waters Corp.) as described in Staglgl et al.®> Mass ferentiation. In contrast, aged cells exhibited a robust 32% in-
spectrometry data were analysed using Progenesis Quantitzrease (from 388 + 40 ng/well to 573 + 63 ng/wélk= 0.007)
tive Informatics for Proteomics (QI-P; Nonlinear Dynamici protein content during early differentiation but the protein
Newcastle, UK) consistent with our previous wétkLog content of aged cells then declined back to baseline levels
transformed MS data (peptide abundance) was normalizedliring the later period of differentiation (392 + 43 ng/well
by inter sample abundance ratio. MS/MS spectra in Mascatt 72 h and 377 + 38 ng/well at 96 [rigure2A). Irrespective
generic format were searched using a locally employed Masf age, mixed protein FSR was sigrantly greater during
cot server Wwww.matrixscience.conwversion 2.2.03) against early compared with late differentiation. However, the extent
the Swiss-Prot database restricted tmus musculuswhich of the decline in mixed protein FSR between early and late
encompassed 17 006 sequences. The enzyme spcivas periods of differentiation was signtantly greater in aged
trypsin allowing for one missed cleavage, carbamidomethgklls P < 0.05 interaction between differentiation period
modi cation of cysteine (xed), oxidation of methionine and cell ageFigure20.
(variable) and deamidation of asparagine and glutamine Proteomic analyses encompassed 611 proteotypic pep-
(variable). tides belonging to a total of 116 individual proteins that were
The fractional synthesis rates (FSR) of proteins was caldetected in all f = 24) samples. The top-ranked biological
lated in young and aged myoblasts at early and later stagesocesses (Fish&< 0.001;Figure2B) amongst the proteins
of differentiation using methods that have been describedtudied, included: translation, glycolysis, eedlll adhesion,
in detail in our previous publicatiorfs.Brie y, the incorpora- ribosomal biogenesis and regulation of cell shape. The major-
tion of deuterium into newly synthesized proteins causes #y (63%; 74/116) of proteins analysed exhibited sigaint
decrease in molar fraction of the monoisotopic peak angP 0.05 and a false discovery rate of 5%) interactions in
the rate constant for the decay of the molar fraction of thethe rate of abundance change (ABR; ng/well/h) between
monoisotopic peak was calculated by est-order exponen- age and stage of differentiatiof-{gure3). In young cells, pro-
tial spanning from the start to the end of each 24 h®@label- tein accretion was consistent and most individual proteins ex-
ling period. The calculation of FSR from the rate constant déibited positive ABR values that were similar during early and
pends on the number ofH exchangeable + bonds. This late periods of differentiation. In aged cells 54 proteins exhib-
was calculated by referencing each peptide sequence agaiitetd positive ABR values that were greater than those of
standard tables’ The FSR of each peptide was derived by diroung myoblasts during early differentiation. In most cases
viding the rate constant by the molar percent enrichment othe abundance of these proteins had been sigmintly less
deuterium in the precursor pool and the total number of ex-in aged cells at the 0 h timepoinF{gure3A), therefore, the
changeable HC bonds in each peptide. Relative peptideggreater ABR compensated for the lower starting abundance
abundance and FSR were converted to absolute values calend brought the proteome prde of aged cells more closely
lated from the total protein content of each well and proteinin line with that of young myoblasts at the end of the early
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Figure 2 Myotube formation is impaired in replicatively aged C2C12 myoblasts. (A) Absolute abundance in young versus aged myoblasts at 0, 24, 72,
and 96 h. (B) Gene ontology group for biological processes in 116 proteins matched for abundance, synthesis and degradation. Fisher extract p values
quanti ed using David GO. (C) Fractional synthesis rates of young and aged myoblasts at early differentiation and late differentiation. Abundance data
presented as mean + SEM and FSR data presented as median and interquartile rangeaisigr() between young and aged was sePat 0.05. All
experimentsN = 3 in duplicate.
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6 A.D. Browret al.

Figure 3 Protein rate of abundance change in young and aged cells during early and later differentiation. Heatmap of proteins witArsigmter-

action P< 0.05: FDR 5%) between age and early/later differentiation absolute abundance rates with 74 proteins. Blue increased and red decreased
expression. Proteins were clustered based on dendrogram on left of heatmap and to the right of the heatmap, top-ranked biological processes of 54
proteins clustered in green displayed in bar graph. All experiméihts3 in duplicate.

differentiation period. The protein responses specio aged abundance during early compared with late differentiation
cells encompassed several sigrantly (all FisheP < 0.001) in aged cells and similar sigmiant patterns of change were
enriched biological processes, including translation, glycokvident in the abundance of enzymes involved in glycolytic
sis, celicell adhesion and ribosomal biogenesis. In aged myenergy metabolism and cell adhesion. Proteins associated
blasts several proteins associated with translation initiatiowith myo brillogenesis, including myosin-3, alpha actin and
and elongation (eukaryotic initiation factor 4A-I, IF4A1; elordesmin were included in our analysis but did not exhibit sig-
gation factor 1-alpha 1, EF1A1; and elongation factor 2, ER2) cant differences in ABR between young and aged cells dur-
exhibited signicantly greater ABR than young cells, whicling either early or later periods of differentiation.

rescued the abundance to the level of the young. In addition, Two-way ANOVA of the absolute abundance (ABD), syn-
18 ribosomal proteins (10 large ribosomal subunits and #esis rate (ASR) and degradation rate (ADR) was used to in-
small ribosomal subunits) exhibited greater gains in abumvestigate differences between young and aged cells from the
dance during early compared with late differentiation in age@nset (0 h) to the end (24 h) of the early differentiation pro-
cells. Three chaperone proteins (heat shock protein 90 alphegss Figure 4). Thirty-nine proteins exhibited sigruant
HS90A, heat shock protein 90 beta, HS90B, heat shock c(ig< 0.05: FDR 5%) interactions in ABD between age and time
nate 71 kDa protein; HSP7C) also displayed greater gaingkigure 4A), and the biological processes enriched (Fisher
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Figure 4 Proteo-ADPT in young and replicatively aged cells during early differentiation. (A) Heatmap of proteins wittasignieraction P< 0.05:

FDR 5%) between age and cell absolute abundance with 49 proteins. Blue increased and red decreased expression. Proteins were clustered based on
dendrogram on left of heatmap and to the right of the heatmap, top-ranked biological processes were displayed in bar graphs with corresponding
number of proteins. (B) Selected individual protein rate of abundance change, absolute synthesis and degradation rates in young and aged myoblasts.
(C) Proteo-ADPT model on enzymes idesdiin glycolysis pathway. Signance between young and aged indicated with *. All experiméhts3 in

duplicate.
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8 A.D. Browret al.

Figure 5 Proteo-ADPT of translation proteins between young and replicatively aged cells during early differentiation. Absolute abundance and Proteo-
ADPT data on ribosomal proteins idergd in the current analysis. Blue increased and red decreased expressionc8igr@ between young and aged
indicated with *. All experiment& = 3 in duplicate.

P< 0.001) amongst these proteins included chaperone actiyFigure 4A). The synthesis rates of the chaperone proteins
ity, glycolysis and translation. At the beginning of the labellingzere similar in young and aged cells and the greater rate of
period the chaperone proteins HS90A, HS90B, HSP7C amlease in abundance was due to sigrantly lesser degra-
60 kDa heat shock protein (CH60) were sigantly more dation of the chaperone proteins in aged cells. For example,
abundant in young compared with aged cells but this differthe abundance of HS90A increased at a rate of
ence was not evident at the end of the labelling periodl0.62 + 1.60 ng/well/h in aged which was sigrantly greater
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than 1.86 + 0.49 ng/well/h in young cellBigure4B). The ASR  During the later period (7296 h) of differentiation, the
in young (21.23 * 3.40 ng/well/h) versus agedbundance of six proteins [KYPM, HS90A, HS9%aBjin-A
(23.69 £ 1.13 ng/well/h) were equivalent and the ADR wa@~LNA), EF1Al, and 6-phosphogluconate dehydrogenase
signi cantly P = 0.05) greater in young compared with aged6PGD)] exhibited a statistical interactioR € 0.05: FDR
cells (19.37 + 2.93 ng/well/h vs. 13.06 + 0.76 ng/well/h). 5%) between time and agé-igure6A). Generally, these pro-
The abundance of several glycolytic enzymes was also lésims were signicantly less abundant in aged compared with
in aged than young cells at the beginning of the labelling peroung cells at the 72 h time point and further reduced in
riod and, similar to the chaperone proteins, these differenceabundance speccally in aged cells during the 72 to 96 h
in abundance were recovered in aged cells by the 24 h timgeriod.
point. Unlike chaperone proteins, however, age-related dif- In young cells the abundance of HS90A increased (positive
ferences in the abundance changes of glycolytic enzym@&8R of 6.65 + 1.51 ng/well/lEigure6B) underpinned by a
were not entirely explained by differences in degradatiompositive net balance between synthesis and degradation
rates. Eight glycolytic enzymes exhibited sigant differ- (ASR = 28.14 + 3.70 ng/well/h vs. ADR = 21.49 + 3.13 ng/
ences between young and aged cells in either abundaneeell/h). Conversely, in aged cells, the degradation rate of
(Figure4A), synthesis and/or degradation rateBigure4Q. HS90A (8.94 £ 0.38 ng/well/h) outweighed the rate of synthe-
For example, the greater rate of increase irsis (7.89 + 1.28 ng/well/h) meaning that the turnover of
fructose-bisphosphate  aldolase @~ A  (ALDOA) andS90A was also sigeantly less compared with young cells.
alpha-enolase (ENOA) in aged cells was driven by greater s@imilarly, HS90B abundance increased at a rate of
thesis ratesFigure4C TableS1). Conversely, the greater gainl2.63 + 3.76 ng/well/h, in young cells which was sigantly
in abundance of glyceraldehyde-3-phosphate dehydrogenadiéferent (P < 0.05) from the rate of loss (1.47 + 2.07 ng/
(G3P) in aged cells was due to a lower degradation rate @fell/h) in abundance of HS90B in aged celgy(re6Q. In
G3P in aged compared with young cells. Triosephosphateung cells, HS90B was synthesized at a rate of
isomerase (TPIS), phosphoglycerate kinase 1 (PGK1), pyru6at€8 =+ 2.57 ng/well’/h and degraded at a rate of
kinase (KPYM) andlactate dehydrogenase A chain (LDHAJ9.35 £ 6.17 ng/well/h. In aged cells, HS90B rates of synthesis
exhibited no difference in ABR between young and aged ce(22.46 + 2.51 ng/well/h) and degradation (23.93 + 2.13 ng/
but the turnover of these proteins was sigmantly greater in well/h) were lower compared with young cells and balanced
young myoblastsKigure4C TableS1). in favour of a reduction in HS90B protein abundance. FLNA
At the onset of differentiation, young myoblasts had aabundance gain was 20.89 + 7.84 ng/well/h in young cells;
signi cantly greater abundance of 19 ribosomal proteinsvhereas in aged cells, the abundance rate decreased at
(Figure5A; TableS2), and the abundance of ribosomal pro- 7.03 + 2.39 ng/well/hEigure6Q). Similar to the heat shock
teins remained stable throughout the early differentiationproteins, HS90A and HS90B, the contrasting abundance
period. In aged cells the abundance of ribosomal proteinshange in FLNA was a result of greater synthesis than degra-
increased during early differentiation so that by 24 h, onlgation in young (ASR = 133.87 + 17.68 vs.
two proteins (60S ribosomal protein L11; RL11 and 608DR =112.98 + 25.20 ng/well/h) compared with greater deg-
acidic ribosomal protein P2; RLA2) remained sicgmtly radation than synthesis in aged (ASR = 30.70 £ 3.51 ng/well/h
more abundant in young myoblasts. The majority (13 ofs. ADR = 31.08 + 3.46 ng/well/h). In contrast to the patterns
19 proteins) of changes in protein abundance were not exef the aforementioned proteins, the abundance of 6PGD de-
plained by heightened synthesis in aged cells. Indeedreased in young and increased in aged cells during the late
EF1A1, RL11, 60S ribosomal protein L19 (RL19), 60S ribfferentiation period Figure6B). That is, 6PGD displayed a
somal protein L22 (RL22) and 40S ribosomal protein SBBgative rate of abundance change 0f0.37 + 0.03 ng/
(RS25) exhibited greater ASR in young cells but the gaiwell/h in young and a positive rate of change
in the abundance of these proteins was greater in age.67 + 0.23 ng/well/h in agedFHgure 6Q. The decline in
cells. Accordingly, the degradation rates of RL11, 40S ril@PGD abundance was driven by greater degradation than
somal protein S6 (RS6), 40S ribosomal protein S8 (Rnthesis in young (ASR = 2.62 + 0.51 ng/well/h vs.
RL19, RL22, EF2, EF1AL, IF4Al, and RS25 wereasigpi ADR = 2.99 + 0.53 ng/well/h), whereas synthesis was greater
less in aged cells and accounted for the greater gains than degradation in aged cells (ASR = 1.30 £ 0.34 ng/well/h
the abundance of these proteins. Only RL11 had signivs. ADR = 0.63 + 0.22 ng/well/h).
cantly greater abundance and turnover in young cells,
whereas 40S ribosomal protein S3A (RS3A) had sigmily
greater turnover in aged cells. Five proteins (EF1A1, RL11, .
RL19, RL22, and RS25) had sigaitly greater turnover in DISCUSSION
young compared with aged cells and did not exhibit differ-
ences in protein abundance (i.e. abundance was at equiliRepair and regeneration of mybres may be diminished or
rium between 0 and 24 h of differentiation). inef cient in aged compared with young muscle. We used
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Figure 6 Proteo-ADPT in young and replicatively aged cells throughout later differentiation. (A) Heatmap of proteins withasigmteraction

(P< 0.05: FDR 5%) between age and cell absolute abundance with six proteins. Blue increased and red decreased expression. Proteins were clustered
based on dendrogram on left of heatmap. (B) Individual proteins ABD in young and aged myoblasts at late differentiation. (C) Selected individual pro-
tein rate of abundance change, absolute synthesis and degradation rates in young and aged myoblasts at late differentiation. All expleridénts

duplicate.
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Proteo-ADP? to investigate the absolute abundance, syntion in FLNA and HSP90 abundance could be associated with
thesis, and degradation rates of individual proteins in lovihe lack of fusion during later differentiation.
passage young and replicatively-aged myoblasts during earlyHeat shock protein 70 (HSP70) and CH60 work coopera-
and late periods of differentiation. Young cells exhibited #vely with HSP98? and we report HSP7C and CH60 exhibit
steady pattern of growth, protein accretion and fusionage-dependent differences in protein abundance, synthesis
throughout the rst 96 h of differentiation. In contrast, aged and degradation similar to the patterns exhibited by HS90A
myoblasts exhibited markedly different proteome responseand HS90BHigure4B). Diminished expression of either the
during early differentiation and failed to gain protein massnducible 70 kDa heat shock protein (HSPAL) or the closely re-
or undergo fusion during later differentiatiorFigure7). Our lated HSP7C disrupts differentiation of C2C12 myoliasts
novel Proteo-ADPT data provide new evidence suggestisignilar to the effects HSP90 inhibitidA, however the
that the maturation of the proteome may be retarded in agedinteracting proteins and kinase pathways involved are likely
myoblasts at the onset of differentiation but quickly catchedo be different. While HSP90 impacts Akt-related signalling,
up with the young cells during therst 24 h period. However, the MAPK p38 is the key client of the HSP70 proteifis.
this ‘catch up process in aged cells is not accomplished bl38 MAPK interacts with the transcription factors MEF2 and
higher levels of protein synthesis. Instead, a lower level dilyoD to regulate myoblast differentiatiéfi and HSP70 and
protein degradation in aged cells was responsible for this required for myoblast differentiatioim vitro and muscle re-
gains in protein abundance. As differentiation progressedenerationin viva®® Loss of HSP70 can be rescued by either
aged cells also did not fuse into myotubes and their proteimnhancing p38 MAPK or through proteasome inhibition,
content declined. Our novel data point to a loss of qualitywhich implies that HSP70 stabilizes and prevents the degra-
of key proteins as a precursor to the lack of fusion of agedation of p38 MAPK. CHGEO is a key mitochondrial chaperone
myoblasts and highlights dysregulation of protein degradan adult muscle but its role in myoblast differentiation is less
tion, particularly of ribosomal and chaperone proteins, as explored, but warrants further investigation based on the
key mechanism that may contribute to age-related declinesurrent nding that CH60 exhibits similar responses to mem-
in the capacity of myoblasts to undergo differentiation. bers of the 70 and 90 kDa heat shock protein families.
Chaperone proteins are integral to proteostasis and regu- The enzyme, 6PGD, was unique in that it was the only
late myoblast differentiation by interacting with key cell sigprotein amongst those investigated that exhibited a signi
nalling pathway$? Substrate proteins or targets of the alphacant gain in abundance specally in aged cells during the
(HS90A) and beta (HS90B) isoforms of heat shock protein @fer period of differentiation. 6PGD is the rate limiting en-
(HSP90) include regulatory factors, such as MyoD and myxyme in the pentose phosphate pathway and catalyses the
genin (key myogenic regulatory proteins), and Akt, all akaction between ribulose 5-phosphate and 6-
which are required for myogenic differentiatidi We discov- phosphogluconate, which produces NADPH that may be as-
ered that aged myoblasts had a sigoantly lower abundance sociated with a heightened generation of reactive oxygen
of HS90A and HS90B at the onset of differentiation, and apecies (RO$J. In C2C12 myoblasts and myotubes, in-
though the abundance of HS90A and HS90B recovered deased ROS via myostatin treatment upregulated the activ-
levels equivalent to young cells after 24 h of differentiationjty of NADPH oxidases via the translocation and activation of
this accelerated gain in abundance was not achieved by a ris#- B to the nucleug’ Induction of ROS upregulated NB-
in the synthesis rate of HS90A or HS90B. Instead, a lacksignalling and acted as a feedforward loop to increase secre-
degradation of HSP90 isoforms in aged cells was associatieth of myostatin?’ further accelerated the induction of
with the accumulation in protein abundance during early difthese signalling pathways. However, based on the current
ferentiation, which may suggest the quality of these chapedata it is unclear whether the rise in 6PGD abundance fur-
one proteins in aged cells was suboptimal at the 24 h timéher accelerates damage or, alternatively, represents a coun-
point. During later differentiation, the abundance of HS90Aer attempt to recover losses in proteostasis in aged cells.
and HS90B was reduced in aged cells that failed to undergmr example, elevated G6PD abundance could promote cell
fusion and form myotubes, unlike in young cells, which exhitsurvival by protecting against elevated ROS production via
ited signi cant protein accretion and successfully formedctivation of NF-B. While NF-B were not investigated in
myotubes. Inhibition of HSP90 retards muscle regeneratidhe current work, this response would be expected to lead
in vivo and stalls protein accretion and the fusion of myo+o lesser expression of MyoDln the same study, NFB in-
blasts in to myotubesn vitro®? in a manner that closely re- ducing kinase (NIK) directly phosphorylated G6PD and over-
sembles our ndings in replicatively aged myoblasts. FLNAxpression of NIK subsequently elevated G6PD. Therefore,
acts as a mechanotransducer during cell migration and diffeglevated G6PD could act to protect cells from excessive
entiation and during cell alignment, which precedes fusiorROS production (potentially activated by elevated myostatin)
lamins rapidly unfold and dictate movement at the leadinghrough elevated NFB and NIK. Consequently, elevated NF-
cell edgé® and this unfolding is driven by binding to B could suppress MyoD which was reported in replicatively
HSP9G* Therefore, our data suggest the age-related reduaged cells.
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Figure 7 Summary of young compared with replicatively aged cells during early and late myoblast differentiation. The summaryrafiogs on

young myoblasts are on the left column and aged on the right column. Downwards arrows covers early and late myoblast differentiation. Size of cir-
cular arrows corresponds to degradation and synthesis rates. HS90A, heat shock protein 90 alpha; HS90B, heat shock protein 90 beta; EF1A1, elonga-
tion factor 1-alpha 1; FLNAJamin-a; KYPM, pyruvate kinase; 6PGD, 6-phosphogluconate dehydrogenase; ROS, reactive oxygen species.
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Glycolysis is the dominant energy source in proliferatinghould also investigate the effects of ageing in proliferating
myoblasts and upon differentiation there is a gradual transimyoblasts before the transition to differentiation media. In
tion to a greater contribution of ATP resynthesis by oxidativaddition, our analyses highlight the mid-differentiation pe-
phosphorylatior?® Seven out of eight enzymes of glycolytiariod (24-72 h) as a key time where differences in fusion occur
metabolism exhibited signcant disruption in either abun- and Proteo-ADPT analysis including this timespan may shed
dance or turnover in aged compared with young cellsaew light on the mechanisms that specally impair the fu-
Proteo-ADPT data for glycolytic enzymes were markedly dsion of replicatively aged myoblasts.
ferent to the patterns exhibited by ribosomal and chaperone In conclusion, replicatively aged myoblasts exhibit signi
proteins. In young cells, there was a general decline in theant disruption in the normal proteome dynamics associated
abundance of glycolytic enzymes, which is consistent withith differentiation in young cellsHigure7). In particular, our
our earlier ndings and the greater energy requirements aseata suggest the quality of key chaperone proteins, including
sociated with higher levels of protein synthesis in myoblastdS90A, HS90B and HSP7C was reduced in aged cells and may
compared with myotube$® In aged myoblasts, four glyco-account for the disruption to cell signalling required for dif-
lytic proteins exhibited increased abundance and the turrferentiation and fusion. Ourndings and the associated liter-
over of seven glycolytic enzymes was impaired in aged comture suggest a failure in protein degradation may cause dis-
pared with young myoblasts during early differentiationruption to ribosomal capacity that subsequently impairs
Dysfunction of glycolytic energy metabolism is associatgatotein synthesis, and thus muscle homeostasis and health.
with an accelerated onset of brain ageiAyFor instance,

TPIS, the mid-point catalyst between hexose and triose stages

of glycolysis, exhibited impaired turnover and no diﬁerencgcknow|edgements

in the rate of abundance change in aged compared with

young myoblasts. In support, TPIS protein content was Mg ihors would like to thank Liverpool John Moores University
paired in the aged brain and consequently, there was reducegl; orqviding funding for the project. The authors of this man-

NADH metabolism and an increase in the bioproduGiscrint certify that they comply with the ethical guidelines for

methylglycoxal which activates advanced glycation endgihorship and publishing in thdournal of Cachexia, Sarco-

29
products™™ , penia and Musclé*
Our ndings point to age effect on UPS or other degrada-

tion processes, but protein subunits of UPS and autophagy
were not specically identi ed within the current analyses. . .

Further work using higher resolution MS is warranted in thig:On ict of interest

model of muscle ageing. I€ elegangurnover and abun- ) )

dance of proteasome subunits is maintained during ageinBhe authors declare no corets of interest.

but muscle proteins are not particularly enriched in whole

worms. Ubiquitinated proteins accumulate in liver of aged . .

mice’® suggesting impaired degradation occurred earlier ionline supplementary material

life supporting the role of UPS in healthy ageing. C2C12 cells

exhibit little or no proliferation upon transfer to differentia- Additional supporting information may be found online in the
tion medium?®® which enables protein synthesis rates to beSupporting Information section at the end of the article.
calculated against a consistent background, but future studies
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