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Abstract 29 

 30 

Resistance training (RT) promotes increases in skeletal muscle mass, with current 31 

understanding primarily implicating transient increases in the rate of muscle protein synthesis 32 

during post-exercise recovery. In contrast, the role of adaptive changes in ribosome 33 

biogenesis to support the increased muscle protein synthetic demands is not known. This 34 

study examined the effect of both a single acute bout of resistance exercise (RE) and a 35 

chronic RT program on the muscle ribosome biogenesis response. Fourteen healthy young 36 

men performed a single bout of RE, both before and after 8 weeks of chronic RT. Muscle 37 

cross-sectional area was increased by 6% ± 4.5% in response to 8 weeks RT. Acute RE-38 

induced activation of the ERK and mTOR pathways were similar before and after RT as 39 

assessed by phosphorylation of ERK, MNK1, p70S6K and S6 ribosomal protein one hour 40 

post-exercise. Phosphorylation of TIF-IA was also similarly elevated following both RE 41 

sessions. Cyclin D1 protein levels, which appeared to be regulated at the translational rather 42 

than transcriptional level, were acutely increased after RE. UBF was the only protein found to 43 

be highly phosphorylated at rest after 8 weeks of training. Also, muscle levels of the rRNAs 44 

including the precursor 45S and the mature transcripts (28S, 18S and 5.8S) were increased in 45 

response to RT. We propose that ribosome biogenesis is an important, yet overlooked, event 46 

in resistance exercise-induced muscle hypertrophy that warrants further investigation. 47 

Key words: ribosomal RNA, Cyclin D1, UBF, TIF-IA. 48 

49 
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Introduction 50 

Resistance training (RT) increases both muscle mass and strength. Increased 51 

intramuscular protein synthesis in the hours following each resistance exercise (RE) bout 52 

appears to be a major mechanism regulating the adaptive mass gain (1). This increased rate of 53 

protein synthesis results from a coordinated series of cellular events dictated acutely by an 54 

increased translational efficiency (protein synthesized per ribosome) (1, 28). The initiation of 55 

ribosomal activity, i.e., mRNA translation, is dependent on the activation of the mammalian 56 

Target of Rapamycin (mTOR) and extracellular signal-regulated kinase (ERK) pathways (8, 57 

39). There is considerable data on the impact of exercise intensity, duration, prior training 58 

and nutritional status on these signaling pathways of translation initiation (1, 6, 28). 59 

However, a further, and less well understood, aspect of RT-induced muscle hypertrophy, is 60 

the potential for greater translational capacity (quantity of ribosome) (19). In fact, ribosomal 61 

content dictates the upper limit of protein synthesis of a cell (12), thus it may be speculated 62 

that RE not only activates translational initiation but also increases the total muscle capacity 63 

for protein synthesis through de novo ribosome biogenesis.  64 

Ribosome biogenesis is a multistep process compromising ribosomal (r)RNA 65 

synthesis, processing and assembly with ribosomal proteins. The first and key limiting step is 66 

the transcription of ribosomal (r)DNA to the pre-rRNA 45S transcript by the RNA 67 

Polymerase I (Pol I) (7, 17). The 45S rRNA is subsequently cleaved, with external and 68 

internal transcribed spacers (ETS and ITS) being removed to generate three mature rRNA 69 

transcripts; 28S, 18S and 5.8S (23). These are exported to the nucleus where along with 5S 70 

rRNA (a transcript from Pol III activity) they collectively associate with a number of 71 

ribosomal proteins. The assembled mature ribosome is a complex consisting of both rRNA 72 

and ribosomal proteins distributed in two subunits: a large 60S subunit (composed of 28S, 73 
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5.8S and 5S rRNAs plus ∼49 proteins) and small 40S subunit (composed of 18S rRNA plus 74 ∼33 proteins) (21, 41).  75 

Synthesis of 45S rRNA requires the formation and activity of a complex of proteins at 76 

the rDNA promoter, including the upstream binding protein (UBF) and selectivity factor 77 

(SL1). Activation of this complex is followed by the recruitment of transcription initiation 78 

factor 1A (TIF-IA) which interacts with Pol I to drive 45S rRNA synthesis (7, 20). UBF 79 

protein content and phosphorylation state are closely correlated with Pol I recruitment and 80 

total rDNA transcription rates (31, 37). The phosphorylation of UBF at Ser388 and Ser484 is 81 

markedly heightened during cell cycle progression by the cyclins (including cyclin D1) and 82 

cyclin-dependent kinases (CDK), which are required for UBF activity (36, 37).  83 

It has been demonstrated that ribosome biogenesis is an important component in 84 

rodent models of overload-induced muscle hypertrophy by synergistic ablation (9, 38). 85 

However, to date no study has been performed in a physiologically relevant milieu such as 86 

resistance exercise/training in human subjects. Therefore, the purpose of the present study 87 

was to examine the mechanisms of muscle ribosome biogenesis in response to a single bout 88 

of acute resistance exercise (RE) as well as chronically following a period of resistance 89 

training (RT) in healthy young adults. To achieve this we aimed to measure the signaling 90 

transduction pathways that lead to the activation of UBF and TIF-IA, the key transcriptional 91 

regulators of rRNA. Subsequently we also analyzed the impact of the resulting rDNA 92 

transcription including measurement of the precursor transcript (45S pre-rRNA), pre-rRNA 93 

sequences spanning the intermediary 5’ internal/external transcribed spacer regions (ITS-28S, 94 

ETS-18S and ITS-5.8S) and the final mature rRNA transcripts (18S, 5.8S and 28S).  95 

 96 

Materials and Methods 97 
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The study protocol was approved by the Edith Cowan University Human Ethics Committee, 98 

and was conducted in accordance with the Declaration of Helsinki. An overview of the 99 

experimental study design is shown in Figure 1. 100 

Subjects: Fourteen males (18–36 years old) volunteered for the study, following informed 101 

written consent. For 3 weeks prior to study commencement, all participants refrained from 102 

intense lifting or strength training.  103 

Pre-training testing: The pre-training period included two familiarization sessions: (1) an 104 

information session where proper nutrition and lifting techniques were discussed and (2) a 105 

practical familiarization session. Three days after the familiarization sessions, subjects 106 

commenced pre-training testing, which was conducted over three separate days. On day 1, 107 

total, lean and fat masses were determined using DXA scanning and thigh muscle cross-108 

sectional area (CSA) was measured using computed tomography (CT) scanning (details 109 

below). On day 2, one-repetition maximum (1-RM) lifting performance was evaluated on the 110 

leg press, leg extension and leg flexion exercises (details below). On day 3, which was 111 

completed 4-6 days after the 1-RM testing, muscle biopsy samples were obtained from the 112 

right vastus lateralis both before and 1 hour after the completion of a single resistance 113 

exercise session. One hour post exercise was chosen because it is known to promote great 114 

response on both ERK and mTOR pathways, thus we hypothesize that it would also allow us 115 

to observe differences in the ribosome biogenesis markers that are dependent on these 116 

pathways.  117 

Body composition: Total, lean and fat masses of the whole body were measured using a 118 

Hologic Discovery QDR-4500 dual energy x-ray absorptiometry (DXA) scanner (Hologic 119 

Inc., Bedford, MA, USA). Lean and fat masses (g) were calculated from total and regional 120 

analyses of the whole body scan, which provided descriptive data of the subjects and also 121 

allowed pre-biopsy and post-training session nutrition to be set (details below). CT scans 122 
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were taken of the right thigh at 50% of the distance from the lateral condyle of the femur to 123 

the greater trochanter (i.e. thigh length) by a qualified radiographer to determine quadriceps 124 

muscle CSA using Siemens SOMATOM Dual Source 64 Slice CT system (Siemens AG, 125 

Berlin, Germany). Analysis was performed using ImageJ with the mean of CSA score of two 126 

separate traces being used (33). After 8 weeks of training, CT scanning was completed 6-7 127 

days after the last session for post-training CSA measurement. The typical error for repeated 128 

digitization of 14 scans was 1.13 cm2 (90% CI = 0.86 – 1.68 cm2), and the coefficient of 129 

variation was 1.2% (90% CI = 0.9 – 1.7%). 130 

1-RM testing: Each subject’s maximum lifting performance was determined on the leg press, 131 

leg extension and leg flexion (leg curl) exercises. After a full warm-up including 5 min of 132 

stationary cycling and two practice sets (6 repetitions at loads equal to ~50 and 70% of 133 

perceived maximum load), each subject performed single repetitions of an incrementally 134 

greater load until a maximum was found. Subjects typically required 4 – 6 lifts to achieve 135 

maximum. The rest interval for 1-RM attempts was 3 min. These 1-RM scores were used to 136 

monitor changes in strength performance with training and to set the training loads. 137 

Acute resistance exercise (RE) bout and muscle biopsy procedure: Subjects reported to the 138 

lab after an overnight fast. They consumed a standardized meal (cereal plus milk) containing 139 

2220 kJ energy, 11.6 g protein, 105 g carbohydrate and 5.6 g fat per 100 kg of lean mass. The 140 

same meal was provided for the post-training acute exercise bout and biopsy sampling 141 

session. After resting quietly for 1 h, muscle biopsy samples were taken from the right vastus 142 

lateralis (untrained rest biopsy) at 50% of the distance from the lateral femoral condyle to the 143 

greater trochanter (i.e. at the same thigh location as the CT scan) using the micro-biopsy 144 

technique. A 13-gauge catheter was inserted into the muscle under local anesthetic (5% 145 

lidocaine cream), then a 14-gauge triggered microbiopsy needle was inserted through the 146 

catheter. Three small (10–30 mg) samples were taken, with the catheter remaining inserted 147 
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for the duration. Subjects remained resting in the supine position for 30 min until warm-up 148 

for the RE session commenced. The acute RE test session was the same stimulus as that used 149 

throughout the RT program described in detail below. Biopsy samples were again taken 1 h 150 

after the completion of the RE session (untrained post-exercise biopsy). Each sample was 151 

immediately frozen in liquid nitrogen and stored at -80°C until further analysis. After 8 152 

weeks of training, the muscle biopsy sampling procedure was repeated 3-5 days after the last 153 

training session (trained rest biopsy, and 1 h after RE, trained post-exercise biopsy). Subjects 154 

consumed a whey protein-laden drink (RedBak® Whey Protein 50/50 isolate/concentrate, 155 

Probiotec Limited, VIC, Australia) immediately after every RE session throughout the 156 

training program and both RE testing sessions. The drink contained 38.4 g protein, 3.8 g 157 

carbohydrate and 2.1 g fat per 100 kg lean mass; thus, post-exercise nutrition was identical in 158 

training and testing sessions. 159 

Resistance training (RT) program: Subjects were paired for 1-RM knee extension strength 160 

and then randomly allocated to one of two training groups: heavy-load group training at 90% 161 

of 1-RM (90% 1-RM group) or a moderate-load group training at 70% of 1-RM (70% 1-RM 162 

group) for leg press, knee extension and knee flexion exercises. Each subject was supervised 163 

at each session by an experienced strength trainer who was able to motivate the subjects and 164 

ensure that they could safely complete each set to absolute failure. The subjects performed as 165 

many repetitions as possible in the first set of the first session of testing. The number of 166 

repetitions was recorded and then loads were adjusted set-by-set during training to maintain 167 

the number of repetitions; thus loads were continually increased as the subjects increased 168 

their strength. Each subject’s 1-RM load was determined before and after 4 weeks of training 169 

to allow for adjustment of the repetition range if the load-repetition relationship changed. 170 

Training was performed twice a week for 8 weeks (3 exercises, four sets each until failure), 171 

with 2 min rest between sets and 3 min rest between exercises.  172 
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Analysis of muscle tissue: Total RNA extraction and cDNA synthesis: Total RNA was 173 

extracted using the ToTALLY RNA Kit (Ambion Inc., Austin, TX) following manufacturer’s 174 

instructions. RNA integrity was determined using the Agilent 2100 BioAnalyzer (Agilent 175 

Technologies, Mulgrave, VIC, Australia). RNA samples were then diluted to an appropriate 176 

concentration with nuclease-free water (NFW) and cDNA synthesis performed using the 177 

High Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, CA, US). cDNA was 178 

stored at -20°C for subsequent analysis. 179 

Real-Time PCR: RT-PCR was performed on a LightCycler 480 II using SYBR Green I 180 

Master Mix (Roche Applied Science, Penzberg, Germany). Commonly used reference genes 181 

hypoxanthine-guanine phosphoribosyltransferase (HPRT), TATA-binding protein (TBP), 182 

heat shock protein 90 (HSP90), peptidyl-prolylcis-trans isomerase (PPIA also known as 183 

cyclophilin A), beta-2 microglobulin (B2M) and glyceraldehyde 3-phosphate dehydrogenase 184 

(GAPDH) mRNA levels were measured (Table 1). Geometrical means of the three most 185 

stable and with lower variance (based on the technique described by Mane et al. (18)) 186 

mRNAs (HPRT, TBP and PPIA) were calculated and used for normalisation of the target 187 

RNAs, by the 2(-∆∆CT) method. Target mRNAs were: UBF, polymerase RNA I polypeptide 188 

B (POLR1B), cyclin D1, TIF-IA (also known as RRN3). Target rRNAs were the mature 189 

ribosome species 28S, 18S, 5.8S. Since these primers should amplify both mature rRNAs but 190 

also pre-rRNAs, primers were designed specifically for pre-rRNAs sequences spanning the 5’ 191 

end internal/external transcribed spacer region (ETS and ITS respectively) and a specific 192 

primer for the initial region of 5’ end of 45S rRNA, namely 45S, ETS-18S, ITS-5.8S and 193 

ITS-28S (Fig 2). Primers for rRNAs (Table 1) were designed by QIAGEN specific for this 194 

study, using RT2 Profiler PCR Arrays (QIAGEN, Venlo, Limburg, Netherlands). Standard 195 

and melting curves were performed for every target to confirm primer efficiency and single 196 

product amplification. 197 
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Western blot: Skeletal muscle tissue was homogenized using an OMNI Bead Ruptor 198 

Homogenizer (Omni International, Kennesaw, GA, US) using RIPA lysis buffer (Tris 50 mM 199 

Tris-HCl, pH 7.4, 150 mM NaCl, 1% deoxycholic acid, 1% NP-40, 1mM EDTA) 200 

supplemented with Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific, 201 

Waltham, MA, USA). After a centrifugation step, the supernatant had the protein 202 

concentration determined with the BCA protein assay kit (Pierce, Rockford, IL, USA). 203 

Protein homogenates were mixed with 4× Laemmli’s buffer and boiled. Denatured proteins 204 

were separated by SDS-PAGE using 8 to 18% gel depending on the protein target. Proteins 205 

were electrotransferred to PVDF membranes (BioRad, Hercules, CA, US) using TransBlot 206 

semi-dry transfer apparatus (BioRad). Gels were cut and transferred together, as described 207 

elsewhere (15). This procedure allows different proteins to be quantified in the same run 208 

avoiding multiple stripping and reprobing cycles plus saving sample material. Membranes 209 

were blocked for 1 h in 5% BSA in TBST solution at room temperature and probed using 210 

specific antibodies for pan cyclin D1, pan UBF, p-UBF Ser388, p-UBF Ser484 (Santa Cruz 211 

Biotechnology, Dallas, TX, US), p-ribosomal protein S6 Kinase, 70kDa, polypeptide 1 212 

(p70S6k) Thr421/Ser424, p-p70S6k Thr389, p-ERK 1/2 Thr202/Tyr204 and Thr185/Tyr187, 213 

p-mitogen-activated protein kinase interacting kinase 1 (MNK1) Thr197/202, p-S6 ribosomal 214 

protein Ser240/244, p-S6 ribosomal protein Ser235/236, p-eIF4E Ser209, pan eIF4E-binding 215 

protein 1 (4E-BP1) (Cell Signaling Technologies, Danvers, MA, USA), pan TIF-IA, p-TIF-216 

IA Ser649 and pan GAPDH (Abcam, Cambridge, MA, US). Primary antibodies were 217 

incubated overnight in blocking buffer (1:1,000 dilution, with exception of GAPDH, 218 

1:10,000) followed by the appropriate anti-rabbit or anti-mouse linked to horseradish 219 

peroxidase secondary antibody (1:5,000) for 1 h at room temperature at the subsequent day. 220 

Membranes were exposed using enhanced chemiluminescence reagent (ECL Select kit, GE 221 
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HealthCare) and bands were detected using ChemiDoc (BioRad). Bands were quantified 222 

using ImageJ software (NIH, Bethesda, US). Western blot data were normalized by GAPDH.  223 

Statistics: Data are expressed as means ± standard error of mean (SEM), unless otherwise 224 

noted. Quadriceps CSA and percentage changes in quadriceps CSA (% ΔCSA) from pre- 225 

training were analyzed by two-way ANOVA with repeated measures (group [intensity] × 226 

time). Baseline anthropometric characteristics were analyzed by student’s t-tests. Western 227 

blot data are presented as fold change against the pre-training rest biopsy sample. The effects 228 

of acute resistance exercise (RE) and chronic resistance training (RT) were assessed using a 229 

two-way ANOVA with repeated measures (SigmaPlotv12.0). Following statistically 230 

significant main effects, Student-Newman-Keuls post-hoc tests were used to determine the 231 

significance of pair-wise comparisons between individual acute resistance exercise sessions 232 

and training. For the scope of the current study, the effects of ‘resistance exercise’ is defined 233 

as the acute response of a single session of exercise (i.e. rest versus post-RE), and the effects 234 

of ‘resistance training’ refers to the chronic response after 8 weeks of training (i.e. untrained 235 

versus trained) both at rest (untrained rest versus trained rest) and the response induced by 236 

exercise over time (untrained post-RE versus trained post-RE). When appropriate, 237 

correlations between variables were assessed using Pearson’s product moment correlations. 238 

Statistical significance was accepted at p≤0.05.  239 

 240 

Results 241 

Subject characteristics 242 

The subject’s baseline anthropometric characteristics are shown in Table 2.  243 

Muscle cross-sectional area (% ΔCSA) 244 
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Mid-thigh muscle CSA increased significantly following the 8-week RT program (6.4±2.0 245 

and 7.6±1.0%, 70 and 90% 1-RM groups respectively, P<0.05 and P<0.01), with no 246 

difference between groups (P=0.56) (Fig 3). Thus, subsequent molecular analysis either 247 

examined the pooled group means or each subject’s individual data in cases of correlations 248 

between changes in CSA and measures of ribosome biogenesis. 249 

Effect of resistance exercise and training on translation initiation pathways (ERK and 250 

mTOR)  251 

p70S6K: Phosphorylation of p70S6K at Thr389 (Fig 4A) increased post-RE (main effect, 252 

P<0.001) by 6-fold in untrained (P<0.05) and 6.5-fold in trained conditions (P<0.05). There 253 

was also a main effect of RE for p70S6K phosphorylation at Thr421/Ser424 (P<0.001) (Fig 254 

4B), with increases in response to exercise of 2.3-fold in untrained (trend, P=0.052) and 2.9-255 

fold in trained conditions (P<0.05). There was no effect of training for either p70S6K 256 

phosphorylation site. 257 

ERK 1/2: Phosphorylation of ERK1 (Thr202/Tyr204) (Fig 4C) and ERK2 (Thr185/Tyr187) 258 

(Fig 4D) showed a main effect of exercise (both P<0.001) but no effect of training. ERK1 259 

phosphorylation was increased 3.2-fold post-RE in the untrained condition (P<0.05), and 2.9-260 

fold in the trained condition (trend, P=0.064). RE-induced ERK2 phosphorylation was 261 

increased 2.2-fold before training (P<0.01), and 2.1-fold after training (P<0.05). 262 

S6 ribosomal protein: Phosphorylation of S6rp at Ser235/236 (Fig 4E) was increased after 263 

exercise (main effect, P<0.01). Before training, RE resulted in a 4.5-fold change (P<0.05), 264 

whereas after training, a 4.2-fold change was observed (P<0.05). There was also a main 265 

effect for exercise (P<0.001) for phosphorylation of Ser240/244 (Fig 4F) with an 8.2-fold 266 

elevation pre-training (P<0.05) and 6-fold elevation post-training (P<0.05). There was no 267 

significant effect of training. 268 
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MNK1: Phosphorylation at Thr197/202 (Fig 4G) was increased markedly in response to RE 269 

(main effect, P<0.001, no effect of training); which was 7-fold both in untrained (P<0.01) 270 

and trained conditions (P<0.01). 271 

eIF4E and 4E-BP1: There was no statistical difference acutely nor chronically for eIF4E 272 

phosphorylation at Ser209 or hyperphosphorylation of 4E-BP1 assessed by mobility shift 273 

(data not shown). 274 

Effect of resistance exercise and training on cell cycle regulators 275 

Cyclins: Cyclin D1 protein (Fig 5A) increased 1.9-fold after both bouts of RE (main effect 276 

P<0.01, before and after training, both P<0.01), and there was no training effect. There was 277 

no difference in cyclin D3 protein (Fig 5B) at any time point. Cyclin D1 mRNA (Fig 5D) 278 

showed a training × exercise interaction (P<0.001) and a main effect for exercise (P<0.05). 279 

This was due to a small, but significant, decrease in resting cyclin D1 mRNA following 280 

training (P<0.05) together with an acute increase in mRNA post-exercise in the trained 281 

condition only (P<0.05). 282 

Effect of resistance exercise and training on UBF and TIF-IA 283 

Total and phosphorylated UBF: UBF total protein was markedly increased after exercise 284 

(main effect, P<0.01, although as discussed later, we believe this result is likely be an artefact 285 

from protein extraction), but was not influenced by resistance training (Fig 6A). Substantial 286 

variation in subject responsiveness to acute exercise was noted for total UBF. Total UBF 287 

protein levels were negatively correlated with UBF phosphorylation at Ser484 (r=-0.54, 288 

P<0.001) and Ser388 (r=-0.32, P<0.05, data not shown).  289 

There was no effect of exercise or training on phosphorylation of UBF at Ser484 (Fig 6C). 290 

Additionally, there was no effect of acute exercise on the phosphorylation of UBF at Ser388 291 
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(Fig 6B). However, UBF phosphorylation at Ser388 was chronically increased by 5 fold in 292 

resting muscle following RT (P<0.05) (Fig 6B).  293 

TIF-IA: Phosphorylation at Ser649 of TIF-IA (Fig 6D) was markedly increased after RE in 294 

both conditions (main effect, P<0.01, 5.6-fold change before, P<0.01; and 7.6-fold after RT, 295 

P<0.01). There was a trend for a greater effect of RE after the training period (P=0.06). There 296 

was no effect of RE or RT on total TIF-IA (Fig 6E). 297 

Effect of resistance exercise and training on rRNA and total RNA 298 

Total muscle RNA concentration (μg of RNA per mg of tissue) tended to be increased post-299 

RT (1.3-fold), although there was considerable subject-to-subject variation and this data did 300 

not reach statistical difference (data not shown). Nevertheless, the extent of each subject’s 301 

fold change in muscle total RNA from pre- to post-training showed a significant positive 302 

correlation with muscle % ΔCSA (r=0.72, P=0.01) (Fig 7A).  303 

45S pre-rRNA (primer internal to the 5’ETS region) expression showed an interaction 304 

between resistance exercise and training (P<0.05). Post-hoc analysis revealed an increase in 305 

45S expression in resting muscle following RT (>2 fold increase, P<0.01, Fig 7B). After RT, 306 

but not before RT, there was an acute RE-induced decrease in 45S rRNA expression (P<0.01) 307 

(Fig 7B). Levels of 45S pre-rRNA following exercise were strongly correlated with the extent 308 

of TIF-IA phosphorylation at Ser649 (r=0.66, P<0.01) but not UBF phosphorylation at 309 

Ser388 and Ser484 (r=-0.36, P =0.14; and r=0.23 and P=0.4, respectively). 310 

There were no significant changes after RE or RT for ETS-18S ITS-5.8S or ITS-28S pre-311 

rRNAs (Fig 7D, F and H), although, trends were observed for main effects of exercise for 312 

ETS-18S (P=0.08) and ITS-28S (P=0.055).  313 

There were training effects for all mature rRNAs: 18S (P<0.01), 5.8S (P<0.01) and 28S 314 

(P<0.05) (Fig 7C, E and G). Post-hoc analysis showed differences between untrained and 315 
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trained conditions at rest for 18S (4 fold increase, P<0.01) and 5.8S (~4 fold increase, 316 

P<0.01) and a similar trend for 28S (2-fold increase, P=0.079). Additionally, there were main 317 

effects of exercise to acutely reduce levels for 18S (P<0.05) and 5.8S (P<0.05), but not for 318 

28S.  319 

Effect of resistance exercise and training on mRNA levels of pol I-associated proteins: 320 

Gene expressions of POLR1B and TIF-IA (Fig 8) were not significantly different at any time 321 

point. UBF mRNA showed a significant 73% increase with training (main effect of training, 322 

P<0.01) at rest (P<0.01). Acutely, there was a small decrease after RE following RT 323 

(P<0.05), but not before RT. 324 

 325 

Discussion 326 

The novel finding of present study was that significant muscle hypertrophy induced 327 

by 8 weeks of resistance training (RT) was associated with increased muscle expression of 328 

ribosomal RNA transcripts accompanied by a robust activation of key ribosome biogenesis 329 

regulatory factors. Specifically, it was demonstrated that 18S, 5.8S, 28S rRNAs and the pre-330 

rRNA 45S were increased by 2 to 4 fold in the trained muscle. Acute RE promoted 331 

ERK/mTOR pathway activation, increased levels of cyclin D1 protein and elevated 332 

phosphorylation of TIF-IA. Whilst UBF phosphorylation was not increased acutely post-RE, 333 

it was markedly elevated on Ser388 in resting muscle post-training. These data show that key 334 

indicators of ribosome biogenesis are responsive to a single bout of RE, whilst repeated 335 

training appears to be necessary for the sustained activation of UBF and accretion of muscle 336 

rRNA. 337 

Signaling transduction via the ERK and mTOR pathways was greatly upregulated 1 h 338 

following an acute bout of RE, both in the untrained (i.e., pre-RT) and trained (post-RT) 339 
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conditions. Phosphorylation of p70S6K at Thr389 (mTOR dependent) and Thr421/Ser424 340 

(predominantly ERK pathway dependent) (13), as well as S6rp at Ser240/244 (p70S6K 341 

dependent) and Ser235/236 (both p70S6k and p90 ribosomal S6 kinase, RSK, dependent) 342 

(30) were greatly increased following RE. Phosphorylation of ERK 1/2 at Thr202/Tyr204 and 343 

Thr185/Tyr187, respectively, and its downstream target MNK1 at Thr197/202 were also 344 

greatly increased. However, none of these kinase responses were altered after 8 weeks of 345 

training. Our results do not corroborate the view that chronic training causes an attenuation of 346 

acute exercise-induced signal transduction pathways related to muscle hypertrophy as 347 

previously hypothesized (5, 25, 40). At least within the time frame of 8 weeks training, both 348 

acute exercise bouts resulted in a similar activation of these kinases, despite significant 349 

training induced gains in muscle mass. It remains to be determined if the activation of these 350 

kinases is diminished with ongoing training or when a plateau in training intensity and 351 

exercise adaptation occurs. 352 

Signal transduction via the mTOR and ERK pathways enhances translational 353 

initiation and elongation of a series of specific mRNAs. Whilst it is known that ERK and 354 

mTOR are activated in the early hours of post-exercise recovery, less is known of the specific 355 

proteins that are translated due to this effect. In the present study, an increase in muscle levels 356 

of cyclin D1 protein after both acute RE bouts were observed, without concurrent increases in 357 

cyclin D1 mRNA or cyclin D3 protein. Consistently, cyclin D1 protein expression has been 358 

shown to be primarily regulated at the translational rather than transcriptional level (11, 22, 359 

29). Although it has been hypothesized that the downstream mTOR effector 4E-BP1 may be 360 

involved in the translation of cyclin D1, it was recently shown that mTOR does not 361 

specifically regulate its expression (34). Alternatively, eIF4E was shown to be responsible for 362 

the specific translation of cyclin D1 mRNA (29), and the phosphorylation of eIF4E at Ser209 363 

by MNK1 appears to be required for this effect (2, 35). We were not able to detect an 364 
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increase in eIF4E phosphorylation at Ser209 after RE, but heightened phosphorylation of the 365 

two upstream kinases, MNK1 and ERK, were observed. It is possible that our single 1 h post-366 

exercise biopsy time-point may have missed an increase in eIF4E phosphorylation, since 367 

cyclin D1 protein was already increased by this time. We suggest that cyclin D1 is a novel 368 

molecular target which is specifically upregulated in human muscle after RE, possibly driven 369 

by the ERK/MNK pathway. 370 

The role of cyclin D1 in the regulation of the cell cycle/proliferation is known; 371 

however, cyclin D1 also plays a key role in mature cells by promoting ribosome biogenesis. 372 

Cyclin D1 forms a complex with CDK4 and promotes its catalytic activity (16), which 373 

promotes subsequent phosphorylation and activation of UBF (37). Active UBF binds to the 374 

rDNA promoter leading to increased rDNA transcription. In the current study, 375 

phosphorylation of UBF appeared to be reduced or almost undetectable at 1 h post-RE in 376 

some subjects. UBF has several HMG box domains that confers UBF a strong binding 377 

affinity for rDNA (27, 42). However, once UBF is dephosphorylated, it will release rDNA 378 

and potentially redistribute from the nucleolus to the nucleus or even cytoplasm (26). 379 

Interestingly, those subjects who had a blunted phosphorylation of UBF after exercise also 380 

displayed a robust increase in total UBF levels. We hypothesize that this effect may be due to 381 

the protein extraction protocol employed in the current study. Detachment of 382 

dephosphorylated UBF protein from rDNA would enrich the protein soluble fraction during 383 

tissue extraction. It has been reported that even nuclear specific protein extraction protocols 384 

have been found to recover only 50% of nucleolar proteins (4). It is likely that the protein 385 

extraction protocol employed in this study failed to recover the entire nucleolar fraction and 386 

that this accounted for the increased UBF levels after RE. Convincingly, at the same time 387 

UBF was increased, TIF-IA protein levels did not show the same response post exercise (Fig. 388 

6E). Although it can also be found in the nucleolar region and has been recently shown to be 389 
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able to bind to DNA in vitro (32), TIF-IA possess several HEAT domains, known to be 390 

involved in protein-protein interactions (3). Its main role on ribosome biogenesis is through 391 

these protein-protein interactions, serving as a bridge between Pol I and SL1 (10). Since 392 

protein-protein interactions are easily disrupted by ionic/denaturing lysis buffer, total levels 393 

of TIF-IA was not affected by the protein extraction protocol. Thus we suggest that the UBF 394 

increase observed after exercise is an indirect effect due to its detachment from rDNA.       395 

Initially we hypothesized that total UBF protein would be increased chronically in 396 

hypertrophied muscle following chronic resistance training, since it has been shown to be 397 

upregulated during synergistic ablation in a mouse model of muscle hypertrophy (9, 38). We 398 

found, however, no evidence that muscle hypertrophy following 8 weeks of resistance 399 

training in humans was associated with increases in muscle UBF protein levels or Pol1 400 

factors PolR1B and TIF-IA mRNA (despite increased UBF mRNA levels). In line with this, 401 

Zhang et al. (44) showed an increase in ribosomal RNA without concurrent increases in total 402 

UBF protein expression in cardiomyocytes. They speculated that the ribosomal RNA 403 

accretion may involve activation of the pre-existing components of Pol I and III machinery, 404 

which may also be the case here. We did find a robust increase in UBF phosphorylation at 405 

rest in trained muscle, which might help to explain the chronic increase in rRNAs. Contrary 406 

to murine models of hypertrophy (mechanical overload or surgical ablation) where there is a 407 

sharp increase in hypertrophy (40 to 70% of muscle mass increment in 1-3 weeks), resistance 408 

training produces a much slower rate of hypertrophy (~7% over 8 weeks in the current study). 409 

It is plausible that human muscle ribosome accretion with resistance training may be more 410 

dependent on the activation of pre-existing components of ribosome biogenesis pathways, 411 

including UBF phosphorylation, rather than increments in total UBF protein. Notably, UBF 412 

was the only protein measured in the current study that demonstrated an increase in 413 

phosphorylation state in trained muscle at rest. However, a few other possible explanations 414 
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exist that may explain the observed absence of chronic elevation in UBF protein in human 415 

muscle tissue. First, as mentioned above, the extraction protocol may not have been optimal 416 

for nucleolar proteins, and this may have underestimated any potential real increase in total 417 

UBF. Second, RT resulted in a much smaller increase in muscle mass compared to animal 418 

models of synergistic ablation, which may still cause a proportional increase in UBF level, 419 

but these may be below the limit of detection of the western blot technique employed. Third, 420 

one cannot rule out the possibility that the synergistic ablation model simply increases muscle 421 

mass by different mechanisms compared to the more physiological stimulus of human RT. 422 

Unlike the chronic effect on UBF phosphorylation, TIF-IA was greatly 423 

phosphorylated at the ERK-RSK dependent site (Ser649) after acute RE, but not chronically. 424 

Although rRNA synthesis relies greatly upon UBF activation, it may, in some specific cases, 425 

be increased by TIF-IA activation by the ERK pathway, despite a lack of a change in UBF 426 

phosphorylation status (45). Along with cyclin D1 protein, TIF-IA may be an earlier activator 427 

of ribosome biogenesis after RE that may promote rRNA synthesis at a later time point. 428 

Synthesis of rRNA has been found to be an early event in rodent models of skeletal 429 

muscle hypertrophy (9, 38). However, whether rRNA synthesis plays a similar role in 430 

resistance training-induced muscle hypertrophy in humans remains unclear. In the current 431 

study, relative levels of mature rRNAs and the pre-rRNA 45S (primer designed against the 432 

5’ETS region not spanning any mature rRNA) were markedly increased in resting muscle 433 

following 8 weeks of resistance training. Since the pre-rRNA 45S was similarly increased, 434 

we asked whether the mature rRNA data showed higher levels due to the pre-rRNAs, since 435 

primers designed for mature rRNAs will also amplify the pre-rRNAs version. In order to 436 

differentiate pre-rRNA from mature rRNA we also analyzed the 28S, 18S and 5.8S segments 437 

which were still bound to the internal (ITS-28S and ITS-5.8S) and external transcribed spacer 438 

(ETS-18S) within the pre-rRNA 45S strand. Unlike the primers designed for the internal 439 
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region of the mature rRNA alone, none of the pre-rRNA fragments (ITS-28S, ETS-ITS and 440 

ITS-5.8S) were increased after training. The training-induced increase in pre-rRNA 45S, but 441 

not ETS-18S, ITS-5.8S or ITS-28S, may suggest that pre-rRNA is rapidly processed. Overall, 442 

our data show that resistance training induces long term increases in muscle ribosome 443 

machinery. A major implication of this finding is that rRNAs, which are commonly used as 444 

reference genes in the literature, clearly cannot be used as reference genes in longitudinal 445 

studies, especially when there are gains and/or losses of muscle mass. 446 

Despite there being chronic increases in mature rRNA abundances post-training in the 447 

current study, we did not find an acute increase in 45S pre-rRNA levels in response to RE. 448 

For long term increases in rRNA, rDNA transcription should be initiated at some point 449 

following acute RE. We hypothesize that rDNA transcription may be upregulated at a later 450 

time point during post-exercise recovery. In line with this hypothesis, Nader et al. (24) 451 

recently reported an increase in 45S rRNA 4 h post-RE, three hours later than our biopsy 452 

sampling time-point. Convincingly, even though the levels of 45S pre-rRNA after exercise 453 

were decreased in the present study, they were positively correlated with the levels of TIF-IA 454 

phosphorylation (but not UBF phosphorylation). This may indicate that the transcription of 455 

rDNA induced by resistance exercise is mediated by ERK-RSK-TIF-IA pathway, 456 

independently of UBF.  457 

Total RNA per mg of muscle tissue appeared to be slightly increased following 458 

chronic resistance training but this change showed a high inter-individual variability and the 459 

overall change did not reach statistical significance. However, perhaps more importantly, the 460 

extent of change in a subject’s total muscle RNA concentration was found to be positively 461 

correlated with the extent of changes in muscle CSA (Fig. 7A). Total RNA is known to be a 462 

proxy measurement of ribosomal RNA content, since >80% of total RNA is ribosomal RNA 463 
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(43). Therefore, the degree to which subjects were capable of muscle mass gains appears 464 

related to their extent of increase in muscle ribosome density. 465 

In conclusion, the current data indicate that ribosome biogenesis is a relevant event 466 

potentially driving muscle adaptation to resistance training. We propose a testable model (Fig 467 

9) where dephosphorylated UBF is rapidly removed from rDNA promoter in the nucleolus 468 

during or shortly after contraction. The muscle cell requires energy during contraction, which 469 

will shut down high energy consumption activities such as protein synthesis and ribosome 470 

biogenesis. However, at the same time, RE sends antagonistic cues for latter adaptation, 471 

where cyclin D1 protein expression may be its earliest triggering regulator, possible by the 472 

ERK-MNK1-eIF4e pathway, and TIF-IA is activated independently of UBF. Moreover, the 473 

increase in ribosome density may explain the degree of muscle hypertrophy, i.e., reduced 474 

accretion of rRNA may limit muscle growth. Some studies have found that RT increases 475 

basal muscle protein synthesis (14, 40), which appears not to be mediated by the signaling 476 

pathways that increase protein translation efficiency. We show evidence that the increase in 477 

protein synthesis at rest might be mediated by increased ribosome biogenesis in response to 478 

resistance training. 479 

 480 

Acknowledgements 481 

The authors would like to thank Dr. Matthew Barnett for the critical analysis of the paper. 482 

Grants 483 

This work received funding from Edith Cowan University research center funding scheme (to 484 

the Centre for Exercise and Sports Science Research). V.C.F is supported by a University of 485 

Auckland Doctoral Scholarship and by AgResearch Core funding.  486 



21 
 

Conflict of Interest 487 

The authors declare no conflict of interest.  488 

 489 

References 490 

1. Atherton PJ and Smith K. Muscle protein synthesis in response to nutrition and exercise. 491 

J.Physiol. 590: Pt 5: 1049-1057, 2012. 492 

2. Bianchini A, Loiarro M, Bielli P, Busa R, Paronetto MP, Loreni F, Geremia R and 493 

Sette C. Phosphorylation of eIF4E by MNKs supports protein synthesis, cell cycle 494 

progression and proliferation in prostate cancer cells. Carcinogenesis 29: 12: 2279-2288, 495 

2008. 496 

3. Blattner C, Jennebach S, Herzog F, Mayer A, Cheung AC, Witte G, Lorenzen K, 497 

Hopfner KP, Heck AJ, Aebersold R and Cramer P. Molecular basis of Rrn3-regulated 498 

RNA polymerase I initiation and cell growth. Genes Dev. 25: 19: 2093-2105, 2011. 499 

4. Chamousset D, Mamane S, Boisvert FM and Trinkle-Mulcahy L. Efficient extraction 500 

of nucleolar proteins for interactome analyses. Proteomics 10: 16: 3045-3050, 2010. 501 

5. Coffey VG, Zhong Z, Shield A, Canny BJ, Chibalin AV, Zierath JR and Hawley JA. 502 

Early signaling responses to divergent exercise stimuli in skeletal muscle from well-trained 503 

humans. FASEB J. 20: 1: 190-192, 2006. 504 

6. Drummond MJ, Dreyer HC, Fry CS, Glynn EL and Rasmussen BB. Nutritional and 505 

contractile regulation of human skeletal muscle protein synthesis and mTORC1 signaling. 506 

J.Appl.Physiol.(1985) 106: 4: 1374-1384, 2009. 507 



22 
 

7. Drygin D, Rice WG and Grummt I. The RNA polymerase I transcription machinery: an 508 

emerging target for the treatment of cancer. Annu.Rev.Pharmacol.Toxicol. 50: 131-156, 2010. 509 

8. Gelinas JN, Banko JL, Hou L, Sonenberg N, Weeber EJ, Klann E and Nguyen PV. 510 

ERK and mTOR signaling couple beta-adrenergic receptors to translation initiation 511 

machinery to gate induction of protein synthesis-dependent long-term potentiation. 512 

J.Biol.Chem. 282: 37: 27527-27535, 2007. 513 

9. Goodman CA, Frey JW, Mabrey DM, Jacobs BL, Lincoln HC, You JS and 514 

Hornberger TA. The role of skeletal muscle mTOR in the regulation of mechanical load-515 

induced growth. J.Physiol. 589: Pt 22: 5485-5501, 2011. 516 

10. Grummt I. Life on a planet of its own: regulation of RNA polymerase I transcription in 517 

the nucleolus. Genes Dev. 17: 14: 1691-1702, 2003. 518 

11. Guo Y, Stacey DW and Hitomi M. Post-transcriptional regulation of cyclin D1 519 

expression during G2 phase. Oncogene 21: 49: 7545-7556, 2002. 520 

12. Iadevaia V, Liu R and Proud CG. mTORC1 signaling controls multiple steps in 521 

ribosome biogenesis. Semin.Cell Dev.Biol. 2014. 522 

13. Iijima Y, Laser M, Shiraishi H, Willey CD, Sundaravadivel B, Xu L, McDermott PJ 523 

and Kuppuswamy D. c-Raf/MEK/ERK pathway controls protein kinase C-mediated 524 

p70S6K activation in adult cardiac muscle cells. J.Biol.Chem. 277: 25: 23065-23075, 2002. 525 

14. Kim PL, Staron RS and Phillips SM. Fasted-state skeletal muscle protein synthesis 526 

after resistance exercise is altered with training. J.Physiol. 568: Pt 1: 283-290, 2005. 527 



23 
 

15. Kiyatkin A and Aksamitiene E. Multistrip western blotting to increase quantitative data 528 

output. Methods Mol.Biol. 536: 149-161, 2009. 529 

16. Knudsen KE, Diehl JA, Haiman CA and Knudsen ES. Cyclin D1: polymorphism, 530 

aberrant splicing and cancer risk. Oncogene 25: 11: 1620-1628, 2006. 531 

17. Kopp K, Gasiorowski JZ, Chen D, Gilmore R, Norton JT, Wang C, Leary DJ, Chan 532 

EK, Dean DA and Huang S. Pol I transcription and pre-rRNA processing are coordinated in 533 

a transcription-dependent manner in mammalian cells. Mol.Biol.Cell 18: 2: 394-403, 2007. 534 

18. Mane VP, Heuer MA, Hillyer P, Navarro MB and Rabin RL. Systematic method for 535 

determining an ideal housekeeping gene for real-time PCR analysis. J.Biomol.Tech. 19: 5: 536 

342-347, 2008. 537 

19. McCarthy JJ and Esser KA. Anabolic and catabolic pathways regulating skeletal 538 

muscle mass. Curr.Opin.Clin.Nutr.Metab.Care 13: 3: 230-235, 2010. 539 

20. Miller G, Panov KI, Friedrich JK, Trinkle-Mulcahy L, Lamond AI and Zomerdijk 540 

JC. hRRN3 is essential in the SL1-mediated recruitment of RNA Polymerase I to rRNA gene 541 

promoters. EMBO J. 20: 6: 1373-1382, 2001. 542 

21. Moss T, Langlois F, Gagnon-Kugler T and Stefanovsky V. A housekeeper with power 543 

of attorney: the rRNA genes in ribosome biogenesis. Cell Mol Life Sci 64: 1: 29-49, 2007. 544 

22. Muise-Helmericks RC, Grimes HL, Bellacosa A, Malstrom SE, Tsichlis PN and 545 

Rosen N. Cyclin D expression is controlled post-transcriptionally via a phosphatidylinositol 546 

3-kinase/Akt-dependent pathway. J.Biol.Chem. 273: 45: 29864-29872, 1998. 547 



24 
 

23. Mullineux ST and Lafontaine DL. Mapping the cleavage sites on mammalian pre-548 

rRNAs: where do we stand? Biochimie 94: 7: 1521-1532, 2012. 549 

24. Nader GA, von Walden F, Liu C, Lindvall J, Gutmann L, Pistilli EE and Gordon 550 

PM. Resistance exercise training modulates acute gene expression during human skeletal 551 

muscle hypertrophy. J.Appl.Physiol.(1985) 116: 6: 693-702, 2014. 552 

25. Ogasawara R, Kobayashi K, Tsutaki A, Lee K, Abe T, Fujita S, Nakazato K and 553 

Ishii N. mTOR signaling response to resistance exercise is altered by chronic resistance 554 

training and detraining in skeletal muscle. J.Appl.Physiol. 114: 7: 934-940, 2013. 555 

26. O'Mahony DJ, Smith SD, Xie W and Rothblum LI. Analysis of the phosphorylation, 556 

DNA-binding and dimerization properties of the RNA polymerase I transcription factors 557 

UBF1 and UBF2. Nucleic Acids Res. 20: 6: 1301-1308, 1992. 558 

27. O'Sullivan AC, Sullivan GJ and McStay B. UBF binding in vivo is not restricted to 559 

regulatory sequences within the vertebrate ribosomal DNA repeat. Mol.Cell.Biol. 22: 2: 657-560 

668, 2002. 561 

28. Phillips SM. A brief review of critical processes in exercise-induced muscular 562 

hypertrophy. Sports Med. 44 Suppl 1: S71-7, 2014. 563 

29. Rosenwald IB, Lazaris-Karatzas A, Sonenberg N and Schmidt EV. Elevated levels of 564 

cyclin D1 protein in response to increased expression of eukaryotic initiation factor 4E. 565 

Mol.Cell.Biol. 13: 12: 7358-7363, 1993. 566 

30. Roux PP, Shahbazian D, Vu H, Holz MK, Cohen MS, Taunton J, Sonenberg N and 567 

Blenis J. RAS/ERK signaling promotes site-specific ribosomal protein S6 phosphorylation 568 

via RSK and stimulates cap-dependent translation. J.Biol.Chem. 282: 19: 14056-14064, 2007. 569 



25 
 

31. Sanij E, Poortinga G, Sharkey K, Hung S, Holloway TP, Quin J, Robb E, Wong LH, 570 

Thomas WG, Stefanovsky V, Moss T, Rothblum L, Hannan KM, McArthur GA, 571 

Pearson RB and Hannan RD. UBF levels determine the number of active ribosomal RNA 572 

genes in mammals. J.Cell Biol. 183: 7: 1259-1274, 2008. 573 

32. Stepanchick A, Zhi H, Cavanaugh AH, Rothblum K, Schneider DA and Rothblum 574 

LI. DNA binding by the ribosomal DNA transcription factor rrn3 is essential for ribosomal 575 

DNA transcription. J.Biol.Chem. 288: 13: 9135-9144, 2013. 576 

33. Strandberg S, Wretling ML, Wredmark T and Shalabi A. Reliability of computed 577 

tomography measurements in assessment of thigh muscle cross-sectional area and 578 

attenuation. BMC Med.Imaging 10: 18-2342-10-18, 2010. 579 

34. Thoreen CC, Chantranupong L, Keys HR, Wang T, Gray NS and Sabatini DM. A 580 

unifying model for mTORC1-mediated regulation of mRNA translation. Nature 485: 7396: 581 

109-113, 2012. 582 

35. Topisirovic I, Ruiz-Gutierrez M and Borden KL. Phosphorylation of the eukaryotic 583 

translation initiation factor eIF4E contributes to its transformation and mRNA transport 584 

activities. Cancer Res. 64: 23: 8639-8642, 2004. 585 

36. Voit R and Grummt I. Phosphorylation of UBF at serine 388 is required for interaction 586 

with RNA polymerase I and activation of rDNA transcription. Proc.Natl.Acad.Sci.U.S.A. 98: 587 

24: 13631-13636, 2001. 588 

37. Voit R, Hoffmann M and Grummt I. Phosphorylation by G1-specific cdk-cyclin 589 

complexes activates the nucleolar transcription factor UBF. EMBO J. 18: 7: 1891-1899, 590 

1999. 591 



26 
 

38. von Walden F, Casagrande V, Ostlund Farrants AK and Nader GA. Mechanical 592 

loading induces the expression of a Pol I regulon at the onset of skeletal muscle hypertrophy. 593 

Am.J.Physiol.Cell.Physiol. 302: 10: C1523-30, 2012. 594 

39. Wang X and Proud CG. The mTOR pathway in the control of protein synthesis. 595 

Physiology (Bethesda) 21: 362-369, 2006. 596 

40. Wilkinson SB, Phillips SM, Atherton PJ, Patel R, Yarasheski KE, Tarnopolsky MA 597 

and Rennie MJ. Differential effects of resistance and endurance exercise in the fed state on 598 

signalling molecule phosphorylation and protein synthesis in human muscle. J.Physiol. 586: 599 

Pt 15: 3701-3717, 2008. 600 

41. Wilson DN and Doudna Cate JH. The structure and function of the eukaryotic 601 

ribosome. Cold Spring Harb Perspect.Biol. 4: 5: 10.1101/cshperspect.a011536, 2012. 602 

42. Yang W, Xu Y, Wu J, Zeng W and Shi Y. Solution structure and DNA binding 603 

property of the fifth HMG box domain in comparison with the first HMG box domain in 604 

human upstream binding factor. Biochemistry 42: 7: 1930-1938, 2003. 605 

43. Young VR. The Role of Skeletal and Cardiac Muscle in the Regulation of Protein 606 

Metabolism. In: Mammalian Protein Metabolism , edited by Munro HN. New York: 607 

Academic Press, 1970, p. 585-674. 608 

44. Zhang Z, Liu R, Townsend PA and Proud CG. p90(RSK)s mediate the activation of 609 

ribosomal RNA synthesis by the hypertrophic agonist phenylephrine in adult cardiomyocytes. 610 

J.Mol.Cell.Cardiol. 59: 139-147, 2013. 611 



27 
 

45. Zhao J, Yuan X, Frodin M and Grummt I. ERK-dependent phosphorylation of the 612 

transcription initiation factor TIF-IA is required for RNA polymerase I transcription and cell 613 

growth. Mol.Cell 11: 2: 405-413, 2003. 614 

 615 



28 
 

Figure Legends 616 

 617 

Figure 1: Experimental study design. A, timeline of measurements and interventions; B, 618 

timeline of the acute clinical trial design used in both occasions (i.e., untrained and trained 619 

state). 620 

 621 

Figure 2: Real Time PCR primers for rRNAs. Pre-rRNA 45S representation, black filled 622 

rectangles represent regions that will generate mature 18S, 5.8S and 28S, with ETS (external 623 

transcribed spacer) and ITS (internal transcribed spacer) in between. Primers used for 624 

accessing pre-rRNAs and mature rRNAs were designed against the regions depicted and 625 

shown as lowercase letters: a, internal to ETS, specific for 45S; b, ETS-18S; c, internal to 626 

18S; d, ITS-5.8S; e, internal to 5.8S; f, ITS-28S; g, internal to 28S. 627 

 628 

Figure 3: Resistance training increased quadriceps muscle cross-sectional area similarly 629 

in both 70% and 90% 1-RM intensity groups. Percentage increase in cross-sectional area 630 

per group; data are presented as mean values with maximum and minimum variation. Both 631 

intensities of training promoted statistically similar gains. 632 

 633 

Figure 4: Effect of resistance exercise and training on a panel of kinases from ERK and 634 

mTOR pathway. A, phosphorylation of p70S6K at Thr389; B, at Thr421/Ser424; C, 635 

phosphorylation of ERK1 at Thr202/Tyr204; D, ERK2 at Thr185/Tyr187; E, phosphorylation 636 

of S6rp at Ser235/236; F, at Ser240/244; G, Phosphorylation of MNK1 at Thr197/202; H, 637 

representative western blots. All western blot data were normalized to GAPDH. Values are 638 

mean ± SEM. * p≤0.05, **p≤0.01, versus respective baseline; # p≤0.05, versus the same 639 
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exercise state (rest or post-RE [post]) of the opposite training condition (untrained or trained). 640 

Main effects and interactions are presented in the text. 641 

 642 

Figure 5: Effect of resistance exercise and training on cell cycle regulators. A, levels of 643 

cyclin D1 protein; B, cyclin D3 protein; C, representative western blots. Western blot data 644 

were normalized to GAPDH; D, cyclin D1 mRNA expression normalized by geometrical 645 

mean of three reference genes. Values are mean ± SEM. * p≤0.05, **p≤0.01versus respective 646 

baseline; # p≤0.05, versus the same exercise state (rest or post-RE [post]) of the opposite 647 

training condition (untrained versus trained). Main effects and interaction are presented in the 648 

text.  649 

 650 

Figure 6: Effect of resistance exercise and training on total and phosphorylation of UBF 651 

and TIF-IA. A, UBF content before and after training and exercise; B, phosphorylation of 652 

UBF at Ser388; C, at Ser484; D, phosphorylation of TIF-IA at Ser649; E, TIF-IA content 653 

before and efter training and exercise; F, Representative western blot figures for UBF and 654 

TIF-IA phosphorylation residues and total protein leves, and GAPDH are shown. Western 655 

blot data were normalized to GAPDH. Values are mean ± SEM. * p≤0.05, **p≤0.01, versus 656 

respective baseline; # p≤0.05, versus the same exercise state (rest or post-RE [post]) of the 657 

opposite training condition (untrained or trained). Main effects and interactions are presented 658 

in the text. 659 

 660 

Figure 7. Effect of resistance exercise and training on total RNA, mature and pre-rRNA 661 

levels.  A, correlation between total RNA per mg of muscle tissue and percentage increase in 662 

muscle cross-sectional area; the calculation used for total RNA measurement is described in 663 

Methods section. Due to technical problems, it was not possible to back calculate total RNA 664 
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for three samples; B, relative levels of 45S rRNA; C, 18S rRNA; D, ETS-18S pre-rRNA; E, 665 

5.8S rRNA; F,  ITS-5.8S pre-rRNA; G, 28S rRNA; H, ITS-28S rRNA. Data were normalized 666 

to the geometric mean of three housekeeping genes (3HK). Values are mean ± SEM. * 667 

p≤0.05, **p≤0.01, versus respective baseline; # p≤0.05, versus the same exercise state (rest 668 

or post-RE [post]) of the opposite training condition (untrained or trained).  669 

 670 

Figure 8. Effect of resistance exercise and training on mRNA levels of Pol I associated 671 

proteins. Pol1 factors PolR1B and TIF-IA along with the associated factor UBF are shown. 672 

Data were normalized to the geometric mean of three housekeeping genes (3HK). Values are 673 

mean ± SEM. * p≤0.05, **p≤0.01, versus respective baseline; # p≤0.05, versus the same 674 

exercise state (rest or post-RE [post]) of the opposite training condition (untrained or trained).  675 

 676 

Figure 9. Theoretical model for the early and delayed effects of resistance exercise in 677 

human skeletal muscle. Resistance exercise promotes TIF-IA phosphorylation, mTOR and 678 

ERK signaling that specifically increases translation of cyclin D1. Increased cyclin D1 may 679 

promote activation of UBF protein, increasing rDNA transcription and sustaining muscle 680 

growth chronically. The figure depicts the nucleus and nucleolus (darker region) in the 681 

center, where rDNA is concentrated. 682 
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Table 1. RT-PCR primer details. 

Target Catalog number 

Span 5’-end 5.8S rRNA PPH82111A 

Internal to 5.8S rRNA PPH82091A 

Span 5’-end 18S rRNA PPH82110A 

Internal to 18S rRNA PPH71602A 

Span 5’-end 28S rRNA PPH82112A 

Internal to 28S rRNA  PPH82090A 

45S rRNA (5’ETS)  PPH82089A 

TATA box binding protein (TBP), Forward TGTGCTCACCCACCAACAAT 

TATA box binding protein (TBP), Reverse TCTGCTCTGACTTTAGCACCTG 

Cyclophilin A (PPIA), Forward CCAGGCTCGTGCCGTTTTG 

Cyclophilin A (PPIA), Reverse GTCTGCAAACAGCTCAAAGGAG 

Hypoxanthine phosphoribosyltransferase 1 (HPRT), 
Forward 

CCTGGCGTCGTGATTAGTGAT 

Hypoxanthine phosphoribosyltransferase 1 (HPRT), 
Reverse 

TCGAGCAAGACGTTCAGTCC 

Cyclin D1, Forward GCTGCGAAGTGGAAACCATC 

Cyclin D1, Reverse CCTCCTTCTGCACACATTTGAA 

RRN3 RNA polymerase I transcription factor (TIF-
IA), Forward 

GTTCGGTTTGGTGGAACTGTG 

RRN3 RNA polymerase I transcription factor (TIF-
IA), Reverse 

TCTGGTCATCCTTTATGTCTGG 

Upstream binding transcription factor (UBF), 
Forward 

CCTGGGGAAGCAGTGGTCTC 

Upstream binding transcription factor  (UBF), 
Reverse 

CCCTCCTCACTGATGTTCAGC 

Polymerase (RNA) I polypeptide B (POLR1B), 
Forward 

GCTACTGGGAATCTGCGTTCT 

Polymerase (RNA) I polypeptide B (POLR1B), 
Reverse 

CAGCGGAAATGGGAGAGGTA 
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Table 2. Subject baseline anthropometric characteristics. 

Group Age (years) Height (cm) Mass (kg) Lean Mass (kg) 

70% 1-RM 20.5 ± 1.9 181.4 ± 10.3 81.1 ± 22.1 64.6 ± 12.9 

90% 1-RM 22.4 ± 5.2 177.5 ± 9.4 78.8 ±8.6 61.8 ± 5.0 

All 21.6 ±4.1 179.2 ± 9.6 79.8 ± 15.1 63.0 ± 8.9 

P value 0.42 0.48 0.78 0.56 

Data are Mean ± SD, 70% 1-RM group, n=6; 90% 1-RM, n=8. 
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Figure 7.
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