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SUMMARY
Mechanical signals, such as those evoked by maximal-intensity contractions (MICs), can induce an increase
inmuscle mass. Rapamycin-sensitive signaling events are widely implicated in the regulation of this process;
however, recent studies indicate that rapamycin-insensitive signaling events are also involved. Thus, to iden-
tify these events, we generate amap of theMIC-regulated and rapamycin-sensitive phosphoproteome. In to-
tal, we quantify more than 10,000 unique phosphorylation sites and find that more than 2,000 of these sites
are significantly affected byMICs, but remarkably, only 38 of the MIC-regulated events are mediated through
a rapamycin-sensitive mechanism. Further interrogation of the rapamycin-insensitive phosphorylation
events identifies the S473 residue on Tripartite Motif-Containing 28 (TRIM28) as one of the most robust
MIC-regulated phosphorylation sites, and extensive follow-up studies suggest that TRIM28 significantly con-
tributes to the homeostatic regulation of muscle size and function as well as the hypertrophy that occurs in
response to increased mechanical loading.
INTRODUCTION

Adult skeletal muscle is a highly plastic tissue that not only drives

mobility but also plays a critical role in breathing, whole-body

metabolism, and maintenance of a high quality of life (Izumiya

et al., 2008; Seguin and Nelson, 2003). Importantly, adults will

lose 35%–40% of their muscle mass between the ages of 25

and 80 years, and this progressive loss of muscle is associated

with disability, loss of independence, and mortality as well as

an estimated $18.5 billion in annual healthcare costs in the

United States alone (Janssen et al., 2004; Pahor and Kritchev-

sky, 1998; Proctor et al., 1998). Thus, the development of thera-

pies that can maintain, restore, or even enhance muscle mass is

of great clinical and fiscal significance. However, the develop-

ment of such therapies will require a comprehensive understand-

ing of the molecular mechanisms that regulate this vital system.

It is well established that skeletal muscle mass can be regu-

lated by a variety of different stimuli, and one of the most potent

stimuli is mechanical loading (Adams and Bamman, 2012; Bod-

ine, 2013). For example, numerous studies have shown that

maximal-intensity contractions (MICs), such as those that occur

during resistance exercise, can induce an increase in muscle

mass (Baar and Esser, 1999; Kosek et al., 2006; Ogasawara
This is an open access article under the CC BY-N
et al., 2016; Schoenfeld et al., 2016). However, the mechanisms

that sense mechanical stimuli and convert them into the

signaling events that regulate muscle mass remain largely

undefined.

At the most basic level, mechanical load-induced changes in

muscle mass are driven by an alteration in the balance between

the rate of myofibrillar protein synthesis and the rate of myofi-

brillar protein degradation, and one of the most widely recog-

nized regulators of this balance involves signaling by a protein

kinase called the mechanistic target of rapamycin (mTOR).

Importantly, a subset of the signaling events that are mediated

bymTOR are highly sensitive to inhibition by the drug rapamycin,

and it has been shown that (1) various forms of mechanical stim-

uli can activate the rapamycin-sensitive elements of mTOR

signaling (i.e., RSmTOR signaling), (2) the activation of RSmTOR

signaling is sufficient to induce an increase in myofiber cross-

sectional area (CSA; i.e., hypertrophy), and (3) RSmTOR

signaling is necessary for the hypertrophy that occurs in

response to a chronic increase in mechanical loading (Goodman

et al., 2010, 2011; Ogasawara et al., 2019; You et al., 2012,

2019). Collectively, these types of observations have led to the

widely held contention that RSmTOR signaling is the primary

regulator of mechanical load-induced changes in muscle mass
Cell Reports 34, 108796, March 2, 2021 ª 2021 The Author(s). 1
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(Goodman, 2014; Marcotte et al., 2015; Wackerhage et al., 2019;

Yoon, 2017).

Although a role for RSmTOR signaling in the mechanical regu-

lation of muscle mass has been widely accepted, an emerging

body of evidence suggests that rapamycin-insensitive signaling

events are also involved (Marcotte et al., 2015; Ogasawara et al.,

2019; Wackerhage et al., 2019). For example, we recently found

that rapamycin only partially inhibited the increase in muscle

mass and hypertrophy that occurred in a rodent model of resis-

tance exercise (Ogasawara et al., 2016). Moreover, recent

studies have shown that various forms of mechanical stimuli

(e.g., resistance exercise, chronic mechanical overload, and

endurance exercise) can promote an increase in protein synthe-

sis via a rapamycin-insensitive mechanism (Ogasawara et al.,

2016; Ogasawara and Suginohara, 2018; Philp et al., 2015;

West et al., 2016; You et al., 2019). Hence, it is now becoming

apparent that both rapamycin-sensitive and rapamycin-insensi-

tive signaling events contribute to the mechanical regulation of

muscle mass.

In this study, we used an unbiased phosphoproteomic-based

approach to obtain a global map of the rapamycin-sensitive and

rapamycin-insensitive signaling events that are elicited after a

bout of MICs. In total, we quantified over 10,000 unique phos-

phorylation sites and found that over 2,000 of these sites were

significantly affected by MICs, but remarkably, only 38 of the

MIC-regulated events were mediated through a rapamycin-sen-

sitive mechanism. Further interrogation of the rapamycin-insen-

sitive phosphorylation events revealed that the S473 residue on

TRIM28 (Tripartite Motif-Containing 28) was one of the most

robust MIC-regulated phosphorylation sites, and extensive

follow-up studies enabled us to establish that TRIM28 is a signif-

icant regulator of skeletal muscle mass and function.

RESULTS

Mapping of the rapamycin-sensitive and MIC-regulated
phosphoproteome
As outlined in Figure 1, wild-type C57BL/6 mice were injected

with 1.0 mg/kg rapamycin or the solvent vehicle. Following the

injection, the right leg of each mouse was subjected to a bout

of MICs while the left leg was untouched and served as a contra-

lateral control. At 1 h after the bout of MICs, the tibialis anterior

(TA) muscles from each legwere collected, lysed, and then sepa-

rated into soluble and insoluble protein fractions. Before pro-

ceeding through the phosphoproteomics workflow, western

blot analysis was used to confirm that the bout of MICs had suc-

cessfully induced robust changes in protein phosphorylation

(e.g., P-MKK4(S255)) and that rapamycin had effectively in-

hibited the MIC-induced activation of signaling by RSmTOR

(P-p70(T389)) (You et al., 2019). Having established these out-

comes, the samples were then subjected to the remainder of

the phosphoproteomics workflow.

In total, quantitative information was obtained for 10,668

unique phosphopeptides (Table S1) and 4,393 proteins (Table

S2). For the phosphopeptides, two-way ANOVA revealed that

2,408 experienced a significant main effect of MICs, 811

encountered a significant main effect of rapamycin, and 231

incurred a significant interaction between the effect of MICs
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and rapamycin (Figures 2A and 2B). Interestingly, only 29 of

the significantly altered phosphorylation sites were annotated

with a known regulatory function in PhosphoSitePlus (Fig-

ure S1A; Abdelmoity et al., 2000). These sites included previ-

ously identified MIC-regulated phosphorylation events such as

the rapamycin-sensitive phosphorylation of EIF4B on S422

and the rapamycin-insensitive phosphorylation of Y182 on

mitogen-activated protein kinase 14 (MAPK14) (also known as

p38 MAPK), as well as non-cannonical MIC-regulated phos-

phorylation events such as the phosphorylation of S184 on

UBE2J1 (Figure S1A; O’Neil et al., 2009; Steiner and Lang,

2014).

To gain further insight into the potential function of the phos-

phoproteomic alterations, enrichment analyses were used to

identify the pathways, biological processes, and cellular com-

partments that were overrepresented within the subset of

phosphorylation sites that revealed a significant main effect

for MICs (Figure 2C) or a significant main effect for rapamycin

(Figure 2D). As expected, mTOR signaling, p38 MAPK

signaling, and eukaryotic protein translation were among the

most significantly overrepresented pathways within the subset

of phosphorylation sites that revealed a significant main effect

for MICs. Moreover, within the subset of phosphorylation sites

that revealed a significant main effect for rapamycin, mTOR

signaling was the most significantly overrepresented pathway,

and the Gtr1-Gtr2 GTPase, TORC1, and EGO/Ragulator com-

plexes, as well as the lysosome, were among the most signifi-

cantly overrepresented cellular compartments. Of note, all of

these compartments play a central role in the pathway through

which rapamycin-sensitive signaling events control autophagy,

and these compartments were decorated with 30 different ra-

pamycin-sensitive phosphorylation sites (Figure S1B; Al-Bari

and Xu, 2020; Dubouloz et al., 2005; Powis and De Virgilio,

2016). Intriguingly, however, only 4 of these sites were previ-

ously annotated as being rapamycin sensitive. A complete list

of the results from the enrichment analyses is provided in Table

S3.

In addition to performing the enrichment analyses, we also

used the phosphoproteomic data as a platform to predict which

kinases were activated byMICs and whether these kinases were

activated upstream/parallel to RSmTOR or downstream of

RSmTOR (Figure S2). Consistent with previous studies, the out-

comes suggested that MICs promote the activation of various

isoforms of the MEK, ERK, JNK, p38, and RSK kinases and

that these kinases are activated upstream/parallel to RSmTOR,

while kinases such as the 70-kDa ribosomal protein S6 kinase

(p70s6K) are activated downstream of RSmTOR (Aronson et al.,

1997; Ryder et al., 2000; You et al., 2019). The aforementioned

results supported the validity of the kinase predictions and also

lent confidence to the unique predictions such as the MIC-

induced activation of CDK5 occurring upstream/parallel to

RSmTOR, and the MIC-induced activation of SRPK2 occurring

downstream of RSmTOR (Lee et al., 2017). Although these pre-

dictions were not prioritized for further analysis, we elected to

highlight them because both CDK5 and SRPK2 play broad roles

in cell biology; thus, we expect that these predictions will serve

as fruitful topics for future investigations (Lee et al., 2017; Shupp

et al., 2017).



Figure 1. Experimental workflow for map-

ping the RAP-sensitive and MIC-regulated

phosphoproteome

Wild-type C57BL/6 mice were injected with rapa-

mycin (RAP+) or the solvent vehicle (RAP�) and

then their tibialis anterior (TA) muscles were sub-

jected to maximal-intensity contractions (MIC+) or

the control condition (MIC�). The mice were al-

lowed to recover for 1 h after the bout of MICs and

then the TAmuscles were collected and separated

into soluble and insoluble fractions. The proteins in

the soluble fractions were subjected to western

blot analysis for the phosphorylated and total

levels of the 70-kDa ribosomal protein S6 kinase

(p70s6K) and mitogen-activated protein kinase ki-

nase 4 (MKK4). Values above the blots represent

the group means for the phosphorylated-to-total

ratio (P:T), n = 3–6/group. The data were subjected

to two-way ANOVA followed by Student-New-

man-Keuls post hoc analyses. Horizontal bar in-

dicates a significant effect for RAP, asterisk (*) in-

dicates a significant effect of MIC, and dagger (y)
indicates a significant interaction between RAP

and MIC, p < 0.05. Following the western blot

analyses, the proteins in the soluble and insoluble

fractions were tryptically digested and then the

peptides from each fraction/sample were labeled

with different tandemmass tags (TMTs). The TMT-

labeled peptides were mixed to produce 10-plex

pooled samples and then the phosphopeptides

were enriched with immobilized metal affinity

chromatography. Reverse-phase high-pressure

liquid chromatography (HPLC) was then used to

generate a total of 12 fractions for the phospho-

peptides as well as 12 fractions for the unbound

(non-phospho) peptides. All fractions were

analyzed by nano-liquid chromatography-tandem

mass spectrometry (nLC-MS/MS), and the TMT

reporter ions in the MS spectra were used to

determine the relative abundance of the phos-

phopeptides and non-phosphorylated peptides in

each sample.
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MICs utilize a rapamycin-insensitive mechanism to
induce TRIM28(S473) phosphorylation within the nuclei
of myofibers
Having established a comprehensivemap of the rapamycin-sen-

sitive and MIC-regulated phosphoproteome, we next sought to

identify rapamycin-insensitive signaling events that might

contribute to the mechanical regulation of muscle mass. As illus-

trated in Figures 3A–3C, we found that the S473 residue on

TRIM28 (a.k.a. KAP1 or Tif1b) was one of the most robust

MIC-regulated phosphorylation sites and that the effect

of MICs was mediated through a rapamycin-insensitive

mechanism.

Next, to assess whether the increase in TRIM28(S473) phos-

phorylation was occurring within themyofibers, we used electro-

poration to transfect the myofibers of the TA muscle with a
hemagglutinin (HA)-tagged variant of TRIM28. At 7 days post

electroporation, the TA muscles were subjected to a bout of

MICs or control condition and then analyzed for HA-

TRIM28(S473) phosphorylation. As shown in Figure 3D, the out-

comes revealed that the bout of MICs led to a robust increase in

S473 phosphorylation and thus indicated that the increase in

TRIM28 phosphorylation was occurring within the myofibers. In

a complementary experiment, we also subjected TA muscles

to a bout of MICs or the control condition and then analyzed

the samples with immunohistochemistry for S473-phosphory-

lated TRIM28. Again, the results indicated that the vast majority

of the increase in TRIM28(S473) phosphorylation was occurring

within in the myofibers and also revealed that the alterations

were heavily confined to the nuclei that resided within the myo-

fibers (i.e., the myonuclei) (Figures 3E and 3F).
Cell Reports 34, 108796, March 2, 2021 3



Figure 2. Overview of the RAP-sensitive and MIC-regulated phosphoproteome

Mice were subjected to the workflow described in Figure 1, and the results were analyzed with two-way ANOVA.

(A) Venn diagram indicates the total number of phosphopeptides that were quantified, along with the number of phosphopeptides that revealed a significant main

effect for MICs (blue) or RAP (yellow) or a significant interaction between MIC and RAP (pink).

(B) Representative phosphorylation events for each of the categories identified in (A) (e.g., the graph with blue bars provides an example of a phosphorylation site

that revealed a significant main effect for MIC, etc.). Values in the graphs represent the group mean + SEM, n = 4–6/group. Horizontal bar indicates a significant

effect for RAP, asterisk (*) indicates a significant effect of MIC, and dagger (y) indicates a significant interaction between RAP and MIC, p < 0.05.

(C and D) Enrichment analyses were performed to identify the pathways, biological processes, and cellular compartments that were overrepresented with

phosphorylation sites that revealed a significant main effect for MIC (C) or a significant main effect for RAP (D). Values in (C) and (D) represent the false discovery

rate (FDR)-corrected p values with the ‘‘Top 10’’ being based on the lowest p values. Note: no pathways, biological processes, or cellular compartments were

significantly overrepresented within the list of phosphorylation sites that revealed a significant interaction between MIC and RAP.
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Overexpression of S473 phosphomimetic TRIM28
induces hypertrophy
The identification of TRIM28(S473) as one of the most robust

MIC-regulated phosphorylation sites was exciting because

TRIM28 has been shown to function as a transcriptional interme-
4 Cell Reports 34, 108796, March 2, 2021
diary factor in a variety of biological processes, and many of its

regulatory effects are dependent on phosphorylation of the

S473 residue (Cheng et al., 2014; Iyengar and Farnham, 2011).

Specifically, rigorous studies have demonstrated that S473

phosphorylation regulates the ability of TRIM28 to control cell-



Figure 3. MICs utilize a RAP-insensitive mechanism to induce TRIM28(S473) phosphorylation within the nuclei of myofibers

(A–C) Mice were subjected to the workflow described in Figure 1. Volcano plots from the phosphoproteomic analyses in which the fold-change (MIC/control) for

each phosphopeptide within the vehicle-treated mice (A), or within the RAP-treated mice (B), was log2 transformed and then plotted against its corresponding

�log10 FDR-corrected p value from a moderated t test. (C) Western blot analysis of phosphorylated (P) and total (T) TRIM28 was performed on aliquots of the

samples that were subjected to the phosphoproteomic analysis.

(D) Electroporation was used to transfect the myofibers of wild-type C57BL/6 mouse TA muscles with plasmid DNA encoding HA-tagged wild-type TRIM28, or

LacZ as a negative control. At 7 days post electroporation, the TA muscles were collected 1 h after being subjected to a bout of MICs or the contralateral control

condition. Lysates of the TA were subjected to immunoprecipitation (IP) against the HA tag and then the immunoprecipitates, as well as the original lysate, were

subjected to western blot analyses.

(E) TA muscles from wild-type C57BL/6 mice were subjected to a bout of MICs or the contralateral control condition. At 1 h after the bout of MICs, the muscles

were collected and mid-belly cross sections were subjected to immunohistochemistry (IHC) for dystrophin to identify the periphery of myofibers, P-

TRIM28(S473), and Hoechst to identify nuclei. Arrows indicate P-TRIM28(S473)-positive nuclei within the myofibers. Scale bars, 30 mm.

(F) The images from (E) were used to quantify the density of P-TRIM28(S473)-positive nuclei within the interstitial space or within the myofibers. Values are

presented as the group means (+SEM in F), n = 3–6/group. The data in (C) and (F) were analyzed with two-way ANOVA followed by Student-Newman-Keuls post

hoc analyses, while the data in (D) were analyzed with a Student’s t test. Asterisk (*) indicates significant effect of MIC, and dagger (y) indicates significantly

different from the MIC+ interstitial group, p < 0.05.
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cycle progression, mitochondrial biogenesis, DNA repair, and of

particular interest, the activity of myogenic transcription factors

such as MyoD and Mef2 (Bolderson et al., 2012; Cheng et al.,

2014; Iyengar and Farnham, 2011; Singh et al., 2015). We were

particularly interested in the last point because it has been shown

that the activation of myogenic transcription factors, within myo-

fibers, is sufficient to elicit a hypertrophic response (Lagirand-

Cantaloube et al., 2009; Moretti et al., 2016). Accordingly, we

wonderedwhether an increase in TRIM28(S473) phosphorylation

would be sufficient to induce hypertrophy. Hence, to address

this,we generatedphosphomimetic (S473D) andphosphodefec-

tive (S473A) mutants of TRIM28 and then used electroporation to

transfect the myofibers of TA muscles with the TRIM28 mutants,

orLacZasacontrol condition.Asshown inFigure4andFigureS3,

the results of our analyses revealed that the overexpression of

TRIM28(S473D) induced a rapid hypertrophic response and

that the hypertrophic response was largely dependent on the

presence of the phosphomimetic mutation.
Characterization of skeletal myofiber-specific and
tamoxifen-inducible TRIM28 KO mice
The aforementioned outcomes supported the notion that

signaling through TRIM28, within the myofibers, can regulate

skeletal muscle mass. Therefore, to further test this, we devel-

oped a strain of skeletal myofiber-specific and tamoxifen-induc-

ible Trim28 knockout (KO) mice. This was accomplished by

crossing mice that contained floxed Trim28 alleles with mice

that possessed human skeletal muscle actin-promoter-driven

expression of a mutated estrogen-receptor-flanked Cre-recom-

binase (HSA-MCM). Mice that possessed the floxed Trim28 al-

leles, but did not express HSA-MCM, were used as littermate

controls.

To establish the specificity and efficiency of the KO, skeletal

muscles, as well as the brain, heart, and liver, were collected

from the KO and control mice at 14 days after they were treated

with tamoxifen. As shown in Figure 5, western blot analysis of

whole-tissue lysates revealed that a significant decrease in the
Cell Reports 34, 108796, March 2, 2021 5



Figure 4. Overexpression of S473 phosphomimetic TRIM28 induces hypertrophy

Electroporation was used to transfect the myofibers of wild-type C57BL/6 mouse TA muscles with plasmid DNA encoding HA-tagged phosphomimetic TRIM28

(S473D), phosphodefective TRIM28 (S473A), or LacZ as a control condition.

(A) At 3 days post electroporation, mid-belly cross sections were subjected to IHC for dystrophin (red) and either LacZ or the HA tag (white). TRIM28(S473D)- and

TRIM28(S473A)-positive myofibers are indicated with blue and white stars, respectively. Scale bars, 50 mm.

(B) The images from (A) were used to measure the cross-sectional area (CSA) of the transfected and non-transfected myofibers in each muscle. Values are

reported as the groupmean + SEM, n = 4–5muscles/group (343–507 transfected and 811–1,673 non-transfectedmyofibers/group). The data were analyzed with

one-way ANOVA followed by Student-Newman-Keuls post hoc analyses. Significant difference versus *LacZ, yphosphodefective TRIM28(S473A), p < 0.05.
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expression of TRIM28 (~50%) occurred in skeletal muscle, but

no significant changes were detected in the brain, heart, or liver.

Of note, TRIM28 is a ubiquitously expressed protein (Kim et al.,

1996), and because the KO of TRIM28 should only occur inside

the myofibers, we reasoned that the remaining TRIM28 in the

whole-skeletal muscle lysate was due to its presence in cells

that resided within the interstitial space (i.e., satellite cells,

macrophages, fibroblasts, etc.). Thus, to examine this, skeletal

muscles from the KO and control mice were subjected to immu-

nohistochemistry, and the number of TRIM28-positive myonu-

clei and TRIM28-positive interstitial nuclei was measured. As

shown in Figures 5C and 5D, the outcomes revealed that a nearly

complete KO of TRIM28 was achieved within the myonuclei

(98%), while the expression of TRIM28 within the nuclei of inter-

stitial cells remained unaffected. However, aside from the alter-

ation in TRIM28 expression, no overt differences between the

KO and control mice were observed at the 14-day post tamox-

ifen time point. For example, the muscle weight-to-body weight

ratio of various skeletal muscles was not significantly altered

(Figure 5E). Moreover, no significant differences were detected

in the basic contractile properties of the TA muscle, and the

gross physical appearance of the KOmice was indistinguishable

from that of control mice (Figures 5F–5H).

The role of TRIM28 in the mechanical activation of
RSmTOR signaling
The outcomes of our phosphoproteomic analyses indicated that

MIC-induced signaling through TRIM28 is activated either up-

stream or parallel to RSmTOR. Moreover, in addition to its

apparent role in the regulation of myogenic genes, it has also

been reported that TRIM28 can regulate RSmTOR signaling (Li

et al., 2018; Pineda et al., 2015). Thus, we next set out to deter-

mine whether signaling through TRIM28 contributes to the MIC-

induced activation of RSmTOR. To accomplish this, KOmice, as

well as their control littermates, were treated with tamoxifen. At

14 days post tamoxifen, the mice were subjected to a bout of

MICs and then 1 h after the bout of MICs, the TA muscles were

collected and evaluated for changes in TRIM28(S473) phosphor-

ylation and markers of RSmTOR signaling. As shown in Fig-
6 Cell Reports 34, 108796, March 2, 2021
ure S4A, the bout of MICs led to a robust increase in

TRIM28(S473) phosphorylation in muscles from control mice,

and this effect was almost completely absent in the muscles

from the KO mice. This was a noteworthy observation because

it provided further support for our conclusion that the MIC-

induced increase in TRIM28(S473) phosphorylation is primarily

mediated by changes that occur within the myofibers. The re-

sults presented in Figure S4 also revealed that the bout of

MICs led to a significant increase in the phosphorylation of two

validated markers of RSmTOR signaling including p70s6K(T389)

and ribosomal protein S6(S240/4) phosphorylation (You et al.,

2019). Importantly, we have previously shown that the MIC-

induced activation of signaling through these markers is medi-

ated almost entirely at the level of the myofibers (You et al.,

2019), and the results presented in Figure S4A demonstrate

that TRIM28 is not required for this to occur. Hence, it appears

that TRIM28, within the myofibers, does not significantly

contribute to the pathway via which MICs induce RSmTOR

signaling.

The role of TRIM28 in mechanical load-induced
hypertrophy
As mentioned in the introduction, a growing body of literature in-

dicates that rapamycin-insensitive signaling events can signifi-

cantly contribute to the hypertrophic effects of mechanical

loading. Thus, our next goal was to determine whether signaling

through TRIM28 plays a role in this process. Specifically, we

used our previously described myotenectomy (MTE) model in

which the myotendinous junction of the gastrocnemius muscles

is surgically removed (You et al., 2019). As a result of this pertur-

bation, the plantaris (PLT) muscles experience a chronic in-

crease in mechanical loading and, in turn, undergo a prominent

hypertrophic response (You et al., 2019). As illustrated in Figures

6A and 6B, we also determined that, just like MICs, MTE led to a

rapid increase in TRIM28(S473) phosphorylation within the

nuclei of myofibers and that TRIM28 was not required for the

MTE-induced activation of RSmTOR signaling (Figure S4B).

Next, we performed an experiment in which KOmice and their

control littermates were treatedwith tamoxifen, and 14 days later



Figure 5. Characterization of skeletal myofiber-specific and tamoxifen-inducible TRIM28 KO mice

(A) TRIM28 knockout (KO+) mice and their control (KO�) littermates were treated with tamoxifen for 5 days and examined at 14 days post tamoxifen.

(B) Western blot analysis of TRIM28 in various tissues including skeletal muscle (soleus [SOL]), brain, heart, and the liver.

(C) Mid-belly cross sections of the plantaris muscles (PLT) were subjected to IHC for dystrophin, total TRIM28, and Hoechst to identify nuclei. Scale bars, 20 mm.

(D) The images from (C) were used to quantify the number of TRIM28-positive nuclei in the myofibers (i.e., myonuclei).

(E) Muscle weight (MW)-to-body weight (BW) ratios of the PLT, SOL, and TA muscles.

(F and G) In situ contractile properties of the TA muscles.

(H) Representative image of the control and KO mice. Values represent the group mean (+SEM in graphs), n = 3–10/group. The data in (B), (F), and (G) were

analyzed with Student’s t tests, while two-way ANOVA with Student-Newman-Keuls post hoc analyses was used to analyze the data in (D) and (E). Asterisk (*)

indicates significant effect of KO, p < 0.05.
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the mice were subjected to MTE or a sham surgery. After 0, 7, or

14 days of recovery, the PLT muscles were collected and mid-

belly cross sections were subjected to immunohistochemistry

to identify the size of individual myofiber types (i.e., type IIa,

IIx, and IIb myofibers). The results of this experiment produced

two striking observations. First, after 14 days in the sham condi-

tion, the loss of TRIM28 led to a 22% decrease in the average

CSA of the type II myofibers (Figures 6C, 6D, and 6F). Additional

myofiber type-specific analyses revealed that this effect was

driven by a large decrease in the size of the type IIb (31%

decrease) and type IIx (23% decrease) myofibers, while no sig-

nificant alteration in the size of the type IIa myofibers was de-

tected (Figures S5A–S5D and S6A). Second, we found that

MTE induced a 35% increase in average CSA of the type II
myofibers and that this effect was heavily dependent on the

presence of TRIM28 (Figures 6C, 6E, and 6G). Specifically, in

the control mice, 14 days of MTE led to a 56% increase in the

CSA of type IIa myofibers, while mice lacking TRIM28 only dis-

played a 27% increase (Figures S5A, S5E, and S6B). Likewise,

in the type IIx myofibers, control mice exhibited a 37% increase

in CSA, while KO mice only displayed a non-significant 15% in-

crease (Figures S5A, S5F, and S6B). Finally, MTE also led to a

25% increase in the CSA of the type IIb myofibers in control

mice, whereas this response was abolished by the loss of

TRIM28 (Figures S5A, S5G, and S6B). In addition to these find-

ings, we also found that the TRIM28 was required for the accre-

tion of myonuclei that occurs in response to MTE (Figure S7).

Thus, when taken together, our results suggest that TRIM28
Cell Reports 34, 108796, March 2, 2021 7



Figure 6. The loss of TRIM28 leads to a reduction in myofiber size and attenuates the hypertrophic effect of MTE

(A) The PLT muscles of wild-type C57BL/6 mice were subjected to myotenectomy (MTE) or a sham surgery. After 90 min of recovery, individual MTE and sham

muscles were frozen adjacent to one another and then mid-belly cross sections were subjected to IHC for dystrophin and P-TRIM28(S473). Arrows indicate P-

TRIM28(S473)-positive nuclei within the myofibers. Scale bar, 100 mm.

(B) The images in (A) were used to quantify the number of P-TRIM28(S473)-positive nuclei within the myofibers and the interstitial space. Values are presented as

the group mean + SEM, n = 4/group.

(C) TRIM28 KOmice and their control littermates were treated with tamoxifen for 5 days. At 14 days post tamoxifen, their PLTmuscles were subjected toMTE or a

sham surgery.

(D and E) After 0, 7, or 14 days of recovery, mid-belly cross sections of the PLT muscles were subjected to IHC for laminin and myofiber type identification. The

mean CSA of each myofiber type (i.e., types IIa, IIx, and IIb) was determined and then the average of these values was used to calculate the ‘‘type II myofiber

(legend continued on next page)
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significantly contributes to both the homeostatic regulation of

myofiber size as well as the hypertrophic effect of increased me-

chanical loading.

The sustained loss of TRIM28 leads to a decrease in
muscle mass and glycolytic myofiber size as well as
alterations in contractile function
The pronounced decrease in type IIx and IIb myofiber sizes in the

PLTmuscles of KOmice led us to question whether the same ef-

fect would be observed in other hindlimb muscles. Hence, to

address this, 14-day post tamoxifen mice were subjected to

the same sham procedure described for the experiments in Fig-

ure 6 and then various skeletal muscles were collected after the

14-day recovery period. As shown in Figure 7A, the loss of

TRIM28 led to a significant decrease in the mass of fast-twitch

muscles such as the PLT and extensor digitorum longus (EDL),

while the slow-twitch soleus muscle (SOL) was unaffected

(Schiaffino and Reggiani, 2011). We then measured the size of

the different myofiber types that are present within each of these

muscles. For instance, the SOL is composed of highly oxidative

type I and type IIamyofibers, and the size of thesemyofiber types

was not impacted by the loss of TRIM28 (Figure 7B; Burkholder

et al., 1994). On the other hand, the PLT, EDL, and TA muscles

are composed of type IIa myofibers, as well as the highly glyco-

lytic type IIx and IIb myofibers (Burkholder et al., 1994). Impor-

tantly, all three of the fast-twitch muscles revealed a significant

decrease in the size of the type IIx and IIb myofibers; yet, just

like in the slow-twitch SOL, the size of the oxidative type IIa my-

ofibers was not affected (Figures 7C–7E). Together, these results

suggest that TRIM28 preferentially regulates the size of myofib-

ers that are reliant on glycolytic metabolism, and this effect is

not influenced by the overall twitch characteristics of themuscle.

Having uncovered a potential role for TRIM28 in the regulation

of glycolytic myofiber size, we next wanted to determine whether

it also contributes to the regulation of skeletal muscle function.

Specifically, 14-day post tamoxifen mice were again subjected

to the same sham procedure described for the experiments in

Figure 6 and then various contractile properties of the TA mus-

cles were measured after the 14-day recovery period. The re-

sults from these analyses revealed that the loss of TRIM28 led

to a 32% increase in total twitch time (data not shown) and

that this effect was due to an impairment in relaxation rather

than the time taken to reach peak twitch tension (Figures 7F

and 7G). The loss of TRIM28 also led to a 25% reduction in

peak twitch force and a 14% reduction in peak tetanic force (Fig-

ures 7H and 7I). Furthermore, an accelerated decline in force

production was observed when muscles from the KO mice

were subjected to a fatigue protocol (300-ms tetanic contraction

once every 2 s) (Figure 7J). Interestingly, the muscles from the

KOmice also revealed a progressive increase in passive tension

during the rest intervals between each of the contractions

(Figure 7K).
CSA.’’ Values represent the group mean ± SEM, n = 9–14 muscles/group (1,840

Figures S5 and S6.

(F and G) Representative images of the cross sections that were stained for lamin

(E) were analyzed with two-way ANOVA followed by Student-Newman-Keuls p

genotype, *day 0 within a given genotype, p < 0.05.
DISCUSSION

The overarching goal of this study was to develop a deeper un-

derstanding of the signaling events that contribute to the me-

chanical load-induced growth of skeletal muscle. To accomplish

this goal, we used an unbiased phosphoproteomic approach to

map the rapamycin-sensitive and rapamycin-insensitive

signaling events that are elicited by a bout of MIC. Collectively,

the outcomes led to the identification of an extensive pool of

non-canonical MIC-regulated and rapamycin-sensitive phos-

phorylation events. Furthermore, by using bioinformatics-based

approaches, we illustrated how the data can be used to identify

non-cannonical phosphorylation events that contribute to the

regulation of various cellular processes such as autophagy. We

also used the data to predict which kinases are activated by

MICs, and whether these kinases are activated upstream/paral-

lel or downstream of RSmTOR. For instance, the outcomes of

our analyses suggest that MICs promote the activation of

SRPK2 and that this effect ismediated downstream of RSmTOR.

This was a noteworthy prediction because a mTORC1-SRPK2

signaling axis was recently shown to function as a key regulator

of the lipogenic enzymes that are needed for rapid cellular

growth (Lee et al., 2017). Hence, our results have likely unveiled

an additional rapamycin-sensitive signaling event that supports

the mechanical load-induced growth of skeletal muscle.

In addition to identifying rapamycin-sensitive signaling events,

we also identified a plethora of rapamycin-insensitive signaling

events that could potentially contribute to the regulation of skel-

etal muscle mass. Indeed, over 2,000 phosphorylation sites fell

within this category, and a number of these sites have been pre-

viously shown to regulate processes such as transcription,

translation, and overall cellular growth (Table S1). However,

upon further examination, we became particularly intrigued by

the changes in phosphorylation that were detected on the

S473 residue of TRIM28. We were interested in this event

because (1) it was one of the most robust MIC-regulated phos-

phorylation sites, (2) the MIC-induced increase in phosphoryla-

tion was mediated through a rapamycin-insensitive mechanism,

and (3) previous studies had reported that TRIM28 can control

the expression of myogenic genes that are known to regulate

muscle mass (Lagirand-Cantaloube et al., 2009; Moretti et al.,

2016; Singh et al., 2015). However, given its reported role in

the regulation of RSmTOR signaling, we questioned whether

TRIM28 was a component of the upstream pathway via which

mechanical stimuli activate RSmTOR (Li et al., 2018; Pineda

et al., 2015). As shown, the results of our analyses revealed

that TRIM28 was not required for the mechanical activation of

RSmTOR. Moreover, the KO of TRIM28 did not significantly alter

the basal levels of RSmTOR signaling (Figure S4). Thus, the ef-

fects of TRIM28 that were observed in this study appear to

have been mediated by a mechanism that works in parallel to,

rather than upstream of, RSmTOR.
–3,680 myofibers/group). Note: the individual myofiber type data are shown in

in, type IIa, and type IIb myofibers. Scale bars, 100 mm. The data in (B), (D), and

ost hoc analyses. Significantly different from ysham, #time-matched control
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Figure 7. A sustained loss of TRIM28 leads to significant alterations in muscle mass, myofiber size, and contractile function

TRIM28KO+ and their KO� control littermates were treated with tamoxifen for 5 days. At 14 days post tamoxifen, their lower hindlimbs were subjected to a sham

surgery as described in Figure 6. After a 14-day recovery period, various fast-twitchmuscles including the PLT, extensor digitorum longus (EDL), and TA aswell as

the slow-twitch SOL were subjected to further analysis.

(A) MW-to-BW ratios.

(B–E) Mid-belly cross sections were subjected to IHC for laminin along with myofiber type identification and then the resulting images were used to quantify the

CSA of the dominant myofiber types in eachmuscle (i.e., type I and IIa in the SOL; types IIa, IIx, and IIb in the PLT, etc.). Various representative images are shown.

Scale bar, 100 mm.

(legend continued on next page)
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The ability to regulate myofiber size was one of the most strik-

ing features of TRIM28 identified in this study. For instance, using

our skeletal muscle-specific TRIM28 KO mice, we found that

muscles lacking TRIM28 exhibited an attenuated hypertrophic

response to MTE. Moreover, we found that the overexpression

of a S473 phosphomimetic mutant of TRIM28 is sufficient to

induce hypertrophy and that this effect is largely dependent on

the presence of the phosphomimetic mutation. Taken together,

these observations support the possibility that mechanical sig-

nals induce TRIM28(S473) phosphorylation and that this, in

turn, initiates a cascade of signaling events that promotes me-

chanical load-induced hypertrophy. So, what could this cascade

of signaling events involve?

When considering potential signaling events via which TRIM28

might confer its effects on skeletal muscle size, it is important to

consider events that could reside both upstream and down-

stream of TRIM28. With regard to upstream events, it was

recently reported that MAPK signaling can regulate TRIM28

phosphorylation. Specifically, it was shown that theMAPK family

member MSK1 can directly phosphorylate the S473 residue of

TRIM28 and that this, in turn, enables TRIM28 to unleash the

transcriptional activity of muscle-specific transcription factors

such as MyoD and Mef2 (Singh et al., 2015). This is particularly

noteworthy because the activation of MAPK signaling has

been widely implicated in the regulation of skeletal muscle

size. For example, it has been shown that mechanical stimuli

can activate MAPK signaling and that MAPK signaling is not

only required for the maintenance of myofiber size but also plays

a role in the induction of skeletal muscle hypertrophy (Haddad

and Adams, 2004; Kramer and Goodyear, 2007; Shi et al.,

2009). Moreover, additional studies have shown that the consti-

tutive activation ofMAPK in cardiacmuscle is sufficient to induce

a hypertrophic response (Bueno et al., 2000; Ueyama et al.,

2000). Hence, the role that TRIM28 plays in the regulation of skel-

etal muscle size is likely controlled, at least in part, by the up-

stream activity of MAPKs.

In addition to the upstream events that regulate TRIM28, it is

also important to consider the downstreamevents throughwhich

TRIM28might confer its effects. For instance, TRIM28possesses

intrinsic SUMO E3 ligase and ubiquitin E3 ligase activities, and it

has been shown that the activity of E3 ligases can be controlled

by their phosphorylation state (Cheng et al., 2014; Gao et al.,

2004; Iyengar and Farnham, 2011). Hence, one could reason

that the phosphorylation of TRIM28 at the S473 site might simply

regulate myofiber size by triggering its SUMO and ubiquitin E3

ligase activity. However, we are not aware of any studies which

have shown that alterations inS473phosphorylation can regulate

these activities. Alternatively, by interacting with a variety of tran-

scriptional co-activators and co-repressors, TRIM28 has also

been implicated as a transcriptional intermediary factor (Cheng

et al., 2014; Iyengar and Farnham, 2011). Specifically, it has

been shown TRIM28 can physically interact with HDAC1 and

that this interaction is highly disrupted by phosphorylation of
(F–K) In situ contractile propertiesmeasured during (F) to (H) single twitch contract

by repetitive tetanic contractions (once every 2 s). Values represent the groupmea

to (E) and (J) and (K) were analyzed with two-way ANOVA followed by Student-N

Student’s t tests. Asterisk (*) indicates significant effect of KO, p < 0.05. N.S., no
the S473 residue (Singh et al., 2015). This is particularly note-

worthy because previous studies have shown that the overex-

pression of HDAC1 promotes the activation of FoxO and a

concomitant atrophic response in skeletal muscle and that both

of these effects require the deacetylase activity of HDAC1 (Be-

harry et al., 2014). Furthermore, the levels of acetylation increase

at distal regulatory elements of genes that are upregulated in

TRIM28KO cells, and nearly 20%of the geneswhose expression

is altered by the KO of TRIM28 contain known binding sites for

FoxO1 (Gehrmann et al., 2019). Thus, it’s easy to imagine how

changes in TRIM28 phosphorylation could alter the expression

of genes that control myofiber size.

In addition to its prospective role in mechanical load-induced

hypertrophy, we also found that TRIM28 contributes to the ho-

meostatic regulation of fast-twitch muscle size and function.

Whenconsideringpotentialmechanisms viawhichTRIM28might

confer these load-independent effects, we became particularly

drawn toprevious reports that have shown that TRIM28can regu-

late the expression of genes that are involved in glycolysis (Czer-

wi�nska et al., 2017; Gehrmann et al., 2019). For instance, a recent

studydemonstrated that theKOof TRIM28 inCD4+T cells led to a

reduction in glycolytic capacity and that this effect was associ-

ated with reductions in the expression of glycolytic genes such

as hexokinase, phosphofructokinase, phosphoglucomutase,

and aldolase (Gehrmann et al., 2019). This could be important

because fast-twitch muscles, particularly the type IIx and IIb my-

ofibers, are heavily reliant on glycolytic activity, and deficiencies

in this process can have major consequences (Rivero et al.,

1999; van Wessel et al., 2010). For example, a previous study in

rats revealed that acute fasting can lead to a reduction in glyco-

lytic capacity and, similar to what we observed in the muscles

from TRIM28 KO mice, the decrease in glycolytic capacity was

associated with impairments in relaxation and fatigue resistance

(Russell et al., 1984). Moreover, another study showed that the

overexpression of myogenin causes fast-twitch muscles to

switch from glycolytic-to-oxidative metabolism and that this

metabolic switch was coupled with a dramatic reduction in the

size of glycolytic fast-twitch myofibers, whereas the size of the

oxidative slow-twitch myofibers remained unaltered (Hughes

et al., 1999). The myofiber-type-specific atrophy observed in

muscles that overexpress myogenin is highly similar to what we

observed in the muscles from the TRIM28 KO mice, and this is

especially intriguing because it was recently shown that

TRIM28 can regulate myogenin expression (Singh et al., 2015).

Thus, it stands to reason that TRIM28 could confer its effects

on fast-twitch myofiber size and function via the regulation of

glycolytic metabolism.

Although the data presented in this study provide compelling

evidence that supports an important role for TRIM28 in both

the homeostatic and mechanical regulation of skeletal muscle

size and function, it is important to acknowledge potential limita-

tions of our study and consider alternative interpretations of the

results. For instance, our data reveal that muscles lacking
ions, (I) single tetanic contractions, or (J) and (K) during fatigue that was induced

n + SEM, n = 9–15muscles/group (770–1,984myofibers/group). The data in (A)

ewman-Keuls post hoc analyses, and the data in (F) to (I) was analyzed with

significant difference.

Cell Reports 34, 108796, March 2, 2021 11



Resource
ll

OPEN ACCESS
TRIM28 displayed an attenuated hypertrophic response toMTE-

induced mechanical loading, and this observation suggests that

TRIM28 might significantly contribute to the pathway through

which mechanical signals regulate skeletal muscle size. Howev-

er, TRIM28 functions in a variety of biological processes,

including cellular metabolism, and this is important because

changes in skeletal muscle metabolic activity can alter myofiber

size (Cheng et al., 2014; Gehrmann et al., 2019; Hughes et al.,

1999; Peker et al., 2018; van Wessel et al., 2010) Hence, it is

possible that TRIM28 confers its effects on myofiber size indi-

rectly through the regulation of metabolic activity/capacity. To

address this possibility, future studies analyzing measures of

metabolic activity, such as ATP concentration, glycolytic/oxida-

tive metabolite production, glucose transport activity, reactive

oxygen species production, and mitochondrial respiration could

provide important insights that will not only resolve a metabolic

role for TRIM28 in the regulation of skeletal muscle size but

also enhance our overall understanding of the mechanisms

through which TRIM28 might function in this process.

In summary, our study led to the identification of an extensive

pool of rapamycin-sensitive and rapamycin-insensitive signaling

events that are regulated by mechanical stimuli. Importantly, our

results not only confirmed much of what is already known with

regard to the phosphorylation cascades that are activated by

mechanical stimuli but also exposed over 2,000 non-canonical

phosphorylation events regulated by rapamycin and/or mechan-

ical stimuli, including TRIM28. Furthermore, by capturing these

events and establishing TRIM28 as a significant regulator of my-

ofiber size and function, we believe that this study will not only

provide a resource for further delineating the upstream, down-

stream, and parallel signaling pathways through which mechan-

ical stimuli andmTOR can regulate growth but also will invigorate

future mechanistic studies into the role TRIM28 plays in this pro-

cess. Hence, when taken together, we expect the results of this

study will exert a broad impact on multiple fields of biology.
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Antibodies

Anti-Rabbit Total SEK1(MKK4) (5C10) Cell Signaling Technologies

(Danvers, MA, USA)

Cat# 3346S; RRID:AB_330905

Anti-Rabbit P-SEK1(MKK4) Ser257

(C36C11)

Cell Signaling Technologies

(Danvers, MA, USA)

Cat# 4514S; RRID:AB_2297420

Anti-Rabbit Total P70 S6K (49D7) Cell Signaling Technologies

(Danvers, MA, USA)

Cat# 2708S; RRID:AB_390722

Anti-Rabbit P-P70 thr389 (108D2) Cell Signaling Technologies

(Danvers, MA, USA)

Cat# 9234S; RRID:AB_2269803

Anti-Rabbit Total Tif1b (Kap-1, TRIM28)

(C42G12)

Cell Signaling Technologies

(Danvers, MA, USA)

Cat# 4124S; RRID: N/A

Anti-Rabbit Total S6 Ribosomal Protein

(5G10)

Cell Signaling Technologies

(Danvers, MA, USA)

Cat# 2217S; RRID:AB_331355

Anti-Rabbit P-S6 Ribosomal Protein

(Ser235/236)

Cell Signaling Technologies

(Danvers, MA, USA)

Cat# 2211S; RRID:AB_916156

Anti-Rabbit P-S6 Ribosomal Protein

(Ser240/244) (D68F8) XP�
Cell Signaling Technologies

(Danvers, MA, USA)

Cat# 5364S; RRID:AB_10694233

Anti-Rabbit P- Tif1b (KAP-1, TRIM28)

Ser437 Poly6446

BioLegend (San Diego, CA, USA) Cat# 644602; RRID:AB_2241094

Anti-Mouse LacZ (b-Galactosidase) (40-1a) Santa Cruz Biotechnology

(Santa Cruz, CA, USA)

Cat# sc-65670; RRID:AB_528100

Anti-Chicken LacZ (b-Galactosidase) Abcam (Cambridge, MA, USA) Cat# ab9361; RRID: AB_307210

Anti-Mouse Dystrophin (Dy8/6C5) Novocastra (Leica Biosystems,

Buffalo Grove, IL, USA)

Cat# NCL-DYS2; RRID. AB_442081

Anti-Rat HA Peroxidase (clone3F10) Roche (Basel, Switzerland) Cat# 1867431; RRID:AB_390917

Anti-Mouse MYH7 (type 1 myosin heavy

chain) BA-D5

Developmental Studies Hybridoma

Bank (Iowa City, IA, USA)

Cat# BA-D5; RRID:AB_2235587

Anti-Mouse MYH2 (type IIA myosin heavy

chain) SC-71

Developmental Studies Hybridoma

Bank (Iowa City, IA, USA)

Cat# SC-71; RRID:AB_2147165

Anti-mouse MYH4 (type IIB myosin heavy

chain) BF-F3

Developmental Studies Hybridoma

Bank (Iowa City, IA, USA)

Cat# BF-F3; RRID:AB_2266724

Anti-Mouse MYH1 (type IIx myosin heavy

chain) 6H1

Developmental Studies Hybridoma

Bank (Iowa City, IA, USA)

Cat# 6H1; RRID:AB_1157897

Anti-Rabbit Laminin Sigma-Aldrich (St. Louis, MO, USA) Cat# L9393; RRID:AB_477163

Fab Fragment Goat Anti-Mouse IgG (H+L)

Block

Jackson Immunoresearch

(West Grove, PA, USA)

Cat# 115-007-003; RRID: AB_2338476

AMCA Anti-Mouse IgM Jackson Immunoresearch

(West Grove, PA, USA)

Cat# 115-155-075; RRID: AB_2338661

Alexa 488 Anti-Mouse IgM Jackson Immunoresearch

(West Grove, PA, USA)

Cat# 115-545-075; RRID: AB_2338849

Alexa 488 Anti-Mouse IgG1 Jackson Immunoresearch

(West Grove, PA, USA)

Cat# 115-545-205; RRID: AB_2338854

Alexa 488 Anti-Chicken IgY Jackson Immunoresearch

(West Grove, PA, USA)

Cat# 703-545-155; RRID: AB_2340375

Alexa Fluor 594 Anti-Mouse IgG1 Jackson Immunoresearch

(West Grove, PA, USA)

Cat# 115-585-205; RRID: AB_2338885

Peroxidase-labeled Anti-Rat IgG Jackson Immunoresearch

(West Grove, PA, USA)

Cat# 112-035-003; RRID: AB_2338128

Alexa Fluor 568 Anti-Rabbit IgG Invitrogen (Carlsbad, CA, USA) Cat# A11011; RRID:AB_143157

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Alexa 350 Anti-Mouse IgG2b Invitrogen (Carlsbad, CA, USA) Cat# A21140; RRID: AB_2535777

Peroxidase-labeled Anti-Rabbit Secondary Vector Labs (Burlingame, CA USA). Cat# PI-1000; RRID:AB_2336198

Peroxidase-labeled Anti-Mouse Secondary Vector Labs (Burlingame, CA USA). Cat# PI-2000; RRID:AB_2336177

Hoechst BD PharMingen (Franklin Lakes, NJ, USA) Cat# 33342; RRID:AB_10626776

Bacterial strains

E. Coli. DH5a pCMVb (Mammalian LacZ) Marker Gene Technologies Inc. (Eugene,

OR, USA)

ID: M0951

E. Coli. DH5a pKH3-TRIM28 (Mamallian

HA-tagged TRIM28)

Addgene (Watertown, MA, USA) Cat# 45569

E. Coli. DH5a pKH3-TRIM28 S473/A

(HA-tagged TRIM28 S473

Phosphodefective mutant)

This Study N/A

E. Coli. DH5a pKH3-TRIM28 S473/D

(HA-tagged TRIM28 S473 Phosphomimetic

mutant)

This Study N/A

Chemicals and reagents

Rapamycin LC Laboratories (Woburn, MA, USA) ID: R-5000

DMSO ThermoFisher Scientific

(Waltham, MA, USA)

ID: PI20684

Tamoxifen (injection) Sigma Life Science (St. Louis, MO, USA) ID: T5648-5G

Tamoxifen-infused Rodent Chow Envigo Teklad (Madison, WI, USA) ID: TD 130857

Critical commercial assays

Complete Mini EDTA-Free Protease

Inhibitor Cocktail Tablet

Roche (Basel, Switzerland) Cat# 11836170001

Pierce BCA Protein Assay Kit ThermoFisher Scientific

(Waltham, MA, USA)

Cat# 23225

Pierce Quantitative Colorimetric

Peptide Assay

ThermoFisher Scientific

(Waltham, MA, USA)

Cat# 23275

10-plex tandem mass tags (TMT) Kit ThermoFisher Scientific

(Waltham, MA, USA)

Cat# 90113

QuickChange II Site-Directed

Mutagenesis Kit

Agilent Technologies

(Santa Clara, CA, USA)

Cat# 200523

Endofree Plasmid Kit QIAGEN (Valencia, CA, USA) Cat# 12362

DC Protein Assay Kit Life Science (Hercules, CA, USA) Cat# 5000112

Deposited data

Proteomic and Phosphoproteomic data This Study Raw data available at the link below: ftp://

massive.ucsd.edu/MSV000086732/

Experimental models: organisms/strains

Wild-Type C57BL/6 Mice Jackson Laboratories

(Bar Harbor, MA, USA)

Stock# 000664

Homozygous LoxP-flanked TRIM28 C57/

BL6 Mice (B6.129S2(SJL)-Trim28tm1.

1Ipc/J)

Jackson Laboratories

(Bar Harbor, MA, USA)

Stock# 018552

Hemizygous HSA-MerCreMer C57/BL6

Mice ((ACTA1-cre/Esr1*)2Kesr/J)

Jackson Laboratories

(Bar Harbor, MA, USA)

Stock# 025750

Software and algorithms

MaxQuant (version 1.5.3.51) Andromeda

Search Algorithm

Cox and Mann, 2008 RRID: SCR_014485 (https://www.

maxquant.org)

Perseus V.1.6.0.7 Tyanova et al., 2016 RRID: SCR_015753 (https://maxquant.

net/perseus/)

(Continued on next page)
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PhosphoSitePlus Hornbeck et al., 2015 RRID:SCR_001837 (https://www.

phosphosite.org/homeAction.action)

LIMMA package (R Software) (Ritchie et al., 2015) (Bioconductor.org) RRID:SCR_010943

DAVID Huang et al., 2009a, 2009b RRID:SCR_001881

NetworKIN source code

(Networkin3.0_release.zip)

Horn et al., 2014 RRID:SCR_007818 (http://www.networkin.

info/download.shtml)

Phomics Munk et al., 2016 http://phomics.jensenlab.org/

activation_loop_peptides

VisionWorksLS Analytik Jena AG (UVP) (Upland, CA, USA) N/A

Dynamic Muscle Control (DMC) software Aurora Scientific (Aurora, Ontario, Canada) Cat# 610A

Dynamic Muscle Analysis (DMA) software Aurora Scientific (Aurora, Ontario, Canada) Cat# 611A

Nikon NIS-Elements D software Nikon Instruments (Melville, NY, USA) N/A

Leica LASX software Leica Microsystems (Buffalo Grove, IL,

USA)

N/A
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Troy A.

Hornberger (troy.hornberger@wisc.edu).

Materials availability
The materials utilized in this study, with the exception of the phospho-mimetic and phosphodefective TRIM28(S473) plasmids, are

commercially available (see Key resources table for details). Phosphomimetic and phosphodefective TRIM28(S473) plasmids gener-

ated by our lab and are available upon request. There are restrictions to the availability of Biolegend Anti-Rabbit phospho-Tif1b (KAP-

1, TRIM28) Ser437 Poly6446 antibody (cat# 644602), as this product has recently been discontinued.

Data and code availability
The proteomic and phosphoproteomic data generated in this study can be found at the University of California San Diego (UCSD)

MassIVE Database: MSV000086732 (ftp://massive.ucsd.edu/MSV000086732/)..

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Wild-type male C57BL6 mice were obtained from Jackson Laboratories. Tamoxifen inducible and skeletal muscle-specific Trim28

knockout C57BL6 mice were generated by crossing female mice homozygous for Trim28 flanked by loxP recognition sites (Jackson

Laboratories) with male mice that were hemizygous for human skeletal muscle actin promoter (HSA) driven expression of a mutated

estrogen receptor-flanked Cre recombinase enzyme (HSA-MCM) (Jackson Laboratories). Offspring from these mice were subse-

quently crossed to obtain offspring that were homozygous for loxP flanked (floxed) Trim28 and hemizygous for the HSA-MCM allele.

Offspring that were homozygous for floxed Trim28 and positive for the HSA-MCM allele was used for the knockout condition (KO),

while offspring that were homozygous for floxed Trim28 and negative for the HSA-MCM allele was used for the control condition.

Genotypes were confirmed with tail snips by PCR, and an equal number of male and female offspring were employed. Specifically,

at 6 weeks of age, both the KO and control mice were given daily IP injections 100 mg/kg of tamoxifen for five consecutive days as

previously described and then assigned to an experimental group (You et al., 2019). All mice were housed in a roommaintained with a

12-12 hour light-dark cycle and received food and water ad libitum. All of the experimental procedures were performed on mice that

were 8-10weeks of age and euthanasia was performedwith cervical dislocationwhile themicewere under isoflurane anesthesia. The

Institutional Animal Care and Use Committee (IACUC) at the University of Wisconsin-Madison approved all the methods employed in

this study.

METHOD DETAILS

Maximal-Intensity Contractions
Where indicated, mice were given an IP injection of 1 mg/kg rapamycin (LC Laboratories) or DMSO (Thermo Fisher Scientific) as a

vehicle control at 100min before the onset of maximal-intensity contractions (MIC) and the tibialis anterior (TA) muscle was subjected
Cell Reports 34, 108796, March 2, 2021 e3
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to maximal-intensity contractions or the control condition as previously described (You et al., 2019). Briefly, mice were anesthetized

with isoflurane, and then a small incision was made along the lateral edge of the right thigh, exposing the sciatic nerve. An electrode

was then placed on the sciatic nerve and contractions were elicited by stimulating the nerve with an SD9E Grass stimulator (Grass

Instruments) at 100Hz with 0.5 ms pulses at 4-7 V for a total of 10 sets of 6 contractions. Each contraction lasted for 3 s and was

followed by a 10 s rest period. A 1 min rest period was provided between each set. At 1 hr after the last contraction, both the right

TA and left contralateral control TA were collected and immediately frozen in liquid nitrogen or processed for immunohistochemistry

as detailed below.

Mass Spectrometry and Analysis
Tissue lysis and centrifugation

Frozen TA muscles were homogenized in 1 mL of buffer A [40 mM Tris (pH 7.5), 1 mM EDTA, 5 mM EGTA, 0.5% Triton X-100, one

PhosSTOP tablet (Roche) per 10 ml, and one Complete Mini EDTA-Free Protease Inhibitor Cocktail Tablet (Roche) per 10 ml]. Sam-

ples were homogenizedwith a Polytron (PT 1200 E) for 20 s and then centrifuged at 6,000 xG for 1min to remove bubbles and confirm

complete homogenization. The homogenate was then separated into soluble and insoluble fractions as detailed previously (Potts

et al., 2017). A 100 ml aliquot of sample was saved for western blotting and the remainder was reserved for MS analysis.

Protein digestion and peptide desalting

The total amount of protein in each sample was determined using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) and pro-

teins were precipitated by bringing the original sample solution to a 90% concentration of MeOH by volume. The sample was then

centrifuged at 12,000 x G for 5min, the supernatant was removed and then the remaining protein precipitate was resuspended in 8M

urea, 50 mM Tris, (pH 8.0), 10 mM TCEP, and 40 mM chloroacetamide and incubated for 30 min with shaking to completely reduce

and alkylate the proteins. The sample was diluted to a concentration of 1.5 M urea with 50 mM Tris (pH 8.0) and digested with trypsin

(1:50 enzyme:protein ratio) at 37�C for 15 hr. The enzymatic digestion was quenched by acidifying the sample to pH < 2 with 10%

trifluoroacetic acid (TFA). Strata-X desalting columns (Phenomenex) were prepared by flowing 1 mL of 100% acetonitrile (ACN) over

the column, followed by 1 mL of 0.1% TFA. Individual samples were then spun down, and the acidic supernatant was collected and

gravity filtered through the Strata-X columns. The bound peptides were washed with 1 mL 0.1% TFA, followed by elution into a fresh

tube using 500 ml of 40% ACN and 0.1% TFA, and finally an additional elution of 300 mL of 80% ACN and 0.1% TFA. Eluted peptides

were dried down by vacuum centrifugation. A Pierce Quantitative Colorimetric Peptide Assay (Thermo Fisher Scientific) was per-

formed to determine peptide concentrations prior to TMT labeling.

TMT labeling

A total of 4 independent 10-plex experiments were performed as outlined in Figure 1. In each 10-plex experiment, 1 mg of peptides

from each sample was incubated with one tag from a 10-plex tandem mass tags (TMT) kit according to the manufacturer’s instruc-

tions (Thermo Fisher Scientific). After being incubated with shaking for 3 h at room temperature, the samples quenched using 5%

hydroxylamine and incubated at room temperature for 15 minutes with shaking. An aliquot from all 10 samples was mixed in a

1:1 ratio across all channels and analyzed using an Orbitrap Elite mass spectrometer (Thermo Fisher Scientific) to ensure complete

TMT peptide labeling and compare peptide ratios in this ‘‘test mix.’’ These preliminary mixing ratios were used as a guide to create a

final samplemix, where the 10 samples weremixed at a 1:1 ratio. The final pooled sample containing TMT labeled peptides from all 10

samples was desalted using a Strata-X desalting column. The pooled sample was enriched using Immobilized Metal Affinity Chro-

matography (IMAC) Ni-NTA magnetic agarose beads (QIAGEN). The resultant phosphopeptide sample and flow-through non-phos-

phopeptide sample were each fractionated using a reverse phase HPLC to produce 12 total phosphopeptide fractions and 12 total

non-phosphopeptide fractions. Each of these fractions were dried using a vacuum centrifuge and resuspended in MS-grade water

with 0.2% formic acid for subsequent mass spectrometry analysis.

Nano-LC-MS/MS methods

Each sample was analyzed using an Orbitrap Elite mass spectrometer (Thermo Fisher Scientific) during a 90 min nano-liquid chro-

matography separation using a Dionex UltiMate 3000 RSLCnano system (Thermo Fisher Scientific). Samples were analyzed using an

MS1 AGC target of 1x106 and maximum injection times of 50 msec. MS1 scans were analyzed at 60,000 resolving power with a scan

range from 300-1500 m/z. Precursor ions with charge states of +2 to +8 were selected for fragmentation and MS2 analysis. MS2

scans were collected with an isolation window of 3 Th, HCD fragmentation at 35% NCE, and a dynamic exclusion duration of 30

s. Phosphopeptide product ions were analyzed in the Orbitrap at 30,000 resolving power with an AGC target of 1x105 ions and

120 msec maximum injection times. Non-phosphopeptide fractions’ peptide fragments were analyzed in the Orbitrap with 30,000

resolving power with an AGC target of 5x104 ions and 75 msec maximum injection times. Each phosphopeptide fraction was

analyzed with duplicate injections.

MS data analysis

The RAW data files were searched using MaxQuant (version 1.5.3.51) with the Andromeda search algorithm (Cox et al., 2014).

Thermo RAW files were searched against a Mus musculus target-decoy database (UniProt, downloaded 08/14/2015). Peptide

and phosphopeptide datasets were searched using a 50 ppm precursor mass tolerance and 0.02 Da fragment tolerance for b

and y ions produced by HCD fragmentation. All fractions were searched with static carbadimomethyl of cysteine residues, static

TMT 10-plex modifications of peptide N-termini and lysines, and dynamic methionine oxidation. Phosphopeptide fractions

were searched with additional dynamic phosphorylation modifications of serine, threonine, and tyrosine residues. Resulting peptide
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identifications were filtered to 1% false discovery rate (FDR). Peptides were then mapped back to their parent proteins using

MaxQuant and filtered to a 1% FDR at the protein level. 10-plex TMT reporter ion signals were used for protein and phosphopeptide

quantitation and were extracted from MaxQuant result tables.

Bioinformatics

The TMT reporter ion intensities for the phosphopeptides and quantified proteins were normalized to the mean value obtained in the

vehicle control samples. Each of the 10-plex TMT analyses also included the use of an internal control sample (#1229L) which allowed

for quantitative comparisons to be made between the individual TMT analyses. Once normalized, the data was uploaded into

Perseus V.1.6.0.7 (Tyanova and Cox, 2018) and analyzed with two-way ANOVA to identify statistically significant main effects and

interactions. The data was then log2 transformed for the generation of volcano plots and concomitant post hoc analyses which

were performed with the moderated t test documented in the LIMMA package in R (Hoffman et al., 2015; Smyth, 2004) and FDR cor-

rected with the Benjamini-Hochberg method (Benjamini and Hochberg, 1995). The phosphopeptide data was then annotated in

Perseus with information obtained from the DAVID (downloaded on 10/20/2018) (Huang et al., 2009b) and PhosphoSitePlus (down-

loaded on 10/7/2019) (Hornbeck et al., 2019). Enrichment analyses were then performed in Perseus with the Fisher Exact test.

For the prediction of activated kinases, activation loop phosphorylation analysis was performed with Phomics (http://phomics.

jensenlab.org/activation_loop_peptides) (Munk et al., 2016) and the NetworKIN source code was downloaded from (http://

networkin.info/download.shtml: Networkin3.0_release.zip) (Horn et al., 2014). To accommodate the NetworKIN input, protein iden-

tifiers were converted to Ensembl 74 proteins with a conversion table downloaded from BioMart containing Uniprot identifiers from

Musmusculus and the Ensembl 74 protein of the corresponding Homos sapiens ortholog (Smedley et al., 2015). In total, 8,454 of the

10,688 phosphosites were successfully assigned a human Ensembl 74 protein, of which, 7,879 were assigned NetworKIN-based

predictions. The NetworKIN output was spot-checked for correct code implementation with the low throughput option available on-

line (http://networkin.info/). Kinase enrichment analysis was then performed with the methods of Bøgebo et al. (2014). Kinases were

considered to be significantly enriched if the Benajamini-Hochberg corrected P value of Kolmogorov-Smirnov test was < 0.05. Sta-

tistical analysis was performedwith the SciPy package of Python (Version 3.6). Code is available in a github repository (https://github.

com/gwilson9/NetworKINImplementation).

Western Blot Analysis
Frozen samples were homogenized with a Polytron for 30 s in ice-cold buffer A (described above) or buffer B [40 mM Tris (pH 7.5),

1mMEDTA, 5mMEGTA, 0.5%Triton X-100, 25mM b-glycerophosphate, 25mMNaF, 1mMNa3VO4, 10mg/ml leupeptin, and 1mM

PMSF]. The resulting protein concentrations were determined using a DC protein assay kit (Bio-Rad). Equivalent amounts of protein

were then dissolved in Laemmli buffer, boiled for 5 min, and subjected to electrophoretic separation by SDS-PAGE. Proteins were

then transferred to a PVDFmembrane at 300mA for 1 hour 45 min and subsequently blocked with 5%powdered milk in tris-buffered

saline containing 0.1%Tween 20 (TBST) for 1 hour. After 30min of washing in TBST, themembranes were incubated overnight at 4�C
with primary antibody dissolved in a 1% bovine serum albumin (BSA)-TBST solution. The next day the membranes were washed for

30 min with TBST and then probed with a peroxidase-conjugated secondary antibody dissolved in 5% powdered milk-TBST for 1

hour at room temperature. After 30 min washing in TBST the blots were developed using a film processor or with a UVP Autochemi

system (Analytik Jena AG) along with either a regular enhanced chemiluminescence (ECL) reagent (Pierce) or ECL-prime (Amer-

sham). Once the appropriate images were collected, the membranes were stained with Coomassie blue to verify equal loading in

all lanes. Images were quantified using ImageJ software (U.S. NIH).

Immunoprecipitation
Samples homogenized in buffer B were centrifuged at 2500 x G for 5 min and then equal amounts of protein from the supernatant

were diluted to a volume of 0.5mLwith fresh buffer A. The samples were then incubated with 20 mL of EZview red HA-tagged agarose

affinity gel beads (Sigma-Aldrich) with gentle rocking at 4�C for 2 hr. The beadswere then pelleted by centrifugation at 500 xG for 30 s

andwashed 4 timeswith fresh ice-cold buffer A. After thewashes, the beadswere dissolved in Laemmli buffer and subjected towest-

ern blot analysis as described above

Electroporation
The plasmid encoding LacZ has been previously described (Nolan et al., 1988). The HA-tagged wild-type TRIM28 (pKH3-TRIM28)

plasmid was purchased from Addgene (#45569) and used as the template to generate serine to aspartic acid (S473/D) phospho-

mimetic or serine to alanine (S473/A) phosphodefective mutations with the QuickChange II Site-Directed Mutagenesis Kit (Agilent

Technologies). All plasmid DNA was grown in DH5a E. Coli, purified with an Endofree plasmid kit (QIAGEN), and re-suspended in

sterile phosphate-buffered saline (PBS). Electroporation was performed as previously described by Goodman et al., 2015 (Goodman

et al., 2015). Briefly, mice were anesthetized with isoflurane, and then a small incision was made through the skin covering the TA

muscle. A 27-gauge needle was used to inject 12 mL of the DNA solution containing 30 mg of plasmid DNA into the TA muscle

and then electric pulses were applied to the muscle through 1 cm gap pin electrode (Harvard Apparatus) that were laid on top of

the proximal and distal myotendinous junctions. Eight 20 ms square-wave electric pulses at a frequency of 1 Hz were delivered

with an ECM 830 electroporation unit (BTX; Harvard Apparatus) at a field strength of 160 V/cm. After the electroporation procedure,

the incision was closed with Vetbond surgical glue (3M Animal Care Products) and the animal was given an IP injection 0.05 mg/g of
Cell Reports 34, 108796, March 2, 2021 e5

http://phomics.jensenlab.org/activation_loop_peptides
http://phomics.jensenlab.org/activation_loop_peptides
http://networkin.info/download.shtml
http://networkin.info/download.shtml
http://networkin.info/
https://github.com/gwilson9/NetworKINImplementation
https://github.com/gwilson9/NetworKINImplementation


Resource
ll

OPEN ACCESS
buprenorphine to alleviate any pain that was caused by the procedure. After a 1.5 – 7 day recovery period, themicewere anesthetized

and the TA muscles were either immediately frozen in liquid nitrogen or processed for immunohistochemistry as detailed below.

Myotenectomy
Mice were anesthetized with isoflurane and then bilateral myotenectomy was performed by removing the distal myotendinous junc-

tions of the gastrocnemius muscles as detailed previously. Mice in the control group were given a bilateral sham surgery that, except

for removing the myotendinous junctions of the gastrocnemius, was identical to the myotenectomy surgery. Mice were allowed to

recover for 0 – 14 days. Mice undergoing a recovery period lasting > 90 min were given an IP injection 0.05 mg/g of buprenorphine

to alleviate anypain thatwas causedby theprocedure. Suchmicewere alsoplacedon rodent chow that contained 500mg / kg tamox-

ifen (equal to adaily intakeofz80mgof tamoxifen / day) at 5daysprior to theonset of the surgery (EnvigoTeklad) andweremaintained

on this chow throughout their recovery period.At theendof the recoveryperiod, allmicewereanesthetizedwith isofluraneand then the

PLT muscles were either immediately frozen in liquid nitrogen or processed for immunohistochemistry as detailed below.

In situ Skeletal Muscle Contractions
Micewere anesthetized with isoflurane and then placed on the platform of a 809C in situmouse apparatus (Aurora Scientific) that was

maintained at 37�Cwith circulating water. The TAmuscle of one leg was exposed and then a braided 4/0 silk suture and a small drop

of superglue were used to attach the distal tendon to the lever arm of a 305B-LR dual-mode lever system (Aurora Scientific). The knee

was then fixed on the mouse apparatus with a 27-gauge needle and 809-ELEC stimulation electrodes (Aurora Scientific) were placed

on themid-belly of themuscle. To enable stimulation, the electrode was routed through a high power bi-phase current stimulator that

was controlled with DMC software (Aurora Scientific). The TA muscle was stimulated with single (0.5 msec) pulses at 60 V and the

muscle was gradually lengthened until a plateau in twitch tension was observed (i.e., the muscle was at optimal length (Lo)). With the

muscle at Lo, twitch contractile properties including peak twitch force, the time taken to reach peak twitch force, and the time to relax

from peak twitch force were determined. Next, the TAmuscle was stimulated with three successive 300msec tetanic contractions at

100, 150, and 200 Hz, respectively. Each tetanic contraction was followed by 1 min of rest and the highest force measured during

these contractions was recorded as the peak tetanic force. Finally, the TA was subjected to a bout of fatiguing contractions in which

the muscle was stimulated with a 300 msec tetanic contraction at 200 Hz once every 2 s for 3 min. Throughout the entire period of

analysis, the TA muscle was kept moist by applying PBS that was maintained at 37�C. Both active and passive force was recorded

during each contraction and all force recordings were analyzed by DMA software (Aurora Scientific).

Immunohistochemistry
Muscles were submerged in optimal cutting temperature compound (Sakura Tissue-Tek) at resting length and then frozen in liquid

nitrogen-chilled isopentane. Mid-belly cross-sections (10 mm thick) were taken with a cryostat and fixed for 10 min with 1% parafor-

maldehyde dissolved in PBS (for TRIM28 analyses) or�20�C acetone (for myofiber type analyses). Fixed sections were washed with

PBS and then incubated for 20 min at room temp in buffer C (0.5% Triton X-100, 0.5% BSA dissolved in PBS). For Type I myofiber

staining, sampleswere subjected to an additional 1 hr incubation at room temp in buffer C containing a FabAnti-Mouse IgG. Following

these incubations, the sectionswerewashedwith PBSand then incubated in buffer C containing primary antibodies for 1 hour at room

temp. The sections were again washedwith PBS and then incubated in solution C containing secondary antibodies for 1 hour at room

temp. Sections were then washed with PBS (where indicated, the nuclei were stained with Hoechst that was diluted in PBS for 5 min

before the washing step) and then: a) images were captured with a Nikon DS-QiMc camera (Nikon) on an upright Nikon 80i epifluor-

escencemicroscope, or b) the sectionsweremounted in a layer ofProLongGoldanti-fademountingmedium (Invitrogen), overlaidwith

a coverslip (Thermo Fisher Scientific) and then imaged with an inverted Leica TCS SP8 confocal laser scanning microscope (Leica).

Image Analysis
For myofiber cross-sectional area measurements, images of the entire muscle cross-section were captured and then the cross-

sectional area of at least 70 randomly selected myofibers of each myofiber type (Type I, IIa, IIx, and IIb) were measured by tracing

the laminin stained periphery of individual myofibers with Nikon NIS-Elements D software (Nikon). Formyonuclei and interstitial nuclei

identification, 3-5 randomly selected 8.4 mm2 regions of each muscle cross-section were captured, and then all TRIM28 and P-

TRIM28(S473) positive nuclei, as well as total nuclei were identified using both the NIS-Elements D software (Nikon) and the Leica

LASX software (Leica). The distinction betweenmyonuclei versus interstitial nuclei was achieved by defining nuclei that residedwithin

the dystrophin layer of individual myofibers as myonuclei, while those that resided outside of the dystrophin layer were designated as

interstitial nuclei. All image analyses were performed by investigators that were blinded to the sample identification.

QUANTIFICATION AND STATISTICAL ANALYSIS

In all experiments that followed the phosphoproteomic analyses, statistical significance was determined by using Student’s t test,

one-way ANOVA, two-way ANOVA, or two-way repeated-measures ANOVA followed by Student-Newman-Kuels post hoc analysis

as indicated in the figure legends. Differences between groups were considered significant when p < 0.05. All statistical analyses

were performed on SigmaPlot / SigmaStat software (Systat).
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