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ABSTRACT: Phosphorylation-dependent signal transduction
plays an important role in regulating the functions and fate of
skeletal muscle cells. Central players in the phospho-signaling
network are the protein kinases AKT, S6K, and RSK as part of the
PI3K-AKT-mTOR-S6K and RAF-MEK-ERK-RSK pathways. How-
ever, despite their functional importance, knowledge about their
specific targets is incomplete because these kinases share the same
basophilic substrate motif RxRxxp[ST]. To address this, we
performed a multifaceted quantitative phosphoproteomics study
of skeletal myotubes following kinase inhibition. Our data
corroborate a cross talk between AKT and RAF, a negative
feedback loop of RSK on ERK, and a putative connection between
RSK and PI3K signaling. Altogether, we report a kinase target
landscape containing 49 so far unknown target sites. AKT, S6K, and RSK phosphorylate numerous proteins involved in muscle
development, integrity, and functions, and signaling converges on factors that are central for the skeletal muscle cytoskeleton.
Whereas AKT controls insulin signaling and impinges on GTPase signaling, nuclear signaling is characteristic for RSK. Our data
further support a role of RSK in glucose metabolism. Shared targets have functions in RNA maturation, stability, and translation,
which suggests that these basophilic kinases establish an intricate signaling network to orchestrate and regulate processes involved in
translation.
KEYWORDS: skeletal muscle cells, signal transduction, kinase inhibitors, cross talk, kinase−substrate relationship, RXRXXS/T motif,
protein phosphorylation, mass spectrometry, quantification, stable isotope labeling by amino acids in cell culture, label-free,
parallel reaction monitoring (PRM), kinase−substrate enrichment analysis (KSEA), text mining

■ INTRODUCTION
The phosphoinositide 3-kinase (PI3K)−AKT−mechanistic
target of rapamycin (mTOR)−70 kDa ribosomal protein S6
kinase (S6K) and RAF−mitogen-activated protein kinase kinase
(MEK)−extracellular signal-regulated kinase (ERK)−90 kDa
ribosomal protein S6 kinase (RSK) signaling pathways regulate
important physiological processes in skeletal muscle, which
include myoblast proliferation and differentiation into myocytes
during myogenesis,1−5 glucose homeostasis,6 hypertrophy,7−10

and fiber-type determination11−13 in mature myotubes. The
Ser/Thr kinases AKT, S6K, and RSK are central members of this
signaling network. All three kinases belong to the “AGC” kinase
family, which are activated by a common mechanism that
involves phosphorylation within the conserved activation loop
and the C-terminal hydrophobic motif by 3-phosphoinositide-
dependent protein kinase (PDK) 1 and a PDK2, respec-
tively.14−16 Notably, they share the basophilic substrate
recognition motif RxRxxp[ST],17 which poses a major challenge
to the identification of their specific substrates.18

AKT is activated downstream of growth factor receptors, such
as the insulin-like growth factor 1 (IGF-1) receptor. In this
process, AKT is recruited to the plasma membrane by PI3K to
become phosphorylated at T308 by PDK1.10,19 Phosphorylation
of S473 by a PDK2, such as the mechanistic target of rapamycin
complex (mTORC) 2, further elevates AKT activity.20−22 AKT
phosphorylates numerous substrates to control physiological
responses. For example, AKT promotes cell survival and
glycogen synthesis by inhibitory phosphorylation of Bcl2-
associated agonist of cell death (BAD)23 and glycogen synthase
kinase-3 (GSK-3),24,25 respectively. To enhance cell growth,
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AKT activates mTORC1 via inhibitory phosphorylation of the
negative regulators TSC complex subunit 2 (TSC2) and AKT1
substrate 1 (AKT1S1).26,27

S6K is an important effector downstream of mTORC1. It is
activated by phosphorylation at T389 by mTORC1 and at T229
by PDK1.28,29 S6K promotes protein synthesis by phosphor-
ylation of the eukaryotic initiation factor 4B (eIF-4B),
eukaryotic elongation factor 2 kinase (eEF2K), and 40S
ribosomal protein S6 (RPS6), with the latter of those playing
a role in ribosome biogenesis.30−33

RSK is a central effector of the mitogen-activated protein
kinase (MAPK) signaling pathway. MAPK signaling cascades
link extracellular signals to fundamental cellular processes
including proliferation, differentiation, survival, and apoptosis.34

Signaling downstream of growth factor receptors involves the
activation of the proline-directed kinases ERK1/2 by the MAPK
module, which comprises RAF and MEK1/2. ERK forms a
complex with RSK and induces a multistep activation
mechanism of RSK.35 RSK promotes cell survival by
phosphorylating BAD and is also involved in protein synthesis,
as it shares the S6K targets RPS6 and eEF2K.33,36,37 While
knowledge about the multiple functions of the RAF-MEK-ERK
cascade in contracting skeletal myotubes is still incomplete,
recent studies suggest that it promotes the fast-twitch muscle
fiber type.11−13

The PI3K-AKT-mTORC1-S6K and RAF-MEK-ERK-RSK
pathways are interconnected and fine-tuned by several feedback
loops and cross talk mechanisms. For example, the S6K-
mediated phosphorylation of the insulin receptor substrate
(IRS) 1 and the mTORC2 scaffold protein RPTOR
independent companion of MTOR complex 2 (RICTOR)
negatively regulates AKT.38−40 RSK impinges on mTORC1 by
inhibitory phosphorylation of TSC2.26 In skeletal myotubes,
both pathways are connected through the AKT-mediated
inhibition of the RAF-MEK-ERK-RSK pathway, potentially by
phosphorylation of RAF.41−44 The high network interconnec-
tivity poses a challenge for the accurate assignment of substrates
to the three basophilic kinases AKT, S6K, and RSK.
We performed quantitative phosphoproteomics analyses to

pinpoint phosphorylation targets of AKT, S6K, and RSK in fully
differentiated, contracting skeletal myotubes. For this, we
modulated the PI3K-AKT-mTOR-S6K and RAF-MEK-ERK-
RSK pathways using kinase-specific inhibitors and pathway
activators, followed by phosphoproteome profiling. Through
bioinformatics analysis and data integration, we obtained kinase-
specific candidates that were further assessed using targeted
phosphoproteomics. Based on our data, we established an AKT,
S6K, and RSK phosphorylation target landscape containing 49
so far unknown target sites. We show that each basophilic kinase
targets a specific set of proteins with central roles in muscle
development, integrity, and functions, as well as cytoskeletal
organization. Furthermore, AKT is strongly associated with
insulin and GTPase signaling and RSK with nuclear processes.
Phosphorylation targets with functions in RNA metabolism are
shared between AKT and S6K or RSK, which points to intricate
regulatory mechanisms involved in RNA-dependent processes
including translation.

■ EXPERIMENTAL SECTION

Cell Culture

C2 myoblasts (kind gift of D. Fürst, University of Bonn,
Germany) were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) GlutaMAX (Gibco) supplemented with
15% (v/v) fetal calf serum (FCS, Anprotec), 2 mM sodium
pyruvate (Life Technologies), and 1% (v/v) non-essential
amino acids (NEAA, Life Technologies). Differentiation was
induced by serum reduction to 2% (v/v) horse serum (Sigma-
Aldrich) at 90−95% confluency. For stable isotope labeling by
amino acids in cell culture (SILAC)45-based experiments, C2
mouse myoblasts were cultured in high-glucose SILAC−
DMEM lacking arginine and lysine (PAA, GE Healthcare Life
Sciences) supplemented with 15% (v/v) dialyzed FCS (Sigma-
Aldrich), 2 mM sodium pyruvate, 1% (v/v) NEAA, 2 mM
glutamine, 200 mg/L proline (all Thermo Fisher Scientific), 146
mg/L lysine, and 84 mg/L arginine (Cambridge Isotope
Laboratories Inc.) for at least nine cell divisions. Light labeling
was performed using 12C6

14N4−L-arginine/12C6
14N4−L-lysine.

For medium-heavy and heavy labeling, 13C6
14N4−L-arginine/

D4−L-lysine and 13C6
15N4−L-arginine/13C6

15N2−L-lysine were
used, respectively. Incorporation of labeled amino acids into the
proteome was confirmed by liquid chromatography (LC)−mass
spectrometry (MS) analysis. Labeled myoblasts were grown to
confluency in six-well plates, and differentiation was induced by
reducing the serum content to 2% (v/v) in-house dialyzed horse
serum (Sigma-Aldrich) in the absence of sodium pyruvate.
For global quantitative phosphoproteomics profiling of AKT,

S6K, and RSK kinase−substrate relationships, SILAC-labeled
myotubes were serum-starved overnight and treated with
electrical pulse stimulation (EPS; 10 V, 4 ms, 0.05 Hz) for 3 h
using a C-Pace EP cell culture stimulator (IonOptix LLC) to
obtain contracting myotubes.46,47 During the last hour of EPS,
cells were treated with 10 μM MK-2206 (MK; Selleck
Chemicals, #S1078), 10 μM U0126 (U0; Selleck Chemicals,
#S1102), 10 μM LY294002 (LY; Selleck Chemicals, #S1105),
and 10 nM Torin1 (To; Merck, #475991) or dimethyl sulfoxide
(DMSO; Sigma-Aldrich, #D8418).
For phosphoproteomics using direct kinase inhibition, a label-

free global and a targeted MS approach were applied, in the
following referred to as “label-free experiment” and “targeted
MS experiment”, respectively. Differentiated C2 myotubes were
serum-starved for 4 h and treated with EPS for 3 h. Prior to lysis,
cells were stimulated with IGF-1 (IGF; 10 ng/mL, Merck,
#I1271) for 30min or the epidermal growth factor (EGF; 10 ng/
mL, Sigma-Aldrich, #E9644) for 15 min. MK (10 μM, 30 min),
PF-4708671 (PF; 10 μM, Merck, #559273, 30 min), and BI-
D1870 (BI; 10 μM, Selleck Chemicals, #S2843, 15 min) were
used for kinase inhibition. Control cells were treated with a
stimulator and DMSO (Roth, #A994).
As this study was performed using a murine cell line,

phosphosite positions refer to the mouse annotation. For bona
f ide targets, the human phosphosite position is mentioned in
brackets, if it differs from the mouse annotation.
Cell Lysis

SILAC-labeled cells were washed twice with ice-cold DPBS
containing 0.75 mM CaCl2 and 0.75 mMMgCl2. Subsequently,
cells were lysed using either urea buffer (30 mM Tris pH 8.5, 7
M urea, 2 M thiourea) for MS-based analysis or modified
radioimmunoprecipitation assay (RIPA) buffer (150 mMNaCl,
1% [v/v] Nonidet-P40, 50 mM Tris pH 7.4, 0.25% [w/v]
sodium deoxycholate) for immunoblotting. Both urea and
modified RIPA buffer were supplemented with phosphatase
inhibitors (2 mM sodium orthovanadate, 9.5 mM sodium
fluoride, 10 mM β-glycerophosphate, 10 mM sodium
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pyrophosphate). Following sonication for 2 × 30 s, the lysates
were cleared by centrifugation for 20 min at 4 °C and 21,100g.
Cells used in label-free and targeted MS experiments were

lysed according to the EasyPhos protocol using 4% [w/v]
sodium deoxycholate in 100 mM Tris-buffer, pH 8.5.48 Protein
concentrations of cleared lysates were determined using the
Bradford assay (Bradford Quickstart reagent, Bio-Rad).
Gel Electrophoresis and Immunoblotting

Lysates were mixed with Lam̈mli buffer (2% [w/v] sodium
dodecyl sulfate [SDS], 10% [v/v] glycerol, 0.25 MTris HCl, pH
6.8, 5% [v/v] β-mercaptoethanol, bromphenol blue) and
incubated for 10 min at 95 °C. Myotube lysates were separated
on BisTris gradient gels (Thermo Fisher Scientific) or SDS
polyacrylamide gels. Electrophoresis was conducted for 20 min
at 80 V, followed by 1.5 h at 130 V using 3-(N-morpholino)-
propanesulfonic acid (MOPS) (50 mM MOPS, 50 mM Tris
base, 1% [w/v] SDS, 1 mM ethylenediaminetetraacetic acid
[EDTA]) or SDS (25 mMTris base, 200 mM glycine, 0.1% [w/
v] SDS) running buffer for BisTris and SDS gels, respectively.
Afterward, proteins were transferred to poly(vinylidene
difluoride) membranes using either a tank or semidry blotting
system. Tank blotting was conducted for 95−110 min at 45 V
using 10% (v/v) methanol, 50 mM Tris, 100 mM glycine, and
0.01% (w/v) SDS (pH 8.3). Semidry blotting was performed at
0.22 A per membrane for 60 min using 20% (v/v) methanol, 48
mMTris, 39mM glycine, and 1.3 mMSDS (pH 9.1). Afterward,
membranes were blocked with 5% (w/v) bovine serum albumin
in Tris-buffered saline supplemented with Tween-20 (165 mM
sodium chloride, 50 mM Tris HCl pH 7.4, 0.1% [v/v] Tween-
20). Membranes were cut into smaller pieces to probe the
membrane with different primary antibodies in parallel.
Incubation of membrane pieces with primary and horseradish
peroxidase-coupled secondary antibodies was performed over-
night at 4−10 °C or for 2 h at room temperature (RT).
Information about antibodies used is provided in the Supporting
Information, Supplemental Experimental Table 1. Chemilumi-
nescence signals were detected using a ChemoCam (INTAS) or
a LAS-4000 minicamera system (GE Healthcare). For
quantification of immunoblot signals, raw images were inverted,
signal intensities per area were analyzed, and background
intensities were subtracted using the software Quantity One
(Bio-Rad, version 4.6.6). Signal intensities were normalized to
the control, and mean phospho-to-total signal ratios were
statistically characterized by the standard error of themean and a
Student’s t-test (two-tailed, paired).
Protein Digestion and Desalting of Peptides

Cell lysates of SILAC-based experiments were mixed in equal
amounts according to protein concentrations. For each
experiment, a total of 3 mg of protein were used. Cysteine
residues were reduced with 5 mM tris(2-carboxyethyl)-
phosphine (20 min at RT) and alkylated using 50 mM 2-
chloroacetamide (20 min at 37 °C). The reaction was quenched
by the addition of 10 mM dithiothreitol. Samples were diluted
with 50 mM ammonium bicarbonate to a final concentration of
2 M urea. Protein digestion using trypsin (Promega Corpo-
ration; trypsin/protein ratio of 1:50 [w/w]) was performed for
3.5 h at 42 °C and 500 rpm. The reaction was quenched by
addition of 1% (v/v) final concentration of trifluoroacetic acid
(TFA). The resulting peptide samples were desalted using Oasis
HLB cartridges (Waters Corporation). Cartridges were
conditioned using 4 mL of elution buffer (5% [v/v] formic
acid [FA], 90% [v/v] acetonitrile [ACN]), and 4 mL of washing

buffer (0.1% [v/v] TFA). After sample loading, cartridges were
washed with 3mL of washing buffer and 2mL of ultrapure water.
Peptides were eluted using 2 mL of elution buffer. Eluates were
concentrated in a vacuum centrifuge for 30 min and lyophilized
overnight and stored at −80 °C.
For label-free phosphoproteomics and targeted MS analyses,

lysates containing 530 μg of protein were processed according to
the EasyPhos workflow.48 In brief, cysteine residues were
reduced and alkylated with 10 mM tris(2-carboxyethyl)-
phosphine and 40 mM 2-chloroacetamide for 5 min at 45 °C.
Subsequently, protein digestion was performed in lysis buffer
overnight at 37 °C using a combination of trypsin and LysC
(FUJIFILM Wako Chemicals Europe GmbH; both protease/
protein ratio 1:100 [w/w]).
Peptide Fractionation

Lyophilized peptides of SILAC myotubes were resolved in 200
μL of solvent A (10 mM ammonium hydroxide, pH 10),
sonicated for 3 min, cleared for 4 min at 21,100g, and filtered
using a 0.2 μm syringe filter (Phenomenex). High pH reversed-
phase (hpH RP) chromatography was performed on a Dionex
Ultimate 3000 equipped with an RP Gemini C18 column (4.6
mm × 25 mm, 3 μm, 110 Å, Phenomenex) operated at 750 μL/
min. Peptides were loaded at 1% solvent B (10 mM ammonium
hydroxide in 90% [v/v] ACN, pH 10) for 5 min and
subsequently separated applying a gradient ranging from 1 to
20% B in 35min, 20 to 45% B in 20min, 11min at 78% B, and 78
to 1% B in 10 min, followed by re-equilibration of the column at
1% B. Ninety fractions were collected in 50 s intervals between 2
and 77 min in a way that each 30th fraction was pooled. Samples
were acidified with 1% (v/v) final concentration of TFA. From
each fraction, a small aliquot of 20 μL was taken, dried in vacuo,
and used for total proteome analysis, whereas the remaining part
of the fractions was used for phosphoproteomics analysis.
Phosphopeptide Enrichment

Phosphopeptides of the SILAC-based experiments were
enriched from fractionated samples in a batch procedure using
25 μL of titanium dioxide (TiO2) bead slurry (bead/ACN ratio
of 1:2 [v/v]; Titansphere, 5 μm, GL Sciences Inc.). After two
washing steps with 200 μL of washing buffer (80% [v/v] ACN,
0.1% [v/v] TFA), 100 μL of 1× loading buffer (20% [v/v] acetic
acid, 20 mg/mL 2,5-dihydroxybenzoic acid, 420 mM 1-
octanesulfonic acid, 0.1% [v/v] heptafluorobutyric acid) was
added to the beads. Each sample was mixed 1:1 with 2× loading
buffer and incubated with TiO2 beads for 20 min at 10 °C on a
tube rotator. Subsequently, the beads were pelleted (5 min at 4
°C and 4696g), washed with 2 × 200 μL washing buffer, and
incubated with 50 μL of elution buffer (50 mM ammonium
dihydrogenphosphate, pH 10.5) for 10 min while rotating.
Afterward, each sample was mixed in a ratio of 1:1 with ACN (v/
v) and transferred to a StageTip comprising three layers of C8
material (3M Company). After centrifugation for 3 min at
1500g, phosphopeptide-enriched eluates were acidified using 8
μL of 100% TFA, dried in vacuo, and stored at−80 °C until used
for LC-MS analysis.
Phosphopeptides of label-free and targeted MS experiments

were enriched according to the EasyPhos workflow using
TiO2.

48 Phosphopeptides that still remained in the supernatants
of the TiO2-based enrichment step were subsequently enriched
following the sequential metal oxide affinity chromatography
(SMOAC) protocol.49 For this purpose, 100 μL of 5% Fe(III)-
immobilized metal affinity chromatography (IMAC) bead slurry
(v/v) per sample was prepared from Ni2+-nitrilotriacetic acid
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magnetic beads (Qiagen) and used as described before.47

Eluates from TiO2- and Fe(III)-IMAC-based enrichments were
desalted using C18 StageTips (3M Company), pooled, and
stored at −80 °C until used for LC-MS analysis. One half of the
enriched samples was used for the label-free and targeted MS
experiments.
LC-MS Analysis

Dried peptides were resolved in 0.1% (v/v) TFA and analyzed
by nano-LC-MS/MS using a Velos Orbitrap Elite Pro (i.e., for
total proteome and the first technical replicate of the
phosphoproteome analysis of SILAC experiments) or a Q
Exactive Plus instrument (second technical replicate of the
SILAC phosphoproteome analysis, label-free and targeted MS
experiments) (Thermo Fisher Scientific, Bremen, Germany),
both connected to an UltiMate 3000 RSLCnano HPLC system
(Thermo Fisher Scientific, Dreieich, Germany). The RSLC
systems were either equipped with PepMap C18 μ-precolumns
(5 mm × 0.3 mm; particle size, 5 μm; packing density, 100 Å;
Thermo Fisher Scientific) and an Acclaim PepMap C18
analytical column (500 mm × 0.75 mm; particle size, 2 μm;
packing density, 100 Å; flow rate, 0.25 μL/min; Thermo Fisher
Scientific) for the analysis of all samples obtained in SILAC
experiments or with μPAC C18 precolumns (PharmaFluidics)
and a μPACC18 analytical column (length, 50 cm; flow rate, 0.3
μL/min; PharmaFluidics) for samples of label-free and targeted
MS experiments. Peptide separation and elution were generally
performed at 40 °C using a binary solvent system composed of
0.1% (v/v) FA/4% (v/v) DMSO (solvent A) and 50% (v/v)
methanol/30% (v/v) ACN/0.1% (v/v) FA/4% (v/v) DMSO
(solvent B) for measurements on the Orbitrap Elite or 0.1% (v/
v) FA (solvent A′) and 86% (v/v) ACN/0.1% (v/v) FA (solvent
B′) for analyses on the Q Exactive.
For measurements on the Orbitrap Elite, peptides were

loaded at 1% B for 15 min and eluted with a gradient ranging
from 1 to 40%B in 60min, 40 to 65%B in 35min, 65 to 99% B in
5 min, and 5 min at 99% B. The same gradient was applied for
the analysis of the second technical replicate of the SILAC-based
phosphoproteome analysis at the Q Exactive using the A′/B′
solvent system. Peptide mixtures of label-free and targeted MS
experiments were loaded at 1% B′ for 3 min, followed by 1−3%
B′ in 0.5 min, 3−22% B′ in 141.5 min, 22−39% B′ in 57 min,
39−54% B′ in 10 min, 54−95% B′ in 3 min, and 4 min at 95% B′
for peptide elution.
Acquisition of mass spectrometric data on the Orbitrap Elite

was performed using the following parameters: MS scans, m/z
370−1700; resolution, 60,000 (at m/z 400); automatic gain
control, 106 ions; max. ion time (IT), 200 ms. Samples of total
proteome analyses were analyzed following a TOP20 method
for fragmentation of multiply charged peptide ions by collision-
induced dissociation applying an activation q of 0.25, an
activation time of 30 ms, a normalized collision energy of 35%,
an automatic gain control of 5 × 103, a max. IT of 150 ms, and a
dynamic exclusion time of 45 s. For SILAC-based phosphopro-
teome analysis (first technical replicate), a TOP15 method was
applied using multistage activation for peptide fragmentation
considering precursors with neutral loss masses of 32.67, 49.00,
or 98.00 Da; an automatic gain control of 104; and a max. IT of
100 ms. Parameters for mass spectrometric measurements on
the Q Exactive were as follows: MS scans, 375−1700 m/z;
resolution, 70,000 (at m/z 200); automatic gain control, 3 ×
106; max. IT, 50 ms for targeted MS experiments and 60 ms for
label-free and the second technical replicate of the SILAC-based

phosphoproteome analysis. Multiply charged peptide ions were
fragmented by higher-energy collisional dissociation applying a
normalized collision energy of 28% and a dynamic exclusion
time of 45 s. A TOP15 method was applied to analyze peptides
of the second technical replicate of the SILAC-based
phosphoproteome and label-free experiments at a resolution
of 35,000, an automatic gain control of 105, and a max. IT of 120
ms. For targeted MS experiments, the resolution was set to
17,500, the automatic gain control to 2× 105, and the max. IT to
50 ms.
To analyze samples of targeted MS experiments by parallel

reaction monitoring (PRM), an inclusion list was generated
using the software Skyline daily (version 20.2.1.384).50 This list
contained m/z values and retention time information of 11 iRT
standard peptides (Biognosys), 16 internal control phospho-
peptides, and 391 phosphopeptides (506 precursor ions)
containing the RxRxxp[ST] motif, which were identified in
our SILAC and label-free experiments. For inclusion in this list,
RxRxxp[ST]-containing phosphopeptides of the SILAC-based
experiment were filtered for a log2 fold change (FC) of <−0.3
and an adjusted p-value of <0.05. These peptides were matched
to the global label-free dataset for retention time information.
RxRxxp[ST]-containing phosphopeptides of the label-free
experiment were required to have a log2 FC of <0 and to
include an adjusted p-value of <0.1. The internal control
phosphopeptides were selected based on the results of the label-
free global screen (log2 FC < 1.125, adjusted p-value >0.5).
Database Searches and Peptide Spectrum Analysis

Rawfiles were analyzed using MaxQuant software (version
1.5.2.8 for SILAC experiments, version 1.6.10.43 for label-free
and targeted MS experiments) equipped with the Andromeda
search engine.51,52 For database search, an in silico tryptic digest
of a Mus musculus proteome from the UniProt sequence
database was used (SILAC experiments: downloaded March
2015, containing 53,213 entries; label-free and targeted MS
experiments: June 2020, 63,722 entries).
MaxQuant data processing was performed using the following

parameters: variable modifications, S/T/Y phosphorylation, M
oxidation, and N-term acetylation; fixed modification, C
carbamidomethylation; first search mass tolerance, 20 ppm;
false discovery rate (FDR), 1%; precursor ion mass tolerance,
4.5 ppm; fragment ion mass tolerance, 20 ppm (Q Exactive) or
0.5 Da (Orbitrap Elite); enzyme, trypsin/P; peptide charge
states, +1 to +7; and “match between runs”, enabled. For SILAC
experiments, the following additional parameters were selected:
max. missed cleavages, three; min. unique peptides, one; max.
modifications per peptide, seven; matching time window, 5 min;
“requantify”, enabled; multiplicity of labeling states, three; and
Lys-0/Arg-0, Lys-4/Arg-6, and Lys-8/Arg-10 were set as light,
medium-heavy, and heavy labels, respectively. For label-free/
targeted MS experiments, the following additional parameters
were selected: max. missed cleavages, two/three; min. unique
peptides, one/none; max. modifications per peptide, five; and
matching time window, 0.7 min. Due to an unstable electro-
spray, MS data for IGF replicate 1 and BI replicate 3 were not
considered in further analyses. Reverse, potential contaminant,
and “only identified by site” hits were removed, and mean log2
ratios were calculated (experiment vs control). For the identified
isoforms of AKT, S6K, and RSK, intensity-based absolute
quantification (iBAQ) values53 were calculated based on the
protein group mean intensities.
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Figure 1. Phosphoproteomics profiling approach to study AKT, S6K, and RSK targets in skeletal myotubes. (A) SILAC-labeled contracting C2
myotubes were treated with 10 μMLY294002, 10 μMMK-2206, 10 nM Torin1, or 10 μMU0126 for 1 h. Control cells were treated with DMSO. To
compare four different inhibitors, two triple SILAC experiments were combined, using the control condition as reference between the experiments (n =
4 each). For global quantitative phosphoproteomics, cell lysates were mixed in a 1:1:1 ratio based on protein concentrations. Tryptic digests were
fractionated using high pH reversed-phase (hpH RP) chromatography and enriched for phosphopeptides using TiO2, followed by LC-MS and
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To analyze data of the targeted MS experiments, the inclusion
list, theMaxQuant results file msms.txt (filtered for the PRM raw
files), all PRM raw files, and the fasta file of the UniProt
ProteomeSet for mouse (June 2020) were imported into
Skyline. Peptide settings were as follows: protease, trypsin/P;
max. missed cleavages, two; time window, 5 min; peptide length,
8−25 amino acids; modifications, cysteine carbamidomethyla-
tion, methionine oxidation, and S/T/Y phosphorylation; max.
variable modifications, three; and max. neutral loss, one. Default
orbitrap transition settings were applied. Due to an unstable
electrospray, MS data of the following experiments were not
considered in our analysis: IGF replicate 9, MK replicate 4, and
PF replicate 5. Peptides with low-quality, interferedMS1 and/or
number of MS2 <4 were discarded manually. For phosphopep-
tides with multiple precursor ions, only the one with the highest
intensity and highest number of peptide spectral matches was
kept for further analysis. Extracted ion chromatograms for all
peptides were manually inspected for correct peak picking, and
peak integrations were adjusted if needed. Total MS1 areas were
exported as a pivot table,54 and intensities were normalized to
the mean intensity of 10 internal control phosphopeptides.
Data Availability

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE55 partner repository with
the dataset identifiers PXD018667 (SILAC phosphoproteomics
experiment), PXD029678 (label-free global phosphoproteomics
experiment), and PXD029633 (Targeted MS experiment).
Processed data of the PRM assay analyzed with Skyline50 are
available on the PanoramaWeb platform56 via https://
panoramaweb.org/wQ4FF0.url.
Bioinformatics Analyses

Statistics. For the SILAC and label-free data, a linear model
within the Limma framework, using an empirical Bayes
procedure to moderate the variances, was applied to estimate
effects of the inhibitors.57 In this model, labeling effects were
included to adjust for labeling bias. For the targeted MS data, a
linear model without intercept was used to estimate the effect of
the inhibitors and activators used. The following comparisons
were made: (1) IGF vsMK, (2) IGF vs PF, and (3) EGF vs BI.
For all datasets, the FDR was calculated with the Benjamini−
Hochberg step-up procedure. Phosphosites with an FDR < 0.1
were considered as regulated.
Motif-x Analysis. The±7 residue sequence window around

phosphorylated residues of significantly regulated phosphopep-
tides was used as input for the motif-x package implemented in
R.58,59 The minimum motif occurrence was set to 20, and a p-
value cutoff of 10−6 was applied. The visualization of the
overrepresented sequences was done in Python using the
Logomaker package.60

Kinase−Substrate Enrichment Analysis (KSEA). For
KSEA, phosphosites were annotated with their respective
upstream kinase(s) using the PhosphoSitePlus (download
09.10.2020) kinase−substrate dataset.61−63 The annotation
was restricted to kinase−substrate interactions reported in vivo
in a murine background. Further, kinase isoforms were grouped
together and only kinases with at least five substrates in the data
were considered for further analysis. A score for each kinase was
calculated with the following equation based on a z-score
transformation: s p m( ) . Here, s ̅ represents the mean log2 FC
of a kinase’s substrates, p̅ represents the log2 FC of all quantified
phosphopeptides, m is the total number of quantified
phosphopeptides attributed to the respective kinase, and σ
denotes the standard deviation of the log2 FC of all
phosphopeptides.
Principal Component Analysis (PCA). PCA was per-

formed with the PCA class of the scikit-learn library in Python.
Prior to the PCA of experimental conditions, batch effects
introduced by the labeling were removed with limma’s
removeBatchEffect() function. For PCA on RxRxxp[ST] motif
clusterings, known AKT, S6K, and RSK substrates were
annotated according to PhosphoSitePlus (download
09.10.2020).63

Hierarchical Cluster Analysis. Phosphosites with an FDR
< 0.1 and a log2 FC < 0 for one of the inhibitors were included in
the hierarchical cluster analysis. Here, the Euclidean distance in
combination with Ward’s method was used to generate the
linkage with the scipy linkage function.64,65

Mapping of Human Sites and Protein Network
Analysis. The respective orthologous human protein for a
respective mouse protein was predicted using BLASTP.66

Mouse and human protein sequences (UniProt, download
06.2016)67 were aligned using the Biopython pairwise2 module
(parameters: PAM30, version 1.0.6; open, −6; extend, −6).68
Human sites were mapped according to the mouse phosphosite
positions in the alignment. Validated known and new kinase
targets were subjected to protein network analysis using the
STRING database (www.string-db.org; version 11.5).69 Default
parameters were applied, and the edge thickness represents
confidence of the protein−protein interaction.

■ RESULTS AND DISCUSSION

Profiling of AKT, S6K, and RSK Pathways in Skeletal
Myotubes

To globally profile phosphorylation targets of AKT, S6K, and
RSK in skeletal muscle cells, we performed pharmacological
interventions at different pathway levels. We used fully
differentiated and electrical pulse-stimulated contracting C2
skeletal myotubes as an established cell culture-based model
system for skeletal muscle fibers.47 In these functional,
contracting mouse myotubes (Figure S1A), the signaling

Figure 1. continued

bioinformatics data analysis. L/M/H, light/medium-heavy/heavy SILAC label. (B) Western blot analysis of the PI3K-AKT-mTOR-S6K and RAF-
MEK-ERK-RSK pathways using protein- and phospho-specific antibodies against established pathway members. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) served as a loading control. Uncut blots for AKT1S1 and RPS6 are shown in Figure S1C. ctrl, control; MK, MK-2206; U0,
U0126; LY, LY294002; and To, Torin1. (C) Expected inhibition profiles for the phosphorylation targets of AKT, S6K, and RSK upon treatment with
the indicated pathway inhibitors. (D) Comparison of theWestern blot (dark colors) and normalizedMS signal intensities (light colors) for established
PI3K-AKT-mTOR-S6K and RAF-MEK-ERK-RSK pathway members. Measured intensities were normalized to the control, and a two-tailed paired
Student’s t-test was performed (control vs treatment). Numbers above bars indicate the p-value, and the error bars represent the standard error of the
mean (n = 3−8).
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Figure 2. Phosphorylation within the basophilic motif RxRxxp[ST] is decreased upon PI3K-AKT-mTOR-S6K and RAF-MEK-ERK-RSK pathway
inhibition. (A) Scatter plots of quantified phosphopeptides. Log2-transformed fold change (FC; inhibitor treatment/control) was plotted against
−log10 values of adjusted p-values (two-tailed moderated Student’s t-test). Phosphopeptides phosphorylated within the RxRxxp[ST] motif are
highlighted. Dashed horizontal lines indicate an adjusted p-value of 0.1. (B) Results of kinase−substrate enrichment analyses based on log2-
transformed quantified phosphopeptide ratios (inhibitor treatment/control). Numbers indicate the number of quantified/significantly regulated
substrates for significantly regulated kinases. (C) Overview of the PI3K-AKT-mTOR-S6K and RAF-MEK-ERK-RSK signaling interplay. (D)
Hierarchical cluster analysis of the RxRxxp[ST]-containing phosphopeptides after z-score transformation. (E) Principal component analysis of the
RxRxxp[ST]-containing phosphopeptides. Highlighted are known substrates and new targets identified in this analysis for each kinase. Annotations are
according to entries in the PhosphoSitePlus database (in vivo and in vitro substrates in mouse).
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downstream of PI3K, AKT, mTOR, and MEK was blocked with
the inhibitors LY294002 (LY), MK-2206 (MK), Torin1 (To),
or U0126 (U0) (Figure 1A). Changes in protein phosphor-
ylation were analyzed by quantitative phosphoproteomics using
SILAC, TiO2-based phosphopeptide enrichment of fractionated
samples and LC-MS. The effectiveness of the kinase inhibitor
treatments was confirmed by Western blot analysis using
phospho-specific antibodies for established pathway readouts
(Figures 1B and S1B,C). The inhibitorsMK and LY inhibit AKT
signaling by direct blockade or upstream inhibition, respectively
(Figure 1A). MK and LY reduced phosphorylation of the AKT
targets GSK-3β-S9,25 filamin C (FLNc)-S2234 (human
S2233),70 and AKT1S1-T247 (human T246)27 (Figure 1B).
Since PI3K and AKT act upstream of mTORC1, their inhibition
by LY andMK led to reduced phosphorylation of the mTORC1
target AKT1S1-S184 (human S183)71 and, downstream of S6K,
RICTOR-T1135.40 We applied LY for inhibiting the PI3K-
AKT-mTOR-S6K pathway, but LY can also directly affect
mTOR activity.72,73 Thus, to specifically inhibit the mTOR-S6K
pathway, we employed To, which has been widely used for
studying mTOR signaling.74−77 Notably, we applied To at a
concentration of 10 nM, which was shown to preclude off-target
effects.78 Following mTOR inhibition, we observed reduced
phosphorylation of AKT substrates, although to a lesser extent.
This is in line with previous work showing that mTOR acts on
PI3K-AKT signaling by mTORC2-mediated phosphorylation of
AKT-S473 (AKT1; AKT2, S474).79−81 However, as To
treatment also reduced AKT-T308 phosphorylation (Figure
S1B), we cannot fully exclude a potential off-target effect on
PI3K.82 Targets of the MEK-ERK-RSK cascade (mouse: ERK1-
T203/Y205, ERK2-T183/Y185; human: ERK1-T202/Y204,
ERK2-T185/Y187) were not reduced by the inhibition of the
PI3K-AKT-mTOR-S6K pathway (Figure 1B). Instead, ERK1/2
phosphorylation is slightly increased using MK and To, which is
in accordance with the reported cross talk between AKT and
RAF in myotubes.41−44 In addition, there are also substrates
which are shared targets of more than one pathway (Figure S1D
and Supplemental Table 1).33,37 Accordingly, phosphorylation
of RPS6-S235/236 and eukaryotic elongation factor 2 (eEF2)-
T57 were affected to similar extent by all inhibitors used here
(Figures 1B and S1C).
Based on the Western blot data, we predicted generic

inhibitor-dependent regulation profiles for phosphorylation
targets of AKT, S6K, or RSK, as well as for shared substrates
as illustrated in Figure 1C. We further anticipated that these
phosphorylation profiles provide a valid approach to cope with
the tight interconnection of the two signaling pathways and
identify targets of AKT, S6K, and RSK, which share the
basophilic motif RxRxxp[ST]. As a proof of concept, we
generated quantitative Western blot and MS data of established
pathway readouts (Figures 1D and S1E and Supplemental Table
1). The obtained site-specific data were highly consistent in
terms of phospho-regulation of bona f ide pathway members and
confirmed the predicted kinase inhibitor-dependent regulation
profiles (Figure 1C).
Pathway Inhibition Preferentially Targets the Basophilic
Motif RxRxxp[ST]

Global quantitative phosphoproteomics analysis of cultured,
contracting C2myotubes as outlined in Figure 1A resulted in the
identification of 8853 proteins, of which 4738 were phosphory-
lated on 33,964 sites (Figure S2A and Supplemental Table 2). A
total of 21,611 phosphosites were localized with a probability

>75%, with about 83.4% located on serine, 14.8% on threonine,
and 1.8% on tyrosine residues (Figure S2A−D and Supple-
mental Table 2). The acquiredMS data were consistent between
treatments and biological replicates (n = 4), with 83.8% of the
localized phosphosites quantified in at least two replicates
(Figure S2E,F). The inhibitor treatments had no regulatory
effect on the large majority of quantified phosphosites and the
total proteome (Figure S2G,H). Quantitative analysis of the
total proteome further showed the differences in the abundance
of AKT, S6K, and RSK (Supplemental Table 2). We found that
AKT2 was more abundant than AKT1, whereas AKT3 was
hardly detected in C2 myotubes. This finding is in line with
previous work showing that Akt2 is highly expressed in insulin-
sensitive tissues including skeletal muscle and adipocytes,83−85

whereas Akt1 is expressed in a wide range of tissues,86,87 and
Akt3 has a more restricted tissue distribution with highest levels
in the brain.88,89 For S6K, we found isoform 1 to be more
abundant than isoform 2. While both isoforms are ubiquitously
expressed,90,91 a role in muscle structure maintenance and force
generation has been reported for S6K1.92 Of the four RSK
isoforms, we only detected RSK1 and RSK2 in C2 myotubes.
Here, RSK2 is the major isoform, which has been shown to be
highly expressed in skeletal muscle, heart, and pancreas.35,93,94

For further C2 myotube phosphoproteome analysis, we
considered 15,046 phosphopeptides (12,372 phosphosites),
which were quantified in at least two replicates across
conditions. PCA of the phosphopeptides showed that replicates
of each inhibitor experiment cluster together (Figure S2I). In the
first principal component (PC) 1, the U0 experiment separates
from the other inhibitor treatments, whereas To separates from
MK and LY treatments, in PC2, showing that the changes in
phosphorylation are inhibitor-specific.
To globally analyze the specificity of the inhibitor treatments,

we performed Motif-x analysis,58,59 which confirmed the
basophilic motif RxRxxp[ST] to be significantly enriched (p-
value <10−6) among the downregulated phosphopeptides for all
treatments (Figures 2A and S3A and Supplemental Table 3). In
addition, both the MAPK recognition motif Pxp[ST]P and a
short basophilic motif RRxp[ST] were enriched upon MEK
inhibition (Figure S3A−C). The latter motif has been described
as a recognitionmotif for RSK and protein kinase A (PKA).95−97

To test whether there is a connection between PKA and MEK-
RSK signaling, contracting C2 myotubes were treated with EGF
or Forskollin and IBMX (FI) to activate RSK and PKA or U0 or
BI-D1870 (BI) to inhibit MEK and RSK, respectively (Figure
S3D). However, we here show that phosphorylation levels of
ERK1/2-pT203,Y205/T183,Y185, and the RSK substrate
Catenin-δ-S32098 are not affected by PKA activation and that
the PKA substrate β-Catenin-S675 is not affected by EGF, U0,
or BI treatment (Figure S3D). Furthermore, cluster analysis
revealed that the RRxp[ST] motif is most prominent for U0
treatment, whereas a comparably low number of peptides
containing this motif are regulated upon AKT, PI3K, andmTOR
inhibition (Figure S3E). Thus, our data corroborate RRxp[ST]
as an alternative recognition motif for RSK in C2 myotubes.95

Through kinase−substrate enrichment analysis (KSEA) and
gene ontology (GO) term enrichment, we confirmed that the
AKT pathway was mostly affected by MK and LY treatment
(Figures 2B and S3F and Supplemental Table 3). Notably, LY
can also directly affect mTOR, PIM1, DNAPK, and
CK2.72,73,99,100 Thus, an off-target effect of LY on mTOR
might have contributed to the observed downregulation of
mTOR substrates (Figure 2B). For PIM1, the substrate IRS2-
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S1138 (human, S1149)101 was slightly downregulated, whereas
PSMD2-S361102 was not regulated under LY treatment

(Supplemental Table 2). Since the recognition motifs of CK2
([ST][DE]x[DE])103,104 and DNAPK ([ST]Q)105 were also

Figure 3. Label-free phosphoproteomics analysis of AKT, S6K, and RSK targets using combined pathway stimulation and kinase inhibition. (A)
Contracting C2 myotubes were stimulated with IGF-1 (30 min, 10 ng/mL) or EGF (15 min, 10 ng/mL). Downstream signaling of AKT, S6K, and
RSKwas blocked using the specific inhibitorsMK-2206 (30min, 10 μM), PF-4708671 (30min, 10 μM), and BI-D1870 (15min, 10 μM), respectively.
Phosphopeptides were sequentially enriched employing EasyPhos and SMOAC, followed by LC-MS and bioinformatics analysis. (B) Scatter plots of
quantified phosphopeptides. Log2-transformed fold changes (FC, fold change; inhibitor/stimulus) were plotted against −log10 values of adjusted p-
values (two-tailed moderated Student’s t-test). Phosphopeptides phosphorylated within the RxRxxp[ST] motif are highlighted. Dashed horizontal
lines indicate an adjusted p-value of 0.1. MK, MK-2206; PF, 4708671; and BI, BI-D1870. (C) Results of kinase−substrate enrichment analyses based
on log2-transformed phosphopeptide ratios (inhibitor/stimulus). Numbers indicate the number of quantified/significantly regulated substrates for
significantly regulated kinases. (D) Overview of the PI3K-AKT-mTOR-S6K and RAF-MEK-ERK-RSK signaling interplay. (E) Hierarchical cluster
analysis and profile plots of the RxRxxp[ST]-containing phosphopeptides after z-score transformation. (F) Principal component analysis of the
RxRxxp[ST]-containing phosphopeptides. Highlighted are known substrates and new targets for each kinase. Annotations are according to entries in
the PhosphoSitePlus database (in vivo and in vitro substrates in mouse).
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not enriched in the dataset (Supplemental Table 3), we
concluded that LY had no effect on these kinases under the
applied condition.
Reduced AKT activity upon To treatment can be attributed in

part to reduced mTORC2-dependent AKT-S473 and PI3K-
dependent AKT-T308 phosphorylation (Figures 2B,C and S3F,
see also Figures 1B and S1B).82 Off-target effects of To on
DNAPK78 and MEK have been reported (https://lincs.hms.
harvard.edu/db/sm/10079-101/). However, the DNAPK rec-
ognition motif ([ST]Q)105 was not enriched in our data
(Supplemental Table 3), which is in line with previous work
showing that To rather selectively inhibits mTOR in cellular
assays when used at low concentrations (<1 μM).78 Moreover,
phosphorylated MEK1 and ERK substrates were enriched upon
To treatment (Figure 2B), which confirms that To had also no
off-target effect on MEK under the applied condition.78

Regulation of the mTOR-S6K pathway was prominent for To
and LY and to a lesser extent for MK, whereas U0 treatment
affected mostly MEK-ERK-RSK signaling (Figures 2B and S3F
and Supplemental Table 3). The downregulation of S6K
substrates upon MEK inhibition can be attributed to both,
cross talk between RSK and TSC226 and shared substrates such
as RPS6-S23637 (Figure 2B,C; see also Figures 1B and S1D).
Since KSEA showed an upregulation of MEK and ERK
substrates upon MK and To treatment, our data corroborate
the reported cross talk between AKT and the RAF-MEK-ERK-
RSK pathway in skeletal myotubes41−44 (Figure 2B,C).
Interestingly, LY did not result in the upregulation of MEK
and ERK substrates, but their downregulation. This finding is in
line with other studies reporting a connection between PI3K and
RAF-MEK-ERK.106−108 However, further confirmation of this
association is needed to exclude a potential off-target effect of LY
on the RAF-MEK-ERK cascade.109 Consistent with computa-
tional modeling data,110 we observed slight upregulation of JNK
substrates upon inhibition of AKT, mTOR, and MEK (Figure
2B and Supplemental Table 3).
AMP-activated kinase (AMPK) activation has been proposed

to constitute an MAPK-independent off-target effect of U0.111

Furthermore, U0 was shown to inhibit p38α, the p38-activated
kinase PRAK, and AKT1 with a 5-fold lower potency than
MEK.99 In our analysis, neither p38 substrates nor the putative
PRAK substrate PLA2G4A-S726 (human, S727)112 was affected
by U0 treatment (Figure 2B and Supplemental Table 2). Based
on KSEA, a potential slight off-target effect of U0 on AKT
substrates (Figure 2B) was indicated. However, this was not
confirmed by quantitative analysis of the bona f ide AKT
substrates GSK-3β-S9, FLNc-S2234, and AKT1S1-T247
(Figure 1B,D). We next performed cluster analysis, which
grouped RxRxxp[ST]-containing phosphopeptides into four
distinct classes based on their kinase inhibitor-dependent
regulation profiles (Figure 2D and Supplemental Table 4).
The filtering for the basophilic motif served as an additional
measure for selecting a valid set of regulated phosphopeptides
for the identification of AKT, S6K, and RSK targets. The cluster
tree suggests a strong relationship between AKT and S6K
signaling and further indicates a potential connection between
RSK- and PI3K-dependent signaling. These observations were
supported by text mining of the clustering gene names in the
published literature (Figure S3G and Supplemental Table 5).
Text mining revealed that AKT is mostly associated with clusters
1 and 2, S6K with cluster 2, and RSK with cluster 4. Of note,
cluster 3 does not show high enrichment for RSK due to a
limited number of RSK-specific studies in the literature

(Supplemental Table 5). In combination with PCA of the
RxRxxp[ST] clusters and annotation of bona f ide kinase
substrates, we identified specific sets of new substrate candidates
for AKT, S6K, and RSK (Figure 2E and Supplemental Table 4).
Direct Inhibition of AKT, S6K, and RSK for Phosphorylation
Target Identification

To further pinpoint the specific targets of AKT, S6K, and RSK,
we used a combination of pathway stimulation and direct kinase
inhibition. PI3K-AKT-mTOR-S6K and RAF-MEK-ERK-RSK
were activated using IGF-1 and EGF, whereas AKT, S6K, and
RSK were simultaneously inhibited using MK, PF-4708671
(PF), and BI, respectively (Figure 3A). For quantitative
phosphoproteomics, kinase activator and inhibitor treatments
were optimized for C2 skeletal myotubes (Figures 3A and S4A−
G). We assessed changes in the activity profiles of AKT, S6K,
and RSK followingMK, PF, and BI treatments (Figure S4D−G).
As expected, MK treatment resulted in markedly reduced
phosphorylation of AKT, S6K, and their bona f ide substrates
AKT1S1-T247 and GSK-3α/β-S21/S9 (for AKT) as well as
RICTOR-T1135 and RPS6-S235/S236 (for S6K) (Figure
S4D). Moreover, increased phosphorylation of RSK-S380 and
the RSK substrate Catenin-δ-1-S320 upon MK treatment
confirms the inhibitory cross talk between AKT and RAF-
MEK-ERK signaling in myotubes.41−44 PF has been previously
used to inhibit S6K in myotubes.113,114 Inhibition of S6K using
PF markedly decreased phosphorylation of the S6K substrates
RPS6-pS235/236 and RICTOR-T1135, without affecting the
activity of AKT and RSK (Figure S4E,F). Following RSK
inhibition using BI, AKT-T308 and S6K-T389 phosphorylation
were reduced, whereas substrate phosphorylation (AKT1S1-
T246 for AKT, RICTOR-T1135 for S6K, and RPS6-S235/236
for S6K/RSK) was virtually not affected, which is in particular
true for the 15 min time point (Figure S4G). Thus, we
concluded that the off-target effect of BI on AKT and S6K is
minor and should not impede the identification of RSK targets
through phosphoproteomics analysis. Phosphopeptides were
enriched using the EasyPhos workflow, which enables efficient
and robust quantitative phosphoproteomics in combination
with label-free MS.48 Moreover, with this streamlined workflow,
we performed a second phosphopeptide enrichment step using
SMOAC49 and increased the number of biological replicates (n
= 9) to better account for biological variation in signaling events.
Data analysis resulted in the identification of 4077 phospho-
proteins and 25,822 phosphosites (Figure S5A and Supple-
mental Table 6). The 17,379 localized phosphosites showed
similar distributions of S/T/Y phosphorylation, phosphosites
per peptide, and charge state as in the SILAC data (Figure S5B−
D, see also Figure S2B−D). For each treatment set, more than
25,000 phosphopeptides were quantified, of which the large
majority was not regulated (Figure S5A,E,F). In general, the
correlation of data between biological replicates for different
treatments was high (R 0.82−0.95) (Figure S5G).
As observed in the pathway profiling approach, direct kinase

inhibition resulted in a prominent downregulation of the
basophilic motif RxRxxp[ST] and known substrates of AKT,
S6K, and RSK, including AKT1S1-T247, RICTOR-T1135, and
BAD-S112, respectively (Figure 3B,C and Supplemental Table
7). In contrast to MK treatment, direct inhibition of the effector
kinase S6K by PF did not affect the cross talk between AKT and
the RAF-MEK-ERK-RSK pathway (Figure 3C,D). This is in line
with previous work showing that the cross talk between AKT
and the RAF-MEK-ERK-RSK pathway acts on the level of AKT
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and RAF.41−44 In addition, KSEA showed that PF had no
significant effect on AKT and RSK substrate phosphorylation,
which is in line with our Western blot data (Figures 3C and
S4E,F). In recent work, it has been shown that AMPKα2-S377 is
a substrate of mTORC1 and involved in insulin-stimulated
glucose uptake in skeletal muscle.115 By the downregulation of
AMPKα2-S377 upon MK but not PF treatment, our data
confirm that AMPKα2-S377 is phosphorylated downstream of
AKT but upstream of S6K (Supplemental Table 6). We found
that RSK inhibition using BI led to an upregulation of ERK
substrates (Figure 3C,D), which might suggest a negative
feedback loop of RSK on ERK in accordance with previous
studies.116,117 KSEA further indicated that BI treatment might
also affect cyclin-dependent kinase 1 (CDK1) and PKA catalytic
subunit α substrate phosphorylation (Figure 3C). However,
since CDK1 prefers a proline-directed recognition motif118 and
only two CDK1 substrates were affected, we concluded that this
slight off-target effect of BI on CDK1 does not compromise our
analysis. We further analyzed PKA substrate phosphorylation
using different activators and inhibitors by immunoblotting
(Figure S3D). In this analysis, we did not observe reduced
phosphorylation of bona f ide PKA substrate phosphorylation
upon BI treatment, which is in line with a previous study.116

Thus, we concluded that PKA activity is likely not affected by BI.

For further analysis, we selected each inhibitor-dependent set
of significantly downregulated phosphopeptides, which exhibit
the basophilic motif. Cluster analysis of these 128 significantly
downregulated RxRxxp[ST]-containing phosphopeptides re-
sulted in three specific kinase inhibitor-dependent regulation
profiles for known and new putative AKT, RSK, and S6K
substrates (Figure 3E and Supplemental Table 7). Furthermore,
PCA together with annotation of known AKT, S6K, and RSK
substrates revealed target candidate sets specific for each kinase
(Figure 3F).
Directed MS Analysis of Putative Kinase Targets

Based on our discovery-driven phosphoproteomics data, we
obtained different sets of so far unknown putative AKT-, S6K-,
and RSK-dependent phosphorylation sites. To compile a joint
candidate list for target-directed analysis using PRM, the
RxRxxp[ST]-containing phosphopeptides were further filtered
(log2 FC <−0.3, adjusted p-value <0.05 for SILAC data; log2 FC
< 0, adjusted p-value <0.1 for label-free data) (Figure 4A, left and
Supplemental Table 8). Pathway activation, kinase inhibition,
and phosphopeptide enrichment were performed as for the
label-free approach followed by PRM analysis (Figure 4A, right
and see Figure 3A). To confirm the effectiveness and accuracy of
the targeted approach, we first inspected the acquired
phosphosite-resolved regulation profiles obtained for known

Figure 4. Study of RxRxxp[ST]-containing kinase targets employing PRM. (A) Contracting C2myotubes were treated with IGF-1 or EGF for pathway
stimulation and MK-2206, PF-4708671, or BI-D1870 for kinase inhibition as described for the experiment in Figure 3A. Phosphopeptide-enriched
samples were analyzed using parallel reaction monitoring (PRM), with a scheduled inclusion list. PRM data were evaluated with Skyline. (B−D)MS1
peak areas of phosphopeptides were normalized to internal control phosphopeptides, and log2 fold changes (FC, fold change; inhibitor/stimulus) were
calculated. Box plots show the data of selected phosphopeptides of known kinase substrates and novel targets. MK,MK-2206; PF, PF-4708671; and BI,
BI-D1870.
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kinase substrates in our list (Figure 4B−D and Supplemental
Table 8). The PRM data confirmed that direct AKT substrates,
such as AKT1S1-T247 and TSC2-S981, were significantly
downregulated by MK only (Figure 4B). In contrast,
phosphorylation levels of S6K substrates, such as DnaJ homolog
subfamily Cmember 2 (DNAJC2)-S47 and SRSF protein kinase
2 (SRPK2)-S487, were significantly reduced by bothMK and PF
(Figure 4C). This finding was expected because AKT acts
upstream of S6K. Filamin A (FLNa)-S2152 and sodium/
hydrogen exchanger 1 (SLC9A1)-S707 are annotated as RSK
and AKT substrates in the PhosphoSitePlus database.63 Here,
we show that the SLC9A1 site is specifically targeted by RSK but
not AKT and S6K in skeletal myotubes (Figure 4D). Using
PRM, we also validated novel targets of AKT, S6K, and RSK as
exemplarily shown for LIM domain only protein 7 (LMO7)-
S1516 and microtubule-associated serine/threonine-protein
kinase (MAST) 4-S2549 for AKT, hepatoma-derived growth

factor 2 (HDGFRP2)-S450 and microtubule-actin cross-linking
factor 1 (MACF1)-S1376 for S6K, as well as chromodomain-
helicase-DNA-binding protein 8 (CHD8)-S2040 and uncon-
ventional myosin-Va (MYO5A)-S1650 for RSK (Figure 4B−D
and Supplemental Table 8).
We next sought to compile an overview of the reliably

identified phosphorylation targets for AKT, S6K, and RSK. For
this, we performed an integrative analysis of the RxRxxp[ST]
phosphopeptides obtained in the (i) SILAC profiling, (ii) label-
free discovery, and (iii) targeted MS study to reliably define
specific kinase targets (Figure 5A−D and Supplemental Table
9). For phosphopeptides with consistent inhibitor profiles in all
three datasets, kinase assignment was straightforward. For
example, phosphorylation of SLIT-ROBO Rho GTPase-
activating protein 3 (SRGAP3)-S858 was downregulated upon
AKT inhibition in all three studies. For other kinase assign-
ments, we applied the following criteria. First, phosphosites

Figure 5. Compilation of AKT, S6K, and RSK phosphorylation targets confirmed in this work. Shown are known and newly identified AKT, S6K, and
RSK target sites assigned to the same potential kinase group in at least two of the three phosphoproteomics experiments. If a phosphosite is part of
phosphopeptides with a different multiplicity, the phosphopeptide with the lowest number of phosphosites was considered. Proteins in cluster 4 of the
SILAC dataset (see Figure 2D) were deemed potential RSK targets. Phosphopeptides are color-coded with respect to their cluster membership of the
two independent discovery experiments and significance in the PRM analysis. The identified target phosphosites are conserved in human, except for
those sites marked (*).
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should be mapped to the same kinase in at least two of the three
phosphoproteomics experiments. Second, due to similar effects
of U0 and LY on phosphopeptides present in cluster 4 of the
SILAC study, these sites were considered as potential RSK
targets (see Figure 2D and Supplemental Table 4). And third,
phosphopeptides were deemed shared targets, if they were
identified in all three studies, but the outcomes for their kinase
relationships differed (Figure 5D). Our integrative analysis
resulted in the assignment of 49 novel kinase targets with 19 for
AKT, 8 for S6K, 16 for RSK, and 6 shared targets. Of these, more
than 85% (42 out of 49) are conserved in humans (Figure 5 and

Supplemental Table 9). Of the 49 novel kinase targets, 16 AKT,
3 S6K, and 7 RSK targets were corroborated via PRM (Figure
5A−C). In addition, our phosphoproteomics data confirm 12, 4,
and 4 known AKT, S6K, and RSK substrate sites, respectively.
During the course of this study, five of the novel AKT targets,
namely, centrosomal protein of 170 kDa (CEP170) B-S1166,
FRY-like transcription coactivator (FRYL)-T1960, plectin
(PLEC)-S4393, RNA-binding protein zinc finger protein 106
(ZFP106)-S878, and IRS1-S265 (Figure 5A), have been
reported as AKT substrates in breast cancer cells,119 which
underscores the validity of our data. We also provide evidence

Figure 6. Functional network of validated, known, and newly identified AKT, S6K, and RSK targets. Protein network analysis was performed using the
STRING database (www.string-db.org). The line width of the network represents the confidence of the reported interaction. Proteins are color-coded
and grouped according to their upstream kinase and GO annotation, respectively. Red, AKT; yellow, S6K; blue, RSK; gray, shared targets; and circle
with bold edging: newly identified targets.
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for shared kinase substrates (Figure 5D). Interestingly, proteins
with confirmed or putative functions in ribosomal RNA
maturation, ribosome biogenesis, mRNA stability, and mRNA
translation, including programmed cell death protein 11
(PDCD11)-S1468, ATP-dependent RNA helicase DDX51-
S77 calcium-regulated heat-stable protein 1 (CARHSP1)-S53,
and sterile α motif domain-containing protein 4A (SAMD4A)-
S168, feature shared target sites for AKT, S6K, and/or RSK,
which suggests pathway-synergistic mechanisms to precisely
regulate and fine-tune translation. Moreover, phosphorylation
promiscuity potentially introduces a point of pathway cross
talk.120 This might well apply to the shared S6K/AKT/RSK site
S1054 in tensin 1 (TNS1), which is known to link signal
transduction pathways to the actin cytoskeleton.121

Our data reveal that all three kinases individually target
numerous proteins with important roles in skeletal muscle
development, functions, and/or structural integrity (Figures
5A−C and 6). Titin (TTN), which is phosphorylated by AKT at
S814 (Figure 5A), links sarcomeric myosin filaments to the Z-
disc122 and functions as molecular spring to provide elasticity to
muscle cells.123 AKT also phosphorylates the cytoskeletal cross-
linking protein PLEC at S4393 and the transcription factor
LMO7 at S1516. PLEC is important for maintaining the desmin
intermediate filament network, and loss of PLEC leads to
disruption of the skeletal muscle fiber integrity and a reduced
mitochondrial function.124 LMO7 plays a role in myoblast
differentiation and relocates from the nucleus to the cytoplasm
during myotube formation.125 Moreover, an upregulation of
LMO7 in cells exposed to mechanical forces has been recently
reported,126 which suggests a protective role for LMO7 in
withstanding mechanical forces. Thus, it will be of interest to
investigate the precise function of LMO7 and whether AKT-
mediated phosphorylation plays a role in the dynamic shuttling
of LMO7 between the nucleus and the cytoplasm.
ZFP106 is highly abundant in skeletal muscle, and loss of

ZFP106 in mice leads to muscle wasting, denervation, and
premature death.127 Here, we report ZFP106-S878 as a direct
target of AKT and potentially also of S6K (Figure 5A). In
addition, S6K, and likely also AKT, phosphorylate the inactive
dual-specificity phosphatase 27 (DUSP27; also known as
STYXL2) at T427 (Figure 5B). Loss of dusp27 in zebrafish
results in drastic disorganization of the sarcomere, which leads to
severe embryonic motility failures.128 DUSP27 is upregulated
during differentiation and most likely involved in myofiber
assembly.128 Moreover, we identified the E3 ubiquitin−protein
ligase Mdm2 (MDM2)-S183 as a direct target of S6K in skeletal
muscle cells, whereas humanMDM2 was previously reported to
be a substrate of AKT and phosphorylation was shown to initiate
its translocation to the nucleus.129−131 MDM2 plays a role in
skeletal muscle regeneration and exercise-induced angiogenesis,
and its deficiency elevates mitochondrial complex I activity and
skeletal muscle endurance.132−134 Furthermore, cytoplasmic
MDM2 leads to oxidative stress by inhibiting localization of
NADH-ubiquinone oxidoreductase 75 kDa subunit (NDUFS1)
to mitochondria, thereby leading to mitochondrial respiratory
defects.135 Interestingly, our data show that RSK phosphorylates
A-kinase anchor protein 1 (AKAP1)-S103 in skeletal myotubes
(Figure 5C), whereas in exercising human skeletal muscle, it was
identified as an AMPK target with a role in mitochondrial
complex I activation by facilitating NDUFS1 mitochondrial
translocation.136,137

Another specific RSK target is the striated muscle-specific
protein synaptopodin 2-like (SYNPO2L)-S397 (Figure 5C).

SYNPO2L is highly phosphorylated in contracting skeletal
myotubes,46 interacts with α-actinin at the sarcomeric Z-disc,
and is crucial for striatedmuscle development.138 In addition, we
identified numerous cytoskeletal-associated proteins as so far
unknown targets of RSK and AKT in particular (Figures 5A,C
and 6). The skeletal muscle cytoskeleton is indispensable for
mechanotransduction and cellular integrity upon contrac-
tion.139,140 Abnormalities within skeletal muscle cytoskeletal
organization can cause severe disorders, such as muscle
dystrophies, myopathies, and atrophy.139,141 Here, we show
that the unconventional myosin MYO5A-S1650 is a phosphor-
ylation target of RSK in skeletal myotubes (Figure 5C), whereas
in adipocytes, it was identified as an AKT2 substrate, with a role
in cellular GLUT4 vesicle transport.142 In line with the central
role of AKT in insulin signaling, with regulating glucose
uptake84,85 and glycogen synthesis,25 we found that it specifically
phosphorylates IRS1 at S265 and IRS2 at S573 (Figures 5A and
6). However, given that RSK specifically phosphorylates IRS1-
S1097143 and MYO5A-S1650 (Figure 5C), our data underscore
an additional regulatory role of RSK in glucose metabolism in
myotubes.
In skeletal muscle, microtubules are especially important for

nucleus positioning, intracellular trafficking, as well as facilitating
mechanical resistance and force transmission to the nu-
cleus.144,145 The nuclear mitotic apparatus protein 1
(NUMA1) is phosphorylated at S1974 by S6K and the
CEP170 at S1150 by RSK, and both are involved in microtubule
organization (Figure 5B,C).146,147 However, their exact roles in
skeletal muscle remain to be elucidated, given that the nuclear
envelop rather than the centrosome functions as microtubule-
organizing center in myotubes.144 Both, MACF1 and SPECC1-
like protein (SPECC1L) were shown to act on focal adhesion
dynamics in keratinocytes and stabilization of microtubules in
osteosarcoma cells, respectively.148,149 We show that S6K and
RSK target MACF1-S1376 and SPECC1L-S385, respectively
(Figure 5B). MACF1 is especially expressed in neural, lung, and
muscle cells,150 and its loss in skeletal muscle results in impaired
structures of the sarcoplasmic reticulum and mitochondria.151

AKT and RSK phosphorylate MAST4-S2549 and MAST2-
S970, respectively (Figure 5A,C). Whereas MAST4 is poorly
characterized, MAST2 links the dystrophin complex with the
microtubule network.152 Furthermore, AKT and RSK phos-
phorylate pleckstrin homology-like domain family B member
(PHLDB) 1 at S580 and PHLDB2 at S241, respectively.
PHLDB1 and PHLDB2 play a role in the localization of laminin
receptor integrins at the basal cortex of epithelial cells153 and
integrin internalization,154 whereas PHLDB1 is important for
AKT-mediated GLUT4 translocation upon insulin stimulation
in adipocytes155 and PHLDB2 is involved in stabilization of
microtubules.156 Furthermore, AKT mediates the phosphor-
ylation of the actin filament-associated protein 1-like 1
(AFAP1L1)-S747, which is associated with accelerated tumor
growth and enhanced cell invasion.157,158

In line with the known property of RSK to translocate to the
nucleus,159 we identified different nuclear targets, e.g., with
functions in chromatin segregation and/or transcription,
specifically for RSK (Figures 5C and 6). Distinct from RSK
and also S6K, we found that AKT specifically targets several
proteins involved in GTPase signaling, i.e., START domain-
containing protein 13 (STARD13)-S572, SRGAP3-S858,
DENN domain-containing protein 1B (DENND1B)-S633 and
IQ motif and SEC7 domain-containing protein 1 (IQSEC1)-
S106 (Figures 5A and 6). STARD13 and SRGAP3 are GTPase-
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activating proteins for the small GTPases ras homolog family
member A (RhoA) and cell division cycle 42 (Cdc42)160 and for
Rac1,161 respectively. Whereas STARD13 was suggested to
block proliferation via inhibition of RhoA162 and was shown to
regulate insulin secretion by cytoskeletal remodeling,163

SRGAP3 inhibits Rac1 for actin cytoskeleton reorganization.161

In neurons, SRGAP3 was shown to be activated by PKA-
mediated phosphorylation at S858.164 DENND1B and IQSEC1
are guanine nucleotide exchange factors for the small GTPases
Rab35165 and ADP ribosylation factor 5/6 (ARF5/6),166

respectively, with functions in cytoskeletal organization and
vesicular trafficking.167−169 Furthermore, viaARF5/6 activation,
IQSEC1 promotes AKT signaling in tumor growth and
invasion.166

■ CONCLUSIONS
This study provides a facet of the intertwined PI3K-AKT-
mTOR-S6K and RAF-MEK-ERK-RSK signaling networks in
contracting skeletal muscle cells. Our phosphoproteomics data
provide a valuable resource for functional studies on AKT, S6K,
and RSK targets at a phosphosite-specific level. Quantitative
phosphoproteomics profiling in combination with computa-
tional data evaluation proved to be a dependable approach for
establishing kinase inhibitor-dependent regulation profiles to
delineate a AKT, S6K, and RSK target landscape, even though
they share the same basophilic recognition motif. Furthermore,
we advocate the integration of phosphoproteomics data from
kinase inhibition at different levels of the pathway to identify
high-confidence kinase targets and to reveal cross talk and
feedback loops between signaling pathways. To facilitate this
multifaceted kinase inhibition approach, we employed a cell
culture-based C2 myotube model system. Thus, some of the
findings reported here might not translate into native skeletal
muscle or other cell types that differ in their expression and/or
localization profiles of AKT, S6K, and RSK isoforms and target
proteins. In addition, potential off-target effects of kinase
inhibitors need to be taken into consideration. Thus, kinase−
substrate relationships should be independently validated, for
example, using RNAi-mediated knockdown, gene editing or
chemical genetic approaches for targeting protein kinases, in
vitro kinase assays, and/or in vivo models. Finally, the reported
phosphosite localizations and quantifications in this study are
computationally assessed, and their accuracy depend on the
abundance, ionization efficiency, and fragmentation behavior of
the respective phosphopeptides. However, with regard to the
reported kinase targets, we mitigated this issue by assessing
phosphosite data from three different phosphoproteomics
experiments in combination with different phosphopeptide
enrichment methods, global and targeted MS technology, and
applying the basophilic kinase recognition motif for down-
regulated phosphopeptides as an additional filter. In sum, the 49
so far unknown phosphorylation targets reported in this work
provide a valuable resource for expanding the current knowledge
about how AKT, S6K, and RSK control the fate and functions of
skeletal muscle cells.
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Bcl2-associated agonist of cell death; BI, BI-D1870; CDK1,
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EGF, epidermal growth factor; eIF-4B, eukaryotic initiation
factor 4B; EPS, electrical pulse stimulation; ERK1/2, extrac-
ellular signal-regulated kinase 1/2; FA, formic acid; FC, fold
change; FCS, fetal calf serum; FDR, false discovery rate; FI,
Forskollin and IBMX; FLNa/c, filamin A/C; GO, gene
ontology; GSK-3, glycogen synthase kinase-3; HDGFRP2,
hepatoma-derived growth factor 2; hpH RP, high pH
reversed-phase; iBAQ, intensity-based absolute quantification;
IGF-1, insulin-like growth factor 1; IMAC, immobilized metal
affinity chromatography; IRS1/2, insulin receptor substrate 1/2;
IT, ion time; KSEA, kinase−substrate enrichment analysis; LC,
liquid chromatography; LMO7, LIM domain only protein 7; LY,
LY294002; IQSEC1, IQ motif and SEC7 domain-containing
protein 1; MACF1, microtubule-actin cross-linking factor 1;
MAPK, mitogen-activated protein kinase; MAST2/4, micro-
tubule-associated Ser/Thr-protein kinase 2/4; MEK1/2,
mitogen-activated protein kinase kinase 1/2; MDM2, E3
ubiquitin−protein ligase Mdm2; MK, MK-2206; MS, mass
spectrometry; MYO5A, unconventional myosin-Va; mTOR-
(C1/2), mechanistic target of rapamycin (complex 1/2);
NDUFS1, NADH−ubiquinone oxidoreductase 75 kDa subunit;
NEAA, non-essential amino acids; PCA, principal component
analysis; PC1/2, principal component 1/2; PDK1/2, 3-
phosphoinositide-dependent protein kinase 1/2; PF, PF-
4708671; PHLDB1/2, pleckstrin homology-like domain family
B member 1/2; PI3K, phosphoinositide 3-kinase; PKA, protein
kinase A; PLEC, plectin; PRM, parallel reaction monitoring;
Rac1, Rac family small GTPase 1; RhoA, ras homolog family
member A; RICTOR, RPTOR independent companion of
MTOR complex 2; RPS6, 40S ribosomal protein S6; RSK, 90
kDa ribosomal protein S6 kinase; RT, room temperature; SDS,
sodium dodecyl sulfate; SILAC, stable isotope labeling by amino
acids in cell culture; SMOAC, sequential metal oxide affinity
chromatography; SLC9A1, sodium/hydrogen exchanger 1;
SPECC1L, SPECC1-like protein; SRGAP3, SLIT-ROBO Rho
GTPase-activating protein 3; SRPK2, SRSF protein kinase 2;
STARD13, START domain-containing protein 13; SYNPO2L,
synaptopodin 2-like; S6K, 70 kDa ribosomal protein S6 kinase;
TFA, trifluoroacetic acid; TiO2, titanium dioxide; To, Torin1;
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TSC2, TSC complex subunit 2; U0, U0126; ZFP106, RNA-
binding protein zinc finger protein 106
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