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Reconstructing the Regulatory Kinase
Pathways of Myogenesis from

Phosphopeptide Data*s
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and Lynn A. Megeneyt|**

Multiple kinase activities are required for skeletal muscle
differentiation. However, the mechanisms by which these
kinase pathways converge to coordinate the myogenic
process are unknown. Using multiple phosphoprotein and
phosphopeptide enrichment techniques we obtained
phosphopeptides from growing and differentiating C2C12
muscle cells and determined specific peptide sequences
using LC-MS/MS. To place these phosphopeptides into a
rational context, a bioinformatics approach was used.
Phosphorylation sites were matched to known site-spe-
cific and to site non-specific kinase-substrate interac-
tions, and then other substrates and upstream regulators
of the implicated kinases were incorporated into a model
network of protein-protein interactions. The model net-
work implicated several kinases of known relevance to
myogenesis including AKT, GSK3, CDK5, p38, DYRK, and
MAPKAPK2 kinases. This combination of proteomics and
bioinformatics technologies should offer great utility as
the volume of protein-protein and kinase-substrate infor-
mation continues to increase. Molecular & Cellular Pro-
teomics 5:2244-2251, 2006.

The process of skeletal muscle formation, or myogenesis,
has been intensely studied because of the medical signifi-
cance of muscle self-repair and as a model for cellular differ-
entiation in general. During embryonic development, secreted
factors including Shh and Wnts drive the commitment and
formation of myogenic progenitor cells (1). Myoblasts, prolif-
erating myogenic progenitors that express MyoD and Myf5,
differentiate into non-proliferating myocytes that express
myogenin and MRF4 (2). Subsequently these myocytes fuse
into multinucleated syncytia that mature into contractile myo-
fibers. This process of myoblast proliferation, cell cycle arrest,
and myocyte fusion is recapitulated in injury repair and in cell
culture models of myoblast differentiation such as the murine
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C2C12 muscle cell line. Transcriptional control of myogenesis
has been extensively studied, firmly establishing the essential
role of the myogenic regulatory factors (MRFs)' Myf5, MyoD,
myogenin, and MRF4. Accordingly recent interest has fo-
cused on defining the kinase signal transduction mechanisms
that also modulate this process.

The best characterized kinase signaling factors in myogen-
esis are the p38 mitogen-activated protein kinases. Inhibitors
of p38 signaling block muscle-specific gene expression and
myotube formation (3, 4). There is evidence that p38 acts
through multiple mechanisms including phosphorylation of
the MRF cofactor myocyte enhancer factor 2 (4-6), phospho-
rylation of the MyoD cofactor E47, and enhanced recruitment
of the SWI/SNF chromatin-remodeling complex to MRF-tar-
geted promoters (7). Another key signaling kinase in muscle is
AKT1. Stimulation of AKT1 by IGF-1 or insulin induces muscle
hypertrophy, whereas inhibition of AKT1 by glucocorticoids
promotes muscle atrophy. Hypertrophy is associated with
AKT-mediated mTOR (mammalian target of rapamycin) acti-
vation and GSK3B repression (8). Conversely AKT1 inhibition
leads to dephosphorylation and activation of FOXO transcrip-
tion factors resulting in atrophy (9). Although some kinase
activities are required for normal muscle development, others
must be suppressed. JNK1 is normally inactive during myo-
genesis, and its activation leads to muscle pathology (10). In
addition to these kinases numerous other kinase proteins
have been implicated as regulators of the differentiation proc-
ess. For example CDK5 expression and activity increases
during early myogenesis, and expression of dominant-nega-
tive forms of CDKS5 inhibits muscle formation (11, 12). How-
ever, an important unresolved question is how these different

" The abbreviations used are: MRF, myogenic regulatory factor;
2D-GE, two-dimensional gel electrophoresis; CDK, cyclin-dependent
kinase; CRHSP, calcium-regulated heat stable protein; CRMP, col-
lapsin response mediator protein; dH,O, deionized water; DYRK, dual
specificity tyrosine (Y) phosphorylation-regulated kinase; ERK, extra-
cellular signal-regulated kinase; FOXO, forkhead box (transcription
factor); GSK, glycogen synthase kinase; IGF, insulin-like growth fac-
tor; JNK, c-dun NH,-terminal kinase; MAPKAPK, mitogen-activated
protein kinase-activated protein kinase; PEA, phosphoprotein en-
riched in astrocytes; PKC, protein kinase C; STAT, signal transducer
and activator of transcription; HNRNPK, heterogeneous nuclear ribo-
nucleoprotein K; CK, casein kinase.
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pathways are integrated into an overall network of kinase-
substrate interactions to control myogenic differentiation.

Previously we profiled changes to protein phosphorylation
during myogenesis on a proteome-wide scale by using phos-
phoprotein enrichment and comparative two-dimensional gel
electrophoresis (13). Here we extend those findings by map-
ping sequence-specific sites of protein phosphorylation in
growing and differentiating C2C12 cells. To place these re-
sults in a systems context, we took advantage of recent
advances in the availability of protein-protein interaction da-
tabases. Databases of protein-protein interactions have been
constructed from yeast, fruit fly, worm, and human cells using
yeast two-hybrid, tag/pulldown, and literature search ap-
proaches (14). Subsets of the total protein-protein interaction
set such as kinase-substrate interaction maps have also been
constructed (15). To date, however, relatively few studies
have leveraged this type of information to assist in the inter-
pretation of results. Here we used kinase-substrate interac-
tion databases to bioinformatically reconstruct a kinase sig-
naling network based upon our experimentally identified
phosphorylation events. This approach yielded a model ki-
nase-substrate network that predicted several known features
of myogenic signaling and revealed the potential relevance of
newly identified phosphorylation events in relation to known
muscle-related biochemical pathways.

EXPERIMENTAL PROCEDURES

Cells and Sample Preparation—C2C12 myoblasts were cultured in
growth medium (10% fetal bovine serum, Dulbecco’s modified Ea-
gle’s medium), and whole cell lysates were collected either 0 or 24 h
after a change to differentiation medium (2% horse serum, Dulbec-
co’s modified Eagle’s medium) as described previously (13).

Phosphoprotein Enrichment—Phosphoprotein enrichment was per-
formed by affinity column purification of total myoblast proteins using
PhosphoProtein Purification kits (Qiagen) as described previously (13).

Analysis of Putative Phosphoproteins by One-dimensional Gel
Electrophoresis —Phosphoprotein-enriched samples (typically 100—
150 ng) were washed in water and concentrated using Amicon 10,000
molecular weight cutoff ultrafiltration columns (Millipore). Aliquots of
retentate were separated by SDS-PAGE (12.5% acrylamide “mini”
format). Gels were stained with Bio-Safe colloidal G-250 Coomassie
Blue (Bio-Rad). 23 1-mm gel sections were excised from each lane,
and in-gel digest and extraction of proteins was performed.

In-gel Digest—Gel pieces cut into 1-mm cubes were destained in
100 mm ammonium bicarbonate (NH,HCO,) in 30% ACN. Destained
gel pieces were washed in dH,O and shrunk in ACN. Gel pieces were
incubated for 1 h at 56 °C in 10 mm DTT, 50 mm NH,HCOg; washed
in 50 mm NH,HCO;; and incubated for 1 h at room temperature in 55
mm iodoacetamide, 50 mm NH,HCO,. Gel pieces were shrunk with
ACN and reswollen in 50 mm NH,HCO; with Promega modified
trypsin (10 ng/pl). Sufficient 50 mm NH,HCO, was added to cover the
gel pieces, and sealed tubes were incubated overnight at 37 °C.

Preparation of Samples for IMAC— Approximately 15 ug of phos-
phoprotein-enriched protein extract was suspended in 50 mwm
NH,HCO, containing Promega modified trypsin (10 ng/ul). After over-
night incubation at 37 °C digest solutions were concentrated to ~40
wul and desalted through 20-ul GELoader tips (Eppendorf) packed with
20 wpl of OligoR3 resin (Applied Biosystems) as described previously
(16). Peptides were washed once by 20 ul of 1% acetic acid and

eluted by 20 ul of 50% ACN, 1% acetic acid. Elution solvent was
removed by SpeedVac and replaced by 40 ul of the appropriate IMAC
binding buffer (see below).

Preparation of Metal-chelating Resin for IMAC—A 50% slurry of
POROS 20MC resin (Applied Biosystems) or Propac-IMAC resin (Di-
onex) was prepared in dH,0. Resin was washed twice in water,
stripped by 50 mm EDTA, washed in dH,0O, and then washed in 1%
acetic acid. Resin was incubated in 100 mm iron chloride, 1% acetic
acid for 15 min with agitation. Activated resin was rinsed in 30% ACN,
1% acetic acid and then in 1% acetic acid.

IMAC Enrichment Using GELoader Tips—30 nl of prepared IMAC
resin was added to the peptide sample in binding buffer (100 mm
NaCl in 1% acetic acid) and agitated for 15 min before loading into
a GELoader tip. Resin was rinsed once by 20 ul of a solution of 100
mm NaCl in 30% acetonitrile and 1% acetic acid and eluted in two
steps by 250 mm ammonium phosphate, pH 9. In the first step, 5 ul
was pushed into the resin and left for 5 min to neutralize the
remaining acetic acid. In the second step, 15 ul of the elution buffer
was pushed through the resin. The 20 ul of phosphopeptide-car-
rying eluate was evaporated by SpeedVac, and the phosphopep-
tides were suspended in 20 ul of 5% acetonitrile in 0.1% acetic
acid.

IMAC Enrichment Using Pierce Phosphopeptide Isolation Kit—
Gallium-chelated columns were used according to the manufactur-
er’s recommendation with the following modifications. Using 40 ul of
a solution of 5% acetic acid as binding buffer, the tryptic peptides
were transferred to a Pierce column, left for 15 min at room temper-
ature, and then centrifuged for 1 min at 3000 X g. The Gallium-
chelated disc was rinsed twice with 50 ul of 100 mm NaCl in 1%
acetic acid, twice with 30% acetonitrile in 1% acetic acid, and once
with dH,O and then eluted by three additions of 20 ul of 250 mm
ammonium phosphate, pH 9. Eluates were pooled and evaporated by
SpeedVac, and phosphopeptides were suspended in 20 ul of 5%
ACN, 0.1% acetic acid before MS analysis.

Q-TOF Analyses—A fraction of each tryptic digest (typically 5-10
wl) was analyzed by nano-LC-MS/MS using a Q-TOF Ultima hybrid
quadrupole time-of-flight mass spectrometer coupled to a CapLC
capillary HPLC system (Waters, Milford, MA). Digests were separated
on a 75-um-inner diameter X 150-mm Inertsil ODS 3, 5-um nano-
HPLC column (Dionex/LC Packings, Sunnyvale, CA) using the follow-
ing gradient conditions: 5-60% ACN, 0.2% formic acid in 30 min, and
60-90% ACN in 5 min. The mass spectrometer was set to automat-
ically acquire MS/MS spectra on doubly, triply, and quadruply
charged ions. The MS survey scan range was 400-1600 m/z; the
MS/MS range was 50-2000. After the first LC-MS/MS run, an exclu-
sion file was created listing all previously analyzed ions that appeared
to represent non-phosphorylated peptides, and a second fraction of
each tryptic digest was injected with the mass spectrometer set to
ignore the ions selected during the first run.

Data Processing— Database searching was carried out using Mas-
cot Daemon™ (Matrix Science) against the National Center for Bio-
technology Information (NCBI) genome sequence database. In addi-
tion to carbamidomethylcysteines and oxidized methionine, Mascot
was asked to search for the potential presence of phosphate groups
on serine, threonine, or tyrosine residues by looking in the MS/MS
fragmentation spectra for the mass of a HPO5 group on these resi-
dues or for ions resulting from a neutral loss of HPO5; or H;PO,
(79.9663 and 97.9769 Da, respectively). All putative phosphopeptide
MS/MS spectra identified by Mascot were manually verified for both
the presence of a phosphate group and the peptide sequence. In
many cases, the MS/MS spectrum allowed precise identification of
the modified residue.

Identification of Phosphopeptides in Existing LC-MS/MS Data—
Previously phosphoprotein-enriched samples were separated by 2D-
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TABLE |
Peptides sequenced by MS/MS
Gene symbol indicates the protein identity that best matches the indicated peptide. Mod. indicates the identity and sequence position of the
modified residue(s) in the context of the matching protein. In the deduced peptide sequences the sites of phosphorylation are indicated with
the letter “p,” and missed trypsin cleavage sites are indicated with a hyphen. ND, not determined; CAMK, calcium/calmodulin-dependent

protein kinase.

Gene symbol Mod. Peptide Rpts? Notes® Potential kinases®
1200015F23Rik  Thr-117 TLDSPpTHLR 1 c, f

Acsl3 (Facl3) Tyr-591 LQAGEpPYVSLGK 1 b, f

Btf3 Ser-105 QLTEMLPpSILNQLGADSLTSLR 1 b, d

Btf3 Thr-100 QLpTEMLPSILNQLGADSLTSLR 1 b, d

Calr Tyr-150 VHVIFNpYK 1 c,d

Canx Ser-582 AEEDEILNR-pSPR 2 a, b, e f

Carhsp1 Ser-2 pPSSEPPPPPLQPPTHQTSVGLLDTPR 1 b, d

Carhsp1 Ser-31 + Ser-33 DRpSPpSPLR 1 c, f DYRK2
Carhsp1 Ser-42 GNVVPpSPLPTR 7 (4) a,b,c,def DYRK2
Carhsp1 Ser-53 TFpSATVR 1 a,c,f AKT1, AKT3
Cfl1 Ser-3 ApSGVAVSDGVIK + acetyl 3 a, b,cd LIMK1
Crmp4 Ser-522 GpSPTRPNPPVR 1 c, e DYRK2
Csda ND SRPLNAVSQDGK 1 b, f

D111 Ser-942 pSLVK-GMITAPK 1 b, f PKC-6*
Dap1 Ser-51 DK-DDQEWESTpSPPKPTVFISGVIAR 1) b, e

Ddx21 Ser-99 EIITEEPPpSEEEADMPKPK 1 b, e

G3bp Ser-231 STpSPAPADVAPAQEDLR 32 a,b,c,d e

gi|63578930 Thr-110 VLDFEHFLPMLQpTVAK 1 c,d

Hdgf Ser-165 AGDVLEDpSPK 3 a,b,cdf

Hnrpk Ser-284 DYDDMpSPR 1 c, f ERK1/ERK2
Hspb1 Ser-15 SPpSWEPFR 1) a, b, e MAPKAPK2
Hspb1 Ser-86 QLpSSGVSEIR 4 (4) a,b,c,def MAPKAPK2
Hspca Ser-262 ESDDKPEIEDVGpSDEEEEEK-K 2 a, b,cf CK2

Hspcb Ser-225 EKEIpSDDEAEEEKGEK 1 a, c,d CK2

Hspcb Ser-254 IEDVGpSDEEDDSGK 3 a,b,cdf CK2*
Lmna/c Ser-22 SGAQASSTPLpSPTR 1 a, b, f

Lmnal/c Ser-390 LR-LpSPSPTSQR 1 a, b, e

Lmnal/c Ser-390 + Ser-392 LR-LpSPpSPTSQR 1 a, b, e

Marcks Ser-163 LSGFpSFK-K 1(3) a, b, e PRK1, PKC
Mip Ser-103 LSGLpSFK-R 1) b, e

Naca Ser-132 IEDLpSQQAQLAAAEK 1 b, d

Nedd5 Ser-218 IYHLPDAEpSDEDEDFKEQTR 1 c, f CK2*
Npm1 Ser-82 MpSVQPTVSLGGFEITPPVVLR 1 b, d

Pea15 Ser-116 QPpSEEEIIK 3 a, b, d CAMK2
Peal5 Thr-6 AEYGpTLLQDLTNNITLEDLEQLK 2 b, d

Psma6 Ser-63 LLDpSSTVTHLFK 3 b, c,d

Psma6 Ser-64 LLDSpSTVTHLFK 1 c,d

Psmb3 Ser-181 DAVpSGMGVIVHVIEK 1 b, d

Rplp2 Ser-102 + Ser-105 K-EEpSEEpSDDDMGFGLFD 1 a, b, e BARK1/GRK2
Rplp2 Ser-6 YVApSYLLAALGGNSSPSAK 3 b, c,d

Rplp2 Ser-6 + Tyr-7 YVApPSPYLLAALGGNSSPSAK 2 b, c,d

Rplp2 Ser-64 LApSVPAGGAVAVSAAPGSAAPAAGSAPAAAEEK 3 b, c,d

Rplp2 Tyr-3 PYVASYLLAALGGNSSPSAK 2 b, c,d

Rps3 Thr-221 DEILPTpTPISEQK 2 a, b,cf

GE, and 190 proteins were identified by LC-MS/MS (13). Many of
these proteins showed evidence of differential phosphorylation be-
tween the undifferentiated and differentiating states (13). These data
was extensively reanalyzed against the latest available NCBInr (non-
redundant) database using Mascot server software version 2.0.04
(Matrix Science) allowing up to two missed cleavages and the variable
modifications protein N-terminal acetylation, carbamidomethylation,
deamidation (NQ), oxidation (Met), pyro-Glu (N-terminal GiIn), and
phosphorylation (YST). All putative phosphopeptide MS/MS spectra
were manually reviewed.

Reconstructing a Pathway Map from Phosphopeptides—For each
experimentally determined phosphorylation site, any kinase(s) known
to phosphorylate the site in vivo or in vitro was identified using the
bioinformatics tools KinaSource (A. Knebel, Dundee, Scotland, UK)
and PhosphoSite (Cell Signaling Technology, Danvers, MA). In a small
number of cases where indicated, the relevant kinase was predicted
using ScanSite (17). Then KinaSource was queried for other known
substrates of each kinase. The process of mapping substrates to
kinases was then repeated for all proteins in the model, including the
kinases themselves. Database-derived results were verified and ex-

2246 Molecular & Cellular Proteomics 5.12



SBMB

A

—~
—~

MOLECULAR & CELLULAR PROTEOMICS

P

MC

Kinase Networks in Myogenesis

TABLE |—continued

Gene

Mod. Peptide Rpts? Notes® Potential kinases®
symbol

Stmn1 Ser-24 ASGQAFELILpSPR 23 a, b, c d e GSK3, CAMK,
CDC2

Stmn1 Ser-37 ESVPDFPLpSPPK 23 a,b,c d e GSK3, CAMK,
CDC2

Tebp Ser-113 DWEDDpSDEDMSNFDR 3 a,b,c d e CK2*

Tom1 Ser-174 KLVIIEpSDLER 1 c, d

Tpm1 Ser-45 QLEDELVpSLQK 1 c,d

Tuba2 Ser-275 AVCMLpSNTTAIAEAWAR 1 c, d

Tubbb5 Thr-108 MAVPTFIGNSTAIQELFK 2 c, d

Unnamed ND pSGIVVK-DVSIK 1 b, e

XP_489094 Ser-27 + Thr-30 pSEEpPTVELR 1 b, f

2 Rpts indicates the number of independently prepared phosphoprotein-enriched samples that produced spectra matching this phos-
phopeptide sequence. Numbers in parentheses represent the number of repeated observations of the peptide in independent IMAC

experiments done on the same protein sample.

b Notes: a, phosphorylation of this site has previously been reported; b, this phosphopeptide was detected in undifferentiated C2C12 cell
samples; ¢, this phosphopeptide was detected in differentiating C2C12 cell samples; d, this phosphopeptide was detected after phospho-
protein enrichment and two-dimensional gel electrophoresis; e, this phosphopeptide was detected after phosphoprotein enrichment and
IMAC; f, this phosphopeptide was detected after phosphoprotein enrichment and one-dimensional SDS-PAGE.

¢ Potential kinases are those that have been shown to phosphorylate the specific site in other studies or that are predicted to phosphorylate

the target site; predicted interactions are annotated with an asterisk (*).

9 This phosphopeptide was reported previously by us elsewhere (13) but is included here for completeness.

tended by examination of the primary research literature. The identi-
fied substrate-kinase interactions were then diagrammed using the
bioinformatics tool HubView (18).

RESULTS AND DISCUSSION

53 phosphopeptides were identified from C2C12 cell cul-
tures undergoing growth or differentiation (Table I; see Sup-
plements 1 and 2 for additional details). 17 phosphopeptides
were identified after IMAC, 17 after one-dimensional gel elec-
trophoresis (Fig. 1), and 30 after 2D-GE and LC-MS/MS. Only
nine phosphopeptides were detected by multiple methods
suggesting that each method introduces a bias into the se-
lection of peptides. The apparently greater success of the
2D-GE method may indicate a benefit from greater sample
fractionation or may simply reflect the larger number of such
experiments performed. All phosphopeptides listed in Table |
were matched to known or predicted proteins, and in 43
cases additional non-phosphorylated peptides were identified
that supported the identification. Some phosphorylations
were detected only in either growing or differentiating cells
(Table 1l). Of the 55 identified phosphopeptides, at least 21
contained phosphorylation sites that have been reported
previously.

A major challenge in systems biology is to transform large
datasets into biologically relevant interpretations. To address
this problem, we chose to use a novel bioinformatics ap-
proach. We reasoned that because phosphopeptides are the
product of protein kinase activity we could construct a pro-
posed kinase-substrate interaction network based upon our
data. To perform this task, 19 experimentally detected phos-
phorylations for which the responsible kinase was known or
strongly predicted were used as the “bootstrap” to create an

initial network of kinase-substrate interactions (Fig. 2A; see
also Supplement 3). Then other known substrates of those
kinases, as well as interactions upstream of each kinase, were
determined and incorporated into the model (Fig. 2B). For
clarity, the abundant and promiscuous kinases PKC and CK2
were excluded from the model, although PKC was included in
cases where phosphorylation was attributed to a specific PKC
isoform.

The generally accepted view of myogenic signaling is that
AKT, p38, MAPKAPK2, and CDKS5 activity promote cell cycle
exit and myotube formation, whereas ERK1/2 and GSK3 ac-
tivity are associated with cell cycling and maintenance of the
undifferentiated state. Of 114 kinases listed in KinaSource,
only 21 appeared in our extrapolated network, and satisfy-
ingly, this group prominently featured AKT, CDK5, GSK3, and
MAPKAPK2 kinases (Fig. 2C). Furthermore some kinase-sub-
strate interactions known to be relevant in myogenic signaling
such as CDK5-myocyte enhancer factor 2 and AKT-FOXO1A
were inferred by the model. Whereas the list of phosphopep-
tides alone provided little biological context, the extrapolated
kinase-substrate network suggested a number of features of
interest, such as the implication of DYRK kinases as promyo-
genic factors.

DYRK—DYRK interactions were prominent in the model
network. Induction of DYRK family kinases is required for
muscle differentiation (19) at least in part via DYRK-mediated
phosphorylation and regulation of histone deacetylases (20).
Here we found that the putative DYRK substrates CRHSP24
and CRMP4 are also phosphorylated in C2C12 (Table | and
Fig. 3). Bioinformatics modeling revealed five more DYRK-
substrate interactions (p27kip, p21waf, FOXO1A, glycogen

Molecular & Cellular Proteomics 5.12 2247
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Canx

Hspca Hspca
Hnrp-K
Lmna Crmp4

~Csda Nedd5
L XP489094
. HDGF

B 53

B . Hspb1
~Ascl3

HDGF

- =-Rps3
B sPb1

« Crhsp24

FiGc. 1. After phosphoprotein enrichment and one-dimensional
SDS-PAGE, proteins were detected by G-250 Coomassie Blue
stain. Labeled arrows indicate identified proteins from which phos-
phopeptide MS/MS spectra were obtained.

TABLE Il
Undifferentiated versus differentiating cells

Phosphopeptides that were detected in samples from only either
undifferentiated or differentiated C2C12 but not under both condi-
tions are listed separately. In some cases different phosphopeptides
from the same protein were detected depending on the cell differen-
tiation state, and the specific site of phosphorylation is given in these
instances. Kinases proposed to be responsible for each phosphoryl-
ation are given in parentheses, MARCKS, myristoylated alanine rich
protein kinase C substrate; MLP, MARCKS-like protein; NACA, nas-
cent polypeptide-associated complex; CANX, calnexin; CALR, calre-
ticulin; HSPCB, heat shock protein class b; CSDA, cold shock domain
protein A.

Undifferentiated Differentiating
ACSL3 CALR
BTF3 CRHSP24 Ser-31 (DYRK2)
CANX CRHSP24 Ser-33 (DYRK2)
CRHSP24 Ser-2 CRHSP24 Ser-53 (AKT)
CSDA CRMP4 (DYRK?2)
D111 (PKC-9) HNRNPK (ERK1/ERK2)
DAP1 HSPCB Ser-225 (CK2)
DDX21 NEDDS5 (CK2)

HSPB1 Ser-15 (MAPKAPK2)
Lamin

MARCKS (PKC, PRK1)

MLP (PKC)

NACA

NPM1

PEA-15 (CAMK2)

PSMB3

RPLP2 (GRK2)

XP_489094

Tropomyosin
Tubulin

synthase, and STATS3), suggesting additional mechanisms by
which DYRK may contribute to myogenesis. Two of the phos-
phorylation sites ascribed to DYRK2 activity are thought to be
priming sites for GSK3. In CRMP4 (Dpysl3, Drp3) Ser-522
appears to represent the priming site for a series of GSK3-
mediated phosphorylations at serines 518, 514, and 509 (21).

In C2C12 cells both site-specific (Table 1) and general phos-
phorylation (13) of CRMP4 was detected only in differentiating
cells, whereas Ser-522 is constitutively phosphorylated in
brain. Although CRMP4 has been studied almost exclusively
in the context of neurons, these data and the observation that
the CRMP4 promoter contains a MyoD/myogenin binding site
(22) indicate that CRMP proteins likely play an important role
in muscle differentiation. elF2B (eukaryotic translation initia-
tion factor 2B) is also a substrate of both DYRK and GSKS.
DYRK-mediated phosphorylation at Ser-539 is thought to
permit subsequent phosphorylation of Ser-535 by GSKS3 lead-
ing to repression of translation (23). Because muscle hyper-
trophy is associated with GSK3 inhibition and elF2 derepres-
sion, this suggests that promyogenic functions of DYRK could
be blocked by GSK3 activity. These observations are consist-
ent with the model that DYRK activity is increased and GSK3
is repressed during myogenesis. In agreement with this prin-
ciple, several putative GSK3 substrate proteins that were not
DYRK substrates, pyruvate dehydrogenase and CRMP2,
showed evidence of phosphorylation only in non-differenti-
ated myoblasts, although specific phosphorylation sites were
not determined (13).

CRHSP24 —CaRHSP24/CRHSP24 is phosphoprotein of
unknown function. DYRK2 can phosphorylate CRHSP24 at
serines 31 and 33 in vitro, and Ser-43 (equivalent to Ser-42 in
mouse) is phosphorylated in human embryonic kidney 293
cells (24). We detected phosphorylation at serines 31, 33, and
53 in differentiating C2C12 and constitutive phosphorylation
at Ser-42 (Table l). Phosphorylation of CRHSP24 at Ser-53,
ascribed to AKT activity, was also detected. CRHSP24 may
play an important role in myogenesis. IGF-1 treatment, which
stimulates muscle hypertrophy, stimulates phosphorylation of
the Ser-53 site in human embryonic kidney 293 cells.
CRHSP24 is a calcineurin substrate (25). Calcineurin activity is
important in normal muscle development, and augmented
calcineurin activation has been shown to limit the pathogen-
esis of muscular dystrophies (26).

PEA-15—0Our previous observation of PEA-15 phosphoryl-
ation in C2C12 (13) was confirmed and extended with evi-
dence of a second phosphorylation site (Table I). Ser-116
phosphorylated PEA-15 was repeatedly observed in growing
cells but never in differentiating cells. This observation is
consistent with the recent report that the Ser-104/Ser-116
dephosphorylated form of PEA-15 promotes cell cycle arrest
via sequestration of ERK (27), and indeed, reduced ERK ac-
tivity is a prerequisite for myoblast differentiation (28).

PKC-6—A potential role for PKC-6 was inferred in the
model (Fig. 2C), and the potential PKC-6 substrates 14-3-3,
HMGA1 (high mobility group AT-hook 1), and HNRNPK were
detected in phosphoprotein enrichment experiments (13). Al-
though site-specific evidence of PKC-§-mediated phospho-
rylation is lacking, these observations are interesting in light of
a recent report that constitutively active PKC-8 promotes
whereas kinase-inactive PKC-4 inhibits IGF-1-mediated pro-

2248 Molecular & Cellular Proteomics 5.12
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PKC-DELTA
MAPKAPK2

P38-ALPHA

PKC-DELTA
CAMK2
INK1/2

COFjLIN RPLP2 CRoK
STATHMIN - ERK1/2
CRMP4

PEA-15
CAMK2

P38-DELTA
DYR

GRK2

MAPKAPK2

ERK1/2 CRHSP24

ERSILON

MNF-GME

VELTAFUBULIN_BETA

HNRNF_K

COKS

NUBEL

COFILIN

Fic. 2. Graphical representations of kinase-substrate interaction pathways made using the bioinformatics visualization tool Hub-
View (18). A, experimentally detected phosphopeptides were matched to the corresponding kinases based on database and literature searches.
Kinases are shown in blue (<15 substrates) or orange (>15 substrates), and non-kinase proteins are colored gray. B, the model network extended
to include all substrates and upstream regulators of each implicated kinase. Major hub kinases are labeled. C, the model network with
experimentally detected phosphoproteins from Table | and previous work (13) and their upstream kinases labeled. Additional visualizations can be
found in Supplement 3. LIMK, LIM domain containing, protein kinase; NACA, nascent polypeptide-associated complex «; DH dehydrogenase.
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Fic. 3. Detailed view of DYRK interactions. Specific sites of
phosphorylation are indicated where known. Proteins experimentally
determined to be phosphorylated (13) are given in bold type, and
proteins experimentally determined to be phosphorylated at specific
sites (Table I) are given in italic type. The current model for kinase
signaling in early myogenesis is that AKT is activated, GSK3 is con-
sequently repressed, ERK activity is low, and DYRK expression and
activity is increased. IKKa, inhibitor of kB kinase «; NFATc, nuclear
factor of activated T cells; CSDA, cold shock domain protein A.

liferation of myoblasts (29). PKC-8, as well as DYRK1a and
ERK1/ERK2, can also phosphorylate STAT3, which is re-
ported to promote myoblast proliferation and inhibit MyoD
function and muscle differentiation (30-32). Because the
aforementioned substrates contain multiple phosphorylation
sites, additional studies will be required to determine the
precise role of PKC.

Limitations to Application and Interpretation—Because the
experimental data cover only a very small proportion of the
phosphoproteome, it is important to consider the validity of
extrapolating a model kinase network under these circum-
stances. The strategy used relies on three assumptions: that
substrates have a limited number of kinases, that kinases
have a large number of substrates, and that the overall topol-
ogy of the kinase-substrate network is scale-free. First, if a
substrate has many potential kinases then inference of spe-
cific kinase activities is not possible. Second, if a kinase has
few substrates then the odds that one of those substrates will
be found experimentally is extremely low. The last assumption
determines whether the model is likely to encompass major
features of the true in vivo network or if it reveals only local
details. In a non-scale-free network a small data sample will
show only local features, much as mapping a few roads in a
city would reveal nothing about the overall layout of the traffic
flow. However in a scale-free network, any two points on the
network are connected by a very small number of interactions,
and the overall picture emerges quickly, just as a sampling of
commercial airline flights would quickly reveal the existence of
traffic hubs at the major airports. Work on kinase-substrate
interactions in yeast supports these three assumptions. An

exhaustive evaluation of 1325 phosphoproteins and 87 ki-
nases by Ptacek et al. (15) found that 73% of substrates were
associated with only one or two kinases but that most kinases
had multiple substrates. Analysis of the kinase-substrate sub-
set of the extensive protein-protein interaction data available
for yeast confirmed that this network is scale-free (18).

Another consideration was protein abundance. If myogen-
esis resulted in altered protein phosphorylation in only a sub-
set of very low abundance proteins against a large backdrop
of abundant invariant phosphoproteins then no relevant re-
sults would have been obtained. However, we found previ-
ously that the subset of the phosphoproteome that is suffi-
ciently abundant for silver stain detection on gels does in fact
undergo extensive alteration during early myogenesis (13).
The use of data obtained from two-dimensional gels was
especially valuable in retaining a biologically relevant focus.
Comparative analysis of gels prepared from growing versus
differentiating myocytes allowed us to focus the MS analysis
on proteins that exhibited evidence of altered post-transla-
tional modification during myogenesis. All of these factors
contributed to the ability to produce a model network that
exhibited relevant features of interest. However, a number of
caveats remain. First, because proteome coverage is incom-
plete, lack of detection of phosphorylation cannot be taken as
strong evidence of dephosphorylation. Second, the results
are biased toward the detection of relatively abundant pep-
tides. Third, kinase-substrate databases are far from com-
plete, although the amount of protein-protein interaction data
available is increasing rapidly. We anticipate that increased
coverage should not invalidate or contradict the results pre-
sented here. Because kinase networks appear to be scale-
free (18), increased data coverage would likely increase the
number of substrates more rapidly than the number of ki-
nases, limiting any changes in the overall topology of the
network. However, this remains to be experimentally dem-
onstrated. Another challenge remaining to be addressed is
the role of regulated phosphatases in the network. At this
time inclusion of a comprehensive phosphatase dataset is
not possible given the limited experimental observations in
the literature combined with the absence of robust screen-
ing tools for phosphatase activity or dephosphorylation
events.

Conclusion— Experimental phosphopeptide data and bioin-
formatics databases of kinase-substrate interactions were
used to produce a model signaling network for C2C12 myo-
genesis. From a relatively small number of phosphopeptides,
a complex network was readily constructed that inferred the
existence of several known features of myogenic signaling. In
addition, places for newly described phosphorylations in sig-
naling cascades were predicted. New protein-protein interac-
tion datasets including kinase-substrate datasets are being
produced at an increasing rate, and the utility of this approach
is certain to increase as more data become available.
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