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Abstract

Serine/threonine protein phosphatase 1 regulatory subunit 12A (PPP1R12A) modulates the
activity and specificity of the catalytic subunit of protein phosphatase 1, regulating various cellular
processes via dephosphorylation. Nonetheless, little is known about phosphorylation events
controlled by PPP1R12A in skeletal muscle insulin signaling. Here, we used quantitative
phosphoproteomics to generate a global picture of phosphorylation events regulated by
PPP1R12A in a L6 skeletal muscle cell line, which were engineered for inducible PPP1R12A
knockdown. Phosphoproteomics revealed 3876 phosphorylation sites (620 were novel) in these
cells. Furthermore, PPP1R12A knockdown resulted in increased overall phosphorylation in L6
cells at the basal condition, and changed phosphorylation levels for 698 sites (assigned to 295
phosphoproteins) at the basal and/or insulin-stimulated conditions. Pathway analysis on the 295
phosphoproteins revealed multiple significantly enriched pathways related to insulin signaling,
such as mTOR signaling and RhoA signaling. Moreover, phosphorylation levels for numerous
regulatory sites in these pathways were significantly changed due to PPP1R12A knockdown.
These results indicate that PPP1R12A indeed plays a role in skeletal muscle insulin signaling,
providing novel insights into the biology of insulin action. This new information may facilitate the
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design of experiments to better understand mechanisms underlying skeletal muscle insulin
resistance and type 2 diabetes.
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1. Introduction

Protein phosphorylation and dephosphorylation, regulated by kinases and phosphatases
respectively, play a central role in a wide variety of biological processes. Skeletal muscle is
the major site of insulin-stimulated glucose disposal, and defects in insulin signaling in
skeletal muscle are considered to be one of the main causes for a large number of disease
conditions, such as insulin resistance, metabolic syndrome, and type 2 diabetes (T2D) [1-7].
Majority of research on the regulation of phosphorylation events in skeletal muscle insulin
action has been focused on the role of kinases. However, the mechanisms for serine/
threonine phosphatase action in insulin signal transduction is largely unknown.

Serine/threonine protein phosphatase 1 (PP1), an abundant serine/threonine phosphatase,
regulates a large variety of cellular processes through protein dephosphorylation events in
eukaryotes [8-10]. The catalytic subunit of PP1 (PP1c) is relatively non-specific by itself,
and interaction with regulatory subunits is required for its specificity [8-10]. Protein
phosphatase 1 regulatory subunit 12A (PPP1R12A), also known as myosin phosphatase
target subunit 1 (MYPTL), is widely expressed in various cell types [11]. PPP1R12A whole
body knock-out in mice is embryonic lethal [12], and PPP1R12A intestinal smooth muscle
specific knock-out mice exhibited abnormal contractile phenotypes, suggesting an critical
role in muscle function [13]. PPP1R12 plays important roles in various cellular processes
through modulating the activity and specificity of PP1c against several identified protein
substrates [11, 14, 15].

One of the well-known functions of PPP1R12A is to form a myosin phosphatase
holoenzyme with the & isoform of PP1c (PP1cs, also called PP1cp), thereby modulating the
specificity and activity of PP1c§ against phosphorylated myosin, which ultimately regulates
muscle contraction and cell migration [11, 14-17]. The PPP1R12A/PP1c8d complex also has
been found to dephosphorylate polo-like kinase 1 (PLK1), leading to mitotic arrest [18]. A
number of other proteins involved in different biological processes have been shown to
interact with PPP1R12A, such as interleukin-16 and telokin, suggesting that PPP1R12A may
be involved in various additional cell functions [11, 15, 16]. Recently, we have identified
PPP1R12A and PP1cd as novel endogenous interaction partners with insulin receptor
substrate 1 (IRS1) [19]. Inhibitor experiments indicated that the interaction of PPP1R12A
and PP1cd with IRS1 is diminished upon inhibition of Akt and mTOR/Raptor [20].
Moreover, we have demonstrated that insulin stimulates or suppresses multiple
phosphorylation sites of PPP1R12A [21]. These results provided the first evidence that
PPP1R12A may regulate skeletal muscle insulin action through tuning PP1cS activity and
specificity. Nonetheless, little is known about the phosphorylation events controlled by the
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PPP1R12A in the context of skeletal muscle insulin signaling. Moreover, majority of
research on the abnormalities of phosphorylation in skeletal muscle insulin action focus a
few known phosphorylation targets.

In the present work, we analyzed global protein phosphorylation changes caused by
PPP1R12A protein knockdown in L6 cells, a well-established insulin-sensitive rat skeletal
muscle cell line, using quantitative phosphoproteomics. We generated the first doxycycline
(Dox) inducible PPP1R12A knock-down L6 cell line and used titanium dioxide (TiO5)
beads to enrich phosphopeptides. The enriched phosphopeptides were analyzed by high
performance liquid chromatography-electrospray ionization tandem mass spectrometry
(HPLC-ESI-MS/MS) using an LTQ-Orbitrap Elite. The goal of the study is to determine
whether PPP1R12A, a phosphatase regulatory subunit, indeed regulates multiple
phosphorylation events under basal and/or insulin-stimulated conditions in skeletal muscle
cells.

2. Material and methods

2.1 Materials

The 293FT cell line, high glucose DMEM media, penicillin-streptomycin-glutamine mixture
(PSG), MEM non-essential amino acids solution (NEAA), sodium pyruvate, G418 and
Alexa Fluor® 568 goat anti-mouse 19gG (H+L) antibody were from Life Technologies.
Normal fetal bovine serum (FBS), protease inhibitor cocktail, phosphatase inhibitor
cocktails (2 & 3), HPLC grade acetonitrile (ACN), trifluoroacetic acid (TFA) and formic
acid (FA) were from Sigma. The dialyzed FBS, 13C41°N, L-arginine, 4,4,5,5-D, L-lysine
and DMEM media deficient in arginine and lysine were from Thermo Fisher Scientific.
Sequence grade trypsin, treated with L-(tosylamido-2-phenyl) ethyl chloromethyl ketone
(TPCK), was from Promega. Primary antibody to myosin heavy chain (MF20) was from
R&D systems. The PPP1R12A antibody (H-130) was from Santa Cruz. The p-actin antibody
was from Cell Signaling. The 40S ribosomal protein S6 (RPS6) antibody was from Santa
Cruz. The anti-phospho-RPS6 (S240/244) was from Cell Signaling. The horseradish
peroxidase (HRP)-linked donkey anti-rabbit 1IgG was from GE Healthcare. Plasmids Tet-
pLKO-puro (#21915), psPAX2 (#12260), pMD2.G (#12259) were from Addgene. Titanium
dioxide (TiO,) beads were from GL Sciences Inc. (Tokyo, Japan). Amicon Ultra-0.5
Centrifugal Filter Unit with Ultracel-10 membrane (10 kD) was from Millipore.

2.2 Plasmid construction and lentivirus packaging

The oligonucleotides 5’-ccggaccattgtttcatgttaattcaagagattaacatgaaacaatggtcttttt-3’ and 5’-
aattaaaaagaccatt gtttcatgttaatctcttgaattaacatgaaacaatggt-3’ were annealed to form dsDNA
encoding shRNA sequences targeting the 3’ non-translated sequence (NTS) of rat
PPP1R12A mRNAs. The dsDNA sequence was cloned into Agel-EcoRlI digested plasmid
Tet-pLKO-puro under the regulation of the inducible hybrid H1 promoter [22]. The resulting
plasmids were verified by DNA sequencing. Lentivirus carrying ShRNA coding sequence
was packaged by cotransfecting 293FT cells with each verified ShRNA encoding plasmid,
plasmid pMD2.G (encoding VSV-G) and psPAX2 (encoding HIV Gag, Pol, Rev) as
described previously [23].
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2.3 Cell culture and isotopic metabolic labeling

293FT cells were maintained in DMEM supplemented with 10% FBS, 1% PSG, 1mM
sodium pyruvate and 1% NEAA. Rat L6 myoblasts were maintained in growth medium
(DMEM with 10% FBS and 1% PSG). Once myablasts reached confluence, differentiation
was induced by maintaining the cells in myotube induction media (DMEM containing 2%
FBS and 1% PSG) for 8 days. Stable isotope labeling with amino acids in cell culture
(SILAC) [24-26] was used to label L6 myotube cells, which were used as an internal
standard for quantification. For isotopic metabolic labeling, newly subcultured L6 cells were
transferred into arginine/lysine-free DMEM supplemented with 10% dialyzed FBS, 0.4
mM 13Cg15N, L-arginine and 0.8 mM 4,4,5,5-D, L-lysine (Thermo Fisher Scientific). L6
myoblasts were expanded in the labeling media for 6 passages to ensure complete labeling,
and were induced into myotubes by lowering the concentration of FBS to 2%. The labeled
L6 myotubes were serum-starved for 3 hrs, and immediately stimulated by 100 nM insulin
for 0 min, 30 min, 60 min and 120 min. The cells were immediately harvested, lysed in 8 M
urea containing 4% CHAPS, 40 mM Tris-base, 65 mM DTT, and a mixture of phosphatase
and protease inhibitors. The lysate was centrifuged at 15,000 x g for 30 min at 4°C. The
supernatants were collected and the protein concentration was determined with Bradford
assay. Equal amounts of protein in the four time point were mixed as the “heavy” labeled
standard and stored at —80°C for further use.

2.4 Transduction and cell line development

The harvested lentivirus was mixed with polybrene to final concentration of 5 ug/ml and
incubated with the L6 myoblasts at 37°C overnight. The transduced cells were further
maintained in growth media for 2 days. Then, the myoblasts were trypsinized and 1:10
seeded in growth media containing 700 pg/ml G418 to form separate colonies. The isolated
single colonies were expanded and cultured in growth medium containing 100 ng/ml Dox.
Western blotting was used to evaluate Dox inducible PPP1R12A knock-down as described
in references [19, 20]. The clones shown Dox-inducible PPP1R12A knock-down were
further cultured in myotube induction media for 8 days. The cells were fixed by 4% PFA
and immunostained with mouse monoclonal anti-MyHC (MF20) and counterstained with
DAPI. One of the clones showed efficient Dox-inducible PPP1R12A knock-down and
myotubes formation, and was used in phosphoproteomic study.

2.5 Dox induction, cell starvation and insulin stimulation

The confluent myoblasts grown in sixteen 15 cm dishes were maintained in 20 ml of DMEM
containing 2% FBS, 1% PSG with or without 100 ng/ml Dox for three days. The half-life of
Dox in cell culture medium is approximately 24 hrs. To maintain continuous inducible
PPP1R12A knock-down in cell culture, the medium was replaced every day. At the 3™ day,
all cells were washed twice with DPBS and starved in 20 ml of DMEM containing 0.2%
BSA with or without 100 ng/ml Dox for 4 hrs. At the end of starvation, four dishes of cells
from each group were treated without or with 100 nM insulin for 15 min.
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2.6 Enrichment of phosphopeptides using TiO, beads

Phosphopeptides were enriched using TiO, beads after in-solution trypsin digestion of lysate
proteins as described in reference [27] with recent modifications. For each sample, the cells
were washed with iced-cold DPBS for three times, scraped, and harvested in a 15 ml Falcon
tube. The supernatant was removed completely after two times of centrifugations at 1000
rpm, 4°C for 5 min. The cell pellet was lysed in 1.25 ml of 8 M urea containing a mixture of
phosphatase and protease inhibitors. After centrifugation at 4°C, 15,000 rpm, 15 min, the
cleared supernatants were quantified using Bradford reagent. For each sample, 2.5 mg of
total protein was spiked with 0.5 mg of “heavy” labeled (13C6 15N4 L-arginine, 4,4,5,5-Dg4
L-lysine) standard.

Each sample was desalted using an Amicon 10 kD spin column at 14,000 x g, 4°C. The
protein pellet in each column was washed twice with 400 pl of 40 mM ammonium
bicarbonate (ABC) at 14,000 x g. The washed protein pellet was transferred to a fresh 2 ml
collection tube through invert centrifugation at 3,000 x g. Then, each protein pellet was
mixed with 200 pl of TPCK-trypsin (15 pg) and subjected to overnight digestion in a 37°C
shaker (600 rpm). In the next morning, 200 ul of TPCK-trypsin (15 pg) was supplemented to
each dissolved protein sample and for additional 8 hrs of digestion. The resulting peptides
solution was filtrated through a fresh 10 kD Amicon column and dried using a Speed-Vac.
The TiO5 beads resuspended in loading buffer (65% ACN, 2% TFA and saturated with
glutamic acid) were added to the dried peptides at 1 mg TiO, beads per sample. It was then
supplemented with the loading buffer to final volume of 500 ul. After gentle rotation at RT
for 30 min, the beads were collected through centrifugation at 3000 rpm for 1min. The
resulting supernatant was further incubated with TiO, beads with the same procedure and
the beads were collected. All collected beads were washed with washing buffer | (65%
ACN, 0.5% TFA) twice and washing buffer Il (65%ACN, 0.1% TFA) twice. The bound
peptides were eluted once with elution buffer I (300 mM NH4OH, 50% ACN) and twice
with elution buffer Il (500 mM NH40H, 60% ACN). The eluates for each sample were
combined and dried using a Speed-Vac. The dried peptides were reconstituted in 0.1% TFA.

2.7 HPLC-ESI-MS/MS analysis

The peptide mixture was separated with a linear gradient of 5-43% buffer B (80% ACN and
0.1% FA) in 180 min at a flow rate of 250 nl/min on a Cqg-reversed phase column (75 pm
ID, 15 cm length) packed in-house with ReproSil-Pur C18-AQ pum resin (Dr. Maisch
GmbH) in buffer A (0.1% FA). A nanoflow Easy-nLC system (Thermo Scientific) was on-
line coupled to a Thermo Finnigan LTQ-Orbitrap Elite fitted with a nanospray flex lon
source (Thermo Fisher, San Jose, CA).

A “top 15” data-dependent tandem mass spectrometry approach was utilized to identify
peptides in the samples. In a top 15 scan protocol, a full scan spectrum (survey scan, 300-
1650 Th) is acquired followed by collision-induced dissociation (CID) mass spectra of the
15 most abundant ions in the survey scan. The survey scan was acquired using the Orbitrap
mass analyzer to obtain high mass accuracy and high mass resolution data (240,000
resolution), and up to 15 of the most intense peptides were selected and subjected to
fragmentation in the linear ion trap (LTQ). Dynamic exclusion was set at 30 seconds. The
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charge state rejection function was enabled with “unassigned” and “single” charge states
rejected. By knowing the accurate mass and fragmentation pattern of the peptide, the
peptide’s amino acid sequence can be reliably inferred.

2.8 Phosphopeptide identification and quantification

Raw MS files were processed using the MaxQuant software [28-31](ver.1.3.0.5) against a
database with forward and reversed Uniprot Rat protein sequences, downloaded from
www.uniprot.org on 3/6/2013. Standard settings in the MaxQuant were applied. Parent mass
tolerance was 5 p.p.m., and fragment mass tolerance was 0.5 Da. Two missing trypsin
cleavage site was allowed. Oxidised Methionine (M), phosphorylation (STY) and
acetylation (protein N-term) were allowed as a variable modification. The false discovery
rate (FDR) for both proteins and peptides (which had to have at least 6 amino acids) was set
to 0.01. In addition, only phosphosites with a localization probability greater than 0.75 were
considered as identified, a commonly used threshold in phosphoproteome studies [32-34],
and these phosphosites were classified as class | phosphosites [32-34].

To be used in comparisons between the two groups of samples, phosphorylation sites need
to satisfy the following criteria: 1). Identified in at least 3 out of the 4 samples in one group
of the comparison; 2). with a fold change greater than 1.5 (i.e., 1.5 fold increase) or less than
0.66 (i.e., 1.5 fold decrease) between comparisons. The stable-isotope-labeled
phosphorylation sites identified in all sixteen samples were chosen as the “universal
standard” for normalization to account for the variations in the sample preparation and
HPLC-ESI-MS/MS analysis. The total peak area of isotope-labeled phosphopeptides
identified in all sixteen samples was calculated for each sample. The normalized peak area
for non-labeled phosphosites were calculated by normalizing the peak area of a
phosphorylation site (PAi) against the total peak area of isotope-labeled phosphorylation
sites in all sixteen samples in the same sample:

PA:
Sum of the peak area for the labeled phosphorylation sitesidentified in all sixteen samples

Norm:i=

The normalized peak area for each phosphosite were compared among the groups to assess
effects of PPP1R12A knockdown and/or insulin on phosphorylation levels. Statistical
significance was assessed by independent t-test. Differences were considered statistically
significant at P < 0.05.

2.9 Bioinformatics

Pathway analysis on phosphorylated proteins were performed using Ingenuity Pathway
Analysis (Ingenuity Systems, Inc., Redwood City, CA; www.ingenuity.com), a popular
bioinformatics analysis software package [35-37] that contains biological and chemical
interactions and functional annotations created by manual curation of the scientific literature
[38, 39].
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3.10 Western blot confirmation of phosphorylation site

3. Results

Western blot confirmation was performed as described previously [19, 20]. Briefly, L6K76
myoblasts with or without 100 ng/ml Dox induction were serum starved for 4 h and treated
with or without insulin (100 nM) for 15 min. The cells were lysed and protein concentration
was estimated using the Bradford assay. Samples were boiled in SDS-PAGE sample buffer
and resolved on 4-15% 1D-SDS-PAGE, transferred onto nitrocellulose membranes (Bio-
Rad), and analyzed by Western blot (WB) with the appropriate antibodies, and the immune
complex was detected by chemiluminescence.

3.1 L6 cell line with Dox-inducible knockdown of PPP1R12A

We designed a shRNA targeting the 3 non-translated sequence (NTS) of rat PPP1R12A
mMRNAs (referred as PPP1R12A shRNA). The PPP1R12A shRNA was cloned into a Dox-
inducible shRNA expressing lentiviral vector Tet-pLKO-puro (Addgene # 21915) under the
regulation of the inducible hybrid H1 promoter [22]. By transducing L6 myoblasts with the
resulting lentivirus, we successfully selected G418-resistant clones showed efficient
PPP1R12A knock-down at 48—72 hrs post addition of Dox. The established clones were
maintained in DMEM containing 2% fetal bovine serum (FBS) for 8 days. The cells were
examined with mouse monoclonal anti-MyHC (MF20), and showed myotube formation.
One L6 clone (referred as L6K76) showed Dox-inducible PPP1R12A knockdown (Fig. 1A,
1B) and can be differentiated into myotubes was chosen as the cell model for this study (Fig.
1C).

3.2 Phosphoproteomic profiling of rat myoblasts

The L6KT76 cells were grown until 100% confluence, and subjected to Dox-inducible
PPP1R12A knockdown followed by treatment with or without insulin. A total of 16 samples
from 4 sets of experiments were analyzed: cells treated without Dox & without insulin
(NoDox_Bas, n=4), cells treated without Dox & with insulin (NoDox_Ins, n=4), cells
treated with Dox & without insulin (Dox_Bas, n=4), and cells treated with Dox & with
insulin (Dox_Ins, n=4). The experimental flow-chart is shown in Fig. 2. In total, 3876
phosphorylation sites were identified. Among them, 3192 are phosphoserines (82.4%), 410
are phosphothreonines (10.6%), and 274 are phosphotyrosines (7.1%), giving a pS/pT/pY
ratio at 23:3:2. This ratio was similar to that reported previously in human skeletal muscle
by our group (the pS/pT/pY ratio was ~18:4:1) [27]. Of the 3876 phosphosites, 908 sites
have not been reported in rat according to the largest phosphorylation site databases, http://
www.phosphosite.org and the largest phosphoproteome data set derived from rat tissues
containing 31480 phosphorylation sites [33]. Among the 908 sites, 620 sites have not been
reported in any species, thus appear to be novel (Supplemental Table 1).

There were 3731 non-labeled phosphorylation sites assigned to 1234 proteins from the
sixteen samples, and these phosphorylation sites were derived from the L6K76 cells.
Ingenuity Pathway Analysis (IPA) on these 1234 proteins revealed 21 significantly enriched
pathways with P < 0.01 related to skeletal muscle cell function and signaling. Among them,
multiple pathways are related to insulin signaling, such as insulin receptor signaling, mTOR

J Proteomics. Author manuscript; available in PMC 2015 September 23.


http://www.phosphosite.org
http://www.phosphosite.org

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang et al.

Page 8

signaling, RhoA Signaling, and ERK/MAPK signaling (Supplemental Table 2,
Supplemental Fig. 1). In addition, there were multiple pathways related to cellular junctions,
such as focal adhesion kinase (FAK) signaling, integrin signaling, tight junction signaling
and integrin-linked kinase (ILK) signaling.

3.3 Phosphorylation changes in response to PPP1R12A knockdown

The overall phosphorylation levels were evaluated using isotope-labeled phosphosites
identified in all the sixteen samples as a “Universal Standard”. The total peak area of these
isotope-labeled phosphosites (l,) was obtained and used to normalize the total peak area of
all non-labeled phosphosites (I,). As shown in Table 1, PPP1R12A knockdown significantly
increased overall phosphorylation level in the cells at basal state (P < 0.01). This effect was
not observed after insulin stimulation. In addition, insulin stimulation in cells with or
without PPP1R12A knockdown did not result in overall phosphorylation changes.

In total, 698 phosphorylation sites were affected by PPP1R12A knockdown at basal and
insulin stimulation states (Supplemental table 3). Under the basal condition (Bas_NoDox vs.
Bas_Dox), 544 sites significantly changed after PPP1R12A knockdown, and among them,
470 phosphorylation sites showed increased phosphorylation, and 74 sites had decreased
phosphorylation. After insulin stimulation, PPP1R12A knockdown resulted in 115
phosphorylation sites with increased phosphorylation and 95 phosphosites with decreased
phosphorylation. It is noted that the phosphorylation levels of 56 phosphorylation sites were
changed significantly at both basal and insulin-stimulated conditions after PPP1R12A
knockdown. Among them, 21 sites had increased phosphorylation at both states; 3 sites had
decreased phosphorylation at both states; and 32 phosphosites had opposite trends
(Supplemental Table 3).

These 698 phosphosites were assigned to 295 proteins including multiple protein Kinases,
such as serine/threonine-protein kinase D 3 (PKD3), AP2-associated protein kinase
1(AAK1), proto-oncogene tyrosine-protein kinase Src (c-Src), STE20-like serine/threonine-
protein kinase (SLK), mitogen-activated protein kinase kinase kinase 7 (TAK1), serine/
threonine-protein kinase TAO3, serine/threonine-protein kinase PRP4 homolog and serine/
threonine-protein kinase DCLK1. The assigned phosphatases include sphingosine-1-
phosphate phosphatase 1 (hSPP1) and carboxyl-terminal domain phosphatase, subunit
1(FCP1).

Multiple reported PPP1R12A interaction partners in reference [11] are among the 295
proteins with phosphorylation sites affected by PPP1R12A knockdown, such as a-adducin
(gene name: Add1); Heat shock 27 kDa protein 1 (gene name: Hspb1), and Myosin
phosphatase Rho-interacting protein (also known as M-RIP, gene name: Mprip). All of them
had significantly increased site-specific phosphorylation after PPP1R12A knockdown under
the basal condition (P < 0.05, Table 2). In addition, as discussed before, we have recently
identified PPP1R12A as a novel endogenous interaction partner with insulin receptor
substrate 1 (IRS1) [19]. In the present study, PPP1R12A knockdown led to a significantly
increased phosphorylation level of pS522 of IRS1 under the insulin stimulated condition (P
< 0.05, Table 2).
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3.4 PPP1R12A knockdown affected signaling pathways

For the 295 proteins containing phosphosites affected by PPP1R12A knockdown, Ingenuity
Pathway Analysis (IPA) was used to analyze signal pathway networks and canonical
pathways. The network with the highest score is “RNA Post-Transcriptional Modification,
Gene Expression, Molecular Transport”, which contains total 35 proteins, and among them,
31 proteins had phosphorylation sites affected by PPP1R12A knockdown in this study (Fig.
3).

From the 295 phosphoproteins (Supplemental Table 3) affected by PPP1R12A knockdown,
IPA revealed proteins involved in pathways related to insulin signaling, such as insulin
receptor signaling, mTOR signaling, RhoA signaling and ERK/MAPK signaling, etc
(Supplemental Table 2, highlighted in bold). In addition, proteins involved in cellular
junctions also were significantly enriched. The phosphorylation changes of proteins related
to insulin signaling were summarized in Table 2.

4. Discussion

Insulin is a potent anabolic hormone that modulates a wide variety of biological processes in
skeletal muscle, including glycogen synthesis, glucose transport, mitogenesis, and protein
synthesis. Insulin induced protein phosphorylation and dephosphorylation is a key to linking
events at the plasma membrane with intracellular machinery. Abnormalities in this process
are considered to be one of the main contributing factors to for a large number of disease
conditions, such as insulin resistance, the metabolic syndrome, and T2D. Extensive research
has been carried out to study the role of kinases in insulin action. However, a mechanism for
serine/threonine phosphatase action in insulin signal transduction is largely unknown.
Recent evidences from our group suggest that PPP1R12A, a regulatory subunit of protein
phosphatase 1, is involved in insulin signaling [19-21]. Moreover, the majority of research
on the abnormalities of phosphorylation in skeletal muscle insulin action focuses a few
known phosphorylation targets. Therefore, we optioned to use quantitative
phosphoproteomics to generate a global picture of phosphorylation events regulated by
PPP1R12A in L6 cells, which have been engineered for inducible PPP1R12Aknockdown.
We found that PPP1R12A knockdown affected numerous pathways related to insulin
signaling in L6 cells, suggesting that PP1 have multiple targets in insulin action through its
subunit PPP1R12A.

4.1 PPP1R12A regulates global protein phosphorylation in L6 cells

PP1 regulates a large variety of cellular processes through serine and threonine
dephosphorylation events in eukaryotes [8—-10]. The specificity and activity of PP1 catalytic
subunit can be tuned by its regulatory subunits including PPP1R12A [8-10]. Therefore, we
hypothesized that knockdown PPP1R12A will lead to decreased specificity and activity of
PP1c, and subsequent phosphorylation increase for the proteins regulated by the PP1c/
PPP1R12A complex. To test our hypothesis, we developed a L6 cell line (designated
L6K76) which allows more than 80% knockdown of PPP1R12A at induction of
doxycycline. We found that PPP1R12A knockdown led to overall phosphorylation increase
in L6 cells (Table 1) and the increased phosphorylation for 470 sites (compared to only
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decreased phosphorylation for 74 sites) at the basal condition (Supplemental Table 3). This
hypothesis was supported by these findings. Of note, the PPP1R12A S507 phosphorylation
was reduced to 21% as a result of reduced total PPP1R12A protein (Fig. 1, Table 2,
Supplemental 3).

There were 698 phosphorylation sites with a significant change at basal or insulin stimulated
states in response to PPP1R12A knockdown. Among them, 695 were serine/threonine sites
and only 3 are phosphotyrosine sites, which is expected since one main function of
PPP1R12A is to increase the activity & specificity of the catalytic subunit of serine/
threonine protein phosphatase 1 (PP1c) against its substrates [11, 14, 15]. These results
provided the first evidence that PPP1R12A indeed regulates a large number of serine/
threonine phosphorylation events in L6 cells. Please note that the PP1c/PPP1R12A complex
may regulate these phosphorylation sites directly or indirectly via other proteins, such as
kinases.

4.2 PPP1R12A affected multiple pathways related to insulin signaling

As discussed before, little is known about the phosphorylation events controlled by the
PPP1R12A in the context of skeletal muscle insulin signaling. PPP1R12A knockdown offers
an opportunity to discover potential new substrates of PP1 in insulin signaling pathways. We
identified serine/threonine sites whose phosphorylation states were changed significantly at
basal and/or insulin-stimulated conditions due to knockdown of PPP1R12A, a PP1
regulatory subunit. The corresponding phosphoproteins are assigned to multiple
significantly enriched pathways related to insulin signaling (Supplemental Table 2), such as
mTOR signaling and RhoA signaling.

4.3 mTOR signaling

The mTOR signaling pathway serves as a central regulator of cell metabolism, growth,
proliferation and survival. There are two major mTOR complexes, mTOR complex 1
(mMTORCL1) and mTOR complex 2 (MTORC2) [40, 41]. mTORC1 comprises the catalytic
subunit mTOR, the regulatory protein raptor (Raptor), proline rich Akt substrate 40 kDa
(PRAS40, also known as Aktlsl), DEP-domain-containing mTOR-interacting protein
(Deptor) and GbL [42]. Raptor plays an important role as a scaffolding protein to recruit
substrates p70S6K and eukaryotic initiation factor 4E-binding protein 1 (4E-BP1), two key
regulators of mMRNA translation and ribosome biogenesis [43-47]. In response to insulin
stimulation and nutrient sufficiency, raptor can positively regulate mTOR activity by
enhancing its binding to substrates [48-51], and by interacting with Rag family GTPases to
induce mTOR complex relocalization [52-54]. Phosphorylation of raptor S863 by either
mMTOR or ERK1/2 promotes mTORCL activation in response to various stimuli, including
growth factors, nutrients, and cellular energy [55-58]. The raptor S859 is also
phosphorylated in response to insulin stimulation, but in a S863-dependent manner [55]. In
this study PPP1R12A knockdown resulted in 2.8-fold and 5.6-fold increased basal
phosphorylation of raptor S863 and S859 (P < 0.01 for both sites, Table 2), suggesting that
the PP1c/PPP1R12A complex might regulate mTORC1 through raptor S863 and S859.
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PRAS40/Akt1s1 and Deptor are negative regulators of mTORC1 [42, 49, 59]. PRAS40 may
regulate mTORC1 kinase activity by functioning as a direct inhibitor of substrate binding
[60]. Insulin stimulates Akt/PKB-mediated phosphorylation of human PRAS40 on T246 (rat
T247), which prevents its inhibition of mMTORCL1 [49, 61-63]. The PRAS40 S88 is an
insulin stimulated phosphosite [64], but its function in MTORC1 regulation is unknown. We
found that PRAS40 T247 phosphorylation level reduced to 32.9% (P < 0.05), while
PRAS40 S88 phosphorylation increased 1.7 fold in response to PPP1R12A knockdown at
the basal state.

mTORC?2 can phosphorylate multiple kinases such as Akt, SGK (serum- and glucocorticoid-
induced protein kinase) and PKC, which play an important role in cell survival, cell cycle
progression and anabolism [65-68]. PKD3 belongs to the PKC family (also classified to
PKD family recently [69]), which is responsive to diacylglycerol (DAG), growth factors and
phorbol 12-myristate 13-acetate (PMA). Unlike other PKC members, the link between
mTORC2 and PKD3 is still missing. PKD3 regulates paxillin trafficking and cellular
protrusive activity [70]. As a result of PPP1R12A knockdown, PKD3 S213/5216
phosphorylation increased 3.5 folds (P < 0.05). It is interesting to determine whether the
phosphorylation change is related to any cytoskeleton rearrangement that is critical to
insulin signaling.

An important biological function of insulin is to stimulate protein synthesis in skeletal
muscle. Reduced mitochondrial protein synthesis has been observed in type 2 diabetic
patients compared to matched control subjects [71]. Initiation is generally the rate limiting
phase in translation [72]. PPP1R12A knockdown affected the phosphorylation state of four
translation initiation regulators in mTOR signaling pathway, elF-3G, elF-3B, elF-4B and
RPS6. We observed decreased phosphorylation with elF-3G (T41), and increased
phosphorylation with elF-3B (S75, S79) and elF-4B (S425). However, further study is
needed to investigate the functions of these phosphorylation sites. In addition,
phosphorylation of RPS6, a component protein of the small 40 S ribosomal subunit [73],
plays a critical role in mRNA translation initiation and protein synthesis [74-79]. Insulin-
induced increase in RPS6 phosphorylation is mediated by the mTOR/FRAP-p70S6K
pathway [73, 80] and the RAS/ERK/p90 ribosomal S6K kinase pathway [75, 81]. Mice
deficient in ribosomal protein S6 phosphorylation suffer from muscle weakness that reflects
a growth defect and energy deficit [82]. Furthermore, depletion or overexpression dominant-
negative PP1c increased RPS6 C terminus phosphorylation [76], suggesting that these
phosphorylation sites were regulated by PP1. In the current work, we also observed the
increased phosphorylation of RPS6 on multiple sites (S235, S236, S240, S244 and S247) at
basal and insulin-stimulated states (Table 2). We performed WB analyses to confirm the
effect of PPP1R12A knock-down on RPS6 phosphorylation. As can be seen from Fig. 4,
PPP1R12A knockdown led to increased S240/244 phosphorylation at both basal and insulin-
stimulated states, which is consistent with the results obtained by HPLC-ESI-MS/MS (Table
2). These results implied that these phosphorylation sites in RPS6 were regulated by
PPP1R12A, most likely through PP1c.
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4.4 RhoA signaling pathways

RhoA is a member of the Ras superfamily of small GTPases that plays a central role in
diverse biological processes such as cytoskeletal reorganization, membrane trafficking,
cytokinesis, and stress fiber contraction. Insulin negatively modulates RhoA signaling and
impacts actin cytoskeleton organization [83]. After PPP1R12A knockdown, increased
phosphorylation was observed for six proteins in RhoA signaling, including RhoGAP5
(S1173 and S1176), MRIP (S294), cofilin-1 (S3), ARHGEF11 (S671/ T676), septin-9 (S12,
T24) and BORG4 (S136/5140), implying they are potential substrates of the PP1c/
PPP1R12A phosphatase. Cofilin-1 is one of the actin-binding proteins. Cofilin-1 activity is
inhibited by the phosphorylation of the serine residue at position 3 (S3) [84, 85]. LIM-
kinases (LIMKSs) and related testicular protein kinases (TESKSs) specifically phosphorylate
cofilin-1 at S3 and thereby inhibit the actin binding, severing, and depolymerizing activities
of cofilin [86-90]. Slingshot family protein phosphatases (SSHs) specifically
dephosphorylate and reactivate S3-phosphorylated cofilin (P-cofilin) [91, 92]. Serine/
threonine protein phosphatase 1 (PP1) [93], protein phosphatase 2A (PP2A) [93],
chronophin (CIN, a haloacid dehalogenase) [94, 95] have also been shown to be involved in
cofilin dephosphorylation. The MRIP has been found as an insulin-stimulated PPP1R12A
interaction partner [96], and whether S294 of MRIP plays a role in this interaction is
currently unknown. The septin-9 and BORG4 are cytoskeletal proteins regulating
cytokenesis. Human septin-9 isoform ¢ (NP_006631.2) T24 (equivalent to rat septin-9 T24)
is phosphorylated by cyclin-dependent kinase 1 (Cdk1) to create a binding site for the WW
domain of Pin1, which, in turn, induces a conformational change in the N-terminal of
septin-9 [97]. The Pinl-septin-9 interaction is important for the completion of cytokinesis
[97]. Our results imply that the PP1c/PPP1R12A phosphatase might be involved in
cytokinesis through dephosphorylating septin-9 T24 and BORG4 S136/S140.

5. Conclusions

In summary, we created the first doxycycline (Dox) inducible PPP1R12A knockdown L6
cell line and identified over 600 novel phosphosites in L6 cells using phosphoproteomics.
Furthermore, we provided the first global view of phosphorylation changes caused by
PPP1R12A knockdown, and discovered numerous phosphorylation sites in multiple
pathways regulated by PPP1R12A in the context of insulin action. These results indicate that
PPP1R12A indeed plays a role in skeletal muscle insulin signaling, providing novel insights
into the biology of insulin signaling. This information will facilitate the design of
experiments to better understand the molecular mechanism responsible for skeletal muscle
insulin resistance and associated diseases, such as type 2 diabetes and cardiovascular
diseases.
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Biological significance

These results identify a large number of potential new substrates of serine/threonine
protein phosphatase 1 and suggest that serine/threonine protein phosphatase 1 regulatory
subunit 12A indeed plays a regulatory role in multiple pathways related to insulin action,
providing novel insights into the biology of skeletal muscle insulin signaling. This
information may facilitate the design of experiments to better understand the molecular
mechanism responsible for skeletal muscle insulin resistance and associated diseases,
such as type 2 diabetes and cardiovascular diseases.
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Fig. 1. Characterization of the L6K76 cell line
A. L6KT76 cells were treated with or without Dox for 3 days. Cell lysates (120 pug each) were

resolved by 4-15% SDS-PAGE. Western blotting was carried out using PPP1R12A and B-
actin antibodies. B. PPP1R12A protein level was quantified from Western blot bands
normalized to the p-actin level. C. L6K76 cells differentiated into myotubes after induction.
Confluent L6K76 cells were induced in DMEM containing 2% FBS for 8 days. The fixed
cells were immunostained with mouse monoclonal anti-MyHC (red). Nuclei were
counterstained with DAPI (blue).
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Figure 2A

3876 phosphorylation sites identified with FDR at 0.01 & minimum (.75 localization probability from 16 samples and
spiked SILAC standard (Supplemental Table 1)

L4

3731 phosphorylation sites corresponding to 1234 unique proteins were identified from the 16 samples
PPP1R12A knockdown increased global phosphorylation in L6 cells (NoDox_Bas vs. Dox_Bas, Table 1)

v v v

IPA analysis of enriched pathways Dox_Bas vs. NoDox_Bas Dox_Ins vs. NoDox_Ins
with the 1234 identified proteins Without and with PPP1IR12A With and without PPP1R12A
knockdown without insulin-treatment knockdown with insulin-treatment
\ 4 4
l Fold change > 1.5 or < 0.66 Fold change > 1.5 or < 0.66
(623 phosphorylation sites) (384 phosphorylation sites)
Enriched insulin signaling v *
pathways (Supplemental Table
2, and supplemental Fig. 1) P < 0.05 by independent ¢-test P < 0.05 by independent ¢-test
Increased phosphorylation: 470 sites Increased phosphorylation: 115 sites
T Decreased phosphorylation: 74 sites Decreased phosphorylation: 95 sites
\ ¥

IPA analysis of enriched pathways € Totally, 698 phosphosites assigned to 295 > IPA network analysis
with the 295 identified proteins unique proteins (Supplemental Table 3) (Fig. 3)

Figure 2B

Fig. 2.
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Flow-chart of phosphoproteomics data acquisition and data analysis.
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VRS51

Fig. 3. The highest scored network obtained by IPA for proteins with altered phosphorylation
after PPP1R12A knock-down

Proteins with increased phosphorylation site (s) are highlighted in red. Proteins with
decreased phosphorylation site (s) are highlighted in green. Proteins with both increased and
decreased site (s) are highlighted in yellow. Proteins without color are the ones in the
network in the IPA database, but were not identified in this study. Solid and dashed
connecting lines indicate the presence of direct and indirect interactions, respectively.
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Fig. 4. PPP1R12A knockdown led to increased RPS6 phosphorylation at site S240/244
PPP1R12A knockdown was achieved by maintaining L6K76 myaoblasts in media containing

100 ng/ml Dox for three days. Insulin stimulation was carried out by subjecting cells in 100
nM insulin for 15 min. (A). The RPS6 phosphorylation levels at site S240/244 were
analyzed by Western blot. (B). Using ImageJ, RPS6 phosphorylation at S240/244 was
quantified from Western blot bands normalized to the RPS6 total protein level. The average
phosphorylation level of NoDox_Bas group was set as 1.
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Table 1

PPP1R12A knockdown increased global phosphorylation in L6 cells at the basal condition.

Group Dox_Bas NoDox_Bas Dox_Ins NoDox_Ins

/1y 12.38 i0.70* 9.76 £ 0.75 11.49+091 10.88+0.33

*
P < 0.01 comparing with NoDox_Bas (cells without PPP1R12A knockdown and without the insulin treatment).

ly: The total peak area of isotope-labeled phosphopeptides identified in all the sixteen samples (“Universal Standard™).

I: the total peak area of all non-labeled phosphopeptides.

J Proteomics. Author manuscript; available in PMC 2015 September 23.

Page 26



Page 27

Zhang et al.

A A €0 6T 7/9S | TT439HYY | 295360 | TTebUIY
A 92T LT 9/TTS | Sdvooud | 93n19d | sdebuiy
A €T x0T e/11S | Sdvoouyd | 93nL9d | sdebuyry
A A 580 WL 883 ovSvdd | S/Hzed TSTHV
A A €0 000 vzl ovSvdd | szHzea STV
A N #,09T< 168TS STAVIV | /9T eTdedy
A 06T 'l 9zes 8dvMV | 10890 gdexy
A 70 A T2€S 8dvMV | 10890 gdexy
A 90 S0 T0TS TdvYV | 9nevra Tdesy
A «x89°¢C ,66C vlesl MYNHY | Sa6H0N Yeuyy
A »IET wkl’C 0.2SS MYNHY | Sa6H0N Yeuyy
A AR w3C¢C z828S MYNHV | Sa6HoN Yeuyy
A AR «xCCC 6225S MYNHY | Sa6H0N Yeuyy
A 6v'T W0 922SS MYNHY | Sa6H0N Yeuyy
A 150 8T 5zzss MVNHV | Sa6d0n euyy
A 660 wx7'E 6T2SS MVYNHY | Sa6d0 euyy
A 9v'0 <070 L65YS MVNHY | Sa6don euyy
A x£1€0 €T €1eS MVNHY | SQ6¥0N euyy
A 001 6T 8/1S MVNHY | Sa640N euyy
3A 21 9T ¥191 vaav | 8zoe9d RIPPY
MdNV | parelpaw-g-€-¥T | dzl 3950.d M9S0.d | W aseury uajold | O asedijoydsoyd | MdVIN/MET | YOLw | wouy | toydsoas uinsul | (sulxogoN | (seg XoQoN
pue {419 Jo uone|nbey 'SAsul xo@) | saseg xoqQ)
su|” XodoN seg X0QoN
01 pasedwod | 01 pasedwod
abueyp abueyo
plod plod
awreu al
Kemuyred Buijeubis a1e1s uljnsu| a1els [eseg IS uig04d uig0.4d LG

NIH-PA Author Manuscript

¢ ?dlqel

NIH-PA Author Manuscript

‘Buijeubis urpnsul 01 payejal sAemyred ui paignuspi suisyoad Jo sabueys uonejfioydsoyd

NIH-PA Author Manuscript

J Proteomics. Author manuscript; available in PMC 2015 September 23.



Page 28

Zhang et al.

A A A A A A 0T L5 £12S €aMd | 6zzvra epiid
A A A A A #L70 120 108S | veTdlddd | esd¥zed | ezrirddd
A €01 L ITL N1d | 9t0TOd uid
A 160 WLe 91S N1d [ 9t0TOd uid
A A A SLT 625 dIdn | edenes | pdMdN
A 't 8T 6EYS TMVL | v3sood |  2vedew
A A A A A 0 T zzss 1Sl | LALAED S
A 80°c #2095 T< £0zs lzdSH | et6AeD | pTAdsH
A 80'€ #ax09 1< 0028 I2dsH | eTenes | mTAdsH
A £70 €97 zs €4TH | 598GTd | PTUTISIH
A 0g0 857 zs G4TH | ONgzea | aTuTISIH
A 121 wxllT ¥80TS INT4 | 21dr0d Ul
A L8€ €0 szrs gr-418 | 69Ms0 arh3
A A X£€0 4500 Tl og-dI3 | 60MUSO Beya
A A 260 SJ9T 6.S ge-die | 1909%0 qen3
A A 68°0 £S5 S/S ge-d18 | 1909%d G
A D€ €62 €S T-UuoD | 265Skd O
A 6EC S0 ovTS yodoa | eeomig | vdszyopd
A 6£'C 0 9eTS yodog | €eom1a | ydazyopd
A 00°€ S8UY 9651 80dv | 90Y1T4 £29p0
A 00°e ST 885S 80dv | 9011 £29P0
A A 1E0 £67T 9,91 | TT43OHYV | 295360 | TTebuy
MdNV | perelpaw-g-g-vT | dzl >9s0.d >9502d | v sseursi uilodd | O esedijoydsoud | MdvIN/MET | dOlw | woyd | Joxdeoas uynsul | (sul™xodoN | (seg xodoN
pue {419 jo uone|nbay 'SAsul xoQ) | 'sa sed x0Q)
Su|~xXodoN seg~ X0QoN
01 padedwod | 01 pasedwod
abueyn abueyo
pIo plo
aweu al
Kemyyed Buijeubis a1e1s uljnsu| a1els [eseg dIS uigo04d uigl04d EELS)

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Proteomics. Author manuscript; available in PMC 2015 September 23.



Page 29

Zhang et al.

‘[6T] @2uaiagal Ul sisuped uonoeIaIUl \YZTHTddd pauoday
Vv

[TT] 80uaiayas ul s1auped uonoRIBIUI WYZTHTddd pauodey

®

‘Remyyed ay3 03 paubisse si uigoid e pajedlpul :

7

'sUI”X0Q J0 sa|dwies 981y} 15e3] 18 Ul PalaRIap 3]IYM ‘SUI”XOQON 4O sajduues Ul pa1dsiap 10N :

$

'seg”xo0q Jo sajduwies 231y} 1sea| 18 Ul Pa10aIap 3]IYM ‘segd” XOQON 40 sajduies uj paloslap 10N “#

100>d:
X¥
‘500> d
.
A A A A A 967 260 6TV A 2S-0 | 9LIAED S
A N #2091 vzl gundes | s/NTT4 gidas
A 88T «xl6T Z1s gundes | GZNTTH g1das
A A A v0'T «xE87C £98S Jodes | znazea Joydy
A A A 98T 095 658S Joder | znazea J01dy
A A A $,097T< 82 1S 9sdd |  55.29d gsdy
A A A It e wxCLC s 9sdd | 55294 gsdy
A A A 102 «89°¢C 0vZsS 9sdy | §5.29d gsdy
A A A 291 58T 9e2S 9Sdy |  ss.2od gsdy
A A A el vZ'e 5e2S 9sdd | 55294 gsdy
A A A A A A S0'T L05°€ 912S €aMd | 6zevra £pyid
MdINV | pstelpsw-g-g-vT | azl M9so.d M9s02d | W eseury ueload | O esedijoydsoyd | MdVIN/MYT | YOLw | wouy | Jordedss uynsu | (sulTxogoN | (seg xogoN
pue {419 jo uone|nbay 'SAsUl xoQ) | s seg xoqQ)
Su|~xodoN seg” XoQoN
01 padedwod | 01 pasedwod
abueyn abueyo
plod plo4
aweu al
Kemyyed Buijeubis a1e1s uljnsu| a1els [eseg dIS uigo04d uigl04d EELS)

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Proteomics. Author manuscript; available in PMC 2015 September 23.



