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ABSTRACT: Protein phosphatase 1 regulatory subunit 12A (PPP1R12A)
interacts with the catalytic subunit of protein phosphatase 1 (PP1c) to form
the myosin phosphatase complex. In addition to a well-documented role in
muscle contraction, the PP1c-PPP1R12A complex is associated with
cytoskeleton organization, cell migration and adhesion, and insulin signaling.
Despite the variety of biological functions, only a few substrates of the PP1c-PPP1R12A complex are characterized, which limit a full
understanding of PP1c-PPP1R12A activities in muscle contraction and cytoskeleton regulation. Here, the chemoproteomics method
Kinase-catalyzed Biotinylation to Identify Phosphatase Substrates (K-BIPS) was used to identify substrates of the PP1c-PPP1R12A
complex in L6 skeletal muscle cells. K-BIPS enriched 136 candidate substrates with 14 high confidence hits. One high confidence hit,
AKT1 kinase, was validated as a novel PP1c-PPP1R12A substrate. Given the previously documented role of AKT1 in PPP1R12A
phosphorylation and cytoskeleton organization, the data suggest that PP1c-PPP1R12A regulates its own phosphatase activity
through an AKT1-dependent feedback mechanism to influence cytoskeletal arrangement in muscle cells.

■ INTRODUCTION
Protein phosphorylation, regulated by the activities of protein
kinases and phosphatases (Figure 1A), is a ubiquitous post-
translational modification in cell biology that profoundly
influences protein activity and physical interactions.1,2 Because
of the pivotal role phosphorylation plays in cell biology, kinases
are widely studied and are the targets of many pharmaceutical
drugs.3,4 In contrast, research on phosphatases has lagged
behind, with fewer well-characterized substrates and mecha-
nisms of action. The slow progress to characterize phosphatase
biology is partly explained by their structural complexity.5

Protein Tyr phosphatases (PTPs) dephosphorylate phosphory-
lated Tyr residues and carry both catalytic and regulatory
subunits on a single protein, which have made them amenable
to rigorous study.6,7 In contrast, many Ser/Thr phosphatases,
which act on phosphorylated Ser/Thr substrates, consist of a
catalytic subunit protein and a separate regulatory subunit
protein that assemble into distinct phosphatase complexes with
different substrate preferences.8,9 Because of the wide variety of
regulatory subunits available to Ser/Thr phosphatases, the
thorough characterization of each phosphatase-regulatory
complex has been challenging, particularly in terms of substrate
characterization.

As an important example, Ser/Thr protein phosphatase 1
(PP1) is abundant; is involved in various disease states,
including cancer; and can associate with roughly 100 different
regulatory subunits.10 Among these, the regulatory protein
subunit PPP1R12A (protein phosphatase 1 regulatory subunit
12A, also known as myosin phosphatase targeting subunit 1 or
MYPT1) interacts with PP1c to trigger muscle relaxation in

smooth muscle cells by dephosphorylating myosin regulatory
light chain 20 (MLC20).11,12 Additionally, the PP1c-
PPP1R12A complex dephosphorylates merlin,13 retinoblasto-
ma protein,14 and PLK1.15 Beyond these known substrates,
PP1c-PPP1R12A is speculated to dephosphorylate other
substrates with roles in cytoskeleton organization, cell
migration, adhesion, and cell division, in addition to disease
states such as cancer and insulin resistance.16−20 In particular,
PP1c-PPP1R12A interacts with insulin receptor substrate 1
(IRS1),21 and insulin stimulation modulates the phosphor-
ylation of PPP1R12A,22 which suggests that PP1c-PPP1R12A
likely plays a role in insulin signaling. To further study the role
of PP1c-PPP1R12A in skeletal muscle insulin signaling, we
previously analyzed the phosphoproteome of L6 myoblast cells
after inducible PPP1R12A knockdown and titanium dioxide
phosphopeptide enrichment as a function of insulin
stimulation. Comparing knockdown and uninduced samples,
295 possible protein substrates were observed in either the
presence or absence of insulin.23 Many observed proteins were
associated with the mTOR and Rho signaling pathways, which
are related to insulin signaling. The proteomics study provided
further evidence that the PP1c-PPP1R12A complex plays a
role in insulin signaling.
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To complement the earlier phosphoproteomics analysis,
here we applied the chemoproteomics method Kinase-
catalyzed Biotinylation to Identify Phosphatase Substrates
(K-BIPS)24 to identify substrates of the PP1c-PPP1R12A
complex. K-BIPS exploits the fact that kinases accept the γ-
modified ATP analog, ATP-biotin, to biotinylate substrate
proteins (Figure 1A).25−27 One advantage of using kinase-
catalyzed biotinylation with ATP-biotin is the focus on
dynamically phosphorylated proteins, which avoids non-
dynamic phosphoproteins that could suppress identification
of low-abundance proteins. Importantly for K-BIPS, kinase-
catalyzed biotinylation with ATP-biotin is inefficient without
phosphatase activity; active phosphatases are needed to
dephosphorylate previously phosphorylated proteins prior to
biotinylation by ATP-biotin and endogenous kinases (Figure
1B, top panel).28 Given the phosphatase dependence, ATP-
biotin labeling was carried out in the presence or absence of
phosphatase activity (Figure 1B), which resulted in protein
biotinylation only in the presence of active phosphatases
(Figure 1B, top panel). Because substrates remained unlabeled
without active phosphatases (Figure 1B, bottom panel),
subsequent enrichment of biotinylated proteins (Figure 1D)
and analysis by liquid chromatography−tandem mass spec-
trometry (LC−MS/MS) and label-free quantitation (Figure
1E) revealed biotinylated phosphatase substrates. Prior work
used small molecule inhibitors and knockdown to inactivate
phosphatases for K-BIPS, resulting in the identification of
multiple substrates of PP1-Gadd34 and PTP1B.24,29

To complement prior work, the goal of this study was to use
K-BIPS to identify substrates of the PP1c-PPP1R12A
phosphatase complex. Moreover, this study used an inducible
knockdown system to inactivate phosphatase activity for K-
BIPS, which complements prior studies using inhibitor
inactivation or knockdown via transient transfection.24,29

Using K-BIPS with PPP1R12A inducible knockdown in L6
myoblast cells, 136 candidate substrates and 14 high
confidence hits were identified. The hit list included proteins
with known direct or indirect interactions with the PP1c-
PPP1R12A complex, as well as functions in cellular processes
associated with PP1c-PPP1R12A in muscle cells, including
cytoskeletal organization, cell adhesion, and cell division. Two

high confidence hit proteins, AKT1 and COPS4, were
confirmed as K-BIPS hits using western blotting analysis.
AKT1 was further validated as a PP1c-PPP1R12A substrate.
Combined with earlier work documenting a role of AKT1 and
COPS4 in regulating PP1c-PPP1R12A phosphatase activity,
the K-BIPS data suggest feedback mechanisms involving AKT1
and COPS4 that contribute to regulate phosphatase activity in
muscle cells.

■ EXPERIMENTAL SECTION
Synthesis of ATP-Biotin. ATP-biotin was synthesized as

previously reported.25

Cell Culture and Lysis. L6 muscle cells (20 × 106) stably
transduced with lentivirus encoding doxycycline (Dox)-
inducible shRNA targeting PPP1R12A23 were grown in
DMEM (45 mL, ThermoFisher) containing 10% FBS (fetal
bovine serum, ThermoFisher) and 1× antimycotic−antibiotic
solution (ThermoFisher) at 37 °C in a 5% CO2 environment.
At ∼80% confluency, cells were treated either with doxycycline
(Dox, 45 μL, 100 μg/mL dissolved in DMEM without FBS
and antibiotic, Sigma Aldrich, D9891) or vehicle (45 μL,
DMEM without FBS and antibiotic). Two days later, the
medium was removed, and fresh medium containing Dox (45
μL, 100 μg/mL dissolved in the same DMEM without FBS
and antibiotic) or vehicle (45 μL, DMEM without FBS and
antibiotic) was added. After 16 additional hours, cells were
serum-starved with FBS-free DMEM with or with Dox, as
described above, containing 0.1% BSA (bovine serum albumin,
GenDEPOT, catalog number A0100-010) at 37 °C for 4 h.
Serum-starved cells were harvested by adding trypsin-EDTA
(0.25%, 12 mL, ThermoFisher) after removing the medium
and washing with DPBS (Dulbecco’s phosphate-buffered
saline, 10 mL, ThermoFisher). The released cells were
collected by centrifugation at 1000 rpm at 4 °C for 5 min.
The collected cell pellet was washed once with cold DPBS (2
mL) and lysed by incubation with lysis buffer (150−300 μL,
50 mM Tris pH 7.5, 150 mM NaCl, 0.5% Triton X-100, and
10% glycerol) at 4 °C for 20 min with gentle rocking. The cell
debris was removed by spinning at 13,200 rpm for 20 min at 4
°C. The protein concentration in the soluble fraction was

Figure 1. Protein phosphorylation and the K-BIPS procedure. (A) Protein kinases transfer a phosphoryl group from adenosine 5′-triphosphate
(ATP) to substrate proteins. Protein phosphatases remove the phosphoryl group. With kinase-catalyzed labeling, γ-modified ATP analogs, such as
ATP-biotin, are accepted by kinases to modify proteins. (B−E) The K-BIPS method: Untreated lysates (B, top) containing active phosphatase
complexes, including PP1c-PPP1R12A, will dephosphorylate substrates to facilitate biotinylation (C). In contrast, knockdown of a regulatory
subunit, such as PPP1R12A (B, bottom), blocks the ability for PP1c-PPP1R12A substrates to be biotinylated by ATP-biotin and kinases (C).
Following avidin purification (D) and LC−MS/MS analysis (E), proteins enriched in untreated samples compared to inactivated samples are
candidate substrates.
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determined by a Bradford assay (Biorad). The lysates were
either used immediately or stored at −80 °C for future use.
Assessment of PPP1R12A Knockdown and GADD34

Expression. L6 lysates (160 μg total protein for the
PPP1R12A knockdown studies; 100 μg total protein for the
GADD34 expression studies) from Dox-treated and untreated
cells were separated by a 10% SDS-PAGE after boiling at 95
°C for 1 min in a Laemmli sample buffer (60 mM Tris−HCl
pH 6.8, 2% SDS, 10% glycerol, 0.0005% bromophenol blue,
and 2% beta-mercaptoethanol). Proteins were transferred onto
a membrane (Millipore, Immobilon P), and the levels of
PPP1R12A and GADD34 were assessed by western blotting
using primary antibodies to PPP1R12A (Santa Cruz
Biotechnology: sc-25618) and GADD34 (Santa Cruz Bio-
technology: sc-46661). Total proteins were visualized by Sypro
Ruby gel staining (Invitrogen) using a Typhoon imager (GE
Healthcare Life Sciences).24

Kinase-Catalyzed Biotinylation to Identify Phospha-
tase Substrates (K-BIPS) Experiment. L6 lysates (600 μg
total protein) with and without Dox treatment were biotin
labeled by incubation with ATP-biotin (2 mM) for 2 h at 31
°C in a final volume of 32 μL. After removing a portion of
lysates (100 μg) for future analysis as the input, the rest of the
lysates were filtered using centrifugal filter columns (Millipore,
3 kDa cutoff) to remove the remaining ATP-biotin and cellular
biotin. Streptavidin resin (250 μL, Genscript) was washed
three times with binding buffer (200−250 μL; 0.1 M
phosphate pH 7.2, 0.15 M NaCl). Samples were incubated
with the washed streptavidin resin for 1 h at room temperature
with rotation in spin columns (ThermoFisher). The flow-
through was collected by centrifugation at 2300 rpm at room
temperature for 1 min. Streptavidin beads were then washed
10 times with binding buffer (200−250 μL) and 4 times with
water (200−250 μL). The final wash was saved to be later
analyzed. Bound proteins were eluted by boiling the beads in
2% SDS in water (250 μL) for 8 min. The eluted protein
sample was dried by lyophilization. The dried eluate was
resuspended in water (∼30 μL). The input, flow-through, last
wash, and eluate were run on a 10% SDS-PAGE gel after
boiling at 95 °C for 1 min in the Laemmli sample buffer. Total
proteins were visualized by Sypro Ruby stain (Invitrogen). The
proteins in eluate lanes were in-gel digested, as previously
described.30 Digested peptides were analyzed on a Q-Exactive
mass spectrometer (Thermo) after being separated by an
EASY nLC-1000 UHPLC system (Thermo) under acidic
conditions (0.1% formic acid). MS1 profiling used a 375−1600
m/z range at a resolution of 70,000. MS2 fragmentation was
achieved with higher energy collision-induced dissociation
(HCD) of the top 15 ions using a 1.6 m/z window and
normalized collision energy of 29. Dynamic exclusion was used
(15 s). The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the
PRIDE31 partner repository with the data set identifiers
PXD035211 and 10.6019/PXD035211, PXD035212 and 10.
6019/PXD035212, and PXD035213 and 10.6019/
PXD035213, which correspond to each trial of the data.
MS Data Analysis. MaxQuant (version 1.5.2.8)32,33 was

used with a rat database downloaded from Uniprot. Oxidation
of methionine and acetylation of protein N-termini were set as
variable modifications. The iodoacetamide derivative of
cysteine was defined as a fixed modification. Searches included
two missed tryptic cleavages. Mass tolerances for parent ions
were 20 ppm for the first search, 4.5 ppm for the second

search, and 20 ppm for fragment ions. Minimum protein and
peptide identification probabilities were used at ≤1% false
discovery rate (FDR) as determined by a reversed database
search. All other parameters were default settings (Table S1A).
To generate a K-BIPS hit list of PP1c-PPP1R12A candidate
substrates, proteins that showed at least 1.1-fold enrichment in
untreated (PPP1R12A present) compared to Dox-treated
(PPP1R12A knockdown) samples’ reproducibility in all three
biological replicates were identified (Table S1B). To create a
high confidence list of substrate hits, the Student paired t test
with a two-tailed distribution was used to identify candidate
substrates showing low variability in the label-free quantitation
intensity values via a p value < 0.05, in addition to a 1.1-fold
enrichment in all three biological replicates (Table 1 and Table
S1C).

Protein classifications (cellular compartment, biological
process, and molecular function) were analyzed using the
DAVID Bioinformatics Resources 6.8 software (https://david.
ncifcrf.gov),34,35 with the data plotted in Microsoft Excel
(Figure 2). Abundance analysis was performed using the
PAXdb database (pax-db.org) and the integrated Rattus
Norvegicus database,36 with the data plotted in Microsoft
Excel (Figure S3). The known physical protein−protein
interactions among the hit proteins in human cells were
mapped using the GeneMANIA 3.4.0 application in Cytoscape
3.3.0.37−40 Analysis of common protein hits compared to prior
trapping was performed using Canva (www.canva.com/
graphs/venn-diagrams/).
AKT1 and COPS4 Confirmation Using K-BIPS. L6

lysates treated with and without Dox (600 μg total protein)

Table 1. High Confidence Protein Hits Identified by K-
BIPSa

gene ID
gene
name p value interaction function

D4ABY2 COPG2 0.00303 protein transport
Q68FS2 COPS4 0.00477 signalosome

complex
P13233 CN37 0.00510 PPP1CA RNA metabolism
Q9JLJ3 AL9A1 0.01457 polyamine

biosynthesis
Q66H94 FKBP9 0.01553 protein folding
P47196 AKT1 0.01837 PPP1CA/B/

C
cytoskeletal
rearrangement49

Q5XI81 FXR1 0.01873 cell migration50

Q63081 PDIA6 0.02147 unfolded protein
response

P10860 DHE3 0.02728 TCA cycle
Q5M7U6 ARP2 0.02793 PPP1CB,

PPP1R12A
actin
polymerization51

P21531 RL3 0.02851 PPP1CC ribonucleoprotein
complex

P97546 NPTN 0.03119 cell adhesion52

P11598 PDIA3 0.03818 protein folding
O70199 UGDH 0.04894 nucleotide

biosynthesis
aCandidate hits show an average enrichment of at least 1.4-fold and
high significance using the paired Student t test with two-tailed
distribution (p < 0.05, Table S1C). Interaction information was
obtained from the BioGrid database. Known functional roles of the
identified proteins were obtained from the Uniprot database, with hits
showing functions similar to those of PP1c-PPP1R12A bolded and
reference provided. PPP1CA, PPP1CB, and PPP1CC refer to the α, β,
and γ catalytic subunits of PP1, respectively.
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were biotinylated and streptavidin enriched as described above.
The enriched proteins were separated on a 10% SDS-PAGE,
along with the input and the final wash, to assess protein
enrichment. The proteins were then transferred onto a PVDF
membrane (Millipore Immobilon-P) and probed with specific
antibodies for AKT1 (Cell Signaling: 2938S) and COPS4
(Bethyl Laboratories: A300-013A).
AKT1 and COPS4 Validation Using Phos-tag SDS-

PAGE. Proteins in lysates from untreated or Dox-treated L6
cells (100 μg total protein) were separated using 10% SDS-
PAGE and 10% SDS-PAGE containing the Phos-tag reagent
(25 μM, Fujifilm Wako Chemicals U.S.A. Corporation) and
ZnCl2 (10 μM). Total protein levels were assessed with Sypro
Ruby gel stain (Invitrogen) and visualized using a Typhoon
imager (GE Healthcare Life Sciences). Proteins in the gels
were electrotransferred to a PVDF membrane (Millipore
Immobilon-P), and AKT1, COPS4, and PPP1R12A protein
levels were visualized with AKT1 (Cell Signaling: 2938S),
COPS4 (Bethyl Laboratories: A300-013A), and PPP1R12A
(Santa Cruz Biotechnology: sc-25618) primary antibodies
using a Typhoon imager (GE Healthcare Life Sciences).

■ RESULTS
To identify PP1c-PPP1R12A substrates with K-BIPS, we
initially generated PPP1R12A-knockdown lysates. The L6
skeletal muscle cell line containing a Dox-inducible PPP1R12A

shRNA expression cassette was grown in the presence or
absence of Dox, as reported,23 with knockdown confirmed
using gel analysis. Reduced PPP1R12A levels were observed in
Dox-treated lysates (Figure S1, lane 2) compared to untreated
lysates (Figure S1, lane 1), confirming successful knockdown.
K-BIPS with PPP1R12A Knockdown. To perform K-

BIPS using the PPP1R12A knockdown conditions (Figure
1B−E and Figure S2A), ATP-biotin was incubated with
untreated and Dox-treated lysates to biotinylate phosphopro-
teins. Biotinylated proteins were then enriched using
streptavidin resin from each sample, separated by SDS-PAGE
(Figure S2B), and analyzed by LC−MS/MS after in-gel
digestion. LC−MS/MS analysis identified a total of 1445
proteins among the three independent trials (Table S1A).
Label-free quantitation using MaxQuant32,33 was used to select
for proteins enriched in untreated samples compared to the
Dox-treated, PPP1R12A-knockdown samples in three inde-
pendent trials. We found 136 proteins that were enriched in
untreated samples compared to Dox-treated samples by at least
1.1-fold in all three independent trials (Table S1B).

The 136 proteins in the list were analyzed using DAVID
Bioinformatics Resources 6.8 to categorize the protein hits
according to biological processes, cellular localization, and
molecular function (Figure 2).34,35 As expected from the
known biological processes of PPP1R12A, the list of possible
candidates included proteins involved in cell division and cell−
cell adhesion (Figure 2A). Likewise, candidate substrates were
localized in focal adhesions, microtubules, cell−cell adherens
junctions, and the microtubule cytoskeleton (Figure 2B), in
addition to having functions in microtubule, kinesin, and actin
binding (Figure 2C). Related to the role of PP1c-PPP1R12A in
regulating phosphorylation, candidate proteins bound ATP,
protein kinases, protein phosphatases, and PP1 (Figure 2C). A
number of proteins involved in insulin signaling and the actin
cytoskeleton were observed, including AKT1 (P47196),
Profilin (PROF1, Pfn1, P62963), Nap125 (NP1L1,
Q9Z2G8), and Arp2 (Actr2, Q5M7U6), which are consistent
with the use of L6 skeletal muscle cells. Beyond the known
functions of PP1c-PPP1R12A in skeletal muscle cells, proteins
associated with cell cycle, oxidation−reduction processes, and
protein stability were also observed (Figure 2A).

To complement the analysis of cellular functions and
localization, the 136 candidate substrates were analyzed for
known physical interactions in human cells using the
GeneMania 3.4.0 application in Cytoscape 3.3.0 (Figure
3).37−40 Among the 136 proteins, 12 proteins (Figure 3,
blue) directly interact with PPP1R12A or the three catalytic
subunits of PP1 (PP1CA/B/C, Figure 3, red). An additional
76 proteins interact with the PP1c-PPP1R12A complex
indirectly through the direct interactors (Figure 3; green,
orange, purple, and pink). This interactome analysis docu-
ments that 65% of hit proteins have known physical
interactions with the PP1c-PPP1R12A complex, consistent
with their proximity to the complex for dephosphorylation.

A key feature of K-BIPS is the incorporation of an
enrichment step dependent on phosphatase activity prior to
LC−MS/MS analysis, which is expected to isolate candidate
substrates independent of protein abundances. To assess the
dependence of protein abundance on K-BIPS enrichment, an
analysis of the 136 proteins was also conducted using the
Paxdb 4.1 protein abundance database (pax-db.org).36 Among
the 136 proteins, only 4 proteins were not represented in the
databases (Q9QZR6, Q5XI81, Q6IRE4, Q5BJK8). The

Figure 2. Functional classification of candidate PP1c-PPP1R12A
substrates. The 136 proteins identified from substrate trapping (Table
S1B) were classified according to biological processes (A), cellular
localization (B), and molecular function (C) using the DAVID 6.8
software.34,35
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remaining 132 showed abundances ranging from 2269 ppm to
0.51 ppm (Figure S3) compared to the range of 21,179 ppm to
0.001 ppm for the integrated rat proteome in Paxdb (22,941
proteins, 74% coverage). The presence of both high- and low-
abundance proteins in the hit list suggests that the enrichment
by K-BIPS is independent of protein abundance.

In an earlier study that used the same L6 skeletal muscle cell
line with inducible PPP1R12A knockdown, quantitative
phosphoproteomics after metal ion affinity chromatography
identified PP1c-PPP1R12A substrates.23 Despite the use of
insulin treatment, as well as TiO2 enrichment of peptides
instead of biotin enrichment of full-length proteins, one
overlapping protein hit was observed between in the two data
sets: NDRG1 (N-myc downstream-regulated gene 1 protein,
Q6JE36). NDRG1 (NDR1/DRG1/Rit42/Cap43/RTP) is a
phosphoprotein involved in hormone responses and cell
growth, as well as cancers.41,42 NDGR1 is dephosphorylated
by PTEN and PTPα phosphatases,42,43 although there is no
prior relationship with PP1c-PPP1R12A.

Finally, to assess if K-BIPS differentiates substrates of the
many phosphatase-regulatory subunit complexes in cells, we
compared the results here with PP1c-PPP1R12A to our prior
K-BIPS study with the PP1c-GADD24 complex under

conditions of the unfolded protein response (UPR). Among
the 136 K-BIPS hits with the PP1c-PPP1R12A complex, only
nine proteins were in common with the 130 K-BIPS hits of the
PP1c-GADD24 complex under conditions of UPR (Figure
S4), indicating a 3% overlap. In addition to these nine
overlapping hits, COPS4 (CSN4) and CSN5 were found in the
PP1c-PPP1R12A and PP1c-GADD24 K-BIPS studies, respec-
tively, which both belong to the COP9 signalosome. The low
level of overlap between the two studies suggests that K-BIPS
identified proteins specific to each regulatory complex.
High Confidence K-BIPS Hits and Validation. To assess

the value of the K-BIPS study, we next sought to identify high
confidence hit proteins as candidates for validation experi-
ments. To create a high confident hit list, a Student paired t
test with two-tailed distribution was used to identify 14 hit
proteins with 95% confidence among the original hit list
(Table 1, Table S1C, and Figure 3). Four proteins from this
high confidence list have known interactions with at least one
of the three catalytic domains of PP1. Specifically, AKT1 has
known interaction with all three catalytic subunits of PP1,44,45

whereas CN37 (CNP), ARP2 (Actr2), and RL3 (RPL3) have
known interaction with one catalytic subunit of PP1.46−48

ARP2 is the only hit that interacts with PPP1R12A.47 Beyond

Figure 3. Interactome analysis of candidate PP1c-PPP1R12A substrates. The 136 proteins identified using K-BIPS were analyzed for evidence of
physical interactions using the GeneMania 3.4.0 application in Cytoscape 3.3.0,37−40 which mines databases including the BioGrid and iRefWeb, as
well as primary literature. Colored shapes represent the degrees of interaction with PPP1R12A or the three catalytic subunits of PP1 (PPP1CA/B/
C). Proteins encircling PP1c-PPP1R12A (red) are known direct interactors (blue), whereas the other proteins bind PP1c-PPP1R12A indirectly
through one (green), two (orange), three (purple), or four (pink) associated proteins. The remaining proteins (gray) have no known interactions
with the PP1c-PPP1R12A complex. Proteins with a V shape are identified in the highest confidence hit list after analysis using a Student t test
(Table 1). The two starred high confidence proteins, AKT1 and COPS4, were further validated. Lines between proteins indicate a known physical
interaction, with the thickness reflecting the confidence in the evidence for that interaction generated in GeneMania.
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known interactions, multiple high confidence hits play roles in
cell adhesion and migration, consistent with the established
role of PP1c in skeletal muscles (Table 1, bolded). AKT1 is
involved in cytoskeletal rearrangement,49 FXR1 is linked to cell
migration,50 ARP2 is connected to actin polymerization,51 and
NPTN is associated with cell adhesion.52 These known
interactions and functions of the high confidence high list
suggest a role for PP1c in skeletal muscle cell functions.

Among the 14 high confidence hits, we selected AKT1 and
COPS4 (also known as CSN4) for validation (Table 1). AKT1
interacts directly with all three PP1 catalytic subunits based on
prior work and functions in cytoskeletal rearrangement,46−49

making AKT1 a likely substrate. In contrast, COPS4 has no
known interaction with the PP1c-PPP1R12A complex or
known direct functions related to the PP1c-PPP1R12A
complex, making COPS4 an unexpected substrate. Therefore,
AKT1 and COPS4 represent two high confidence candidate
substrates with different levels of prior evidence corroborating
the K-BIPS discovery study.

K-BIPS was used with western blot analysis as a
confirmation assay. Here, lysates from Dox-treated and
untreated lysates were labeled with ATP-biotin, and biotiny-
lated proteins were enriched using streptavidin resin. The
purified proteins were then separated by SDS-PAGE, and the
levels of enriched AKT1 and COPS4 were assessed by western
blotting. The expectation for these studies is that Dox-treated
samples would show reduced biotinylation of AKT1 and
COPS4 due to PP1R12A knockdown, loss of dephosphor-
ylation, and inability to biotinylate already phosphorylated sites
(Figure 1B−E). As expected based on the LC−MS/MS data,
both AKT1 and COPS4 showed reduced biotin enrichment
levels in Dox-treated lysates (Figure 4A,B, lane 2) compared to
untreated lysates (Figure 4A,B, lane 1). As a control, the levels
of AKT1 and COPS4 were equal in lysate input (Figure 4A,B,
lanes 1 and 2), showing that the expressions of AKT1 and
COPS4 were independent of PPP1R12A knockdown. The
results confirmed the LC−MS/MS analysis by showing a
similar PP1c-PPP1R12A-dependent biotinylation enrichment
using gel methods.

To confirm that AKT1 and COPS4 are substrates of PP1c-
PPP1R12A, Phos-tag SDS-PAGE was performed as a
validation method. The Phos-tag additive interacts with
phosphate groups to alter the migration of phosphorylated
proteins, which can distinguish differentially phosphorylated
protein bands. If PP1c-PPP1R12A influences the phosphor-
ylation state of ATK1 or COPS4, additional bands after Phos-
tag SDS-PAGE separation would be expected in the Dox-
treated compared to untreated samples. Phos-tag SDS-PAGE
was performed with proteins from untreated and Dox-treated
L6 cell lysates followed by visualization of AKT1 and COPS4
by western blotting. As expected, two higher intensity bands of
AKT1 were observed in Dox-treated knockdown compared to
untreated samples (Figure 4C and Figure S7A). Quantification
of both bands from three independent trials confirmed 37 ± 9
and 34 ± 6% reductions in band intensity in the untreated
versus Dox-treated samples (Figure 4D and Figure S7C). The
Phos-tag SDS-PAGE analysis is consistent with PP1c-
PPP1R12A dephosphorylation of AKT1.

In contrast to AKT1, COPS4 was not validated as a PP1c-
PPP1R12A substrate with Phos-tag SDS-PAGE. Despite
confirmation of enrichment by K-BIPS using western blotting
(Figure 4B), the Phos-tag data did not show elevated
intensities of bands in the Dox-treated compared to untreated

samples (Figure S8). The data imply that either COPS4 is not
a direct substrate of PP1c-PPP1R12A or the Phos-tag SDS-
PAGE analysis is not sensitive enough to monitor changes in
phosphorylation as a function of PPP1R12A knockdown. As an
alternative hypothesis, COPS5 was identified and validated as a
substrate of the PP1-GADD34 phosphatase complex in our
previous work.24 Given that both COPS4 and COPS5 are
subunits of the COP9 signalosome, we wondered if PPP1R12A
knockdown could have possibly lowered the expression of
GADD34, affected the COP9 signalosome, and changed the
phosphorylation of COPS4, leading to a false negative result by
LC−MS/MS. To test this alternative hypothesis, the effect of
PPP1R12A knockdown on GADD34 expression was analyzed
in untreated and Dox-treated L6 cell lysates. Equal GADD34
expression was observed in untreated and Dox-treated samples
(Figure S9), which confirmed that there is no direct
relationship between PPP1R12A and GADD34 subunits.
Additional studies are needed to assess possible subtle changes
in COPS4 phosphorylation due to the PP1c-PPP1R12A
complex.

■ DISCUSSION
Despite the involvement in human diseases, few substrates of
PP1c-PPP1R12A are currently known and validated. To
identify unanticipated PP1c-PPP1R12A substrates, we used a
chemoproteomics method termed K-BIPS as a substrate
discovery tool.24 K-BIPS identified 136 putative PP1c-
PPP1R12A substrates (Table S1B), with 14 high confidence

Figure 4. Validation of AKT1 and COPS4 as PP1c-PPP1R12A
substrates. (A, B) L6 cells were treated with and without doxycycline
(Dox) before cell lysis. Proteins in the lysates were labeled with ATP-
biotin, and biotinylated proteins were enriched using streptavidin
resin. Enriched biotinylated proteins in the eluates (top) and input
lysates before enrichment (bottom) were separated by 10% SDS-
PAGE (A and B). AKT1 (A) or COPS4 (B) levels were observed by
immunoblotting (IB) using their respective antibodies. Additional
independent trials are shown in Figures S5 and S6. (C) Proteins in
the untreated and Dox-treated L6 cell lysates were separated using
both Phos-tag SDS-PAGE and traditional SDS-PAGE. Proteins were
transferred onto the PVDF membrane, and AKT1 and PPP1R12A
were visualized using appropriate antibodies. Additional independent
trials are shown Figure S7A. Molecular weight markers are indicated
to the right of the gel images. (D) pAKT bands in the Figure 4C and
Figure S7A were quantified using the ImageJ 1.52a software and
normalized to the intensity in the Dox-treated sample (set to 100%,
Figure S7B). A histogram of the mean and standard error from the
bottom band was analyzed by the Student t test using GraphPad
Prism 8.2.1 (**p = 0.006), with the top band analyzed in Figure S7C.
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hits (Table 1 and Table S1C). Interestingly, four proteins from
the high confidence K-BIPS hit list are interacting partners of
PP1c subunits (Table 1). Additionally, several K-BIPS hits are
associated with cell migration, cytoskeleton arrangement, actin
polymerization, and cell division, consistent with known
PPP1R12A functions (Table 1). Taken together, the data
confirm that K-BIPS identified likely PP1c-PPP1R12A
substrates.

Given the use of K-BIPS as a discovery method, secondary
validation was needed to confirm the PP1c-PPP1R12A
substrate relationship. Two putative substrates from the high
confidence K-BIPS hit (Table 1 and Table S1C) were further
studied, including the Ser/Thr kinase AKT1. K-BIPS with
western blotting (Figure 4A) and Phos-tag SDS-PAGE (Figure
4C,D) confirmed that PP1c-PPP1R12A affects AKT1
phosphorylation. In addition to interacting with all three PP1
catalytic subunits (Table 1), AKT1 is implicated in
cytoskeleton regulation during cell movement and adhesion,49

similar to PPP1R12A. Consistent with our K-BIPS validation
studies, prior work documented that AKT1 is dephosphory-
lated by the PP1 catalytic subunit in vitro.44 However, prior
work did not clarify which PP1 regulatory subunit is involved
in dephosphorylation. The K-BIPS results suggest that the
PP1c-PPP1R12A complex dephosphorylates AKT1, which
might affect AKT1-dependent cytoskeleton arrangement.
Interestingly, AKT1 silencing increases the inhibitory phos-
phorylation of PPP1R12A at T696.53 Given that AKT1
silencing is known to affect PPP1R12A phosphorylation, the
phosphorylation status of AKT1 might regulate PPP1R12A
activity through a feedback mechanism.

The K-BIPS study identified the COP9 signalosome subunit
COPS4 as a high confidence hit (Table 1 and Figure 4B).
However, COPS4 was not validated as a PP1c-PPP1R12A
substrate using Phos-tag SDS-PAGE (Figure S8) despite
confirmation of enrichment by K-BIPS using western blotting
(Figure 4B), which could be due to the low sensitivity of Phos-
tag SDS-PAGE. Because COPS4 might be influenced by PP1c-
PPP1R12A (Figure 3), although too subtly for detection by
Phos-tag SDS-PAGE, we searched the literature for possible
connections between COPS4, the COP9 signalosome, and
PP1c-PPP1R12A. COPS4 has no known interaction with PP1c
or PPP1R12A, although prior work documents that the COP9
signalosome affects PPP1R12A activity through the RhoA
GTPase. In detail, GTP-bound RhoA activates the kinase
activity of ROCK1, which then phosphorylates and inactivates
PPP1R12A.54 Further, RhoA levels in the cell are regulated
through degradation by neddylated CUL3 ubiquitin ligase,55

which is controlled by the COP9 signalosome.56 The model
that emerges is that the COP9 signalosome regulates
PPP1R12A activities through RhoA/ROCK1-mediated phos-
phorylation. Consistent with the role of CUL3 and the COP9
signalosome in modulating RhoA and PPP1R12A biological
functions, inhibition of either CUL3 or neddylation induced
morphological changes in the cytoskeleton.55,57,58 We also note
that COPS1 (CSN1), COPS2 (CSN2), COPS3 (CSN3), and
COPS8, which are other subunits of the signalosome complex,
along with CUL3 and RhoA, were also observed in the K-BIPS
proteomics data (Table S1B), although they were only
enriched in two out of three biological replicates and did not
satisfy the stringent criteria for K-BIPS hit selection. Never-
theless, the presence of multiple COP9 signalosome-associated
proteins among the K-BIPS study and the discovery of COPS4
as a putative PP1c-PPP1R12A substrate suggest a feedback

mechanism where PPP1R12A activity is regulated to affect
cytoskeleton arrangement through inhibitory phosphorylation
and COP9 signalosome-mediated degradation. Our prior K-
BIPS study with the PP1c-GADD34 complex identified
another COP9 signalosome protein COPS5 as a substrate.
Although the PP1c-GADD34 K-BIPS study was performed
under conditions of the unfolded protein response (UPR), the
two studies taken together suggest a role of various PP1c
regulatory complexes in the COP9 signalosome.

The hormone leptin induces cell migration and invasion,
with implications in cancer metastasis,59 diabetic vasculop-
athy,60 and angiogenesis.61 Previous studies reported that
leptin augments inhibitory phosphorylation of PPP1R12A
through the activation of RhoA/ROCK pathway. Importantly,
leptin-mediated cell migration and invasion were shown to
depend on the activity of RhoA/ROCK pathway,59 suggesting
the involvement of PPP1R12A. Interestingly, the K-BIPS
experiment isolated PDIA3 and DHE3 (GLUD1), two
proteins sensitive to leptin. Leptin elevates the phosphorylation
of PDIA362,63 while downregulating the expression of
GLUD1.64 The K-BIPS results imply that PPP1R12A mediates
cell migration and invasion through regulation of PDIA3 and
GLUD1. Given that leptin was not used in the current study,
the results also suggest that PPP1R12A may employ PDIA3
and GLUD1 to respond to leptin-independent stimuli.

This study highlights the value of K-BIPS to discover and
validate phosphatase substrates. One limitation of K-BIPS is
the need to inactivate the Tyr phosphatase or Ser/Thr
phosphatase-regulatory subunit of interest. Because of the lack
of selective phosphatase inhibitors, particularly for Ser/Thr
phosphatase-regulatory complexes, knockdown approaches,
including the inducible knockdown used in this study, provide
a reasonable alternative in chemical inhibition. Validation of
phosphatase substrates after K-BIPS identification can be an
additional challenge, particularly in cases where changes in
phosphorylation are subtle or low stoichiometry and secondary
gel-based methods lack sufficient sensitivity. In fact, the
unsuccessful validation of COPS4 as a PP1c-PPP1R12A
substrate using Phos-tag gel analysis exemplified this challenge.
We show here that K-BIPS can also serve as a secondary
validation method in cases where traditional gel-based
methods are insufficient.

■ CONCLUSIONS
K-BIPS uncovered multiple putative PP1c-PPP1R12A sub-
strates, which further implicate PP1c-PPP1R12A activity in
biological functions, such as cytoskeleton rearrangement, cell
migration, adhesion, and cell division. Interestingly, the study
identified PPP1R12A-regulating proteins as substrates, includ-
ing the validated PPP1R12A kinase AKT1. Therefore, an
unanticipated outcome of this K-BIPS study is evidence that
PPP1R12A regulates itself through feedback mechanisms
related to its substrates. Despite prior evidence linking
PPP1R12A activity to important cellular functions, the
molecular mechanisms whereby PPP1R12A exerts functional
consequences are understudied. By discovering novel sub-
strates, K-BIPS provides a valuable approach to gain insights
into how PP1c-PPP1R12A mediates its diverse biological roles.
With a known role of PPP1R12A in various disease states, the
novel substrates of PP1c-PPP1R12A identified by K-BIPS will
assist in the characterization of disease progression, with
possible influence on the development of novel therapeutics to
combat human diseases.
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