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The BRAF-MKK1/2-ERK1/2 pathway is constitutively ac-
tivated in response to oncogenic mutations of BRAF in
many cancer types, including melanoma. Although small
molecules that inhibit oncogenic BRAF and MAP kinase
kinase (MKK)1/2 have been successful in clinical settings,
resistance invariably develops. High affinity inhibitors of
ERK1/2 have been shown in preclinical studies to bypass
the resistance of melanoma and colon cancer cells to
BRAF and MKK1/2 inhibitors, and are thus promising ad-
ditions to current treatment protocols. But still unknown
is how molecular responses to ERK1/2 inhibitors compare
with inhibitors currently in clinical use. Here, we employ
quantitative phosphoproteomics to evaluate changes
in phosphorylation in response to the ERK inhibitors,
SCH772984 and GDC0994, and compare these to the
clinically used MKK1/2 inhibitor, trametinib. Combined
with previous studies measuring phosphoproteomic re-
sponses to the MKK1/2 inhibitor, selumetinib, and the
BRAF inhibitor, vemurafenib, the outcomes reveal key in-
sights into pathway organization, phosphorylation speci-
ficity and off-target effects of these inhibitors. The results
demonstrate linearity in signaling from BRAF to MKK1/2
and from MKK1/2 to ERK1/2. They identify likely targets of
direct phosphorylation by ERK1/2, as well as inhibitor
off-targets, including an off-target regulation of the p38�
mitogen activated protein kinase (MAPK) pathway by the
MKK1/2 inhibitor, trametinib, at concentrations used in
the literature but higher than in vivo drug concentrations.
In addition, several known phosphorylation targets of
ERK1/2 are insensitive to MKK or ERK inhibitors, reveal-
ing variability in canonical pathway responses between
different cell systems. By comparing multiple inhibitors
targeted to multiple tiers of protein kinases in the MAPK
pathway, we gain insight into regulation and new targets

of the oncogenic BRAF driver pathway in cancer cells, and
a useful approach for evaluating the specificity of drugs
and drug candidates. Molecular & Cellular Proteomics
17: 10.1074/mcp.RA117.000335, 550–564, 2018.

The mitogen activated protein (MAP)1 kinase cascade
(BRAF-MKK1/2-ERK1/2) is constitutively activated in many
cancer types, including melanoma, colorectal, thyroid, and
ovarian cancers (1). Up-regulation of this pathway is particu-
larly important in melanoma, where as many as 50% of cases
display oncogenic mutations in BRAF (V600E/K), and 20%
display oncogenic mutations in NRAS (2). Therapeutics that
specifically target oncogenic BRAF and its downstream sub-
strates MAP kinase kinase (MKK)1/2 (aka MEK1/2) have been
successful in both clinical and preclinical settings. To date,
two MKK1/2 inhibitors (trametinib and cobimetinib) and two
mutant BRAF inhibitors (vemurafenib and dabrafenib) (3, 4)
are FDA-approved as single agent or combination drug ther-
apies. These inhibitors can elicit dramatic responses in pa-
tients, and combination treatments using BRAF and MKK1/2
inhibitors are now first-line therapies for treating metastatic
melanomas harboring oncogenic BRAF mutations.

A previous phosphoproteomics study from our lab com-
pared molecular responses to the BRAF inhibitor, vemu-
rafinib, and MKK1/2 inhibitor, selumetinib, and demonstrated
nearly complete overlap in pathway targets (5). This suggests
that mitogen activated protein kinase (MAPK) pathway signal-
ing at the level of BRAF and MKK1/2 works in a predominantly
linear manner, with little evidence for bifurcation in the path-
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way upstream of MKK1/2. Consistent with this finding, com-
bining these inhibitors at subsaturating concentrations elic-
ited responses that were almost invariably additive (5). This
suggests that BRAF and MKK1/2 inhibitors in combination
may be more effective than treatment with a single inhibitor
because of their additive effects on ERK1/2 inhibition, and
that incomplete ERK1/2 inhibition at maximally tolerated
doses may limit the efficacy of single drugs and possibly
combination therapies.

Despite the high response rates to combination therapies in
mutant BRAF-positive patients, resistance invariably devel-
ops, usually through mechanisms that reactivate MAPK sig-
naling even in the presence of drug (6). Importantly, in pre-
clinical studies of cultured cells and xenograft tumors, cancer
cells resistant to BRAF or MKK1/2 inhibitors are nevertheless
sensitive to high affinity inhibitors of ERK1/2 (7, 8). Therefore,
development of ERK1/2 inhibitors is a promising strategy to
combat resistance, and several compounds are currently in
early stage clinical trials (7). Addition of ERK1/2 inhibitors to
treatment strategies may provide an effective way to extend
progression-free survival in patients. Therefore, understand-
ing the molecular responses to ERK1/2 inhibitors and com-
paring these to clinically used BRAF and MKK1/2 inhibitors
are important for maximizing their effectiveness.

An unanswered question is the degree to which inhibitors of
ERK1/2 and MKK1/2 target the same molecular responses.
Here we use phosphoproteomics to compare the responses
of the ERK1/2 inhibitors, SCH772984 and GDC0994, and the
clinically used MKK1/2 inhibitor, trametinib, in human meta-
static melanoma cells. These are compared with responses to
the MKK1/2 inhibitor, selumetinib, previously measured in our
lab in the same melanoma cell line. Direct comparisons be-
tween SCH772984 and trametinib demonstrate strong corre-
lations in responses at individual phosphosites, revealing that
MAPK signaling is predominantly linear between MKK1/2 and
ERK1/2, with few if any points of bifurcation upstream of
ERK1/2. Phosphosites inhibited in common by all four MKK1/2
or ERK1/2 inhibitors are highly likely to be regulated by the
MAPK pathway. From these, we identify new candidates for
phosphorylation by ERK1/2. In contrast, phosphosites unique
to a single inhibitor most likely reflect off-target effects of each
compound. Notably, trametinib uniquely inhibits regulatory
phosphorylation sites on p38� MAPK, and blocks the activa-
tion of this kinase in response to osmotic stress. We show that
this is because of the ability of trametinib to inhibit MKK6, an
effect not observed with selumetinib. A comparison between
all four inhibitors reveals the most off-target effects with
GDC0994, and fewer with trametinib, selumetinib or SCH772984.
Comparison of all inhibitors also reveals a subset of validated
ERK targets which appear refractory to regulation by the
BRAF-MKK-ERK pathway in our system. Taken together, the
strategy of using phosphoproteomics to evaluate inhibitors
against multiple tiers of the MAP kinase cascade can be
useful for revealing pathway linearity and identifying new

pathway targets, as well as evaluating off-target effects of
inhibitors and variability in signaling responses between dif-
ferent cell systems. They provide new characterizations of
ERK1/2 inhibitors which are under development for cancer
treatment to improve clinical responses to BRAF and MKK
inhibitors.

EXPERIMENTAL PROCEDURES

Cell Culture—WM239A metastatic melanoma cells were a kind gift
of Dr. Meenhard Herlyn, Wistar Institute, Philadelphia PA. Cells were
SILAC-labeled using SILAC RPMI media (Thermo Fisher Scientific,
Waltham, MA, 89984) supplemented with isotopically-labeled heavy
(H), medium (M), or light (L)-Arg (40 �g/ml) and -Lys (200 �g/ml)
(Cambridge Isotope Laboratories, Tewksbury, MA), in addition to
unlabeled Pro (180 �g/ml, Sigma-Aldrich, St. Louis, MO, P0380), 10%
(v/v) dialyzed FCS (Life Technologies, Carlsbad, CA, 88440), penicillin
(100 �g/ml, Thermo Fisher Scientific), and streptomycin (100 �g/ml,
Thermo Fisher Scientific). Non-SILAC experiments used cells cul-
tured in Gibco RPMI 1640 media (2400–089) and 10% FCS, with or
without penicillin-streptomycin. Cells were incubated in a humidi-
fied chamber maintained at 37 °C with 5% CO2. Inhibitors used
were trametinib (Selleck, Houston, TX), SCH772984 (Selleck), and
GDC0994 (Selleck).

Experimental Design and Statistical Rationale—To directly com-
pare phosphoproteomic responses to trametinib and SCH772984 in
WM239A cells, triple labeled SILAC experiments were performed in
three biological replicates. DMSO carrier was used as a negative
control, and isotopic labels for each treatment were varied between
each replicate, to control for isotope effects. A similar experimental
design was used to directly compare cell responses to GDC0994 and
SCH772984 against DMSO carrier.

Sample Preparation—WM239A cells grown in H-, M- or L-Arg/Lys
SILAC RPMI were plated in 150 mm dishes (35 � 106 cells/dish). The
following day, each dish was treated with inhibitor (10 �M) or DMSO
for 2 h. Lysates (8 mg) from each H-, M- and L-labeled dish were then
mixed (24 mg total) and proteolyzed with trypsin (Promega, Madison,
WI, 0.5 mg, 2% w/w), and phosphopeptides were enriched with TiO2

(GL Sciences, Torrance, CA, 5 �m, 240 mg) and fractionated by
ERLIC chromatography (PolyLC, Columbia, MD, 100 � 4.6 mm 5 �m
polyWAX LP) as previously described (5). Nonenriched tryptic pep-
tides sampled prior to TiO2 were fractionated with an M-class Acquity
UPLC (Waters, Milford, MA), using a reverse-phase C18 column
prepared in-house (UChrom 1.8 �m 120Å, 0.5 mm i.d. � 200 mm)
equilibrated in 10 mM ammonium formate, pH 10, and eluted with a
5–80% linear gradient of acetonitrile over 170 min.

Mass Spectrometry—For SILAC experiments comparing DMSO,
trametinib and SCH772984, LC-MS/MS analysis was performed with
an Orbitrap Fusion (Thermo Scientific) using either a nanoLC1000
(Thermo Scientific) or an M-class Acquity (Waters) UPLC. ERLIC
fractions of TiO2-enriched phosphopeptides were loaded directly
onto a Peptide BEH C18 column (1.7 �m 130Å, 75 �m � 250 mm,
Acquity M-class, Waters) equilibrated in 0.1% formic acid and eluted
with a gradient from 3–20% acetonitrile in 100 min, 20–32% aceto-
nitrile in 20 min, 32–85% acetonitrile in 1 min, and holding at 85% for
4 min. MS scans (380–1500 m/z) were collected with resolution of
120,000, AGC target of 2 � 105, and a maximum inject fill time of 50
ms. MS/MS scans were acquired by HCD fragmentation, using top
speed mode for 3 s on the most intense ions with a quadrupole
isolation window of 1.6 Da and normalized collision energy of 35%.
Fragment ions were collected in either the Orbitrap (replicates 1,3) or
the linear ion trap (replicate 2). Total proteins were analyzed by
LC-MS/MS of peptides not enriched by TiO2 using the same instru-
ment settings. For SILAC experiments comparing DMSO, SCH772984,
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and GDC0994, LC-MS/MS was performed with a LTQ Orbitrap Velos
mass spectrometer and Waters Acquity UPLC, using gradient elution
and instrument settings previously described (5).

Data and Statistical Analysis—Raw MS files for phosphopeptide
and total peptide fractions were analyzed together using the Androm-
eda search engine in MaxQuant v1.5.4.2 (9) software and processed
with Perseus software (v1.5.4.2) using default settings as described
(5). MaxQuant identifies common contaminants and peptides match-
ing to a target-decoy database containing reversed versions of each
peptide in the uploaded Uniprot database. The previously published
DMSO-selumetinib-vemurafenib data set (5) was also reprocessed
with these software versions. Searches used the Uniprot human
proteome reference (08/21/2015 download, with 21,051 entries).
Mass tolerances were 20 ppm for FTMS precursor ions and 0.5 Da for
ITMS MS/MS ions. The minimum peptide length was 7 amino acids.
MaxQuant default score cutoffs of 0 for unmodified peptides and 40
for modified peptides were used. False discovery rates were 1% for
both phosphopeptide and protein identifications. For protein quanti-
fication, the minimum number of total peptides was 2 (unique �
razor). Phosphorylated peptides and their unmodified counterparts
were excluded for protein quantification. Raw files for phosphopep-
tide data and total protein data were defined as separate groups.
Multiplicity was set to 3 with medium labels of Arg6 and Lys4 and
heavy labels of Arg10 and Lys8 for both groups. All files were
searched with carbamidomethylation (Cys) as a fixed modification
and acetylation (N-term) and oxidation (Met) as variable modifica-
tions. The enzyme specificity was trypsin/P and up to two missed
cleavages were allowed. For phosphopeptide files, Phospho(STY)
was set as a variable modification, and phosphate localization prob-
abilities were assessed with the MaxQuant PTM score. Localization
probabilities less than 0.75 were considered ambiguous site assign-
ments. To report phosphopeptide data, the Phospho (STY)Sites out-
put file was uploaded into Perseus. Reverse and contaminant rows
were removed and the site table was expanded so that ratios for
singly, doubly, and “triply” (i.e. 3 or more phosphates) phosphorylated
peptides were treated as individual phosphosites. Rows not quanti-
fied in any of the experiments after expanding the site table were
removed. For total peptide samples, the protein groups output file
was uploaded into the Perseus and rows not quantified or desig-
nated as reverse, contaminant, and only identified by site were
removed. The mass spectrometry proteomics data have been de-
posited to the ProteomeXchange Consortium (10) via the PRIDE
partner repository with the data set identifier PXD007620 (DMSO-
trametinib-SCH772984 SILAC experiment), PXD001560 (DMSO-
selumetinib-vemurafenib SILAC experiment), and PXD007621
(DMSO-SCH772984-GDC0994 SILAC experiment).

Phosphopeptides with significant changes were accepted when
quantified in two or three replicates and SILAC ratios exceeded an
estimated average threshold of 1.8-fold (log2 � 0.840) using phos-
phosite-wise linear models in Bioconductor R package Limma
v3.32.7 (11). We fit a linear model of the log2 ratios with DMSO as the
reference treatment using the function lmFit. The contrasts were fit
using the contrasts.fit function, and then moderated t-statistics were
computed with the eBayes function. All functions used the default
options. This threshold corresponds to FDR � 0.01 (�z-score� � 3.1),
which is greater than three standard deviations from the mean, as
determined by a control experiment measuring SILAC ratios in a triple
labeled experiment where each dish of labeled WM239A cells was
treated with DMSO (5). To identify high-confidence phosphosites and
control for variability among replicates, an empirical Bayesian analy-
sis (eBayes function in Limma) was used to calculate adjusted p
values controlling the false discovery rate (q-value) (12, 13). Phospho-
sites with FDR adjusted p values � 0.05 and average �log2(combined
ratio)� � 0.84 were deemed significant for subsequent analysis.

We compared the results of the DMSO-trametinib-SCH772984
SILAC experiment to our previous SILAC experiment which quantified
phosphoproteomic responses to the MKK1/2 inhibitor selumetinib. To
do this, we re-analyzed the raw files from (5) using MaxQuant v1.5.4.2
with the settings described above. Individual phosphosites were then
matched based on identical 31 amino acid “sequence window” and
“multiplicity” values from the MaxQuant Phospho (STY)Sites output
files.

Immunoblotting—All antibodies used were from Cell Signaling
Technology (Danvers, MA) and included anti-p38� (#9218), anti-
phospho-p38 MAPK (#4511, Thr180/Tyr182), anti-�-tubulin (#2146),
anti-ERK1/2 (#4696), anti-phospho-ERK1/2 (#4370, Thr202/Tyr204
and Thr185/Tyr187), anti-MKK1/2 (#4694), anti-phospho-MKK1/2
(#9154, Ser218/Ser222, and Ser222/Ser226), anti-phospho-p90RSK
(#9335, Ser380), anti-MKK6 (#8550). Protein samples were separated
on 7.5% or 10% SDS-PAGE and transferred to PVDF membranes
(Immobilon-P-SQ, EMD Millipore, Billerica, MA), which were incu-
bated with primary antibody overnight at 4 °C and secondary anti-
body for 1 h at room temperature. Pierce ECL2 substrate was used for
immunoblot development using X-ray film and/or fluorescence imag-
ing (Typhoon, GE Healthcare, Little Chalfont, UK).

Immunoprecipitation—After treating cells with DMSO or kinase
inhibitors for 2 h, hyperosmotic stress was induced by adding a
solution of 5 M NaCl � 0.4 M KCl to a final concentration of 181 mM

NaCl and 12.5 mM KCl, yielding media with total osmolality of 500
mOsm/L. Cells were harvested in RIPA lysis buffer supplemented with
cOmplete protease inhibitor and Phos-Stop phosphatase inhibitor
cocktails (Roche, Basel, Switzerland), and lysate protein concentra-
tions were determined using the BioRad DC protein assay (BioRad,
Hercules, CA). Immunoprecipitation of p38� MAPK was carried out by
incubating 250 �g cell lysate with 1 �g anti-p38� antibody overnight
at 4 °C, followed by 20 �l Dynabeads Protein G (Thermo Fisher
Scientific) for 1 h at 4 °C. Beads were collected magnetically, washed
with cold phosphate-buffered saline (PBS) and incubated in Laemmli
sample buffer for 10 min at 95 °C.

In Vitro Kinase Assays—Plasmids constructed in the lab of Roger
Davis (14) were obtained from Addgene (Cambridge, MA): Flag-MKK6
(#13517), Flag-MKK6-S207E/T211E (#13518), and Flag-MKK6-K82A
(#13519). Transfections (1 � 106 cells, 5 �g cDNA) were carried out by
electroporation (NEON system, ThermoFisher Scientific) using 1200 V
x 2 pulses X 20 ms/pulse. Cells were then incubated for 72 h followed
by lysis in RIPA buffer. Flag-tagged proteins were purified using
anti-Flag M2 affinity gel resin (Sigma-Aldrich), incubated with 300 �g
lysate overnight at 4 °C. Resin was washed in cold Tris-buffered
saline (TBS), resuspended in reaction buffer containing 10 mM MgCl2,
1 mM ATP, 50 mM Tris-HCl pH 7.2, 50 mM NaCl and 1 mM dithiothre-
itol, and then incubated with DMSO or kinase inhibitor at room tem-
perature for 15 min. Kinase reactions were initiated by adding 1 �g
His6-p38� MAPK, expressed in E. coli and purified by Ni-NTA and
MonoQ chromatography as described (15). After 2 min at 30 °C,
reactions were quenched by adding Laemmli sample buffer and heat-
ing at 95 °C for 10 min. Proteins were separated by SDS-PAGE
followed by immunoblotting with anti-phospho-p38 MAPK. Reaction
times and kinase amounts were chosen to ensure linearity of
phosphorylation.

Cell Viability Assay—WM239A cells were seeded into 96-well
dishes at 5000 cells per well and allowed to adhere for 4 h before
treating with DMSO or varying concentrations of kinase inhibitor. After
72 h, cells were quantified using the CellTiter Glo 2.0 Assay (Promega)
according to the manufacturer’s protocol. Luminescence was re-
corded using a Biotek Synergy H1 plate reader (Biotek Instruments,
Winooski, VT) and curve-fitting was done using Origin software
(OriginLab Corp., Northampton, MA).
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RESULTS

Phosphoproteomics Responses to Trametinib and
SCH772984—We used phosphoproteomics to compare mo-
lecular responses to the MKK1/2 inhibitor, trametinib, and the
ERK1/2 inhibitor, SCH772984, in WM239A human metastatic
melanoma cells. To quantify changes in phosphorylation, SI-
LAC labeled cells (light, medium, or heavy) were treated with
DMSO, 10 �M trametinib, or 10 �M SCH772984 for 2 h fol-
lowed by cell lysis, trypsinization, and phosphopeptide en-
richment with TiO2 resin, and fractionation by ERLIC chroma-
tography (5, 16, 17) (Fig. 1A). Experiments were conducted in
biological triplicates and the isotopic labels for each condition
were varied between replicates (Fig. 1B). In total, SILAC ratios

were quantified for 12,805 class I phosphosites (18) on 3819
proteins (supplemental Table S1). Of these, 8390 could be
quantified in two or more replicate experiments (Fig. 1C,
supplemental Table S1). ERLIC chromatography into 24 frac-
tions increased phosphopeptide identifications, with �95% of
phosphopeptides showing single phosphorylation sites (sup-
plemental Fig. S1).

A threshold of 1.8-fold (log2 � 0.84) was used to identify
phosphosites with significant changes in abundance after inhib-
itor treatment, based on control experiments previously re-
ported by our lab using the same cell line (5). After filtering with
this threshold, 553 class I phosphosites were found to be al-
tered significantly by one or both inhibitors in multiple replicates
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FIG. 1. Phosphoproteomics responses to trametinib versus SCH772984. A, Experimental workflow, involving SILAC labeling of cultured
WM239A cells, FASP proteolysis, phosphopeptide enrichment and fractionation, and LC-MS/MS. B, Scheme of isotope labeling and mixing
in three biological replicates, treating cells for 2 h with DMSO, 10 �M SCH772984 (SCH), or 10 �M trametinib (TRA). C, Overlap between
biological replicate experiments identified 12,805 quantifiable Class I phosphosites, of which 8390 were quantifiable in two or more replicates.
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(Fig. 1D). As an additional filter for significant changes, an em-
pirical Bayesian analysis using the Limma statistical package
was employed to calculate adjusted p values for each phos-
phosite (11). We focused our remaining analysis on the 398
phosphosites that exhibited average fold changes of 1.8-fold or
more, and an adjusted p value of � 0.05 (Fig. 1E, supplemental
Table S1).

Non-TiO2-enriched proteolytic digests were analyzed by 2D
LC-MS/MS to assess changes at the protein level. Few pro-
teins showed significant changes in abundance after 2 h of
inhibitor treatment (supplemental Table S2). Only one, FOSL1,
showed a significant change in protein abundance that could
account for its phosphorylation response to trametinib or
SCH772984 (S191, supplemental Table S3). This was con-
sistent with destabilization and proteasomal degradation of
FOSL1 in response to ERK1/2 inhibition, described previously
(19).

Of the 388 phosphosites significantly regulated by tra-
metinib, 377 (95%) significantly responded in the same direc-
tion with SCH772984 (Fig. 1D, 1E). As expected, the regula-
tory phosphosites on ERK1 and ERK2, which are the primary
targets of MKK1/2, were among those most strongly inhibited
by trametinib (supplemental Fig. S2). The same sites were
also inhibited by SCH772984, reflecting the ability of this ERK
inhibitor to induce disorder in the activation loop of ERK1/2
and interfere with its phosphorylation by MKK1/2 (20) (sup-
plemental Fig. S2).

The results showed that the majority of phosphosites re-
sponsive to an MKK1/2 inhibitor paralleled those responsive
to an ERK1/2 inhibitor, consistent with their regulation down-
stream of ERK. Similar behavior was observed in a previous
phosphoproteomics study, where phosphosites responsive to
the BRAF inhibitor, vemurafenib, paralleled those responsive
to the MKK1/2 inhibitor, selumetinib (5). Taken together, the
results from the two experiments reveal linearity in signaling
through the MKK-ERK pathway, downstream of oncogenic
BRAF (5).

A volcano plot (Fig. 1F) shows the adjusted p values for all
phosphosites shown in Fig. 1D, highlighting those showing
the greatest difference between inhibitors, based on log2

(SCH772984/trametinib) ratios. Of all significant phospho-
sites, only 21 were significantly altered only by trametinib or
only by SCH772984 (Fig. 1E, 1F, supplemental Table S1). Of
these, 11 phosphosites responded to trametinib but not
SCH772984, of which 8 decreased and 3 increased with
inhibitor, whereas 10 phosphosites responded to SCH772984
but not trametinib, each of which was inhibited by drug (Fig.
1E, supplemental Table S1). The strongest effects unique to
trametinib occurred at the regulatory phosphorylation sites on
MKK1 (MAP2K1) and MKK2 (MAP2K2), reflecting interference
of the drug-bound MKK1/2 to phosphorylation by BRAF (21)
(supplemental Fig. S2).

Trametinib Inhibits p38� MAPK Phosphorylation at Regula-
tory Sites—Interestingly, two phosphorylation sites that re-

sponded only to trametinib were those that regulate the ac-
tivity of p38� MAPK (MAPK14) (supplemental Table S1).
Phosphorylation of p38� MAPK at both Thr180 and Tyr182,
respectively, decreased by 2.2- and 1.9-fold with trametinib,
but remained almost unchanged with SCH772984 (Fig. 2A,
supplemental Fig. S2). These were the only phosphosites on
a protein kinase other than MKK1/2 that responded to only
one and not both inhibitors (supplemental Table S1). Of the
four isoforms of p38 MAPK (�, �, �, �), p38� is the best
characterized and the most consistently expressed across
cell types (22, 23). RNA-seq analysis showed that this isoform
was the most highly expressed in WM239A cells (data not
shown). It was also the only isoform of p38 observed in our
total protein data set (supplemental Table S2). The results
suggested that an inhibitor of MKK1/2-ERK1/2 signaling
might also inhibit the stress-dependent MAPK pathway.

To determine if other MKK1/2 inhibitors besides trametinib
also blocked phosphorylation of p38� MAPK, we examined
the results of a previous data set measuring phosphopro-
teomic responses to selumetinib and the BRAF inhibitor, ve-
murafenib (5). Neither Thr180 nor Tyr182 in p38� MAPK re-
sponded significantly to selumetinib or vemurafenib (Fig. 2A).
Thus, the ability of trametinib to block p38� MAPK phosphor
ylation appears to be an off-target effect, unique to this
drug.

Importantly, phosphorylation of Ser796 on the epidermal
growth factor receptor pathway substrate 15 (EPS15) was
also inhibited by trametinib but not selumetinib (supplemental
Table S4). In HeLa cells, this phosphosite was shown to
decrease in response to p38 MAPK inhibitor (SB203580), but
not MKK1/2 inhibitor (U0126) nor JNK inhibitor (SP600125)
(24). Thus, trametinib selectively inhibits the phosphorylation
of a specific substrate of p38 MAPK as well. This provides
evidence that the off-target effect of trametinib inhibits a
downstream target of the p38� MAPK pathway, not associ-
ated with BRAF-MKK-ERK signaling.

To confirm direct inhibition of p38� MAPK phosphorylation
by trametinib, we conducted a series of biochemical assays.
Anti-phospho-p38 antibodies do not distinguish between dif-
ferent isoforms of p38 MAPK, and fail to detect basal levels of
p38 phosphorylation in WM239A cells. Therefore, an isoform-
specific antibody was used to immunoprecipitate and enrich
p38� MAPK, followed by Western blotting with anti-phospho-
p38 antibody. Treating cells with trametinib for 2 h led to
significant inhibition of p38� phosphorylation compared with
cells treated with DMSO or SCH772984 (Fig. 2B). The mag-
nitude of inhibition by trametinib reached 50%, comparable to
the magnitude observed by phosphoproteomics (Fig. 2A).

We next sought to determine how trametinib might affect
the activation of p38� MAPK by stress responses, such as
hyperosmotic stress. Cells were pretreated with trametinib,
selumetinib, or SCH772984 for 2 h, before raising the osmo-
lality of media from 300 mOsm to 500 mOsm by addition of a
solution of NaCl � KCl (12.5:1) (25, 26). Hyperosmotic stress
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resulted in elevated phosphorylation of p38� MAPK, which was
inhibited by trametinib, but not selumetinib or SCH772984 (Fig.
2C). We also established a dose response for inhibition of p38�

phosphorylation by varying the concentration of trametinib in
the 2 h preincubation before salt addition, which yielded an
estimated IC50 �10 �M (Fig. 2D, 2E). Thus, the off-target effect
of trametinib on p38� MAPK phosphorylation occurs at con-
centrations used in the literature, although higher than those
achieved clinically (27, 28).

We next asked how trametinib inhibits p38� MAPK phos-
phorylation. The specificity of trametinib for MKK1/2 sug-
gested that it might also directly target MKK6, which is known

to phosphorylate and activate p38� during stress responses,
including hyperosmotic treatment (23). Previous kinase activ-
ity screens using in vitro ELISA or mobility shift assays have
characterized trametinib as a strong inhibitor of the target
kinase, MKK1/2, but a weak inhibitor (and in some cases a
weak activator) of MKK6 (27, 29). On the other hand, MKK1
and MKK6 share sequence identity in most of the residues
identified in crystal structures to interact with non-ATP com-
petitive inhibitors of MKK1, such as trametinib (30, 31) (sup-
plemental Fig. S3). Therefore, we examined MKK6 inhibition
by trametinib using in vitro kinase assays. Flag-MKK6 was
expressed as wild-type (WT), constitutively active (S207E/
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with anti-phospho-p38 (Thr180/Tyr182), anti-p38� MAPK and anti-beta-tubulin antibodies. E, Quantification of anti-phospho-p38 immunoreactivity
normalized to p38� MAPK signal. Data are from Western blots of biological triplicate experiments, quantified using ImageJ.
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T211E, “EE”), or catalytically inactive (K82A, “K_A”) forms in
WM239A cells, and then immunoprecipitated with anti-Flag
antibody. Immunoprecipitated MKK6 was then preincubated
with DMSO, trametinib, or selumetinib, and kinase reactions
were initiated by addition of unphosphorylated p38� sub-
strate and Mg-ATP (Fig. 3A, 3B). As expected, the Flag-
MKK6-EE mutant exhibited much higher activity toward p38�

MAPK than Flag-MKK6-WT (Fig. 3A) (14). Trametinib inhibited
p38� MAPK phosphorylation by MKK6-WT and MKK6-EE to
similar degree (Fig. 3A, 3B). In contrast, selumetinib had min-
imal effect on MKK6 activity. Therefore, MKK6 is a direct
target of trametinib but not selumetinib, leading to decreased
p38� MAPK phosphorylation in vitro.

Finally, we asked if the ability of trametinib to inhibit p38�

MAPK might contribute to the effect of trametinib on the
viability of WM239A cells. We reasoned that if the off-target
effect of trametinib on p38� MAPK influenced cell viability,
addition of a p38� MAPK inhibitor might augment the effects

of other MKK1/2 inhibitors more than it would with trametinib.
To address this, we added the p38�/� MAPK inhibitor,
SB203580, to WM239A cells treated with trametinib or se-
lumetinib at varying concentrations, and measured cell num-
bers after 72 h. Added alone at 10 �M, SB203580 had no
inhibitory effect on cell viability (data not shown). However, in
combination, SB203580 reduced the IC50 for selumetinib by
nearly 5-fold, from 300 nM in the absence of SB203580 to 65
nM in its presence (Fig. 3C). In contrast, SB203580 had a
smaller effect on the IC50 for trametinib, decreasing it by only
2-fold (Fig. 3C). The findings are consistent with a model in
which the p38� inhibitor augments the effect of MKK1/2
inhibition by selumetinib, but has less effect on trametinib
because of the latter’s off-target inhibition of p38� MAPK. The
results suggest that the off-target effect of trametinib on
MKK6 and p38� MAPK may contribute to its ability to interfere
with cell proliferation at high concentrations.

Comparison of ERK1/2 Inhibitors SCH772984 and GDC0994—
Having identified an intriguing off-target effect specific to
trametinib, we investigated the potential for differential re-
sponses between two high affinity inhibitors of ERK1/2,
SCH772984 (32) and GDC0994 (8). To do this, we conducted
another triple-labeled phosphoproteomics experiment, com-
paring WM239A cells treated with DMSO, 10 �M SCH772984
and 10 �M GDC0994. Biological triplicate experiments iden-
tified 7074 class I phosphorylation sites on 2876 proteins,
including 5382 phosphosites quantified in at least two repli-
cates (Fig. 4A, supplemental Fig. S4, supplemental Table S5).

Of the 5382 phosphosites, 325 were significantly respon-
sive to at least one ERK1/2 inhibitor, of which 288 (88%) were
regulated in the same direction with both SCH772984 and
GDC0994 (Fig. 4B). Six phosphosites decreased uniquely in
response to SCH772984 (Fig. 4B, 4C, supplemental Table
S5). Of these, three corresponded to the regulatory phosphor-
ylation sites within the activation loop of ERK1 or ERK2
(Tyr204 in hERK1; Tyr187/Thr190 in hERK2). This reflects the
ability of SCH772984, but not GDC0994, to inhibit ERK1/2
phosphorylation by MKK1/2 (supplemental Fig. S2), through
distortion of the ERK activation segment (7). Thus, only three
targets unique to SCH772984 could not be explained by its
property of ERK binding. In contrast, 31 phosphosites were
unique to GDC0994 (Fig. 4B). Therefore, GDC0994 appears to
be a more promiscuous inhibitor, based on the larger number
of phosphosites that respond to treatment with GDC0994, but
not with SCH772984.

Combined Analyses of Four Inhibitors of MKK1/2 or ERK1/
2—To evaluate the phosphoproteomic responses to two
MKK1/2 inhibitors, we compared trametinib:DMSO ratios (Fig.
1) against selumetinib:DMSO ratios from the previous data set
(5). In total, 6386 phosphosites were reproducibly quantified
in at least two replicates in both experiments (Fig. 4D). Of
these, 249 were significantly inhibited in response to both tra-
metinib and selumetinib (Fig. 4E). Of phosphosites significantly
inhibited by either treatment, only 10 were inhibited by tra-
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metinib but not selumetinib, whereas 2 were inhibited by selu-
metinib but not trametinib (Fig. 4E, 4F, supplemental Table S4).
Thus, more than 95% of responsive phosphosites were inhib-
ited by both trametinib and selumetinib.

The information from phosphoproteomics data on the two
MKK1/2 inhibitors (trametinib, selumetinib) were then com-
bined with the two ERK1/2 inhibitors (SCH772984, GDC0994)
to further analyze inhibitor and pathway specificity. Combin-
ing all experiments, 3658 phosphosites (3743 phosphopep-
tides) could be reproducibly quantified across all four inhibitor
treatments (supplemental Table S6). The overlap between

phosphosites responding significantly to each compound is
summarized in Fig. 5A.

In total, 161 phosphosites were significantly altered in re-
sponse to all four inhibitors, each with inhibitor/control ratios
exceeding the threshold of �log2(combined ratio)� � 0.84.
Phosphosites that were inhibited by all four compounds likely
represent bona fide downstream targets of the BRAF-MKK1/
2-ERK1/2 pathway. They included 152 phosphosites that de-
creased and 9 that increased in response to each treatment.
We examined this set for phosphosites that could be direct
substrates of ERK1/2. Among the 152 phosphorylation sites
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that decreased in response to all four inhibitors, 103 harbored
the canonical Ser/Thr-Pro sequence for ERK1/2 substrate
recognition. Of these, 21 (20%) matched a list of 783 validated
target sites for ERK1/2 (supplemental Table S7). The validated
sites were from a database by Unal et al. (33) who compiled
information from a literature review by Yoon and Seger (106
sites) (34), proteins phosphorylated in vitro by ERK1 (87 sites)
(35), proteins phosphorylated in vitro by an analog-sensitive
mutant of ERK2 (92 sites) (36), phosphosites targeted by
ERK in the PhosphoSitePlus database (693 sites) (37), and
five validated ERK phosphosites mapped by other studies
(38–40).

The remaining 82 phosphosites that decreased in response
to inhibitor, but are not a part of this database, are candidates
for being novel targets of ERK1/2. We inspected their prox-
imity to three identifiers often found in MAP kinase substrates,
including Pro present at position P-2 in the consensus se-
quence Pro-Xxx-pSer/pThr-Pro (41) and two docking motifs.
One docking motif, named “DEF” (aka FRS), binds a pocket
near the activation segment of ERK1/2 and typically contains
the consensus hydrophobic sequence Phe/Tyr-Xxx-Phe/Tyr

located 6–20 residues C-terminal to the phosphorylation site
(42, 43). A second motif, named “DEJL” (aka D-domain or
DRS), binds a pocket distal to the catalytic cleft in ERK1/2,
and often contains the consensus sequence (Arg/Lys)2–3-
(Xxx)2–6-�A-Xxx-�B, where �A and �B are hydrophobic res-
idues (44). DEJL motifs are more commonly observed, but
can be harder to identify because they do not share exact
consensus sequences and can vary in their distances from
the phosphorylation site (43, 45, 46). A recent study mapped
candidate DEJL docking motifs across the human proteome,
by combining analyses of sequence and structural compati-
bility/surface topography for protein-protein interactions (47).
We calculated the distances between these candidate DEJL
motifs and their nearest known ERK-targeted sites within
the substrates compiled by Yoon and Seger (34) and Phos-
phoSitePlus (37). Of 203 DEJL motifs that could be mapped
to proteins containing ERK-phosphorylated residues, the
majority were positioned within 200 residues N-terminally,
and 100 residues C-terminally from the phosphorylation site
(Fig. 5B). We therefore examined candidate ERK1/2 sites in
our data set for DEJL motifs within this window, using the
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published study (47) as well as ScanSite3 (48) to identify
DEJL sequences.

Among the 82 candidates for direct targets of ERK1/2, 47
contained at least one additional identifier of ERK1/2 sub-
strates. Thirty-two sites were adjacent to Pro at the P-2 po-
sition, 22 showed DEJL sequences located between positions

P-200 to P � 100, and 1 showed a DEF sequence located
between positions P � 6 to P � 20 (Fig. 5C, Table I). A
significant number were phosphosites on proteins that regu-
late small GTPase signaling. They included signal-induced
proliferation-associated 1-like protein 2 (SIPA1L2), a Rap
GTPase activating protein (RapGAP) (49), with phosphoryla-

TABLE I
Phosphorylation sites decreased in response to all MKK1/2 or ERK1/2 inhibitors, with ERK target identifiers

Uniprot ID Gene name Protein name Position Pro-2 DEJLa DEFb TRA/
DMSOc

SEL/
DMSOc

SCH/
DMSOc

GDC/
DMSOc

Q9P2F8 SIPA1L2 Signal-induced proliferation-associated 1-like 2 S1461 YES FxF 	2.21 	2.25 	2.31 	2.20

Q9Y2D5 AKAP2 A-kinase anchor protein 2 S152 YES 	40 	1.25 	1.33 	1.16 	1.24

Q53ET0 CRTC2 CREB-regulated transcription coactivator 2 S433 YES 	186 	1.70 	1.43 	1.51 	1.82

Q6Y7W6 GIGYF2 PERQ amino acid-rich with GYF containing protein 2 S593 YES 	70 	1.97 	2.15 	1.95 	2.01

Q9Y4H2 IRS2 Insulin receptor substrate 2 S1203 YES 	13 	1.71 	1.44 	1.46 	1.38

Q8NFH5 NUP35 Nucleoporin NUP53 T48 YES �65 	1.31 	1.40 	1.50 	1.41

O43379 WDR62 WD repeat-containing protein 62 S1348 YES 	57 	1.01 	0.98 	1.23d 	1.25

O43149 ZZEF1 Zinc finger ZZ-type and EF-hand containing protein 1 S1518 YES 	93 	1.80 	1.67 	1.61 	1.22

Q9H3P7 ACBD3 Golgi resident protein GCP60 S43 YES 	1.30 	1.49 	1.27 	1.56

O43572 AKAP10 A-kinase anchor protein 10, mitochondrial S187 YES 	0.98 	0.91 	1.16 	1.01

Q9Y6D6 ARFGEF1 Brefeldin A-inhibited guanine nucleotide-exchange 1 S1555 YES 	2.11 	1.98 	1.64 	1.57

Q92888 ARHGEF1 Rho guanine nucleotide exchange factor 1 S863 YES 	1.46 	1.12 	1.35 	0.99

Q96PE2 ARHGEF17 Rho guanine nucleotide exchange factor 17 S527 YES 	1.07 	1.55 	0.88d 	1.05

Q96LT7 C9orf72 Protein C9orf72 S9 YES 	2.65 	2.73 	2.46 	2.34

Q5T5Y3 CAMSAP1 Calmodulin-regulated spectrin-associated protein 1 S1080 YES 	2.28 	2.07 	2.06 	1.76

Q5T5Y3 CAMSAP1 Calmodulin-regulated spectrin-associated protein 1 T1144 YES 	2.13 	2.00 	1.79 	2.15

Q9Y4F5 CEP170B Centrosomal protein of 170 kDa protein B S1548 YES 	1.53 	1.32 	1.13 	1.16

O43310 CTIF CBP80/20-dependent translation initiation factor S299 YES 	2.22 	2.27 	2.04 	1.88

Q9Y6G9 DYNC1LI1 Cytoplasmic dynein 1 light intermediate chain 1 T513 YES 	1.39 	0.95 	1.05 	0.99

Q63ZY3 KANK2 KN motif and ankyrin repeat containing protein 2 S19 YES 	0.84 	0.99 	0.84 	1.11

P78559 MAP1A Microtubule-associated protein 1A T504 YES 	2.82 	2.93 	3.06 	2.26

Q7Z434 MAVS Mitochondrial antiviral-signaling protein S222 YES 	1.67 	1.64 	1.53 	1.68

Q9HCH0 NCKAP5L Nck-associated protein 5-like S763 YES 	1.12 	1.15 	1.03 	1.58

Q86WR7 PROSER2 Proline and serine-rich protein 2 S215 YES 	2.00 	1.42 	1.88 	1.43

Q70E73 RAPH1 Ras-associated and pleckstrin homology containing 1 S1154 YES 	1.06 	0.93 	0.87 	1.11

Q9NZJ4 SACS Sacsin S4264 YES 	2.26 	1.71 	1.81 	1.79

Q07157 TJP1 Tight junction protein ZO-1 S1617 YES 	1.32 	1.53 	1.35 	1.43

Q86T03 TMEM55B Type 1 PtdIns-4,5-P2 4-Ptase S162 YES 	1.38 	1.38 	1.39 	1.49

Q9NS69 TOMM22 Mitochondrial import receptor subunit TOM22 homolog S15 YES 	1.34 	1.29 	1.13 	1.41

Q96LD4 TRIM47 Tripartite motif-containing protein 47 S588 YES 	3.48 	3.05 	2.88 	2.62

P40222 TXLNA Alpha-taxilin S515 YES 	1.23 	1.35 	1.23 	0.98

Q9C0C9 UBE2O E2/E3 hybrid ubiquitin-protein ligase UBE2O S839 YES 	1.77 	1.80 	1.54 	1.75

Q09666 AHNAK Neuroblast differentiation-associated protein AHNAK S3426 	9 	2.53 	2.38 	2.41 	2.77

Q09666 AHNAK Neuroblast differentiation-associated protein AHNAK S2397 �6 	2.42 	2.66 	2.84 	3.04

Q09666 AHNAK Neuroblast differentiation-associated protein AHNAK S511 �75 	1.14 	1.30 	1.39 	1.08

Q9UKA4 AKAP11 A-kinase anchor protein 11 S448 	113 	1.29 	1.34 	1.34 	1.76

Q9HCE9 ANO8 Anoctamin-8 S641 	141 	1.04 	1.41 	1.40 	1.12

Q9Y6I3 EPN1 Epsin-1 S435 	200 	2.18 	2.08 	1.97 	1.89

Q4G0A6 FAM188B Protein FAM188B S392 �50 	1.87 	1.63 	1.76 	1.82

O14686 KMT2D Histone-lysine N-methyltransferase 2D S2274 	172 	1.51 	1.40 	1.29 	1.49

Q8IY33 MICALL2 MICAL-like protein 2 S726 	57 	3.03 	2.81 	2.31 	2.44

Q6WCQ1 MPRIP Myosin phosphatase Rho-interacting protein S619 	20 	0.94 	0.98 	1.06 	0.95

Q5SYE7 NHSL1 NHS-like protein 1 S1292 	88 	1.06 	0.86 	0.85 	1.01

O75665 OFD1 Oral-facial-digital syndrome 1 protein S774 	104 	1.00 	1.00 	1.03d 	1.00

Q8IY67 RAVER1 Ribonucleoprotein PTB-binding 1 T463 	25 	1.22 	1.25 	1.11 	1.44

Q8NC51 SERBP1 Plasminogen activator inhibitor 1 RNA-binding protein S234 �96 	1.89 	1.74 	2.08 	1.61

Q9Y3Q8 TSC22D4 TSC22 domain family protein 4 S279 	40 	3.09 	2.91 	2.74 	2.51

a Domain identified within positions P-200 to P � 100 from the phosphosite, indicating residue number for the closest distance in
parentheses.

b Domain identified within positions P � 6 to P � 20 from the phosphosite.
c Empirical Bayes-generated log2(combined ratio) (n � 2) of SILAC replicates for each experiment.
d Significant response from measurements in DMSO-SCH772984-GDC0994 experiment. All other SCH:DMSO measurements are from the

DMSO-trametinib-SCH772984 experiment.
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tion site Ser1461 adjacent to Pro-2 as well as DEF motif
identifiers, phosphosite Ser619 on myosin phosphatase Rho-
interacting protein (MPRIP) adjacent to a DEJL motif, and
three sites on Rho guanine nucleotide exchange factors
(Ser863 on ARHGEF1, Ser1555 on ARFGEF1, and Ser527 on
ARFGEF17) which were adjacent to Pro at position P-2 or
DEJL motifs. In addition, Ser726 on the Rab effector, MI-
CALL2, which functions in F-actin depolymerization, and Ser9
on the Rab interactor, C9orf72, which functions in endosomal
trafficking, were nearby Pro-2 or DEJL motifs. Proteins in-
volved in small GTPase signaling were also highly repre-
sented when all genes containing phosphosites significantly
regulated by trametinib, selumetinib, SCH772984, or GDC0994
were combined for examination by gene ontology (GO) anal-
ysis using the bioinformatics resource, DAVID (50) (Fig. 5D).
Together, these candidates suggest potential new cross-
regulatory mechanisms for control of small GTPase signaling
by ERK1/2, downstream of oncogenic BRAF.

Other interesting candidates had the potential to regulate
protein activity, stability or gene expression, including Ser162
on the lipid phosphatase, TMEM55B, Ser2274 on the his-
tone H3K4me methyltransferase, KMT2D, and Ser279 on the
transcription repressor, TSC22D4. TSC22D4 promotes the by-
pass of oncogene-induced senescence mediated by BRAFV600E

when overexpressed in fibroblasts (51), suggesting its poten-
tial control by ERK phosphorylation in melanoma.

We next examined cases where phosphosites were respon-
sive to some, but not all inhibitors. To address this, we ex-
amined the 3658 singly phosphorylated sites where effects of
all four inhibitors could be quantified, looking for cases where
the phosphosites were responsive to at least one, but not all
four inhibitors [identified using a threshold of �log2(combined
ratio)� � 0.84, corresponding to z-scores less than 	3.1 or
greater than 3.1], while being clearly unresponsive to
the remaining inhibitors [identified using a threshold of
�log2(combined ratio)� � 0.30, corresponding to z-scores
between 	1.1 and 1.1]. Of the phosphosites significantly
responsive to at least one inhibitor, none were responsive
only to the MKK1/2 inhibitors (trametinib and selumetinib),
or only to the ERK1/2 inhibitors (SCH772984 and GDC0994)
(Fig. 5A, supplemental Fig. S5). The significance of this
null outcome is that branchpoints representing targets of
MKK1/2 that bifurcate upstream of ERK1/2 would yield
phosphosites responsive to MKK1/2 inhibitors but not
ERK1/2 inhibitors. Therefore, we find no evidence of path-
way bifurcation at the level of MKK1/2, upstream of ERK1/2.
The absence of this pattern in a large data set reinforces the
conclusion that kinases in the MAPK pathway mostly signal
in a linear manner.

Special attention was paid to phosphosites that were sig-
nificantly responsive to only one inhibitor [�log2(combined
ratio)� � 0.84], but clearly nonresponsive to the other three
inhibitors [�log2(combined ratio)� � 0.3] (Fig. 5A). We identified
21 cases of sites uniquely regulated by each inhibitor (Fig. 5A).

These represent candidates for off-targets of each com-
pound, as in the case of trametinib and p38�. Strikingly, 17 of
the 21 phosphosites were uniquely responsive to GDC0994.
This could not be explained by differential inhibition of ERK1/2
signaling by GDC0994, given that all four compounds strongly
blocked phosphorylation of the ERK1/2 target, pp90RSK
(supplemental Fig. S2). Thus, by comparing many inhibitors
that target the same linear pathway, we can evaluate each
individual compound for potential off-target effects, reflected
by phosphosites which respond to only one inhibitor.

The candidates for off-target phosphosites are listed in
Table II. Off-target sites for GDC0994 were found on proteins
associated with RNA processing, including the pre-mRNA
splicing protein, GEMIN7, the mRNA binding and translation
regulator, LARP1B, and the poly(A) and mRNA cap binding
protein, EIF4G1. Off-targets were also found on GTPase-
associated proteins, including the G protein suppressor,
GPS1, and the Rac binding and actin remodeling protein,
BAIAP2L1. Thus, off-target responses to GDC0994 might be
found with cellular events related to splicing, translation, or
GTPase regulation. A potentially important off-target was
Thr509 on dihydropyrimidinase-like 2 and 3 (DPYSL2 and
DPYSL3, aka collapsin response mediator proteins, CRMP2
and CRMP4), which mediate neurite formation and whose
expression is increased in liver, pancreatic, and neuroblastoma
cancers (52–54). DPYSL2/3-Thr509 is phosphorylated by
GSK3�, and phosphorylation is known to regulate protein-
protein interactions (55, 56). Our findings illustrate the strategy
of comparing many inhibitors of the same pathway by phos-
phoproteomics, to provide insight into the promiscuity of
kinase inhibitors which may ultimately impact their clinical
behavior.

Finally, we examined phosphosites that failed to respond to
any MKK1/2 or ERK1/2 inhibitor. In total, 1649 Ser/Thr-Pro
phosphorylation sites were completely unresponsive to MAPK
pathway signaling, based on log2(ratio) � 	0.30 with all four
inhibitors (supplemental Table S6). Yet among this set, 45
matched the database of known ERK1/2 targets (supplemen-
tal Tables S6, S7). Therefore, several proteins which have
been validated as direct targets of ERK1/2 in other cell sys-
tems are unambiguously insensitive to ERK1/2 in our system.
Examples included Ser365 (originally numbered Ser323) on
telomeric repeat binding factor (TERF2, aka TRF2), which in
A375 cells is phosphorylated by ERK, increasing the protein
half-life and promoting telomere protection and length stabil-
ity (57). In addition, phosphorylation of Ser575 on stromal
interaction molecule 1 (STIM1) by ERK is required for store
operated calcium entry, promoting migration in endometrial
adenocarcinoma cells and myogenesis in C2C12 myoblasts
(58–60). The results demonstrate that canonical phosphopro-
teomic responses to the MAPK pathway can be variable
depending on the cell system used, allowing some phosphor-
ylation targets to be consistently regulated, but others to be
bypassed.
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DISCUSSION

Our study uses phosphoproteomics to compare molecular
responses to inhibitors which target protein kinases in multi-
ple tiers of the MAPK cascade in a single cell system. In doing
so, we gain valuable insight into oncogenic BRAF signaling
behavior in melanoma cells, as well as new information about
MAPK pathway organization, specificity of phosphorylation,
and off-target responses to therapeutics that are used in clinic
or are under development. Four main conclusions can be
reached from the findings in this study:

First, the phosphosites that are significantly regulated by
MKK1/2 and ERK1/2 inhibitors show a high degree of overlap.
We observed no responses that were unique to only MKK1/2
or only ERK1/2 inhibitors. This suggests that the signaling
pathway is mostly devoid of targets for MKK1/2 that bifurcate
upstream of ERK1/2. A previous study from our lab showed
similar behavior upon comparing the BRAF inhibitor, vemu-
rafenib, to the MKK1/2 inhibitor, selumetinib. Together our
findings show little evidence for bifurcation in the pathway,
and instead indicate that signaling downstream of oncogenic
BRAF involves a linear organization of protein kinases, from
BRAF to MKK1/2, and from MKK1/2 to ERK1/2.

Second, our study allowed us to identify phosphorylation
sites most likely to be bona fide targets of the MAPK pathway,
revealed by the 161 sites significantly regulated by all four
MKK1/2 and ERK1/2 inhibitors. Importantly, dozens of phos-
phosites were implicated as potentially novel targets of ERK.
Of the 103 phosphosites with Ser/Thr-Pro sequence specific-
ity for ERK, only 20% matched known ERK targets, suggest-
ing 82 potential new targets for direct phosphorylation. By
searching for identifiers of MAPK substrates, including prox-

imity to Pro at position P-2 and the presence of DEF or DEJL
docking motifs, a subset of 47 phosphosites were prioritized as
likely substrates of ERK1/2 that were previously unreported
(Table I). The significance of this analysis is that, even though
more than 700 sites for phosphorylation by ERK have been
described in vitro and/or in vivo, the number that remain to be
discovered is still unknown. Using phosphoproteomics to iden-
tify new substrates is hindered by an incomplete knowledge of
inhibitor specificity for kinases, as well as the possibility of
off-target effects. However, under conditions where a pathway
signals in a linear fashion, as appears to be the case with the
enzymes in the MAPK pathway, comparing the coordinate ef-
fects of multiple inhibitors toward more than one tier of the
kinase cascade, together with sequence determinants of ERK
substrates, provides a stringent filter for specificity. The results
suggest that new types of cellular processes are regulated
by ERK1/2, and expands our knowledge of the pleiotropy of
cellular responses that may be affected by this essential sig-
naling kinase.

Third, we showed that, of the phosphosites found to sig-
nificantly respond to at least one of four kinase inhibitors, 21
sites responded to only one compound and were clearly
unresponsive to the other three. This provides an effective
filter to identify inhibitor off-target effects. Interestingly, most
of the unambiguous off-target phosphosites responded to the
ERK1/2 inhibitor, GDC0994, whereas those for other kinase
inhibitors were relatively few. This may be important to con-
sider when evaluating ERK1/2 inhibitors as tools to overcome
resistance to BRAF and MKK1/2 inhibitor combinations. Even
a single off-target can be meaningful, as suggested by the
inhibition of MKK6 by the clinically relevant MKK1/2 inhibitor

TABLE II
Phosphorylation sites responsive to only one MKK1/2 or ERK1/2 inhibitor

Uniprot ID Gene name Protein name Position TRA/DMSOa SEL/DMSOa SCH/DMSOa GDC/DMSOa

Q86UE4 MTDH Protein LYRIC S298 �1.004 	0.066 	0.019 0.250
Q15154 PCM1 Pericentriolar material 1 protein S93 �0.88 	0.01 0.19 0.58
P10071 GLI3 Transcriptional activator/repressor S445 	0.17 �2.07 	0.18 	0.23
P38159 RBMX RNA-binding motif protein, X chr. S88 	0.061 	0.112 �0.952 	0.096
Q04637 EIF4G1 Eukaryotic translation initiat. factor 4 �1 S1209 0.335 0.215 	0.146 �2.659
Q16555 DPYSL2 Dihydropyrimidinase-related prot. 2 T509 0.234 0.229 0.046 �1.561
Q14195 DPYSL3 Dihydropyrimidinase-related prot. 3 T509 0.33 0.243 0.097 �1.370
Q03252 LMNB2 Lamin-B2 S17 	0.26 0.03 	0.28 �1.41
Q13098 GPS1 COP9 signalosome subunit 1 T479 	0.026 0.173 0.064 �1.277
Q68DQ2 CRYBG3 Very large A-kinase anchor protein T2902 	0.055 0.115 0.108 �1.275
Q659C4 LARP1B La-related protein 1B S900 0.098 0.161 0.186 �1.077
Q9H840 GEMIN7 Gem-associated protein 7 T3 0.295 0.229 0.272 �1.015
O14777 NDC80 Kinetochore prot. NDC80 homolog S69 	0.134 0.319 0.115 �0.902
Q6Y7W6 GIGYF2 PERQ aa-rich with GYF protein 2 S189 	0.051 0.183 	0.107 �0.902
P08034 GJB1 Gap junction beta-1 protein S266 	0.043 	0.079 	0.065 �0.872
Q8NCF5 NFATC2IP NFATC2-interacting protein S84 0.357 0.249 0.081 �0.865
Q8NDD1 C1orf131 Uncharacterized protein C1orf131 S280 	0.026 0.161 	0.019 �0.850
Q9UHR4 BAIAP2L1 Brain angiogenesis inhibitor 1–2-like 1 S261 	0.104 	0.451 	0.063 0.883b

Q8WUZ0 BCL7C B-cell CLL/lymphoma 7 family mem. C S126 	0.425 	0.595 	0.126 0.898b

Q09666 AHNAK Neuroblast differentiation assoc. prot T4564 	0.211 0.252 	0.453 0.995b

P19532 TFE3 Transcription factor E3 S548 	0.194 	0.045 0.104 1.045b

a Empirical Bayes-generated log2(combined ratio) (n � 2) of SILAC replicates for each experiment.
b Four phosphosites were significantly increased in response to only one inhibitor.
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trametinib. Blocking the p38� MAPK pathway can affect sur-
vival by promoting oncogenic or tumor suppressive effects,
depending on cell type or stimulation. Although the IC50 for
p38� MAPK inhibition by trametinib was high compared with
MKK1/2-ERK1/2, this concentration range is often used in liter-
ature studies. We found that the p38 MAPK inhibitor,
SB203580, augmented the cell inhibitory response to selu-
metinib, suggesting that inhibiting p38 synergizes with MKK1/2
inhibitors in melanoma cell lines to compromise cell viability.
The behavior is consistent with reports showing a protective
effect of CA-MKK6 and p38 MAPK signaling against UV-in-
duced apoptosis in melanoma cells (61). The synergistic effect
was muted when SB203580 was used in combination with
trametinib, which we propose is because of the off-target effect
of trametinib on MKK6. The results suggest that the effect of
trametinib on p38� MAPK may augment the efficacy of this drug
under certain conditions.

Finally, we addressed the issue of differential regulation of
phosphorylation targets downstream of BRAF-MKK-ERK sig-
naling. Different proteomics studies often show variations in
phosphosite responses to the same pathway, but cannot
distinguish whether such effects are because of differential
signaling responses or experimental variability. Stuart et al. (5)
compared phosphoproteomic responses to MKK1/2 inhibi-
tors reported by several lab by analyzing only those phospho-
sites quantified in all experiments. The outcomes showed
evidence for differential responses to the same pathway in
different cell systems. However, the analysis could not ex-
clude the possibility that experimental variations between lab-
oratories or off-target effects of inhibitors could explain some
of the observed differences. Our comparison of four inhibitors
using data collected by one lab in one cell system allowed us to
re-address this question more rigorously. We show conclusively
that some, but not all, validated targets of ERK1/2 avoid phos-
phorylation in our cell system. The importance of this finding is
that very little is understood about why some phosphorylation
sites which are normally regulated by ERK are bypassed under
certain conditions, whereas others are consistently targeted.
The underlying mechanisms that lead to differential regulation
within the phosphoproteome may be key to understanding the
processes that control variability in cellular responses.

In conclusion, by comparing multiple inhibitors of multiple
kinase tiers using phosphoproteomics, we gain new insight
into new targets for regulation by the oncogenic BRAF driver
pathway in cancer cells, and a useful approach for evaluating
the specificity of drugs and drug candidates.
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