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In Brief
BRAFV600E is a key oncogenic
driver in glioma, melanoma, and
colon cancer. These tumors
escape mitogen-activated
protein kinase pathway inhibition
by upregulating mammalian
target of rapamycin signaling.
Using comprehensive unbiased
proteomic and
phosphoproteomic analysis of
an in vivo BRAFV600E mutant
glioma model treated with
inhibitors of both these key
pathways, we characterize the
tumor and stromal response and
suggest additional therapeutic
targets for BRAF-driven cancers,
including epidermal growth
factor receptor and class 1
histone deacetylases.
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Unbiased Proteomic and Phosphoproteomic
Analysis Identifies Response Signatures and
Novel Susceptibilities After Combined MEK and
mTOR Inhibition in BRAFV600E Mutant Glioma
Micah J. Maxwell1,* , Antje Arnold2, Heather Sweeney1, Lijun Chen3, Tung-Shing M. Lih3,
Michael Schnaubelt3 , Charles G. Eberhart2, Jeffrey A. Rubens1, Hui Zhang3,
David J. Clark3,‡, and Eric H. Raabe1,2,‡*
The mitogen-activated protein kinase pathway is one of
the most frequently altered pathways in cancer. It is
involved in the control of cell proliferation, invasion, and
metabolism, and can cause resistance to therapy. A
number of aggressive malignancies, including melanoma,
colon cancer, and glioma, are driven by a constitutively
activating missense mutation (V600E) in the v-Raf murine
sarcoma viral oncogene homolog B (BRAF) component of
the pathway. Mitogen-activated protein kinase kinase
(MEK) inhibition is initially effective in targeting these
cancers, but reflexive activation of mammalian target of
rapamycin (mTOR) signaling contributes to frequent ther-
apy resistance. We have previously demonstrated that
combination treatment with the MEK inhibitor trametinib
and the dual mammalian target of rapamycin complex 1/2
inhibitor TAK228 improves survival and decreases vascu-
larization in a BRAFV600E mutant glioma model. To eluci-
date the mechanism of action of this combination therapy
and understand the ensuing tumor response, we per-
formed comprehensive unbiased proteomic and phos-
phoproteomic characterization of BRAFV600E mutant
glioma xenografts after short-course treatment with tra-
metinib and TAK228. We identified 13,313 proteins and
30,928 localized phosphosites, of which 12,526 proteins
and 17,444 phosphosites were quantified across all sam-
ples (data available via ProteomeXchange; identifier
PXD022329). We identified distinct response signatures
for each monotherapy and combination therapy and vali-
dated that combination treatment inhibited activation of
the mitogen-activated protein kinase and mTOR path-
ways. Combination therapy also increased apoptotic
signaling, suppressed angiogenesis signaling, and broadly
suppressed the activity of the cyclin-dependent kinases.
In response to combination therapy, both epidermal
growth factor receptor and class 1 histone deacetylase
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(phospho)proteomic analysis of the response of BRAFV600E

mutant glioma to combined MEK and mTOR pathway in-
hibition and identifies new targets for the development of
rational combination therapies for BRAF-driven tumors.

Mutations in the mitogen-activated protein kinase (MAPK)
pathway are among the most common in cancer (1). Com-
ponents of the pathway, including the tumor suppressor
neurofibromin 1, and the oncogenes RAS and RAF, regulate
cell proliferation, invasion, metabolism, and resistance to
therapy. In particular, constitutively activating mutation of the
v-Raf murine sarcoma viral oncogene homolog B (BRAF) gene
through missense mutation (V600E) is a key driver event in
melanoma, thyroid cancer, lung cancer, colon cancer, and
glioma (2–7). The BRAFV600E mutation is commonly treated
with inhibitors of the MAPK pathway, such as the mitogen-
activated protein kinase kinase (MEK) inhibitor trametinib
(7–10). Activation of BRAF also signals to the mammalian
target of rapamycin (mTOR) pathway, and many tumors that
initially respond to MEK inhibition develop reliance on the
mTOR pathway as an escape mechanism (11, 12). To prevent
such an escape, we previously tested the combination of
trametinib along with an mTOR inhibitor TAK228 (also known
as sapanisertib) in MEK-activated glioma (13). TAK228 is a
dual mammalian target of rapamycin complex 1/2 (mTORC1/
2) kinase inhibitor that blocks both mTORC1 and mTORC2
activation, thereby eliminating most aspects of the mTOR
pathway (14–17). Trametinib is in clinical trials for MEK-
activated glioma (NCT02124772). TAK228 penetrates the
brain and inhibits the activation of mTORC1/2 in preclinical
models of aggressive brain tumors (17). TAK228 is in early
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Identifying New Vulnerabilities in BRAF Mutant Glioma
phase clinical trials for glioma (NCT02133183). Both MEK and
mTOR can signal to promote cell growth, survival, alter cellular
metabolism, and prevent apoptosis (18, 19). We therefore
hypothesized that trametinib and TAK228 would combine to
inhibit MEK-activated glioma cell growth (13). Trametinib and
TAK228 synergized in MEK-activated glioma both in vitro and
in vivo. Combination therapy decreased cell proliferation,
induced apoptosis, and decreased tumor vascularity, sug-
gesting multiple potential mechanisms of action. We found
that the combination extended survival of mice bearing
BRAFV600E mutant glioma xenografts more than monotherapy.
To better understand how TAK228 and trametinib act as
monotherapy and in combination, we treated established
BRAFV600E mutant glioma tumors with a short course of each
inhibitor alone and in combination and performed compre-
hensive proteomics and phosphoproteomics.
EXPERIMENTAL PROCEDURES

Chemicals

Urea, sodium chloride, EDTA, bovine aprotinin, leupeptin (Roche),
PMSF, sodium fluoride, Phosphatase Inhibitor Cocktail 2, and Phos-
phatase Inhibitor Cocktail 3, O-(2-acetamido-2-deoxy-d-glucopyr-
anosylidene)amino-N-phenylcarbamate, iodoacetamide, and
ammonium formate were purchased from Sigma–Aldrich. Tris–HCl,
1,4-DTT, and all MS-grade solvents, including water, formic acid, tri-
fluoroacetic acid, and acetonitrile (ACN), were purchased from Thermo
Fisher Scientific. Lysyl endopeptidase (Lys-C) was purchased from
Wako Chemicals, and trypsin protease was purchased from Promega.

Sample Generation and Preparation

The in vivo experiment utilized the patient-derived BT40 xenograft
line, which was previously characterized as a pediatric glioma con-
taining the BRAFV600E mutation (20, 21). BT40 only grows as serially
passaged flank tumors in immunocompromised mice and will not form
tumors intracranially or grow in cell culture. 1 × 106 BT40 tumor cells,
in 50% Dulbecco's modified Eagle's medium/F12 and 50% Matrigel
(Corning), were injected into the flanks of 4- to -6-week-old female
NU/NU mice (Charles River). This animal experiment was approved by
The Johns Hopkins University Institutional Animal Care and Use
Committee. Treatment started after the flank tumors were visible and
measurable. Mice were randomized into four groups of three mice with
1 to 2 flank tumors per mouse. Mice were treated by oral gavage with
the MEK inhibitor trametinib (1.5 mg/kg per day for 5 days, Monday
through Friday), the dual mTORC1/2 inhibitor TAK228 (1 mg/kg once
on Friday), or the combination of these drugs. We administered the
MEK inhibitor trametinib for 5 days because of the long half-life of this
drug and the need to achieve steady state. In our prior work, we
demonstrated robust inhibition of the MAPK pathway at this dosing
schedule in vivo (13). We administered TAK228, which has a short
half-life, as a single dose and harvested tumors 4 h later, which is
when we find maximal inhibition of mTOR targets in vivo (13, 14, 17,
22). Control animals received vehicle solution accordingly. The mice
were sacrificed 4 h after the last dose of drug, and the tumors were
removed and flash frozen in liquid nitrogen. The five tumors from each
of the aforementioned treatment condition were subsequently pro-
cessed for proteomic analysis. Tissue lysis and sample preparation for
global proteomic and phosphoproteomic characterization were per-
formed as previously described (23, 24). Cryopulverized tissue was
resuspended in lysis buffer (8 M urea, 75 mM sodium chloride, 50 mM
2 Mol Cell Proteomics (2021) 20 100123
Tris–HCl, pH 8.0, 1 mM EDTA, 2 μg/ml aprotinin, 10 μg/ml leupeptin,
1 mM PMSF, 10 mM sodium fluoride, Phosphatase Inhibitor Cocktail 2
and Phosphatase Inhibitor Cocktail 3 [1:100 dilution], and 20 μM
O-(2-acetamido-2-deoxy-d-glucopyranosylidene)amino-N-phenylcar
bamate). Lysates were clarified by centrifugation at 20,000g for
10 min at 4 ◦C. For each sample, 1 mg of protein lysate was sub-
jected to reduction with 5 mM 1,4-DTT for 30 min at room temper-
ature (RT), followed by alkylation with 10 mM iodoacetamide for
45 min at RT in the dark. Urea concentration was reduced <2 M using
50 mM Tris–HCl, pH 8.0. Samples were subjected to tandem
digestion of Lys-C at a ratio of enzyme-to-substrate 1:50 for 2 h at RT
followed by trypsin at a ratio of enzyme-to-substrate 1:50 overnight
at RT. The generated peptides were acidified to a final concentration
of 1% formic acid, subjected to cleanup using C-18 SepPak col-
umns, and then dried. Peptides were resuspended in 50 mM Hepes,
pH 8.5 buffer, and measured using a Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific). For tandem mass tag (TMT) labeling,
samples were assigned to a specific isobaric channel, and 300 μg of
peptides from each individual sample was labeled with 10-plex TMT
reagents (Thermo Fisher Scientific) following manufacturer's in-
structions. A pooled reference comprised of equal amounts of pep-
tide material from each of the individual samples was generated,
300 μg of which was included in the individual TMT plexes. Following
TMT labeling and reaction quenching, the individual samples were
pooled and subjected to cleanup using C-18 SepPak columns and
then dried.

Peptide Fractionation by Basic Reversed-phase Liquid
Chromatography

The desalted TMT-labeled samples were reconstituted in a volume
of 20 mM ammonium formate (pH 10) and 2% ACN and subjected to
basic reversed-phase chromatography using 1220 LC System (Agi-
lent) with solvent A (2% ACN, 5 mM ammonium formate, and pH 10)
and a nonlinear gradient of solvent B (90% ACN, 5 mM ammonium
formate, and pH 10) at 1 ml/min as follows: 0% solvent B (9 min), 6%
solvent B (4 min), 6% to 28.5% solvent B (50 min), 28% to 34%
solvent B (5.5 min), 34% to 60% solvent B (13 min), and then held at
60% solvent B for 8.5 min on a Agilent 4.6 mm × 250 mm RP Zorbax
300 A Extend-C18 column with 3.5 μm size beads (Agilent). Fractions
were collected using an Analyst-FC fraction collector (Agilent) and
concatenated as previously described (23, 24). In brief, fraction
collection began 2 min after sample injection, with the first 12 fractions
pooled and representative of the column flowthrough. The remaining
collected fractions were concatenated into 24 fractions by combining
four fractions that are 24 fractions apart (i.e., combining fractions 1,
25, 49, and 73; 2, 26, 50, and 74; and so on), resulting in a total 25
fractions. About 5% of each of the fractions was aliquoted for global
proteomic analysis, dried down, and resuspended in 3% ACN, 0.1%
formic acid prior to electrospray ionization (ESI)–LC–MS/MS analysis.

Enrichment of Phosphopeptides by Fe–Immobilized Metal Affinity
Chromatography

The remaining 95% of the sample was utilized for phosphopeptide
enrichment and was further concatenated, combining fraction that are
12 fractions apart (i.e., combining fractions 1, 13, and 2, 14; and so
on), with the flow-through fraction excluded from concatenation. A
total of 13 fractions were subjected to phosphopeptide enrichment
using immobilized metal affinity chromatography (IMAC) as previously
described (25). Nickel–nitrilotriacetic acid agarose beads (Qiagen)
were utilized to prepare Fe3+–nitrilotriacetic acid agarose beads, and
then peptides from the individual fractions reconstituted in 80% ACN/
0.1% trifluoroacetic acid were incubated with 10 μl of the Fe3+–IMAC
beads for 30 min. Samples were then spun down, and the supernatant
containing unbound peptides was removed. The beads were washed
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twice and then loaded onto equilibrated C-18 Stage Tips with 80%
can and 0.1% trifluoroacetic acid. Tips were rinsed twice with 1%
formic acid, followed by sample elution off the Fe3+–IMAC beads and
onto the C-18 State Tips with 70 μl of 500 mM dibasic potassium
phosphate, pH 7.0 three times. C-18 Stage Tips were washed twice
with 1% formic acid, followed by elution of the phosphopeptides from
the C-18 Stage Tips with 50% ACN, 0.1% formic acid twice. Samples
were dried down and resuspended in 3% ACN and 0.1% formic acid
prior to ESI–LC–MS/MS analysis.

Global Proteome and Phosphoproteome ESI–LC–MS/MS Data
Acquisition

Global proteome and phosphoproteome fractions were analyzed
using the same instrumentation and methods. About ~1 μg of peptide
was separated using Easy nLC 1200 UHPLC system (Thermo Fisher
Scientific) on an in-house packed 20 cm × 75 μm diameter C18 col-
umn (1.9 μm Reprosil-Pur C18-AQ beads [Dr Maisch GmbH]; Picofrit
10 μm opening [New Objective]). The column was heated to 50 ◦C
using a column heater (Phoenix-ST). The flow rate was 0.300 μl/min
with 0.1% formic acid and 2% ACN in water (A) and 0.1% formic acid,
90% ACN (B). The peptides were separated with a 6 to 30% B
gradient in 84 min and analyzed using the Thermo Fusion Lumos mass
spectrometer (Thermo Fisher Scientific). The following were the pa-
rameters: MS1: resolution—60,000; mass range—350 to 1800 m/z;
radiofrequency lens—30%, automatic gain control target—4.0e5;
maximum injection time—50 ms; charge state include —2 to 6; dy-
namic exclusion—45 s; top 20 ions selected for MS2; MS2: resolu-
tion—50,000; scan range mode was set to auto normal, with first
mass −110; high-energy collision dissociation activation energy—37;
isolation width (m/z)—0.7, automatic gain control target—2.0e5; and
maximum injection time—105 ms.

Data Processing

All LC–MS/MS files were analyzed by MS-PyCloud, a cloud-
based proteomic pipeline developed in Johns Hopkins University
to perform database search for spectrum assignments (26), using
MS-GF+ in this study against a combined human and mouse
RefSeq database (version 20160914; 37,405 entries) (27, 28). A
decoy database was used to assess the false discovery rate (FDR)
at peptide-to-spectrum match (PSM), peptide, and protein levels
(29). Peptides were searched with two tryptic ends, allowing up to
two missed cleavages. Search parameters included 20 ppm pre-
cursor tolerance and 0.06 Da fragment ion tolerance, static
modification of carbamidomethylation at cysteine (+57.02146),
TMT-label modification of N terminus and lysine (+229.16293) and
variable modifications of oxidation at methionine (+15.99491) and
phosphorylation at serine, threonine, and tyrosine (+79.96633).
Filters used for global data analysis included one PSM per peptide
and two peptides per protein, with a 1% FDR threshold at the
protein level. Of note, modified and nonmodified versions of the
same peptide species are not considered as distinct entries for our
two peptides per protein criterion. Filters used for phosphopro-
teome data included one PSM per peptide and one peptide per
protein, with a 1% FDR threshold at the peptide level. For peptide
and protein quantitation, first PSMs are sorted by score (−log10
[MS-GF+ SpectralEValue]) for each charge state, and then a
threshold score at the specified PSM-level FDR is determined. All
PSMs with a score above the threshold are retained and used for
quantification and adjusted based on TMT reporter tag lot correc-
tion factors. Individual PSM intensities are summed, and the data
are rolled up to peptide/protein/gene level. Data normalization
entailed median normalization relative to the reference channel for
each set at the PSM level, followed by log2 of the ratio relative to
the reference channel. Data are then rolled up to the peptide/
protein/gene level by taking the median at each step. An additional
median step was included for this dataset that involved calculation
of the median value for each sample/TMT channel, followed by
determination of the median of the TMT channel median. The
phosphosites were localized using the LuciPHOr2 software pack-
age (http://luciphor2.sourceforge.net) (30); the results were filtered
to keep all localized PSMs with an estimated false localization rate
of ≤10%. Phosphosites were normalized to the abundance of the
respective protein (log2[abundance] phosphosite − log2[abun-
dance] protein); for proteins with multiple phosphosites, each
phosphosite was treated independently.

Protein and Phosphosite Species Assignment

For the proteome dataset, if all contributing PSMs were mouse,
then the protein was considered mouse (stroma). This is also true
for the phosphoproteome dataset, that is, if all contributing PSMs
were mouse, then the phosphosite was considered mouse. Other-
wise, if the contributing PSMs were either human or shared between
human and mouse, then the protein or phosphosite was considered
human (tumor) (31).

Druggable Protein Analysis

We compiled a list of druggable/targetable proteins using the Drug
Gene Interaction Database, which we queried for Food and Drug
Administration (FDA)–approved and non–FDA-approved inhibitors (32).
The final list used for the analysis included 221 druggable proteins.

Experimental Design and Statistical Rationale

A total of five biological replicates for each experimental condition
(vehicle, n = 5; trametinib, n = 5; TAK228, n = 5; and trametinib–
TAK228 combination, n = 5) were investigated, based on the
assumption that these genetically homogeneous tumors and mice
would exhibit generally concordant responses to the same inhibitors
administered in the same fashion to each mouse. No technical repli-
cates were required. In our previous work on BT40 glioma treated with
the same drug combination, we were able to see statistically signifi-
cant differences in tumor volume (after 12 days of treatment) with a
total sample size of 20 across our four experimental conditions (13).
Based on that previous result, we felt confident we would see sta-
tistically significant changes in the global proteome and phospho-
proteome after a shorter course (5 days) of treatment. In addition, a
sample size of 20 tumors across four groups produces an “E” value of
16, which is adequate for statistically significant results (33). The
control (vehicle) group served as a comparison reference for the other
experimental conditions. Initial analysis of global proteomics and
phosphoproteomics datasets in order to generate volcano plots and
mean difference calculations was performed using Perseus (https://
maxquant.net/perseus/) (34). To generate volcano plots for the hu-
man and mouse proteomes and phosphoproteomes within Perseus,
an FDR of <0.01 was used, and the S0 parameter was chosen to
target a mean difference of ~0.5 or greater (which is approximately
equivalent to a fold change of 1.5). Correlation analysis (using Pearson
correlation coefficient) was performed using Morpheus from the Broad
Institute (https://software.broadinstitute.org/morpheus). Protein
pathway analyses were performed using the Panther (35, 36) data-
base. For all analyses, unless otherwise specified, an FDR <0.05 was
used as the confidence threshold. Principal component analysis (PCA)
was performed using the PCA function from the Scikit-learn Python
package, which used a singular value decomposition to project the
data to two-dimensional space (37). Volcano plots (of protein pathway
data) were generated using Excel (Microsoft). Kinase activity was
inferred from the (phospho)proteomic data using kinase–substrate
enrichment analysis (KSEA) (38); for KSEA results, an FDR <0.05
Mol Cell Proteomics (2021) 20 100123 3
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Identifying New Vulnerabilities in BRAF Mutant Glioma
was used as the confidence threshold. KSEA scores each kinase
based on the relative hyperphosphorylation or dephosphorylation of
the majority of its substrates, as identified from phosphosite-specific
kinase–substrate databases; therefore, the z-score of a kinase is
based on the collective phosphorylation status of it substrates. The
negative or positive value of the z-score implies a decrease or in-
crease in the kinase's overall activity relative to the control.
RESULTS

Unbiased MS Proteomics and Phosphoproteomics Data
Separate Tumors into Groups Based on Treatment With
MEK Inhibitor, mTOR Inhibitor, or Combination Therapy

We used high-resolution MS to characterize changes in the
proteome and phosphoproteome in a BRAFV600E mutant gli-
oma xenograft model (BT40). Mice were randomized into four
groups of three mice with 1 to 2 flank tumors per mouse (for a
total number of 20 tumors, with five tumors per treatment
group). These BT40 tumor-bearing mice were treated with the
MEK inhibitor trametinib alone, the dual mTORC1/2 kinase
inhibitor TAK228 alone, or a combination of trametinib and
TAK228 for a short time course as described previously;
control mice received vehicle solution. Five tumors per treat-
ment condition were snap frozen upon removal and subse-
quently homogenized via cryopulverization and then
processed for proteomic and phosphoproteomic analysis as
previously described (23, 24). Proteomics and phosphopro-
teomics analyses identified a total of 13,313 proteins and
30,928 localized phosphosites, respectively, of which 12,526
proteins and 17,444 phosphosites were quantified across all
samples; after normalizing localized phosphosites on the
abundance of the respective proteins, there were 10,767
normalized localized human phosphosites and 3912 normal-
ized localized mouse phosphosites (Fig. 1A and supplemental
Tables S1–S7). PCA demonstrated that the four treatment
groups are, overall, well separated and distinct from one
another with regard to the human (tumor) proteome and
phosphoproteome, as well as the mouse (stroma) proteome
and phosphoproteome (Fig. 1, B and C and supplemental
Fig. S1, A and B); this result was confirmed by Pearson cor-
relation (supplemental Fig. S1, C–F). We note that one of the
TAK228 samples (TAK228-3) separated from the other
TAK228 samples and grouped with the vehicle samples. A
potential reason for this separation is that the TAK228 treat-
ment was a single oral gavage dose 4 h prior to sacrificing the
animals; it is possible that the mouse did not receive the full
dose (e.g., if there was an air bubble in the gavage syringe or if
the mouse regurgitated some of the drug). Regardless, this
sample was included in all the analyses given that mTOR
signaling was appropriately inhibited in this sample, as evi-
denced by decreased p4E-BP1 (Fig. 2A). In order to determine
statistically significantly altered proteins and phosphosites for
subsequent analysis, volcano plots were generated (as
described) for each treatment condition compared with
vehicle for both the proteome and phosphoproteome and for
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both human and mouse (Fig. 1, D and E, supplemental
Figs. S2 and S3, and supplemental Tables S8–S11).

Phosphoproteomic Analysis Demonstrates Broad MAPK
and mTOR Pathway Inhibition After Combined Trametinib–

TAK228 Therapy

Phosphoproteomic analysis confirmed statistically signifi-
cant inhibition of a panel of MAPK signaling pathway targets by
trametinib–TAK228 combination therapy (Fig. 2, A and B and
supplemental Fig. S4A). Trametinib monotherapy suppressed
BRAF-T401, MAPK1-Y187, and STMN1-S38 (supplemental
Fig. S4A), whereas trametinib–TAK228 combination therapy
in addition inhibited MAPK3-Y204, ARAF-S186, and other
downstream MAPK pathway targets in addition to STMN-S38,
including RP6SKA1-S26, and two phosphorylation sites on
erythroblast transformation-specific domain–containing tran-
scription factor erythroblast transformation-specific 2
repressor factor (ERF), ERF-S21 and ERF-T526. Of note,
stathmin phosphorylation at S38 is an important regulator of
synaptogenesis and has been characterized as a key regulator
of gliomagenesis (39). Phosphoproteomic analysis further
confirmed inhibition of the mTOR signaling pathway after
TAK228 monotherapy and trametinib–TAK228 combination
therapy (Fig. 2, A and B and supplemental Fig. S4B). TAK228
alone inhibited MTOR-S2481, 4E-BP1-T37T46, 4E-BP1-S65,
4E-BP1-T70, RICTOR-S1591, and AKT1S1-S183, and trame-
tinib–TAK228 combination therapy in addition inhibited MTOR-
S1261 and RICTOR-S1577. Consistent with the known
compensatory activation of the mTOR pathway after MEK in-
hibition in BRAF-mutant tumors (11, 12), trametinib alone
caused statistically significant increases in AKT1S1-S183,
RICTOR-S1577, EIF4EBP1-T37T46, EIF4EBP1-S65, and
EIF4EBP1-T70 (Fig. 2A and supplemental Fig. S4B).

Global Proteomic–Phosphoproteomic Analysis Identifies
Distinct Response Signatures Associated With Trametinib,

TAK228, or Combination Therapy

A global analysis of the human proteome and phospho-
proteome after trametinib monotherapy, TAK228 mono-
therapy, or trametinib–TAK228 combination therapy
compared with vehicle revealed distinct treatment signatures,
with statistically significant changes in the abundance of
proteins and normalized localized phosphosites that are
unique to each treatment condition and that are shared by two
treatment conditions (trametinib and combination, TAK228
and combination, trametinib and TAK228); there are also a
number of protein changes (four total) and phosphosite
changes (three total) that are shared between monotherapies
and combination therapy (Fig. 3, A and B, supplemental
Fig. S5; and supplemental Tables S12–S15). Of the shared
proteins and phosphosites, there were increases in tropomy-
osin beta chain (TPM2), transgelin actin cross-linking gelling
protein (TAGLN), retrotransposon Gag-like protein 8C
(RTL8C), and a phosphorylation site on DNA mismatch repair



FIG. 1. Global proteomics and phosphoproteomics separated tumors into groups based on treatment with trametinib monotherapy,
TAK228 monotherapy, or combination therapy. A, proteomic and phosphoproteomic metrics. Thirteen thousand three hundred thirteen
proteins were identified, of which 12,526 were quantified across all 20 samples. Thirty thousand nine hundred twenty-eight localized phos-
phosites were identified, of which 17,444 were quantified across all 20 samples. If all contributing PSMs were mouse, then the protein or
phosphosite was considered mouse (stroma). If contributing PSMs were either distinctly human or human and mouse, then the protein or
phosphosite was considered human (tumor). For phosphosites, in parentheses are listed the total number of phosphosites (10,767 human and
3912 mouse) that could be normalized to their respective protein. Only normalized phosphosites were used for all subsequent analysis. Principal
component analysis of human proteome (B) and phosphoproteome (C) shows distinct grouping of the four treatment groups (vehicle, trametinib,
TAK228, and combination), with the exception that one TAK228 sample more closely grouped with the vehicle samples. This TAK228 sample
was included in all analyses given that the mTOR signaling pathway was appropriately inhibited in this sample (Fig. 2A). Volcano plots of human
proteome (D) and human phosphoproteome (E) of mean difference (combination—vehicle) versus −log(p). For these analyses, FDR cutoff was
<0.01. FDR, false discovery rate; mTOR, mammalian target of rapamycin; PSM, peptide-to-spectrum match.
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protein MSH3 (MSH3-S33), and there were decreases in
capZ-interacting protein (RCSD1), a phosphorylation site on
girdin (CCDC88A-S1652), and, interestingly, a phosphoryla-
tion site on tropomyosin beta chain (TPM2-S283)
(supplemental Fig. S6). Five of these seven shared proteins
and phosphosites, two increased and three decreased (TPM2,
TPM2-S283, TAGLN, RCSD1, and CCDC88A-S1652), are
involved in actin cytoskeleton dynamics, which play a role in
diverse cancer cell processes, including mitosis, proliferation,
invasion, and metastasis (40–43).

Combination Therapy Broadly Suppresses Cyclin-
dependent Proteins

In order to investigate the impact of trametinib alone,
TAK228 alone, and trametinib–TAK228 combination therapy
on kinase activity within BRAFV600E mutant glioma xenografts,
we utilized KSEA (38). We identified 1297 kinase–substrate
relationships in the dataset (supplemental Table S16). We
confirmed appropriate inhibition of mTOR by TAK228, with
upstream compensatory activation of AKT1 and AKT2, which
is a known feedback result of mTOR inhibition (44). We also
confirmed inhibition of MAPK signaling by trametinib. In tra-
metinib–TAK228 combination, both mTOR and MAPK are
inhibited. There was also notable inhibition in the
combination-treated tumors of cyclin-dependent kinases
(CDK1, CDK2, CDK4, CDK5, and CDK6), proteins critical for
cell cycle progression and tumor growth (Fig. 3C and
supplemental Table S16).

Combination Therapy Broadly Suppresses Progrowth
Signaling Pathways

Reactome protein pathway over representation analysis
(using the Panther database) generated from statistically
significantly altered proteins and normalized localized
Mol Cell Proteomics (2021) 20 100123 5



FIG. 2. Trametinib–TAK228 combination therapy inhibited both the MAPK and mTOR pathways. A, heat map of log2(abundance) of
MAPK and mTOR pathway phosphorylation sites. All sites included were statistically significantly decreased in combination as compared with
vehicle based on prior volcano plot (Fig. 1E and supplemental Table S9). Diagram of MAPK and mTOR signaling pathways (B) with proteins
whose phosphorylations are statistically significantly reduced in combination as compared with vehicle shaded blue. MAPK, mitogen-activated
protein kinase; mTOR, mammalian target of rapamycin.
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phosphosites in trametinib–TAK228 combination compared
with vehicle plotted in a volcano plot of fold enrichment
versus −log10(FDR) validated inhibition of the mTOR and
MAPK pathways after trametinib–TAK228 combination ther-
apy. In addition, this analysis demonstrated inhibition of
vascular endothelial growth factor (VEGF) signaling after both
trametinib monotherapy and trametinib–TAK228 combination
6 Mol Cell Proteomics (2021) 20 100123
therapy (Fig. 4, supplemental Table S17, and supplemental
Fig. S7), a result we had previously confirmed by immuno-
blotting and histology of BT40 xenograft tumors (13).
Furthermore, phosphoproteomic analysis confirmed inhibition
of proliferation as measured by phosphorylated retinoblas-
toma protein (supplemental Fig. S8), a result we had previ-
ously seen by immunoblotting (13). Of note, extracellular



FIG. 3. Global proteomic–phosphoproteomic analysis identified distinct response signatures associated with trametinib, TAK228, or
combination therapy. Venn diagrams showing statistically significant unique and shared protein (A) or phosphosite (B) changes in each
treatment condition (compared with vehicle). C, kinase-substrate enrichment analysis (KSEA) kinase z-scores are represented in a bar graph
showing inhibition of mTOR activity after TAK228 and combination treatment, inhibition of MAPK signaling after trametinib and combination
treatment, and inhibition of cyclin-dependent kinases after combination treatment. Only kinases for which the FDR was <0.05 were included.
FDR, false discovery rate; MAPK, mitogen-activated protein kinase; mTOR, mammalian target of rapamycin.
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matrix organization, a pathway that has previously been
shown to be upregulated at baseline in BRAFV600E mutant
glioma (39), was downregulated in response to trametinib–
TAK228 combination therapy, despite being upregulated after
trametinib or TAK228 monotherapy (supplemental Fig. S7).
The majority of upregulated protein pathways after combina-
tion therapy were associated with mRNA and rRNA process-
ing, suggesting that the tumors may be compensating for the
suppression of translation as a result of mTOR and MAPK
pathway inhibition (45) by upregulating both transcription
(mRNA) and the translation machinery (rRNA). Many of the
RNA pathways upregulated after combination therapy (rRNA
processing, RNA polymerase II transcription termination,
processing of capped intron-containing pre-mRNA, and
mRNA 3′-end processing) were not similarly upregulated after
either monotherapy (supplemental Fig. S7), suggesting that
Mol Cell Proteomics (2021) 20 100123 7



FIG. 4. Trametinib–TAK228 combination therapy broadly inhibi-
ted progrowth signaling pathways, while activating pathways
involved in RNA processing. Reactome protein pathways signifi-
cantly altered (FDR <0.05) in an over-representation analysis (ORA) of
statistically significantly altered proteins and phosphosites after tra-
metinib–TAK228 combination therapy are represented in a scatter plot
of fold enrichment versus −log10(FDR). FDR, false discovery rate.
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dual inhibition of both the MAPK and mTOR pathways is
required to see these impacts on RNA processing pathways.

Combination Therapy Increases Activation and Overall
Levels of Proapoptotic Proteins

In addition to inhibition of progrowth pathways by trameti-
nib–TAK228 combination therapy, proteomic and phospho-
proteomic analysis demonstrated that dual inhibition of the
MAPK and mTORC1/2 pathways increased expression of
proapoptotic proteins and their activating phosphorylations
(Fig. 5A). Trametinib monotherapy also increased expression
of proapoptotic proteins and their phosphorylations, with
specific overlap of GSN, DDX20-S505, and SCRIB-S1309
(supplemental Fig. S9A). Of note, the increase in proapopto-
tic signaling protein levels in the human proteome was not
duplicated in the mouse proteome (supplemental Fig. S10A),
indicating that the induction of apoptosis is specific to the
glioma tumor, with the surrounding stroma being spared. This
result confirmed our previous results that apoptosis was not
induced in normal mouse tissues in response to 28 days of
treatment with trametinib–TAK228 combination therapy (13).

Combination Therapy Suppresses Signals Promoting
Vascularity of Tumors

We had previously shown that combination-treated tumors
had decreased levels of VEGF and phosphorylated focal
adhesion kinase (FAK, also known as protein tyrosine kinase 2
[PTK2]) by Western blot and decreased vascularity by histol-
ogy (13). Proteomic and phosphoproteomic analysis from our
short-course trametinib–TAK228 combination treatment of
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BT40 flank tumors validated these results, showing statisti-
cally significant reductions in proteins (including kinase insert
domain receptor/VEGF receptor 2) and activating phosphor-
ylations (including PTK2/FAK at PTK2–Y576) involved in
angiogenesis signaling (Fig. 5B). Trametinib monotherapy also
led to significant reductions in angiogenesis signaling
(supplemental Fig. S9B and supplemental Table S17). Mouse
proteins and phosphorylation sites involved in angiogenesis
signaling were also significantly downregulated (supplemental
Fig. S10B), indicating that the suppression of new vessel
formation by combined trametinib–TAK228 therapy is a result
of inhibition of VEGF/angiogenesis signaling in both the gli-
oma tumor and the stroma.

MEK/mTORC1/2 Inhibition Upregulates Epidermal Growth
Factor

Having used detailed proteomic and phosphoproteomic
analysis to characterize the cellular response of BRAFV600E

mutant glioma to combined inhibition of the MAPK and mTOR
pathways, and understanding that acquired resistance to such
targeted therapies will invariably develop, we next sought to
investigate our wealth of (phospho)proteomic data to identify
potential new targets for future rational combination therapies.
Analysis of protein and phosphosite expression corresponding
to targets for existing drug therapies (supplemental Table S18)
showed significant increases in a number of targetable pro-
teins and activating phosphorylations (supplemental
Tables S19–S21). One notable change was in two regulatory
phosphorylations of the epidermal growth factor receptor
(EGFR): an increase in the activating autophosphorylation site
EGFR–Y1172 (46–49), with a concomitant decrease in the
inhibitory phosphorylation EGFR–T693 (50–52). Both these
changes were present after combination therapy, whereas
TAK228 monotherapy did not show any statistically significant
change in either EGFR phosphorylation. Trametinib mono-
therapy only decreased the inhibitory T693 phosphorylation
(Fig. 6A). Investigating further into the mechanism for this
upregulation of EGFR, we identified an overall downregulation
of the EGFR pathway in combination-treated tumors (Fig. 4
and supplemental Fig. S11). We interpret this upregulation of
the cell surface receptor tyrosine kinase after combined tra-
metinib–TAK228 therapy as a feedback activation in response
to the downstream pathway inhibition. Feedback reactivation
of EGFR after MAPK pathway inhibition is a well-characterized
phenomenon in BRAFV600E mutant melanoma, so this result in
a BRAFV600E mutant glioma reinforces this known biological
feedback response (53, 54).

Combination Therapy Upregulates Class 1 Histone
Deacetylase Proteins

Another notable change was an increase in activating
phosphorylations of both histone deacetylase 1 (HDAC1-
S421) and histone deacetylase 2 (HDAC2-S424) after trame-
tinib–TAK228 combination therapy (Fig. 6B). The latter was



FIG. 5. Trametinib–TAK228 combination therapy activated apoptotic signaling and inhibited angiogenesis in BRAF-mutant glioma.
Stacked bar graphs of log2(abundance) of proteins and phosphorylation sites demonstrating statistically significant (A) increases in human
proteins and phosphosites involved in apoptosis in combination compared with vehicle in BRAF-mutant glioma, (B) decreases in human proteins
and phosphosites involved in angiogenesis/VEGF signaling in BRAF-mutant glioma. FDR <0.01 for all data points included. BRAF, v-Raf murine
sarcoma viral oncogene homolog B; VEGF, vascular endothelial growth factor.

Identifying New Vulnerabilities in BRAF Mutant Glioma
actually significantly decreased after trametinib monotherapy.
Otherwise, there was no statistically significant change in
these key regulatory sites with either trametinib or TAK228
monotherapy.
Based on this upregulation of EGFR and class 1 HDACs as

a result of combined trametinib–TAK228 therapy in our
BRAFV600E mutant glioma model, we can identify existing
FDA-approved inhibitors that could potentially be added to
MEK inhibition and mTOR inhibition to improve response and
potentially preclude, or at least forestall, the development of
resistance (Fig. 6C).
DISCUSSION

Low-grade gliomas are the most common pediatric brain
tumors (55). Activating mutations in the BRAF gene are one of
the hallmarks of this disease. BRAF-activating mutations also
occur in high-grade gliomas in children and adults, as well as
in other cancer types, including melanoma, thyroid cancer,
and colon cancer (2–7). BRAF activation leads to increased
signaling along the MAPK pathway as well as the mTOR
pathway (56). Low-grade gliomas have activation of mTOR as
well as MAPK (57). Treatment of low-grade gliomas with the
mTOR inhibitor everolimus stabilizes disease in many patients
and produces regressions in some patients (58, 59). Clinical
trials are currently underway in pediatric low-grade glioma
combining MEK and mTORC1-inhibiting rapalogs
(NCT04485559). TAK228 is superior to rapalogs since it more
fully inhibits the mTOR pathway; by dual targeting both
mTORC1 and mTORC2, TAK288 obviates the reflexive feed-
back activation of mTORC2 that results from targeted
mTORC1 inhibition with rapalogs like everolimus (13–17). An
alternative treatment strategy in BRAFV600E mutant tumors has
been to combine the BRAF-specific inhibitor dabrafenib with
trametinib, which has been effective in treating melanoma (60).
However, similar results have not been seen with this com-
bination in BRAFV600E mutant colorectal cancer, indicating
that such a vertical inhibition approach may not effectively
treat all BRAF-mutant solid tumors (61). Given the active
clinical investigation of combined MEK and mTOR inhibition in
patients with pediatric low-grade glioma, we further investi-
gated the impact of combined MEK and mTOR inhibition in a
xenograft model of BRAFV600E mutant glioma. Our initial
studies demonstrated that combination of MEK and mTOR
inhibition in the BT40 BRAFV600E model decreased tumor
growth and decreased tumor vascularity, suggesting an effect
on both the tumor cells directly as well as on the mouse
vasculature (13). In the current study, we sought to better
Mol Cell Proteomics (2021) 20 100123 9



FIG. 6. Druggable protein analysis after combination trametinib–TAK228 therapy identified a number of potentially targetable upre-
gulated proteins, including epidermal growth factor receptor (EGFR) and class 1 HDACs. Aligned dot plots of log2(abundance) of listed
phosphosites in each treatment condition, vehicle, trametinib monotherapy, TAK228 monotherapy, and trametinib–TAK228 combination ther-
apy: (A) two EGFR phosphosites, one activating (EGFR-Y1172) and one inhibitory (EGFR-T693), showing that the level of EGFR-Y1172 was
statistically significantly increased after combination therapy, and the level of the EGFR-T693 was statistically significantly decreased after
trametinib monotherapy and combination therapy; (B) two class 1 HDAC-activating phosphosites, HDAC1-S421 and HDAC2-S424, showing
that the levels of both of these activating phosphorylations were statistically significantly increased after combination therapy, but the level of
HDAC-S424 was decreased after trametinib monotherapy. For A and B, ***p < 0.001, **p between 0.001 and 0.01, *p between 0.01 and 0.05. C,
the table listing FDA-approved inhibitors for EGFR and HDAC1/2. EGFR, epidermal growth factor receptor; FDA, Food and Drug Administration;
HDAC, histone deacetylase.
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understand the response of BRAF-activated tumors to short-
term treatment with a MEK inhibitor, a dual mTORC1/2 ki-
nase inhibitor, and combination therapy.
Our comprehensive proteomic and phosphoproteomic

analysis demonstrated broad downregulation of the MAPK
and mTOR pathways after combined trametinib–TAK228
treatment. We confirmed our prior findings (13) that the
combination of trametinib and TAK228 induced apoptosis in
the tumor while sparing the stroma. Combined therapy also
suppressed endothelial cell growth and new blood vessel
formation through downregulation of PTK2/FAK and VEGF
signaling.
Interestingly, we found marked decreases in CDK activity by

KSEA, including CDKs 1, 2, 4, 5, and 6. In a recent analysis of
the proteogenomic landscape of pediatric brain tumors from
the Clinical Proteomic Tumor Analysis Consortium, CDK1 and
CDK2 were activated in more proliferative tumors in a range of
histologic subtypes, including high-grade and low-grade
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gliomas; and CDK5 was upregulated in a subset of gliomas
(39). CDKs are a target of novel cancer therapies that are
being explored for aggressive gliomas as well as BRAF-
activated melanoma (62). Herein, we have demonstrated that
the combination of MEK and mTOR inhibition using trametinib
and TAK228 effectively inhibit cell proliferation and CDKs in
BRAFV600E mutant glioma.
The feedback upregulation we observed in EGFR in our

BRAFV600E mutant glioma model after short-course com-
bination of trametinib–TAK228 therapy has previously been
reported in BRAFV600E mutant melanoma and colorectal
cancer after BRAF or MEK inhibitor monotherapy; these
findings have led to successful clinical trials of combina-
tion therapies with BRAF–MEK inhibitors and EGFR in-
hibitors in BRAFV600E mutant colorectal cancer (53, 54,
63). Whether the upregulation of EGFR after short-course
treatment would contribute to the eventual development
of resistance to combined MAPK- and mTOR-pathway
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inhibition in BRAF-mutant glioma would require investiga-
tion of the phosphoproteome after a longer course of
treatment. The upregulation of HDACs implicates a role for
addition of HDAC inhibitors to MEK inhibitors to improve
response in BRAF-mutant glioma, a combination that is
effective in RAS-mutant non–small cell lung cancer and
pancreatic cancer and is currently being investigated in
BRAF-mutant, RAS-mutant, and neurofibromin 1–mutant
melanoma (64–67). Furthermore, there is evidence that the
combination of mTOR and HDAC inhibitors effectively
target aggressive nervous system malignancies (68, 69),
indicating that combining HDAC inhibition with MEK inhi-
bition and/or mTOR inhibition to treat BRAF-mutant glioma
is a compelling new avenue for investigation.
We investigated the proteome and phosphoproteome after

short-term treatment with targeted pathway inhibitors in order
to detect changes in signaling pathways that occur in
treatment-naive tumors. In the future, we plan to compare the
proteome and phosphoproteome of naive tumors with those
that have developed resistance to the inhibitors after weeks of
treatment. These analyses may provide further insights into
the adaptive responses BRAF-mutant cancer cells use to
escape precision therapies.
In vivo comprehensive proteomics and phosphoproteo-

mics in well-defined human tumors in mice provides an
opportunity to understand how cancer cells interact with
normal stromal cells and adapt to therapeutic interventions.
In this work, we confirmed and extended our findings in
treating an aggressive BRAFV600E mutant human glioma
model with MEK and mTORC1/2 inhibitors as monotherapy
and in combination. Our findings highlight changes in
tumor–stromal signaling affecting tumor vasculature, tumor
cell cycle proteins, EGFR, and class 1 HDACs as a result of
trametinib–TAK228 combination therapy. Insights gained
from these studies will impact the development of additional
rational combination therapies for aggressive BRAF-driven
tumors.
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