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Quantitative Proteomics Reveals Fundamental
Regulatory Differences in Oncogenic HRAS and
Isocitrate Dehydrogenase (IDH1) Driven
Astrocytoma*□S

Sophia Doll‡�, Anatoly Urisman‡, Juan A. Oses-Prieto‡, David Arnott§,
and Alma L. Burlingame‡¶

Glioblastoma multiformes (GBMs) are high-grade astro-
cytomas and the most common brain malignancies. Pri-
mary GBMs are often associated with disturbed RAS sig-
naling, and expression of oncogenic HRAS results in a
malignant phenotype in glioma cell lines. Secondary
GBMs arise from lower-grade astrocytomas, have slower
progression than primary tumors, and contain IDH1 mu-
tations in over 70% of cases. Despite significant amount
of accumulating genomic and transcriptomic data, the
fundamental mechanistic differences of gliomagenesis in
these two types of high-grade astrocytoma remain poorly
understood. Only a few studies have attempted to inves-
tigate the proteome, phosphorylation signaling, and epi-
genetic regulation in astrocytoma. In the present study,
we applied quantitative phosphoproteomics to identify
the main signaling differences between oncogenic HRAS
and mutant IDH1-driven glioma cells as models of primary
and secondary GBM, respectively. Our analysis confirms
the driving roles of the MAPK and PI3K/mTOR signaling
pathways in HRAS driven cells and additionally uncovers
dysregulation of other signaling pathways. Although a
subset of the signaling changes mediated by HRAS could
be reversed by a MEK inhibitor, dual inhibition of MEK and
PI3K resulted in more complete reversal of the phosphor-
ylation patterns produced by HRAS expression. In con-
trast, cells expressing mutant IDH1 did not show signif-
icant activation of MAPK or PI3K/mTOR pathways.
Instead, global downregulation of protein expression was
observed. Targeted proteomic analysis of histone modifi-
cations identified significant histone methylation, acetyla-
tion, and butyrylation changes in the mutant IDH1 ex-

pressing cells, consistent with a global transcriptional
repressive state. Our findings offer novel mechanistic in-
sight linking mutant IDH1 associated inhibition of histone
demethylases with specific histone modification changes
to produce global transcriptional repression in second-
ary glioblastoma. Our proteomic datasets are available
for download and provide a comprehensive catalogue of
alterations in protein abundance, phosphorylation, and
histone modifications in oncogenic HRAS and IDH1
driven astrocytoma cells beyond the transcriptomic
level. Molecular & Cellular Proteomics 16: 10.1074/
mcp.M116.063883, 39–56, 2017.

Gliomas are the most common human brain tumors with
�250,000 cases per year worldwide (1). Gliomas arise from
glial cells, which are non-neuronal cells that provide support
and protection for neurons. Astrocytomas are the most com-
mon form of glioma (2) and are histologically categorized into
four grades (I–IV), of which grade III (anaplastic astrocytoma),
and grade IV (glioblastoma multiforme (GBM)1), are malignant
(3). GBMs are among the deadliest human cancers, and de-
spite the use of aggressive multimodality therapy combining
surgery, radiotherapy, and chemotherapy, less than 5% of
patients survive longer than 5 years after diagnosis (4). Al-
though most GBMs (90%) develop de novo (primary glioblas-
toma) and typically have rapid progression, some (10%) pro-
gress more slowly after initially presenting as low-grade
gliomas (secondary glioblastoma) (supplemental Fig. S1) (5).

Most common alterations in primary glioblastomas include
telomerase reactivation, p53 and pRB pathway deactivation,
PTEN loss, and EGFR amplification leading to RAS signaling
activation (6). RAS network alterations (other than by muta-
tion, which is rare in gliomas) are commonly observed in
malignant astrocytomas (7–10). Importantly, overexpression
of HRAS in normal human astrocytes (NHAs) results in the
formation of intracranial tumors strongly resembling human
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grade III anaplastic astrocytoma after injection into mice. In
contrast, activation of AKT or EGFR does not trigger this
transformation (7). RAS remains difficult to target and several
small molecule inhibitors targeting downstream nodes of the
RAS regulated core axis have been developed for potential
cancer treatment. For example, cobimetinib (Genentech Inc.,
South San Francisco, CA) and pictilisib (Genentech Inc.) are
both highly selective and potent inhibitors of MEK1/2 and
PI3K, respectively (11, 12). MEK or PI3K inhibitors as single
agents in GBM therapy, however, lack of efficacy and require
the development of more effective therapies (13, 14).

Over 70% of secondary glioblastomas harbor isocitrate
dehydrogenase 1 (IDH1) mutations, involving Arg132 in nearly
all cases, whereas primary glioblastoma rarely show IDH mu-
tations (15–17). It has been shown that IDH1 Arg132 mutation
suppresses the biochemical ability of IDH1 to convert isoci-
trate into �-Ketoglutarate (�-KG) by further converting �-KG
into 2-hydroxyglutarate (2-HG) (18). As a result, the oncome-
tabolite 2-HG accumulates at high levels in IDH1 mutant
tumors (up to 100-fold of normal) and inhibits �-KG-depend-
ent histone and DNA demethylases, affecting epigenetic reg-
ulation and associated gene expression (supplemental Fig.
S2) (19, 20). Although 60 other human �-KG-dependent di-
oxygenases exist (21), �-KG-dependent histone demethy-
lases are the most sensitive to 2-HG-mediated inhibition (20).
Other epigenetic alterations induced by mutant IDH1 include
the CpG island methylator phenotype (CIMP), characterized
by increased global DNA methylation (22). However, more
detailed mechanisms of tumorigenesis produced by accumu-
lation of 2-HG and CIMP in IDH1-mutant gliomas, including
specific alterations in signaling pathways and key epigenetic
factors responsible for transformation and progression, re-
main largely unknown.

To uncover possible mechanisms driving the cellular and
molecular transformation of primary and secondary glioblas-
toma, we investigated changes of protein abundance, phos-
phorylation, and histone post-translational modifications
(PTMs) in an in vitro model. Direct analysis of proteins and
PTMs provides an important advantage over genomic and
transcriptomic approaches, because mRNA expression often
does not correlate with protein expression and cannot predict
functional state of proteins determined by PTMs (23, 24). Only
a few studies have attempted to investigate the alterations in
phosphorylation within signaling networks in human gliomas
(25–27), but none have addressed the potential involvement of
an altered histone code by targeted quantitative mass spec-
trometry (MS). MS-based proteomics provides a platform for
in-depth identification and quantification of thousands of pro-
teins and their PTMs, including histone PTMs, and allows the
quantitation of perturbed signaling networks (28).

To study these mechanisms in vitro, we chose a previously
developed cellular model (7, 29). This system consists of
NHAs, which are immortalized by the reactivation of telomer-
ase activity via the expression of human telomerase reverse

transcriptase (hTERT) and the introduction of virally-encoded
E6 and E7 to inhibit the transcription of p53 and pRb, respec-
tively. NHA E6/E7 hTERT (control-NHA) are further trans-
formed into tumorigenic astrocytoma cells by either overex-
pressing oncogenic H-Ras V12 (RAS-NHA) or introducing
mutant IDH1 (IDH1mut-NHA), mimicking primary and second-
ary high-grade astrocytoma, respectively.

In this work we applied a quantitative MS-based strategy to
characterize the proteomic and phosphoproteomic changes
in HRAS and mutant IDH1 driven glioma cells. We report the
driving roles of the MEK and PI3K signaling pathways in
RAS-NHA cells, and describe previously unknown alterations
in other pathways. Furthermore, we show that simultaneous
MEK and PI3K inhibition reverses many but not all signaling
changes driven by oncogenic HRAS in RAS-NHA cells. Addi-
tionally, we provide a quantitative view of major effects on
histone PTM occupancies resulting from the overproduction
of the oncometabolite 2-HG and its inhibition of chromatin
remodeling enzymes in IDH1mut-NHA cells.

EXPERIMENTAL PROCEDURES

Cell Culture—Immortalized NHAs were a gift from R. O. Pieper
(University of California San Francisco, CA). The creation of NHA
expressing E6/E7 and hTERT (control-NHA), NHA expressing E6/E7,
hTERT, and IDH1mutant (IDH1mut-NHA), and NHA expressing E6/E7,
hTERT, and H-Ras V12 (RAS-NHA) has been described previously (7,
30). IDH1mut- and RAS-NHA cells were cultivated in stable isotope
labeling by amino acids in cell culture (SILAC) DMEM-H21 medium
(Thermo Fisher Scientific, Waltham, MA) supplemented with 10%
dialyzed FBS and 1% Penicillin Streptomycin containing heavy
13C6

15N2-lysine and 13C6
15N4-arginine (R10K8) or medium 2H4-lysine

and 13C6 arginine (R6K4) (Cambridge Isotope Laboratories, Andover,
MA), respectively. Control-NHA cells were grown in SILAC DMEM-
H21 medium supplemented with light lysine and arginine (R0K0). All
cell lines were maintained at 37 °C and 5% CO2 and collected after a
minimum of 5 passages.

Immunoblotting—To prepare the lysates for immunoblot assays,
cells were lysed in RIPA buffer (Thermo Fisher Scientific) supple-
mented with 1% phosphatase and protease inhibitors. Samples were
rocked at 4 °C for 30 min and cleared by centrifugation at 10,000 rpm
for 10 min at 4 °C. Protein levels were measured using the Pierce BCA
protein assay (Thermo Fisher Scientific) by fluorescence spectrome-
try. Equal amount of protein extracts were incubated at 70 °C in LDS
sample buffer and reducing agent (Invitrogen, Carlsbad, CA) for 10
min before being separated by SDS-polyacrylamide gel electropho-
resis (NuPAGE, Invitrogen) and transferred to a nitrocellulose mem-
brane. After blocking for 1 h at room temperature with bovin serum
albumin, membranes were incubated with primary antibodies over-
night at 4 °C. Anti-nestin (NES) antibody was obtained from Santa
Cruz Biotechnology. Specific antigen-antibody interaction was de-
tected with anti-mouse secondary antibodies labeled with horserad-
ish peroxidase (HRP). Signal was revealed by SuperSignal West Pico
Chemiluminescent HRP substrate (Thermo Fisher Scientific).

MEK and PI3K Inhibition—We treated heavy SILAC-labeled RAS-
NHA cells with 2 �M of cobimetinib (GDC-0973, Genentech Inc.) and
unlabeled RAS-NHA cells with DMSO for 4 h. Dual MEK and PI3K
inhibition was carried out by the addition of 2 �M GDC-0973 and 5 �M

pictilisib (GDC-0941, Genentech Inc.). After 4 h, cells were collected
and stored at �80 °C. GDC-0973 and GDC-0941 drug concentrations
were selected based on previously described conditions (31).
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Sample Preparation and Titanium Dioxide (TiO2) Phosphopeptide
Enrichment—After full incorporation of SILAC labels, cell pellets were
collected and stored at �80 °C. Cell pellets were lysed in 8 M urea, 20
mM HEPES buffer by sonication and clarified by centrifugation at
16000 � g for 10 min. Protein content was measured using Pierce
BCA protein assay (Thermo Fisher Scientific) according to the man-
ufacturer’s protocol. Heavy and medium SILAC-labeled samples
were combined with the unlabeled sample at 1:1:1 final protein con-
tent ratio. Proteins were reduced with dithiothreitol and alkylated with
iodoacetamide prior to overnight tryptic in-solution digestion at 37 °C.
Tryptic peptides were further desalted with Sep-Pak C18 cartridges
(Waters Corporation, Milford, MA). Peptides were enriched for phos-
phopeptides with an in-house packed TiO2 column using an AKTA
Purifier HPLC system (GE Healthcare, Chicago, IL) as described
previously (32). Both, phosphopeptide and flowthrough (non-phosphor-
ylated peptides) fractions were further fractionated by off-line high-pH
reversed phase chromatography into 20 fractions as previously de-
scribed (32). The fractions were desalted with Zip Tip C18 pipette tips
(Millipore Corporation, Billerica, MA) before liquid chromatography
tandem mass spectrometry (LC-MS/MS) analysis. This experiment
was repeated in three biological replicates.

To assess the SILAC labeling efficiency, about 200 �g of proteins
of heavy RAS-NHA and medium IDH1mut-NHA SILAC-labeled sam-
ples were separately reduced, alkylated, and digested before LC-
MS/MS analysis as described above.

LC-MS/MS Analysis—Nanoflow LC-MS/MS analysis of tryptic pep-
tides was conducted on an LTQ-Orbitrap Velos (Thermo Fisher Sci-
entific) fitted with an EASY-Spray PepMap® RSLC C18, 3 �m, 100 Å,
75 �m � 15 cm column (Thermo Fisher Scientific). About 0.4 �g of
desalted peptides were loaded and eluted over the course of 57 min
from 2–27% solvent B (100% acetonitrile, 0.1% formic acid) and
stepped up to 50% in 2 min. The mass spectrometer was operated in
“top-6” data-dependent mode, collecting MS spectra in the Orbitrap
mass analyzer (60000 resolution, 350–1500 m/z range) with an auto-
matic gain control (AGC) target of 2E6 and a maximum ion injection
time of 250 ms. Following higher-energy collisional dissociation
(HCD), MS/MS spectra were collected in the Orbitrap (7500 resolu-
tion, 350–1500 m/z range) with an AGC target of 9E4 and a maximum
ion injection time of 500 ms. Label free analysis was performed on an
Orbitrap Fusion mass spectrometer in a “top-10” data-dependent
mode, collecting MS spectra in the Orbitrap (120,000 resolution,
375–1600 m/z scan range) with an AGC target of 2E5 and a maximum
ion injection time of 50 ms. After HCD fragmentation, MS/MS spectra
were collected in the Orbitrap (30,000 resolution, 350–1400 m/z scan
range) with an AGC target of 5E4 and a maximum injection time of 60
ms. Desalted peptides were loaded on an EASY-Spray PepMap®
RSLC C18, 2 �m, 100 Å, 75 �m � 15 cm column (Thermo Fisher
Scientific) and eluted over the course of 85 min with an acetonitrile
gradient from 2–25% solvent B (98% acetonitrile, 0.1% formic acid)
and stepped up to 40% in 2 min.

Experimental Design and Statistical Rationale—For the character-
ization of the proteomic and phosphoproteomic changes in HRAS
and mutant IDH1 driven glioma cells, we applied a SILAC quantitative
MS-based strategy. Biological triplicates of each triple-SILAC exper-
iment provided p values for the statistical analyses. An additional label
free quantification was measured to validate the proteomic changes
observed in IDH1mut-NHA cells compared with control cells. Two
technical replicates were measured for the analysis of histone PTM
changes of IDH1mut- IDH1wt-, and control-NHA cells.

Data Analysis—Tandem mass spectra were searched against the
UniProt_2015_07 human database (containing 68561 entries) using
MaxQuant version 1.5.2.8 with a 1% false discovery rate (FDR) at the
phosphosite, peptide, and protein level. Default settings with the
following changes were applied: “phospho (STY)” were selected as

variable modifications for phosphopeptide searches, “re-quantify”
and “match between runs” were enabled, and a minimum ratio count
of 1 was selected, meaning that at least one labeled peptide triplet
needs to be quantified to report a SILAC ratio. Carbamidomethylation
of cysteine was selected as fixed modification and N-terminal protein
acetylation and methionine oxidation as variable modifications and a
maximum of two missed cleavages was selected with trypsin as
protease. The mass tolerance for precursor ions and fragment ions
were 20 ppm. Bioinformatics analysis was performed with Perseus
version 1.5.1.6, Microsoft Excel, and R statistical software. Heavy/
light and medium/light log2 ratios were calculated for each detected
protein and normalized by median-centering (i.e. setting the median
log2 ratio equal to zero). Average log2 ratios from the biological
repeats and the corresponding p values were visualized with volcano
plots. p values were calculated based on a t test and a p value of �
0.05 and fold change of � 2 (log2 � 1) were chosen as the signifi-
cance cutoff based on the distributions observed in volcano plots. All
raw data, search parameters, and results are available on Proteome-
Xchange via the PRIDE database (PXD004945). We provide further
information about all identified phosphopeptides in supplemental Ta-
bles S1–S3 and the annotated spectra can be visualized using the
ProteinProspector MS-viewer with the following search keys:
rqb1zvxx60 (triple SILAC experiment, supplemental Table S1),
t334dbbxng (MEK inhibition experiment, supplemental Table S2), and
w8fxjv0hoj (dual MEK and PI3K inhibition experiment, supplemental
Table S3).

Gene Ontology, Molecular Signature Database (MSigDB) and Prin-
cipal Component Analysis (PCA) Analysis—To identify enriched bio-
logical processes terms within our data set we used DAVID bioinfor-
matics functional annotation tool (http://david.abcc.ncifcrf.gov/) (33).
The significance of fold enrichment was calculated using a Benjamini-
Hochberg adjusted p value of � 0.01. Gene set enrichment analysis
(GSEA) was performed using gene set collections “h,” “c2,” “c3,” “c4,”
“c5,” and “c6” from the MSigDB (34). We estimated the significance of
fold enrichments for each gene set by hypergeometric testing in R. PCA
was performed on the processed data as described previously (35).

Histone Purification and Mass Spectrometry Analysis by Parallel
Reaction Monitoring (PRM)—H2A, H2B, H3, and H4 histones were
purified with a histone purification kit (Active Motif, Carlsbad, CA)
according to the manufacturer’s protocol. Histone concentrations
were measured using Direct Detect Infrared Spectrometer (Millipore).
In total, 4 �g of unlabeled histones (extracted from IDH1mut-,
IDH1wt-, and RAS-NHA cells) and heavy amino acid-labeled histones
(extracted from PC9 cells, used as a common standard) were mixed
in a 1:1 ratio. Histone digestion and MS analysis were performed as
previously described (36). Briefly, histones were propionylated using
deuterated propionic anhydride; the reaction was quenched by hy-
droxylamine followed by tryptic digestion overnight and phenyl-iso-
cyanate (PIC) labeling. Histone peptides were then analyzed by
capillary reversed phase ultra high-pressure liquid chromatography-
electrospray ionization tandem MS on an Orbitrap Fusion mass spec-
trometer as described previously (37). Targeted product ion spectra
were acquired by PRM based on a targeted inclusion list containing 72
transitions covering 100 peptide combinations and 71 distinct histone
PTMs for histones H3 and H4. Data were further processed with Skyline
(38) and the relative abundance of histone PTMs across the samples
was normalized using the heavy SILAC-labeled internal standard (PC9
cells). Experiments were repeated twice (technical replicates) and a log2
ratio cutoff of � 0.2 was used to define significant changes.

RESULTS AND DISCUSSION

I) Quantitation of Proteomic and Phosphoproteomic Changes
by SILAC-MS in RAS or Mutant IDH1 Driven Glioma Cells—To
compare signaling alterations in RAS or mutant IDH1 driven
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astrocytoma cell lines we determined proteome-wide phos-
phorylation and protein abundance changes in immortalized
NHA cells in response to overexpression of HRAS or mutant
IDH1 using SILAC based MS (39) (Fig. 1A). After full incorpo-
ration of SILAC labels as assessed by MS (98 and 96%
labeling efficiency for RAS-NHA and IDH1mut-NHA cells, re-
spectively (supplemental Table S4)), the phosphorylation and
protein abundance changes of these two cell lines were com-
pared with control-NHA cells. Overall, we identified 6942
phosphorylation sites with a 1% FDR at the protein, peptide,
and phosphorylation site level. Among these, 4976 phosphor-
ylation sites were mapped with high confidence (localization
probability � 0.75 (28)) (supplemental Table S5). A total of
2817 of these phosphosites were detected and quantified in
at least two of the three biological replicates, and 1402 sites

were detected in all three replicates and all three cell types
(Fig. 2A). The majority (77%) of the detected phosphopep-
tides were singly phosphorylated, whereas 19% were doubly
and 4% triply phosphorylated. A comparison of relative phos-
phopeptide abundances (ratios to the control-NHA cells) be-
tween biological replicates showed high reproducibility, with
an average Pearson correlation factor R of 0.77 (supplemental
Figs. S3A and S4).

We detected a total of 4034 proteins at 1% FDR, of which
2800 proteins were identified in at least two biological repli-
cates, and 1764 proteins were detected in all three biological
replicates (Fig. 2B). Measured relative protein abundances in
the biological replicates showed high degree of reproducibility
with an average Pearson correlation factor R of 0.76 (supple-
mental Fig. S3B). MS validated the over-expression of HRAS
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at the protein level in RAS-NHA cells (Fig. 2C). Although
previous studies confirmed the presence of the mutant form
of IDH1 in IDH1mut-NHA by Western blot (29), we also ob-
served significant over-expression of IDH1 at the protein level
(Fig. 2D).

II) Characterization of the Phosphoproteome in RAS-NHA
Cells—In order to detect signaling network alterations medi-
ated by oncogenic HRAS in glioma, we quantitatively com-
pared phosphorylation changes of RAS-NHA to those of NHA
cells as the control. For all comparisons, we used a 2-fold
change (log2 � 1) and p value of �0.05 cutoff to define
significant up or downregulation. Overall, 18.6% of all identi-
fied phosphosites in RAS-NHA cells displayed significant
changes in regulation (Fig. 3D). We found that 278 phosphor-
ylation sites corresponding to 154 proteins showed upregu-
lation, whereas 245 phosphorylation sites, mapping to 160
proteins, displayed downregulation (supplemental Table S6).
In total, 672 phosphorylated proteins were also detected in
the protein abundance measurements, allowing normalization
of phosphorylation changes by the respective protein expres-
sion to identify instances of abundance-independent changes
in phosphorylation (supplemental Table S7).

A) Affected Pathways Downstream of RAS—

Overexpression of HRAS Triggers Activation of the MAPK
and PI3K Pathways—To identify the biological processes
and pathways that are associated with altered phosphor-
ylation after HRAS overexpression, we performed GSEA
using MSigDB database of annotated gene sets (34). We
found that upregulated phosphoproteins in RAS-NHA cells
were significantly enriched for the MAPK (p � 0.0005), PI3K
(p � 0.009), and MTOR (p � 2e�6) pathways (Fig. 3A).
Furthermore, sequences surrounding the regulated phos-
phosites showed a significant enrichment of canonical
MAPK and PI3K substrate recognition motifs (Fig. 3B).

MAPK Pathway—Examining the correlation between phos-
phorylation and protein abundance revealed that a subset of
upregulated phosphosites, including MAP2K2, MAPK1, and
MAPK3 showed abundance independent upregulation (Fig.
3C). Phosphosites of MAPK1 (pT185 and pY187) are known
MAP2K1/2 target sites (40) and displayed 3.4- and 6.5-fold
abundance independent upregulation in our experiments, re-
spectively. The dual phosphorylation of these two sites is
known to promote the kinase activity of MAPK1 and is re-
quired for maximal activation (41). Similarly, phosphorylation
of MAPK3 on pY204, which is another target site of
MAP2K1/2 (42), revealed 6-fold higher abundance-independ-
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ent upregulation (Fig. 4A and 4B). In addition to perturbed
phosphorylation we found multiple changes at the protein
abundance level that are consistent with activation of the
MAPK pathway. For example, Sprouty protein 4 (SPRY4),
whose expression is induced by the MAPK pathway (43, 44),
showed a 10-fold upregulation at the protein level.

PI3K Members—We also found that several key members
of the PI3K pathway showed regulation at the phosphoryla-
tion level, including AKT1S1, RPTOR, and RICTOR (Fig. 4A
and 4B). For example, AKT1S1 phosphosites pT246 and
pS212 displayed 3.1-fold and 1.9-fold abundance-independ-
ent upregulation, respectively. Both phosphosites have been
described as activating and are target sites of AKT1 and
MTOR, respectively (45, 46). Phosphorylation of AKT1S1 on
residue pT246 promotes activation of the mTORC1. Similarly,
phosphorylation of RPTOR on pS863 displayed a 2.6-fold
upregulation; this site is also known to indicate mTORC1
activation (47). Activation of mTORC1 leads to the stimulation
of its downstream targets including RPS6KB1 and subse-
quent activation of EIF4B, which triggers transcription of mul-
tiple proteins involved in cell proliferation and survival (48).
Phosphorylation level of EIF4B (pS93) was identified in one of
the three biological replicates and showed 2.2-fold abun-

dance independent upregulation compared with control cells.
In contrast, other phosphosites on EIF4B, including pS238
and pS406, did not show significant changes. Interestingly,
another member of the EIF family, EIF4E, showed a 2.5-fold or
higher increase of phosphorylation on multiple sites in the
C-terminal tail, including pT205, pS207, and pS209. The
phosphorylation of EIF4E on pS209, known to be mediated by
the EIF4G-associated kinases MNK1 and MNK2, promotes
cap-dependent translation (49, 50). MNK1/2 are protein-ser-
ine/threonine kinases that are activated by MAPK, and inhibi-
tion of these two kinases results in decreased glioma forma-
tion in mice (51). Notably, pT205 and pS207 phosphosites on
EIF4E have not been functionally characterized. Their signifi-
cant upregulation points to a possible role in regulating the
function of EIF4E.

Other regulated proteins in PI3K pathway in RAS-NHA cells
included Niban (FAM129A). FAM129A regulates the phosphor-
ylation of multiple proteins involved in translation regulation,
including EIF2A, EIF4EBP1 and RPS6KB1. Consistent with
overexpression of FAM129A in multiple cancer types (52–54),
we observed a 2-fold upregulation of its abundance in RAS-
NHA cells. Additionally, we detected a 2-fold upregulation of
phosphorylation at pS602. This site is a known substrate of
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AKT1. Phosphorylation of FAM129A promotes the degrada-
tion of p53 (55), which in our system is consistent with sup-
pression of apoptosis by oncogenic HRAS. We also detected
another upregulated (3.7-fold) phosphosite of FAM129A at
pS646. The functional role of this phosphosite, however, is
unknown. Niban-like protein 1 (FAM129B) also showed sig-
nificant upregulation of multiple phosphosites (pS641, pS646,
pS665, pS681, pS692, pS696) in RAS-NHA cells. FAM129B
plays a critical role in cancer cell invasion, primarily by inhib-
iting caspase-mediated apoptosis (56). Although MAPK reg-
ulated signaling has been shown to mediate phosphorylation
of pS641, pS646, pS692 and pS696 in melanoma (57), the
roles of pS665 and pS681 phosphosites have not been pre-
viously characterized.

Similar to prior reports, multiple target phosphosites of
MTOR showed significant upregulation in response to
HRAS overexpression, including pS289 on BAG3, pS766
and pS774 on LARP1, and pS212 on AKT1S1 (1.4-fold). All
three targeted proteins have been previously associated
with roles in cell proliferation and anti-apoptotic activity (58,
59).

Taken together, our findings indicate that the MAPK and
PI3K pathways are highly activated in RAS-NHA cells.

Other Ras Downstream Pathways—In addition to the MAPK
and PI3K pathways, we identified altered phosphorylation of

other pathways and proteins that are known to act down-
stream of RAS, such as Cdc42 effector proteins 1, 2, 3, and
4, and p21-activated kinases (PAKs), as well as several PAK
target proteins. For example, multiple PAK1 target sites,
including ARHGEF2 pS886 displayed upregulation (2.6-fold)
(60). Furthermore, the PAK1 inhibitor Merlin (NF2) showed
significant (2.8-fold) downregulation at the protein level,
which is characteristic for PAK1 hyperactivation (61). We
further found that several Rho guanine nucleotide exchange
factors (GEFs) and Rho GTPase activating proteins (GAPs),
such as ARHGEF2, ARHGEF7, ARHGEF28, and ARHGAP22,
ARHGAP23, and ARHGAP24 exhibited significant upregu-
lation of protein abundance or phosphorylation. For in-
stance, ARHGEF2 phosphosites pS696, pS886, and pS645
demonstrated 3.2-fold and higher upregulation.

RAS related proteins RALA, RALB, and RALBP1 are impor-
tant for RAS-mediated oncogenic signaling (62), and we found
that 6 of the 13 identified RAL interaction partners (R-RAS2,
RAP2B, RAB8B, RGL4, RALA and RALB) showed 2-fold or
higher upregulation at the protein level (supplemental Fig. S5).

Therefore, in addition to MAPK and PI3K pathways, multiple
other RAS effector pathways and proteins displayed changes
consistent with their RAS-dependent regulation.

B) Phosphorylation Patterns Point to Feedback Mediated
Phosphorylation of Upstream Regulators of RAS—In addition
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to the changes in downstream effectors of RAS, we also
found changes in phosphorylation of multiple proteins up-
stream of HRAS, pointing to feedback regulation mecha-
nisms. For example, EGFR, FGFR4, EPHA2, and TGFBR2
receptors showed significant phosphorylation upregulation in
RAS-NHA cells. EGFR phosphosites pT648, pS991, and
pS1166 displayed 3.5-fold, 3.7-fold, and 1.6-fold upregula-
tion, respectively. The pS991 and pS1166 sites are both
thought to be negative regulators of EGFR (63, 64). EGFR
pT648 has not been previously functionally characterized, but
our results suggest that by analogy to pS991 and pS1166 this
phosphosite may also be involved in feedback downregula-
tion of EGFR. Additionally, pS251 and pS369 of ERRFI1,
which is a negative regulator of EGFR (65), were also signifi-
cantly upregulated, raising the possibility that phosphoryla-
tion at these sites may promote the activity of ERRFI1 as a
negative regulator of EGFR.

Furthermore, we found that FGFR4 phosphorylation site
pS573 was one of the most significantly upregulated (34-
fold) sites in our experiment. Whether phosphorylation of
pS573 on FGFR4 promotes its activation or inhibition, how-
ever, remains unclear. Interestingly, the receptor tyrosine
kinases (RTKs) EPHA2 and EPHB2, which are both involved
in cell adhesion and migration dependent signaling, showed
distinct responses to RAS activation. Although EPHB2
didn’t reveal regulation in RAS-NHA cells, EPHA2 showed
significant upregulation at the protein and phosphorylation
levels. The AKT-mediated EPHA2 phosphorylation on resi-
due pS897 displayed a 4.9-fold upregulation.

C) Dual MAPK and PI3K Inhibition Yields a More Complete
Reversal of the Phosphorylation Changes Driven by Onco-
genic HRAS Compared with MEK Inhibition Only—We next
wanted to know if the protein and phosphorylation regula-
tion changes observed as a result of oncogenic HRAS over-
expression in NHA cells could be reversed by inhibition of
its downstream effects. Specifically, we sought to identify
and compare the sets of regulatory changes reversible by
either a MEK inhibitor alone or in combination with a PI3K
inhibitor. For this purpose, we treated RAS-NHA cells with a
highly selective small-molecule inhibitor of MEK1/2 (GDC-
0973, Genentech Inc.) (11) and a potent class I PI3K inhib-
itor (GDC-0941, Genentech Inc.) (12) and measured global
protein and phosphorylation changes (Fig. 5A).

MEK Inhibition—After MEK inhibition alone, we identified 95
and 170 phosphosites displaying at least 2-fold down or
upregulation in RAS-NHA cells compared with DMSO treat-
ment, respectively (supplemental Table S8 and supplemental
Fig. S6A). Overall, we identified 115 (41.4%) of all significantly
upregulated sites observed in the RAS-NHA versus control-
NHA cells experiments. Although 15 (13.0%) of upregulated
sites in RAS-NHA cells displayed at least 2-fold downregula-
tion after MEK inhibition (reversible sites) (Fig. 5B), 25 (21.7%)
were paradoxically activated upon MEK inhibition beyond that
seen from HRAS overexpression (nonreversible sites) (Fig. 5C)

(supplemental Table S9). Reversible sites that showed at least
2-fold downregulation after MEK inhibition, included MAPK1
(pY187) and MAPK3 (pY204) as well as phosphoproteins in-
volved in RAS protein signaling transduction (FAM129B and
ARHGAP29). Other reversible sites included EPS8L2 (pS459),
NES (pT338), PML (pS527) and TACC1 (pS276). On the con-
trary, we observed nonreversible sites such as AKT1S1
(pT246), which is consistent with the compensatory activation
of PI3K pathway as a result of MEK inhibition observed in
other systems (66). Interestingly, NES phosphorylation sites
showed opposite regulation after MEK inhibition. Although
pT338 was reversible, pS905 was activated upon MEK inhi-
bition. HMGA1 (pS44), GREM1 (pS77), and IL6ST (pS667)
were also categorized as non-reversible sites. In addition to
the changes in downstream proteins, we found altered phos-
phorylation of multiple proteins upstream of MEK pointing to
feedback regulation mechanisms. For example, NGFR pS313,
which already showed 16-fold upregulation in RAS-NHA cells
(compared with control-NHA cells) was upregulated 20-fold
more after MEK inhibition alone, suggesting that this site
might be involved in compensatory activation of NGFR fol-
lowing MEK inhibition.

Dual MEK and PI3K Inhibition—We next investigated the
efficacy of dual MEK and PI3K inhibition in reversing signaling
changes mediated by oncogenic HRAS in RAS-NHA cells. By
applying quantitative MS after 4 h of treatment, we found 403
phosphosites displaying at least 2-fold downregulation after
dual inhibition compared with DMSO treatment. Only a mi-
nority of phosphosites (129) showed more than 2-fold upregu-
lation after dual inhibition (supplemental Table S10 and sup-
plemental Fig. S6B).

In this dual inhibition experiment, we quantified 217 (78.1%)
of significantly upregulated phosphosites identified in the
RAS-NHA versus control-NHA cells experiment. Of these, 49
(22.6%) showed significant downregulation after dual inhibi-
tion (reversible sites) (Fig. 5D) and 6 (2.8%) displayed signifi-
cant upregulation (nonreversible sites) (Fig. 5E) (supplemental
Table S11).

Among the reversible phosphorylation sites, MAPK1
(pT185, pY187), MAPK3 (pY90), and AKT1S1 (pT246)
showed the most substantial downregulation (up to 68-fold)
after dual inhibition. Furthermore, downstream targets of
the MAPK signaling cascade such as pS641, pS646, pS692
and pS696 of FAM129B, ARHGAP29 pS1029, and pS405
CTTN showed significant reversed phosphorylation pat-
terns. Multiple downstream targets of PI3K, including BAG3
and EIF4E showed significant reversed phosphorylation
patterns as well. Interestingly, pS946 and pT648 of the
upstream regulator EGFR were also reversed. Similar to
MEK inhibition only, NES phosphorylation sites showed
distinct responses to dual inhibition. Although pT338 was
significantly downregulated after MEK inhibition only and
dual inhibition, pS1577 was one of the few nonreversible
phosphorylation sites after dual inhibition. Other nonrevers-
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ible phosphosites included NGFR (pS313), PTRF (pS237),
DST (pS106), PCDH7 (pS974), and PPP1R14A (pS128), sug-
gesting that different pathways, other than PI3K and MAPK
regulate these sites.

MEK Inhibition Only Versus Dual MEK and PI3K Inhibition—
Comparing both experiments to each other revealed that
several phosphorylation sites showed opposite or more
substantial downregulation after MEK and PI3K inhibition
compared with MEK inhibition alone. For example, pT246 of
AKT1S1 showed 12-fold abundance-independent down-
regulation after dual inhibition, but 2-fold abundance-inde-
pendent upregulation after MEK inhibition alone. RICTOR
pS1302, which was 1.7-fold upregulated after MEK inhibi-
tion, showed no changes in phosphorylation after simulta-
neous inhibition. Several phosphosites of CDC42EP pro-
teins and TGFBR2, which showed abundance-independent
increased phosphorylation after MEK inhibition displayed

downregulation after dual inhibition. Multiple phosphosites
of IRS-1 and 2, which are known substrates of MAPK (67),
showed 3.5-fold or higher downregulation after dual inhibi-
tion, but only moderate responses (� 1.5-fold) after MEK
inhibition. We further observed that in addition to RAS and
cell cycle associated proteins, phosphosites of focal adhe-
sions and cell motion proteins were significantly downregu-
lated after dual inhibition compared with MEK inhibition
alone (supplemental Fig. S6C, S6D, and S6F).

Taken together, inhibition of MEK reversed only a minority
of HRAS-driven phosphorylation patterns. In comparison,
simultaneous inhibition of the MAPK and PI3K signaling
pathways reversed many signaling changes driven by on-
cogenic HRAS with the exception of six phosphorylation
sites that were not reversible. Dual inhibition was clearly
superior in reversing oncogenic signaling in HRAS driven
glioma cells compared with MEK inhibition alone.
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III) Oncogenic Activity of Mutant IDH1 Induces Global Pro-
tein Expression Changes and Perturbs Epigenetic Regulation
in IDH1mut-NHA Cells—

Global Proteome and Phosphoproteome in IDH1mut-NHA
Cells—IDH1 mutation is a selective marker of secondary glio-
blastoma, and given its pivotal role in the inhibition of histone
demethylases and reorganization of DNA methylation, we as-
sessed whether protein abundance changes can be linked to
the histone PTM signature of IDH1mut-NHA cells.

Overall, we observed more down than upregulated proteins
as well as phosphorylation sites in IDH1mut-NHA cells com-
pared with control-NHA cells. In total, 115 proteins (4.1%) and
292 phosphosites (10.4%) showed at least 2-fold downregu-
lation compared with 67 (2.4%) proteins and 115 (4.0%) phos-
phosites displaying significant upregulation (Fig. 6C and sup-

plemental Table S12). The observed protein abundance
changes were concordant with prior transcriptomic profiling
of IDH1mut-NHA cells that revealed a global downregulation
of gene expression compared with wild type IDH1 (IDH1wt)
NHA cells (22). Both proteomic and transcriptomic observa-
tions are consistent with the G-CIMP of IDH1 mutant gliomas,
which induces global reorganization of the transcriptome (22,
68). Similar to other studies showing that mRNA expression
levels are not fully reflective of protein abundances (23, 24),
we found that relative protein intensities in IDH1mut-NHA
cells did not correlate with relative gene expression when
comparing our data with the microarray data (supplemental
Fig. S7).

IDH1 Mutation Induces Epigenetic Alterations in IDH1mut-
NHA Cells—Upregulated proteins in IDH1mut-NHA cells were
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enriched for chromatin-associated proteins, such as DNA
replicating licensing factors MCM2–7, DNMT1, and HELLS
(highlighted in orange in Fig. 6A). In addition, multiple chro-
matin-associated proteins, including �-KG-dependent KDM2A,
displayed significant phosphorylation alterations (Fig. 6B). In-
terestingly, the most significantly upregulated phosphoryla-
tion site in IDH1mut-NHA cells was localized on N-acetylse-
rotonin O-methyltransferase-like protein ASMTL (pS223)
protein. Additionally, phosphosites in lysine specific demethy-
lases KDM1A (pS166) and KDM2A (pS740) showed significant
downregulation, whereas pS301 of KDM5C displayed signif-
icant upregulation.

�-KG-dependent histone demethylases are major targets of
IDH1 (20, 69). Most �-KG dependent histone modifying en-
zymes, however, did not show significant changes in protein
abundance in our dataset, suggesting that functional inhibi-
tion of �-KG dependent enzymes by mutant IDH1 does not
significantly affect their protein expression level.

Histone PTM Occupancies in IDH1mut-NHA Cells Reveal a
Transcriptional Silencing State—We next sought to investi-
gate the downstream targets of �-KG dependent histone
demethylases. To this end, we compared histone PTM occu-

pancies of IDH1mut-NHA to control-NHA cells. We quantified
site-specific histone PTMs by applying a hybrid chemical
labeling method and MS analysis by PRM (Fig. 7A and sup-
plemental Table S13).

Histone Methylation—Overall, we identified 29 different
methylation marks on histone H3. Consistent with previous
studies using antibody-based detection approaches (22, 70),
multiple histone methylation sites showed significant increase
in methylation in IDH1mut-NHA compared with control-NHA
cells, including H3K9me3 (1.2-fold), H3K27me3 (1.5-fold), and
H3K36me3 (1.3-fold). We further identified two other signifi-
cantly upregulated tri-methylated marks on histone H3
(H3K4me3 and H4K20me3) (Fig. 7B). Although H3K9me3,
H3K27me3, H4K20me3, and H3K36me3 are known to be
associated with transcriptional silencing, H3K4me3 is linked
to transcriptional activation (71). To control for possible ef-
fects of IDH1 protein overexpression, we also included
IDH1wt-NHA cells in our histone PTM analysis. We found that
IDH1wt-NHA cells presented opposite histone tri-methylation
regulation compared with IDH1mut-NHA cells, as H3K9me3,
H3K27me3, H3K36me3, and H4K20me3 displayed significant
downregulation in IDH1wt-NHA cells. All three histone marks,
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displayed 1.8-, 2.9-, 1.7-, and 2.9-fold increased upregulation
in IDH1mut- compared with IDH1wt-NHA cells, respectively.
These results are consistent with the function of wild type
IDH1, which produces �-KG and subsequently activates
�-KG-dependent histone demethylases. Mutant IDH1, how-
ever, inhibits �-KG-dependent histone demethylases, which
results in increased histone tri-methylation.

In contrast to tri-methylated histone lysines, mono- and
di-methylated lysines did not show significant regulation and
appear not to be affected by mutant IDH1. Overall, the ob-
served methylation patterns suggest a transcriptional repres-
sive state in IDH1mut-NHA cells.

Histone Acetylation—While the majority of histone meth-
ylation marks have been linked to transcriptional repression,
lysine acetylation is associated with transcriptional activation
(72). We found that IDH1mut-NHA cells displayed significant
downregulation of histone acetylation. In fact, all associated
marks, including H3K4ac, H3K9ac, H3K23ac, H3K27ac,
H4K5ac, H4K8ac, H4K12ac, H4K16ac, and H4K20ac,
showed significant downregulation (Fig. 7C). H3K4ac and
H3K9ac displayed the most significant downregulation (8.6-
fold and 3.1-fold compared with IDH1wt-NHA cells, respec-
tively). Both of these marks, if acetylated, are known to induce
transcriptional activation (73, 74). Finally, H3K14ac and
H3K18ac showed a trend for downregulation in IDH1mut-
NHA cells. These results indicate that mutant IDH1 induces a
global transcriptional state through reduced acetylation.

Histone Butyrylation—Among all identified histone PTMs,
butyrylation was one of the most upregulated marks. We
identified three histone butyrylation sites on histone H3
(H3K14, H3K18, and H3K23). The H3K18 and H3K23 butyry-
lation marks displayed 1.4-fold and 1.5-fold upregulation in
IDH1mut-NHA cells compared with control cells, respectively
(Fig. 7D). Histone butyrylation, however, was even more
significantly upregulated in IDH1wt-NHA cells. In fact, his-
tone butyrylation was 1.9-fold downregulated in IDH1mut-
compared with IDH1wt-NHA cells. These observations sug-
gest a regulatory link between IDH1 mutation and histone
butyrylation.

In summary, our histone PTM analysis revealed a significant
upregulation of histone lysine trimethylation and downregula-
tion of histone acetylation and butyrylation in IDH1mut-NHA
cells compared with IDH1wt-NHA cells, pointing to a global
transcriptional repressive state mediated by mutant IDH1,
consistent with the observed downregulated proteome in
IDH1mut-NHA cells.

Mutant IDH1 Induces Metabolic Changes in IDH1mut-NHA
Cells—In addition to epigenetic changes, we found that met-
abolic proteins (highlighted in blue in Fig. 6A and supplemen-
tal Fig. S8) regulating glycolysis, lipolysis, as well as oxi-
doreductase activity were significantly dysregulated in
IDH1mut-NHA cells compared with control-NHA cells. Al-
though metabolic proteins AGPAT9, ACO1, GAPDH, PGAM1,
TALDO1, ALDOA, HK1, HK2, and GPI displayed downregu-

lation, ACAT1, ME2, CS, TKT, and PKM were significantly
upregulated. Changes in glucose flux in IDH1mut-NHA cells
were reflected by the downregulation of the AKT pathway (Fig.
6D) and other enzymes stimulating the glycolytic flux, such as
hexokinases. These findings have also been observed in a
label free analysis, comparing the proteomes of IDH1mut-
NHA to control-NHA cells in a single-run mass spectrometry
workflow (supplemental Fig. S8). These observations are con-
cordant with the pivotal role of IDH1 within the TCA cycle (75).

IV) HRAS-overexpressing or IDH1-mutated Astrocytomas
Are Driven by Different Oncogenic Pathways—We showed
that both RAS-NHA and IDH1mut-NHA cells express dys-
regulated altered oncogenic pathways. Using PCA, both cell
lines can be clearly differentiated from each other based on
their proteomic and phosphoproteomic profiles (supplemental
Fig. S9). The driving role of the MAPK and PI3K pathways in
RAS-NHA cells was not reflected in IDH1mut-NHA cells. The
surrounding sequences of downregulated phosphosites in
IDH1mut-NHA cells significantly matched with canonical
MAPK substrate recognition motifs (Fig. 6D). Concordantly,
downstream targets of the MAPK signaling cascade such as
pS641, pS646, pS692 and pS696 of FAM129B (57), which
displayed significant upregulation in RAS-NHA cells, showed
significant downregulation in IDH1mut-NHA cells. In addition,
PI3K targets, such as AKT1S1 pT246 did not reveal any
regulation in IDH1mut-NHA cells (Fig. 6B).

Other signaling pathways that showed different regulation
in IDH1mut- compared with RAS-NHA cells include the Wnt
pathway. IDH1mut-NHA cells displayed significant upregula-
tion of �-catenin phosphosites and no upregulation of the
AKT-mediated inactivating GSK3� pS9 phosphorylation site,
indicating an inactive or less active Wnt signaling pathway
compared with RAS-NHA cells (supplemental Fig. S10). This
finding is consistent with a recent report highlighting that IDH1
Arg132 mutation reduces cell proliferation by downregulating
Wnt/�-Catenin signaling in glioblastoma (76). Although the
role of the Wnt pathway in human glioma remains unclear, the
Wnt pathway has oncogenic (77, 78) and antioncogenic (79–
81) activities in several cancer types.

Interestingly, one of the most downregulated (7-fold) pro-
teins in IDH1mut-NHA cells was NES, which showed opposite
regulation in RAS-NHA cells with a 10-fold upregulation at the
protein level. We further showed by label free MS analysis and
Western blot that NES was exclusively downregulated in
IDH1mut-NHA cells when compared with IDH1wt-NHA, RAS-
NHA, or control cells (supplemental Table S14 and supple-
mental Fig. S11). NES has been previously reported to be
overexpressed in GBM (27), to correlate with the malignancy
of glioblastoma (82), and its inhibition significantly reduced
tumor growth (83).

At the cell membrane level, EPHA2 and EPHB2 showed
distinct responses to RAS activation or IDH1 mutation in our
experiments. Although EPHA2 showed significant upregula-
tion in RAS-NHA cells, no significant changes were observed
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in IDH1mut-NHA cells. EPHB2, however, revealed significant
upregulation at the protein and phosphosite level exclusively
in IDH1mut-NHA cells.

To assess the involvement of identified proteins in cancer
we compared our phosphoproteomic and proteomic data to a
catalogue of 150 tumor suppressor genes and 350 oncogenes
listed in the cancer gene census (84). Overall, we quantitated
the relative abundance of 33 tumor suppressor proteins
(TSPs) and 102 oncoproteins in our proteomic or phospho-
proteomic experiments. Among the TSPs, Neurofibromin
(NF1) and NF2 showed the most significant downregulation of
both abundance and phosphorylation in RAS-NHA cells but
did not show any significant regulation in IDH1mut-NHA cells.
At the abundance level, NF1 (identified in one of the three
biological replicates) and NF2 displayed 9-fold and 2.8-fold
downregulation, respectively. NF1 and NF2 have been shown
to inhibit the activity of HRAS but not vice-versa (85–88). Loss
of NF1 subsequently results in the activation of multiple path-
ways involved in gliomagenesis, including the MAPK and PI3K
pathways (89). The regulatory role of NF2, however, remains
poorly understood (90). Downregulated phosphorylation sites
included pS864, pS2523 (2.6-fold), pS2543 (4.6-fold) on NF1
and pS13 (2.8-fold) on NF2 proteins. The downregulated
phosphosites of NF1 have been previously reported, but their
function is unknown. In particular, all three phosphorylation
residues we uncovered on NF2 including pS10, pS12, and
pS13 have not been characterized, pointing to previously
unknown regulatory mechanisms.

Conclusion and Outlook—In the present study we used
SILAC-based MS to characterize global phosphorylation and
protein abundance changes in immortalized NHA cells ex-
pressing oncogenic HRAS or mutant IDH1. Although these
two models are not fully reflective of primary and secondary
GBM, they showed very distinct proteomic profiles consistent
with fundamentally different biological programs driving tu-
morigenesis in primary and secondary GBM (Fig. 8).

In RAS-NHA cells, we found activation of MAPK and PI3K
pathways. In addition to known changes in MAPK and PI3K
pathways, we identified significant changes in previously un-
characterized phosphosites within these pathways implicat-
ing them as likely sites of regulation downstream of oncogenic
HRAS signaling. These include EIF4E, FAM129A, FAM129B,
PAK, and NF2.

MEK inhibition resulted in partial reversibility of the changes
driven by oncogenic HRAS, whereas dual MAPK and PI3K
inhibition yielded a more complete reversal. Some compen-
satory changes because of MEK inhibition as a single agent,
including PI3K activation and upstream regulators TGFBR2
and EGFR were blocked by the dual inhibition. However, even
dual MEK and PI3K inhibition did not reverse all signaling
changes mediated by oncogenic HRAS. NES (pS1577), NGFR
(pS313), PTRF (pS237), DST (pS106), PCDH7 (pS974), and
PPP1R14A (pS128) were some of the few non-reversible
phosphorylation sites after dual inhibition, suggesting that

previously unknown feedback mechanisms regulate these
sites. Although dual inhibition of MEK and PI3K is clearly
superior to single MEK inhibition and is currently in phase I
clinical trials, based on these findings and multiple other
studies, clinical efficacy remains to be determined (91).

In addition to the activation of MAPK and PI3K pathways in
RAS-NHA cells, we identified changes in several other path-
ways. We observed a potential driving role for PAKs in glioma
development, consistent with previous studies (92–94). We
further found several interaction partners of the RAL proteins,
which are commonly over-expressed in multiple cancer types,
including glioblastoma, to be highly upregulated in RAS-NHA
cells (62) (95, 96). In addition to regulation of the main signal-
ing cascades downstream of RAS, we observed substantial
phosphorylation and protein expression changes in other
pathways such as the Wnt pathway, presumably triggered by
interplay between the cascades. We also found regulated
phosphorylation sites of multiple proteins upstream of RAS,
pointing to feedback mechanisms. For instance, the FGF
signaling pathway, in particular FGFR4, which showed mas-
sive upregulation at the phosphorylation level has been re-
ported to stimulate the growth of GBM (97). We also identified
activating phosphorylation sites on EPHA2, which have been
associated with glioblastoma invasion, consistent with the
malignant phenotype of RAS-NHA cells (98). EPHA2 and other
Ephrin family receptors are particularly attractive for targeted
therapy, because they are expressed at very low abundance
or not expressed in healthy tissues but show high expression
in most cancerous tissues (99).

Unlike the changes in RAS-NHA cells characterized by
dysregulation of major signaling pathways, IDH1mut-NHA
cells displayed a global downregulation of protein expression,
detected at the level of both protein abundance and phos-
phorylation. The overall downregulation of protein expression
is consistent with evidence of genome-scale transcriptional
silencing identified previously (22). Protein expression
changes were accompanied by changes in histone PTMs,
pointing to transcriptional repression, which in turn results
from mutant IDH1-mediated inhibition of histone demethy-
lases. Our histone PTM analysis revealed a significant upregu-
lation of tri-methylated histone lysines, which are known to be
demethylated exclusively by �-KG-dependent histone dem-
ethylases. Therefore, our data suggest that �-KG dependent
histone demethylases are inhibited in IDH1mut-NHA cells.
This observation is consistent with previous reports that dem-
onstrated the overproduction of 2-HG, acting as a competitive
inhibitor of �-KG-dependent enzymes in IDH1mut-NHA cells
(18). Increase in methylation was accompanied by a decrease
in acetylation at essentially all measured sites providing fur-
ther support for a state of global transcriptional repression
mediated by mutant IDH1. We speculate that histone
deacetylase (HDAC) inhibitors, including those currently in
clinical trials for the treatment of GBM (100), may reverse the
downregulation of the histone acetylome in IDH1mut-NHA

Signaling and Epigenetics in Astrocytoma

Molecular & Cellular Proteomics 16.1 51



cells. We also detected upregulation of histone butyrylation in
IDH1mut- and IDH1wt-NHA cells. However, when compared
with IDH1wt-, IDH1mut-NHA cells displayed downregulated
histone butyrylation changes. The function of this recently
discovered histone PTM (101) remains largely unknown. A
study showed that butyrate and free CoA inhibit the activity of
HDACs but conjugated butyryl-CoA stimulated the activity of
HDACs (102). These findings suggest that IDH1mut-NHA cells
present decreased butyryl-CoA concentrations compared
with IDH1wt-NHA cells. It remains unknown, however, if be-
sides p300/CBP (101) other histone acetyl transferases can
use in addition to acetyl-CoA, other short-chain CoAs, such
as butytyl-CoA to carry out lysine butyrylation or whether
HDACs can debutyrylate lysines. Our results suggest that
histone butyrylation is regulated by different enzymes or
mechanisms than histone acetylation. Targeted PRM-based
MS is particularly suitable for the decryption of histone PTM

occupancies compared with antibody-based methods, which
are commonly hindered by low specificity - in particular to-
ward di- and tri-methylated lysines - and epitope occlusion
problems, preventing the detection of combinatorial marks.
To investigate histone PTM occupancies in more detail, alter-
native quantification approaches, including electron transfer
MS methodology could be applied. These methods investi-
gate entire histones or large peptides directly by electron
transfer dissociation MS (103, 104). Although these analytical
strategies lack precise quantification and sensitivity, they
would provide complimentary information and be suitable for
follow up studies.

In summary, we provide integrated comparison of the pro-
teomic changes in HRAS and IDH1mut driven malignant
astrocytoma cells, which points to drastically different
gliomagenesis mechanisms in primary and secondary GBM.
Our analysis includes, to the best of our knowledge, the first
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targeted MS-based demonstration of multiple histone PTM
changes driven by mutant IDH1 in a cellular model of second-
ary glioblastoma. Based on these biological observations, we
predict very different therapeutic interventions to be useful in
primary versus secondary GBM. We provide a valuable re-
source of proteins altered in glioma, including potential bio-
markers or therapeutic targets.
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