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Chronic platelet-derived growth factor receptor signaling
exerts control over initiation of protein translation

in glioma

Shuang zZhou', Vicky A Appleman’, Christopher M Rose®, Hyun Jung Jun', Juechen Yang®, Yue Zhou*, Roderick T Bronson®,

Steve P Gygi® Al Charest"”’®

Activation of the platelet-derived growth factor receptors
(PDGFRs) gives rise to some of the most important signaling
pathways that regulate mammalian cellular growth, survival,
proliferation, and differentiation and their misregulation is
common in a variety of diseases. Herein, we present a compre-
hensive and detailed map of PDGFR signaling pathways assem-
bled from literature and integrate this map in a bioinformatics
protocol designed to extract meaningful information from
large-scale quantitative proteomics mass spectrometry data.
We demonstrate the usefulness of this approach using a new ge-
netically engineered mouse model of PDGFRa-driven glioma. We
discovered that acute PDGFRa stimulation differs considerably
from chronic receptor activation in the regulation of protein
translation initiation. Transient stimulation activates several key
components of the translation initiation machinery, whereas the
clinically relevant chronic activity of PDGFRa is associated with
a significant shutdown of translational members. Our work de-
fines a step-by-step approach to extract biologically relevant
insights from global unbiased phospho-protein datasets to un-
cover targets for therapeutic assessment.
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Introduction

The last few decades have witnessed intense efforts in deciphering
molecular events that contribute to the transmission of extracel-
lular signals to intracellular physiological responses. Intricate
networks of positive and negative regulatory mechanisms transmit
these signals, and this immense complexity impacts our ability to
interpret and predict cellular outcomes of specific inputs. Over-
coming this knowledge gap is essential to better understand dis-
eases and apply new therapeutic approaches. A crucial requisite

toward unraveling this complexity is the use of network analysis,
computational modeling, and visualization tools. At the apex of this
endeavor stands the assembly of networks constructed from man-
ually curated information garnered from literature and translated into
computer-readable databases (such as Biological PAthway eXchange
[BioPAX; www.biopax.org] and Systems Biology Markup Language
[SBML; http://sbmlorg/] [Hucka et al, 2003]). This approach has been
used to create detailed signaling maps for epidermal growth factor
(EGF) receptor (EGFR) (Oda et al, 2005), mechanistic target of rapamycin
(mTOR) (Caron et al, 2010), Rb/E2F pathway (Calzone et al, 2008), toll-
like receptor signaling (Oda & Kitano, 2006), and comprehensive
molecular interaction maps for budding yeast cell cycle (Kaizu et al,
2010) and rheumatoid arthritis (Wu et al, 2010).

The platelet-derived growth factors (PDGFs) are a family of
growth factors (PDGF-A, -B, -C, and -D) that controls the growth of
connective tissue cells and are critical regulators of mesenchymal
cells during embryonic development (reviewed in Kazlauskas
[2017]). Homo- or heterodimers of PDGF ligands activate two
types of cell surface receptor tyrosine kinases (PDGFRa and
PDGFRB) by inducing homo- and heterotypic dimerization (aa, af,
or BR) to elicit various intracellular signaling pathways and
physiological responses (reviewed in Chen et al [2013]). De-
regulation of PDGF-PDGFR signaling leads to a number of diseases,
including many types of cancers (Ostman, 2004). Although several
signaling pathways downstream of acutely activated PDGFRs are
known, this knowledge remains relatively rudimentary, which
hampers the development and full understanding of PDGFR sig-
naling networks. A comprehensive agglomerated map of all known
PDGFR signal transduction pathways is nonexistent and would
represent a valuable resource to the research community.

The genomic landscape of glioblastoma multiforme (GBM) revealed
a number of genetic mutations and signaling abnormalities that are
known drivers of cancer (Cancer Genome Atlas Research Network,
2008; Verhaak et al, 2010; Brennan et al, 2013). Amplification, over-
expression, and mutations of EGFR and PDGFRA are among the most
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common genetic aberrations of receptor tyrosine kinases in GBM
occurring in 57.4% and 13.1% of patients, respectively (Brennan et al,
2013). These oncogenic drivers are paired with characteristic homo-
zygous deletion or mutation in the tumor suppressor genes INK&a/
ARF (CDKN2a) and p53 and loss of PTEN function in most cases.
Recapitulating these genetic events in mice has generated
several accurate models of glioma that have proven to be
instrumental in advancing new concepts in gliomagenesis
(reviewed in Hambardzumyan et al [2011]). The current standard
of care for GBM patients does not include driver mutation-based
precision medicine interventions because they have been un-
successful in treating GBM, likely owing to redundancy in signaling
pathways (reviewed in Olson et al [2014] and Prados et al [2015]).
There is a clear need for a deeper understanding of signaling
pathways in GBM, which we have previously achieved using mouse
models where driver signaling events (e.g, EGFR) are fully controlled
(Zhu et al, 2009; Acquaviva et al, 2011; Jun et al, 2012). Similarly,
progress in PDGFR signaling in glioma would greatly benefit from an
in vivo model that is based on clinically relevant parameters such as
overexpression of PDGFRa and its chronic stimulation by PDGF-A
ligand.

Our knowledge of signaling pathways in general is heavily biased
toward signal components that (i) have historically been the focus
of attention (e.g., MAPK and PI3K) and (ii) are associated with the
availability of specific reagents (e.g, phospho-specific antibodies).
These biases are typically overcome by the use of more global
approaches such as tandem mass spectrometry (MS) phospho-
proteomic techniques (Dephoure et al, 2013); however, there remain
significant limitations for many interesting MS-generated phospho-
events because of unassigned biological functions for most
phosphosites. This lack of annotated functionality poses a signifi-
cant problem to the use of MS-based generation of signaling
networks, and well-delineated processes to extract practical in-
formation from phospho-databases are under development (Terfve
et al, 2015; Munk et al, 2016a, b; Refsgaard et al, 2016).

Here, we depict a comprehensive signaling map of PDGFR sig-
naling and describe a bioinformatics strategy to extract biologically
relevant information from large phospho-proteomics datasets. We
applied our approach to a new genetically engineered mouse
model of PDGFRa-driven GBM, and we discovered significant changes
in the activity of translational initiation machinery signaling between
acutely versus chronically stimulated PDGFRa GBM, which can have
therapeutic implications.

Results
Activity flow and process diagrams of PDGFR signaling

Visual representations of signaling pathways tend to be frag-
mented, incomplete, and often simplistic. To aid visualizing all
known PDGFR signaling events, we constructed a series of com-
prehensive maps of PDGFRa and B signal transduction pathways by
manually curating published literature (details of the curation
process can be found in the Supplementary Information). The
PDGFR networks are assembled in human- and computer-readable
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formats using the CellDesigner software platform (http://
celldesigner.org/) (Kitano et al, 2005), which offer well-defined
and coherent graphical annotations to depict signaling interactions.
In addition, CellDesigner allows users to access the references that were
used to source the information for each individual reaction using
PubMed ID (PMID). Furthermore, the data describing the molecular
interactions are stored in and comply with SBML and the Systems
Biology Graphical Notation (SBGN) process diagram (Kitano et al, 2005;
Le Novere et al, 2009) for machine readability and graphical repre-
sentation, respectively.

We first created a global activity flow map representing all four
PDGF ligands and their interactions with all three receptor com-
binations (aa, BB, and af dimers) and the signaling pathways that
they activate (Fig 1). This map is similar to common annotations
used in the current literature, and it simply depicts the flow of
information between biochemical species in the signaling network.
It shows the affinity of homo- and heterodimer ligand combinations
for receptor dimers and their known first-level signaling partners.
The activation of immediate early signaling members such as
Grb2/7, CRK, SHP2, PI3K, PLCy, Syp, SRC, SHC, NCK, RasGAP, VAV?2,
and STAT1/3/5, in turn leads to the establishment of signaling
networks that ultimately result in changes in cellular physiology
mediated by changes in transcription of target genes, translation
biology, invasion and actin cytoskeleton organization, autophagy,
mitogenesis/cell cycle, endocytosis and degradation/recycling of
PDGF receptors, and angiogenesis (Fig 1).

This general activity flow map is useful for a broad overview of
signaling. However, it lacks information about the state transitions
of signaling entities. Therefore, we expanded the activity flow
representation into two separate maps that include state transition
details for all signaling components (Figs 2 and S1). Given the nature
of PDGFRaa and BB homodimerization, we constructed maps that
separately represent each dimer. To assist in exploring the maps,
we organized them in distinctive functional modules, including
regulation of PDGFR endocytosis, degradation or recycling, calcium
signaling, cap-dependent translation, cytoskeleton dynamics, tran-
scription and cell cycle, small GTPase-mediated signal transduction,
MAPK cascade, phosphatidylinositol polyphosphate signaling, and
mTOR signaling (Figs 2 and S1). In these process diagrams of PDGFR,
the phosphorylation states of all signaling members are represented
in a system of active or inactive transitive nodes.

Collectively, the maps comprise 648 species and 481 reactions. In
SBML, a species is defined as an entity that is the subject of a reaction.
It is used to represent the various states that are the result of en-
zymatic modifications, protein complexes association/dissociation,
and translocation. The maps were manually constructed based on
390 publications that are available in the Supplementary Information,
and for individual reactions, PMID are added, enabling a direct link to
the relevant references. The guidelines for the curation process are
described in the Supplementary Information. The information of the
components in these maps has been summarized in Table S1. In terms
of phosphorylation events, combined, these maps contain 189 an-
notated phosphosites (149 Ser/Thr and 40 Tyr) on 56 proteins. The
reactions were also matched with the Reactome database (https://
reactome.org/), and the coverage between our map and the Reactome
database is summarized in Table S2. We designed the maps to be self-
explanatory and they represent a comprehensive view of PDGFR
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Figure 1. Activity flow of PDGFR signaling pathways.

Activity flow diagram of broad PDGFR signaling. Components and reactions that are central to PDGFR signaling were extracted from the more comprehensive maps (Figs 2
and S17) to produce a reduced complexity map highlighting the flow of activation and inhibition of signaling members. The resulting downstream activities of the core
components have significant roles in controlling diverse biological responses. Arrows in the diagram represent the flow of reaction with positive (red) and negative
feedback (blue) loops represented by bold lines. Direct downstream molecules uniquely regulated by PDGFRa and PDGFRB receptors are indicated in blue and orange,
respectively. Symbols are identical to those used in Figs 2 and S1 legends. The high-resolution PDF is available in the Supplementary Information.
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Figure 2. A comprehensive molecular interaction map of PDGFRaa signaling network.

Detailed graphical representation of PDGFRoa signaling events. The map was created with CellDesigner version 4.4 (http:/ /www.celldesigner.org). Included are a total
number of 615 species and 448 reactions extracted from 390 publications (Supplementary Information). PMIDs are included for individual reactions, which enables a direct
link to the relevant literature. The information for all the species, compartments, and reactions can be viewed using the SBML version of the map. The symbols adopted to
build the map are illustrated in the legend shown in the left bottom. Red-colored items are unique molecules present in PDGFRaa network only and absent from the
PDGFRBB comprehensive map (Fig S1). The SBML and PDF files of the PDGFRaa network are available in the Supplementary Information.

signaling. Signaling pathways are highly context dependent, and
a limitation to these maps is the absence of contextual information. To
further improve PDGFR signaling networks in a clinically relevant
context, we created a mouse model of glioma based on over-
expression and constitutive activation of PDGFRa.

Autocrine/paracrine constitutive activation of PDGFRa in mice
generates GBM

Approximately 13% of adult GBMs overexpress PDGFRa (Brennan
et al, 2013). To study PDGFR signaling in this clinical context, we
created a mouse model of GBM based on overexpression and chronic
activation of PDGFRa. We generated a conditional transgenic mouse
strain (LoxSTOPLox-PDGFRa) capable of overexpressing the human
PDGFRa receptor in a Cre recombinase-dependent manner (Fig 3A).
In GBM, PDGFR signaling is chronic because of autocrine/paracrine
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ligand stimulation (Hermansson et al, 1988; Maxwell et al, 1990;
Hermanson et al, 1992; Vassbotn et al, 1994; Guha et al, 1995). To mimic
this clinical state, we used a lentivirus that delivers a doxycycline
(DOX)-inducible expression of human PDGF-A ligand along with
a constitutive expression of Cre (Fig 3A). In patients, PDGFRa-positive
GBMs are often observed within the context of loss-of-function TP53
mutations (Cancer Genome Atlas Research Network, 2008; Verhaak
et al, 2010; Brennan et al, 2013). We, therefore, bred our LSL-PDGFRa
strain to a conditional p53% strain (Marino et al, 2000) to better
reflect the genetics of driver mutations observed in patient GBMs.

Brain tumors were created by stereotactic intracranial injections
of the aforementioned lenti PDGF-A-Cre viruses in adult (>12 wk)
LSL-PDGFRa;p53%°* mice that were fed a DOX diet (250 mg/kg) ad
libitum post-injection (Fig 3B-D). We found that lethal tumors
developed in a PDGF-A ligand-dependent manner (Fig 3C). Every
LSL-PDGFRa;p53%°* animal injected with lenti PDGF-A-Cre virus fed
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(A) Schematic representation of the Cre-Lox
conditional PDGFRa transgene knocked-in the 3" UTR of
the Col1a1 locus. The transcriptional activity of the
CAG promoter is prohibited by the presence of a floxed
stop cassette (LSL). Expression of PDGFRa is achieved
by intracranial stereotactic injections of a Cre
recombinase-expressing lentivirus. The virus also
contains a DOX-inducible PDGF-A ligand. DOX
administration induces expression of PDGF-A and
chronic receptor kinase activation. (B) Representative
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a DOX diet succumbed from intracranial tumors (Fig 3C) with a me-
dian survival of 42 d, whereas none of p53”°X or LSL-PDGFRa control
animals did (Fig 3C). We also observed that simple overexpression of
PDGFRa in the context of p53 nullizygocity is insufficient to generate
intracranial tumors (no DOX controls), demonstrating an absolute
requirement for kinase activity of PDGFRa for tumorigenesis. In
addition, none of the PDGF-A-Cre-injected p53%® and LSL-PDGFRa
no DOX control mice developed tumors after >80 d post-injection,
at which point the experiment was terminated and necropsy per-
formed to validate the absence of tumor (data not shown). The
PDGF-A;PDGFRO(;pSB”’ tumors displayed histopathological features
that are observed in high-grade gliomas, i.e, tumors were densely
packed, containing poorly differentiated cells with marked nuclear
atypia, numerous giant multinucleated cells, and characteristic
areas of pseudopalisading necrosis (Fig 3D). Cells within these
high-grade glioma tumors expressed the astrocytic marker glial
fibrillary acidic protein, lacked expression of the neuronal marker
NeuN, and displayed high level of the proliferation marker Ki67
(Fig 3D). These histopathological features are consistent with
those observed in GBM. This bipartite system provides a strict, spa-
tiotemporal control over PDGFRa expression and chronic activation
to study PDGFRa-driven signaling events during GBM tumorigenesis.

Unique PDGFRa signaling properties under chronic and acute
stimulation

Most, if not all, of our knowledge of PDGFR signaling pathways has
been generated using ex vivo culture systems, whereupon receptor
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& 100 photomicrograph of an H&E-stained formalin-fixed

paraformaldehyde embedded section of a PDGF-A,;
PDGFRo;p53™/~ brain tumor. Scale bar, 1 mm. (C) Tumor-
free survival (Kaplan-Meier) analysis of cohorts of mice
of the indicated genotypes fed a DOX diet of 250 mg/kg.
*P < 0.0001 log-rank (Mantel-Cox) test. (D) PDGF-A;
PDGFRa;p53™/~ tumors have histopathological features
of glioblastoma. Representative photomicrographs of
formalin-fixed paraformaldehyde embedded tumor
sections stained with H&E and immunohistochemical
detection of PDGFRa, glial fibrillary acidic protein
(GFAP), NeuN, and Ki-67. Scale bars: top ron—H&E and
PDGFRa 62.5 pm; middle row—GFAP 125 pm, and NeuN
250 pm; and bottom row—H&E and Ki67 62.5 pm. T,
tumor; N, normal brain; GFAP, glial fibrillary acidic
protein.

kinase activity is triggered using acute, saturating levels of ligand
stimulation. This approach has generated very informative data on
signaling pathways; however, it does not fully mimic the clinical
setting, in which PDGFR signaling is a chronic, autocrine/paracrine
type of stimulation. To address this matter, we studied acute and
chronic PDGFRa stimulation in primary cell cultures derived from
the PDGF—A;PDGFRO(;pSE'/' GBM tumors. These cultures demon-
strate a titratable and temporal DOX-dependent expression of
PDGF-A (Fig S2A and B). In addition, they retain overexpression of
human PDGFRa (Fig S2C and D) and chronic expression of DOX-
stimulated PDGF-A ligand result in activation of the receptor kinase
activity as measured by the levels of PDGFRa autophosphorylation
site Tyr849 (Fig S2C and D). In the absence of DOX, acute stimulation
of these cultures by addition of exogenous recombinant human
PDGF-AA results in a robust activation of PDGFRa kinase activity (Fig
S2C and D). These cultures enable the study of chronic and acute
signaling pathways in the same cellular context and allow for
a direct signaling comparison between the two types of input
stimulation. We determined that both acute treatment (15 min with
25 ng/ml) with exogenous recombinant PDGF-AA and chronic ex-
posure (48 h with 10 ug/ml DOX) to PDGF-AA resulted in similar
activation levels of PDGFRa kinase activity (Fig S2C and D).

We gained insight into signaling events initiated by acute and
chronic receptor stimulation by performing an unbiased and global
comprehensive quantitative proteomic and phospho-proteomic
(pTyr, pSer, and pThr) analysis under acute (15 min, 25 ng/ml
PDGF-AA) and chronic (48 h, 10 pg/ml DOX) PDGF-A stimulation in
comparison with control, unstimulated cells. We performed isobaric
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Figure 4. Phospho-proteomic analysis of acutely and
chronically stimulated PDGFRa signaling.

(A) Log, fold change (FC) of PDGFRa autophosphorylation
in MS data. (B) Quantitative Western blot analysis for
PDGFRa autophosphorylation. (C) Analysis for
differential log,FC on phosphorylation upon acute or
chronic stimulation of PDGFRa. On the left and right top
are the potential most differentially up- (left) and down-
regulated (right) signaling functionalities upon chronic
versus acute stimulation of PDGFRa identified by GO
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P-value < 0.05 are displayed. False discovery rate (FDR) < 0.05.
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label-based quantitative MS to measure expression of proteins and
phospho-isoforms (Ting et al, 2011; McAlister et al, 2014) on pooled
biological replicates (N = 3). This yielded expression data for 7,528
proteins across all conditions. To measure the alterations of signaling
pathways between acute and chronic receptor stimulation, we per-
formed successive phosphopeptide enrichment and pTyr immuno-
purification to quantify 5,767 phosphopeptides, of which 195 contained
a tyrosine phosphorylation event. The phosphosites were found on
1,847 unique proteins and for the majority of these proteins (73.6%),
1-3 phosphorylation sites were detected per protein, with the most
number of phosphorylation sites on a single protein being 106
(protein Srrm2) (Fig S3A). Proteins with the fewest number of
phosphosites detected appear to be smaller (composed of fewer
amino acids) than those with many more phosphosites (Fig S3A).
Because protein expression can influence measurements of
enriched posttranslational modifications (PTMs), we normalized
quantitative values for phosphorylation sites to protein-level ex-
pression measured in un-enriched samples and calculated dif-
ferences between stimulated (acute and chronic) and control as
log, fold change (FC) for each phosphopeptide. We first compared
the acutely versus chronically stimulated PDGFRa autophosphor-
ylation sites Y742, Y754, Y768, Y849, and Y988. Acute stimulation of
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PDGFRa results in increased levels (log,FC when compared with
control unstimulated) on all sites, and chronic stimulation of the
receptor led to similar levels of sustained phosphorylation for all
sites (Fig 4A). We validated these results using phospho-specific
PDGFRa antibodies by quantitative Western blot analysis and
showed that, with the exception of pY754, the levels of phos-
phorylation for these sites among acute and chronic receptor
activity were similar when compared to control unstimulated cells
(Fig 4B). We extended this observation to additional, independent
primary cell cultures derived from PDGFRa;p53™/~ GBM tumors (Fig
S3B-F) and demonstrated the universality of these observations.

We investigated the differences between chronic versus acute
activation of PDGFRa signaling in a more global fashion. We ana-
lyzed the log,FC of acute stimulation phosphorylation events versus
control unstimulated. 50.3% of phospho-events showed an in-
crease (log,FC > 0) in levels and 49.7% displayed a decrease in levels
after 15 min of PDGF-A stimulation (Fig 4C, x-axis). We then com-
pared acute with chronic PDGFRa stimulation by analyzing the
differential between chronically stimulated and acutely stimulated
samples (Fig 4C, y-axis). The majority (96.5%) of the phosphopep-
tides display minimal changes (log,FC between -1 and 1) between
control, acute, and chronic ligand stimulation; however, 3.5% of the
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phosphopeptides showed variations (log2FC > +1 or < -1) between
chronic and acute PDGF-A stimulation (Fig 4C). For the 3.5% of most
differentially regulated phospho-events, phosphosites that in-
creased in intensity upon acute receptor stimulation show con-
siderable decrease in intensity upon chronic receptor activation,
and similarly, phosphosites that were decreased upon acute re-
ceptor activation displayed increases in intensity upon chronic
stimulation. Events displaying the most drastic changes are listed
in Table S3. This suggests that constitutively activated PDGFRa
emits steady-state signaling that is significantly different than
bolus, saturating short-term receptor activation. To gain mean-
ingful insights into functionalities for these differences, we per-
formed Gene Ontology (GO) term enrichment analysis on proteins
from outlier phosphorylation events (log,FC < -1, > +1) (Fig 4C,
insets). Of the top-ranking categories are genes coding for pro-
teins that are associated with regulation of protein translation
and cadherin signaling. Phosphopeptides from these proteins
were inversely correlated with the mode (acute versus chronic) of
PDGFRa activity.

Chronic PDGFRa activation orchestrates repression of protein
translation initiation

Unbiased phospho-MS-based approaches typically generate in-
formative data; however, functionality for most of the MS-derived
phosphosites is unknown. Therefore, to gain mechanistic insights
into the signaling differences between acute and chronic PDGFRa
activation, we developed a method to systematically extract, from
any given phospho-databases, events that have known, assigned
functions. As a starting point, we used the PhosphoSitePlus public
database (Hornbeck et al, 2015), which is a comprehensive, sys-
tematically curated resource of phosphorylation data from human,
mouse, and rat proteins (https://www.phosphosite.org). We in-
tegrated our PDGFRa phospho-MS data with datasets in Phos-
phoSitePlus using an in-house algorithm coded in python
programming language (Fig S4A and the Supplementary Materials
and Methods). At the time of writing, PhosphoSitePlus comprised
326,502 phosphosites on 22,631 independent proteins and a dataset
of 10,812 kinase-annotated phosphosites on 2,978 proteins that are
the substrates of 408 kinases (Fig S4B). Note that the majority
(96.7%) of the 326,502 phosphosites are functionally unannotated
events, meaning the identity of the kinase(s) responsible for their
phosphorylation is undetermined. Of the 540 kinases in the mouse
genome, 408 are represented in the database (Fig S4C). Cross-
referencing the phosphosites extracted from the Celldesigner
PDGFR signaling maps (Figs 2 and S1) to the PhosphoSitePlus
dataset reveals 95% concordance (180/189 phosphosites). This
leaves nine unannotated phosphosites on six proteins that are not
found within the PhosphoSitePlus database. By comparing our MS
phosphosites dataset with the PhosphoSitePlus dataset, we de-
termined that 90.3% (5,209/5,767) of the sites were matched within
the 326,502 dataset, leaving 558 phospho-events on 283 proteins
(Fig S5A), which represent newly identified phosphorylation sites.

To functionally annotate our PDGFRa MS data, we merged our
MS-derived 5,767 phosphosites to the kinase substrate dataset of
PhosphoSitePlus. This revealed that kinase-substrate information
is available for 346 phosphosites on 241 proteins and that 150
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kinases are associated with these 346 phosphosites (Fig S5B). The
majority of these proteins (174/241, 72.2%) contain only one kinase-
annotated phosphorylation site, and the largest number of
phosphorylation sites on a single protein was nine (protein Ahnak)
(Fig S5C). To uncover significant differences in phospho-events,
we first classified the phosphosites/proteins into different
subgroups based on our PDGFRa map and according to their
molecular functions. We then performed a Kolmogorov-Smirnov
testamongthe different functional groups and kinase-substrate
groups to establish significance. Among all the functional
groups, RNA binding pathway showed the most significantly
different distribution under acute versus chronic PDGFRa
stimulation (P < 0.05) (Table S4). Within this group, the most
differentially influenced kinases included mTOR, p90RSK, ERK2,
and JNK3 (Table S5).

Finally, to explore phospho-differences between chronic and
acute activation of PDGFRa signaling, we used the Cytoscape vi-
sualization software designed to integrate biomolecular interaction
networks in a unified conceptual framework (Shannon et al, 2003).
We classified the phosphosites/proteins into different subgroups
based on our PDGFRa map and according to their molecular
functions. The strength of the connection between these phos-
phorylation sites and their matching kinases was set using a scale
derived from the quantitative log,FC values (treated versus control
untreated) from the MS data. The network visualization clearly
shows a different pattern for chronic versus acute activation of
PDGFRa signaling, with the “RNA-binding and translation-related”
signaling being the most differentially regulated signaling pathway
(Fig 5A).

Whereas acute activation of PDGFRa increased the phosphory-
lation levels of Rps6, Pdcd4, Eif4b, and Rbm14, chronic stimulation
led to significant decreases in these same phosphosites (Fig 5B). We
validated these observations using quantitative Western blot
analysis (Figs 6A and S6). In concert with the MS data (Fig 6B), the
phosphorylation of elF4B S422, PDCD4 S457, S6 ribosome protein
S235/236/240, and 4EBP1 S64 was increased or sustained in
acute PDGFRa activation signaling when compared with control
but was significantly reduced under chronic stimulation con-
ditions (Fig 6C). This suggests a differential regulation of protein
translation under conditions of acute and chronic PDGFRa ac-
tivation. p90RSK and p70S6K are kinases known to phosphorylate
elF4B, PDCD4, and S6 ribosomal proteins. We analyzed the
phosphorylation levels (a surrogate of activation status) of these
upstream kinases by Western blot and showed that both were
considerably diminished in chronic activation of PDGFRa cells
compared with acute activation (Fig 6D and E). These results
suggest that constitutively active PDGFRa attenuates its sig-
naling toward translational repression. Finally, we interrogated
the the cancer genome atlas GBM reverse phase protein array
database and found that high PDGF-A-expressing GBMs have
statistically significant lower levels of phospho-S6K T389 (P = 0.0006)
and trending lower levels for phospho-4EBP1 S65, RPS6 S235/236,
S240/244, and p9ORSK T359/363 (Fig 6F). These results demonstrate
that GBM patients with chronic PDGF-A expression have lower
phosphorylation levels of several key components of the trans-
lational machinery that collectively would result in decreased
translational capacity.
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Figure 5. Visualization of differential changes between chronic versus acute PDGFRa stimulation.

(A) Cytoscape output of kinase-substrate network visualization of acute and chronic stimulation of PDGFRa. Source data were obtained by extracting kinase-substrate
pairs from the PDGFRa MS data based on the Kinase_Substrate_Dataset. Phosphorylation sites were classified according to their molecular functions and assigned color
codes that are consistent with those in Fig 2. The color of the edges represents the quantitative log,FC values from the MS data of stimulated to control unstimulated. (B)
Close-up view of the most inhibited molecules and corresponding kinases in the category of “RNA binding and translation.” The Cytoscape format file of the network

visualization is available in the Supplementary Information.

Chronic PDGFRa activation reduces sensitivity of
PDGFRa-positive GBM cells to translational
inhibitor-induced suppression of cell viability

Deregulation of mRNA translation is a common feature of cancer
and represents an emerging class of cancer drug targets. Several
inhibitors targeting the mRNA translation regulation have dem-
onstrated anticancer activities in preclinical and clinical cancer
models (Bhat et al, 2015). To further understand the biological
significance of chronic PDGFRa activation in GBM, we investigated
the effects of chronic PDGFRa activation on drug response to
translational inhibitors. Three translation inhibitors, 4EGI-1(Moerke

Chronic PDGFRa signaling controls translation Zhou et al.

et al, 2007), LY2584702 (Tolcher et al, 2014), and AZD8055 (Chresta
et al, 2010), which target the translation initiation eif4F complex, the
p70S6K, and mTORC, respectively (Fig S7), were applied to chroni-
cally activated PDGFRa GBM primary cell cultures and cell viability
was measured. We found that chronic PDGFRa activation (48 h,
10 ug/ml DOX) confers resistance to translational inhibitor-
induced suppression of cell viability (Fig 7A-C). To control for off
target effects of DOX, we treated EGFR GBM primary cell cultures
(zhu et al, 2009; Acquaviva et al, 2011; Jun et al, 2012) with DOX
(10 pg/ml) for 48 h and showed no significant impact on the cell
viability (Fig 7D-F). This confirms that the resistance to translational
inhibitor is dependent on chronic PDGFRa activation. These results
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Figure 6. PDGFRa activity reduces phosphorylation of critical members of the translational initiation complex.

(A) Log,FC of the key members of the translational initiation complexes in acute and chronic PDGFRa stimulation. (B) Western blots of the phosphorylation sites shown in
(A) from biological replicates (N = 3). (C) Quantification of the Western blotting (B). (D) Western blots for RSK and S6K phosphorylation upon acute or chronic PDGFRa
stimulation. (E) Quantification of the Western blotting analyses in (D). (F) Human GBMs expressing high levels of PDGF-A have reduced levels of phosphorylation of several
members of the translational machinery when compared with GBMs with low levels of PDGF-A. Data represent the mean + SD of triplicate experiments. The statistical

differences were determined using paired t test. *P < 0.05 and **P < 0.01.
Source data are available for this figure.

suggest that the suppression of translation machinery induced
by chronic PDGFRa activation reduces the sensitivity of PDGFRa-
positive GBM to the activities of translational inhibitors.

Discussion

Activation of the PDGF receptors initiates various signaling path-
ways in many different contexts. Here, we assembled compre-
hensive maps of all known signaling events emanating from aa and
BB dimer receptors, independent of context, from an extensive
review of the literature. The standardized format (SBML and SBGN)
used to construct these maps allows updating from community
members and makes them amenable to usage on various SBML-
compliant tools. These maps represent a new, far-reaching, and
extensive resource for anyone studying PDGFR signaling. The maps
demonstrate that PDGFR signaling affects most aspects of cellular
physiology and that the differences between aa and BB dimer
receptors are readily noticeable. This is supported by observations

Chronic PDGFRa signaling controls translation Zhou et al.

in mice that are null for either of the PDGFR genes, which showed
profound receptor-specific developmental defects (Soriano, 1994,
1997). This suggests that in mice, the two PDGFRs do not signal
identically. Furthermore, seminal in vivo studies interchanging
PDGFR intracellular domains revealed a specificity of signaling during
development (Klinghoffer et al, 2001), arguing that the signaling
arising from PDGFRs is both receptor and context dependent.

The context dependence of signaling is further exemplified by
our studies conducted in our PDGFRa-driven GBM mouse model. We
developed a new genetically engineered model of GBM based on
chronic, autocrine PDGF-A stimulation of overexpressed PDGFRa in
the context of loss of p53, genetic events that are clinically sup-
ported by the cancer genome atlas data (Cancer Genome Atlas
Research Network, 2008; Verhaak et al, 2010; Brennan et al, 2013).
Our new model revealed significant aspects of gliomagenesis that
were previously unknown. First, we demonstrated an absolute
requirement for PDGF-A expression in the context of PDGFRa
overexpression for gliomagenesis. This is in line with studies
aimed at determining the temporal and sequential genetic events
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Figure 7. Chronic PDGFRa activation reduces sensitivity of PDGFRa-positive GBM cells to translational inhibitor-induced suppression on cell viability.

(A-C) Cell viability of PDGFRa GBM primary cell culture with the treatment of 4EGI-1, AZD8055, and LY2584702, respectively, under control or chronic PDGFRa stimulation.
(D-F) Cell viability of EGFR GBM primary cell culture with the treatment of 4EGI-1, AZD8055, and LY2584702, respectively, under control or chronic PDGFRa stimulation. Cells
were treated with the indicated translational inhibitors for 48 h in serum-deficient media, and the cell viability was assessed using the CellTiter-Fluor Cell Viability Assay.

Data represent the mean + SD of triplicate experiments. The statistical differences were determined using paired t test. *P < 0.05.

in GBM that suggest that overexpression of PDGF-A is an early
event in the development of GBM due to low-level broad am-
plification of chromosome 7 (Ozawa et al, 2014). Second, there is
a requisite for loss of tumor suppressor gene function (e.g., p53)
for PDGFRa-driven tumorigenesis in mice because over-
expression and activation of PDGFRa alone in the absence of
p53 loss failed to generate tumor. Our new model offers a unique
opportunity to study PDGFRa signaling in a context (glioma)-
specific fashion.

Another significant advancement from our work is the analysis of
signaling events under acute and chronic receptor activation using
state-of-the-art proteomics. Most ex vivo studies of PDGFR sig-
naling relies on acute, saturating receptor stimulation. Although it
is a situation that is less representative of clinical settings, it
nevertheless established ample information on the varied nature
of PDGFR signaling. Here, we demonstrate that the wiring of sig-
naling pathways under chronic PDGFRa activation differs sig-
nificantly from that of acute PDGFR stimulation, which unveiled
a previously unknown function for PDGFR. Stimulation of receptor
tyrosine kinases is typically perceived as a positive effect, which
translates into a cascade of phosphorylation and other PTM events
throughout the cell. A more realistic view, however, is that stim-
ulation of receptors occurs in the context of already established
signal wirings, and receptor activation acts positively and nega-
tively upon preexisting feedback and feedforward loops. Therefore,
itis not surprising that acute activation of PDGFRa in our GBM cells
leads to increase in levels of phosphorylation in 50.3% of detected
phosphopeptides and to a decrease in phosphorylation levels in
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49.7% of phosphopeptides with varying degrees of amplitude.
When comparing with chronic stimulation, however, most of the
sites that displayed increases now demonstrate decreases and
vice versa, suggesting that prolonged receptor activation dra-
matically rewires cellular signaling. Acutely stimulated, ligand-
mediated dimerization of PDGFRs results in a rapid internalization
and degradation of the receptors, which terminates signal out-
puts. It is possible that chronically activated receptors establish
an equilibrium of activation/degradation that is distinct from
acute stimulation and conceivably alters ensuing signaling out-
puts. In addition, constitutively stimulated receptors may also
modify their subcellular localization to non-plasma membrane
areas where it can be exposed to additional or alternative sig-
naling partners.

By comparing signaling pathways from acute and chronic
stimulation of PDGFRa within the same cells, we discovered that
chronic PDGFRa signaling attenuates several key components of
the translation initiation machinery (schematically represented in
Fig S7), which is a new observation for PDGFRa physiology. Much of
the protein translational function posited to play a role in cancer
has foundation on overexpression and/or enhanced PTM of
members of the translation initiation machinery (recently reviewed
in Bhat et al [2015]). It is possible that a PDGFRa-mediated reduction
in translation initiation will have effects on the translation of specific
mRNAs and protein expression. This opens new areas for therapeutic
intervention that were otherwise not ascribed to PDGFR signaling
where drug sensitivities may occur in a conditional (e.g, PDGFRa-
positive cancers) manner.
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In conclusion, using comprehensive maps of molecular in-
teractions and signaling events downstream of PDGF receptors, we
revealed the context dependency of PDGFRa signaling output in
a new model of glioma. We show that chronic activation of PDGFRa
leads to a reduction in the activity of a number of translational
initiators, and we offer a valuable working model toward a systems-
level understanding of the PDGFR network.

Materials and Methods

PDGFRa conditional transgenic mice

All mouse procedures were performed in accordance with Beth
Israel Deaconess Medical Center's recommendations for the care
and use of animals and were maintained and handled under
protocols approved by the Institutional Animal Care and Use
Committee. Cre/Lox-mediated conditional expression of the hu-
man wild-type PDGFRa in the mouse was achieved by generating
a targeted knock-in of a cytomegalovirus-actin-globin (CAG)-floxed
stop cassette PDGFRa cDNA minigene into the 3’ UTR of the
collagenial gene locus as described in the Supplementary Mate-
rials and Methods. The LSL-PDGFRa animals were bred to floxed
conditional p53 null mice (Marino et al, 2000) to generate com-
pound strains. GBM tumor induction was achieved by stereotactic
intracranial injections of adult transgenic mouse (LSL-PDGFRa;
p53%%) of a lentivirus that delivers a DOX-inducible expression of
human PDGF-A ligand concomitant to a constitutive expression of
Cre recombinase as described in detail in the Supplementary
Materials and Methods. Details on the cloning, production, and
purification of the PDGF-A-Cre lentivirus are described in the
Supplementary Materials and Methods. Genotyping of the CAG-LSL-
PDGFRa mice is performed by PCR using oligonucleotide primers
listed in the Supplementary Materials and Methods from genomic
DNA isolated from tail biopsies.

Mouse GBM primary cultures

Primary cultures of mouse GBM tumors were established as follows:
tumors were excised and minced in 0.25% trypsin (wt/vol) and 1 mM
EDTA and allowed to disaggregate for 15 min at 37°C. The resulting
cell suspension was then strained through a 100-mm cell strainer
(Falcon). The single suspension of cells was washed in PBS twice and
plated on 0.2% gelatin-coated tissue culture plates. The cells were fed
every 24 h with fresh media that consisted of DMEM supplemented
with 10% heat-inactivated fetal bovine serum and antibiotics. For DOX
treatment, the cells were grown in DMEM 0.1% FBS for 16 h and DOX was
added at the indicated final concentrations, and the cells were in-
cubated for the indicated period of time at 37°C in 5% CO,.

Immunoblots

Western blots were performed as follows: cell lysates were pre-
pared using radioimmunoprecipitation assay buffer supplemented
with 5 mM NasVO, (freshly made) and Complete protease inhibitor
cocktail (Roche). Equal amount of total cell lysates were subjected
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to SDS-PAGE and electrotransfered to polyvinylidene difluoride
membrane (Immobilon P; Millipore). Blots were blocked in Odyssey
blocking buffer (LI-COR) for 1h on a shaker. Primary antibodies were
added to the blocking buffer with 0.2% (vol/vol) TBS Tween 20 (TBS-T)
at 1:1,000 dilution and incubated overnight at 4°C on a shaker. The
blots were washed several times with TBS-T, and IRDye secondary
antibodies (LI-COR) were added at 15,000 dilutions into Odyssey
blocking buffer with 0.2% (vol/vol) TBS-T and 0.01% SDS and incubated
for 1 h at room temperature on a shaker. After several washes,
fluorescence signals were detected using Odyssey Clx imaging system
as described by the manufacturer (LI-COR). Signal quantification was
performed using Image Studio Lite software (LI-COR). The primary
antibodies used in these studies are listed in Table Sé.

Proteomic and phospho-proteomic sample preparation

Pooled biological triplicates of flash-frozen cell pellets were lysed
with a buffer containing 50 mM Hepes (pH 85), 8 M urea, 150 mM
NaCl, protease inhibitors (mini-Complete EDTA-free; Roche), and
phosphatase inhibitors (PhosSTOP; Roche). The cells were
mechanically lysed using a syringe and a 22-gage needle 15 times.
Lysates were cleared through centrifugation and protein concentration
was determined using a bicinchoninic acid assay (Thermo Fisher Sci-
entific). Equal amounts of protein (4 mg) were reduced for 45 min at
37°C with 5 mM DTT and alkylated with 15 mM IAA for 30 min at 25°C
in the dark, before final reduction with 5 mM DTT for 15 min at 25°C.
Protein content was then extracted through methanol-chloroform pre-
cipitation and resuspended in 50 mM Hepes, 8 M urea, and 150 mM NaCl.
For proteolytic digestion, LysC was added at a substrate:enzyme ratio of
100:1 and incubated for 3 h at 37°C. The samples were then diluted to
15 mM urea with 50 mM Hepes and digested overnight with trypsin at
25°C with a substrate:enzyme ratio of 50:1. The peptide solutions were
then acidified before solid-phase extraction using a Sep-Pak (Waters).
Peptide samples were resuspended in 1 ml 50% acetonitrile (ACN) and
2 M lactic acid, and 100 pg of each sample was removed, desalted, and
saved for protein-level measurements. Phosphopeptide enrichment
was performed as previously described (Erickson et al, 2015).
Non-phosphorylated peptides saved before enrichment and
enriched phosphopeptides were then suspended in 100 ul of 200 mM
4-(2-Hydroxyethyl)-1-piperazinepropanesulfonic acid, 4-(2-Hydroxy-
ethyl)piperazine-1-propanesulfonic acid, N-(2-Hydroxyethyl)pipera-
zine-N'-(3-propanesulfonic acid) (pH 8.5) before the addition of 30 ul
of anhydrous acetonitrile and 10 pl of a 20 pg/pl stock of tandem
mass tag reagent. The samples were incubated for 1 h at 25°C before
the addition of 10 pl 5% hydroxylamine. A small portion of each
sample was mixed, desalted, and analyzed to determine relative
analyte abundance in each sample. The remaining sample was then
mixed to ensure equal loading of peptide and phosphopeptide
content and acidified before solid-phase extraction using a Sep-
Pak. Following isobaric labeling, enriched phosphopeptides were
further enriched for phosphotyrosine (pTyr)-containing peptides.
Enriched phosphopeptides were resuspended in 450 pl of immu-
noaffinity purification (IAP) buffer (50 mM MOPS/NaOH, pH 7.2,
10 mM Na,PO,, and 50 mM NaCl). A phospho-tyrosine-specific
antibody (P-Tyr-1000; Cell Signaling Technology) was incubated
with protein A agarose beads (Roche) overnight at 4°C in 1% PBS to
bind the antibody to the beads. Subsequently, the antibody-bead
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mixture was washed 3x with IAP before incubation with enriched
phosphopeptides for 1 h at 25°C to enable capture of pTyr-
containing peptides. The supernatant, containing enriched phos-
phopeptides, was removed, de-salted using a Sep-Pak, and saved
for offline fractionation. The beads were washed 1x with IAP and 1x
with H,0 before performing two elutions using 75 ul of 100 mM
formic acid. Enriched pTyr peptides were desalted and resus-
pended in 1% formic acid before nano liquid chromatography
(nLC)-MS/MS analysis. Non-phosphorylated and phosphorylated
peptides were fractionated via basic-pH reversed-phase liquid
chromatography as previously described (Isasa et al, 2015). Non-
phosphorylated samples were resuspended in 5% ACN and 1%
formic acid and phosphorylated peptides were resuspended in 1%
formic acid before nLC-MS/MS analysis.

MS and analysis

MS analyses were performed on an Orbitrap Fusion Lumos mass
spectrometer (Thermo Fisher Scientific) coupled to an Easy-nLC
1200 ultrahigh-pressure liquid chromatography (LC) pump (Thermo
Fisher Scientific). Peptides were separated at 300 nl/min using an
analytical column (75-pm inner diameter) that was self-packed with
0.5 ¢cm of Magic C18 resin (5 pm, 100 A; Michrom Bioresources)
followed by 35 cm of Sepax Technologies GP-C18 resin (1.8 pm,
120 A). LC buffers consisted of 0.1% formic acid (buffer A) and 80%
ACN with 0.1% formic acid, and LC gradients were optimized to
ensure equal elution of peptides throughout the analysis. Survey
scans (MS1) were performed in the Orbitrap (automatic gain control
[AGC] target 1 x 10°, 120,000 resolution, and 100 ms maximum in-
jection time) and used to select the 10 most abundant features for
MS/MS analysis. Candidate peaks were filtered based on charge
sate >2 and monoisotopic peak assignment, and dynamic exclusion
(60 s + 10 ppm) was enabled. For non-phosphorylated peptide
analysis, only one charge state was selected for each precursor.
Precursor ions were isolated (AGC target = 2.5 x 10“) at a width of 0.5
Th using a quadrupole mass filter and fragmented with collision-
induced dissociation (35 normalized collision energy) in the ion trap
with distinct maximum injection time settings for non-phosphorylated
(150 ms) and phosphorylated (200 ms) peptides. To alleviate the effects
of precursor ion interference (Ting et al, 2011), multiple fragment ions
were isolated (McAlister et al, 2014) using synchronous precursor
selection before high energy collisional dissociation (55 NCE, syn-
chronous precursor selection notches = 8, AGC target = 2.2 x 10°, and
maximum injection time of 150 or 300 ms for non-phosphorylated
and phosphorylated peptides, respectively) MS3 fragmentation
and Orbitrap analysis (50,000 resolution).

A compilation of in-house software was used to convert thermo
“raw” mass spectrometric data to mzXML format and to correct
monoisotopic m/z measurements and erroneous peptide charge
state assignments (Huttlin et al, 2010). The SEQUEST algorithm was
used to assign MS/MS spectra to a peptide identification (Eng et al,
1994). Static modifications included tandem mass tag (229.16293 D)
on both the N-terminus of peptides and lysine residues and car-
bamidomethylation of cysteine residues (57.02146 D). Phos-
phorylation (79.96633 D) was included for phosphopeptide
experiments. Peptide spectral matches were filtered to 1% false
discovery rate using the target-decoy strategy (Elias & Gygi, 2007),
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before being grouped into proteins which were then filtered to 1%
false discovery rate at the protein level as previously described
(Huttlin et al, 2010). Phosphorylation sites were localized with
a modified version of the AScore algorithm, and phosphorylation
sites with an AScore > 13 (P < 0.05) were considered localized
(Beausoleil et al, 2006). Proteins and phosphorylation isoforms
were quantified as previously described (Isasa et al, 2015). “Relative
abundance” is the expression values for each analyte (protein or
phosphorylation isoform) and represent the signal-to-noise value
of each sample divided by the sum of all samples for each analyte
normalized to 100. For phosphorylated peptides, the quantitative
values were normalized to the relative abundance of the protein, to
account for changes in protein abundance upon treatment. All data
analyses were performed using R (http://www.R-project.org).

GO enrichment analysis

GO enrichment analysis was performed using the Gene Ontology
Consortium, which connects to the analysis tool from the protein
annotation through evolutionary relationship (PANTHER) classifi-
cation system (http://www.pantherdb.org/). The PANTHER system
consists of gene function, ontology, pathways, and statistical analysis
tools that enable the analysis of large-scale, genome-wide data from
sequencing, proteomics, or gene expression experiments (Mi et al,
2013). The GO enrichment analysis was performed using UniProt IDs of
the most differentially regulated genes under experimental conditions
from our phospho-proteomics data versus a background population of
all genes of Mus musculus in the PANTHER system.

Activity flow and process diagrams of PDGFR signaling by
CellDesigner

The global activity flow and the comprehensive signaling maps of
the PDGFR networks were created with the CellDesigner version 4.4
(http:/ /www.celldesigner.org/), which is a structured diagram ed-
itor for drawing gene-regulatory and biochemical networks. The
maps are stored using the SBML and are able to link with simulation
and other analysis packages through Systems Biology Workbench.
All of the species, proteins, reactions, and cellular compartments
included in the map are listed in the SBML file when opened by
CellDesigner. For individual reactions, PMIDs were added, enabling
a direct link to the relevant references.

Merging of phospho-databases

The merging of the PDGFRa phospho-proteomics data to the Phospho-
SitePlus datasets (https:/ /www.phosphosite.org/) (Hornbeck et al, 2015)
was performed using an in-house Python script (www.python.org, version
3623) described in details in the Supplementary Materials and Methods.

Kinase-substrate network visualization using Cytoscape

The kinase substrate phosphorylation network was visualized in
Cytoscape, which is a platform for visualizing molecular interaction
networks and biological pathways (http:/ /www.cytoscape.org). Mole-
cules in different signaling pathways were assigned with distinct color
codes to aid in visualizing the differences. The edges linking kinases
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and substrates were colored in accordance with the log,FC values of
treated versus non-treated in the phospho-proteomics data.

Cell viability assay

The cell viability was analyzed using the CellTiter-Fluor Cell Viability
Assay (Promega), which measures the relative number of viable
cells in a population based on the measurement of the conserved
and constitutive protease activity within live cells. Briefly, PDGFRa
or EGFR cells were seeded in 96-well plates with a density of 0.8 x
10“ cells/well and serum starved overnight. The cells were then
treated with 10 pg/ml DOX or vehicle control. The translation in-
hibitors, including 4EGI-1 (Selleckchem), AZD8055 (Selleckchem),
and LY2584702 (Selleckchem), were added at indicated concen-
trations and incubated for 48 h. The CellTiter-Fluor Reagent was
then added to wells and viability measured using a fluorometer
(400 NMEe. /505 nmg,y,) after incubation for 30 min at 37°C.

Statistical analyses

Statistical analyses were carried out using GraphPad Prism 7
(GraphPad Software). Two-tailed t tests were used for single
comparison. Significance for survival analyses was determined by
the log rank (Mantel-Cox) test. P-values of less than 0.05 were
considered statistically significant.

Data and materials availability

Proteomics data are available through requests. All materials may
be obtained through an material transfer agreement.

Supplementary Information

Supplementary Information is available at https:/ /doi.org/10.26508/1sa.201800029.

Acknowledgements

We would like to thank Dr. A. Kazlauskas (Schepens Eye Research Institute,
Massachusetts Eye and Ear Institute, Boston) for providing the human
PDGFRa cDNA, and members of the Charest lab and Dr. Pom P. Ino for critical
review of the manuscript. This work was supported by National Institute of
Health/National Cancer Institute grants CA185137, CA179563, and CA069246.

Author Contributions

S Zhou: conceptualization, data curation, formal analysis, valida-
tion, investigation, methodology, and writing—original draft, review,
and editing.

VA Appleman: investigation and methodology.

CM Rose: resources, data curation, software, investigation, meth-
odology, writing—original draft.

HJ Jun: investigation.

J Yang: data curation and software.

Y Zhou: data curation and software.

RT Bronson: formal analysis and investigation.

Chronic PDGFRa signaling controls translation Zhou et al.

https://doi.org/10.26508/1sa.201800029 vol 1 | no 3 | 201800029

SP Gygi: conceptualization, resources, formal analysis, supervision,
funding acquisition, investigation, and project administration.

A Charest: conceptualization, resources, data curation, formal analysis,
supervision, funding acquisition, validation, investigation, visualization,
methodology, writing—original draft, project administration, and wri-
ting—review and editing.

Conflict of Interest Statement

The authors declare that they have no conflict of interest.

References

Acquaviva J, Jun HJ, Lessard J, Ruiz R, Zhu H, Donovan M, Woolfenden S,
Boskovitz A, Raval A, Bronson RT, et al (2011) Chronic activation of wild-
type epidermal growth factor receptor and loss of Cdkn2a cause
mouse glioblastoma formation. Cancer Res 71: 7198-7206. d0i:10.1158/
0008-5472.can-11-1514

Beausoleil SA, Villen J, Gerber SA, Rush J, Gygi SP (2006) A probability-based
approach for high-throughput protein phosphorylation analysis and
site localization. Nat Biotechnol 24: 1285-1292. doi:10.1038/nbt1240

Bhat M, Robichaud N, Hulea L, Sonenberg N, Pelletier J, Topisirovic | (2015)
Targeting the translation machinery in cancer. Nat Rev Drug Discov 14
261-278. doi:10.1038/nrd4505

Brennan CW, Verhaak RG, McKenna A, Campos B, Noushmehr H, Salama SR,
Zheng S, Chakravarty D, Sanborn JZ, Berman SH, et al (2013) The
somatic genomic landscape of glioblastoma. Cell 155: 462-477.
doi:10.1016/j.cell.2013.09.034

Calzone L, Gelay A, Zinovyev A, Radvanyi F, Barillot E (2008) A comprehensive
modular map of molecular interactions in RB/E2F pathway. Mol Syst
Biol 4:173. doi:10.1038/msb.2008.7

Cancer Genome Atlas Research Network (2008) Comprehensive genomic
characterization defines human glioblastoma genes and core
pathways. Nature 455: 1061-1068. doi:10.1038/nature07385

Caron E, Ghosh S, Matsuoka Y, Ashton-Beaucage D, Therrien M, Lemieux S,
Perreault C, Roux PP, Kitano H (2010) A comprehensive map of the
mTOR signaling network. Mol Syst Biol 6: 453. doi:10.1038/msb.
2010.108

Chen PH, Chen X, He X (2013) Platelet-derived growth factors and their
receptors: Structural and functional perspectives. Biochim Biophys
Acta 1834: 2176-2186. d0i:10.1016/j.bbapap.2012.10.015

Chresta CM, Davies BR, Hickson I, Harding T, Cosulich S, Critchlow SE, Vincent
JP, Ellston R, Jones D, Sini P, et al (2010) AZD8055 is a potent, selective,
and orally bioavailable ATP-competitive mammalian target of
rapamycin kinase inhibitor with in vitro and in vivo antitumor activity.
Cancer Res 70: 288-298. d0i:10.1158/0008-5472.can-09-1751

Dephoure N, Gould KL, Gygi SP, Kellogg DR (2013) Mapping and analysis of
phosphorylation sites: A quick guide for cell biologists. Mol Biol Cell
24: 535-542. d0i:10.1091/ mbc.e12-09-0677

Elias JE, Gygi SP (2007) Target-decoy search strategy for increased confidence
in large-scale protein identifications by mass spectrometry. Nat
Methods 4: 207-214. d0i:10.1038/nmeth1019

Eng JK, McCormack AL, Yates JR (1994) An approach to correlate tandem mass
spectral data of peptides with amino acid sequences in a protein
database. ] Am Soc Mass Spectrom 5: 976-989. doi:10.1016/1044-0305
(94)80016-2

Erickson BK, Jedrychowski MP, McAlister GC, Everley RA, Kunz R, Gygi SP (2015)
Evaluating multiplexed quantitative phosphopeptide analysis on
a hybrid quadrupole mass filter/linear ion trap/orbitrap mass
spectrometer. Anal Chem 87: 1241-1249. d0i:10.1021/ac503934f

13 of 15


https://doi.org/10.26508/lsa.201800029
https://doi.org/10.1158/0008-5472.can-11-1514
https://doi.org/10.1158/0008-5472.can-11-1514
https://doi.org/10.1038/nbt1240
https://doi.org/10.1038/nrd4505
https://doi.org/10.1016/j.cell.2013.09.034
https://doi.org/10.1038/msb.2008.7
https://doi.org/10.1038/nature07385
https://doi.org/10.1038/msb.2010.108
https://doi.org/10.1038/msb.2010.108
https://doi.org/10.1016/j.bbapap.2012.10.015
https://doi.org/10.1158/0008-5472.can-09-1751
https://doi.org/10.1091/mbc.e12-09-0677
https://doi.org/10.1038/nmeth1019
https://doi.org/10.1016/1044-0305(94)80016-2
https://doi.org/10.1016/1044-0305(94)80016-2
https://doi.org/10.1021/ac503934f
https://doi.org/10.26508/lsa.201800029

<4< o . o
s2el» Life Science Alliance

Guha A, Dashner K, Black PM, Wagner JA, Stiles CD (1995) Expression of PDGF
and PDGF receptors in human astrocytoma operation specimens
supports the existence of an autocrine loop. Int J Cancer 60: 168-173.
doi:10.1002/ijc.2910600206

Hambardzumyan D, Parada LF, Holland EC, Charest A (2011) Genetic modeling
of gliomas in mice: New tools to tackle old problems. Glia 59:
1155-1168. d0i:10.1002/glia.21142

Hermanson M, Funa K, Hartman M, Claesson-Welsh L, Heldin CH, Westermark
B, Nister M (1992) Platelet-derived growth factor and its receptors in
human glioma tissue: Expression of messenger RNA and protein
suggests the presence of autocrine and paracrine loops. Cancer Res
52: 3213-3219.

Hermansson M, Nister M, Betsholtz C, Heldin CH, Westermark B, Funa K (1988)
Endothelial cell hyperplasia in human glioblastoma: Coexpression of
mRNA for platelet-derived growth factor (PDGF) B chain and PDGF
receptor suggests autocrine growth stimulation. Proc Natl Acad Sci
USA 85: 7748-7752. d0i:10.1073/pnas.85.20.7748

Hornbeck PV, Zhang B, Murray B, Kornhauser JM, Latham V, Skrzypek E (2015)
PhosphoSitePlus, 2014: Mutations, PTMs and recalibrations. Nucleic
Acids Res 43: D512-520. d0i:10.1093/nar/gku1267

Hucka M, Finney A, Sauro HM, Bolouri H, Doyle JC, Kitano H, Arkin AP, Bornstein
BJ, Bray D, Cornish-Bowden A, et al (2003) The systems biology markup
language (SBML): A medium for representation and exchange of
biochemical network models. Bioinformatics 19: 524-531. doi:10.1093/
bioinformatics/btg015

Huttlin EL, Jedrychowski MP, Elias JE, Goswami T, Rad R, Beausoleil SA, Villen J,
Haas W, Sowa ME, Gygi SP (2010) A tissue-specific atlas of mouse
protein phosphorylation and expression. Cell 143: 1174-1189.
doi:10.1016/j.cell.2010.12.001

Isasa M, Rose CM, Elsasser S, Navarrete-Perea J, Paulo JA, Finley DJ, Gygi SP
(2015) Multiplexed, proteome-wide protein expression profiling: Yeast
deubiquitylating enzyme knockout strains. J Proteome Res 14:
5306-5317. doi:10.1021/acs.jproteome.5b00802

Jun HJ, Acquaviva J, Chi D, Lessard J, Zhu H, Woolfenden S, Bronson RT, Pfannl
R, White F, Housman DE, et al (2012) Acquired MET expression confers
resistance to EGFR inhibition in a mouse model of glioblastoma
multiforme. Oncogene 31: 3039-3050. doi:10.1038/0nc.2011.474

Kaizu K, Ghosh S, Matsuoka Y, Moriya H, Shimizu-Yoshida Y, Kitano H (2010) A
comprehensive molecular interaction map of the budding yeast cell
cycle. Mol Syst Biol 6: 415. doi:10.1038/msh.2010.73

Kazlauskas A (2017) PDGFs and their receptors. Gene 614: 1-7. doi:10.1016/].
gene.2017.03.003

Kitano H, Funahashi A, Matsuoka Y, Oda K (2005) Using process diagrams for
the graphical representation of biological networks. Nat Biotechnol
23: 961-966. doi:10.1038/nbt1111

Klinghoffer RA, Mueting-Nelsen PF, Faerman A, Shani M, Soriano P (2001) The
two PDGF receptors maintain conserved signaling in vivo despite
divergent embryological functions. Mol Cell 7: 343-354. doi:10.1016/
$1097-2765(01)00182-4

Le Novere N, Hucka M, Mi H, Moodie S, Schreiber F, Sorokin A, Demir E, Wegner
K, Aladjem MI, Wimalaratne SM, et al (2009) The systems biology
graphical notation. Nat Biotechnol 27: 735-741. doi:10.1038/nbt.1558

Marino S, Vooijs M, van Der Gulden H, Jonkers J, Berns A (2000) Induction of
medulloblastomas in p53-null mutant mice by somatic inactivation of
Rbinthe external granular layer cells of the cerebellum. Genes Dev 14:
994-1004.

Maxwell M, Naber SP, Wolfe HJ, Galanopoulos T, Hedley-Whyte ET, Black PM,
Antoniades HN (1990) Coexpression of platelet-derived growth factor
(PDGF) and PDGF-receptor genes by primary human astrocytomas
may contribute to their development and maintenance. J Clin Invest
86: 131-140. d0i:10.1172/jci114675

McAlister GC, Nusinow DP, Jedrychowski MP, Wuhr M, Huttlin EL, Erickson BK,
Rad R, Haas W, Gygi SP (2014) MultiNotch MS3 enables accurate,

Chronic PDGFRa signaling controls translation Zhou et al.

sensitive, and multiplexed detection of differential expression across
cancer cell line proteomes. Anal Chem 86: 7150-7158. doi:10.1021/
ac502040v

Mi H, Muruganujan A, Casagrande JT, Thomas PD (2013) Large-scale gene
function analysis with the PANTHER classification system. Nat Protoc
8: 1551-1566. d0i:10.1038/nprot.2013.092

Moerke NJ, Aktas H, Chen H, Cantel S, Reibarkh MY, Fahmy A, Gross JD,
Degterev A, Yuan J, Chorev M, et al (2007) Small-molecule inhibition of
the interaction between the translation initiation factors elF4E and
elF4G. Cell 128: 257-267. doi:10.1016/j.cell.2006.11.046

Munk S, Refsgaard JC, Olsen JV (2016a) Systems analysis for interpretation of
phosphoproteomics data. Methods Mol Biol 1355: 341-360.
doi:10.1007/978-1-4939-3049-4_23

Munk S, Refsgaard JC, Olsen JV, Jensen L) (2016b) From phosphosites to
kinases. Methods Mol Biol 1355: 307-321. d0i:10.1007/978-1-4939-
3049-4_21

Oda K, Kitano H (2006) A comprehensive map of the toll-like receptor
signaling network. Mol Syst Biol 2: 2006 0015. d0i:10.1038/msb4100057

Oda K, Matsuoka Y, Funahashi A, Kitano H (2005) A comprehensive pathway
map of epidermal growth factor receptor signaling. Mol Syst Biol 1:
2005 0010. doi:10.1038/msbh4100014

Olson JJ, Nayak L, Ormond DR, Wen PY, Kalkanis SN, Ryken TC, AANS/CNS Joint
Guidelines Committee (2014) The role of targeted therapies in the
management of progressive glioblastoma: A systematic review and
evidence-based clinical practice guideline. ) Neurooncol 118: 557-599.
doi:10.1007/511060-013-1339-4

Ostman A (2004) PDGF receptors-mediators of autocrine tumor growth and
regulators of tumor vasculature and stroma. Cytokine Growth Factor
Rev 15: 275-286. d0i:10.1016/j.cytogfr.2004.03.002

Ozawa T, Riester M, Cheng YK, Huse JT, Squatrito M, Helmy K, Charles N, Michor
F, Holland EC (2014) Most human non-GCIMP glioblastoma subtypes
evolve from a common proneural-like precursor glioma. Cancer Cell
26: 288-300. d0i:10.1016/j.ccr.2014.06.005

Prados MD, Byron SA, Tran NL, Phillips JJ, Molinaro AM, Ligon KL, Wen PY, Kuhn
JG, Mellinghoff IK, de Groot JF, et al (2015) Toward precision medicine
in glioblastoma: The promise and the challenges. Neuro Oncol 17
1051-1063. d0i:10.1093/neuonc/nov031

Refsgaard JC, Munk S, Jensen L) (2016) Search databases and Statistics:
Pitfalls and best practices in phosphoproteomics. Methods Mol Biol
1355: 323-339. doi:10.1007/978-1-4939-3049-4_22

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N,
Schwikowski B, Ideker T (2003) Cytoscape: A software environment for
integrated models of biomolecular interaction networks. Genome Res
13: 2498-2504. doi:10.1101/gr.1239303

Soriano P (1994) Abnormal kidney development and hematological disorders
in PDGF beta-receptor mutant mice. Genes Dev 8: 1888-1896.
doi:10.1101/gad.8.16.1888

Soriano P (1997) The PDGF alpha receptor is required for neural crest cell
development and for normal patterning of the somites. Development
124: 2691-2700.

Terfve CD, Wilkes EH, Casado P, Cutillas PR, Saez-Rodriguez ) (2015) Large-
scale models of signal propagation in human cells derived from
discovery phosphoproteomic data. Nat Commun 6: 8033. d0i:10.1038/
ncomms9033

Ting L, Rad R, Gygi SP, Haas W (2011) MS3 eliminates ratio distortion in
isobaric multiplexed quantitative proteomics. Nat Methods 8:
937-940. d0i:10.1038/nmeth.1714

Tolcher A, Goldman J, Patnaik A, Papadopoulos KP, Westwood P, Kelly CS,
Bumgardner W, Sams L, Geeganage S, Wang T, et al (2014) A phase |
trial of LY2584702 tosylate, a p70 S6 kinase inhibitor, in patients with
advanced solid tumours. Eur J Cancer 50: 867-875. d0i:10.1016/].
€jca.2013.11.039

https://doi.org/10.26508/1sa.201800029 vol 1 | no 3 | €201800029 14 of 15


https://doi.org/10.1002/ijc.2910600206
https://doi.org/10.1002/glia.21142
https://doi.org/10.1073/pnas.85.20.7748
https://doi.org/10.1093/nar/gku1267
https://doi.org/10.1093/bioinformatics/btg015
https://doi.org/10.1093/bioinformatics/btg015
https://doi.org/10.1016/j.cell.2010.12.001
https://doi.org/10.1021/acs.jproteome.5b00802
https://doi.org/10.1038/onc.2011.474
https://doi.org/10.1038/msb.2010.73
https://doi.org/10.1016/j.gene.2017.03.003
https://doi.org/10.1016/j.gene.2017.03.003
https://doi.org/10.1038/nbt1111
https://doi.org/10.1016/s1097-2765(01)00182-4
https://doi.org/10.1016/s1097-2765(01)00182-4
https://doi.org/10.1038/nbt.1558
https://doi.org/10.1172/jci114675
https://doi.org/10.1021/ac502040v
https://doi.org/10.1021/ac502040v
https://doi.org/10.1038/nprot.2013.092
https://doi.org/10.1016/j.cell.2006.11.046
https://doi.org/10.1007/978-1-4939-3049-4_23
https://doi.org/10.1007/978-1-4939-3049-4_21
https://doi.org/10.1007/978-1-4939-3049-4_21
https://doi.org/10.1038/msb4100057
https://doi.org/10.1038/msb4100014
https://doi.org/10.1007/s11060-013-1339-4
https://doi.org/10.1016/j.cytogfr.2004.03.002
https://doi.org/10.1016/j.ccr.2014.06.005
https://doi.org/10.1093/neuonc/nov031
https://doi.org/10.1007/978-1-4939-3049-4_22
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gad.8.16.1888
https://doi.org/10.1038/ncomms9033
https://doi.org/10.1038/ncomms9033
https://doi.org/10.1038/nmeth.1714
https://doi.org/10.1016/j.ejca.2013.11.039
https://doi.org/10.1016/j.ejca.2013.11.039
https://doi.org/10.26508/lsa.201800029

<4< o . o
s2el» Life Science Alliance

Vassbotn FS, Ostman A, Langeland N, Holmsen H, Westermark B, Heldin CH,
Nister M (1994) Activated platelet-derived growth factor autocrine
pathway drives the transformed phenotype of a human glioblastoma
cell line. J Cell Physiol 158: 381-389. d0i:10.1002/jcp.1041580221

Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson MD, Miller CR, Ding
L, Golub T, Mesirov JP, et al (2010) Integrated genomic analysis
identifies clinically relevant subtypes of glioblastoma characterized
by abnormalities in PDGFRA, IDH1, EGFR, and NF1. Cancer Cell 17:
98-110. doi:10.1016/j.ccr.2009.12.020

Wu G, Zhu L, Dent JE, Nardini C (2010) A comprehensive molecular interaction
map for rheumatoid arthritis. PLoS One 5: 10137. doi:10.1371/
annotation/f67a90fb-3e4e-4484-bffe-fcfafbfe88c7

Chronic PDGFRa signaling controls translation Zhou et al.

Zhu H, Acquaviva J, Ramachandran P, Boskovitz A, Woolfenden S,
Pfannl R, Bronson RT, Chen JW, Weissleder R, Housman DE, et al
(2009) Oncogenic EGFR signaling cooperates with loss
of tumor suppressor gene functions in gliomagenesis.

Proc Natl Acad Sci USA 106: 2712-2716. d0i:10.1073/
pnas.0813314106

License: This article is available under a Creative
Commons License (Attribution 4.0 International, as
described at https://creativecommons.org/
licenses/by/4.0/).

https://doi.org/10.26508/1sa.201800029 vol 1 | no 3 | €201800029 15 of 15


https://doi.org/10.1002/jcp.1041580221
https://doi.org/10.1016/j.ccr.2009.12.020
https://doi.org/10.1371/annotation/f67a90fb-3e4e-4484-bffe-fcfafbfe88c7
https://doi.org/10.1371/annotation/f67a90fb-3e4e-4484-bffe-fcfafbfe88c7
https://doi.org/10.1073/pnas.0813314106
https://doi.org/10.1073/pnas.0813314106
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.26508/lsa.201800029

	Chronic platelet-derived growth factor receptor signaling exerts control over initiation of protein translation in glioma
	Introduction
	Results
	Activity flow and process diagrams of PDGFR signaling
	Autocrine/paracrine constitutive activation of PDGFRα in mice generates GBM
	Unique PDGFRα signaling properties under chronic and acute stimulation
	Chronic PDGFRα activation orchestrates repression of protein translation initiation
	Chronic PDGFRα activation reduces sensitivity of PDGFRα-positive GBM cells to translational inhibitor–induced suppression o ...

	Discussion
	Materials and Methods
	PDGFRα conditional transgenic mice
	Mouse GBM primary cultures
	Immunoblots
	Proteomic and phospho-proteomic sample preparation
	MS and analysis
	GO enrichment analysis
	Activity flow and process diagrams of PDGFR signaling by CellDesigner
	Merging of phospho-databases
	Kinase–substrate network visualization using Cytoscape
	Cell viability assay
	Statistical analyses
	Data and materials availability

	Supplementary Information
	Acknowledgements
	Author Contributions
	Conflict of Interest Statement
	Acquaviva J, Jun HJ, Lessard J, Ruiz R, Zhu H, Donovan M, Woolfenden S,Boskovitz A, Raval A, Bronson RT,  (2011) Chronic ac ...


