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Abstract
Receptor tyrosine kinases (RTKs) activate pathways mediated by serine/threonine (Ser/Thr)
kinases such as the PI3K (phosphatidylinositol 3-kinase)-Akt pathway, the Ras-MAPK (mitogen-
activated protein kinase)-RSK pathway, and the mTOR (mammalian target of rapamycin)-p70 S6
pathway that control important aspects of cell growth, proliferation, and survival. The Akt, RSK,
and p70 S6 family of protein kinases transmit signals by phosphorylating substrates on a RxRxxS/
T motif. Here, we developed a large-scale proteomic approach to identify over 200 substrates of
this kinase family in cancer cell lines driven by the c-Met, epidermal growth factor receptor
(EGFR), or platelet-derived growth factor receptor a (PDGFRα) RTKs. We identified a subset of
proteins with RxRxxS/T sites for which phosphorylation was decreased by RTKIs as well as by
inhibitors of the PI3K, mTOR, and MAPK pathways and determined the effects of siRNA directed
against these substrates on cell viability. We found that phosphorylation of the protein chaperone
SGTA (small glutamine-rich tetratricopeptide repeat-containing protein alpha) at Ser305 is
essential for PDGFRα stabilization and cell survival in PDGFRα-dependent cancer cells. Our
approach provides a new view of RTK and Akt-RSK-S6 kinase signaling, revealing many
previously unidentified Akt-RSK-S6 kinase substrates that merit further consideration as targets
for combination therapy with RTKIs.

Introduction
In virtually all epithelial tumors, growth factor receptor activity is deregulated by activating
mutations, genomic amplification, and autocrine loops (1). Accumulating evidence from
mouse models and human drug response suggests that signals emanating from the activated
tyrosine kinase domain of growth factor receptors are required for tumor initiation and
maintenance (2–4). This dependence of tumor cell survival upon the driving oncogene has
been called “oncogene addiction” and demonstrates the acute sensitivity of cancer cells to
inhibition of the pathways driving their proliferation, growth, and survival (4, 5). However,
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the complexity of the pathways and multiplicity of kinases activated downstream of RTKs
has made it difficult to identify the key substrates that mediate oncogene dependence.

Three core signaling pathways activated downstream of oncogenic RTKs are the Ras-Raf-
MAPK (mitogen-activated protein kinase)-RSK (ribosomal S6 kinase) pathway involved in
cell proliferation (6, 7), the mTOR (mammalian target of rapamycin)-p70 S6 kinase pathway
involved in nutrient sensing and cell growth (8, 9), and the PI3K (phosphatidylinositol 3-
kinase)-Akt pathway involved in metabolic and cell survival signaling (10). Each of these
pathways activates members of the AGC (cAMP-dependent, cGMP-dependent, and protein
kinase C) family of serine/threonine (Ser/Thr) kinases, including Akt, RSK, and p70 S6
kinase, that phosphorylate substrates at the basophilic motif RxRxxS/T (R= arginine, S =
serine, T = threonine and x = any amino acid) (11). Although inhibition of these three
pathways often correlates with the beneficial effects of tyrosine kinase inhibitors (for
instance, the induction of cell death), the downstream targets of these inhibitors remain
largely unidentified.

To characterize the cell circuitry activated downstream of Akt, RSK, and p70 S6 kinase, we
first developed antibodies that recognized and selectively immunoprecipitated
phosphorylated substrates of Akt, RSK, and p70 S6 kinase. Analysis of arginine-rich
phosphopeptides by tandem mass spectrometry (MS/MS) is complicated by “neutral loss”,
in which arginine residues destabilize nearby phosphorylated amino acids, resulting in the
preferential loss of phosphate during the conventional peptide backbone fragmentation
necessary for MS/MS based identification. Here, we used two different approaches to
overcome neutral loss, electron transfer dissociation (ETD) (12) and two-step protease-based
collision-induced dissociation (CID) analysis (13).

Developing appropriate antibodies and overcoming neutral loss enabled us to use a large-
scale phosphoproteomic approach to investigate Akt-RSK-S6 kinase signaling downstream
of oncogenic EGFR, c-Met, and PDGFRα. Using selective RTK inhibitors (RTKIs), as well
as inhibitors specific for the PI3K, mTOR, or MAPK signaling pathways (“pathway
inhibitors”), we identified over 200 substrates and identified new circuitry not previously
implicated in RTK signaling, including connections to metabolic activity, cell cycle control,
transforming growth factor (TGF)-Smad signaling, and regulation of protein stability. Using
short interfering RNA (siRNA) screens, we also identified a subset of molecules that
participate in a regulatory loop to stabilize RTKs.

Results
Monoclonal Antibodies Directed against Phosphorylated Akt, RSK, and p70 S6 Kinase
Substrates

We used an approach described previously (14) to develop rabbit monoclonal antibodies
directed against a peptide library of the form RxRxxS*/T*, where phosphorylated Ser (S*)
or Thr (T*) are fixed at the 0 position and R is fixed at the −5 and −3 positions (Fig. 1A and
Materials and Methods). Antibody specificity was determined by SpotELISA using arrays of
phosphopeptide libraries where S* or T* was fixed at the 0 position (Fig. 1B). Results for
the two antibodies used in this study, clone 110B7 and 23C8D2, are shown in Fig. 1B. Both
antibodies were specific for R at the −3 position. Clone 23C8D2 was also specific for R at
the −5 position, whereas clone 110B7 preferred R at this position but was less selective.

MS/MS Analysis of RxRxxS*/T* Substrates and Neutral Loss
Because of neutral loss, immunoaffinity purification of cellular peptides using either clone
110B7 or 23C8D2 followed by MS/MS to identify phosphopeptides resulted in few
identifications of peptides containing the full RxRxxS*/T* motif (15, 16). A typical
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spectrum of a ribosomal protein S6 Ser236 containing peptide is shown as an example (Fig.
1C).

In many cases, analysis using ETD to fragment the peptide backbone (Fig. 1D left side)
yielded more productive spectra (compare Fig. 1E and 1C, same peptide). In an alternative
approach (13)(Fig. 1D right side), peptides obtained after digestion with GluC, LysC, or
chymotrypsin were first immunopurified with the 110B7 antibody, which recognizes both
the full RxRxxS*/T* motif and the partial RxxS*/T* motif, and then digested with trypsin to
cleave off R at −5 and −3 positions. The truncated peptides were then analyzed by mass
spectrometry using CID. Because trypsin cleaves after R, most of these peptides had lost
part or all of the R residues in the motif. Although neutral loss of phosphate was still
substantial (Fig. 1F), it was usually not as severe as in the presence of nearby R residues,
and sufficient peptide backbone fragmentation was obtained (Fig. 1F, insert). This method
enabled the identification of phosphorylation sites that were not accessible to ETD analysis,
which requires high charge states mostly associated with peptides of considerable length
(12, 17). Analysis of tryptic peptides that were directly immunopurified with the 110B7
antibody yielded fewer identifications. These tryptic peptides resulted from incomplete
protease digestion, perhaps due to the nearby S*/T* residue, so the peptide still contained a
full or partial motif necessary to bind antibody. We next used these two approaches to
identify proteins phosphorylated at the RxRxxS/T motif downstream of oncogenic RTKs.

Large-Scale Substrate Identification using ETD and Two-step Protease-Based CID
Analysis

We studied three epithelial cancer cell lines, each of which depends on a different RTK for
growth and survival: H1703, a non-small cell lung cancer (NSCLC) cell line driven by
PDGFRα (18), MKN-45, a gastric cancer cell line driven by c-Met (19, 20), and H3255, a
NSCLC cell line driven by EGFR (21). Fig. 2A shows the overall strategy used to identify
substrates downstream of the PI3K-Akt, MAPK-RSK, and mTOR-p70 S6 kinase pathways
using selective RTK inhibitors or inhibitors of each of the three pathways. As expected, each
RTK inhibitor blocked downstream tyrosine phosphorylation as well as the phosphorylation
of many proteins reactive with the RxRxxS*/T* antibody (Fig. 2B). Wortmannin inhibits the
PI3K-Akt pathway and noticeably blocked phosphorylation on the RxRxxS/T motif in all
three cell lines, whereas the MEK (mitogen-activated or extracellular signal-regulated
protein kinase kinase) inhibitor U0126 and rapamycin were less effective at decreasing
RxRxxS/T phosphorylation. This suggests that the majority of phosphorylations on RxRxxS/
T occur downstream of PI3K-Akt. Control experiments (Fig. 2C) showed the expected
selectivity of the drugs used to inhibit the Akt, RSK, and p70 S6 kinase pathways. Gefitinib,
which inhibits EGFR, and SU11274, which inhibits c-Met, decreased Akt, RSK1, S6K, and
extracellular signaling-regulated kinase (ERK) phosphorylation in H3255 and MKN45 cells,
respectively. Gleevec, which inhibits PDGFRα, decreased Akt and S6K phosphorylation in
H1703 cells, but not that of ERK or RSK (Fig. 2C).

Lysates obtained from the three cell lines were digested with the protease GluC. Peptides
from each sample were separately immunoaffinity-purified with the 110B7 or 23C8D2
antibodies and subjected to ETD mass spectrometric analysis. We identified 183 sites with
the full RxRxxS*/T* motif, 81 of which (44%) had not previously been identified. In other
studies we used the CID approach with the two-step protease digestion. Overall, using both
ETD and CID, we identified over 1200 partial or full RxRxxS*/T* sites from the three
cancer cell lines. Table S1 shows over 500 full (RxRxxS*/T*) motif sites from over 300
proteins and over 700 partial (RxxS*/T*) motifs from over 500 proteins identified from the
three cell lines. When these sites were queried against PhosphoSitePlus™ [an on-line
resource of post-translational modifications available at www.phosphosite.org (22)], more
than 47% (575 sites) appeared to have not previously been identified. Data have been
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deposited in PhosphoSitePlus™ and are freely available. Table S1 summarizes each of the
peptide assignments from all mass spectrometric experiments in this study. Analysis of the
sequence context of the phosphorylated sites immunoprecipitated using the RxRxxS*/T*
antibody (clone 23C8D2) revealed diverse RxRxxS*/T* sequences (Fig. 3A) similar to
those of known Akt substrates (22)

We compared the distribution of RxRxxS*/T* sites based upon protein function
classification to the distribution of tyrosine-phosphorylated proteins identified in the same
extracts by sequential immunoprecipitation with antibodies directed against RxRxxS*/T*
and antibodies that recognized phosphotyrosine (Fig. 3B and C). Different classes of
proteins were targeted by the Akt-like kinases and tyrosine kinases. Targets of Akt-like
kinases include proteins involved in transcription, translation, apoptosis, and vesicle
transport. In contrast, the main protein classes targeted by tyrosine kinases are protein
kinases, adaptor and scaffold proteins, and cytoskeletal proteins. Nuclear proteins were also
frequently found to be substrates of Akt-like kinases, whereas tyrosine kinases
phosphorylate mostly membrane-proximal protein.

Tyrosine Kinase Activated RxRxxS*/T* Pathways
To quantify changes in RxRxxS*/T* phosphorylation status downstream of RTKs we used
SILAC (stable isotope labeling with amino acids in cell culture) and the two-step protease
approach combined with Orbitrap and VISTA software-based quantification (23). We
obtained lysate from SILAC-labeled (24) MKN-45, H3255, or H1703 cells after no
treatment or after their respective treatment with SU11274, gefitinib, or Gleevec. We also
prepared SILAC-labeled lysates treated with inhibitors of the PI3K-Akt, MAPK-RSK, and
mTOR-p70 S6 kinase pathways from each cell line. Untreated samples (from cells grown in
medium containing heavy-isotope arginine and lysine) and inhibitor-treated samples (from
cells grown in medium with natural isotopic abundance) were mixed in equal protein
amounts.

This analysis identified an extensive network of RxRxxS*/T* sites that changed downstream
of the activated tyrosine kinase in each of the three cell lines (Table S2). For example, sites
on over 100 proteins changed more than 2.4 fold (threshold of significant change, see
Materials and Methods) in MKN45 cells treated with the c-Met inhibitor SU11274 and
phosphorylation on over 120 proteins decreased upon treatment of H3255 cells with
gefitinib (Fig. 4A). Phosphorylation of a core set of 21 proteins decreased downstream of all
three RTKs (Fig. 4A and 4B). This core set of proteins included known Akt-RSK-S6-kinase
substrates such as glycogen synthase kinase 3A and B (GSK3A/B), ribosomal protein S6,
AKT1S1, and 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 (PFKFB2), a key
enzyme involved in glycolysis. Previously unrecognized targets of these RTK pathways
such as Rictor, a key component of mTOR complex 2 (mTORC2), and the chaperone SGTA
were also identified (Fig. 4B).

Phosphorylation of many sites was also decreased by wortmannin, U0126, or rapamycin
(Table S2). Inhibitor analysis allowed a rough mapping of the circuitry downstream of the
different RTKs (see Fig. 4C and 4D), consistent with the profile of inhibitor sensitivity (Fig.
2C). For example, in both H3255 and MKN-45 cells, gefitinib and SU11274 blocked
signaling through all three pathways (Fig. 2C) and this is confirmed in the large numbers of
substrates with phosphorylation status sensitive to these inhibitors (Fig. 4C). In contrast, in
H1703 cells, Gleevec inhibited the Akt and S6K pathways but not the MAPK-RSK pathway
(Fig. 2C), reflected in the small number of sites for which phosphorylation decreased in
response to both Gleevec and the MEK inhibitor U0126 (Fig. 4C).
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Overall, roughly half of the RxRxxS*/T* sites showing decreased phosphorylation in
response to a RTKI could be mapped to one or more of these three pathways.
Phosphorylation of known substrates showed expected patterns of inhibitor sensitivity, for
example, phosphorylation of GSK3A/B and AKT1S1 are both wortmannin-sensitive, and
phosphorylation of the ribosomal protein S6 was inhibited by both wortmannin and
rapamycin.

Functional categories significantly enriched among the different targets sensitive to each
inhibitor are shown in Figure 4D. Cytoskeletal proteins, GTPase activators, and Ser/Thr
kinases were enriched among proteins showing decreased phosphorylation following
treatment with RTKIs and wortmannin. RTKs and proteins involved in ubiquitination were
enriched among targets sensitive to inhibition of MEK, and proteins involved in RNA
binding, cytosolic ribosome, and anion exchange were enriched among targets sensitive to
inhibition of mTOR.

Using phosphospecific antibodies prepared to several identified sites, we confirmed changes
observed by mass spectrometry in the phosphorylation status of pantothenate kinase 2
(PANK2, phosphorylated on Ser189), semaphorin-4B (SEMA4B, phosphorylated on Ser825),
AKT1S1 (phosphorylated on Thr246), and N-myc downstream regulated 1 (NDRG1,
phosphorylated on Thr346) in response to RTK and specific pathway inhibitors (Fig. 2D).

Connections Downstream of Oncogenic RTKs
We ranked substrates by fold change in phosphorylation status after exposure to RTKI or
pathway inhibitor in the three cell lines. The proteins showing the greatest change, and their
sensitivity to pathway inhibitors, are shown in Fig. 5. These data suggest the existence of
previously unexplored connections between the AGC signaling pathways and various
cellular processes and proteins. These included such processes as energy metabolism, cell
survival and apoptosis, and trafficking, and various Ser/Thr kinases, receptors, adaptors, and
scaffolding proteins.

Sequential immunoprecipitation with antibodies directed against phosphotyrosine and
antibodies that recognized RxRxxS*/T* identified proteins showing a greater than 2.5 fold
change in phosphorylation status at both tyrosine and RxRxxS/T residues (Fig. 6A, Table
S3). These proteins were highly enriched for membrane proximal signaling components,
such as adaptors, transporters, and cytoskeleton proteins (Fig. 6B and 6C), and included
transporters, such as NHE-1 and SLC20A2, and signaling adaptors, such as IRS2, FRS2,
CDAP2, and afadin (Fig. 6C). In many cases the regulated sites of tyrosine and Ser/Thr
phosphorylation were in close proximity, suggesting targeting of common functional
activities (see LMO7, in Fig. 6D).

Functional Assay of Substrates: Cell Viability Screen
We investigated the roles of 33 proteins in cancer cell viability based on their
phosphorylation sensitivity to RTKIs and pathway inhibitors (Table S4). We examined the
effects of siRNA-mediated knockdown of these candidates in H1703 cells. PDGFRα siRNA
was used as a positive control for cell viability, because inhibition of PDGFRα by Gleevec
induces cell death (18). A siRNA scored as positive if the cell number following transfection
was > 20% below or above the cell number of the control siRNA. Using this criterion, we
identified six proteins that affected cell viability (Fig. 7A and 7B). siRNAs directed against
PKD2 (a protein kinase), EIF4ENIF1 (a nuclear import factor), SEMA4B (a membrane
protein), and SGTA and CCT2 (both chaperones) scored as decreasing cell viability, as did
siRNA knock-down of PDGFRα and Akt. siRNA inhibition of RFFL, a molecule with E3
ligase activity that is involved in endosome sorting, showed increased cell viability.
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PDGFRα is essential for H1703 cell survival (18), prompting us to test whether these
proteins affect cell viability by regulating PDGFRα abundance. PDGFRα protein level was
decreased by SGTA and CCT2 siRNAs (Fig. 7C and 7D); in contrast, PDGFRα abundance
increased in cells transfected with siRNA directed against either of the two E3 ligases, RFFL
and Nedd4-2, whereas siRNAs directed against PKD2 and SEMA4B had no effect on
PDGFR abundance. Although SGTA siRNA reduced PDGFR protein level, decreased
phosphorylated Akt and increased PARP cleavage (a marker of apoptosis), it had little effect
on EGFR abundance (Fig. 7D). Double knockdown of SGTA in combination with that of
either NEDD4-2 or RFFL showed that loss of NEDD4-2 or RFFL overcame the effects of
SGTA siRNA on PDGFR (Fig. 7E) and partially restored cell viability (Fig. 7F), suggesting
a role of these E3 ligases in regulation of PDGFR abundance. Together, these results
highlight the importance of pathways regulating RTK abundance on survival of cancer cells.

Phosphorylation of SGTA at Ser305 regulates PDGFRα stability
To examine the effect of SGTA on PDGFRα protein stability, we measured PDGFRα
turnover in H1703 cells transfected with siRNA directed against SGTA. PDGFRα half-life
was reduced in SGTA knockdown cells and in cells treated with Gleevec, suggesting that
SGTA may stabilize PDGFRα (Fig. 7G). Our MS/MS analysis identified ser305 on SGTA
as sensitive to RTKIs (Table S2). To examine the role of SGTA-Ser305 in PDGFRα stability
we developed a phosphorylation-specific antibody to Ser305 (fig. S1a). We found that
phosphorylation of SGTA-Ser305 was increased by PDGF, an increase that was inhibited by
Gleevec (fig. S1b). Western analysis showed that phosphorylation of SGTA-Ser305 was also
decreased by SU11274 and U0126 in MKN45 cells (fig. S1c), consistent with the results
from MS/MS SILAC analysis. Analysis of mouse embryonic fibroblast (MEF) cells that
lacked different AKT isoforms showed that phosphorylation of Ser305 was decreased in
MEF AKT2 KO cells, suggesting that AKT2 could be a candidate SGTA Ser305 kinase (fig.
S1D).

We next investigated the mechanisms whereby SGTA phosphorylation at Ser305 regulates
PDGFRα stability. We found that Flag-tagged wild-type SGTA (Flag-SGTA)
coimmunoprecipitated with PDGFRα, and this interaction was inhibited by Gleevec (Fig.
7H). The association between SGTA and PDGFRα was reduced in H1703 cells transfected
with a Flag-SGTA S305A mutant, suggesting that phosphorylation of SGTA at Ser305

promotes interaction of SGTA with PDGFRa.

As noted previously, transfection of SGTA siRNA resulted in decreased PDGFRα
abundance in H1703 cells (Fig. 7I) and increased cleaved caspase-3 positive cells (fig. S1E).
The effect of SGTA siRNA on PDGFRα abundance and cleaved caspase activity were
partially reversed by cotransfection with a murine wildtype SGTA construct that is resistant
to human SGTA siRNA but not by murine SGTA lacking the Ser305 phosphorylation site
(S307A) in mouse.

The effects of SGTA on PDGFRα stability prompted us to investigate whether
destabilization of PDGFRα could enhance the sensitivity of H1703 cells to Gleevec. Indeed,
transfection of H1703 cells with SGTA siRNA enhanced cell death in response to Gleevec
(Fig. 7J). This suggests that destabalization of PDGFRα could further enhance the antitumor
effects of Gleevec.

Discussion
A focused view of Akt-RSK-p70 S6 Kinase Signaling

This study provides a large-scale identification and analysis of substrates phosphorylated by
the Akt, RSK, and S6 family of protein kinases. Neutral loss has limited the analysis of the
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basic phosphopeptide substrates characteristic of the AGC family of proteins kinases,
restricting our view of this important class of protein kinase substrates. Here we used two
different approaches to overcome neutral loss, one involving improved MS/MS peptide
fragmentation and the other using proteases to remove basic residues. Our approach largely
overcomes the neutral loss problem but has certain limitations, including antibody-
dependent phosphopeptide preferences, ETD analysis favoring peptides of high charge state,
and the general problem of peptides being either too small or large for MS/MS analysis
depending upon the combination of proteases used. Despite these limitations, the method
enabled a broad view of signaling activity across multiple AGC kinase pathways and
allowed quantitative measurements of pathway activity and the identification of many
previously unknown substrates.

Pathway Inhibitors Define Core Networks
We identified and characterized Akt-like substrates in three cancer cell lines, each dependent
on a different receptor tyrosine kinases, and identified 200 proteins with phosphorylation
sites that decrease more than 2.4 fold following treatment with RTKI. We identified a set of
“core substrates” activated by multiple RTKs: phosphorylation of 21 proteins was inhibited
by each of the three different RTKIs (Fig. 4A and 4B) and that of 66 proteins was inhibited
by at least two different RTKIs (Fig. 5). Phosphorylation of approximately half of the sites
affected by RTKIs was also inhibited by blocking either the PI3K, MAPK, or mTOR
signaling pathways, indicating the approach enriches proteins acting in these pathways.
Among the 200 proteins with phosphorylation that was inhibited by RTKIs, 77 were also
inhibited by wortmannin, 40 by the MEK inhibitor U0126, and 21 by rapamycin.
Phosphorylation on AGC target sites of nine proteins was inhibited by all three pathways
including ribosomal protein S6, EIF4ENIF1, and LARP1. This redundant targeting may
render these elements more difficult to inhibit and suggests that understanding this circuitry
will be important to the future development of targeted cancer therapeutics.

Oncogenic RTK Signaling: Connections to Akt-like Substrates
This study maps an extensive signaling network operating downstream of the oncogenic
receptor tyrosine kinases, EGFR, c-Met and PDGFR involving phosphorylation at
basophilic motifs typical of Akt, RSK, and p70 S6 kinase signaling. Our analysis indicates
that the majority of the substrates identified function in various related cellular activities
(Fig. 5). We identified many inputs from RTKs to receptors, adaptors, scaffolds, and G-
proteins acting at the interphase between the cytoskeleton and plasma membrane, suggesting
a possible role in control of cell shape and motility. Other prominent targets of RTK
signaling included components of pathways regulating protein stability, vesicle transport,
translation, transcription, cell survival, and energy metabolism (fig S2). Some of these
substrates were previously identified (25) in a study of signaling networks activated by EGF
in HeLa cells, confirming the importance of these molecules as effectors of RTK signaling.

We identified multiple inputs from RTK signaling to E3 ubiquitin ligases that connect to cell
cycle progression, TGFb/BMP Smad signaling, and protein stability and trafficking. Both
the E3 ligase NIPA and the tumor suppressor protein CABLES1 regulate cell cycle
progression by targeting cyclins and cyclin dependent kinases (26, 27). Another possible
connection occurs through the E3 ligase, TIF1γ, which adds mono-ubiquitin to Smad4,
removing it from the pool transducing TGFb and BMP signaling (27). TIF1γ could thus
provide a link from RTKs to the TGFb and BMP pathways.

Our approach allows analysis of different protein modifications from the same sample. For
instance we used antibodies directed against phosphotyrosine and antibodies directed against
RxRxxS*/T* motifs to identify proteins targeted by both tyrosine and Ser/Thr kinases
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(Table S3). Identification of such proteins suggests that rapid membrane-proximal tyrosine
phosphorylation may be followed by Ser/Thr phosphorylations that limits or adjusts signal
duration or intensity. This kind of feedback regulation is known to limit insulin signaling
through the phosphorylation of IRS1 by p70 S6 kinase at Ser residues (28).

Regulation of RTK Stability
Downregulation of growth factor RTKs plays an important role in terminating RTK
signaling (8). Upon ligand binding, RTKs are removed from the cell surface through
endocytosis and either recycled back to the plasma membrane or degraded in the lysosome.
Although defective RTK endocytosis leads to prolonged RTK signaling and has been linked
to malignancy (29), the pathways and molecules targeted remain largely unknown. Based
upon our phosphoproteomic network mapping and siRNA screens, two chaperones, SGTA
and CCT2 were identified as important for cell viability. Further investigation revealed that
SGTA was critical for stabilization of PDGFRα and received inputs from the PI3K and
MAPK pathways, which converged on Ser305. Mutational analysis suggested that Ser305

phosphorylation is important for the interaction of SGTA with PDGFRα and for its ability to
stabilize PDGFRα. siRNA knockdown of the E3 ligases Nedd4-2 and RFFL overcame the
effect of SGTA on PDGFR abundance, suggesting a model in which oncogenic RTKs act
through MAPK- and PI3K- dependent pathways to stabilize their own expression by
coordinating the balance between chaperone-mediated receptor stabilization and ubiquitin-
mediated degradation (Fig. 7K).

Molecular chaperones have emerged as a promising target in cancer therapy (29). However,
the adaptations that sensitize cancer cells to chaperone inhibitors remain unknown. Our
network analysis places SGTA downstream of RTK signaling and suggests that SGTA may
participate in a regulatory loop acting to enhance cancer cell sensitivity to chaperone
inhibitors. Given the importance of SGTA for androgen receptor signaling in prostate cancer
(30), the discovery of SGTA as a critical regulator of PDGFR stability could have important
therapeutic implications.

In non-small cell lung cancer patients with EGFR mutations, the EGFR inhibitor gefitinib
provides substantial therapeutic benefit. However, most patients develop resistance through
EGFR mutations that block drug binding or by kinase switching, wherby a different kinase,
such as c-Met, substitutes for EGFR growth and survival signaling (31). Robust, but not
durable, response to RTKIs highlight the need to inhibit pathway activity at multiple levels
(4). Our findings suggest that selective targeting of the chaperone and ubiquitin pathways
should act together with RTKIs to further inhibit oncogenic kinase signaling. In support of
this idea, we show that siRNA knockdown of SGTA enhances cell death by Gleevec,
suggesting that approaches targeting both kinase activity and stability may confer additional
clinical benefit.

Materials and Methods
SpotELISA

Synthetic biotinylated phosphopeptides were arrayed in 96 well avidin plates, 0.1 pmol
peptide per well. Peptides in each well contained a residue fixed at one position (−5 to +3)
relative to the centrally fixed (position 0) phospho-Serine or phospho- Thr residue, besides
Arginine fixed at −5 and −3 positions. The peptide plates were blocked by BSA-PBST, and
probed with motif antibody 110B7 and 23C8D2 at 4 °C overnight, then the plates were
washed and probed with Europium-labeled anti-rabbit lgG. Plates were read at 615nm with a
Wallac Victor plate reader.
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siRNA transfection, viability assay, and immunoblotting
H1703 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum and transfected with siRNA (Dharmacon) using
Mirus reagents and protocol. Transfection controls were cells treated with a scrambled
control siRNA from Cell Signaling Technology. Viability of cells was measured 60 hrs after
transfection by trypan blue staining and counting on a hemocytometer. Lysates for
immunoblotting were prepared following the standard protocols of Cell Signaling
Technology. In brief, cells were collected in lysis buffer (20 mM Tris-HCl (pH 7.5), 150
mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1
mM beta-glycerophosphate, 1 mM Na3VO4, 1 ug/ml leupeptin, protease inhibitors). The
cell lysate was sonicated for 2 × 5 second, and cleared by centrifugation for 10 min at
14,000 rpm. Protein concentration is measured using Coomassie protein assay reagent
(Pierce). Equal amount of protein lysate (20 – 30 ug) is loaded on SDS-PAGE, probed with
antibodies indicated in the figures. All the antibodies used in this study, except for Nedd4-2
(Abcam), were from Cell Signaling Technology. The pSGTA (S305) antibody was raised by
immunizing rabbit with a synthetic peptide containing phospho-Serine 305.

Cell culture and drug treatment
Cells were cultured in DMEM medium or RPMI 1640 medium supplemented with 10% fetal
bovine serum. For SILAC experiments, cells were grown for at least 5 passages in DMEM
medium with either heavy isotope lysine (L-Lysine:2HCl (U-13C6) and arginine (L-
Arginine:HCl (U-13C6) (untreated cells) or normal isotope lysine and arginine (inhibitor-
treated cells). H3255 cells and MKN-45 cells were starved overnight before harvesting. For
drug treatment, cells were treated with the following drugs for 2.5 hrs: RTKI (1 uM),
wortmannin (0.1 uM), rapamycin (10 nM), MEK inhibitor U 0126 (10 uM). RTKIs
included: Gleevec (PDGFRα inhibitor) for H1703 cells, gefitinib(EGFR inhibitor) for
H3255 cells, and SU11274 (Met inhibitor) for MKN-45 cells. Controls were treated with
DMSO vehicle.

Phosphopeptide immunoaffinity purification and analysis by LC-MS/MS mass
spectrometry

Phosphopeptide immunoaffinity purification from different cell lines was performed as
described previously (32). A detailed description of the procedures can be found in
Supplemental Data.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Dual strategies to address neutral loss using monoclonal antibodies recognizing the
phosphorylated RxRxxS*/T* motif
(A) Immunoaffinity purification of phosphopeptides using antibodies recognizing the
RxRxxS*/T* motif with x being any amino acid. (B) Specificity of RxRxxS*/T* antibodies
using SpotELISA on synthetic peptide libraries. Scale at top indicates ELISA reading;
columns represent position relative to phospho-Ser/Thr at 0 position; rows represent fixed
amino acid residue at the position. (C) CID spectrum of S6 peptide
QIAKRRRLS*SLRASTSKSE showing unproductive neutral loss peak. (Q: Glutamine; I:
Isoleucine; A: Alanine; K: Lysine; R: Arginine; L: Leucine; S: Serine, S*: phospho-Serine;
T: Threonine; E: Glutamate. (D) Dual strategy to address neutral loss. (E) ETD spectrum of
the S6 peptide shown in panel C. (F) CID spectrum of truncated S6 peptide after tryptic
digest LS*SLRASTSKSE following IAP. The inset of 10x enlarged image shows efficient
backbone fragmentation of the peptide.
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Figure 2. Effects of RTKIs and pathway inhibitors on Akt-RSK-S6 kinase signaling
(A) Strategy of probing signaling pathways with different inhibitors. Wort, wortmannin;
Rapa, rapamycin. (B) Immunoblotting of three cancer cell lines treated with the indicated
inhibitors. (C) Immunoblotting showing the effect of inhibitors on Akt, RSK, S6, and ERK
phosphorylation. (D) Confirmation of MS/MS results by immunoblotting wih
phosphospecific antibodies. Actin was used as loading control.
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Figure 3. Comparison of sites and proteins identified using RxRxxS*/T* and pY antibodies
(A) Amino acid distributions in singly phosphorylated phosphoserine peptides identified
using the indicated RxRxxS*/T* antibody compared to known Akt substrates from the
literature. Phosphopeptide sequences containing the full motif RxRxxS*/T* were aligned
with phospho-serine/threonine at the 0 position, and the frequency of each amino acid at
each flanking position was calculated and plotted. (B) Protein containing RxRxxS*/T* sites
identified with 110B7 antibody arranged by protein type. Only the top 11 classes were
shown, the rest were classified as other. (C) Proteins containing pY sites identified using the
phosphotyrosine (pY-100) antibody arranged by protein type.

Moritz et al. Page 14

Sci Signal. Author manuscript; available in PMC 2011 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Pathway mapping downstream of EGFR, c-Met, and PDGFRα using RTKIs and
pathway inhibitors
(A) Overlap of RxRxxS*/T* protein phosphorylation inhibited by Gleevec, gefitinib, and
SU11274 in H1703, H3255, MKN45 cells, respectively. (B) Proteins whose phosphorylation
was decreased by corresponding RTK inhibitors in all three cancer cell lines,
phosphorylation sites and fold change in phosphorylation status relative to untreated cells
are shown. (C) Venn diagrams of protein phosphorylation decreased by inhibitors in three
cancer cell lines. (D) Enrichment of GO terms among the targets of each inhibitor (relative
to the total numbers in their respective categories) was determined using the Pathway Studio
program by Fisher’s Exact Test. Significance is represented as the −log(P value); the
significance threshold is 1.301 = −log (P = 0.05).
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Figure 5. Connections iidentified using RTKIs and pathway specific inhibitors
Proteins inhibited by two or more RTKIs and the indicated pathway inhibitor(s) are grouped
by protein function. Color coding indicates sensitivity to pathway inhibitor.
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Figure 6. Proteins subject to both RxRxxS*/T* and tyrosine phosphorylation
(A) Overlap of proteins showing greater than 2.4 fold change on RxRxxS/T and tyrosine
phosphorylation sites. (B) Functional categorization of proteins phosphorylated on both
RxRxxS/T and tyrosine sites downstream of RTKs. (C) Examples of protein types
phosphorylated on both RxRxxS/T and tyrosine sites downstream of RTKs.. (D) Tyrosine
and RxRxxS/T phosphorylation sites on individual proteins phosphorylated downstream of
RTKs are often clustered in close proximity as shown for LOM7 at Ser805 and Tyr826,
Ser1493/1501 and Tyr1401/1430.
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Figure 7. Functional assay of AGC-family substrates
(A) Cell viability after siRNA transfection. H1703 cells were collected 60 hrs after
transfection with the indicated siRNA, stained with Trypan Blue and counted. Numbers are
mean ± SD from three different wells. Controls were transfected with scrambled siRNA.
Results are representative of three independent experiments. (B) Immunoblotting of H1703
cells transfected with siRNAs. 60 hrs after transfection, cell lysates were made and probed
with PARP antibody. (C) Immunoblotting of H1703 cells transfected with siRNAs. Cell
lysates were made as in 7b and probed with PDGFRα antibody. (D) Immunoblotting of
H1703 cells transfected with PDGFRα and SGTA siRNAs. 60 hrs after transfection, cell
lysates were collected and probed with the antibodies indicated. (E) Immunoblotting of
H1703 transfected with siRNAs. Cell lysates were made as in 7b and probed with the
antibodies indicated. (F) Cell viability of H1703 cells transfected with siRNAs. siRNA
transfected cells were collected and counted as in 7a. (G) Half life of PDGFRα in H1703
cells transfected with SGTA siRNA or treated with Gleevec. 48 hrs after siRNA transfection
or overnight treatment with Gleevec (1 mM), cells were treated with the protein synthesis
inhibitor cycloheximide (CHX, 0.1 mg/ml) for the indicated time and cell lysates were
collected and probed with PDGFRα antibody. (H) SGTA S305 phosphorylation is required
for SGTA/PDGFRα interaction. Cells were transfected with Flag-tagged wildtype SGTA
(WT) or S305A mutant (SA). 32 hrs after transfection, cells were treated with Gleevec (1
uM) for 2.5 hrs and cell lysates were immunoprecipitated with Flag (left panel) or PDGFRα
(right panel) and probed with antibodies indicated. (I) SGTA Ser305 is required for PDGFRα
stability. SGTA siRNA knockdown cells were complemented with murine SGTA WT, or
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the S307A mutant. Cell lysates were collected and probed with antibodies indicated. (J).
Gleevec sensitivity of H1703 cells transfected with SGTA siRNA. 32 hrs after SGTA
siRNA transfection, cell were treated with Gleevec (1 uM) for 24 hrs and cells were counted
as in 7a. Results are representative of 2 independent experiments. (K). A model for the
effect of putative Akt substrates on PDGFRα stability, cancer cell growth and death.
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