Research

© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.
This paper is available on line at http://www.mcponline.org

Cross-species Proteomics Reveals Specific
Modulation of Signaling in Cancer and Stromal
Cells by Phosphoinositide 3-kinase (PI3K)

Inhibitors*s

Vinothini Rajeevet, lolanda Vendrell§Y], Edmund Wilkest, Neil Torbett§"],

and Pedro R. Cutillast||

The tumor microenvironment plays key roles in cancer
biology, but its impact on the regulation of signaling path-
way activity in cancer cells has not been systemically
investigated. We designed an analytical strategy that al-
lows differential analysis of signaling between cancer and
stromal cells present in tumor xenografts. We used this
approach to investigate how in vivo growth conditions
and PI3K inhibitors regulate pathway activities in both
cancer and stromal cell populations. We found that, de-
spite inducing more modest changes in protein expres-
sion, in vivo growing conditions extensively rewired pro-
tein kinase networks in cancer cells. As a result, different
sets of phosphorylation sites were modulated by PISK
inhibitors in cancer cells growing in tumors relative to
when these cells were in culture. The p1106 PI3K-selec-
tive compound CAL-101 (Idelalisib) did not inhibit markers
of PI3K activity in cancer or stromal cells; however, unex-
pectedly, it induced phosphorylation on SQ motifs in both
subpopulations of tumor cells in vivo but not in vitro.
Thus, the interaction between cancer cells and the
stroma modulated the ability of PI3K inhibitors to induce
the activation of apoptosis in solid tumors. Our study
provides proof-of-principle of a proteomics workflow
for measuring signaling specifically in cancer and stro-
mal cells and for investigating how cancer biochemistry
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Solid tumors contain a heterogeneous population of cells.
Transformed epithelial cells recruit different types of somatic
cells to the tumor microenvironment where they influence
varying aspects of cancer biology. The role of heterotypic
communication between normal stromal cells and trans-
formed cancer cells is well established (1, 2). Different somatic
cell types, including fibroblasts, epithelial cells, and cells of
the immune system—all of which are found in tumors—pro-
mote cancer cell development by means of gap-junction in-
tercellular communication, direct cell-to-cell contacts, and by
the release of growth factors, enzymes, and cytokines that act
on neighboring malignant cells (3-6).

The tumor microenvironment determines the ability of can-
cer cells to survive in specific organs and their ability to
proliferate and metastasize (7-9). Growth factors released
from tumor-associated stromal cells also influence how can-
cer cells respond to drug administration (10). Therefore, the
advancement of targeted cancer therapies requires an under-
standing of how the tumor microenvironment modulates the
biochemistry of transformed cancer cells. In addition, target-
ing the tumor stroma is emerging as an intriguing concept for
the development of anti-cancer therapies (11). It is therefore
important to investigate specific effects of compounds in
clinical development on stromal cells in addition to those
exerted toward malignant cancer cells (12).

Here we investigated the effects that changes in growing
conditions from a two-dimensional cell culture to an in vivo
three-dimensional tumor environment had in modulating pro-
tein and phosphoprotein expression in human cancer cells.
For this, we used mass spectrometry (MS) to specifically
measure cancer and stromal proteomes and phosphopro-
teomes within mouse tumor xenografts.

We also investigated the effects that the pharmacological
inhibitors of PI3K, namely GDC-0941 or CAL-101, would have
on the phosphoproteomes of stromal cells relative to cancer
cells in solid tumors. GDC-0941 is an inhibitor with specificity
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for class | PI3Ks, whereas CAL-101 specificity is restricted to
the p1106 isoform of PI3K (13, 14), which in untransformed
tissues is mainly found in leukocytes (15). The PI3K signal-
ing pathway is often deregulated in different cancer types
(16), including colorectal cancer (17), and both compounds
used in this study are in different stages of clinical devel-
opment (18-20). PI3K signaling has also been implicated in
mediating the effects that the microenvironment has on
cancer cells (21).

We found that in vivo growth conditions had profound ef-
fects on phosphoprotein expression, which was reflected on
the phosphorylation sites modulated by PI3K inhibitors in vivo
relative to in vitro and in their ability to induce apoptotic
markers across these two cell culture conditions.

MATERIALS AND METHODS

Cell Culture—The colorectal cell-line DLD-1 was purchased from
A.T.C.C. (supplied by LGC Standards, Teddington, U.K.) and cultured
at 37 °C in a 5% CO, incubator in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum. Cells were treated with 1
uM GDC-0941, CAL-101, or vehicle for 2 h before lysing.

Mouse Xenografts—This study was carried out in accordance with
the regulations of the Animals (Scientific Procedures) Act 1986. The
protocol was approved by the local Ethical Review Committee and by
the U.K. Home Office. DLD-1 cells (2 X 10°) were injected subcuta-
neously in three different places into the flanks of 8-week old female
Fox Chase SCID® Mice (Charles River Laboratories, Wilmington, MA).
After 7 days postinjection, when mice with tumors greater than 75 mm,
mice were divided into three groups and treated with GDC-0941 (100
mg/kg of body mass) in 0.5% methylcellulose and 0.2% polysorbate 80
(Tween 80) in de-ionized water (MCP buffer), CAL-101 (30 mg/Kg) in
MCP buffer, or MCP buffer according to the same dose schedule. All
treatments were intravenous. Mice were anesthetized with pentobarbi-
tal and killed after 2 h of treatment. Tumors were removed, weighed,
and snap-frozen in liquid nitrogen until further analysis.

Sample Preparation for Proteomic and Phosphoprotoemic Analy-
sis—Cells and tumors were lysed in a urea-based lysis buffer and
proteins were digested using trypsin as reported previously (21, 22).
Phosphopeptides were enriched from total peptides by TiO, chroma-
tography essentially as described previously (23) with the modifica-
tions described elsewhere (22).

Mass Spectrometry—Enriched phosphopeptides and peptides
were analyzed by LTQ Orbitrap Velos mass spectrometer (Thermo
Fisher Scientific, Hemel Hempstead, UK) coupled to EASY-nLC
(Proxeon, ThermoScientific). Peptide separation was performed in a
C18 Pepmap reverse phase column (75 um 1.D, 3 um particle size;
proxeon, Thermo-Fisher) using solution A (0.1% formic acid in liquid
chromatography (LC)'-MS grade water) and solution B (0.1% formic
acid in LC-MS ACN) as mobile phases. Gradient runs from 2-30%
solution B in 100 min and from 30-60% in 10 mins followed by a final
10 min wash at 85% B.

Full MS scans were acquired in the Orbitrap mass analyzer over the
range m/z 375-1500 with a mass resolution of 30,000. For unphos-
phorylated peptides, tandem MS (MS/MS) was acquired using top
seven data-dependent acquisition using high energy collision disso-
ciation (40%). For phosphopeptides, MS/MS was acquired using top
10 data dependent acquisition by collision induced dissociation

" The abbreviations used are: LC, liquid chromatography; MS-MS,
tandem MS.

(85%) and multistage activation. Gas phase fractionation method was
applied to acquire MS/MS scans.

Peptide Identification by Database Search—MS/MS data were
converted to mgf files using Mascot Distiller (version 2.2) and
searched against the 2012_03 databases of UniProt-TrEMBL
(104,945 and 60,427 entries for Homo sapiens and Mus musculus
sequences, respectively) and UniProt SwissProt (20,249 Homo sapi-
ens and 16,521 Mus musculus entries) and a decoy database using
the Mascot search engine (version 2.2). The data was searched twice,
restricting searches against human or mouse-specific sequences in
each separate search. For phosphoproteomics, multistage activation
data was searched with tolerance windows were 5 ppm and 600 mmu
for parent and fragment ions, respectively. Tolerance windows for
high energy collision dissociation data were 5 ppm and 50 mmu for
parent and fragment ions, respectively. Allowed variable modifica-
tions were methionine oxidation, pyroglutamate at the N terminus and
phosphorylation of serine, threonine, and tyrosine residues. Signifi-
cance of peptide identification was assessed by comparing results
returned by searches against random and forward databases. Fold
discovery rates at several cut-off values of Mascot scores and mass
tolerances were used to calculate an empirical value of probability of
random identification. These probabilities of false discovery are listed
for each phosphopeptide in the supplementary datasets. The proba-
bility of correct phosphorylation site assignment was determined by
the Mascot delta score approach (24). Ambiguous phosphorylation
site assignments (delta score < 15) are reported as gene name
followed by start and end of the amino acid sequence.

Data Analysis and Bioinformatics —Relative quantification of pep-
tides across experimental conditions was achieved by comparing
peak heights of extracted ion chromatograms (automated by Pescal)
as described previously (21, 25). The data were normalized to the sum
of all intensities derived from a sample (columns). When comparing
peptide or phosphopeptide signals across growth conditions, these
were also divided by the average signals of such peptide across all
the samples (rows). When comparing the effects of inhibitors on
phosphorylation, phosphopeptide signals were divided by those of
the untreated control samples. The p values of differences across
conditions were obtained by means of a t test of log, transformed fold
changes and these were adjusted for multiple testing through the
Benjamini-Hochberg procedure as described before (21).

To identify peptide sequences specific for human or mouse, pep-
tides returned as positive identifications by Mascot were searched
against the UniProt-TrEmbl database restricted to human or mouse
sequences using a script written in Visual Basic to automate these
searches. Failure to detect peptides from human or mouse searches
in mouse or human databases, respectively, indicated that these
peptides were specific for either species.

For pathway analysis, we used an approach similar to the one
reported elsewhere (26). Briefly, ontologies were obtained from
SwissProt (release March 2012) and pathways from the NCI Pathway
database (http://pid.nci.nih.gov/, accessed March 2012). The fold
changes of peptides or phosphopeptides differentially regulated
across conditions belonging to each of these pathways were then
averaged using a script written in Visual Basic and significance as-
sessed by means of a t test of log, transformed data. Pathway
analysis was also carried out using publically available tools (27).

Immunoblotting— Cells were homogenized in lysis buffer (1% Tri-
ton X-100, 50 mm Tris/HCI, pH 7.5, 150 mMNaCl, and 1 mMEDTA)
supplemented with protease and phosphatase inhibitors. Proteins
were separated by SDS/PAGE (8%, 10%, and 15% gels), transferred
on to PVDF membranes and then probed with antibodies against
p-Akt/PKB (S473), PKB/Akt, p42/44 MAP kinase, p-4E-BP1, p-S6
ribosomal (§235/236), S6 ribosomal, APC-2, CSK21, PDH, p-(S/T)-Q
(ATR/ARM substrate), p-catenin, Akt1 (phospho S129), and vinculin.
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Data Availability—The MS proteomics data have been deposited
to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository (28) with the
dataset identifier PXD000218 and DOI 10.6019/PXD000218. Results
are also shown in supplementary Data Sets S1, S2, and S3 and
representative XICs are shown in supplementary Data Sets S4 and
S5.

RESULTS

Mouse tumor xenografts are often used as biological mod-
els in preclinical studies as this in vivo growth condition is
thought have higher biological relevance than in vitro models
in which cells are grown on plastic. However, the extent to
which the biochemistry and signaling differ between cells
growing in culture relative to the same cells growing in a tumor
xenograft have not been investigated systematically. A prob-
lem is that antibodies often cross-react across species, thus
complicating the verification of whether potential differences
in protein and phosphorylation site abundance across cells
grown in vitro relative to the same cells grown as a xenograft
are because of true biological differences or because of
cross-reactivity with mouse proteins originating from stromal
cells. In contrast, the specificity of high resolution MS should,
in principle, allow us to distinguish proteins originating from
different species within the tumor xenograft, therefore allow-
ing the assessment of biochemical differences between cells
maintained in vivo relative to those grown under in vitro con-
ditions.

To investigate whether it was possible to measure signaling
and biochemistry specific to human cells within tumor xeno-
grafts, we compared protein and phosphoprotein expression
in the colorectal cancer cell-line DLD-1 grown under two
different conditions (either in vivo or in vitro), with or without
treatment with PI3K inhibitors (Fig. 1A). For this comparison,
we used label-free MS techniques for accurate and precise
quantification of proteins and phosphoproteins on a large
scale (21, 22, 25, 29). These techniques are similar to those
used in other laboratories (26, 30-33). In order to investigate
biological variability within sample groups and to infer statis-
tical significance of the data, six biological replicates were
analyzed per condition. Several thousand proteins and phos-
phopeptides were identified (actual numbers being depend-
ent on the statistical thresholds of identification). Comparing
the outputs of peptides identifications based on searches
against decoy protein databases showed that >90% pep-
tides were identified with less than 1 in 100 probability of false
discovery, all of them possessing a false discovery rate of <
5% (supplemental Fig. S1).

Peptide sequences returned as positive identifications were
blasted against the human and mouse Uniprot databases to
identify peptides specific to human or mouse. Approximately
50% of sequences identified were human-specific (i.e. se-
quences that were not present in the mouse protein data-
base), whereas ~25% of peptides were mouse-specific (Fig.
1B). Because mouse and human sequences were derived
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Fic. 1. Strategy for the global analysis of proteomes and phos-
phoproteomes specific to cancer and stromal cells within tumors
and overview of results. A, The DLD-1 cell-line was cultured in either
in vitro cell culture conditions (on plastic) or in vivo mouse xenografts.
Cells were treated by GDC-0941, CAL-101, or vehicle in six biological
replicates and then processed for proteomic and phosphoproteomics
analysis. B, Classification of peptides and phosphopeptides found
in the study based on whether these contain species specific
sequences.

from stromal and from malignant cells respectively, our data
allowed specific investigation of protein and phosphoprotein
expression in these two different cell populations within the
tumor.

In Vivo Growth Conditions Extensively Modulate Phosphor-
ylation Networks Despite Inducing Relatively Modest Changes
in Protein Expression—We first compared the intensities of
human-specific peptides across DLD-1 cells grown in vitro or
in vivo. From a total of six replicate groups, we compared the
average of intensities of three randomly chosen replicate con-
trol samples against the average of the other three. This
analysis allowed the assessment of technical and biological
variability within the data set because, in principle, differences
in protein expression should be minimal within a given sample
group. The results of these analyses are given in supplemen-
tary Datasets S1, S2, and S3 and summarized in Figs. 2A and
2B for the in vitro and in vivo data, respectively. Only one
protein was significantly differentially expressed across
>1500 protein data points at g < 0.05 (p value post Benja-
mini-Hochberg multiple testing correction), indicating minimal
variability in protein expression within sample groups. We
identified 761 proteins with at least three human-specific pep-
tides and a comparison with protein abundances listed in the
PaxDb (34) showed that these are among to the 25% most
abundant proteins in humans. Of these, 151 proteins were
found to show increased expression in cells grown in vivo
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Fic. 2. In vivo growth conditions extensively modulated the proteomes and phosphoproteomes of cancer cells. A, Comparison of the
proteomes of three randomly chosen biological replicates from control cells grown in vitro with the proteomes of other three replicates. B,
Comparison of the proteomes of three randomly chosen biological replicates from control cells grown in vivo with the proteomes of other three
replicates. C, Comparison of the proteomes of six biological replicates of cells grown in vivo with the proteomes of six biological replicates of
cells grown in vitro. D, The phosphoproteomes of three randomly chosen biological replicates from control cells grown in vitro were compared
with the phosphoproteomes of other three replicates. E, The phosphoproteomes of three randomly chosen biological replicates from cells
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whereas 67 proteins showed an increase in expression in vitro
(Fig. 2C). Similarly, for the phosphoproteomics data, 3680
phosphopeptides with human-specific sequences could be
quantified across the 36 experimental conditions, producing
132,480 quantitative data points. The intensities of just seven
phosphopeptides were found to be significantly differentially
expressed within the control sample groups from 7360 com-
parisons (Figs. 2D and 2E); i.e. less than 1 measurement in
1000 quantitative data points was significant within the con-
trol groups based on a q < 0.05, indicating minimal biological
variability within sample groups. In contrast, using the same
criterion, 554 and 747 phosphopeptides were increased or
decreased, respectively, in cells grown in vivo relative to those
grown in vitro (Fig. 2F).

Biological variability was greater in human cancer cells
grown in tumors than in those grown on plastic, as demon-
strated by the greater spread of data for the in vivo compared
with the in vitro data (Figs. 2G and 2H). When comparing
proteomes and phosphoproteomes between cells grown in
vivo relative to those grown in vitro, we observed that the
variances of fold-changes were 3.79 and 17.72 for the pro-
teomics and phosphoproteomics data respectively (Figs. 2G
and 2H). We consistently found a greater number of signifi-
cant differences in phosphorylation sites than in proteins
modulated by in vivo growth conditions at several significance
thresholds. For example, Fig. 2/ shows that 12.7% of the
quantified phosphorylated peptides were modulated between
growth conditions by at least fivefold (log,) and with g < 0.05,
whereas, using the same significance threshold, only 3.9% of
proteins were different between conditions. In other words,
there was a fourfold difference in the number of phosphopep-
tides relative to proteins modulated by growing conditions.
Thus, overall, our data indicate that in vivo growth conditions
had a greater impact on the phosphoproteome than on the
proteome of our cell-line model.

Differential Regulation of Kinase Expression and Phosphor-
ylation in Cancer Cells Grown In Vivo or In Vitro—To investi-
gate whether the large impact that in vivo growth conditions
had on the phosphoproteome was because of differential
expression of protein kinases across conditions, we mined
our data to specifically assess the abundance and phosphor-
ylation of this protein class. The proteomics data set con-
tained seven protein kinases detected with at least three
unphosphorylated peptides and ten of them with at least two
(Fig. 3A). The expression of the catalytic subunit of DNA-de-
pendent protein kinase was particularly high in cells grown in

tumors (red arrow in Fig. 3A), whereas ROCK2 and CDK1
were decreased in abundance in this sample group (blue
arrows in Fig. 3A). We also detected 78 phosphopeptide ions
that specifically matched to human protein kinases. Fig. 3B
summarizes the relative intensities of these phosphopeptides
representing protein kinases found to be substantially differ-
ent between cells grown in vivo and in vitro. lllustrative exam-
ples of phosphopeptides showing differences across condi-
tions include those on SGK2 (at Ser70) and TNIK (at Ser714),
which were increased in tumors, and on RPTOR (Raptor - a
regulatory subunit of mMTORC1) and RPS6KA3 (downstream
of mTORC1), which were increased in cells grown in culture
relative to tumors (Fig. 3B). These observations indicate that
cells grown in tumors had markedly different patterns of
phosphorylation on protein kinases (Fig. 3B) and on their
substrates (Fig. 2) relative to the same cells grown in cell
culture. Because, by definition, the abundance of phosphor-
ylation sites are directly related to protein kinase activity, the
data shown in Figs. 2 and 3 suggest that in vivo conditions
extensively modulate kinase pathway activation in cancer
cells.

In Vivo Growth Conditions Regulate Casein Kinase Expres-
sion and Activity—We aimed to confirm some of the results
regarding protein kinase expression and phosphorylation ob-
tained by mass spectrometry. We observed a negative corre-
lation between the signal intensities of un-phosphorylated
peptides of different casein (CK) kinase isoforms with their
corresponding phosphorylation sites (Fig. 4A and 4B). Total
protein amounts of the CK2 alpha catalytic subunit were
decreased in tumors by ~twofold, whereas the amounts of
the CK2 beta regulatory subunit were unaltered (Fig. 4A). This
is an interesting observation, as it is known that CK2 activity
is regulated by the ratio between the alpha and beta subunits
(35-37) in addition to its absolute expression (38, 39). CK2
beta binds to CK2 alpha, resulting in the formation of an
inactive polymeric complex; thus, an alteration in CK2 subunit
ratios (Fig. 4A) suggested that this kinase was less active in
tumors than in cell-lines. To investigate this possibility further,
we examined the abundances of peptides containing phos-
phorylation sites reported to be direct substrates of CK2,
representing MCM2, IF2B, and spectrin (40-42). We found
that these were decreased in tumor cells (Fig. 4C, 4D, and 4E),
indicating that CK2 activity was decreased in cells grown in
vivo. The differences in phosphorylation on these sites were a
consequence of kinase activity as opposed to the gene ex-
pression of MCM2, IF2B, or spectrin as similar MCM2 and

grown in vivo were compared with the phosphoproteomes of other three replicates. F, The phosphoproteomes of six biological replicates of
cells grown in vivo were compared with the phosphoproteomes of six biological replicates of cells grown in vitro. G, Variance of the protein
log, fold-changes shown in A, B, and C. H, Variance of the phosphoprotein log, fold-changes shown in D, E, and F. I, Proportion of significant
differences in the amounts of proteins and phosphorylation sites between cells grown in vivo or in vitro at different significance thresholds.
Fold-difference significance thresholds are in log, scale and include increased as well as decreased in one condition relative to the other.
Number of significant hits was calculated as the percentage of significant changes at a given set significance thresholds relative to the total

number of proteins or phosphopeptides identified and quantified.
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A

In vitro In vivo

Proteomics

vehicle GDC-941 CAL-101 vehicle GDC-941 CAL-101

Protein Accession and Name / Replicate 123456/123456/123456{123456/123456/123456/ m

—> PRKDC_HUMAN DNA-dependent protein kinase catalytic subunit
PAK2_HUMAN Serine/threonine-protein kinase PAK 2

CSK2B_HUMAN Casein kinase Il subunit beta

STK24_HUMAN Serine/threonine-protein kinase 24

E2AK2_HUMAN Interferon-induced, RNA-activated protein kinase
KAP2_HUMAN cAMP-dependent protein kinase type ll-alpha reg subunit
CSK21_HUMAN Casein kinase Il subunit alpha

STRAP_HUMAN Serine-threonine kinase receptor-associated protein

:t ROCK2_HUMAN Rho-associated protein kinase 2
CDK1_HUMAN Cyclin-dependent kinase 1

B Phosphoproteomics In vitro

p q
7.93E-04 8.50E-03
5.50E-01 1.22E+00
2.67E-01 1.38E-01
2.38E-01 5.82E-01
1.32E-01 3.65E-01
9.98E-02 2.94E-01
1.83E-01 2.66E-01
1.55E-02 7.44E-02
1.91E-04 2.89E-03
1.49E-09 2.58E-09

Fold over mean (Log2)

5 4 -3 -2 -1 0 1 2 3 4 5

In vivo

vehicle GDC-941 CAL-101 vehicle GDC-941 CAL-101

Phosphopeptide / Replicate

SGK2 p-S70 (z=3)

CSNK1A1 2 - 16 + 2 Phospho (ST) z=2
TNIK 174 - 186 + 2 Phospho (ST) z=3
MAST4 2339 - 2346 + Phospho (ST) z=2
AAK1 651 - 666 + Phospho (ST) z=2
CASK 188 - 203 + Phospho (ST) z=2
AAK1 669 - 679 + Phospho (ST) z=2
MARK1 181 - 198 + Phospho (ST) z=3
MARK1 484 - 501 + Phospho (ST) z=3
TNIK p-S714 (z=2)

TNIK p-S714 (2= 3)

NRK 96 - 104 + Phospho (ST) z=2

RPS6KA3 613 - 623 + Phospho (ST) z=2
RIOK1 p-S15 (z=2)

MARK2 p-5422 (z= 2)

RIOK14 - 23 + Phospho (ST) z=3

TTK p-5281 (2= 2)

TAOK3 p-S347 (2= 2)

BCR 10 - 26 + Phospho (ST) z=2

TTBK2 180 - 198 + Phospho (ST) z=3
AAK1 669 - 679 + 2 Phospho (ST) z=2
MELK p-5481 (2= 2)

AAK1 p-T389 (z= 3)

STK17A p-528 (2= 3)

MELK p-5457 (2= 2)

PKMYT1 449 - 457 + Phospho (ST) z=2
MAST2 643 - 663 + 2 Phospho (ST) z=3
RPTOR p-5701 p-S705 (z= 2)

AAK1 602 - 614 + Phospho (ST) z=2
MARK3 185 - 194 + Phospho (ST) z=2

123456(123456|123456(123456|123456(123456

Phosphoprotein Name

q
Serine/threonine-protein kinase Sgk2 1.79E-08
Casein kinase | isoform alpha 2.94E-11
TRAF2 and NCK-interacting protein kinase 7.37E-04
Microtubule-associated ser/thr-protein kinase 4 4.56E-05
AP2-associated protein kinase 1 5.91E-03
Peripheral plasma membrane protein CASK 4.86E-06
AP2-associated protein kinase 1 1.39E-07
Serine/threonine-protein kinase MARK1 1.48E-06
Serine/threonine-protein kinase MARK1 7.31E-06
TRAF2 and NCK-interacting protein kinase 8.66E-03
TRAF2 and NCK-interacting protein kinase 7.28E-03
Nik-related protein kinase 7.82E-06
Ribosomal protein S6 kinase alpha-3 1.72E-04
Serine/threonine-protein kinase RIO1 1.92E-02
Serine/threonine-protein kinase MARK2 4.77E-01
Serine/threonine-protein kinase RIO1 1.90E-04
Dual specificity protein kinase TTK 2.16E-01
Serine/threonine-protein kinase TAO3 9.99E-05
Breakpoint cluster region protein 9.21E-03
Tau-tubulin kinase 2 1.89€-04
AP2-associated protein kinase 1 3.20E-03
Maternal embryonic leucine zipper kinase 1.68E-01
AP2-associated protein kinase 1 3.89E-02
Serine/threonine-protein kinase 17A 5.96E-06
Maternal embryonic leucine zipper kinase 1.68E-02
tyr- and thr-specific cdc2-inhibitory kinase 2.29E-02
Microtubule-associated ser/thrprotein kinase 2 3.26E-08
Regulatory-associated protein of mTOR 2.86E-05
AP2-associated protein kinase 1 6.32E-05
MAP/microtubule affinity-regulating kinase 3~ 1.20E-16

Fic. 3. In vivo growing conditions modulate protein kinase expression and phosphorylation. A, Protein kinases found by proteomics
in cells grown in vivo and in vitro. m: number of peptides matched to the named protein; p: p value of differences between protein expression
across cells grown in vivo or in vitro; q: adjusted p value using the Benjamini-Hochberg procedure. B, As in A, but the analysis was at the

phosphopeptide level.

spectrin protein amounts were observed across the condi-
tions; IF2F even being increased in abundance in tumors
(Fig. 4F).

As a means to confirm the MS data, analysis of CK2 alpha
by Western blot indicated that this protein was decreased in
tumor cells relative to cell cultures (Fig. 4G). Similarly, there
was a decrease on the WB signals of phospho Akt on Ser129
(Fig. 4G), a phosphorylation site that is often used as a marker
of CK2 activity (43). Collectively, these data indicate that CK2
activities were decreased in cancer cells growing in vivo rel-
ative to those growing in vitro, thus validating the MS data and

confirming that CK2 is one of the kinase pathways modulated
by in vivo conditions.

Identification of Specific Pathways and Processes Differen-
tially Regulated in Human Cancer Cells Grown in Different
Conditions—To investigate biological processes that were
differentially regulated in cells grown in vivo relative to in vitro,
we utilized a computational approach for pathway analysis
described previously (26). The results indicated that proteins
and phosphoproteins belonging to many different pathways
and ontologies were differentially expressed in cells grown in
vitro or in vivo (supplemental Fig. S2). lllustrative examples
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proteins known to be substrates of CK2. G, Western blot analysis of CK2 and its substrate Akt pSer129.

include proteins in glycolysis, the TCA cycle and gluconeo-
genesis, which were increased in tumors, whereas translation
factors were increased in cells grown in vitro (supplemental
Fig. S2). Phosphorylation on these protein classes was also
found to the greater in tumors (supplemental Fig. S2). There
were often apparent differences between proteomics and
phosphoproteomics pathway data in that proteins in the
N-Cadherin, Wnt signaling, and FoxO family pathways were,
on average, decreased in cells grown in tumors, whereas
phosphopeptide signals associated with these pathways
were generally increased. These differences are in line with
the known mechanisms of Wnt/catenin signaling (discussed
below).

Identification of Wnt/catenin Signaling as a Pathway Regu-
lated by In Vivo Growth Conditions—Our results indicate that
in vivo growth conditions decreased the activity of the Wnt/
catenin pathway. On average, Wnt pathway proteins were
decreased in cells grown in tumors, although the adenoma-
tous polyposis coli (APC) protein 2, a member of this pathway,
was increased in tumors ~fivefold (supplemental Fig. S3). In
contrast, different catenin isoforms were decreased in tumors
between two- and sevenfold, whereas cadherin-1 was also
decreased twofold (supplemental Fig. S3). These data were
confirmed by Western blots for APC and B-catenin (supple-
mental Fig. S3), thus further validating the MS data and the
results of the bioinformatic analysis. Several phosphopep-
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Fic. 5. Growing conditions determine the phosphorylation sites that are modulated by PI3K inhibitors in cancer cells. A, Analysis of
several markers of PIBK/Akt pathway activity as a function of treatment with GDC-0941 and CAL-101. B, C, Examples of sites modulated by
GDC-0941 both in vivo and in vitro. D, E, F, G, Examples of sites specifically modulated in one growing condition but not the other. Values

shown in bar charts are mean fold-change over control = S.D. (n = 6).

tides within human catenin sequences were increased in cells
grown in vivo relative to those grown in vitro (supplemental
Fig. S3), although other catenin sites did not change or were
even decreased (supplemental Fig. S3). Taken together, the
data in supplemental Fig. S3 are in line with the known sig-
naling mechanisms of the canonical Wnt/catenin pathway, in
which an increase in APC expression results in enhanced
phosphorylation of specific residues on catenin proteins,

which are then targets for degradation (44). These data there-
fore indicate that in vivo growth conditions modulate Wnt/
catenin pathway activity and serve to further validate the
MS-based phosphoproteomic approach.

In Vivo Growth Conditions Affect the Responses of Cancer
Cells to PI3K Inhibitors—Western-blot analyses indicated that
the PI3K inhibitor GDC-0941 affected the phosphorylation of
PKB/Akt and ERK in both cells grown in vitro and in vivo (Fig.
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5A), although the extent of the inhibition was greater in vitro.
These effects are likely to be driven by relative drug exposure.
Nevertheless, Fig. 5A shows that GDC-0941 modulated PI3K/
Akt signaling in both growing conditions to comparable ex-
tents. In contrast, CAL-101 did not have an effect on the
phosphorylation of these pathway markers (Fig. 5A); this was
expected as the expression of p1108, the intended target of
CAL-101, is restricted (in nontransformed cells) to leukocytes
(15).

MS-based phosphoproteomics data showed that the inten-
sities of several phosphopeptide ions were significantly mod-
ulated by PI3K inhibitors (supplemental Fig. S4). The actual
numbers of phosphopeptides affected by these treatments
were dependent on the significance threshold applied; how-
ever, in general, GDC-0941 inhibited a greater number of
phosphorylation sites than CAL-101 (supplemental Fig. S4).
For example, at g < 0.01, GDC-0941 decreased the intensi-
ties of 73 phosphopeptide ions in vitro and 38 in vivo, whereas
CAL-101 decreased the signal of 8 and 5, respectively (sup-
plemental Fig. S4), thereby indicating that, in agreement with
WB analyses (Fig. 5A), and as expected, GDC-0941 had a
greater impact on the phosphoproteome than CAL-101.

Using supervised methods, we clustered phosphopeptides
by their patterns of inhibition with the two PISK compounds
(supplemental Fig. S5). Several sites were specifically inhib-
ited by GDC-0941 in cells grown either in vivo or in vitro,
examples of which include a phosphopeptide derived from
the protein kinase TNIK (Fig. 5B), previously implicated in Wnt
signaling and in colon cancer growth (45), and on Ser1185 of
the guanine exchange factor ARHGEF12 (Fig. 5C). In general,
however, the effects of the inhibitors were substantially dif-
ferent between cells grown in tumors relative to those grown
on plastic (supplemental Fig. S5). For example, phosphoryla-
tion sites derived from Myc (at Ser6) and Cyclin 1 (CCNL1
gene name), which were inhibited by GDC-0941 in vitro but
not in vivo (Fig. 5D and 5E), and on the protein tyrosine
phosphatase PTPN12 (at Ser449) and the transcription factor
EIF2S2 (at Ser105), which were inhibited in vivo but not in vitro
(Fig. 5F and 5@G), despite the greater abundance of the latter
site in cells grown in culture.

To investigate kinase groups differentially affected by PISK
inhibitors in human cancer cells grown in vitro or in vivo, we
performed a phosphorylation motif analysis and kinase sub-
strate enrichment analysis as described previously (46). Re-
sults of kinase substrate enrichment analysis showed that
there were several kinase substrate groups that were prefer-
entially inhibited in one growth condition relative to the other
(supplemental Fig. S5), including those for CDK5 and MAP
kinases, which were preferentially inhibited in vitro, whereas
those for PKCD and RSK were preferentially inhibited in vivo
(supplemental Fig. S6).

We also observed that phosphorylation sites representing
the xRxRxxSx motif (where ‘x’ is any amino acid), which is the
preferred recognition motif of PKB/Akt and related kinases

(47), were generally inhibited by GDC-0941 in vivo and in vitro
(Fig. 8A), whereas CAL-101 did not have an effect. In contrast,
the effects of inhibitors were substantially different with re-
gards to phosphorylation on motifs within xSQx sequences
(Fig. 6B). Indeed, although the PI3K inhibitors did not have an
effect on the phosphorylation of peptides with the xSQx motif
in vitro, these phosphorylation sites were increased in vivo
(Fig. 6B). The elevated expression of DNA-PK—which phos-
phorylates Ser/Thr in the context of SQ [ref (48)]—in cells
grown in vivo relative to those in vitro (Fig. 3A, red arrow) may
explain the dissimilar effects of PI3K inhibitors on the phos-
phorylation of this motif across cells grown in the two condi-
tions. The increase in the phosphorylation of peptides con-
taining the SQ motif as a result of PI3K inhibitor treatment is
consistent with a previous study showing that inhibition of
PI3K activates DNA-PK secondary to the induction of apo-
ptosis caused by inhibiting this pathway (46).

Effects of PI3K Inhibitors on the Phosphorylation of Proteins
in Mouse Stromal Cells—As with the effects of PI3K inhibitors
in human proteins (which are derived from cancer cells), these
compounds also affected the phosphorylation of several pep-
tides with mouse-specific sequences (derived from stromal
cells, supplemental Fig. S7). Classification of these phospho-
peptides based on motifs showed that GDC-0941 decreased
the phosphorylation of some stromal peptides with the
RxRxxSx motif, which is recognized by PKB/Akt downstream
of PI3K (Fig. 6C). This included a site on PRAS40 (gene name
Akt1S1) on T318, which is a protein constituent of the mTOR
complex 1 and which is known to be downstream of PKB/Akt
and PI3K (49). Not all phosphopeptides with this motif were
inhibited by PI3K inhibitors in stromal cells and some of them
even increased in phosphorylation as a result of treatment
(Fig. 6C), which is consistent with the effect of the inhibitors in
human (cancer) cells (Fig. 6A). This was particularly noticeable
for CAL-101, which did not inhibit the phosphorylation on any
of the peptides within the xRxRxxSx motif (Fig. 6C). Both
GDC-0941 and CAL-101 increased the phosphorylation of
sites in the context of the SQ motif in stromal cells (Fig. 6D)
with the effects of CAL-101 being greater than those of GDC-
0941.

PI3K Inhibitors Modulate Markers of Apoptosis Differently In
Vivo and In Vitro—The increase in the phosphorylation of sites
in the context of the SQ motif may indicate that kinases with
this substrate specificity are activated as a result of inhibitor
treatment of tumors but not cells grown in culture. Kinases
involved in DNA repair, such as DNA-PK and ATM, are known
to phosphorylate Ser/Thr residues within this motif and are
activated as a result of DNA cleavage that occurs during
apoptosis (50). To investigate this possibility, we assessed
H2AX phosphorylation on Ser139, a site within a SQ motif and
a marker of DNA-PK activity and apoptosis (50), as a function
of PI3K inhibitor treatment. Although pSer139 on H2AX was
unchanged in cells grown in vitro (Fig. 7A), it increased ~two-
fold as a function of GDC-0941 and CAL-101 treatment of
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Fic. 6. PI3K inhibitors differentially modulated phosphorylation in cancer and tumor associated stromal cells. Fold-changes in the
intensities of phosphopeptides containing human A, B, or mouse-specific sequences C, D, as a function of treatment with the PI3K inhibitors
GDC-0941 and CAL-101. Phosphopeptides were classified based on their motif. Values shown represent mean fold-change over control

(n = ).

tumors (Fig. 7B). Apoptosis, as assessed by PARP cleavage,
increased when cells were treated with GDC-0941 but not
with CAL-101 in vitro (Fig. 7A). However, signals of cleaved
PARP increased as a result of treatment of tumors with both
PI3K inhibitors (Fig. 7B). Similarly, the phosphorylation of
elF2a at Ser 51, which also occurs during the apoptotic
process as a mechanism of inhibiting translation (51, 52), was
increased 20-fold by GDC-0941 and 10-fold by CAL-101 in
tumors, but not in cells grown in culture (green charts in right
panels in Figs. 7A and 7B). Inhibition of translation is a key
event during apoptosis (53). Thus, in agreement with the
phosphoproteomics data showing an increase in the phos-
phorylation of SQ motifs as a function of inhibitor treatment in
both cancer and stromal cells (Fig. 68 and 6D), the data in Fig.
7 indicate that PI3K inhibitors initiate the process of apoptosis
in tumors to a greater extent than in cells grown in culture.

DISCUSSION

The role of heterotypic interactions and of individual com-
ponents present in the tumor microenvironment in the devel-

opment of cancer is well established (1, 3, 4, 6, 8, 54). How-
ever, how the combination of factors present in tumors in vivo
modulate protein networks in cancer cells is less well under-
stood, partly because of the difficulty in measuring cancer cell
specific protein expression and signaling. Indeed, antibodies
often cross-react with both human and mouse proteins, thus
complicating their use in the investigation of cell-specific
changes in protein expression that may occur when cells are
grown in vivo instead of in vitro.

Our study explored the hypothesis that the specificity of MS
would allow the investigation of protein expression and sig-
naling events specifically occurring in cancer or stromal cells
present in mouse tumor xenografts. Comparison of human
and mouse genomes has revealed that 70.1% of amino acid
sequences are conserved across these two organisms (55).
Therefore, on average, a typical tryptic peptide of 12 residues
in length would differ by 3 or 4 amino acids between human
and mouse, thus making it possible to distinguish them by
mass. We empirically determined that although about one
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Fic. 7. PI3K inhibitors induced apoptotic markers in xenografts to a greater extent than in cells grown in culture. Inmunoblots against
phospho-H2AX (Ser139) and cleaved PARP as a function of treatment with PI3K inhibitors in cells grown in culture A, or in tumor xenografts B,
Bottom graphs show the normalized densitometry values of three biological replicates (values are mean = S.E., n = 3). * p < 0.05 by the Wilcoxon test.

quarter of tryptic peptides matched to sequences in both
human and mouse databases, the other three quarters of
peptides identified in the study were specific to either species
(Fig. 1B). These data are in agreement with the observation
that differences between the coding regions of human and
mouse genomes are not uniformly distributed (55).

Using this approach we observed that growing cells in
different environments had profound effects in protein and
phosphoprotein expression (Fig. 2). Interestingly, we found
that the in vivo growth conditions produced greater changes
on the phosphoproteome than on the proteome of our cell
model, in line with the modulation of kinase cascades being a
key mechanism by which the tumor microenvironment mod-
ulates tumor biology. These observations also suggest that
small changes in protein expression may result in large
changes in protein kinase activities. The low correlation be-
tween enzyme amounts and their activity is well understood
for metabolic pathways; theoretical and experimental evi-
dence have shown that small changes in the expression of
several enzymes in a given pathway can result in large
changes in pathways fluxes (56). Similarly, kinase cascades
amplify small signals into larger outputs that are detected as
protein phosphorylation events (57, 58). In addition to their
expression and extent of post-translational modification, the
activity of protein kinases can be modulated by allosteric
mechanisms regulated by protein-protein interactions. For
example, the activity of CK2 is modulated by the ratio of
catalytic (alpha) to regulatory (beta) subunits as the latter
binds and inactivates the catalytic activity of CK2 alpha (36,

38). We found that this ratio of CK2 catalytic to regulatory
subunit was modulated by in vivo growth conditions (Fig. 4). It
is therefore conceivable that signals in the in vivo tumor
environment could induce greater changes in protein phos-
phorylation (a measure of kinase pathway activity) than in
protein expression, as observed in this study (Fig. 2). Our data
suggesting that in vivo growing conditions cause cancer cells
to rewire protein kinase networks extensively, despite induc-
ing relatively modest changes in protein expression, may have
implications for our understanding of how cancer cells re-
spond to signaling inhibitors—this notion being discussed
further below.

Among the many biological processes found to be differ-
entially regulated between cells grown in cell culture or in
tumors (shown in supplemental Fig. S3), we confirmed by WB
that in vivo growth conditions regulated the Wnt/catenin path-
way and casein kinase activity. Confirmation by WB was
undertaken to give support to the relevance of MS data;
however, it should be noted that antibodies used for this work
cross-react with both human and mouse sequences, whereas
MS allowed the distinction between human and mouse-spe-
cific sequences. Therefore, the overall magnitude in fold dif-
ferences between conditions was expected to be different for
the two analytical methods. The Wnt pathway is frequently
deregulated in colorectal cancers, with APC being one of the
most frequently mutated tumor suppressors in this cancer
type (44). Because casein kinases have been implicated in the
regulation of catenin expression and transcriptional activity
(43, 59, 60), our observation that in vivo conditions decreased
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the expression of different catenin isoforms (Fig. 4) is consist-
ent with the decrease in casein kinase activities found in cells
grown in vivo (Fig. 3). Our results are also consistent with
recent reports showing that Wnt signaling is modulated by the
tumor microenvironment (61). Pathway and ontology analyses
(supplemental Fig. S2) also suggest that in vivo conditions
modulate many other pathways and biological functions, in-
cluding an overall reduction of apoptosis and translation in
xenografts relative to cells growing on plastic.

Our approach also made possible the assessment of how
signaling inhibitors can modulate signaling specifically in can-
cer and stromal cells. We found that in vivo growth conditions
rewired the basal kinase network extensively (Figs. 2, 3, and
4), an observation that was consistent with the differential
impact on pathways in response to compound treatment
across the two different growth conditions (Figs. 5, 6, and 7).
Indeed, PI3K inhibitors reduced the intensities of different sets
of phosphorylation sites in cells grown in vivo relative to those
grown in vitro (Figs. 5, 6, and supplemental Fig. S5), thus
indicating that growing conditions influence how signaling
inhibitors modulate tumor biology.

GDC-0941 inhibits all class | PI3K isoforms, whereas CAL-
101 is selective for p1108; therefore, it was expected that the
former inhibitor would modulate a greater number of sites
than the latter in both cancer and stromal cells. Because, in
untransformed cells, the expression of the p1108 isoform of
PI3K is restricted to leukocytes, CAL-101 is in clinical trials
to treat several types of hematological malignancies (62).
Consistent with the expression pattern of p1108, CAL-101
did not inhibit markers of PI3K/Akt pathway activation in
either cancer or tumor-associated stromal cells, as as-
sessed by both MS and WB methods (Figs. 5 and 6), yet this
compound elicited an unexpected increase in the phosphor-
ylation of sites within the SQ motif in both cancer cells (Fig.
6B) and tumor-associated stroma (Fig. 6D)—phosphorylation
on SQ motifs being associated with the induction of apoptosis
and DNA damage (50, 63). Induction of apoptosis in our
model was confirmed by measuring several markers of apo-
ptosis (Figs. 7), which were found to be increased when
tumors (but not cells grown in culture) were treated with
CAL-101 and GDC-0941. These data indicate that CAL-101
can modulate the biochemistry of both cancer and tumor-
associated stromal cells in vivo to a greater extent than in vitro
and suggest that this compound may have activity in a
broader range of malignancies than previously appreciated.
The mechanism of action of CAL-101 in these cell types
seems to be independent of PI3K inhibition, and instead de-
pendent on the growth of cancer cells in vivo.
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