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Direct interaction of RAS with the PI3K p110e. subunit mediates RAS-driven tumor development: however, it is not clear how
p110a/RAS-dependant signaling mediates interactions between tumors and host tissues. Here, using a murine tumor cell
transfer model, we demonstrated that disruption of the interaction between RAS and p110a within host tissue reduced tumor
growth and tumor-induced angiogenesis, leading to improved survival of tumor-bearing mice, even when this interaction was
intact in the transferred tumor. Furthermore, functional interaction of RAS with p110a in host tissue was required for efficient
establishment and growth of metastatic tumors. Inhibition of RAS and p110a interaction prevented proper VEGF-A and FGF-2
signaling, which are required for efficient angiogenesis. Additionally, disruption of the RAS and p110¢. interaction altered

the nature of tumor-associated macrophages, inducing expression of markers typical for macrophage populations with
reduced tumor-promoting capacity. Together, these results indicate that a functional RAS interaction with PI3K p110a in host
tissue is required for the establishment of a growth-permissive environment for the tumor, particularly for tumor-induced
angiogenesis. Targeting the interaction of RAS with PI3K has the potential to impair tumor formation by altering the tumor-

Introduction

Class I PI3Ks are expressed in all mammalian cell types and con-
sist of 4 different isoforms: p110a, p110B, p110y, and p1103. Class
I PI3Ks share some common structural characteristics, such as a
p85-binding domain (except p110y), a C2 domain, a helical do-
main, and a RAS-binding domain (RBD). Previous results from
our laboratory have shown that the PI3K p110a subunit (encoded
by Pik3ca) is able to bind directly to RAS through the RBD (1, 2).
In vitro work has shown that this interaction is required for proper
signaling propagation through some receptor tyrosine kinases
(RTKs), like EGFR or FGFR, and that its loss reduces cell growth
(3, 4). In vivo, the interaction of RAS with PI3K is also needed for
proper development of embryonic lymphangiogenesis. Moreover,
when the RBD of Pik3ca is mutated in such a way that RAS cannot
bind to and activate PI3K, RAS-driven tumor development in the
lung and skin is abrogated (5), and preexisting RAS-driven lung tu-
mors undergo partial regression and long-term stasis (6).

PI3Ks control a wide variety of signaling networks that modu-
late many processes, including cellular survival and proliferation,
and constitute an important convergence signaling point for many
other signaling molecules, from RTKs and G protein-coupled
receptors to intracellular proto-oncogenic proteins such as RAS.
Many of these are mutated in cancer, promoting an unregulated
activation of the PI3K signaling pathway that in turn leads to un-
controlled cellular proliferation and survival. Thus, the impor-
tance of the interaction of RAS with PI3K for the signaling of all
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host relationship, in addition to previously described tumor cell-autonomous effects.

these molecules, under both physiological and tumor conditions,
acquires special relevance. Drugs targeting different components
and members of the PI3K signaling pathway are currently being
evaluated in clinical trials and show some promise, although it is
still too early to predict whether they will become effective anti-
cancer tools. Among the main problems of such inhibitors are the
lack of information regarding the amount of PI3K inhibition need-
ed to achieve a clinical effect and, linked to this, the appearance of
dose-dependent side effects (7).

Drugs available against other RAS-regulated signaling pro-
teins, such as BRAF and MEK, have also shown moderate efficacy,
although this is limited due to rapid development of acquired re-
sistance, in many cases due to aberrant activation of parallel sig-
naling pathways that in turn stimulate the PI3K pathway (8-10).
Moreover, RAS itself has proved impossible to target effectively to
date (11,12).

Our knowledge of tumor interactions with host tissues has
evolved very quickly in the last decade and has proven to be
extremely important for understanding all the steps of tumor
natural history, from initial tumor formation to metastasis. It
is well established that the tumor microenvironment is needed
to support the growth and metastasis of tumors, and that tumor
cells induce changes in the microenvironment to facilitate those
processes (13-15). The stromal tissue supports the growth of tu-
mors, orchestrating a completely new structural and molecular
microenvironment. In building the new niche, 2 of the main
steps involve the generation of new blood vessels and the sup-
pression of an effective immune response. While tumor-induced
angiogenesis is a process that has been considered for many
years to be an important clinical target to halt tumor growth
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(16), new strategies to modulate the tumor-induced immune re-
sponse have only recently been developed (17).

In the present work, we aimed to extend our studies of the role
of the interaction of RAS with PI3K beyond tumor cell-intrinsic ef-
fects to the relationship of tumors with host tissue. We developed
amouse model in which we could tightly control the generation of
WT and RBD mutant Pik3ca backgrounds to study how the disrup-
tion of the interaction of RAS with PI3K in the host tissue affects
the growth of tumors, and to what extent this affects tumor metas-
tasis. We found that tumors grew more slowly in mice with RBD
mutant versus WT Pik3ca, and overall survival of tumor-bearing
mice was increased. Furthermore, experimental metastasis assays
showed that tumor cells had a highly reduced ability to anchor and
grow in the RBD mutant Pik3ca environment. Disruption of the
interaction of RAS with PI3K in the host had a major effect on tu-
mor-induced angiogenesis, without any obvious deleterious effect
in the normal homeostasis of the mice. Moreover, we observed a
clear difference in the morphology and distribution of the tumor-
infiltrating macrophage population, which additionally showed
a shift to an M1-like, tumor suppressor phenotype. Disruption of
the interaction of RAS with PI3K may therefore represent an out-
standing molecular target for inhibiting tumors, not only directly
in a cell-autonomous manner, but also indirectly via their inter-
play with the tumor microenvironment.

Results

Generation of a conditional RBD mutant Pik3ca mouse model. In
order to study the role of interaction of RAS with PI3K in tumor
processes, our laboratory developed a mouse model in which
2 point mutations in the RBD of Pik3ca prevent physical interac-
tion with RAS proteins (5). Animals homozygous for this mutation
(Pik3caMUMUT mice) constitutively express only mutant p110a and
show profound resistance to RAS-driven tumor onset. However,
the relatively low percentage of Pik3ca™U7MV" mice obtained (due
to developmental defects in lymphangiogenesis), the difficulty in
generating murine tumor cell lines from naturally arising tumors,
and the lack of control over the generation of mutant or WT ge-
netic backgrounds prompted us to generate a conditional mouse
model to study the effect of blocking PI3K interaction with RAS.
We crossed mice in which WT Pik3ca can be conditionally de-
leted via floxed Pik3ca (18) onto a line ubiquitously expressing a
tamoxifen-inducible, estrogen receptor (ER) hormone binding
domain-fused Cre recombinase, Gt(ROSA)26Soy™or/ESRDATte (pe-
ferred to herein as Cre-ER™ mice). These Pik3ca™# Cre-ER"™ mice
were crossed with mice heterozygous for the RAS mutant Pik3ca
allele. All resulting mice (referred to herein as Pik3ca""’ [being
totally WT] and Pik3caV"# [being heterozygous for the RBD mu-
tation]) harbored a copy of the ubiquitously expressed Cre-ER™,
allowing us to manipulate the timing of floxed Pik3ca deletion by
tamoxifen administration, thus avoiding the developmental prob-
lems observed in Pik3ca*V"MUT homozygotes (Supplemental Fig-
ure 1A; supplemental material available online with this article;
doi:10.1172/]JC174134DS1).

We monitored the percentage of mice obtained for each geno-
type and their growth progression to determine whether having
a Pik3ca RBD mutant allele shows any effect in terms of develop-
ment. In the absence of tamoxifen treatment, we did not find any
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difference in either birth percentage or weight gain between geno-
types (Supplemental Figure 1B), which suggests that 1 WT Pik3ca
allele is enough for maintaining homeostasis. Moreover, mice did
not show any differential phenotype or adverse effect during their
whole lifespan.

We next fed mice with tamoxifen-containing food pellets to
activate the ubiquitously expressed Cre-ER™ in order to obtain
pure WT or mutant Pik3ca genetic backgrounds (referred to herein
as Pik3ca™”" and Pik3ca™U"" mice, respectively). After 2 weeks, we
sacrificed a group of animals and analyzed the degree of recombi-
nation in several tissues (Figure 1A), observing complete recombi-
nation of the floxed Pik3ca allele. A group of mice was maintained
after recombination to monitor for any adverse effect or differen-
tial phenotype. These mice did not show any deleterious effects,
and their lifespan was similar to that of mice containing 2 alleles.
These data suggest that 1 Pik3ca allele — either WT or RBD mutant
—is sufficient to maintain homeostasis, as previously reported (19).

We previously reported that mouse embryonic fibroblasts
(MEFs) obtained from homozygous Pik3ca™V"U" mice are not
able to activate the PI3K/AKT pathway upon stimulation by some
growth factors, such as EGF (5). To verify that the conditional mod-
el retained the molecular characteristics observed in the constitu-
tive mouse model, we generated Pik3ca”"#, Pik3ca*V"#, Pik3ca""",
and Pik3ca™V”- MEFs and analyzed their response to growth fac-
tors. In response to EGF, Pik3ca""# MEFs activated AKT normally,
whereas AKT activation was reduced in Pik3caV"# and Pik3ca"""
MEFs and totally abrogated in Pik3ca*V- MEFs (Figure 1, B and C).
No differences in ERK activation were observed, in line with our
results in Pik3ca™U7MVT MEFs, or for PDGF-induced AKT signaling,
as previously reported (Figure 1, D and E, and ref. 5).

These data confirmed that the inducible mouse model does
not show any developmental defect, that the generation of pure
genetic backgrounds can be tightly controlled in time without any
adverse effect, and that at the molecular level, the Pik3ca™V"" in-
ducible model retains the characteristics of the Pik3caMU"7MT con-
stitutive model.

Disruption of the interaction of RAS with PI3K exclusively in
host tissue reduces tumor growth. We used lung carcinoma-de-
rived LLC1 (Nras mutant) and melanoma-derived B16F10 (no
Ras or RAS pathway mutations) murine cell lines to analyze the
growth of tumor cells with normal PI3K signaling in Pik3ca"""
and Pik3ca™U”- syngeneic hosts. Cells were injected subcuta-
neously, and tumor growth was measured over time. Growth
of B16F10 tumors was continuous regardless of genetic back-
ground, but was slower in Pik3caV”" versus Pik3ca™"~ mice
(Figure 2A). LLC1 tumors also grew more slowly in Pik3caV""
mice (Figure 2D). After 21 days of engraftment, tumors had
grown much less in Pik3ca™V"" than in Pik3ca™”- mice for both
lines (B16F10, 56% less; LLC1, 63% less; Figure 2, B and E). We
also analyzed survival rates and found that for both cell lines,
Pik3ca™V”" mice had a longer survival rate than Pik3ca””" mice
(Figure 2, C and F). 2 Pik3ca™V"" mice harboring LLC1 tumors
did not reach the endpoint, and the tumors seemed to remain
stable beyond the end of the analysis. Samples from the host
mouse tissues were collected at the end of the experiment and
subjected to genotyping to ensure that recombination was com-
plete (Supplemental Figure 2A).
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Figure 1. Generation of a conditional RBD mutant Pik3ca mouse model. (A) In order to assess the degree
of recombination of the floxed Pik3ca allele, different tissues from a group of mice were collected no ear-
lier than 21 days after tamoxifen food was withdrawn. DNA extracts were prepared and subjected to PCR
analysis for detection of the floxed Pik3ca allele (upper band, 500 bp; lower band, 400 bp). (B-E) Primary
MEFs were obtained from tamoxifen-untreated mice containing either the RBD mutant or the WT Pik3ca
allele. Cells were treated with vehicle or tamoxifen (1 uM) for 16 hours followed by 24 hours in complete,
tamoxifen-free media. Subsequently, cells were starved for 16 hours and treated with EGF (20 ng/ml)

(B and C), PDGF (20 ng/ml) (D and E), or vehicle for 10 minutes. Protein extracts were prepared and sub-
jected to Western blot analysis (B and D). Fluorescent secondary antibodies were used, and subsequent
quantification in a LI-COR system was performed (C and E). A representative experiment is shown.

Together, these data indicated that disrupting the interaction
of RAS with PI3K in host tissues reduces the rate of tumor growth
in transplanted tumors with normal PI3K signaling.

Disruption of the interaction of RAS with PI3K in the host reduc-
es metastasis. We also analyzed the effect of disrupting interac-
tion of RAS with PI3K in the host in an experimental metastasis
assay. B16F10 cells harboring a luciferase expression gene were
injected through the tail vein into syngeneic host mice with a
WT or mutant Pik3ca background. Bioluminescence in vivo was
measured after cell injection to ensure equal cell number in all
mice (Supplemental Figure 3A). After 26 days, mice were sacri-

These results show that intact inter-
action of RAS with PI3K is required for
efficient establishment of tumor foci and
growth of tumor cells in an experimental
metastasis model.

Disruption of the interaction of
RAS with PI3K reduces tumor-induced
angiogenesis. We next sought to explore
why tumors grew less in the mutant
Pik3ca genetic background. We sub-
jected transplanted B16F10 subcutane-
ous tumors and experimental metastasis samples to histopa-
thology analysis. There were no differences in the number of
apoptotic cells in necrotic interfaces (we did not detect apop-
totic cells in non-necrotic tissue) or in the rate of proliferation
of subcutaneous tumor samples (Supplemental Figure 4, A-C).
However, we clearly observed a marked reduction in the amount
of blood vessels and an increase in necrotic areas in Pik3ca™U"-
versus Pik3ca"”- samples (Figure 4A). Specific staining for SMA
also showed that general vessel architecture was somehow
altered in Pik3ca™V”" samples, presenting a rather tortuous
pattern (Figure 4A).
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Figure 2. Disruption of the interaction of RAS with PI3K
in the host reduces tumor growth. B16F10 (A-C) and LLC1
(D-F) cells were injected into the indicated mice. (A and
D) Tumor volumes, measured by caliper over time. n =1
(A); 6 (D). (B and E) Tumor volume 18 (B) or 21 (E) days
after cell injection. Horizontal bars represent the median.
Mann-Whitney nonparametric statistical analysis was
performed. (C and F) Overall survival. The endpoint of
the analysis was set in 2 cm of length in any direction, as
stated in the approved Animal Project License. Kaplan-
Meier survival curves are shown. Mantel-Cox (Log-rank)
statistical analysis was performed. n = 6 (C); 6 (F, WT/-
and MUT/-); 10 (F, WT/fl and MUT/fl).

showed a rich vasculature and clear nestin staining,
the Pik3ca™V”- samples were virtually absent of both
endomucin and nestin staining, exhibiting marginal
staining clearly restricted to the periphery of the nod-
ules (Figure 4D and Supplemental Figure 41).

All these data demonstrate that disrupted inter-
action of RAS with PI3K in the host tissue impairs
tumor-induced angiogenesis, even if the interaction
of RAS with PI3K is intact in the tumor cells.

Functional interaction of RAS with PI3K is needed
for efficient angiogenesis. To further demonstrate that

3604

the defects in angiogenesis are not due to the reduced
capability of tumor cells to induce angiogenesis, and
that this event can be attributed entirely to the host
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To get further insight into these differences, we performed
automated quantification of the number, distribution, and size of
vessels inside the subcutaneous tumors using the Angiosight mod-
ule from Leica’s Digital Pathology capture and analysis platform.
We found that vessel density and total vessel area were highly re-
duced in the Pik3ca™U”" mice (about 50% less in both cases; Figure
4, B and C). We also analyzed the necrotic tissue inside the tumor
and found that Pik3caV”" samples contained a much larger per-
centage of it than did Pik3ca"”~ samples (30% more; Supplemen-
tal Figure 4D). A similar reduction in vessel density and increase
in necrotic tissue was observed in LLC1 subcutaneous tumors
(Supplemental Figure 4H). Analysis of vessel density restricted
to healthy tissue (non-necrotic) also showed a marked decrease
in Pik3ca™U”" samples (43.75% less; Supplemental Figure 4E).
Interestingly, we did not find a statistical difference in average
vessel area, although there was a small tendency to be smaller in
Pik3ca"”- samples (Supplemental Figure 4F). We also analyzed
the distribution of vessels in metastatic nodules from the experi-
mental metastasis assay. While we clearly found vessels both in-
side and in the periphery of the Pik3ca"”- samples, we were not
able to find vessels included in Pik3ca™V”- nodules, regardless of
the their size (Supplemental Figure 4G). Only vessels on the pe-
riphery of these nodules were found. To further demonstrate that
metastatic foci in the Pik3ca™V”- mice have reduced vasculariza-
tion, we stained samples with endomucin and nestin, a marker
for newly formed vessels. While nodules in the Pik3ca”?”" mice
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50 tissue, we performed a Matrigel plug assay. VEGF-A
was diluted in Matrigel and injected subcutaneous-
ly. Mice were sacrificed after 2 weeks, and Matrigel
plugs were extracted and subjected to histopathology

analysis. Plugs from Pik3ca””- mice showed a moderate presence

of blood vessels, whereas Pik3ca™U”" plugs were almost devoid of
blood vessels (71% less; Figure 5, A and C). In addition, we per-

formed the plug assay again using FGF-2, which is considered a

more powerful angiogenesis inducer than VEGF-A (20). Using

FGF-2,we observed an even greater difference in vessel formation;

Pik3ca""" plugs were massively filled with new vessels, whereas

Pik3ca™"" plugs were almost empty (81% less; Figure 5, B and C).

To investigate whether these observations were due to defec-
tive capability of endothelial cells to form new vessels in response
to angiogenic factors, we isolated endothelial cells for a functional
tubulogenesis assay. Pik3ca""# endothelial cells formed tube-like
structureson Matrigelwhenstimulated with VEGF-A or FGF-2,with
the latter being clearly more effective (Figure 5D and Supplemen-
tal Figure 5, A and B). Strikingly, both Pik3ca™U"# and Pik3ca™V""
endothelial cells grew in colonies without forming any kind of con-
nection between them and not showing any obvious deleterious
effect. Pik3ca™"" cells exhibited cell protrusions that were not suf-
ficient to establish the typical tube network. In the case of FGF-2,

Pik3ca’"# endothelial cells formed networks to a lesser degree

than Pik3ca""’ cells, while Pik3ca””- and Pik3ca""’ cells behaved

similarly. Pik3ca™U”~ endothelial cells grew in colonies and did not
form connections between them.

Analysis of the cellular signalinginthese cellsrevealed thatthe

PI3K/AKT pathway was reduced in response to VEGF-A, whereas

ERKactivationwasonlyslightlyimpaired (Supplemental Figure5C).
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Table 1. Gene expression analysis in Pik3ca"™-
and Pik3ca™'"- macrophage populations

Pik3ca""- Pik3ca™"-

Ccl2 i =
(3 = =
(5 = i
19 = =
(cr? = =
Ccr7 = =
Cxcli0 = =
Cxent - +
Cxer3 = =

Fas - +
Fasl = =
Ikbkb - +

Mo = =

b = =

12 ND ND
I12ra = =

13 ND ND

14 ND ND

115 ND ND

16 - +

17 ND ND

19 ND ND
o = =
112a - +
112b = =

3 = =

15 = =

7 = =

118 = =
Nfkb1 = =
Nfkb2 = =
Nos2 = =
Stat1 = =
Stat3 = =
Stat4 = =
Stat6 = =
Tgfbl i =
Vegfa + -
Macrophage populations were sorted from subcutaneous tumors, and
mRNA was isolated for gene expression analysis. Shown are the genes
analyzed and the relative expression level (n = 4 mice per genotype, pooled
in groups of 2). +, increased expression; -, decreased expression; =, no
difference; ND, not detected (i.e., below the limit of detection).

p-AKT and p-ERK activation were lower in both Pik3ca™U"#
and Pik3ca™U”- endothelial cells compared with Pik3ca™# and
Pik3ca""- cells. Signaling induced by FGF-2 showed that ef-
ficient activation of AKT only occurred in Pik3ca™# endothe-
lial cells, whereas ERK activation was intact in all cell types
(Supplemental Figure 5D). We also analyzed levels of Ki67*
and TUNEL" cells in the Matrigel plug samples to determine
whether there was any indication of increased proliferation
or apoptosis. As expected based on our results regarding the
PI3K and ERK pathways, Pik3ca'”- samples had a highly re-
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duced number of Ki67* cells compared with Pik3ca"”- samples
(Figure 5, E and F, and Supplemental Figure 5F), indicative of
a defect in proliferation. We did not find TUNEL" cells in these
samples. To further analyze the possibility of increased apop-
tosis, we analyzed the levels of PARP and cleaved PARP and
did not observe any difference between isolated Pik3ca™”" and
Pik3caMU"" endothelial cells (Supplemental Figure 5G).

These results indicate that an intact interaction of RAS with
PI3K is needed for new blood vessel formation induced by either
VEGF-A or FGF-2, and that its disruption in endothelial cells re-
sults in deficient cellular signaling that translates into a reduced
capability to form new vessels.

Interaction of RAS with PI3K and the immune system. We fi-
nally investigated whether there is any difference in immune cell
tumor infiltration or whether any immune cell population is dif-
ferentially represented in BI6F10 subcutaneous tumors. First, we
subjected tumor samples to histopathology analysis using specific
markers for different populations. We clearly detected drastic
differences in the morphologies of cells expressing the F4/80
antigen: Pik3ca"”- samples showed cells with a stellate-like phe-
notype forming prominent cellular networks, whereas Pik3caV"-
samples showed cells with a round phenotype that were rather
dispersed (Figure 6A).

Analysis of the histopathology samples revealed striking dif-
ferences in the distribution of the macrophages among the differ-
ent areas in the tumors. Macrophages from Pik3ca™V"~ samples
accumulated in the periphery, with little infiltration into the cor-
tical area, whereas Pik3ca"”" samples showed less accumulation
in the periphery and larger infiltration (Figure 6B, top). In the in-
terface between the cortical, viable areas, and the necrotic areas,
much higher immunoreactivity was observed in Pik3ca"”" sam-
ples (Figure 6B, middle). Interestingly, the networking observed
in the Pik3ca"”" samples was even more prominent in areas with
infolding vasculature, a feature totally absent in Pik3ca™V"~ sam-
ples (Figure 6B, bottom). Independent quantification of the total
number of F4/80" cells in the viable areas (excluding tumor pe-
riphery and necrotic areas) revealed an increased number in the
Pik3ca"”- samples (63% more; Figure 6C). We observed a similar
defect in F4/80" cell infiltration in LLC1 subcutaneous tumors
growing in Pik3ca™V"" mice (Supplemental Figure 6K).

We also analyzed the presence of different immune popula-
tions by FACS. We did not find any difference in T cell or neu-
trophil infiltration (Supplemental Figure 6, A-C). It was previ-
ously suggested that FOXP3* Tregs may play an important role
in tumor development by suppressing local antitumor immune
response, and that the migration of these cells into the tumor
microenvironment is promoted by VEGF-A (21). Analysis of this
specific population also showed no differences (Supplemental
Figure 6D). Moreover, analysis of F4/80* cell numbers did not
show any statistical difference (Supplemental Figure 6E), which
suggests that the differences observed in the histopathology
analysis may reflect a difference in the ability of cells to migrate
from the periphery into the tumor.

To gain further insight into the possible relationship between
the macrophage population and the defects observed in angiogen-
esis, we analyzed the expression of different genes in the tumors
and observed highly reduced Vegfa expression in Pik3ca™'”" com-
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pared with Pik3ca"”" samples (Figure 6D). Moreover, we also ana-
lyzed the amount of VEGF-A and FGF-2 protein secreted by cells
within the tumor; levels of both were slightly lower in cells from
Pik3ca™V" versus Pik3ca™”" tumors (Figure 6E and Supplemental
Figure 6H). We also verified that the cell lines used expressed de-
tectable levels of angiogenic factors like VEGF-A and FGF-2 in vi-
tro (Supplemental Figures 6, I and J). To clarify whether this differ-
ence may be, at least in part, due to reduced expression of VEGF-A
by the macrophages, we isolated F4/80" cells from the tumors and
extracted mRNA for expression profile analysis. We found that the
F4/80* population from the Pik3ca™U”~ mice had an expression
profile closer to an M1-like, tumor-resistant phenotype, express-
ing higher levels of Ccl5, Cxcl11, Fas, Ikbkb, 116, and Il12a compared
with F4/80" cells from Pik3ca™”- mice (Table 1). Interestingly, this
population also expressed lower levels of Vegfa and Tgfbl com-
pared with Pik3ca™" mouse F4/80" cells. We finally analyzed
whether these populations express different surface markers typi-
cal for M1 (e.g., major histocompatibility complex II [MHCII]) and
M2 (e.g., CD206; also known as mannose receptor) populations,
and did not find any statistical difference (Supplemental Figure 6,
F and G). These data indicate that these populations do not have a
canonical M1 or M2 phenotype, but rather show a mixed one, with
Pik3ca™V" being closer to the M1 phenotype and Pik3ca””" being
closer to the M2 phenotype.

Together, these results show that disrupting the interaction of
RAS with PI3K has an effect on the tumor macrophage population,
consistent with a defect in migration and/or invasion and with the
generation of a less tumor-permissive environment.

Discussion

In this work, we generated a conditional Pik3ca mouse model to
block the direct binding of RAS with PI3K p110a in host tissue and
examine its significance to host-tumor interaction. Disrupting the
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Figure 3. Disruption of the interaction of
RAS with PI3K in the host reduces metas-
tasis. (A) Luciferase activity of B16F10 cells
injected in the tail vein was measured ex
vivo 21 days after injection. Bars represent
the median. Mann-Whitney nonparametric
statistical analysis was performed. (B) HGE
staining of lung sections. Arrows indicate
diffuse nodules in the periphery of the lung.
Scale bars: 1,000 pum (left); 100 pm (right).
(€) Number of tumor foci per whole lung.
(D) Tumor area, expressed as a percentage
of total lung area. (E) Average foci area,
expressed as a percentage of lung area.
(C-E) Mann-Whitney statistical analysis was
performed. n = 6 per group.
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interaction of RAS with PI3K in the host reduced tumor growth,
even when this interaction was intact in the tumor cells. Interest-
ingly, tumors growing in the Pik3ca”V"# background grew less than
those in the Pik3ca"”-background, which suggests that the mutant
allele may possess some dominant-negative activity. Importantly,
our mouse model also showed that permanent disruption of the
interaction of RAS with PI3K in all tissues did not promote the ap-
pearance of any obvious toxicities, even in the long term. Inhibi-
tors of PI3K block its catalytic activity, virtually blocking all PI3K
cellular activity and altering cellular homeostasis. While desirable
in tumor cells, this inhibition may give rise to damaging adverse
effects, due to the wide variety of cellular mechanisms affected
in other cell types. Disrupting the interaction of PI3K with RAS
did not block its intrinsic catalytic activity, so cells may be able
to readjust signaling networks to compensate in part, while being
relatively independent of extracellular signaling through several
RTKs or through direct intracellular input from RAS. Interestingly,
the results shown seem to indicate that the RBD mutant form of
Pik3ca may posses some dominant-negative capabilities: AKT ac-
tivation seemed to be higher in Pik3ca"?”" versus Pik3caV"# MEFs
(Figure 1B), and tumors grew slower in the Pik3caV"# background
compared with the Pik3ca"” background. Although we do not
have further data that may explain this observation, a possible ex-
planation may be a degree of competition by adaptor proteins or
docking sites by the WT and mutant forms of Pik3ca.

Intervening in the interaction of RAS with PI3K p110a might
represent a good opportunity to manipulate the host-tumor niche,
as tumor cells induce changes in the stromal compartment mainly
through the alteration of extracellular signals. One such affected
extracellular signaling network controls angiogenesis. Antiangio-
genic drugs targeting key components of VEGF signaling path-
ways have proven relatively disappointing so far in the clinic for
various tumor types (22). While not active in melanoma (23), pan-
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Figure 4. Disruption of the interaction of RAS with PI3K reduces tumor-induced angiogenesis. B16F10 subcutaneous tumors were collected after 14 days
of injection. (A) Paraffin sections were stained with endomucin and SMA specific antibodies. (B and €) Endomucin-stained sections were subjected to
guantitative analysis using Leica’s Digital Pathology capture and analysis platform to analyze vessel density (B) and total vessel area (C). Mann-Whitney
statistical analysis was performed (n = 5 per group). (D) Lung sections from experimental metastasis assays were also collected, and paraffin sections
were stained with endomucin and nestin specific antibodies. Representative single nodules for each genotype are shown. Arrows denote preexisting,
nesting-negative vessels in the periphery of the nodules. Scale bars: 100 um (A, right, and D); 500 um (A, middle); 1,000 pm (A, left).

creatic cancer (24, 25), and prostate cancer (26), they have shown
some effectiveness when combined with cytotoxic therapy in non-
small cell lung cancer (27-29) and colorectal cancer (30), while the
benefit in breast cancer remains controversial (31-34). Among the
main problems with these drugs are toxicity and rapid acquired re-
sistance (35, 36). In the present study, we showed that disruption
of the interaction of RAS with PI3K p110a in host tissue impaired
tumor-induced angiogenesis. Tumors growing in the RBD mutant
Pik3ca genetic background showed a reduced ability to promote
efficient vascularization (Figure 4, A and B, and Supplemental
Figure 4, D-F). Interestingly, the ability of tumor cells to establish
metastatic colonies was also reduced: in experimental metastasis
assays, we showed that highly metastatic B16F10 cells gave rise
to a much lower number of metastatic foci in the Pik3ca*V?" back-
ground (Figure 3, A-D). These differences may account for the im-
paired capability of metastatic cells to extravasate and/or anchor
in the target tissue. However, the observation that already-stabi-
lized metastatic foci were much smaller in Pik3ca™V"- mice (Fig-
ure 3E) can only be explained by a reduced growth capability. In
this regard, the finding that Pik3caU”~ foci were not able to induce
normal angiogenesis, and that this was restricted to the periphery
of the nodules (Figure 4C and Supplemental Figure 4G), is fully in
line with the phenotype observed. Interestingly, even though the

lung is a well-vascularized organ, necrosis is a common event in
lung cancer, even in early stages (37). Further work is needed to
unveil the relevance of the interaction between RAS and PI3K in
all steps of cancer metastasis.

PI3K p110a has been previously implicated in physiological
angiogenesis. A mouse model with a constitutive kinase-dead
Pik3ca showed primary angiogenic remodeling defects that ab-
rogated embryo development. Deletion of Pik3ca alleles in endo-
thelial cells resulted in a similar outcome (38). Moreover, intact
RAS-PI3K signaling is needed for proper hematopoiesis and an-
giogenesis in zebrafish (39). Recently, Soler et al. described simi-
lar growth impairment of transplanted tumors in a mouse model
heterozygous for expression of a kinase-dead Pik3ca in all host
tissues (40). Presumably, these animals have partial attenuation
of all PI3K p110a activity, whereas in ours, the defect in PI3K ac-
tivity is selective to its regulation by interaction with RAS. There
are some key differences compared with our results; for example,
in our model we observed a reduced number of blood vessels in
the mutant compared with the WT background, but with similar
vessel size, whereas Soler et al. observed an increased number of
vessels, but with reduced lumen size in the mutant (40).

Interestingly, either a heterozygous kinase-dead Pik3ca al-
lele or a sole RBD mutant Pik3ca did not appear deleterious for
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using NIS-Elements program. n = 5 per group. Scale bars: 100 um.

endothelial cells, and we did not observe any obvious apoptotic
events in the tubulogenesis assay or TUNEL staining of Matri-
gel samples (Figure 5D, Supplemental Figure 5, F and G, and
ref. 40). Moreover, Pik3ca""- cells were able to form small tube
structures, in contrast to those formed by Pik3ca"# cells (Fig-
ure 2), suggestive of a dose-dependent effect and of inhibitory
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behavior of the mutant Pik3ca allele similar to that observed on
subcutaneous tumor growth.

We found that Pik3ca™U”- mice did not respond to VEGF-A
or FGF-2 in terms of new vessel formation, and that this effect
might be mediated by the inability of endothelial cells to respond
to these growth factors at the molecular level (Figure 5, A-D, and
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Supplemental Figure 5, A-D), with possible effects on migration,
proliferation, and formation of new vessels. In this regard, Ki67*
cell number in Pik3caV”" samples from the Matrigel plug assay
showed a clear defect in proliferation (Figure 5, E and F).

Our finding that Pik3ca™'”" mice, and more specifically
their endothelial cells, were not able to form vessels upon FGF-2
stimulation (Figure 5, B-D, and Supplemental Figure 5B) is also
relevant, because one of the main mechanisms for acquired re-
sistance in anti-VEGF antiangiogenic therapy is upregulation
of the FGF signaling pathway (41). A synergistic effect between
FGF and members of the VEGF family in promoting angiogenesis
(42, 43) and lymphangiogenesis (44) has been documented, and
new drugs that target both VEGF and FGF pathways are currently
being tested in the clinic. Examples of such drugs are brivanib, a
VEGFR/FGFR inhibitor currently being tested for hepatocellular
carcinoma (45), and nintedanib, a broad VEGFR/FGFR/PDGFR
inhibitor currently being tested for non-small cell lung cancer
(46). The disruption of the interaction of RAS with PI3K targets
both VEGF and FGF pathways at the same time, which may slow
the appearance of resistance to some extent.

Finally, we analyzed whether the immune system was some-
how differentially modulated depending on RAS interaction with
PI3K in the tumor niche. We found a striking difference in the
phenotype of F4/80* cells: while they had a star-shaped morphol-
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Figure 6. Interaction of RAS with PI3K and the immune system.
B16F10 subcutaneous tumors were collected after 14 days of injection.
(A and B) Paraffin sections stained with F4/80 antibody. Arrows in A
indicate typical macrophages. (C) Quantification of F4/80* cells in the
viable tumor area. n = 5 per group. (D) Total mRNA from whole tumor
samples was isolated, and Vegfa expression was analyzed (n = 4 per
genotype, pooled in groups of 2). (E) Unsorted tumor cells were plated
overnight in a petri dish, and supernatant was collected for ELISA
analysis of secreted VEGF-A. n = 3. Scale bars: 100 um (A, top, and B);
50 um (A, bottom).

ogy in tumors growing in a Pik3ca"?- genetic background, they
were round-shaped in the tumors growing in Pik3ca*V”" mice
(Figure 6A). This result suggested a possible defect in the mi-
gration capabilities of the Pik3ca*V”- macrophages, with elon-
gated macrophage morphologies recently being associated
with a tumor-promoting M2 phenotype (47). Our finding that
these macrophages accumulated in the periphery and that the
number of infiltrating cells in the tumor was clearly lower fur-
ther supports the concept of a migration defect. We were un-
able to find any quantitative difference in cell infiltration or in
the percentage of different populations of T cells, including
FOXP3* Tregs (Supplemental Figure 6, A-D). Analysis of the
expression profile in the infiltrating macrophages showed that
in Pik3ca’”" mice, numerous markers typical of an M1-like,
tumor-resistant population were upregulated compared with
the Pik3ca™”" population, in addition to the increased expres-
sion of Ccl5, Cxcl11, and Il12a; conversely, markers typical of
an M2-like, tumor-permissive population were downregu-
lated, including Ccl2, Tgfb, and Vegfa (Table 1). However, we
failed to detect differences in typical surface markers of M1 or
M2 populations (Supplemental Figure 6, F and G), possibly re-
flecting the additional complexity of regulation that takes place
in vivo compared with the differentiation of these populations in
vitro, where consistent and clear differentiation can be achieved.
Among the markers with differential expression, /124 and Vegfa
are of special relevance, as they are directly implicated in angio-
genesis. In the case of Il12a, there is compelling evidence for its
antiangiogenic properties (48, 49).

The nature and role of the different macrophage populations
is currently the subject of much debate (50, 51). Although the
differences found in the immune population are in accordance
with the general phenotype observed, further work is needed to
more fully understand their nature and to what extent they con-
tribute to tumor-induced angiogenesis and growth. However,
our findings in Matrigel plug assays in the absence of tumor cells
showed that Pik3ca™U”- mice exhibited a fundamental defect in
their ability to induce angiogenesis, and that their endothelial
cells showed defects in intracellular signaling (Figure 5, A-C,
and Supplemental Figure 5, C and D), which indicates that the
changes observed in the macrophage population may contribute
only partially to the general phenotype.

Overall, we showed that the direct binding of RAS to PI3K
plays a fundamental role in the tumor-host interaction, enhancing
tumor-induced angiogenesis and facilitating the establishment
of metastatic colonies. We previously established that the disrup-
tion of the interaction of RAS with PI3K represents a significant
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opportunity for inducing tumor cell-autonomous inhibition of
tumor growth (6), but the current work extends this to show that
this interaction may also be important in host tissue for the build-
ing of a favorable niche for tumor growth. The observed effects on
tumor-induced angiogenesis were achieved by defective signaling
of the VEGF and FGF pathways, anticipating acquired resistance
and without any obvious deleterious effect in the long term. The
differences observed in the macrophage populations are sugges-
tive of a more hostile environment for tumor growth in Pik3ca™v"-
mice and provide an interesting opportunity for further research.

Methods
Further information can be found in Supplemental Methods.

Mouse strains and in vivo recombination. The RBD mutant Pik3ca
mouse strain was previously generated in our lab (5). The floxed Pik3ca
mouse strain was provided by J.J. Zhao and T.M. Roberts (Dana-Farber
Cancer Institute, Boston, Massachusetts, USA; ref. 18). The Cre-ER™
[Gt(ROSA)26Sormo@e/EsrRVAr] mouse strain was from TaconicArtemis
GmbH. In vivo recombination of the floxed Pik3ca allele was achieved
by feeding mice for 14 days with tamoxifen-containing food pellets
(400 ppm; Harlan Teklad) ad libitum.

Matrigel plug assay. 500 ml Matrigel (BD Biosciences) containing
either 1 mg/ml VEGF-A (R&D Systems) or 1 mg/ml FGF-2 (Sigma-
Aldrich) was injected subcutaneously into mice. Samples were col-
lected and subjected to histopathological analysis.

Tumor burden and angiogenesis analysis. H&E-stained tissue sections
were used for tumor burden and necrosis analysis, and caspase-3 and Ki67
were used to analyze apoptosis and proliferation, respectively. Quantifi-
cation was performed using NIKON NIS-Elements software according
to the manufacturer’s instructions. Angiogenesis analysis was performed
using the Angiosight module from Leica’s Digital Pathology capture and
analysis platform according to the manufacturer’s instructions.

Bioluminescence quantification. B16F10 cells expressing a lucifer-
ase vector were purchased from PerkinElmer-Caliper. Biolumines-
cence was measured using an IVIS Spectrum Pre-Clinical In Vivo
Imagine System according to the manufacturer’s instructions.

The Journal of Clinical Investigation

Tubulogenesis assay. Endothelial cells were serum starved
and seeded on top of pre-polymerized Matrigel (BD Biosci-
ences). After attachment, cells were incubated with media con-
taining either 40 ng/ml VEGF-A (R&D Systems) or 40 ng/ml
FGF-2 (Sigma-Aldrich) for 8 hours, and images were taken with a
NIKON AZ100 microscope.

ELISA. For analysis of secreted VEGF-A and FGF-A from tumors
harvested from mice, tumors were digested, and cell suspensions
were plated overnight. For analysis of secreted factors from B16F10
and LLC1 cell lines, the supernatant of these cells growing in a petri
dish was collected. All samples were analyzed using Abcam ELISA kits
(catalog nos. ab100751 and ab100670).

Statistics. 2-tailed Student’s ¢ test was used when the samples
compared had a normal distribution. When samples were not nor-
mally distributed, the Mann-Whitney U nonparametric test was used.
Prior to selecting one test or the other, a Shapiro-Wilk test was per-
formed in each sample population to determine whether the samples
had a normal distribution. Data are presented as mean + SEM. For sur-
vival analysis, a Kaplan-Meier estimator curve followed by a log-rank
test analysis was performed. In all cases, a P value less than 0.05 was
considered statistically significant.

Study approval. Studies in animals were reviewed and approved by
the Animal Ethics Committee of the London Research Institute and
were compliant with UK Home Office Project Licence provisions.
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