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Gastrointestinal cancers are frequently associated with chronic inflammation and excessive secretion of IL-6 
family cytokines, which promote tumorigenesis through persistent activation of the GP130/JAK/STAT3 
pathway. Although tumor progression can be prevented by genetic ablation of Stat3 in mice, this transcrip-
tion factor remains a challenging therapeutic target with a paucity of clinically approved inhibitors. Here, we 
uncovered parallel and excessive activation of mTOR complex 1 (mTORC1) alongside STAT3 in human intes-
tinal-type gastric cancers (IGCs). Furthermore, in a preclinical mouse model of IGC, GP130 ligand adminis-
tration simultaneously activated mTORC1/S6 kinase and STAT3 signaling. We therefore investigated whether 
mTORC1 activation was required for inflammation-associated gastrointestinal tumorigenesis. Strikingly, the 
mTORC1-specific inhibitor RAD001 potently suppressed initiation and progression of both murine IGC and 
colitis-associated colon cancer. The therapeutic effect of RAD001 was associated with reduced tumor vascu-
larization and cell proliferation but occurred independently of STAT3 activity. We analyzed the mechanism of 
GP130-mediated mTORC1 activation in cells and mice and revealed a requirement for JAK and PI3K activity 
but not for GP130 tyrosine phosphorylation or STAT3. Our results suggest that GP130-dependent activation 
of the druggable PI3K/mTORC1 pathway is required for inflammation-associated gastrointestinal tumorigen-
esis. These findings advocate clinical application of PI3K/mTORC1 inhibitors for the treatment of corre-
sponding human malignancies.

Introduction
During the multistep process of tumor formation conditions 
within the tissue microenvironment can influence the fate of 
premalignant cells. In inflammation-associated cancers, tumor 
promotion is thought to be facilitated by the interaction of ini-
tiated epithelial cells, which harbor mutations in proto-onco-
genes or tumor suppressor genes, with a microenvironment rich 
in growth-promoting inflammatory mediators. These mediators 
activate mitogenic pathways that trigger the expansion of prema-
lignant clones (1). In gastrointestinal tumorigenesis, evidence for 
the tumor-promoting role of inflammation comes from positive 
clinical correlations between inflammatory bowel disease and 
colorectal cancer incidence (2, 3) and the success of antiinflam-
matory medications in suppressing colorectal malignancies (4, 
5). Although the precise molecular mechanisms that link inflam-
mation to epithelial tumor promotion may vary between cancers, 
most inflammation-associated signaling pathways converge on 
a number of key regulators in tumor cells, including the tran-
scription factors STAT3 and NF-κB (1). Therapeutic inhibition 

of these growth- and survival-promoting pathways represents 
a promising strategy to inhibit the development of inflamma-
tion-associated malignancies.

Aberrant activation of STAT3 is a unifying hallmark of inflam-
mation-associated cancers (1). Excessive STAT3 activity promotes 
proliferation of neoplastic cells through transcriptional induction 
of c-Myc and cyclin D1, D2, and B and simultaneously upregu-
lates cell survival mediators, including Bcl-2, Bcl-X, and survivin 
(6, 7). Intriguingly, persistent STAT3 activation frequently occurs 
in the absence of activating mutations in, or amplification of, the 
STAT3 gene. Instead, STAT3 activation commonly coincides with 
an abundance of tumor and stromal cell–derived cytokines that 
characterize the tumor microenvironment (1, 7). Among these are 
IL-6 and IL-11, 2 IL-6 family cytokines that share the common 
receptor subunit GP130 and signal via JAK-mediated activation of 
STAT3 (8). Both cytokines have been identified, through genetic 
and pharmacologic manipulations in mice, as promising thera-
peutic targets for gastrointestinal and hepatic cancers (9–11).

We have previously characterized the gp130Y757F/Y757F (hereafter 
referred to as gp130FF) mouse as a robust model for inflammation-as-
sociated gastric tumorigenesis, in which disease arises from exces-
sive GP130/STAT3 activation in response to IL-6 family cytokines 
(12, 13). Homozygous gp130FF mice spontaneously and reproducibly 
develop tumors in the most distal part of the glandular stomach by 
4 weeks of age. Tumor development is prevented by systemic restric-
tion of Stat3 expression in gp130FFStat3+/– mice or by the absence of 
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the ligand-binding IL-11 receptor α (Il11ra) subunit in compound 
gp130FFIl11ra–/– mice but not by Il6 gene ablation (10). Similarly, ther-
apeutic inhibition of STAT3 or IL-11, but not IL-6, reduces tumor 
burden in gp130FF mice (10, 14). These observations indicate that 
epithelial tumor promotion can be dependent upon continuous 
cytokine activation of the GP130/STAT3 signaling cascade.

The mTOR, a serine/threonine kinase that controls cell size and 
proliferation, is commonly deregulated in human cancers (15). The 
most common cancer-promoting signaling event that converges 
on mTOR complex 1 (mTORC1) is aberrant activation of the AKT 
kinase (16). Increased AKT activity results from unbalanced accumu-
lation of the lipid intermediate phosphoinositol-3-phosphate (PIP3), 
an occurrence triggered by excessive activation of the oncogenic 

phosphoinositide 3-kinase (PI3K) or impaired function of its tumor 
suppressor counterpart PTEN. Therapeutic inhibition of mTORC1 
signaling with analogs of the immunosuppressant rapamycin shows 
promising results for glioblastoma, breast, endometrial, and renal 
cell carcinomas (17, 18). Like many other “rapalogs,” RAD001 
(everolimus) specifically inhibits mTORC1, which promotes protein 
synthesis, ribosome biogenesis, and cell growth through phosphory-
lation and activation of the ribosomal p70 S6 kinase (S6K) and the 
elongation factor 4E-binding protein 4EBP1 (17). Although previous 
studies suggest an association between inflammatory cytokine abun-
dance and mTORC1 activation (19, 20), the underlying mechanistic 
links and the significance of inflammation-associated mTORC1 
activation during tumorigenesis remain poorly defined.

Figure 1
Coactivation of mTORC1 and 
STAT3 in gastric tumors of 
humans and gp130FF mice. 
(A and B) Representative 
immunostaining for serine-
phosphorylated (S240/244) rpS6 
and tyrosine-phosphorylated 
(Y705) STAT3 on biopsy sec-
tions of (A) normal human 
gastric mucosa and GC or (B) 
unaffected antra and tumors 
from gp130FF mice. Scale bar: 
500 μm; 50 μm (insets). Also 
refer to Supplemental Figure 1. 
Higher-magnification images 
(insets) demonstrate stain-
ing of neoplastic epithelial 
cells. (C) Immunoblot analysis 
for pY-STAT3 and p-rpS6 of 
unaffected antra and pooled 
tumors from individual mice 
of the indicated genotype. 
(D) Correlation of the gene 
expression profile between 
gp130FF mouse tumors and 
human IGC. Heat map of dif-
ferentially expressed genes 
between gp130FF tumors and 
antral mucosa of wild-type 
mice (gp130WT mice) (top). 
The human orthologs of these 
genes were used to calculate 
a human GP130 activation 
score for individual expres-
sion signatures of GC biop-
sies collected in Singapore or 
Australia (bottom). The panels 
depict the correlation between 
the GP130 activation score of 
each biopsy and their histo-
logical classification accord-
ing to the report by Lauren 
(21). Also refer to Supplemen-
tal Table 1.
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Here, we reveal an unsuspected driving role for activated mTORC1 
signaling in cytokine-dependent tumor promotion. We show that 
the mTORC1 inhibitor RAD001 affords a surprising therapeutic 
and prophylactic benefit in 2 gastrointestinal tumor models pre-
viously defined by their STAT3 dependency. RAD001 treatment 
prevented prolonged GP130- and JAK-dependent activation of the 
PI3K/mTORC1 pathway, without affecting signaling through the 
prototypical GP130/STAT3 axis. Our results suggest that mTORC1 
activation via GP130 is a requirement for inflammation-associated 
tumorigenesis. Therefore, therapeutic targeting of the druggable 
PI3K/mTORC1 pathway may be an overlooked Achilles’ heel for 
inflammation-associated malignancies.

Results
Coactivation of mTORC1 and STAT3 in gastric tumors of humans and 
gp130FF mice. To determine the extent of STAT3 and mTORC1 
activation in a range of human gastric cancer (GC) subtypes, 
we used immunohistochemistry to identify the activated 
(phosphorylated) forms of STAT3 (phosphotyrosine [pY] 705) 
and the mTORC1 pathway component ribosomal protein S6 
(rpS6) (phosphoserine [pS] 240/244). We detected extensive 
overlap between nuclear pY-STAT3 and cytoplasmic pS-rpS6 
staining within the neoplastic epithelium as well as in adjacent 
stromal and immune cells of all GC biopsies, suggesting fre-
quent coactivation within cells (Figure 1A). Comparison among 
GC subtypes showed that intestinal-type gastric tumors display 
the most extensive staining for both pY-STAT3 and pS-rpS6 
(Figure 1A and Supplemental Figure 1; supplemental material 
available online with this article; doi:10.1172/JCI65086DS1). We 
observed a strikingly similar staining pattern for pY-STAT3 and 
phosphorylated rpS6 (p-rpS6) in the antra and gastric tumors 
from gp130FF mice, with the most extensive epithelial p-rpS6 
staining located toward the luminal edge of tumors (Figure 1B). 

Furthermore, we observed increased rpS6 and STAT3 phospho-
rylation in the adjacent, nonadenomatous mucosa of gp130FF 
mice (Figure 1C), suggesting a functional link between STAT3 
and mTORC1 signaling irrespective of neoplastic transforma-
tion. We speculated that concomitant activation of these path-
ways may be required to sustain inflammation-associated GC in 
gp130FF mice and humans.

Congruent gene expression signatures between human IGC and tumors 
in gp130FF mice. Intestinal-type GC (IGC) arises most frequently 
in the glandular epithelium of patients chronically infected with 
Helicobacter pylori and comprises a molecularly and histopatho-
logically distinct type of GC (21), with a prominent prolifera-
tive gene signature (22). To determine the molecular subtype of 
human GC most faithfully replicated by the gp130FF model, we first 
defined a gene expression signature unique to gp130FF tumors by 
comparing tumor tissue to antral stomach tissue from wild-type 
mice. We identified 324 genes that were upregulated, including 
the intestine-specific genes Cdx2, Gpa33, and Vil1, and 2,557 genes 
that were downregulated (P < 0.05; Figure 1D and Supplemental 
Table 1). We then translated this GP130 mouse gene expression 
signature into an orthologous GP130 human gene expression sig-
nature (Supplemental Table 1) to compute a “GP130 activation 
score” (23) for individual human GC specimens obtained from 2 
independent cohorts collected in Singapore (n = 192; ref. 24) and 
Australia (n = 70; ref. 22). Strikingly, this analysis revealed that a 
majority of IGCs had a high GP130 activation score, while most 
diffuse-type gastric tumors had a low activation score (Figure 
1D). Thus, tumors in gp130FF mice molecularly and histopatho-
logically (25) recapitulate early stages of human IGC, including 
metaplastic transformation and excessive mTORC1 and STAT3 
activation. Furthermore, the similarity between the gp130FF mouse 
and human IGC gene expression signatures may reflect shared 
molecular etiology centered on GP130 signaling.

Figure 2
Regulation of mTORC1 activity by GP130 
signaling. (A) Representative immunostaining 
for p-rpS6 on sections of gastric tumors from 
10-week-old gp130FF mice collected 60 min-
utes after a single i.p. injection of 5 μg of IL-6 or 
IL-11. Scale bar: 500 μm. (B and D) Immunoblot 
analysis (B) for p-rpS6 of pooled tumors and 
unaffected antra from individual mice collected 
60 minutes after a single i.p. injection of 5 μg 
of IL-6 or IL-11 or (D) of gastric epithelial cells 
extracted from the antra of individual mice that 
have been treated for 4 weeks with an IL-11 
antagonist (ant.). Also refer to Supplemental 
Figure 2. (C and E) Quantification of the immu-
noblots shown in (C) B and (E) D, expressed as 
mean fold change ± SEM when compared with 
the p-rpS6/rpS6 ratio of vehicle-treated (Veh.) 
mice (*P < 0.05, **P < 0.01). Un, unstimulated.
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Figure 3
Therapeutic RAD001 treatment of gp130FF mice reduces tumor burden. (A) Schematic illustration of spontaneous gastric tumorigenesis 
in gp130FF mice and the RAD001 treatment protocol. The boxed “A” indicates the time point of analysis. (B) Whole-mount photographs of 
representative stomachs from gp130FF mice at the beginning and end of the RAD001 treatment period. Scale bar: 1 cm. (C and D) For each 
individual mouse (n ≥ 9 per cohort), (C) the combined mass of resected tumors was determined and (D) individual tumors were enumerated 
and classified according to their size. Horizontal lines refer to mean values (*P < 0.05, **P < 0.01, ***P < 0.001). Also refer to Supplemental 
Figures 3 and 4. (E) Representative p-rpS6, pY-STAT3, and pERK1/2 immunostainings on tumor sections from RAD001- and placebo-treated 
gp130FF mice. Scale bar: 100 μm. (F) Immunoblot analysis of unaffected antra and pooled tumors from individual mice at the end of the 
RAD001 (10 mg/kg) treatment period. Also refer to Supplemental Figure 5.
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Regulation of mTORC1 activity by GP130 signaling. Spontaneous 
tumor formation in gp130FF mice depends on excessive GP130/
STAT3 signaling in response to elevated protein levels of IL-11 
(10). We therefore investigated whether IL-11 also accounted for 
mTORC1 activation in gp130FF tumors. Indeed, after administra-
tion of recombinant IL-11 or IL-6, we detected extensive p-rpS6 
staining throughout the epithelial components of the tumors 
(Figure 2A). Immunoblot analysis revealed a substantial, cytoki-
ne-dependent increase of p-rpS6 in both the gp130FF tumors and 
adjacent unaffected antra (Figure 2, B and C). Conversely, p-rpS6 
levels were reduced in gastric epithelial cells of gp130FF mice thera-
peutically treated with an IL-11 antagonist (Figure 2, D and E) that 
was shown to reduce overall tumor burden (14). We have previ-
ously observed that tumor promotion in gp130FF mice depends on 
IL-11 rather than IL-6 signaling (10). Concordantly, we found that 
basal p-rpS6 levels remained elevated in tumors of gp130FFIl6–/– 
mice but were reduced in the corresponding unaffected antra of 
their gp130FFIl11ra–/– counterparts (Supplemental Figure 2).

Therapeutic RAD001 treatment of gp130FF mice reduces tumor burden. 
Given that mTORC1 activation tracked with gastric tumorigene-
sis, we hypothesized that pharmacological inhibition of mTORC1 
might provide a therapeutic benefit to mice with established 
tumors. We therefore treated 13-week-old gp130FF mice for 6 consec-
utive weeks with the mTORC1-specific inhibitor RAD001 (Figure 
3A). Irrespective of the gender of the mice, RAD001 administration 

resulted in a dose-dependent reduction in overall tumor mass and 
primarily reduced the occurrence of smaller tumors (Figure 3, B–D). 
Accordingly, RAD001 treatment during the early stages of tum-
origenesis reduced tumor burden more uniformly in 6-week-old 
gp130FF mice (Supplemental Figure 3, A–D). Hence, mTORC1 activ-
ity appears to be required for the growth of emerging gastric lesions 
rather than for the maintenance of larger established tumors.

Since the ubiquitous expression of the mutant GP130 receptor 
triggers systemic inflammation in gp130FF mice (13), and since 
IL-6 also induced mTORC1 activity (Figure 2), we next assessed 
whether RAD001 mediated its therapeutic effect by curbing 
inflammation. Ablation of Il6 in gp130FF mice ameliorates sys-
temic inflammation, without affecting tumorigenesis (10). Strik-
ingly, RAD001 treatment reduced tumor burden as effectively in 
gp130FFIl6–/– mice as in their Il6-proficient gp130FF counterparts 
(Supplemental Figure 3, E–G) but had no detectable impact on 
splenomegaly and thrombocytosis (Supplemental Figure 4), which 
are associated with STAT3 activation in gp130FF mice (10, 26). This 
suggests that the beneficial effect of RAD001 treatment does not 
arise from interference with IL-6–mediated systemic inflamma-
tion or other effects IL-6 may exert on the neoplastic epithelium.

We then examined whether the therapeutic effect of RAD001 
arose through selective inhibition of mTORC1 or indirectly 
via impairment of STAT3 activation. We found that following 
RAD001 therapy the phosphorylation levels of STAT3 (pY705 and 

Figure 4
Tumorigenesis in gp130FF mice requires continuous mTORC1 activity. (A) Twenty-five–day-old (3.5-week-old) gp130FF mice were analyzed at the 
end of the 6-week RAD001 treatment period or after an additional 6-week treatment-free period. (B and C) For each individual mouse (n = 5 per 
cohort), (B) the combined mass of resected tumors was determined and (C) individual tumors were enumerated and classified according to their 
size. w, weeks. Horizontal lines refer to mean values (*P < 0.05, **P < 0.01, ***P < 0.001). Also refer to Supplemental Figure 6.
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pS727) as well as those of MEK1/2, ERK1/2, and AKT remained 
unaffected in both the tumors and unaffected antral tissue (Figure 
3, E and F). Conversely, phosphorylation of the mTORC1 target 
rpS6 and, to a lesser extent, 4EBP1 (pS64 and phosphothreonine 
[pT] 36/45) was markedly impaired by RAD001 treatment (Figure 

3, E and F). Collectively, these results demonstrate that, even in 
the presence of excessive STAT3 signaling, tumor promotion in 
gp130FF mice depends on activation of mTORC1.

The activity of mTORC1 is normally constrained by several neg-
ative feedback mechanisms. Rapalog treatment has been shown 

Figure 5
RAD001 suppresses tumor growth in a model of CAC. (A) Schematic illustration of colonic tumorigenesis, endoscopy, and the treatment protocol 
of CAC-challenged wild-type mice. AOM, azoxymethane; DSS, dextran sodium sulphate. (B) Tumor burden of individual mice (n ≥ 5 per cohort) 
was scored by endoscopy (30) at the indicated time point during RAD001 treatment and is depicted as mean ± SEM (*P < 0.05, **P < 0.01; ns, not 
significant). Also refer to Supplemental Figure 7A. (C) Representative endoscopy images of the same colonic tumors before and during RAD001 
treatment. (D) Colon tumor numbers and (E) size of individual mice (n ≥ 5 per cohort) at the end of the RAD001 therapy. Results are mean ± SEM 
(**P < 0.01). Also refer to Supplemental Figure 7B. (F) Representative immunostaining for β-catenin, pY-STAT3, and p-rpS6 on colonic tumor 
sections from RAD001- and placebo-treated mice. Scale bar: 50 μm.
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to disrupt this feedback, leading to derepression of the upstream 
PI3K/AKT pathway and limiting the efficacy of rapalogs in the 
clinic (27). However, we did not detect an increase in pS-AKT and 
pT-AKT (Figure 3F) or in phosphorylation of the AKT substrates 
Bad and Pras40 (Supplemental Figure 5A) after treating gp130FF 
mice for 6 consecutive weeks with RAD001. Similar results were 
observed after shorter RAD001 treatment periods (Supplemental 
Figure 5B), suggesting that feedback activation of PI3K/AKT does 
not occur in gp130FF mice. This could be reconciled with downregu-
lation of expression of insulin-like growth factor receptor 1 (Igfr1), 
a receptor important for IGF-mediated activation of the PI3K path-
way (28), in RAD001-treated mice (Supplemental Figure 5C).

Formation and development of gp130FF tumors requires continuous 
mTORC1 activity. To further explore whether mTORC1 signaling 
was required for de novo tumor formation, we treated tumor-free 
3.5-week-old gp130FF mice prophylactically with RAD001 (Figure 
4A). RAD001 administration almost completely abolished tumor 

formation, with the occasional tumor that formed remaining 
very small (Supplemental Figure 6A). This prophylactic effect was 
dependent on continuous mTORC1 restriction, as termination of 
RAD001 treatment coincided with the emergence of new tumors 
(Figure 4, B and C, and Supplemental Figure 6A) and the re-ap-
pearance of epithelial p-rpS6 staining (Supplemental Figure 6B). 
These observations indicate that suppression of mTORC1 activity 
was not sustained during the RAD001-free follow-up period. Col-
lectively, our results suggest that continuous mTORC1 activity is 
a requirement for the initiation and development of inflamma-
tion-dependent gastric tumors.

RAD001 suppresses tumor growth in colitis-associated cancer in wild-
type mice. To establish whether the therapeutic benefits conferred 
by RAD001 extended to other inflammation-associated cancer 
models, we induced colitis-associated cancer (CAC) in wild-type 
mice (Figure 5A). In this model, tumorigenesis is initiated through 
mutagen-induced activation of the canonical Wnt/β-catenin path-

Figure 6
RAD001 treatment decreases tumor cell proliferation and induces tissue hypoxia. (A, C, E, and F) Representative immunostaining for (A) BrdU, 
(C) active caspase-3, (E) CD31, and (F) hypoxyprobe-1 (HP1) on sections of unaffected antra and tumors from 19-week-old gp130FF mice col-
lected after 6 weeks of RAD001 (10 mg/kg) treatment. (C) Apoptotic cells are indicated by arrows. Scale bar: 10 μm (insets in C); 100 μm (A, C, 
E, and insets in F); 500 μm (F). Also refer to Supplemental Figure 8. (B and D) Immunoblot analysis of unaffected antra and pooled tumors from 
individual 19-week-old gp130FF mice collected after 6 weeks of RAD001 (10 mg/kg) treatment.
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way, while colitis-associated inflammation promotes survival 
and proliferation of neoplastic epithelial cells via GP130/STAT3 
activation (29). We used endoscopy to monitor colonic tumor 
burden over time and generate corresponding tumor scores (30). 
RAD001 therapy stabilized or decreased colonic tumor burden 
over the 6-week treatment period, whereas tumor burden in all 
mice of the placebo-treated cohort invariably increased (Figure 5B 
and Supplemental Figure 7A). Furthermore, endoscopy revealed 
a RAD001-dependent reduction in the size of individual colonic 
tumors (Figure 5C). At autopsy, RAD001-treated mice showed a 
significant reduction in the overall tumor number and total tumor 
area compared with those of placebo-treated controls (Figure 5, D 
and E, and Supplemental Figure 7B). In placebo-treated mice, we 
confirmed prominent nuclear pY-STAT3 staining in the neoplas-
tic epithelium and in tumor-adjacent stromal and immune cells 
and also found extensive rpS6 phosphorylation at the luminal 
edges of colonic tumors (Figure 5F). Consistent with our obser-
vations in gastric tumors of gp130FF mice, RAD001 treatment 
almost completely abolished p-rpS6, but not pY-STAT3, stain-
ing in colonic tumors (Figure 5F). By contrast, RAD001 did not 
alter the epithelial β-catenin staining pattern, suggesting that its 
therapeutic effect was not mediated through interference with 
the aberrantly activated Wnt pathway (31). These findings illus-
trate that mTORC1 restriction also impairs inflammation-asso-
ciated colonic tumorigenesis fueled by excessive GP130/STAT3 
activation in wild-type mice. Collectively, the observed efficacy 
of RAD001 in both the gp130FF and CAC models suggests that 
GP130-mediated mTORC1 activation may commonly contribute 
to inflammation-associated tumor promotion.

RAD001 treatment decreases tumor cell proliferation and induces tissue 
hypoxia. To elucidate the mechanisms by which RAD001 decreased 
inflammation-associated tumor burden, we assessed cell prolifer-
ation in the gastric epithelium of gp130FF mice by bromodeoxyuri-
dine (BrdU) incorporation. We detected a marked reduction in the 
number of BrdU-positive cells in unaffected antral and tumor tis-

sue of RAD001-treated mice (Figure 6A and Supplemental Figure 
8A). Reduced proliferation coincided with decreased expression of 
the cell-cycle regulators cyclin B1, D1, D2, D3, and E1 within the 
tumors as well as cyclin B1, D3 and E1 in the unaffected antra 
(Figure 6B). In contrast, RAD001 treatment did not alter the fre-
quency of tumor cell apoptosis, as detected using the apoptotic 
markers cleaved caspase-3 and caspase-9 and TUNEL staining 
(Figure 6, C and D, and data not shown). However, staining for 
the endothelial cell marker CD31 revealed a significant reduc-
tion in blood vessel density in the tumors and unaffected antra of 
RAD001-treated gp130FF mice (Figure 6E and Supplemental Fig-
ure 8B). This coincided with reduced expression of angiopoietin 
2 (Angpt2) (Supplemental Figure 8D), which is typically produced 
by endothelial cells during tumor vascularization (32, 33). Con-
sistently, immunostaining for hydroxyprobe-1 suggested elevated 
levels of tissue hypoxia in RAD001-treated gp130FF tumors (Figure 
6F and Supplemental Figure 8C). However, as previously reported 
(34), RAD001 treatment prevented induction of hypoxia-inducible 
factor 1α (Hif1a) at both the transcript and protein level (Supple-
mental Figure 8, D and E). Expression of Vegfa, a transcriptional 
target for Hif1α as well as STAT3 (35), also remained unchanged 
following RAD001 treatment (Supplemental Figure 8, D–F).

GP130 activates mTORC1 via PI3K/AKT in a STAT3- and STAT1-inde-
pendent manner. To explore whether GP130 stimulates the mTORC1 
pathway through PI3K activation, we monitored subcellular relo-
calization of the PI3K product PIP3, using a glutathione-S-trans-
ferase–tagged (GST-tagged) pleckstrin homology domain from 
the phosphoinositides-1 receptor GRP1 as a probe (36). Compared 
with the diffuse background staining observed in unstimulated 
293T cells, exposure to the designer cytokine hyper–IL-6 (human 
IL-6 fused to its α-receptor; ref. 37) resulted in transient accumula-
tion of PIP3 at the plasma membrane within 3 minutes (Figure 7A). 
We observed similar kinetics of PIP3 accumulation after erythro-
poietin (Epo) stimulation of cells transfected with a chimeric recep-
tor comprising the extracellular domain of the Epo receptor fused 
to the intracellular domain of human wild-type GP130 (EpoR/
gp130WT; Figure 7, B and C). By contrast, stimulation of the EpoR/
gp130F2 mutant, which encodes the human equivalent (gp130Y759F) 
of the murine gp130Y757F substitution (12), triggered excessive and 
prolonged PIP3 accumulation at the plasma membrane (Figure 7, 
B and C), while untransfected 293T cells did not respond to Epo 
(Supplemental Figure 9A). Immunoblot analyses revealed that 
stimulation of both the endogenous and chimeric GP130 recep-
tors resulted in PI3K-dependent phosphorylation of AKT and the 
mTORC1 substrates rpS6 and 4EBP1, which was prevented in cells 
pretreated with the PI3K inhibitor LY294002 (Figure 7, D and E).

To confirm that PI3K activation was STAT3 independent, we 
interfered with endogenous STAT3 activity in 293T cells using 
either STAT3 siRNA or a dominant-negative variant of STAT3. 
Effective STAT3 suppression was confirmed by immunoblot 
and by measuring the activity of a STAT3-responsive luciferase 
reporter construct (APRE-Luc; Supplemental Figure 9, B and C). 
Importantly, STAT3 inhibition did not affect subcellular relo-
calization of PIP3 in cells harboring either the wild-type or the 
EpoR/gp130F2 receptor (Supplemental Figure 9, D–I). Further-
more, PIP3 accumulation remained prolonged following stimu-
lation of the EpoR/gp130F2 receptor (Supplemental Figure 9, G–I). 
Similarly, we found that administration of recombinant IL-11 or 
IL-6 consistently induced p-rpS6 in the antra of gp130FFStat3+/– 
mice as well as in the tumors and antra of gp130FFStat1–/– mice 

Figure 7
Excessive PIP3 accumulation and mTORC1 activation in cells express-
ing mutant GP130. (A–C) Formation of PIP3 at the cell membrane was 
monitored as an indicator of PI3K activity by immunofluorescent stain-
ing using the PIP3-specific GST-GRP1PH probe. The representative 
images show (A) naive 293T cells or (B) cells transiently expressing 
the indicated chimeric EpoR/GP130 receptor. Cells were stimulated 
for the indicated time with hyper–IL-6 (HypIL6; 100 ng/ml) or Epo (50 
U/ml). (C) Images were then used for cell segmentation analysis and 
quantification with MetaMorph software. For each time point a total 
of 150 to 300 cells was analyzed, and results are depicted as mean 
± SEM (*P < 0.05 when compared with unstimulated isogenic cells). 
Scale bar: 10 μm. Also refer to Supplemental Figure 9. (D and E) 
Immunoblot analysis of (D) naive 293T cells or (E) cells transiently 
expressing the EpoR/gp130F2 receptor. Cultures were serum starved 
and, where indicated, exposed to the PI3K inhibitor LY294002 (25 μM) 
60 minutes prior to stimulation with hyper–IL-6 (100 ng/ml) or Epo (50 
U/ml) for the indicated period. (F) Immunoblot analysis of 293T cells 
transiently expressing the indicated mutant EpoR/GP130 receptor. 
Serum-starved cells were stimulated for 60 minutes with Epo (50 U/ml). 
The schematic shows the transfected EpoR/GP130 receptors, which 
encode tyrosine (Y) to phenylalanine (F) substitution or truncation 
mutations in the cytosolic domain of human GP130. The consensus 
function of the individual Y residues and their amino acid position are 
depicted. Also refer to Supplemental Figure 11. Note that the pERK1/2 
lanes were run on the same gel but were noncontiguous.
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(Supplemental Figure 10). Collectively, these results suggest that 
GP130-dependent PI3K/mTORC1 activation occurs indepen-
dently of STAT3 and STAT1.

PI3K/mTORC1 pathway activation requires JAK activity but not 
GP130 tyrosine phosphorylation. Activation of PI3K is frequently pre-
ceded by binding of the SH2 domain within the regulatory p85 
subunits to phosphorylated tyrosine residues on receptors (38). 
We therefore monitored Epo-dependent rpS6 activation in 293T 
cells that expressed chimeric EpoR/GP130 receptor constructs 

harboring a series of tyrosine-to-phenylalanine substitutions. 
We detected robust p-rpS6 induction in the absence of individ-
ual tyrosine residues (data not shown) and also in the absence of 
all functional GP130 tyrosine residues (Figure 7F). In addition, 
GP130 receptors with truncation mutations distal to the Box1/2 
homology region, which is required for constitutive association 
between GP130 and JAK family kinases (8), also triggered rpS6 
phosphorylation (Figure 7F). We confirmed our findings in 
the unrelated BaF3 cell line, which stably expresses the human 

Figure 8
Activation of PI3K/mTORC1 via GP130 is JAK dependent and cooperates with impaired PTEN activity. (A) Representative immunostaining for 
p-rpS6 and pY-STAT3 on sections of gastric tumors from 10-week-old gp130FF mice collected 60 minutes after a single i.p. injection of 5 μg 
IL-11. Where indicated, mice were treated with a JAK (AG490) or PI3K (wortmannin [Wortm]) inhibitor 45 minutes prior to stimulation. Scale bar:  
200 μm. (B) Immunoblot analysis of unaffected antra and pooled tumors from individual 10-week-old gp130FF mice collected 60 minutes after a 
single i.p. injection of 5 μg IL-11. Where indicated, mice were treated with the pan-JAK inhibitor (JAKi) AG490 (40 mg/kg) or the PI3K inhibitor (PI3Ki) 
wortmannin (5 mg/kg) 45 minutes prior to IL-11 administration. Also refer to Supplemental Figure 11C. (C) Whole-mount photographs of repre-
sentative stomachs from 14-week-old mice with the indicated genotype. Scale bar: 1 cm. (D and E) For each individual mouse (n ≥ 6 per cohort), 
(D) the combined mass of resected tumors was determined and (E) individual tumors were enumerated. Horizontal lines refer to mean values  
(***P < 0.001). (F) Representative PTEN and p-rpS6 immunostaining on adjacent tumor sections from 14-week-old gp130FFPten+/– mice. The 
bottom panel shows the boxed regions at in higher magnification. Scale bar: 200 μm.
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gp130FFPten+/– compound mutant mice. As expected, we observed 
an increase in gastric tumor burden in these mice when com-
pared with their Pten-proficient counterparts (Figure 8, C–E). 
Immunohistochemical analysis of tumor sections highlighted 
a striking correlation between areas of excessive rpS6 phospho-
rylation and complete loss of PTEN staining (Figure 8F), indic-
ative of spontaneous loss of heterozygosity. Furthermore, we 
have observed that selective Pten ablation in the neoplastic gas-
tric epithelium also increased tumor burden in corresponding 
gp130FFPtenfl/fl compound mutant mice (M. Buchert and M. Ernst, 
unpublished observations). These observations indicate that 
GP130-independent PI3K/mTORC1 pathway activation syner-
gizes with aberrant GP130 activity to drive tumor development.

Collectively, our results presented here demonstrate that engage-
ment of the shared GP130 receptor by IL-6 family cytokines 
simultaneously activates the STAT3 and PI3K/mTORC1 path-
ways within neoplastic cells to synergistically facilitate inflamma-
tion-associated tumor promotion (Figure 9).

Discussion
It is now widely accepted that chronic inflammation and inflam-
mation-like conditions within the cytokine-rich tumor micro-
environment contribute to cancer development. One molecular 
hallmark of inflammation-associated tumors is aberrant activa-
tion of epithelial STAT3, which acts as a master regulator of pro-
liferation, survival, and angiogenesis programs in growing tumors 
(1, 7). Constitutive activation of the GP130/JAK/STAT3 pathway 
in humans has been associated with somatic gain-of-function 
mutations in GP130 or STAT3 in hepatocellular carcinomas (43, 
44), JAK1 in acute leukemia and some solid cancers (45), and JAK2 
in myeloproliferative neoplasms (46) as well as in response to epi-
genetic silencing of the negative regulator SOCS3 in lung cancers 
(47). However, aberrant STAT3 activity is most frequently observed 
in tumors where pathway-activating mutations are not detectable, 
suggesting a prevalent paracrine mode of STAT3 activation.

IL-6 family cytokines are abundant in inflammation-asso-
ciated tumor settings and are produced by tumor-infiltrating 
monocytes/macrophages and stromal cells as well as the neoplas-
tic cells themselves (1, 10). The importance of paracrine GP130/
JAK/STAT3 pathway activation by these cytokines is evident in 
several inflammation-associated tumorigenesis models. For exam-
ple, tumor promotion in the murine CAC model relies on myeloid 
cell–derived cytokines (48) and is highly sensitive to genetic and 

IL-11Rα to permit IL-11–mediated GP130 activation. Stimula-
tion of endogenous GP130 by IL-11 as well as of mutant EpoR/
GP130 receptors resulted in transient AKT phosphorylation 
and robust activation of rpS6, even in the absence of all GP130 
tyrosine residues (Supplemental Figure 11, A and B).

To clarify the hierarchy between IL-11–dependent STAT3 and 
PI3K activation, we pretreated IL-11Rα–expressing BaF3 cells 
with either the PI3K inhibitor LY294002 or the pan-JAK inhib-
itor AG490. Treatment with AG490 revealed that JAK activity 
was not only required for STAT3 activation but also for IL-11–
dependent AKT and rpS6 phosphorylation (Supplemental Fig-
ure 11C). By contrast, LY294002 completely prevented AKT 
and rpS6 phosphorylation without affecting STAT3 activation. 
Similarly, pretreatment of gp130FF mice with AG490 inhibited 
IL-11–mediated AKT, rpS6, and STAT3 phosphorylation in 
the antra and gastric tumors, while the same challenge in wort-
mannin-treated gp130FF mice only suppressed AKT and rpS6 
activation (Figure 8, A and B). Notwithstanding the imperfect 
selectivity of the above inhibitors (39), our results suggest that 
IL-11–dependent engagement of the PI3K/mTORC1 pathway 
occurs independently of GP130 tyrosine phosphorylation but 
requires activation of (GP130-associated) JAK kinases.

Synergistic interaction between GP130 and PI3K signaling exacer-
bates gastric tumorigenesis. Having established that PI3K pathway 
activation is required for gastric tumor formation in gp130FF 
mice, we hypothesized that a PI3K pathway “activation signa-
ture” may also be evident in inflammation-associated GCs in 
humans. We derived a PI3K activation gene signature for human 
mammary epithelial cells transduced with the p110α isoform 
of PI3K (ref. 40, Supplemental Figure 12A, and Supplemental 
Table 2). This PI3K expression profile was used to compute a 
“PI3K activation score” for individual human cancers of our GC 
data sets (see Figure 1D). Strikingly, we found that a majority of 
IGCs had a high PI3K activation score, while most diffuse-type 
gastric tumors had a low activation score (Supplemental Fig-
ure 12B), indicating that PI3K pathway activation is a common 
molecular feature of IGC.

Early stages of sporadic GC are associated with impaired PTEN 
activity (17, 41), and loss of PTEN heterozygosity in patients 
with the inherited Cowden syndrome promotes the growth 
of hyperplastic intestinal polyps (42). To explore whether fur-
ther deregulation of PI3K/mTORC1 pathway activity would 
exacerbate GP130-driven gastric tumorigenesis, we generated 

Figure 9
Gp130-dependent simultaneous activation of PI3K/mTORC1 and STAT3 facilitates tumor promotion. Schematic representation of GP130/JAK-de-
pendent intracellular signaling in the neoplastic gastric epithelium of gp130FF mice, which triggers parallel and excessive coactivation (↑) of STAT3 
and PI3K/mTORC1. (A) Simultaneous activation of both pathways is required for the promotion and maintenance of gastric tumors, and (B and 
C) pharmacological inhibition of either cascade impairs tumor growth.
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assessment of the GP130 receptor in cell lines to clarify the molec-
ular link between GP130 engagement and mTORC1 activation. 
Previous studies suggested an involvement of the phosphorylated 
gp130Y2 (i.e., murine gp130Y757) residue and the associated SHP1/2 
proteins (56) or binding of PI3K to activated STAT3 (57). Contrary 
to these reports, our data provide compelling genetic evidence for 
a STAT3- and gp130Y2 residue/SHP2-independent mechanism. We 
also found that STAT3 phosphorylation remained unaffected in 
gp130FF mice after RAD001 treatment, contravening suggestions 
that mTORC1 can directly promote serine, and indirectly tyrosine, 
phosphorylation of STAT3 (20, 58). Our data indicate that, down-
stream of GP130, activation of STAT3 and mTORC1 occurs inde-
pendently (Figure 9). Furthermore, both JAK and PI3K inhibitors 
attenuated GP130-mediated mTORC1 activation in vitro and in 
vivo, implying that signal transduction occurs via JAK-mediated 
activation of the PI3K/AKT/mTORC1 signaling axis. This signal 
transduction model is consistent with findings that the p85 sub-
unit of PI3K can directly (and indirectly) associate with activated 
JAK kinases (59, 60). Downstream of mTORC1, we observed that 
RAD001 treatment predominantly abrogated phosphorylation of 
rpS6 but had a less dramatic effect on 4EBP1 phosphorylation. 
This inhibition profile is typical for rapalogs (55) and suggests 
that the therapeutic effect of RAD001 in gp130FF mice is related to 
suppression of S6K and rpS6, rather than suppression of 4EBP1. 
Collectively, our results clarify the mechanism by which IL-6 
family cytokines activate the PI3K/mTORC1 pathway, a molecu-
lar link that may fuel tumor promotion in a range of inflamma-
tion-associated malignancies.

The ability of IL-6 family cytokines to activate PI3K through 
GP130 reveals what we believe to be a novel mechanism of pro-
tumorigenic PI3K/AKT/mTORC1 pathway activation. Excessive 
mTORC1 activity is commonly observed in human cancers harbor-
ing mutations that activate the PI3K pathway (16, 17, 61). Our data 
illustrate that tumor-promoting PI3K/mTORC1 signaling can also 
result from potentiating events in the upstream GP130/JAK cas-
cade, as modeled in gp130FF mice and corresponding gp130F2 cells. 
Cytokine stimulation of this hypermorphic mutant receptor led to 
sustained and exaggerated mTORC1/S6K activation that, in con-
junction with STAT3, is required for gastric tumor promotion in 
gp130FF mice. With respect to the signaling outcomes, gp130FF mice 
and gp130F2 cells have substantial molecular parallels, with tumors 
driven by inactivation of SOCS3, GP130/JAK-activating mutations, 
or abundant cytokines within the inflamed tumor microenviron-
ment. Indeed, the striking congruence of gene expression patterns 
between gp130FF adenomas and human IGC specimens suggests 
that aberrant GP130 signaling may be central to both murine and 
human diseases. Significantly, we observed that GP130-mediated 
mTORC1 activation also occurred downstream of the unmutated 
GP130 receptor in vitro and in vivo, demonstrating that this molec-
ular link is not restricted to gp130FF mice and gp130F2 mutant cells. 
The efficacy of RAD001 in the CAC setting suggests that cytokine 
activation of the wild-type GP130/PI3K/mTORC1 axis also sup-
ports inflammation-associated tumor development. Based on these 
findings, we propose that inhibitors of GP130/PI3K/mTORC1 sig-
naling are readily testable therapeutic options for inflammation-as-
sociated malignancies in humans.

Characterizing the degree of PI3K/mTORC1 pathway acti-
vation in different GC subtypes, as well as their sensitivity to 
PI3K/mTORC1 inhibitors, is likely to facilitate effective strat-
ification of treatments in the clinic. Our subtype-specific 

pharmacological restriction of IL-6 and IL-11 activity (29, 49). A 
similar cytokine involvement has also been proposed for IL-6 in 
hepatocellular carcinoma (50), renal cell carcinoma, and prostate 
cancer (51) and for IL-11 in gastric tumorigenesis in gp130FF mice 
(10). Hence, IL-6 family cytokines fuel tumor development in a 
range of epithelial malignancies.

Here, we pursued preliminary evidence linking mTORC1 signal-
ing to inflammation and tumor promotion (19, 20). Our analy-
sis indicated that phosphorylation of rpS6, a downstream target 
of mTORC1, commonly occurs alongside STAT3 activation in 
human GC. In the gp130FF mouse model of IGC, we linked coac-
tivation of mTORC1 and STAT3 within tumor cells to GP130 
ligation by IL-6 family cytokines. To determine whether mTORC1 
activation was a driver of inflammation-associated tumor develop-
ment, we used the mTORC1-specific inhibitor RAD001 in 2 genet-
ically distinct inflammation-associated tumor models, namely 
CAC in wild-type mice and IGC in gp130FF mice. In both settings, 
RAD001 effectively suppressed tumor development. RAD001 
therapy reduced cell proliferation, cyclin expression, and vascular-
ization of established gastric tumors and thus also prevented the 
emergence of nascent tumors in gp130FF mice.

The effect of RAD001 in our murine tumor models is broadly 
consistent with clinical trial data, which show that RAD001 as a 
single agent exerts a modest therapeutic benefit in patients with 
advanced, chemotherapy-resistant GC (refs. 41, 52, 53; GRANITE-1 
Phase III Study) or colorectal cancer (ref. 54; Phase II Study). Pre-
dictably, however, the efficacy of RAD001 in our early-stage gas-
tric and colorectal cancer models was greater than that in these 
unstratified cohorts of patients with advanced disease. Neverthe-
less, consistent between our observations and clinical studies, the 
predominant mode of action of RAD001 was cytostatic rather than 
proapoptotic (18, 41, 52). Consequently, ongoing RAD001 admin-
istration was required to maintain tumor cytostasis in gp130FF mice. 
Surprisingly, even after 6 consecutive weeks of RAD001 therapy, we 
did not detect RAD001-induced feedback activation of the PI3K/
AKT pathway (i.e., increased AKT phosphorylation or activity) that 
has been described in human cancers and which is thought to con-
tribute to drug resistance (27, 28). This suggests that PI3K/AKT 
derepression does not occur in RAD001-treated gp130FF mice.

In order to verify the involvement of the PI3K/mTORC1 path-
way in our tumor models, we treated gp130FF mice with the dual 
PI3K and mTOR inhibitor BEZ235 (Novartis). BEZ235 exerted 
a cytostatic effect similar to that of RAD001, despite dual inhi-
bition of both AKT and rpS6 phosphorylation (S. Thiem and 
M. Ernst, unpublished observations). Therefore, we believe that 
the cytostatic effects of RAD001 were unlikely to be mediated 
by off-target activity. These results are consistent with emerging 
evidence that targeting the PI3K/mTORC1 pathway in isolation 
reduces cell proliferation but typically remains insufficient to 
induce tumor cell apoptosis, partly due to induction of cellular 
stress-like responses and upregulation of antiapoptotic proteins 
such as Bcl-2 and Bcl-X (55). Accordingly, we have found that 
RAD001 administration reduces tumor burden more effectively 
in gp130FFBcl2+/– compound mutant mice than in gp130FF mice (S. 
Thiem and M. Ernst, unpublished observations). Therefore, target-
ing these cooperative cell growth and survival networks with mul-
tiple inhibitors may be required for tumor-specific cytotoxicity.

While activation of the PI3K pathway by IL-6 family cytokines 
has previously been observed, the underlying molecular mech-
anism has remained controversial. We performed a functional 
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azoxymethane (Sigma-Aldrich) and 7 days later received drinking water con-
taining 1.5% (w/v) dextran sodium sulphate (MW = 36–50 kDa; MP Biomed-
icals) for 5 consecutive days, followed by 2 weeks of normal drinking water. 
This cycle was repeated once before colonic tumorigenesis was assessed by 
endoscopy, and the mice were randomized into 2 treatment groups based 
on their tumor scores.

Tissue collection and isolation of epithelial cells. Gastric or colonic tumors 
and adjacent antral or colon tissues were resected and weighed, and entire 
stomachs or colons were processed for histological analysis (10). To obtain 
gastric epithelial cells, antral mucosae or tumors were washed with PBS 
and incubated in 3 mM EDTA/0.5 mM DTT before vigorous shaking to 
mechanically release epithelial cells from the stroma.

Gene expression profiling and human GP130 gene signature. Whole-genome 
expression profiling was performed on MouseWG-6 v2.0 Expression Bead-
Chips (Illumina), with 8 mice per group (gp130FF tumors, gp130FF adjacent 
unaffected tissue, and gp130WT antral tissue). Raw gene expression intensity 
values and detection P values were extracted using Illumina’s Genome Stu-
dio. Probes with raw intensity values of less than 1 or detection P values of 
more than 0.05 across all samples were filtered out, followed by log2 trans-
formation of raw intensity values. LIMMA (Linear Models for Microarray 
Data; ref. 64) was used to derive a GP130 mouse gene signature, consisting 
of probes that represent differentially expressed genes between gp130WT 
normal stomach and gp130FF tumors (false discovery rate < 1 × 10–5). Using 
the table of mouse-human orthologous genes (ftp://ftp.informatics.jax.
org/pub/reports/index.html), the GP130 mouse gene signature was trans-
lated into orthologous human gene symbols that were then mapped to the 
corresponding Affymetrix HGU133Plus_2 probe sets (Supplemental Table 
1). The array data are available at the NCBI Gene Expression Omnibus 
repository (mouse gene expression profiles: GSE35808; human GC pro-
files: GSE15459 and GSE35809).

Protein extraction and immunoblot analysis. Protein lysates were prepared 
using the TissueLyser II (Qiagen) and RIPA lysis buffer (13) supplemented 
with protease and phosphatase inhibitor tablets (Roche). Lysates were sep-
arated by sodium dodecyl sulphate polyacrylamide gel electrophoresis (10) 
and transferred to nitrocellulose membranes by iBlot (Invitrogen). Proteins 
were visualized and quantified using the Odyssey Infrared Imaging System 
and quantification tools (LI-COR Biosciences) or the enhanced chemilu-
minescence detection system (ChemiDoc XRS+, Bio-Rad).

Histological and immunohistological analysis. General histology and 
immunohistochemical stainings were performed as described previously 
(10). In vivo proliferation was assessed by staining with anti-BrdU of tis-
sues collected 2 hours after i.p. injection of 50 mg/kg BrdU (Amersham 
Biosciences, GE Healthcare). Apoptosis (Cell Death Detection Kit, Roche) 
and tissue hypoxia (60 mg/kg, Hypoxyprobe-1 Kit, Chemicon) stainings 
were performed as per the manufacturers’ instructions.

Human tissues. Paraffin-embedded human GC biopsies were obtained 
from the Peter MacCallum Cancer Centre, with approval from the Research 
Ethics Review Committee and signed patient informed consent.

Cell cultures. Serum-starved cultures of 293T cells, grown and tran-
siently transfected using FuGENE 6 (Roche) as described previously (13), 
were stimulated with hyper–IL-6 (100 ng/ml) or Epo (50 U/ml, Eprex, 
Janssen-Cilag) and, where indicated, pretreated with the PI3K inhib-
itor LY294002 (25 μM, Cell Signaling Technology) 60 minutes prior to 
cytokine stimulation. PI3K activity assays (36) were carried out in 293T 
cells that were plated at 2.5 × 105 cells per well on fibronectin-coated glass 
coverslips and cultured until they reached 80% confluency.

Statistics. Unless otherwise stated, comparisons between mean values were 
performed by ANOVA or a 2-tailed Student’s t test as appropriate using 
Prism 5 software (GraphPad). A P value of less than 0.05 was considered 
statistically significant.

immunohistochemistry analysis demonstrates that the PI3K/
mTORC1 and STAT3 pathways are commonly coactivated in each 
of the GC subtypes assessed. However, the IGC subtype exhibited 
the most extensive activation of both pathways, and its gene expres-
sion profile was most similar to the PI3K activation gene signature. 
The efficacy of RAD001 in our murine IGC model therefore sug-
gests that patients with IGC may show the most profound response 
to PI3K/mTOR inhibitors. Nevertheless, the possibility that PI3K 
pathway activation is important for the genesis of other GC sub-
types cannot be excluded. To define the importance of PI3K/AKT/
mTORC1 activation across the spectrum of GC subtypes, the func-
tional and biochemical effects exerted by PI3K/mTOR inhibitors 
need to be compared across divergent preclinical GC models (e.g., 
intestinal and diffuse type). Compilation of a range of preclinical 
GC models in the one location would enable studies that assess 
subtype-specific inhibitor sensitivity and resistance. At this stage, 
however, these studies are limited due to the unavailability of a 
readily testable mouse model for diffuse-type GC.

STAT3 has long been recognized as a promising therapeutic 
target, but its function as a latent transcription factor and its 
close homology with other STAT family members has impeded 
the development of small molecular inhibitors for the clinic (62). 
Although targeting IL-6 has shown some promising results in a 
subset of patients with ovarian cancer (63), the extensive redun-
dancies among IL-6 family cytokines and their wide-spread 
production is likely to limit the efficacy of targeting one single 
cytokine. Here, we revealed that GP130-mediated activation of the 
PI3K/mTORC1 pathway is required for inflammation-associated 
tumor promotion. Specifically, we have demonstrated the efficacy 
of the clinically approved mTORC1 inhibitor RAD001 in 2 inflam-
mation-associated gastrointestinal tumor models. In both models, 
the efficacy of mTORC1 inhibition is comparable to genetic/phar-
macological impairment of the parallel GP130/STAT3 signaling 
axis (10, 29). The surprising mTORC1 dependency of gastrointes-
tinal tumors in mice suggests that clinically approved rapalogs, 
and/or inhibitors that target upstream kinases such as JAK and 
PI3K, may also effectively suppress inflammation-associated gas-
trointestinal tumor promotion in humans.

Methods
Mice, treatments, and reagents. Homozygous gp130Y757F/Y757F knockin mice 
(gp130FF mice) and their corresponding gp130FFStat3+/–, gp130FFStat1–/–, 
gp130FFIl6–/–, and gp130FFIl11ra–/– compound mutant derivatives (10, 12, 
13) as well as wild-type control mice were propagated on a mixed C57B6 
× 129/Sv background. Age- and gender-matched mice were housed under 
specific pathogen–free conditions.

RAD001 (everolimus, a gift from Novartis) was diluted to 2% (w/w) in 
a microemulsion, which also served as the placebo control. To yield final 
dosages (3 mg/kg, 10 mg/kg), microemulsions were diluted in water prior 
to oral gavage for 5 days per week for 6 consecutive weeks. Recombinant 
human IL-6, hyper–IL-6 (37), and IL-11 were gifts from S. Rose-John 
(Christian-Albrechts-Universität zu Kiel, Kiel, Germany) and L. Robb (Wal-
ter and Eliza Hall Institute, Melbourne, Australia), and the IL-11 antag-
onist was from CSL Limited. Mice were challenged with single i.p. injec-
tions of IL-6 or IL-11 (5 μg diluted in PBS), the pan-JAK inhibitor AG490  
(40 mg/kg, Sigma-Aldrich) or wortmannin (5 mg/kg, Sigma-Aldrich; both 
diluted in 45% DMSO/PBS), or were treated with the IL-11 antagonist  
(40 mg/kg) 3 times per week for 4 consecutive weeks.

CAC was induced and monitored by endoscopy as described previously 
(29, 30). Briefly, 6-week-old wild-type mice were injected once with 10 mg/kg 
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