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Loss of tumor suppressor adenomatous polyposis coli (APC)
activates p-catenin to initiate colorectal tumorigenesis. However,
p-catenin (CTNNB1T) activating mutations rarely occur in human
colorectal cancer (CRC). We found that APC loss also results in
up-regulation of IL-6 signal transducer (IL-65T/gp130), thereby
activating Src family kinases (SFKs), YAP, and STAT3, which are
simultaneously up-regulated in the majority of human CRC. Al-
though, initial YAP activation, which stimulates IL6ST gene tran-
scription, may be caused by reduced serine phosphorylation,
sustained YAP activation depends on tyrosine phosphorylation
by SFKs, whose inhibition, along with STAT3-activating JAK ki-
nases, causes regression of established colorectal tumors. These
results explain why APC loss is a more potent initiating event than
the mere activation of CTNNBI.
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Colorectal cancer (CRC) is the fourth leading cause of cancer-
related deaths in males and third in females (1). Although
early CRC (stages I and II) can be controlled by surgical re-
section accompanied by chemotherapy, advanced CRC (stages
IIT and IV) is associated with high mortality rates (2). In such
patients, targeted therapies, including EGF receptor and an-
giogenesis inhibitors, prolong survival only by several months (3).
Furthermore, only a small fraction of CRC patients, whose tu-
mors are mismatch repair-deficient, respond positively to im-
munotherapy (4). Undoubtedly, the future of CRC therapy
depends on identification of novel and ubiquitously acting on-
cogenic mediators whose targeting will cause tumor regression in
most patients.

CRC pathogenesis often follows a well-defined multistep
genetic pathway that leads to sequential activation of several
key signal transducers and transcription factors (5, 6). The most
frequent tumor-initiating event is inactivation of the adeno-
matous polyposis coli (APC) tumor suppressor, resulting in
stabilization and irreversible activation of p-catenin (CTNNBI)
(7). The much higher frequency of APC loss-of-function mu-
tations relative to CTNNBI gain-of-function mutations (8)
suggests that APC loss leads to activation of at least one more
oncogenic pathway that remains to be identified. Subsequent
mutations that disrupt the tumor suppressive p53 and TGF-p path-
way and activate Ras-MAP kinase (MAPK) and phosphoinositide
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3-kinase (PI3K) signaling mediate malignant progression (9). So far,
however, MAPK and PI3K inhibition had only a marginal impact
on survival in advanced CRC patients (10) and restoration of APC,
p53, and TGF-p tumor suppressor activity remains an elusive goal.

CRC pathogenesis is enhanced by inflammation (11). In the
case of inflammatory bowel diseases, which greatly increase CRC
risk, inflammation is caused by autoimmunity (12). However,
even sporadic CRC, initiated by APC loss, depends on “tumor-
elicited inflammation,” which originates from localized loss of the
intestinal epithelial barrier (13). Barrier disruption results in in-
vasion of early benign tumors (adenomas) by components of the
colonic microbiota, which activate IL-23-synthesizing myeloid cells
and expand tumor-resident IL-17-producing T lymphocytes (13).
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Fig. 1. Multiple gp130-responsive signaling pathways are activated in hu-
man and mouse colorectal cancer. (A) Paraffin-embedded sections of surgi-
cally removed human CRC (n = 17) and matched normal colon tissues (n = 7)
were stained with P-Src, YAP, P-STAT3, or HES1 antibodies. (B) Paraffin-
embedded colon sections from tumor-bearing CPC-APC mice (n = 3) and WT
controls (n = 3) were stained as above. (Scale bars, 100 pm.)

Subsequent activation of IL-17 receptor A (IL-17RA) stimulates
proliferation of early tumor progenitors and causes adenoma
growth (14). Consistent with these experimental findings, epide-
miological studies revealed that elevated IL-23 and IL-17 expres-
sion in low-grade human CRC predicts rapid progression to fatal
metastatic disease (15).

The normal function of the Wnt-p-catenin pathway is to
control the proliferation and differentiation of crypt-localized
gastrointestinal epithelial stem cells (16). By activating ERK and
NF-kB, engagement of IL-17RA augments epithelial prolifera-
tion and regeneration after injury (14). Other signaling pathways
responsible for epithelial survival and injury repair rely on the
key transcriptional regulators STAT3 and YAP (16, 17). Al-
though the role of STAT3 in regeneration and colorectal tu-
morigenesis is unequivocal (18, 19), it is still debated whether
YAP is a tumor suppressor (20) or an oncogenic driver (21). Here
we show that Src, YAP, STAT3, and Notch are coordinately
activated in mouse APC-deficient intestinal organoids and co-
lonic tumors and in 64% of human CRC specimens. These
pathways respond to the dramatic up-regulation of the IL-6
signal transducer (IL-6ST or gp130), a protein that serves as a
co-receptor for IL-6, IL-11, and related cytokines. Constitutive
gp130 activation in mouse intestinal epithelial cells (IEC) ac-
celerates colorectal tumorigenesis initiated by APC loss.
Conversely, inhibition of Src family kinases (SFKs) and JAK
tyrosine kinases that maintain YAP and STAT3 activation re-
sults in death of CRC progenitors and regression of established
tumors.

Results

Concomitant Src, YAP, Notch, and STAT3 Activation in Human CRC.
SFKs, YAP, Notch, and STAT3 are critical mediators of in-
flammation-driven mucosal regeneration and are activated in
inflammatory bowel diseases (16, 17), which increase CRC risk
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(12). To query their involvement in colorectal tumorigenesis, we
stained a collection of human CRC surgical specimens (n = 17)
with antibodies to phosphorylated Src and STAT3, YAP, and
HESI1, a Notch target. Strikingly, 59% of the tumors exhibited
concomitant activation and up-regulation of all four signaling
molecules relative to nontumor tissue (Fig. 14, Fig. S14, and
Table S1). Analysis of mouse colon tumors induced by APC loss
revealed an identical scenario: concomitant Src, STAT3, YAP,
and Notch activation in tumor specimens (Fig. 1B). We further
confirmed and extended the human data using another cohort of
human colon tissue microarrays (TMA). Approximately 67% of
these CRC specimens (n = 27) were positive for all four markers,
none of which were strongly expressed in normal tissue (Fig. S1
B and C and Table S2). Positivity of all four markers tended to be
higher at advanced disease stages (Fig. S1D).

APC Loss Results in Src, YAP, Notch, and STAT3 Activation. APC in-
activation is the most common initiating event in human CRC
development (22), which in addition to B-catenin stabilization
was found to activate YAP through an ill-defined mechanism
(23, 24). To examine whether APC loss is responsible for
STAT3, SFK, YAP, and Notch activation, we established WT
and Apc™~ mouse small intestinal (SI) organoids (enteroids) by
transducing Apc™ organoids with Adeno-Cre virus. APC-null
enteroids exhibited increased STAT3 and Src tyrosine (Y)
phosphorylation (Fig. 24). YAP expression and Y phosphory-
lation were also up-regulated, along with mRNAs encoding YAP
targets, connective tissue growth factor (Ctgf) and Cyr61, and the
Notch ligand Jag! (Fig. 2 A and B). Apc™"~ organoids exhibited
balloon-like morphology and up-regulation of mRNAs encoding
the stem cell markers Lgr5 and Bmil (Fig. S2 A and B). Treat-
ment with SFK inhibitors, PP2 and AZD0530, suppressed YAP
expression and Y phosphorylation in Apc™~enteroids, but had
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Fig. 2. APC ablation results in SFK-dependent YAP activation in intestinal
organoids. (A) WT and APC-null SI organoids were lysed and analyzed for
expression and phosphorylation of the indicated proteins by immunoblot-
ting (IB). (B) RNAs from WT and APC-null enteroids and indicated transcripts
were analyzed by quantitative RT-PCR (qRT-PCR). Results are means + SEM
(n = 3). *P < 0.05. (C) WT and APC-null enteroids were treated with
the indicated inhibitors (PP2, AZD0530, and DBZ at 10 pM, and AZD1480
and Ruxolitinib at 3 pM) or vehicle (DMSO) for 24 h. Total lysates were IB-
analyzed with the indicated antibodies.
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a minimal effect on p-catenin activation (Fig. 2C). The Src
inhibitor PP2 also inhibited YAP and Notch activation in human
CRC cell lines (Fig. S2C). The JAK1/2 inhibitors, AZD1480 and
Ruxolitinib, or the Notch/y-secretase inhibitor dibenzazepine
(DBZ), did not affect YAP or B-catenin activation (Fig. 2C).

APC Loss Induces gp130 and IL-11R Up-Regulation. To determine
how APC loss activates STAT3, SFKs, YAP, and Notch, we
examined the expression status of gpl30-related molecules
known to activate all of the aforementioned signaling pathways
(17). APC loss led to dramatic up-regulation of 1/6st (gp130) and
Ilr mRNAs and a more modest increase in I/7/r mRNA (Fig.
34). Substantial gp130 and IL-11R up-regulation was also ob-
served at the protein level, whereas IL-6R expression was only
modestly increased (Fig. 3B). Addition of exogenous IL-6, IL-11,
or soluble IL-6R (sIL 6R) plus IL-6 to Apc™~ enteroids led to a
further increase in STAT3 phosphorylation without affect-
ing gp130 expression (Fig. 3C). APC-deficient enteroids also
exhibited elevated /I6 and Lif mRNAs (Fig. S34) and IL-6
neutralization attenuated STAT3, Src, and YAP activation (Fig.
S3B). APC-deficient enteroids exhibited moderately elevated
expression of //17ra and I122ra mRNAs, but lower expression of

Il17rc mRNA (Fig. S3C). Time-course analysis using Apc™"

organoids that express 4-hydroxytamoxifen (4-OHT)-regulated Cre
recombinase revealed strong induction of Axin2, a direct p-catenin
target (7), peaking 2 d after 4-OHT addition (Fig. S3D). Il6st
(gp130) mRNA was also up-regulated, but its induction peaked
on day 4 and paralleled induction of the classic YAP targets
Ctgf and Cyr61 (Fig. S3D).

We also prepared WT and Apc™~ colon enteroids whose
morphological features paralleled those of small intestinal enteroids
(Fig. S44). Apc™~ colon enteroids showed YAP and STAT3 acti-
vation and up-regulation of mRNAs encoding CTGF, Cyr61, Jagl,
Hesl1, Lgr5, Bmil, gp130, IL-6R, and IL-11R (Fig. S4 B and C).
Human colon organoids rendered APC deficient also showed
YAP up-regulation (Fig. 3D and Fig. S4D). Of note, epithelial
gp130 expression was markedly increased in both human CRC
specimens and mouse colon tumors (Fig. 3 £ and F). Stromal
expression of gp130 remained low.

A Positive Autoregulatory Loop Controls gp130 and YAP Expression.
To determine the role of gp130 in activation of the 51gna11ng
pathways described above, we silenced its expression in Apc™/~
organoids with CRISPR/Cas9 technology. The gp130 deficiency
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Fig. 3. APC ablation up-regulates gp130, IL-6R, and IL-11R expression. (A) WT and APC-null Sl enteroids were analyzed for expression of the indicated mRNAs by
gRT-PCR. Results are means + SEM (n = 3). *P < 0.05. (B) WT and APC-null SI enteroids were lysed and IB-analyzed for the indicated proteins. (C) WT and Apc™~ Sl
enteroids were stimulated with IL-6 (100 ng/mL), IL-11 (100 ng/mL), or IL-6 (100 ng/mL) + sIL-6R (100 ng/mL) for 30 min, lysed, and IB-analyzed for protein ex-
pression and phosphorylation. (D) WT and APC-deficient human colon organoids were lysed and IB-analyzed for the indicated proteins. (E) Paraffin-embedded
sections of surgically removed human CRC (n = 17) and matched normal colon sections (n = 7) were stained with a gp130 antibody; 65% of the cancer samples (11
of 17) showed similar gp130 positivity to the three examples depicted here. (F) Paraffin-embedded colon sections from tumor-bearing CPC-APC mice were stained

with a gp130 antibody. (Scale bars, 100 pm.)
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Fig. 4. A YAP-IL-6ST autoregulatory loop. (A) Apc™~ and /l6st-ablated Apc™~
enteroids were lysed and analyzed for expression and phosphorylation of the
indicated proteins. (B) DLD-1 cells were analyzed by ChIP using TEAD4 (Left)
and TCF4 (Right) antibodies and control IgG for occupancy of the IL6ST regu-
latory region. The GAPDH, CCND1, and AXIN2 promoters served as negative
and positive controls. DLD-1 cells were stimulated with 10% (vol/vol) FBS be-
fore ChIP analysis. The precipitated DNA was quantitated by real-time PCR
with primers specific for the promoter regions or a control region (CR) of the
indicated genes. (Left) Data are means + SEM of three independent experi-
ments. P values were determined using one-way ANOVA test followed by
Tukey's multiple comparison test, *P < 0.05; ns, not significant (P > 0.05).
(Right) Data are means + SEM of duplicates from a representative experiment.
(C) WT and APC-null enteroids were lysed and analyzed for expression and
phosphorylation of the indicated proteins.

inhibited STAT3, SFKs and the activating Y phosphorylation of
YAP (Fig. 44), suggesting that gp130 acts upstream to STAT3,
SFKs, and YAP. Next, we examined the mechanisms responsible
for gp130 up-regulation in APC ablated organoids. Scanning of
the IL6ST gene regulatory region revealed putative binding sites
for transcription factor 4 (TCF4) and TEA domain transcription
factor 4 (TEAD4), which are binding partners for B-catenin and
YAP, respectively, and STAT3 (Fig. S54). To determine which
of these binding sites are occupied in human CRC, we performed
ChIP experiments on DLD-1 CRC cells. The only transcription
factor found to occupy the IL6ST regulatory region was TEAD4
(Fig. 4B). No significant binding of TCF4 or STAT3 was ob-
served, even after incubation of DLD-1 cells with IL-6 (Fig. 4B
and Fig. S5B). To validate the importance of these results, we
silenced expression of YAP and its paralog TAZ, whose ex-
pression is up-regulated in the absence of YAP (25), in different
human CRC cell lines. Down-regulation of YAP and TAZ
resulted in decreased IL6ST mRNA expression in these cells
(Fig. S5C).

Given these results, which implicate YAP in gp130 induction
and gp130 in YAP activation, we examined in closer detail whether
Hippo pathway activity, which negatively regulates YAP, is per-
turbed by APC ablation. Immunoblot analysis indicated that APC
ablation actually led to up-regulation of large tumor suppressor 1
(LATS1), a component of the mammalian Hippo pathway, which
was phosphorylated at T1079 (Fig. 4C). Paralleling the increase in
LATSI expression, APC ablation increased YAP phosphorylation
at the LATS phospho-acceptor sites S127 and S381, whose phos-
phorylation inhibits YAP nuclear translocation and promotes its
proteasomal degradation (Fig. 4C). These results further support
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the importance of SFK-mediated Y phosphorylation, which results
in YAP activation even in cells with intact Hippo signaling (17),
and show that Hippo pathway inactivation cannot fully account for
YAP up-regulation. However, we found that YAP was already
phosphorylated on the inhibitory serines in WT enteroids and that
the fold-increase in its S phosphorylation seemed lower than the
overall increase in its expression (Fig. 4C). To further examine this
point, we separated YAP phospho-isoforms on Phos-tag SDS/
PAGE gels, which revealed that the relative ratio of underphos-
phorylated YAP to total YAP in APC-deficient enteroids was
higher than in WT enteroids (Fig. S5D). These results are consistent
with the previous report that APC ablation results in decreased
LATS1 activity (23), and suggest that this may only give rise to
the initial surge in YAP activity that induces I/6st transcription.

gp130 Activation Accelerates CRC Development, Which Depends on
SFK and JAK Activities. Expression of constitutively active gp130
(gp130°") in IEC using the Villin promoter activates STAT3,
SFK, YAP, and Notch signaling (17). When mice expressing
gp1302<* in IEC reached 12-15 mo of age, 30% of them de-
veloped SI tumors (Fig. S64). However, introduction of the
Villin-gp130”*“' transgene into Apc*"#C mice, in which loss of
WT Apc initiates intestinal tumorigenesis (26), augmented and
accelerated formation of small intestinal and colonic adenomas
harboring activated p-catenin (Fig. 5 and Fig. S6 B-D).
Enhanced tumor development was dependent on YAP and
STATS3, as ablation of either molecule inhibited tumorigenesis in

A ApCH/BIEC ApCHBIEC;\/jl-gp130Act
Jejunum
B
B-catenin [
C * /AIEC
WT (Apc*/AIEC)
140  ,— " Tg
5 120 Tg x YAP KO
£ 100 Tg x STAT3 KO
2 80 f *
E 60 | —
S 40 T
|_
0 . - .

Jejunum lleum

Fig. 5. YAP or STAT3 ablation inhibits intestinal tumorigenesis. (A) Repre-
sentative images of Apc*/¢ and Apct'E<; Vil-gp130°<t Sls. (Scale bars, 10 mm.)
(B) p-Catenin staining of paraffin-embedded S| sections from Apc™*/¢ and
Apct S Vil.gp130°<t mice. (Scale bars, 100 um.) (C) Tumor numbers in the
jejunum and ileum of the indicated mouse strains (n = 5-8 per group). Results
are means + SEM; *P < 0.05.
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ApctECVil-gp1307 mice (Fig. 5C and Fig. S6F). To deter-
mine the effect of simultaneous SFK and JAK inhibition on CRC
development, we treated Apc™'~ enteroids and organoids estab-
lished from a spontaneous SI tumor in Vil-gpl30““ mice with
SFK and/or JAK inhibitors. Whereas SFK inhibition reduced
organoid size and survival, JAK1/2 inhibition had a rather mar-
ginal effect (Fig. 64 and Fig. S7). However, together the SFK and
JAK inhibitors led to extensive organoid death. To extend these
results to our in vivo colon tumor system, we treated 3.5-mo-old
tumor-bearing CPC-APC (Cdx2-Cre x Apc™’") mice with PP2 and/
or Ruxolitinib for 1.5 mo. Whereas each inhibitor alone led to
modest tumor regression, the two inhibitors together resulted in a
reduction in tumor load, although the difference between the
Ruxolitinib and Ruxolitinib + PP2 groups was not statistically
significant (Fig. 6B). No obvious damage to nontumor tissue was
observed.

Discussion

The results described above shed new light on the mechanism of
CRC initiation and identify novel and broadly important targets
for its treatment. CRC is rather unique in its almost exclusive
dependence on initiating APC loss-of-function mutations (7, 9).
Although APC inactivation results in p-catenin activation,
CTNNBI gain-of-function mutations, which occur in 40% of
hepatocellular carcinomas (27), are rare in CRC (8). Our results
demonstrate that APC loss, as opposed to CTNNBI activation,
provides additional selective advantages to CRC-initiating cells
because it makes them highly responsive to local inflammatory
signals provided by members of the IL-6 cytokine family. By up-
regulating gp130 expression, APC loss results in heightened
sensitivity to IL-6, IL-11, and sIL-6R, which act as tumor pro-
moters in mouse models (28, 29) and are up-regulated in human
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Fig. 6. Combined treatment with SFK and JAK inhibitors causes regression
of colorectal tumors. (A) Representative images of Apc™’~ enteroids treated
with the indicated inhibitors (PP2, a SFK inhibitor at 10 uM; and AZD1480, a
JAK inhibitor at 3 uM) for 3 d. Cell viability was measured using a CellTiter-
Glo assay. Results are means + SEM; *P < 0.05. (Scale bars, 100 pm.) (B) Tumor
number, size, and load in CPC-APC mice treated with the indicated kinase
inhibitors for 1.5 mo starting at 3.5 mo of age (n = 5-6 per group). Results
are means + SEM; *P < 0.05.
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CRC (18). Whereas IL-6 is induced upon activation of IL-17RA
signaling (14), IL-11 is provided by cancer-associated fibroblasts
(30). The discrepancy between high IL-6R mRNA and hardly
elevated cell surface protein expression might be a result of in-
creased IL-6R shedding. Indeed, the finding that IL-6 + sIL-6R
elicits a stronger response than IL-6 alone suggests more gpl30
on the cell surface than IL-6R.

In addition to activation of STATS3, a transcription factor that
is of great importance in CRC establishment (18, 29), IL-6, sIL-
6R, and IL-11 activate SFKs that support Hippo-independent
YAP activation and thereby induce Notch receptors and ligands
(17). Curiously, however, the initial signal that leads to YAP
activation in APC-deficient cells and consequent induction of IL-
6ST/gp130 expression seems to be loss of LATSI activity (23), a
serine/threonine kinase that promotes YAP nuclear exclusion
and degradation (31). Given the small decrease in LATS activity
(23), the majority of YAP activation in mouse colorectal tumors
and human CRC cell lines is propagated by SFK-mediated ty-
rosine phosphorylation, which induces YAP nuclear trans-
location, even in cells that harbor active LATS1. Treatment of
APC-deficient organoids or human CRC cells with SFK inhibi-
tors results in a marked decrease in YAP expression as well as
inhibition of Notch activation. Of note, an independent and
unbiased screen for compounds that inhibit YAP activation in
breast cancer has netted the clinically approved SFK and c-Abl
inhibitor, Dasatinib (32). Thus, the initial spike in YAP ac-
tivity, which was proposed to take place upon disruption of a
complex between APC and LATS1 (23), gives rise to much
greater Hippo-independent and SFK-dependent YAP activa-
tion through the induction of IL6ST gene transcription and up-
regulation of gp130 expression (Fig. S8). Up-regulation of gp130
connects YAP and its downstream targets to localized in-
flammatory signals that are provided by IL-6 family members.
Our findings re-enforce the important oncogenic function of
YAP (21) and explain the basis for its frequent activation in CRC
and possibly other epithelial tumors that are devoid of mutations
that disrupt Hippo signaling. Indeed, the SFK-YAP module also
functions in skin cancer (33). YAP up-regulation in epithelial
cancers is also known to account for acquired drug resistance
(21), but the underlying mechanisms were not reported. Our
results indicate that at least in CRC, the major mechanism re-
sponsible for sustained YAP activation is the YAP-IL-6ST-SFK
autoregulatory loop described above. Given the strong correla-
tion between YAP and SFK activation in 60-70% of human
CRC, this amplification loop, which links APC loss to YAP and
STAT3 activation, is of great clinical relevance. Indeed, a com-
bined treatment with SFK and JAK1/2 inhibitors that block YAP
and STAT3 activation, respectively, results in substantial re-
gression of colorectal tumors that were initiated by Apc ablation.
These findings strongly support the merit of testing such com-
pounds, several of which have been clinically approved, in ad-
vanced human CRC, which currently accounts for 700,000
yearly deaths worldwide (1).

Of further interest is the observation that two different cohorts
of CRC patients, one collected in China and the other in Austria,
who differ in their ethnicity and dietary habits, exhibit nearly
identical rates of SFK, STAT3, YAP, and Notch activation. These
findings suggest that none of these parameters are strongly influ-
enced by the gut microbiota. Indeed, APC ablation in vivo (i.e., in
the presence of microbiota) had the same effect on these signaling
pathways as its ablation in germ-free organoids.

Methods

Human Colon Samples. Human colorectal cancer tissues were collected
through a study that was approved by the Institutional Review Board of
Elitehealth Institute, Guangzhou, China. Written informed consent was
obtained from all study participants. Tissue samples were collected and
processed at the time of surgery, and were used for staining. Additional tissue
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specimens were obtained with informed consent from CRC patients at the
Medical University of Graz, with approval from the local ethics committee and
used to construct TMAs, as described in S/ Methods.

Mice. Villin-Cre mice were obtained from the Jackson Laboratory. Villin-
gp130°< transgenic (Tg), Stat3™", Yap, and Villin-Creff™? mice have been
described previously (17, 34-36). Apc™, Cdx2-Cre (CPC), and Cdx2-CrefR™
mice were described previously (26, 37). All mice were on the C57BL/6
background and were maintained in filter-topped cages on autoclaved food
and water at the University of California, San Diego (UCSD) according to
NIH guidelines. All experimental procedures were reviewed and approved
by the UCSD Institutional Animal Care and Use Committee and all experi-
ments were performed in accordance with UCSD and NIH guidelines and
regulations.

Detailed information about experimental procedures, human samples,
mice, reagents, and statistical analyses can be found in S/ Methods.
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