Related Commentary, page 1458 Re S e a I’C h a I’t | Cl e

IL-6R/STAT3/miR-34a feedback loop
promotes EMT-mediated colorectal
cancer invasion and metastasis
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Members of the miR-34 family are induced by the tumor suppressor p53 and are known to inhibit epithelial-
to-mesenchymal transition (EMT) and therefore presumably suppress the early phases of metastasis. Here, we
determined that exposure of human colorectal cancer (CRC) cells to the cytokine IL-6 activates the oncogenic
STATS3 transcription factor, which directly represses the MIR34A gene via a conserved STAT3-binding site in the
first intron. Repression of MIR34A was required for IL-6-induced EMT and invasion. Furthermore, we identi-
fied the IL-6 receptor (IL-6R), which mediates IL-6-dependent STAT3 activation, as a conserved, direct miR-34a
target. The resulting IL-6R/STAT3/miR-34a feedback loop was present in primary colorectal tumors as well
as CRC, breast, and prostate cancer cell lines and associated with a mesenchymal phenotype. An active IL-6R/
STAT3/miR-34aloop was necessary for EMT, invasion, and metastasis of CRC cell lines and was associated with
nodal and distant metastasis in CRC patient samples. p53 activation in CRC cells interfered with IL-6-induced
invasion and migration via miR-34a-dependent downregulation of IL6R expression. In Mir34a-deficient mice,
colitis-associated intestinal tumors displayed upregulation of p-STAT3, IL-6R, and SNAIL and progressed to
invasive carcinomas, which was not observed in WT animals. Collectively, our data indicate that p53-dependent

expression of miR-34a suppresses tumor progression by inhibiting a IL-6R/STAT3/miR-34a feedback loop.

Introduction

Cancer is one of the major health problems in the Western world,
with metastasis being the most critical concern, because it accounts
for over 90% of cancer mortality (1). Primary colorectal cancer
(CRC) originates from epithelial cells that line the gastrointes-
tinal tract (2). During progression to metastasis, cancer cells are
thought to acquire a mesenchymal phenotype, which allows them
to leave the site of the primary tumor, invade surrounding tissues,
and migrate to distant organs. After seeding, these cells switch
back to an epithelial phenotype and proliferate to form metasta-
ses (3). The processes by which cells switch between epithelial and
mesenchymal phenotypes are known as the epithelial-to-mesen-
chymal transition (EMT) and its counterpart, the mesenchymal-
to-epithelial transition (MET) (4).

Growing evidence suggests that inflammation promotes EMT
(5). Inflammation is a biological process that is initiated upon
injury to remove harmful stimuli and to initiate a healing process
(6). However, if inflammation is prolonged, it may be harmful to
the organism and promote permanent disease states, including
cancer. About 25% of cancers appear due to chronic infection or
other types of chronic inflammation (7). For example, inflam-
matory bowel disease or colitis are important risk factors for
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CRC (8). However, by now, it is accepted that basically all solid
tumors — even those arising in the absence of chronic inflamma-
tion — contain an inflammatory microenvironment (9). Recently,
inflammation caused by a barrier defect, which is characteristic
for the majority of sporadic CRCs, was shown to play a major role
in the initiation and progression of CRC (10, 11). An important
mediator of the tumor-promoting effects of inflammation is IL-6,
a proinflammatory cytokine that is produced by several types of
immune cells and carcinomas, especially in later states of tumori-
genesis (12). Elevated levels of IL-6 in serum have been associated
with advanced stages and increased size of tumors, metastasis, and
decreased survival of CRC patients (13), yet the molecular mecha-
nisms underlying these associations are not well understood.
Numerous studies have documented that miRNAs have impor-
tant regulatory functions in biological processes that represent
the hallmarks of cancer, such as proliferation, apoptosis, invasion,
and metastasis (14). Moreover, miRNAs belonging to the miR-200
and miR-34 families inhibit metastasis, presumably by reversing
EMT and promoting MET (15, 16). The miR-34 family members
display the most significant induction by p53 among all miRNAs
(17), and miR-34a and miR-34b/c are involved in the suppression
of EMT by directly inhibiting the expression of the EMT-inducing
transcription factor (EMT-TF) SNAIL (18, 19). miRNAs frequently
form feedback loops, since they are themselves regulated by tran-
scription factors, which they directly or indirectly target (20, 21).
Such self-stabilizing circuits can be central components of epigen-
etic switches, where cellular phenotypes and expression patterns
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convert from one stable epigenetic state to another without chang-
es in DNA sequence (22). Epigenetic switches require an initiating
event (i.e., inflammation), but the phenotypes of the new cell type
are inherited in the absence of the initiating signal and maintained
by self-sustained feedback loops (23). Recently, it has been shown
that inflammation-induced epigenetic switches promote cancer
initiation (24, 25).

In this study, we investigated whether inflammation-induced epi-
genetic switches also contribute to cancer progression. We uncov-
ered a feedback circuit that is established by IL-6/STAT3-mediated
repression of MIR34A and upregulation of IL-6R, which promotes
and maintains EMT, invasiveness, and metastasis in CRC.

Results
IL-6 induces EMT, invasiveness, and metastatic properties of CRC cells. To
determine whether IL-6 induces EMT in CRC cells, we treated the
human CRC cell line DLD-1, which exhibits an epithelial pheno-
type (see also ref. 26), with recombinant IL-6. As expected, STAT3,
an effector of IL-6 signaling, was phosphorylated and therefore
presumably activated after treatment of DLD-1 cells with IL-6
(Supplemental Figure 1A; supplemental material and uncut
Western blot membranes are available online with this article;
doi:10.1172/JCI73531DS1) in a bimodal kinetic, which is typical
for IL-6-mediated STAT3 activation (27). Treatment of DLD-1
cells with IL-6 resulted in EMT, as evidenced by induction of the
mesenchymal markers Vimentin (VIM), SNAIL, SLUG, and ZEBI
and repression of the epithelial marker E-cadherin (CDHI) (Fig-
ure 1A and Supplemental Figure 1, B and C). IL-6 treatment also
caused a rearrangement of F-actin stress fibers in the cytoplasm,
another feature of EMT (28) (Supplemental Figure 1C). During
cancer progression, EMT may contribute to increased invasiveness
of cancer cells (29). Indeed, treatment of DLD-1 cells with IL-6
resulted in increased invasiveness, which was prevented by RNA
interference-mediated downregulation of STAT3 or IL-6 receptor
(IL-6R) expression (Figure 1B and Supplemental Figure 1D). Ex
vivo treatment with IL-6 also promoted lung metastasis formation
of DLD-1 cells injected into the tail veins of NOD/SCID mice, as
determined by longitudinal in vivo imaging of DLD-1 cells sta-
bly expressing a luciferase marker gene over a period of 10 weeks
(Figure 1C). After 10 weeks, mice were sacrificed and lung metas-
tases were confirmed using H&E staining (Supplemental Figure
1E). Moreover, lungs of mice injected with IL-6-treated DLD-1
cells showed an increased number of metastatic tumor nodules
(Supplemental Figure 1F). In summary, these results show that
DLD-1 cells undergo EMT in response to IL-6 exposure, which is
accompanied by an increase in metastatic capacity.

IL-6—induced EMT and invasion of CRC cells are mediated by direct
repression of miR-34a by STAT3. We have previously shown that
repression of the microRNA MIR34A by the EMT-TF SNAIL
critically contributes to EMT and associated traits in CRC cells
(18). In order to determine whether IL-6-induced EMT involves
repression of MIR34A as well, we analyzed miR-34a expression in
DLD-1 cells after IL-6 treatment. Indeed, the expression of pri-
mary and mature miR-34a decreased after exposure to IL-6 in a
time-dependent manner (Figure 1D). miR-34a was also repressed
after exposure of HT-29 CRC and MCF7 breast cancer cells to
IL-6 (Figure 1E). Therefore, this effect is not restricted to DLD-1
cells, but is presumably a general response of epithelial cells. The
levels of miR-34b and miR-34c expression decreased after IL-6
treatment as well, although not in a statistically significant man-
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ner (Supplemental Figure 2A). Inspection of the MIR34A genom-
ic region revealed a phylogenetically conserved STAT3-binding
site located in the first intron in close proximity to the first exon
(Figure 1F), whereas the MIR34B/C promoter region was devoid
of STAT3-binding motifs (data not shown). After treatment of
DLD-1 cells with IL-6 for 20 minutes, the STAT3 occupancy at
the MIR34A promoter significantly increased, as shown by ChIP
(Figure 1G). Moreover, siRNA-mediated downregulation of
STATS3 prevented the repression of MIR34A after IL-6 treatment,
demonstrating that STAT3 mediates the repression of MIR34A
observed after IL-6 exposure (Figure 1H). Ectopic expression
of miR-34a from an episomal, DOX-inducible vector prevented
IL-6-induced EMT of DLD-1 cells as indicated by the absence
of characteristic differential expression of the EMT markers
CDH1, VIM, SNAIL, SLUG, and ZEBI (Figure 11 and Supplemen-
tal Figure 2B). Furthermore, ectopic miR-34a also blocked IL-6-
induced invasion of DLD-1 cells (Figure 1J). Interestingly, in cells
explanted from lung metastases that formed from IL-6-treated
DLD-1 cells, the expression of miR-34a was similar to thatin the
parental DLD-1 cells and therefore higher than in IL-6-treated
cells at the time point of tail-vein injection (Supplemental Figure
2C). Likewise, the expression of EMT markers in cells explanted
from metastases was comparable to the parental DLD-1 cells
(Supplemental Figure 2C), suggesting that cells had undergone
MET during the outgrowth of lung metastases in mice. In sum-
mary, downregulation of MIR34A by STAT3 is required for IL-6-
induced EMT and invasion.

We have previously shown that SNAIL and miR-34a repress
each other in a double-negative feedback loop (18). To investi-
gate a potential synergistic cooperation between the STAT3 and
SNAIL with respect to the regulation of miR-34a expression, we
downregulated SNAIL expression with siRNAs in DLD-1 cells
and subsequently treated them with IL-6 (Supplemental Figure
2D). Suppression of SNAIL only resulted in a slight, nonsignifi-
cant reduction of IL-6-mediated miR-34a repression (Supple-
mental Figure 2, E and H), suggesting that direct repression of
miR-34a by STAT3 prevails and cannot be overcome by silencing
of SNAIL. However, SNAIL repression counteracted the IL-6-
mediated repression of CDHI (Supplemental Figure 2, F and
H) and markedly reduced the IL-6-mediated induction of VIM
(Supplemental Figure 2, G and H), suggesting that SNAIL is an
important downstream effector of IL-6/STAT3/miR-34a signal-
ing with respect to EMT.

IL6R is a direct target of miR-34. Since miRNAs are often compo-
nents of feedback loops, we hypothesized that miR-34a itself may
target components of the JAK/STAT pathway. Indeed, by using
the miRNA target prediction software Target Scan, we identified
the STAT3, JAK2, and IL6R mRNAs as putative miR-34a targets
(data not shown). To validate them as miR-34a targets, we uti-
lized SW480 CRC cells, which express low levels of endogenous
miR-34a, and stably transfected them with an episomal plasmid
allowing DOX-inducible miR-34a expression. Ectopic expression
of miR-34a in SW480 cells for 48 hours resulted in the repression
of IL6R, but not JAK2 or STAT3 mRNA (Figure 2A). Moreover, ecto-
pic miR-34a repressed IL6R mRNA and protein in a time-depen-
dent manner (Figure 2, B and C). Besides the membrane-bound
IL-6R (m-IL-6R) we also observed a signal at 50 kDa, which cor-
responds to the soluble IL-6R (s-IL-6R) (30). Densitometric quan-
tification of IL-6R signals with normalization to f-actin showed
a statistically significant decrease of both m-IL-6R and s-IL-6R
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Figure 1

IL-6 induces EMT and invasion of CRC cells through direct repression of MIR34A by STAT3. (A) gPCR analysis of indicated mRNAs in DLD-1
cells treated with IL-6 for 5 days. (B) Relative invasion of DLD-1 cells transfected with indicated siRNAs for 24 hours, followed by IL-6 treatment for
72 hours. (C) Formation of lung metastases by tail-vein injection of control and IL-6—-treated (5 days) DLD-1-Luc2 cells in immunocompromised
mice. Representative images of luciferase signals (upper panel). Normalized photon flux (lower panel). (D) gPCR analysis of primary (pri-miR-
34a) and mature (miR-34a) miR-34a expression in DLD-1 cells treated with IL-6. (E) Expression of mature miR-34a in HT-29 CRC and MCF7
BC cells after treatment with IL-6 for 72 hours. (F) Map of the human MIR34A genomic region with the indicated phylogenetically conserved
STAT3-binding site. (G) ChIP analysis of STAT3 occupancy at the human M/R34A and, as a control, the acetylcholine receptor (ACHR) locus in
DLD-1 cells treated with vehicle or IL-6. (H) gPCR analysis of primary miR-34a in DLD-1 cells transfected with control or STAT3 siRNAs for 24
hours and subsequently treated with IL-6 for 72 hours. (I) gPCR analysis of indicated mRNAs in indicated cells, treated with IL-6 and DOX for 5
days. (J) Relative invasion of indicated cells treated with DOX for 24 hours and subsequently with IL-6 for 72 hours. Mean values + SD (n = 3)
are provided. *P < 0.05; **P < 0.01.
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Figure 2

The IL6R mRNA is a direct target of miR-34. (A) gPCR analysis of the in

dicated mRNAs 48 hours after addition of DOX. (B) gPCR analysis of

IL6R mRNA expression after addition of DOX for indicated periods. (C) Western blot analysis of the indicated proteins after addition of DOX for
indicated periods. (D) gPCR analysis of IL6R mRNA expression in DLD-1/pRTR-miR-34a cells after IL-6 and DOX treatment for 5 days. (E)
Schematic representation of the IL6R 3' UTR indicating the miR-34 seed-matching sequences, their phylogenetic conservation (upper part), and
mutagenesis (lower part). (F and G) Dual reporter assay after transfection of H1299 cells with the indicated miRNA oligonucleotides with either
(F) human or (G) murine IL6R 3’ UTR reporter constructs. (H) Schematic representation of the proposed IL-6R/STAT3/miR-34a feedback loop.
Mean values + SD (n = 3) are provided. *P < 0.05; **P < 0.01; ***P < 0.001.

after DOX treatment (Supplemental Figure 3A). Notably, the
amount of phosphorylated STAT3 (p-STAT3) was also diminished
by ectopic miR-34a expression (Figure 2C). In DLD-1 cells, IL6R
expression increased after IL-6 treatment. However, this induction
was prevented by ectopic miR-34a expression, demonstrating that
it requires and is presumably mediated by repression of MIR34A
(Figure 2D). In line with these results, we identified 2 phylogeneti-
cally conserved miR-34a seed-matching sequences in human IL6R
1856
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3" UTR (Figure 2E). The murine IL6R 3' UTR contains an addition-
al miR-34a seed-matching sequence (Supplemental Figure 3B).
Ectopic miR-34a and miR-34c repressed the activity of human and
mouse IL6R 3' UTR reporter constructs in dual luciferase reporter
assays (Figure 2, F and G). Mutation in either miR-34a-binding
site partially abrogated this repression and mutations in both sites
completely abrogated it (Figure 2F). Taken together, we showed
that the IL6R mRNA is directly regulated by miR-34 via conserved
Volume 124~ Number 4
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seed-matching sequences. These results suggest the existence of
a feedback loop that is activated by IL-6-mediated repression of
MIR34A and subsequent activation of IL-6R and STAT3, which
maintains the repression of MIR34A (Figure 2H).

The IL-6R/STAT3/miR-34a loop is manifest in carcinoma lines with
mesenchymal characteristics. To further examine whether activa-
tion of the IL-6R/STAT3/miR-34a feedback loop is a general
feature of cancer cells exhibiting a mesenchymal phenotype, we
compared established CRC and breast and prostate cancer cell
lines known to display either epithelial or mesenchymal traits
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siRNA: Cont STAT3 IL-6R **P < 0.01; ***P < 0.001.

(Figure 3A). We verified the reported epithelial or mesenchymal
phenotype by detection of E-cadherin and Vimentin expres-
sion. Interestingly, the mesenchymal-like CRC lines SW480 and
SW620 showed a more pronounced expression of m-IL-6R and
s-IL-6R when compared with 5 CRC lines with epithelial traits.
Also the breast and prostate cancer cell lines with mesenchymal
traits expressed more IL-6R than the respective epithelial-like
lines, but the increase was restricted to s-IL-6R. Furthermore,
the mesenchymal lines displayed STAT3 phosphorylation,
which was not detectable in the epithelial lines. Moreover, the
Volume 124 1857
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Figure 4

p53 disrupts the IL-6R/STAT3/miR-34a feedback loop by inducing miR-34a. (A) gPCR analysis of IL6R expression after addition of DOX for
indicated periods. (B) gPCR analysis of primary miR-34a expression after addition of DOX for indicated periods. (C) Invasion assay in a modified
Boyden chamber. DLD-1/tTA-p53 cells were depleted of DOX for 24 hours to induce ectopic p53, subsequently treated with IL-6 for 72 hours,
and then allowed to migrate through Matrigel-coated filter for 48 hours. (D) Wound healing assay: DLD-1/tTA-p53 cells were depleted of DOX for
24 hours and subsequently treated with IL-6 for 72 hours before a scratch in the monolayer of cells was generated. Representative photographs
of the initial wound area and the same area 25 hours later are provided in left panel. Twenty-five hours after a scratch was generated, the width
of 5 scratches in 2 independent wells was analyzed for each state. Results represent the average (%) of wound closure (right panel). Scale bar:
200 um. (E) Western blot analysis of the indicated proteins in HCT116 TP53++ and HCT116 TP53-- cells after addition of etoposide (20 uM) for
indicated time periods. (F) Western blot analysis of HCT116 cells transfected with control or miR-34a—specific antagomirs for 24 hours, followed
by addition of etoposide (20 uM) for 48 hours. Mean values + SD (n = 3) are provided. *P < 0.05; **P < 0.01; ***P < 0.001.

expression of mir-34a was markedly decreased in cell lines with
mesenchymal traits when compared with those with epithelial
features. In SW480 cells, which display high levels of p-STAT3
and IL-6R, downregulation of either STAT3 or IL-6R by siRNAs
resulted in a decrease of p-STAT3, STAT3, and IL-6R levels,
1858
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induction of mir-34a expression, and downregulation of the
miR-34a target SNAIL as well as other mesenchymal marker
proteins, such as Vimentin and ZEB1 (Figure 3B). Likewise,
ectopic miR-34a expression (Figure 3C) decreased the inva-
sion of SW480 cells (Figure 3D) and resulted in a decrease of
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p-STAT3, IL-6R, ZEB1, SNAIL, and VIM expression (Figure 3E).
Therefore, an active IL-6R/STAT3/miR-34a feedback loop is not
only characteristic but also required for the maintenance of the
mesenchymal phenotype in CRC lines.

Role of the IL-6R/STAT3/miR-34a feedback loop in invasion and metas-
tasis. Previously, we have shown that ectopic expression of miR-
34a in SW480 cells leads to MET accompanied by decreased inva-
sion (18). Here, knockdown of STAT3 or IL-6R also resulted in
decreased invasion of SW620-luc2 and SW480 cells, which was
prevented by antagomir-mediated inactivation of miR-34a, indi-
cating that repression of MIR34A by STATS3 is required for cellu-
lar invasiveness (Figure 3, F and G, and Supplemental Figure 4A).
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Since SW620 cells express some miR-34a, the antagomir-mediated
repression of miR-34a in SW620 cells resulted in increased inva-
sion, presumably since these cells still express a minor amount
of miR-34a (Figure 3, A and F). However, expression of miR-34a
in SW480 cells is very low or absent (Figure 3A), explaining why
miR-34a antagomirs did not affect invasion in these cells (Supple-
mental Figure 4A). Finally, downregulation of STAT3 or IL-6R by
siRNAs in SW620-luc2 cells suppressed metastasis formation in
NOD/SCID mice after tail-vein injection (Figure 3H and Supple-
mental Figure 4B) and reduced the number of metastatic tumor
nodules in the lungs of mice 9 weeks after tail-vein injection (Fig-
ure 3] and Supplemental Figure 4, C and D). Taken together,
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ttest. *P < 0.05; **P < 0.01; ***P < 0.001.

these results imply that the IL-6R/STAT3/miR-34a feedback loop
is necessary for invasion and metastasis formation of CRC cells,
which had undergone an EMT. Since p53 is mutated in DLD-1,
SW480, and SW620 cells, the regulation and biological effects of
the IL-6R/STAT3/miR-34a loop in these cells are presumably not
mediated by p53.

pS3 disrupts the IL-6R/STAT3/miR-34a feedback loop by induc-
ing miR-34a. pS3 activation has been shown to induce MET via
directly inducing the members of the miR-200 and miR-34 fami-
lies (summarized in ref. 16). Therefore, we hypothesized that the
downregulation of IL6R expression by miR-34a may contribute
to MET mediated by p53. Indeed, ectopic expression of p53 in
SW480 cells resulted in a pronounced repression of IL6R mRNA,
which was accompanied by induction of miR34a expression (Fig-
ure 4, A and B, and Supplemental Figure SA). Ectopic expression
of p53 in DLD-1 cells prevented invasion induced by treatment
with IL-6 (Figure 4C and Supplemental Figure 5B). Moreover,
ectopic expression of p53 also prevented IL-6-induced migra-
tion (Figure 4D). Furthermore, treatment with the DNA-dam-
aging agent etoposide resulted in the downregulation of IL-6R
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values + SEM are provided. Significance was calculated using Student’s

expression and decreased STAT3 phosphorylation in HCT116
TP53*%*, but not in isogenic HCT116 TP537/~ cells (Figure 4E),
indicating that this effect was p53 dependent. We also observed
a minor downregulation of STAT3 expression in TP53"/* cells.
A similar observation was reported previously (31). When miR-
34a was specifically inhibited by an antagomir, the repression of
IL-6R and STAT3 as well as the p53-mediated decrease in STAT3
phosphorylation was prevented (Figure 4F and Supplemental
Figure 5C), demonstrating that miR-34a mediates these effects
of p53. The previously reported miR-34a-mediated downregula-
tion of SNAIL after p53 activation (18) served as a control. Final-
ly, treatment of the p53 WT cell line LoVo with IL-6 resulted in
reduction of miR-34a expression; however, additional activation
of p53 with etoposide counteracted this effect (Supplemental
Figure 5D). The expression of the STAT3 target gene BLC3
increased after IL-6 treatment, which shows that LoVo cells are
responsive to IL-6 (Supplemental Figure 5D). Taken together,
activation of p53 disrupts the IL-6R/STAT3/miR-34a feedback
loop via the induction of miR-34a, which may thereby critically
contribute to tumor suppression by pS3.
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The IL-6R/STAT3/miR-34a feedback loop is characteristic for primary
CRC tumors with mesenchymal features. To test whether the regu-
lations described above for CRC cell lines are also clinically rel-
evant, we examined primary CRC specimens derived from 48 CRC
patients. Indeed, we could detect a negative correlation between
p-STAT3 levels and the expression of miR-34a (Figure 5A) and
a positive association of p-STAT3 and IL6R expression (Figure
5B). Moreover, expression of miR-34a negatively correlated with
IL6R (Figure 5C), whereas expression of IL6R positively correlated
with EMT-associated mesenchymal makers SNAIL, SLUG, VIM,
ZEB1, and ZEB2 (Figure 5, D-H). Likewise, the expression of IL6
negatively correlated with miR-34a (Figure SI) and positively with
mesenchymal markers VIM, ZEB1, SNAIL, and ZEB2 (Figure S, J-L
and Supplemental Figure 6). We also observed a significant nega-
tive correlation between SLUG and miR-34a and a negative correla-
tion of SNAIL and miR-34a, which was, however, not statistically
significant (Supplemental Figure 6, A and B).

Additionally, we analyzed data from 425 patients with colorec-
tal adenocarcinoma deposited in the Cancer Genome Atlas
(TCGA) database (Cancer Genome Atlas Network; ref. 32). Pri-
mary CRCs of patients with nodal status pN2 displayed sig-
nificantly elevated expression of IL6R, SNAIL, VIM, ZEB1, ZEB2,
and SLUG and decreased levels of miR-34a when compared with
patients with nodal status pNO (Figure 6A). Moreover, primary
tumors, which displayed distant metastases (M1), showed a sig-
nificant association with increased expression of IL6R, IL6, and
SNAIL (Figure 6B). Furthermore, primary M1 tumors displayed
decreased levels of miR-34a expression (Figure 6B). However, this
difference rather represented a trend, since it was not statisti-
cally significant. In summary, these results show that the IL-6R/
STAT3/miR-34aloop is also active in primary human colon can-
cers and contributes to a mesenchymal phenotype of tumor cells,
which promotes invasion and metastasis.

Deletion of Mir34a facilitates tumor invasion in a mouse model of coli-
tis-associated cancer. In order to analyze the relevance of an IL-6R/
STAT3/miR-34a feedback loop in an autochthonous colorectal
tumor model we employed the well-established azoxymethane/
dextran sodium sulfate (AOM/DSS) model (33), which closely
recapitulates human colitis-associated cancer (CAC). AOM
exposure results in mutations in the p-catenin/Ctnnb that initi-
ate colorectal carcinogenesis (34). Repeated DSS administration
causes chronic inflammation, which greatly enhances the inci-
dence of AOM-induced tumors (35). Since sporadic intestinal
tumors are also characterized by an inflammatory microenviron-
ment (9), this mouse model also recapitulates many aspects of
sporadic intestinal cancers. Since miR-34a was expressed at more
than approximately 1000-fold higher levels than miR-34b and
miR-34c in intestinal epithelia and approximately 180-fold high-
er in intestinal tumors (data not shown), we focused on the role
of miR-34a in CAC. Compared with that in WT mice, expression
of miR-34a was markedly elevated in colon tissue of mice with
intestinal cell-specific STAT3 deletion (Stat32%C) (Figure 7A).
DSS treatment of Mir34a¥F mice for 5 days resulted in decreased
expression of miR-34a in colon epithelial cells accompanied by
an induction of IL6 expression in colon tissue (Figure 7, B and C).
In line with the results described above, Mir34a is therefore also
repressed in vivo by inflammatory signaling known to involve
STAT3 activation (36). Next, we focused on the role of miR-34a
in AOM/DSS-induced carcinogenesis using Mir34a-deficient
mice we had recently generated (Figure 7, D-F, and Supplemen-
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tal Figure 7). So far, Mir34a~/~ mice did not display an obvious
phenotype nor an increase in spontaneous tumor formation and
showed normal Mendelian inheritance (data not shown). How-
ever, upon AOM/DSS challenge, the incidence and size of tumors
were significantly enhanced in Mir34a~/~ mice (Figure 7, G and H).
Furthermore, Mir34a-deficient tumors revealed increased cell
proliferation and decreased apoptosis when compared with
Mir34a-proficient tumors (Figure 7, I and J). Importantly,
approximately 70% of Mir34a~/~ mice displayed invasive tumors
that penetrated through the muscularis mucosa, whereas none
of the tumors from Mir34a’F mice showed invasion (Figure 7,
K and L). Loss of p53 has been suggested to be essential for
colonic tumor invasion (37) and was recently linked to activation
of NF-kB and Stat3 (38), which also comprise important signal-
ing nodes in CAC (39, 40). However, sequencing the entire p53
coding region of tumor cells from 6 Mir344"F and 10 Mir34a~-
mice did not reveal any mutations in either genotype. Therefore,
the deletion of miR-34a presumably substituted for the inactiva-
tion of p53 as a requirement for invasiveness.

Similarly to human IL6R, the murine Il6r 3" UTR was also
repressed by miR-34 through conserved mir-34 seed-matching
sequences (Figure 2, F and G). Moreover, in the murine rectal
cancer cell line CMT93, which expresses constitutively active
p-STAT3, siRNA-mediated downregulation of STAT3 resulted
in increased miR-34a expression (Figure 8A). Furthermore,
immunohistochemical analyses showed increased phosphor-
ylation of STAT3 and elevated expression of IL-6R in tumor
cells of Mir34a~~ mice compared with Mir344”F mice (Figure 8,
B and C). Also, the levels of the EMT inducer and miR-34 tar-
get SNAIL were markedly elevated in Mir34a~/~ mice, suggest-
ing that tumor cells in these mice underwent EMT (Figure 8,
B and C). Finally, Mir34a~/~ tumors displayed increased STAT3
phosphorylation and expressed higher levels of IL-6R, SNAIL,
and ZEB1 protein and RNA when compared with Mir34a/F
tumors (Figure 8, D and E). Taken together, miR-34a loss acti-
vates IL-6R/STAT3 signaling in colitis-associated tumors and
allows invasion. In combination with the functional analysis of
human CRC cells described above, the activation of the IL-6R/
STAT3/miR-34a circuitry promotes EMT and invasion and may
ultimately lead to metastases.

Discussion
Here, we identified an IL-6-triggered feedback loop that
involves STAT3-mediated repression of MIR34A and controls
EMT and colonic tumor progression. This study also provides
what we believe is the first in vivo proof for a tumor-suppres-
sive function of Mir34a in a genetic mouse model. Our analy-
sis revealed the presence of the IL-6R/STAT3/miR-34a loop in
all analyzed carcinoma cells with mesenchymal and therefore
metastatic traits, implying that it may represent a new unify-
ing mechanism of carcinogenesis. Nonetheless, tissue and cell-
type-specific differences in the activation of the IL-6R/STAT3/
miR-34aloop may exist, since STAT3 activation can be achieved
via multiple other signaling pathways, such as receptor-tyrosine
kinases, deregulated in cancer (41). Recent observations sug-
gest that during metastasis, tumor cells acquire a mesenchymal
phenotype, which allows them to leave the site of the prima-
ry tumor, invade surrounding tissues, and migrate to distant
organs, whereas after seeding, these cells switch back to an epi-
thelial phenotype to efficiently proliferate and form metasta-
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ses (3, 42). The activation of the IL-6R/STAT3/miR-34a loop
by IL-6 induces EMT and might shift the cellular phenotype
toward a mesenchymal state that is advantageous for invasion,
intravasation, and extravasation steps of the metastatic cas-
cade. On the contrary, interference with the loop by p53 activa-
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tion induces MET and might allow cells to switch back to an
epithelial state, which allows colonization and outgrowth of
metastases (Figure 8F). The reversible character of the IL-6R/
STAT3/miR-34a loop promises to allow multiple therapeutic
interventions aimed at blocking its prometastatic activity.
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The AOM/DSS model recapitulates colitis-associated carcino-
genesis, which was shown to require IL-6, STAT3, and the IL-6R
dimerizing partner gp130 (39, 40), yet did not result in invasive
tumors. Although in control Mir34a"F mice, DSS-induced colitis
led to a marked suppression of miR-34a, this was not sufficient
to drive tumor invasion. Supposedly, p53 activation, which is
observed after DSS treatment (43), can counteract this repression
by keeping Mir34a expression above a certain threshold. Indeed,
miR-34a expression was decreased in invasive tumors of AOM-
challenged Tp534/F¢ mice (S. Schwitalla and F.R. Greten, unpub-
lished observations) in a model of sporadic CRC (10). Further-
more, these data suggest that the IL-6R/STAT3/miR-34a loop
is also of relevance for CRC, which is further supported by our
analysis of sporadic CRC patients and its requirement for the
maintenance of the mesenchymal phenotype of invasive CRC cell
lines. Moreover, because inactivation of MIR34A by CpG island
methylation, deletion, or downregulation is commonly found
in various human cancers (16), the IL-6R/STAT3/miR-34a loop
might be involved not only in the progression of CRC, but also
in other cancer types. Accordingly, we also detected activation of
this loop in established breast and prostate cancer cell lines with
mesenchymal traits.

While we show that IL-6 activates the IL-6R/STAT3/miR-34a
loop, this circuit most likely can also be triggered by other extrinsic
signaling from the tumor microenvironment or cancer cell intrin-
sic signaling (such as oncogene activation and tumor suppressor
inactivation) that activates IL-6R or STAT3, or suppresses miR-
34a. Besides p53, miR-34a can also be directly induced by ELK-1
and repressed by HSF-1 (44, 45) and, as shown here, by STAT3.
Once activated, the circuit can be permanently active through its
positive feed-forward nature. While the constitutive activation of
the components in the circuit is interdependent, each component
regulates its own set of downstream genes that together drive
cancer progression. Several known targets of the components of
the IL-6R/STAT3/miR-34a loop might be important for cancer
progression, e.g., STAT3 can directly induce the EMT activator
ZEB1 (46). Furthermore, we and others have recently shown that
SNAIL, another well-established inducer of EMT, is a direct tar-
get of miR-34a (18, 19). Here, SNAIL was induced after IL-6 treat-
ment, repressed after STAT3 or IL-6R knockdown, and expressed
at elevated levels in tumors of MiR34a7/~ mice. Others showed that
SNAIL induces IL-6, thereby providing additional feedback that
may reinforce the loop (47). Collectively, these results suggest that
SNAIL is an important effector of the IL-6R/STAT3/miR-34a loop.
This is supported by the notion that IL-6 also promotes head and
neck tumor metastasis and EMT via a STAT3/SNAIL signaling
pathway (48). Furthermore, IL-6 promotes growth and invasion
of breast cancer cells through STAT3-dependent upregulation of
NOTCH signaling (49). Interestingly, NOTCH 1 represents a miR-
34a target (50). Among other direct miR-34a targets that induce
cancer cell invasion are c-KIT (51), AXL (52), and c-MET (53). We
recently showed that the zinc finger 281 protein (ZNF281) is also
an important miR-34 target with respect to EMT (54). We demon-
strated that the expression of ZNF281 is controlled by miR-34 and
SNAIL in a coherent feed-forward loop, where SNAIL and ZNF281
induce each other, whereas miR-34 can directly repress both of
them. Accordingly, ectopic ZNF281 induces EMT by directly acti-
vating SNAIL and mediates increased migration and invasion.
Therefore, miR-34a might have tissue-specific effectors that func-
tion via an activated IL-6R/STAT3/miR-34a loop.
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For activation of STAT3, the IL-6R requires the ligand IL-6,
which allows binding to gp130. In vivo, IL-6 can be generated
by tumor cells or by tumor stromal cells, such as macrophages
or fibroblasts (12). The RNA used for the expression analysis
of human CRC samples was isolated from nonmicrodissected
tumors. Therefore, several stromal cells could have contributed to
IL-6 expression. However, the CRC cell lines with a mesenchymal
phenotype, which consist only of tumor cells, showed elevated
expression of the s-IL-6R, which is involved in IL-6 transsignal-
ing (55) and is also under control of miR-34a. In the AOM/DSS
CAC mouse model, expression of the m-IL-6R decreases, but s-
IL-6R expression increases during tumor development (30, 56).
In Mir34a-deficient mice, the levels of the s-IL-6R were further
increased, suggesting that inhibition of s-IL-6R by miR-34a sup-
presses tumor progression. The analysis of human CRC samples
suggests that the IL-6R/STAT3/miR-34a loop is also manifest in
primary human colorectal tumors with mesenchymal character-
istics and might represent a useful prognostic marker for cancer
progression. In line with these findings, we recently showed that
the loss of miR-34a expression by epigenetic silencing in primary
tumors is associated with increased lymph node infiltration and
metastasis in colon cancer patients (57). Besides STAT3 and IL-6R,
which are already established targets for cancer treatment, our
results suggest that restoring miR-34a function using mimetics
may have therapeutic potential for the treatment of invasive CRCs.
Furthermore, recombinant, soluble gp130, which selectively inhib-
its the s-IL-6R (58), may be especially suitable for the treatment
of invasive CRC displaying MIR34A inactivation and therefore
upregulation of IL-6R expression.

Methods
Cell lines/culture and reagents. CRC (SW480, SW620, Caco-2), breast cancer
(MCF7, MDA-MB-231), and prostate cancer (LNCaP, PC-3) cell lines were
maintained in DMEM (Invitrogen) containing 10% FBS (Invitrogen). The
CRC cell lines HCT-15, HT29,LS174T,HCT116,and DLD-1 and its deriva-
tives were maintained in McCoy’s SA Medium (Invitrogen) containing 10%
FBS. The HCT116 TP537~ and DLD-1/tTA-p53 cells were a gift from Bert
Vogelstein (Johns Hopkins Medical School, Baltimore, Maryland, USA).
All cells were cultivated in the presence of 100 units/ml penicillin and
0.1 mg/ml streptomycin. Doxycycline (DOX) (Sigma-Aldrich) was dissolved
in water (100 ug/ml stock solution) and always used at a final concentra-
tion of 100 ng/ml unless otherwise indicated. IL-6 (Immunotools) was dis-
solved in water and used at a final concentration of 20 ng/ml. Etoposide
(Sigma-Aldrich) was used at a concentration of 20 uM. siRNAs (Ambion
silencer siRNA: negative control [ID#4611], STAT3 [ID#6880], and IL-6R
[ID#8642]) were transfected at a final concentration of 10 nM using HiPer-
fect transfection reagent (QIAGEN).

Generation of cell pools stably expressing conditional alleles. Stable DLD-1/
pRTR-miR-34a, SW480/pRTR-miR-34a, and SW480/pRTR-p53 cells were
generated as described previously (18, 26). Briefly, cells were transfected
with pRTR plasmids using FuGene reagent (Roche). After 24 hours, cells
were transferred into medium containing 4 ug/ml puromycin for 1 week.
Homogeneity of the derived cell pools was tested by addition of 100 ng/ml
DOX for 48 hours and evaluation of GFP expression by fluorescence
microscopy. DLD-1/tTA-p53 cells were described previously (59).

ChIP assay. Crosslinking of cells was performed with 1% formaldehyde
(Merck) and terminated after 5 minutes by addition of glycine at a final
concentration of 0.125 M. Cells were harvested with SDS buffer (50 mM
Tris pH 8.1, 0.5% SDS, 100 mM NaCl, 5 mM EDTA) and after pelleting
resuspended in IP buffer (2 parts of SDS buffer and 1 part Triton dilu-
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tion buffer [100 mM Tris-HCL, pH 8.6, 100 mM NaCl, S mM EDTA, pH
8.0, 0.2% NaN3, 5.0% Triton X-100]). Chromatin was sheered by 8 sonica-
tion cycles (HTU SONI 130; G. Heinemann) to generate DNA fragments
with an average size of 700 bp for qChIP. Preclearing and incubation with
polyclonal STAT3 antibody (sc-482; Santa Cruz Biotechnology Inc.) or
IgG control (M-7023; Sigma-Aldrich) for 16 hours was performed as previ-
ously described (60). Washing and reversal of crosslinking was performed
as described (61). ChIP-DNA was analyzed by quantitative real-time PCR
(qPCR) and the enrichment was expressed as fold enrichment compared
with IgG. The sequences of oligonucleotides used as qChIP primers are
listed in Supplemental Table 2.

Boyden chamber assays of invasion. To analyze invasion, cell inserts
(8.0 wm pore size membrane; Corning) were first coated with Matrigel (BD
Bioscience) at a dilution of 3.3 ng/ml in medium without serum. Subse-
quently, 5 x 10* cells, previously deprived of serum (0.1%) for 24 hours,
were seeded on the Matrigel in the upper chamber in serum-free medium.
Trypsin was inactivated with Trypsin neutralization solution (Clonetics).
As a chemoattractant, 20% FBS was placed in the lower chamber. After 48
hours, nonmotile cells at the top of the filter were removed and the cells
in the bottom chamber were fixed with methanol and stained with DAPI
and counted using immunofluorescence microscopy. Results represent the
average number of cells in 5 fields per membrane in triplicate inserts.

Wound healing scratch assay. Cells were cultured for 24 hours in the pres-
ence of DOX (100 ng/ml) and/or IL-6 (20 ng/ml). Mitomycin C (10 ng/ml)
was added 2 hours before generating a scratch by removing a Culture-Insert
(80241; IBIDI). After washing twice with HBSS to remove Mitomycin C
and detached cells, medium containing DOX and/or IL-6 as indicated was
added. Images were captured on an Axiovert Observer Z.1 microscope con-
nected to an AxioCam MRm camera using Axiovision software (Zeiss) at
the respective time points.

RNA isolation and gPCR. Total RNA was isolated using the Total RNA
Isolation Kit (Roche) according to the manufacturer’s instructions. For
mRNA and primary miRNA analyses, cDNA was generated from 1 ug total
RNA per sample using the Verso cDNA synthesis kit (Thermo Scientif-
ic). qPCR was performed by using the LightCycler 480 (Roche) and the
Fast SYBR Green Master Mix (Applied Biosystems). For mature miRNA
analyses, cDNA was generated and qPCR was performed using the Exiqon
Universal cDNA Synthesis Kit, SYBR Green Master Mix, and commercially
available primers (Exiqon). mRNA and miRNA expression were normalized
using detection of GAPDH and SNORD48, respectively. Results are repre-
sented as fold induction using the AACt method with the control set to 1
as described before (60). The sequences of oligonucleotides used as qPCR
primers are listed in Supplemental Table 1.

Western blot analysis and antibodies. Cell lysates were collected in RIPA
lysis buffer (50 mM Tris/HCI, pH 8.0, 250 mM NaCl, 1% NP40, 0.5% [w/v]
sodium deoxycholate, 0.1% sodium dodecylsulfate, complete mini protease
and phosphatase inhibitors; latter 2 were from Roche). Lysates were soni-
cated and centrifuged at 16,060 g for 15 minutes at 4°C. Per lane, 30-60 ug
of whole-cell lysate was separated on 6% or 12% SDS-acrylamide gels and
transferred on Immobilon PVDF membranes (Millipore). For immunode-
tection, membranes were incubated with antibodies listed in Supplemental
Table 5. Signals from HRP-coupled secondary antibodies were generated
by enhanced chemiluminescence (Millipore) and recorded with a CCD
camera (440CF imaging system; Eastman Kodak Co.). Intensities of pro-
tein expression signals were quantified using densitometric analysis with
Kodak Molecular Imaging software v5.0.1.27. The resulting values of the
protein of interest were normalized to the corresponding loading controls.

Metastases formation in a xenograft mouse model. DLD-1 and SW620 cells sta-
bly expressing Luc2 were generated as described previously (54). Luciferase-
tagged cells (4 x 10/0.2 ml) were injected into the lateral tail vein of NOD/
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SCID mice using 25-gauge needles. In weekly intervals, anesthetized mice
were injected i.p. with D-luciferin (150 mg/kg) and imaged 10 minutes
after injection using the IVIS Illumina System (Caliper Life Sciences). The
acquisition time was 2 minutes. Ten weeks after tail vein injection, mice
were sacrificed and examined for lung metastases using H&E staining.

Immunofluorescence and confocal laser-scanning microscopy. Cells cultivated on
glass cover slides were fixed in 4% paraformaldehyde/PBS for 10 minutes,
permeabilized in 0.2% Triton X-100 for 20 minutes, and blocked in 100% FBS
for 1 hour. Proteins were detected with antibodies listed in Supplemental
Table 5. Chromatin was stained by DAPI (Roth). Specimens were covered
with ProLong Gold Antifade (Invitrogen). As a negative control, all stainings
were performed without primary antibody. Confocal laser scanning micros-
copy (CLSM) images were captured with a LSM700 microscope using a Plan
Apochromat 20x/0.8 M27 objective and ZEN 2009 software (Zeiss) with the
following settings: image size, 2048 x 2048 and 16 bit; pixel/dwell, 25.2 us;
pixel size, 0.31 wm; laser power, 2%; and master gain, 600-1000. After image
capturing, the original CLSM files were converted into TIFF files.

Dual 3" UTR reporter assays. 3' UTRs of human and mouse IL6R were PCR
amplified from oligo-dT-primed cDNA of human diploid fibroblasts with
the Verso cDNA kit (Thermo Scientific), inserted into pGL3-control-MCS
(62), and verified by sequencing. Mutations in the miR-34a seed-matching
sequences were generated with the QuikChange Mutagenesis Kit according
to the manufacturer’s instructions (Stratagene). Oligonucleotides used for
cloning and mutagenesis are given in Supplemental Table 3. For lucifer-
ase assays, H1299 cells were seeded in 12-well format dishes with 3 x 104
cells/well and transfected after 24 hours with 100 ng of the indicated firefly
luciferase reporter plasmid, 20 ng of Renilla reporter plasmid as a normal-
ization control, and 25 nM of miR-34a or miR-34c pre-miRNA (PM11030,
PM11039; Ambion) or a negative control oligonucleotide (neg. control #1;
Ambion). After 48 hours, a Dual Luciferase Reporter assay (Promega) was
performed according to the manufacturer’s instructions. Fluorescence
intensities were measured with an Orion II luminometer (Berthold) in
96-well format and analyzed with the SIMPLICITY software package (DLR).

Analysis of hbuman CRC samples. The human colon cancer collection con-
sisted of surgically resected invasive CRC specimens from 48 patients;
specimens were obtained from the biobank of the Klinikum Rechts der
Isar and the medical faculty of the Technical University Munich (BBTU).
RNA isolation was done on freshly frozen material as described previously
(10). Immunohistochemistry was done using 5-um sections of formalin-
fixed, paraffin-embedded tissue of the same tumor specimens. Anti-
Y705-p-STAT3 (Cell Signaling Technologies, dilution 1:50) was used as
the primary antibody, and staining was done on a Ventana Benchmark XT
Autostainer applying the XT UltraView Diaminobenzidine Kit (Ventana
Medical Systems) and hematoxylin for counterstaining. p-Stat3 expression
was semiquantitatively scored in a blinded fashion as low or high based on
nuclear staining intensity of tumor cells.

TCGA expression data from colon adenocarcinomas of 425 patients was
obtained from the TCGA data portal (ref. 32; https://tcga-data.nci.nih.
gov/tcga/tcgaDownload.jsp). The expression of mRNAs had been deter-
mined by next generation sequencing data from RNAseq HiSeqV2 3.1.2.0
and GASeqV2 3.1.0.0 databases, whereas expression of miRNAs was from
miRNASeq HiSeq 3.1.2.0 and GASeq 3.1.2.0 sample sets. Expression levels
are displayed as normalized number of counts.

Generation and handling of mice. Mir34a~~ mice (SV/CS7BL6 background)
were generated using homologous recombination with a vector containing
the Mir34a seed flanked with loxP sites and an intronic neomycin resis-
tance cassette flanked by frt sites (Figure 7, E and F, and Supplemental
Figure 7). The Neo cassette was removed by crossing with flp-mice and
Mir34a by crossing with CMV-Cre mice. As a control, mice homozygous for
Mir34a flanked with loxP sites were used. Oligonucleotides for genotyping
Volume 124~ Number 4
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of Mir34a~~ mice are provided in Supplemental Table 4. Mir34a~~ mice
showed no obvious phenotype and were born at a normal Mendelian ratio.
Six- to ten-week-old Mir34a7~ and Mir34a"/F mice were used for experi-
ments. Six- to eight-week-old age-matched male immunocompromised
NOD/SCID mice were purchased from Jackson Laboratories and used for
lung metastasis assays after tail-vein injection.

CAC induction and analysis in mice. AOM/DSS-induced tumorigen-
esis was performed essentially as described with slight modifications
(63). Injections (i.p.) of 10 mg/kg AOM (Sigma-Aldrich) were per-
formed once at day 0 and once at day 21 (Figure 7D). Five days after
AOM injection, mice received 2% DSS (MP Biosystems) in the drink-
ing water for 5 days, followed by 16 days of regular water (first and
second cycles). During the third cycle, no AOM and only 2% DSS were
administered. At day 110, mice were sacrificed. The colon was opened
longitudinally and rolled to form a Swiss roll (64). Tissues were fixed
overnight in 4% paraformaldehyde/PBS (Santa Cruz Biotechnol-
ogy Inc.), dehydrated, and embedded in paraffin; 3-um sections were
obtained. Tumor counts were performed in a blinded fashion. Tumor
sizes were calculated by using AxioVision Rel. 4.8 software (Zeiss). For
proliferation rates, mice were i.p. injected with BrdU (Amersham) at
75 mg/kg in PBS 1.5 hours before they were sacrificed. For Western
blot analysis, tumor tissue was lysed in ice-cold lysis buffer by mechani-
cal homogenization as described previously (63). To complete lysis,
samples were incubated 10 minutes on ice and centrifuged at 15,000 g
at 4°C to separate cell debris and the lysate. Immunohistological analy-
ses were performed as described elsewhere (39) using antibodies listed
in Supplemental Table 5. Tumor cells with positive IHC staining for
cleaved caspase 3, p-STAT3, and SNAIL as well as BrdU were enumerated
in high-power fields (HPF) from similar size tumors were counted. The
expression of IL-6 was evaluated as follows: percentage of positive tumor
cells was multiplied by the staining intensity (score: 1, weak staining; 2,
moderate staining; or 3, strong staining). To analyze mutations in the
TP53 gene, cDNAs generated from RNA isolated from tumor lysates were
sequenced as described elsewhere (65). All coding exons of 5 to 10 tumors
from each Mir34a genotype were sequenced.

—

Statistics. Data were expressed as mean + SD or + SEM. Differences were
analyzed by a 2-tailed Student’s ¢ test or 1-way ANOVA with Tukey multiple
comparison post test in cases in which more than 2 conditions were com-
pared on the same graph. Calculations were performed using Prism 5 (Graph
Pad Software Inc.) and Pvalues of 0.05 or less were considered as significant.

Study approval. All animal protocols were approved by the Regierung von
Oberbayern. All procedures involving human tumor biopsies were performed
with the approval of the ethics committee of the Technical University of
Munich on samples from patients who had given written informed consent.
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