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Abstract
Colitis- associated colorectal cancer (CAC) arises due to prolonged inflammation 
and has distinct molecular events compared with sporadic colorectal cancer (CRC). 
Although inflammatory NF- κB signaling was activated by pro- inflammatory cytokines 
(such as TNFα) in early stages of CAC, Wnt/β- catenin signaling later appears to func-
tion as a key regulator of CAC progression. However, the exact mechanism respon-
sible for the cross- regulation between these 2 pathways remains unclear. Here, we 
found reciprocal inhibition between NF- κB and Wnt/β- catenin signaling in CAC sam-
ples, and the Dvl2, an adaptor protein of Wnt/β- catenin signaling, is responsible for 
NF- κB inhibition. Mechanistically, Dvl2 interacts with the C- terminus of tumor ne-
crosis factor receptor 1 (TNFRI) and mediates TNFRI endocytosis, leading to NF- κB 
signal inhibition. In addition, increased infiltration of the pro- inflammatory cytokine 
interleukin- 13 (IL- 13) is responsible for upregulating Dvl2 expression through STAT6. 
Targeting STAT6 effectively decreases Dvl2 levels and restrains colony formation of 
cancer cells. These findings demonstrate a unique role for Dvl2 in TNFRI endocytosis, 
which facilitates the coordination of NF- κB and Wnt to promote CAC progression.
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1  |  INTRODUC TION

Colorectal cancer (CRC) is a common malignant cancer and has a high 
global mortality rate. Colitis- associated colorectal cancer (CAC) differs 
from the more common sporadic CRC and accounts for 2% of CRC.1 
CAC develops from long- standing colitis in inflammatory bowel disease, 
having a worse prognosis and an increased mortality rate. Early- stage 
CAC is markedly associated with gut microbiota- triggered inflamma-
tion, which promotes the infiltration of pro- inflammatory cytokines, 
the continuous activation of NF- κB, the generation of reactive oxygen 
species, and the formation of invasive carcinoma associated with a high 
frequency of over- activated Wnt/β- catenin signaling.2 Nevertheless, 
it is unclear how inflammation interacts with tumorigenic signaling to 
contribute to the progression of CAC. Therefore, dynamic surveillance 
of CAC progression is required to better understand the molecular 
mechanisms underlying inflammation- induced tumorigenesis.

The Wnt/β- catenin signaling pathway plays a critical role in CAC 
initiation and progression.3 Two components, membrane- associated 
signalosome and cytosolic Axin/glycogen synthase kinase 3 (GSK3)/
adenomatous polyposis coli (APC) destruction complex, typically 
have opposite functions but together control the transcriptional co- 
factor β- catenin to integrate Wnt signaling.4 Dishevelled (Dvl) is a 
key regulator that can be activated and recruited to the Wnt recep-
tor upon Wnt stimulation, which further assembles the signalosome 
with Axin and GSK3β and breaks up the destruction complex.5- 9 
Several pieces of evidence indicate that Dvl2 is involved in CRC pro-
gression,10,11 however, the relevant regulatory mechanism has not 
yet been completely explored.

Inflammation is associated with the accelerated progression of 
CAC, partly due to the activation of the canonical NF- κB signaling 
pathway, which is involved in cellular processes such as cell growth, 
apoptosis, and inflammatory responses.12 The canonical NF- κB sig-
naling pathway is triggered by Toll- like microbial pattern recognition 
receptors (TLRs) and pro- inflammatory cytokines such as tumor ne-
crosis factor alpha (TNFα) and interleukin- 1 (IL- 1). These molecules 
then activate NF- κB and facilitate the nuclear import of RelA/p65 
(one of the subunits of NF- κB) to induce the expression of various 
inflammatory- related genes.13 The clathrin- dependent endocytosis 
of TNFRI represents a switch in the downstream molecular compo-
sition, blocking inflammation and inducing pro- apoptotic signal.14 
However, little is currently known about the regulatory mechanism 
of the endocytosis of TNFRI.

Due to the critical role of NF- κB and Wnt signaling in CRC, sev-
eral studies have investigated the relationship between these 2 
pathways. Previous studies have reported that elevated NF- κB levels 
enhance Wnt signaling, with de- differentiation of intestinal epithe-
lial cells and the promotion of tumor initiation.15 Noteworthy, there 
was a reverse correlation between NF- κB and Wnt in CRC cell lines. 
β- Catenin interacted and inhibited RelA to enter the nucleus, while 
expression of RelA was positively modulated by β- catenin transcrip-
tional activity.16,17 Therefore, the mechanism behind how NF- κB and 
Wnt signaling regulate each other in CRC, especially during CAC pro-
gression, demands further clarification.

In this study, we comprehensively evaluated the molecular 
events during CAC progression. Our results demonstrated that there 
is a negative correlation between NF- κB signaling and Wnt signaling 
in CAC. During the early stages of CAC, infiltrated inflammatory cy-
tokines within the microenvironment upregulate the expression of 
Dvl2. As the disease progresses, elevated Dvl2 levels inhibit TNFα– 
NF- κB by promoting TNFRI endocytosis and releasing the inhibitory 
function of NF- κB on Wnt3a- induced stems of cancer cells. We here 
reported for the first time that Dvl2 acts as a key regulator of NF- κB 
and Wnt signaling during CAC tumorigenesis.

2  |  MATERIAL S AND METHODS

2.1  |  Animal procedures

This study was approved by the Institutional Animal Care and Use 
Committee (IACUC) of Central South University. C57BL/6 (6- 8 wk 
old) mice were purchased from Hunan SJA Laboratory Animal Co., 
Ltd. and mated. The generation of azoxymethane (AOM)/dextran so-
dium sulfate (DSS)- induced colitis- associated colon cancer has been 
described previously.18 Briefly, mice were given a single intraperito-
neal injection of AOM (10 mg/mL) solution on day 0; on day 7, 2.5% 
DSS solution was administered for 1 wk followed by free water for 2 
wk. This cycle was repeated 2 times. Disease progression was deter-
mined by body weight changes and the presence of rectal bleeding. 
Mice were sacrificed on day 0, day 40 and day 80 and divided into 
normal, inflammatory, and tumorous groups according to the pres-
ence or absence of nodules, levels of inflammatory cytokines (IL- 1β, 
IL- 6, TNFα), and histomorphology.

2.2  |  TNFRI endocytosis assay and 
immunofluorescence staining

Cells were cultured under starvation conditions for 4 h, and then 
treated with TNFα (100 ng/mL) for 0 and 20 min. Cells were in-
cubated with stripping buffer (0.5 mol/L NaCl, 3% acetic acid) to 
remove surface- bound TNFα. Cells were fixed with 4% paraformal-
dehyde for 10 min and permeabilized with 0.2% Triton X- 100 at room 
temperature for 5 min. Cells were incubated with anti- TNFα anti-
body overnight at 4℃ and then with secondary antibody (anti- rabbit 
Alexa Fluor 594 dye conjugate) for another 1 h at room temperature. 
The cells were imaged using Leica DM6500 confocal microscopy.

2.3  |  Statistical analysis

The statistical analysis for comparisons between 2 groups was per-
formed using Student t test, and the statistical analysis for multiple 
comparison was performed using two- way ANOVA. Quantitative 
data are presented as means ± SEM. Values of P < .05 were regarded 
as significant. See Supplementary material Doc. S1 for further details.
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F I G U R E  1  NF- κB is negatively correlated with Wnt signaling in inflammation- induced colon cancer. A and B, The immunochemistry 
staining of p65 and β- catenin in human colorectal cancer tissues. Representative images (A) and the quantification of nuclear accumulation 
(B) are shown. Scale bars, 100 μm. N = 30. C, The efficiency of Wnt3a conditioned medium verified using the TopFlash luciferase assay. 
D, The activity of TNFα- induced NF- κB in Wnt3a conditioned medium- treated RKO cells. The intensity of bands was quantified and 
normalized to GAPDH. E, The activity of Wnt3a- induced Wnt signaling upon TNFα treatment. F, Schematic of the inflammation driven 
colorectal tumorigenesis model. G, Immunochemistry staining of phospho- p65 and β- catenin in mice tissues, scale bars, 100 μm. N = 3, 19, 
6, for normal, inflammatory stage, and tumor stage, respectively. H, Quantification of nuclear accumulation phospho- p65 and β- catenin. All 
statistical values are presented as means ± SEM; *P < .05, **P < .01, ***P < .001
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3  |  RESULTS

3.1  |  Negative correlation between NF- κB and Wnt 
signaling in inflammation- induced colon cancer

To examine the role of NF- κB and Wnt signaling in CAC, we collected 
tumor tissues from 30 colon cancer patients. Immunohistochemical 
staining was performed on these cancer tissues with antibodies of 
p65 and β- catenin, with their nuclear staining representing activa-
tion of NF- κB and Wnt signal, respectively. We found the opposite 
nuclear expression pattern of p65 and β- catenin in human colon can-
cer tissues (Figure 1A,B), indicating the presence of a negative corre-
lation between NF- κB and Wnt signaling. Among several colorectal 
cell lines, only RKO cells have no mutation in Wnt signaling- related 
genes and show low level activity in the absence of Wnt stimuli.19,20 
To further confirm the relationship between these 2 pathways, we 
used RKO cells to examine the effects of Wnt3a stimulation on NF- 
κB signaling. We prepared conditioned medium from L cells and 
Wnt3a- L cells and performed a Wnt reporter activity assay to con-
firm the activity of these conditioned media (Figure 1C). As shown in 
Figure 1D, upon Wnt3a- conditioned medium stimulation, the level 
of TNFα- induced phospho- p65S536, which is the active form of p65, 
was significantly decreased, while the inhibitory member IκBα was 
upregulated, suggesting the inhibition of TNFα- induced NF- κB ac-
tivity by Wnt3a signaling (Figure 1D). Additionally, Wnt/β- catenin 
activity was significantly decreased in the TNFα- treated RKO cells 
(Figure 1E).

To study the correlation between NF- κB and Wnt signaling during 
the progression of CAC in vivo, we used a well established mouse 
model mimicking CAC to study the role of inflammation in CRC car-
cinogenesis: the AOM/DSS- induced mouse CRC model. Carcinogen 
AOM was administered to the mice on day 0, followed by 3 rounds 
of DSS treatment (Figure 1F). Animals were then euthanized and 
the colorectal tissues were harvested from the inflammation- stage 
group (at approximately day 40) and from the tumor- stage group (at 
approximately day 80). Compared with inflammation tissues, less 
accumulated phospho- p65 and enhanced accumulation of β- catenin 
were shown in the nucleus of tumor tissues. This pattern was well 
correlated with the results from human CAC tissues (Figure 1G,H). 
Our findings therefore implied the presence of a negative relation-
ship between NF- κB and Wnt signaling in CAC both in vivo and in 
vitro.

3.2  |  Dvl2 inhibits TNFα- induced NF- κB signaling

To elucidate the negative regulatory mechanism between NF- κB and 
Wnt signaling in CAC, we assessed the effects of Dvl2 on NF- κB sign-
aling due to its critical role in the Wnt signaling pathway and its high 
expression in CRC.10,11 We first analyzed the expression level of Dvl2 
in inflammatory and tumorous colon tissues. We observed that Dvl2 
levels were elevated in tumors in mice colons compared with inflam-
matory tissues in both protein and mRNA level (Figure 2A- C). To con-
firm the effect of Dvl2 on Wnt signaling, we performed a TopFlash 
luciferase assay. Our result showed that overexpression of Dvl2 alone 
could mimic Wht3a- induced activation of Wnt signaling (Figure 2D). 
Furthermore, the knockdown of Dvl2 could significantly decrease the 
formation of colonies in the soft agar assay (Figure 2E,F), implying the 
crucial role of Dvl2 in the progression of colon cancer. The impact 
of Dvl2 upon NF- κB signaling was next assessed. Dvl2 knockdown 
significantly promoted TNFα- induced activation of NF- κB signaling in 
RKO cells, represented by increased levels of phospho- p65 and de-
creased expression of IκBα in cells, as well as accumulated phospho-
 p65 in the nucleus (Figure 2G,H). Furthermore, the overexpression of 
Dvl2 was capable of inhibiting NF- κB signaling activation (Figure 2I,J).

To further assess how Dvl2 regulated NF- κB signaling, we used a 
κB- Luc reporter gene to evaluate the effects of Dvl2 on NF- κB tran-
scriptional activity. The knockdown of Dvl2 significantly promoted 
TNFα- induced NF- κB transcriptional activity, while the overexpres-
sion of Dvl2 led to a dramatic repression of NF- κB transcriptional 
activity (Figure 2K). We also investigated the alteration of NF- κB- 
dependent target gene expression by Dvl2. As shown in Figure 2L, 
the induction of IκBα was negatively modulated by Dvl2 (Figure 2L). 
Additionally, we found that TNFα treatment, which activates NF- κB 
signaling, reduced the stemness of colon cancer cells. Intriguingly, 
the overexpression of Dvl2 in TNFα- treated cells impaired the in-
hibitory effect of TNFα on the stemness (Figure 2M). In brief, our 
results demonstrated that Wnt signaling negatively regulates TNFα- 
induced NF- κB signaling activation via Dvl2 in CRC cells, which could 
facilitate tumor progression by increasing cancer cell stemness.

3.3  |  Dvl2 interacts with TNFRI

Dvl2 was previously reported to bind to the Wnt receptor as an 
adaptor.21 To understand how Dvl2 modulates NF- κB signaling, we 

F I G U R E  2  Dvl2 inhibits TNFα- induced NF- κB signaling. A, Immunohistochemistry images of Dvl2 in normal, inflammatory, and colorectal 
cancer mice tissues. Scale bars, 100 μm. B, Quantification of Dvl2 level in mice tissues. N = 3, 19, 6, for normal, inflammatory stage, and 
tumor stage, respectively. C, qRT- PCR analysis of Dvl2 in normal, inflammatory, and colorectal cancer mice tissues. D, The activation of Wnt 
signaling in Dvl2- overexpressed RKO cells. E, RKO cells colony formation in soft agar with or without Dvl2 knockdown. The quantification 
data are shown in (F). G, The activation of NF- κB signaling in Dvl2- knockdown RKO cells. H, The expression of NF- κB in cytosol or nucleus 
in Dvl2- knockdown RKO cells. I, The activation of NF- κB signaling in Dvl2- overexpressed RKO cells. J, The expression of NF- κB in cytosol 
or nucleus in Dvl2- overexpressed RKO cells. K, TNFα- induced NF- κB reporter gene activity in Dvl2- knockdown or Dvl2- overexpressed RKO 
cells. L, qRT- PCR analysis of IκBα in Dvl2- knockdown or Dvl2- overexpressed RKO cells. M, qRT- PCR analysis of stem cell genes (OCT4 and 
SOX2) in TNFα- treated or Dvl2 overexpressed RKO cells. The intensity of bands was quantified and normalized to β- actin or tubulin in (G), 
(H), and (I). All statistical values are presented as means ± SEM; *P < .05, **P < .01, ***P < .001
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first assessed whether Dvl2 interacts with TNFRI, one of the main 
upstream receptors that activate NF- κB. The endogenous interac-
tion of Dvl2 with TNFRI was detected via co- immunoprecipitation 
in RKO cells, supporting the hypothesis that Dvl2 interacts with 
TNFRI in vivo (Figure 3A). Mapping the interacting domains indi-
cated that the Dvl2 carboxyl- terminus (CT) domain was responsi-
ble for complexing with TNFRI (Figure 3B).

We next examined whether the interaction between Dvl2 and 
TNFRI was regulated by Wnt signaling, which demonstrated ele-
vated activity during the progression of CAC in our mouse model 
(Figure 3C). We found that Wnt3a stimulation promoted Dvl2/
TNFRI interaction (Figure 3D). Previous studies have reported that 
Wnt3a can induce the phosphorylation of Dvl2 at 4 sites (S594/
T595/S597/T604) within the Dvl2 CT domain and subsequently 
activate Dvl2.22 We found that the interaction of TNFRI with the 
Dvl2- CT alanine mutant (S594A/T595A/S597A/T604A; Figure) was 
attenuated and did not respond to Wnt3a treatment (Figure 3D), im-
plying that the interaction between Dvl2 and TNFRI was dependent 
on Wnt3a- induced Dvl2 phosphorylation. All together, these results 
demonstrated that the Dvl2/TNFRI interaction is regulated by Wnt 
signaling in CRC cells.

3.4  |  Dvl2 promotes the endocytosis of TNFRI

We then assessed how the Dvl2/TNFRI engagement modulates 
NF- κB signaling. NF- κB signaling is inhibited by the processing and 
internalization of the TNFα/TNFRI complex via clathrin- coated ve-
hicles.14,23 A significant increase in NF- κB signaling activation after 
TNFα treatment was consistently observed in clathrin knockdown 
RKO cells (Figure 4A). The YHEL motif within the Dvl2 C- terminus 
is responsible for the activation of clathrin- dependent Wnt re-
ceptor internalization,24 suggesting that Dvl2 could contribute to 
TNFα- induced TNFRI endocytosis. To examine this hypothesis, we 
labeled membrane proteins with biotin and isolated surface bioti-
nylated proteins using NeutrAvidin agarose (Figure 4B). Surface 
TNFRI increased after inhibition of Dvl2, which was similar to the 
clathrin knockdown, postulating an attenuated internalization of 
TNFRI (Figure 4C). In addition, the effects of Dvl2 on TNFRI endo-
cytosis were also investigated by endocytosis of TNFα, which was 
reported to reflect the internalization of TNFRI.14 No endogenous 
TNFα staining was detected in cells without TNFα stimulation, how-
ever clear TNFα staining could be observed in cells incubated with 
TNFα for 20 min, which was indicative of the endocytosis of TNFα. 

F I G U R E  3  Dvl2 interacts with TNFRI. 
A, Endogenous interaction between 
Dvl2 and TNFRI was detected in RKO 
cell lysates. B, The interaction between 
Dvl2 truncation and TNFRI. C, qRT- PCR 
analysis of axin2 expression in mice 
inflammatory and tumorous tissues. D, 
The interaction between Dvl2 and TNFRI 
upon Wnt3a stimulation. The intensities 
of immunoprecipitated TNFRI protein 
bands were quantified and normalized to 
TNFRI in TCL
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Consistently, endocytosis of TNFα was impeded by downregulating 
Dvl2 and clathrin (Figure 4D,E). Taken together, our results indicated 
that Dvl2 inhibited NF- κB signaling activation by promoting TNFα/
TNFRI endocytosis.

3.5  |  Dvl2 expression is upregulated by 
inflammatory cytokines during CAC progression

This study demonstrated that highly expressed Dvl2 in CRC cells 
inhibited NF- κB signaling activation, leading us to ponder how 
Dvl2 expression level is upregulated. Analysis of hematoxylin and 
eosin (H&E)- stained colorectal tissues from the AOM- DSS mouse 
model revealed the presence of inflammation at both the inflam-
matory stage and the tumor stage (Figure 5A), suggesting con-
tinuous inflammation in tumorigenesis that is incompatible with 
NF- κB inhibition at the tumor stage (Figure 1G). The regulation of 
inflammation and Dvl2 in CRC is largely unknown to date. Given 
that many pro- inflammatory cytokines play pivotal roles in tumor 
initiation and progression, we hypothesized that some inflamma-
tory cytokines within the tumor microenvironment may be respon-
sible for Dvl2 expression in cancer cells. Therefore, we tested the 
expression of several classical cytokines in AOM- DSS mice model 
tissues. qRT- PCR analysis uncovered a marked increase in TNFα and 
IL- 13, whereas levels of IL- 1β, IL- 4, and IL- 6 did not show significant 
changes (Figure 5B). We further treated the RKO cells with these 

pro- inflammatory cytokines, accompanied with another cytokine 
TGFβ, which is also related to inflammation, to assess how they 
affected Dvl2 expression. Our results demonstrated that levels of 
Dvl2 expression upon IL- 13 and IL- 4 stimulation was markedly el-
evated over a 48- h time period. TNFα also promoted Dvl2 expres-
sion in a short term, but had no effect after long- term treatment. In 
contrast, TGFβ significantly decreased Dvl2 expression (Figure 5C). 
As the upregulation of Dvl2 in tumor stage was consistent with the 
upregulation of IL- 13 instead of IL- 4 (Figure 5B), we assessed the 
underlying mechanisms of IL- 13- induced Dvl2 upregulation. Most 
biological effects of IL- 13 are linked to a single transcription factor, 
the signal transducer and activator of transcription 6 (STAT6).25,26 
Our ChIP assay demonstrated that STAT6 can recognize the Dvl2 
promotor region (Figure 5D). Additionally, treatment of the STAT6 
inhibitor AS1517499 significantly blocked the STAT6- Dvl2 promoter 
interaction and reversed the effects of IL- 13 on Dvl2 expression 
(Figure 5E,F). In RKO cells, IL- 13 treatment consistently resulted in 
Wnt activation (Figure 6A). In the presence of IL- 13, we observed an 
increased number of colonies in the soft agar medium, while STAT6 
interference inhibited colony formation, indicating the effect of IL- 
13– STAT6 axis on tumor progression (Figure 6B,C). To sum up, our 
results propose that the effect of inflammation is constantly pre-
sent as CAC progresses, and infiltrated pro- inflammatory cytokine 
IL- 13 plays an important role in upregulating Dvl2 expression by 
acting as a molecular switch between the NF- κB signaling and the 
Wnt signaling.

F I G U R E  4  Dvl2 promotes the 
endocytosis of TNFRI. A, NF- κB activity in 
clathrin- depleted RKO cells. The intensity 
of bands was quantified and normalized 
to GAPDH. B, Schematic model for 
experimental design to check cell surface 
protein expression. C, Surface level of 
TNFRI in Dvl2- knockdown RKO cells. D 
and E, Endocytosis level of TNFα (red) in 
Dvl2 or clathrin knockdown RKO cells. 
4′,6- Diamidino- 2- phenylindole was used 
to stain nucleus (blue). Representative 
images (D) and the quantification of 
internalization (E) are both shown. Scale 
bars, 100 μm. All statistical values were 
presented as means ± SEM; *P < .05, 
**P < .01, ***P < .001
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4  |  DISCUSSION

In this study, we identified a novel function of Dvl2, which acts as a 
switch that can elaborately regulate activation of the NF- κB signal-
ing and the Wnt signaling to promote CAC progression. We demon-
strated that pro- inflammatory cytokine IL- 13 was upregulated during 
CAC progression, which subsequently elevated the expression of 

Dvl2 via STAT6. Upregulated Dvl2 then promoted the internalization 
of TNFRI, suppressing the NF- κB signaling and relieving the inhibi-
tory function of TNFα on the Wnt- dependent stemness of CRC cells 
(Figure 6D).

Somatic mutations in Wnt- related genes such as APC4 often 
occur in sporadic CRC, while APC mutation is present less during 
CAC development. In contrast, inflammatory cytokines are 

F I G U R E  5  Expression of cytokines in tumor progression. A, H&E staining of normal, inflammatory, and tumorous mice tissues. The yellow 
asterisks indicate the inflammatory area. B, qRT- PCR analysis of pro- inflammatory cytokine expression in mouse tissues. C, Dvl2 expression 
with treatment of pro- inflammatory cytokines in CCD 841 CoN cells. The intensity of bands was quantified and normalized to GAPDH. 
D, The binding of STAT6 to the Dvl2 promotor region was detected by ChIP assay. E, Dvl2 expression with treatment of IL- 13 and STAT6 
inhibitor AS1517499 in CCD 841 CoN cells. F, The binding of STAT6 to the Dvl2 promotor region in the presence or absence of IL- 13 and 
STAT6 inhibitor AS1517499
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constantly present in the intestinal tissue in CAC.27 However, the 
detailed mechanism behind how inflammation contributes to the 
CAC is not fully characterized. Dvl2 is an adaptor protein essential 
for the activation of Wnt signaling, and is overexpressed during 
CAC progression. We found that the inflammatory cytokine IL- 13 
is upregulated in CAC, which subsequently increases Dvl2 expres-
sion through STAT6. IL- 13 was previously reported to play a critical 
role in colon cancer invasion and liver metastasis via activation of 
PI3K- AKT signaling.3,28 This study identified a new role of IL- 13 in 
Wnt signaling and uncovered a novel mechanism for inflammatory- 
induced Wnt signaling activation, however the mechanism by which 

pro- inflammatory signaling promotes IL- 13 secretion in CAC de-
mands further study.

NF- κB signaling is one of the primary pathways involved in 
colorectal tumor development. IL- 6, which is induced by NF- κB, 
activates STAT3 in intestinal epithelial cells (IECs) and promotes 
tumorigenesis by inducing cell proliferation and the inhibition of 
apoptosis in CAC.29 Wnt signaling is believed to affect the acti-
vation of NF- κB signaling.30 However, the effects of Wnt acti-
vation on NF- κB signaling during the progression of CAC remain 
unclear. One study reported that constitutive activation of Wnt 
induces TNF, which leads to enhanced activation of NF- κB, the 

F I G U R E  6  IL- 13- mediated increase of Dvl2 is responsible for colony formation in RKO. A, TopFlash luciferase assay to determine the 
effect of IL- 13 stimulation on Wnt signaling activation. B, RKO cell colony formation in soft agar in the presence of IL- 13 with or without 
AS1517499. The quantification data are shown in (C). All statistical values are presented as means ± SEM *P < .05, **P < .01, ***P < .001. D, 
Proposed model for the relationship between NF- κB and Wnt signaling in CAC progression
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de- differentiation of IECs, and tumor initiation.15 Another study 
found that activated β- catenin represses the TNFα- induced nu-
clear translocation of NF- κB p50 in CRC cells.16 We used an 
AOM- DSS mouse model to monitor the crosstalk between these 2 
pathways and clarify the role of Wnt signaling in NF- κB activation. 
Although the AOM- DSS mouse model cannot fully simulate the 
development process of CAC, such as increased mutation of gene 
encoding β- catenin31 which happens more frequently in CRC, it is 
still a useful method and is extensively used in studying CAC for 
its function on inflammation induction and different patterns of 
somatic mutations. For instance, APC, TP53, and KRAS, which are 
highly mutated genes in CRC, are rarely observed in this model. 
Our results strongly indicate that Wnt activation inhibits NF- κB 
signaling through Dvl2 in both mouse and human CRC tissue.

The expression of Dvl2 increases in human CRC tissues, however, 
its expression during CAC progression has not yet been elucidated. 
In this study, we observed a significant upregulation of Dvl2 during 
CAC progression. Furthermore, we identified a critical role of Dvl2 
as a negative regulator of canonical NF- κB signaling, independent 
of its traditional role in the Wnt/β- catenin pathway. Dvl2 has been 
reported to interact with p65 in the nucleus, where it attenuates the 
binding of p65 to the promoter of its target genes and inhibits NF- κB 
signaling.32 Dvl2 is primarily expressed in the cytosol, suggesting that 
Dvl2 may also negatively regulate NF- κB signaling via a novel mech-
anism. Endocytosis is a critical mechanism involved in the regulation 
of TNF signaling. The clathrin- mediated internalization of TNFRI 
in the presence of TNFα switches the downstream signal from the 
pro- inflammatory NF- κB to the pro- apoptotic pathway.14 Given that 
Dvl2 is typically an endocytic adaptor protein that facilitates Wnt 
receptor internalization, we demonstrated that Dvl2 interacts with 
TNFRI in response to Wnt3a treatment, inducing TNFRI endocytosis 
and suppressing NF- κB signaling. We consistently observed an op-
posite expression pattern in the Dvl2 and nuclear p65 in CAC tissue. 
These findings imply that Wnt activation inhibits NF- κB signaling via 
Dvl2- mediated TNFRI endocytosis in CAC. It is worth noting that 
the TNFα- mediated death signal in tumor cells is much weaker com-
pared with the inflammatory NF- κB signal (Figure S1A,B).33 Acting 
as a multifaceted protein, Dvl2 not only inhibited TNFα- NF- κB sig-
naling, but also activated Wnt signaling to promote tumor growth. 
Here, the high expression of Dvl2 in CRC cells promotes tumor pro-
gression instead of leading to apoptosis.

Taken together, our data proposed a cross- regulation between 
Wnt and NF- κB signaling in the progression of CAC. Further study 
on how the Wnt- induced inhibition upon NF- κB signaling contrib-
utes to CAC progression is needed to develop novel therapeutic ap-
proaches for treating CAC.
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