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3,3′-Diindolylmethane modulates aryl
hydrocarbon receptor of esophageal
squamous cell carcinoma to reverse
epithelial-mesenchymal transition through
repressing RhoA/ROCK1-mediated COX2/
PGE2 pathway
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Abstract

Background: Esophageal squamous cell carcinoma (ESCC) is one of the most aggressive tumors in the world. Aryl
hydrocarbon receptor (AHR) has been reported to promote tumor metastasis and epithelial-mesenchymal transition
(EMT) is a vital process of conferring cancer cells capabilities of migration and invasion. However, the mechanism
by which modulation of AHR can inhibit tumor metastasis remains unknown. Thus, we aim to investigate the
underlying mechanism regarding reversing EMT process of ESCC through modulation of AHR.

Methods: We used AHR selective modulator 3,3′-diindolylmethane (DIM) to treat ESCC cell lines TE1 and KYSE150
so as to examine alterations of migration and invasion by wound healing and Transwell assay. Western blotting
(WB) and qPCR were performed to detect relative genes and proteins changes regarding EMT process. Cell
transfection was utilized for confirming pathways involved in DIM-induced reversal of EMT and in vivo assay was
conducted for verification of the underlying mechanism. Co-IP assay was conducted for detecting protein-protein
interactions.
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Results: AHR was overexpressed in ESCC and modulation of AHR by DIM could inhibit migration and invasion as
well as downregulate mesenchymal cell markers β-Catenin, Vimentin and Slug and upregulate epithelial cell marker
Claudin-1. Meanwhile, synergically overexpression of AHR, RhoA and ROCK1 correlated with poor clinical outcomes.
DIM could inhibit COX2/PGE2 pathway by targeting AHR, and COX2 selective inhibitor Celecoxib could suppress
EMT and metastasis. Results of PGE2 treatment were opposite to that of Celecoxib. Meanwhile, blockade of RhoA/
ROCK1 pathway also exerted prohibitive effects on EMT and metastasis. WB results showed COX2/PGE2 pathway
could be regulated by RhoA/ROCK1 pathway and DIM could inhibit RhoA/ROCK1 pathway through modulation of
AHR. In vivo assay verified the results in vitro. Co-IP results showed DIM could modulate AHR to reverse EMT
directly through inhibition of interaction between AHR and EGFR (epidermal growth factor receptor) so as to block
RhoA/ROCK1-mediated COX2/PGE2 pathway which was connected by NF-κB.
Conclusions: In brief, modulation of AHR by DIM can reverse EMT process and inhibit metastasis of ESCC through
repressing RhoA/ROCK1-mediated COX2/PGE2 pathway.
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Background
Esophageal carcinoma remains one of the most aggres-
sive malignant tumors and according to recent reports,
it ranks seventh regarding incidence of cancers and sixth
in mortality worldwide [1]. Esophageal squamous cell
carcinoma (ESCC) is the main histologic subtype within
the scope of lower income countries, especially in parts
of Asia and Africa [2]. Due to its rapid progression to-
wards advanced stages with strengthened capability of
metastasis, early diagnosis and early treatment make
sense. Despite of traditional therapies, targeted therapy
emerges a more promising method for ESCC [3]. There-
fore, identification of novel genes that may function as
biomarkers and developing effective agents targeting
these genes are of significance to improve quality of pa-
tients with ESCC.
3,3′-Diindolylmethane (DIM) is an active metabolite

of indole-3-carbinol (I3C) found in cruciferous family.
Evidences show that I3C can exert its anti-tumor prop-
erties through regulating cell growth, cell cycle and div-
ision, apoptosis and metastasis mainly through aryl
hydrocarbon receptor (AHR) [4]. Meanwhile, AHR is a
ligand-dependent transcription factor and has been
found abnormally elevated in some tumors including
breast cancer, non-small cell lung cancer, colon cancer
and ovarian cancer [5–8]. Once binding to a proper lig-
and, AHR will translocate into the nucleus forming com-
plex with AHR nuclear translocator (ARNT) for locating
on the xenobiotic response elements (XREs) region to
regulate transcription of downstream genes [9]. Our pre-
vious study have reported that both knockdown of AHR
and modulation of AHR by DIM could inhibit ESCC
growth, induce cell cycle arrest and promote apoptosis
[10]. Emerging evidence shows that AHR plays a crucial
role in suppressing epithelial-mesenchymal transition
(EMT) [11]. EMT is a process that epithelial cells

somehow obtain the properties of mesenchymal cells
with the loss of tight cell-cell junction, regulation of
cytoskeleton remodeling and increased capability of cell
mobility to overcome the restraint of basement-
membrane [12]. EMT confers cancerous cells a perfect
occasion for metastasizing to distant site with the result
of accelerating disease progression. As an assistant of
EMT, cytoskeleton rearrangement owns its role in fa-
cilitating cell mobility and invasion. And members of
Rho GTPase family including RhoA, Rac1, Cdc42 and
so on are widely involved in dynamics of actin assembly
and disassembly. Among of these members, RhoA has
been lucubrated with its downstream target, Rho-
associated coiled-coil kinase 1 (ROCK1) and researches
have elucidated RhoA/ROCK1 pathway are related to
EMT process and tumor metastasis [13, 14]. Similarly,
cyclooxygenase 2 (COX2) as an inflammation-related
factor and enzyme to catalyze arachidonic acid partly
into prostaglandin E2 (PGE2), exhibits its potential role
in disseminating breast cancer cells to distant organs
[15]. Meanwhile, PGE2 could cause activation of β-
catenin, an classic EMT marker of mesenchymal cells,
for promoting colon cancer metastasis and COX2/
PGE2 pathway has also been involved in ovarian cancer
angiogenesis [16, 17]. What is more, once binding to a
proper ligand, AHR would initiate the transcription of
the most well-known targeted downstream genes which
include the cytochrome P450-dependent monooxy-
genases family, such as CYP1A1. Occasionally, I3C has
been reported to inhibit AHR binding to the COX2
promoter [4].
Thus, our study aims to explore if DIM could modu-

late AHR to reverse EMT of ESCC through RhoA/
ROCK1 pathway or COX2/PGE2 pathway and if these
two classic pathways have some interactions synergistic-
ally to suppress EMT process and metastasis.
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Methods
Cell culture and antibodies
We obtained the human ESCC cell lines TE1 and
KYSE150 from the Type Culture Collection of the
Chinese Academy of Sciences (Shanghai, China). Cells
were cultured in RPMI 1640 medium with 10% Fetal Bo-
vine Serum (FBS, Cellmax, China) at an atmosphere of
5% CO2 in a humid condition. All antibodies used in
Western blot or IHC were shown in Additional file 1:
Table S1.

Immunohistochemistry (IHC) staining
Fifty samples of ESCC patients who had experienced
esophagectomy at The First Hospital of China Medical
University from 2011 to 2013 were collected for IHC
staining. All patients were diagnosed ESCC postopera-
tive pathologically by pathologists and all informed
consent letters were signed clearly. Follow-up was con-
ducted by calculating the overall survival (OS) time from
date of surgery to date of death or endpoint. Fifty ESCC
and paired normal esophagus tissue slides were stained
with AHR antibody. Meanwhile, only ESCC slides were
treated with RhoA and ROCK1 antibodies. We used H-
score for evaluating gene expression levels by combining
staining intensity and staining ratio. Staining scores were
evaluated as follows: 0 (no staining), 1 (weak), 2 (moder-
ate), 3 (strong). Staining ratio ranged from 0 to 100. H-
score (0–300) was calculated through multiplying stain-
ing intensity by staining ratio. For survival analysis, cut-
off was set by the median of relative protein H-score.

Bioinformatic analysis
GEPIA (http://gepia.cancer-pku.cn) was conducted for
analyzing gene expression levels and correlations be-
tween gene A with B of esophageal carcinoma (ESCA)
[18]. We downloaded four ESCC databases GSE23400
(53 pairs), GSE38129 (30 pairs), GSE20347 (17 pairs)
and GSE29001 (21 ESCC and 24 normal tissues) from
GEO Datasets (https://www.ncbi.nlm.nih.gov/geo/). Stat-
istic analysis was conducted with R software 3.2.2. UAL-
CAN (http://ualcan.path.uab.edu) was used for further
analyzing the relationships between AHR and clinical
pathological parameters [19].

Wound healing assay
TE1 and KYSE150 cells were treated with various con-
centrations of DIM or Celecoxib or PGE2 dissolved in
serum-free medium. Scratches were made using 10 μl
pipette tips. Images were acquired by inverted micro-
scope (Leica, Germany) at 0, 24 and 48 h, respectively.
We used Image J software (USA) for calculating the rela-
tive percentage of wound healing areas.

Transwell assay
Cells were seeded onto the upper chambers of the
Transwell Chamber (8 μm pore size, Costar, USA) with
100 μl serum-free medium containing different concen-
trations of DIM or Celecoxib or PGE2. The lower cham-
bers were filled with 10% FBS medium. After incubation
for 24 or 48 h, the upper chambers were removed and
fixed with 4% paraformaldehyde (Solarbio, China) for 30
min and then stained with 0.1% crystal violet (Beyotime,
China). Images were obtained with the Leica inverted
microscope.

Western blot
TE1 and KYSE150 cell lines were treated with DIM
(MCE, USA) at concentrations of 0, 20, 40, 60 μM for
48 h or Celecoxib (MCE, USA) at 60 μM or PGE2 (MCE,
USA) at 10 μM or Fasudil (MCE, USA) at 50 μM and
100 μM for 24 h. Cells were harvested with RIPA (Beyo-
time, China) lysis buffer and then underwent electro-
phoresis and were transferred onto PVDF membrane
(Millipore, USA). Membranes were blocked with Quick-
Block™ Blocking Buffer for WB (Beyotime, China) and
then incubated with primary antibodies overnight at
4 °C. Secondary antibodies were used and ECL was uti-
lized for visualization.

Cell morphology
ESCC cells were treated with DIM at 0, 20, 40 and
60 μM concentrations for 48 h. Images of cell morph-
ology changes were captured by invented microscope
(Leica, Germany).

Immunofluorescence of F-actin
ESCC cells were treated with DIM for 48 h or transfec-
tion in 12-well plates and after that, cells were washed
with PBS and fixed with 4% paraformaldehyde for 30
min. We used 0.5% Triton-X100 to permeate for 15 min
and Alexa Fluor 488 Phalloidin (CST, USA) for F-actin
staining at a ratio of 1:20 for 30 min. DAPI (Solarbio,
China) at the final concentration of 0.5 μg/ml was used
for nuclei staining for 15 min. After complete wash,
fluorescent images were captured by Live Cell Imaging
System (BioTek, USA). Image J was used for fluorescent
quantitative analysis.

Quantitative PCR (qPCR)
Total RNA was extracted from treated cells using the
miRNeasy Mini Kit (QIAGEN, Germany) and quantified
with spectrophotometer (BioTek, USA). cDNA was
synthesized with GoScript Reverse Transcription Kit
(Promega, USA). qPCR was performed with GoTaq
qPCR System Kit (Promega, USA) using the 7900HT
qPCR System (Applied Biosystems, USA). The primer
sequences were listed in Additional file 1: Table S2.
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Elisa
To detect relative expression levels of PGE2 after treat-
ment of various concentrations of DIM dissolved in
serum-free medium incubating for 48 h, ELISA was per-
formed by collecting supernates respectively. The PGE2
released into the medium was measured using the PGE2
ELISA Kit (R&D System, USA) and all procedures were
in agreement with corresponding protocols.

Cell transfection
ESCC cells were transfected with lentivirus (Genechem,
China) or siRNAs (OriGene, USA). For AHR transfection,
shRNA 1 sequence was used as GCATAGAGACCGAC
TTAAT and shRNA 2 as AACAAGATGAGTCTATTTA.
For ROCK1, siRNA 1 sequences were 5′-CGGUUAGAAC
AAGAGGUAAAUGAAC-3′ and siRNA 2 were 5′-GGAA
AUAUCAAACGAUAUGGCUGGA-3′. For PTGS2 (COX
2), siRNA 1 squences were 5’GGCUAAUACUGAUAGGA-
GAGACUAT-3′ and siRNA 2 were 5′-GCAGCUUCCU
GAUUCAAAUGAGATT-3′. Meanwhile, overexpression
of AHR (OE-AHR) with lentivirus (Genechem, China) in
TE1 and KYSE150 cell lines was also conducted with se-
quence as GAGGATCCCCGGGTACCGGTCGCCACCA
TGAACAGCAGCAGCGCCAACATC.

Animal study
The animal study was approved by the Animal Center of
China Medical University (No.2018146). Four to six
weeks old BALB/C nude male mice were purchased
from Beijing Vital River Laboratory (Beijing, China) and
raised in condition of SPF level. Sixteen nude mice were
inoculated subcutaneously with approximately 2 × 106

TE1 cells and randomly separated into two groups (Con-
trol and DIM groups) after 1 week. Control group was
fed with PBS while DIM group was treated with DIM
(10mg/kg/day). After 4 weeks of gavage, mice were
sacrificed and xenograft tumors were removed to pre-
pare for IHC staining. Image J was used for quantitive
analysis.

Co-immunoprecipitation (co-IP) assay
Proteins were harvested after certain treatment and di-
vided into two parts, one for co-IP and the other for In-
put assay. Approximate 200 μl protein lysates were
incubated with 40 μl Protein A + G Agarose (Beyotime,
China) and proper volume of antibodies (Additional file
1: Table S1) as well as Rabbit IgG antibody (Beyotime,
China) at 4 °C overnight with gentle shaking. Then, sam-
ples were centrifuged at 6000 rpm at 4 °C for 3 min and
washed with 1 ml pre-cooling PBS for at least five times
repeatedly. About 10 μl 5 × SDS was added into each
tube after resuspended with 40 μl PBS and samples were
heated to 95 °C for 10 min. Finally, samples were loaded
on 10% SDS-PAGE for WB analysis.

Statistical analysis
All experiments were repeated at least three times
and data were shown as mean ± standard deviation
(SD). SPSS 20 and GraphPad Prism 8 were used for
analyzing data and creating statistical graphics. For
comparing statistical significance of two groups,
paired Student’s t-test was used and Spearman correl-
ation analysis was used for comparing relationships
between genes of ESCC. For comparisons of more
than three groups, one-way ANOVA was used and
LSD method was used for multiple comparisons.
Mann-Whitney test was used for analyzing the corre-
lations between H-scores and clinical pathological pa-
rameters. Kaplan-Meier method and Cox regression
analysis were performed for ESCC prognostic analysis.
A P-value less than 0.05 was considered statistical
significant.

Results
AHR is highly expressed in ESCC and correlates with poor
clinical pathological parameters
Results of IHC H-scores showed that AHR was highly
expressed in ESCC compared with normal tissues
(Additional file 2: Fig.S1A and 1B) and significantly
correlated with TNM stage and lymph nodes metastasis
(Additional file 2: Fig.S1C and 1D), while it had no sig-
nificant associations with patients’ age, smoking habit,
tumor differentiation and T stage (data not shown).
AHR expression levels were in line with the degree of
lymph node metastasis (Additional file 2: Fig.S1E).
GEPIA database indicated that AHR expression levels
were actually elevated in esophageal carcinoma (ESCA)
compared with normal tissues (Additional file 2:
Fig.S1F). We employed 4 ESCC databases downloaded
from GEO Datasets and results showed that AHR were
upregulated in all these 4 databases (Additional file 2:
Fig.S1G). UALCAN database showed AHR expression
levels significantly correlated with tumor grade, lymph
node metastasis and clinical stages (Additional file 2:
Fig.S1H).

DIM inhibits migration and invasion by reversing EMT of
ESCC
We first examined the expression levels of AHR in
ESCC cell lines. Results showed that AHR was at moder-
ate or high expression level in TE1 or KYSE150 cell line
(Additional file 2: Fig.S2). Since AHR was overexpressed
in ESCC, we treated cells with AHR modulator DIM to
further elucidate the effect of AHR on ESCC metastasis.
As shown in Fig. 1a and b, TE1 and KYSE150 were
treated with various concentrations of DIM and wound
healing assay and Transwell assay indicated the capabil-
ities of cell migration and invasion were weakened in a
dose-dependent manner. WB results demonstrated that
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DIM could modulate AHR via shifting AHR into the
nuclei to participate transcription activity with the
symbol of increasing levels of CYP1A1 production along
with the elevated concentrations of DIM. Meanwhile,
DIM could reverse the EMT process of ESCC with

downregulated expression levels of mesenchymal cell
marker β-Catenin, Vimentin and Slug, and in contrast,
upregulated that of epithelial cell marker Claudin-1.
What is more, DIM could also inhibit expression of
MMP1, and MMP2 (Fig. 1c).

Fig. 1 DIM can inhibit ESCC migration and invasion by reversal of EMT through modulation of AHR. a. Wound healing assay showed decreased
ability of migration of both TE1 and KYSE150 cells. b. Transwell assay indicated DIM could inhibit invasion in a dose-dependent manner. c.
Western blot implied that DIM could modulate AHR to reverse EMT process with downregulation of mesenchymal cell marker β-Catenin,
Vimentin and Slug as well as MMPs and upregulation of epithelial cell marker Claudin-1. * P < 0.05, ** P < 0.01, *** P < 0.001, ns, no significance
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Fig. 2 DIM can induce ESCC rearrangement of cytoskeleton through RhoA/ROCK1 pathway. a. ESCC cell morphology had changed from irregular
long fusiform to almost round or ellipse after DIM treatment. b. WB showed DIM could downregulate the cytoskeleton-associated RhoA/ROCK1/
Cofilin pathway to decrease expression of F-actin. c. Phalloidin staining of F-actin visualized the relative expression levels after various
concentrations of DIM treatment. * P < 0.05, ** P < 0.01, *** P < 0.001, ns, no significance
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Fig. 3 (See legend on next page.)
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DIM can rearrange ESCC cytoskeleton by disassembling F-
actin through RhoA/ROCK1 pathway
After DIM treatment, we found that ESCC cell morph-
ology changed from irregular long fusiform to almost
round or ellipse which was opposite to EMT process
(Fig. 2a). And RhoA/ROCK1/F-actin pathway was re-
ported to correlate with maintaining dynamic balance
of actin assembly and disassembly. Therefore, We per-
formed WB to detect pathway-associated proteins
change. Results were as follows: RhoA and ROCK1 ex-
pression levels were decreased in a dose-dependent
manner and so did the expression of p-cofilin and F-
actin. Meanwhile, since I3C could inhibit AHR binding
to COX2 promoter, we also detected COX2 levels and
result showed that DIM could also decrease COX2 ex-
pression (Fig. 2b). F-actin was visualized with phal-
loidin staining and we found F-actin was indeed
gradually decreased with elevated concentrations of
DIM (Fig. 2c).

RhoA and ROCK1 are overexpressed in ESCC and
positively correlate with lymph node metastasis, stage
and AHR expression
Since DIM could rearrange ESCC cytoskeleton through
RhoA/ROCK1 pathway, we first examined the relative
mRNA expression levels of RhoA and ROCK1 by qPCR.
Results indicated that DIM could also suppress the tran-
scription levels of RhoA and ROCK1 (Fig. 3a). Next, we
wondered whether these two genes were related with
poor clinical outcome of ESCC. Therefore, we used IHC
to detect expressions of RhoA and ROCK1 in ESCC
samples which were consistent with those of AHR stain-
ing. After data reduction and analysis, results showed
the low and high expression of RhoA and ROCK1 in Fig.
3b, and both RhoA and ROCK1 levels were significantly
associated with lymph node metastasis and clinical
stages (Fig. 3c). Along with the N stage exacerbation,
RhoA and ROCK1 staining intensities were enhanced
(Fig. 3d). With that, we utilized the GEPIA database to
explore the correlations between AHR and RhoA or
ROCK1 in ESCA and we found AHR gene was positively
correlated with RhoA and ROCK1 gene (Fig. 3e).
Through analysis of these three genes expression levels
of the same ESCC slide, the results were same as GEPIA
analysis (Fig. 3f). Finally, we performed the aforesaid

analysis of the four GEO databases. However, only
GSE38129 database completely exhibited the same re-
sults (Fig. 3g) and the other three databases showed no
significant correlations except for part of the analysis
(Additional file 2: Fig. S3).

Synergic overexpression of AHR, RhoA and ROCK1
predicts poor prognosis and blockade of RhoA/ROCK1
pathway reverses EMT
Since AHR, RhoA and ROCK1 were all associated with
lymph node metastasis and clinical stage, and they cor-
related significantly with each other, we wondered if
they had any relationships with overall survival time.
Thus, we performed the survival analysis of AHR, RhoA
and ROCK1 independently or in combination. Results
showed individual overexpression of AHR, RhoA or
ROCK1 predicted poor prognosis. What was more,
when two of the three genes or all three genes were co-
overexpressed, the overall survival probability was
much lower compared with low expression group
(Fig. 4a). Meanwhile, we conducted multivariate Cox
regression analysis of prognostic factors regarding
AHR, RhoA and ROCK1 expression levels. Results in
Table 1 demonstrated that all these three proteins were
significant risk factors for ESCC prognosis [AHR HR:
1.010(1.001–1.020), P = 0.038; RhoA HR: 1.012(1.003–
1.020), P = 0.010; ROCK1 HR: 1.009(1.001–1.018), P =
0.031]. It signified the conjecture that AHR, RhoA and
ROCK1 were all associated with EMT process in order
to facilitate progression of ESCC. Hence, we next exam-
ined whether ROCK1 correlated with EMT through
ROCK1 specific small interfering RNA (siRNA). As
shown in Fig. 4b, after knockdown of ROCK1, F-actin
and mesenchymal cell markers as well as MMP1 and
MMP2 expression levels were decreased while epithelial
cell marker Claudin-1 was upregulated. Phalloidin
staining of F-actin treated with ROCK1 siRNAs was in
line with WB (Additional file 2: Fig. S4). Meanwhile, we
used the RhoA/ROCK1 pathway inhibitor Fasudil to
further verify the effect of this pathway on EMT. Data
indicated that through inhibiting the pathway, Fasudil
could also reverse EMT process (Fig. 4c). In this way,
blockade of RhoA/ROCK1 pathway could inhibit ESCC
progression.

(See figure on previous page.)
Fig. 3 RhoA and ROCK1 in ESCC correlated with poor clinical outcomes and AHR expression levels. a. DIM could inhibit transcription of RhoA and
ROCK1 in a dose-dependent manner. b. Representative IHC images of RhoA and ROCK1 expression levels in ESCC. c. RhoA and ROCK1 expression
levels significantly correlated with lymph node metastasis and clinical stage. d. IHC staining-intensities positively correlated with levels of N stage.
e. GEPIA database showed significant correlations among AHR, RhoA and ROCK1 in ESCA. f. Correlation analysis with IHC staining exhibited the
same significant results as GEPIA. g. GSE38129 database verified that positive correlation among AHR, RhoA and ROCK1 expression levels in ESCC.
* P < 0.05, ** P < 0.01, *** P < 0.001, ns, no significance
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Fig. 4 (See legend on next page.)
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COX2/PGE2 pathway correlates with ESCC migration and
invasion
As mentioned above, DIM could downregulate COX2
expression. Then we tried to verify whether COX2/PGE2
pathway was involved in EMT process of ESCC. From
GEPIA database, we noticed PTGS2 (gene name of
COX2) expression levels were significantly positively re-
lated with AHR, RhoA and ROCK1 in ESCA (Fig. 5a).
Moreover, COX2 was also overexpressed in ESCA (Fig.
5b) and through analysis of GEO databases, GSE23400
and GSE20347 databases indicated overexpression of
COX2 (Fig. 5c) while the other two showed no signifi-
cance (Additional file 2: Figure S5). Since evidence
showed COX2 was aberrantly expressed in ESCC, we
aimed to test the function of COX2/PGE2 pathway re-
garding EMT with the use of COX2 selective inhibitor
Celecoxib and catalysate PGE2. Wound healing assay
and Transwell assay exhibited that Celecoxib could sup-
press TE1 and KYSE150 cells migration and invasion
while after PGE2 treatment, ESCC migratory and inva-
sive abilities were strengthened (Fig. 5d and e).

Overexpression of AHR promotes EMT process with
increased capacity of migration and invasion
Since we aimed to explore the underlying mechanism of
reversing EMT process through modulation of AHR, we
next constructed stable transfected cell lines of AHR
overexpression (OE-AHR) to verify the proper pheno-
type change and pathway. As shown in Fig. 5f and g,
overexpression of AHR promoted ESCC migration and
invasion. WB results indicated that after overexpression
of AHR, RhoA/ROCK1 and COX2 expression levels
were also elevated. Meanwhile, EMT process was actu-
ally promoted with upregulated expression of mesenchy-
mal cell markers and downregulated that of epithelial
cell marker Claudin-1 (Fig. 5h).

DIM targets COX2/PGE2 pathway to reverse EMT
Since COX2/PGE2 pathway was involved in tumor me-
tastasis, we utilized COX2 specific siRNAs and celecoxib
as well as PGE2 to further explore its relationship with
EMT process. As shown in Fig. 6a, after treated with
COX2 siRNAs, TE1 and KYSE150 cells exhibited down-
regulated expression levels of β-Catenin, Vimentin, Slug,
MMP1 and MMP2, and upregulated Claudin-1 expres-
sion. The results of celecoxib treatment were similar to
that of COX2 siRNAs treatment (Fig. 6b). To verify WB
alterations of COX2 expression after DIM treatment, we
next examined the COX2 mRNA levels changes by
qPCR. As expected, DIM could inhibit COX2 relative
mRNA expression levels in a dose-dependent manner
(Fig. 6c). As a matter of course, we then used ELISA
assay to detect the levels of PGE2 and results were con-
sistent with the COX2 expression levels after DIM incu-
bation (Fig. 6d). Thus, we directly added PGE2 in
medium to examine relative proteins alterations. WB re-
sults indicated PGE2 could exacerbate EMT process
while DIM could actually reverse EMT in part (Fig. 6e).
Through targeting COX2/PGE2 pathway, DIM could re-
verse EMT of ESCC.

DIM modulates AHR to reverse EMT through repressing
RhoA/ROCK1-mediated COX2/PGE2 pathway
After elucidating the fact that RhoA/ROCK1 and COX2/
PGE2 pathway were involved in EMT process of ESCC,
we wondered if these two pathways had some interac-
tions in regulating cytoskeleton and EMT process, and
whether they were related with AHR. Therefore, we
established AHR knockdown stable transfection cell
lines with lentivirus to examine related proteins alter-
ations. WB results demonstrated that after knockdown
of AHR, all RhoA, ROCK1 and COX2 expression levels
were synergically decreased (Fig. 7a). Similarly, we
treated sh-AHR cells with same concentrations of DIM
and no clear alterations of RhoA, ROCK1 and COX2
were shown, Which represented that AHR was the up-
stream gene of RhoA/ROCK1 and COX2/PGE2 pathway
(Fig. 7b). Next, we used ROCK1 siRNAs and RhoA/
ROCK1 pathway inhibitor Fasudil to treat ESCC cells
and results exhibited after knockdown of ROCK1 or in-
hibition of the pathway, COX2 protein expression levels
were decreased in the same way (Fig. 7c and d). Mean-
while, qPCR showed that Fasudil could actually down-
regulate RhoA, ROCK1 and COX2 relative mRNA levels

(See figure on previous page.)
Fig. 4 Co-overexpression of AHR, RhoA and ROCK1 predicted poor prognosis and targeting RhoA/ROCK1 pathway can reverse EMT. a. Survival
analysis of single AHR, RhoA or ROCK1 expression levels or combined. Co-overexpression of above three proteins predicted poor prognosis of
ESCC. b. Knockdown of ROCK1 with specific siRNAs could reverse EMT process as well as downregulate expression of MMPs. c. Blockade of RhoA/
ROCK1 pathway with inhibitor Fasudil could actually reverse EMT of ESCC. * P < 0.05, ** P < 0.01, *** P < 0.001, ns, no significance

Table 1 Cox regression for prognostic analysis with IHC results
of ESCC

Variables β SE Wald df P value HR 95%CI

AHR 0.010 0.005 4.286 1 0.038 1.010 1.001–1.020

RhoA 0.011 0.004 6.611 1 0.010 1.012 1.003–1.020

ROCK1 0.009 0.004 4.644 1 0.031 1.009 1.001–1.018

β regression coefficient; SE standard error; Wald wald chi-square; df degree of
freedom; HR hazard ratio; CI confidence interval
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(Fig. 7e). Finally, after knockdown of COX2 with siR-
NAs, there were no clear alterations of ROCK1 protein
expression levels, which represented COX2 was the
downstream gene of ROCK1 (Fig. 7f). To summarize,
DIM modulated AHR to reverse EMT through repres-
sing RhoA/ROCK1-mediated COX2/PGE2 pathway.

In vivo experiment verifies DIM can reverse EMT process
of ESCC
We performed in vivo experiment on BALB/C nude
mice treated with TE1 cells injection subcutaneously
and DIM gavage to verify the in vitro results. As
expected, IHC staining results showed downregulated
expression levels of AHR, RhoA, ROCK1, COX2 and
mesenchymal cell markers as well as MMP1 and MMP2.
Epithelial cell marker Claudin-1 was upregulated
(Fig. 8a). All in vivo results were in line with in vitro
ones.

Modulation of AHR by DIM leads to weakened protein-
protein interaction with EGFR to suppress RhoA/ROCK1-
mediated COX2/PGE2 pathway connected by NF-κB
Even though we had certified the proper underlying
mechanism, we wondered whether these proteins had
any interactions between each other. However, we had
not obtained the direct interaction except for that be-
tween RhoA and ROCK1 (data not shown). Therefore,
we proposed that AHR might have interaction with
EGFR so as to regulate downstream pathways after
carefully reviewing documents. As shown in Fig. 8b, we
found the direct interaction between AHR and EGFR
with co-IP assay. What was more, EGFR and NF-κB
had been reported to have associations with RhoA/
ROCK1 and COX2/PGE2 pathway respectively. NF-κB
had also been detected to exhibit direct interactions
with ROCK1 and COX2. To further determine the ef-
fective interaction between AHR and EGFR, we utilized
AHR overexpression cell lines for detection level
changes of EGFR and p-EGFR. Results verified that p-
EGFR expression levels were elevated while expressions
of total EGFR remained unchanged (Fig. 8c). Similarly,
DIM could inhibit expression levels of EGFR and p-
EGFR as well as NF-κB p65 and p-p65 (Fig. 8d). To
sum up, DIM could modulate AHR to transfer into the
nuclei for participation in transcription activity and to

weaken interaction with EGFR leading to inhibition of
RhoA/ROCK1-mediated COX2/PGE2 pathway con-
nected by NF-κB to finally reverse EMT process of
ESCC (Fig. 8e).

Discussion
Esophageal squamous cell carcinoma is one of the most
aggressive tumors with rapid tumor progression and
lower five-year survival rate. There are still no effective
clinical drugs that can block the metastatic process, es-
pecially of ESCC patients at advanced stage [20, 21]. For
metastasis, a novel process is described as follows: can-
cer cells obtain the capability of disseminating from pri-
mary tumor site to proper distant organs with
strengthened migratory and invasive abilities. Epithelial-
mesenchymal transition is a complicated program that it
confers epithelial cells successful transformation into
mesenchymal cells with morphological change which
leads to attenuated cell-cell junction, dissolved cell-
matrix adhesion, rearranged cytoskeleton and enhanced
invasive growth [12]. EMT program is the vital initiation
of tumor metastasis and targeting EMT as one of the
most effective solutions to block ESCC progression is
deserved explorations. Aryl hydrocarbon receptor is a
ligand-dependent transcription factor which has been re-
ported to have connections with tumor metastasis of
thyroid carcinoma, neuroblastoma and inflammatory
breast cancer [22–24]. And DIM as a selective modula-
tor of AHR, has been demonstrated it has inhibitory ef-
fects on tumor proliferation, migration and invasion [25,
26]. Meanwhile, our previous study have demonstrated
that AHR overexpression contributed to worse func-
tional phenotypes and DIM treatment could inhibit
ESCC cell growth, induce G1 phase arrest and promote
cell apoptosis of TE1 cells [10]. Therefore, we want to
explore whether DIM can reverse EMT process of ESCC
through modulation of AHR. As expected, DIM actually
can downregulate expressions of mesenchymal cell
markers including β-Catenin, Vimentin and Slug and
epithelial cell marker Claudin-1 has been upregulated.
Meanwhile, DIM also exerts its prohibitive effects on cell
migration and invasion.
For EMT process, we have identified rearrangement of

cancer cytoskeleton emphasizes its role in EMT and
from experimental observation, cellular morphology of

(See figure on previous page.)
Fig. 5 Targeting COX2/PGE2 pathway affects ESCC migration and invasion and overexpression of AHR promotes EMT process. a. GEPIA database
showed positive correlations between PTGS2 (COX2) and AHR or RhoA or ROCK1. b. GEPIA database showed PTGS2 was overexpressed in ESCA.
c. GSE23400 and GSE20347 verified PTGS2 expression levels in ESCC were elevated. d and e. Wound healing assay exhibited after COX2 selective
inhibitor Celecoxib treatment, cell abilities of migration and invasion were inhibited while after PGE2 treatment, the abilities were strengthened. f
and g. Overexpression of AHR could strengthen ESCC migration and invasion. H. Overexpression of AHR could promote EMT process. * P < 0.05,
** P < 0.01, *** P < 0.001, ns, no significance
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ESCC has changed from irregular long fusiform to al-
most round or ellipse type which implies the disruption
of dynamic balance of local assembly and disassembly
of cell actin filaments. Cytoskeleton regulation is the
prerequisite of cell endocytosis, mobility, migration and
invasion [27]. RhoA/ROCK1 pathway has been reported
to regulate actin stress fiber formation, cell-cell junc-
tion and cell-matrix adhesion by inducing MMPs pro-
duction or regulating CXCR4/Akt signaling [28, 29].
What is more, overexpression of RhoA or ROCK1 has
contributed to malignant phenotype of cancers, such as
ESCC [30]. DLC1 SAM domain-binding peptides have
been reported to inhibit breast cancer growth and mi-
gration through inactivation of RhoA [31] and ROCK1
can promote migration and invasion of non small cell
lung cancer by activating PTEN/PI3K/FAK pathway
[32]. Our results verify that DIM can reduce F-actin as-
sembly through inhibition of RhoA/ROCK1 pathway
with decreased transcription activities and kinase activ-
ities. Evidences show that AHR can bind to the XREs in
the RhoA promoter region at the position of − 455 to −
431 bp with AHR agonist 3-MC (3-methylcholanthrene)
[33] and EGFR has been reported to promote human
trophoblast cell migration through activation of RhoA
and RhoC [34]. Moreover, EGFR has been reported to
interact with AHR and GPER (G protein estrogen re-
ceptor) to stimulate breast cancer progression and
EGFR can bypass RhoA to activate YAP signaling to
promote hepatocellular carcinoma proliferation [35,
36]. Meanwhile, our co-IP results showed direct
protein-protein interactions between AHR and EGFR
as well as EGFR and RhoA. Thus, we hypothesize that
DIM can modulate AHR, which leads to decreased
transcription activity of RhoA/ROCK1 pathway and
weakened interaction with EGFR since overexpression
of AHR contributes to elevated expression levels of p-
EGFR. Certainly, F-actin assembly or disassembly
makes sense for cell migration with involvement in
formation of two distinguishing functional states that
mediate cell protrusive and contractile steps to couple
with the extracellular matrix (ECM) for further gener-
ation of MMPs [37]. As reported, vitamin C can inhibit
triple-negative breast cancer metastasis by suppressive
effect on formation of F-actin and lamellipodia through
regulating expression of YAP1 and synaptopodin 2 [38];
Migration and invasion enhancer 1 (MIEN1) has

recently been indicated to promote cancer progression
and metastasis by polymerizing G-actin and stabilizing
F-actin filaments [39].
As mentioned above, DIM can block transcriptional

activity of AHR binding to the COX2 promoter.
COX2/PGE2 pathway is associated with tumor EMT
and metastasis. Inhibition of COX2/PGE2 pathway can
effectively suppress tumor growth, EMT and metastasis
of non small cell lung cancer or extrahepatic cholan-
giocarcinoma through PLA2G4A/PGE2/STAT3 path-
way [40, 41]. Our results show that DIM can inhibit
expression of COX2 and PGE2 and COX2 selective
inhibitor Celecoxib limits the capabilities of ESCC mi-
gration and invasion as well as reverses EMT process.
On the contrary, directly supplying ESCC with PGE2
promotes EMT and metastasis. Since both RhoA/
ROCK1 pathway and COX2/PGE2 pathway are able to
reverse EMT and inhibit metastasis regulated by
modulation of AHR by DIM, we wonder whether some
interactions exist. As reported, salidroside can regulate
Rho/ROCK1/NF-κB pathway to ameliorate arthritis-
induced brain cognition deficits and microRNA-145
can inhibit proliferation and promote apoptosis of
hepatocellular carcinoma through downregulation of
ROCK1/NF-κB pathway [42, 43]. It is well-known that
NF-κB can regulate COX2/PGE2 pathway and is the
upstream regulator of the pathway. Thus, we
hypothesize that NF-κB is the connection of RhoA/
ROCK1 and COX2/PGE2 pathways. Our co-IP assay
had demonstrated that NF-κB actually had direct inter-
actions with ROCK1 and COX2. Meanwhile, DIM can
also inhibit transcription activity of NF-κB and phos-
phorylation level. That is to say, DIM exerts its reversal
of EMT process mainly through modulation of AHR to
inhibit EGFR/RhoA/ROCK1/NF-κB/COX2/PGE2 path-
way. This is the first time for us to demonstrate that
AHR is the upstream gene of above pathways and
COX2/PGE2 pathway can be mediated by RhoA/
ROCK1 pathway, which stands a chance to investiga-
tion of ESCC targeted therapy. Therefore, blockade of
AHR as the original source of EMT process in ESCC
with DIM as the modulator is of significance. Through
reversal of EMT process that is currently in the lime-
light of keeping cancer cells in captivity, we can finally
anchored tumors at primary sites to achieve success of
prolonged patients’ lifespan.

(See figure on previous page.)
Fig. 6 Targeting COX2/PGE2 pathway affects EMT process of ESCC. a. Knockdown of COX2 with specific siRNAs could reverse reverse EMT process
with downregualtion of β-Catenin, Vimentin and Slug as well as MMPs and upregulation of Claudin-1. b. COX2 selective inhibitor Celecoxib
synergically with DIM inhibited EMT. c. DIM inhibited transcription of COX2 measured by qPCR. d. DIM inhibited production of PGE2 in a dose-
dependent manner measured by ELISA assay. e. WB results showed that DIM could partly reverse the EMT process which could be enhanced by
PGE2 treatment. * P < 0.05, ** P < 0.01, *** P < 0.001, ns, no significance
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Fig. 7 COX2/PGE2 pathway can be mediated by RhoA/ROCK1 pathway. a. Knockdown of AHR inhibited expression levels of RhoA, ROCK1 and
COX2. b. After knockdown of AHR, DIM exerted no obvious effect on RhoA/ROCK1 and COX2 expression. c. Knockdown of ROCK1 inhibited
expression of COX2. d. Inhibition of RhoA/ROCK1 pathway with Fasudil could suppress COX2 expression. e. Results by qPCR indicated Fasudil
could inhibit transcription of RhoA/ROCK1 and COX2 expression in a dose-dependent manner. f. Knockdown of COX2 had no effects on ROCK1
expression levels. * P < 0.05, ** P < 0.01, *** P < 0.001, ns, no significance
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Conclusions
In brief, our study indicates that DIM can modulate
AHR leading to decreased transcription activities of
relative genes and weakened interaction with EGFR to
effectively reverse EMT process of ESCC with rearrange-
ment of cytoskeleton and regulation of related EMT
markers as well as MMPs through repressing RhoA/
ROCK1-mediated COX2/PGE2 pathway which is con-
nected by NF-κB. AHR can be explored as a promising
target gene and DIM may be applied in clinical treat-
ment of ESCC in the future.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13046-020-01618-7.

Additional file 1 Table S1. Information of antibodies used in WB or co-
IP Table S2. Sequences of primer used in qPCR

Additional file 2 Supplementary Figure 1. AHR is overexpressed in
ESCC and correlates with poor clinical outcomes. A. IHC results showed
represented images of AHR expression levels in ESCC. B. AHR was
overexpressed in ESCC compared with paired normal tissues. Expression
levels of AHR correlated with ESCC clinical stages (C) and lymph node
metastasis (D). E. AHR staining-intensities were positively associated with
levels of lymph node metastasis. F. GEPIA database indicated overexpres-
sion of AHR in ESCA. G. All four ESCC databases downloaded from GEO
Dataset verified AHR was overexpressed in ESCC. H. UALCAN database in-
dicated AHR expression levels were significantly associated with tumor
histology, tumor grade, lymph nodal metastasis status and clinical stages.
* P < 0.05, ** P < 0.01, *** P < 0.001. Supplementary Figure 2. Detection
of AHR expression levels in ESCC cell lines by WB. Supplementary Fig-
ure 3. Correlation analysis of AHR, RhoA and ROCK1 with GEO Datasets.
A: In GSE23400 databases, no significant correlations were found among
AHR, RhoA and ROCK1 expression levels. B: In GSE20347, only correlation
analysis of AHR and ROCK1 was significant. C: In GSE29001, only correl-
ation analysis of RhoA and ROCK1 was significant. Supplementary Fig-
ure 4. Phalloidin staining of F-actin in TE1 (A) and KYSE150 (B) cell lines
with ROCK1 siRNAs. Supplementary Figure 5. No significant overex-
pression of PTGS2 in GSE38129 and GSE29001 databases.

Abbreviations
AHR: Aryl hydrocarbon receptor; COX2: Cyclooxygenase 2;
CYP1A1: Cytochrome P450, family 1, member A1; DIM: 3,3′-Diindolylmethane;
EGFR: Epidermal growth factor receptor; ELISA: Enzyme-linked
immunosorbent assay; EMT: Epithelial-mesenchymal transition;
ESCC: Esophageal quamous cell carcinoma; PGE2: Prostaglandin E2;
qPCR: Quantative Polymerase Chain Reaction; RhoA: Ras homolog gene
family member A; ROCK1: Rho-associated coiled-coil kinase

Acknowledgements
We thank for the support of our NHC Key Laboratory of
Immunodermatology (China Medical University).

Authors’ contributions
Peiyao Zhu and Huayun Yu designed and conducted the majority of the
experiments and they contributed equally to this work. Kun Zhou and Yu Bai
assisted with the results collection and processing. Ruiqun Qi and Shuguang
Zhang instructed data analysis, figure production and manuscript writing.

Funding
This work was supported partly with the grant from the National Natural
Science Foundation of China (81201890) and grants from Department of
Education of Liaoning Province (LK201614 and 2013021002).

Availability of data and materials
All experimental data generated or analysed during this study are included
in this published article and its supplementary files.

Ethics approval and consent to participate
All experiments regarding human tissue slides and animal study in this study
were performed in according to ethical standards. Informed consent was
obtained from all patients and animal study was approved by the Animal
Center of China Medical University (No.2018146).

Consent for publication
All authors involved in the study had given their consent for submitting this
article for publication.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Thoracic Surgery, The First Hospital of China Medical
University, No.155 North Nanjing Street, Shenyang 110001, China.
2Department of Gynecology and Obstetrics, Clinical Medical School,
Shandong University, 44# Wenhua Xi Road, Jinan 250012, China.
3Department of Dermatology, The First Hospital of China Medical University,
No.155 North Nanjing Street, Shenyang 110001, China.

Received: 1 March 2020 Accepted: 8 June 2020

References
1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer

statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA Cancer J Clin. 2018;68(6):394–424.

2. McCormack VA, Menya D, Munishi MO, Dzamalala C, Gasmelseed N, Leon
Roux M, et al. Informing etiologic research priorities for squamous cell
esophageal cancer in Africa: a review of setting-specific exposures to known
and putative risk factors. Int J Cancer. 2017;140(2):259–71.

3. Fatehi Hassanabad A, Chehade R, Breadner D, Raphael J. Esophageal
carcinoma: towards targeted therapies. Cell Oncol (Dordr). 2020;43(2):195–
209.

4. Popolo A, Pinto A, Daglia M, Nabavi SF, Farooqi AA, Rastrelli L. Two likely
targets for the anti-cancer effect of indole derivatives from cruciferous
vegetables: PI3K/Akt/mTOR signalling pathway and the aryl hydrocarbon
receptor. Semin Cancer Biol. 2017;46:132–7.

5. Donovan MG, Selmin OI, Doetschman TC, Romagnolo DF. Epigenetic
Activation of BRCA1 by Genistein In Vivo and Triple Negative Breast Cancer
Cells Linked to Antagonism toward Aryl Hydrocarbon Receptor. Nutrients.
2019;11:11.

6. Ye M, Zhang Y, Gao H, Xu Y, Jing P, Wu J, et al. Activation of the aryl
hydrocarbon receptor leads to resistance to EGFR TKIs in non-small cell

(See figure on previous page.)
Fig. 8 In vivo assay and co-IP assay verifies that DIM can modulate AHR to reverse EMT through repressing RhoA/ROCK1-mediated COX2/PGE2
pathway. a. IHC results of xenografts staining showed downexpression of AHR, RhoA, ROCK1, COX2 and mesenchymal cell markers as well as
upregulation of epithelial cell marker Claudin-1. b. Co-IP assay indicated that proteins had direct interactions between each other. DIM+: 40 μM. c.
Overexpression of AHR resulted in elevated levels of p-EGFR. d. DIM (40 μM) could inhibit expressions of EGFR and p-EGFR as well as NF-κB p65
and p-p65. e. Schematic representation of molecular mechanism of DIM in reversal of EMT process of ESCC

Zhu et al. Journal of Experimental & Clinical Cancer Research          (2020) 39:113 Page 17 of 18

https://doi.org/10.1186/s13046-020-01618-7
https://doi.org/10.1186/s13046-020-01618-7


lung Cancer by activating Src-mediated bypass signaling. Clin Cancer Res.
2018;24(5):1227–39.

7. Venkateswaran N, Lafita-Navarro MC, Hao YH, Kilgore JA, Perez-Castro L,
Braverman J, et al. MYC promotes tryptophan uptake and metabolism by the
kynurenine pathway in colon cancer. Genes Dev. 2019;33(17–18):1236–51.

8. Deuster E, Mayr D, Hester A, Kolben T, Zeder-Goss C, Burges A, et al.
Correlation of the Aryl Hydrocarbon Receptor with FSHR in Ovarian Cancer
Patients. Int J Mol Sci. 2019;20:12.

9. Rothhammer V, Quintana FJ. The aryl hydrocarbon receptor: an
environmental sensor integrating immune responses in health and disease.
Nat Rev Immunol. 2019;19(3):184–97.

10. Zhu P, Zhou K, Lu S, Bai Y, Qi R, Zhang S. Modulation of aryl hydrocarbon
receptor inhibits esophageal squamous cell carcinoma progression by
repressing COX2/PGE2/STAT3 axis. J Cell Commun Signal. 2020;14(2):175.

11. Li CH, Liu CW, Tsai CH, Peng YJ, Yang YH, Liao PL, et al. Cytoplasmic
aryl hydrocarbon receptor regulates glycogen synthase kinase 3 beta,
accelerates vimentin degradation, and suppresses epithelial-
mesenchymal transition in non-small cell lung cancer cells. Arch
Toxicol. 2017;91(5):2165–78.

12. Yilmaz M, Christofori G. EMT, the cytoskeleton, and cancer cell invasion.
Cancer Metastasis Rev. 2009;28(1–2):15–33.

13. Yuan J, Chen L, Xiao J, Qi XK, Zhang J, Li X, et al. SHROOM2 inhibits tumor
metastasis through RhoA-ROCK pathway-dependent and -independent
mechanisms in nasopharyngeal carcinoma. Cell Death Dis. 2019;10(2):58.

14. Tang J, Liu C, Xu B, Wang D, Ma Z, Chang X. ARHGEF10L contributes to liver
tumorigenesis through RhoA-ROCK1 signaling and the epithelial-
mesenchymal transition. Exp Cell Res. 2019;374(1):46–68.

15. Gupta GP, Nguyen DX, Chiang AC, Bos PD, Kim JY, Nadal C, et al. Mediators
of vascular remodelling co-opted for sequential steps in lung metastasis.
Nature. 2007;446(7137):765–70.

16. Cen B, Lang JD, Du Y, Wei J, Xiong Y, Bradley N, et al. Prostaglandin E2
induces miR675-5p to promote colorectal tumor metastasis via modulation
of p53 expression. Gastroenterology. 2020;158(4):971–84 e10.

17. Garrido MP, Hurtado I, Valenzuela-Valderrama M, Salvatierra R, Hernandez A,
Vega M, et al. NGF-Enhanced Vasculogenic Properties of Epithelial Ovarian
Cancer Cells Is Reduced by Inhibition of the COX-2/PGE2 Signaling Axis.
Cancers (Basel). 2019;11:12.

18. Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z. GEPIA: a web server for cancer
and normal gene expression profiling and interactive analyses. Nucleic
Acids Res. 2017;45(W1):W98–W102.

19. Chandrashekar DS, Bashel B, Balasubramanya SAH, Creighton CJ, Ponce-
Rodriguez I, Chakravarthi B, et al. UALCAN: a portal for facilitating
tumor subgroup gene expression and survival analyses. Neoplasia. 2017;
19(8):649–58.

20. Chen L, Wei Q, Bi S, Xie S. Maternal embryonic Leucine zipper kinase
promotes tumor growth and metastasis via stimulating FOXM1 signaling in
esophageal squamous cell carcinoma. Front Oncol. 2020;10:10.

21. Smyth EC, Lagergren J, Fitzgerald RC, Lordick F, Shah MA, Lagergren P, et al.
Oesophageal cancer. Nat Rev Dis Primers. 2017;3:17048.

22. Moretti S, Nucci N, Menicali E, Morelli S, Bini V, Colella R, et al. The Aryl
Hydrocarbon Receptor Is Expressed in Thyroid Carcinoma and Appears to
Mediate Epithelial-Mesenchymal-Transition. Cancers (Basel). 2020;12:1.

23. Wu PY, Yu IS, Lin YC, Chang YT, Chen CC, Lin KH, et al. Activation of aryl
hydrocarbon receptor by Kynurenine impairs progression and metastasis of
neuroblastoma. Cancer Res. 2019;79(21):5550–62.

24. Mohamed HT, Gadalla R, El-Husseiny N, Hassan H, Wang Z, Ibrahim SA, et al.
Inflammatory breast cancer: activation of the aryl hydrocarbon receptor and
its target CYP1B1 correlates closely with Wnt5a/b-beta-catenin signalling,
the stem cell phenotype and disease progression. J Adv Res. 2019;16:75–86.

25. Zou M, Xu C, Li H, Zhang X, Fan W. 3,3′-Diindolylmethane suppresses
ovarian cancer cell viability and metastasis and enhances chemotherapy
sensitivity via STAT3 and Akt signaling in vitro and in vivo. Arch Biochem
Biophys. 2018;S0003-9861(18):30087.

26. Kim BG, Kim JW, Kim SM, Go RE, Hwang KA, Choi KC. 3,3′-Diindolylmethane
Suppressed Cyprodinil-Induced Epithelial-Mesenchymal Transition and
Metastatic-Related Behaviors of Human Endometrial Ishikawa Cells via an
Estrogen Receptor-Dependent Pathway. Int J Mol Sci. 2018;19(1):189.

27. Shankar J, Nabi IR. Actin cytoskeleton regulation of epithelial mesenchymal
transition in metastatic cancer cells. PLoS One. 2015;10(3):e0119954.

28. Lozano E, Betson M, Braga VM. Tumor progression: small GTPases and loss
of cell-cell adhesion. Bioessays. 2003;25(5):452–63.

29. Guo J, Yu X, Gu J, Lin Z, Zhao G, Xu F, et al. Regulation of CXCR4/AKT-
signaling-induced cell invasion and tumor metastasis by RhoA, Rac-1, and
Cdc42 in human esophageal cancer. Tumour Biol. 2016;37(5):6371–8.

30. Faried A, Nakajima M, Sohda M, Miyazaki T, Kato H, Kuwano H. Correlation
between RhoA overexpression and tumour progression in esophageal
squamous cell carcinoma. Eur J Surg Oncol. 2005;31(4):410–4.

31. Joshi R, Qin L, Cao X, Zhong S, Voss C, Min W, et al. DLC1 SAM domain-
binding peptides inhibit cancer cell growth and migration by inactivating
RhoA. J Biol Chem. 2020;295(2):645–56.

32. Hu C, Zhou H, Liu Y, Huang J, Liu W, Zhang Q, et al. ROCK1 promotes
migration and invasion of nonsmallcell lung cancer cells through the PTEN/
PI3K/FAK pathway. Int J Oncol. 2019;55(4):833–44.

33. Chang CC, Tsai SY, Lin H, Li HF, Lee YH, Chou Y, et al. Aryl-hydrocarbon
receptor-dependent alteration of FAK/RhoA in the inhibition of HUVEC
motility by 3-methylcholanthrene. Cell Mol Life Sci. 2009;66(19):3193–205.

34. Han J, Li L, Hu J, Yu L, Zheng Y, Guo J, et al. Epidermal growth factor
stimulates human trophoblast cell migration through rho a and rho C
activation. Endocrinology. 2010;151(4):1732–42.

35. Cirillo F, Lappano R, Bruno L, Rizzuti B, Grande F, Guzzi R, et al. AHR and
GPER mediate the stimulatory effects induced by 3-methylcholanthrene in
breast cancer cells and cancer-associated fibroblasts (CAFs). J Exp Clin
Cancer Res. 2019;38(1):335.

36. Xia H, Dai X, Yu H, Zhou S, Fan Z, Wei G, et al. EGFR-PI3K-PDK1 pathway
regulates YAP signaling in hepatocellular carcinoma: the mechanism and its
implications in targeted therapy. Cell Death Dis. 2018;9(3):269.

37. Gardel ML, Schneider IC, Aratyn-Schaus Y, Waterman CM. Mechanical
integration of actin and adhesion dynamics in cell migration. Annu Rev Cell
Dev Biol. 2010;26:315–33.

38. Gan L, Camarena V, Mustafi S, Wang G. Vitamin C Inhibits Triple-Negative
Breast Cancer Metastasis by Affecting the Expression of YAP1 and
Synaptopodin 2. Nutrients. 2019;11(12):2997.

39. Kushwaha PP, Gupta S, Singh AK, Kumar S. Emerging role of migration and
invasion enhancer 1 (MIEN1) in Cancer progression and metastasis. Front
Oncol. 2019;9:868.

40. Pan C, Zhang Y, Meng Q, Dai G, Jiang Z, Bao H. Down regulation of the
expression of ELMO3 by COX2 inhibitor suppresses tumor growth and
metastasis in non-small-cell lung Cancer. Front Oncol. 2019;9:363.

41. Sun R, Liu Z, Qiu B, Chen T, Li Z, Zhang X, et al. Annexin10 promotes
extrahepatic cholangiocarcinoma metastasis by facilitating EMT via
PLA2G4A/PGE2/STAT3 pathway. EBioMedicine. 2019;47:142–55.

42. Zhu L, Chen T, Chang X, Zhou R, Luo F, Liu J, et al. Salidroside ameliorates
arthritis-induced brain cognition deficits by regulating rho/ROCK/NF-kappaB
pathway. Neuropharmacology. 2016;103:134–42.

43. Wang RK, Shao XM, Yang JP, Yan HL, Shao Y. MicroRNA-145 inhibits
proliferation and promotes apoptosis of HepG2 cells by targeting ROCK1
through the ROCK1/NF-kappaB signaling pathway. Eur Rev Med Pharmacol
Sci. 2019;23(7):2777–85.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Zhu et al. Journal of Experimental & Clinical Cancer Research          (2020) 39:113 Page 18 of 18


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell culture and antibodies
	Immunohistochemistry (IHC) staining
	Bioinformatic analysis
	Wound healing assay
	Transwell assay
	Western blot
	Cell morphology
	Immunofluorescence of F-actin
	Quantitative PCR (qPCR)
	Elisa
	Cell transfection
	Animal study
	Co-immunoprecipitation (co-IP) assay
	Statistical analysis

	Results
	AHR is highly expressed in ESCC and correlates with poor clinical pathological parameters
	DIM inhibits migration and invasion by reversing EMT of ESCC
	DIM can rearrange ESCC cytoskeleton by disassembling F-actin through RhoA/ROCK1 pathway
	RhoA and ROCK1 are overexpressed in ESCC and positively correlate with lymph node metastasis, stage and AHR expression
	Synergic overexpression of AHR, RhoA and ROCK1 predicts poor prognosis and blockade of RhoA/ROCK1 pathway reverses EMT
	COX2/PGE2 pathway correlates with ESCC migration and invasion
	Overexpression of AHR promotes EMT process with increased capacity of migration and invasion
	DIM targets COX2/PGE2 pathway to reverse EMT
	DIM modulates AHR to reverse EMT through repressing RhoA/ROCK1-mediated COX2/PGE2 pathway
	In vivo experiment verifies DIM can reverse EMT process of ESCC
	Modulation of AHR by DIM leads to weakened protein-protein interaction with EGFR to suppress RhoA/ROCK1-mediated COX2/PGE2 pathway connected by NF-κB

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

