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Highlights

1. TCDD has no effect on the proliferation of SK-N-SH cells.

2. TCDD inhibits the spontaneous movement of SK-N-SH cells.
3. TCDD enhances the expression of pro-adhesive genes.

4. AhR mediates the TCDD-induced cellular effect and gene induction.
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Abstract

Aryl hydrocarbon receptor (AhR) plays important roles in the interferences of dioxin exposure
with the occurrence and development of tumors. Neuroblastoma is a kind of malignant tumor with high
mortality and its occurrence is getting higher in dioxin exposed populations. However, there is still a
lack of direct evidence of influences of dioxin on neuroblastoma cell migration. SK-N-SH is a human
neuroblastoma cell line which has been used to reveal 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD)-induced dysregulation of certain promigratory gene. Thus, in this study, we employed
SK-N-SH cells to investigate the effects of TCDD on the spontaneous movement of neuroblastoma
cells, which is a short-range cell migratory behavior related to clone formation and tumor metastasis in
vitro. Using unlabeled live cell imaging and high content analysis, we characterized the spontaneous
movement under a full-nutrient condition in SK-N-SH cells. We found that the spontaneous movement
of SK-N-SH cells was inhibited after 36- or 48-h treatment with TCDD at relative low concentrations
(10 or 2x10™° M). The TCDD-treated cells were unable to move as freely as that of control cells,
resulting in less diffusive trajectories and a decreased displacement of the movement. In line with this
cellular effect, the expression of pro-adhesive genes was significantly induced in time- and
concentration-dependent manners after TCDD treatment. In addition, with the presence of AhR
antagonist, CH223191, the effects of TCDD on the gene expression and the spontaneous cell
movement were effectively reversed. Thus, we proposed that AhR-mediated up-regulation of
pro-adhesive genes might be involved in the inhibitory effects of dioxin on the spontaneous movement
of neuroblastoma cells. To our knowledge, this is the first piece of direct evidence about the influence
of dioxin on neuroblastoma cell motility.

Keywords: Dioxin; Neuroblastoma; Spontaneous movement; Aryl hydrocarbon receptor; Cell
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1. Introduction

Dioxins are a class of persistent organic pollutants with carcinogenic, mutagenic and genotoxic

properties. Aryl hydrocarbon receptor (AhR) is a highly conserved transcription factor expressed in

many cell types, which can mediate toxicities of dioxins and structurally similar compounds (Shimizu

et al. 2000). 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is the most toxic congener among dioxins

and has been extensively studied on its toxicities and action mechanisms (Van den Berg et al. 2006). It

has been evidenced that TCDD exposure has impacts on not only the incidence but also prognosis of

cancers. Epidemiological study on the long-term health impacts of TCDD exposure showed that the

incidence of all cancers was increased in the population exposed to TCDD in Seveso, Italy (Bertazzi et

al. 1989). Moreover, after a two-year chronic exposure to TCDD at a relative low concentration (0.01

ng/kg/day, equivalent to 210 ppt), the rats encountered an increased risk of various squamous cell

carcinomas and hepatocellular carcinoma (Kociba et al. 1978). In addition to the increased risk of

cancer occurrence, a retrospective cohort study in the United States indicated that workers exposed to

TCDD had an increased mortality from various cancers, especially those with the longest occupational

exposure to TCDD (Fingerhut et al. 1991). Tumor metastasis involves the invasion and diffusion of

tumor cells, which is an important factor determining the prognosis of the tumor, and is the main cause

of death in cancer patients (Yamaguchi et al. 2005). However, data obtained in different cancer cells

showed distinct influences of TCDD on tumor metastasis (Hsu et al. 2007; Villano et al. 2006).

At the cellular and molecular levels, tumor metastasis relies on the ability of the tumor cells to

migrate under different conditions. There are two major types of movement including long-distance

cell passive migration and short-range cell spontaneous movement (Aubert et al. 2008). Long-distance

migration of tumor cells is induced by nutritional factors, such as oxygen and serum, which mainly
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occurs from the primary site to other tissues (Aubert et al. 2008; Victoria et al. 2008). Under the

nutrient-rich condition without inducible factors, tumor cells can undergo spontaneous movement with

the presence of intrinsic mechanisms driving the movement of cancer cells (Irimia and Toner 2009).

Such spontaneous movement is helpful to the mixing of tumor cell clones and the growth of tumors

(Waclaw et al. 2015), and it has been considered as an initial stage of cancer cell metastasis and builds

basis of long-distance migration of tumor cells (Aubert et al. 2006; Aubert et al. 2008). Such movement

of tumor cells is largely influenced by interactions between cells and extracellular matrix (ECM)

(Aubert et al. 2008). In addition, the loss of intercellular adhesion and communication can promote the

spontaneous movement of cancer cells (Dietrich and Kaina 2010; Wérngard et al. 1996). Moreover,

autocrine motility factor/phosphohexose isomerase/neuroleukin secreted by adjacent tumor cells was

found to enhance the spontaneous movement by stimulating the expression of the proteases, which

ultimately led to increased metastatic potential of the tumor cells (Liotta et al. 1986; Niizeki et al. 2002;

Watanabe et al. 1991). It has been found that TCDD treatment can down-regulate the expression of

E-cadherin in human breast cancer epithelial cell line MCF-7, suggesting potential impacts of TCDD

on the spontaneous movement of tumor cells via regulating cell adhesion-related genes (Diry et al.

2006). However, the effects of TCDD on spontaneous movement of tumor cells are still unclear.

Neuroblatoma is one of the most common malignant tumors during infancy (Wu et al. 2014).

Tumor invasion and metastasis are the main causes of death in most patients with neuroblastoma

(Boubaker and Delaloye 2003). It has been reported that children (0-14 years old) whose parents were

exposed to dioxins may have an increased risk of neuroblastoma (Kerr et al. 2000). Furthermore, it has

been reported that maternal exposure to TCDD could lead to an inhibition of AhR mRNA level in the

rat fetus (Sommer et al. 1999), and AhR suppression caused the overexpression of the proto-oncogene
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MYCN in vitro and in vivo, which might also affect the occurrence of neuroblastoma (Wu et al. 2014).
These pieces of evidence disclose a potential correlation of dioxin exposure or AhR signaling pathway
with the occurrence of neuroblastoma. SK-N-SH is a human-derived neuroblastoma cell line. Recently,
we have demonstrated that upon TCDD treatment at low concentrations without alteration in cell
proliferation and viability, AhR was able to mediate dysregulation of certain functional genes induced
by TCDD, including a promigratory gene cell division cycle 42 (CDC42) in SK-N-SH cells (Xie et al.
2013; Xu et al. 2017). However, whether TCDD can affect the migration ability of the neuroblastoma
cells is still unknown. As an initial stage of cancer cell metastasis, the spontaneous movement of
neuroblastoma cells merits in-depth investigations upon dioxin exposure, which might provide
important fundamental evidence for understanding the influences of dioxin on neuroblastoma
occurrence and prognosis.

In order to precisely and accurately evaluate the spontaneous movement of neuroblastoma cells,
we employed the cultured SK-N-SH cells as an in vitro model and tracked their movement alive under
an unlabeled and full-nutrient condition. High content analysis has been utilized to monitor the
movement of unlabeled living cells in a real-time mode in order to get a movement overview of a
group of cells and motility parameters of each single cell (Patsch et al. 2015). Therefore, the high
content analysis was used in this study to characterize the spontaneous movement of SK-N-SH cells in
a no bias way. In addition, relative low concentrations of TCDD (5x10™, 10 and 2x10™° M) were
employed in the study, which were close to the average serum concentration in dioxin-exposed
populations (10"°-10™ M) in Seveso, Italy, Taiwan and Vietnam (Guo et al. 2004; Needham et al. 1997;
Tai et al. 2011; Xie et al. 2013). Furthermore, TCDD-induced dysregulations of spontaneous movement

related genes were revealed, and involvements of AhR pathway in the gene expression and the cellular
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effects were also explored.

2. Materials and methods

2.1. Cell culture

SK-N-SH cells were purchased from the cell resource center of the Chinese Academy of Medical
Sciences (Beijing, China) and were cultured and maintained in Dulbecco’s modified Eagle’s medium
(Gibco, Grand Island, New York) supplemented with 10% fetal bovine serum (Corning, New York)
and 1% penicillin-streptomycin (Gibco). Cells were cultured at 37 °C in a normal humidified 5% CO,
incubator.
2.2. Chemical treatment

SK-N-SH cells were seeded onto 6-well plates at a density of 5x10° per well for 24 h. TCDD was
purchased from the Wellington Laboratory (Ontario, Canada; CAS: 1746-01-6, purity > 98%) and then
dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO), and the final concentrations
of TCDD used were 5x10™, 10*° and 2x10™ M. Cells were treated with TCDD for 24, 36, or 48 h.
CH223191 (Sigma-Aldrich) was an antagonist of AhR (Zhao et al. 2010), whose working
concentration was 10° M in this study. To block the effects of AhR, cells were pretreated with
CH223191 for 3 h prior to TCDD treatment as described above. The concentration of DMSO in all
treatment groups and control groups was 0.02% in AhR antagonizing experiment and 0.01% in others.
2.3. Cell viability and proliferation assay

Viable cell numbers were determined by a Cell Counting Kit-8 (CCK-8; Sangon Biotech,
Shanghai, China) according to the manufacturer’s instructions. In brief, SK-N-SH cells were seeded
onto 96-well plates at a density of 2x10° cells per well. After 24 h, the cells were treated with TCDD at

indicated concentrations for 24 h or 48 h. Subsequently, CCK-8 reagent (10 pL/well) was added into
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each well followed by 30-min incubation at 37 °C. The optical density (OD) was measured at 450 nm
with the reference wavelength at 650 nm using the Varioskan Flash spectral scan multimode microplate
reader (Thermo Scientific, Waltham, MA). The calculation formula is as follows:
Cell viability= 100%x[OD (experimental groups - blank groups) / OD (control groups - blank control
groups)]
Experimental groups: containing cells, CCK-8, TCDD or DMSO;
Control groups: containing cells and CCK-8, without TCDD or DMSO;
Blank control groups: containing CCK-8, without cells, TCDD or DMSO.
2.4. Characterization of spontaneous movement using high content analysis

A modified method of spontaneous cell motility assay was employed to characterize the
spontaneous movement according to the literature (Patsch et al. 2015). Cells were seeded onto 96-well
CellCarrier plates (PerkinElmer, Waltham, MA) at 4x10° cells per well and allowed to adhere for 24 h
before treatments with 0.01% DMSO or TCDD (5x10™, 10™ or 2x10™® M). In addition, 107 M
dexamethasone (DEX, Sigma-Aldrich) was employed as a positive control to promote cell adhesion
and inhibit cell movement in the experiments, and 0.01% ethanol was used as solvent control (Casulari
et al. 2006). Images were acquired by a high content analysis instrument (Operetta, PerkinEImer) using
an Olympus LCPLFLN 20 x 0.45 objective in the brightfield and digital phase imaging modalities.
Cells were maintained at 37 °C in a live cell chamber with 5% CO,. Live cell images were obtained
from 4 visual fields in each well of 96 plates every 30 min for 48 h, and each group had 12 paralleled
wells. These images were analyzed to obtain the trajectories and cell motility parameters of tracked
SK-N-SH cells by using the Harmony software (version 4.8, PerkinElmer). The trajectories of tracked

cells were derived from 4 fields randomly selected in a well, and for each treatment group, totally 48
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images were obtained for further analysis and quantification as shown in Fig. S1. During the whole

48-hour-recording period after TCDD treatment, three cell motility parameters were quantified at 24,

36 or 48 h separately, including the accumulated distance, displacement and speed. The accumulated

distance represents the total distance from the original to the end points of cell movement, the

displacement represents the straight line distance from the original to the end points of cell movement,

and the speed is the total distance of cell movement divided by cell movement time.

2.5. Real-time quantitative reverse transcription-PCR (RT-gPCR)

The total RNA was extracted by GeneJET RNA Purification kit (Thermo Scientific). The

concentration of RNA was determined by a NanoDrop 2000 spectrophotometer (Thermo Scientific),

and then cDNA was synthesized using 2 pg total RNA by RevertAid First Strand cDNA Synthesis Kit

(Thermo Scientific). Then the cDNA was used to perform the RT-gPCR in a QuantStudionTM 6 Flex

Real-Time PCR System with the GoTag® qPCR Master Mix kit (Promega, Madison, WI) according to

the manufacturer's instructions. The amplification conditions were as follows: 95 °C 3 min; 95 °C 10

sec, 60 °C 20 sec, 72 °C 30 sec, 45 cycles. The dissociation curve conditions were as follows: 95 °C 5

sec, 65 °C 1 min, 95 °C 15 sec. The primer sequences of selected cell adhesion-related genes, including

PCDHB (protocadherin beta subfamiliy B), PCDHG (protocadherin gamma subfamily G), FZD2

(frizzled-2), FLOT2 (flotillin-2) and DDR2 (discoidin domain receptor tyrosine kinase 2) were shown

in Table 1, and the primer sequences of AhR pathway related genes, including CYP1A1 (cytochrome

P450, family 1, subfamily A, polypeptide 1), CYP1B1 (cytochrome P450, family 1, subfamily B,

polypeptide 1), AhRR (AhR repressor) and AChE+ (acetylcholinesterase T subunit) were shown in

Table S1. These primers were synthesized by Sangon Biotech (Shanghai, China). The primers of

PCDHB and PCDHG were designed from the common sequences of the coding regions of PCDHB and
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PCDHG gene families, respectively (Table S2). Then the relative expression of these genes was
analyzed using the AACT method (Livak and Schmittgen 2001) with 18S ribosomal RNA as an internal
control for normalization.
2.6. Statistical analysis

Graphpad prism software (version 5.0, La Jolla, CA) was used to perform one- or two way
analysis of variance (ANOVA) analysis with the Bonferroni correction and one tail unpaired t-test for
statistical analyses. All data were expressed by mean £ SEM. Each experiment was performed in

triplicate and had three biological repeats. The p-values < 0.05 were defined statistically significant.

3. Results

3.1. TCDD treatment at relative low concentrations inhibits spontaneous movement of SK-N-SH
cells.

Cell viability and proliferation was first determined 24 h or 48 h after TCDD treatment (5x10™*,
10 or 2x10° M) by CCK-8. No significant changes were observed after the TCDD treatment
compared to the control, which indicated that such TCDD treatments have no effect on SK-N-SH cell
proliferation or viability (Fig. 1).

DEX has been reported to suppress cell migration in SK-N-SH cells, which served as a control to
show the reliability of the high content analysis-based cell motility assay. Three cell motility
parameters, including the accumulated distance, displacement and speed, were quantified using the
living cell unlabeled high content analysis to characterize the cell movement. We found that compared
to solvent control, 107 M DEX could significantly inhibit the accumulated distance and displacement

of tracked cells, and there was a decrease trend about the speed of cell movement (Fig. S2 A). Similarly,
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after 48-h treatment with 2X 10 M TCDD, the displacement of the tracked SK-N-SH cells was also
significantly decreased, and the accumulated distance and displacement only had a downward trend
(Fig. S2 B). The data indicated that 2x10™° M TCDD has similar effects on the spontaneous movement
of SK-N-SH cells with that of 107 M DEX.

Then, we further examined the concentration-dependent effect of TCDD on the spontaneous
movement. We found that TCDD significantly decreased the accumulated distance of the movement
after being treated with 2x10™° M TCDD; whereas we only observed a decreasing trend in 10™° M
TCDD group (Fig. 2A). The displacement of the tracked cells was significantly decreased in all TCDD
(5x10™, 10 and 2x10™*° M) treatment groups and the alteration varied in a concentration-dependent
manner (Fig. 2B). However, the movement speed of tracked cells was significantly decreased merely in
2x10" M TCDD group (Fig. 2C). In the time course studies, we found that compared to solvent
control, 48-h TCDD treatment at 10™° M led to a mild but significant inhibition of the accumulated
distance; however, there was no effect in 24-h and 36-h groups (Fig. 3A). When the cells were treated
with 10™° M TCDD for 36 h or 48 h, the displacement of the tracked cells was significantly decreased,
and the inhibitory effect was more obvious after 48-h TCDD-treatment (Fig. 3B). However, the
movement speed did not significantly change after treatment with 10*° M TCDD (Fig. 3C).

Forty-eight-hour trajectories of the spontaneous movement of 20 cells in TCDD (2x10™° M) or
DMSO treatment group were obtained (Fig. 4). In line with the aforementioned quantification data,
most of the cells in TCDD group moved within a smaller area than that of DMSO group (Fig. 4).
Moreover, the TCDD-treated cells mostly moved around the initial position in a less diffusive way than
that of control cells (Fig. 4). Both of the qualitative and quantitative data suggested that the TCDD

treatment inhibits the spontaneous movement of SK-N-SH cells.
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3.2. TCDD promotes the expression of cell adhesion-related genes via AhR signaling pathway.

Cell adhesion is reversely correlated to the spontaneous movement ability of the cells. Thus,
pro-adhesive genes could be candidate responsive genes involved in the TCDD-induced inhibition of
the spontaneous movement. Therefore, we further investigated the effects of TCDD on the expression
of pro-adhesive genes related to cell-cell adhesion (PCDHB, PCDHG and FLOT2) and cell-ECM
adhesion (FZD2 and DDR2). We found that the mRNA levels of all selected genes were significantly
up-regulated by ~1.3 folds compared with the control group after 24-h TCDD treatment at 2x10™° M
(Fig. 5), while the lower concentrations of TCDD (5x10™* and 10™° M) had no effects after 24-h
treatment. In 48-h treatment groups, TCDD at 5x10™ M could significantly up-regulate the expression
of PCDHB (Fig. 5A) and PCDHG (Fig. 5B); while TCDD at 10™° M significantly up-regulated the
expression of PCDHB (Fig. 5A) and DDR2 (Fig. 5E). However, the mRNA levels of FLOT2 (Fig. 5C)
and FZD2 (Fig. 5D) only had an upward trend after 5x10™* and 10™° M TCDD treatment.

Since AhR-dependent pathway is a well-known mechanism for TCDD-induced gene dysregulation.
We further examined the AhR activity upon the TCDD treatment in SK-N-SH cells. Here classical
responsive genes downstream AhR pathway, including CYP1AL, CYP1B1 and AhRR were examined.
In addition, mMRNA level of AChE; was also tested as a control which has been documented to be
suppressed upon TCDD treatment at low concentrations in SK-N-SH cells (Xie et al. 2013). The results
showed that 2x10"® M TCDD could significantly up-regulate the gene expression of CYP1Al,
CYP1B1 and AhRR and down-regulate AChE; expression, indicating the TCDD could activate AhR
pathway in SK-N-SH cells (Fig. S3). We then investigated the role of AhR in the induction of the
pro-adhesive genes by TCDD. As the gene up-regulations and AhR activation were documented in

2x10™° M TCDD treatment groups, this condition was used in the following AhR antagonization study.
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Consistent with the previous results, 2x10™° M TCDD treatment for 24 h significantly promoted the
up-regulation of PCDHB, PCDHG, FLOT2 and DDR2 genes; With the presence of CH223191, the
inhibitor of AhR pathway, the effects of TCDD on the cell adhesion-related gene expression were
effectively eliminated (Fig. 6). The data indicated that TCDD promoted the transcriptional expression
of these pro-adhesive genes via AhR signaling pathway.

3.3. TCDD inhibits the spontaneous movement of SK-N-SH cells via AhR signaling pathway.

In order to examine the involvement of AhR signaling pathway in the suppressive effects of
TCDD on the spontaneous movement of the cells, we inhibited AhR pathway using CH223191 prior to
the TCDD treatment to see the change in the cell motility parameters. We found that the application of
CH223191 could eliminate the inhibitory effect of TCDD on the cell movement (Fig. 7). Interestingly,
CH223191 itself could also significantly promote the spontaneous movement of the cells (Fig. 7).
These data suggested that AhR might not only mediate TCDD-induced alterations in the spontaneous

cell movement, but also participate in maintaining the basal level of the movement.

4. Discussion

In the present study, we found that TCDD could inhibit the spontaneous movement of SK-N-SH
cells in time- and concentration-dependent manners, which was evidenced by the restriction of cell
movement pattern and inhibition of the cell motility parameters according to the high content
analysis-based unlabeled cell motility assay. Among the three test parameters, displacement of the
spontaneous movement was a relative sensitive parameter to evaluate this specific cell behavior of
human neuroblastoma cells. Regarding the signaling mechanism, AhR was documented to play roles in
the TCDD-induced cellular behavior of SK-N-SH cells. We found that TCDD-induced upregulation of

pro-adhesive genes, particularly those associated with cell-cell adhesion, such as PCDHG gene family,
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was mediated by AhR pathway as well. Such parallel roles of AhR in TCDD-induced cellular effects

and dysregulation of related genes suggested potential involvements of AhR-mediated upregulation of

the pro-adhesive genes in AhR-mediated inhibition of spontaneous movement in SK-N-SH

neuroblastoma cells. However, functional consequences of the newly found dysregulation of the

pro-adhesive genes caused by TCDD still need further investigation.

It has been suggested that dioxin exposure increases the occurrence of neuroblastoma in certain

populations (Kerr et al. 2000). However, the link between dioxin exposure and neuroblastoma has not

been fully evidenced in in vitro cellular models, e.g. human neuroblastoma cell lines. In our previous

and present studies, the human neuroblastoma cell line, SK-N-SH was employed, and its

responsiveness to TCDD treatment was evidenced in terms of inducing gene dysregulations (Xie et al.

2013; Xu et al. 2014; Xu et al. 2017). We did not observe significant effects of TCDD treatment at

relative low concentrations on cell viability and proliferation of SK-N-SH (Xie et al. 2013), which is

different from other studies using high concentrations of TCDD (Jin et al. 2004; Lee et al. 2002). Apart

from proliferation, metastasis ability is another important issue closely related to prognosis of cancers,

which has been reported to cause 90% of cancer-related deaths (Sporn 1996). However, the cellular

effects of TCDD on metastasis of neuroblastoma cells are still unclear. As a type of short-range cell

movement that initiates cancer metastasis, the spontaneous movement of neuroblastoma cells was

investigated after TCDD treatment at relative low concentrations. We employed the unlabeled living

cell tracking method based on high content analysis to obtain qualitative and quantitative data for

characterizing the spontaneous movement, which is different from widely used cellular assays for

migration, such as wound healing assay in which extracellular inducible factors are involved. We

demonstrated that TCDD treatment has inhibitory effect on the spontaneous movement of SK-N-SH
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cells under quiescent condition with full nutrients. We found that in this particular human derived

neuroblastoma cell line, short-term TCDD treatment at relative low concentrations was unable to

promote the proliferation, nor metastasis initiation. The reason for the increased morbidity of

neuroblastoma in dioxin-exposed population still needs further investigation. In our previous report,

TCDD could promote the mMRNA level of a promigratory gene, CDC42, via AhR in SK-N-SH cells (Xu

et al. 2017). Thus, we speculated that TCDD might disrupt the balance between the cell movement and

cell adhesion and consequently inhibit the spontaneous movement of SK-N-SH cells under this

quiescent condition. While the cellular effect of TCDD on the long-distance migratory ability of

neuroblastoma cell line is still under investigation in which traditional wound healing and transwell

migratory assays could be used.

The short-range spontaneous movement of tumor cells is reversely correlated to cell-cell adhesion

and cell-ECM adhesion mediated by cell adhesion molecules (Crossin 1991). Cadherins, a kind of

cell-cell adhesion molecules, mainly involved in the calcium-dependent homophilic cell-cell adhesion

mechanisms (Fukata and Kaibuchi 2001). PCDHs are the largest subset of the cadherin superfamily,

which are confirmed to mediate both homophilic and heterophilic cell-cell adhesion, change the

adhesion and shape of cells by interacting with B1 integrin and actin at the plasma membrane and

reduce the spontaneous movement of tumor cells (Banelli et al. 2012). PCDHB are extensively

expressed in neuroblastoma. There is also a strong correlation between PCDHB methylation and

survival of neuroblastoma patients (Banelli et al. 2012). Previous studies have revealed that the

knockdown of PCDHB9, encoding the transmembrane protein protocadherin B9, could significantly

reduce cell adhesion to fibronectin in a gastric cancer cell line (Mukai et al. 2017). PCDHG are the

most notably expressed in the nervous system, and the homophilic interaction between PCDHG

15/31



multimers plays a very critical role in cell-cell adhesion (Reiss et al. 2006; Schreiner and Weiner 2010).
That is why we mainly selected PCDHB and PCDHG subfamilies in our study. Recently, flotillins,
including those encoded by FLOT1 and FLOT2 genes, have been known as a part of cadherin
complexes which play an important role in cell-cell adhesion (Bodin et al. 2014). In mammals,
flotillins are more abundant in the nervous system (Bickel et al. 1997). Physiological studies have
suggested that flotillins are involved in signal transduction, cytoskeleton remodeling and cell adhesion
by accumulating at cell-cell contacts (Bodin et al. 2014). FLOT2 knockdown leads to nonexpression of
FLOTL, whereas FLOT1 knockdown had no effects on the expression of FLOT2 (Kurrle et al. 2013).
In addition, overexpression of FLOT2 could disturb the distribution of cell-cell adhesion molecules at
cell boundaries (Hoehne et al. 2005). These experiments indicate that FLOT2 is more important for the
cell-cell adhesion (Kurrle et al. 2013). In addition to cell-cell adhesion, cell-ECM adhesion is also
important for the spontaneous movement of tumor cells. Collagen is the most abundant component of
ECM (Shoulders and Raines 2009). It was known that overexpression of DDRs could lead to cell
adhesion enhancement mediated by collagen-binding integrins (Xu et al. 2012). Additionally,
FZD2/Wnt5a is also involved in regulation of cell-ECM adhesion (Matsumoto et al. 2010). Therefore,
we focused on the regulation of PCDHB, PCDHG, FLOT2, DDR2 and FZD2 genes in terms of both
cell-cell and cell-ECM adhesions in this study. We found that TCDD treatment enhanced the expression
of all these genes via AhR, which might result in enhancement in cell-cell and cell-ECM adhesions and
probably subsequently cause the aforementioned imbalance between cell adhesion and cell migration;
however, the protein levels of these genes and the cell-cell adhesion related functional consequence
need further verification.

Our results showed that TCDD at 2x10™ M could not only effectively inhibit the spontaneous
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movement of SK-N-SH cells and up-regulate the pro-adhesive genes, but also up-regulate the mRNA

levels of AhR-pathway-related genes including CYP1A1, CYP1B1 and AhRR (Fig. S3). Furthermore,

the up-regulation of the pro-adhesive genes could be reversed with the presence of AhR antagonist,

CH223191. These data supported that the TCDD treatment could activate AhR signaling pathway in

SK-N-SH cells, in which AhR protein has been detected previously (Tian et al. 2016). Since the

presence of dioxin responsive element (DRE) consensus sequences in the promoter region is one of the

features of AhR target genes, we checked the putative promoter of certain genes belonging to PCDHG

subfamily, which was the most sensitive subfamily of PCDHs to TCDD treatment in this study.

Putative DRE core sequences (5'- GCG TG -3’ or 5'- CAC GC -3') (Nukaya et al. 2009) could be found

in the promoter regions of PCDHGC3, PCDHGAS8 and PCDHGAL2, which further supported the

mediating role of AhR in TCDD-induced dysregulation of PCDHG genes.

5. Conclusion

Our results demonstrated that TCDD has no effect on the proliferation of SK-N-SH cells at the

low concentrations used in these experiments. However, TCDD inhibits the spontaneous movement of

SK-N-SH cells, which is mediated by AhR. In parallel with this cellular effect, the expression of genes

promoting cell-cell and cell-ECM adhesion can be induced by TCDD treatment in concentration- and

time-dependent manners via AhR signaling pathway. Taken together, we speculated that excessive

expression of pro-adhesive genes may be involved in TCDD-induced inhibition of spontaneous

movement of neuroblastoma cells, in which AhR plays important roles. To our knowledge, this is the

first study directly revealing the influence of dioxin on the motility of neuroblastoma cells.
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Figure 1 TCDD has no effect on the viability of SK-N-SH cells. SK-N-SH cells were incubated with
different concentrations of TCDD (5x10™, 10 or 2x10™*° M) or 0.01% DMSO (solvent control) for
24 h or 48 h. The cell viability was determined by CCK-8 assay as mentioned in M&M section. The
experiments were performed in three independent experiments, and each had six biological repeats.

Values are expressed as mean + SEM. Statistical analysis was done by two-way ANOVA with

Bonferroni test.
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Figure 2 Concentration-dependent effects of TCDD on spontaneous movement of SK-N-SH cells
using high content analysis. Cells were incubated with different concentrations of TCDD (5x10™*, 10™°
or 2x10™ M) or 0.01% DMSO for 48 h. Quantification of three spontaneous movement parameters
obtained using high content analysis as aforementioned in M&M section are shown, including
accumulated distance (A), displacement (B) and speed (C). Values are expressed as mean + SEM from
all 48-hour-tracked cells in 12 paralleled wells of 96-well plates in each group (n=600-800). *p < 0.05,

**p < 0.01, ***p < 0.001 compared with the DMSO groups (one-way ANOVA with Bonferroni test).
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Figure 3 Time course of TCDD effect on spontaneous movement of SK-N-SH cells using high content
analysis. Cells were exposed to 10™° M TCDD or 0.01% DMSO for 24 h, 36 h, or 48 h. Quantification
of three spontaneous movement parameters were obtained using high content analysis as
aforementioned in M&M section, including accumulated distance (A), displacement (B) and speed (C).
Values are expressed as mean + SEM from all tracked cells in 12 paralleled wells of 96-well plates in
each group (TCDD group: n=1843 (24 h), 1073 (36 h), and 594 (48 h); DMSO group: n=1855 (24 h),
1111 (36 h) and 630 (48 h)). *p < 0.05, **p < 0.01 compared with the DMSO control groups (two-way

ANOVA with Bonferroni test).
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Figure 4 Trajectories of tracked SK-N-SH cells using high content analysis. Cells were incubated with
0.01% DMSO (A, B, C, D and E) or 2x10™ M (F, G, H, I and J) TCDD for 48 h. Each line represents

the movement route of single cell within 48 h time period. The starting positions of all tracked cells
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were adjusted to the same origin of the coordinate axis according to the actual movement distances as

aforementioned in M&M section. Each figure contains twenty tracked cells from four randomly

selected fields in a well of 96-well plate (n=20). Trajectories from five representative wells are shown.
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Figure 5 Effects of TCDD on expression of the pro-adhesive genes. SK-N-SH cells were treated with

different concentrations of TCDD (5 x 10™, 10, 2 x 10™ M) or 0.01% DMSO for 24 h or 48 h. The

mMRNA expression levels of PCDHB (A), PCDHG (B), FLOT2 (C), FZD2 (D) and DDR2 (E) were

determined by gRT-PCR as mentioned in M&M section. Values are expressed as mean + SEM from

triplicated wells of three independent experiments (n=3). Statistical analysis was done by two-way

ANOVA with Bonferroni test. *p <0.05, **p < 0.01, ***p < 0.001 compared with DMSO control

groups.
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Figure 6 Inhibition of AhR pathway reverses the effect of TCDD on expression of the pro-adhesive
genes. SK-N-SH cells were pretreated with 10° M CH223191 or 0.01% DMSO for 3 h and then treated
with 2x10" M TCDD or 0.01% DMSO for 24 h. The mRNA expression levels of PCDHB (A),
PCDHG (B), FLOT2 (C), FZD2 (D) and DDR2 (E) were determined by RT-qPCR as mentioned in
M&M section. Values are expressed as mean + SEM from triplicated wells of three independent
experiments (n=3). Statistical analysis was done by one-way ANOVA with Bonferroni test. *p <0.05,

***p < 0.001 compared with DMSO control groups; ##p <0.01, ###p <0.001, compared with TCDD

groups.
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Figure 7 Inhibition of AhR pathway reverses the effect of TCDD on spontaneous movement of
SK-N-SH cells using high content analysis. Cells were pretreated with 10° M CH223191 or 0.01%
DMSO for 3 h and then treated with 10™° M TCDD or 0.01% DMSO for 48 h. Quantification of three
spontaneous movement parameters obtained using high content analysis as aforementioned in M&M
section are shown, including accumulated distance (A), displacement (B) and speed (C). Values are
expressed as mean + SEM from all 48-hour-tracked cells in 12 paralleled wells of 96 well plates in
each group (n=1100-1500). **p < 0.01, ***p < 0.001, compared with the DMSO control groups; ###p

<0.001, compared with TCDD groups (one-way ANOVA with Bonferroni test).
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Table 1 Primer sequences of cell adhesion-related genes used in this study

Gene Sequence Accession No. In
GenBank

185 Forward 5'-CGCCGCTAGAGGTGAAATTC-3’ NR_003286
Reverse 5'-TTGGCAAATGCTTTCGCTC-3’

PCDHB Forward 5'-TGAGCAGCGAGGCGCTGGTG-3' Listed in Table S1
Reverse 5'-GCTCGGTGCAGGGCGCGGAGC-3'

PCDHG Forward 5'-CGACTACCGCCAGAATGTCT-3’ Listed in Table S1
Reverse 5'-TTCTCCTTCTTGCCCGACTT-3'

FZD2 Forward 5'-GCCCTCATGAACAAGTTCGGT-3' NM_001466
Reverse 5'-GTCCTCGGAGTGGTTCTGGC-3'

FLOT2 Forward 5'-GGCTGTTGTGGTTCCGACTA-3’ NM_001330170
Reverse 5'-TCTCACAGCGACACAGGATG-3’

DDR2 Forward 5'-GGCAGCAGTTTGTACTCCCT-3’ NM_001014796
Reverse 5'-GGTCAATTGGCCTAGCCCTT-3’
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