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1 | INTRODUCTION

| Fei Xing®

Paclitaxel is a widely used chemotherapy drug, but development of resistance leads
to treatment failure. Tumor cells that are treated with a sublethal dose of paclitaxel
for a long period of time show the epithelial-mesenchymal transition (EMT) pheno-
type, which leads to metastasis and resistance. All-trans retinoic acid (ATRA) is al-
ways used in combination with paclitaxel and can reverse EMT in many types of
cancer cells. The ability of ATRA to reverse EMT in chemoresistant cells is still un-
known. In the present study, the ability of ATRA to reverse EMT in paclitaxel-resistant
cells was investigated. Three colorectal cancer cell lines, HCT116, LoVo and CT26,
were treated with sublethal doses of paclitaxel to create resistant cell lines. Western
blotting, immunocytochemistry, and “parachute” dye-coupling assays showed that
ATRA reverses EMT, inhibits nuclear factor kappa B (NF-xB), and upregulates gap
junctions in paclitaxel-resistant cells. Scratch wound-healing and Transwell assays
showed that ATRA decreases the migration and invasion abilities of paclitaxel-
resistant cells. In addition, the CT26 cell line was used in the Balb/c pulmonary me-
tastasis model to show that ATRA reduces metastasis of paclitaxel-resistant cells
in vivo. Given these data, ATRA may reverse EMT by inhibiting NF-xkB and upregulat-

ing gap junctions in paclitaxel-resistant cells.
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(EMT) is associated with acquired resistance to paclitaxel.z'3 During
EMT, epithelial cells lose their polarized organization and intercellu-

Long-term chemotherapy treatment often leads to drug resistance
and metastasis. Paclitaxel is one of the most effective chemotherapy
drugs, but many patients develop resistance to it during treatment.
Paclitaxel-resistant cells have a high metastatic ability.! Paclitaxel
stabilizes microtubules, blocks the cell cycle at the G2/M phase, and
activates proapoptotic signaling to induce cell death.* As a mitotic
inhibitor, paclitaxel has an obvious anti-proliferative effect; however,

there is growing evidence that epithelial-mesenchymal transition

lar junctions, undergo changes in phenotype and cytoskeletal orga-
nization, and acquire mesenchymal characteristics. Together, these
changes increase metastatic ability of the cells.* Long-term expo-
sure to sublethal doses of paclitaxel induces EMT.2 EMT promotes
scattering and local dissemination from the tumor surface and tends
to be resistant to anoikis, which further contributes to metastasis.’
Hence, targeting EMT is a plausible strategy to combat and manage

metastasis induced by paclitaxel resistance.
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For this reason, many agents have been used in combination
with paclitaxel to challenge resistance.® The combination of all-
trans-retinoic acid (ATRA) and paclitaxel has been used to treat a
variety of cancers for more than 10 years. This combination causes
more apoptosis and less invasion than paclitaxel alone.”® ATRA is
the predominant natural metabolite of vitamin A and is involved
in many important biological processes, such as morphogenesis,
vision, growth, metabolism, differentiation, and cellular homeosta-
sis.” ATRA is also used in both chemopreventive and therapeutic
schemes. As an anti-cancer agent, ATRA inhibits carcinogenesis by
three mechanisms: arresting further growth of abnormal cells, in-
ducing differentiation of abnormal cells to stop proliferation, and
inducing apoptosis.10 ATRA reverses EMT in many types of cancer
cells by restoring the expression of E-cadherin, downregulating the
expression of vimentin, and increasing cell-to-cell interactions.'? It
has also been reported that ATRA inhibits cancer cell invasion and
metastasis in a variety of cancer types.'>*® Whether ATRA can be
used as a single agent to reverse EMT in chemoresistant cancer cells
is still unknown. The mechanism by which ATRA inhibits the EMT
caused by chemotherapeutic drugs also needs to be investigated.

Therefore, it was hypothesized that ATRA could reverse EMT in
paclitaxel-resistant colorectal cancer cells in vitro and in vivo. In this
study, three colorectal cancer cell lines, HCT116, LoVo, and CT26,
were used to investigate the potential reverse effect of ATRA on
EMT.

2 | MATERIALS AND METHODS

2.1 | Reagents and antibodies

All cell culture media, trypsin and antibiotics were purchased from
Gibco (Grand Island, NY, USA), and FBS was purchased from HyClone
(Logan, UT, USA). Mouse anti-E-cadherin antibody, mouse anti-N-
cadherin antibody, mouse anti-nuclear factor kappa B (anti-NF-xB)
p65 antibody, mouse anti-fibronectin antibody, mouse anti-p-actin
antibody, mouse anti-connexin 32 antibody, and mouse anti-snail an-
tibody were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Rabbit anti-MMP-9 antibody, rabbit anti-IKKa antibody,
rabbit anti-lkBa antibody, rabbit anti-vimentin antibody, rabbit anti-
B-catenin antibody, rabbit anti-connexin 43 antibody, rabbit anti-
connexin 26 antibody, rabbit anti-retinoic acid receptor « antibody,
rabbit anti-Histone H3 antibody, goat anti-rabbit IgG-peroxidase,
goat anti-mouse IgG-peroxidase, goat anti-mouse IgG FITC, goat anti-
rabbit IgG FITC, goat anti-mouse IgG TRITC, DAPI, ATRA, paclitaxel,
Calcein-AM, CM-Dil and MTT were purchased from Sigma-Aldrich
(St Louis, MO, USA). Immobilon membranes were purchased from
Merck Millipore (Bedford, MA, USA). ECL Plus substrate, RIPA lysis
buffer and bicinchoninic acid reagents were purchased from CWBio
(Beijing, China). Nuclear and cytoplasmic protein extraction kit and
crystal violet were purchased from Beyotime (Shanghai, China).
pTARGET Mammalian Expression Vector system was purchased
from Promega Corporation (Madison, WI, USA). Lipofectamine rea-
gent was purchased from Invitrogen (Waltham, MA, USA).

2.2 | Celllines

Cell lines HCT116, LoVo, and CT26 were purchased from the
Shanghai Institutes for Biological Sciences, Chinese Academy of
Sciences (Shanghai Shi, China). HCT116 and LoVo cell lines are human
colorectal cancer cell lines. CT26 is a murine colon adenocarcinoma
cell line derived from N-nitroso-N-methylurethane-treated Balb/c
mice. All cells were cultured in RPMI 1640 medium supplemented
with 10% FBS, 100 pg/mL streptomycin, and 100 U/mL penicillin.

2.3 | Paclitaxel and ATRA treatment

Paclitaxel-resistant cell lines were developed by long-term, low-
dose treatment of all three cell lines with paclitaxel. Initially, the cells
were treated for 24 hours with varying concentrations of paclitaxel
(LoVo, 5 nmol/L; HCT116, 4 nmol/L; CT26, 2 nmol/L). The cells were
cultured in medium without paclitaxel to recover for about 2 weeks
and then treated with higher concentrations of paclitaxel. Cells that
could stably grow and proliferate in high concentrations of paclitaxel
were established. The paclitaxel-resistant cells were named “P”.
These resistant cells and their parental cells were both treated with
media containing 1 pmol/L ATRA for 48 hours and named “PR” and
“R” respectively. The effect of 24-hour treatment with paclitaxel on
cell growth was measured by MTT assay. The cell growth inhibition
rate was calculated by defining the absorption of cells not treated
with paclitaxel (control) as 100%. Measurements were carried out in

triplicate. These cells were used in subsequent assays.

2.4 | Connexin 43 transfection

Connexin 43 (Cx43) was transfected to all paclitaxel-resistant cells.
The method was carried out as previously described.!* Briefly, cDNA
of the human Cx43 coding region was inserted into pTARGET vector.
Constructed expression vector was transfected to cells by lipofec-
tion. Cx43 expression in transfected cells is identified by western
blotting and immunocytochemistry. GJ function is also measured by
“Parachute” dye-coupling assay. These transfected cells were named
“C”. The details of transfection are described in Document S1.

2.5 | Western blotting

For detection of IKKa, IkBa, NF-kxB and retinoic acid receptor «
(RAR«), cytosolic and nuclear proteins were isolated from harvested
cells using a nuclear and cytoplasmic protein extraction kit (Beyotime,
Shanghai, China) according to the manufacturer’s protocol.

For detection of Cx43, connexin 32 (Cx32), connexin 26 (Cx26),
E-cadherin, N-cadherin, fibronectin, MMP-9, snail, vimentin, and
B-catenin, 10° cells were lysed in 500 mL RIPA lysis buffer supple-
mented with protease inhibitors for 20 minutes at 4°C. The lysates
were centrifuged, and bicinchoninic acid reagents were used to
guantitate the protein content.

Western blotting was carried out as previously described.*®

Briefly, protein samples were suspended in SDS loading buffer. After
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boiling, 10 pg protein was separated by SDS-PAGE and then trans-
ferred to immobilon membranes using the semi-dry blotting method.
The membranes were probed with antibodies using standard tech-
niques. Finally, the protein bands were visualized using ECL Plus and
exposed film. Each assay was carried out in triplicate.

2.6 | Immunocytochemistry analysis

Immunofluorescence staining was used to analyze Cx43, E-cadherin,
and vimentin expression, and NF-kB activation. The procedure was
carried out as previously described.’ In brief, cells were washed
gently with PBS, fixed in 10% formalin at room temperature for
20 minutes, treated with 0.5% Triton X-100 for 5 minutes at 4°C and
then blocked with 5% normal goat serum overnight at 4°C. Slides
were incubated with primary antibody for 1 hour at 37°C. After
washing with PBS, the slides were incubated with FITC- and/or
TRITC-conjugated secondary antibody and DAPI for 1 hour at 37°C.
Subsequently, the slides were washed with PBS to remove antibody
and sealed. The slides were photographed immediately using a fluo-

rescence microscope (Olympus, Tokyo, Japan).

2.7 | “Parachute” dye-coupling assay

Gap junction (GJ) function was examined using the “Parachute” dye-
coupling assay as described by Wang et al.® Cells were seeded in six-well
plates and grown to 80%-100% confluency. CM-Dil and Calcein-AM
were used to determine GJ function. CM-Dil is a red fluorescent dye
that cannot spread to coupled cells. Calcein-AM is a green fluorescent
dye that can spread to adjacent cells by GJ. Calcein-AM (10 pg/mL)
and CM-Dil (5 pg/mL) were used to stain each well of donor cells for
30 minutes at 37°C. Donor cells were then trypsinized and seeded onto
a monolayer of receiver cells grown in another well. The ratio of donor
to receiver cells was 1:150. GJ formed between donor and receiver
cells after 4 hours of incubation at 37°C. Fluorescence was detected
using a fluorescence microscope. Red fluorescence of CM-Dil indicated
the location of donor cells. The green fluorescence of Calcein-AM was
used to calculate the number of illuminant receiver cells around each

donor cell. This value was used to evaluate GJ function.

2.8 | Scratch wound-healing assay

To determine the migratory ability of the cells, the classical scratch
wound-healing assay was carried out as previously described.'®
Briefly, cells were cultured until they formed a monolayer in six-
well plates. Cells were serum-starved overnight, and an artificial
scratch wound was created by a 10-pL pipette tip. The plates were
washed with PBS to remove cell debris and then maintained in
serum-free culture at 37°C, 5% CO,. Migration photos were cap-
tured at 0, 12, 24, and 48 hours after scratching. Experiments were
repeated independently in triplicate. The following equation was
used to calculate percent wound closure: percent wound closure
(%) = [1 - (L/L,)] x 100, where L, represents width of scratch at time
tand L, represents initial width of scratch.

Cancer Science Nulia s

2.9 | Cellinvasion assay

Cell invasion assays were carried out as previously described®® using
24-well Matrigel-coated chambers (6.5 mm in diameter, 8 pm pore-
size, 100 pg/cm2 Matrigel, Corning, Tewksbury, MA, USA). Briefly,
cells were grown until they were subconfluent, then serum-starved
for 24 hours. Cells were detached using trypsin, and 2 x 10° cells
were added to the upper Transwell chamber in 500 pL serum-free
media. To the lower chamber, 750 pL media with 10% FBS was added.
All conditions were repeated in triplicate. After 24-hour incubation
at 37°Cand 5% CO,, cells that had not migrated were removed using
a cotton swab and cells that had migrated were fixed with 4% para-
formaldehyde and stained with 0.1% crystal violet for 30 minutes.

Images of three different fields were captured for each membrane.

2.10 | Experimental pulmonary
metastasis and treatment

CT26, CT26-P or CT26-C cells (2 x 10°/0.2 mL) were trypsinized and
injected into the tail vein of Balb/c mice (6-week-old, female) to es-
tablish a model for metastatic lung tumors. ATRA was dissolved in 5%
HCO-60 solution and prepared for dosing (0.585 mg/kg) in accord-
ance with the report by Suzuki et al.X® ATRA was injected into the tail
vein of the CT26 or CT26-P group daily for 7 days following tumor
cell injection. Mice were killed 2 weeks after tumor cell injection, and
tumor nodules on the surface of the lungs were counted. Survival
time was compared among groups. All animal experiments complied
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH Publication No. 8023, revised 1978).

2.11 | Statistical analysis

All data represent mean * standard deviation. Statistical analysis
was carried out by Student’s t test using SPSS software. P value

<0.05 was considered statistically significant.

3 | RESULTS

3.1 | Establishment and phenotype of paclitaxel-
resistant cell lines

After continuous treatment with increasing concentrations of pacli-
taxel, resistant cells were established. The cobblestone morphology
of the HCT116-P and LoVo-P cells changed to spindle and fiber shapes
(Figure 1), which is typical of the fibroblastic phenotype. As seen in
Figure 1, ATRA treatment and Cx43 transfection can partially reverse
the fibroblastic phenotype of HCT116-P and LoVo-P cells to the
epithelial phenotype. Paclitaxel treatment of the mesenchymal cells
CT26-P caused some morphological changes, which were reversed
by ATRA treatment and Cx43 transfection, although the changes
were not significant. Paclitaxel IC,, for the cells were determined
using the MTT assay. Results indicated that long-term sublethal dos-
age of paclitaxel significantly increases the IC;,. Paclitaxel-resistant
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cells lost most of their resistance after they were treated with ATRA
or transfected by Cx43, but ATRA treatment did not impact the I1C;.

3.2 | Connexin 43 transfection increased Cx43
expression and GJ function significantly in paclitaxel-
resistant cells

Connexin 43 transfection obviously increased Cx43 expression in
paclitaxel-resistant cells (Figure 2). Most Cx43 were located on the
membrane (Figure S2A-C), which increased GJ function significantly
in these cells (Figure S2D,E).

3.3 | High levels of NF-kB activation in paclitaxel-
resistant cells can be inhibited with ATRA treatment

Nuclear factor kappa B is a proinflammatory cytokine that promotes
survival, adhesion, and invasion of cancer cells.?” As a key transcrip-
tional regulator of extracellular proteases, NF-kB activation also
contributes to EMT, which is important for cancer metastasis.'®
Nuclear factor kappa B activation was assessed by assaying for the
expression and location of the NF-kB p65 subunit. Under normal con-
ditions, NF-xB binds to an inhibitor of NF-kB (IkB) to form an inactive
compound in the plasma. Many chemotherapeutic drugs, including pa-
clitaxel, can induce IxB degradation to activate NF-xB in cancer cells.”?
When external stimulus causes NF-«xB to dissociate from kB, NF-«xB is
activated and transfers to the nucleus. This process is mediated mainly by
the activation of IxB kinase (IKK). IKK is composed of a regulatory protein
(IKKy) and a heterodimer of IKKa and IKKB. As IKK and IxB are cytoplas-

mic proteins, they can only be detected in cytosolic extractions.?®

HCT116

*

FIGURE 1 Morphological change and
paclitaxel IC; of colorectal cancer cells. A,
Morphological changes in three colorectal
cancer cells lines (HCT116, LoVo, CT26)
following treatment as indicated. “N”
are parental cells, “R” are parental cells
2 treated with all-trans-retinoic acid (ATRA)

* for 48 h, “P” are paclitaxel-resistant cells,
“PR” are paclitaxel-resistant cells treated
with ATRA for 48 h, and “C” are Cx43
transfected paclitaxel-resistant cells. Scale
4 bars, 20 um. B Paclitaxel IC, of the cells.

“R”, “P”, “PR” and “C"” were compared

with “N” using Student’s t test. “PR” and

“C” were also compared with “P” using
# Student’s t test. *P < .05 represents a
i significant difference compared to “N”,
and #P < .05 represents a significant
difference compared to “P”

LoVo

Western blotting (Figure 2) and immunocytochemistry (Figure S1)
both show that all paclitaxel-resistant cells had relatively high expres-
sion of NF-xB in their nuclei. The assays also showed that expression
of IKKa increased and IkBa decreased in paclitaxel-resistant cells.
These expression changes were reversed with ATRA treatment. The
results suggest that ATRA may prevent the kB degradation and in-
creased expression of IKK induced by paclitaxel. It has been reported
that ATRA inhibits NF-kB activation in many cell types.21’22 In this
study, treatment with ATRA was found to reduce NF-kB expression in
the nuclei of resistant cells, but not in those of parental colorectal can-
cer cells. Furthermore, Cx43 transfection does not obviously reduce
NF-xB expression in the nuclei of resistant cells. RARa expression is
not significantly affected by long-time paclitaxel treatment, so ATRA
can play an effective role in paclitaxel-resistant cells.

3.4 | All-trans retinoic acid treatment and Cx43
increase the function of gap junctions in paclitaxel-
resistant cells

Gap junctions are important channels that connect adjacent cells or the
extracellular environment. GJ inhibit EMT, invasion, and metastasis.?3
GJ are composed of connexins, a protein family encoded by a group
of tumor suppressor genes considered as targets for chemotherapy.
Cx43 is the most widely expressed connexin in a variety of tissues

1).2% Some reports have shown that

and is a structural component of G
paclitaxel inhibits GJ function and Cx43 expression to decrease cyto-
toxicity of itself.>* Cx43 as well as other GJ molecules, such as Cx32
and Cx26, has been shown to inhibit primary tumor cell progression.

Their expression decreases after some chemotherapeutic agents.?*%>
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FIGURE 2 Western blot analysis of nuclear factor kappa B (NF-xB) p65, IKKa, lkBa, Cx43, Cx32, Cx26 and RARa expression in colorectal
cancer cells. p65 expression was measured in the cytoplasmic, nucleolar, and whole-cell lysates to determine whether NF-xB translocation
to the nucleus is induced by paclitaxel and all-trans-retinoic acid (ATRA). “N” are parental cells, “R” are parental cells treated with ATRA for
48 h, “P” are paclitaxel-resistant cells, “PR” are paclitaxel-resistant cells treated with ATRA for 48 h, and “C” are Cx43 transfected paclitaxel-
resistant cells. A, Western blot images. p-Actin is used for cytoplasmic loading control, including p65-cytoplasm, p65-whole, IKKa, IkBa,
Cx43, Cx32, and Cx26. Histone H3 is used for nucleolar loading control of p65-nuclei and RARa. B-D, Bar diagrams of densitometric analysis

[(s8))

where “c” represents cytoplasmic, “n” represents “nucleolar”, and “w” represents whole-cell lysates. “R”, “P”, “PR” and “C” were compared to
“N” using Student’s t test. “PR” and “C” were also compared with “P” using Student’s t test. *P < .05 represents a significant difference from
“N”, and #P < .05 represents a significant difference from “P”. Cx, connexin; RARa, retinoic acid receptor a

Furthermore, ATRA has been reported as a GJ potentiator.?¢?” As
such, the ability of ATRA to upregulate GJ function in paclitaxel-
resistant colorectal cancer cells was investigated.

Figure 2 and Figure S2 show that paclitaxel-resistant cells had
lower Cx43 and Cx32 expression and GJ function. Treatment with
ATRA increased Cx43 and Cx32 expression and GJ function in both
parental and paclitaxel-resistant cells. ATRA treatment increased
Cx43 expression in cell membranes, even those of paclitaxel-
resistant cells (Figure S2A-C). However, neither ATRA nor paclitaxel

had obvious effects on Cx26 expression.

3.5 | All-trans retinoic acid and Cx43 both
decrease mesenchymal marker expression and
increase epithelial marker expression in paclitaxel-
resistant cells

Long-term paclitaxel treatment was shown to induce treatment resist-
ance and EMT.?® Figure 3 and Figure S3 show that long-term pacli-
taxel treatment induced EMT in all three colorectal cancer cell lines.
Specifically, compared to their parental cells, paclitaxel-resistant cells had
higher expression of many EMT markers, including fibronectin, MMP-9,
N-cadherin, snail, vimentin, and p-catenin as well as lower expression of
E-cadherin. Treatment with ATRA or Cx43 transfection reversed these
changes in all three paclitaxel-resistant cells lines, suggesting that ATRA
and Cx43 may reverse the EMT in paclitaxel-resistant cells.

3.6 | All-trans retinoic acid and Cx43 both
reduce the migration and invasion abilities of
paclitaxel-resistant cells

All-trans retinoic acid can reduce the migration and invasion abilities of
many types of cancer cells, such as pancreatic and colorectal.?%° To
investigate whether ATRA reduces the migration and invasion abilities
of paclitaxel-resistant cells, scratch wound-healing and Transwell inva-
sion assays were carried out. As shown in Figure 4, all three paclitaxel-
resistant cells had higher migration abilities than their parental cells.
ATRA and Cx43 transfection can both reduce the migration ability of
these resistant cells. In addition, in the wound-healing assay, cell den-
sity did not change after 48 hours of treatment with ATRA. This lack
of change indicates that reduced cell migration is mainly attributed to
the decreased migratory capability of cells, rather than a decrease in
the number of cells resulting from apoptosis. As shown in Figure 5, the
Transwell invasion assay showed that ATRA and Cx43 transfection both
reduced the invasive ability of paclitaxel-resistant cells. In addition,
ATRA also reduced the migration and invasion abilities of parental cells.

3.7 | All-trans retinoic acid and Cx43 reduce
metastasis of paclitaxel-resistant cells in vivo

Ability of ATRA and Cx43 transfection to reduce metastasis of
paclitaxel-resistant CT26 cells was evaluated using a mouse pulmonary
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FIGURE 3 Western blot analysis of E-cadherin, fibronectin, MMP-9, N-cadherin, snail, vimentin, and catenin in colorectal cancer cell
lines. “N” are parental cells, “R” are parental cells treated with all-trans-retinoic acid (ATRA) for 48 h, “P” are paclitaxel-resistant cells, “PR”
are paclitaxel-resistant cells treated with ATRA for 48 h, and “C” are Cx43 transfected paclitaxel-resistant cells. A, Western blot images.
B-Actin in Figure 2 was used as the loading control for all proteins in this figure. B-D, Bar diagrams of densitometric analysis. “R”, “P”, “PR”
and “C” were compared with “N” using Student’s t test. “PR” and “C” were compared with “P” using Student’s t test. *P < .05 represents a
significant difference from “N”, and #P < .05 represents a significant difference from “P”
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FIGURE 4 Migration of colorectal cancer cells as measured by scratch wound-healing assay (original magnification 100x). “N” are
parental cells, “R” are parental cells treated with all-trans-retinoic acid (ATRA) for 48 h, “P” are paclitaxel-resistant cells, “PR” are paclitaxel-
resistant cells treated with ATRA for 48 h, and “C” are Cx43 transfected paclitaxel-resistant cells. A, Migration image of HCT116. B,
Migration image of LoVo. C, Migration image of CT26. D-F, Bar diagrams of scratch wound-healing assays of HCT116, LoVo and CT26.

“R”, “P”", “PR" and “C"” were compared to “N” using Student’s t test. “PR” and “C” were compared with “P” using Student’s t test. *P < .05

represents a significant difference from “N” and #P < .05 represents a significant difference from “P”
metastasis model (Figure 6 and Figure S4). Higher numbers of cancer with ATRA of mice injected with CT26 and CT26-P decreased the
nodules in the lungs of mice injected with CT26-P cells compared to number of cancer nodules, suggesting that ATRA inhibits metastasis
mice injected with CT26 cells indicates that paclitaxel-resistant cells of both paclitaxel-resistant and parental colorectal cancer cells. Mice

have a higher potential to metastasize than parental cells. Treatment injected with CT26-C also had fewer cancer nodules, suggesting that
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FIGURE 5

Invasion of colorectal cancer cells as measured by Transwell assay. “N” are parental cells, “R” are parental cells were treated

with all-trans-retinoic acid (ATRA) for 48 h, “P” are paclitaxel-resistant cells, “PR” are paclitaxel-resistant cells treated with ATRA for 48 h,
and “C” are Cx43 transfected paclitaxel-resistant cells. A, Image of Transwell assay. Scale bars, 100 um. B, Bar diagrams of invasion. “R”, “P”,
“PR” and “C” were compared to “N” using Student’s t test. “PR” and “C” were compared with “P” using Student’s t test. *P < .05 represents a
significant difference from “N”, and #P < .05 represents a significant difference from “P”

Cx43 transfection inhibits metastasis. Figure 6C shows the survival
curves of all treatment five groups. All the mice ultimately died be-
cause of pulmonary metastasis. The mice injected with CT26-P cells
had the shortest survival time. However, mice treated with ATRA,
whether injected with CT26 or CT26-P cells, survived significantly
longer than their untreated counterparts. Treatment of mice with
ATRA (0.585 mg/kg) only resulted in survival beyond 60 days. In ad-
dition, mice injected with CT26-C cells had longer survival time than
those injected with CT26-P cells.

4 | DISCUSSION

Tumor cells undergo a series of metastatic steps to become malig-
nant and invasive. EMT is an important process involved in these

steps and results in morphological changes. During EMT, cells lose
epithelial properties, such as expression of E-cadherin, and acquire
mesenchymal characteristics, which increase the motility and inva-
sion abilities of cells. According to several studies, there is a close
link between EMT and resistance to several chemotherapeutic
agents.>* These agents may alter the apoptotic process and lead to
increased expression of EMT-inducible factors, resulting in failure of
therapy. In the present study, the three colorectal cancer cell lines,
LoVo, HCT116 and CT26, also showed more mesenchymal charac-
teristics when they acquired resistance to paclitaxel.

It has been reported that ATRA inhibits the activation of NF-kB
and upregulates the expression of Cx43, which are both involved
in the EMT process.??0222425 pyclitaxel-resistant cells often have
high levels of NF-kB activation.3* Expression of NF-xB is sufficient
to induce EMT and has been known to upregulate expression of snail
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FIGURE 6 Pulmonary metastases and the survival curves of mice, n (per group) = 5. “N” are mice injected with CT26 cells, “R” are mice of
group “N” treated with all-trans-retinoic acid (ATRA), “P” are mice injected with CT26-P cells, “PR” are mice of group “P” treated with ATRA,
and “C” are mice injected with CT26-C cells. A, Typical morphology of the lungs of each treatment group. B, Number of tumor nodules for
each treatment group. *P < .05 represents a significant difference. C, Survival curves of the mice. *P < .05 represents a significant difference

and downregulate expression of E-cadherin.®? Our results show that
ATRA can inhibit NF-xB by decreasing the activity of IKK. This may
lead to the re-expression of E-cadherin in paclitaxel-resistant cells
following ATRA treatment.

Generally, cancer cells lose their GJ function when they acquire
chemoresistance.®® Re-expression of Cx43 can enhance the cytotox-
icity of paclitaxel.’* As a structural component of GJ, Cx43 is respon-
sible for the transfer of water-soluble molecules directly from one cell
to another without passing through the membrane. Enhancement of
the cytotoxic effects of Cx43 is attributed to the increased transfer of
drugs from one cell to another. Connexins are known tumor suppres-
sors and were recently found to also inhibit metastasis.>*%> EMT is a
process by which cells gradually lose contact. GJ composed of Cx43
provide an intercellular channel which can also form a hemichannel to
exchange materials with the extracellular matrix. For example, Cx43
reduces EMT marker expression in endometrial stromal cells and pro-
motes the switch from N- to E-cadherin in glioma stem cells.3*%% In
this study, ATRA was found to upregulate Cx43 expression and GJ
function in all three paclitaxel-resistant colorectal cancer cell lines.

Cx43 transfection to paclitaxel-resistant cells also reversed their

EMT phenotype. These results suggest that ATRA may reverse EMT
by upregulating Cx43 expression. Upregulation of Cx43 can increase
the interaction between cells and the external environment, which
may offset the loss of intercellular communication induced by EMT.
We also found that Cx32 expression decreases in paclitaxel-resistant
cells and ATRA upregulates it. However, Cx26 is not affected by
ATRA and paclitaxel. Cx32 is considered a tumor suppressor. It can
inhibit invasiveness and growth of cancer cells and impede tumor
progression.®® These results suggested that other GJ molecules may
also contribute to the EMT reverse. In vitro results confirm that ATRA
treatment reversed EMT phenotypes in paclitaxel-resistant cells.
Scratch wound-healing and Transwell assays also indicate that ATRA
reduces the migration and invasion abilities of paclitaxel-resistant
cells. Furthermore, ATRA was found to reduce the migration and in-
vasion abilities of parental CT26 cells as well as reverse EMT, which
may be because CT26 is a mesenchymal cell line.

ATRA and Cx43 transfection reduces the expression of fibronec-
tin, MMP-9, N-cadherin, snail, vimentin, and p-catenin and increases
the expression of E-cadherin in paclitaxel-resistant cells and parental
CT26 cells, showing that ATRA reverses EMT in mesenchymal cells and
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Cx43 contributes to this effect. Fibronectin, a mesenchymal marker, is
an extracellular matrix protein. E-cadherin is the main cell-to-cell and
cell-to-matrix adhesion protein. N-cadherin and vimentin are both
mesenchymal cell-related proteins. “Cadherin switch”, which refers
to the downregulation of E-cadherin and upregulation of N-cadherin,
is a common feature of EMT. NF-xB activation may induce snail ex-
pression, and repression of E-cadherin expression by the transcription
factor snail is a central event during the loss of epithelial pheno-
type.32 Like snail, f-catenin is another transcription factor underlying
the specific gene program of EMT. It can repress the transcription of
E-cadherin and enhance the expression of MMP, such as MMP-9.%7

Last, in vivo results show that pulmonary metastasis is inhibited by
ATRA treatment and Cx43 transfection inhibits metastasis of CT26-P
cells. Although CT26 is a mesenchymal cell line, several mesenchymal
markers were upregulated when paclitaxel resistance was acquired.
Invasion, migration, and metastatic abilities also increased in the
paclitaxel-resistant cells. CT26 is commonly used in the Balb/c pulmonary
metastasis model.®® In vivo results show that ATRA inhibits pulmonary
metastasis induced by paclitaxel-resistant CT26 cells, which suggests
that ATRA could be used to reverse EMT in chemoresistant cells.

In summary, paclitaxel is a standard treatment for various cancers
but it can increase the motility and invasion of cancer cells. ATRA is
commonly used in combination with paclitaxel to improve patient
outcomes.*’ It has been reported that this combination is effective
for inhibition of the invasion of tumor cells.® In our study, it was con-
firmed that, as a single agent, ATRA reverses the upregulation of EMT
in paclitaxel-resistant colorectal cancer cell lines. ATRA was found to
increase Cx43 expression and GJ function and inhibit NF-xB, which
may all be involved in reversing EMT. The in vitro and in vivo results
confirmed that ATRA reduces the invasion, migration, and metastatic
abilities of paclitaxel-resistant colorectal cancer cells. This study pro-
vides data that can be used for the development of new therapeutic

approaches for the treatment of chemorefractory tumors in the future.
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