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Abstract: All-trans retinoic acid (ATRA) exerts tumor-inhibitory effects on acute leukemia and certain types of solid
tumors. This study was designed to evaluate the mechanism on ATRA-mediated suppression of colon cancer based
on the sonic hedgehog (Shh) signaling pathway. Methods: Normal intestinal epithelial cells and three colon cancer
cell lines were studied to evaluate the inhibitory effect of ATRA on tumor cell activity. The inhibitory effect of ATRA
on colon cancer was evaluated by cell invasion, migration, and apoptosis of HCT116 cells. Retinoic acid receptor
(RAR)- and Shh-related protein expression was assessed. Results: ATRA administration inhibited the activity of three
different colon cancer lines, but did not inhibit the activity of normal intestinal epithelial cells. Administration of ATRA
induced apoptosis and restricted invasion and migration of HCT116 colon cancer cells. Administration of ATRA also
increased expression of RAR and transmembrane receptor patched 1 (Ptchl), and decreased expression of the
smoothened (Smo) and glioma-associated oncogene homolog1 (Gli-1). RAR_ and RAR; agonists inhibited Shh sig-
naling, and the mediating effect of ATRA on Shh signaling was abolished by RAR_ or RAR  antagonists. The combina-
tion of purmorphamine (Smo agonist) and ATRA partially abolished the inhibitory effect of ATRA on the proliferation
of colon cancer cells. In vivo studies showed that ATRA inhibited tumor growth, which was accompanied by down-
regulation of the Shh signaling pathway. Conclusions: ATRA inhibits the growth of colon cancer by downregulating
the Shh pathway, which further verifies the anticancer activity of ATRA.

Keywords: Patched 1, colon cancer, all-trans retinoic acid, hedgehog

Introduction involved in embryonic development, tissue dif-
ferentiation, and tumor cell growth. This pleiot-
ropy of RA is mainly mediated by two kinds of
receptors belonging to the steroid/thyroxine
superfamily, namely, retinoic acid receptors
(RARs) and retinol-x receptors (RXRs), which
are expressed to varying degrees at different
stages of tissue development. There are three
different subtypes of RAR and RXRs in humans.
All-trans RA (ATRA) and 9-cis RA are common
ligands involved in RA signaling. 9-cis RA can
affect both RARs and RXRs, while ATRA is se-
lective for RARs [5]. ATRA has been used as a
drug to treat acute promyelocytic leukemia

Colon cancer is a common malignant tumor
with a high incidence worldwide. More than 1
million patients with colon cancer are diag-
nosed every year [1]. According to statistics,
the global prevalence of colorectal cancer con-
tinues to grow, and the burden will increase by
60% by 2030 [2]. Although clinical treatment
has made rapid progress in tumor surgery and
the application of new radiotherapy and che-
motherapy in recent decades, the mortality of
colon tumor is still high due to drug resistance
and metastasis. Therefore, it is of great signifi-
cance to study the pathogenesis and therapeu-

tic approach to colon cancer.

Retinoic acid (RA), the major biologically active
form of vitamin A, plays an important role in
regulating cell growth, differentiation, prolifera-
tion, and programmed apoptosis [3, 4]. It is

(APL) for more than 20 years [6, 7]. In addition,
ATRA alone also has a certain inhibitory effect
on other solid tumors, and ATRA combined with
other drugs can increase their efficacy and
reduce drug resistance [8-11]. For instance,
treatment in combination with ATRA arrests
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gefitinib-induced enrichment of aldehyde dehy-
drogenase 1A1 (ALDH1A1)/CD44 cancer stem
cell-like cells and increases the antitumor
effect of gefitinib on non-small cell lung adeno-
carcinoma (NSCLC/ADC) cells [12]. It is gener-
ally believed that ATRA plays an antitumor role
by inducing apoptosis, preventing tumor cell
proliferation and inducing abnormal cells to dif-
ferentiate back into normal cells [13-15]. Some
reports show that ATRA can arrest the pro-
gression and migration of colon cancer, and its
mechanism may be related to reducing myosin
light chain kinase (MLCK) expression by the
extracellular signal-regulated kinase 1/Mito-
gen-activated protein kinase (ERK1/MAPK) pa-
thway [16]. It is worth noting that ATRA antago-
nizes the hedgehog (Hh) pathway in embryonal
carcinoma cells [17]. The Hh signaling pathway
is a pivotal regulator of development and stem
cell fate in animals. Abnormal up-regulation of
the Hh pathway contributes to many kinds of
cancer, such as gastric cancer, lung cancer,
liver cancer, mammary cancer, prostate cancer,
pancreatic cancer and colon cancer [18-20].
Vertebrates have three homologous Hh genes:
sonic Hh (Shh), Indian Hh, and desert Hh.
Classical Shh pathway includes transmembr-
ane receptor patched 1 (Ptchl), smoothened
(Smo), and glioma-associated oncogene homo-
logl (Gli-1). At the molecular level, it has been
shown that Shh signaling drives the progres-
sion of cancers by regulating cancer cell pro-
liferation, malignancy, metastasis, and the ex-
pansion of cancer stem cells (CSCs) [21, 22].
Tazarotene, a retinoid with RAR B/y specificity,
inhibited a murine basal cell carcinoma (BCC)
keratinocyte cell line, ASZ001, and the inhibi-
tory effect of tazarotene on ASZ0O01 cells was
accompanied by down-regulation of Gli-1 ex-
pression [23]. In addition, the mRNA and pro-
tein expression of Ptchl was significantly up-
regulated by ATRA treatment in embryonal car-
cinoma NT2/D1 cells, which contributes to a
decreased Shh pathway [17]. However, it is
unclear whether Shh is involved in growth inhi-
bition by ATRA on colon cancer.

In the current study, normal intestinal epithe-
lial cells and three colon cancer cell lines were
studied to evaluate the inhibitory effect of ATRA
on tumor cell activity. We demonstrated that
ATRA enhanced Ptchl activity and downregu-
lated Smo and Gli-1 protein expression, thereby
inducing apoptosis and inhibiting colon cancer
cell proliferation.
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Material and methods
Drugs and reagents

ATRA was the from Sigma-Aldrich (St. Louis,
MO, USA). Cyclopamine and purmorphamine
were the products of Selleck Chemicals (Hou-
ston, TX, USA). AM580, AC-55649 and LE135
were obtained from MedChemExpress. Ro41-
5253 was purchased from Enzo Life Sciences.
Bovine serum (FBS), Dulbecco modified Eagle
medium (DMEM) and Roswell Park Memorial
Institute 1640 (RPMI 1640) medium were
obtained from Gibco. The TUNEL Apoptosis
Detection Kit (FITC) and Annexin V-FITC/PI
apoptosis detection kits were obtained from
Vazyme Biotech Co., Ltd. The EdU-488 Kit and
JC-1 Kit were the products of Beyotime Bio-
technology (Shanghai China). Ki67 antibody,
Bax antibody, Bcl-2 antibody and Ptchl anti-
body were purchased from ABclonal Biote-
chnology. B-actin antibody, Gli-1 antibody, and
Smo antibody were purchased from Proteintech
Biotechnology.

Cell viability assay

In this study, NCM460, SW480, HCT116, and
Caco2 cells were studied to evaluate the inhibi-
tion of ATRA on tumor cell viability. The culture
conditions of the four kinds of cells were the
same, except for the medium. SW480, HCT116
and Caco2 colon cancer cells were cultured
with RPMI 1640, and the medium for NCM460
cells was DMEM. The viability of different cells
was investigated by MTT assay. Different cells
were cultured for 24 h before ATRA treatment
(0, 0.01, 0.1, 0.5, 1, 5, 10 or 20 uM) at 37°C.
The observation times were 24, 48 and 72
hours. Two hundred pl of MTT solution (5 g/L)
was added to each well of 96-well plate, and
the cells were incubated in the incubator for 4
h, followed by 150 ul of DMSO for 10 minutes.
The OD value at 490 nm was observed to
evaluate the cell viability.

Colony formation and cell proliferation assays

Colony formation was assessed to determine
cell cloning ability. Two hundred HCT116 cells
were inoculated into each well of the 6-well cul-
ture plate. These cells were treated with ATRA
and cyclopamine for 24 h. Then, the cell super-
natant was regularly replaced with fresh medi-
um until day 10. The cells in the 6-well culture
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plate were fixed and stained with crystal violet.
The EdU incorporation method was performed
to investigate HCT116 cell proliferation [24].
HCT116 cells were cultured in EdU working
solution for 4 h after ATRA and cyclopamine
treatment. The HCT116 cells were then wash-
ed with PBS and fixed with paraformaldehyde.
After paraformaldehyde fixation for 25 min, the
HCT116 cells were incubated with 0.1% Triton
X-100, click reaction solution and Hoechst
33342 in turn, and photographed under fluo-
rescence microscopy.

Wound healing assay

HCT116 cells were inoculated in a round-bot-
tom cell culture dish and cultured for 24 h. The
bottom of the culture dish was then scratched
with a 200 pl pipette tip. After washing off the
exfoliated cells, the cells were cultured for 48
hours. These scratches were observed with
a microscope and the scratch distance was
measured.

Apoptosis detection

After 48 hours of treatment with ATRA and
cyclopamine, the HCT116 colon cancer cells
were digested and centrifuged. 500 pl buffer
reagent was added to the cells, and then 10 pl
of Annexin V and 10 pl of Propidium lodide were
added to the HCT116 colon cancer cells respec-
tively in the dark for 10 min.

Mitochondrial membrane potential (MMP)
measurement

After drug incubation, the HCT116 cells were
washed with JC-1 staining buffer, and then 2
UM of JC-1 staining working solution was added
and they were incubated for 30 minutes. After
washing again, the HCT116 cells were photo-
graphed and analyzed to evaluate cell MMP.

Invasion and migration assays

The migration and invasion of HCT116 cells
were assayed by Transwell experiments.

The methods used for the cell migration and
invasion experiments were the same, except
that the upper chambers (24 well) in the inva-
sion experiment were covered with Matrigel.
The cells were cultured in the upper chamber
of each Transwell with 150 ul serum-free medi-
um. The culture system in the lower chamber is
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600 pl complete medium containing 10% FBS
(v/Vv). The cells were stained with 0.5% of crys-
tal violet after fixing with paraformaldehyde.
The cells that failed to pass through the mem-
brane were gently removed with a cotton swab.
The cells that passed through and remained at
the bottom of the membrane were counted and
photographed under a microscope. The num-
ber of cells passing through the membrane rep-
resents the ability of HCT116 cells to invade
and migrate.

In vivo tumor xenograft model and drug admin-
istration

All animal experiments in this study were
approved by the ethics committee of Jinzhou
Medical University. The nude mice used in this
experiment were 6-7 weeks old and weighed
18-20 g. After three days of preconditioning,
HCT116 (1x107) cells were inoculated on the
backs of the nude mice at an inoculation vol-
ume of 0.1 ml. The size of the inoculated tumors
in the nude mice was observed and measured
regularly. When the diameter of most tumors
reached 0.7 mm, the nude mice were gavaged
with or without ATRA (1 mg/kg, 5 mg/kg). ATRA
was dissolved in saline and gavaged for 14
days. The general state and food and water
consumption by the nude mice were observed
every day, and their weight was obtained every
two days.

TUNEL staining

The tumor tissues fixed in formaldehyde were
made into paraffin sections. The paraffin sec-
tions were routinely dewaxed and dehydrated
and then incubated with trypsin at 37°C for
30 minutes. The TUNEL reaction solution was
added to each slice and reacted for 1 hour.
After washing with PBS, images were taken
under a fluorescence microscope, and the
number of green-positive nuclei was analyzed.

Western blot analysis

A portion of HCT116 cells and tumor tissues
were collected and the protein content was
measured by BCA method. The corresponding
concentration of polyacrylamide gel was pre-
pared, and 30 pg of protein extracts were col-
lected on each pore between two layers of
glass plates. The proteins separated by electric
current were transferred to PVDF membranes
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Figure 1. ATRA inhibits cell activity of colon cancer cells. Viability of the different cell lines was measured by MTT
assay. HCT116 (A), SW480 (B), Caco2 (C), and NCM460 (D). Values are presented as mean + SD, n = 3. (*P < 0.05

vs. O h group).

by semidry transfer initiation and blocked with
1% BSA for 1.5 hours. The primary antibody
was diluted according to different manufactur-
er's instructions. The blocked PVDF membrane
was incubated with different antibodies for
4°C overnight. The next day, the PVDF mem-
brane was removed, washed with TBST and
incubated with the secondary antibody for 1.5
hours. The blot was developed with ECL and a
gel image was taken.

Statistical analysis

All data involved in the current study are pre-
sented as the mean + SD and were analyzed
and imaged with GraphPad Prism v9. The com-
parisons between different groups were ana-
lyzed by Student’s t-test.

Results
ATRA inhibits the viability of colon cancer cells
The viability of HCT116, SW480, Caco2 and

NCM460 cells was determined by a colorimet-
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ric MTT assay. Cells were treated with or with-
out ATRA (0.01, 0.1, 0.5, 1, 5, 10 and 20 uM)
for 24, 48 or 72 h. ATRA inhibited the viability of
all three colon cancer cell lines, but the toxic
effect on HCT116 cells was more dramatic.
Approximately 7.3 uM ATRA resulted in more
than 50% death of HCT116 cells after 48 h of
ARTA treatment. However, ATRA had no toxic
effect on NCM460 cells at the same concentra-
tion. These results suggest that ATRA has an
obvious toxic effect on colon cancer cells, es-
pecially HCT116 cells, but it has no toxic ef-
fect on normal colon epithelial cells (Figure 1).
Therefore, HCT116 cells and 5 yM and 10 uM
ATRA were used in the next experiments.

ATRA inhibits HCT116 cell proliferation and
colony formation

The inhibition of ATRA on HCT116 cell prolifera-
tion was verified by EdU incorporation assays.
ATRA and the Smo inhibitor cyclopamine sig-
nificantly inhibited HCT116 cell proliferation,
which was manifested by increased numbers

Am J Transl Res 2022;14(9):6536-6549



ATRA-mediated suppression of colon cancer

A B * %
&= 401 I ¥ 1
0 % —— ]
S o309 1
sl
o
S 201
£ S -
a 2 10- =
2 8
2 o
r
_|
[
2
S
=
= :
0 /
-3
O “ ”
2 < . R~ -
3 ATRA(SpM ATRA(10uM) Cyclopamine
=
@

Hoechst33342 EDU Merge

Figure 2. ATRA inhibits HCT116 cell proliferation. A, B: Proliferation was determined by EdU incorporation assay. C: Crystal violet staining of the colony formation of
HCT116 cells. Data are presented as mean + SD, Con, Control, n = 3. **P < 0.01 vs. the Con group.
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of green nuclei in the EdU incorporation assay
(Figure 2A, 2B). Similarly, results from the colo-
ny formation assay showed that the clonogenic
ability of HCT116 cells was significantly inhibit-
ed by ATRA and cyclopamine (Figure 2C).

ATRA induces apoptosis of colon cancer
HCT116 cells

Results from flow cytometry and JC-1 staining
showed that ATRA and cyclopamine caused sig-
nificant apoptosis, as represented by increased
apoptotic rate and MMP collapse (Figure 3A-D).
Consistent with the above results, ATRA and
cyclopamine increased pro-apoptotic protein
Bax expression and decreased anti-apoptotic
protein Bcl-2 expression (Figure 3E-G).

ATRA inhibits the migration and invasion of
HCT116 cells

The effect of ATRA on the migration and inva-
sion of HCT116 cells was assayed by Transwell
assays. The results showed that ATRA and
cyclopamine inhibited HCT116 cells from pen-
etrating the membrane (Figure 4A-C). Similarly,
the scratch wound healing assay confirmed the
inhibition of ATRA and cyclopamine on HCT116
cells migration (Figure 4D, 4E).

ATRA inhibits Shh pathways dependent on
RAR

In the current study, we investigated whether
the Shh pathway participated in ATRA-mediated
suppression of colon cancer by WB. The results
showed that the protein expression of Ptchi, a
negative regulator of the Shh pathway, was sig-
nificantly upregulated, while the protein expres-
sion of Smo and Gli-1 were downregulated after
ATRA treatment. These effects of ATRA on Shh
signaling were associated with increased pro-
tein expression of RAR and RARB, suggesting
that ATRA treatment could regulate the Shh
pathway in HCT116 cells (Figure 5A-F). To
investigate the regulatory effect of ATRA on the
Shh pathway in colon cancer cells rather than
normal intestinal epithelial cells, the protein
expression of Smo and Gli-1 were detected in
HCT116 cells and NCM460 cells. The results
showed that ATRA had no effect on the protein
expression of Smo and Gli-1 in NCM460 cells
(Figure 5G-I).
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The interaction of RAR and Shh

In order to evaluate the mediating effect of
ATRA on the Shh pathway, RAR, RARB and Smo
agonists and antagonists were used in the
current study. Activation of RAR or RAR; by
AM580 (RAR  agonist) or AC-55649 (RARB ago-
nist) showed similar inhibition of the Shh si-
gnaling pathway by ATRA (Figure 6A-E). Inhi-
bition of RAR by Ro41-5253 (RAR_ antagonist)
or LE135 (RARB antagonist) abolished the me-
diating effect of ATRA on the Shh pathway
(Figure 6F-J). In addition, the combination of
ATRA with cyclopamine further downregulated
the Shh pathway, except for the Ptchl expres-
sion. These results demonstrated that the
mediating effect of ATRA on the Shh pathway
was dependent on RAR, while the combination
of purmorphamine (Smo agonist) and ATRA par-
tially abolished the suppressive inhibition of
ATRA on cell proliferation of HCT116 colon can-
cer cells.

ATRA showed antitumor effect in nude mice

The suppressive effect of ATRA on colon tumor
was further verified in nude mice in this study.
Consistent with the in vitro results, ATRA signifi-
cantly inhibited the growth of tumors, manifest-
ed as reduced tumor size and weight (Figure
7A, 7B). The results showed that ATRA increas-
ed tumor tissue cell apoptosis, enhanced pro-
apoptotic protein Bax expression, and decre-
ased Bcl-2 and Ki-67 protein expression (Figure
7D-J). Compared to the control group, ATRA
administration did not increase or reduce the
experimental weight of nude mice (Figure 7C).

ATRA inhibited the Shh pathway in vivo

The mediating effect of ATRA on the Shh path-
way was measured by an in vivo study. Not sur-
prisingly, the protein expressions of Ptch 1,
RAR(x and RARB were upregulated, and the ex-
pression of Smo and Gli-1 was downregulated
in the tumor tissue after ATRA treatment (Fi-
gure 8), which further verified the experimental
results of the in vitro study.

Discussion

The Shh and RAR signaling pathways both play
a pivotal role in regulating the differentiation

Am J Transl Res 2022;14(9):6536-6549
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Figure 3. ATRA induces apoptosis of HCT116 cells. A, B: The apoptotic rate of HCT116 cells was determined by flow cytometry. C, D: MMP was measured by JC-1
staining. E-G: Apoptosis-related protein Bcl-2 and Bax expression. Data are presented as mean + SD, n = 3. **P < 0.01 vs. the Con group.
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Figure 4. ATRA inhibits the migration and invasion of HCT116 cells. A-C: Migration and invasion of HCT116 cells were detected by Transwell experiments. D, E: The
migration distance of HCT116 cells was reflected by a wound healing assay. Data are presented as mean £ SD, n = 4. **P < 0.01 vs. the Con group.
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Figure 5. ATRA inhibits Shh pathways dependent on RAR. A: The protein expression of Ptchil, RAR, RARB, Gli-1,
and Smo was measured by western blot in HCT116 cells. B-F: Statistical results of protein expression by Image J
software. G: The protein expression of Gli-1 and Smo was measured by western blot in HCT116 and NCM460 cells.
H and I: Statistical results of protein expression by Image J software. H: HCT116 cells, N: NCM460 cells. Data are
presented as mean + SD, n = 3. **P < 0.01 vs. the Con or Con (H) group.

and proliferation of many types of cells. Inte-
raction between RA signaling and Shh signaling
is complicated in embryonal carcinomas and
other cell types, but the interaction between
the two signaling pathways in regulating colon
cancer cell fates was unclear. This study found
that ATRA induced cell apoptosis and restrain-
ed cell proliferation and migration of HCT116
colon cancer cells. The nude mice study showed
that ATRA caused tumor shrinkage and induced
significant cell apoptosis, which was related to
downregulation of the Shh pathway. Moreover,
RAR, or RAR; agonists downregulated the Shh
pathway, while RAR_or RARB antagonists abro-
gated the mediating effect of ATRA on the Shh
pathway. The combination of Shh inhibitor with
ATRA further enhanced the inhibition of ATRA
on HCT116 colon cancer cell proliferation, while
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the combination of Shh agonist with ATRA
partially abolished the inhibition of ATRA on
HCT116 colon cancer cell proliferation.

The typical pathway of Shh is initiated by the
binding of the Hh ligand to Ptchl. The activa-
tion of Shh signaling can either occur through
the stimulation of Shh protein or the loss of
Ptchl activity. Abnormal activation of the Shh
signaling pathway or interaction with other sig-
naling pathways plays a pivotal role in tumori-
genesis, growth, and metastasis of many hu-
man solid tumors, such as gastric, breast,
colorectal, and liver. Therefore, Shh signaling
has also become a target of a variety of antitu-
mor drugs. Crocetin suppresses angiogenesis
and metastasis of gastric cancer by restraining
the Shh signaling pathway [25]. Berberine sup-

Am J Transl Res 2022;14(9):6536-6549
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Figure 6. Interaction of RAR and Shh. A and F: HCT116 cell viability assay. B and G: Images of different protein ex-
pressions by western blot in HCT116 cells. C-E and H-J: Statistical results of protein expression by Image J software.
Pur, Purmorphamine. N = 3. **P < 0.01 vs. the Con group, #P < 0.01, #P < 0.05 vs. the ATRA group.

presses colorectal cancer growth by interrupt-
ing activation of the paracrine hedgehog pa-
thway [26]. Recently, the US Food and Drug
Administration approved GDC-0449, an antag-
onist of Smo for the treatment of skin basal cell
carcinoma, and GDC-0449 showed an inhibito-
ry effect on colon cancer by upregulation of
p21 and downregulation of CycD1 and Bcl-2,
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preventing the replication of colon cancer cells
and triggering apoptosis [27, 28]. Consistent
with previous results, the current study show-
ed that cyclopamine, an inhibitor of Smo, exert-
ed an inhibitory effect on colon cancer cells,
including decreased cell activity, MMP, migra-
tion, and invasion, and an increased apoptotic
rate; and the effect was similar to that of ATRA.

Am J Transl Res 2022;14(9):6536-6549
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Figure 7. Suppressive effect of ATRA on colon tumor in mice. (A and B) Tumor tissue and tumor weight statistics of
the different groups. (C) Body weight statistics of the mice in different groups. (D and E) TUNEL staining was used to
observe the apoptosis rate of the tumor tissue. (F-J) Expression of different proteins assayed by western blot. n =5
for (A-D); n = 3 for (F-J). **P < 0.01 vs. the Control group.

ATRA is derived from vitamin A and has been
approved for the treatment of acute leukemia.
In addition, ATRA also regulates multiple can-
cer-associated processes in solid cancer cells
in a RAR-dependent or RAR-independent man-
ner [29, 30]. When colon cancer occurs, every
step of ATRA biosynthesis is affected [31].
ATRA functions by binding to RAR/RXR het-
erodimers, which subsequently bind to retinoic
acid response element (RARE) regions in the
enhancer of targeted genes. Some studies
reported that activation of RAR by ATRA could
induce tumor stem cells to differentiate into
normal cells, limit tumor cell overgrowth, and
induce cancer cell apoptosis [32].
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Our current study shows that oral ATRA can
limit the tumor growth of xenografts in nude
mice and induce tumor cell apoptosis. In vitro
experiments further verified the above conclu-
sions and proved that the effect of ATRA was
receptor-dependent. Since the observed con-
centration of ATRA had no effect on the prolif-
eration of NCM460 cells, we compared the
protein expression of Smo and Gli-1 in HCT116
and NCM460 cells. The protein expression of
Smo and Gli-1 in NCM460 cells was lower than
that in HCT116 cells, and ATRA had no effect on
their expression in NCM460 cells. These results
suggest that Shh signal is highly expressed
in tumor cells and may be a target of ATRA.

Am J Transl Res 2022;14(9):6536-6549
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Figure 8. ATRA inhibited the Shh pathway in tumor tissue. A-F: The expression of different proteins assayed by west-
ern blot (Smo, Gli-1, Ptch1, RAR,, and RARB) of tumor tissue. n = 3. **P < 0.01 vs. the control group.

Recently, several studies have addressed the
crosstalk between the RA and Shh pathways
[33-35]. Forskolin (FSK), an antagonist of of the
hedgehog signaling pathway, showed a syner-
gistic effect with ATRA against bleomycin-
induced pulmonary fibrosis. Although FSK
alone could not significantly increase in RARx
and RXRa expression, combined with ATRA it
could significantly upregulate RARa and RXRa
expression. It is worth noting that ATRA treat-
ment was more effective in upregulating Ptchl
expression than FSK treatment in a bleomycin-
induced pulmonary fibrosis model [33]. Addi-
tionally, according to Alexander’s report, the
mMRNA and protein expression of Ptchl was sig-
nificantly upregulated by ATRA treatment in
embryonal carcinoma NT2/D1 cells, which con-
tributes to decreased Gli-1 expression, and the
mediating effect of ATRA on the Shh pathway
was confirmed in the murine ES cell lines
AB2.2, NB4, Tera-1, and P19 [17]. Treatment
with inhibitors of Smo (GDC-0449 and cyclopa-
mine) had no effect on Ptchl induction despite
RA treatment, suggesting that the observed
effect of ATRA on Ptchl did not depend on Smo
activity [17]. In contrast to the above results,
ATRA not only affected the expression of Ptchl
and Gli-1 but also decreased the expression
of Smo in HCT116 cells in our current study. In
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addition, inhibition of RAR by an antagonist
abolished the mediating effect of ATRA on the
Shh pathway, and the combination of ATRA with
cyclopamine further decreased Smo and Gli-1
expression but not Ptchl expression, indicating
that the mediating effect of ATRA on the Shh
pathway in colon HCT116 cells occurred in a
RAR-dependent manner. The reason for the
discrepancy among the different studies may
be attributed to different cell types. However,
additional mechanistic studies are still required
to fully explain the current research results.

In summary, downregulation of the Shh path-
way mediated by ATRA was involved in inhibit-
ing the cell proliferation, migration and invasion
of colon cancer cells and inducing apoptosis.
These results help us to understand the appli-
cation of ATRA for the treatment of solid tu-
mors, and its molecular mechanism.
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