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Smoothened antagonist GDC-0449 (Vismodegib) inhibits
proliferation and triggers apoptosis in colon cancer cell lines
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Abstract. The sonic hedgehog (Shh) pathway has been proven
to be involved in embryonic development and cancer growth.
GDC-0449, an antagonist of the hedgehog signaling receptor
Smoothened (Smo), was recently approved by the US Food
and Drug Administration as a prescription for skin basal
cell carcinoma. However, the efficacy of GDC-0449 in the
treatment of colon cancer and other malignancies, such as
basal cell carcinoma and pancreatic cancer, has remained to be
proven. The present study assessed the effect of GDC-0449 on
the colon cancer cell lines Caco-2 and Ht-29. A Cell Counting
Kit-8 assay was applied to assess the cell proliferation rate and
apoptosis was tested by flow cytometry. Reverse-transcription
quantitative PCR and western blot analysis were used for
analyzing expression levels of target genes. Cell proliferation
was inhibited, while apoptosis was increased by GDC-0449,
whereas the expression of B-cell lymphoma 2 (Bcl-2), a
downstream target of Shh signaling, was decreased. Consistent
with the inhibition of Glil expression, the cancer stem cell
markers CD44 and ALDH were decreased in the presence of
GDC-0449. In conclusion, GDC-0449 was shown to inhibit the
replication of colon cancer cells and trigger apoptosis through
downregulating Bcl-2. This may also influence the stemness
of cancer stem cells as indicated by the decreased stem cell
surface markers.

Introduction

Colon cancer, one of the most significant malignancies world-
wide, is the second most common cause of cancer-associated
mortality in the USA (1-3). While it has been known for
hundreds of years, surgical resection and chemotherapy still
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dominate current regimens and have provided only limited
improvement of the 5-year survival rate (4-6). The current
knowledge on the molecular mechanisms of the genesis
and progression of colon cancer is limited and its expansion
may provide approaches for developing targeted regimens.
Identification of novel molecular pathways may overcome this
current impasse (7).

The sonic hedgehog (Shh) signaling pathway has become
a focus of cancer research in recent years. Shh signaling is
a highly evolutionarily conserved pathway (8,9). It is initi-
ated by the binding of the exo-secretion ligand Shh to its
trans-membrane receptor Patched (Ptch), thereby decreasing
its inhibitory effect on the downstream receptor Smoothened
(Smo). Smo then travels into the primary cilium of the cell and
triggers an intracellular signaling cascade. This cascade leads
to activation and nuclear translocation of Gli2, a Gli family
transcription factor. In parallel with Gli2 translocation to the
nucleus, the expression of downstream factors of Shh, such as
Glil, is upregulated. Glil is a Shh transcriptional factor and
has a vital role in cell proliferation, regulation of survival and
determination of cell fate by turning on specific gene expres-
sion. Blocking of any component in the pathway, particularly
the inhibition of Smo and Glil, may lead to cell death and
embryonic lethality, revealing their major function in develop-
ment (9-11).

The Shh signaling pathway is responsible for embryo-
genesis and the association between embryogenesis and
tumorigenesis has inspired investigations on whether Shh is
involved in tumor development. Numerous lines of evidence
have shown aberrant activation of the Shh signaling pathway
in cancer patients and drug intervention to block the transduc-
tion has resulted in tumor shrinking and cancer cell apoptosis
in numerous types of solid tumor (12-14). In vivo and in vitro,
pancreatic cancer cells have a lower proliferative and a higher
apoptotic rate after intervention with an Shh antagonist (15,16).
Following suppression by a specific inhibitor, malignant hepatic
neoplasms also display a reduction in the degree of malignancy,
such as slower proliferation and higher vulnerability to chemo-
therapy (17,18). Based on the discovery of the association of
Shh with cancer, several studies have shown that Shh signaling
has an important role in colon cancer. Yoshikawa et al (19)
assessed the expression of the Shh signaling proteins Shh,
Ptch and Smo by immunohistochemistry and compared the
expression rate in seventeen hyperplastic polyps, 24 adenomas
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of the colon, 69 adenocarcinomas (31 well-differentiated and
38 moderately-differentiated) and 30 normal colon samples,
revealing that almost all adenomas (22 out of 23; 96%),
expressed Shh. Furthermore, 4 of 17 hyperplastic polyps
(24%), 7 of 31 well-differentiated adenocarcinomas (23%), 13
of 38 moderately-differentiated adenocarcinomas (34%) and
none of the 30 normal samples expressed Shh. The expression
rate of Ptch and Smo gradually increased in accordance with
the degree of tumor progression (19). Mazumdar et al (20)
showed the importance of targeting the Gli genes downstream
of Smo for terminating Hh-dependent survival, suggesting
that Gli may constitute a molecular switch that determines the
balance between cell survival and cell death in human colon
carcinoma (20). Therefore, the present study further assessed
the association between Shh and colon cancer with the aim
of identifying whether blockage of the Shh signaling pathway
may represent a feasible approach for treating colon cancer.
With this regard, Shh signaling inhibitors may benefit colon
cancer patients and improve their prognosis.

Among all of the Shh-associated targeting agents,
GDC-0449 (Vismodegib), a newly synthesized Smo antago-
nist, has shown excellent clinical efficacy in treating basal
cell skin cancer and has been approved for clinical usage by
the Food and Drug Administration of the USA (FDA) (21,22).
To the best of our knowledge, there is little experimental and
clinical evidence on whether it is effective in colon cancer,
suggesting its potential use as a colon cancer therapeutic.
Therefore, the present study focused the association between
Shh and colon cancer, and on the possible clinical prospect of
GDC-0449.

Materials and methods

Antibodies and reagents. Antibodies against Glil (ab134906)
and B-cell lymphoma 2 (Bcl-2; ab32124) were purchased from
Abcam (Shanghai, China). Total proteins were extracted with
cell lysis buffer (PO013; Beyotime Institute of Biotechnology,
Haimen, China). Protein concentration was determined using
an enhanced BCA protein assay kit (Applygen Technologies,
Inc., Beijing, China). The corresponding secondary antibody
is Anti-Rabbit IgG H&L (Alexa Fluor 488; ab150077; Abcam).
All proteins were detected using chemiluminescence (Thermo
Fisher Scientific Inc. Waltham, MA, USA). GDC-0449 was
purchased from Pfizer Inc. (New York, NY, USA).

Cell culture. The Caco-2 and Ht-29 colon cancer cell lines
were obtained from the American Type Culture Collection
(Manassas, VA, USA) and cultured in Dulbecco's modified
Eagle's medium (high glucose) supplemented with 10% fetal
bovine serum (FBS) and 1% antibiotic-antimycotic at 37°C in
a humidified atmosphere of 95% air and 5% CO,. Passaging
was performed when cultured cells were in a stable state and
at 70-80% confluence. Routine replacement of medium and
cell cryopreservation were performed in a standard and sterile
environment.

Cell counting kit (CCK)-8 assay. Cells in complete medium
(10% FBS) were seeded into a 96-well plate (density of
10° cells/ml; 100 pl per well) with 2 wells used per group. After
pre-culture for 24 h, untreated cells, 250 ul dimethylsulfoxide
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(DMSO) or GDC-0449 at a final concentration of 5-50 yuM
was added to each well, followed by incubation for 24 or
48 h. CCK-8 reagent was then added to each well, followed by
incubation for 4 h. The optical density at 450 nm of each well
was then measured and used for calculating the proliferation
rate. The test was performed in duplicate and repeated at least
3 times.

Apoptosis assay. Cells were incubated with complete medium
(10% FBS) at a density of 10° cells/ml. After pre-culture for
24 h, untreated cells, 250 xl DMSO or GDC-0449 at a final
concentration of 5-50 uM was added to each well, followed by
incubation for 24 or 48 h. Cells were trypsinized and collected
by centrifugation at 300 x g for 5 min at 4°C. Subsequently,
cells were incubated with annexinV-FITC/propidium iodide
(PI) for 15 min at room temperature after washing with 1X
PBS. The percentage of cells in quadrant 4 (Q4; annexin
V-FITC-positive and PI-negative) was assessed by flow cytom-
etry (FACS Calibur; BD Biosciences, San Jose, CA, USA). The
assay was repeated 3 times.

Western blot analysis. A standard western blot protocol was
used. Protein extraction and bicinchoninic acid examination
of the protein concentration were performed with domestic
reagents. SDS-PAGE and subsequent immunologic reaction
were routinely performed with appropriate reagents. All
experiments were performed in triplicate (23).

Reverse-transcription quantitative polymerase chain reac-
tion (RT-gPCR) assay. Total RNA was extracted from colon
cancer cells using TRIzol reagent and reverse transcription
was performed using PrimeScript RT Master Mix (Takara,
Dalian, China) according to the manufacturer's protocol.
Complementary DNA was amplified with SYBR Premix
Ex Taq (Takara). Primers specific for each gene were
designed using Primer-BLAST (https:/www.ncbi.nlm.nih.
gov/tools/primer-blast/) and used to generate the PCR prod-
ucts. For the quantification of amplified genes, real-time qPCR
was performed using an Applied Biosystems StepOne Plus
Real-Time PCR System. The following gene-specific primers
were used: Glil forward, 5'“TTC CTA CCA GAG TCC CAA
GT-3' and reverse, 5'-CCC TAT GTG AAG CCC TAT TT-3'
CD44 forward, 5-GTA GTA CAA CGG AAG AAA CA-3'
and reverse, 5-TGT GAG ATT GGG TTG AAG AA-3"; Bcl-2
forward, 5'-GAC TTC GCC GAG ATG TCC AG-3'and reverse,
5'-GGT GCC GGT TCA GGT ACT CA-3'; aldehyde dehydro-
genase (ALDH) forward, 5“TCC TCG GCT ACA TCA ACA
CG-3' and reverse, 5'-CAT GCC ATC CTG CAC ATC TC-3
and B-actin forward, 5"TGG AAT CCT GTG GCA TCC ATG
AAA C-3' and reverse, 5-TAA AAC GCA GCT CAG TAA
CAG TCC G-3'. Target sequences were amplified using the
following thermocycling protocol: 95°C for 10 min, followed
by 40 cycles of 95°C for 15 sec and 60°C for 1 min. $-actin was
used as an endogenous normalization control. All assays were
performed in triplicate and relative expression levels were
calculated on the basis of the 244 method (24).

Statistical analysis. Values are expressed as the mean + stan-
dard deviation for each group. Differences between groups
were analyzed by one or two-way analysis of variance using
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Figure 1. GDC-0449 decreases Glil expression in the Caco-2 and Ht-29 cell lines. Glil mRNA expression was detected by reverse-transcription quantita-
tive polymerase chain reaction analysis. (A) Caco-2 cell line. Incubation of the blank, DMSO or 5-50 uM GDC-0449 groups for (a-1) 24 h and (a-2) 48 h.
(a-3) Comparison of Glil mRNA expression in the Caco-2 cell line between 24 and 48 h at various GDC-0449 doses. (B) Ht-29 cell line. Incubation of the
blank, DMSO or 5-50 uM GDC-0449 groups for (b-1) 24 h and (b-2) 48 h. (b-3) Comparison of Glil mRNA expression in the Ht-29 cell line between 24
and 48 h at various GDC-0449 doses. Values are expressed as the mean # standard deviation. "P<0.05; “P<0.01; ““P<0.001. (C) Western blot analysis of Glil
protein in Caco-2 and Ht-29 cell lines. In the presence of 10 uM GDC-0449, Glil protein expression was obviously decreased compared with the control group,
with the effect at 48 h being greater than that at 24 h. Expression levels in the two cell lines were similar. Results are representatives of three independent

experiments. DMSO, dimethylsulfoxide.

GraphPad Prism statistical analysis software (GraphPad
Software Inc., La Jolla, CA, USA). P<0.05 was considered to
indicate a statistically significant difference.

Results

GDC-0449 suppresses Shh signaling in Caco-2 and Ht-29
cells through smo. GDC-0449 is a Smo antagonist approved
by the FDA for treating basal cell skin carcinoma. Although
it strongly inhibits Shh signaling in various types of cancer
cell, its effect on colon cancer cells has remained to be fully
clarified. In the present study, RT-qPCR analysis showed the
expected effects of GDC-0449 in the colon cancer cell lines
Caco-2 (Fig. 1A) and Ht-29 (Fig. 1B), as Glil expression was
significantly decreased in a dose dependent manner (5-50 zM).
The strongest inhibition of Glil expression was at least 70% at
50 uM and a significant difference was found between 24- and
48-h treatments for each dose (P<0.05). In line with these
results, western blot analysis revealed that 10 xM GDC-0449
was more efficient at 48 h than at 24 h (Fig. 1C).

GDC-0449 reduces the proliferation in human colon cancer
cells. The effects of GDC-0499 on the proliferation of human
colon cancer cell lines Caco-2 and Ht-29 was then assessed
using a CCK-8 assay (Fig. 2). For each cell line, a significant
decrease in the cell proliferation rate was revealed for the 24-
and 48-h drug treatments, which was dose-dependent. Further
data analysis showed a significantly higher inhibition at 48 h
compared with 24 h. The proliferation was decreased by 35%
of that in the control group.

GDC-0449 induces apoptosis in human colon cancer cells.
Fluorescence-assisted cell sorting is widely used for cell apop-
tosis assays and the cell population in Q4 resembles the early
apoptotic rate of cells. The present study examined whether
GDC-0449 reduced the growth of colon cancer cells via
inducing apoptosis. The expected increase in apoptosis after
GDC-0449 treatment was found to be dose- and time-depen-
dent (Fig. 3). The results may indicate that the inhibitory effect
of GDC-0449 on human colon cancer cells is associated with
its ability to induce apoptosis.
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Figure 2. Effects of GDC-0449 on the proliferation rate of Caco-2 and Ht-29 cells. (A) Caco-2 cell line. Incubation of the blank, DMSO or 5-50 xM GDC-0449
groups for (a-1) 24 h and (a-2) 48 h. (a-3) Comparison of the proliferation rate of Caco-2 cells between 24 and 48 h at various GDC-0449 doses. (B) Ht-29 cell
line. Incubation of the blank, DMSO or 5-50 uM GDC-0449 groups for (b-1) 24 h and (b-2) 48 h. (b-3) Comparison of the proliferation rate of Ht-29 cells
between 24 and 48 h at various GDC-0449 doses. Results were obtained by a Cell Counting Kit-8 assay and were determined from three independent experi-
ments. Values are expressed as the mean =+ standard deviation. “P<0.05; “P<0.01; ““P<0.001. DMSO, dimethylsulfoxide.

GDC-0449 induces apoptosis via decreasing Bcl-2. The
anti-apoptotic gene Bcl-2 is well known for its critical role
in regulating cell cycle and death (25). However, to date, no
substantial evidence has proven that GDC-0449 exerts its
pro-apoptotic effect through the Bcl-2 pathway. The RT-qPCR
results revealed a dose- and time-dependent decrease in Bcl-2
mRNA levels by GDC-0449 treatment in the two cell lines
(Fig. 4A and B). The highest dose suppressed Bcl-2 expression
by up to 60% of that in the control group. Western blot analysis
verified that also the protein expression of Bcl-2 was decreased
by GDC-0449 in a time-dependent manner for each cell line
(Fig. 40).

GDC-0449 decreases the expression of cancer stem cell
(CSC) surface markers in colon cancer cells. CD44 and
ALDH are recognized markers for colon CSCs (26). Caco-2
and Ht-29 show different expression patterns of these markers
(Fig. 5). RT-qPCR analysis demonstrated that CD44 and
ALDH expression was similarly decreased by GDC-0449
in a dose- and time-dependent manner, comparable to other
indicators mentioned above. The expression of the markers
was decreased by >70%, suggesting GDC-0449 has a great
anti-stem cell potential.

Discussion
The Shh signaling pathway is a hotspot of research on tumori-

genesis and cancer metastasis (10). Initially, the involvement
of Shh signaling in embryonic development of mammal

species was discovered. Deprivation of certain molecules of
this pathway was found to cause cerebellum atrophy and limb
defects in rats (27-30). Since neoplasms and embryonic devel-
opment share similar molecular signaling processes, numerous
studies have examined and demonstrated the core role of
Shh signaling in maintaining tumor growth and cancer cell
survival (12). Vigorous proliferation was observed when the
Shh pathway was upregulated in cancer cells, while inhibition
of Shh had a suppressing effect (15). All of these phenomena
highlight the clinical value of Shh-targeted therapy and the
findings of the present study substantiated the theoretical basis
for its future application in patients.

GDC-0449 (Vismodegib), a novel Smo inhibitor, has
already been approved as a clinical prescription for basal
cell skin carcinoma by the FDA, and it additionally displays
a great inhibitory effect on numerous other types of solid
tumor, including pancreatic cancer and malignancies of the
central nervous system (31,32). However, its effects on colon
cancer have remained elusive. To the best of our knowledge,
the present study was the first to prove that GDC-0449 exerts
an effect on colon cancer cells, revealing a marked decrease
in cell growth. Furthermore, different from the existing
consensus that GDC-0449 mainly kills tumors by suppressing
proliferation, the present study revealed that the pro-apop-
totic effect of GDC-0449 had a leading role in its activity
against the colon cancer cell lines. With the intervention by
GDC-0449, the anti-apoptotic gene Bcl-2 was downregulated
at the mRNA and protein level, which was in parallel with an
increase in cell apoptosis observed by flow cytometry (33).
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Figure 3. Effect of GDC-0449 on the apoptotic rate of Caco-2 and Ht-29 cells. (A) Flow cytometric dot plots for the Caco-2 cell line. Cells in Q4 represent
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percentage in the Caco-2 cell line incubated for (b-1) 24 h and (b-2) 48 h. (b-3) Comparison of the Q4 percentage in the Caco-2 cell line between 24 and 48 h
with GDC-0449 treatment at various doses. (C) Flow cytometry dot plots for the Ht-29 cell line. Incubation of the blank, DMSO and 5-50 uM groups for
(c-1) 24 h and (c-2) 48 h. (D) Statistic diagrams showing the Q4 percentage in the Ht-29 cell line incubated for (d-1) 24 h and (d-2) 48 h. (d-3) Comparison of
the Q4 percentage in the Ht-29 cell line between 24 and 48 h with GDC-0449 treatment at various doses. Results were determined from three independent
experiments. Values are expressed as the mean + standard deviation. "P<0.05; “"P<0.01; ““P<0.001. DMSO, dimethylsulfoxide; PI, propidium iodide; FITC,
fluorescein isothiocyanate; Q, quadrant.



2534

WU et al: VISMODEGIB INHIBITS PROLIFERATION AND TRIGGERS APOPTOSIS IN COLON CANCER

1.0

=
[

Retative mRNA expression
o o
- o

o
(X

04
Blank DMSO

-

1.0+

(=]
@

o
by

Relative mRMNA expression

1.

o

Relative mRNA exprassion
o
=

o
]

0

o

0_
Blank DMSO 5 M

Relative mRMNA expression
=
@
L

o

LY
o
ha

o
o

0.0
Blank DM30 5pM

10uM 20uM 50 M

A ™ o™ A o
@f’(ﬂ AR \w’l& e‘ﬁ%ﬂ o o \3\3"‘}%

Becl-2/Caco-2

GAPDH

e

a-2 a3
1.2
b e i e
—_
10 - 1
g
= A
%08 - 2dh
g 3 48h
3 06
|4
E
@
& 0.4
£o04
[
[
02
¢ ool ML = L
10pM 20pM 50 uM Blank OMSO 5uM  10pM 20pM 50 uM
b-2 b3
- i
N 1.2+ 1 it
1.04 ~
. - Zih
0.8 g
3 46h

Relative mRNA expression
b= o
IS Ed
'} A

=
LY
'

0.0-

Blan_k DMSO 5u; 10uM 20pM 50 pM

Figure 4. GDC-0449 decreases the expression of Bcl-2 in Caco-2 and Ht-29 cell lines. Reverse-transcription quantitative polymerase chain reaction analysis
was used to detect Bcl-2 mRNA. (A) Caco-2 cell line. Blank, DMSO or 5-50 uM GDC-0449 groups incubated for (a-1) 24 h and (a-2) 48 h. (a-3) Comparison of
the expression of Glil mRNA in the Caco-2 cell line between 24 and 48 h for various GDC-0449 concentrations. (B) Ht-29 cell line. Blank, DMSO or 5-50 uM
GDC-0449 groups incubated for (b-1) 24 h and (b-2) 48 h. (b-3) Comparison of the expression of Glil mRNA in the Ht-29 cell line between 24 and 48 h for
various GDC-0449 concentrations. (C) Western blot analysis of Bcl-2 protein in Caco-2 and Ht-29 cell lines. In the presence of 10 xM GDC-0449, Bcl-2 protein
expression was obviously decreased compared with the control group, with the effect at 48 h being greater than that at 24 h. The two cell lines showed similar
results. Results were determined from three independent experiments. Values are expressed as the mean + standard deviation. "P<0.05; ““P<0.01; ““P<0.001.

DMSO, dimethylsulfoxide; Bcl-2, B-cell lymphoma 2.

Therefore, signaling via the ‘Shh-Smo-Glil-Bcl-2’ cascade
may represent the molecular pathway underlying the pharma-
cological effect of GDC-0449 on cancer cells. The present
study may pave the road for the use of Shh-targeted regimens
in colon cancer patients, providing additional options for
physicians to improve their prognosis and possibly curing
cancer in the future.

While the in vitro results of the present study are prom-
ising, the efficacy of GDC-0449 in colon cancer remains to be
verified in vivo. Future in vivo and clinical studies may further
support the use of GDC-0449 in colon cancer to enhance
current treatments.

Previous studies suggested additional effects of Shh
signaling on metastasis and CSCs besides its function in
promoting cancer cell proliferation (34-36). Upregulated Shh
signaling was found to facilitate metastasis and to be associ-
ated with poor prognosis in various types of cancer, possibly
due to its role in regulating stemness of CSCs, which remains
to be fully elucidated (37). Moreover, the present study found
that GDC-0449 markedly decreased the expression of the

stem cell surface markers CD44 and ALDH in colon cancer
cell lines, suggesting the possible effect of Shh signaling on
regulating the stemness of stem cells. Subsequent studies by
our group will focus on in vivo proof and the role of Shh in
CSCs.

In conclusion, the present study reported that GDC-0449,
a Smo antagonist approved for treating basal cell skin
carcinomas, is also potent in colon cancer cell lines. After
drug treatment for 24 and 48 h, Shh signaling was markedly
inhibited with an obvious downregulation of Glil. GDC-0449
was able to successfully trigger colon cancer cell apoptosis
and thereby inhibit cell replication in a dose- and time-
dependent manner. Bcl-2, an anti-apoptotic gene, was
further verified to be involved in the downstream molecular
mechanism. The CSC surface markers CD44 and ALDH
also displayed an evident decrease after GDC-0449 treat-
ment, revealing its potential effects on CSCs. In conclusion,
GDC-0449 showed marked anti-tumor efficacy in colon
cancer cells in vitro by triggering cell apoptosis and inhib-
iting cell replication.
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48 h of incubation with GDC-0449 at various doses. (B) Relative mRNA expression of ALDH in the Caco-2 cell line. Blank, DMSO or 5-50 uM GDC-0449
groups incubated for (b-1) 24 h and (b-2) 48 h. (b-3) Comparison of the expression of ALDH mRNA between 24 and 48 h of incubation with GDC-0449 at
various doses. (C) Relative mRNA expression of CD44 in the Ht-29 cell line. Blank, DMSO or 5-50 puM GDC-0449 groups incubated for (c-1) 24 h and (c-2)
48 h. (c-3) Comparison of the expression of CD44 mRNA between 24 and 48 h of incubation with GDC-0449 at various doses. (D) Relative mRNA expression
of ALDH in the Ht-29 cell line. Blank, DMSO or 5-50 uM GDC-0449 groups incubated for (d-1) 24 h and (d-2) 48 h. (d-3) Comparison of the expression of
ALDH mRNA between 24 and 48 h of incubation with GDC-0449 at various doses. Results were determined from three independent experiments. Values are
expressed as the mean * standard deviation. "P<0.05; “P<0.01; ““P<0.001. DMSO, dimethylsulfoxide; ALDH, aldehyde dehydrogenase.
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