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Abstract. Primary cilia are microtubule-based organelles 
that regulate smoothened-dependent activation of the GLI 
transcription factors in canonical hedgehog signaling. In many 
cancers, primary cilia are markedly decreased or absent. The 
lack of primary cilia may inhibit or alter canonical hedgehog 
signaling and, thereby, interfere in the cellular responsive-
ness to modulators of smoothened activity. Clinical trials of 
smoothened antagonists for cancer treatment have shown the 
best response in basal cell carcinomas, with limited response 
in other solid tumors. To determine whether the presence 
or absence of primary cilia in cancer cells will predict 
their responsiveness to modulation of smoothened activity, 
we compared the ability of an agonist and/or inhibitor of 
smoothened (SAG and SANT1, respectively) to modulate 
GLI-mediated transcription, as measured by GLI1 mRNA 
level or GLI-luciferase reporter activity, in non-cancer cells 
with primary cilia (ovarian surface epithelial cells and breast 
fibroblasts), in cancer cells that cannot assemble primary cilia 
(MCF7, MDA-MB-231 cell lines), and in cancer cells with 
primary cilia (SKOV3, PANC1 cell lines). As expected, SAG 
and SANT1 resulted in appropriate modulation of GLI tran-
scriptional activity in ciliated non-cancer cells, and failed to 
modulate GLI transcriptional activity in cancer cells without 
primary cilia. However, there was also no modulation of GLI 
transcriptional activity in either ciliated cancer cell line. SAG 
treatment of SKOV3 induced localization of smoothened 
to primary cilia, as assessed by immunofluorescence, even 
though there was no increase in GLI transcriptional activity, 
suggesting a defect in activation of SMO in the primary cilia or 
in steps later in the hedgehog pathway. In contrast to SKOV3, 
SAG treatment of PANC1 did not cause the localization of 
smoothened to primary cilia. Our data demonstrate that the 

presence of primary cilia in the cancer epithelial cells lines 
tested does not indicate their responsiveness to smoothened 
activation or inhibition.

Introduction

Activation of hedgehog signaling is implicated in the develop-
ment and progression of a variety of cancers (1,2). In canonical 
hedgehog signaling, hedgehog ligand activates hedgehog 
signaling by binding to the transmembrane receptor patched 1 
(PTCH1). This binding relieves the inhibition by PTCH1 of 
the transmembrane, G-protein coupled receptor smoothened 
(SMO), via an unknown mechanism (3). Activation of SMO 
initiates a sequence of events that leads to the translocation 
of the activated GLI transcription factors to the nucleus and 
the initiation of GLI-mediated transcription (GLI-MT) (1). 
The vertebrate GLI family of zinc-finger transcription factors 
coordinately regulate GLI-MT and includes GLI1, GLI2 and 
GLI3 (4). GLI1 is exclusively a transcriptional activator and 
functions as the terminal activator and amplifier of GLI-MT 
(5). GLI2 and GLI3 have activator and repressor forms. GLI2 is 
predominantly a transcriptional activator and is involved in the 
initiation of GLI-MT, and GLI3 is primarily a transcriptional 
repressor (5-7). Transmission of the hedgehog signal is also 
regulated by the primary cilium (PC), a solitary, microtubule-
based organelle that projects from surfaces of most cell types 
(8). Many hedgehog pathway members, including SMO, and 
the GLI transcription factors, localize to the PC upon pathway 
activation and, conversely, PTCH1 exits the PC. Accumulation 
of GLI2 and GLI3 in the ciliary tip results in their activation, 
translocation to the nucleus and initiation of GLI-MT. The role 
of primary cilia (PC) in the activation of GLI1 is less clear 
(8-10). Although the GLI transcription factors were first identi-
fied through their roles as mediators of hedgehog signaling, 
GLI-MT is also activated and modulated by other signaling 
pathways, including TGFβ, ras/ERK, wnt, and myc (11-15).

Constitutive activation of hedgehog signaling by muta-
tions of pathway members drives tumorigenesis of basal cell 
carcinomas, medulloblastomas, and rhabdomyosarcomas (16). 
In other cancers, mutations of hedgehog pathway members are 
rare (1,16). However, GLI-MT is frequently upregulated in these 
cancers and has been implicated in the development or progres-
sion of many different tumor types (5,10,17). As a consequence, 
multiple small molecule inhibitors of the hedgehog pathway 
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that interfere in the activity of SMO have been developed. 
Eight of these are currently in clinical trials for the treatment 
of basal cell carcinomas, solid tumors and leukemias (2). Early 
clinical trial results have shown variable response to SMO 
antagonism among cancers of different types and even among 
cancers of the same type (2,18,19). The underlying cause of this 
differential response remains largely unknown.

Given the central role of PC in transmission of the hedgehog 
signal, we and others (20-22) postulate that the presence of 
PC in cancer cells might indicate active canonical hedgehog 
signaling and predict an appropriate response to modulation 
of SMO activity. Conversely, the absence of PC in cancer 
cells might indicate inactive or aberrant canonical hedgehog 
signaling and a lack of responsiveness of these cells to SMO 
agonists or antagonists. If true, the presence or absence of PC 
in cancer cells could explain the variable response of different 
cancers to SMO antagonists. In addition, the presence of PC 
on cancer epithelial cells could also be used as a biomarker 
of clinical response to SMO antagonists. To test whether the 
absence or presence of PC correlates with responsiveness to 
modulation of SMO activity, we compared GLI transcriptional 
activity in response to a SMO agonist and antagonist in cancer 
cells that do and do not assemble PC, and in non-cancer cells 
that readily assemble PC.

Materials and methods

Cell lines. MCF7 cells were obtained from the American 
Type Cell Culture Collection (Manassas, VA, USA) in 2001. 
MDA-MB-231 (231) were a gift of Dr Danny Welch (University 
of Kansas) in 2006; SKOV3ip1 (SKOV3) were a gift of 
Dr Charles Landen (University of Alabama at Birmingham) 
in 2011; IOSE-Van (IOSE) were a gift of Dr William Grizzle 
(University of Alabama at Birmingham) in 2011. PANC1 cells 
were a gift of Dr Martin Johnson (University of Alabama at 
Birmingham) in 2006. The NAF were isolated by us from 
benign human breast tissues in 2001  (23). MDA-MB-231, 
IOSE, SKOV3, PANC1 and NAF were maintained in DMEM 
(Cellgro) supplemented with 10% fetal bovine serum (FBS) 
(Hyclone, GE Life Sciences, Logan, UT, USA). MCF7 were 
maintained in DMEM supplemented with 10% FBS and 
0.01 mg/ml insulin. In some experiments, cells were trans-
fected with the GLI1 expression vector pcDNA3.1-HA-Gli1, 
a gift of Dr Michael Ruppert (University of West Virginia). 
All the cell lines were maintained in 5% CO2 at 37˚C under 
humidified culture conditions. The identities of 231, MCF7, 
SKOV3 and PANC1 cell lines were confirmed by STR anal-
ysis (DNA profiling performed in the University of Alabama 
at Birmingham Heflin Genomics Core Laboratory) on 9/2014 
(PANC1), 7/2014 (MCF7 and SKOV3), and 8/2010 (231).

Treatment with SMO agonists and antagonists. The SMO 
agonist SAG (CAS 364590-63-6; Santa Cruz Biotechnology, 
Dallas, TX, USA) and the SMO antagonist SANT1 (CAS 
304909-07-7; Sigma-Aldrich, St. Louis, MO, USA) were 
dissolved in sterile water. The SMO antagonist cyclopamine 
(CAS 4449-51-8; Toronto Research Chemicals, Toronto, 
Ontario, Canada) was dissolved in DMSO. Cells (5x105) were 
seeded into 6-well plates and subsequently treated with SMO 
agonist or antagonist or the appropriate vehicle control upon 

reaching 90-95% confluence for the indicated times at the 
indicated concentrations in low serum conditions (respective 
culture media supplemented with 0.5% FBS) either with or 
without prior serum starvation for 48 h to allow formation of 
PC.

Quantitative PCR (RT-qPCR). RNA was pretreated with 
DNase and extracted (illustra RNAspin Mini kit, GE Life 
Sciences) as per the manufacturer's protocol. cDNA synthesis 
was carried out using the High Capacity cDNA Reverse 
Transcription kit (Life Technologies, Grand Island, NY, USA) 
according to the manufacturer's protocol. TaqMan® Gene 
Expression Assay primer and probe sets (Life Technologies) 
were used for real-time, quantitative PCR (RT-qPCR) analysis 
of GLI1 (assay ID=Hs00171790_m1) and ribosomal protein, 
large, P0 (RPLPO; assay ID=Hs99999902_m1) as the endoge-
nous control (24). Samples were prepared in triplicate utilizing 
JumpStart Taq ReadyMix for High Throughput Quantitative 
PCR (Sigma-Aldrich). The log-linear phase of amplification 
was monitored to obtain Ct (threshold cycle) values utilizing 
the Roche LightCycler480 Real-Time PCR machine or the 
Applied Biosystems Step One Real-Time PCR system. The 
comparative Ct method was employed to determine relative 
expression levels.

Transfection and luciferase assay. The pGL3B/8xGliBS-lc‑luc 
vector (Johns Hopkins Special Collection; American Type 
Culture Collection) and the renilla endogenous control vector 
pRL-TK (Promega, Madison, WI, USA) were cotransfected at 
a ratio of 50:1 using Lipofectamine 2000 (Life Technologies). 
Control cultures were transfected with either the negative 
control vector pGL3-Basic (Promega) or the positive control 
vector pcDNA3.1-HA-Gli1. Cells were subsequently treated 
in low serum conditions for 30 h at the indicated times after 
transfection. Upon completion of treatment, the luciferase 
assay was performed via the Dual-Luciferase Reporter Assay 
protocol (Promega) according to the manufacturer's protocol. 
Firefly luciferase results were normalized to endogenous 
renilla luciferase activity.

MTT assay. Cell viability with and without SANT1 treat-
ment was assessed by MTT assay (CellTiter 96 Aqueous One 
Solution; Promega), as per the manufacturer's protocol. Cells 
(6x103) were plated per well in 100 µl of appropriate media in 
a 96-well plate and were allowed to adhere for 24 h. Cells were 
treated with the indicated concentrations of SANT1 for the 
indicated time period prior to assay.

Immunofluorescence for PC and SMO. Cells (5x105) were 
seeded onto cover slips and cultured for the indicated time 
periods in low serum (0.5% FBS) conditions after 48-h 
serum starvation. Cells were washed with PBS, fixed in 3.7% 
paraformaldehyde for 10  min and incubated in blocking 
solution [2% horse serum, 0.1% Triton X-100 in phosphate-
buffered saline (PBS)] for 30 min. Cells were then incubated 
in primary antibodies to acetylated α-tubulin (mouse mono-
clonal, 1:500 dilution; Sigma-Aldrich) alone or with primary 
antibody to SMO (rabbit polyclonal, 1:100 dilution; Santa 
Cruz Biotechnology) for one hour at room temperature. After 
washing with PBS, cells were incubated with secondary anti-
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body (donkey anti-mouse Alexa 594 and donkey anti-rabbit 
Alexa 488; Life Technologies) at 1:500 dilution for one hour 
at room temperature, followed by washing with PBS and incu-
bation with 4',6-diamidino-2-phenylindole (DAPI, 5 mg/ml; 
Sigma-Aldrich) at 1:200 dilution in PBS. Slides were mounted 
with Fluoromount-G (Southern Biotech, Birmingham, AL, 
USA). Cells in a minimum of 10 high power fields were 
counted for PC and a minimum of 100 PC were assessed for 
the localization of SMO per condition.

Statistical analysis. Expression of GLI1 mRNA, GLI-luciferase 
activity, cell viability, and frequency of PC were compared by 
one-way ANOVA with Dunnett's multiple comparison test or 
Mann-Whitney test, as appropriate utilizing GraphPad Prism, 
version 6.01 (GraphPad software, La Jolla, CA, USA).

Results

There is not a direct correlation between the presence of PC 
and GLI1 mRNA, an indicator of GLI transcriptional activity. 
Most cell types in normal tissues are capable of assembling 
PC (25). Culture of fibroblasts and some types of epithelial 
cells derived from normal tissues in growth arrested condi-
tions has shown a high incidence of PC (60-80% of cells with 
PC) (26,27). In cancers, there is considerable variability in 
the degree of PC formation. We and others have previously 
shown that most breast cancer epithelial cells and breast 
cancer cell lines do not assemble PC and when they do, the 
incidence is low (<4% of cells with PC) (26,28,29). However, 
several ovarian cancer cell lines have been reported to exhibit 
a higher incidence, with ~20% of cells having PC (27). To 
compare the ability of SMO activity to regulate GLI-MT 
in ciliated and non-ciliated cancer cells, we utilized MCF7 
and MDA-MB‑231 (231) breast cancer cell lines to repre-
sent non-ciliated cancer cells and the SKOV3ip1 (SKOV3) 
ovarian cancer cell line to represent ciliated cancer cells. 
Non-cancer cell lines that are capable of forming PC, specifi-
cally fibroblasts derived from normal breast (NAF) (23) and 
an immortalized ovarian surface epithelial cell line isolated 
from normal ovary, IOSE-Van (IOSE) (30), were expected to 
respond to modulation of SMO with appropriate changes in 
GLI-MT and were used as control cells. To confirm the level 
of PC formation in these different cell lines, the incidence of 
PC in serum starved cells was determined by immunofluo-
rescence (IF) with antibodies directed to acetylated α-tubulin 
(Fig. 1A) to mark PC. To attempt to maximize PC assembly, 
cells were grown to confluence and serum starved for 48-72 h 
prior to IF. NAF exhibited a high incidence of cells with PC 
(67%) (Fig. 1B). The IOSE and SKOV3 cells demonstrated a 
lower percentage of cells with PC; whereas, the breast cancer 
cell lines showed no PC. Since PC are known to be important 
for the regulated transmission of the hedgehog signal (8,31), 
we measured the mRNA expression of GLI1 in these cells 
cultured similarly to the conditions for PC incidence. GLI1 
is a consistent transcriptional target of hedgehog signaling 
and GLI-MT (7,32) and its mRNA expression is used as a 
readout of GLI transcriptional activity. In general, the cili-
ated cell lines had a higher level of GLI1 expression than the 
non-ciliated cell lines, but there was not a direct correlation 
between GLI1 and the percentage of cells with PC (r=0.872, 

p=0.1, Spearman correlation) (Fig. 1C). GLI1 was highest in 
SKOV3 cells, not NAF which had the highest percentage of 
ciliated cells; and MCF7 and 231 cells express GLI1 even in 
the absence of PC. This indicates that PC are not required for 
GLI1 expression, which might be explained by prior research 
showing the GLI-MT and GLI1 are upregulated by a number 
of signaling pathways other than hedgehog (11-15).

Modulation of SMO activity in non-cancer ciliated cells 
affects canonical hedgehog signaling and GLI-mediated tran-
scription. To confirm the ability of non-cancer ciliated cells to 

Figure 1. GLI1 expression does not require the presence of PC. (A) PC were 
identified by immunofluorescence for acetylated α-tubulin (red), a marker 
for the ciliary axoneme, after 48 h of serum starvation. Nuclei were stained 
with DAPI (blue). PC in SKOV3 and IOSE are depicted. (B) The percentage 
of cells with PC was counted in a minimum of 10 high power fields. Breast 
cancer cell lines (MCF7, 231) demonstrated no PC, whereas the incidence 
of PC was intermediate in the ovarian cell lines and highest in the NAF. 
(C)  Despite having fewer ciliated cells compared to the NAF, SKOV3 
exhibited the highest level of GLI1 expression, as measured by quantitative 
RT-qPCR. Conversely, NAF had comparable GLI1 expression to that of the 
less ciliated IOSE. Data are the mean and standard error of 2 independent 
experiments performed in growth conditions identical to (A) and (B).
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respond to modulation of SMO with changes in GLI-MT, we 
activated and inhibited SMO activity with a small molecule 
SMO agonist, SAG, and antagonist, SANT1, respectively. We 
anticipated that GLI-MT would be increased after treatment 
with SAG and inhibited after treatment with SANT1 in the 
non-cancer cells with PC. Both NAF and IOSE responded 
to SAG treatment with an increase in GLI1 mRNA expres-
sion. The highly ciliated NAF demonstrated the greatest fold 

increase in GLI1 with 48- and 72-h treatment with 250 nM 
SAG (Fig. 2A). A dose response (100-1,000 nM SAG) at 60 h 
of treatment indicated the greatest response at 500 nM SAG 
(Fig. 2B, p=0.01, ANOVA). A similar response to SAG with 
greatest activation at intermediate doses and less activation at 
higher doses has been reported previously in other non-cancer 
cell lines (33). IOSE also showed an increase in GLI1 after 
treatment with 100-1,000 nM SAG (Fig. 2C, p=0.02, ANOVA; 

Figure 2. Non-cancer ciliated cells respond appropriately to SMO activation and inhibition. (A-D) GLI1 mRNA, as measured by QRT, is increased through 
activation of SMO by SAG in ciliated NAF and IOSE. Cells were serum starved for 48 h prior to SAG treatment. (A) A time course in NAF with 250 nM SAG 
demonstrated the greatest expression at 48 h (17-fold) and 72 h (8-fold). Data are the mean and standard deviation of 3 assay replicates. The chemical structure 
of SAG is provided. (B) Dose response in NAF at 60-h treatment with SAG showed a significant 19-fold increase in GLI1 expression at 500 nM (p<0.01, 
ANOVA). Data are the mean and standard error of 6 experimental replicates.(C) Treatment of IOSE with 500 nM SAG resulted in a significant 4-fold increase 
in GLI1 at 24 h (p=0.02, ANOVA). (D) A dose response at 24 h showed a significant increase in GLI1 at all concentrations (p<0.001, ANOVA) in IOSE. 
(C and D) Data are the mean and standard error of 3 experimental replicates. (E and F) IOSE respond to SANT1 with a decrease in GLI1 expression after SAG 
treatment. Cells were serum starved for 48 h prior to SANT1/SAG treatment. (E) SANT1 alone for 48 h failed to decrease GLI1 expression. (F) Concurrent 
administration of SAG (500 nM) and SANT1 (dose response) for 48 h demonstrated that after activation of SMO by SAG, SANT1 inhibited GLI1 expression 
at 100 and 1,000 nM (p<0.03, ANOVA). (E and F) Data are the mean and standard error of 3 and 4 experimental replicates, respectively.
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and Fig. 2D, p<0.001, ANOVA), but this increase was less 
than that seen in NAF, which has a higher incidence of PC. To 
demonstrate antagonism of SMO activity, IOSE were treated 
with SANT1. There was no significant response to SANT1 
alone, without activation of SMO by co-treatment with SAG 
(Fig. 2E). Sequential (data not shown) or simultaneous treat-
ment (Fig.  2F, p=0.03, ANOVA) of IOSE with SAG and 
SANT1 (20-1,000 nM) resulted in a dose-dependent decrease 
in GLI1. These results confirm that ciliated, non-cancer cells 
will respond to modulation of SMO with a corresponding 
modulation in GLI-MT.

Treatment of non-ciliated cancer cells with antagonists and 
agonists of SMO does not alter GLI-mediated transcription. 
To determine whether modulation of SMO activity resulted 
in changes in GLI-MT in non-ciliated cancer cells, we first 
treated MCF7 and 231 cells with SAG at doses and time-points 
similar to those that were effective in NAF and IOSE. SAG 
did not increase GLI1 expression in either cell line (Fig. 3A 
and B). Because of concern that GLI1 may not be a reliable 
transcriptional target of GLI-MT in these cells, we transiently 
transfected a luciferase reporter of GLI transcriptional activity, 
which we and others have used previously (33,34). Treatment 
with 100-1,000 nM SAG for 30 h was begun 2 days after trans-

fection. There was no increase in luciferase reporter activity in 
either cell line, supporting the GLI1 expression data (Fig. 3C 
and D).

Treatment of these cell lines with SANT1 at doses and 
time-points similar to those used in the ciliated, non-cancer 
cells failed to decrease GLI1 expression (Fig. 4A and B) and did 
not affect cell viability by MTT assay (Fig. 4C). Because SAG 
did not increase GLI1 expression in these cell lines, concur-
rent treatment with SAG and SANT1 would not have the same 
effect as seen in the ciliated non-cancer cells. We and others 
have reported a decrease in viability in breast cancer cell lines 
after treatment with another SMO antagonist, cyclopamine. 
However, cyclopamine has also been shown to have significant 
off-target effects and to decrease viability independently of 
SMO inhibition (35,36). To demonstrate that cyclopamine 
induces cell death independently of hedgehog signaling, we 
treated 231 cells with a range of concentrations of cyclopa-
mine, including concentrations equal to and higher than those 
previously utilized for SMO antagonism in mouse fibroblasts 
(37), and found a dose-dependent decrease in viability without 
a similar decrease in GLI1 expression (Fig.  4D  and  E). 
Furthermore, overexpression of GLI1 in 231 cells failed to 
rescue the effect of cyclopamine on viability (Fig. 4F). These 
data indicate that attempts to modulate GLI-MT by targeting 

Figure 3. SMO agonist has no effect on GLI-MT in non-ciliated cancer cells. Both GLI1 mRNA expression levels and activity of a GLI-luciferase reporter are 
unchanged by SAG in non-ciliated cancer cell lines, MCF7 and 231. (A and B) Treatment with 200 nM SAG for 48 h and 50-500 nM SAG for 60 h did not alter 
the level of GLI1 mRNA expression. (A) Data are the mean and standard deviation of three assay replicates. (B) Data are the mean and standard error of three 
experimental replicates. 231 (C) and MCF7 (D) cells were treated with 100-1,000 nM SAG for 30 h following cotransfection with the pGL3B/8xGliBS‑lc‑luc 
vector and the Renilla control vector pRL‑TK. Positive control cells were transfected with a GLI1 expression vector and negative control cells with the 
pGL3‑Basic empty vector. There was no increase in luciferase activity. Firefly luciferase activity was normalized to Renilla luciferase activity. Data are the 
mean and standard error of 4 replicate experiments.
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SMO in these specific non-ciliated cancer cell lines are not 
effective.

Treatment of ciliated cancer cells with a SMO agonist and 
antagonist fails to modulate GLI-mediated transcription. 
Because the SKOV3 cells have a relatively high percentage of 
cells with PC, greater than that found in IOSE, we theorized 
that they would respond to modulation of SMO activity, as do 
IOSE. SKOV3 were serum starved for 48 h prior to treatment to 
allow formation of PC then treated with 500 nM SAG for 4-72 h 

and increasing doses of SAG for 24 h. There was no increase 
in expression of GLI1 in response to SAG at any time‑point or 
dose (Fig. 5A and B). SKOV3 were also transiently transfected 
with the luciferase reporter of GLI transcriptional activity and 
treated with 250 and 500 nM SAG for 30 h similarly to the 231 
and MCF7 cells, with no increase in reporter activity (Fig. 5C). 
Because the transfection process disrupts PC, treatment with 
SAG was also delayed for 3 and 4 days to allow time after 
transfection for PC to assemble. There was a corresponding 
increase in PC with time (Fig. 5D). However, there was no 

Figure 4. SMO antagonists in non-ciliated cancer cells do not decrease GLI-MT. (A and B) The SMO inhibitor SANT1 was used at a range of concentrations 
(20-1,000 nM) in 231 and MCF7 for 48 h (A) and 96 h (B) with no significant change in relative GLI1 mRNA expression. Data are the mean and standard 
error of 2-3 independent experiments. The chemical structure for SANT1 is provided (A). (C) Similar treatment with SANT1 for 96 h did not significantly 
decrease cell viability as measured by MTT assay. Data are the mean and standard error of 3 independent experiments. (D and E) Treatment of 231 cells with 
another SMO antagonist, cyclopamine, for 96 h does affect cell viability significantly (p<0.001, ANOVA), as measured by MTT assay (D), despite failing to 
decrease the level of GLI1 mRNA expression after 48 h (E). (F) 231 cells were transfected with pcDNA3.1-HA-Gli1 to overexpress GLI1 or with the control 
empty vector. GLI1 mRNA overexpression was confirmed by RT-qPCR and western blot analysis (not shown). Cells were treated with cyclopamine in the 
concentrations indicated for 96 h prior to assessment of viability by MTT assay. Overexpression of GLI1 failed to prevent the decrease in viability in 231 cells 
caused by cyclopamine with a significant decrease in viability at 10 µM in both cell lines (p<0.001 for both, ANOVA). (D-F) The mean and standard error of 
3 independent experiments. The chemical structure for cyclopamine is provided (D).
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appreciable increase in GLI-mediated transcription with SAG 
treatment at 3 and 4 days post-transfection, although reporter 
activity in general is decreased overtime in this assay, limiting 
interpretation of the results at 4 days.

SKOV3 has a high basal level of GLI1, indicating a high 
level of GLI-mediated transcription. To determine whether 
SMO antagonism is effective in reducing GLI-mediated tran-
scription in this ciliated cancer cell line, we treated SKOV3 

Figure 5. Treatment with SMO agonist and antagonist in ciliated cancer 
cells does not modulate GLI-MT. (A and B) SKOV3 cells were treated with 
500 nM SAG at varying time-points from 4-72 h (A) and doses ranging from 
50 to 2,000 nM for 24 h (B) with no alteration in GLI1 mRNA expression. 
(C and D) GLI transcriptional activity was assessed by a GLI-luciferase 
reporter, as in Fig. 3C  and D, in SKOV3 after treatment with SAG for 30 h 
beginning 2, 3 and 4 days after reporter transfection. Despite the increase 
in the presence of PC over time (D), there was no corresponding increase 
in GLI1 transcriptional activity (C). (C) Data are the mean and standard 
error of 1-3 independent experiments. (E-G) Treatment of SKOV3 cells with 
20-1,000 nM SANT1 for 48 (E) and 96 (F) h after serum starvation for 48 h 
did not significantly decrease GLI1 mRNA expression. (G) However, 96-h 
treatment did result in a significant decrease in viability (MTT assay) at 
1,000 nM SANT1 (p<0.01, ANOVA). Data are the mean and standard error 
of 2 (E and F) or 3 (G) independent experiments.
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with SANT1 for 48 and 96 h after serum starvation for 48 h. 
There was no decrease in GLI1 mRNA at 48 h and an insig-
nificant decrease at 96 h at 1,000 nM (Fig. 5E and F). Cell 
viability was also slightly decreased at 1,000 nM after 96-h 
treatment, suggesting that the trend to a lower GLI1 at higher 
concentrations may be a result of decreased viability (Fig. 5G, 
p=0.01, ANOVA). The absence of any decrease in GLI1 at an 
earlier time-point also supports a non-specific cytotoxic effect 
of SANT1 after 96-h treatment. From these data, we conclude 
that neither SAG nor SANT1 is effective in modulating 
canonical hedgehog signaling via SMO and affecting GLI-MT 
in this ciliated cancer cell line.

SAG causes the localization of SMO to PC in both IOSE and 
SKOV3. Similar to sonic hedgehog ligand, SAG has been shown 
to induce the translocation of SMO into the PC from other 
locations in the cell in embryonic mouse fibroblasts and human 
embryonic stem cells (31,38,39). To confirm that this was also 
the case in IOSE, IOSE were treated with 500 nM SAG for 
24 h after serum starvation for 48 h. Co-immunofluorescence 
(IF) staining for acetylated α-tubulin (AAT) and SMO was 
performed and the number of PC with localization of SMO 

(co-localization of anti-SMO and anti‑AAT) and without 
localization of SMO (marked by anti-AAT only) was assessed 
(Fig. 6A). The percentage of PC with SMO localization was 
significantly higher after SAG treatment (Fig. 6B, p=0.03, 
Mann-Whitney test), confirming that in non-cancer ciliated 
cells, SAG induces the translocation of SMO to the PC. 
Because of the absence of an increase in GLI-MT after treat-
ment with SAG in SKOV3 cells, we anticipated that there 
would be no increase in SMO localization to PC after SAG 
treatment. SKOV3 were treated with SAG, similarly to IOSE, 
and IF was performed to detect SMO localization in PC. There 
was no significant difference between the percentage of PC 
with SMO localization in unstimulated SKOV3 and IOSE 
(Fig. 6B) despite the higher baseline level of GLI1 expression 
in SKOV3 (Fig. 1C), again supporting activation of GLI-MT 
by mechanisms other than hedgehog signaling. Surprisingly, 
SAG induced an increase in the localization of SMO to the PC 
in SKOV3 (Fig. 6B, p=0.004, Mann-Whitney test). Therefore, 
SAG induced the translocation of SMO into the PC, but 
subsequent activation of GLI-MT did not occur. This suggests 
a defect in transmission of the hedgehog signal after localiza-
tion of SMO to the PC in SKOV3 cells. To determine whether 

Figure 6. SMO localizes to the PC of ciliated non-cancer and SKOV3 cells in response to a SMO agonist. PC in IOSE, SKOV3 and PANC1 cells were identi-
fied by immunofluorescence for acetylated α-tubulin (AAT, red), a marker for the ciliary axoneme, and SMO (green) in the presence and absence of 500 nM 
SAG after serum starvation for 48 h. Nuclei were stained with DAPI (blue). (A) Photomicrographs of the immunofluorescence for AAT and SMO in SKOV3, 
with and without SAG treatment, are shown. The merged image has a slight shift in the individual component images in order to visualize the SMO and AAT 
signals immediately adjacent to one another (magnification, x1,000). (B) The percentage of PC with and without SMO location was assessed in a minimum of 
100 PC per condition. A significant translocation of SMO to PC was observed after SAG treatment in IOSE and SKOV3 (p=0.03 and p=0.004, respectively, 
Mann-Whitney test), but not in PANC1. (C) In PANC1, GLI1 mRNA was assessed by quantitative RT-PCR and there was no increase after SAG treatment. 
Data are the mean and standard error of 2 independent experiments.
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SMO localization to PC without downstream activation of 
GLI-mediated transcription is typical of ciliated cancer cell 
lines, we similarly treated another cancer cell line, PANC1, 
a ciliated pancreatic cancer cell line, with SAG and assessed 
GLI1 expression and localization of SMO to PC (Fig. 6B 
and C). After 48-h serum starvation, 15-20% of PANC1 have 
PC. Similar to SKOV3, there was no increase in GLI1 mRNA 
in PANC1 after SAG treatment (Fig. 6C). However, unlike 
SKOV3 there was no significant increase in localization of 
SMO to PC (Fig. 6B).

Discussion

Data to date indicate that, in general, PC are lost during 
carcinogenesis. Only a few different types of cancer have been 
assessed for the presence of PC and typically the number of 
cancers examined in these studies is relatively small (20,22). 
A single report of 8 human BCC showed that 60% were highly 
ciliated, similar to normal keratinocytes, whereas 40% did not 
contain ciliated cells (40). In most invasive breast carcinomas, 
PC are absent or present at a very low frequency in the cancer 
epithelial cells (22,28,29). Similarly in prostate cancer, more 
than 95% of cancers have no or infrequent cancer epithelial 
cells with PC (41). In pancreatic cancer, only 25% of invasive 
cancers exhibited PC in cancer epithelial cells (42). These 
findings suggest that BCC (60% with PC) are more highly 
ciliated than some other solid carcinomas (0-25% with PC).

Several hundreds of compounds have been reported to 
inhibit HH signaling. Only 8 of these compounds have entered 
clinical trials and all of these are antagonists of SMO (2). 
These SMO antagonists have been tested in phase I/II clinical 
trials for their efficacy in advanced stage solid tumors and 
leukemia. The best results have been seen in basal cell carci-
nomas and with the SMO antagonist, vismodegib (also known 
as GDC-0449), which has been approved by the United States 
Food and Drug Administration for the treatment of locally 
advanced or metastatic basal cell carcinoma (BCC) of the 
skin (2). The results of clinical trials of SMO antagonists in 
advanced stage solid cancers other than BCC have not shown 
a significant clinical response (43,44). Furthermore, even in 
BCC, only about half of patients treated with vismodegib had 
a clinical response (43,45,46). The facts that: i) the cells of 
BCC are more likely to be ciliated than other solid cancers; 
and ii) BCC are more responsive to SMO antagonism than 
other cancers raises the possibility that the presence of PC in 
cancer cells might predict responsiveness to SMO antagonism.

In the present study, we addressed whether the presence 
of PC in cancer epithelial cells indicates active autocrine 
canonical hedgehog signaling and responsiveness to modula-
tion of SMO activity with a corresponding change in GLI-MT. 
We showed that the presence of PC in the cancer cells tested 
does not assure that modulation of SMO will affect GLI-MT 
in these cells. In the ciliated SKOV3 ovarian cancer cells, 
treatment with SAG failed to increase GLI-MT, but resulted 
in the translocation of SMO into the PC. It is believed that 
SMO exists in three activity states: i) inactive cytoplasmic; 
ii) inactive ciliary; and iii) active ciliary, and that activation of 
SMO is a two-step process. The first step is translocation to the 
PC (transition from inactive cytoplasmic to inactive ciliary) 
and the second step is activation of SMO (transition from 

inactive ciliary to active ciliary) (47). The ciliary localization 
in the absence of induced GLI-MT, suggests that SMO is in 
the inactive ciliary state after SAG treatment of SKOV3, and 
that the transition from the inactive to active ciliary state is 
blocked in SKOV3 or that activated ciliary SMO is incapable 
of initiating the processing of GLI2 and GLI3 to their activator 
forms to initiate GLI-MT. The activation of GLI2 and GLI3 in 
the PC is complicated and not entirely defined, but includes 
the interactions of multiple other hedgehog pathway compo-
nents, including suppressor of fused, Kif7, protein kinase A, 
EVC, EVC2, and integrin-linked kinase (8,48). Therefore, a 
defect in the presence or activity of any of these molecules 
might explain the absence of a downstream response to 
SMO agonism. Treatment of another ciliated cancer cell line, 
PANC1 pancreatic cancer cells, with SAG did not induce 
localization of SMO to PC. This is similar to a prior report, 
in which there was no localization of SMO to PC after SAG 
treatment in another pancreatic cancer cell line, CFPAC1 
(31), suggesting that transmission of the hedgehog signal is 
also defective in other ciliated cancers and, furthermore, the 
molecular mechanism responsible for the defect likely varies 
in different cancers.

Even though our data show that the presence of PC in 
cancer epithelial cells will not ensure that these cells respond 
to SMO antagonists with a decrease in GLI-MT, they do not 
eliminate the possibility that the stromal cells in carcinomas 
will respond to SMO antagonism. In animal models of pancre-
atic cancer, canonical hedgehog signaling has been shown to be 
restricted to stromal cells (49), suggesting the possibility that 
inhibition of stromal hedgehog signaling by SMO antagonists 
may be therapeutically efficacious (50,51). However, the results 
of clinical trials of SMO antagonists in pancreatic cancer have 
not shown a therapeutic benefit (52,53) and recent pre-clinical 
data suggest that inhibition of SMO in the stroma in pancreatic 
cancer actually promotes cancer progression (53).

Our data also suggest that many cancer cells, either with 
or without PC, will not respond to SMO antagonists with a 
decrease in GLI-MT. However, GLI-MT has been shown 
to be increased in many cancer types. In BCC, activation 
of canonical hedgehog signaling, usually a result of genetic 
mutation of pathway members, is critical for tumorigenesis 
and cancer maintenance (54). The importance of canonical 
hedgehog signaling in other cancer types, in which activating 
mutations are very rare, is less well-established than in BCC. 
Much of the laboratory data demonstrating a response to SMO 
antagonism in these cancers was generated using the SMO 
antagonist cyclopamine at high concentrations. Cyclopamine 
is now known to result in significant off-target effects 
(35,36,44), which we confirmed here (Fig. 4). Yet, modulation 
of GLI-MT by direct expression or silencing of the GLI tran-
scription factors has demonstrated a promotional role for GLI 
transcriptional activity in the development and progression 
of diverse types of solid cancers (5,10,17). Our data suggest 
that in at least some cancers, activation of GLI-MT is not via 
canonical hedgehog signaling through SMO, but is a result of 
activation of other signaling pathway(s), such as ras or TGFβ. 
Therefore, a different therapeutic strategy is to target GLI-MT 
in cancer cells at the level of the GLI transcription factors. 
Several such antagonists of GLI-MT have been identified and 
are being developed for human use (55,56).
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In conclusion, we showed that the presence or absence of 
PC in several breast, ovarian and pancreatic cancer cell lines 
cannot be used to predict the ability of agonists or antagonists 
of SMO to increase or decrease, respectively, GLI-MT in 
these cells. While this is only a small selection of cell lines, 
the results suggest that the presence of primary cilia in cancer 
epithelial cells will not be an effective biomarker to indicate 
responsiveness to SMO antagonists clinically. Additionally, 
we demonstrate defective canonical hedgehog signaling in 
each of the cancer cell lines tested and provide data suggesting 
that the mechanisms underlying the inability of SMO to acti-
vate hedgehog signaling varies in different cancers. The lack 
of modulation of GLI-MT by a SMO agonist and antagonist 
in these cancer cell lines also support the clinical trial data 
demonstrating a lack of a significant clinical response in most 
solid cancers.
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