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Abstract

Activation of the Hedgehog (Hh) pathway effector GLI1 is linked to tumorigenesis and 

invasiveness in a number of cancers, with targeting of GLI1 by small molecule antagonists shown 

to be effective. We profiled a collection of GLI antagonists possessing distinct mechanisms of 

action for efficacy in phenotypic models of inflammatory and non-inflammatory breast cancer 

(IBC and non-IBC) that we showed expressed varying levels of Hh pathway mediators. 

Compounds GANT61, HPI-1, and JK184 decreased cell proliferation, inhibited GLI1 mRNA 

expression and decreased the number of colonies formed in TN-IBC (SUM149) and TNBC 

(MDA-MB-231 and SUM159) cell lines. In addition, GANT61 and JK184 significantly down-

regulated GLI1 targets that regulate cell cycle (cyclin D and E) and apoptosis (Bcl2). GANT61 

reduced SUM149 spheroid growth and emboli formation, and in orthotopic SUM149 tumor 

models significantly decreased tumor growth. We successfully utilized phenotypic profiling to 
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identify a subset of GLI1 antagonists that were prioritized for testing in in vivo models. Our results 

indicated that GLI1 activation in TN-IBC as in TNBC, plays a vital role in promoting cell 

proliferation, motility, tumor growth, and formation of tumor emboli.
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1. Introduction

Developmental signaling pathways such as Hedgehog (Hh) play an important role in the 

pathogenesis and progression of metastatic triple negative breast cancers (TNBC) [1, 2], 

with new therapeutic approaches targeting this pathway for inhibition currently being tested 

in advanced preclinical studies or early clinical trials [1, 3]. The Hh pathway is also an 

emerging target for breast cancer stem cells [4, 5]. Hh signaling is initiated by the binding of 

Hh ligand to its transmembrane receptor Patched (PTCH) which in turn relieves the 

inhibition of co-receptor Smoothened (SMO) allowing signaling to proceed. Hh pathway 

activation is mediated by the GLI family of transcription factors with GLI1 (GLIoma-

associated oncogene homolog 1) being an essential mediator of Hh pathway activation [6–

9]. Due to its role in a wide spectrum of cancers, pharmacological inhibitors of the Hh 

pathway have therapeutic value [10–13]. Hh pathway inhibitors that act on SMO have been 

approved [14], with SMO inhibitors currently in clinical trials for TNBC and metastatic 

solid breast tumors [4]. However, due to acquired resistance of tumors to SMO inhibitors 

[15–17], there is a need to identify inhibitors that target other parts of the pathway.

GLI1 acts as the terminal effector of Hh signaling and its status controls cellular 

proliferation, differentiation, and survival [6–9]. Activated GLI1 translocates into the 

nucleus, stimulating the transcription of Hh pathway target genes, including GLI1, PTCH1 

and many pro-survival pathway genes [18]. Conditional expression of GLI1 in the mouse 

mammary gland results in the expansion of progenitor cell types and the development of 

mammary tumors that are aggressive, ER-negative and basal-like [19]. In addition, activation 

of GLI1, via gene amplification [20], has been implicated in the initiation, progression and 

invasiveness of multiple cancers [21–27], including basal-like breast cancers [28], with its 

expression correlating with unfavorable survival in human breast cancer [25].

Elevated GLI1 expression has also been observed in inflammatory breast cancer (IBC) [29], 

a highly aggressive and unique form of locally advanced breast cancer (LABC) [30], for 

which nearly 40% of patients exhibit the TN phenotype compared to ~20% for non-IBC 

[31]. The presence of tumor emboli is a hallmark of IBC [32], in which distinctive clusters 

of tumor cells migrate collectively, driving lymphatic invasion and metastasis [33]. Gene 

expression profiling of IBC tumors has identified Hh/GLI1 pathway overexpression as a 

predictor of the IBC phenotype [34]. We previously observed that the basal-like IBC cell 

line SUM149, a widely used model for IBC [35–39], exhibits elevated GLI1 expression and 

that knock down of GLI1 reduced cell proliferation and motility [29]. Furthermore, a Hh/

SMO-independent non-canonical mechanism for GLI1 activation in SUM149 was 
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implicated [29]. Due to these non-canonical mechanisms of GLI1 activation [40, 41], there 

is growing utility in targeting the Hh pathway downstream at the level of GLI [42–44]. 

Phenotypic screens have yielded inhibitors targeting the Hh pathway downstream of SMO 

[45–49], with some that target GLI activation (GANTs [46], HPI-1 [50]), having shown 

efficacy in in vivo cancer models. Furthermore, targeting at the level of GLI has been shown 

to overcome SMO inhibitor resistance [51].

In this study, we assessed a collection of small molecule GLI inhibitors with varying 

mechanisms of action for efficacy in in vitro and in vivo IBC and non-IBC models. Using a 

panel of phenotypic assays, we identified a subset of GLI antagonists with growth inhibitory 

effects. In particular, GANT61 displayed significant inhibitory activity in 3D models while 

also exhibiting efficacy in vivo in an IBC cell-line derived orthotropic mammary fat pad 

xenograft tumor model.

2. Materials and methods

2.1 Cell lines and reagents

The SUM149, SUM159 and SUM190 cell lines were obtained from Asterand Inc (Detroit, 

MI) and cultured per manufacturer’s instructions and as described previously [35]. MDA-

MB-231, SKBR3 cells and C3H10T1/2 cell lines were from American Type Culture 

Collection (ATCC) (Manassas, VA) and cultured per their instructions. Human mammary 

epithelial cells (HMEC) were obtained from Lonza Group Ltd. (Allendale, NJ) and cultured 

per manufacturer’s instructions using their Mammary Epithelial Growth Medium Kit 

(CC-3150). GANT58 (Cat # 3889), GANT61 (Cat # 3191), JK184 (Cat # 3341) and 

cyclopamine were obtained from Tocris/R&D Systems (Minneapolis, MN). GANT61 in 

gram quantities was from DC Chemicals (Shanghai, China). HPI-1/2/3/4 were a kind gift 

from Dr. James K. Chen, Stanford School of Medicine. HPI-1/3/4 were also purchased from 

Sigma Aldrich (St. Louis, MO). Cytochalasin D was from MP Biomedicals, LLC (Solon, 

OH). Hoechst-33342 and YOYO-1 dyes were from Thermo Fisher Scientific

2.2 Real time quantitative RT-PCR

Total RNA was isolated using the RNeasy Mini Kit (Qiagen). cDNA was synthesized from 2 

µg of RNA using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). 

Gene expression primers (GLI1 (Hs00171790_m1), GLI2 (Hs00257977_m1), GLI3 

(Hs00609233_m1), PTCH1 (Hs00181117_m1), Smo (Hs00170665 m1), Bcl2 (Hs00153350 

m1), CCND1 (Hs00277039_m1), CCNE1 (Hs00233356_m1), β2-microglobulin (B2M) 

(Hs00984230_m1) and β-Actin (Hs99999903_m1) were obtained from Applied Biosystems. 

For mRNA quantification, quantitative real-time PCR was performed using an ABI 7500 

Fast Real-Time PCR or QuantStudio 6 Flex Real-Time PCR (Thermo Fisher Scientific) 

system. β-actin and B2M were used as endogenous controls for expression normalization. 

All assays were performed in triplicate and the fold change in mRNA expression was 

determined according to the method of 2-∆∆Ct and represented changes were normalized to 

a reference HMEC cell line or DMSO control.
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2.3 C3H10T1/2 cell-based assay for hedgehog activity

The C3H10T1/2 assay was performed essentially as previously described [52, 53]. 

C3H10T1/2 cells were maintained in DMEM medium containing 10% FBS and plated in 

96-well plates at 5000 cells/well. For competition experiments, Sonic hedgehog (Shh) 

protein was added 24h later at a fixed concentration of 2 µg/ml along with various 

concentrations of inhibitors. Cells were incubated for a further 5 days, lyzed and assayed for 

alkaline phosphatase (AP) using pNPP with plates read at 405 nm. Inhibition constant (IC50) 

values were determined by nonlinear regression in GraphPad 6.0.

2.4 Dose-response plates

Compounds were purchased as dry powders, dissolved in Dimethyl Sulfoxide (DMSO) to 

give 10 mM stock concentrations and stored at −20°C. A Biomek®NX robotics workstation 

(Beckman Coulter Inc.), was used to serially dilute compounds with 100% DMSO in 384-

well Greiner polypropylene plates (Greiner Bio-One) to generate 10-point 2-fold dose 

responses (5 µL final volume in each well).

2.5 High content cell imaging and cell proliferation assays

High content imaging was carried out essentially as we recently described [54], based on 

[55]. 384-well plates (black, clear bottom tissue culture treated) were seeded with SUM149 

(700 cells per well), SUM159 (800 cells per well) or MDA-MB-231 (1000 cells per well) 

and cells allowed to attach overnight. Compounds or DMSO (50 nL) were then added from 

dose response plates to the cell plates (50 µL) using the Biomek NX equipped with Pintools 

and the cells incubated for a further 72 h. After washing, Hoechst 33342 dye (10 µg/ml) was 

added and after 45 min, cells fixed with 10% formalin for 15 min. Fluorescence 

quantification and localization were determined using a CellInsight NXT and 3-channel Cell 

Health Profiling protocol in HCS Screen software (ThermoFisher). Excitation wavelength 

was 386 nm for Hoechst 33342. Images were acquired using an Olympus UPlanFLN 10X/

0.30 objective and 2×2 camera binning. A nuclear mask was established using channel 1 

signaling (Hoechst 33342) and used to determine nuclear characteristics (nuclear count). All 

conditions were conducted in quintuplicate. Data analysis was performed retrieving data sets 

from HCS View software (ThermoFisher) and normalized to mean DMSO values. IC50 

values were determined using a four-parameter dose-response (variable slope) equation in 

GraphPad Prism 6 (GraphPad Software, San Diego, CA).

For cell proliferation assays, compounds were incubated with cells for 72h. PrestoBlue™ 

Cell Viability Reagent (ThermoFisher Scientific) added to each well and cells incubated for 

a further 2 h at 37°C. Fluorescence intensity was read at 560 nm excitation/590 nm emission 

using a BMG PheraStar micro plate reader (BMG Labtech, Cary, NC). Heat maps using 

percent inhibition values were generated in Microsoft Excel using conditional formatting.

2.6 Colony formation assay

SUM149, SUM159 (250 cells/well) and MDA-MB-231 (350 cells/well) were seeded in 

triplicate in 6-well plates (Corning Inc. Tewksbury, MA), and cells allowed to adhere 

overnight. Briefly, after 24 h, cells were washed with PBS, fresh media containing 

compounds added and cells allowed to grow for 5–14 days. Cells were fixed with 10% 
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formalin, colonies stained with 1% (w/v) crystal violet and colonies counted using an 

automated ColCount (Oxford Optronix, Abingdon, UK).

2.7 Wound closure assay

Cells were seeded in an interlock 96-well plate (Essen Bioscience, Ann Arbor, Michigan) 

and incubated overnight. The wound-maker module (Essen BioScience) was used to 

simultaneously create a vertical wound/scratch in all wells, after which cells were washed 

with PBS, and compounds added to the plate (n = 5). Cell motility was measured using the 

IncuCyte® ZOOM System (Essen Bioscience) Live Cell Analysis System with images taken 

at 0, 4, 12 18 and 24 h using a 10× objective. The relative wound density was determined 

using measures of both wound width and wound confluence to take into account any effects 

of proliferation (IncuCyte motility assay protocol). The relative wound density (%RWD) 

was calculated as follows: %RWD(t)=100×((w(t)-w(0))/(c(t)-w(0) )); where w(0) = initial 

wound density, w (t) = wound density at each successive time point, c (0) = initial cell region 

density, and c (t) = cell region density at each successive time point.

2.8 3D tumor spheroid high content imaging assay

The high throughput 3D tumor spheroid assay in 384-well format was carried out essentially 

as we recently described [54]. Cells were harvested from a sub-confluent flask and plated at 

400 cells per well (in 50 µL of media) into ultra-low attachment 384-well spheroid 

microplates (Corning 3830) using a Multidrop bulk dispenser. Plates were then centrifuged 

at 200 rcf for 1 min followed by overnight incubation at 37°C. The following day, cells were 

treated with compounds (n = 5) using a D300E Digital Dispenser (Hewlett Packard. Palo 

Alto, CA). After a further 72 h incubation, spheroids were fixed, stained (with 10 µg/ml 

Hoechst 33342 and 100 nM YOYO-1) and imaged using a CellINsight NXT (ThermoFisher) 

as recently described in [56]. HCS Screen software (ThermoFisher) collected data using a 

modified “Cell health profiling” algorithm which was compiled in HCS View software, 

normalized against DMSO controls and plotted in ScreenAble (ScreenAble, Chapel Hill, 

NC) for analysis.

2.9 Tumor emboli assay

SUM149 cells were plated at 10,000 cells/well in 24-well ultra-low attachment plates 

(Corning Inc., Corning, NY) in serum-free minimum essential medium as recently described 

[56]. Compounds were added at time of seeding and cells allowed to grow for 7 d. For each 

well, emboli were identified (>20 cells) and imaged using a Motic AE2000 microscope 

(North America, Richmond, BC, Canada), Staurosporine was used as a positive control to 

inhibit tumor emboli formation in SUM149 cells [35, 57].

2.10 Xenografts

The authors thank Dr. Matthias Lauth (Philipps University of Marburg) for his technical 

advice on GANT61 formulation and dosing. Animal experiments were conducted in 

accordance with accepted standards of humane animal care and approved by the Animal 

Care and Use Committees at the University of North Carolina-Chapel Hill and at North 

Carolina Central University. At 12 weeks of age, abdominal region mammary fat pads of 
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female nude NU/J (Study 1) or NOD SCID (Study 2) mice were implanted with 1×106 

SUM149 cells suspended in 50% reduced growth factor Matrigel® and PBS. Mice were 

randomized into treatment groups (n = 5 per treatment group).

Study 1—Once tumors reached 5 × 5 mm in size (approximately six weeks), animals were 

treated i.p. with either GANT61 3× per week 50 mg/kg (DC Chemicals) or DMSO vehicle 

control. Tumor response was assessed by weekly caliper measurements. Tumor-bearing 

mice were euthanized at 5 weeks for morbidity, tumor ulceration or tumor size of more than 

2.0 cm in diameter. Growth curves were plotted as the mean relative treatment group tumor 

volume ± standard error. Differences in tumor volumes were assessed using Student t-test in 

GraphPad Prism 6.0. Comparisons in tumor growth were made using linear regression in 

GraphPad Prism 6.0. Tumors were snap frozen for protein extraction. MDA-MB-231 and 

SUM159 xenografts were carried out as described in study 1 (n = 6).

Study 2—When SUM149 tumor volumes became greater than 0.2 cm, mice were treated 

with either vehicle (corn oil:ethanol, 4:1 [46]) or GANT61 in vehicle (50 mg/kg) i.p. once 

per day. After 21 days, animals were euthanized, tumors were surgically removed and 

weighed. Tumors were divided into separate pieces for the following uses: in RNA Later for 

RNA extraction and snap frozen for protein extraction. Tumor weights were compared 

across groups using Student t-test in GraphPad Prism 6.0.

2.12 Western Immunoblotting

Protein lysates were prepared from the tumor tissues using T-PER Tissue Protein extraction 

reagent (Thermo Scientific). T-PER lysis buffer containing protease inhibitors (10 µg/ml) 

was added to the tumor tissue and lysis carried out using a Bullet Blender BBX24B (Next 

Advance, Inc. Averill Park, NY, USA). Samples were centrifuged at 10,000g for 5 min and 

supernatants collected. Protein concentration was determined using the Pierce BCA Protein 

Assay Kit (ThermoFisher). Lysates (30 µg) were electrophoresed on NU-PAGE Bis-Tris 4–

12% gels (Life Technologies) and transferred to Immobilon-Fl membranes (Millipore, 

Billerica, MA) that had been pre-wet in methanol and transfer buffer. After blot transfer, 

membranes were stained for total protein quantification for normalization purposes using the 

REVERT Stain kit protocol (LI-COR, P/N 926–11010). Membranes were then blocked (5% 

non-fat milk) for 1 h at RT. Membranes were incubated with primary antibodies for GLI1: 

(rabbit Ab TA310536; Origene, Rockville, MD) at 1:5,000 and β-actin (mouse Ab Santa 

Cruz Biotechnology, Dallas, TX) at 1:10,000 overnight at 4°C. Purified recombin ant human 

GLI1 protein (Origene) was included as a positive control. Membranes were washed (PBST) 

and subsequently incubated with appropriate LI-COR (LI-COR Biosciences, Lincoln, NE) 

Odyssey secondary IRDye antibodies (1:15,000) for 1 h at RT. After washing, blots were 

visualized using LI-COR Odyssey and Image Studio software used to quantify bands. For 

each sample, GLI1 protein expression was normalized to β-actin or the total protein 

quantification and the mean for each treatment calculated according to Normalization 

Accuracy for Western Blotting guidelines (LI-COR Biosciences).
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2.13 Statistical analysis

Unless stated, statistical analyses were conducted using GraphPad Prism version 6 

(GraphPad Software, Inc) student’s 2-tailed t-test. *p < 0.05, **p < 0.01, ***p < 0.001 were 

considered statistically significant compared with controls.

3. Results

3.1 GLI1 and GLI2 are highly expressed in SUM149, SUM159 and MDA-MB-231 TNBC cell 
lines

In this study, we assessed by qRT-PCR the expression of the major components of the Hh 

pathway, GLI1, GLI2, GLI3, SMO, and PTCH1, in a panel of breast cancer cell lines, 

including IBC cell lines SUM149 (TN, basal-like [58]) and SUM190 (HER2+), and the non-

IBC cell lines MDA-MB-231 (TN), SUM159 (TN) and SKBR3 (HER2+). To ensure 

consistency, gene expression in cell lines was assessed at low passage numbers (<10 after 

obtained from vendor). The HER2+ cell lines exhibited consistently lower levels of GLI1 

and GLI2, similar to expression levels in HMEC cells. The TN/basal-like cell lines were less 

consistent, with both the TN-IBC SUM149 and TN SUM159 demonstrating higher levels of 

GLI1 (~40-fold relative to HMEC for both) and GLI2 (~20 and ~10-fold relative to HMEC 

respectively), while the MDA-MB-231 had low GLI1 (comparable to HMEC) but 

significantly high GLI2 expression (>130-fold relative to HMEC) (Fig. 1A). The high 

expression of GLI2 and the low expression of GLI1 and GLI3 that we observed for MDA-

MB-231 are consistent with previous reports [59]. Relative to HMEC, PTCH1 expression 

was highest in MDA-MB-231 cells and at comparable levels in the other cell lines tested. 

GLI3 and SMO levels were relatively low in all cell lines. With all genes tested there was no 

consistent pattern between the basal-like IBC and non-IBC models, however a similar 

expression pattern was observed in HER2+ cell lines.

3.2 Assessment of a GLI antagonist panel reveals compounds with anti-hedgehog pathway 
activity in C3H10T1/2 cells

We have previously observed that siRNA-mediated downregulation of GLI1 decreases IBC 

cell proliferation and motility [29]. Furthermore, we went on to show that GLI1 activation 

occurred primarily through a non-canonical mechanism [29]. Hence, in this study we wanted 

to assess the effects of small molecule inhibitors that act downstream in the Hh pathway 

(reviewed in [60]) and as a result we assembled a set of GLI antagonists that have been 

identified with varying mechanisms and understanding of action, consisting of GANT58 and 

GANT61 [46], HPIs 1–4 [45], and JK184 [47] (compound structures shown in 

Supplementary Fig. 1A).

The Hh pathway activity in response to each GLI antagonist was assessed in a widely 

accepted Hh functional cell-based assay, the C3H10T1/2 cell line which we and others have 

used to assess Hh pathway inhibition [53, 61]. In this Hh-responsive cell line, addition of Hh 

to the cells induces alkaline phosphatase (AP) activity, a marker of Hh-mediated cell 

differentiation. For inhibition testing, C3H10T1/2 cells were incubated with Hh at its EC50 

of 2 µg/ml and GLI antagonists titrated as 10-point, 2-fold dose responses with 10 µM as the 

highest concentration. The SMO-directed inhibitor cyclopamine (Cyc) [62] was included as 
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a positive control for the C3H10T1/2 assay. Resulting dose response curves (Fig. 1B) and 

corresponding IC50 values for the GLI antagonist set are shown in Table 1. JK184 was the 

most potent inhibitor with an IC50 value of 20 nM, comparable to that previously reported 

for its activity in this assay [47]. HPI-1, HPI-3 and GANT61 were also effective inhibitors in 

this assay with IC50 values of 1.1, 0.7 and 3.7 µM, respectively.

3.3 GLI antagonists have differential effects on proliferation and cytotoxicity of GLI1/2 
positive TNBC cell lines

To assess any role of the relative expression of GLI1 versus GLI2 levels on GLI antagonist 

sensitivity, we focused on the three TNBC cell lines; SUM149 and SUM159 with high 

GLI1/low GLI2 and MDA-MB-231 which has low GLI1 and high GLI2. To 

comprehensively assess the effects of the GLI antagonists on cell proliferation, viability, and 

cytotoxicity, we used live-cell high content automated microcopy in which cells were 

incubated with the GLI antagonists in dose response for 72h, stained with Hoechst 33342 

(nuclear stain) and cell count determined (dose response curves and representative images in 

Fig. 1C). JK184 significantly reduced cell counts for all three cell lines with SUM149, 

MDA-MB-231 and SUM159 (Figs 1C) having IC50 values of 11 nM, 80 nM and 50 nM 

respectively (Table 1). SUM149 cells were relatively more sensitive to JK184 than MDA-

MB-231 or SUM159 cells with SUM149 nuclei counts low at all concentrations tested (Figs 

1C). The other GLI antagonists had modest micromolar activity in these cells with HPI-1, 

HPI-4, and GANT61 all showing decreased cell number as assessed by Hoechst staining 

(Figs 1C and Table 1). GANT61 had moderate effects on cell growth of SUM149, MDA-

MB-231 and SUM159 with IC50 values in the range of 5–10 µM for all three cell lines 

(Table 1).

We also assessed the effects of the GLI antagonists in an alternative measure of 

proliferation, the Presto Blue assay. In this assay, JK184 treatment strongly reduced cell 

proliferation of SUM149, MDA-MB-231 and SUM159 cells at all concentrations tested, 

with the other GLI antagonists having modest micromolar potencies in these cell lines. 

Further, in SKBR3 cells that have very low levels of GLI1/2, we observed that the GLI 

antagonists including the potent JK184 were far less effective at reducing cell proliferation 

(Fig. 1D).

We next evaluated by qRT-PCR, those GLI antagonists that demonstrated anti-proliferative 

activity (JK184, GANT61 and HPI-1) for effects on GLI1 mRNA expression and the 

expression of GLI1 target genes. SUM149, MDA-MB-231 and SUM159 cells were treated 

with GANT61, JK184 (at their ~IC50 doses) or vehicle control (DMSO) for 72h. After RNA 

isolation and cDNA synthesis, qRT-PCR analysis was carried out using specific Taqman 

primer sets and mRNA expression levels were normalized to cells treated with vehicle 

control.

GLI1 mRNA expression in SUM149 and SUM159 cells was significantly reduced by 

GANT61 (20 µM; SUM149, adjusted p-value (adj p) = 0.0004; SUM159, adj p <0.0001) 

and by JK184 (30 nM; SUM149, adj p <0.0001; SUM159, adj p <0.0001) (Fig. 1E). GLI1 

mRNA expression in SUM149 was also reduced by HPI-1 (Supplementary Fig. 1B). In 

MDA-MB-231 cells, JK184 (30 nM; adj p = 0.0198) but not GANT61 (20 µM) significantly 
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reduced GLI1 expression. With the concentrations used, the effect of GANT61 and JK184 

on reducing GLI1 expression in SUM149 cells was comparable and not significantly 

different. A similar finding was observed for SUM159 cells. In SUM149 cells and MDA-

MB-231 cells, GLI2 and PTCH1 mRNA expression were not significantly affected by either 

treatment. In contrast, in SUM159 cells, GANT61 reduced both GLI2 (adj p <0.0001) and 

PTCH1 (adj p <0.0001) expression whereas JK184 only had a significant effect on PTCH1 

(adj p = 0.0021).

Next, we looked at the effects of GLI antagonists on cell cycle progression and anti-

apoptosis genes promoted by GLI activation [63, 64]. JK184 but not GANT61 significantly 

reduced Bcl2 expression in all three cell lines (SUM149, adj p <0.0001; MDA-MB-231, adj 

p =0.0185; SUM159, adj p <0.0001). CCNE1 expression was reduced by GANT61 (adj p 
<0.0001) and JK184 (adj p =0.0052) in SUM149, and by GANT61 in SUM159 cells (adj p 
=0.0023). CCND1 expression was significantly reduced by JK184 in SUM149 cells (adj p = 

0.0005) and by GANT61 in SUM159 cells (adj p <0.0001). In SUM149 and SUM159 cells, 

there was a significant difference in the effect of JK184 compared to GANT61 on reducing 

the expression of Bcl2 (SUM149, adj p <0.0001; SUM159, adj p <0.0001) and CCNE1 

(SUM149, adj p = 0.002; SUM159, adj p =0.002). These results indicated that GANT61 and 

JK184 have significant effects in SUM149 and SUM159 cells on targeting and inhibiting 

GLI1-mediated activity.

3.4 A subset of GLI antagonists decrease colony formation and cell motility of GLI1/2 
positive TNBC cell lines

We further evaluated the subset of GLI antagonists that demonstrated anti-proliferative 

effects (JK184, GANT61, HPI-1 and HPI-4) for their ability to alter anchorage independent 

growth via colony formation assays (Fig. 2). For both SUM149 and MDA-MB-231 cells, 

JK184 (30 nM) was comparable to doxorubicin (Dox, 0.5 µM), our positive control for 

inhibition of colony formation, and significantly decreased the numbers of colonies formed 

compared to vehicle control (DMSO) (SUM149, adj p <0.0001; MDA-MB-231, adj p = 

0.0028) (representative images Figs. 2A; quantification Fig. 2B). HPI-1, HPI-4 and 

GANT61 demonstrated comparable concentration dependent effects on colony formation for 

SUM149. Both cell lines showed fewer colonies after GANT61 (20 µM) treatment 

(SUM149, adj = 0.0022; MDA-MB-231, adj p <0.0001) and for SUM149 also with the 

lower 10 µM GANT61 treatment (adj p = 0.0337). At the higher 20 µM treatment, HPI-1 

(SUM149, adj p = 0.0026; MDA-MB-231, adj p <0.0001) and HPI-4 (SUM149, adj p = 

0.0028; MDA-MB-231, adj p <0.0001) had significant effects on colony formation. For 

SUM159, JK184 (adj p = 0.0023) and Dox adj p = 0.0003) had significant effects on colony 

formation (Fig 2C). Significant inhibition by GANT61 on SUM159 colony formation was 

observed at the highest concentration (20 µM) tested (adj p = 0.0207).

Next, we determined whether GLI antagonists affect cell motility. For these studies, we used 

an automated in vitro wound healing assay in which confluent cells in 96 well plates are 

scratched simultaneously. This format allowed us to run multiple replicates for a number of 

compounds and follow scratch closure in real time with the effects of cell proliferation taken 

into account. Movement of cells into the scratch was imaged using a 10× objective every 2h. 
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Image analysis with Incucyte (Essen BioScience, MI) software masks the unoccupied 

scratch area (pink) and the area of the scratch into which cells have moved (purple). For 

SUM149 cells, in the presence of vehicle control DMSO, the scratch was >90% closed at 

24h, and less than 10% closed in the presence of cytochalasin D (0.5 µM), a positive control 

motility inhibitor [65] (representative images Supplementary Fig. 2A). Graphical results are 

shown as relative wound density (%RWD) which is calculated from measures of both wound 

width and wound confluence to factor in any effects of cell proliferation. RWD uses both the 

density of cell region (cell-occupied) and the density of wound region (cell-free regions) at a 

specific time to determine RWD. Hence, although GANT61 had modest effects on cell 

motility, this effect was not significant when cell proliferation was taken into account as 

determined as %RWD (Supplementary Fig 2B). MDA-MB-231 cells were less motile in this 

assay, with only 70–80% closure (DMSO) at 24h. While cytochalasin D significantly 

blocked motility in both cell lines (p-value <0.001), HPI-1, HPI-4 and GANT61 had no 

significant effect on decreasing SUM149 or MDA-MB-231 cell motility.

3.5 GANT 61 decreased 3D tumor spheroid and tumor emboli formation in SUM149

We next evaluated GLI antagonist effects in three dimensional (3D) in vitro models that have 

been shown to better mimic the tumor microenvironment and that take into account the 

spatial arrangement of cells and how they interact with each other [66, 67]. To 

comprehensively assess the effects of GLI antagonists on 3D tumor spheroid formation, we 

used an automated 3D spheroid assay that we have developed in which cells are plated in 

384-well ultra-low attachment plates and spheroids allowed to form over four days [54]. We 

have previously observed that SUM149 cells form tight spheroids in this assay format [54]. 

For imaging, multi-parametric high-content analysis was used in which spheroids were 

simultaneously stained with Hoechst 33342 (nuclear stain) and YOYO-1 (plasma membrane 

permeability/cell death), and then imaged on a CellInsight high content screening platform. 

Compounds were added over a large concentration range (5 replicates) 24 h after cell plating 

and incubated for a further 72 h.

For SUM149 cells, high nuclear spheroid area (Hoechst) and minimal YOYO-1 were 

observed with DMSO indicating no observable cytotoxic effect of vehicle (representative 

image Fig. 3A). Staurosporine (Stauro) was included as a positive cytotoxic control and 

showed a dose dependent effect on spheroid area (IC50 value = 11 nM) with decreasing size 

with increasing concentration (Figs. 3A,B, Table 2). Staurosporine showed statistically 

significant decreases in spheroid area at all concentrations tested (1.9 nM to 1 µM; 

Supplementary Fig. 3A). Staurosporine had dose dependent effects on spheroid YOYO-1 

(IC50 = 21 nM) with significant spheroid YOYO-1 staining observed at concentrations at and 

above the 7.8 nM treatment (Supplementary Fig. 3A) signifying cell membrane disruption. 

Although staurosporine decreased spheroid area, it did not appear to inhibit spheroid 

formation.

Treatment of SUM149 spheroids with GANT61 altered spheroid formation and decreased 

spheroid area with an IC50 value of 18 µM (Fig. 3A, B, Table 2), with GANT61 at 12.5 µM 

or above having significant effects on spheroid area (Supplementary Fig 3A). Significant 

YOYO-1 staining was observed at and above the 25 µM dose (Supplementary Fig 3A) with 
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cytotoxic effects increasing as the GANT61 dose increased (IC50 = 26 µM; Fig 3B, Table 2). 

Loss of spheroid shape and increased spheroid fragmentation was observed at GANT61 

concentrations at and above 25 µM (Fig. 3A, B, Supplementary Fig. 3A). Staurosporine and 

GANT61 exhibited differences in their effects on spheroid formation suggesting differing 

mechanisms of actions.

The effects of GANT61 on spheroid formation were also assessed in the two other TNBC 

lines MDA-MB-231 and SUM159 (Fig. 4). SUM159 like SUM149, were also observed to 

form tight spheroids in this assay system. For SUM159, GANT61 and staurosporine had 

effects on spheroid area and spheroid YOYO-1 (Fig. 4A and B, Table 2, Supplementary Fig. 

3B) comparable to that observed on SUM149 cells. In contrast, in this format in which cells 

are plated and allowed to form spheroids for 24 h before treatment, we observed that MDA-

MB- 231 cells routinely formed clumped aggregates as opposed to the more spherical tight 

spheroids formed by SUM149 and SUM159 cells. Indeed, MDA-MB-231 have been 

classified as forming cell aggregates when using these ultra-low attachment plates (Corning 

spheroid technical document). Further, it has been reported that MDA-MB-231 cells form 

only loose spheroids [68] making their use challenging when assessing drug effects in 3D 

culture systems. Hence, the effect we observed for GANT61 treatment of MDA-MB-231 

appeared to be more of a disaggregation effect (a loosening of cell aggregates) at 

concentrations at or above 6.25 µM (Fig. 4C and D, Supplementary Fig. 3C rather than an 

effect on spheroid fragmentation. Indeed, staursporine had little effect on these MDA-

MB-231 cell aggregates (Supplementary Fig. 3D).

An in vitro IBC tumor emboli model has been recently developed with the resulting emboli 

shown to have similar size and shape to those from IBC patients [69]. We have recently 

adapted this model to develop a high content assay to identify compounds that can inhibit 

the formation of IBC tumor clusters/embolic structures [56]. Cells are plated in a media 

containing PEG and rocked to mimic the viscosity and sheer flow dynamics of the lymphatic 

system with compounds added at the time of seeding. In this current study, the vehicle 

treated SUM149 emboli showed very tight cell-cell contacts (Fig. 3C) comparable to those 

observed by Lehman [69]. No tumor emboli were observed with staurosporine (1 µM), a 

cytotoxic agent. GANT61 (20 µM) significantly inhibited SUM149 tumor emboli (Fig. 3C). 

These results indicate that GANT61 is effective in targeting IBC spheroids and tumor 

clusters in SUM149.

3.6 GANT61 decreased GLI1 positive IBC tumor growth in vivo

Based on our data that GANT61 significantly reduced spheroid formation and tumor emboli 

growth in vitro, we next assessed its effect in vivo, in the GLI1-positive SUM149 tumor 

model. Two SUM149 xenograft studies were carried out using different mouse strains. As 

the mammary fat pad is the tissue of origin for breast epithelial tumors and provides the 

proper host environment for tumor growth over time, in both studies, mice were 

orthotopically injected with cells into the abdominal mammary fat pad. In the first study, the 

effect of GANT61 on SUM149 tumor growth was assessed in nude NU/J mice. For the 

GANT61 (DC Chemicals) used for this study, compound structure was confirmed by NMR 

(Supplementary Fig. 4A) and potency confirmed in vitro using the C3H10T1/2 Hh 
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functional assay (IC50 = 11 µM; Supplementary Fig. 4B). After tumors had reached 125 

mm3, GANT61 was administered (50 mg/kg) i.p. 3 days per week. This 50 mg/kg dose was 

chosen as it has been utilized in the majority of studies testing GANT61 in vivo [46, 70–73]. 

GANT61 significantly reduced tumor growth (Fig. 5A). After four weeks of treatment, the 

average tumor volumes for the vehicle and GANT61 groups were 796.1 mm3 and 313.5 

mm3 respectively. Statistically significant differences in tumor volumes were seen between 

vehicle and GANT61 treatment beginning at 2 weeks (Fig. 5A), with a significant inhibition 

of tumor growth observed (#p <0.025 for GANT61 compared to vehicle). GANT61 

decreased the expression of GLI1 protein in the tumors (*p <0.05 for GANT61 compared to 

vehicle, Fig. 5B). No adverse side effects of GANT61 were observed with the mice gaining 

weight during the study. In the same nude NU/J mice mouse model, we also assessed the 

effect of GANT61 in MDA-MB-231 and SUM159 xenografts and observed a statistically 

significant effect of GANT61 (50 mg/kg) on reducing SUM159 tumor growth ((#p = 0.0012 

for GANT61 compared to vehicle) (Supplementary Fig. 4D) but not on MDA-MB-231 

tumors (Supplementary Fig. 4C).

In a second study at a different animal facility, SUM149 cells were injected orthotopically 

into the mammary fat pad of NOD SCID mice, and after tumors had reached a palpable size, 

GANT61 was administered (50 mg/kg) i.p. three days per week (Fig. 5C). After a 21-day 

treatment, GANT61 again significantly reduced tumor growth in this TN-IBC model (Fig 

5C, *p = 0.0072). In addition, GANT61 significantly decreased GLI1 mRNA expression at 

21 days after GANT61 dosing (Fig. 5D, p = 0.04), a result consistent with our in vitro qPCR 

findings (Fig 1E). Further, GANT61 treatment dampened GLI1 protein levels in tumors (19 

± 5% decrease in GLI1 protein compared to vehicle) (Fig. 5D).

Hence, in two in vivo studies for IBC, GANT61 was able to reduce tumor volume and slow 

growth over time but not fully eradicate the tumors.

4. Discussion

There is overwhelming evidence that GLI1, the downstream effector of Hh signaling, has a 

critical role in the progression and invasiveness of multiple cancers [21–25], including basal-

like breast cancers [28]. We have previously reported that the highly invasive basal-like TN-

IBC cell line SUM149 had elevated GLI1 expression and that siRNA mediated knockdown 

of GLI1 reduced cell proliferation and motility [29]. The current study describes how small 

molecule antagonists targeting GLI were identified for testing for in vivo activity through the 

use of a series of 2D and 3D assays with varying phenotypic endpoints, a number of which 

we recently developed as models for IBC [54, 56, 74]. First, herein, we demonstrated that 

TN-IBC (SUM149) and TNBC (SUM159 and MDA-MB-231) cell lines expressed elevated 

levels of GLI1 and/or GLI2 compared to the HER2+ cell lines tested. Several of the GLI 

antagonists had anti-proliferative activity in the GLI+ but not GLI- cell lines and were able 

to downregulate the expression of GLI1 and associated target genes. Second, in assays that 

are proposed to be more predictive of in vivo efficacy [66, 67, 75–77] including colony 

forming, 3D spheroid and tumor emboli models, we showed that a subset of GLI antagonists 

had significant activity in reducing colony formation and spheroid growth. Lastly, we 

discovered that one of the subset, GANT61, previously shown to be a direct binder of GLI1 
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[78, 79], had significant in vivo efficacy in orthotropic xenograft models for IBC. Most 

importantly, this is the first demonstration of activity of a hedgehog pathway inhibitor in a 

model of inflammatory breast cancer.

In this study, we first wanted to assess the expression of Hh pathway components in breast 

cancer cell lines of differing subtypes, as some variation in findings for relative GLI levels 

had been previously reported [25, 26, 29, 59, 80–82]. For example, in the TNBC MDA-

MB-231 cells, both high [25, 82] and low expression [59] of GLI1 relative to HMEC has 

been observed. The latter study [59] along with recent studies [83, 84] observed high 

GLI2/low GLI1 in MDA-MB-231, findings consistent with our observation of low GLI1 and 

high GLI2 in these cells. Further, microarray data presented in heat map format indicated 

that GLI1 mRNA expression was higher in SUM149 compared to MDA-MB-231 [59]. We 

have consistently observed high levels of GLI1 in SUM149 (~30–40 fold relative to HMEC) 

and we observed very comparable levels of GLI1 and GLI2 for SUM149 and SUM159. A 

recent study showed GLI1 protein levels to be comparable in SUM149 and SUM159 cells 

and low in MDA-MB-231 [85].

As there is growing evidence that GLI1 activation in a number of cancers is primarily 

through non-canonical mechanisms [40, 41], including for breast cancer [29, 81], we 

decided to assess the effects of inhibitors that act downstream of the Hh pathway [60]. 

Indeed, the majority of breast cancer cell lines do not appear to possess intact canonical Hh 

signaling [81]. A number of small molecules that act at the level of the GLI transcription 

factors have been identified with varying mechanisms and understanding of action and so we 

assembled a GLI antagonist panel consisting of GANT58 and GANT61 [46], HPIs 1–4 [45], 

and JK184 [47] that were previously identified from GLI-reporter cell-based screens. In a 

Hh functional cell based assay, C3H10T1/2, that we and others have used to assess the 

activity of Hh ligands and Hh inhibitors [52, 53], we found that these GLI antagonists 

showed varying effects at blocking canonical Hh signaling with JK184 being the most 

potent. JK184 was previously shown to reduce GLI1 mRNA expression in this cell-based 

assay [47]. The HPIs have been shown to have inhibitory effects on Hh pathway activity in 

C3H10T1/2 cells [45], and in the same assay we observed comparable activity with the 

following IC50 values for HPI-1 (1 µM), HPI-3 (0.7 µM), and HPI-4 (10 µM).

We demonstrated that the cell lines possessing high GLI1/lowGLI2 (TN-IBC SUM149; 

TNBC non-IBC SUM159) or high GLI2/low GLI1 (MDA-MB-231) expression, were 

sensitive to a subset of these GLI antagonists (GANT61, HPI-1, HPI-4 and JK184) when 

tested in a 2D proliferation assay. While GANT58 and GANT61 have been shown to 

decrease cell growth in numerous types of cancer cell lines, GANT61 is typically the more 

potent [43, 46, 60]. Likewise, we observed GANT61 to be more effective than GANT58 on 

reducing proliferation of both SUM149 and MDA-MB-231 cells. JK184 treatment of 

Claudin-low breast cancer cell lines that express elevated GLI2 compared to GLI1 has been 

shown to result in increased cell death [59].

To further explore the effects of the GLI antagonists, we assessed their effects on 

transcriptional targets. We found that GANT61, HPI-1 and JK184 all reduced GLI1 mRNA 

expression in SUM149 cells, with GANT61 reducing both GLI1 and GLI2 levels in 
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SUM159. JK184, a Hh pathway inhibitor [47] and microtubule destablizer [86] was able to 

reduce GLI1 in all three cell lines. Both GANT61 and JK184 reduced PTCH1 expression in 

SUM159 cells. GANT61 has been shown to bind directly to zinc fingers 2 and 3 of GLI1 

thereby blocking GLI1-mediated transcriptional activity [78]. In addition, GANT61 has been 

shown to downregulate GLI1 and GLI2 levels [46] and to block binding of GLI1 and GLI2 

to GLI target gene promoters [87]. The effect of GANT61 on GLI2 may be indirect as a 

consequence of GLI1 inhibition and requires further investigation.

Hh-GLI signaling promotes G1 cell cycle progression which enhances the expression of 

cyclins (cyclin D1, cyclin D2, and cyclin E) [64]. Bcl-2 (B-cell lymphoma 2), an anti-

apoptosis oncogene, has also been shown to be regulated by GLI activation in cancer [63]. 

Our findings that GANT61 in SUM149 reduced genes such as cyclin E1 that promote cell 

cycle progression is consistent with observations of GANT61’s effect in other cancers 

including colon [87, 88] and rhabdomyosarcoma [72]. We also demonstrated that GANT61 

decreased CCND1 and CCNE1 in SUM159. Inhibition by GANT61 of GLI1 in SUM149 

and GLI1/2 in SUM159 leads to reduced expression of these GLI targets. In other models, 

GANT61 inhibition of GLI transcription has been shown to inhibit several cell activities 

including apoptosis (Bcl2) and cell cycle progression (cyclin D1 & E1) [43], and we are 

currently investigating further GANT61’s mechanism in these IBC models. Our findings 

here add to the idea that GANT61 targeting of GLI1 impairs cell cycle progression leading 

to reduced tumor growth.

In addition to 2D cell proliferation assays, we utilized assay models that are purported to be 

capable of predicting effects on tumor growth in vivo [76, 89], including colony formation, 

3D spheroid and tumor emboli assays. GANT61 significantly decreased the proliferative 

potential of SUM149, MDA-MB-231 and SUM159 cells as assessed by colony formation 

assay. The 3D spheroid assays are thought to more accurately reflect cell interactions within 

tumors as they grow, whereas cells grown in 2D on plastic lack these cell connections and 

3D organization. In the 3D spheroid model, we observed that GANT61 at low micromolar 

concentrations altered spheroid formation, decreased spheroid cross-sectional area and at 

higher concentrations promoted spheroid fragmentation for SUM149 and SUM159 cells. For 

SUM149, GANT61 was ~3–4 more potent in 2D culture compared to the 3D format which 

may reflect differences in spheroid biology. Differential drug effects in 2D versus 3D culture 

have been reported with cells in tight spheroids being more resistant to drug effects [68, 90, 

91] due to increases in cell survival pathways [68, 90], transporter proteins [90] and 

potential rewiring of signaling pathways [91]. The effect on MDA-MB-231 was difficult to 

assess in our assay format as these cells formed cell aggregates rather than tight spheroids 

although GANT61 has been reported to decrease mammosphere numbers of MDA-MB-231 

[83]. While 3D spheroid formation is characteristic of most breast cancer cells, the 

formation of tumor cell emboli are a distinct feature of IBC cells with dermal lymphatic 

emboli promoting the rapid spread of IBC throughout the body [69, 92, 93]. In the tumor 

emboli model, when tested at its IC50 concentration, GANT61 was effective at disrupting 

tumor emboli formation.

We demonstrated that GANT61 was also effective in vivo in reducing tumor growth in 

orthotopic xenograft models for IBC. Further, we showed that GANT61 treatment reduced 
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GLI1 expression in the tumors, a finding also seen in vivo with GANT61 treatment in 

rhabdomyosarcoma [72], prostate [70] and pancreatic [94] xenograft models. Our findings 

demonstrating the efficacy of GANT61 in in vitro and in vivo IBC models also builds upon 

recent studies showing GANT61 to be effective in breast cancer xenografts when combined 

with a second Hh pathway inhibitor itraconazole [95], and when tested in a mouse mammary 

cancer xenograft model [84]. We also found that GANT61 significantly reduced tumor 

growth in SUM159 but not in MDA-MB-231 xenografts (Supplementary Fig. 4C) 

suggesting GANT61 has increased efficacy in GLI1+ compared to GLI2+ in vivo models. 

GANT61 has shown efficacy in vivo in a number of different xenograft models including 

prostate [46, 70], pancreatic [94], lung [71], neuroblastoma [73], and rhabdomyosarcoma 

[72]. JK184 demonstrated toxicity at relatively low concentrations in our cell models and so 

prior to testing it in xenograft models we are assessing its maximum tolerated dose to 

identify any potential toxicity effects in vivo (Darr and Williams, unpublished data). The 

GLI antagonists used in our study have differing mechanisms of action and so it would be of 

interest to assess whether combinations would have an additive or synergistic effect.

To our knowledge, a comprehensive profiling of the GLI antagonists has not been previously 

undertaken in a cancer model. Ridzewski et al compared four SMO inhibitors in 

rhabdomyosarcoma cell lines and observed cell line dependent effects [96]. In some cases a 

paradoxical increase in GLI1 levels by SMO inhibitors was observed in some cell lines [96], 

which has also been seen with cyclopamine on breast cancer cell lines [81]. Benvenuto et al 
[84] compared a SMO inhibitor with GANT61 in breast cancer cell models and found that 

GANT61 was more effective than the SMO inhibitor in reducing cell survival and Hh 

pathway activity, presumably as we (herein) and others [81] have shown that the majority of 

breast cancer cell lines possess very low levels of SMO, with GLI1 typically activated by 

Hh/SMO-independent non-canonical mechanisms as we previously found for IBC [29].

In conclusion, we propose that GANT61 was effective in IBC models as SUM149 has high 

GLI1 and GANT61 is GLI1-directed. Our findings indicate that GANT61 inhibition of GLI1 

in IBC results in reduced cell proliferation and impaired cell cycle progression leading to 

reduced tumor growth. Hence, our studies highlight the importance of targeting at the level 

of GLI and add more evidence to the potential of GLI1-directed binders such as GANT61 

[78] as potential therapeutics for those cancers including IBC where GLI activation is driven 

primarily by non-canonical mechanisms. Our studies have demonstrated that the use of GLI 

inhibitors can be a valid therapeutic approach for treating GLI-dependent TNBC cancers 

such as IBC for which there are few therapeutic options.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. TN-IBC (SUM149) and TNBC (SUM159) cell lines expressed elevated levels 

of GLI1.

2. GANT61 and JK184 inhibited proliferation and colony formation of 

SUM149/159 and MDA-MB-231.

3. GANT61 and JK184 reduced expression of GLI1 and genes involved in cell 

cycle progression.

4. In 3D models of SUM149 and SUM159, GANT61 reduced tumor spheroid 

size and tumor emboli formation.

5. GANT61 had significant in vivo efficacy in orthotropic xenograft models for 

IBC.
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Fig. 1. 
Effect of GLI antagonists on breast cancer cell proliferation and Hh pathway activity. (A) 

mRNA levels of GLI1/2/3, PTCH1, and SMO in IBC and non-IBC cell lines. Data are 

expressed as mean ± SD. (B) Testing of GLI antagonists for Hh pathway inhibition in 

C3H10T1/2 hedgehog functional assay. C3H10T12 cells were stimulated with Shh protein 

(2 µg/ml) in the presence of GLI antagonists (0.001 – 10 µM) and alkaline phosphatase 

measured at 5 d. Dose response curves were generated using non-linear regression and IC50 

values determined in GraphPad Prism 6. (C) SUM149, MDA-MB-231 and SUM159 cells 

were incubated with GLI antagonists (0.001 – 25 µM) for 72 h, stained with Hoechst-33342 
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nuclear stain and cell numbers determined by high content imaging. Upper: Dose response 

curves for relative nuclei count. For each concentration run in triplicate, percent inhibition 

values were calculated and data normalized to vehicle. Data is mean ± SD (n = 3). Dose 

response curves were generated using non-linear regression and IC50 values determined in 

GraphPad Prism 6. Lower: Representative images. (D) SUM149, MDA-MB-231, SUM159 

and SKBR3 cells were incubated with GLI antagonists (0.001 – 25 µM) for 72 h, and 

proliferation assessed by Presto Blue. For each concentration, percent inhibition values were 

calculated and data normalized to vehicle. The heat map was generated in Excel using 

conditional formatting with red representing 100% inhibition through to green for 0% 

inhibition. (E) qRT-PCR comparative expression of Hh-GLI downstream targets in SUM149, 

MDA-MB-231 and SUM159 cells treated with vehicle (0.1% DMSO), GANT61 (20 µM) or 

JK184 (30 nM) for 72 h. Mean ± SD shown, n=4, two-way ANOVA with Tukey’s post-test 

(*p<0.05, **p<0.005, ***p<0.0005 and ****p<0.0001; significantly different from 

respective controls).
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Fig. 2. 
Effect of GLI antagonists JK184, HPI-1, HPI-4 and GANT61 on SUM149, MDA-MB-231 

and SUM159 colony formation. For colony formation, cells were seeded in 6-well plates, 

treated with the indicated compounds for 5–14 days, fixed, colonies stained and counted. (A) 

Representative images for SUM149 and MDA-MB-231 colonies stained with crystal violet. 

A minimum of two independent experiments were carried out. (B) SUM149 and MDA-

MB-231 percent colony formation relative to vehicle. (C) Representative images for 

SUM159 colonies and percent colony formation relative to vehicle. Data represents mean ± 

SD percentage of colonies relative to vehicle/untreated for a minimum of three wells. One-

way ANOVA with Tukey’s post-test (*p<0.05, **p<0.005, ***p<0.0005 and ****p<0.0001; 

significantly different from respective controls).
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Fig. 3. 
GANT61 disrupts formation of SUM149 tumor spheroids and tumor emboli. For the tumor 

spheroid assay, cells were seeded in ultralow attachment 384-well plates and treated 24 h 

later with either vehicle control (DMSO), staurosporine, or GANT61 at the indicated 

concentrations. Cells were grown for a further 72 h, spheroids stained with Hoechst/

YOYO-1 and high content 3D images obtained using the CellInsight HCS platform. (A) 

representative images are shown for each treatment. Three independent experiments were 

carried out. (B) Data represent mean ± SD percent normalized to DMSO vehicle control for 

spheroid area (Hoechst) and spheroid YOYO-1 comprising a minimum of five replicate 
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wells. Dose response curves were generated using non-linear regression and IC50 values 

determined in GraphPad Prism 6. (C) Tumor emboli: Representative images (10 × – scale 

bar = 100 microns) of SUM149 cells grown under tumor emboli conditions. Cells were 

treated at the time of plating with vehicle, staurosporine or GANT61 and cells grown for 7d. 

Images from at least two independent experiments comprising a minimum of three replicate 

wells.
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Fig. 4. 
Effect of GANT61 on formation of SUM159 and MDA-MB-231 tumor spheroids. The 

tumor spheroid assay was carried out as described in Fig. 3. Representative images (A) and 

dose response curves (B) are shown for SUM159 treated with staurosporine and GANT61. 

Representative images (C) and dose response curves (D) are shown for MDA-MB-231 

treated with GANT61. A minimum of two independent experiments were carried out. Data 

represent mean ± SD percent normalized to DMSO vehicle control for spheroid area 

(Hoechst) and spheroid YOYO-1 comprising a minimum of five replicate wells. Dose 
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response curves were generated using non-linear regression and IC50 values determined in 

GraphPad Prism 6.

Oladapo et al. Page 29

Cancer Lett. Author manuscript; available in PMC 2018 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
GANT61 treatment inhibits TN-IBC SUM149-derived xenograft tumor growth. (A) Nude 

NU/J mic were injected orthotopically with SUM149 cells into the mammary fat pad. Once 

tumors reached 5 × 5 mm (6 weeks) they were treated with vehicle or GANT61 (50 mg/kg 

i.p. 3× per week for n = five animals). Tumor response was assessed by weekly caliper 

measurements. Tumor volumes (Mean ± SEM) are shown for each time point. Statistical 

significance relative to respective control *P<0.05, **P<0.005, ***P<0.001 (Student t-test). 

Comparisons in tumor growth were also made by linear regression in GraphPad Prism 6.0. 

Statistical significance relative to control #P<0.05. (B) Quantification of the study shown in 
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(A) for GLI1 protein expression by immunoblot analysis. Mean band intensity normalized to 

total protein (± SD) for vehicle compared to GANT61 treated tumor lysates (left panel). 

*P<0.05 (Student t-test). Representative immunoblot for GLI1 protein expression from three 

independent analyses of tumor cell lysates (B, right panel). (C) NOD SCID mice were 

injected orthotopically with SUM149 cells into the mammary fat pad. Once tumors were 

palpable, mice were treated with vehicle or GANT61 in vehicle (50 mg/kg i.p. once per day 

for n = five animals). After 21 days, tumors were excised and weighed. Weights are shown 

as Mean ± SEM. *P<0.05, **P<0.005, ***P<0.001 (Student t-test). (D) Quantification from 

study shown in (C) of GLI1 mRNA in the SUM149-derived tumors (left panel). *P<0.05 

(Student t-test). Representative immunoblot from three independent experiments of tumor 

tissue lysates for GLI1 protein expression (D, right panel). Recombinant human GLI1 

protein (GLI1 protein) was included as a positive control for the Western.
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Table 1

IC50 values for GLI antagonists tested in C3H10T1/2 hedgehog functional assay and in Hoechst proliferation 

assay.

IC50 (µM)

(AP activity)a
IC50 (µM)

(Proliferation)b

C3H10T1/2 SUM149 MDA-MB-231 SUM159

HPI-1 1.1 29 > 25 20.5

HPI-2

HPI-3 0.7

HPI-4 50% @ 10 µM 15.9 6.2 No curve

GANT58 >10 >25

GANT61 3.7 6.3 5.6 6.1

JK184 0.02 0.01 0.08 0.05

Cyclopamine 0.2

a
GLI antagonists were assayed in dose response in the C3H10T1/2 Hh functional assay in the presence of 2 µg/ml Hh protein, and AP activity 

measured after 5 days.

b
GLI antagonists were tested in dose response in Hoechst assay as described in Materials and Methods. IC50 values were determined from a 

minimum of three independent experiments.
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Table 2

IC50 values for GLI antagonists tested in 3D tumor spheroid assay.

IC50 (µM)a

SUM149 MDA-MB-231 SUM159

Stauropsorine Spheroid Area 0.011 No curve 0.007

Spheroid YOYO-1 0.021 No curve 0.065

GANT61 Spheroid Area 18 16.7 22.6

Spheroid YOYO-1 25.9 No curve 37.8

a
GLI antagonists were tested in dose response in 3D tumor spheroid assay, stained with Hoechst and YOYO-1 and imaged as described in 

Materials and Methods. IC50 values were determined by non-linear regression in Graphpad Prism 6. A minimum of three independent experiments 

were conducted.

Cancer Lett. Author manuscript; available in PMC 2018 December 28.


	Abstract
	1. Introduction
	2. Materials and methods
	2.1 Cell lines and reagents
	2.2 Real time quantitative RT-PCR
	2.3 C3H10T1/2 cell-based assay for hedgehog activity
	2.4 Dose-response plates
	2.5 High content cell imaging and cell proliferation assays
	2.6 Colony formation assay
	2.7 Wound closure assay
	2.8 3D tumor spheroid high content imaging assay
	2.9 Tumor emboli assay
	2.10 Xenografts
	Study 1
	Study 2

	2.12 Western Immunoblotting
	2.13 Statistical analysis

	3. Results
	3.1 GLI1 and GLI2 are highly expressed in SUM149, SUM159 and MDA-MB-231 TNBC cell lines
	3.2 Assessment of a GLI antagonist panel reveals compounds with anti-hedgehog pathway activity in C3H10T1/2 cells
	3.3 GLI antagonists have differential effects on proliferation and cytotoxicity of GLI1/2 positive TNBC cell lines
	3.4 A subset of GLI antagonists decrease colony formation and cell motility of GLI1/2 positive TNBC cell lines
	3.5 GANT 61 decreased 3D tumor spheroid and tumor emboli formation in SUM149
	3.6 GANT61 decreased GLI1 positive IBC tumor growth in vivo

	4. Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Table 1
	Table 2

