
Cyclopamine-loaded Core-crosslinked Polymeric Micelles 
Enhance Radiation Response in Pancreatic Cancer and 
Pancreatic Stellate Cells

Jun Zhao1, Chunhui Wu1,2, James Abbruzzese4, Rosa F. Hwang3, and Chun Li1,*

1Department of Cancer Systems Imaging, The University of Texas MD Anderson Cancer Center, 
1515 Holcombe Blvd., Houston, TX 77030

2Department of Biophysics, School of Life Science and Technology, University of Electronic 
Science and Technology of China, Chengdu, Sichuan 610054, China

3Department of Surgical Oncology, The University of Texas MD Anderson Cancer Center, 1515 
Holcombe Blvd., Houston, TX 77030

4Division of Medical Oncology, Duke School of Medicine, Durham, NC 27710

Abstract

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal cancers. Cyclopamine (CPA), 

a potent inhibitor for sonic hedgehog pathway (SHH), shows great promises in PDAC treatment, 

including the disruption of tumor-associated stroma, and enhancement of radiation therapy. 

However, CPA is insoluble in water; therefore requires a nanometric delivery platform to achieve 

satisfactory performance. We herein encapsulated CPA in a core-crosslinked polymeric micelle 

system (M-CPA). M-CPA was combined with Cs-137 radiation and evaluated in vitro in PDAC 

cell lines and a human pancreatic stellate cell line. The results showed M-CPA had higher 

cytotoxicity than CPA, abolished Gli-1 expression (a key component of SHH), and enhanced the 

radiation therapy of Cs-137. M-CPA radio-sensitization correlated with its ability to disrupt the 

repair of radiation-induced DNA damage. These findings indicate that the combination therapy of 

M-CPA and radiation is an effective strategy to simultaneously treat pancreatic tumors and tumor-

associated stroma.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth-leading cause of cancer-related 

death in the United States, with an overall 5-year survival rate below 5% 1. About 40% of 

pancreatic cancer patients have locally advanced disease that cannot be surgically resected 2. 

This cohort of patients is usually treated with concurrent chemoradiation therapy (CCRT) 3. 

Still, the majority of patients die of local or distant tumor recurrence within several years 

following CCRT. Therefore, there is an urgent need for more effective adjuvant therapies to 

further improve the efficacy of radiation therapy. On the other hand, PDAC is accompanied 

by abundant desmoplastic stroma, an excessive fibrotic deposition produced by pancreatic 

stellate cells. Stromal tissue presents a unique challenge to PDAC therapy by protecting 

tumor cells against radiation or chemotherapy, promoting tumor progression, and inducing 

metastasis. Importantly, the stroma tissue creates a hypoxic tumor microenvironment that 

could negate the efficacy of radiation therapy 4. Therefore, disruption of stromal tissue is a 

critical step in treating PDAC 5.

The sonic hedgehog (SHH) pathway is a key pathway active in PDAC progression. SHH 

regulates tissue development, differentiation, and homeostasis in normal tissues 6. While 

mostly quiescent in the normal pancreas, SHH pathway is aberrantly activated in PDAC 

primary tumors or precursor lesions. In a typical scenario of activation, Shh ligands bind to 

Patched (PTCH) and release its inhibition of Smoothened (SMO). SMO then activates the 

Gli-family of transcription factors and their downstream targets. In PDAC and other 

malignancies, the SHH pathway has been shown to function in a paracrine manner 7. 

Specifically, the pancreatic stellate cells (PSCs) in the tumor associated stroma of PDAC 

have been shown to express the SMO receptor that becomes activated by hedgehog ligands 

produced by the PDAC cells 7b. Over-expression of factors in the SHH signaling pathway 

such as PTCH1, SMO, and Gli-1 are related to poor prognosis of PDAC 8. Blockage of SHH 

not only suppressed the proliferation of tumor cells but also disrupted stroma and facilitated 

the delivery of other chemotherapy drugs 6, 9.

Cyclopamine (CPA) is a potent SMO inhibitor with promising therapeutic effects against 

PDAC, such as depleting cancer stem cells, preventing metastasis, and disrupting stroma 10. 
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In particular, CPA enhances the response of PDAC to ionizing radiation (IR) 10b. However, 

CPA is insoluble in water and has high systemic toxicity; therefore, it cannot be used 

directly in humans. The bioavailability of CPA can be improved using nanometric drug 

delivery systems 11. Polymeric micelles are attractive candidates for drug delivery 12. They 

can prolong the blood circulation of an encapsulated drug, minimize drug degradation, 

prevent undesirable drug deposition in healthy organs, and increase drug concentrations in 

the tumor region. Once tagged with active targeting moieties, polymeric micelles can 

preferentially accumulate in tumors and thus further improve the efficacy of drug delivery.

In the present study, we developed a core-crosslinked polymeric micelle system as a drug-

delivery platform for CPA. This micellar formulation (M-CPA) was combined with ionizing 

radiation (IR) and tested against pancreatic cancer cell lines as well as a pancreatic stellate 

cell line. We hypothesized that M-CPA could enhance radiation response in SMO-expressing 

pancreatic cancer cells and pancreatic stellate cells.

2. Experimental Sections

2.1. Synthesis of Block Copolymer Precursor

This procedure is described in detail in the supplementary materials section. As shown in 

Fig. 1, the first step was to synthesize poly[oligo(ethylene glycol) monomethyl ether 

methacrylate)31-b-poly(2-hydroxyethyl methacrylate)26 (compound 2), abbreviated as 

P(OEGMA)31-b-P(HEMA)26, using atom transfer radical polymerization. Next, a short 

chain of hydrophobic oligo(ε-caprolactone) was grafted onto the P(HEMA) block, using 

controlled ring-opening polymerization, to make the amphiphilic polymer (compound 3) 
abbreviated as P(OEGMA)31-b-P(HEMA-CL5)26. Triethoxysilane function groups were 

then tethered to the hydrophobic block as crosslinkers to yield compound 4, abbreviated as 

P(OEGMA)31-b-P(HEMA-CL5-Si)26. The structures of the polymers were monitored using 

proton nuclear magnetic resonance spectroscopy (1H-NMR) (Bruker Avance 600 

spectrometer, Billerica, MA).

2.2. Formation and Characterization of CPA-loaded Micelles (M-CPA)

CPA (6.0 mg) and copolymer 4 (200 mg) were dissolved in 1 ml tetrahydrofuran. Double-

distilled water (2 ml) was then added to the solution under vigorous vortexing, followed by 

dialysis against double-distilled water at 5°C for 24 hours. The mixture was passed through 

a 0.22-μm filter to remove un-encapsulated CPA. Drug-release

The size and size distribution of M-CPA were measured by dynamic light scattering 

(Brookhaven 90Plus, Holtsville, NY). To determine CPA loading, micelles were first 

dissolved in ethanol to release encapsulated CPA. The ethanol solution was analyzed using 

an Agilent 1100 Series high-performance liquid chromatography system (Santa Clara, CA). 

The mobile phase was a mixture of 0.1% trifluoroacetic acid in water (phase A) and 

acetonitrile (phase B), running over 30 minutes in gradient from 5%B to 95%B (v/v). The 

column was an Agilent C18 (4.6 × 250 mm) with 5-μm particles. The flow rate was 1.0 ml/

min, and the detection wavelength was 210 nm.

Zhao et al. Page 3

Mol Pharm. Author manuscript; available in PMC 2016 October 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



For drug releasing profile, micelles were added to a micro-dialyzer (MWCO ∼ 3000), and 

incubated in PBS (pH7.4) or sodium acetate buffer (pH5.2) at 37 °C with agitation. At pre-

determined time points, 20 μL of the solution inside dialyzer was retrieved and centrifuged 

at 5,000 RPM for 5 min. 10 μL of the supernatant was analyzed using HPLC for the 

concentrations of CPA.

2.3. Cell Lines

We selected pancreatic cancer cell lines with variant sensitivities to CPA according to 

previous reports 13. Two pancreatic cancer cell lines were obtained from ATCC: Miapaca-2 

(CPA-sensitive), L3.6pl (moderate CPA-sensitive) 13 and Panc-1 (CPA-resistant) 10a. An 

SMO-expressing human pancreatic stellate cell line (HPSC) was kindly provided by Dr. 

Rosa F. Hwang (MD Anderson Cancer Center).

2.4. Cytotoxicity

Cytotoxicity was evaluated with a (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS) assay. Cells were treated 

with M-CPA (dispersed in water) or free CPA (dissolved in DMSO) for 96 hrs before test. 

Cell viability was normalized to un-treated cells. For the combination therapy, cells were 

treated with M-CPA for 1 hr and exposed to pre-determined doses of IR using a MARK I 

Cesium-137 Irradiator (JL Shepherd & Associates, San Fernando, CA) at 309 cGy/min. 

MTS assay was performed 96 hrs later.

2.5. Potential Lethal Damage Repair (PLDR)

The PLDR assay was performed according to previous reports 14. Cells were grown to full 

confluency, irradiated, and plated following three schedules: (1) cells were plated right away 

without recovery; (2) cells were further cultured in growth medium at 37 °C for 24 hrs; and 

(3) cells were further incubated in the growth medium containing 10 μM M-CPA (in 

equivalent CPA concentration) at 37°C for 24 hrs. Cells were then re-plated in single-cell 

suspensions for colony formation. Such delayed plating was used to control the exposure of 

cells to M-CPA treatment, and to give cells sufficient time for repair of DNA damages. 

Colony survival curves were fitted using the linear-quadratic equation; mean inactivation 

dose was calculated according to previous reports 15. The formula used for calculating 

PLDR is given in Supplemental Materials.

2.6. Detection of DNA Damage by Comet Assay and 53BP1 staining

DNA single-strand breaks were analyzed using the single-cell gel electrophoresis assay 

(comet assay) under alkali lysing conditions (17). DNA double-strand breaks were analyzed 

using 53BP1 staining assay using rabbit-anti-human 53BP1 antibody and visualized using 

anti-rabbit IgG (H+L), F(ab')2 Fragment (Alexa Fluor® 488 Conjugate) (Cell Signaling, 

Beverly, MA). Fluorescence microscopic images were acquired using a Zeiss Axio 

Observer.Z1 fluorescence microscope (Carl Zeiss MicroImaging GmbH, Thornwood, NY).
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2.7. Western Blot Analysis

After treatment, cell lysate was fractioned and transferred to a polyvinylidene fluoride 

membrane (Millipore, Billerica, MA). Membranes were blotted with rabbit-anti-human 

monoclonal Gli-1 antibody (ab134906, Abcam Inc., Cambridge, MA, 1:1000 dilution) and 

visualized using fluorescent IRDye 680RD goat anti-rabbit IgG (H+L) (LI-COR, Lincoln, 

NE 1:5000 dilution). β-Actin (Sigma-Aldrich) was used as an internal control to ensure 

equal protein loading.

2.8. Statistical analysis

All values are expressed as mean ± standard error of mean (SEM). Either Student's t test or a 

one-way analysis of variance (ANOVA) was used to evaluate the data. A p-value less than 

0.05 was considered to be statistically significant.

3. Results

3.1. Synthesis and Characterization of Polymers and M-CPA

Block copolymers were prepared using atom transfer radical polymerization (ATRP), 

followed by controlled ring-opening polymerization. The ATRP initiator, 2-

(benzyloxycarbonyl amino)ethyl 2-bromo-isobutyrate, abbreviated as Z-BIBB, was first 

synthesized (1H-NMR spectrum shown in Fig. S1A). The peaks around 7.3 ppm (benzene H 

of Z-BIBB) were used as internal standards to calculate polymer molecular weight. 

P(OEGMA) and P(HEMA) blocks were sequentially built using ATRP (2, Fig. S1B). The 

peak at 3.25 ppm was assigned to -OCH3 at the end of the OEG chain; the peak at 4.8 ppm 

was assigned to -OH of HEMA. By comparing peak integrations, we concluded that 

polymer 2 had 31 units of OEGMA and 26 units of HEMA. The -OH groups of HEMA were 

then extended with short oligo(ε-caprolactone) (oligo-CL) side chains (3, Fig. S1C). The 

average number of CL units on each side chain was calculated from Fig. S1C by comparing 

the peak at 3.25 ppm (-OCH3 of OEG) with the peak at 1.54 ppm (β and δ -CH2- of the CL 

unit). There were about 5 units of CL per side chain. The oligo-CL chains were then tethered 

with triethoxysilanes (4, Fig. S1D) that could crosslink the micelle core in an aqueous 

medium. The number of grafted Si(OEt)3 units was determined by integrating the peak at 

0.5 ppm (-CH2-Si) (Fig. S1D). Each copolymer had 23 units of Si(OEt)3. CPA was then 

encapsulated in micelles at 1.4% by weight. Micelles were spontaneously crosslinked 

through the hydrolysis of triethoxysilane groups in aqueous solution. The formed micelles 

(M-CPA) were 69.5 ± 6.4 nm in diameter. The release of CPA from micelles was faster at 

pH 5.2 than at pH 7.4 (Fig. 2A). After 24 hr of incubation at 37 °C, 21.4 ± 3.4 % of CPA 

was released at pH 7.4; while 77.2 ± 0.7% was released at pH 5.2.

3.2. M-CPA Had Higher Cytotoxicity than CPA, Disrupted SHH Pathway in CPA-Sensitive 
Cell Lines

M-CPA was more potent than free CPA to Miapaca-2, Panc-1, and HPSC cells (Fig. 2B-C). 

The IC50 values of M-CPA were 0.8, 29.0, and 3.1 μM, while those of free CPA were 11.3, 

72.1, and 13.7 μM against the Miapaca-2, Panc-1, and HPSC cells, respectively, representing 

14.1-, 2.5-, and 4.4-fold decrease in IC50 values, respectively (p < 0.05), with M-CPA. 
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Similarly, the IC50 values of M-CPA and CPA against L3.6pl cells were 6.0 μM and 21.6 

μM, respectively (Fig. S2). L3.6pl cells were moderately sensitive to CPA treatment. In 

order to exclude the effect of blank micelles, the same cytotoxicity assay was performed on 

Miapaca-2 using both blank micelles and M-CPA. The IC50 value for blank micelles was at 

least 2-orders of magnitude higher than that of M-CPA, indicating that the blank micelles 

contributed minimal effect to the cytotoxicity of M-CPA (Fig. S3).

To evaluate the treatment response in SHH pathway, immunoblotting was performed to 

analyze the expression of Gli-1, PTCH, SMO, and Shh in the three cell lines (Fig. 2E). In 

Miapaca-2 and HPSC cells, CPA or M-CPA treatment reduced the expression of Gli-1, 

PTCH, and Shh; while M-CPA was more potent than CPA in Miapaca-2 cells. Neither CPA 

nor M-CPA decreased the expression of Gli-1 in Panc-1 cells. We also compared the effects 

of CPA and M-CPA (10 μM for 48 hrs) on cell apoptosis and cell cycles. M-CPA induced 

more cell apoptosis and cell death than CPA did in Miapaca-2, L3.6pl and HPSC cells but 

not in Panc-1 cells (Fig. S4). Both CPA and M-CPA induced only slight re-distribution of 

cell cycles in all tested cell lines (Fig. S5).

3.3. M-CPA Enhanced IR Response in Miapaca-2 and HPSC Cells

We first measured the cytotoxicity of IR and M-CPA mono-therapy (Fig. 3A). The doses that 

caused about 50% cell death in the IR and M-CPA monotherapies were then chosen for the 

combination therapy: 2 Gy + 1 μM M-CPA for Miapaca-2, 2 Gy + 30 μM M-CPA for 

Panc-1, and 5 Gy + 3 μM M-CPA for HPSC. The same doses of free CPA were used for 

combined treatment of CPA and IR: 1μM CPA for Miapaca-2, 30 μM CPA for Panc-1 and 3 

μM CPA for HPSC. The results are shown in Fig. 3 (B-D). These results show that with the 

exception of Pan-1 cells, M-CPA plus IR has significantly better cell killing effect than CPA 

plus IR. We further measured cell viability after treating the cell lines with fixed M-CPA 

concentrations but varying IR doses (Fig. S6). Cell viability for Panc-1 cells that were 

treated with 30 μM M-CPA remained unchanged after IR exposures at doses of 0, 1, 2 and 5 

Gy, indicating that M-CPA could not sensitize CPA-resistant Panc-1 cells (Fig. S6B).

3.4. M-CPA Reduced Post-IR Clonogenicity in Miapaca-2, L3.6pl, and HPSC Cells

We then examined the effect of M-CPA on post-IR clonogenicity via PLDR assay. The 

clonogenicity of cells depend on the integrity of DNA structure, which was severely 

compromised during IR. IR-induced DNA damages can be repaired over time through a 

cascade of DNA-repair mechanism. Therefore the 24-hour recovery group had higher 

survival fractions than the no-recovery group in all the cell lines. On the other hand, M-CPA 

significantly reduced survival fractions in Miapaca-2, L3.6pl, and HPSC cells after 24-hour 

recovery at IR doses of 2, 4, and 8 Gy (p < 0.05), indicating that the presence of M-CPA 

during the recovering period disrupted DNA repair (Fig. 4 and Fig. S8A&B). In contrast, 

Panc-1 cells had similar survival fractions regardless of the presence of M-CPA. Mean 

inactivation doses were calculated from the fitted survival curves (Table 1) 15a. M-CPA 

sensitized IR in Miapaca-2, L3.6pl, and HPSC cell lines by enhancement factors of 1.8 ± 0.2 

(p < 0.05), 1.5 ± 0.2 (p < 0.05), and 1.5 ± 0.2 (p < 0.05), respectively. No IR sensitization 

was observed in Panc-1 cells, with an enhancement factor of 1.0 ± 0.1 (p > 0.05). In order to 

compare the radiosensitization effects of CPA and M-CPA, cells were irradiated at 4 Gy in 

Zhao et al. Page 6

Mol Pharm. Author manuscript; available in PMC 2016 October 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the presence of 10 μM CPA or M-CPA, and then seeded for colony growth (Fig. 4D-F). 

Compared to CPA, fewer colonies were formed in the presence of M-CPA in Miapaca-2 and 

HPSC cells (p< 0.05); while neither CPA nor M-CPA reduced the number of colonies in 

Panc-1 cells (p> 0.05).

3.5. M-CPA Impaired Repair of IR-induced DNA Damage in Miapaca-2 and HPSC Cells

Cells were treated as described in Section 2.5. DNA single-strand breaks were analyzed by 

comet assay (Fig. 5 A, D and G). The percentage of damaged DNA in Miapaca-2 cells was 

32.6 ± 1.1% without recovery and 12.9 ± 0.7% after 24-hour recovery. The percentage 

increased to 24.9 ± 1.1% when M-CPA was present during recovery (all groups significantly 

different from each other, p < 0.05, Fig. 5A). A similar trend was observed in HPSC cells. 

The percentages of damaged DNA were 38.1 ± 0.7%, 18.5 ± 0.5%, and 24.5 ± 0.5%, 

respectively (all group significantly different from each other, p < 0.05, Fig. 5G). M-CPA 

did not affect DNA repair in Panc-1 cells; the percentages of damaged DNA after 24-hour 

recovery were 13.8 ± 0.5% without M-CPA and 14.5 ± 0.5% with M-CPA (p > 0.05) (Fig. 

5D).

To further characterize the response in DNA double-strand breaks, expression of 53BP1, a 

marker of DNA double-strand breaks, was monitored using fluorescence microscopy 16. The 

results agreed with those of the comet assay. The presence of M-CPA retained 53BP1 

staining 24 hrs after radiation in both Miapaca-2 (Fig.5 B&C) and HPSC (Fig.5 H&I). The 

53BP1 intensity was not affected by M-CPA in Panc-1 cells (Fig.5 E&F).

4. Discussion

We hereby prepared a novel core-crosslinked polymeric micelle system to deliver CPA. The 

resultant M-CPA was a potent SMO inhibitor and more toxic than free CPA. M-CPA 

enhanced the radiation response of Miapaca-2, L3.6pl, and HPSC cells by factors of 1.8 

± 0.2, 1.5 ± 0.2, and 1.5 ± 0.2, respectively; and M-CPA radio-sensitization correlated with 

its ability to disrupt the repair of radiation-induced DNA damage. The efficacy of combined 

M-CPA-IR treatment in HPSC cells suggests that this tactic is also effective against tumor-

associated stroma.

The first goal of this study was to develop a drug delivery system for CPA. Several nano-

formulations have been explored to deliver CPA 11. In this study, CPA was encapsulated in 

core-crosslinked polymeric micelles, which had the following advantages. The micelles 

were surrounded by a dense layer of brush-like P(OEGMA) corona that should reduce the 

non-specific micelle uptake in healthy organs 17. The termini of the P(OEGMA) corona 

contained protected amine groups that can be de-protected and conjugated with targeting 

moieties, if needed. The micelle core was crosslinked with silica to increase micellar 

stability during circulation; the crosslinking was achieved spontaneously in aqueous 

solution. The degradability of oligo-caprolactone chains ensured CPA release and the 

eventual clearance of micelles from the body. M-CPA had the same mechanism of action as 

CPA with regard to its ability to down-regulate the expression of SHH pathway in CPA-

sensitive cells (Fig. 2E). We also found that M-CPA exhibited higher cytotoxicity than free 

CPA in all four cell lines studied (Fig. 2 B-D and Fig. S2). M-CPA also had better 
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radiosensitizing effects than CPA (Fig. 3&4). The improved cell killing activity may be 

attributed to the increased intra-cellular delivery of CPA through M-CPA.

The second goal of this study was to combine M-CPA with IR to treat PDAC. IR is an 

important option for inoperable PDAC, yet it has limited success against dormant tumor 

cells or cancer stem cells. In some cases, IR-induced tumor shrinkage was followed by 

tumor regrowth 18. Recent studies found that SHH activation could protect tumor cells 

against IR 19; while co-treatment with CPA, a potent SHH inhibitor, could enhance tumor 

response to IR 19b, 20. CPA-induced radio-sensitization was attributed to factors including 

cell cycle arrest, depletion of cancer stem cells and disruption of DNA damage repair 21. As 

for our study, in both Miapaca-2 and HPSC cells, the combined M-CPA/IR therapy reduced 

cell proliferation more than either mono-therapy did (Fig. 3 B&D). Since it is well known 

that IR causes DNA damage, we sought to determine whether M-CPA radio-sensitized 

through the disruption of DNA damage repair (Fig. 4 and 5). The decrease in clonogenicity 

of IR-treated cells was in accordance with the disruption of repair of DNA damage. In all 

three cell lines, the 24-hour recovery group had less DNA damage and formed more colonies 

than the no-recovery group. Moreover, the presence of M-CPA during the 24-hour recovery 

period disrupted DNA damage repair in Miapaca-2 and HPSC cells, and fewer colonies were 

formed than their counterparts without M-CPA. No radio-sensitization and no disruption in 

DNA damage repair were observed in Panc-1 cells treated with M-CPA, suggesting that the 

CPA-induced sensitization was associated with the DNA repair mechanism.

In order to test whether radiosensitization of M-CPA was related to sensitivity of cells to 

CPA treatment, we selected pancreatic cancer cell lines with variant sensitivities to CPA 

according to previous reports 13. CPA-resistant Panc-1 cells were used as negative control. 

Steg et al. 22 showed that the high expression of Gli-3 may contribute to its CPA resistance; 

where Gli-3 knockdown by siRNA treatment restored the CPA efficacy in Panc-1 cells. In 

another study, Lauth et al. 23 suggested that Panc-1 cells had mutations downstream of 

SMO, thus making the CPA treatment ineffective. As shown in Fig. 3, 4 and Table 1, M-CPA 

potentiated radioresponse in Miapaca-2 and HPSC cells but not in Panc-1 cells. 

Additionally, radio-sensitization was also observed in L3.6pl cell line with either delayed 

plating (Fig. S7A) or immediate plating (Fig. S7B). Miapaca-2 is known to be sensitive to 

CPA treatment, and Panc-1 cells are known to be resistant to CPA treatment 7b, 13. Both 

HPSC and L3.6pl cell lines were moderately sensitive to M-CPA (Fig. 2D and Fig. S2). 

Immunofluorescence staining found SMO expression in all tested cell lines including Panc-1 

(Fig. S8). Taking together, our data suggest that SMO expression is not a prerequisite for 

radiosensitization effect of M-CPA. Redistribution to cell cycle to more radiosensitive 

phases is not responsible for M-CPA's radiosensitization activity. The radiosensitization 

effect of M-CPA appears to be linked to sensitivity of cells to CPA treatment and inhibition 

of DNA repair by M-CPA. Further studies are needed to clarify the role of SHH pathway in 

DNA repair and radiosensitization effect M-CPA.

The third goal of this study was to investigate the M-CPA-mediated radio-sensitization of 

pancreatic stellate cells. Stellate cells are a major source of tumor-associated stroma. Both 

stellate cells and stroma tissue contribute to the resilience of PDAC. Stellate cells may 

protect tumor cells against radiation and chemotherapy 24. They also enhance the stemness 
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of cancer cells that may cause tumor regrowth 25. Stroma tissue impairs the efficiency of 

drug delivery, as well as creates a hypoxic environment that could aggravate pancreatic 

tumors growth 26. SHH is a key component regulating stroma deposition, since stellate cells 

can be stimulated by tumor-secreted SHH ligands to produce more stroma. Blockage of 

SHH pathway by CPA could permeate stroma and restore the delivery of chemotherapy 

drugs 9a. Similarly, we found in this study that M-CPA had significant cytotoxicity to HPSC 

cells and abrogated Gli-1 expression in HPSC cells (Fig. 2). M-CPA enhanced HPSC cell 

response to IR (Fig. 3D and 4C). Therefore, the combination therapy may be an effective 

tactic to damage tumor-associated stroma.

The limitations of current study is that the in vitro work was performed in normoxia. 

Hypoxia is an important player in the development of pancreatic cancer, because the oxygen 

supply is restricted by the poorly developed vasculatures as well as the dense tumor 

stroma 27. Hypoxia has been shown to contribute to the drug-resistance and epithelial-to-

mesenchymal transition (EMT) in pancreatic cancer 28. It also decrease the efficacy of 

radiation since fewer reactive oxidizing species (ROS) could be generated by ionizing 

radiation under hypoxia than under normoxia 4b. The present study showed that M-CPA 

treatment could disrupt the stroma-producing stellate cells, suggesting that M-CPA may 

disrupt the tumor-associated stroma in vivo to alleviate the hypoxia within tumor 

microenvironment. Therefore, our future studies will be conducted in animal models or 

hypoxic cell culture systems to evaluate the effects of M-CPA on hypoxia.

In conclusion, the M-CPA delivery system improves CPA cytotoxicity compared to the free 

CPA. M-CPA sensitized radiation damage to both pancreatic cancer cells and stellate cells 

that are responsive to CPA. M-CPA-IR combination therapy may be an effective treatment 

for pancreatic cancer. We are aware that current manuscript is limited that only in vitro 

studies are presented. Future studies are needed to show that combined M-CPA and 

radiotherapy are also effective in treating pancreatic cancer in appropriate preclinical animal 

models of pancreatic cancer
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Figure 1. 
Synthesis of polymer precursor for the core-crosslinked polymeric micelles: (1) 2-

(benzyloxycarbonyl amino)ethyl 2-bromo-isobutyrate; (2) P(OEGMA)31-b-P(HEMA)26; (3) 

P(OEGMA)31-b-P(HEMA-CL5)26; and (4) P(OEGMA)31-b-P(HEMA-CL5-Si)26. Reaction 

conditions: (i) cuprous bromide, bipyridine, 50 °C in methanol; (ii) tin(II) 2-ethylhexanoate, 

120 °C in toluene; (iii) 3-isocyanatopropyl triethoxysilane, dibutyltin dilaurate, 40 °C in 

toluene. CPA: cyclopamine.
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Figure 2. 
Effects of CPA and M-CPA on cell viability and SHH pathway in Miapaca-2, Panc-1 and 

HPSC cells. (A) CPA release profiles at 37 °C in pH7.4 and pH 5.2 buffers. (B-D) Cell 

viability after treatment with free CPA and M-CPA. Data points are presented as mean ± 

standard error of mean (N = 6) (E) Expression of SHH pathway proteins in Miapaca-2, 

Panc-1 and HPSC cells after treatment with CPA and M-CPA (both at 10 M CPA equivalent 

concentration). 30 μg protein was loaded into each lane for immunoblotting.
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Figure 3. 
Effects of radiation and M-CPA on cell viability. (A) Effect of radiation doses on the 

viability of three cell lines. (B) Combination effects of 2 Gy IR and 1 μM CPA or M-CPA on 

the viability of Miapaca-2 (B); effects of 2Gy IR and 30 μM CPA or M-CPA on the viability 

of Panc-1 (C); and effects of 5Gy IR and 3 μM CPA or M-CPA on the viability of HPSC 

(D). Significant differences were marked by * (p < 0.05).
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Figure 4. 
Clonogenic survival of Miapaca-2 (A), Panc-1 (B), and HPSC (C) cells as a function of IR 

dose. There were three treatment groups: no recovery (open red circle), 24-hr recovery (blue 

triangles) and 24-hr recovery with 10 μM M-CPA (open black diamond). Data are expressed 

as fraction of colonies formed relative to untreated cells (mean ± SEM, N = 4). Survival 

curves were fitted using Log10(survival fraction) = -α(Dose)-β(Dose)2. Mean inactivation 

dose (MID) was calculated as , see Ref 15a. (D-E) Efficiency of colony 

formation after 4Gy IR, 4Gy + 10 μM CPA, and 4Gy + 10 μM M-CPA.
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Figure 5. 
Effect of M-CPA on the repair of IR-induced DNA damage. (A, D, and G) Single-strand 

breaks were analyzed by comet assay. The percentages of damaged DNA were averaged 

from at least 100 nuclei (mean ± SEM). Double-strand breaks were visualized by 53BP1 

staining: Miapaca-2 (B&C), Panc-1 (E&F), and HPSC (H&I). Treatment doses: radiation = 

10 Gy, M-CPA = 10 μM. Significant differences are denoted by * (p < 0.05).
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Table 1
Effect of cell recovery and M-CPA on mean inactivation dose

Mean Inactivation Dose (Gy)

No Recovery 24-hr Recovery 24-hr Recovery + 10 μM M-CPA Enhancement Factor of M-CPA

Miapaca-2 5.4 ± 0.6 7.0 ± 0.7 3.8 ± 0.2 1.8 ± 0.2

L3.6pl 4.0 ± 0.4 5.1 ± 0.5 3.5 ± 0.2 1.5 ± 0.2

HPSC 4.3 ± 0.3 8.2 ± 0.6 5.4 ± 0.4 1.5 ± 0.2

Panc-1 5.1 ± 0.6 6.7 ± 0.4 6.7 ± 0.5 1.0 ± 0.1
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