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Cholangiocarcinoma (CCA) is characterized by resistance to
chemotherapy and a poor prognosis. Therefore, treatments that
can effectively suppress tumor growth are urgently needed. Aber-
rant activation of hedgehog (HH) signaling has been implicated in
several cancers, including those of the hepatobiliary tract. However,
the role of HH signaling in intrahepatic CCA (iCCA) has not been
completely elucidated. In this study, we addressed the function of
the main transducer Smoothened (SMO) and the transcription
factors (TFs) GLI1 and GLI2 in iCCA. In addition, we evaluated
the potential benefits of the combined inhibition of SMO and the
DNA damage kinase WEEL. Transcriptomic analysis of 152 human
iCCA samples showed increased expression of GLII, GLI2, and
Patched 1 (PTCHI) in tumor tissues compared with nontumor

Introduction

Cholangiocarcinoma (CCA) is an aggressive cancer of the biliary
tree, and its incidence is increasing worldwide (1). The aggressive
properties of this cancer are associated with the development of an
abundant desmoplastic stroma, which contains high amounts of
cancer-associated fibroblasts, immune cell subsets, and extracellular
matrix (2, 3). Patients with CCAs are usually asymptomatic in the early
stages and are often diagnosed at late stages when the therapeutic
options are limited, leading to poor prognosis (4). Thus, there is an
urgent need for novel and effective treatments.

The hedgehog (HH) signaling plays a pivotal role in liver regen-
eration and in maintaining the number of hepatic progenitors
throughout life (5). It is also involved in the expansion of ductal cell
populations after biliary injury (6). HH signaling is initiated through
the binding of HH ligands to the 12-pass transmembrane receptor
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tissues. Genetic silencing of SMO, GLI1, and GLI2 inhibited the
growth, survival, invasiveness, and self-renewal of iCCA cells.
Pharmacologic inhibition of SMO reduced iCCA growth and
viability in vitro, by inducing double-strand break DNA damage,
leading to mitotic arrest and apoptotic cell death. Importantly, SMO
inhibition resulted in the activation of the G,—~M checkpoint and
DNA damage kinase WEE], increasing the vulnerability to WEE1
inhibition. Hence, the combination of MRT-92 with the WEE1
inhibitor AZD-1775 showed increased antitumor activity in vitro
and in iCCA xenografts compared with single treatments. These
data indicate that combined inhibition of SMO and WEEI reduces
tumor burden and may represent a strategy for the clinical devel-
opment of novel therapeutic approaches in iCCA.

Patched 1 (PTCH1). This binding removes the repression of the 7-pass
transmembrane G-protein—coupled receptor Smoothened (SMO), the
main transducer of the HH pathway. Active SMO initiates an intra-
cellular signaling cascade that ultimately leads to the activation of the
zinc-finger transcription factor (TF) GLI2, which translocates to the
nucleus and transactivates GLII (7). Aberrant activation of HH
signaling has been reported in different types of cancer (8). Several
small molecule inhibitors targeting SMO have been developed, and
two (vismodegib/GDC-0449 and sonidegib/LDE-225) have been
approved for use in advanced basal cell carcinoma (9, 10). However,
the clinical use of these SMO antagonists has been challenged by the
development of resistance, severe adverse effects, and relapse upon
drug withdrawal. Inhibition of HH signaling in cancer cells has been
associated with the induction of DNA damage through activation of
the ATM-CHK2 and ATR-CHKI1 axes (11-13). These findings
suggest that HH pathway inhibitors should be mechanistically
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combined with replication-associated DNA-damaging agents to
potentiate antitumor activity.

Previous reports have highlighted the requirement of HH signaling
for the growth, proliferation, and survival of CCA (14-19). However,
most of these studies were based on the use of cyclopamine or first-
generation SMO inhibitors, and the cellular and biological functions
controlled by HH signaling in intrahepatic CCA (iCCA) have not been
completely elucidated. Here, we thoroughly investigated the effects of
pharmacologic and genetic inhibition of HH signaling in iCCA. Our
data revealed that targeting HH signaling at different levels reduces
proliferation, invasion, and self-renewal in human iCCA cells. Inter-
estingly, pharmacologic inhibition of SMO induced the activation of
the key G,—~M and DNA damage checkpoint kinase WEE1. Combined
inhibition of SMO and WEE1 with specific inhibitors resulted in a
strong reduction in iCCA cell growth in vitro and a dramatic decrease
in tumor growth in vivo.

Materials and Methods

Cell lines

HEK-293T (RRID: CVCL_0063) cells were purchased from ATCC
(Manassas, VA). The iCCA cell lines HuCCT1 (RRID: CVCL_0324)
and CCLP1 (RRID: CVCL_0205) were kindly provided by Dr. A.J.
Demetris, University of Pittsburgh, and the primary culture of normal
human cholangiocytes (NHCs) by Prof. ].M. Banales (4). Cells were
cultured according to previously described conditions (20). Experi-
ments were performed within 5 weeks after defrosting cells. Cells were
regularly tested for potential Mycoplasma contamination using PCR.

Gene expression analysis

Gene expression profiles were obtained from a publicly available
dataset, Copenhagen, Denmark (GSE26566; ref. 21), including addi-
tional patients profiled on human Ref-8 v2.0 expression beadchip
arrays (Illumina). In total, 152 human iCCA tumor samples and 143
matched tumor-adjacent normal liver samples were analyzed. The
Institutional Review Board approval was provided by the contributing
local departments in compliance with the Declaration of Helsinki.
Written informed consent was obtained from all patients (21). Dif-
ferential analysis was performed on log2 transformed data comparing
the tumors with the surrounding normal tissues.

Drugs and treatments

LDE-225 (sonidegib; ref. 22) and GANT61 (23) were purchas-
ed from Selleckchem (Munich, Germany). The SMO inhibitors
MRT-92 (EPMF03 or Compound 1) and EPMFI11 (or Compound 2)
were previously described (13, 24). The WEE1 inhibitor AZD-1775
(MK-1775, adavosertib; ref. 25) was provided by MedChemExpress
(Monmouth Junction, NJ). Nocodazole was purchased from Sigma-
Aldrich (St. Louis, MO) and used at a concentration of 600 nmol/L
for 16 hours.

For dose-response curves, 25x 10% cells/well HuCCT1 and
CCLP1 cells were treated with increasing concentrations of each
compound in reduced-serum medium (1% FBS) for 72 hours. Cells
were fixed with 4% paraformaldehyde, stained with crystal violet,
and absorbance was measured with a VICTOR X5 (Multilabel Plate
Reader, PerkinElmer). The curves were obtained using GraphPad
Prism 6 (RRID: SCR_000306).

Lentiviral vectors and plasmids
Lentiviral particles were produced in HEK-293T cells as pre-
viously described (26). The short hairpin RNA (shRNA) vectors
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used were: pLKO.1-puro (scramble, LV-¢; (RRID: Addgene_8453),
pLKO.1-puro-shSMO (targeting sequence 5'- GTGGAGAAGAT-
CAACCTGTTT-3’), pLKO.1-puro-shGLI1 (targeting sequence 5'-
CATCCATCACAGATCGCATTT-3'; ref. 27), pLKO.1-puro-shGLI2
(targeting sequence 5'- CCGCTTCAGATGACAGATGTT-3'; ref. 28),
pLKO.1-puro-shWEE1-704 (targeting sequence 5'- GCCAGTGAT-
TATGAGCTTGAA-3'), and pLKO.1-puro-shWEE1-424 (targeting
sequence 5'- TTCTCATGTAGTTCGATATTT-3'). All sequences
were obtained from Open Biosystems (Lafayette, CO) and validated
in previous studies using a second independent shRNA for each
gene (27, 28).

Growth curves and colony-formation assay

For the growth curve, transduced HuCCT1 and CCLP1 cells were
seeded (9% 10° cells/well) and on days 0, 3, 5, and 7, cells were fixed
with 4% paraformaldehyde, stained with crystal violet, and absorb-
ance was measured with VICTOR X5 (Multilabel Plate Reader,
PerkinElmer). For colony-formation assay, transduced HuCCT1 and
CCLP1 cells were seeded at a low density (700 cells/well) in complete
medium. On days 10 to 15, cells were fixed and stained with crystal
violet, and colonies were counted using the ImageJ software.

Invasion and self-renewal assays

Invasion was measured in a modified Boyden chamber equipped
with 8 umol/L pore filters (Millipore Corp,) coated with Matrigel
(150 pg/mL; BD Biosciences) as previously described (29). After
incubation at 37°C (24 hours), cells that invaded the underside of
the filters were fixed and stained with Giemsa. Invasion assay was
expressed as the average number of invading cells per microscopic field
(40x) over at least five fields.

For self-renewal assay, five hundred iCCA cells were grown under
anchoring-independent conditions in poly 2-hydroxyethyl methacry-
late (poly-HEMA)-coated dishes (Sigma-Aldrich) with serum-free
DMEM/F12 medium supplemented with 1X B27 without vitamin
A (Life Technologies), 20 ng/mL EGF, and 20 ng/mL bFGF (R&D
Systems; refs. 30, 31). After 7 days, images were taken to measure the
number and size of spheres using a Leica DMil microscope (Leica).
The average number of formed spheres was determined in a micro-
scopic field (20x) over at least five fields.

Caspase 3/7 activity assay

Following treatments, Caspase-Glo 3/7 Assay (Promega) kit was
used to measure the activity of cleaved caspase-3 and -7 in whole cell
lysate. Fifteen g of protein samples in 25 pL total volume was mixed
with equal volume (25 pL) of Caspase-Glo reagent and incubated at
room temperature for 30 minutes. Then, the luminescence was mea-
sured using GloMax 20/20 Luminometer (Promega).

Western blot

For Western blot, cells were lysed in cold RIPA buffer (1% NP-40,
150 mmol/L NaCl, 5 mmol/L EDTA, 0,25% NaDOC, 50 mmol/L Tris-
HCL pH 7.5, 0,1% SDS) supplemented with protease and phosphatase
inhibitors and processed as previously described (26). The primary
antibodies used are summarized in Supplementary Table SI.

Immunofluorescence

HuCCT1 and CCLP1 cells were treated with MRT-92, fixed with 4%
paraformaldehyde, and incubated in blocking solution (2% BSA in
0.2% PBS-Triton). Primary anti-pSer10 histone H3 antibody (Cell
Signaling Technology) and secondary Alexa Fluor 488 goat anti-rabbit
IgG (Thermofisher) were used. Nuclei were stained with DAPI, and
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samples were observed with an Axio Observed Z1 inverted microscope
(Zeiss). Prophase nuclei were counted using Image] and normalized to
total DAPI counts.

Flow cytometric analysis

For cell-cycle analysis, iCCA cells were fixed and stained with
propidium iodide (50 pg/mL) and ribonuclease (5 U/mL). Data were
recorded using CytoFLEX S (BD Beckman Coulter), and the results
were analyzed using ModFit LT software (Verity Software House,
(RRID: SCR_016106). For the mitotic synchronization, iCCA cells
were treated with nocodazole 600 nmol/L for 16 hours, and then
treated with MRT-92 in medium containing 1% FBS at the indicated
doses for 36 hours. Cell-cycle distribution was analyzed by FACS every
2 hours. Apoptosis was analyzed using the Annexin V/7-AAD Apo-
ptosis Kit (BD Biosciences, San Jose, CA), according to the manu-
facturer’s instructions. The percentages of both early (Annexin V+/7-
AAD—) and late (Annexin V+/7-AAD+) apoptotic cells were
detected and measured using CytoFLEX S (BD Beckman Coulter).

CCA xenografts

CCLP1 cells were resuspended in Matrigel (Sigma)/DMEM (1/1)
and injected subcutaneously into the right lateral flank of adult
(8 weeks) male NOD/SCID mice (Charles River Laboratories;
4x10° cells/injection). Once tumors were 100 mm” on average, mice
were randomized into four groups and treated intraperitoneally with
MRT-92 (20 mg/kg, twice a day), by gavage with AZD-1775 (50 mg/kg,
once a day), combination of MRT-92 and AZD-1775, or vehicle for
19 days, following 6 days on/1 day off treatment schedule. MRT-92 was
dissolved in 20% 2-hydroxypropyl-B-cyclodextrin (Sigma-Aldrich),
whereas AZD-1775 was dissolved in 0.5% methylcellulose (Sigma-
Aldrich), kept in the dark with continuous stirring, and freshly
prepared every 4 days. Vehicle mice were treated with 20% 2-hydro-
xypropyl-B-cyclodextrin intraperitoneally (twice a day) and with 0.5%
methylcellulose via gavage (every day). The subcutaneous tumor size
was measured weekly using ultrasound and photoacoustic imaging
(Vevo). The health status of mice was assessed by measuring their body
weight once a week. The mice were fed with a standard rodent chow
diet ad libitum. For pharmacodynamic studies, tumor-bearing mice
were treated with drugs or vehicle for 3 days. Animals were euthanized
3 hours after the last treatment, and the tumors were dissected and
snap-frozen. Frozen specimens were homogenized in protein lysis
buffer, loaded on SDS-PAGE, and immunoblotted with specific anti-
bodies. All procedures were conducted in accordance with the Animal
Ethical Committee of the Italian Ministry of Health (authorization No.
412/2021-PR).

Ultrasound and photoacoustic imaging (Vevo)

Mice were anesthetized with isoflurane (induction dose at 4% and
maintenance dose at 2%) and placed on a heated pad (37°C) in the
prone position, and ECG, respiration rate, and body temperature were
steadily monitored. An ultrasound transmission gel was applied to
mouse skin for an efficient transduction of ultrasound and photo-
acoustic signals. Photoacoustic and ultrasound imaging were per-
formed using a Vevo LAZR-X system (Fujifilm VisualSonics). Axial
3D scans of the tumor masses were performed using B-Mode imaging
with a 55-MHz transducer. The volumes were subsequently measured
by delineating the region of interest for each axial slide using the Vevo
LAB software. For photoacoustic imaging, a Vevo Optical Fiber (Silica
fiber, Narrow) was placed on a Vevo Fiber Jacket positioned on the
transducer. Photoacoustic acquisitions were performed at 750 nm and
850 nm to obtain parametric maps of SO,.
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IHC

THC was performed in formalin-fixed, paraffin-embedded section of
CCLP1 xenografts. After antigen retrieval (with citrate buffer pH 6.0),
staining was performed with the UltraVision Detection System Kit
(Lab Vision, Fremont, CA) following the manufacturer’s instructions.
Sections were incubated overnight at 4°C with rabbit anti-cleaved
caspase 3 antibody (RRID: AB_10897512). DAB (Dako, Copenhagen,
Denmark) was used as chromogen. Nuclei were counterstained with
hematoxylin.

Statistical analysis

Data represent mean £ SD or = SEM values calculated on at least
three independent experiments. No statistical methods were used
for the sample size selection. P values were calculated using Student
t test (two groups) or one-way ANOVA (more than two groups).
Statistical significance of the in vivo experiment was assessed using
Welch ANOVA and Games-Howell test for multiple comparisons.
Differences were considered statistically significant at *, P < 0.05;
**, P <0.01; ***, P < 0.001; ****, P < 0.0001.

Data availability

All the data generated during this study are included in this
article and its online supplementary material. Further inquiries can
be directed to the corresponding authors.

Results

The HH pathway is upregulated in iCCA

To analyze the involvement of the HH pathway in iCCA, we first
tested the expression levels of the TFs GLII and GLI2, and the target
PTCHI, the best read-out of an active HH pathway. Bioinformatics
analysis of transcriptomic datasets from 152 surgically resected
human iCCA samples showed increased expression of GLI1, GLI2,
and PTCHI in the tumor compared with the matched surrounding
nontumor tissue (Fig. 1A). Consistently, Western blot analysis
showed that GLI1 and GLI2 were expressed at higher levels in
HuCCT1 and CCLP1iCCA cell lines than in NHCs (Supplementary
Fig. S1). In particular, CCLP1 cells expressed higher levels of GLI1
protein than GLI2, whereas HuCCT1 cells displayed a preferential
expression of GLI2. Interestingly, both iCCA cell lines displayed
high levels of the transmembrane receptor SMO, which is the main
druggable target of the HH pathway. These data indicate that the
HH pathway is active in iCCA tumors and cell lines, as previously
reported (16, 32).

Genetic silencing of SMO, GLI1, and GLI2 negatively affectsiCCA
cell proliferation, invasion and self-renewal

Transcriptome data on human iCCAs and matched tumor-adjacent
normal tissues suggest a possible role of the HH signaling in iCCA,
presenting a significant upregulation of GLI1 and GLI2 in the tumors.
Therefore, we investigated the involvement of the HH pathway in
iCCA. SMO and the TFs GLI1 and GLI2 were silenced using lentiviral
vectors (LVs) encoding specific shRNAs (27, 28), as confirmed by a
strong decrease in protein expression by Western blotting (Fig. 1B).
Silencing of SMO, GLI1, and GLI2 reduced the long-term growth at
7 days (Fig. 1C) and colony-formation ability (Fig. 1D) of both iCCA
cell lines. HuCCT1 cells showed a stronger dependency on GLI1
function for growth, whereas CCLP1 were more dependent on SMO.
On the other hand, colony formation was equally and significantly
reduced by silencing of SMO, GLI1, or GLI2 compared with control
cells (Fig. 1D). The decrease in iCCA cell growth induced by the
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silencing of SMO, GLI1, and GLI2 was the result of an increase in
apoptosis. In particular, HuCCT1 cells showed a significant increase in
both early and late apoptosis upon depletion of GLI1 and, to a lesser
extent, upon SMO silencing. CCLP1 cells presented a significantly
increased fraction of cells in early and late apoptosis only upon SMO
silencing (Fig. 1E). At the molecular level genetic silencing of GLI1,
GLI2,and SMO increased the protein levels of BAX and cytochrome C,
and decreased BCL-2 and BCL-XL expression (Fig. 1F and G). This
effect was also confirmed by increased activity of Caspase 3/7
(Fig. 1H).

Genetic silencing of SMO, GLI1, and GLI2 drastically decreased
other malignant features in both cell lines. Invasion of HuCCT1 and
CCLP1 cells was strongly reduced by SMO, GLI1, or GLI2 ablation
(Fig. 1I). Similarly, silencing of SMO, GLI1, and GLI2 significantly
diminished the sphere formation ability in both cell types (Fig. 1J).
Our results demonstrate that the HH transducer SMO and the TFs
GLI1 and GLI2 are critical for maintaining the viability, growth,
invasiveness, and self-renewal of iCCA cells.

Pharmacologic inhibition of HH pathway reduces survival and
proliferation in HUCCT1 and CCLP1 cells

After validating the prosurvival function of HH signaling in
iCCA cells through gene silencing, we investigated whether phar-
macologic targeting of different pathway members is a feasible
strategy to block iCCA cell growth. Different SMO and GLI inhi-
bitors were tested through 72 hours dose-response curves and
selected for further studies according to the ICs; of each compound
(Fig. 2A and B; Supplementary Fig. S2). Pharmacologic inhibition of
HH signaling at the level of the transmembrane receptor SMO and
the downstream TFs GLI strongly reduced iCCA cell viability
in vitro. The SMO inhibitors MRT-92 (EPMF03) and EPMF11
(13, 33) showed the lowest ICs, values (nanomolar to low micro-
molar) compared with the SMO reference compound LDE225
(22, 34) and the GLI1/2 inhibitor GANT61 (ref. 23; Fig. 2A-C).
In particular, both SMO antagonists, MRT-92 and EPMF11, which
our group recently tested in vitro and in orthotopic models of
melanoma (13), suppressed endogenous GLI1 protein levels in a
dose-dependent manner (Fig. 2D and E).

Pharmacologic blockade of SMO results in the accumulation and
arrest of iCCA cells in G,-M phase

First, we assessed whether the SMO inhibitors MRT-92 and
EPMFI11 affected cell-cycle distribution using propidium iodide
staining and FACS analysis of HuCCT1 and CCLP1 cells treated
for 72 hours with increasing concentrations of each compound.
Treatment with either compound induced dose-dependent enrich-
ment in the 4N fraction of the cell cycle, accompanied by a reduction
in Go-G, and an increase in G,-M phases (Fig. 3A and B). Several
compounds have been shown to function as antitumor agents by
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inducing DNA damage and subsequent apoptosis (35). Therefore, we
investigated whether the accumulation of cells in the G,-M phase
could be dependent on the activation of cell-cycle checkpoints, as a
result of the induction of DNA damage response pathways. To
further investigate the mechanism underlying the observed arrest
of cells in the G2 or M phase, HuCCT1 and CCLP1 cells were
synchronized in prometaphase using the spindle-interfering agent
nocodazole. Cells were then released in the absence or presence
of increasing doses of MRT-92, and DNA content was analyzed at
different time points until 36 hours of treatment. FACS analysis
confirmed the arrest in the M-phase after nocodazole treatment, as
shown by the 4N DNA content of cells immediately after blocking
(0 hour; Fig. 3C). DMSO-treated iCCA cells showed an increase in the
percentage of G, phase after 4 hours. In contrast, MRT-92-treated cells
delayed their reentry into the cell cycle, and the majority of cells were
arrested in the G,—M phase until 8 hours after removal of nocodazole,
suggesting a blockade of cells in G,~M. Notably, the subGO0 peak, which
is an index of cell death, increased in MRT-92-treated cells between
12 and 24 hours after nocodazole release. This phenomenon
suggests a failure in repairing most intracellular damages, resulting
in the inability to bypass cell-cycle checkpoints and induction of cell
death (Fig. 3C).

The SMO inhibitor MRT-92 induces double-strand break DNA
damage and activates WEET1

Treatment with MRT-92 arrested iCCA cells in the G,-M phase,
due to the induction of double-strand break (DSB) DNA damage,
as shown by increased phosphorylation of histone YH2A.X (36)
and dose-dependent induction of the DNA damage sensor PARP1
(Fig. 3D). Consequently, MRT-92 promoted the activation and
phosphorylation of ATM (Ser1981), one of the main initiators of
the DNA damage response following DSB and its direct target CHK2
(Thre8; Fig. 3D). CHK2 is implicated in both the G1/S and G,-M
checkpoints (37). However, propidium iodide staining and molec-
ular analysis ruled out the possibility that MRT-92 induces G;-S
arrest because decreased Cyclin A2 levels indicate that treated
cells are able to progress through the G;-S checkpoint. Instead,
MRT-92 treatment strongly affected the G,-M transition. The
activation of WEEL led to the inhibitory phosphorylation of
CDC2/CDKI1 at Tyrl5 (38), with the consequent accumulation of
Cyclin B1, compromising the ability of cells to progress through
mitosis (Fig. 3E). Nevertheless, the dose-dependent increase in the
levels of the mitotic marker pSer10-histone H3 (39) suggests that
cells are able to initiate the very early phases of mitosis. However,
Cyclin B1 was not degraded (40), indicating that iCCA cells failed to
complete cell division owing to the inability to repair MRT-92-induced
DNA damage (Fig. 3E). Consistently, pSer10-histone H3 immuno-
fluorescence revealed that treatment with MRT-92 arrested iCCA cells
in early prophase (Fig. 4A and B).

Figure 1.

HH pathway is required for iCCA cell proliferation, invasion and stemness. A, GL/I, GLI2, and PTCHT mRNA expression in human iCCA tissue (n = 152) compared
with matched normal liver tissue (SL; n = 143) using transcriptome data. B, Western blot of GLI1, GLI2, and SMO in HUCCT1 and CCLP1 cells transduced with
LV-c, LV-shGLI1, LV-shGLI2, or LV-shSMO. HSP90 was used as loading control. C, Long-term growth curves in HuCCT1and CCLP1 cells transduced as indicated.
D, Colony assay in HUCCT1 and CCLP1 cells transduced as indicated. E, Evaluation of cellular apoptosis by AnnexinV/7-AAD double staining in HUCCT1 and
CCLP1 cells transduced as indicated. Early apoptosis is detected by Annexin V+/7-AAD-, late apoptosis by Annexin V+/7-AAD+. F, Western blot of apoptotic
markers in HUCCT1 and CCLP1 cells transduced as indicated. ACTIN was used as loading control. G, Densitometric quantification of BAX/BCL-2 ratio in
HuUCCT1 and CCLP1 cells transduced as indicated in E. H, Activity of caspase 3 and 7 in HUCCT1 and CCLP1 cells transduced with LV-c, LV-shGLI1, LV-shGLI2,
or LV-shSMO. I, Invasion assay in HUCCT1 and CCLP1 cells transduced as indicated. J, Sphere formation assay in HUCCT1 and CCLP1 cells transduced as
indicated. In D-H, data are expressed as fold change relative to control (LV-c), which was equated to 1. Data represent mean + SD of at least three
independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure 2.

Pharmacologic inhibition of HH pathway suppresses iCCA cell viability and growth in a dose-dependent manner. A and B, Dose-response curves of MRT-92, EPMFT],
LDE-225 (SMO inhibitors), and GANT-61(GLI1/2 inhibitor) in HuCCT1 (A) and CCLP1 (B) cells treated for 72 hours with DMSO or increasing doses of each compound.
Data are expressed as fold change relative to DMSO, which was equated to 1. Curves were obtained using GraphPad Prism 6. C, Table reports ICsg values for each cell
line. D, Western blot analysis and densitometric quantification of GLITin HuCCT1 and CCLPI1 cells treated for 72 hours with DMSO or increasing doses of MRT-92.
E, Western blot analysis and densitometric quantification of GLITin HuCCT1and CCLP1 cells treated for 72 hours with DMSO or increasing doses of EPMF11. HSP90O
was used as loading control. Data represent mean 4 SD of at least three independent experiments.

Pharmacologic inhibition of SMO results in the induction of
apoptosis

AnnexinV/7-AAD double staining revealed a strong proapoptotic
effect of SMO pharmacologic inhibition in iCCA. FACS analysis
showed a significant dose-dependent increase in both early and late
apoptosis in the presence of either SMO antagonists MRT-92 or
EPMF11 (Fig. 5A and B). In particular, MRT-92 treatment reduced
the expression of the antiapoptotic proteins BCL-XL and BCL-2,
leading to the release of cytochrome C, induction of cleaved caspase
3, and increased activity of caspase 3/7 (Fig. 5C-E), together with
PARPI cleavage (Fig. 3D). Altogether, these data indicate that MRT-
92-dependent activation of ATM-CHK2 checkpoint arrested cells
before the finalization of mitosis, leading to programmed mitochon-
drial cell death.

348 Mol Cancer Ther; 22(3) March 2023

Targeting the cell-cycle checkpoint kinase WEE1 enhances
the effect of SMO inhibition in reducing iCCA growth

The above data demonstrated that MRT-92 treatment induces
WEEI1 phosphorylation at Ser642 in both iCCA cell lines (Fig. 3E),
leading to its activation (41, 42). WEEI is a critical cell-cycle check-
point kinase involved in the DNA damage response and cell-cycle
regulation. Several lines of evidence suggest that WEE1 upregulation
exerts protumorigenic activity, making cancer cells less sensitive to
genomic instability. Thus, several WEEI inhibitors are currently under
investigation as anticancer therapeutics (43). Therefore, we reasoned
that the inhibition of WEE1 could exacerbate the accumulation of
damaged DNA induced by MRT-92, enhancing the effect of SMO
inhibition. Treatment with the WEE1 inhibitor AZD-1775 potentiated
the proapoptotic and antiproliferative effects of MRT-92 in both cell
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Figure 4.

The SMO inhibitor MRT-92 arrests iCCA cells at early prophase of mitosis. A and B, Immunofluorescence of pH3-Ser10 in HUCCT1 (A) and CCLP1 (B) cells treated for
16 hours with DMSO or MRT-92 (0.5, 1umol/L). Data are expressed as fold change relative to DMSO, which was equated to 1. Nuclei were counted with ImageJ and
histograms report FITC/DAPI ratio. Data represent mean + SD of at least three independent experiments. Scale bar = 100 um. **, P < 0.01; ***, P < 0.001.

lines, particularly in CCLP1 cells (Fig. 6A and B). The combination
of both inhibitors produced a strong reduction in iCCA cell viability
and growth already at 24 hours, whereas single treatments showed
effects only at later time points (Fig. 6A and B). To assess the specificity
of AZD-1775, WEE1 was silenced using two independent shRNAs.
Both abrogated WEEL protein levels in both iCCA cell lines and
reduced phosphorylation of CDC2 on Tyr15, indicating that depletion
of WEE1 has the same inhibitory activity of the WEEI inhibitor
AZD-1775 (Supplementary Fig. S3A). Long-term growth curves showed

350 Mol Cancer Ther; 22(3) March 2023

that genetic silencing of WEEI produces the same effect of AZD-1775 in
reducing cell viability (Supplementary Fig. S3B). In addition, treatment
with MRT-92 in WEEl-silenced iCCA cells mimics the effect of the
pharmacologic combination of MRT-92 + AZD-1775 (Supplementary
Fig. S3C), suggesting the specificity of AZD-1775 at the doses used in
this study.

At the molecular level, the combination treatment strongly
increased the induction of DNA damage, as shown by the increased
expression of YH2A.X and PARP1 cleavage compared with the single
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treatments (Fig. 6C). Furthermore, dual MRT-92+AZD-1775 treat-
ment increased the arrest of cells in mitosis, as indicated by higher
levels of phosphorylated H3 and enhanced accumulation of Cyclin B1,
compared with single treatments (Fig. 6C and D; Supplementary
Fig. $4). Immunofluorescence of pSer10-histone H3 confirmed that
the WEEI inhibitor AZD-1775 strongly worsened the degree of DNA
damage induced by the SMO inhibitor MRT-92. In fact, the combi-
nation treatment strongly affected the mitotic process, as iCCA cells
bypassed MRT-92-induced arrest in the early prophase. Nevertheless,
cells were unable to separate replicated DNA correctly, as shown by the
large presence of aberrant mitotic nuclei at both 24 and 48 hours
(Fig. 6D; Supplementary Fig. S4). Accordingly, the subsequent failure
of iCCA cells to repair DNA damage resulted in a more powerful
induction of both early and late apoptosis, as indicated by the increase
in the BAX/BCL-2 ratio and by the enhanced levels of cleaved caspase 3
(Fig. 6C and E).

Combined targeting of SMO and WEET] elicits a significant
antitumor activity in iCCA xenografts

The efficacy of the simultaneous SMO and WEE1 blockade was
assessed in an iCCA xenograft model (Fig. 7A). Treatment with low
doses of either AZD-1775 (T/C % 67.6) or MRT-92 (T/C % 68.5) as
single agents (monotherapy) did not significantly reduce tumor
growth. In contrast, the combination of AZD-1775 and MRT-92
significantly reduced tumor growth compared with that in vehicle-
treated mice (T/C % 26.5) (P < 0.0001) or mice treated with a single
agent (Combo vs. MRT-92; P = 0.0239; Combo vs. AZD-1775;
P = 0.0279; Fig. 7B-D). Treatment with single agents or their com-
bination was well tolerated, in mice and body weight was not signif-
icantly affected (Fig. 7E). These drugs were able to inhibit their
respective targets in vivo. MRT-92 drastically reduced the expression
of GLI1, which is the best indicator of an active HH pathway. AZD-1775
strongly decreased the phosphorylation of CDC2, a direct target of
WEEI1 (Fig. 7F). In xenograft sections of mice treated with MRT-
92+AZD-1775, we observed a significant increase in cleaved caspase 3
expression, consistent with in vitro results (Fig. 7G and H). Altogether,
these results indicate that the coadministration of MRT-92 and AZD-
1775 strongly improves the effect of single treatments, nearly abrogating
tumor growth.

Discussion

iCCA is an aggressive tumor with a dismal prognosis and limited
therapeutic options (1,4). Prompted by the need for novel and effective
treatments, we investigated the role of the HH pathway as a potential
therapeutic target for iCCA. Pharmacologic inhibition of SMO reduces
iCCA viability and growth. Importantly, the blockade of SMO induces
DNA damage and activates the cell-cycle checkpoint WEEL, increasing
the vulnerability of iCCA cells to WEEL1 inhibition. Hence, targeting
WEEI with AZD-1775 enhanced the efficacy of pharmacologic inhi-
bition of SMO in vitro and in an iCCA xenograft model. Our data

SMO and WEET Inhibitors Suppress iCCA Growth

provide the first evidence that the combination of SMO and WEE1
inhibitors is effective in iCCA and well tolerated in vivo, highlighting
the translatability of this pharmacologic combination in a clinical
setting.

Expression of the HH pathway components SMO, GLII, and
GLI2 was upregulated in iCCA cells compared with that in NHCs.
Hyperactivation of the HH pathway was confirmed by the analysis
of transcriptomic datasets from surgically resected human iCCA
samples, which revealed increased expression of GLII, GLI2, and
the target PTCHI in the tumor compared with the surrounding
nontumor tissue. Overall, these data identified a wide subgroup of
patients with CCA that may benefit from pharmacologic targeting
of the HH pathway, which has been recently been correlated with
poor prognosis and tumor progression in patients with CCA (44).

Mechanistically, we found that the SMO inhibitor MRT-92 induced
DNA DSBs in iCCA cells. The subsequent activation of the ATM-
CHK2 axis and of the cell-cycle checkpoint kinase WEEI leads to
phosphorylation and inactivation of CDC2, a key regulator of mitotic
entry (38), suggesting that iCCA cells are impeded from entering
mitosis. Nevertheless, expression of pSer10 Histone H3 indicates that
iCCA cells can initiate the very early phases of mitosis, even in the
absence of a significant CDC2 activity (45). This results in the
accumulation of Cyclin B1, which promotes mitotic arrest in iCCA
cells and the consequent activation of the intrinsic apoptotic pathway.
Altogether, these data indicate that MRT-92-dependent activation of
the ATM-CHK2 checkpoint arrests cells before the finalization of
mitosis, leading to programmed mitochondrial cell death (Fig. 71).

An important finding of this study was that targeting WEE1
enhanced the effect of SMO inhibition in reducing iCCA growth
in vitro and in vivo. WEEL is a critical cell-cycle checkpoint kinase
involved in the DNA damage response and cell-cycle regulation.
Experimental evidence indicates that WEE1 upregulation exerts
protumorigenic activity, making cancer cells less sensitive to genomic
instability (37, 43). The WEEL1 inhibitor AZD-1775 is currently in
phase I and IT clinical trials as a single agent or in combination with
chemotherapy or targeted therapy for various solid and hematologic
tumors, including CCA (46-49). Treatment with the WEE1 inhibitor
AZD-1775 potentiated the proapoptotic and antiproliferative effects
of MRT-92 in both iCCA cell lines. We also investigated the molec-
ular mechanism underlying the improved efficacy of SMO inhibition
observed in combination with WEEL1 inhibition. The pharmacologic
combination of AZD-1775 and MRT-92 strongly enhanced and
anticipated the induction of DNA damage, as indicated by the in-
creased expression of phosphorylated YH2A.X and PARP1 processing.
Moreover, combined treatment with SMO and WEEI inhibitors
increased the arrest of cells in the mitotic phase, as indicated by the
higher levels of phosphorylated H3 and enhanced accumulation of
Cyclin B1. Furthermore, suppressing the activity of WEE1 in MRT-92
treated iCCA cells induced an aberrant mitotic process as a result
of the accumulation and worsening of genomic instability in iCCA
cells, thus potentiating MRT-92 antiproliferative and proapoptotic

Figure 6.

Pharmacologic inhibition of WEE1 potentiates the effects of SMO blockade in iCCA cells. A, Evaluation of cell viability in HuCCT1and CCLP1 cells treated with DMSO,
MRT-92 (0.65 umol/L), AZD-1775 (0.1 umol/L), or their combination for 24, 48, and 72 hours. B, Evaluation of apoptosis by AnnexinV/7-AAD double staining in
HUCCT1and CCLP1 cells treated with DMSO, MRT-92 (0.65 umol/L), AZD-1775 (0.1 umol/L), or their combination for 24 and 48 hours. Early apoptosis is detected by
Annexin V+/7-AAD-, late apoptosis by Annexin V+/7-AAD+. C, Western blot of GLI1, DNA damage, cell-cycle and apoptotic markers in CCLP1 cells treated with
DMSO, MRT-92 (0.65 umol/L), AZD-1775 (0.1umol/L), or their combination for 24 hours. HSP90 was used as loading control. D, Immuno-fluorescence of pH3-Ser10 in
CCLP1 cells treated with DMSO, MRT-92 (0.65 umol/L), AZD-1775 (0.1 umol/L), or their combination for 24 hours. Bar = 30 um. E, Graph reports densitometric
quantification of BAX/BCL-2 ratio, as shown in C. In A, B, and E, data are expressed as fold change relative to DMSO, which was equated to 1. Data represent mean +
SD (A, B) and mean 4 SEM (E) of at least three independent experiments. *, P < 0.05; **, P < 0.07; ***, P < 0.001; ****, P < 0.0001.
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Combination of SMO and WEET inhibitors reduces tumor growth in iCCA xenografts. A, Experimental design and treatment timeline. B, /n vivo tumor growth of
CCLP1 cells subcutaneously injected into NOD/SCID mice. When tumors reached 100 mm?® on average, mice were randomized into four groups and treated
intraperitoneally with MRT-92 (20 mg/kg, twice a day; n = 7), by gavage with AZD-1775 (50 mg/kg, every day) (n = 7), a combination of MRT-92 and
AZD-1775 (n = 8), or vehicle (n = 7). Data are presented as the mean &+ SEM. P values were calculated using Welch ANOVA and Games-Howell test for multiple
comparisons. C, Ultrasound images of the tumors. D, Table shows the percentage of tumor volume reduction in the treated groups compared with the
vehicle-treated group (% T/C ratio). E, Mouse body weight during treatment. Data are presented as the mean + SD. F, Western blot showing GLI1and pCDC2
(pY15-CDK1) proteins in CCLP1 xenografts after 72 hours of treatment. ACTIN was used as a loading control. G, Expression of cleaved caspase 3 in paraffin
sections of CCLP1 xenografts analyzed by IHC. Sections were counterstained with hematoxylin (blue nuclei). Bar = 100 um. H, Quantification of cleaved
caspase 3 staining in the four groups, as shown in (G). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant. I, Representation of the
molecular mechanism underlying combined SMO and WEET inhibition. Targeting SMO induces DSB DNA damage and activates the ATM-CHK2 axis resulting in
WEET phosphorylation and activation. Inhibition of WEE1 with AZD-1775 suppresses the inhibitory phosphorylation of CDC2 induced by MRT-92 treatment,
resulting in mitotic arrest and mitochondrial cell death.
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outcomes. The mechanism of action of MRT-92 in iCCA cells differs
from that previously described for melanoma. MRT-92 treatment
activates the ATR-CHKI1 axis in melanoma cells following single-
strand break and does not result in the activation of WEE1 (13). These
findings suggest context-dependent mechanisms of DNA damage
response. Hence, the induction of WEE1 upon SMO inhibition might
be exploited as an alternative combinatorial strategy in other types of
cancer.

The in vitro effects of MRT-92 and AZD-1775 combination in both
iCCA cell lines translated into a striking in vivo antitumor activity
in CCLP1 xenografts. Despite the activity of the single agents, the
combination of MRT-92+AZD-1775 was effective in reducing tumor
growth. Importantly, the simultaneous administration of MRT-
924+AZD-1775 was well tolerated in vivo, as suggested by the lack of
any side effects and the absence of significant variation in body weight
in mice. Regarding biomarkers of response, we found that AZD-1775
strongly reduced the expression level of pPCDC2, WEEI direct target
and a reliable marker of response to WEEI1 inhibition (50). MRT-92
treatment drastically reduced the levels of GLI1 protein, the best read-
out of an active HH pathway, indicating a good pharmacologic
response to SMO inhibition. Surprisingly, we found that AZD-1775
also reduced GLI1 protein level, although the molecular mechanism
underlying this modulation remains unclear.

In conclusion, we obtained novel evidence supporting the role of the
HH pathway in the growth of iCCA and identified a downstream
molecular mechanism involving the cell-cycle checkpoint kinase WEE1
upon pharmacologic inhibition of SMO. The inhibitory effects of the
combinatorial treatment with SMO and WEEL inhibitors investigated in
this study set the stage for the exploration of this therapeutic approach in
patients with this type of difficult-to-treat cancer.
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