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ARTICLE INFO ABSTRACT

Colorectal cancer (CRC) remains one of the leading causes of mortality worldwide. Drug repositioning is a
promising approach for new cancer therapies, as it provides the opportunity to rapidly advance potentially
elF2a promising agents into clinical trials. The FDA-approved anti-helminthic drug rafoxanide was recently reported to
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Cyclin D1 antagonize the oncogenic function of the BRAF V600E mutant protein, commonly found in CRCs, as well as to
KP(P,{ tosis inhibit the proliferation of skin cancer cells. These observations prompted us to investigate the potential anti-
AII:CHI:in/+ mice cancer effects of rafoxanide in CRC models. We found rafoxanide inhibited proliferation in CRC cells, but not in

normal colonic epithelial cells. Rafoxanide's anti-proliferative action was associated with marked reduction in
cyclin D1 protein levels and accumulation of cells in the GO/G1 phase. These effects relied on selective induction
of the endoplasmic reticulum stress (ERS) response in CRC cells and were followed by caspase-dependent cell
death. Systemic administration of rafoxanide to Apc™"/ + mice induced to develop CRCs caused ERS activation,
proliferation inhibition and apoptosis induction in the neoplastic cells. Collectively, our data suggest rafoxanide

might be repurposed as an anti-cancer drug for the treatment of CRC.

1. Introduction

Colorectal cancer (CRC) is the second leading cause of cancer-re-
lated death in the western world [1], mainly due to the lack of effective
treatment in patients with advanced disease. In addition to surgery,
radiotherapy and immunotherapy, chemotherapy represents a key
modality for CRC treatment. Unfortunately, intrinsic and/or acquired
resistance of CRC cells to chemotherapy along with the often significant
side effects of commonly used cytotoxic and targeted agents represent
major limitations of chemotherapy [2]. Thus, the validation of new
anti-cancer agents with more pronounced efficacy against cancer and
lower toxicity in normal tissues is highly desirable. As the pipeline
leading to new drug development is often protracted, exacting and
costly, drug repositioning, defined as the use of existing drugs for new
therapeutic indications, has recently become an attractive strategy for
new treatment approaches [3]. The Food and Drug Administration
(FDA)-approved drug rafoxanide is a salicylanilide compound used in

veterinary medicine for the treatment of fascioliasis and some gastro-
intestinal roundworms in cattle and sheep [4-6]. Although the avail-
able evidence regarding the usage of the rafoxanide in humans is poor,
a past study reported the therapeutic use of the drug in a seven-year-old
girl affected by fascioliasis [7]. Recently, rafoxanide was identified as a
potent inhibitor of the BRAF V600E mutant protein [8], which is im-
portant in CRC due to the fact that about 10% of CRCs harbor BRAF
V600E mutations and the mutations are associated with a poorer
prognosis for patients [9]. Mechanistically, the BRAF V600E mutated
protein results in the constitutive activation of the mitogen-activated
protein kinase (MAPK) pathway, leading to increased cell proliferation,
survival and invasiveness [10,11]. In another study investigating the
effects of anti-helmintic drugs on the hypervirulent stationary-phase of
Clostridium difficile [12], rafoxanide showed no apparent toxicity on two
human cell lines at concentrations up to 12.5 uM and a markedly lower
hemolytic activity compared to niclosamide [12], a FDA-approved drug
for treatment of intestinal cestode in humans, and which has been
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reported to exert potent anti-cancer activities [13] and is currently
undergoing a phase II clinical trial for metastatic CRC [14]. More re-
cently, rafoxanide was shown to reduce proliferation and survival of
human skin melanoma and squamous cell carcinoma cell lines by im-
pairing the expression/activity of the cyclin-dependent kinases (CDK)4/
6 [15], thus indicating the modulation of intracellular pathways other
than RAF-MAPK could perhaps underlie in part the anti-cancer prop-
erties of the rafoxanide.

Altogether, such observations highlighted the possibility that ra-
foxanide might be repurposed as an anti-cancer agent for CRC patients,
prompting us to investigate the potential anti-neoplastic properties of
the drug on colon tumor cells in vitro and in vivo.

2. Materials and methods
2.1. Patients and samples

Paired tissue samples were taken from the tumor area and the
macroscopically unaffected, adjacent, colonic mucosa of 5 patients who
underwent colon resection for sporadic CRC (all with TNM stages II-III)
at the Tor Vergata University Hospital (Rome, Italy). No patients re-
ceived radiotherapy or chemotherapy before undergoing surgery. The
human studies were approved by the local ethics committee and each
patient gave written informed consent.

2.2. Animals
Apc™™* mice, were obtained from Jackson (Bar Harbor, ME) and
maintained in filter-topped cages on autoclaved food and water at the
Plaisant animal facility (Rome, Italy). Mice were routinely tested (every
3 months) for health status and infections according to the Federation
of European Laboratory Animal Science Associations (FELASA) guide-
lines. Mice resulted negative for all pathogens included in this protocol.
Mice were also negative for Helicobacter hepaticus and Helicobacter bilis.
All animal experiments were approved by the local Institutional Animal
Care and Use Committee.

2.3. Cell culture

All reagents were from Sigma-Aldrich (Milan, Italy) unless specified.
The human CRC cell lines HCT-116 and HT-29 were obtained from the
American Type Culture Collection (ATCC, Manassas, VA) and main-
tained in McCoy's 5A medium supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (P/S) (both from Lonza,
Verviers, Belgium). The human CRC cell line DLD-1 was obtained from
ATCC and maintained in RPMI 1640 medium supplemented with 10%
FBS and 1% P/S. The human normal colonic epithelial cell line HCEC-
1CT was obtained from EVERCYTE GmbH (Vienna, Austria) and
maintained in ColoUp medium (EVERCYTE GmbH). NCM460, an epi-
thelial cell line derived from the healthy colon mucosa of a 68-year-old
Hispanic male [16], was obtained through a Material Transfer Agree-
ment with INCELL (San Antonio, TX), and grown in M3:Base F medium
(INCELL) supplemented with 10% FBS and 2.5 mM of p-glucose. Cell
lines were recently authenticated by STR DNA fingerprinting using the
PowerPlex 18D System kit according to the manufacturer's instructions
(Promega, Milan, Italy). The STR profiles of all the cell lines matched
the known DNA fingerprints. To determine whether the anti-pro-
liferative effect of rafoxanide on CRC cells was reversible, HCT-116 and
DLD-1 cells were treated with either rafoxanide or dimethyl sulfoxide
(DMSO) (sham) for 24 h, then washed with PBS and cultured with fresh
medium supplemented with either rafoxanide or DMSO for further 24 h.
Cell proliferation was then assessed by 5-bromodeoxyuridine (BrdU)
assay. To test whether the rafoxanide-mediated decrease of cyclin D1
was due to proteasome degradation, HCT-116 cells were pre-incubated
or not with the proteasome inhibitor MG132 (Merck, Rome, Italy, used
at 10uM) for 1h, and then stimulated with either DMSO (sham) or
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2.5 uM rafoxanide for further 8 h. To assess the contribution of en-
doplasmic reticulum stress (ERS) in the anti-mitogenic effects of ra-
foxanide, CRC cells were pre-incubated for 1h with either DMSO
(sham) or the ERS alleviator tauroursodeoxycholic acid (TUDCA) (used
at 200 uM) and stimulated or not with 2.5 yuM rafoxanide for 0.5-24 h.

2.4. Assessment of cell proliferation, cycle distribution and death

Cell proliferation was assessed by using a commercially available
BrdU assay kit (Roche Diagnostics, Monza, Italy). Briefly, 5000 cells
were cultured in 96-well microplates and allowed to adhere overnight.
Five-bromodeoxyuridine was added to the cell cultures 6 h before the
end of the treatments and cell growth was evaluated by ELISA. For
analysis of cell cycle distribution, cells were either left untreated or
treated with rafoxanide or DMSO (sham). After 24 h, cells were pulsed
with 10 mol/L BrdU for 60 min, fixed in 70% cold ethanol, and stored at
20°C for at least 3h. DNA was denatured in 2 mol/L HCI, and cells
stained with anti-BrdU monoclonal antibody (Roche Diagnostics) fol-
lowed by fluorescein isothiocyanate—-conjugated secondary anti-mouse
immunoglobulin G (Molecular Probes, Milan, Italy). After staining with
100 g/mL propidium iodide (PI), cells were analyzed by flow cyto-
metry.

To score cell death, cells were either left untreated or treated with
rafoxanide or DMSO (sham) for 24-60 h. Cells were then collected,
washed twice in PBS, stained with FITC-annexin V (AV, 1:100 final
dilution, Immunotools, Friesoyte, Germany) according to the manu-
facturer's instructions and incubated with 5 pug/ml PI for 30 min at 4 °C.
Fluorescence was then measured using the FL-1 and FL-3 channels of
Gallios (Beckman Coulter, Milan, Italy) flow cytometer. Viable cells
were considered as AV-/PI- cells, apoptotic cells as AV + /PI- cells,
while secondary necrotic cells were characterized by AV
+/PI + positive staining. In some experiments, HCT-116 and DLD-
1 cells were pre-treated with the pan-caspase inhibitor Q-VD-OPH (R&D
Systems, Minneapolis, MN, used at 10 uM) or DMSO (sham) for 1 h and
then stimulated or not with with 2.5 pM rafoxanide. Cell death was
assessed by flow-cytometry after 48-60 h.

2.5. Measure of mitochondrial membrane potential

Mitochondrial membrane potential (MMP) variations were detected
in HCT-116 and DLD-1 cells stimulated with either DMSO (sham) or
2.5uM rafoxanide using the cyanine dye JC-1 (5,5,6,6’-tetrachloro-
1,1/,3,3"-tetraethylbenzimidazolocarbo-cyanine  iodide) (Molecular
Probes) according with the protocol described by Perelman et al. [17].
Valinomycin (Molecular Probes), an uncoupler of mitochondrial re-
spiration, was used as positive control.

2.6. Western blotting

Protein extracts were prepared and run as described elsewhere [18].
Blots were incubated with antibodies against p-ERK (sc-7383), ERK1
(sc-271269), cyclin D1 (sc-20044), cyclin D2 (sc-53637), cyclin D3 (sc-
182), cyclin-dependent kinase (CDK)4 (sc-601), CDK6 (sc-177), p-PERK
(Thr-981) (sc-31577), PERK (sc-13073), eIlF2a (sc-11386), GADD153/
CHOP (sc-575) (1:500 final dilution; all from Santa Cruz Biotechnology,
Inc., Dallas, TX), p-GCN2 (Thr-899) (ab75836, 1:500 final dilution,
Abcam, Cambridge, UK), p-PKR (Thr446) (PA5-37704) and PKR (PA1-
990) (1:1000 final dilution, both from Thermo Fisher Scientific), p-
elF2a (Ser51) (#3597), GCN2 (#3302) and cleaved Caspase-3
(Aspl75) (#9664) (1:1000 final dilution, all from Cell signaling Tech-
nology, Danvers, MA) followed by a secondary antibody conjugated to
horseradish peroxidase (1:20000, Dako, Santa Clara, CA). After ana-
lysis, each blot was stripped and incubated with a mouse-anti-human
monoclonal B-actin antibody (1:5000 final dilution, A544) to ascertain
equivalent loading of the lanes.
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2.7. RNA extraction, cDNA preparation and real-time PCR

Total RNA was extracted from cells and human CRC explants by
using TRIzol reagent, according to the manufacturer's instructions (Life
Technologies, Milan, Italy). A constant amount of RNA (1 pg/sample)
was reverse-transcribed into complementary DNA (cDNA), and 1 pl of
cDNA/sample was then amplified by real-time PCR using iQ SYBR
Green Supermix (Bio-Rad Laboratories, Milan, Italy). Primers were as
follows: cyclin D1: FWD: 5-AGGCGGAGGAGAACAAACAG-3’; REV: 5-
CGGTAG TAGGACAGGAAGTTG-3’, CHOP: FWD: 5-GTCTAAGGCACT
GAGCGTATC-3’, REV: 5-CCGAAGGAGAAAGGCAATGAC-3’, GRP78:
FWD: 5-GGTGAAAGACCCCTGACAAA-3’, REV: 5-GTCAGGCGATTCT
GGTCATT-3’, spliced X-box binding protein 1 (XBP1s): FWD: 5-TGCT
GAGTCCGCAGCAGGTG-3’, REV: 5-GCTGGCAGGCTCTGGGGAAG-3’,
B-actin: FWD: 5-AAGATGACCCAGATCATGTTTGAGACC-3’, REV:
5’-AGCCAGTCCAGACGCAGGAT-3". Activating transcription factor 4
(ATF4) RNA expression was evaluated using a Tagman assay (Life
Technologies). RNA expression was calculated relative to the house-
keeping B-actin gene on the base of the AACt algorithm.

2.8. Organ culture

For organ culture, CRC explants and adjacent non-tumor mucosa
were placed on Millicell inserts (EMD Millipore, Milan, Italy) in a 6-well
plate containing RPMI 1640 medium supplemented with 10% FBS, 1%
P/S and 50 pg/ml gentamycin in the presence of either DMSO (sham) or
5 puM rafoxanide for 24 h. The culture was performed in an organ cul-
ture chamber at 37 °C in a 5% C02/95% 02 atmosphere.

2.9. Experimental model of sporadic CRC

Co-housed 6-7-wk-old female Apc™™™* mice received in-
traperitoneal injections of 10 mg/kg azoxymethane (AOM) once a week
for 2 weeks in order to increase colon tumorigenesis as previously re-
ported [19]. Two weeks after the last AOM injection mice were ran-
domly divided in two groups and given either 7.5 mg/kg rafoxanide (in
10% DMSO in PBS) or 10% DMSO in PBS (sham) every other day by
intraperitoneal injection until sacrifice (day 90). Body weight was re-
corded every week starting from day 21 until the end of the study. The
dose of rafoxanide was selected in accordance with that currently used
in veterinary treatment (i.e., 7.5-10 mg/kg). Colonoscopy was per-
formed in a blinded manner for monitoring of tumorigenesis using the
Coloview high-resolution mouse endoscopic system (Karl-Storz; Tut-
tlingen, Germany). Lesions observed during endoscopy were counted to
obtain the overall number of lesions. Lesion sizes of all lesions in a
given mouse were scored using the protocol described by Becker et al.
[20].

2.10. Immunohistochemistry

Cryosections of human CRC explants and adjacent non-tumor mu-
cosa were stained with a primary antibody directed against Ki-67 (clone

Rafoxanide (uM)
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Fig. 1. Rafoxanide reduces p-ERK expression and
inhibits proliferation in the CRC cell line HT-29,
bearing the BRAF V60OE mutation. (A) Cells were
either left untreated or treated with rafoxanide or
DMSO (sham) for 24 h. Protein extracts were eval-
uated for p-ERK and ERK expression by Western
blotting. One of three representative experiments in
which similar results were obtained is shown. (B)
HT-29 cells were either left untreated (Untr) or
treated with rafoxanide or DMSO (sham) for 24 h.
Cell proliferation was assessed by 5-bromodeox-
yuridine (BrdU) assay. Data indicate mean * SEM
of three experiments. DMSO vs rafoxanide-treated
cells: **P < 0.01, ***P < 0.001.

25 5 DMSO

MIB-1, sc-101861, Santa Cruz Biotechnology, Inc.). Colonic cryosec-
tions of Apc™™ * mice were stained with H&E and neoplasms classified
according with the guidelines described by Boivin and colleagues [21].
In parallel, sections were stained with Ki-67 (M7249, Dako), p-elF2a
(Ser51) (#3597) and Cleaved Caspase-3 (Asp175) (both from Cell Sig-
naling). Positive cells were visualized using MACH4 Universal HRP-
Polymer kit with DAB (Biocare Medical, Pacheco, CA) and analyzed by
LEICA DMI4000 B microscope using LEICA application suite software
(V4.6.2).

2.11. Statistical analysis

Parametric data were analyzed using the two-tailed Student's t-test
for comparison between two groups or one-way analysis of variance
(ANOVA) followed by Tukey's post hoc test for multiple comparisons.
Significance was defined as P-values < 0.05.

3. Results
3.1. Rafoxanide inhibits CRC cell growth

The epidermal growth factor receptor (EGFR)/RAS/RAF/mitogen-
activated protein kinase kinase (MEK)/extracellular signal-regulated
kinase (ERK) pathway plays a key role in the pathogenesis and pro-
gression of CRC [22]. As rafoxanide was recently described as a potent
inhibitor of the oncogenic BRAF V600E mutant protein [8], we first
tested the effect of this drug on EGFR/ERK pathway and proliferation in
the CRC cell line HT-29, bearing the BRAF V600E mutation. Our data
showed that rafoxanide inhibited ERK activation and in vitro growth in
HT-29 cells in a dose-dependent fashion (Fig. 1A-B). Subsequently, we
investigated whether rafoxanide could exert anti-proliferative effects
also in human CRC cells bearing wild-type BRAF alleles (that is, HCT-
116 and DLD-1). Of note, rafoxanide significantly reduced the growth
of both cell lines (Fig. 2A). Such effects were fully reversible, because
HCT-116 and DLD-1 cells proliferated regularly on removal of the
compound (Suppl. Fig. 1). Importantly, rafoxanide did not significantly
affect the proliferation of the human normal colon epithelial cell lines
HCEC-1CT and NCM460 (Suppl. Fig. 2).

3.2. CRC cells accumulate in GO/G1 phase after rafoxanide exposure

We next assessed effects of rafoxanide on cell-cycle progression. The
rafoxanide-induced CRC cell growth inhibition was associated with
accumulation of cells in GO/G1 phase and decreased frequency of cells
in S phase of the cell cycle (Fig. 2B). Cell cycle progression from G0/G1
to S phase is regulated by several D-type cyclins, together with the
cyclin-dependent kinases 4 and 6 (CDK4 and CDK6) [23]. CRC cells
stimulated with rafoxanide showed a striking decline in cyclin D1
protein levels (Fig. 2C). By contrast, there was no relevant change in the
protein levels of cyclin D2 and cyclin D3 (Fig. 2C), thus indicating that
loss of cyclin D1 in rafoxanide-treated cells was not due to generalized
effects on cyclin D family members. A slight decrease in the levels of
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Fig. 2. The rafoxanide-mediated inhibition of CRC cell growth is associated with an accumulation of cells in GO/G1 phase of the cell cycle. (A) Rafoxanide inhibits
the growth of the CRC cell lines HCT-116 and DLD-1, bearing wild-type BRAF alleles. Cells were either left untreated (Untr) or treated with either rafoxanide or
DMSO (sham) for 24 h. Cell proliferation was assessed by 5-bromodeoxyuridine (BrdU) assay. Data indicate mean + SEM of four experiments (HCT-116: DMSO- vs
rafoxanide-treated cells, ***P < 0.001; DLD-1: DMSO- vs rafoxanide-treated cells, **P < 0.01, ***P < 0.001). (B) Rafoxanide-treated cells accumulate in GO/G1
phase. HCT-116 and DLD-1 cells were treated or not with either rafoxanide or DMSO (sham) for 24 h. Values are the percentages of cells in the different phases of cell
cycle and indicate mean *+ SEM of four experiments. A significant increase in the number of cells that accumulate in GO/G1 phase was seen in rafoxanide-treated
cells compared with sham (**P < 0.01, ***P < 0.001). Right insets show representative dot-plots of the cell cycle distribution. (C) Rafoxanide down-regulates
cyclin D1 protein levels. Total proteins from HCT-116 and DLD-1 cells treated as indicated in B were extracted and evaluated for cyclin D1, cyclin D2, cyclin D3,
CDK4 and CDK6 expression by western blotting. B-actin was used as loading control. One of four representative experiments where similar results were obtained is
shown. (D) Rafoxanide does not reduce cyclin D1 RNA expression. HCT-116 and DLD-1 cells were treated with either DMSO (sham) or rafoxanide for the indicated
time points; cyclin D1 RNA transcripts were evaluated by real-time PCR. Levels are normalized to f-actin. Values are mean = SD of three experiments.

CDK4 and CDK6 was observed only at the higher doses of the drug cyclin D2, cyclin D3, CDK4 or CDK6 protein expression (Suppl. Fig. 3A
(Fig. 2C). These findings are aligned with effects reported in the paper and B). No changes in cyclin D1 RNA transcripts were seen in either
by Shi and colleagues, where rafoxanide was proposed as a dual CDK4/ HCT-116 or DLD-1 cells after rafoxanide treatment, thus indicating that

CDKG6 inhibitor in melanoma and squamous cell carcinoma cell lines the inhibitory effects of rafoxanide on cyclin D1 expression were not at
[15]. Treatment of HCEC-1CT cells with rafoxanide did not result in any the transcriptional level (Fig. 2D). To test whether the rafoxanide-
relevant perturbation in cell cycle distribution or the levels of cyclin D1, mediated decrease of cyclin D1 was due to proteasome degradation,
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ulation (Suppl. Fig. 4).
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3.3. Rafoxanide promotes endoplasmic reticulum stress in CRC cells

Similar changes in cell proliferation, GO/G1 arrest and cyclin D1
protein expression have been described for cells exposed to agents that
activate the endoplasmic reticulum stress (ERS) response, such as ex-
posure of cells to hypoxia, low glucose levels, alterations of calcium
homeostasis, accumulation of misfolded proteins, or other stresses [24].
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Fig. 3. Rafoxanide promotes endoplasmic reticulum stress response in CRC cells. (A) Rafoxanide induces eIF2a phosphorylation. Representative western blotting for
p-elF2a (Ser51) and elF2a in extracts of HCT-116 cells treated with either DMSO (sham) or rafoxanide for the indicated time-points. One of three representative
experiments in which similar results were obtained is shown. B-actin was used as loading control. (B) The rafoxanide-induced eIF2a phosphorylation is preceded by
PERK activation. Representative western blotting for p-GCN2 (Thr899), GCN2, p-PERK (Thr981), PERK, p-PKR (Thr446), PKR, p-elF2a (Ser51) and elF2a in extracts
of HCT-116 cells treated with either DMSO (sham) or rafoxanide for the indicated time-points. One of three representative experiments in which similar results were
obtained is shown. -actin was used as loading control. (C) Rafoxanide enhances CHOP RNA expression. HCT-116 cells were treated with DMSO (sham) or rafoxanide
for the indicated time points and CHOP transcripts evaluated by real-time PCR. Levels are normalized to B-actin. Values are mean *+ SD of three experiments (sham
vs rafoxanide-treated cells, ***P < 0.001). (D) HCT-116 cells were treated with either DMSO (sham) or rafoxanide for the indicated time points. CHOP protein
expression was evaluated by western blotting. One of three representative experiments in which similar results were obtained is shown. 3-actin was used as loading
control. (E) Tauroursodeoxycholic acid (TUDCA), an ERS alleviator, blocks eIlF2a phosphorylation and cyclin D1 down-regulation induced by rafoxanide. Total
proteins extracted from HCT-116 cells cultured in the presence or absence of TUDCA for 1 h, and then treated with either DMSO (sham) of rafoxanide for 30 min or
24 h, were evaluated for p-eIF2a/elF2a and cyclin D1 respectively. One of three representative western blotting in which similar results were obtained is shown. (F)
Treatment of HCT-116 cells with TUDCA reverts the rafoxanide-induced block of cell cycle in GO/G1 phase. Cells were cultured in the presence or absence of TUDCA
for 1 h, and then treated with either DMSO (sham) of rafoxanide for further 24 h. The percentage of cells in GO/G1 phase was assessed by flow-cytometry. Values are

mean * SEM of three experiments.

In particular, activation of PERK (PKR-like ER kinase) following ERS
induction has been shown to phosphorylate/inactivate elF2a, an event
that reduces the exchange of elF2a-GDP to elF2a-GTP required to de-
liver initiator met-tRNA; " to the translation machinery and resulting
in the specific inhibition of the synthesis of cell cycle regulators, such as
cyclin D1 [25]. Thus, we assessed whether rafoxanide induced ERS.
Treatment of CRC cells with rafoxanide promoted the phosphorylation
of elF2a (Fig. 3A and Suppl. Fig. 5A), which was preceded by phos-
phorylation/activation of PERK but not that of other elF2a regulating
kinases, namely GCN2 (general control non-derepressible-2) and PKR
(protein kinase double-stranded RNA-dependent) (Fig. 3B), primarily
activated in response to essential amino acid deprivation and viral in-
fections respectively [26]. To further confirm that rafoxanide induced
ERS in CRC cells, we assessed the expression of CCAAT/enhancer
binding protein homologous transcription factor (CHOP), considered
both an hallmark feature and a convenient readout of ERS [27]. Ra-
foxanide strongly induced CHOP RNA transcripts in both HCT-116 and
DLD-1 cells (Fig. 3C). Notably, treatment of HCEC-1CT cells with ra-
foxanide barely increased elF2a phosphorylation and this event was
associated with no change in CHOP mRNA expression (Suppl. Fig. 5A
and B). Consistently with the up-regulation of CHOP RNA transcripts,
rafoxanide treatment increased CHOP protein expression as compared
to sham in both HCT-116 and DLD-1 cells (Fig. 3D and Suppl. Fig. 5C).
Induction of ERS in rafoxanide-treated cells was also supported by en-
hanced RNA expression of other ERS biomarkers (i.e., XBP1s, ATF4 and
GRP78) (Suppl. Fig. 6). Among the events that may lead to PERK ac-
tivation and the resulting ERS cascade includes the perturbation of the
mitochondrial homeostasis [28]. As rafoxanide was reported to be a
potent uncoupling factor of mitochondrial oxidative phosphorylation
[29], we evaluated whether rafoxanide induced ERS in CRC cells by
affecting the mitochondrial membrane potential (MMP). However,
time-course analysis clearly indicated that PERK activation was not
preceded by a MMP decrease (Suppl. Fig. 7A and B). To link mechan-
istically the anti-mitogenic effect of rafoxanide with ERS induction,
CRC cells were pre-incubated with TUDCA, a chemical chaperone re-
ported to alleviate ERS in different cell compartments, including in-
testinal epithelial cells, via multiple mechanisms, such as by inhibiting
the dissociation between GRP78 and PERK [30-32]. Notably, TUDCA
potently inhibited rafoxanide-mediated eIlF2a phosphorylation as well
as cyclin D1 protein downregulation and cell cycle arrest in GO/G1
phase (Fig. 3E-F). Altogether, our results indicate that rafoxanide ne-
gatively affects CRC cell growth through the induction of ERS, with
resultant effects on cyclin D1 levels and cell cycle progression.

3.4. Rafoxanide induces CRC cell death

Because persistent cell cycle arrest in GO/G1 phase and unresolved
ERS have been shown to be followed by activation of programmed cell
death [33,34], we next evaluated whether prolonged treatment with
rafoxanide influenced CRC cell survival. HCT-116 and DLD-1 cells were

treated with rafoxanide up to 48 and 60 h, respectively, and cell death
was then assessed by flow cytometry. No significant change in the
percentage of annexin V (AV)+ and/or propidium iodide (PI)+ cells
was seen after 24-hr treatment with rafoxanide in either cell lines
(Fig. 4A-B). However, analysis at later time points revealed that ra-
foxanide markedly increased the frequency of AV+ and/or PI + cells
(Fig. 4A-B). In contrast, rafoxanide treatment did not affect HCEC-1CT
cell survival up to 60 h (Suppl. Fig. 8). Notably, pre-incubation of CRC
cells with the pan-caspase inhibitor Q-VD-OPH totally reverted the ra-
foxanide-induced cell death (Fig. 4C), thus confirming the involvement
of apoptotic pathway(s) in such processes.

3.5. Rafoxanide reduces neoplastic cell proliferation in human CRC
explants and colon carcinogenesis in Apc™'* mice

To investigate whether rafoxanide was able to affect neoplastic cell
growth ex vivo, human CRC explants were stimulated with the drug for
24 h and cell proliferation was evaluated by immunohistochemistry.
Rafoxanide reduced the fraction of Ki-67-expressing CRC cells com-
pared to sham (DMSO) treatment, while sparing non-transformed pro-
liferating cells (Fig. 5A). The anti-mitogenic effect of rafoxanide ob-
served in tumor explants was associated with ERS induction, as
indicated by the increased expression of CHOP, GRP78 and ATF4 RNA
expression compared to sham treatment (Fig. 5B). Next, we tested the
ability of rafoxanide to inhibit intestinal tumor development in vivo
using mice carrying a constitutional mutation in the Adenomatous
polyposis coli (Apc) gene (Apcmi“/ + mice) and mimicking human
sporadic CRC. Treatment of Apc™?/+ mice with the carcinogen AOM
increases tumor multiplicity and size as well as the frequency of in-
vasive features of the tumor arising, particularly in the colon [19]. Mice
were treated intraperitoneally with AOM (10 mg/kg) once a week for 2
weeks and monitored for tumor formation. Two weeks after the last
AOM injection, mice received intraperitoneal injections of rafoxanide
(7.5 mg/kg/mouse) or vehicle every other day, until euthanasia of the
mice at the completion of the study (Fig. 6A). Endoscopy on day 88
showed that the sham-treated mice developed multiple large colonic
lesions, whereas the number and size of lesions were reduced in the
colon of rafoxanide-treated mice (Fig. 6B). No significant body weight
changes were observed in mice treated with rafoxanide as compared
with sham (Suppl. Fig. 9). At the time of euthanasia, lesions were de-
tected in any of the sham-treated mice and distinguished as adenomas
(28.6%), advanced adenomas (67.8%) or adenocarcinoma (3.6%).
Conversely, only seven out of twelve mice treated with rafoxanide de-
veloped macroscopic lesions. These were classified as adenomas (60%)
or advanced adenomas (40%). Immunohistochemistry for Ki-67 con-
firmed the anti-proliferative effect of rafoxanide on neoplastic cells
(Fig. 6C). By contrast, there was no significant change in Ki-67 staining
in the normal colonic mucosa of mice treated with the drug (Fig. 6C).
Increased signal for p-elF2a, CHOP and cleaved caspase-3 was detected
in tumor tissues of mice receiving rafoxanide compared to tumor tissues
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Fig. 4. Rafoxanide induces CRC cell death. (A) Representative histograms showing the percentage of cell death in HCT-116 cells either left untreated (Untr) or treated
with either DMSO (sham) or rafoxanide for 24 h (left panel) and 48 h (right panel). Results indicate the percentage of cell death as assessed by flow-cytometry
analysis of Annexin V (AV) and/or propidium iodide (PI)-positive cells. Data are expressed as mean =+ SD of three experiments. Sham vs rafoxanide-treated cells,
***P < 0.001. Right inset. Representative dot-plots showing the percentages of AV- and/or PI-positive cells. (B) Representative histograms showing the percentage
of cell death in DLD-1 cells either left untreated (Untr) or treated with either DMSO or rafoxanide for 24 h (left panel) and 60 h (right panel). Results indicate the
percentage of cell death as assessed by flow-cytometry analysis of Annexin V (AV) and/or propidium iodide (PI)-positive cells. Data are expressed as mean = SD of
three experiments. Sham vs rafoxanide-treated cells, ***P < 0.001. Right inset. Representative dot-plots showing the percentages of AV- and/or PI-positive cells. (C)
Q-VD-OPH, a pan-caspase inhibitor, blocks CRC cell death induced by rafoxanide. HCT-116 and DLD-1 cells were cultured in the presence or absence of Q-VD-OPH
for 1 h, and then treated with either DMSO or rafoxanide for further 48 h (HCT-116) or 60 h (DLD-1). The percentages of AV- and/or PI-positive cells were assessed by
flow cytometry. Data are mean = SD of three experiments.

in sham-treated mice, whereas p-eI[F2a, CHOP and cleaved caspase-3 4. Discussion

expression was barely detectable in non-tumor colon epithelium of both

the rafoxanide- and sham-treated groups (Fig. 7A-B and Suppl. Fig. 10). In this study we present data indicating that rafoxanide is a pow-
Collectively, these data confirm that rafoxanide induces ERS, inhibition erful inhibitor of CRC cell proliferation and survival. The anti-mitogenic
of cell proliferation, and apoptosis in colon tumor tissues in vivo, but not action of rafoxanide was evident in CRC cells bearing both the BRAF
in normal colonic epithelial cells. V600E mutation as well as in CRC cells with wild-type BRAF alleles, but

not in normal colonic epithelial cells. Thus, the findings provide
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Fig. 5. Rafoxanide reduces the proliferation of
neoplastic cells and induces ERS in human CRC

explants. (A) Representative pictures of Ki-67-
stained sections of freshly obtained CRC explant
(T) and adjacent non-tumor mucosa (NT) treated
with either DMSO (sham) or rafoxanide for 24 h.
The scale bars are 20 um. The scale bars in the
inset is 10 um. One of five representative ex-
periments in which similar results were obtained
is shown. (B) Representative histograms
showing XBP1s, ATF4, GRP78 and CHOP RNA
expression in human CRC explants treated as
indicated in A. XBP1s, ATF4, GRP78 and CHOP
RNA transcripts were evaluated by real-time
PCR. Levels are normalized to f-actin. Values

are mean = SD of three experiments.
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evidence for preferential activity on CRC cells relative to normal cells,
but not likely via effects on a BRAF mutation-dependent mechanism.
The inhibitory effects of rafoxanide on CRC cells were associated with
accumulation of cells in GO/G1 phase of the cell cycle and a marked
decrease in cyclin D1 protein levels but not cyclin D1 RNA levels.
Because marked reductions in cyclin D1 have previously been shown in
response to induction of ERS, we next assessed whether rafoxanide
triggered ERS in CRC cells. We found that rafoxanide activated the ERS
cascade in CRC cells, as demonstrated by the phosphorylation/activa-
tion of PERK and elF2a as well as by the striking up-regulation of the
downstream effector CHOP. In normal cells, which generally display no
evidence of a significant ERS response, CHOP is barely expressed.
Tumor cells often display negligible CHOP levels, despite a low/chronic
ERS condition, because of the persistent activation/up-regulation of
pro-survival components of the ERS response, such as the major ER
chaperone protein GRP78/BiP [35]. Such ERS adaptive phenotype sets
many tumor cells apart from normal cells and might therefore provide a
tumor-specific target for potential therapeutic exploitation. Indeed,
agents that are able to trigger further ERS may lead to the overload and
subsequent breakdown of the ERS defense system in cancer cells thus
resulting in cell cycle arrest and apoptosis [35], and a number of ERS
inducing drugs are currently in clinical trials for cancer treatment
[36-39]. Our data showed that rafoxanide strongly induced CHOP RNA
transcripts in CRC but not in normal colonic epithelial cells. Thus, it is
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tempting to speculate that the selectivity of the anti-neoplastic action of
rafoxanide relies on the targeted aggravation of the pre-existing low/
chronic ERS condition in CRC cells.

Among the stimuli and contexts that may induce ERS are pertur-
bations of mitochondrial homeostasis [28]. As rafoxanide exerts its
anti-helmintic effects by interfering with parasite mitochondrial ATP
synthesis [29], to begin to uncover the mechanism/s underlying the
rafoxanide-mediated ERS induction, we evaluated MMP in CRC cells
following rafoxanide exposure. Our data clearly indicated that rafox-
anide did not affect MMP at the same or earlier time points that those
when PERK and elF2a phosphorylation were detected, thus ruling out a
role of the mitochondria in such phenomenon. However, we cannot
exclude the possibility that rafoxanide might affect the MMP of CRC
cells at later time points and such an effect might have some con-
tribution to rafoxanide-induced CRC cell death. Additional mechanisms
by which a pharmacological agent can induce ERS are disturbances in
calcium mobilization, perturbations of the proteasome machinery and
protein folding/stability, modulation of reactive oxygen species sig-
naling cascade, as well as inhibition of autophagy [40]. Future in-depth
experimental work will be aimed at addressing whether the rafoxanide-
mediated ERS induction relies on the modulation of one or more of the
above-mentioned upstream events.

To determine the role of ERS in the anti-mitogenic effects of ra-
foxanide, CRC cells were stimulated with the drug in the presence of the
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Fig. 6. Rafoxanide reduces colonic tumorigenesis in Apc mice. (A)
Experimental protocol used to assess the effect of rafoxanide treatment on co-
lonic tumorigenesis in Apc™™ * mice. (B) Upper panels show representative
endoscopic pictures of colon lesions developed in mice treated with either
DMSO (sham) or rafoxanide. Graphs show the number of lesions and the en-
doscopic scoring of lesions developed in mice treated with either DMSO (sham)
or rafoxanide. Data indicate mean + SEM of three independent experiments in
which at least four mice per group were considered. (C) Representative images
showing Ki-67 immunostaining in colonic sections taken from Apc™™* mice
treated with either DMSO (sham) or rafoxanide. The scale bars are 20 um. The
scale bar in the inset is 10 um. One of five representative experiments in which
similar results were obtained is shown. NT, non-tumor area, T, tumor area.

ERS alleviator TUDCA. Our results pinpointed the relevance of ERS
induction in the rafoxanide-mediated cyclin D1 down-regulation and
accumulation of cells in GO/G1 phase, in line with recent reports de-
monstrating an ability of TUDCA in mitigating the anti-neoplastic
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effects of ERS-inducing agents/molecules in cancer cells [41-43]. Al-
though CRC cells underwent death following rafoxanide treatment, this
circumstance was seen only after 48- and 60-hr rafoxanide exposure in
HCT-116 and DLD-1 cells respectively, thus indicating that induction of
apoptosis followed the rafoxanide-induced cell growth arrest. We also
showed that caspase activation was involved in the rafoxanide-induced
CRC cell death, because pre-incubation of cells with a pan-caspase in-
hibitor conferred strong cytoprotection.

While this study was ongoing, Xiao and colleagues reported that
rafoxanide inhibited proliferation and induced apoptosis in both wild
type and BRAF V60OE mutated multiple myeloma (MM) cells, while
having no apparent cytotoxicity on normal peripheral blood mono-
nuclear cells [44]. In line with our results, such an effect was associated
with a cell cycle arrest in GO/G1 phase and a reduction of cyclin D1,
CDK4 and CDK6 protein expression. In the same paper, the finding that
rafoxanide caused synergistic cytotoxicity in MM cells in combination
with bortezomib [44], a proteasome inhibitor recognized to promote
ERS and approved for clinical use in MM patients [35], further supports
our view that rafoxanide may exert its anti-neoplastic action by indu-
cing ERS.

To extend our observations to primary human cells, we showed that
rafoxanide reduced transformed epithelial cell proliferation in human
CRC explants without substantially affecting the growth of normal co-
lonic epithelial cells. We further strengthened our claims about the
potential translational relevance of the anti-neoplastic effects of ra-
foxanide using an in vivo model of colon carcinogenesis. Systemic ad-
ministration of rafoxanide reduced the multiplicity and size of lesions in
Apc™™/* mice. Consistent with our previous data, in the in vivo model,
systemic administration of rafoxanide exerted anti-mitogenic effects
and induced apoptosis in transformed but not in normal colonic epi-
thelial cells. It is thus tempting to speculate that rafoxanide interferes
preferentially with biological pathways that sustain malignant cell
growth in vivo. In our mouse colon tumorigenesis model, rafoxanide
would seem well-tolerated as no significant changes in body weight
were observed in mice treated with the drug as compared with sham.
Such observation is in line with the evidence reported by Xiao et al. in a
MM xenograft model, showing no significant side effects of the drug in
mice receiving intraperitoneal injections of 15 mg/kg rafoxanide every
other day for 14 days [44]. However, further studies of dosage and
long-term toxicity are needed to confirm the therapeutic potential and
clinical benefit of rafoxanide. Further experimentation in murine
models of CRC is ongoing to investigate whether rafoxanide, either
alone or packaged in nanoparticles/liposomes, can inhibit colon carci-
nogenesis when orally administered.

In conclusion, we report the novel observations that rafoxanide is an
ERS inducing agent with selective anti-tumor activity against CRC cells
in vitro and in vivo. Importantly, to retain a tumor-selective cytotoxic
outcome, the dose of rafoxanide should be chosen in order to suffi-
ciently instigate ERS in tumor cells, but at the same time, only modestly
trigger ERS in normal cells. Collectively, our data suggest that rafox-
anide could potentially be deployed as an anti-cancer drug in CRC
patients or as a chemoprevention agent in very selected patient popu-
lations at significantly elevated risk of developing clinically significant
pre-cancerous and cancer lesions, perhaps such as in patients with fa-
milial adenomatous polyposis.
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