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ABSTRACT
Some compounds of a series of novel pyrrolo-1,5-benzoxa(thia)zepine, a well-known group of tubulin
targeting agents, display anti-tumor effects mainly inducing cell cycle arrest and apoptosis in several
human cancer models. A member of this family, pyrrolo-1,5-benzoxazepine-15 (PBOX-15), has previously
shown potent pro-apoptotic activity in a variety of human tumor cell types, with minimal toxicity toward
normal blood and bone marrow cells. In this study, we evaluated the PBOX-15-mediated effects in human
colorectal cancer cell (CRC) lines, DLD-1 and HT-29. The compound, used at concentrations equal to or
greater than 1 mM, inhibited the proliferation of human CRC cells, inducing a significant cell cycle arrest in
the G2/M phase. In DLD-1 cells, treatments prolonged over 48 h triggered a strong activation of the
intrinsic apoptotic pathway as indicated by activation of caspase-9, caspase-3 and PARP cleavage.
Moreover, nanomolar concentrations of PBOX-15, significantly improved the oxaliplatin and 5-fluouracil-
induced anti-proliferative effects in DLD1 cell line. The observed synergistic interaction of both PBOX-15/
Oxaliplatin and PBOX-15/5FU may involve activation of p38 MAPK and JNK pathway, which in turn
significantly increased caspase-3 cleavage in DLD-1 cells, treated with PBOX-5/Oxaliplatin but not with
PBOX-15/5FU. Moreover, PBOX-15/5FU-treated cells showed an increase in expression of the pro-
apoptotic protein Bax. Taken together, these results show that PBOX-15 could represent a promising
compound for the treatment of human CRC and a strong candidate for novel therapeutic options.

Abbreviations: 5-FU, 5-fluorouracil; CB, cannabinoid; CBRs, cannabinoid receptors; CRC, colorectal cancer; FAAH,
fatty acid amide hydrolase; IFNs, interferons; IL-2, interleukin 2; MAGL, monoacyl glycerol lipaseapse; PARP, Poly
(ADP-ribose) polymerase; PBOX, pyrrolo-1,5-benzoxazepine; PBOX 15, 4-acetoxy-5-(1-(naphthyl)naphtho[2,3-b]pyr-
rolo[2,1-d][1,4]oxazepine; PBR, peripheral-type benzodiazepine receptor.
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Introduction

Colorectal cancer (CRC) is the third most common cancer
worldwide and the fourth most common cause of death in
industrialized countries.1 CRC develops as a consequence of
aberrant crypt proliferation or progression of benign hyperpla-
sia to benign adenoma and in most cases to adenocarcinoma.2

Oxaliplatin, used in combination with 5-fluorouracil (5-FU)
and leucovorin (FOLFOX) for metastatic CRC, has led to 45%
response rates, with a median survival approaching 2 years,3-5

and has also been found to be very effective in the adjuvant set-
ting.6 Despite these impressive accomplishments, all metastatic
CRC eventually become resistant to oxaliplatin, with a median
time to progression of 8 months.7 Similar to oxaliplatin, 5-
fluouracil resistance has also been observed in CRC patients.8

Thus, new strategies to overcome chemotherapeutic resistance

are under exploration and it’s necessary to design new drugs
for a more selective tumor therapy. Strong evidence suggests
that the endogenous cannabinoid system, comprising cannabi-
noid receptors, endogenous ligands and enzymes for ligand
biosynthesis and degradation, may provide new targets for
tumor intervention,9-11 and elucidate the potential role of
endocannabinoids in the control of CRC growth and
progression.12,13

Endocannabinoid (EC) levels are strongly elevated in
colorectal adenomatous polyps but slightly reduced in carci-
nomas.14 Conversely, CB1 receptor expression in carcinoma
is lower than in the healthy colon epithelium.15 However,
this potential protective mechanism is incomplete because
of the rapid degradation ECs in vivo. Thus, a promising
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approach to maintain a localEC tone is to increaseEC levels
by delaying their inactivation with specific inhibitors of
metabolic pathway. As others reported, the inhibition of
degradative enzymes (particularly, fatty acid amide hydro-
lase FAAH), leads to the amplification ofEC anti-tumor
properties via indirect activation of CB receptors. Therefore,
FAAH represents a convenient target for the development
of anti-cancer drugs.

A novel series of pyrrolo-1,5-benzoxa(thia)zepine (PBOX)
compounds, synthesized as high-affinity ligands to the periph-
eral-type benzodiazepine receptor (PBR), are implicated,
among others, in cell growth and apoptosis.16 In particular,
PBOX-15 is a tubulin depolymerizing agent displaying a proa-
poptotic activity in a variety of human solid and hematological
malignancies,16-21 with minimal toxicity toward normal blood
and bone marrow cells.17 In the present study we identified
PBOX-15 as a submicromolar selective inhibitor of FAAH
enzyme (IC50= 0.843 mM) and we investigated the anti-tumor
efficacy and mode of action of this compound on CRC cell
lines. Moreover, the effect of PBOX-15-combined treatment
with the chemotherapeutic agents oxaliplatin and 5-fluoroura-
cil was investigated.

Results

PBOX-15 reduces the proliferation of FAAH-positive CRC
cells

The effect of PBOX-15 on cell proliferation was specifically
evaluated through BrdU incorporation analysis treating 2 com-
mon CRC cell lines, DLD-1 and HT29 cells, expressing high
levels of FAAH enzyme, with increasing concentrations ranging
from 1 nM to 5 mM (Fig. 1). PBOX-15, at the highest concen-
trations tested (1 mM and 5 mM) significantly inhibited cell
proliferation of both DLD-1 and HT29 cell lines (Figs. 1A and
B). These data indicate that PBOX-15 interferes with CRC cell
proliferation.

PBOX-15 induces a significant cell cycle arrest in the G2/M
phase of CRC cells

In order to investigate the effects of PBOX-15 on the cell cycle
regulation in CRC cells, flow cytometry analysis was carried
out. FACS analysis of PI-stained DLD-1 cells revealed that
PBOX-15 (1 mM) for 24 h significantly induced a strong accu-
mulation of the cells in the G2/M phase of the cell cycle com-
pared to exponentially growing untreated CRC control cells.
This cellular accumulation also occurred after 48 h of treat-
ment. Accordingly, the percentage of cells in G0/G1 decreased
by about 20% (Fig. 2A). Similarly to DLD-1, also HT29 cells
presented an increase in G2/M phase upon treatment with
PBOX-15 (1 mM) (Fig. 2B), showing that the modulation of the
cell cycle was not cell line-specific and explaining, at least par-
tially, the reduction in cell number after treatment as shown by
BrdU assay (Fig. 1). As expected, treatment with PBOX-15 at a
concentration of 100 nM did not change significantly the per-
centage distribution of the treated cells at different stages of the
cycle compared to control cells treated with vehicle (Figs. 2A
and B).

PBOX-15 induces apoptosis in DLD-1 cells by activation of
the intrinsic pathway

Since obtained data showed a good reproducibility of the
PBOX-15-induced antiproliferative effect in 2 CRC cell lines
and considering the similar molecular profile of DLD-1 and
HT29 cells, we decided to focus our study on DLD-1 cells.

In order to analyze if the reduction in cell proliferation
mediated by PBOX-15 was associated with apoptosis induction,
we analyzed DLD-1 cells upon treatment with 1 mM PBOX-15.
We found that at 48 h, PBOX-15 induced cellular DNA degra-
dation as indicated by the appearance of a pattern of DNA lad-
ders (Fig. 3A).

To corroborate the apoptotic fate, DLD-1 cells treated with
PBOX-15 were double stained with Annexin V and PtdIns and
analyzed by flow cytometry. As shown in Figure 3B, both
Annexin V-positive (early apoptotic cells, bottom right quad-
rant) and Annexin V/PI-double positive cells (late apoptotic
cells, top right quadrant) were significantly increased already at
500 nM at 24 h of treatment (9.27% § 0.946 and 6.91 § 1.179,
respectively). At the highest dose of PBOX-15 (1 mM), at 48 h
of treatment, we detected a significant increase of total apopto-
tic cells with respect to the control (50.0% § 1.454 versus
8.46% § 0.345).

In order to dissect the molecular mechanisms underlying
apoptosis induction, we examined whether PBOX-15 treatment
activated caspase-dependent apoptosis in DLD-1 cells. As
shown, activation of caspase-9, the initiator protease of the

Figure 1. PBOX-15 inhibits proliferation of human CRC cell lines. (A and B) CRC cell
lines (1 £ 104 / 0.33 cm2 plate) were incubated with increasing concentrations of
PBOX-15 (from 0.001 to 5 mM) for 24 and 48 hours. Cell proliferation was evaluated
by measuring BrdU incorporation during DNA synthesis through a colorimetric
ELISA assay. The results are shown as the mean § SD from triplicate cultures per-
formed at least 3 times. (��p <0.01, ANOVA compared to the untreated control
cells).
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intrinsic apoptotic pathway also occurred after PBOX-15
treatment, indicating activation of the intrinsic pathway
(Fig. 4A). The treatment with PBOX-15 resulted in a strong
cleavage and activation of the executioner caspase-3, partic-
ularly evident from 48 h of treatment. Cleavage of Poly
(ADP-ribose) polymerase (PARP) also correlated with cas-
pase-3 activation. Moreover, in accordance with DNA frag-
mentation, we found an increase in the phosphorylated
form of histone H2AX, a nuclear marker of various types of
DNA damage, starting from 24 h of treatment (Fig. 4A).
These data, taken together, indicate that PBOX-15 interferes
with cell proliferation by activating the intrinsic apoptotic
pathway.

PBOX-15 modulates the phosphorylation of ERK and JNK
in DLD-1 cells

To investigate the molecular mechanism by which PBOX-15
induces colon tumor cell apoptosis, we tested whether it
regulates genes known to control cell death and prolifera-
tion pathways. We evaluated the extent of phosphorylation
of ERK1/2 upon treatment of DLD-1 cells with PBOX-15
for increasing time points. As shown in Figure 4B, treat-
ment caused a dose- and time-dependent inhibition of ERK
phosphorylation. Moreover, we assessed the involvement of
JNK/SAPK, another member of the MAPK family, involved
in DNA damage-response and apoptosis. Phosphorylation
of JNK1 and JNK2 was clearly increased at 24 h of treat-
ment with PBOX-15 at 1 mM dose and persisted higher
than the control until 72 h (Fig. 4C).

Figure 2. PBOX-15 induces a significant cell cycle arrest in the G2/M phase of DLD-
1 and HT29. The percentage of cells was determined by FACS following PtdIns
incorporation. The histograms report the percentage of cells in G0/G1, S and G2/M
phases after treatment of DLD1 (A) or HT29 (B) cell lines with PBOX-15 (0.1 and 1
mM) for 24 and 48 hours. Each value is the mean § SD of 3 separate experiments
performed in duplicates (���p <0.005, ANOVA).

Figure 3. In vitro assessment of apoptosis in DLD-1 cells. (A) DNA-fragmentation assay in DLD-1 cells.DNA was prepared from CRC untreated or treated respectively for
48 h with PBOX-15 (1 mM) and analyzed in a 1.6% agarose gel. Lane M is the 100-bp DNA ladder. (B) Annexin V-FITC/PI staining was used to corroborate the induction of
apoptosis. The induction of apoptosis was determined by flow cytometric analysis of Annexin V-FITC and PtdIns-staining. Cells in the lower right quadrant indicate
Annexin V-positive, early apoptotic cells. The cells in the upper right quadrant indicate Annexin V-positive/PI-positive, late apoptotic cells. (C) The histograms represents
total apoptosis (% of Annexin VC Annexin V/PtdIns positive cells) in PBOX15-treated cells compared with the untreated control.
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PBOX-15 sensitizes cells to targeted colon cancer therapies

As a next step, we compared the PBOX-15 inhibitory effect on
DLD-1 cell proliferation to that of 2 commercially available
agents that are currently in clinical use as first-line anticancer
therapeutics, oxaliplatin and 5-fluorouracil. In dose-dependent
experiments, both drugs, oxaliplatin (ranging from 0.08 mM to
10 mM) and 5-FU (ranging from 3 mM to 100 mM), were
unable to inhibit CRC cell proliferation when used at low con-
centrations for 72 h. In particular, a significant inhibition of
cell proliferation was obtained with oxaliplatin 10 mM and 5-
fluorouracil 50 mM or higher (fraction of cells affected/killed
15% and 13–29%, respectively) after 72 h of treatment
(Fig. 5A). Interestingly, the combined treatment of PBOX-15
with oxaliplatin (1:10 Molar ratio) (Fig. 5B) or 5-fluorouracil
(1:100 Molar ratio) (Fig. 5C) inhibited DLD-1 cell proliferation
more effectively than the treatment with each single agent
alone. Indeed, the combination index (CI) is under 1, thus indi-
cating synergistic interactions (Table 1).

Involvement of MAPK pathways in the enhancement of
chemotherapy-induced apoptosis by PBOX-15

We have previously found that PBOX-15 is able to modulate
oppositely ERK and JNK. Since MAPK pathways have been

implicated in the modulation of chemotherapy-induced apo-
ptosis, we evaluated whether the observed synergistic effects of
PBOX-15 with Oxaliplatin and 5FU could involve MAPKs.
After 48 h of combined treatment, we found a clear increase of
phosphorylated form of JNK1 and JNK2, for both combination
PBOX-15/Oxaliplatin and PBOX-15/5-FU combinations, com-
pared to each single agent or to vehicle alone (Fig. 6A). Further-
more, the combined effect also modulates the activation of p38-
MAPK, as evidenced by the increase of its phosphorylated form
after 72 h of treatment (Fig. 6B).

Since JNK and p38 MAPKs activate in different ways cell
death processes, we analyzed the caspase-3 cleavage in DLD-1
cells treated for 72 h with PBOX-15 (300 nM) co-administered
with Oxaliplatin (3 mM) or 5-FU (30 mM). The activation of
caspase-3 was clearly detectable in PBOX15/Oxaliplatin-treated
cells but not in DLD-1 treated with PBOX-15/5-FU in which
only a very slight signal was observed (Fig. 6C). On the other
hand, at the same time point, PBOX-15/5FU-treated cells
showed a slight increase of the pro-apoptotic protein Bax
(Fig. 6D).

PBOX-15 selectively inhibits FAAH enzyme activity

After a systematic screening of a selected number of pyrrolo-
1,5-benzoxa(thia)zepine compounds, PBOX-15 (pyrrolo-1,5-
benzoxazepine-15) was identified as a selective inhibitor of the
FAAH enzyme. PBOX-15 was found able to inhibit FAAH
with a submicromolar potency (IC50 D 847.8 nM) (Fig. 7).
Interestingly, the compound demonstrated a high degree of
selectivity.

Discussion

Strong experimental evidence collected both in vitro and in
vivo, proposed the endocannabinoids system as an interesting
pharmacological target for the control of CRC proliferation
and the inhibition of neo-angiogenic and metastatic processes,
underlying the progression of CRC. These effects are obtained
either by direct activation of the CB1 receptor or indirect acti-
vation through the inhibition of the main metabolic enzyme
(i.e., FAAH). For this reason, the use of selective inhibitors of
FAAH may represent a convenient pharmacological alternative
to CB1 and CB2 receptor agonists.12 The use of FAAH inhibi-
tors rather than CB receptor agonists embraces several advan-
tages: 1) minimize the possible psychotropic activity after
systemic administration; 2) reduce the toxicity for mononuclear
and bone marrow cells; 3) improve tolerance in animal models
and 4) lack the recognition by proteins involved in chemore-
sistance (i.e., ABC transporters, P-glycoprotein, BCRP pro-
teins).24 While the efficacy of a direct activation of CBRs in
tumor has been extensively described, the approach of inducing
an indirect activation via the block of ligand degradation has
been only seldom applied. Indeed the FAAH inhibitor N-arach-
idonoylserotonin increased colon endocannabinoid levels,
reducing the development of precancerous lesion in the mouse
colon.13 Moreover the FAAH inhibitor URB597 increased the
antiproliferative effects of endocannabinoids in neuroblastoma,
melanoma and non-small cell lung cancer cells.25-27 Therefore,
the identification of a novel compound that binds and inhibits

Figure 4. PBOX-15 affects both the apoptotic cascade and MAPKs pathway. (A and
B) Lysates from DLD-1 cells, untreated (¡) or treated with PBOX-15 for the indi-
cated time points at the concentrations of 100 nM and 1 mM, were immunoblotted
with anti-caspase-9, anti-caspase-3, anti-PARP (total and cleaved forms) and anti-
pH2AX antibodies (panel A), and with anti-ERK or anti-pERK antibodies (panel B).
To confirm equal loading the filters were stripped and reprobed with anti-GAPDH
antibody. (C) Lysates from DLD-1 cells untreated (¡) or treated (C) with PBOX-15
(1 mM) for the indicated incubation times, were immunoblotted with anti-JNK and
anti-pJNK antibodies. Blots shown are representative of at least 3 independent
experiments.
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FAAH raises the obvious question of whether this molecule
may interfere with proliferation of target cells.

Some compounds belonging to the pyrrolo-1,5-benzoxaze-
pines family (PBOXs), originally developed as a novel group of
tubulin targeting compounds, such as PBOX-6 and PBOX-15
have been already reported to induce a G2/M cell cycle arrest
in several human cell lines.17,18 Among these compounds,
PBOX-6 was previously tested in CRC models using a murine
colon carcinoma cell line (CT-26) and Caco-2, a human colon
carcinoma derived cell line able to differentiate in culture.28 In
our work, during a screening program, we identified a com-
pound belonging to the family of pyrrole-1,5-benzoxazepine,
PBOX-15, as a submicromolar selective inhibitor of FAAH
enzyme in rat brain membranes (IC50 D 0.843 mM).

Therefore, given the antitumor efficacy of both pyrrolo-
1,5-benzoxazepines and FAAH inhibitors, we were prompted
to investigate the specific anti-tumor efficacy and mode of
action of PBOX-15 in FAAH-positive CRC cell lines, mainly
focusing on its ability to improve the response to drugs cur-
rently used in the clinical practice for the treatment of colon
cancer. The obtained results show that PBOX-15, already at
1 mM, inhibits the proliferation of human CRC cell lines in
a dose- and time-dependent manner, inducing a significant
cell cycle arrest in the G2/M phase with a concomitant
induction of apoptosis already at 24 h from exposure to the
compound. Moreover, the compound triggers the intrinsic
pathway of apoptosis, as indicated by a significant occur-
rence of fragmentation of cellular DNA and by activation of

Figure 5. Anti-proliferative effect of PBOX-15, Oxaliplatin and 5-FU in DLD-1 cells. (A) DLD-1 cells were incubated with increasing concentrations of PBOX-15 (ranging
from 0.005 mM to 0.3 mM), Oxaliplatin (ranging from 0.08 mM to 10 mM) or 5-FU (ranging from 3 mM to 100 mM) for 72 hours. The dose-effect curve was performed using
the CalcuSyn software and it showed the dose of the drug vs the fraction of the cells affected/killed by PBOX15, Oxaliplatin or 5-FU used alone. A representative
experiment (carried out at least twice) is reported. (B) DLD-1cells were treated for 72 hours with Oxaliplatin (0.08-10 mM) or PBOX-15 in combination with Oxaliplatin
(1:10 molar ratio) at the concentrations indicated in the table. (C) DLD-1 cells were treated for 72 hours with 5-FU (3-100 mM) or PBOX-15 in combination with 5-FU
(1:100 molar ratio) at the concentrations indicated in the table. Cell proliferation was evaluated by measuring BrdU incorporation during DNA synthesis through a colori-
metric ELISA assay. The dose-effect curve was done using the CalcuSyn software and a representative experiment (carried out at least twice) is reported.

Table 1. Combination index (CI), Fraction affected (FA) and Dose Reduction Index (DRI) for PBOX-15 and OXA/5-Fluorouracil in DLD-1 cells.

Concentration PBOX-15 (M) Concentration OXA (M) CI FA PBOX-15C OXA DRI PBOX-15 OXA

0.075 0.75 0.005 0.1413 2.08 7.79
0.15 1.5 2.66e-005 0.5450 3.76 4.37
0.3 3 1.22e-006 0.8105 8.19 3.79
Concentration PBOX-15 (mM) Concentration 5-FU(mM) CI FA PBOX-15 C 5-FU DRI PBOX-15 5-FU
0.075 7.5 0.001 0.2455 1.57 1.53
0.15 15 2.76e-006 0.7200 3.62 1.92
0.3 30 4.91e-006 0.7279 2.04 1.16
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caspase-9, caspase-3, and PARP, the enzyme responsible for
DNA repair after damage.

Lu and colleagues29 demonstrate that phosphorylated form
of histone H2AX is essential for Caspase-Activated DNase
(CAD)-mediated DNA fragmentation and that cJun NH2-ter-
minal kinase (JNK), a member of the stress-activated MAP
kinase group, can phosphorylate its non-canonical substrate
H2AX (Ser139), in vitro. Our results show that the dose- and
time-dependent increase of phospho-H2AX corresponds to a
transient increase in the phosphorylated form of JNK, after
PBOX-15 exposure. Furthermore, the compound used at 1 mM

reduced ERK phosphorylation, starting from 24 h of treatment.
Accordingly with a lack of effect on CRC proliferation at the
concentration of 100 nM, PBOX-15 does not alter the levels of
activated ERK. These results suggest that the effect of PBOX-15
is mediated, at least in part, via MAPK pathways. At the
moment we are not able to dissect what percentage of PBOX-
15-induced inhibition of FAAH is able to take part in the anti-
proliferative observed effects.

Indeed, PBOX-15 has been reported to induce G2/M arrest
and apoptosis in HeLa cells where no expression of FAAH was
found.18 Wild-type HeLa cells suggests that FAAH activity is
not an absolute requirement for cell growth control and, as a
consequence, the anti-proliferative effects could be ascribed,
only in part, to FAAH inhibition. However, the obtained results
demonstrate that PBOX-15 is able to significantly modulate cel-
lular pathways involved in the proliferation and progression of
CRC.

Intriguingly, several reports have shown that in leukemia
and in multiple myeloma PBOX-15 has a reduced, if not absent,
toxicity in normal cells compared to transformed ones.19,30,31

Therefore, it seemed interesting to assess whether, at doses
lower than those used in the assessment of cell proliferation,
PBOX-15 is able to improve the sensitivity to treatment with
oxaliplatin or with 5-FU. Oxaliplatin in combination with 5-
Fluorouracil and leucovorin (FOLFOX) has been approved for
metastatic CRC therapy. Despite clinical success, patients who
initially respond to the treatment may subsequently become
refractory,5 and thus the attention has been directed toward
alternative strategies, including the use of combined therapies,
able to contrast resistance occurrence and to decrease the

Figure 6. Synergistic effect may possibly involve MAPK pathways. (A, B and C) Lysates from DLD-1 cells, untreated (¡) or treated (C) with Oxaliplatin (3 mM), 5-Fluoroura-
cil (30 mM) and PBOX-15 (300 nM) alone or in combination for 48 h (panel A) or 72 h (panels B and C) were immunoblotted with anti-JNK (total and phosphorylated forms
in panel A), with anti-p38 (total and phosphorylated forms in panel B), with anti-caspase 3 (total and cleaved forms in panel C) antibodies. In B lower panel, the histo-
grams shown represent the densitometric analyses of phospho-p38 expressed as fold change of the total p38 amount. Each value is the mean § SD of 3 independent
experiments (�p <0.05, ANOVA). (D) Lysates from DLD-1 cells, untreated or treated with 5-FU (30 mM) and PBOX-15 (300 nM) alone or in combination for 72 h, were
immunoblotted with anti-Bax antibody. To confirm equal loading, the filters were stripped and reprobed with anti-GAPDH antibody. Blots shown are representative of at
least 3 independent experiments with similar results.

Figure 7. PBOX-15 selectively inhibits FAAH enzyme activity. Dose–response
curves of PBOX-15-mediated inhibition of FAAH activity. Data are reported as
means§ SD of n D 3 experiments.
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effective doses and, consequently, the adverse effects of the
drugs used in combination. Therefore, we tested the antiproli-
ferative activity of PBOX-15 in combination with the cytotoxic
agents, oxaliplatin and 5-FU. Interestingly, when used at low
doses in combination with oxaliplatin (5 mM) or 5-FU
(50 mM), PBOX-15 significantly enhanced the antiproliferative
effects of these chemotherapeutics. Moreover, combination
index (CI) obtained for the combined use of PBOX-15 with
both Oxaliplatin and 5-FU shows a strong synergistic effect
(CI<1.0) of the drugs used in combination and a good DRI for
both chemotherapic compounds (Table 1).

Targeting MAPKs pathway is one of the best strategies in
the control of tumor progression. The role of stress-activated
MAPKs such as p38 and JNK in cancer cells outcome seems to
vary in a tumor-dependent manner, but their modulation may
be implicated in response to anticancer drugs.32,33 It has been
reported that in HCT-116 CRC cell line, p38 MAPK plays an
important role in oxaliplatin-induced apoptosis.34 Here we
found that the combination of sub-micromolar doses of
PBOX-15 (300 nM) and Oxaliplatin cooperates to induce apo-
ptosis possibly through activation of p38 and JNK MAPKs, as
evidenced by the cleavage of caspase 3. For PBOX-15/5-FU
combination, we also found the activation of both p38 and
JNK, but we are not able to demonstrate the activation of cas-
pase-dependent cell death. de la Cruz-Morcillo et al reported
that p38 MAPK inhibition is associated, in p53-dependent
manner, to 5-FU resistance. Moreover, p38 is associated with
autophagic response to 5-FU.35 Other authors have demon-
strated that resistance to long-term 5-FU exposure, was depen-
dent not only on p53 status, but also on the levels of anti- and
pro-apoptotic protein, such as Bax.36 Our results show that
combined treatment PBOX-15/5-FU is able to increase Bax lev-
els, but the cleavage of caspase 3 was less than in the treatment
with PBOX-15 alone.

Recently, it has been shown that PBOX-15 acts as autopha-
gic inducer in Caco2 cells and the inhibition of late stage auto-
phagy by bafilomycin-A1, a vacuolar H C ATPase inhibitor,
does not increase PBOX-15-induced cell death.28 On the other
hand, unlike DLD-1, Caco2 cell in vitro differentiation dramat-
ically modify FAAH expression and the sensitivity to cannabi-
noids.14 We speculate that the different genetic profiles of the 2
cell lines, could at least partly explain the percentage of apopto-
sis induced by PBOX-15 in DLD-1, higher than that observed
in Caco2 cells.

Thus, further studies are required to clarify if the synergistic
effect observed with PBOX-15/5-FU combined treatment may
involve caspase-independent cell death mechanisms or whether
this combination may trigger an autophagic response following
long-term treatment. Even if we cannot conclude that the
observed effect on cell proliferation are mediated, at least in
part, through a direct involvement of FAAH, our data show
that the pyrrolo-1,5-benzoxazepine PBOX-15 has anti-prolifer-
ative and pro-apoptotic activity in an in vitro model of human
CRC FAAH positive cells.

Although further studies are needed to fully elucidate the
molecular mechanisms triggered by PBOX-15 and the specific
consequences of FAAH inhibition, this compound can syner-
gize with the chemotherapeutics currently used for this type of
cancer, Oxaliplatin and 5-FU. These results suggest that

rational combination strategies should be further investigated
in the preclinical setting using PBOX-15 to potentiate the
effects of FOLFOX-based chemotherapy.

Materials and methods

Chemicals

The 4-acetoxy-5-(1-(naphthyl))naphtho[2,3-b]pyrrolo[2,1-d]
[1,4] oxazepine (PBOX-15) was synthesized as previously
described16 and dissolved in dimethylsulfoxide (DMSO). The
chemotherapeutic agents used were oxaliplatin, kindly provided
by Sanofi-Aventis Research, and 5- Fluorouracil (Sigma
Aldrich).

FAAH activity assay

The effect of different concentrations of compounds (from 0.5
to 10 mM) and vehicle (DMSO) on the hydrolysis of ananda-
mide was measured by incubating the membrane fractions
from rat brain (70 mg/sample) in Tris–HCl 50 mM, pH 9 for
30 min at 37�C in presence of [14C]-anandamide properly
diluted with unlabeled anandamide. After incubation, the
amount of [14C]-ethanolamine produced enzymatically was
measured by scintillation counting of the aqueous phase after
extraction of the incubation mixture with 2 volume-equivalents
of chloroform/methanol (1:1 V/V). Data are expressed as the
concentration exerting 50% inhibition of AEA hydrolysis
(IC50), calculated with Prism 6.0 software (GraphPads�). Data
are reported as means § SD of n D 3 experiments.

Cell culture

Human colon DLD-1 (Interlab Cell Line Collection ICLC no.
HTL 95011) and HT29 (ICLC no. HTL 99026) cells were,
respectively, grown in RPMI-1640 and McCoy0s 5A (Lonza)
medium supplemented with 2 mM L-glutamine, 10% fetal
bovine serum (Invitrogen) and 100 U/ml penicillin, 100 mg/ml
streptomycin (P/S; Euroclone) at 37�C in a humidified 5% CO2

air atmosphere.

Western blotting

CRC cells were washed twice in ice-cold phosphate-buffered
saline (PBS) and lysed in buffer A (50 mM Tris–HCl pH8.0
buffer containing 150 mM NaCl, 1% Nonidet P-40, 2 mg/ml
aprotinin, 1 mg/ml pepstatin, 2 mg/ml leupeptin, 1 mM
Na3VO4). Protein concentration was determined by the Brad-
ford assay using bovine serum albumin as standard. Cell lysates
were subjected 10-12 % SDS-PAGE. Gels were electroblotted
into nitrocellulose membranes (Millipore Co.) and filters were
probed with the indicated primary antibodies: anti-caspase 3
(#9662, Cell Signaling), anti-cleaved caspase-3 (#9664, Cell Sig-
naling) anti-caspase 9 (#9502, Cell Signaling), anti-cleaved cas-
pase-9 (#7237, Cell Signaling), anti-PARP (#9542, Cell
Signaling), anti-cleaved PARP (#5625, Cell Signaling), anti-
ERK1/2 (#4695, Cell Signaling), anti-phospho ERK1/2 (#4370,
Cell Signaling), anti-Bax (#5023, Cell Signaling), anti-phospho
p38 (#4511, Cell Signaling), anti-p38 (#9212, Cell Signaling),
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anti-phospho JNK (#4668, Cell Signaling) anti-phospho H2AX
(#9718, Cell Signaling) and anti-GAPDH (#2118, Cell Signal-
ing), anti-JNK1 (ab10664, Abcam). Proteins were visualized
with peroxidase-conjugated secondary antibodies using the
enhanced chemiluminescence system (Amersham-Pharmacia
Biosciences LTD).

Cell proliferation ELISA

Cell proliferation was evaluated, in vitro, by measuring BrdU
incorporation during DNA synthesis through a colorimetric
ELISA kit (Roche Diagnostics GmbH). In brief, DLD-1 and
HT29 were seeded in triplicate into 96-well plates. Cells (1 £
104 /0.33 cm2 plate) were treated with the drugs (ranging
from 1 nM to 5 mM) and incubated for 24 or 48 h. According
to the protocol provided by the manufacturer, at the end of
treatment, cells were first fixed with a denaturation solution
for 30 min. and then incubated with anti-Bromodeoxyuridine
(BrdU) antibody peroxidase conjugated solution (anti-BrdU-
POD) for about 1 h followed by incubation with substrate
solution for 20 minutes. The colorimetric reaction was mea-
sured through a microplate reader (MultiskanTM GO Micro-
plate Spectrophotometer, Thermo Scientific) at 370 nm. The
blank was performed in each experimental setup. The absor-
bance value of the blank was subtracted from other experi-
mental values and cell proliferation was expressed as the
percentage of absorbance values § SD of treated samples to
untreated controls.

Cell cycle analysis

To assess cell cycle profiles, CRC cells treated with vehicle or
PBOX-15 for 24 and 48 h, (2.5 £ 104 /6 cm plate) were col-
lected, fixed in 70% ethanol and kept at ¡20�C overnight. Pro-
pidium iodide (PtdIns; 50 mg/ml) in ice-cold phosphate-
buffered saline (PBS) was added to the cells for 15 min at room
temperature. The cells were acquired by a FACS-Calibur flow
cytometer (BD Biosciences, San Jose, CA, USA). The analysis
was performed with ModFit LT v3.2 (Verity Software House,
Inc.).

DNA fragmentation analysis

DLD-1 cells were cultured as previously described for cell
cycle analysis and treated with PBOX-15 (1 mM) for 48 h.
Adherent and floating CRC cells were harvested, washed
once with ice-cold PBS and incubated with lysis buffer
(5 mM Tris–HCl pH 8.0, 10 mM EDTA, 0.5% Triton X-100)
on ice for 20 minutes. Then, cell lysates were clarified by
centrifugation at 12,000 rpm for 20 min. The obtained
supernatant was treated with RNase A (1 mg/ml) at 37�C for
60 min, and Proteinase K (8 mg/ml) at 65�C for 15 min and
subsequent incubation at 37�C for 12 h. The total DNA,
extracted by purification with phenol/chloroform/isoamyl
alcohol and ethanol precipitation, was dissolved in 20 ml TE
buffer (10 mM Tris–HCl—1 mM EDTA, pH 8,0), analyzed
by 1.8% agarose gel electrophoresis. Approximately 20 ml
DNA was loaded, stained by ethidium bromide and visual-
ized under UV light.

Annexin V/Propidium iodide staining

Adherent cells were harvested by trypsinization and washed
once with warm PBS. Cells were double stained with FITC-con-
jugated Annexin V (BioLegend) in a binding buffer (10 mM
HEPES/NaOH, pH 7; 140 mM NaCl; 2.5 mM CaCl2) for
20 min at room temperature and then with PI for additional
15 min in the dark. The cells were analyzed on a FACS-Calibur
flow cytometer (BDIS, Becton Dickinson). FITC and propi-
dium iodide emissions were detected in the FL-1 and FL-2
channels, respectively. For each sample, at least 20,000 cells
were recorded in list mode on logarithmic scales. Subsequent
analysis was performed with FlowJo�software (BDIS).

Drug combination analysis

The combination index (CI) was calculated by the CalcuSyn
software based on the Chou-Talalay equation,22 which takes
into account both potency (Dm or IC50) and shape of the
dose-effect curve. Briefly, CI<1, CI D 1, and CI>1 indicate syn-
ergism, additive effect and antagonism, respectively. Dose reduc-
tion index (DRI) representing the measure of how much the
dose of each drug in a combination may be reduced at a given
effect level compared with the doses of each drug alone.23 To
explore the relative contribution of each agent to the anti-prolif-
erative effect, combinations with 1:10 PBOX-15/Oxaliplatin and
1:100 PBOX-15/5-Fluorouracil molar ratios, were tested in
DLD-1 cell line. Assessment of drug interaction was performed
calculating the Combinatorial Index (CI). CI/fractional effect
curves represent the CI vs. the fraction of cells affected/killed by
oxaliplatin or 5-Fluorouracil and PBOX-15 in combination.

Statistical analysis

Statistical differences between the treatments and the control
were evaluated by one-way analysis of variance (ANOVA). A P
value less than 0.05 was considered statistically significant.

Note

A previous, related manuscript was retracted after publication in the Euro-
pean Journal of Pharmacology (retraction doi: 10.1016/j.ejphar.2014.01.024).
Data included in the present manuscript published by Cancer Biology &
Therapy are original, produced through experiments re-performed by the
authors and include new results obtained in order to evaluate different
pathways not investigated previously. The authors can provide the raw
data of each experiment, as well as any material required, upon request.
Table 1 is identical in both the present and retracted manuscripts because
it presents the result of the pharmacological combinations evaluated by
CalcuSyn software. This specific result was not among the reasons for the
prior retraction since it contains sound data, from both a procedural and a
statistics point of view. The authors are ready to provide any raw data used
in the computational analysis.
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