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Sulforaphane (SFN) is one of most important dietary constituents of broccoli (Brassica oleracea) and other
cruciferous vegetables, which have been reported to exhibit health benefits, including prevention and therapy of
cancer, such as colorectal carcinoma (CRC). The objective of this study was to determine whether the anti-
cancer effect of SFN on colon cancer HT-29 cell line could be improved by the combined treatment with
molecules inhibiting microRNAs (miRNAs) involved in CRC. As miRNA inhibiting molecules we focused on
peptide-nucleic acids (PNAs). As miRNA to be targeted, miR-15b-5p was selected on the basis of several
information present in the literature and confirming that miR-15b-5p is overexpressed in colon cancer patients,
and that its targeting decreases cell migration and metastasis in colorectal cancer. In this article, we described
for the first time the efficacy of targeting miR-15b-5p by using a PNA against miR-15b-5p (R8-PNA-a15b),
functionalized with an octoarginine peptide (R8) for maximizing cellular uptake. The miR-15b-5p down-
regulation in the colon cancer HT-29 cell line was associated with inhibition of in vitro cell growth and
activation of the proapoptotic pathway, demonstrated by a sharp increase of late apoptotic cells in HT-29-
treated cell populations. A second conclusion of this study is that the R8-PNA-a15b might be proposed in
‘‘combo-therapy’’ associated with SFN. To our knowledge, no report is available in the literature on a com-
bination between SFN and miRNA-targeting molecules. Our data demonstrate that this combined treatment
leads to a very high proportion of apoptotic HT-29 cells (over 85%), a value higher than the sum of the values of
apoptotic cells obtained after singularly administered regents (either SFN or R8-PNA-a15b).

Keywords: apoptosis, peptide nucleic acids, sulforaphane, colon cancer, microRNAs, miR-15b-5p, miRNA
targeting

Introduction

Sulforaphane (SFN) is one of the major biologically
active products of broccoli (Brassica oleracea) and other

cruciferous vegetables. It is an isothiocyanate produced by
the hydrolysis of the glucosinolate (GL) glucoraphanin by
myrosinase of plants and gastrointestinal microflora. Cruci-
ferous vegetables have been reported to exhibit health ben-
efits, including prevention and therapy of cancer [1–5]. For
instance, cruciferous vegetables are effective in significantly
altering the risk of colorectal neoplasms [6]. Interestingly,
SFN has been demonstrated to retain antitumor effects on

several in vitro and in vivo experimental tumor systems, in-
cluding colon cancer [7–11]. In particular, SFN has been
shown to modulate phase I and phase II enzymes, induce
growth arrest and/or apoptosis, (especially by regulation of
signaling pathways such as Nrf2-Keap1 and NF-kB), inhibit
angiogenesis, and regulate the epigenetic machinery.

The objective of this study was to determine whether a
combined treatment of SFN with molecules inhibiting mi-
croRNAs (miRNAs) might be proposed for increasing the
SFN proapoptotic effects. In this respect, it should be un-
derlined that (1) miRNAs are deeply involved in cancer,
behaving as both ‘‘oncomiRNAs’’ and ‘‘tumor suppressor
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miRNAs’’ [12–18]; (2) synergistic effects between antican-
cer molecules and antagomiRNA molecules targeting onco-
miRNA have been reported by different groups [19–21];
(3) among antagomiRNA molecules, peptide nucleic acids
(PNAs) have been recently proposed as very useful reagents
[22–28].

In this study, we have employed a PNA targeting miR-15b-
5p, R8-PNA-a15b, functionalized with an octoarginine pep-
tide (R8) for maximizing cellular uptake, as elsewhere re-
ported [22,23]. The reason in selecting miR-15b as PNA-
based targeting was based on the following observations: (1)
miR-15b-5p is overexpressed in colon cancer patients [29–
31], (2) miR-15b-5p targeting decreases cell migration and
metastasis in colorectal cancer [32], and (3) SIRT1 sup-
presses colorectal cancer metastasis by transcriptional re-
pression of miR-15b-5p [33].

The oncogenic role of miR-15b-5p has been confirmed
also in other tumor types, including hepatocellular carcinoma
[34], prostate cancer [35], and bladder cancer [36].

As far as anti-miRNA molecules, PNAs are DNA ana-
logues in which the sugar-phosphate backbone has been re-
placed by N-(2-aminoethyl)-glycine units [37–42]. These
very interesting molecules have been described for the first
time by Nielsen et al. [37] and, despite a radical structural
change with respect to DNA and RNA, they are capable of
sequence-specific and efficient hybridization with comple-
mentary DNA and RNA, forming Watson-Crick double he-
lices [37]. In addition, they are able to generate triple helix
formation with double-stranded DNA and perform strand
invasion [38–41]. Accordingly, they have been used as very
efficient tools for pharmacologic alteration of gene expres-
sion, both in vitro and in vivo [38,39,43,44].

Materials and Methods

Materials

All chemicals and reagents were of analytical grade. SFN
(d,l-sulforaphane, 574215-25MG; Merck Millipore, Bur-
lington, MA) was diluted in dimethyl sulfoxide (DMSO)
(D8418; Sigma-Aldrich, St. Louis, MO) at final stock concen-
tration of 150 mM. Stock aliquots of SFN were stored at -20�C,
protected from the light, and diluted 1:10, at moment of use, in
DMSO. All reactants and solvents for PNA synthesis were of
analytical grade. Rink amide ChemMatrix�, Fmoc-glycine,
acetic anhydride, and m-cresol were obtained from Sigma (St.
Louis, MO). Piperidine, N,N-Diisopropylethylamine (DIPEA),
and trifluoroacetic acid (TFA) were from Alfa Aesar (Haverhill,
MA). N,N,N¢,N¢-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium
hexafluorophosphate (HBTU) was purchased from TCI Europe
(Eschborn, Germany). N,N-Dimethylformamide (DMF) was
from Scharlab (Barcelona, Spain). Fmoc-protected PNA
monomers were purchased from LGC Link (Bellshill,
Scotland).

Synthesis and characterization of PNAs

The synthesis and characterization of the R8-PNA-a15b
was performed as previously reported for other anti-miRNA
PNAs [23]. Briefly, the R8-PNA-a15b was synthesized with
an automatic synthesizer Syro I following an Fmoc protocol
on a glycine-preloaded resin (Fmoc-Gly-Rink amide Chem-
Matrix� resin). Each cycle of synthesis was composed by

three steps: deprotection of the N-terminal protective group
Fmoc (piperidine 20% in DMF, 8 min, twice), coupling of the
next commercial monomer (three equivalents of the mono-
mer and the activator HBTU, six equivalents of the non-
nucleophilic base DIPEA, and dry DMF, 40 min, twice), and
capping of possible unreacted free amine (dry DMF, acetic
anhydride, and DIPEA, 89:5:6, 1 min, twice). After the
completion of the sequence, the ending Fmoc group was
deprotected and the PNA cleaved from the resin using an
appropriate cocktail (TFA, m-cresol 9:1, 1 h, twice). The
PNA was precipitated in diethyl ether; the precipitate was
redessolved in water and purified in reverse-phase high per-
formance liquid chromatography (HPLC) using the follow-
ing conditions: column Phenomenex Jupiter RPC18, (5 mm,
300 Å, 250·10 mm) 250- 4.6 mm, and 1.7 mM; T = 40�C,
eluents: A (0.1% TFA in water) and B (0.1% TFA in aceto-
nitrile). Solvent program: flow rate: 4 mL/min; 100% A for
five min, then gradient 0%–40% B in 23 min, and 23%–100%
B in 3 min. Finally, the identity of the PNA was checked with
UPLC-ESI system (see Supplementary Figs. S1–S4) and the
quantification was performed using the following e (260 nm)
for the nucleobases: adenine 13,700 M-1 cm-1, cytosine
6,600 M-1 cm-1, guanine 11,700 M-1 cm-1, and thymine
8,600 M-1 cm-1.

R8-PNA-a15b. H-R8-TGT AAA CCA TGA TGT GCT-
Gly-NH2; yield = 6.13% UPLC/ESI-MS Rt = 3.12 min, mo-
lecular weight (MW) calc. = 6,216 g/mol; m/z found (cal-
culated): 1,244.5 (1,244.3) [MH5]5+, 1,037.0 (1,037.1)
[MH6]6+, 889.1 (889.0) [MH7]7+, 778.1 (778.0) [MH8]8+,
691.7 (691.7) [MH9]9+, 622.7 (622.6) [MH10]10+ (see Sup-
plementary Figs. S1 and S2 for characterization).

R8-PNA-a21. H-R8-TCA ACA TCA GTC TGA TAA-
Gly-NH2; yield = 22% UPLC/ESI-MS Rt = 3.47 min, MW
calc. = 6,169.33 g/mol, m/z found (calculated): 1,234.88
(1,234.87) [MH5]5+, 1,029.24 (1,029.22) [MH6]6+, 882.48
(882.33) [MH7]7+, 772.23 (772.16) [MH8]8+, 686.57 (686.48)
[MH9]9+, 618.05 (617.93) [MH10]10+ (see Supplementary
Figs. S3 and S4 for characterization).

Cell culture conditions

The HT-29 cell line [45,46] was cultured in humidified
atmosphere of 5% CO2/air in RPMI 1640 medium with l-
glutamine (EuroClone, Pero, Milano, Italy) supplemented
with 10% fetal bovine serum (Biowest, Nuaillé, France),
100 U/mL penicillin, and 100mg/mL streptomycin (Pen-
Strep; Sigma-Aldrich). To verify the effect on proliferation,
cell growth was monitored by determining the cell number/mL
using a Z2 Coulter Counter (Coulter Electronics, Hialeah, FL).

RNA extraction

Cultured cells were trypsinized (0.05% trypsin and 0.02%
EDTA; Sigma-Aldrich) and collected by centrifugation at
1,500 rpm for 8 min at 4�C, washed twice with Dulbecco’s
phosphate buffered saline (DPBS) 1 · (Gibco, Thermo Fi-
scher Scientific, Waltham, MA), and lysed with Tri-Reagent
(Sigma-Aldrich), according to manufacturer’s instructions.
The isolated RNA was washed once with cold 75% ethanol,
dried, and dissolved in nuclease-free pure water before use.
Obtained RNA was stored at -80�C until use.
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Quantitative analyses of miRNAs

MiRNA quantification was performed using real-time reverse
transcriptase– quantitative polymerase chain reaction (RT-
qPCR) and miRNA-specific primers and probes (reported in
Table 1) obtained from Applied Biosystems. RT reactions were
performed using TaqMan MicroRNA Reverse Transcription
Kit (Applied Biosystems; Thermo Fischer Scientific, Waltham,
MA) according to the manufacturer’s protocol. All RT reac-
tions, including no-template controls and RT-minus controls,
were run in duplicate using TaqMan Universal PCR Master Mix,
no AmpErase UNG 2 · (Applied Biosystems, Thermo Fischer
Scientific), and the CFX96 Touch Real-Time PCR Detection
System (BioRad, Hercules, CA). The following amplification
program was employed: 95�C for 10 min and 95�C for 15 s,
followed by a step at 60�C for 1 min. The last two steps were
repeated for 50 cycles, and at the end of each cycle, fluorescence
was measured. Data were collected and analyzed using Bio-Rad
CFX Manager Software (Bio-Rad). The relative expression was
calculated using the comparative cycle threshold method and as
reference, snRNA U6 and hsa-let-7c were used to normalize all
RNA samples, as previously reported [22,23].

Analysis of apoptosis-related genes

The expression of some genes involved in apoptotic path-
way was assessed by RT-qPCR. Three hundred nanograms of
total RNA was reverse transcribed by using random hexamers
and TaqMan Reverse Transcription PCR Kit (Thermo Fischer
Scientific, Waltham, MA) in a final volume of 50mL. qPCR
assays were carried out using gene-specific fluorescently labeled
probes. Master Mix 2 · and the assays used to quantify caspase-
3 (Assay ID: Hs.PT56a.24277143), p53 (Assay ID:
Hs.PT.58.123122) and BAK1 (Assay ID: Hs.PT.56a.40435467)
mRNA sequences were purchased from IDT (Integrated DNA
Technologies, Coralville, IA). The relative mRNA expression
was calculated using the comparative cycle threshold method
and fold change was calculated as 2-DDCT. All data were nor-
malized for their starting cDNA content using as reference
human RPL13A (Assay ID: Hs04194366_g1; Thermo Fischer
Scientific). Duplicate negative controls (no template control)
were run in PCR plate to verify specificity and to rule out
contamination. All RT-qPCRs were performed in duplicate for
both target and normalizer genes [22,23].

Analysis of apoptosis

Apoptosis assays on HT-29 cells were performed with
Muse Cell Analyzer instrument (Millipore Corporation,
Billerica, MA), and its relative assays according to the in-
structions supplied by the manufacturer. Muse Annexin V &
Dead Cell Kit utilizes annexin V to detect phosphatidyl serine

on the external membrane of apoptotic cells. A fluorescent
DNA intercalator 7-aminoactinomycin D (7-ADD) is also
used as an indicator of cell membrane integrity. 7-ADD is
excluded from live, healthy cells, as well as early apoptotic
cells, while is able to bind DNA in late apoptosis and dead cells.
Four populations of cells can be distinguished in this assay:
cells negative to both reagents (live cells), cells positive to
annexin V, but negative to 7-AAD (early apoptotic cells), cells
negative to annexin V and positive to 7-ADD (cellular debris),
and cells positive to both reagents (late apoptotic cells). Cells
were washed with sterile Dulbecco’s phosphate buffered saline
(DPBS) 1 · , trypsinized, suspended, and diluted (1:2) with the
Muse Annexin V & Dead Cell reagent. Samples were gently
mixed and incubated at room temperature, protected from the
light for 15 min. Samples were analyzed using Muse Cell
Analyzer and data from prepared samples were acquired and
recorded utilizing the Annexin V and Dead Cell Software
Module (Millipore) [23], while the apoptotic status, based on
caspase-3/7 activation, was detected using The Muse
Caspase-3/7 Kit. The assay is based on the use of a DNA
binding dye, linked to a DEVD peptide substrate. When
bound to DEVD, the dye is unable to bind DNA, while the
cleavage by active caspase-3/7 in the cell results in release of
the dye that translocates to the nucleus and binds the DNA,
increasing the fluorescence. As for Annexin V assay, in this
case, 7-ADD as indicator of cell membrane integrity was
employed. Briefly, cells were detached, washed with DPBS
1 · , and 50mL of cell suspension cells was incubated with
5mL of caspase-3/7 working solution (obtained from 1:8 di-
lution of Muse Caspase-3/7 Reagent with 1 · PBS). After
an incubation of 30 min at 37�C, 150 mL of 7-AAD working
solution (obtained from 1:75 dilution of 7-ADD in
1 · Assay Buffer BA) was added, and the mixture was in-
cubated for 5 min at room temperature, protected from the
light. Samples were analyzed using Muse Cell Analyzer
instrument and Caspase-3/7 software.

Combination analysis of treatment
with SFN and PNA-a15b

The drug combination analysis was performed using the
method developed by Chou and Talalay [47–49]. The calcula-
tions of combination index (CI) were generated using Compu-
Syn (www.combosyn.com), a freely available web-based tool
for drug synergy analysis based on the Chou–Talalay method
[50–53]. The Compusyn software defines synergic interactions
between the drugs when CI value is <1, and values of CI lower
that 0.5 are indicative of clear synergic effects obtained by drug
combination. On the contrary, CI values close to 1 are indicative
of additive effect and values >1 indicate antagonism.

Statistics

Results are expressed as mean – standard error of the mean.
Comparisons between groups were made by using paired Stu-
dent’s t-test. Statistical significance was defined as significant
(*P < 0.05) or highly significant (**P < 0.01 and ***P < 0.001).

Results

SFN mediated induction of apoptosis
of colon cancer HT-29 cells

When HT-29 cells were cultured in the presence of in-
creasing concentrations of SFN (7.5, 15, 30 and 60mM) for 3

Table 1. List of Assays Employed

for miRNA Detection

miRNA name Assay ID

hsa-miR-15b-5p 000390
hsa-miR-221-3p 000524
hsa-miR-222-3p 002276
hsa-miR-21-5p 000397
hsa-snRNA U6 001973
hsa-let-7c-5p 000379
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days, cell growth was inhibited and this effect was found
associated with an increase of apoptosis. Figure 1A shows
that increasing the concentration of SFN causes inhibition of
cell growth of HT-29 cells.

Figure 1B and C show the effects of SFN on apoptosis of
HT-29 cells cultured in the presence of SFN and analyzed
employing the Annexin V assay. In Fig. 1B, the results from a
representative experiment are shown, while in Fig. 1C, a
summary of the data gathered from three independent ex-
periments is presented. The vehicle for SFN (DMSO) ex-
hibited no proapoptotic effects. The experiment shown in
Fig. 1D further confirms the proapoptotic effects of SFN on
HT-29 cells. In this experiment, caspase-3 mRNA was
quantified by RT-qPCR. The obtained results demonstrate a
sharp and significant increase of caspase-3 mRNA in HT-29
cells treated with 30 and 60mM SFN, respectively (P < 0.05).
Altogether, the results presented in Fig. 1 demonstrate that
SFN is a strong inhibitor of cell growth of HT-29 cells
(Fig. 1A) and that this effect is associated with the induction
of apoptosis (Fig. 1B–D).

Targeting miR-15b-5p with the R8-PNA-a15b molecule
downregulated miR-15b-5p and induces inhibition
of HT-29 cell growth associated
with proapoptotic effects

In consideration of the involvement of miR-15b-5p on
colon cancer, we have designed and tested a PNA molecule
(R8-PNA-a15b) targeting miR-15b-5p and functionalized
with an octoarginine peptide (R8) for maximizing intracel-
lular uptake, as recently reported by our group [23]. No ef-
fects of the R8 peptide on cell growth and apoptosis were
detected, fully in agreement with observations reported
elsewhere by our and other research groups [22,23,54]. The
results obtained using the PNA-a15b are shown in Fig. 2 and
demonstrate that the treatment of HT-29 cells with the R8-
PNA-a15b reduced miR-15b-5p-specific hybridization
(Fig. 2A), induced apoptosis (Fig. 2B, C), and inhibited HT-
29 cell growth (Fig. 2D, E). With respect to miR-15b-5p-
specific inhibition (Fig. 2A), while inhibitory effects by
PNA-a15b were reproducibly observed on miR-15b-5p, no
inhibitory activity was found on miR-221-3p, miR-222-3p,
and miR-425-3p and only a low effect was observed on miR-
21-5p (Fig. 2A, left side of the panel). Conversely, PNA-a21
was found to inhibit miR-21-5p, but is fully inactive on miR-
15b-5p. These results support the conclusion that the effects
of PNA-a15b are specific; the partial inhibition of miR-21-5p
by PNA-a15b is among expected effects of PNA-based
treatments, considering that anti-miRNA PNAs might lead,
in addition to inhibition of the specific miRNA targets, to
inhibition of other miRNAs (*7%–10% of the miRNome is
altered by miRNA targeting PNAs, accordingly with data
based on next-generation sequencing) [55]. These novel data
(to our knowledge, no study is available on the effects of PNA
against miR-15b-5p) support the concept that inhibition of
miR-15b-5p in colon cancer cells is associated with antitu-
mor activity in vitro.

Co-treatment of HT-29 cells with R8-PNA-a15b
and SFN: effects on apoptosis

When the HT-29 cell line was cultured in the presence of
singularly administered R8-PNA-a15b or SFN and the data

obtained were compared with HT-29 cell treated with a
combination of R8-PNA-a15b and SFN, the induction of
apoptosis in the combined treatment was significantly higher.
In this set of experiments, PNA was used at 8 mM and SFN at
30mM. The treatments were carried out for 3 days. As far as
the effects on apoptosis, Fig. 3A shows representative results
obtained with Annexin V assay, while Fig. 3B reports a
summary of the data obtained in three independent experi-
ments. The remarkable high induction of apoptosis in the
combined treatment was fully confirmed by performing a
caspase-3/7 assay shown in Fig. 4 (a representative experi-
ment in Fig. 4A and a summary of the data obtained in
Fig. 4B). In particular, we found that the ‘‘late apoptotic
cells’’ in the combined treatment are higher than the sum of
the single treatments.

To further verify whether SFN and PNA-a15b synergisti-
cally induced apoptosis of HT-29 colon cancer cells, we
employed suboptimal concentrations of SFN (20 mM) and
PNA-a15b (6 mM). HT-29 cells were cultured for 3 days with
20mM SFN in the presence of increasing concentrations of
PNA-a15b (2, 4, 6, and 8 mM) (Fig. 5B). In parallel, HT-29
cells were treated for the same length of time with 6 mM
PNA-a15b in the presence of increasing concentrations of
SFN (10, 20, 30, and 40mM) (Fig. 5D). We first demonstrated
that apoptosis-associated genes (caspase-3, p53, and BAK1)
[56–58] were activated even at these low concentrations of
SFN and PNA-a15b (Fig. 5A, C). The results of the effects of
combined treatments are shown in Fig. 5B, D, and E–G,
clearly indicating that in most of the drug combinations
performed using the highest suboptimal doses of SFN and
PNA-a15b, apoptosis induction was obtained at levels higher
than those predicted performing the sum of the % apoptosis
obtained, considering the levels relative to singularly ad-
ministered SFN and PNA-a15b (compare Fig. 5E and F). By
exploring pharmacological additivity performing iso-
bologram analysis and calculating the CI according to Chou
and Talalay [47–49] using the CompuSyn software [50], we
obtained strong evidences of synergism (CI <1), as depicted
in Fig. 5G.

Co-treatment of HT-29 cells with R8-PNA-a15b
and SFN: increase of inhibitory effects on cell growth

When HT-29 cells were cultured in the presence of a
combination of R8-PNA-a15b and SFN, the inhibition of cell
growth in the combined treatment was higher than when R8-
PNA-a15b or SFN was administered singularly. This con-
clusion is supported by the data shown in Fig. 6A and B. As
expected, inhibition of miR-15b-5p hybridization was found
only when RNA was extracted from R8-PNA-a15b-treated
cells (either administered singularly or in combination with
SFN) (Fig. 6C).

Discussion

Colon cancer (CRC) patients express at high levels miR-
15b-5p, promoting malignant progression. The involvement
of miR-15b-5p in colon cancer is sustained by the study by Li
et al. [32], who reported that inhibition of miR-15b activity
by adenovirus carrying antimiR-15b sequence significantly
increases expression of metastasis suppressor 1 and decreases
colony formation ability, invasion, and migration of HCT116
cells in vitro and liver metastasis of HCT116 tumors in vivo.
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FIG. 1. Effects on HT-29 colon cancer cells of increasing concentrations of SFN on cell growth (A), apoptosis (B, C), and
caspase-3 mRNA production (D). Analyses were performed after 3 days of exposure to SFN. **P < 0.01; ***P < 0.001.
SFN, sulforaphane.
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FIG. 2. Effects of the R8-PNA-a15b on HT-29 colon cancer cells. (A) Effects on RT-qPCR amplification of miR-15b-5p;
(B, C) effects of PNA-a15b on apoptosis; (D, E) effects on cell growth. Analyses were performed after 3 days of exposure to
the R8-PNA-a15b. *P < 0.05; **P < 0.01. PNA, peptide nucleic acid; RT-qPCR, reverse transcriptase–quantitative poly-
merase chain reaction.
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FIG. 3. Effects of a combined treatment with the R8-PNA-a15b and SFN on apoptosis analyzed by the Annexin V assay
(A, B). HT-29 colon cancer cells were untreated, or treated for 3 days with the SFN vehicle DMSO, with 30 mM SFN, with
8 mM R8-PNA-a15b, or with both with 30 mM SFN and 8 mM R8-PNA-a15b. *P < 0.05; **P < 0.01. DMSO, dimethyl
sulfoxide.

FIG. 4. Effects of a combined treatment with the R8-PNA-a15b and SFN on apoptosis analyzed by the caspase-3/7 assay
(A, B). HT-29 colon cancer cells were untreated, or treated for 3 days with the SFN vehicle DMSO, with 30 mM SFN, with
8 mM R8-PNA-a15b, or with both 30mM SFN and 8 mM R8-PNA-a15b. *P < 0.05; **P < 0.01.
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In another study, Sun et al. [33] demonstrated that SIRT1
suppressed CRC metastasis in vitro and in vivo as a negative
regulator for miR-15b-5p transcription. Mechanistically,
SIRT1 impaired regulatory effects of activator protein (AP-1)
on miR-15b-5p transactivation through deacetylation of AP-
1. Accordingly, miR-15b-5p could be considered a target for
possible personalized approaches for CRC.

In this article, we described for the first time targeting of
miR-15b-5p by using a PNA as anti-miR. This miR-15b-5p
downregulation in colon cancer HT-29 cells was associated
with inhibition of in vitro cell growth and activation of the
proapoptotic pathway, demonstrated by a sharp increase of
late apoptotic cells in HT-29-treated cell populations.

A second conclusion of our article is that the R8-PNA-
a15b might be proposed in ‘‘combo-therapy’’ associated with
the use of other proapoptotic agents. We focused our interest
of SFN, considering the fact that this component of B. oler-
acea extracts is a recognized inducer of apoptosis in several
tumor systems, including hepatocellular carcinoma [34],
prostate cancer [35], and bladder cancer [36]. To our
knowledge, no report is available in the literature on a
combination between SFN and miRNA-targeting molecules.
Our data demonstrate that this combined treatment leads to a
very high proportion of apoptotic HT-29 cells (>85%), a
value higher than the sum of the values of apoptotic cells

obtained after singularly administered regents (either SFN or
the R8-PNA-a15b).

Further studies will clarify the effects of the R8-PNA-a15b
on the molecular targets of miR-15b-5p. Moreover, in vivo
experiments will clarify whether this approach can be pro-
posed for combo-therapy of CRC patients.

In conclusion, our results support the concept that anti-miR
strategy could lead to therapeutic relevant inhibition of
miRNA-dependent effects and that PNA-based anti-miRNA
molecules are very promising reagents to regulate tumor cell
growth; further research on PNA analogues to increase effi-
ciency of delivery, stability, and control of intracellular dis-
tribution for specific targets, that is, mature miRNA, pre-
miRNA, or pri-miRNA, are further steps for the selection of
best candidate drugs. Finally, our study strongly indicates
that the combined treatment of target cells with miRNA
targeting PNAs (in this study, a PNA targeting miR-15b-5p)
and antitumor agents (in this study SFN) is a promising
strategy to increase efficacy and limit, at least in theory, side
effects.

Regarding the use of dietary constituents to promote an-
ticancer effects, particularly GLs-isothiocyanates (ITCs), it is
important to note that the efficiency of conversion of GLs to
ITCs is a key factor in controlling their health-promoting
properties and is exerted by active myrosinase. Interestingly,

FIG. 5. Evaluation of possible synergic effects between SFN and PNA-a15b. (A, C) Effects of singularly administrated
SFN and PNA-a15b (respectively, at 20 and 6 mM) on caspase-3, p53, and BAK1 mRNAs, studied by RT-qPCR. (B, D)
Effects of incremental concentrations of PNA-a15b (B) or SFN (D) on percentage of apoptotic cells. In (B), the concen-
tration of SFN (20mM) was maintained standard, while incremental concentrations (from 2 to 8 mM) of PNA-a15b were
employed. On the contrary, in (D), the concentration of PNA-a15b (6mM) was maintained standard, while incremental
concentrations (from 10 to 40mM) of SFN were employed. (E, F) Percentage of apoptotic cells is reported, predicted by the
sum of singularly administrated drugs (E) or effectively obtained during the co-treatment procedures (F), (G) isobologram
showing the CI according to Chou and Talalay [47–49] method obtained by SFN and PNA-a15b co-treatment. The
CompuSyn software was employed [50]. All the reported treatments were carried out for 3 days. CI, combination index.
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cooking of raw vegetables inactivates plant myrosinases,
limiting ITC production. Furthermore, the gastrointestinal
microflora can convert GLs to ITCs and thus acts as a sig-
nificant factor for the health-promoting benefits associated
with the consumption of cruciferous vegetables. Notably,
changes in the gut microbiota occur in CRC patients and
could impair ITC production. This work highlighted the
important antiapoptotic effect of SFN and combination of
SFN and R8-PNA-a15b, thus suggesting how a local therapy,
besides oral consumption of SFN precursors, with these
agents could be beneficial toward these patients.
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