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Gold nanoparticles enhance microRNA 31 detection in
colon cancer cells after inhibition with chlorogenic acid
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Abstract. In the present study, the inhibitory effect of chlo-
rogenic acid (CGA), a phenolic compound with potential
antitumor effects, on circulating microRNA 31 (miR-31), was
evaluated in RKO colon cancer cells. The capacity of gold
nanoparticles (AuNPs) to enhance miR-31 quantification after
treatment with CGA was assessed. RKO cells were treated
with different concentrations of CGA for 24, 48 and 72 h, after
which AuNPs coupled to CD81 were added to the superna-
tants. Total RNA was extracted, and miR-31 was quantified by
reverse transcription-quantitative PCR. The results revealed
an 85% decrease in miR-31 level following treatment with
1,000 uM CGA for 72 h, and the highest capacity to detect
miR-31 (after treatment and isolation with AuNPs + CD81)
was observed at 24 h. Furthermore, CGA decreased the
expression of the miR-31 oncogene in an in vitro colon
cancer model, and the use of AuNPs enhanced the levels of
miRNA detection. The results suggest that miR-31 inhibition
is one mechanism by which CGA decreases colon cancer cell
proliferation. Moreover, AuNPs can increase the capacity of
miR-31 quantification, representing a new strategy to develop
non-invasive tools for the molecular diagnosis and monitoring
of colon cancer.

Introduction
The World Health Organization estimated that ~10 million

individuals succumbed to cancer in 2020, of which colon
cancer exhibited the third highest rate of incidence (1). There
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are several methods for detecting colon cancer, such as
colonoscopy, fecal occult blood tests (FOBT) and fecal DNA
tests (2). However, it should be emphasized that FOBT has
low specificity and sensitivity. A promising technique for the
diagnosis of colon cancer is the detection of DNA in stool.
However, there are certain limitations for the use of this tech-
nique, since both DNA from the patient and intestinal bacteria
can be detected, the latter of which is more highly prevalent in
the stool (3).

Colonoscopy is the most reliable method for the early
detection of colon cancer and premalignant lesions. However,
its invasive nature and high cost restrict its widespread
application (4). Timely diagnosis of colon cancer and early
treatment are two fundamental factors for the successful
approach of patients with colon cancer (5). Furthermore, it is
essential to evaluate the cancer biomarkers of patients during
different pharmacological treatments, in order to identify the
most appropriate therapy. During a retrospective study of a
phase I trial, in which patients with advanced disease received
at least two cycles of treatment with anti-programmed cell
death protein 1/programmed cell death 1 ligand 1, a decrease
in the neutrophil-to-lymphocyte ratio was detected, and
treatment was associated with prolonged progression-free
survival (6).

MicroRNAs (miRNAs/miRs) are small, conserved,
non-coding RNAs of 17-24 nucleotides, transcribed by RNA
polymerase II (7). miRNAs can trigger post-transcriptional
gene silencing by binding the 3' untranslated region of target
genes, rendering messenger RNA (mRNA) inaccessible, and
thus inhibiting translation (8). During altered physiological
processes, such as cancer, different cells can secrete miRNAs
into the extracellular space, which are further transported
in systemic circulation (9). These circulating miRNAs can
be found in different tissues and biological fluids, including
peripheral blood, saliva, follicular fluid, urine, breast milk and
semen (10). The stability of extracellular miRNAs is the result
of packaging into exosomes, extracellular vesicles released
into biological fluids that act as carriers and prevent the
RNase-associated degradation of nucleic acids (11). Exosomal
miRNAs are known to be potential biomarkers for cancer
screening, which may reduce the need for invasive techniques
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such as colonoscopy (12). miRNAs can also be used to
predict chemotherapeutic efficiency; previously, miR-20a,
-130 and -145 have been reported as novel predictive markers
for FOLFOX regimen resistance in colorectal cancer (13).
Furthermore, due to its upregulation in patients, miR-31 has
been used for the diagnosis of colon cancer (14). miRNA
detection is primarily based on reverse transcription-quan-
titative (RT-qPCR) and/or microarray analysis. However,
since miRNAs are short sequences that can be difficult to
isolate, these techniques may be of limited use in certain
conditions, including paraffin embedded tissue. To overcome
this problem, conventional quantification techniques, such
as nanotechnology-based approaches, could be implemented
to generate the most sensitive and stringent tests for miRNA
detection (15). Metal nanoparticles, such as silver and gold
nanoparticles (AuNPs), are of great interest in the medical
field due to their properties and applications, especially as
diagnostic and therapeutic tools (16). AuNPs are reliable fluo-
rescence quenchers, and as such, enhance the sensitivity and
selectivity of fluorescence-based approaches, including the
detection of miRNAs in cancer cells, tissues and biological
fluids (17). During tumor development, miRNAs can be
secreted into the extracellular environment and encapsulated
in exosomes; since exosomes can be detected by AuNPs
coupled to CDS8I, a cell surface protein highly expressed in
cellular proliferation and differentiation events, these miRNAs
can serve as cancer biomarkers (18).

Chlorogenic acid (CGA) is a compound found in a variety
of fruits and vegetables, including apples, pears and carrots.
CGA is highly abundant in nature, and due to its high
content in coffee beans, is the primary polyphenol consumed
in various populations (19). CGA is also active against a
wide range of microorganisms, including bacteria, viruses,
yeasts, molds and amoebas (20). Likewise, the primary
metabolite of CGA (dihydrocaffeic acid) is produced by the
gut microbiota, possesses anticancer activity against colon
cancer (21,22).

Considering both the advantages of miRNAs for the
diagnosis of several types of human cancer, and the inhibitory
effects of CGA on oncogene expression, could highlight novel
mechanisms of non-invasive molecular cancer diagnosis,
resulting in the identification of adjuvant treatments for patients
with colon cancer (23). The aim of the present study was to
evaluate the antitumor potential of CGA, quantifying the
suppression of miR-31 expression in an in vitro model of colon
cancer. Furthermore, AuNPs were used to evaluate whether
their use increased the detection of circulating miRNAs in the
culture medium.

Materials and methods

Cell culture and CGA treatment. RKO human colon cancer cells
(ATCC; CRL-2577) were cultured in Advanced Dulbecco's
Modified Eagle's Medium (ADMEM) supplemented with
10% fetal bovine serum (FBS), 1% penicillin-streptomycin
(all Gibco; Thermo Fisher Scientific, Inc.) and 1% L-glutamine
(Sigma-Aldrich; Merck KGaA), in a humidified incubator
at 37°C (5% CO,). For passage, the cells were washed with
sterile 1X phosphate-buffered saline (PBS), and digested
with trypsin (0.25%)-EDTA solution (Gibco; Thermo Fisher

Scientific, Inc.) for 5-10 min at 37°C. To inactivate the enzyme,
an equal volume of medium supplemented with FBS was
added to the trypsin/cell mixture, which was subsequently
centrifuged at 300 x g for 5 min at room temperature. The
supernatant was removed, and the cell pellet was resuspended
in 2-4 ml culture medium. The cells were subcultured at a ratio
of 1:3 to 1:12 and incubated at 37°C with 5% CO, until 80%
confluent.

CGA treatment and viability assessment. To determine the
effects of CGA on survival, cell cultures underwent a cell
viability assay (Sigma-Aldrich; Merck KGaA) following
treatment with 250, 500, 750 and 1,000 uM CGA for
24,48 and 72 h. The viability assay was performed in tripli-
cate using Alamar Blue (Invitrogen; Thermo Fisher Scientific,
Inc.) with 4x10* RKO cells/well in a 96-well plate, with each
well initially containing 200 u1 ADMEM; three cell-free wells
served as the negative control. Following CGA treatment at the
specified time and concentration, the medium was removed,
and 200 pl Alamar Blue was added to each well. The plate was
incubated until a color change was observed in cells without
treatment, and the optical density (OD) was determined using
a Multiskan Go microplate reader (Thermo Fisher Scientific,
Inc.) at 570/600 nm.

We selected 1,000 uM CGA after the results of the viability
assay with alamar blue. Subsequently, 1.2x10° RKO cells were
transferred to a 24-well plate and cultured in the presence of
1,000 uM CGA. The cells were incubated for 24, 48 and 72 h,
after which 300 ul supernatant was recovered from each well
and stored at -20°C until RNA isolation.

RNA isolation with AuNPs + CD81. Exosomal miR-31 quan-
tification was conducted from a cell culture sample treated
with 1,000 uM CGA; prior to the extraction of miR-31, the
aliquot of culture medium was treated with AuNPs coupled to
CDS81 (AuNPs + CD81). Briefly, miRNA was extracted from
the supernatant (culture medium) of RKO cells. This medium
was treated with different combinations of factors, following
a 3x2x2 mixed factorial design (in triplicate). Specifically,
the three analyzed factors were as follows: incubation time
(24, 48 and 72 h), CGA (treated with 1,000 uM or untreated)
and AuNPs + CD81 (presence or absence).

For treatment with AuNPs + CD81, the Gold Conjugation
Kit (40 nm,20 OD; Abcam) was used according to the manufac-
turer's instructions. Firstly, 50 pl of a mixture containing Gold
Reaction Buffer, Gold Quencher, CD81 antibody (0.02 mg/ml)
and lyophilized AuNPs was added to 300 pl culture medium,
the mix was incubated 10 min at room temperature.

For miRNA isolation, the mirVana™ miRNA Isolation
kit (Ambion; Thermo Fisher Scientific, Inc.) was used, per
the manufacturer's protocol. To homogenize the solution,
miRNA Homogenate Additive was added (incubation 10 min
at 4°C), followed by acid-phenol-chloroform (5:1), pH 4.5. The
samples were later centrifuged at 25°C for 5 min at 10,000 x g.
The aqueous phase containing miRNAs was recovered and
transferred to a new tube, leaving behind lipids, proteins, and
salts. Subsequently, 100% ethanol was mixed with the aqueous
solution, and filtered by passing the samples through filter
cartridges (containing a glass-fiber filter which immobilizes
the RNA; Ambion; Thermo Fisher Scientific, Inc.) and spinning
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Figure 1. Viability of RKO colon cancer cells following treatment with CGA.

at 10,000 x g for 15 sec at room temperature. Washing solu-
tions were added to the filter cartridges, and finally, miRNA
was eluted with 100 pl preheated elution solution (95°C), and
stored at -20°C.

RT-gPCR. RNA was reverse transcribed from the total
RNA extracted using TagMan Advanced miRNA Assays
(Applied Biosystems; Thermo Fisher Scientific, Inc.) and a
MyCycler™ 1709713 (Bio-Rad Laboratories, Inc.). The reac-
tion conditions were as follows: 42°C for 15 min and 85°C
for 5 min. The amount of total cDNA obtained after RT was
measured using a NanoDrop 2000c¢ (NanoDrop Technologies;
Thermo Fisher Scientific, Inc.). Then, qPCR was performed
to quantify miR-31. Expression levels were normalized to that
of miR-191, which is constitutively expressed. The primers
used in both cases were 20X miR-Amp Primer Mix (A25576;
Applied Biosystems; Thermo Fisher Scientific, Inc.) TagMan
fluorescent probes for miR-31 (ref. 477827_miR-31; Applied
Biosystems) and miR191 (ref. 477952_mirl191; Applied
Biosystems) were used, as well as specific primers for both
miR-31 and miR-191. The reaction was carried out using the
StepOnePlus Real-Time PCR System (Applied Biosystems)
with the following thermocycling conditions: 95°C for 20 sec,
then 40 cycles of 95°C for 1 sec and 60°C for 20 sec. The
results were analyzed using the 2424 method (24). Each
experiment was performed in triplicate and using untreated
cells as a negative control.

Statistical analysis. The RT-qPCR results were evaluated
using one-way ANOVA followed by Dunnett's post hoc
test using SPSS for Windows, v.20 (IBM Corp.). Data are
presented as the mean + SD. P<0.05 was considered to indicate
a statistically significant difference.

+

+

= = + = = = =

+

RKO colon cancer cells were exposed to 250, 500, 750 and 1,000 xM CGA for
24,48 and 72 h to evaluate the potential cytotoxicity of CGA. There was no statistically significant difference in viability following CGA treatment at any
concentration for 24, 48 and 78 h, compared with the negative control. (-), Untreated cells; (+), cells treated with CGA; CGA, chlorogenic acid.

Results

Viability of RKO cells treated with CGA. To assess
viability, RKO cells were incubated for up to 72 h with
250, 500, 750 and 1,000 uM CGA. There were no cytotoxic
effects of CGA on RKO cells at the evaluated concentrations
at 24, 48 or 72 h post-treatment (Fig. 1). Nevertheless, the
highest concentration (1,000 xM) was selected for subsequent
experiments to obtain the most significant inhibitory effect,
and following the information found in a previous study (25).
The CGA did not show a cytotoxic effect on RKO at any of the
assessed concentrations.

Evaluation of miR-31 levels following treatment with CGA.
To evaluate whether 1,000 uM CGA could modulate miR-31
expression in RKO cells, the miR-31 level was quantified from
cell supernatants by RT-qPCR. miR-31 expression was down-
regulated at 24 (~97%; P=1.7x107), 48 (~75%; P=0.002) and
72 h (~85%; P=3.08x10"*) post-treatment with CGA (Fig. 2),
compared with the untreated controls at the same timepoints.
Therefore, 1,000 uM CGA can reduce the expression levels of
the oncogene, miR-31.

miR-31 levels following treatment with CGA and isolation with
AuNPs + CD8I. RKO cells were harvested at 24,48 or 72 h
for miRNA isolation in the presence or absence of AuNPs +
CDS8I. This experiment aimed to evaluate whether the use of
nanoparticles allowed the detection of higher miR-31 levels
after treatment with CGA, compared with the isolation of
miRNAs without AuNPs + CD8I1. The greatest effect was
observed at 24 h (~55%, P=7.3x107) without AuNPs + CD81
(Fig. 3). In Fig. 1 and 2, the inhibitory effect of CGA on miR-31
can be observed; however, the use of AuNPs optimized the
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Figure 2. Quantification of miR-31 isolated from the supernatants of RKO
colon cancer cells treated with CGA, without AuNPs. Cells were cultured in
24-well plates and treated with 1,000 zM CGA. Total RNA was isolated, and
miR-31 was quantified at 24,48 and 72 h by reverse transcription-quantitative
PCR. miR-31 quantification was significantly higher in cells that were not
treated with CGA, demonstrating the antitumoral properties of CGA by the
reduction of the tumoral marker miR-31. (-), Untreated cells; (+), cells treated
with 1,000 uM CGA. miR, microRNA; CGA, chlorogenic acid; AuNPs, gold
nanoparticles.
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Figure 3. Quantification of miR-31 isolated from the supernatants of RKO
colon cancer cells treated with CGA, with AuNPs. Cells were cultured in
24-well plates and treated with 1,000 M CGA. Total RNA, and miRNAs
encapsulated in exosomes coupled with AuNPs + CD81, were isolated.
miR-31 was quantified at 24, 48, and 72 h by reverse transcription-quantita-
tive PCR. Decreased concentrations of miR-31 were found when treated with
CGA for different times of exposure. (-), Untreated cells; (+) cells treated
with CGA 1,000 M and AuNPs. miR, microRNA; CGA, chlorogenic acid;
AuNPs, gold nanoparticles.

capacity of the quantification method. Consequently, when
compared with isolation without AuNPs, a higher level of
miR-31 was quantified at 24 h when AuNPs were used to
optimize RT-qPCR detection, (in both cases the cells were
treated with CGA 1,000 uM) (P=3.06 x10*; Fig 4). According
to the results of the present study, this strategy could be imple-
mented in patients with colon cancer to isolate exosomes using
AuNPs + CD81 and optimize the quantification of miRNAs
derived from serum/plasma.

Discussion

The aim of the present study was to evaluate the antitumor
potential of CGA by quantifying the suppression of the
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Figure 4. Comparison between miR-31 levels with and without AuNPs.
AuNPs + CD8I increased the sensitivity of miR-31 quantification 24 h after
treatment with 1,000 xuM CGA, since a higher concentration of miR-31
was detected when using AuNP's for the isolation of miRNAs. (-) miRNA
extraction without AuNPs + CD81; (+) extraction with AuNPs + CD81;
miR, microRNA; CGA, chlorogenic acid; AuNPs, gold nanoparticles.
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Figure 5. Genes regulated by CGA. In the present study, miR-31 was quanti-
fied after treatment with CGA, which modifies its expression levels, as well
as that of other biomarkers. miR-31 is an oncogene. It has been reported
that other oncological biomarkers can be regulated through CGA: miR-155
modulates apoptosis. miR-144-3p is a tumor suppressor. BAX is an inducer
of apoptosis. JNK participates in the programmed cell death pathway.
Apocynin is a NADPH oxidase inhibitor. SOX2 participates in several stages
of embryonic development. miR, microRNA; CGA, chlorogenic acid.
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miR-31 in an in vitro model of colon cancer. Furthermore, the
potential use of AuNPs to increase the levels of circulating
miRNAs in the culture medium (and thus enhance their
detection) was also assessed. AuNPs + CD81 were used to
isolate miRNAs encapsulated in exosomes from the culture
medium of RKO colon cancer cells, which were treated with
1,000 uM CGA for 24, 48 and 72 h. The RT-qPCR results
showed that CGA significantly inhibited miR-31 expression
at 24 (~97%), 48 (~75%,) and 72 h (~85%) compared with
negative controls. Numerous studies have reported that CGA
serves important therapeutic roles, including as an anti-
oxidant, antibacterial, hepatoprotective, cardioprotective,
anti-inflammatory, antipyretic, neuroprotective, anti-obesity,
antiviral, anti-microbial and anti-hypertensive agent, as
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well as a free radical scavenger, central nervous system
stimulator and oncogene inhibitor (20-22,26-28). CGA was
also found to regulate the expression of apoptosis-related
genes in lung and colon cancer cell lines (25,29), the
latter of which appear to be especially affected by CGA.
For example, Hou ef al (30) showed that CGA has several
effects on colon cancer cells (HCT116 and HT29), including
S-phase arrest, extracellular signal-related kinase inactiva-
tion, induced reactive oxygen species and a decrease in cell
viability. These results suggest CGA as a potential treatment
for colorectal cancer (30).

miRNAs regulate ~30% of human genes; they act as
oncogenic and tumor suppressor genes, and as such, are
frequently dysregulated in cancer (31). The oncomiR-31
inhibits the translation of RAS P21 protein activator 1, an
inhibitor of KRAS protooncogene, thus stimulating the
transcription of the KRAS oncogene, which promotes cell
cycle progression in colon cancer cells (32). According
to previous research, miR-31, and other miRNAs such as
miR155 (33) and miR144-3p (34), are modulated by CGA
(Fig. 5). Hence, they have great potential as biomarkers for
colon cancer diagnosis, and in disease monitoring during
treatment. However, as short-sequence molecules, miRNAs
are difficult to isolate from some biological samples (such as
feces). Therefore, in conventional quantification techniques,
nanotechnology-based approaches may be used to develop
the most sensitive and stringent methods for miRNA detec-
tion (16).

To determine whether the addition of AuNPs increased
the sensitivity of miRNA detection, the present study
aimed to quantify miR-31 expression after treatment with
1,000 uM CGA (24, 48 and 72 h), and to isolate total RNA
using AuNPs + CD81. The most significant increase in
miR-31 quantification was observed at 24 h; this maximum
inhibition may be attributed to the antioxidant effect of
CGA during the earliest exposure time (29). AuNPs have
a variety of properties and uses, making them amenable to
a variety of detection modalities and techniques (35). As
supported by the present study results, a novel strategy can
be proposed to quantify miR-31 expression using AuNPs;
miR-31 expression can serve as an effective, non-invasive
molecular diagnostic and monitoring tool for colon cancer.
The efficacy of this strategy as an alternative non-invasive
diagnostic method could be validated in fecal samples
by extracting and quantifying miRNAs encapsulated in
exosomes that were previously isolated with nanopar-
ticles (36). In addition, CGA significantly decreased miR-31
expression at 24, 48 and 72 h, which may be explained by
one of the antitumor mechanisms of CGA in colon cancer.
Moreover, the present results indicate that AuNPs may
optimize the miRNA isolation method. However, additional
studies are necessary to validate this approach, using biolog-
ical samples from patients with colon cancer to establish its
diagnostic potential in disease.
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