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Abstract: Quercetin (Qc) inhibits cell proliferation and induces apoptosis in a variety of cancer cells.
The molecular mechanism of action has not been fully elucidated; however, interplay with some
miRNAs has been reported, specifically with miR-27a, an onco-miRNA overexpressed in several
malignancies. Here, we show that Qc reduces cell viability and induces apoptosis in HCT116 and
HT-29 colon cancer cells, by upregulating negative modulators of proliferation pathways such as
Sprouty2, PTEN and SFRP1. These are targets of miR-27a whose high expression is reduced by
Qc. Moreover, miR-23a, and miR-24-2, the two other components of the unique gene cluster, and
the pri-miRNA transcript are reduced, evoking a transcriptional regulation of the entire cluster by
Spl. Mechanistically, we show that Qc is rapidly internalized and localizes in the nucleus, where it
likely interacts with Sp1, inducing its proteasomal degradation. Sp1 is further repressed by ZBTB10,
an Sp1 competitor for DNA binding that is an miR-27a target and whose levels increase following
Qc. SP1 mRNA is also reduced, supporting the regulation of its own gene transcription. Finally,
Sp1 knockdown elicits the impaired transcription of the entire cluster and the upregulation of the
miR-27a targets, phenocopying the effects of Qc. Through this dual mode of action, Qc counteracts
the protumoral Sp1-miR-27a axis, opening the way for novel therapies based on its association as
neoadjuvant with known anticancer treatments.

Keywords: quercetin; colorectal cancer cells; miRNAs; miR-27a; miR-23a; miR-24-2; Sp1; ZBTB10;
proteasome degradation

1. Introduction

Quercetin [2-(3, 4-dihydroxy-phenyl)-3, 5, 7-trihydroxy-4H-1-benzopyran-4-one] (Qc)
belongs to the flavonol subclass of flavonoids, a family of compounds ubiquitously found
in plants, plant food sources, and in the human diet [1-3].

Flavonoids are part of a larger family of natural compounds, polyphenols, which
modulate various signaling pathways by influencing the expression of genes involved
in cell-cycle regulation, differentiation, and apoptosis [4,5]. Thus, Qc displays a high an-
tioxidant, anti-inflammatory, and antiproliferative activity. Quercetin’s anti-inflammatory
activities have been explored in many in vitro and in vivo studies [6] and tested on cancer
cells which exhibit a more pronounced response than normal and nontransformed cells [7].
In line with these observations, Qc proved to inhibit cell proliferation and angiogenesis
while it induced apoptosis in a variety of cancers’ cells in vitro, including colorectal cancer
(CRC) [8-10]. These activities were confirmed in diverse tumor models in vivo, along with
an additional anti-metastatic potential, supporting its role as an anticancer agent.

Consistent with these data, Qc has been added to the diet and positively associated
with improved outcomes in cancer treatments [10]. Despite this wealth of data, the exact
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mechanisms through which Qc exerts its effects have not been completely elucidated.
Interplay with some microRNAs has also been reported [11-14].

MicroRNAs (miRNAs) are a family of endogenous noncoding RNA molecules of about
18-23 nucleotides in length, that regulate gene expression at the post-transcriptional level.
They recognize cognate seed sequences in the coding or the 3’ untranslated region of target
mRNAs, leading to degradation or translational repression [15,16]. Over 2000 microRNAs
have been discovered so far and about 60% of all genes coding for human proteins can be
targeted. Consistently, miRNAs play important roles in a myriad of processes, including
neuronal metabolism, cell death, cell proliferation, hematopoietic differentiation, and im-
munity [15,16]. miRNAs also influence the tumorigenic process modulating the expression
of oncogenes or tumor suppressor genes, or acting as onco-miRNAs or tumor suppressor
miRNAs by themselves [17,18].

Qchas been reported to inhibit cell growth in colon and renal cancer cells, in association
with resveratrol and hyperoside through the inhibition of miR-27a [19,20]. This miRNA is
overexpressed in a series of tumors and tumor cell lines and acts as an onco-miRNA [21-23].
We and others showed that in CRC cells, miR-27a stimulates proliferation and invasiveness
by activating the RAS, AKT, and the Wnt/ 3-catenin signaling pathways [22,24]. miR-27a
has also been shown to upregulate the expression of specificity factor 1 (Sp1), a ubiquitous
transcription factor (TF), through targeting and downmodulating ZBTB10, a protein that
acts as an Sp1 repressor [25-27].

Sp1lis a member of a family of TFs with critical roles in embryonic development, as
documented by the early lethality or multiple developmental defects in Sp genes knockout
mice [28,29]. Spl is expressed at low levels in multiple adult tissues and organs and
further decreases in expression or DNA binding with increasing age [25,26]. In contrast,
Sp factors are overexpressed in tumors stimulating growth-related and cell-cycle control
molecules, oncogenes, and angiogenesis-related factors, while they inhibit apoptosis and
tumor suppressor genes. For these reasons, Sp TFs are considered negative prognostic
factors for cancer patients’ survival [25,26,30].

Based on these data, we sought to investigate the molecular mechanisms underlying
the Qc effects in an in vitro CRC cell model system. We confirm that Qc induces apoptotic
cell death and reduces cell viability by unleashing some of the most relevant inhibitors
of the major cell proliferation pathways. These inhibitors are targets of miR-27a that, in
turn, is reduced by Qc along with miR-23a and miR-24-2, the other two members of the
cluster which miR-27a belongs to. The transcription of the entire cluster is impaired by Qc
through the Sp1 repression by ZBTB10, another miR-27a target. Qc not only restrains this
self-sustaining regulatory loop but also drives the Sp1 proteasomal degradation, further
impairing the Sp1l and miR-27a transcription. Finally, Sp1 knockdown recapitulates the
effects of Qc, underscoring the central role played by this TE.

2. Material and Methods
2.1. Preparation of Quercetin Stock Solution and Working Solution

A commercially available Qc (Merck-Sigma-Aldrich, St. Louis, MI, USA, Catalogue
number 337951 with >95% purity by HPLC) was dissolved in dimethyl sulfoxide (DMSO)
(ChemCruz, Santacruz Biotechnology, Dallas, TX, USA) to prepare a stock solution of
30 mg/mL corresponding to 99.26 mM, within the limits of solubility in the DMSO solvent.

2.2. Cell Culture and Treatments

HT116 and HT-29 human CRC-derived cell lines were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA) and cultured in RPMI or DMEM medium
(Life Technologies, Carlsbad, CA, USA), respectively, supplemented with 10% v/v fetal
bovine serum (Life Technologies), 2 mM L-glutamine, 100 U mL~! penicillin/streptomycin
at 37 °C under 5% CO,. The experiments were carried out using the doses 50 uM or
150 uM for 24 h in HCT116 and HT-29 cells, respectively. Control cells were treated with
equivalent amounts of DMSO, the vehicle in which Qc was dissolved. MG132 (Calbiochem-
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Merck, Darmstadt, Germany) was administered alone or in combination with Qc at the
concentration of 10 uM for the last 5 h of the treatment.

2.3. Cell Viability Assay and Calculation of ICs Value

HCT116 and HT-29 cells from three different freezing stocks were seeded in 96-well
plate in complete medium and left overnight in the incubator to enhance adherence. The
next day, the medium was replaced, and the cells exposed to increasing doses of Qc, from 0
to 900 uM. Viable cells were measured with Prestoblue™ Cell Viability Reagent (Thermo
Fisher Scientific, Waltham, MA, USA) and the fluorescence intensity (FI) detected with a
Tecan Infinite-Pro 200 plate reader using an excitation at 540 nm and an emission at 595 nm.
GraphPad Prism software (GraphPad software, Inc., version 8.1.1, San Diego, CA, USA)
was used for the calculation of the IC5p value. Data were transformed to a log scale and
normalized, setting the dose 0 uM as 100% and 900 uM as 0%.

2.4. Flowcytometry Analysis

In total, 6 x 10° HCT116 or 7 x 10° HT-29 cells were seeded in 60 mm plates and
incubated overnight at 37 °C under 5% CO;. The next day, cells were treated with Qc at the
concentrations indicated above for 24 h. At the end of the treatment, cells were harvested,
including dying cells floating in the medium, washed with PBS, and processed with the
FITC Annexin V Apoptosis Detection Kit I (556547, Becton Dickinson—BD, San Jose, CA,
USA). Cell death was evaluated by BD FACS Celesta and data acquired with FACS Diva
software, version 9.2 (BD).

2.5. Western Blotting Analysis

A Western blot analysis was carried out as previously reported [31]. Briefly, at the
end of each treatment, cells were harvested and lysed in an ice-cold lysis buffer containing
25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 1% sodium deoxy-
cholate, 0.1% SDS, and a cocktail of protease and phosphatase inhibitors (Roche, Basel,
Switzerland). After heating at 95 °C for 5 min, 30 ng of protein extracts for each sample
were loaded on nonreducing polyacrylamide gels, transferred onto PVDF membranes, and
blocked with 5% nonfat dry milk for 1 h at room temperature. Subsequently, the membranes
were incubated with primary antibodies overnight at 4° C, such as PARP (#9542), phospho-
ERK 1/2 T202/Y204 (#4370), ERK 1/2 (#9102), phospho-AKT T308 (#2965), AKT (#9272),
phospho-mTOR 52448 (#2971), and mTOR (#2983) purchased from Cell Signaling Tech-
nology (Beverly, MA, USA); 3-catenin (610153) from BD; Sp1 (GTX636836) from Genetex
(Irvine, CA, USA); ZBTB10 (ab117786) from Abcam (Cambridge, UK); 3-Actin (F-3022) and
a-Tubulin (T-5168) from Merck-Sigma-Aldrich. Secondary antibodies, either antimouse or
antirabbit antibodies conjugated with horseradish peroxidase, were incubated 1 h at room
temperature. Bands were detected by Clarity western ECL Substrate (#1705061, BIO-RAD,
Hercules, CA, USA) using the ChemiDoc apparatus (BIO-RAD). Bands were quantitated
by using ImageLab software, version 6.1.0 (BIO-RAD). Blots were cut and probed with
antibodies directed against different proteins, including 3-Actin and «-Tubulin, used as
loading control. To detect proteins with similar molecular weight, some PVDF membranes
were subjected to a mild stripping, according to the Abcam protocol.

2.6. RNA Extraction and Quantitative Real-Time PCR Analysis

Total RNA was extracted using TRIZOL® Reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. Reverse transcription was performed by
SuperScript II Reverse Transcriptase (Thermo Fisher, Life Technologies) and cDNA used for
quantitative real-time PCR (qRT-PCR) performed with PowerUp™ SYBR™ Green Master
Mix (A25742 Applied Biosystems, Waltham, MA, USA). 18S RNA was used as reference for
normalization.

c¢DNA from miRNAs was produced using miRNA RT (Qiagen, Hilden, Germany) or
miRCURY LNA RT Kit (Qiagen); qRT-PCR was performed with SYBR Green (Qiagen) or
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miRCURY LNA Probe PCR Kit (Qiagen), respectively. U6 RNA expression was used as
reference for data normalization. In each case, the QuantStudio 5 instrument (Applied
Biosystems) was used to collect data and the fold change calculated by applying the formula
below:

Fold change = 2722€T where —AACT = —(ACTGo; — ACTRef), Goi = gene of interest,
Ref = reference gene

The sequences of the used primers and the relative annealing temperatures are re-
ported here:

SPRY? (accession number: NM_005842).

SPRY2 FW: CATGGGTGTCATGTCCCTCTT.

SPRY2 RV: GCCTGTTAACCCGGTCATAACA.

T =60 °C.
PTEN (accession number: NM_000314).

PTEN FW: CACACGACGGGAAGACAAGTTC.
PTEN RV: CCTCTGGTCCTGGTATGAAGAATG.

T=62°C.
SFRP1 (accession number: NM_003012).

SFRP1 FW: TTGAGGAGAGCACCCTAGGC.
SFRP1 RV: TGTGTATCTGCTGGCAACAGG.

T =60 °C.
FBXW?7 (accession number: NM_033632).

FBXW7 FW: TGCAAAGTCTCAGAATATACA.
FBXW7 RV: ATTTCTCTGGTCCACTCCAGC.

T =58 °C.
ANNEXINT (accession number: NM_000700).

ANNEXINI FW: TAAGCGAAACAATGCACAGC.
ANNEXINI RV: CAAAGCGTTCCGAAAATCTC.

T=55°C.
18S (accession number: NR_146151.1).

18S FW: GGGAGCCTGAGAAACGGC.
185 RV: GGGTCGGGAGTGGGTAATTT.

T=60°C.
Pri-miR-23a~27a~24-2 cluster (accession number: NC_000019).

Pri-miR-23a~27a~24-2 cluster FW: ATCACATTGCCAGGGATTTCCA.
Pri-miR-23a~27a~24-2 cluster RV: GATTCTGAGTCCTCATCTCTGCT.

T=62°C.
SP1 (accession number: NM_138473).

SP1 FW: TCACCTGCGGGCACACTT.
SP1 RV: CCGAACGTGTGAAGCGTT.

T =60 °C.
ZBTB10 (accession number: NM_023929).

ZBTB10 FW: GGACCCGCAACTACAAGAAA.
ZBTB10 RV: CCTCTGATGGTATTTCTGACTCCT.

T=62°C.

2.7. Conformational Analysis of miR-23a~27a~24-2 Cluster Structure

The secondary structure of the miR-23a~27a~24-2 cluster was accomplished by using
RNA structure v 6.4 software, as previously described [32]. The algorithm evaluates both
the free energy at 37 °C and enthalpy changes to predict the RNA transcripts conformation
stability.
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2.8. Sp1 ChlP-seq Analysis from ENCODE Dataset

Sp1 ChIP-seq analysis was obtained by querying the HCT116 cells dataset available
from the ENCODE consortium (https:/ /www.encodeproject.org/experiments/ENCSR000
BSE/) (accessed on 12 April 2023). The peak calls on the SP1 promoter were determined
following the ENCODE pipeline. Briefly, putative signals were mapped at the SP1 binding
sites and reported as fold/control at each position and as p value to reject the null hypothesis
that a signal similar to that of the control was present at that location. Peak calls are
significant when they exceed the threshold of 2% of IDR (irreproducible discovery rate), a
reproducibility measure identified by comparing the results of replicate experiments.

2.9. Immunofluorescence and Microscopy

To assess Qc internalization, HCT116 cells were seeded on glass coverslips and in-
cubated overnight at 37° C under 5% CO, to enhance attachment. Cells were treated
with 50 uM of the compound from 5 min to 24 h, fixed in paraformaldehyde (PFA) 3%,
permeabilized with 0.1% Triton-X-100, and exposed to DAPI for nuclear staining. The
coverslips were subjected to several washes in PBS at each step. Qc autofluorescence was
detected in the FITC channel. For the Sp1 localization, HCT116 cells, grown on coverslips
overnight, were treated with 50 uM Qc for 24 h, fixed and permeabilized as above, blocked
in BSA solution, and incubated with Sp1 (GTX636836) and «-Tubulin (T-5168) antibodies.
Secondary antibodies conjugated to Alexa Fluor 546 or 488 were used, respectively. DAPI
was used to stain nuclei. The coverslips were subjected to several washes in PBS at each
step. To quantify Sp1 fluorescence, a significant number of cells (>100 in at least 10 different
and distant microscopic fields) was captured with the same setting and then processed in
QuPath v.0.4.3 [33]. Identification was performed using QuPath’s built-in “Cell detection”
algorithm as reported, and for all acquired cells, TRITC signals were registered, exported,
and analyzed in Graphpad software. Data are shown as the mean fluorescence intensity
(MEFI).

Images were acquired by using the fluorescence microscope Nikon Eclypse Ti (Am-
stelveen, The Netherlands). NIS Elements AR v.5.20.00 software was used for the image
acquisition.

2.10. Transfection of SP1 siRNAs

HCT116 and HT-29 cells were seeded in 6-well plates and left overnight at 37 °C under
5% CO; to enhance adhesion. Three different siRNAs directed against SP1 mRNA were
purchased from IDT (Coralville, IA, USA) and transfected by using RNAi MAX (Thermo
Fisher, Life Technologies), according to the manufacturer’s instructions. After 48 h, cells
were harvested and processed for RNA and protein extraction as reported above.

2.11. Statistical Analysis

All data are shown as mean & SD of at least three independent experiments. Statistical
significance was calculated using an ANOVA with Dunnett’s post-test whose significance is
shown as #p < 0.05, ## p < 0.01, ### p < 0.001, or #### p < 0.0001, or a t-test with significance
shown as * p < 0.05, ** p < 0.01, ** p < 0.001, or **** p < 0.0001. The statistical analysis was
conducted using GraphPad Prism software, Inc., version 8.1.1, San Diego, CA, USA.

3. Results
3.1. Quercetin Affects Cell Viability and Promotes Cell Death in HCT116 Cells

In order to investigate the mechanisms underlying the effects of Qc, we first established
the best dose that influenced the viability of HCT116 cells, with no toxicity. This cell line
is derived from a CRC and has previously been used as a reliable cell model to test the
effects of natural compounds [34-37]. Thus, we treated the cells with increasing doses of
Qc from 0 to 900 uM for 24 h and evaluated their viability by the Presto Blue™ assay with
respect to cells treated with DMSO, the vehicle in which Qc was dissolved. We observed
a dose-dependent response (Figure 1A), and on this basis, we calculated the inhibitory
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concentration 50 (ICs), i.e., the dose that inhibits cell growth by 50%, which is a good
compromise to observe biological effects. We found that the ICs5y was 54.04 pM at 24 h
(Figure 1B), so we used the concentration of 50 M and 24 h treatment in all subsequent
experiments as the best conditions.
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Figure 1. Quercetin influences CRC cells’ viability and apoptosis. (A) HCT116 cells were treated with
increasing doses of Qc (from 0 to 900 uM) for 24 h and the viability assessed by fluorescence intensity
(FI); (B) Qc IC5p value was calculated in HCT116 cells treated as in (A), and FI was reported in
percentage; (C) Flow cytometry analysis of HCT116 cells treated with 50 pM Qc for 24 h and assayed
with the annexin V/propidium iodide test. The lower left quadrants in the figure report viable cells;
the upper left, necrotic cells; the upper and lower right indicate apoptotic and preapoptotic cells. The
total number of dead cells is shown in the relative histogram and calculated by considering both the
preapoptotic and apoptotic cells percentages; (D) Western blot analysis of the uncleaved and cleaved
form of PARP normalized to the total in HCT116 cells treated with 50 uM Qc or the vehicle alone
for 24 h. 3-Actin is shown as a protein loading control. Statistical significance is considered when
#p <0.05, ## p < 0.01, and #### p < 0.0001 (ANOVA with Dunnett’s post-test) or ** p < 0.01 (t-test).

To demonstrate that the reduction in cell viability was due to the activation of cell
death programs, we carried out an apoptosis assay by flow cytometry. Qc, administered at
50 uM for 24 h, increased by about twofold the percentage of apoptotic and preapoptotic
cells compared to vehicle-treated cells (Figure 1C). We confirmed the induction of apoptosis
by a Western blot analysis of the cleaved form of PARP that was about twofold higher
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than vehicle-treated controls (Figure 1D). The cleavage of PARP is an event triggered by
activated caspases [36].

Cell viability is also reduced by affecting cell proliferation. To test this possibility,
in cells treated as above, we analyzed the three major pathways active in cancer cells:
RAS/ERK, AKT/mTOR, and Wnt/3-catenin [37-39]. All three signaling pathways were
downregulated, as the amounts of phosphorylated ERK and AKT, as well as that of
[-catenin, were reduced by about 50% in treated vs. vehicle-treated HCT116 cells as
assessed by a Western blot (Figure 2). The effect on the AKT signaling was confirmed by
a 30% reduction in mTOR phosphorylation, a pathway that is strictly connected with
AKT (Figure 2C).
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;
<05 =05 g 05
& £ 5
a ¢
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Figure 2. Quercetin impairs the main proliferation pathways in HCT116 cells. Total protein extracts
from HCT116 cells treated with 50 uM Qc for 24 h or with the vehicle alone were analyzed by a
Western blot for the phosphorylated form of ERK (A), AKT (B), and mTOR (C) or for 3-catenin levels
(D). B-Actin is reported as a protein loading control in (A-C), o-Tubulin is used for normalization in
(D). Statistical significance is considered when * p < 0.05, and *** p < 0.001 (t-test).

3.2. Quercetin Regulates miR-27a Expression in HCT116 Cells

These data support that Qc significantly impairs the proliferation pathways active in
tumor cells. This can be achieved by influencing either positive or negative modulators of
the three above-mentioned signaling pathways; specifically, Sprouty2, PTEN, and SFRP1
negatively regulate the RAS/ERK, PI3K/AKT, and Wnt/ 3-catenin pathways [24,40,41],
respectively, and we show here that the low basal levels of the corresponding mRNAs
increased upon treatment with Qc (Figure 3A-C).

Interestingly, all three modulators are targets of miR-27a, an onco-miRNA in CRC
tissues and cells [22,42]. We and others have shown that miR-27a-3p (henceforth in-
dicated as miR-27a) is overexpressed in HCT116 cells and, consequently, a series of
specific targets are downregulated. In addition to SPRY2, PTEN, and SFRP1 mentioned
above, two unrelated targets, ANX1 and FBXW7 mRNAs [22], were also upregulated
(Figure 3D,E), supporting that the major effects attained by Qc occur through an miR-27a
tuning down.

The gene coding for miR-27a belongs to a cluster located within an intergenic region
of chromosome 19p13.22 that is transcribed as a single, polycistronic unit also containing
miR-23a and miR-24-2, the two other members [43-45] (Figure 4A). To investigate the role
of miR-27a, we analyzed its expression by qRT-PCR and found a reduction of about 50%
following Qc exposure (Figure 4B). Despite the fact that the three miRNAs are contained
in a single transcript, the levels of each of them can vary due to post-transcriptional
processing [44,45]. Thus, we analyzed the expression of the other two miRNAs of the miR-
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23a~27a~24-2 cluster by qRT-PCR and found that they were both high in basal conditions
and reduced (about 40%) following treatment with Qc with respect to vehicle-treated cells
(Figure 4C,D). We further investigated the miRNA biosynthetic process by evaluating
the amount of a 400-nucleotide-long RNA fragment comprised in the pri-miRNA. The
primitive transcript of the cluster is more than 2000-nucleotide-long, harbors a CAP at its
5" end and a putative polyadenylation signal at the 3’ end [43-45]. We showed that the
pri-miRNA significantly diminished (about 40%) in HCT116 cells treated with the flavonol
compared to vehicle-treated cells, as determined by qRT-PCR (Figure 4E). This indicates
that Qc negatively regulates the transcription of the entire miR-23a~27a~24-2 cluster.
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Figure 3. Quercetin upregulates miR-27a targets in HCT116 cells. Total RNA from HCT116 cells
treated with 50 uM Qc or with the vehicle alone for 24 h was analyzed by q-RT-PCR for (A) SPRY?2,
(B) PTEN, (C) SERP1, (D) FBXW7, and (E) ANX1 mRNA levels. 185 RNA was used for normalization
and is reported as fold change. Statistical significance is considered when * p < 0.05, ** p < 0.01, and
4% p < 0.0001 (t-test).

3.3. Quercetin Regulates the Expression of the miR-23a~27a~24-2 cluster in HCT116 Cells
through Sp1

We inspected the 5 flanking promoter region of the cluster and recognized it lacked a
canonical TATA box and other promoter elements, while it was enriched in CpG and GC
motifs, putative binding sites for the TF Sp1, up to —800 bp upstream of the transcription
start site (TSS). Presumptive binding sites for other TFs such as YY1, C/EBP, AP2, and MYC
were also identified, suggesting that they may influence the expression of the cluster [43,46].
We focused on Spl1 as it plays a crucial role in the transcription of genes lacking a canonical
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TATA box, such as the present one [25,26] (Figure 5A); in fact, Sp1 has been reported to bind
to this promoter, influencing miR-27a expression in breast and laryngeal cancer cells [47,48].
Specifically, the two Sp1 binding sites between —600 and —400 bp upstream of the TSS are
necessary elements for the transcription of the entire cluster, as their deletion reduces gene
expression [43,47,48].
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Figure 4. Transcription of the miR-23a~27a~24-2 cluster is modulated by quercetin in HCT116 cells.
(A) Schematic representation of the miR-27a~23a~24-2 cluster’s nascent transcript (pri-miRNA),
obtained by minimizing the free energy within the nucleotide sequence, considering all possible
ones. The single miRNAs are highlighted with different colors. The forward and reverse primers
used to detect the pri-miRNA fragment are indicated with arrows. Analysis of the mature forms of
(B) miR-27a, (C) miR-23a, (D) miR-24-2, and (E) pri-miRNA by qRT-PCR in HCT116 cells treated
with 50 uM Qc for 24 h or with the vehicle only. U6 RNA was used for normalization and is reported
as fold change. Statistical significance is considered when * p < 0.05 and ** p < 0.01 (t-test).

To support the correlation with miR-27a, we assessed Sp1 in HCT116 cells treated with
Qc and found that the protein was 40% lower than vehicle-treated cells, as determined
by a Western blot (Figure 5B, left panel). Interestingly, SPI mRNA also diminished, as
documented by the qRT-PCR analysis, indicating that Qc affects the transcription of the
corresponding gene (Figure 5B, right panel). The inspection of the human SP1 promoter
showed that it lacked a canonical TATA box, contained binding sites for AP2, C/EBP,
MYC, NFY, and YY1, and was enriched in GC elements distributed over a long fragment
of the 5 flanking region [49]. This promoter architecture is reminiscent of that of the
miR-23a~27a~24-2 cluster and suggests that Sp1 can bind and activate the transcription
of its own gene in a positive regulatory loop (Figure 5C). This possibility is supported
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by the ChiP-seq data in HCT116 cells available in the ENCODE dataset (https://www.
encodeproject.org/experiments/ ENCSRO00BSF/) (accessed on 12 April 2023) showing a
strong binding for Sp1 in the region from -330 to -270 bp upstream of the TSS.

A B
miR-23a~miR-27a~miR-24-2 cluster 15 15
1383 M 1383 M 1384 M 1384 M £ ** <
S E
chr19:13834794-13845348 510 g0
TSS +1 800 ig E 5
< = g o
i =73 ‘l 5 05 % gos
/ 0.0 0.0
-410 -532
. “ v il
u. iad —200 *— 00 T 600 ~800bps. a-Tubulin E
e O
. CTGTA [ ] ceeeeas @ crcene {X CTTCTGCA @ ccccctee AQV"\\G ©
YY1 Sp1 c-MYC C/EBP AP2
c SP1 gene D
5337TM 53.38 M 53.39M 5340 M 5341 M 53.42M
chr12: 53387859-53426125 25 2.0
c
o 1 1 \— AL S 90 <=
_— TSS +1 8 Zg1s
- £ 15 E S
A . :
. e - . S 10 28
; 2 @eos
/ HCT116 B UTR B 0.5 N <
/ 102 [ transcript 0.0 0.0
// T M protein coding sequence R
H &
. _m 0 = R - == a-Tubulin E
-330 270
\@Q’ e
. CTGTA [] eeecees . CACCNG {X CTTCTGCA @ ccccctee W
YY1 Sp1 c-MYC C/EBP AP2

Figure 5. Sp1 and ZBTB10 expression in quercetin-treated HCT116 cells. (A) Graphical representation
of the putative transcription factors binding sites identified in the miR-23a~27a~24-2 cluster’s 5
flanking region. (B) Sp1 expression in HCT116 cells treated with 50 uM Qc for 24 h or the vehicle
alone, analyzed as protein (left panel) or as mRNA (right panel) by a Western blot and qRT-PCR,
respectively. a-Tubulin and 185 RNA were used for protein and RNA normalization, respectively.
(C) Graphical representation of the putative transcription factors’ binding sites identified in the SP1
gene 5’ promoter region. The blow-up illustrates the selected GC-rich motifs effectively bound by Sp1
reported in the ChIP-Seq dataset (GSM1010902) from the ENCODE Project (ENCSRO00BSF) relative
to HCT116 cell line. (D) ZBTB10 expression in cells treated as in (B) analyzed by a Western blot (left
panel) and qRT-PCR (right panel), respectively. a-Tubulin and 18S RNA were used for protein and
RNA normalization, respectively. Statistical significance is considered when ** p < 0.01, *** p < 0.001,
and **** p < 0.0001 (-test).

The interplay between Sp1 and miR-27a involves another factor, ZBTB10, a member
of a zinc finger protein family that binds to the same GC motifs and competitively
displaces Sp1 [27]. This is also a target of miR-27a, and consistently, ZBTB10 protein
increased after Qc treatment by about twofold with respect to vehicle-treated cells
(Figure 5D, left panel); ZBTB10 mRNA levels also increased after treatment, suggesting
that miR-27a induces a degradation of the corresponding mRNA, as for the other targets
analyzed (Figure 5D, right panel). All together, these results indicate that Sp1 activates
the transcription of miR-27a that, in turn, silences crucial negative factors of cell growth
stimulating proliferation. ZBTB10 is an additional target, and its reduction modulates
Sp1 function in an inverse regulatory loop. Qc disrupts this axis via reducing Sp1 and
miR-27a expression, impairing cell vitality and proliferation, and activating cell death.
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3.4. Quercetin Also Exerts Anticancer Effects in HT-29 Cell Line

To verify that the effects exerted by Qc were not restricted to HCT116 cells but
were more general and reproduced in other CRC-derived cell lines, we performed
similar experiments in the HT-29 cell line. These cells have previously been tested as
responsive to Qc [19], have different genetic and epigenetic landscapes, and more im-
portantly, express lower levels of miR-27a than HCT116, as we previously reported [22].
In this case as well, we exposed the cells to increasing doses of Qc (from 0 to 900 uM)
for 24 h and measured the viability with the Presto Blue assay™. We detected a dose-
dependent response especially between 100 and 300 uM (Supplementary Figure S1A),
and on the basis of these values, we calculated the ICs that turned out to be 157.6 uM
(Supplementary Figure S1B). The 150 uM concentration was thus employed in all sub-
sequent experiments. Next, we evaluated that the reduced viability was associated
with an increase in apoptosis by measuring the percentage of pre- and apoptotic cells
in flow cytometry using the annexin V and propidium iodide assay. The number
of cells undergoing apoptosis was almost doubled by Qc with respect to vehicle-
treated cells, as illustrated in Supplementary Figure S1C. This result was confirmed
by assessing the amount of the cleaved form of PARP as an additional apoptotic
marker in a Western blot analysis of protein extracts from Qc and vehicle-treated cells
(Supplementary Figure S1D). We then analyzed the proliferation pathways influenced
by Qc by checking the phosphorylation levels of ERK and AKT, the two executors
of the growth factor/tyrosine kinase receptor/RAS or PI3K/AKT signaling, respec-
tively. In both cases, p-ERK and p-AKT were reduced upon exposure to Qc by almost
40%, confirming its role in impairing cell proliferation in this cell context as well
(Supplementary Figure S2A,B, left panels). As reported above, the growth signaling
were downmodulated by Sprouty2 and PTEN, which in turn are under the control of
miR-27a. Exposure to Qc reduced miR-27a and increased SPRY2 and PTEN mRNAs
(Supplementary Figure S2A,B, right panels). Consistently, miR-23a and miR-24-2 levels
also diminished vs. vehicle-treated cells, indicating that Qc controls the expression of
the entire miR-23a~27a~24-2 cluster (Supplementary Figure S2C).

Furthermore, the treatment significantly reduced Sp1 expression levels, both at the
protein and mRNA levels (Supplementary Figure S2D) and, in parallel, promoted an
increase (about 40%) in both ZBTB10 mRNA and protein (Supplementary Figure S2E).
Collectively, in HT-29 cells, Qc influences the same pathways recapitulating the effects
reported in HCT116 cells.

3.5. Quercetin Promotes Sp1 Proteasomal Degradation in CRC Cell Lines

Finally, we sought to investigate the molecular mechanism underlying the effects re-
ported here. We first investigated Qc uptake and subcellular distribution taking advantage
of its autofluorescence and ability to interact with macromolecules [50,51]. HCT116 cells
were exposed to the usual dose of Qc in time-course experiments, PFA-fixed, permeabilized,
and analyzed by fluorescence microscopy.

Qc was internalized within a few minutes and progressively accumulated in the
nucleus with a homogeneous distribution reaching a peak at 8 h. The signal tended to
spread back to the cytosol at 16 h and even more at 24 h of treatment, although it remained
mostly nuclear (Figure 6A). The kinetics of the Qc uptake and subcellular distribution
are in line with previous reports [50-52]; moreover, the prevalent nuclear localization is a
general phenomenon, as detected in a number of different cell types, likely underscoring
the interaction with macromolecular complexes, including DNA [52,53].
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Figure 6. Intracellular localization of quercetin and Spl proteasomal degradation in CRC cells.
(A) Time-course of Qc internalization and subcellular localization in HCT116-treated cells. Qc
autofluorescence, shown in green, is detected in the FITC channel, while the nuclei are stained
with DAPI and shown in blue (60x objective, ROI (F: 987 x 664, Q: 987 x 664), scale bar 10 um).
(B) Western blot analysis of Sp1 in both HCT116 (left panel) and HT-29 (right panel) cells treated with
either Qc for 24 h (50 uM and 150 uM, respectively) or with MG132 (10 uM) for the last 5 h of the
treatment or in combination. (3-Actin was used for protein normalization while «-Tubulin was used as
a MG132 negative control. (C) Fluorescence microscopy images of Sp1 nuclear localization in HCT116
cells treated or not with Qc for 24 h. Sp1 is shown in red, a-Tubulin in green, and nuclei (DAPI)
in blue (60x objective, scale bar 10 um). The graph on the right illustrates the mean fluorescence
intensity (MFI) quantification calculated as reported in the Material and Methods section. All images
were taken with the same exposure setting in order to appreciate differences in intensity. Statistical
significance is considered when * p < 0.05, and **** p < 0.0001 (¢-test).
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Indeed, it has been reported that many natural compounds, including Qc, can
transiently bind to diverse proteins [52]. Specifically, Qc has been shown to interact
with Sp1 in pull-down experiments in mesothelioma cells in vitro, preventing the
interaction with the binding sites on target gene promoters [54]. The same compounds
can trigger a degradation of the interacting proteins through the proteasome, caspases,
or other pathways [55,56]. We verified this possibility by exposing HCT116 and HT-
29 cells to Qc for 24 h and to MG132, a proteasome inhibitor, for the last 5 h of the
treatment. Cells were also treated with the flavonol or MG132 alone as controls. Protein
extracts from treated cells were analyzed by a Western blot for Sp1 (Figure 6B). MG132
alone did not affect Sp1, as expected; Qc reduced Sp1, as shown before; the combined
treatment (MG132 + Qc) rescued the initial values in both cell lines. The selectivity
of the MG132 action was confirmed by the fact that 3-Actin and «-Tubulin were not
affected, suggesting that Qc instigates the Sp1 degradation through the proteasome.

High-resolution fluorescence microscopy images of treated HCT116 cells confirmed
the result. The intensity of the Sp1 fluorescent signal was reduced by about 20% vs. vehicle-
treated controls (see Material and Methods). Although obtained by microscopic images,
this value is in line with the 30% reduction assessed by a Western blot on extracts from cells
treated with Qc for 24 h (Figure 6C).

Finally, we silenced Sp1 by using the RNA interference technology to prove that
Qc counteracts its role in tumorigenesis. To this end, we transfected HCT116 and HT-29
cells with three different siRNAs (siRNA1-3) directed against S°PT mRNA and analyzed
cell extracts 48 h later for proteins and RNA. A scrambled siRNA was transfected in
both cell lines and used as negative control (Neg_CTR). The Sp1 protein was reduced
by all siRNAs in both cell lines; in particular, siRNA1 and siRNA3 lowered Sp1 by
about 80-90%, reaching an almost complete disappearance of the protein in the Western
blot analysis (Figure 7A). siRNA1 and 3 reduced SPT mRNA by about 50-60% in both
cell lines as by qRT-PCR (Figure 7B) with a satisfactory variation in silencing efficiency.
siRNA2 produced only a modest diminution of Sp1l and was no longer used. The
scrambled control did not affect either SP1 mRNA or protein. We then checked the
levels of miR-27a and found they were reduced, along with miR-23a and miR-24-2,
confirming that the entire cluster is transcriptionally regulated by Sp1 (Figure 7C).
In line with reducing miR-27a levels, its target ZBTB10 increased at both protein
and mRNA levels, indicating that Sp1 controls the miR-27a-ZTB10 regulatory axis
(Figure 7D,E). SPRY2 and PTEN mRNAs similarly increased, supporting the role of
Sp1 in proliferation, phenocopying the results obtained with Qc (Figure 7E,G).
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Figure 7. Sp1’s knocking down phenocopies quercetin’s activity in CRC cells. Sp1 expression assessed
as protein (A) or mRNA (B) in extracts from HCT116 (left panels) or HT-29 (right panels) cells
transfected for 48 h with a scrambled siRNA (Neg_CTR) or three different siRNAs (siRNA1-3) specific
for SP1 mRNA. o-Tubulin and 185 RNA were used for protein loading and RNA normalization,
respectively. (C) miR-27a, miR-23a, and miR-24-2 qRT-PCR analysis in HCT116 (left panels) and
HT-29 (right panels) cells transfected with the Sp1 siRNA1 or siRNA2 for 48 h compared to Neg_CTR;
ZBTB10 protein (D) and mRNA (E) levels analyzed in HCT116 (left panels) and HT-29 (right panels)
cells transfected as in (C) and compared to Neg_CTR; (F) SPRY2 and (G) PTEN RNAs analyzed by
qRT-PCR on the total RNA from HCT116 (left panels) and HT-29 (right panels) cells transfected as
in (C) and compared to Neg_CTR. Statistical significance is considered when # p < 0.05, ## p < 0.01,
##H p < 0.001, and #### p < 0.0001 (ANOVA with Dunnett’s post-test).
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4. Discussion

In this study, we investigated the molecular mechanisms underlying the effects of Qc,
a flavonol belonging to the large class of polyphenols endowed with beneficial effects on
human health both in vitro and in vivo [1-9]. We report that Qc acts in a dual mode to
counteract the protumorigenic effects of the Spl-miR-27a axis.

The analysis was carried out in a CRC-derived cell model system represented by
HCT116 and HT-29 cells, as colonocytes are one of the first stations where polyphenols
introduced with the diet are adsorbed and metabolized. The similar results obtained in
two cell lines with distinct genetic and epigenetic landscapes indicate that the effects are
general and can be extended to other cell types. The diverse sensitivity to Qc likely reflects
these differences and their response to chemotherapeutics [31]. Qc reduces viability in
both cell lines at dosages that are not toxic and induces programmed cell death, a process
that partially explains the result obtained. The impairment of cell growth is achieved
mainly through enhancing Sprouty2, PTEN, and SFRP1, which act as negative regulators
of the RAS/ERK, PI3K/AKT, and Wnt/ 3-catenin cell proliferation pathways, respectively.
Sprouty2 reduces ERK1/2 phosphorylation and its nuclear translocation, blocking the
growth-stimulating effects mediated by the receptor tyrosine kinase/RAS pathway [40];
PTEN is an AKT phosphatase that reduces p-AKT, impairing cell proliferation [41]; SFRP1 is
a soluble form of the frizzled receptor that competes for the Wnt factors, blocking 3-catenin
phosphorylation, its nuclear translocation, and the activation of cell-cycle progression
genes [24]. Thus, Qc reduces the overall cell growth by impairing the major proliferation
pathways. Interestingly, the mRNAs of these factors are targets of miR-27a, a microRNA
that is overexpressed in HCT116 cells, as well as in CRC in vivo where it acts as an onco-
miRNA, greatly contributing to its development. We document here that Qc reduces
miR-27a and, consequently, increases the three inversely correlated mRNAs, indicating that
miR-27a affects the target mRNAs’ stability and translation, supporting its role as a driver
of CRC tumorigenesis.

MIR27A is an RNA coding gene and member of a cluster located in an intergenic
region on chromosome 19 that includes MIR23A and MIR24-2. Qc causes a significant
reduction not only in all three miRNAs but also of the nascent transcript or pri-miRNA,
suggesting a regulation of the entire cluster. Some miRNAs are regulated at the post-
transcriptional level, due to the fact that their pri-miRNAs contain a structure, defined as a
conserved terminal loop (CTL), that interacts with specific RNA binding proteins (RBP)
necessary for their maturation [57-59]. In the case of pri-miR-7-1, the RBP HuR and its
interacting partner MSI2 bind to the CTL and increase the rigidity of the structure, blocking
the cleavage by the microprocessor complex. This facilitates the precursor degradation and
prevents a mature miR-7 production [60]. Several natural compounds have been shown
to influence this processing [61,62]. Qc dissociates both HUR and MSI2 from the CTL,
favoring the processing of the primitive transcript and biogenesis of the mature miR-7 [63].
The pri-miRNA of the miR-23a~27a~24-2 cluster does not bear the CTL and no RBPs or
auxiliary factors have been found so far for its processing [57,59], ruling out that Qc acts at
the post-transcriptional level; rather, the data suggest a transcriptional regulation.

The miR-23a cluster is expressed at low or very low levels in normal tissues and
remarkably increases during the various steps of tumorigenesis [45]. In the normal colonic
mucosa, miR-27a is minimally expressed, but already at the adenoma stage, it increases
and persists at high levels at all stages of CRC development [22]; in the same cell context,
miR-23a has been found to be crucial in the transition from indolent to invasive tumors [64];
moreover, miR-24-2 overexpression contributes to colorectal tumorigenesis, according to
some studies [65]. It is therefore conceivable that the overexpression of the entire cluster
is under the control of factors associated with tumorigenesis. A comprehensive survey of
the promoter identified binding sites for several TFs, in particular for MYC, suggesting a
possible regulatory function [66].

However, the promoter region lacks a TATA box, an initiator sequence and a down-
stream promoter element, while it is enriched in GC elements, putative binding sites for
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Sp1. This promoter organization is reminiscent of that of housekeeping genes coding for
constitutively expressed proteins, genes that, in many cases, are under the transcriptional
control of Sp1 (Figure 5). The role that Sp1 plays in the regulation of the miR-23a~27a~24-2
cluster is supported by the observation that it binds to the GC elements located between
—600 and —400 bp upstream of the TSS, as their deletion reduces the transcriptional activity
of a reporter plasmid [30,43,48].

SP1 is a member of a family of genes coding for TFs composed by at least nine
members but the proteins Sp1-Sp4 are the most studied for their similarity in structure
and function [25,26]. Upon binding to GC elements, Sp factors regulate thousands of
genes many of which are in common and many others Sp-specific with a cell-context and
gene-specific variability likely due to the diverse cellular concentration of each factor. Sps,
Spl in particular, are overexpressed in tumors and act as transcriptional activators of genes
relevant to cell proliferation and tumorigenesis. For these reasons, Sp TFs are termed as
nononcogene addiction genes [26].

The interplay of Sp1 with miR-27a delineated so far has an additional level of com-
plexity represented by ZBTB10, a zinc finger protein with a DNA-binding domain but
without an activation domain, that recognizes the same GC elements and competes with
Sp1 for binding [27]. miR-27a targets ZBTB10 mRNA and protein, resulting in high Sp1
levels, which stimulate the transcription of the miR-23a~27a~24-2 cluster in a feed-forward
positive regulatory loop. Qc reduces both Sp1 protein and mRNA, confirming that this
TF regulates its own gene transcription [49] as additionally supported by the ENCODE
dataset. Furthermore, the SP1 promoter is structured similarly to the miR-23a cluster and
contains binding sites for other TFs that may interact with and contribute to SP1 gene
transcription [46].

However, Qc, in our CRC cell model, not only interrupts the Spl-miR-27a-ZBTB10
axis but also triggers Sp1 degradation. Due to its chemical structure, Qc is, in fact, rapidly
internalized by the cell and accumulates in the nucleus where it interacts with DNA [50-52].
Likely fostered by the interaction with Sp1, Qc instigates its proteasomal degradation of
about 20-30%, as supported by the fluorescence microscopy images. SP1 is reported to
undergo proteasome-dependent or -independent degradation according to the different
tumor cell type [46]. The results reported here that two different CRC cell lines use the
same proteasome-dependent pathway suggest that this may be the prevalent one activated
by Qc in this tumor type and adds to the interference with the miR-27a-ZBTB10 axis
described above.

The central role that Sp1 plays in this scenario is finally supported by the results of its
knocking down. The reduction in miR-27a, miR-23a, and miR-24-a further demonstrates
that the entire cluster is transcriptionally regulated by Sp1. This lowering, in turn, induces
an upregulation of ZBTB10 mRNA and protein that negatively affects both Sp1 protein and
SP1 gene transcription. Then, Spl’s loss appears not compensated by the other members
of the family, especially Sp3 and Sp4, expressed in both cell lines analyzed [34]; if they
had, in fact, a fully compensatory role, we would have expected no effects; the result
suggests instead that each member plays critical and somehow unique protumoral roles.
Alternatively, we have to hypothesize that all Sp factors act in a cooperative manner and
the loss of a single member is not prejudicial to a full or partial compensatory rescue by
the others [26]. Importantly, the knockdown experiments show that other miR-27a targets
are upregulated and impair cell proliferation pathways, phenocopying the effects exerted
by Qc. Collectively, Qc acts in a dual mode and exerts its effects by counteracting Sp1 in
colorectal cancer.

5. Conclusions

In this study, we elucidated the molecular mechanisms underlying the antiproliferative
and proapoptotic effects of Qc. Specifically, this flavonol enhances the percentage of
apoptotic cells and impairs their proliferation capacity by upregulating Sprouty2, PTEN,
and SFRP1, negative modulators of the major growth pathways. Indeed, they are targets
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of miR-27a, a microRNA that acts as an onco-miRNA and is overexpressed in CRC and
other malignancies. Qc not only diminishes the mature miR-27a, but also miR-23a and miR-
24-2, the other two members of the miR-23a~27a~24-2 cluster. Interestingly, the nascent
transcript or pri-miRNA is also reduced indicating that the entire cluster is regulated,
mainly through the transcription factor Sp1 that is over-expressed in tumors. Qc down-
regulates Sp1 through the upregulation of ZBTB10, an Sp1 repressor, that is also a target
of miR-27a. In addition, Qc forces the Sp1 proteasomal degradation, further reducing the
overall Spl amount. Spl’s knocking down reproduces the same results as those of Qc,
supporting the central role played by this transcription factor. As a whole, the data provide
mechanistic insights into the dual mode of action of Qc and suggest the possibility to use
this natural product as an adjuvant in combination with anticancer therapeutic regimens.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/antiox12081547 /s1, Supplementary Figure S1: Quercetin influences the
viability and apoptosis of HT-29 CRC cells; Supplementary Figure S2: Quercetin influences the same
pathways analyzed in HCT116 cells.

Author Contributions: Acquisition, analysis and interpretation of data: E.F. and M.L.; fluorescence
microscopy and flow cytometry analysis: M.L., L M., VM.M. and E.V,; formal analysis: E.F, M.L., L. M.
and A.M,; investigation: E.F. and M.L.; methodology: E.F, M.L., LM., VM.M., M.C.D.M., A M. and
E.V,; supervision: L.S.; validation: E.F. and M.L.; conceptualization: M.L. and L.S.; writing—review
and editing the manuscript: M.L. and L.S. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was supported by funds from the University of Sannio (FRA) to L.S.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article and from
the authors on request.

Acknowledgments: Richard Myers’ Laboratory for the Sp1 ChIP-seq HCT116 cells dataset from the
ENCODE project.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Kawabata, K.; Mukai, R.; Ishisaka, A. Quercetin and related polyphenols: New insights and implications for their bioactivity and
bioavailability. Food Funct. 2015, 6, 1399-1417. [CrossRef]

2. Shabir, I.; Kumar Pandey, V.; Shams, R.; Dar, A.H.; Dash, K.K,; Khan, S.A.; Bashir, I.; Jeevarathinam, G.; Rusu, A.V.; Esatbeyoglu,
T.; et al. Promising bioactive properties of quercetin for potential food applications and health benefits: A review. Front. Nutr.
2022, 9, 999752. [CrossRef]

3. Batiha, G.E.-S.; Beshbishy, A.M.; Ikram, M.; Mulla, Z.S.; El-Hack, M.E.A.; Taha, A.E.; Algammal, A.M.; Elewa, YH.A. The
Pharmacological Activity, Biochemical Properties, and Pharmacokinetics of the Major Natural Polyphenolic Flavonoid: Quercetin.
Foods 2020, 9, 374. [CrossRef]

4. Almatroodi, S.A.; Alsahli, M.A.; Almatroudi, A.; Verma, A K.; Aloliqi, A.; Allemailem, K.S.; Khan, A.A.; Rahmani, A.H. Potential
Therapeutic Targets of Quercetin, a Plant Flavonol, and Its Role in the Therapy of Various Types of Cancer through the Modulation
of Various Cell Signaling Pathways. Molecules 2021, 26, 1315. [CrossRef]

5. Reyes-Farias, M.; Carrasco-Pozo, C. The Anti-Cancer Effect of Quercetin: Molecular Implications in Cancer Metabolism. Int. |.
Mol. Sci. 2019, 20, 3177. [CrossRef]

6. Boly, R,; Gras, T.; Lamkami, T.; Guissou, P; Serteyn, D.; Kiss, R.; Dubois, ]. Quercetin inhibits a large panel of kinases implicated
in cancer cell biology. Int. ]. Oncol. 2011, 38, 833-842. [CrossRef]

7. Bhatiya, M,; Pathak, S.; Jothimani, G.; Duttaroy, A.K; Banerjee, A. A Comprehensive Study on the Anti-cancer Effects of Quercetin
and Its Epigenetic Modifications in Arresting Progression of Colon Cancer Cell Proliferation. Arch. Immunol. Ther. Exp. 2023, 71, 6.
[CrossRef]

8. Maugeri, A.; Calderaro, A.; Patane, G.T.; Navarra, M.; Barreca, D.; Cirmi, S.; Felice, M.R. Targets Involved in the Anti-Cancer

Activity of Quercetin in Breast, Colorectal and Liver Neoplasms. Int. J. Mol. Sci. 2023, 24, 2952. [CrossRef]


https://www.mdpi.com/article/10.3390/antiox12081547/s1
https://www.mdpi.com/article/10.3390/antiox12081547/s1
https://doi.org/10.1039/C4FO01178C
https://doi.org/10.3389/fnut.2022.999752
https://doi.org/10.3390/foods9030374
https://doi.org/10.3390/molecules26051315
https://doi.org/10.3390/ijms20133177
https://doi.org/10.3892/ijo.2010.890
https://doi.org/10.1007/s00005-023-00669-w
https://doi.org/10.3390/ijms24032952

Antioxidants 2023, 12, 1547 18 of 20

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.
25.
26.
27.
28.
29.
30.

31.

32.

33.

34.

35.

Darband, S.G.; Kaviani, M.; Yousefi, B.; Sadighparvar, S.; Pakdel, EG.; Attari, ].A.; Mohebbi, I.; Naderi, S.; Majidinia, M. Quercetin:
A functional dietary flavonoid with potential chemo-preventive properties in colorectal cancer. . Cell. Physiol. 2018, 233,
6544-6560. [CrossRef]

Hashemzaei, M.; Far, A.D.; Yari, A.; Heravi, REE.; Tabrizian, K.; Taghdisi, S.M.; Sadegh, S.E.; Tsarouhas, K.; Kouretas, D.;
Tzanakakis, G.; et al. Anticancer and apoptosis-inducing effects of quercetin in vitro and in vivo. Oncol. Rep. 2017, 38, 819-828.
[CrossRef]

Yoshioka, Y.; Ohishi, T.; Nakamura, Y.; Fukutomi, R.; Miyoshi, N. Anti-Cancer Effects of Dietary Polyphenols via ROS-Mediated
Pathway with Their Modulation of MicroRNAs. Molecules 2022, 27, 3816. [CrossRef] [PubMed]

Tuli, H.S.; Garg, V.K,; Bhushan, S.; Uttam, V.; Sharma, U.; Jain, A.; Sak, K.; Yadav, V.; Lorenzo, ].M.; Dhama, K.; et al. Natural
flavonoids exhibit potent anticancer activity by targeting microRNAs in cancer: A signature step hinting towards clinical
perfection. Transl. Oncol. 2023, 27, 101596. [CrossRef] [PubMed]

Homayoonfal, M.; Gilasi, H.; Asemi, Z.; Khaksary Mahabady, M.; Asemi, R.; Yousefi, B. Quercetin modulates signal transductions
and targets non-coding RNAs against cancer development. Cell. Signal. 2023, 107, 110667. [CrossRef]

Asgharian, P.,; Tazekand, A.P.; Hosseini, K.; Forouhandeh, H.; Ghasemnejad, T.; Ranjbar, M.; Hasan, M.; Kumar, M.; Beirami, S.M.;
Tarhriz, V.; et al. Potential mechanisms of quercetin in cancer prevention: Focus on cellular and molecular targets. Cancer Cell Int.
2022, 22, 257. [CrossRef]

Bartel, D.P. MicroRNAs. Cell 2004, 116, 281-297. [CrossRef]

O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation. Front.
Endocrinol. 2018, 9, 402. [CrossRef]

Peng, Y.; Croce, C.M. The role of MicroRNAs in human cancer. Signal Transduct. Target. Ther. 2016, 1, 15004. [CrossRef]
Dragomir, M.P.; Knutsen, E.; Calin, G.A. Classical and noncanonical functions of miRNAs in cancers. Trends Genet. 2022, 38,
379-394. [CrossRef] [PubMed]

Del Follo-Martinez, A.; Banerjee, N.; Li, X.; Safe, S.; Mertens-Talcott, S. Resveratrol and Quercetin in Combination Have Anticancer
Activity in Colon Cancer Cells and Repress Oncogenic microRNA-27a. Nutr. Cancer 2013, 65, 494-504. [CrossRef] [PubMed]

Li, WE.L; Liu, M.LN,; Xu, Y.-E; Feng, Y.; Che, J.-P.; Wang, G.-C.; Zheng, J.-H. Combination of quercetin and hyperoside has
anticancer effects on renal cancer cells through inhibition of oncogenic microRNA-27a. Oncol. Rep. 2014, 31, 117-124. [CrossRef]
Zhang, ]J.; Cao, Z.; Yang, G.; You, L.; Zhang, T.; Zhao, Y. MicroRNA-27a (miR-27a) in Solid Tumors: A Review Based on
Mechanisms and Clinical Observations. Front. Oncol. 2019, 9, 893. [CrossRef] [PubMed]

Colangelo, T.; Polcaro, G.; Ziccardi, P.; Pucci, B.; Muccillo, L.; Galgani, M.; Fucci, A.; Milone, M.R.; Budillon, A.; Santopaolo,
M.; et al. Proteomic screening identifies calreticulin as a miR-27a direct target repressing MHC class I cell surface exposure in
colorectal cancer. Cell Death Dis. 2016, 7, €2120. [CrossRef] [PubMed]

Duwe, L.; Munoz-Garrido, P; Lewinska, M.; Lafuente-Barquero, J.; Satriano, L.; Hegdall, D.; Taranta, A.; Nielsen, B.S.; Ghazal, A ;
Matter, M.S,; et al. MicroRNA-27a-3p targets FoxO signalling to induce tumour-like phenotypes in bile duct cells. J. Hepatol. 2023,
78, 364-375. [CrossRef] [PubMed]

Wu, F; L, J.; Guo, N.; Wang, X.H.; Liao, Y.Q. MiRNA-27a promotes the proliferation and invasion of human gastric cancer
MGCB803 cells by targeting SFRP1 via Wnt/beta-catenin signaling pathway. Am. J. Cancer Res. 2017, 7, 405-416. [PubMed]
Beishline, K.; Azizkhan-Clifford, J. Sp1 and the ‘hallmarks of cancer’. FEBS |. 2015, 282, 224-258. [CrossRef] [PubMed]

Safe, S. Specificity Proteins (Sp) and Cancer. Int. J. Mol. Sci. 2023, 24, 5164. [CrossRef]

Tillotson, L.G. RIN ZF, a Novel Zinc Finger Gene, Encodes Proteins That Bind to the CACC Element of the Gastrin Promoter. J.
Biol. Chem. 1999, 274, 8123-8128. [CrossRef]

Black, A.R.; Black, ].D.; Azizkhan-Clifford, J. Sp1 and kriippel-like factor family of transcription factors in cell growth regulation
and cancer. J. Cell. Physiol. 2001, 188, 143-160. [CrossRef]

Suske, G.; Bruford, E.; Philipsen, S. Mammalian SP/KLF transcription factors: Bring in the family. Genomics 2005, 85, 551-556.
[CrossRef]

Vizcaino, C.; Mansilla, S.; Portugal, ]. Sp1 transcription factor: A long-standing target in cancer chemotherapy. Pharmacol. Ther.
2015, 152, 111-124. [CrossRef]

Barisciano, G.; Colangelo, T.; Rosato, V.; Muccillo, L.; Taddei, M.L.; Ippolito, L.; Chiarugi, P.; Galgani, M.; Bruzzaniti, S.; Matarese,
G.; et al. miR-27a is a master regulator of metabolic reprogramming and chemoresistance in colorectal cancer. Br. |. Cancer 2020,
122, 1354-1366. [CrossRef] [PubMed]

Reuter, J.S.; Mathews, D.H. RNAstructure: Software for RNA secondary structure prediction and analysis. BMC Bioinform. 2010,
11, 129. [CrossRef]

Bankhead, P.; Loughrey, M.B.; Fernandez, ].A.; Dombrowski, Y.; McArt, D.G.; Dunne, P.D.; McQuaid, S.; Gray, R.T.; Murray, L.].;
Coleman, H.G.; et al. QuPath: Open source software for digital pathology image analysis. Sci. Rep. 2017, 7, 16878. [CrossRef]
[PubMed]

Pathi, S.; Jutooru, I.; Chadalapaka, G.; Nair, V.; Lee, S.O.; Safe, S. Aspirin inhibits colon cancer cell and tumor growth and
downregulates specificity protein (Sp) transcription factors. PLoS ONE 2012, 7, e48208. [CrossRef] [PubMed]

Leo, M.; Muccillo, L.; Dugo, L.; Bernini, R.; Santi, L.; Sabatino, L. Polyphenols Extracts from Oil Production Waste Products
(OPWPs) Reduce Cell Viability and Exert Anti-Inflammatory Activity via PPARy Induction in Colorectal Cancer Cells. Antioxidants
2022, 11, 624. [CrossRef]


https://doi.org/10.1002/jcp.26595
https://doi.org/10.3892/or.2017.5766
https://doi.org/10.3390/molecules27123816
https://www.ncbi.nlm.nih.gov/pubmed/35744941
https://doi.org/10.1016/j.tranon.2022.101596
https://www.ncbi.nlm.nih.gov/pubmed/36473401
https://doi.org/10.1016/j.cellsig.2023.110667
https://doi.org/10.1186/s12935-022-02677-w
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.1038/sigtrans.2015.4
https://doi.org/10.1016/j.tig.2021.10.002
https://www.ncbi.nlm.nih.gov/pubmed/34728089
https://doi.org/10.1080/01635581.2012.725194
https://www.ncbi.nlm.nih.gov/pubmed/23530649
https://doi.org/10.3892/or.2013.2811
https://doi.org/10.3389/fonc.2019.00893
https://www.ncbi.nlm.nih.gov/pubmed/31572683
https://doi.org/10.1038/cddis.2016.28
https://www.ncbi.nlm.nih.gov/pubmed/26913609
https://doi.org/10.1016/j.jhep.2022.10.012
https://www.ncbi.nlm.nih.gov/pubmed/36848245
https://www.ncbi.nlm.nih.gov/pubmed/28401000
https://doi.org/10.1111/febs.13148
https://www.ncbi.nlm.nih.gov/pubmed/25393971
https://doi.org/10.3390/ijms24065164
https://doi.org/10.1074/jbc.274.12.8123
https://doi.org/10.1002/jcp.1111
https://doi.org/10.1016/j.ygeno.2005.01.005
https://doi.org/10.1016/j.pharmthera.2015.05.008
https://doi.org/10.1038/s41416-020-0773-2
https://www.ncbi.nlm.nih.gov/pubmed/32132656
https://doi.org/10.1186/1471-2105-11-129
https://doi.org/10.1038/s41598-017-17204-5
https://www.ncbi.nlm.nih.gov/pubmed/29203879
https://doi.org/10.1371/journal.pone.0048208
https://www.ncbi.nlm.nih.gov/pubmed/23110215
https://doi.org/10.3390/antiox11040624

Antioxidants 2023, 12, 1547 19 of 20

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Mashimo, M.; Onishi, M.; Uno, A.; Tanimichi, A.; Nobeyama, A.; Mori, M.; Yamada, S.; Negi, S.; Bu, X.; Kato, J.; et al. The 89-kDa
PARP1 cleavage fragment serves as a cytoplasmic PAR carrier to induce AIF-mediated apoptosis. . Biol. Chem. 2021, 296, 100046.
[CrossRef]

McCubrey, J.A.; Steelman, L.S.; Chappell, W.H.; Abrams, S.L.; Wong, EW.T.; Chang, F.; Lehmann, B.; Terrian, D.M.; Milella, M.;
Tafuri, A.; et al. Roles of the Raf/MEK/ERK pathway in cell growth, malignant transformation and drug resistance. Biochim.
Biophys. Acta (BBA)—Mol. Cell Res. 2007, 1773, 1263-1284. [CrossRef]

Porta, C.; Paglino, C.; Mosca, A. Targeting PI3K/Akt/mTOR Signaling in Cancer. Front. Oncol. 2014, 4, 64. [CrossRef]

Zhao, H.; Ming, T.; Tang, S.; Ren, S.; Yang, H.; Liu, M.; Tao, Q.; Xu, H. Wnt signaling in colorectal cancer: Pathogenic role and
therapeutic target. Mol. Cancer 2022, 21, 144. [CrossRef]

Kawazoe, T.; Taniguchi, K. The Sprouty/Spred family as tumor suppressors: Coming of age. Cancer Sci. 2019, 110, 1525-1535.
[CrossRef]

Lee, Y.-R.; Chen, M.; Pandolfi, P.P. The functions and regulation of the PTEN tumour suppressor: New modes and prospects. Nat.
Rev. Mol. Cell Biol. 2018, 19, 547-562. [CrossRef]

Bartley, A.N.; Yao, H.; Barkoh, B.A.; Ivan, C.; Mishra, B.M.; Rashid, A.; Calin, G.A ; Luthra, R.; Hamilton, S.R. Complex Patterns
of Altered MicroRNA Expression during the Adenoma-Adenocarcinoma Sequence for Microsatellite-Stable Colorectal Cancer.
Clin. Cancer Res. 2011, 17, 7283-7293. [CrossRef] [PubMed]

Lee, Y.; Kim, M.; Han, J.; Yeom, K.-H.; Lee, S.; Baek, S.H.; Kim, V.N. MicroRNA genes are transcribed by RNA polymerase II.
EMBO J. 2004, 23, 4051-4060. [CrossRef] [PubMed]

Chhabra, R.; Adlakha, Y.K.; Hariharan, M.; Scaria, V.; Saini, N. Upregulation of miR-23a-27a-24-2 cluster induces caspase-
dependent and -independent apoptosis in human embryonic kidney cells. PLoS ONE 2009, 4, e5848. [CrossRef] [PubMed]
Chhabra, R.; Dubey, R.; Saini, N. Cooperative and individualistic functions of the microRNAs in the miR-23a~27a~24-2 cluster
and its implication in human diseases. Mol. Cancer 2010, 9, 232. [CrossRef]

Chintharlapalli, S.; Papineni, S.; Lei, P,; Pathi, S.; Safe, S. Betulinic acid inhibits colon cancer cell and tumor growth and induces
proteasome-dependent and -independent downregulation of specificity proteins (Sp) transcription factors. BMC Cancer 2011,
11, 371. [CrossRef]

Mertens-Talcott, S.U.; Chintharlapalli, S.; Li, X.; Safe, S. The Oncogenic microRNA-27a Targets Genes That Regulate Specificity
Protein Transcription Factors and the G2-M Checkpoint in MDA-MB-231 Breast Cancer Cells. Cancer Res. 2007, 67, 11001-11011.
[CrossRef]

Wang, Y.; Zhang, Z.-X.; Chen, S.; Qiu, G.-B.; Xu, Z.-M.; Fu, W.-N. Methylation Status of SP1 Sites within miR-23a-27a-24-2
Promoter Region Influences Laryngeal Cancer Cell Proliferation and Apoptosis. BioMed Res. Int. 2016, 2016, 2061248. [CrossRef]
Nicolds, M.; Noé, V.; Jensen, K.B.; Ciudad, C.J. Cloning and Characterization of the 5'-Flanking Region of the Human Transcription
Factor Sp1 Gene. J. Biol. Chem. 2001, 276, 22126-22132. [CrossRef]

Pawlikowska-Pawlega, B.; Ignacy Gruszecki, W.; Misiak, L.; Paduch, R.; Piersiak, T.; Zarzyka, B.; Pawelec, J.; Gawron, A.
Modification of membranes by quercetin, a naturally occurring flavonoid, via its incorporation in the polar head group. Biochim.
Biophys. Acta (BBA)—Biomembr. 2007, 1768, 2195-2204. [CrossRef]

Nifli, A.-P.; Theodoropoulos, P.A.; Munier, S.; Castagnino, C.; Roussakis, E.; Katerinopoulos, H.E.; Vercauteren, J.; Castanas, E.
Quercetin Exhibits a Specific Fluorescence in Cellular Milieu: A Valuable Tool for the Study of Its Intracellular Distribution. J.
Agric. Food Chem. 2007, 55, 2873-2878. [CrossRef] [PubMed]

Notas, G.; Nifli, A.-P.; Kampa, M.; Pelekanou, V.; Alexaki, V.-I.; Theodoropoulos, P.; Vercauteren, J.; Castanas, E. Quercetin
accumulates in nuclear structures and triggers specific gene expression in epithelial cells. J. Nutr. Biochem. 2012, 23, 656—666.
[CrossRef] [PubMed]

Zenkov, R.G.; Kirsanov, K.I; Ogloblina, A.M.; Vlasova, O.A.; Naberezhnov, D.S.; Karpechenko, N.Y,; Fetisov, T.I.; Lesovaya, E.A,;
Belitsky, G.A.; Dolinnaya, N.G.; et al. Effects of G-Quadruplex-Binding Plant Secondary Metabolites on c-MYC Expression. Int. J.
Mol. Sci. 2022, 23, 9209. [CrossRef]

Chae, J.-I.; Cho, ].H.; Lee, K.-A.; Choi, N.-J.; Seo, K.S.; Kim, S.-B.; Lee, S.-H.; Shim, ].-H. Role of transcription factor Sp1 in the
quercetin-mediated inhibitory effect on human malignant pleural mesothelioma. Int. J. Mol. Med. 2012, 30, 835-841. [CrossRef]
[PubMed]

Chadalapaka, G.; Jutooru, I.; Chintharlapalli, S.; Papineni, S.; Smith, R.; Li, X.; Safe, S. Curcumin Decreases Specificity Protein
Expression in Bladder Cancer Cells. Cancer Res. 2008, 68, 5345-5354. [CrossRef]

Hajieva, P. The Effect of Polyphenols on Protein Degradation Pathways: Implications for Neuroprotection. Molecules 2017, 22, 159.
[CrossRef]

Michlewski, G.; Guil, S.; Semple, C.A.; Caceres, ].F. Posttranscriptional Regulation of miRNAs Harboring Conserved Terminal
Loops. Mol. Cell 2008, 32, 383-393. [CrossRef]

Zhang, X.; Zeng, Y. The terminal loop region controls microRNA processing by Drosha and Dicer. Nucleic Acids Res. 2010, 38,
7689-7697. [CrossRef]

Lebedeva, S.; Jens, M.; Theil, K.; Schwanhéusser, B.; Selbach, M.; Landthaler, M.; Rajewsky, N. Transcriptome-wide Analysis of
Regulatory Interactions of the RNA-Binding Protein HuR. Mol. Cell 2011, 43, 340-352. [CrossRef]

Choudhury, N.R.; de Lima Alves, F.; de Andrés-Aguayo, L.; Graf, T.; Caceres, ].F,; Rappsilber, J.; Michlewski, G. Tissue-specific
control of brain-enriched miR-7 biogenesis. Genes Dev. 2013, 27, 24-38. [CrossRef]


https://doi.org/10.1074/jbc.RA120.014479
https://doi.org/10.1016/j.bbamcr.2006.10.001
https://doi.org/10.3389/fonc.2014.00064
https://doi.org/10.1186/s12943-022-01616-7
https://doi.org/10.1111/cas.13999
https://doi.org/10.1038/s41580-018-0015-0
https://doi.org/10.1158/1078-0432.CCR-11-1452
https://www.ncbi.nlm.nih.gov/pubmed/21948089
https://doi.org/10.1038/sj.emboj.7600385
https://www.ncbi.nlm.nih.gov/pubmed/15372072
https://doi.org/10.1371/journal.pone.0005848
https://www.ncbi.nlm.nih.gov/pubmed/19513126
https://doi.org/10.1186/1476-4598-9-232
https://doi.org/10.1186/1471-2407-11-371
https://doi.org/10.1158/0008-5472.CAN-07-2416
https://doi.org/10.1155/2016/2061248
https://doi.org/10.1074/jbc.M010740200
https://doi.org/10.1016/j.bbamem.2007.05.027
https://doi.org/10.1021/jf0632637
https://www.ncbi.nlm.nih.gov/pubmed/17385883
https://doi.org/10.1016/j.jnutbio.2011.03.010
https://www.ncbi.nlm.nih.gov/pubmed/21782406
https://doi.org/10.3390/ijms23169209
https://doi.org/10.3892/ijmm.2012.1075
https://www.ncbi.nlm.nih.gov/pubmed/22842769
https://doi.org/10.1158/0008-5472.CAN-07-6805
https://doi.org/10.3390/molecules22010159
https://doi.org/10.1016/j.molcel.2008.10.013
https://doi.org/10.1093/nar/gkq645
https://doi.org/10.1016/j.molcel.2011.06.008
https://doi.org/10.1101/gad.199190.112

Antioxidants 2023, 12, 1547 20 of 20

61.

62.

63.

64.

65.

66.

Kumar, S.; Downie Ruiz Velasco, A.; Michlewski, G. Oleic Acid Induces MiR-7 Processing through Remodeling of Pri-MiR-
7 /Protein Complex. J. Mol. Biol. 2017, 429, 1638-1649. [CrossRef] [PubMed]

Byun, W.G,; Lim, D.; Park, S.B. Discovery of Small-Molecule Modulators of Protein-RNA Interactions by Fluorescence Intensity-
Based Binding Assay. ChemBioChem 2019, 21, 818-824. [CrossRef]

Zhu, S.; Choudhury, N.R.; Rooney, S.; Pham, N.T.; Koszela, ]J.; Kelly, D.; Spanos, C.; Rappsilber, J.; Auer, M.; Michlewski, G.
RNA pull-down confocal nanoscanning (RP-CONA) detects quercetin as pri-miR-7/HuR interaction inhibitor that decreases
a-synuclein levels. Nucleic Acids Res. 2021, 49, 6456-6473. [CrossRef]

Jahid, S.; Sun, J.; Edwards, R.A.; Dizon, D.; Panarelli, N.C.; Milsom, J.W.; Sikandar, S.S.; Gumiis, Z.H.; Lipkin, S.M. miR-23a
Promotes the Transition from Indolent to Invasive Colorectal Cancer. Cancer Discov. 2012, 2, 540-553. [CrossRef] [PubMed]
Mukherijee, S.; Shelar, B.; Krishna, S. Versatile role of miR-24/24-1*/24-2* expression in cancer and other human diseases. Am. J.
Transl. Res. 2022, 14, 20-54. [PubMed]

Barros-Silva, D.; Costa-Pinheiro, P.; Duarte, H.; Sousa, E.J.; Evangelista, A.F.; Graga, I.; Carneiro, I.; Martins, A.T.; Oliveira, J.;
Carvalho, A.L.; et al. MicroRNA-27a-5p regulation by promoter methylation and MYC signaling in prostate carcinogenesis. Cell
Death Dis. 2018, 9, 167. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jmb.2017.05.001
https://www.ncbi.nlm.nih.gov/pubmed/28483648
https://doi.org/10.1002/cbic.201900467
https://doi.org/10.1093/nar/gkab484
https://doi.org/10.1158/2159-8290.CD-11-0267
https://www.ncbi.nlm.nih.gov/pubmed/22628407
https://www.ncbi.nlm.nih.gov/pubmed/35173828
https://doi.org/10.1038/s41419-017-0241-y

	Introduction 
	Material and Methods 
	Preparation of Quercetin Stock Solution and Working Solution 
	Cell Culture and Treatments 
	Cell Viability Assay and Calculation of IC50 Value 
	Flowcytometry Analysis 
	Western Blotting Analysis 
	RNA Extraction and Quantitative Real-Time PCR Analysis 
	Conformational Analysis of miR-23a~27a24-2 Cluster Structure 
	Sp1 ChIP-seq Analysis from ENCODE Dataset 
	Immunofluorescence and Microscopy 
	Transfection of SP1 siRNAs 
	Statistical Analysis 

	Results 
	Quercetin Affects Cell Viability and Promotes Cell Death in HCT116 Cells 
	Quercetin Regulates miR-27a Expression in HCT116 Cells 
	Quercetin Regulates the Expression of the miR-23a~27a~24-2 cluster in HCT116 Cells through Sp1 
	Quercetin Also Exerts Anticancer Effects in HT-29 Cell Line 
	Quercetin Promotes Sp1 Proteasomal Degradation in CRC Cell Lines 

	Discussion 
	Conclusions 
	References

