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Colorectal cancer (CRC) is the third leading cause of cancer-related death worldwide in
both sexes. Current therapies include surgery, chemotherapy, and targeted therapy;
however, prolonged exposure to chemical agents induces toxicity in patients and drug
resistance. So, we implemented a therapeutic strategy based on the combination of
doxorubicin, metformin, and sodium oxamate called triple therapy (Tt). We found that Tt
significantly reduced proliferation by inhibiting the mTOR/AKT pathway and promoted
apoptosis and autophagy in CRC derived cells compared with doxorubicin. Several
autophagy genes were assessed by western blot; ULK1, ATG4, and LC3 Il were
overexpressed by Tt. Interestingly, ULK1 was the only one autophagy-related protein
gradually overexpressed during Tt administration. Thus, we assumed that there was a
post-transcriptional mechanism mediating by microRNAs that regulate UKL1 expression
during autophagy activation. Through bioinformatics approaches, we ascertained that
ULK1 could be targeted by mir-26a, which is overexpressed in advanced stages of CRC.
In vitro experiments revealed that overexpression of mir-26a decreased significantly
ULK1, mRNA, and protein expression. Contrariwise, the Tt recovered ULK1 expression
by mir-26a decrease. Due to triple therapy repressed mir-26a expression, we
hypothesized this drug combination could be involved in mir-26a transcription
regulation. Consequently, we analyzed the mir-26a promoter sequence and found two
HIF-1a transcription factor recognition sites. We developed two different HIF-1a
stabilization models. Both showed mir-26a overexpression and ULK1 reduction in
hypoxic conditions. Immunoprecipitation experiments were performed and HIF-1o
enrichment was observed in mir-26a promoter. Surprisingly, Tt diminished HIF-1o
detection and restored ULK1 mRNA expression. These results reveal an important
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regulation mechanism controlled by the signaling that activates HIF-1o. and that in turn
regulates mir-26a transcription.

Keywords: HIF-1qa, autophagy, ULK1, mir-26a, AKT, proliferation

INTRODUCTION

Colorectal cancer accounts for the fourth most common type of
cancer and the third most common cause of cancer-related death
worldwide in both sexes (1). Treatment for CRC depends on tumor
localization and the stage of diagnosis (2). Chemotherapy is the first
treatment option. 5-Fluorouracil (5-FU), as well as oxaliplatin, is
the most frequently prescribed chemotherapeutic drug. However,
these chemotherapeutics have several side effects, including
gastrointestinal problems, myelotoxicity, cardiotoxicity, nausea,
vomiting, stomatitis, gastritis, and severe diarrhea (3-5). Besides,
monoclonal therapies such as Panitumumab and Cetuximab
[monoclonal antibodies directed to the epidermal growth factor
receptor (EGFR)] have demonstrated clinical efficacy in patients
with colorectal cancer in advanced stages. Nevertheless, they also
presented side effects like high degree skin toxicity (6). Moreover,
approximately 50% of patients with colorectal cancer are not
candidates for immunotherapy like Panitumumab and
Cetuximab because they have mutations in the RAS gene (7).
Several studies suggest tumor cell metabolic pathways may become
potential therapeutic targets for the reduction of cell growth and
progression in vitro promoting cell death processes such as
apoptosis (8-10). Thus, cancer metabolic rewire understanding it
is necessary to search for therapeutic schemes that demonstrate
their efficiency in the reduction and elimination of the tumor
growth, and that have the least number of side effects to the patient.

Cancer cells have a high demand of catabolites and take them
up from blood circulation to maintain a reduction-oxidation
balance and generate energy to proliferate and grow (11). Cancer
cells predominantly use glucose to generate ATP, but the
pyruvate obtained by glycolysis is not metabolized via the
tricarboxylic acid (TCA) cycle and oxidative phosphorylation
(OXPHOS), pyruvate is mainly oxidized into lactate through
LDH-A overexpression (12). This molecular event is known as
the Warburg effect (aerobic glycolysis). The main feature of this
process is that ATP production is 100 times faster than TCA-
OXPHOS in normal cells (13); thus, LDH-A represents an
important therapeutic target. Sodium oxamate is an analog of
pyruvate functioning as a competitive inhibitor (14, 15). Owing
to this fact, our group developed a therapeutic strategy based on
doxorubicin, metformin, and sodium oxamate combination. We
found a fast tumor reduction and expression decrease of anti-
inflammatory cytokines in the AOM/DSS CRC mouse model
(16) and total tumor diminution in the MDA-MB-231
subcutaneous xenograft model (17). In both animal models,
there was tumor growth arrest due to the activation of
apoptosis and autophagy. Worth noting that our therapeutic
proposal is lower in cost compared to immunotherapy and
frequently prescribed chemotherapeutic drugs (7), offering an

effective alternative, which reaches a greater number of patients.
Nevertheless, the molecular mechanism has not been
described yet.

Evidence suggests that microRNAs can modify the biological
effect of pharmacological treatments through miRNAs-mRNA
interaction, inducing chemoresistance, or chemosensitivity (18,
19). On the other hand, drug therapy could modify the expression
profile of post-transcriptional regulators such as miRNAs. In
breast cancer cell lines, doxorubicin altered the expression of 107
miRNAs related to cell proliferation and chemotherapy resistance
(20). In this scenario, the participation of specific miRNAs has
been described. An example is mir-26a, which acts as an oncomir
in many types of cancer (21-24). Remarkably in CRC, mir-26a
enhances proliferation (25), promotes migration (26), and
regulates glucose metabolism (27). In hepatocarcinoma,
restoration of mir-26a expression in cells treated with
doxorubicin switched autophagy-induced chemoresistance into
apoptosis through ULK1 negative regulation (28). Contrary, in
human oral cancer mir-26a, increases its expression and induced
apoptosis when cells are treated with metformin (29). Thus, we
hypothesized that the autophagy and apoptosis caused by Tt
could be mediated by mir-26a in CRC.

In this study, we showed that triple therapy induces apoptosis
and autophagy by modulating ULK1 protein levels via miR-26
inhibition. The use of the drug combination reduced the levels of
the transcriptional factor HIF-1o, having an impact on two
processes: inhibition of the mTOR/AKT survival pathway and a
decrease in the promoter occupancy of mir-26a by HIF-1o.. Mir-
26a is a widely documented oncomir; its effects on proliferation,
evasion of apoptosis, and reduction of autophagy may be
regulated by HIF-1co. In this study, we demonstrated that Tt
induces autophagy through the reduction of mir-26a via HIF1-o.

MATERIALS AND METHODS

Patient Samples and Tissue Expression for
In Silico Meta-Analysis

Twenty CRC paraffin-embedded tissue samples staged locally
advanced; ten Crohn’s disease paraffin-embedded tissue samples
and 13 healthy tissues without macro and microscopic lesions
were obtained by colonoscopy from INCAN (Instituto Nacional
de Cancerologia, Mexico) pathology registry. The investigation
was approved by the ethics and scientific committee (approval
number INCAN/CI/826/17). Mature mir-26a expression data
was obtained from The Cancer Genome Atlas in different stages
of 455 Colorectal Cancer samples and normalized with deseq2
(Bioconductor Package; data was compared with eight
healthy tissues.

Frontiers in Oncology | www.frontiersin.org

May 2021 | Volume 11 | Article 594200


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Coronel-Hernandez et al.

Combination Therapy Induces Apoptosis and Autophagy

Cell Culture and Transfection

CRC-derived HCT116 cells (ATCC CCL-247) were cultured in
RPMI medium supplemented with 10% (v/v) fetal bovine serum
and maintained (FBS) at 37°C with 5% CO2. CRC-derived
SW620 (ATCC CCL-227) and non-tumoral immortalized
epithelial CRL1790 colon cells obtained from ATCC were
cultured in DMEM FI12 medium. All employed plasmids,
miRNA mimics, and inhibitors were transfected using
Lipofectamine 3000 transfection agent (Invitrogen), following
the manufacturer’s protocol.

Inhibitory Concentration 50

To obtain the inhibitory concentration 50 (ICsq) of the drugs, we
followed the protocol described in (30). The cells were seeded in 96
well plates (7,000 cells per well), after 24 h, they were stimulated
with the drugs at different concentrations: Doxorubicin (0.25, 0.5,
0.75, 1, 1.25, and 1.5 uM) (Doxolem ®RU, 10 mg/5 ml), Metformin
(0.001, 0.1, 5, 20, 35, 50, 65 mM) (Santa Cruz Biotechnology) and
Sodium Oxamate (0.01, 0.5, 5, 15, 25, 35, 45 mM) (Santa Cruz
Biotechnology). Individual treatments were performed with their
respective IC5, previously obtained. For the triple therapy ICsg, we
choose the ICs5, of each drug, to recalculate a new ICsy in
combination, taking as a start point the individual ICs,. Cells
were fixed with cold trichloroacetic acid at 10% and stained with
Sulforhodamine B (MP BIOMEDICALS). The optical density was
measured in a microplate reader (EPOCH, Biotek) at 510 nm. The
ICs( was determined from a linear regression (R2 = 0.92) to obtain
the gradual dose-response graphs.

Monitoring Autophagy by GFP-LC3

For autophagy assay, transfected HCT116 cells expressing fusion
protein GFP-LC3 (autophagy marker) were seeded in 6-well
plates with coverslips for 24 h. The next day, drugs were added,
cells were monitored at 8 and 12 h of treatment and fixed using
3.7% paraformaldehyde (PFA) at room temperature for 30 min
and permeabilized with 0.5% Triton X-100 for 3 min. Then,
coverslips were rinsed with PBS and were mounted with
Vectashield (Vector Laboratories VECTASHIELD® Antifade
Mounting Medium with DAPI) and fluorescent images were
acquired utilizing the Leica TCS SP8 inverted microscope. All
images were processed with Leica Application Suite X.

TUNEL Assay

Cells at 80% of confluency were treated with different
combinations of drugs for 24 h. The cells were fixed with 4%
paraformaldehyde and permeabilized with 0.2% Triton X-100.
DNA fragmentation was determined by TdT-mediated dUTP
nick end labeling (TUNEL) as described by the manufacturer
(DeadEnd Fluorometric TUNEL System, Promega Part# TB235).
Fluorescent images were obtained using a Leica TCS SP8
inverted microscope. All images were processed with Leica
Application Suite X and Illustrator CC.

RNA Expression Analysis
Total RNA was isolated from cultured cells (CRL1790, HCT116,
and SW620) grown to approximately 80-85% confluence, using

the TRIzol reagent (Invitrogen) following the manufacturer’s
protocol. miRNAs were isolated from tissue blocks using the
miRNeasy FFPE kit (Qiagen) following the manufacturer’s
recommendations. Mir-26a and ULK1 messenger were detected
in cultured cells and tissue block samples by qPCR using the Bio-
Rad CFX 96 Touch and mir-26a with Tagman Universal PCR
Master Mix 2 (Applied Biosystems) or the SYBR Select Master Mix
for CEX (Applied Biosystems), respectively. To measure mir-26a,
cDNA was generated from 100 ng total RNA with the TagMan
Micro-RNA Reverse Transcription Kit (Applied Biosystems) in a
15 ul volume; qPCR was performed using 1 pl cDNA and the mir-
26a with Tagman Universal PCR Master Mix 2. Amplification
conditions were 10 min at 95°C, followed by 40 cycles of 95°C for
15 s and 68°C for 60 s. For ULK1 mRNA detection (primer Fw
TCATGGAGCAAGAGCACACG and primer Rv
CTGCTTCACAGTGGACGACA), cDNA was synthesized from
2 pg total RNA using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems); 1 ul of this reaction was
used for qPCR. Amplification conditions were 2 min at 95°C for
initial denaturation, followed by 40 cycles of 95°C for 15 s, primer-
dependent annealing temperature for 15 s, and 72°C for 60 s.
Relative expression data were calculated through the AACt method
(Applied Biosystems) and normalized relative to U6 snRNA or
GAPDH mRNA accordingly.

Protein Expression Analysis

Protein extracts from cultured cells were obtained by
homogenization in RIPA buffer (Santa Cruz Biotechnology), then
cleared by centrifugation at 12,000 rpm for 20 min. For
immunodetection, 50 pg total protein from tumor tissue or
cultured cells were mixed with Laemmli sample buffer, boiled,
separated in 12 or 15% SDS-PAGE, and transferred in a PVDF
membrane (Amersham-GE Healthcare). Membranes were
incubated overnight using a 1:1,000 (v/v) dilution of the anti-
ULKI1 (Cell Signaling), 1:3,000 of the anti-Beclin-1 (Cell Signaling),
1:3,000 of the anti-LC3 (Cell Signaling), 1:3,000 of the anti-ATG4b
(Santa Cruz), and 1:3,000 of the anti-HIF-1lalpha (GeneTex); for
detection, 1:2,500 (v/v) dilutions of HRP anti-rabbit or anti-mouse
conjugate antibodies (Santa Cruz Biotechnology) were used. Finally,
using the Super Signal West Femto chemiluminescent substrate
(Thermo Scientific), the membranes were scanned in the C-Digit
blot scanner (Li-Cor) and the images were analyzed for
densitometry in the associated Image Studio software (LiCor).
Membranes were stripped and re-probed for detection of actin
(anti-actin, Sc-47778) as a loading control. A representative image
from three independent experiments is shown.

Luciferase Reporter Assays

Reporter plasmids were constructed by ligation of synthetic
oligonucleotide duplexes (IDT) containing putative mir-26a
target regions in the ULKI 3’UTR: 5 CTAGTCCTGAATCAG
TAGATACTTGAA3 and 5AGGACTTAGTCATCTATG
AACTTTCGA 3’ or mutant ULK1 3’ UTR target region
5’CTAGTCCTGAATCAGTAGACGTCCAGACGAA3’ and
5’ AGCTTTCGTCTGGACGTCTACTGATTCAGGA3’,
obtained from TargetScan (31), microRNA.org (32) and Starbase
(33), forming a DNA duplex with overhanging Spel and HindIII
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half-sites in the 5’ and 3’ ends respectively, which was cloned into
the appropriately digested pMIR-REPORT plasmid (Ambion).
This construct was co-transfected with mir-26a mirVana miRNA
mimic (Applied Biosystems) and the pRL Renilla Luciferase
Control Reporter (Promega) into HCT116 cells. Luciferase
activity was analyzed using the Dual-Luciferase Reporter Assay
System (Promega) 24 h after transfection, in a GloMax 96
Microplate Luminometer (Promega). Luciferase activity was
normalized to Renilla activity for each transfected well; each
experiment was performed by triplicate.

Chromatin Immunoprecipitation

(ChIP) Assay

To validate the interaction of HIF-1o with mir-26a promoter, we
carried out a Chromatin Immunoprecipitation assay (Merck
Millipore) following the manufacturer’s protocol. HCT116 cells
were used under basal conditions and exposed to different
treatments. Protein-DNA cross-linking was done with
formaldehyde (1%) and was sonicated for 10 s and four pulses.
Immunoprecipitation of complexes was made with anti-HIF-1a
antibody (Abcam ab2185) specific for Chip assays. The
immunoprecipitated DNA sequences for CTDSPL and
CTDPS2 were amplified by PCR by standard conditions and
then analyzed by electrophoresis on a 1.5% agarose gel (CTDSPL
promoter primer sequence was Fw ACAGCACCCGA
AAATGCCCAC and Rv GGATCGGGAGTGATCTGTGC and
CTDSP2 promoter primer sequence were Fw AGCGGCT
TGTCTTGGTCACC and CTAACAACATTCCAGGCGCCA).

Real-Time Analysis of Cell Proliferation
and Migration

The xCELLingence real-time cell analyzer (RTCA) instrument was
used with E-plates to analyze the proliferation of cells transfected
with mir-26a mimic and inhibitor. HCT116 cells were cultured and
transfected in six well-plates (5 x 105 cells per well) with 10% FBS-
supplemented medium at 37°C for 24 h, after cells were trypsinized
and counted by Neubauer chamber. We plated 1 x 104 cells per E-
plate well with 10% FBS-supplemented in 150 pl/well. The RTCA
recorded cell index values over 24 h by 15 minute-intervals.

Statistical Analysis

All values are expressed as the mean + SEM. Data were analyzed
in the Prism 5.0 (GraphPad) software using a one-way ANOVA
analysis followed by Tukey’s Multiple Comparison Test.

RESULTS

Triple Therapy Inhibits Proliferation in CRC
Derived Cells

Previously, our group showed that the pharmacological
combination of doxorubicin, metformin, sodium oxamate was
able to inhibit cell proliferation and to induce cellular death in
both two in vivo models (16, 17). According to previous
evidence, we hypothesized that Tt would have the same effect
in CRC cells. Then, HCT116 cells were treated with Dox, Met,

Ox, or Tt as were described in the methodology section. The ICs,
values were Dox (0.75 uM), Met (20 mM), Ox (15 mM) and Tt
[Dox (0.4 uM) Met (12 mM) Ox (10 mM)] (Figures 1A-D). As
expected, the ICs, pharmacological concentrations were lower
than the concentration of the individual drugs, suggesting a
possible synergic effect. We used the xCELLingance RTCA
system to measure the Tt effect in the cell proliferation for
each group. Tt inhibited significantly the proliferation in
HCT116 cells after the first two hours of treatment, while
doxorubicin had a slight effect until 12 h after the treatment.
However, in terms of the concentration used, there were no
significant differences in the control (Figure 1E). This result
suggested Tt had a direct effect on HCT116 cell proliferation.

Triple Therapy Induces Apoptosis and
Autophagy in HCT116 Cells

It has been reported that metformin and doxorubicin arrest cell
cycle and induce cell death through negative regulation of PI3K/
AKT pathway (34, 35). So, we measured different proteins of this
pathway and found that doxorubicin did not affect the expression
levels of any of these proteins (Figure 2A). Moreover, Tt diminished
PI3K and p-AKT levels after 6 hours of treatment, and this
downregulation was consistent with the decrease of downstream
targets of PI3K/AKT pathway, p-S6K, and p-mTOR (Figure 2B)
(Supplementary Figure 1). Such results suggest that Tt induces cell
cycle arrest. To confirm whether Tt also induces cell death as it has
been described in previous reports, we performed a set of western
blots to detect autophagy (ULK1, Beclin 1, ATG4, and LC3II) and
TUNEL assay to observe apoptotic cells. As to autophagy, an
increase in ULK1, Beclin 1, ATG4, and LC3II protein detection
would indicate that cells are dying in this way. Thus, we observe a
slight reduction in protein levels during the treatment with
doxorubicin (Figure 2C); showing that doxorubicin did not
induce autophagy. This evidence correlates with a minor decrease
in the proliferation rate. On the other hand, in the Tt group, we
noticed a visible gradual increase in ULK1 levels from beginning to
the end of the treatment. Also, we found high levels of Beclin 1 and
LC3II from 4 h, indicating that Tt activates autophagy (Figure 2D).
To verify autophagy induction, we evaluated autophagosome
formation by LC3 localization. In control cells, LC3-GFP is
localized surrounding the nucleus at basal concentration. After
12 h of treatment, LC3-GFP increased its detection, indicating
autophagosome recruitment. Finally, at 24 h, LC3-GFP was
concentrated in the cytoplasmatic border forming the
autophagolysosomes, validating our previous results (Figure 2E).
Finally, to confirm apoptosis, we used the TUNEL assay and noticed
that doxorubicin had a minimum apoptotic effect. Interestingly, Tt
promoted apoptosis in CRC cells (Figure 2F). These results would
indicate that Tt promotes inhibition of PI3K/AKT pathway
resulting in autophagy and apoptosis induction in CRC
derived cells.

mir-26a Regulates ULK1 Expression in
CRC Cells

Previous reports have shown that metformin and sodium oxamate
can induce apoptosis and autophagy concomitantly, enhancing the
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FIGURE 1 | Triple therapy inhibits proliferation in a HCT116 cell line. (A-C) Inhibitory Concentration 50 (IC50) of the drugs Doxorubicin, Metformin and Sodium
Oxamate in the HCT116 cell line at 24 h of exposure to these drugs. (D) IC50 values of the drugs in combination. (E) Real Time cell proliferation of HCT116 under

effect against tumor growth and proliferation (36, 37). Even though
in cancer cells autophagy has been described as a protective
mechanism, there is evidence that in hypoxic conditions,
autophagy could mediate cell death through apoptosis activation
(38). In this study, autophagy was induced by Tt for 4 h (Figure 2D)
as well as ULK1 protein levels, a key regulator of autophagy. Next,
we analyzed the expression levels of mRNA ULK1 in normal cells
versus CRC derived cell. HCT116, SW620, and CRL1790 were
analyzed by gPCR. We found no significant changes of ULK1 in
HCT116; however, in the metastatic cell line SW620, ULK1
expression decreased by 50% (Figure 3A). We thought that a
post-transcriptional regulation could be exerted on ULKI. Thus, a
bioinformatic analysis using TargetScan, microRNA.org, and
Starbase identified mir-26a as a possible ULK1 regulator. Mir-26a
expression was measured in the same cell lines and no changes were
observed in HCT116 versus CRL1790; meanwhile, SW620 had a
seven-fold overexpression (Figure 3B).

To verify miR26a expression levels in CRC patient samples were
increased, we analyzed The Cancer Genome Atlas data confirming
cell line results (Figure 3C). Also, mir-26a was measured in CRC-
derived paraffin-embedded, Crohn’s disease, and healthy tissue
samples, observing the same trend (Figure 3D). These data
indicated a consistent over-expression in mir-26a levels.
Afterward, we want to explore if mir-26a could inhibit ULK1
mRNA. We employed the plasmid pMir-Report, which was
cloned with the ULKI 3" UTR specific wild type or mutant
binding site (to form p-ULK1 or p-ULKI-mut, Figure 3E).

Figure 3F displays the efficient transfection conditions of mir-26a
mimic. Co-transfection of p-ULKI and mir-26a resulted in a 60%
reduction in luciferase activity, as compared with the vector control
and the mutant type (Figure 3G). Moreover, when the cells were co-
transfected with pULKI/anti-mir-26a, the luciferase activity was
rescued as expected, suggesting mir-26a directly targets ULK1. To
clarify the effect of mir-26a on ULK1 expression, we analyzed ULK1
mRNA and protein levels in mir-26a/anti-mir-26a transfected cells,
observing a reduction of mRNA and protein levels (Figures 3H, I).
These findings indicated that mir-26a is a bona fide inhibitor of
ULK1 mRNA.

Triple Therapy Decreases

mir-26a Expression

So far we have shown that in our pharmacological model,
autophagy was promoted through the induction of ULKI, which
is negatively regulated by mir-26a in CRC cells. Following, we want
to explore if there is a correlation between mir-26a expression and
Tt. To investigate the expression profile of mir-26a under Dox and
Tt administration, we measured this miRNA by qPCR at 0, 2, 4, 8,
12, and 24 h after the treatment. We observed that Dox did not have
any effect on mir-26a levels during the whole treatment (Figure
4A); meanwhile, ULK1 protein detection diminished for 8 h
(Figure 4C). Otherwise, mir-26a decreased gradually during Tt
treatment (Figure 4B) whereas ULK1 had a contrary effect (Figure
4D), showing an inverse correlation from 4 h. This result proved
that Tt diminishes mir-26a levels, having a direct effect on ULK1
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FIGURE 2 | Tt induces cell death by autophagy in HCT116 cells. (A, B) Detection of PI3K/AKT pathway components in HCT116 cells treated with Doxorubicin and
Tt, B-actin was used as loading control. (C, D) Protein levels of key autophagy components in HCT116 cells treated with Doxorubicin and Tt. (E) Confocal
microscopy of HCT116 transfected with LC3-GFP under Tt treatment for 8 and 12 h. (F) Tunel assay of HCT116 under Dox and Tt treatment.

expression. It has been exhaustively reported that several drugs
treatment alter miRNA expression profiles because drugs can
directly interact with transcription factors, inhibiting their
function through blocking their substrates or generating
conformational changes, or marking and degrading them. HIF-1a
is cataloged as a key miRNA transcriptional regulator owing to
transcribing a set of specific miRNAs, knowing as hypoxamirs.
Currently, some studies have evidenced that mir-26a belongs to this
set of miRNAs (39-42). So, we rationalized that Tt could be
regulating mir-26a expression via HIF-1o. degradation. Then, we
detected it at 0, 2, 4, 8, 12, and 24 h of treatment and observed that
Dox did not affect HIF-1a levels (Figure 4C) (Supplementary
Figure 2), correlating with mir-26a data levels (Figure 4A). On the
other hand, Tt decreased HIF-1ow detection from 4 h of treatment;

however, the greatest effect was observed at 12 and 24 h (Figure
4D), correlating with mir-26 reduction and ULKI increase (Figure
4B). These results suggested that Tt promotes an increase in ULK1
levels, modulating mir-26a expression via downregulation of
HIE-1o

HIF-1a Is a Key Regulator of

mir-26a Expression

To confirm whether ULK1 expression is affected by Tt treatment via
HIE-10, we designed a set of experiments with two different HIF-1o
stabilization models. CoCl2 binds to the HIF-1ot PAS domain and
Dimethyloxalylglycine (DMOG), which is a competitive inhibitor of
prolyl hydroxylases resulting in HIF-1a stabilization. Hence, we
detected HIF-1o. by western blot in HCT116 cells treated with 50,
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100, 250, and 500 mM of CoCI2 at 24 h. We observed the best effect
with 250 and 500 mM (Figure 5A). Also, we measured Glutl
mRNA expression (a well-known target of HIF-1cr) and noticed a
correlation between Glutl expression and CoCl2 administration
(Figure 5B), thereby we used 250 mM for the following
experiments. CoCl2 increased mir-26a expression (Figure 5C)
and reduced PTEN mRNA expression (a broadly reported mir-
26a target) (Figure 5D). Respecting ULKI, a slight decrease
happened when HIF-1o. was activated. Later, treatment with
DMOG (500 mM) resulted in the stabilization of HIF-lot and
Glutl overexpression (Figures 5F, G). Similarly, mir-26a was
overexpressed (Figure 5H) and PTEN reduced (Figure 5I).
Regarding ULK1 was downregulated significantly with the
activation of HIF-1o. by DMOG (Figure 5J), these results showed
that HIF-1o stabilization increased mir-26a expression and ULK1
mRNA down-regulation.

To confirm that HIF-lo induces mir-26a expression, we
performed a ChIP assay. As mir-26a is encoded in two loci: mir-
26a-1 is localized in chromosome 3 within the intron region of
CTDSPL gene and mir-26a-2 is in chromosome 12 within the
intron region of CTDSP2. Then, we designed two different sets of
primers (one for each locus) localized 200 bp upstream and
downstream of the Hypoxic Response Element located in the
promoter region of both genes. We found that HIF-lo. was
enriched only in the promoter of CTDSPL and this interaction
was enhanced by hypoxic condition (Figure 5K). For the first time,

we showed that HIF-10 only activates mir-26a in CTDSPL in CRC.
In conclusion, triple therapy abolishes proliferation and induces
apoptosis and autophagy in CRC cells through induction of ULK1
which is regulated by the mir-26a/HIF-1o axis (Figure 6).

DISCUSSION

5-Fluorouracil and Oxaliplatin are the best characterized
pharmacological treatments in CRC, however, chemoresistance is
the principal reason for the treatment failure. In the last years, many
drugs have been tested with the purpose of change conventional
chemotherapy, such as doxorubicin. We previously reported that
doxorubicin reduces tumor growth in the CRC mouse model,
though this tumor reduction was enhanced by sodium oxamate
and metformin (16). In our current work, we observed the same
experimental results, doxorubicin had a slight anti-growth effect and
our Tt abolished proliferation for 2 h. The combinatory effect of Tt
has not been described yet, but the individual activity of each drug.
Doxorubicin administration inhibited tumor growth in the SW480
CRC xenograft model (43) and stopped cell cycle progression in
CT-26 murine CRC cells (44). On the other hand, metformin also
has a tumor suppressor effect, decreasing oxygen consumption, and
activating AMPK-mediated pathways, inducing growth inhibition
and apoptosis in CRC cell lines (45, 46). Moreover, it has not
reported the effect of Sodium Oxamate in CRC cells, but, in
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nasopharyngeal carcinoma, Ox induced cell cycle arrest and
apoptosis by inhibition of LDH-A (47), promoting autophagy in
gastric cancer cells to modify Akt-mTOR pathway.

All these drugs are potential individual CRC treatments, but the
failure as individual therapy is the chemoresistance. It has been
reported that cancer cells can develop chemoresistance to Dox (48,
49) and that the chemoresistance acquisition is associated with
dysregulation of energy metabolism, hypoxia (50), and high rates of
glycolysis (51). Thus, to avoid chemoresistance in CRC cells, Tt was
targeted to aberrant tumoral metabolism through the decrease of
lactate production by oxamate and the decrease of ATP production
by metformin, resulting in apoptosis/autophagy induction.
Although there is a direct correlation between chemoresistance
and survival by autophagy activation (52), we observed that
induction of autophagy by Tt had an anti-tumoral role,
suggesting that the success of Tt is due to repressing DNA
replication by doxorubicin and targeting aberrant metabolism
with Ox and Met (Figure 6). Even though the range of
concentrations of the different drugs used is extremely narrow, it

was found that the combination of drugs induces apoptosis and
autophagy in CRC-derived cells.

During the autophagy induction, the formation of two key
protein complexes are necessary, the Atgl/ULK1 and Beclin-1/
Vps34, and by blocking them using compounds as rosiglitazone
resulting in autophagy reduction as was observed in
experimental traumatic spinal cord injury (53). Several studies
reported that their downregulation via microRNAs could inhibit
autophagy progression in many types of cancer (54-56).
Specifically, mir-26a avoids autophagy in two ways. The first
one is through Beclin-1 mRNA interaction (57) and the second
one is binding to mRNA of ULK1/ULK2 (58-60). Nevertheless,
the effect of autophagy repression is controversial; it can act as a
suppressor of cancer progression or in the maintenance of
several traits of tumoral phenotype. In prostate cancer cells,
autophagy is increased due to ULK1/2 overexpression, so, these
cells are resistant to different drug treatments, but, when mir-26a
is overexpressed, these cells get sensitized (61). Meanwhile, in
hepatocellular carcinoma, the downregulation of mir-26a
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expression by Dox treatment activates autophagy, allowing
chemoresistance (28). Besides, metformin treatment in breast
cancer can increase mir-26a levels, inducing cell cycle arrest, and
apoptosis through EZH2 regulation (62). Thus, the biological
role of the mir-26a/autophagy axis seems to be a double-edged
sword, where the elemental process to carry out cell death by
these treatments is the apoptosis induction. Here we found that
Tt diminished mir-26a expression, suggesting that the key
component of pharmacological combination could be involved
in the unbalance of energetic metabolism by oxamate
and metformin.

Apoptosis and autophagy have different morphological
characteristics and support diverse physiological processes, but
both pathways maintain a complex connection. For instance, in
some cases, these processes exert synergistic effects while in others,
autophagy is activated when apoptosis is suppressed (63). Even
though these two mechanisms of cell death are different, several
studies have found molecules that function as regulators of both
processes (64). A clear example is the proteins of the Bcl-2 family,
which not only participate in the regulation of apoptosis but also as
inducers or inhibitors of autophagy (65) together with Beclin-1.
Under normal conditions, the BH3 domain of Beclin-1 is inhibited
due to its binding with Bcl-2 or Bcl-XL inducing autophagy and
apoptosis (66, 67). Also, Beclin-1 promotes apoptosis via Caspase 9
(68). PI3K/Akt/mTOR is also related to the interconnection
between apoptosis and autophagy, it has been seen that AKT
inhibits apoptosis through the phosphorylation of Bad and
mTOR, inhibiting autophagy (69, 70).

Anticancer treatments could induce apoptosis and autophagy
simultaneously; however, this does not indicate that both
mechanisms are working together. For example, Timosapanin
AIIT induces apoptosis and autophagy concurrently in
melanoma cells, nevertheless, autophagy is activated to
counteract cytotoxicity, growth inhibition, and apoptosis
induction, so, when autophagy was abolished with 3-
methyladenine, the apoptotic ratio significantly raised,
indicating that autophagy can antagonize the apoptosis (71).
The same evidence was observed with erianin and salinomycin
administration in osteosarcoma cells (72, 73) and metformin in
esophageal squamous cell carcinoma (36). On the other hand,
AKT-mTOR signaling pathway inhibition by bavachalcone can
lead to the death of carcinoma cells by autophagy, triggering
apoptosis induction (74). We found a high decrease in AKT and
mTOR phosphorylation levels, indicating that autophagy also
contributes to programmed cell death. In the same manner,
when the mTOR/SGK1 axis is blocked and colon cancer cells are
stressing with ROS accumulation, this could induce autophagy to
precede apoptosis, so one process depends on each other (75, 76).
Our data showed that sustained autophagy by the Tt treatment
entails apoptosis.

A consequence of the Warburg Effect is HIF-1o. stabilization,
which induces angiogenesis and metastasis and could promote
chemoresistance. HIF-1o. also can modify miRNA expression
profiles, so the group of miRNAs that are regulated by hypoxic
conditions is called “hypoxamirs” (77). These miRNAs are
dependent on oxygen levels and are transcribed directly by HIF-

low through direct binding to the Hypoxic Response Element
sequence in their promoter region (78), for instance, the mir-26a.
In HT29 cells, the ChIP assay demonstrated dynamic recruitments
of HIF-1o. to mir-26a promoter upon hypoxia exposure (39). On
the other hand, experiments of overexpression of stable isoforms of
HIF-1a induce overexpression of mir-103, mir-210, mir-213, mir-
26a, and mir-181 by binding directly and transactivate HREs in the
region promoters, validating by ChIP (41).

Thus, we described that in CRC cells, mir-26a expression
depends on HIF-1o induction, affecting ULK1 mRNA expression.
But Tt abolished HIF-1o stabilization in a non-described molecular
mechanism yet. However, the comprehension of this mechanism
could help us to develop better strategies in CRC treatments.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

Current investigation was approved by Ethics and Scientific
Committee with the approval number INCAN/CI/826/17. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

Conceptualization, JC-H, RS-G, and CP-P. Software, JC-H, ID-W,
ND, and OM-C. Investigation, JC-H, RS-G, MR-M, and NJ-H.
Writing—original draft preparation, JC-H, RS-G, and CP-P.
Writing—review and editing, JC-H, CP-P, and AC-P. Supervision,
CP-P and DC-L. Project administration, NJ-H and CP-P. Funding
acquisition, CP-P. All authors contributed to the article and
approved the submitted version.

FUNDING

JC-H is a doctoral student from Programa de Doctorado en
Ciencias Biomédicas, Universidad Nacional Autonoma de
México (UNAM) and received fellowship 402278 from
CONACYT and 2019ND0005-11 from COMECYT. This study
was supported by UNAM PAPIIT-IN231420 research funds
granted to CP-P.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
594200/full#supplementary-material

Frontiers in Oncology | www.frontiersin.org

May 2021 | Volume 11 | Article 594200


https://www.frontiersin.org/articles/10.3389/fonc.2021.594200/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.594200/full#supplementary-material
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Coronel-Hernandez et al.

Combination Therapy Induces Apoptosis and Autophagy

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Al-Haidari A, Algaber A, Madhi R, Syk I, Thorlacius H. MiR-155-5p Controls
Colon Cancer Cell Migration Via Post-Transcriptional Regulation of Human
Antigen R (HuR). Cancer Lett (2018) 421:145-51. doi: 10.1016/j.canlet.
2018.02.026

. Pritchard CC, Grady WM. Colorectal Cancer Molecular Biology Moves

Into Clinical Practice. Gut (2011) 60:116-29. doi: 10.1136/gut.2009.
206250

. Diab DL, Yerian L, Schauer P, Kashyap SR, Lopez R, Hazen L, et al. Systemic

Treatment of Colorectal Cancers. Gastroenterology (2009) 6:1249-54.
doi: 10.1016/j.cgh.2008.07.016.Cytokeratin

. Kim JH. Chemotherapy for Colorectal Cancer in the Elderly. World |

Gastroenterol (2015) 21:5158. doi: 10.3748/wjg.v21.i17.5158

. Wang Y, Han Q, Zhang H. Evaluation of the Toxicity of 5-Fluorouracil on

Three Digestive Enzymes From the View of Side Effects. Spectrochim Acta
Part A: Mol Biomol Spectrosc (2019) 220:117105. doi: 10.1016/j.saa.
2019.05.010

. Price T, Kim TW, Li J, Cascinu S, Ruff P, Suresh AS, et al. Final Results and

Outcomes by Prior Bevacizumab Exposure, Skin Toxicity, and
Hypomagnesaemia From ASPECCT: Randomized Phase 3 non-Inferiority
Study of Panitumumab Versus Cetuximab in Chemorefractory Wild-Type
KRAS Exon 2 Metastatic Colorectal Cancer. Eur ] Cancer (2016) 68:51-9.
doi: 10.1016/j.ejca.2016.08.010

. Graham CN, Maglinte GA, Schwartzberg LS, Price T], Knox HN, Hechmati

G, et al. Economic Analysis of Panitumumab Compared With Cetuximab in
Patients With Wild-type Kras Metastatic Colorectal Cancer That Progressed
After Standard Chemotherapy. Clin Ther (2016) 38:1376-91. doi: 10.1016/
j.clinthera.2016.03.023

. Chaube B, Malvi P, Singh SV, Mohammad N, Meena AS, Bhat MK. Targeting

Metabolic Flexibility by Simultaneously Inhibiting Respiratory Complex I and
Lactate Generation Retards Melanoma Progression. Oncotarget (2015)
6:37281-99. doi: 10.18632/oncotarget.6134

. Kishton RJ, Rathmell JC. Novel Therapeutic Targets of Tumor Metabolism.

Cancer ] (United States) (2015) 21:62-9. doi: 10.1097/PPO.
0000000000000099

Luengo A, Gui DY, Vander Heiden MG. Targeting Metabolism for Cancer
Therapy. Cell Chem Biol (2017) 24:1161-80. doi: 10.1016/j.chembiol.
2017.08.028

Zheng J. Energy Metabolism of Cancer: Glycolysis Versus Oxidative
Phosphorylation (Review). Oncol Lett (2012) 4:1151-7. doi: 10.3892/0l.
2012.928

Valvona CJ, Fillmore HL, Nunn PB, Pilkington GJ. The Regulation and
Function of Lactate Dehydrogenase A: Therapeutic Potential in Brain Tumor.
Brain Pathol (2016) 26:3-17. doi: 10.1111/bpa.12299

Martinez-Outschoorn UE, Peiris-Pages M, Pestell RG, Sotgia F, Lisanti MP.
Cancer Metabolism: A Therapeutic Perspective. Nat Rev Clin Oncol (2016)
14:1-21. doi: 10.1038/nrclinonc.2016.60

Young A, Oldford C, Mailloux RJ. Lactate Dehydrogenase Supports Lactate
Oxidation in Mitochondria Isolated From Different Mouse Tissues. Redox Biol
(2020) 28:101339. doi: 10.1016/j.redox.2019.101339

Muramatsu H, Sumitomo M, Morinaga S, Kajikawa K, Kobayashi I,
Nishikawa G, et al. Targeting Lactate Dehydrogenase-a Promotes
Docetaxel-Induced Cytotoxicity Predominantly in Castration-Resistant
Prostate Cancer Cells. Oncol Rep (Spandidos Publications) (2019) 224-30.
doi: 10.3892/0r.2019.7171

Figueroa-gonzalez G, Garcia-castillo V, Coronel-hernandez J, Leon-cabrera S,
Arias-romero LE, Terrazas LI, et al. Anti-Inflammatory and Antitumor
Activity of a Triple Therapy for a Colitis-Related Colorectal Cancer.
J Cancer (2016) 7:1632-44. doi: 10.7150/jca.13123

Gardla-Castillo V, Lopez-Urrutia E, Villanueva-Sanchez O, Avila-Rodriguez
MA, Zentella-Dehesa A, Cortés-Gonzalez C, et al. Targeting Metabolic
Remodeling in Triple Negative Breast Cancer in a Murine Model. ] Cancer
(2017) 8:178-89. doi: 10.7150/jca.16387

Liu T, Guo J, Zhang X. MiR-202-5p/PTEN Mediates Doxorubicin-
Resistance of Breast Cancer Cells Via PI3K/Akt Signaling Pathway.
Cancer Biol Ther (2019) 4047:989-98. doi: 10.1080/15384047.2019.
1591674

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

37.

Zhao K, Li X, Chen X, Zhu Q, Yin F, Ruan Q, et al. Inhibition of miR-140-3p
or miR-155-5p by Antagomir Treatment Sensitize Chordoma Cells to
Chemotherapy Drug Treatment by Increasing PTEN Expression. Eur J
Pharmacol (2019) 854:298-306. doi: 10.1016/j.ejphar.2019.03.034

Tormo E, Pineda B, Serna E, Guijarro A, Ribas G, Fores J, et al. Microrna
Profile in Response to Doxorubicin Treatment in Breast Cancer. ] Cell
Biochem (2015) 116:2061-73. doi: 10.1002/jcb.25162

Zhang J, Han C, Wu T. MicroRNA-26a Promotes Cholangiocarcinoma
Growth by Activating ??-Catenin. Gastroenterology (2012) 143:1-19.
doi: 10.1053/j.gastro.2012.03.045

Shen W, Song M, Liu J, Qiu G, Li T, Hu Y, et al. MiR-26a Promotes Ovarian
Cancer Proliferation and Tumorigenesis. PloS One (2014) 9:e86871.
doi: 10.1371/journal.pone.0086871

Qu F, Li C, Yuan B, Qi W, Li H, Shen X, et al. MicroRNA-26a Induces
Osteosarcoma Cell Growth and Metastasis Via the Wnt/B—Catenin Pathway.
Oncol Lett (2015) 11:1592-6. doi: 10.3892/01.2015.4073

Castellano L, Dabrowska A, Pellegrino L, Ottaviani S, Cathcart P, Frampton
AE, et al. Sustained Expression of miR-26a Promotes Chromosomal
Instability and Tumorigenesis Through Regulation of CHFR. Nucleic Acids
Res (2017) 45:4401-12. doi: 10.1093/nar/gkx022

Lopez-Urrutia E, Coronel-Hernandez J, Garcia-Castillo V, Contreras-Romero
C, Martinez-Gutierrez A, Estrada-Galicia D, et al. MiR-26a Downregulates
Retinoblastoma in Colorectal Cancer. Tumor Biol (2017) 39:
101042831769594. doi: 10.1177/1010428317695945

Coronel-Hernandez J, Lopez-Urrutia E, Contreras-Romero C, Delgado-
Waldo 1, Figueroa-Gonzalez G, Campos-Parra AD, et al. Cell Migration
and Proliferation are Regulated by miR-26a in Colorectal Cancer Via the
PTEN-AKT Axis. Cancer Cell Int (2019) 19:80. doi: 10.1186/s12935-019-
0802-5

Chen B, Liu Y, Jin X, Lu W, Liu J, Xia Z, et al. MicroRNA-26a Regulates
Glucose Metabolism by Direct Targeting PDHX in Colorectal Cancer Cells.
BMC Cancer (2014) 14:443. doi: 10.1186/1471-2407-14-443

Jin F, Wang Y, Li M, Zhu Y, Liang H, Wang C, et al. MiR-26 Enhances
Chemosensitivity and Promotes Apoptosis of Hepatocellular Carcinoma Cells
Through Inhibiting Autophagy. Cell Death Dis (2017) 8:¢2540. doi: 10.1038/
cddis.2016.461

Wang F, Xu J, Liu H, Liu Z, Xia F. Metformin Induces Apoptosis by
microRNA-26a-mediated Downregulation of Myeloid Cell Leukaemia-1 in
Human Oral Cancer Cells. Mol Med Rep (2016) 13:4671-6. doi: 10.3892/
mmr.2016.5143

Vichai V, Kirtikara K. Sulforhodamine B Colorimetric Assay for Cytotoxicity
Screening. Nat Protoc (2006) 1:1112-6. doi: 10.1038/nprot.2006.179
Agarwal V, Bell GW, Nam JW, Bartel DP. Predicting Effective microRNA
Target Sites in Mammalian mRNAs. eLife (2015) 4:¢05005. doi: 10.7554/
eLife.05005

Betel D, Wilson M, Gabow A, Marks DS, Sander C. The microRNA.org
Resource: Targets and Expression. Nucleic Acids Res (2007) 36:D149-53.
doi: 10.1093/nar/gkm995

Li JH, Liu S, Zhou H, Qu LH, Yang JH. StarBase V2.0: Decoding miRNA-
ceRNA, miRNA-ncRNA and protein-RNA Interaction Networks From Large-
Scale CLIP-Seq Data. Nucleic Acids Res (2014) 42:D92-7. doi: 10.1093/nar/
gkt1248

Basho RK, Gilcrease M, Murthy RK, Helgason T, Karp DD, Meric-Bernstam
F, et al. Targeting the PI3K/AKT/mTOR Pathway for the Treatment of
Mesenchymal Triple-Negative Breast Cancer: Evidence From a Phase 1
Trial of mTOR Inhibition in Combination With Liposomal Doxorubicin
and Bevacizumab. JAMA Oncol (2017) 3:509-15. doi: 10.1001/
jamaoncol.2016.5281

Babichev Y, Kabaroft L, Datti A, Uehling D, Isaac M, Al-awar R, et al. Pi3k/
Akt/mTOR Inhibition in Combination With Doxorubicin is an Effective
Therapy for Leiomyosarcoma. | Trans Med (2016) 14:67. doi: 10.1186/
512967-016-0814-z

. Feng Y, Ke C, Tang Q, Dong H, Zheng X, Lin W, et al. Metformin Promotes

Autophagy and Apoptosis in Esophageal Squamous Cell Carcinoma by
Downregulating Stat3 Signaling. Cell Death Dis (2014) 5:1-12. doi: 10.1038/
cddis.2014.59

Zhao Z, Han F, Yang S, Wu J, Zhan W. Oxamate-Mediated Inhibition of
Lactate Dehydrogenase Induces Protective Autophagy in Gastric Cancer Cells:

Frontiers in Oncology | www.frontiersin.org

May 2021 | Volume 11 | Article 594200


https://doi.org/10.1016/j.canlet.2018.02.026
https://doi.org/10.1016/j.canlet.2018.02.026
https://doi.org/10.1136/gut.2009.206250
https://doi.org/10.1136/gut.2009.206250
https://doi.org/10.1016/j.cgh.2008.07.016.Cytokeratin
https://doi.org/10.3748/wjg.v21.i17.5158
https://doi.org/10.1016/j.saa.2019.05.010
https://doi.org/10.1016/j.saa.2019.05.010
https://doi.org/10.1016/j.ejca.2016.08.010
https://doi.org/10.1016/j.clinthera.2016.03.023
https://doi.org/10.1016/j.clinthera.2016.03.023
https://doi.org/10.18632/oncotarget.6134
https://doi.org/10.1097/PPO.0000000000000099
https://doi.org/10.1097/PPO.0000000000000099
https://doi.org/10.1016/j.chembiol.2017.08.028
https://doi.org/10.1016/j.chembiol.2017.08.028
https://doi.org/10.3892/ol.2012.928
https://doi.org/10.3892/ol.2012.928
https://doi.org/10.1111/bpa.12299
https://doi.org/10.1038/nrclinonc.2016.60
https://doi.org/10.1016/j.redox.2019.101339
https://doi.org/10.3892/or.2019.7171
https://doi.org/10.7150/jca.13123
https://doi.org/10.7150/jca.16387
https://doi.org/10.1080/15384047.2019.1591674
https://doi.org/10.1080/15384047.2019.1591674
https://doi.org/10.1016/j.ejphar.2019.03.034
https://doi.org/10.1002/jcb.25162
https://doi.org/10.1053/j.gastro.2012.03.045
https://doi.org/10.1371/journal.pone.0086871
https://doi.org/10.3892/ol.2015.4073
https://doi.org/10.1093/nar/gkx022
https://doi.org/10.1177/1010428317695945
https://doi.org/10.1186/s12935-019-0802-5
https://doi.org/10.1186/s12935-019-0802-5
https://doi.org/10.1186/1471-2407-14-443
https://doi.org/10.1038/cddis.2016.461
https://doi.org/10.1038/cddis.2016.461
https://doi.org/10.3892/mmr.2016.5143
https://doi.org/10.3892/mmr.2016.5143
https://doi.org/10.1038/nprot.2006.179
https://doi.org/10.7554/eLife.05005
https://doi.org/10.7554/eLife.05005
https://doi.org/10.1093/nar/gkm995
https://doi.org/10.1093/nar/gkt1248
https://doi.org/10.1093/nar/gkt1248
https://doi.org/10.1001/jamaoncol.2016.5281
https://doi.org/10.1001/jamaoncol.2016.5281
https://doi.org/10.1186/s12967-016-0814-z
https://doi.org/10.1186/s12967-016-0814-z
https://doi.org/10.1038/cddis.2014.59
https://doi.org/10.1038/cddis.2014.59
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Coronel-Hernandez et al.

Combination Therapy Induces Apoptosis and Autophagy

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Involvement of the Akt-mTOR Signaling Pathway. Cancer Lett (2015)
358:17-26. doi: 10.1016/j.canlet.2014.11.046

Li M, Tan J, Miao Y, Lei P, Zhang Q. The Dual Role of Autophagy Under
Hypoxia-Involvement of Interaction Between Autophagy and Apoptosis.
Apoptosis (2015) 20:769-77. doi: 10.1007/s10495-015-1110-8

Kulshreshtha R, Ferracin M, Wojcik SE, Garzon R, Alder H, Agosto-Perez FJ,
et al. A MicroRNA Signature of Hypoxia. Mol Cell Biol (2006) 27:1859-67.
doi: 10.1128/MCB.01395-06

Nie Y, Han BM, Liu XB, Yang JJ, Wang F, Cong XF, Chen X,
et al.Identification of Micrornas Involved in Hypoxia- and Serum
Deprivation-Induced Apoptosis in Mesenchymal Stem Cells. Int J Biol Sci
(2011) 7:762-8. doi: 10.7150/ijbs.7.762

Nallamshetty S, Chan SY, Loscalzo J. Hypoxia: A Master Regulator of
microRNA Biogenesis and Activity. Free Radical Biol Med (2013) 64:20-30.
doi: 10.1016/j.freeradbiomed.2013.05.022

Mkrtchian S, Lee KL, Kéhlin J, Ebberyd A, Poellinger L, Fagerlund MJ, et al.
Hypoxia Regulates microRNA Expression in the Human Carotid Body. Exp
Cell Res (2017) 352:412-9. doi: 10.1016/j.yexcr.2017.02.027

Lee CS, Kim H, Yu J, Yu SH, Ban S, Oh S, et al. Doxorubicin-Loaded
Oligonucleotide Conjugated Gold Nanoparticles: A Promising In Vivo Drug
Delivery System for Colorectal Cancer Therapy. Eur ] Med Chem (2017)
142:416-23. doi: 10.1016/j.ejmech.2017.08.063

Emami F, Banstola A, Vatanara A, Lee S, Kim JO, Jeong JH, et al. Doxorubicin
and Anti-PD-L1 Antibody Conjugated Gold Nanoparticles for Colorectal
Cancer Photochemotherapy. Mol Pharmaceut (2019) 16:1184-99.
doi: 10.1021/acs.molpharmaceut.8b01157

Mohamed Suhaimi N-A, Phyo WM, Yap HY, Choy SHY, Wei X, Choudhury
Y, et al. Metformin Inhibits Cellular Proliferation and Bioenergetics in
Colorectal Cancer Patient-Derived Xenografts. Mol Cancer Ther (2017)
16:2035-44. doi: 10.1158/1535-7163.mct-16-0793

Lan B. Metformin Suppresses CRC Growth by Inducing Apoptosis Via
ADORAL. Front Biosci (2016) 22:248-57. doi: 10.2741/4484

Zhai X, Yang Y, Wan J, Zhu R, Wu Y. Inhibition of LDH-A by Oxamate
Induces G2/M Arrest, Apoptosis and Increases Radiosensitivity in
Nasopharyngeal Carcinoma Cells. Oncol Rep (2013) 30:2983-91.
doi: 10.3892/0r.2013.2735

DIng J, Zhao Z, Song J, Luo B, Huang L. MiR-223 Promotes the Doxorubicin
Resistance of Colorectal Cancer Cells Via Regulating Epithelial-Mesenchymal
Transition by Targeting FBXW?7. Acta Biochim Biophys Sin (2018) 50:597-
604. doi: 10.1093/abbs/gmy040

Zhu ], Zhang R, Yang D, Li J, Yan X, Jin K, et al. Knockdown of Long non-
Coding RNA XIST Inhibited Doxorubicin Resistance in Colorectal Cancer by
Upregulation of miR-124 and Downregulation of SGK1. Cell Physiol Biochem
(2018) 51:113-28. doi: 10.1159/000495168

Doktorova H, Hrabeta J, Khalil MA, Eckschlager T. Hypoxia-Induced
Chemoresistance in Cancer Cells: The Role of Not Only HIF-1. Biomed
Papers (2015) 159:166-77. doi: 10.5507/bp.2015.025

Chakraborty PK, Mustafi SB, Xiong X, Dwivedi SKD, Nesin V, Saha S, et al.
MICUL1 Drives Glycolysis and Chemoresistance in Ovarian Cancer. Nat
Commun (2017) 8:1-16. doi: 10.1038/ncomms14634

Chen C, Lu L, Yan S, Yi H, Yao H, Wu D, et al. Autophagy and Doxorubicin
Resistance in Cancer. Anti-Cancer Drugs (2018) 29:1-9. doi: 10.1097/
CAD.0000000000000572

Li H, Zhang Q, Yang X, Wang L. Ppar-y Agonist Rosiglitazone Reduces
Autophagy and Promotes Functional Recovery in Experimental
Traumaticspinal Cord Injury. Neurosci Lett (2017) 650:89-96. doi: 10.1016/
j.neulet.2017.02.075

Chen Y, Liersch R, Detmar M. The miR-290-295 Cluster Suppresses
Autophagic Cell Death of Melanoma Cells. Sci Rep (2012) 2:808.
doi: 10.1038/srep00808

Wu H, Wang F, Hu S, Yin C, Li X, Zhao S, et al. MiR-20a and miR-106b
Negatively Regulate Autophagy Induced by Leucine Deprivation Via
Suppression of ULK1 Expression in C2C12 Myoblasts. Cell Signalling
(2012) 24:2179-86. doi: 10.1016/j.cellsig.2012.07.001

Soni M, Patel Y, Markoutsa E, Jie C, Liu S, Xu P, et al. Autophagy, Cell
Viability, and Chemoresistance are Regulated by miR-489 in Breast Cancer.
Mol Cancer Res (2018) 16:1348-60. doi: 10.1158/1541-7786.MCR-17-0634

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Li M, Chen XM, Wang DM, Gan L, Qiao Y. Effects of miR-26a on the
Expression of Beclin 1 in Retinoblastoma Cells. Genet Mol Res (2016) 15:1-7.
doi: 10.4238/gmr.15028193

Zheng L, Lin S, Lv C. MiR-26a-5p Regulates Cardiac Fibroblasts Collagen
Expression by Targeting ULK1. Sci Rep (2018) 8:1-7. doi: 10.1038/s41598-
018-20561-4

Ran M, Li Z, Cao R, Weng B, Peng F, He C, et al. miR-26a Suppresses
Autophagy in Swine Sertoli Cells by Targeting ULK2. Reprod Domest Anim
(2018) 53:864-71. doi: 10.1111/rda.13177

Zhu X, Yang G, Xu J, Zhang C. Silencing of SNHG6 Induced Cell Autophagy
by Targeting miR-26a-5p/ULK1 Signaling Pathway in Human Osteosarcoma.
Cancer Cell Int (2019) 19:1-11. doi: 10.1186/512935-019-0794-1

John Clotaire DZ, Zhang B, Wei N, Gao R, Zhao F, Wang Y, et al. MiR-26b
Inhibits Autophagy by Targeting ULK2 in Prostate Cancer Cells. Biochem
Biophys Res Commun (2016) 472:194-200. doi: 10.1016/j.bbrc.2016.02.093
Cabello P, Pineda B, Tormo E, Lluch A, Eroles P. The Antitumor Effect of
Metformin is Mediated by miR-26a in Breast Cancer. Int ] Mol Sci (2016)
17:1298. doi: 10.3390/ijms17081298

Thorburn A. Apoptosis and Autophagy: Regulatory Connections Between
Two Supposedly Different Processes. Apoptosis (2008) 13:1-9. doi: 10.1007/
$10495-007-0154-9

Maiuri MC, Zalckvar E, Kimchi A, Kroemer G. Self-Eating and Self-Killing:
Crosstalk Between Autophagy and Apoptosis. Nat Rev Mol Cell Biol (2007)
8:741-52. doi: 10.1038/nrm2239

Levine B, Sinha S, Kroemer G. Bcl-2 Family Members: Dual Regulators of
Apoptosis and Autophagy. Autophagy (2008) 4:600-6. doi: 10.4161/aut0.6260
Peng H, Qin X, Chen S, Ceylan AF, Dong M, Lin Z, et al. Parkin Deficiency
Accentuates Chronic Alcohol Intake-Induced Tissue Injury and Autophagy
Defects in Brain, Liver and Skeletal Muscle. Acta Biochim Biophys Sin (2020)
52:665-74. doi: 10.1093/abbs/gmaa041

Maiuri MC, Le Toumelin G, Criollo A, Rain J-C, Gautier F, Juin P, et al.
Functional and Physical Interaction Between Bcl-XL and a BH3-like Domain
in Beclin-1. EMBO ] (2007) 26:2527-39. doi: 10.1038/sj.emboj.7601689
Furuya D, Tsuji N, Yagihashi A, Watanabe N. Beclin 1 Augmented Cis-
Diamminedichloroplatinum Induced Apoptosis Via Enhancing Caspase-9
Activity. Exp Cell Res (2005) 307:26-40. doi: 10.1016/j.yexcr.2005.02.023
Muilenburg D, Parsons C, Coates J, Virudachalam S, Bold RJ. Role of
Autophagy in Apoptotic Regulation by Akt in Pancreatic Cancer.
Anticancer Res (2014) 34:631-8.

Pang J, Peng H, Wang S, Xu X, Xu F, Wang Q, et al. Mitochondrial ALDH2
Protects Against Lipopolysaccharide-Induced Myocardial Contractile
Dysfunction by Suppression of ER Stress and Autophagy. Biochim Biophys
Acta Mol Basis Dis (2019) 1865:1627-41. doi: 10.1016/j.bbadis.2019.03.015
Wang Y, Xu L, Lou LL, Song SJ, Yao GD, Ge MY, et al. Timosaponin AIII
Induces Apoptosis and Autophagy in Human Melanoma A375-S2 Cells. Arch
Pharmacal Res (2017) 40:69-78. doi: 10.1007/s12272-016-0763-3

Wang H, Zhang T, Sun W, Wang Z, Zuo D, Zhou Z, et al. Erianin Induces G2/
M-phase Arrest, Apoptosis, and Autophagy Via the ROS/JNK Signaling
Pathway in Human Osteosarcoma Cells In Vitro and In Vivo. Cell Death
Dis (2016) 7:2247. doi: 10.1038/cddis.2016.138

Kim SH, Choi YJ, Kim KY, Yu SN, Seo YK, Chun SS, et al. Salinomycin
Simultaneously Induces Apoptosis and Autophagy Through Generation of
Reactive Oxygen Species in Osteosarcoma U20S Cells. Biochem Biophys Res
Commun (2016) 473:607-13. doi: 10.1016/j.bbrc.2016.03.132

Song HS, Jang S, Kang SC. Bavachalcone From Cullen Corylifolium Induces
Apoptosis and Autophagy in HepG2 Cells. Phytomedicine (2018) 40:37-47.
doi: 10.1016/j.phymed.2017.12.030

Wang Y, Luo Q, He X, Wei H, Wang T, Shao J, et al. Emodin Induces
Apoptosis of Colon Cancer Cells Via Induction of Autophagy in a ROS-
Dependent Manner. Oncol Res Featuring Preclin Clin Cancer Ther (2017)
26:889-99. doi: 10.3727/096504017x15009419625178

Liu W, Wang X, Liu Z, Wang Y, Yin B, Yu P, et al. SGK1 Inhibition Induces
Autophagy-Dependent Apoptosis Via the mTOR-Foxo3a Pathway. Br |
Cancer (2017) 117:1139-53. doi: 10.1038/bjc.2017.293

Gee HE, Ivan C, Calin GA, Ivan M. HypoxamiRs and Cancer: From Biology to
Targeted Therapy. Antioxid Redox Signaling (2014) 21:1220-38. doi: 10.1089/
ars.2013.5639

Frontiers in Oncology | www.frontiersin.org

May 2021 | Volume 11 | Article 594200


https://doi.org/10.1016/j.canlet.2014.11.046
https://doi.org/10.1007/s10495-015-1110-8
https://doi.org/10.1128/MCB.01395-06
https://doi.org/10.7150/ijbs.7.762
https://doi.org/10.1016/j.freeradbiomed.2013.05.022
https://doi.org/10.1016/j.yexcr.2017.02.027
https://doi.org/10.1016/j.ejmech.2017.08.063
https://doi.org/10.1021/acs.molpharmaceut.8b01157
https://doi.org/10.1158/1535-7163.mct-16-0793
https://doi.org/10.2741/4484
https://doi.org/10.3892/or.2013.2735
https://doi.org/10.1093/abbs/gmy040
https://doi.org/10.1159/000495168
https://doi.org/10.5507/bp.2015.025
https://doi.org/10.1038/ncomms14634
https://doi.org/10.1097/CAD.0000000000000572
https://doi.org/10.1097/CAD.0000000000000572
https://doi.org/10.1016/j.neulet.2017.02.075
https://doi.org/10.1016/j.neulet.2017.02.075
https://doi.org/10.1038/srep00808
https://doi.org/10.1016/j.cellsig.2012.07.001
https://doi.org/10.1158/1541-7786.MCR-17-0634
https://doi.org/10.4238/gmr.15028193
https://doi.org/10.1038/s41598-018-20561-4
https://doi.org/10.1038/s41598-018-20561-4
https://doi.org/10.1111/rda.13177
https://doi.org/10.1186/s12935-019-0794-1
https://doi.org/10.1016/j.bbrc.2016.02.093
https://doi.org/10.3390/ijms17081298
https://doi.org/10.1007/s10495-007-0154-9
https://doi.org/10.1007/s10495-007-0154-9
https://doi.org/10.1038/nrm2239
https://doi.org/10.4161/auto.6260
https://doi.org/10.1093/abbs/gmaa041
https://doi.org/10.1038/sj.emboj.7601689
https://doi.org/10.1016/j.yexcr.2005.02.023
https://doi.org/10.1016/j.bbadis.2019.03.015
https://doi.org/10.1007/s12272-016-0763-3
https://doi.org/10.1038/cddis.2016.138
https://doi.org/10.1016/j.bbrc.2016.03.132
https://doi.org/10.1016/j.phymed.2017.12.030
https://doi.org/10.3727/096504017x15009419625178
https://doi.org/10.1038/bjc.2017.293
https://doi.org/10.1089/ars.2013.5639
https://doi.org/10.1089/ars.2013.5639
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Coronel-Hernandez et al.

Combination Therapy Induces Apoptosis and Autophagy

78. Loscalzo J. The Cellular Response to Hypoxia: Tuning the System With
Micrornas. J Clin Invest (2010) 120:3815-7. doi: 10.1172/JCI45105

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The handling editor declared a shared affiliation with the authors at the time of
review.

Copyright © 2021 Coronel-Herndndez, Salgado-Garcia, Cantu-De Leon, Jacobo-Herrera,
Millan-Catalan, Delgado-Waldo, Campos-Parra, Rodriguez-Morales, Delgado-Buenrostro
and Pérez-Plasencia. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Oncology | www.frontiersin.org

May 2021 | Volume 11 | Article 594200


https://doi.org/10.1172/JCI45105
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Combination of Metformin, Sodium Oxamate and Doxorubicin Induces Apoptosis and Autophagy in Colorectal Cancer Cells via Downregulation HIF-1α
	Introduction
	Materials and Methods
	Patient Samples and Tissue Expression for In Silico Meta-Analysis
	Cell Culture and Transfection
	Inhibitory Concentration 50
	Monitoring Autophagy by GFP-LC3
	TUNEL Assay
	RNA Expression Analysis
	Protein Expression Analysis
	Luciferase Reporter Assays
	Chromatin Immunoprecipitation (ChIP) Assay
	Real-Time Analysis of Cell Proliferation and Migration
	Statistical Analysis

	Results
	Triple Therapy Inhibits Proliferation in CRC Derived Cells
	Triple Therapy Induces Apoptosis and Autophagy in HCT116 Cells
	mir-26a Regulates ULK1 Expression in CRC Cells
	Triple Therapy Decreases mir-26a Expression
	HIF-1α Is a Key Regulator of mir-26a Expression

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


