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Background: G-quadruplexes are molecular switches regulating gene transcription. ¢-MYC and hypoxia-
inducible factor 1-alpha (HIF1a) play important roles in cell proliferation, apoptosis, and metabolic
regulation in colon cancer. Whether berberine can regulate metabolism by interacting with ¢-MYC and
HIF1o G-quadruplexes in colon cancer needs to be explored.

Methods: The binding mode of berberine with ¢-MYC and HIFla G-quadruplexes were explored
by ultraviolet and visible absorption spectroscopy and fluorescence spectroscopy. Circular dichroism
(CD) spectroscopy was performed to evaluate the effects of berberine on the stability of ¢-MYC and
HIF1a G-quadruplexes. After different concentrations of berberine acting on HCT116 cells for 24 h,
cell proliferation and apoptosis were detected by MTT assay and flow cytometry; quantitative real-time
polymerase chain reaction and western blot were performed to detect mRNA and protein expression of
¢-MYC and HIF1e; transcriptome sequencing was used to analyze the metabolic pathways. For the effects of
berberine on colon cancer mouse model with dose of 50 mg-kg™ for 14 days, tumor growth were monitored,
hematoxylin and eosin staining and immunofluorescence staining were performed to analyze histopathology
and protein expression of ¢-MYC and HIF1a, central carbon metabolism was detected in tumor tissues.
Results: The binding ability of berberine with ¢-MYC G-quadruplex was different to that of berberine
with HIF1a G-quadruplex. Both binding modes involved n-m stacking. The stoichiometric ratios were 1:1,
1:3, and 3:1 for berberine with ¢-MYC G-quadruplex and only 1:1 for berberine with HIF1a G-quadruplex.
Temperature had a greater effect on the binding of berberine to ¢-MYC G-quadruplex. Berberine could
improve the thermal stability of both ¢-MYC and HIFIa G-quadruplexes. Berberine inhibited the gene
transcription and protein expression of ¢-MYC and HIFIa in colon cancer HCT116 cells. In vivo, berberine
delayed tumor progression and inhibited the protein expression of ¢-MYC and HIFIa. Twelve differential
metabolites such as decreased adenosine triphosphate were obtained, indicating that berberine could regulate
the metabolic pathways of the tricarboxylic acid (T'CA) cycle and glycolysis/gluconeogenesis, among others.
Conclusions: Berberine may inhibit colon cancer by regulating the TCA cycle and glycolysis/
gluconeogenesis based on the interaction with ¢-MYC and HIFIa G-quadruplexes.
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Introduction

The incidence and mortality of colon cancer are at the
forefront of tumor diseases (1). It is worth noting that the
incidence in young people under 50 years old is increasing
significantly, especially for people aged 20 to 34 years old,
and the reasons remain to be explored (2). Finding effective
prevention and treatment methods of colon cancer is still a
challenge. At present, the conventional treatment of colon
cancer mainly involves surgery, chemotherapy, radiotherapy,
immunotherapy, targeted therapy, and traditional Chinese
medicine, among other methods. However, there is still a
lack of accurate treatment methods, and drug research and
development based on effective targets is an urgent need.

Bioinformatics studies have shown that gene biomarkers
of colon cancer are closely related to prognosis (3-5).
In fact, one gene may regulate a variety of biological
processes, and numerous different genes constitute
the molecular network regulating biological activities.
Intervening in the expression of key genes may affect
multiple biological processes of the tumor at the same
time. In addition to excessive cell proliferation, abnormal
apoptosis, migration, and invasion, metabolic changes are
also important characteristics of tumors. Genes involved
in the regulation of tumor biological effects such as cell
proliferation, apoptosis, migration, and invasion also play
an important role in the regulation of tumor metabolism (6).
For instance, tumor suppressor p53, proto-oncogene MYC
(mainly ¢-MYC), and hypoxia inducible factor 1 (HIFI)
may participate in the tricarboxylic acid (T'CA) cycle and
other processes to varying degrees. p53 can combine with
glucose-6-phosphate dehydrogenase (G6PD) and inhibit
its activity, so as to block the pentose phosphate pathway
and inhibit tumor processes (7). ¢-MYC and HIF1I are
more closely related to tumor metabolic reprogramming.
¢-MYC can regulate aerobic glycolysis and oxidative
phosphorylation, promote the production of adenosine
triphosphate (ATP), and accelerate tumorigenesis and
metastasis. HIFla can accelerate tumor metastasis by
promoting aerobic glycolysis (8). Exploring the small
molecules that can affect the biological activities of such key
genes regulating cell proliferation, apoptosis, migration,
invasion, and metabolism in cancer processes may provide a
new strategy for the development of anticancer drugs.

The G-quadruplex, a special secondary structure of
nucleic acids formed by guanine-rich sequences, widely
exists in telomeres, oncogene promoters, microsatellite
fragments, and other regions in the human body (9-12).
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With the development of genomics, more and more
G-quadruplex structures have been found in organisms
(13-15). G-quadruplex plays the role of a molecular switch
regulating gene transcription in biological processes,
and can inhibit or promote gene transcription, then
intervene in the translation of gene expression and further
affect related signaling pathways (11,14). For example,
maintaining the structural stability of the G-quadruplex
located in the telomere or promoter regions of oncogenes
such as KRAS and ¢-MYC and other genes such as CLIC4
is conducive to inhibiting gene transcription and delaying
tumor processes (16-18), while maintaining the structural
stability of the G-quadruplex in some microRNAs is
useful for promoting the transcription of target genes (11).
Therefore, G-quadruplex structures were considered to be
effective targets for the treatment of cancer, and many new
drugs based on molecular recognition of the G-quadruplex
have been developed (19). In that case, --MYC and HIF1a
G-quadruplexes may be potential targets for metabolic
regulation in cancer. However, there are still some
unknown problems in this field, including whether the
interaction properties between small molecule drugs and
G-quadruplexes of various genes are the same, and more
importantly, whether small molecule drugs exert anticancer
effects by interacting with the G-quadruplex of different
genes simultaneously. Further exploration needs to be
performed to clarify these problems.

Berberine is an important natural product, the drug
form of which is called hydrochloride berberine. In the
pharmaceutical industry, it can be extracted from a variety
of medicinal plants or obtained by chemical synthesis.
Berberine is used clinically as a drug for the treatment
of intestinal infection. In addition, berberine also has
pharmacological effects such as hypoglycemic, lipid-
lowering, anticancer, and anti-inflammatory effects,
among others. Basic studies have shown that berberine
has inhibitory effects on a variety of tumors, especially
colorectal cancer (20-23). The prospective, multicenter,
double-blind, randomized, placebo-controlled clinical study
confirmed that berberine could reduce the recurrence of
colorectal adenoma (24,25). So far, studies have shown
that berberine can play an anti-colon cancer role through
AMPK, B-catenin, and other signaling pathways, but other
mechanisms such as the metabolic regulation mechanism of
berberine in colon cancer is not yet clear (23,26). Previous
studies confirmed that there was also a parallel G-quadruplex
structure in the promoter region of HIFla (27), as well
as KRAS and -MYC (17,18), and berberine could bind
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with KRAS and ¢-MYC promoter G-quadruplexes (28,29).
Nevertheless, whether berberine can combine with HIFIa
G-quadruplex and further regulate metabolism in colon
cancer based on G-quadruplexes in promoter regions of
¢-MYC and HIF1a remained to be explored. In this study,
we aimed to clarify the following questions: first, whether
the interacting ability of berberine with HIFla and -MYC
G-quadruplexes is similar; second, what is the influence
of berberine on the biological effects related to -MYC
and HIF1o in colon cancer cells; third, whether berberine
regulates metabolism based on interacting with ¢-MYC
and HIFIla G-quadruplexes in colon cancer. In that way,
we adopted a variety of spectroscopy methods to study
the binding mode of berberine with ¢-MYC and HIFIa
G-quadruplexes, investigated the effects of berberine on
¢-MYC and HIFla related biological effects by M'TT,
flow cytometry, quantitative real-time polymerase chain
reaction and western blot, and finally explored the effects
of berberine on TCA cycle and aerobic glycolysis via
transcriptome sequencing in cell and central carbon
metabolism analysis in vivo. We present the following
article in accordance with the ARRIVE reporting
checklist (available at https://jgo.amegroups.com/article/
view/10.21037/jgo-22-389/rc).

Methods
Materials

Berberine Chloride Hydrate was purchased from TCI
development Co., Ltd (Tokyo, Japan). G-quadruplex
sequences were synthesized by Sangon Biotech (Shanghai)
Co., Ltd (Shanghai, China). Colonic cancer cell lines
HCT116 and CT26 cells were ordered from Nanjing
COBIOER Biotechnology Co. Ltd (Nanjing, China);
phosphate belanced solution (PBS), trypsin and Trizol were
ordered from the Jiangsu KeyGEN BioTECH Co. Ltd
(Nanjing, China); Roswell Park Memorial Institute-1640
(RPMI-1640) basic culture medium and fetal bovine serum
(FBS) were ordered from Corning Co. Ltd (Carlsbad, CA,
USA). Mass spectrometry (MS) grade methanol, formic
acid and ammonium acetate were from Fisher Scientific
Technology Co. Ltd. (Waltham, MA, USA). Ultra-pure
water was produced by a Milli-Q Ultra-pure water system
(Millipore, Billerica, MA, USA).
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Preparation of the working solution for spectroscopy
analysis

The ¢-MYC and HIFIla G-quadruplex sequences were
dissolved in Tris-HCI buffer solution (pH 7.4, 100 mM
KCI) to make the concentration 100 pM, heated at 95 °C
for 5 min, cooled naturally to room temperature, and then
stored at 4 °C for use. Berberine hydrochloride was prepared
into a 1-mM stock solution.

Ultraviolet and visible (UV-Vis) absorption spectroscopy

The concentration of berberine hydrochloride was fixed
at 10 pM in Tris-HCI buffer solution (pH 7.4, 100 mM
KCI). Different concentrations of ¢-MYC or HIFIa
G-quadruplexes were mixed with berberine hydrochloride
separately for 30 s, then the absorption spectra were
measured by the U-3900H Spectrophotometer (Hitachi
Limited, Japan) with the slit width and sampling interval
set at 1 nm, until the absorbance no longer changed at
room temperature. Every experiment was performed
3 times.

Fluorescence spectroscopy

Berberine hydrochloride solution with a concentration
of 2.5 pM in Tris-HCI buffer (pH 7.4, 100 mM KCI) was
mixed with different concentrations of G-quadruplex DNA
until the fluorescence emission intensity no longer changed.
After mixing and standing for 30 s, the fluorescence
emission spectra of berberine were measured by the F-7000
FL Spectrophotometer (Hitachi Limited, Japan) at 293 K.
For the equimolar job plots, the molar ratio of berberine
hydrochloride to the G-quadruplex was adjusted from
0:10 to 10:0, and the fluorescence emission spectra were
measured as mentioned at 293 K. The excitation wavelength
was 345 nm, and the excitation and emission slits were
both 5 nm. The fluorescence emission spectra of berberine
hydrochloride binding with 10 different concentrations of
¢-MYC and HIF1o G-quadruplexes were measured at 313 K.
The variation degree of fluorescence emission intensity of
berberine binding with ¢-MYC or HIFIa G-quadruplexes at
different temperatures was expressed as (F-F,)/F, (F, stood
for the initial fluorescence intensity of berberine, while F
stood for the intensity after binding with G-quadruplexes).
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Table 1 Primers used in the present study
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Gene Forward primer (5'-3') Reverse primer (5'-3")

c-MYC CTGCGACGAGGAGGAGGACT GGCAGCAGCTCGAATTTCTTT
HIF1a CGGCGCGAACGACAAGAAA AAGTGGCAACTGATGAGCAAG
GAPDH GACGGCCGCATCTTCTTGT CACACCGACCTTCACCATTTT

HIF1e, hypoxia inducible factor 1-alpha; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

Every experiment was performed 3 times.

Circular dichroism (CD) spectroscopy

The CD spectra of 10 pM ¢-MYC or HIFIa G-quadruplexes
mixed with different concentrations of berberine
hydrochloride were obtained by the Chirascan spectrometer
(Applied Photophysics Ltd., UK) at room temperature.
The recorded wavelength range was 220 to 340 nm and
the bandwidth was 1 nm. The baseline was corrected to
eliminate the interference signal of Tris-HCI buffer (pH 7.4,
100 mM KCI). For the CD melting curve experiments, the
molar ellipticity at 263 nm of 10 pM G-quadruplexes before
and after mixing with 100 pM berberine hydrochloride was
monitored during the temperature of control unit rised
from 35 to 105 °C. The heating rate was 2 °C/min and the
data were acquired at intervals of 0.5 °C. The temperature
of the tangent point of the melting curve was defined as 7,,.
Every experiment was performed 3 times.

Cell culture

HCT116 cells and CT26 cells were cultivated in RPMI-
1640 culture medium supplemented with 10% heat-
inactivated FBS and 1% penicillin and streptomycin,
under the condition of 37 °C and 5% CO,in an incubator.
Subculture was carried out when the cells grew to 90%.

Cell proliferation and apoptosis assays

HCT116 cells were treated with or without different
concentrations of berberine hydrochloride for 24 h for
proliferation and apoptosis assays. Cell proliferation
was measured by MTT assay following the reported
protocols. Cell apoptosis was determined by FACS Calibur
(Becton, Dickinson and Company, USA) flow cytometry
using an Annexin V-APC/7-AAD apoptosis detection
kit (#KGA1024, Kaiji, Nanjing, China) according to the
instructions of the manufacturer.
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Quantitative real-time polymerase chain reaction (qRT-
PCR)

HCT116 cells were treated with 50 pM berberine
hydrochloride for 24 h, and the cells without drug
intervention were used as controls. The Trizol total RNA
extraction kit was used to extract the total RNA of cell
samples. The primers used are listed in 7able 1. The one
step TB green reverse transcription kit and realtime PCR
Master Mix (SYBR Green) were used for amplification. The
relative expression of mRNA was analyzed by the 27°“"
method.

Protein sample preparation and western blot

HCT116 cells were treated with 50 pM berberine
hydrochloride for 24 h, while those cultured in normal
medium were used as controls. The whole protein
extraction kit was used to extract the total protein of the
cell samples, and the BCA protein content detection kit was
used to determine the protein concentration of each sample
according to the instructions of the manufacturer. Western
blot analysis was performed as described previously (30).
The imaging was performed using the G:BOXChemiXR5
(Syngene, UK) gel imaging system. Gel-Pro32 software
was used to analyze the band intensity. The antibodies used
were as follows: c-MYC polyclonal antibody (#10828-1-
AP, Proteintech, USA), mouse monoclonal to HIF1a (#abl,
Abcam, UK), rabbit anti-GAPDH #KGAA002, KeyGEN
BioTECH, China), goat-anti-rabbit IgG-HRP (#KGAA35,
KeyGEN BioTECH, China), and goat-anti-mouse IgG-
HRP #KGAA37, KeyGEN BioTECH, China).

Transcriptome sequencing and bioinformatics analysis

HCT116 cells were treated with 50 pM berberine
hydrochloride for 24 h. Then, the berberine intervention
group and blank control group of cells were collected, and
total RNA was extracted with Trizol. The integrity, purity,
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concentration, and RNA integrity number were analyzed
successively. The cDNA library was generated and further
purified, and the insert size and the effective concentration
of the library were detected to ensure the library quality.
Finally, the cDNA library was sequenced using the
NovaSeq 6000 system (Illumina, USA). Fragments Per
Kilobase of exon model per Million mapped fragments
(FPKM) was used to estimate gene expression levels. The
screening criteria of differential genes were [log2FCI >1
and P<0.05 between the two groups. The metabolism gene
set was obtained from the Molecular Signatures Database
(MSigDB). Metabolic differentially expressed genes by
RNA sequencing were extracted to perform enrichment
analysis of Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways through R

software.

Animal experiments

The animal experiment was approved by the Scientific
Research Ethics Committee of Beijing Shijitan Hospital,
Capital Medical University (Project No. 2018 scientific
research ethics review No. 70). The animal experiment
protocol followed the guidelines of China legislations on
the ethical use and care of laboratory animals. A protocol
was prepared before the study without registration.

Healthy male Balb/c mice (6 weeks old, 17-19 g) were
obtained from Beijing Vital River Laboratory Animal
Technology Co. Ltd. (Beijing, China). All mice had free
access to standard rat chow and water and were raised in a
specific pathogen free (SPF) grade standard environment
(50%+£10% relative humidity, 12:12 h light-dark cycle,
2242 °C). After 1 week, CT26 cells 3x10° cells/100 pL)
were injected into the right flank of 16 Balb/c nude mice
subcutaneously. On the second day of the inoculation, the
mice were randomly divided into two groups (eight in each
group) by the random number table: one group received
berberine hydrochloride diluted in 0.5% carboxymethyl
cellulose sodium (CMC-Na) solvent with daily oral gavage
of 50 mg-kg™', and the other group received solvent as a
control. The tumor size was measured every two days and
assessed according to the formula: 0.5 x tumor length x
tumor width’. After 14 days, the mice with the maximum
and minimum tumor volume were excluded, and 6 mice
were retained in each group for tumor biology study
and central carbon metabolism analysis. The mice were
anesthetized with CO,, the tumors were taken out and
weighed, then one part was fixed with formalin and the
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other parts were kept at -80 °C. In order to minimize errors,
the operation was carried out by the same researcher and
the mice were treated in the same order. Researchers were
aware of the group allocation at the different stages of the
experiment.

Hematoxylin and eosin (H&E) and immunofluorescence
(IF) analysis

The detailed procedures were followed as the literature
reports (31,32). In brief, tumor tissues fixed in formalin
were dehydrated in alcohol, permeated in xylene, embedded
in paraffin, cut into 4 pm thick slices, collected on slides
in 40 °C water, and dried for use. For H&E staining, the
slices were dewaxed, covered with water, stained with
H&E, dehydrated, infiltrated with xylene, and sealed with
neutral gum. Whole slide imaging was performed by the
Pannoramic MIDI digital slice scanner GDHISTECH,
Hungary). For IF staining, the slices were dewaxed, placed
in EDTA buffer for antigen retrieval, blocked with 5% goat
serum at room temperature for 30 min, incubated with the
primary antibody (1:250) at 4 °C overnight, and incubated
with secondary antibodies of the corresponding species for
1h in the dark at room temperature. Sections were then
stained with DAPT and sealed with the sealing agent. Images
were taken using the Eclipse Ti-SR fluorescence inverted
microscope (Nikon, Japan). The primary antibodies were
Myc-Tag (9B11) mouse mAb (#2276, CST, USA), rabbit
monoclonal to HIFla (#ab179483, Abcam, UK), goat anti-
rabbit IgG H&L (FITC) (#ab6717, Abcam, UK), and goat
anti-mouse IgG H&L (Cy3®) preadsorbed (#ab97035,
Abcam, UK).

High performance ion chromatography-mass spectrum/
mass spectrum (HPIC-MS/MS) analysis of central carbon
metabolism

An aliquot of each of the standard substance stock solutions
was mixed to form the working standard solution. A series
of calibration standard solutions were then prepared by
stepwise dilution of this mixed standard solution. The
weighed tissue samples were mixed with 500 pL precooled
MeOH/H,0 (3/1, v/v), then vortexed, homogenized, and
sonicated in an ice-water bath and centrifuged at 13,800 g at
4 °C for 15 min. The supernatants were dried by spinning,
and the residue was reconstituted in water and filtered
through a 0.22-mm filter membrane for use.

The HPIC separation was carried out using a Thermo
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Figure 1 Ultraviolet and visible absorption spectra of berberine combined with different concentrations of (A) c-MYC G-quadruplex and (B)

HIFIa G-quadruplex. HIF1a, hypoxia inducible factor 1-alpha.

Scientific Dionex ICS-6000 HPIC System (Thermo
Scientific, USA) equipped with Dionex IonPac AG11-HC
(2 mm x 50 mm) and AS11-HC (2 mm x 250 mm) columns.
The mobile phase A was 100 mM NaOH in water and the
mobile phase D was ultrapure water. Another solvent (2 mM
acetic acid in methanol) was added after the pump before
entering the electrospray ionization (ESI) source (flow rate
of 0.15 mL/min). The column temperature was set at 30 °C.
The injection volume was 5 pL.. The AB Sciex QTRAP
6500+ triple quadrupole mass spectrometer (AB Sciex),
equipped with an ESI interface, was applied and multiple
reaction monitoring (MRM) mode was adopted for assay
development. Typical ion source parameters were: lonSpray
voltage =-4,500 V, temperature =450 °C, ion source gas 1
=45 psi, ion source gas 2 =45 psi, curtain gas = 30 psi. AB
Sciex Analyst Work Station Software 1.6.3, MultiQuant
3.0.3, and Chromeleon7 were employed for MRM data
acquisition and processing. The signal-to-noise ratios (S/N)
of 3 and 10 were used to determine the lower limits of
detection (LLODs) and lower limits of quantitation
(LLOQ)s), respectively. Methodological investigations such
as precision and accuracy were implemented to ensure the
reliability of test results. The metabolites with variable
importance in the projection (VIP) >1 and P<0.1 were
defined as differential metabolites.

Enrichment of metabolic pathways

The differential metabolites were searched by pathway
analysis on the MetaboAnalyst 5.0 website (https://
www.metaboanalyst.ca/home.xhtml) to obtain metabolic
pathways.

© Journal of Gastrointestinal Oncology. All rights reserved.

Statistical analysis

Tumor volume, tumor mass and metabolite concentration
were expressed in the form of (¥xs). The differences
between the model and treatment groups were analyzed
through the #-test by SPSS v19.0 (IBM, Armonk, NY,
USA), and P<0.05 indicated statistical significance.

Results

Interaction characteristics revealed by UV-Vis absorption
spectra

In order to explore the interaction characteristics
of berberine with ¢-MYC and HIFla promoter
G-quadruplexes, the UV-Vis absorption spectra of
berberine before and after interaction were acquired at
room temperature. As shown in Figure 14, after binding
with increasing concentrations of ¢-MYC G-quadruplex,
the maximum absorbance of berberine at 345 nm gradually
decreased (called hypochromicity) with the red shift of the
absorption wavelength. The detailed parameters are shown
in Table 2, and the hypochromicity and red shift effect of the
absorbance at 345 nm were 24.3% and 6 nm, respectively.
In addition, there were some isosbestic points, implying
the formation of combination equilibrium. For berberine
binding with HIFla G-quadruplex, it can be seen that
the hypochromicity and red shift effect of the maximum
absorbance at 345 nm were 34.3% and 7 nm, respectively.
The hypochromicity was more obvious than that of
berberine binding with ¢-MYC G-quadruplex, and isosbestic
points could also be observed (see Figure 1B and Table 2).
The UV-Vis absorption spectra characteristics indicated
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Table 2 The changes in the absorption spectra parameters of berberine before and after the combination with ¢-MYC and HIFIa G-quadruplexes

Gene Aree/NM Aoound/NM AMnm Hypochromicity %
c-MYC 345 351 6 24.3
HIF1a 345 352 7 34.3

HIF1a, hypoxia inducible factor 1-alpha.

that there were n-7 stacking interactions between berberine
and ¢-MYC and HIFIo G-quadruplexes.

Binding mode revealed by fluovescence emission spectra

Fluorescence emission spectroscopy is an effective means
to study the interaction mode between small molecules and
biological macromolecules. The fluorescence emission of
berberine was relatively weak. When mixed with increasing
concentrations of -MYC G-quadruplex, the fluorescence
emission of berberine increased significantly in turn at
293 K. When the fluorescence intensity no longer
changed, the concentration of ¢-MYC G-quadruplex was
8 pM, as shown in Figure 2A. At the same concentration,
the fluorescence emission of berberine combined with
HIFla G-quadruplex enhanced more significantly, and
the G-quadruplex concentration was 7.2 pM when the
fluorescence intensity no longer changed, as shown in
Figure 2B. The increasing fluorescence emission also
indicated that there were n-m stacking interactions between
berberine and ¢-MYC and HIF1a G-quadruplexes.

The stoichiometric ratio of berberine to ¢-MYC or HIFIa
G-quadruplex was evaluated by equimolar job plots. It
could be inferred that there were 3 stoichiometric ratios, 1:1,
1:3, and 3:1, between berberine and -MYC G-quadruplex
(Figure 2C). However, for berberine binding with HIFIa
G-quadruplex, there was only one stoichiometric ratio of 1:1
(Figure 2D).

At 313 K, the fluorescence emission of berberine
also enhanced after it bound with ¢-MYC or HIFla
G-quadruplex, but the intensity was weaker than that at
the same concentration at 293 K (see Figure S1). It can be
concluded that following the change of temperature, the
variation degree of the fluorescence emission of berberine
binding with ¢-MYC G-quadruplex was more significant
than that of berberine binding with HIFIa G-quadruplex
(Figure 2E,2F). Therefore, temperature has a greater effect
on the combination of berberine with c-MYC G-quadruplex.

© Journal of Gastrointestinal Oncology. All rights reserved.

Berberine maintained the parallel configuration and
increased the thermal stability of c-MYC and HIF1a
G-quadruplexes

The effects of berberine on the configuration of ¢-MYC and
HIFlo G-quadruplexes were studied by CD spectroscopy
at room temperature. As depicted in Figure 34, the --MYC
G-quadruplex sequence presented a positive peak at 263 nm
and a negative peak at 242 nm, consistent with the
characteristics of the parallel conformation. With the
increasing concentration of berberine, the positive peak
intensity decreased, but the parallel conformation did
not change, indicating that berberine bound with -MYC
G-quadruplex and kept its parallel configuration. In
Figure 3B, it was revealed that the HIFla G-quadruplex
sequence also presented a parallel conformation, and the
effect of berberine on HIF1a G-quadruplex was similar to
that on ¢-MYC G-quadruplex.

The effects of berberine on the thermal stability of --MYC
and HIF1a G-quadruplexes were explored by melting
curve experiments. The 7,, of --MYC G-quadruplex was
approximately 84 °C, and increased to more than 90 °C
after binding with berberine (Figure 3C). Meanwhile,
the 7,, of HIFla G-quadruplex was approximately 70 °C,
and increased to approximately 80 °C after binding with
berberine (Figure 3D). Accordingly, c-MYC G-quadruplex
was more stable than HIFIa G-quadruplex, and berberine
increased the thermal stability of both of them.

Berberine affected the proliferation and apoptosis of colon
cancer cells

The effects of berberine on the proliferation and apoptosis
of HCT116 cells were investigated. MTT assays showed
that with the increasing concentration of berberine, the
viability of HCT116 cells decreased gradually (Figure 4A).
Flow cytometry assays indicated that berberine could
promote the apoptosis of HCT116 cells in a dose-
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Figure 2 Fluorescence spectroscopy studies of berberine binding with ¢-MYC and HIFIa G-quadruplexes. (A,B) Fluorescence emission

spectra of berberine binding with different concentrations of c-MYC and HIF1a G-quadruplexes, respectively, at 293 K; (C,D) the equimolar

job plots of berberine binding with ¢-MYC and HIFla G-quadruplexes, respectively; (E,F) changes in the fluorescence emission intensity

of berberine with different concentrations of ¢-MYC and HIF1a G-quadruplexes, respectively, at different temperatures. BBR, berberine;

HIFIa, hypoxia inducible factor 1-alpha.

dependent manner (Figure 4B).

Berberine inbibited mRNA and protein expression of
c-MYC and HIF1a in colon cancer cells

The effects of berberine on the mRNA and protein
expression of ¢-MYC and HIF1a in HCT116 cells were
studied by QRT-PCR and western blot analyses. The results
demonstrated that berberine could inhibit the mRNA
expression of ¢-MYC and HIFla (Figure 4C) as well as the

© Journal of Gastrointestinal Oncology. All rights reserved.

protein expression of c-MYC and HIF1a (see Figure 4D,4E).

Berberine may regulate the metabolism of colon cancer
cells

Transcriptome sequencing of HCT116 cells showed that
there were 4,963 differentially expressed genes between the
control group and berberine intervention group. Compared
with the control group, 2,272 genes were downregulated
and 2,691 genes were upregulated in the berberine
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intervention group, as illustrated by the heatmap in
Figure 4F. In order to explore the effect of berberine on the
metabolism of colon cancer cells, differential genes in the
transcriptome were intersected with metabolic genes, and
242 differential metabolic regulatory genes were obtained
(see Figure 4G). On this basis, GO and KEGG enrichment
analyses were carried out. For GO enrichment, it was found
that these differential metabolic regulatory genes were
involved in biological processes (BPs) such as small molecule
catabolic process, nucleoside phosphate biosynthetic
process, and ribose phosphate metabolic process. They
were also involved in the molecular functions (MFs) of
coenzyme binding, lyase activity, and nucleotidyltransferase
activity, among others, through the mitochondrial matrix,
transferase complex, transferring phosphorus-containing
groups, nuclear DNA-directed RNA polymerase complex,
and other cellular components (CCs) (see Figure 4H). As for
KEGG analysis, the top 30 metabolic pathways according
to the arrangement of P value from small to large are shown
in Figure 41, which mainly contained pathways associated

© Journal of Gastrointestinal Oncology. All rights reserved.

with central carbon metabolism, lipid metabolism, and
amino acid metabolism, including biosynthesis of cofactors,
purine metabolism, glycerophospholipid metabolism,
carbon metabolism, pyrimidine metabolism, biosynthesis of
amino acids, and so on.

Berberine delayed tumor progression in a colon cancer
mouse model

Colon cancer cells were implanted into male Balb/c mice.
On the next day, vehicle and berberine were administered
by gavage to investigate the effect of berberine on tumor
progression. It could be seen that at first, berberine had no
significant effect on tumor growth. However, 14 days after
administration, there was a significant difference in tumor
size between the model group and berberine intervention
group (see Figure 5A). The tumor mass in the drug
intervention group was less than that in the model group,
indicating that berberine could inhibit tumor growth (see
Figure 5B).
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a inducible factor 1-alpha.
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As shown in Figure 5C, the results of HE staining showed
that the tumor cells in the model group were closely
arranged, the proportion of nucleus to cytoplasm was large,
and the nucleus was deeply stained. In comparison, in the
berberine intervention group, the tumor cells were slightly
sparse, the ratio of nucleus to cytoplasm decreased, the
nuclear staining was slightly shallow, and fragmentation of
the nucleus was obvious, indicating that berberine induced
the damage of tumor cells.

The protein expression levels of c-MYC and HIFla in
the tumor tissues of colon cancer mice were detected by
IE, as shown in Figure 5D. It was found that c-MYC and
HIFla were highly expressed in tumor tissues, but after
being treated with berberine, their expression decreased
to varying degrees, implying that berberine inhibited the
protein expression of c-MYC and HIF1a.

Berberine regulated central carbon metabolism in the colon
cancer mouse model

In order to evaluate the effect of berberine on metabolism
associated with ¢-MYC, HIF1la, and nucleic acid,
50 metabolites associated with central carbon metabolism
processes in tumor tissues were quantitatively detected by
HPIC-MS/MS. It was found that between the model group
and berberine intervention group, there were 12 differential
metabolites with statistically significant differences (see
Figure 64, Table S1). The contents of ATP, adenosine
diphosphate (ADP), and phosphoenolpyruvate decreased
in the berberine intervention group compared with the
model group, while the contents of 3-ureidopropionate,
homogentisate, quinolinic acid, methylmalonic acid,
picolinic acid, indole-3-acetate, cis-aconitate, isocitrate, and
L-cysteate increased in the berberine intervention group
compared with the model group. All the values of VIP for
the 12 metabolites were >1.

The metabolic pathways involved in the differential
metabolites were enriched through MetaboAnalyst 5.0. A
total of 15 pathways were identified as shown in Figure 6B,
and the specific information of the enriched pathways
are shown in Table S2. The differential metabolites cis-
aconitate, isocitrate, and phosphoenolpyruvate belonged
to the citrate cycle (TCA cycle); phosphoenolpyruvate
also belonged to pyruvate metabolism and glycolysis/
gluconeogenesis; ATP and ADP belonged to purine
metabolism; homogentisate belonged to tyrosine
metabolism, ubiquinone, and other terpenoid-quinone
biosynthesis; quinolinic acid belonged to nicotinate and
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nicotinamide metabolism; 3-ureidopropionate belonged
to pantothenate and CoA biosynthesis, pyrimidine
metabolism, and beta-alanine metabolism; methylmalonic
acid belonged to valine, leucine, and isoleucine degradation;
L-cysteate belonged to cysteine and methionine metabolism
and taurine and hypotaurine metabolism; and indole-3-
acetate belonged to tryptophan metabolism. Except for
glyoxylate and dicarboxylate metabolism pathway, the above
14 pathways were found to be involved in the metabolic
regulation of berberine in colon cancer revealed by central
carbon metabolism research. Most animal and human cells
do not have glyoxylic acid circulators, and acetyl CoA is
unable to be converted into sugar, so that glyoxylate and
dicarboxylate metabolism pathway mainly exists in plants,
some microorganisms, and some invertebrate cells, and are
therefore not discussed here. The metabolic transformation
pathways of the differential metabolites are illustrated
in Figure 6C. The metabolites phosphoenolpyruvate,
homogentisate, 3-ureidopropionate, and L-cysteate
participated in multiple metabolic pathways simultaneously,
indicating that metabolic regulation is a complex network
process.

The metabolic pathways enriched by central carbon
metabolism detection were integrated with the metabolic
pathways obtained by transcriptome sequencing of
HCT116 cells. The intersection indicated that there were
13 common metabolic pathways, as shown in Figure S2 and
Table S3.

Discussion

The G-quadruplex structure was first reported in 1962 (10).
Four guanine molecules form G-tetrads through
Hoogsteen hydrogen bonds, more than 3 G-tetrads form
G-quadruplexes, and the central monovalent cation is
the necessary factor to stabilize its structure. According
to the spatial arrangement of bases, G-quadruplexes
composed of different bases may have different
configurations. Much experimental data have shown that
there are 3 basic conformations: parallel conformation,
antiparallel conformation, and hybrid conformation. The
intramolecular and intermolecular G-quadruplexes can
be formed based on a different number of molecules. The
characteristics of the G-quadruplex structure determine its
ability to interact with small molecule drugs. Folding into
a G-quadruplex is not conducive to the combination of
gene and transcription factor, so gene transcription can be
inhibited in this situation. Instead, unfolding is conducive
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Figure 6 Central carbon metabolism in tumor tissues. (A) The differential metabolites in tumor tissues between the model group and
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metabolism; 3: Taurine and hypotaurine metabolism; 4: Ubiquinone and other terpenoid-quinone biosynthesis; 5: Purine metabolism; 6:
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to the combination of gene and transcription factor.
Therefore, the G-quadruplex is known as the molecular
switch regulating gene transcription.

The occurrence of tumors is closely related to the
abnormal expression of proto-oncogenes, among which
the --MYC gene is overexpressed in 70% of cancer cells.
As a key node of the downstream signaling network,
¢-MYC is often activated in human solid tumors and is
involved in the regulation of tumor biological processes

© Journal of Gastrointestinal Oncology. All rights reserved.

such as cell proliferation and apoptosis. Therefore, it is
an ideal target for cancer treatment. In addition to proto-
oncogenes such as c-MYC, the role of HIFla in the tumor
microenvironment should not be ignored. Blocking HIF1a-
related pathways can effectively inhibit tumor metastasis.
Furthermore, it is known that cancer is considered a
metabolic disease, including colon cancer (33). Tumor
metabolic reprogramming is an important metabolic feature
of cancer. When canceration occurs, tumor cells can obtain
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energy and proliferate rapidly through aerobic glycolysis
(also named Warburg effect) and oxidative phosphorylation,
which are 2 forms of tumor metabolic reprogramming (34).
Therefore, metabolic regulation, especially that upon tumor
metabolic reprogramming, may be an effective target for
the prevention and treatment of colon cancer. Both ¢-MYC
and HIF1a are associated with tumor metabolism, as they
can regulate glucose transport, the TCA cycle, glycolysis,
and glutaminolysis in cancer cells (35). It was demonstrated
that endogenous c-MYC increased the turnover of the
TCA cycle (36). The abnormal expression of c-MYC can
drive aerobic glycolysis and oxidative phosphorylation in
the meantime. Both ¢-MYC and HIF1 can synergistically
promote the transcription of genes related to aerobic
glycolysis, such as GLUTI, HK, PFKP, PKM2, LDHA, and
ABC transporters, and then inhibit their protein expression,
so as to promote aerobic glycolysis, establish the Warburg
effect, promote the production of ATP, and accelerate the
progression of tumors (34,37). Therefore, variation in
cellular energy metabolism mediated by c-MYC and HIF1
may be another target for cancer therapy.

However, research on small molecule inhibitors of
the ¢-MYC protein is facing difficulties. The ¢-MYC
protein has no site in which small molecules can easily
bind, complicating the design of direct inhibitors. The
indirect targeting strategies based on the bromodomain-
containing protein 4 (BRD4) which can regulate its gene
transcription and the aurora kinase A (AURKA) stabilizing
¢-MYC need to be further studied. Some small molecule
inhibiters focusing on HIF and HIF2 have been discovered,
but there is still a lack of small molecule inhibitors for
HIF1. The suggestion that regulating gene transcription
and then further inhibiting protein expression based on the
special secondary structure of nucleic acids may provide a
new strategy for tumor prevention and treatment targeting
¢-MYC and HIFla proteins.

The G-quadruplex structure of ¢-MYC and its small
molecule ligands have been widely investigated. The
HIF1oa G-quadruplex has also been reported (27), but
there are few studies on its binding with small molecule
drugs. In this study, both the selected ¢-MYC and HIFIa
G-quadruplex sequences showed parallel conformations
and could combine with berberine in vitro. Interestingly,
they had different binding characteristics with berberine.
UV-Vis absorption and fluorescence emission spectra
showed that HIFIla G-quadruplex had a stronger binding
ability with berberine compared to ¢-MYC G-quadruplex,
which was more affected by temperature. The differences
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in stoichiometric ratios and the thermal stability of ¢-MYC
and HIFIla G-quadruplexes combined with berberine
also indicated that the binding capacity of berberine with
¢-MYC G-quadruplex was different from that with HIFla
G-quadruplex. Interacting with the G-quadruplex structure
may be one of the anticancer mechanisms of berberine, and
the different effects of berberine on the G-quadruplexes of
different genes may determine its function on each gene
target.

If so, what biological effects would be induced
when berberine is combined with ¢-MYC and HIFIa
G-quadruplexes in colon cancer cells? We preliminarily
proved that berberine could inhibit cell proliferation,
promote cell apoptosis, and suppress gene transcription of
¢-MYC and HIFIa simultaneously, as well as their protein
expression. Through transcriptome sequencing and
bioinformatics analysis, we predicted the possible metabolic
regulatory pathways of berberine, including pathways
associated with ¢c-MYC and HIFla such as glycolysis/
gluconeogenesis and T'CA cycle. The results implied that
berberine might exert anticancer effects partly by regulating
glycolysis/gluconeogenesis and TCA cycle metabolism
pathways based on stabilizing the structures of ¢-MYC and
HIF1o G-quadruplexes at the same time.

Animal experiments were further performed to confirm
the effects of berberine on colon cancer based on the targets
of c-MYC and HIF1la. Berberine inhibited the protein
expression of c-MYC and HIF1a while delaying the tumor
growth of colon cancer mice. The targeted metabolomics
study of central carbon showed that berberine reduced the
concentrations of ATP, ADP and phosphoenolpyruvate,
and increased the concentrations of cis-aconitate, isocitrate,
homogentisate, 3-ureidopropionate and quinolinic acid in
tumor tissues. ATP is an important substance in the process
of energy metabolism and participates in multiple metabolic
pathways such as the TCA cycle, pentose phosphate
pathway, glycolysis, and gluconeogenesis. ATP can produce
ADP and phosphate under the action of hydrolase.
During tumorigenesis, TCA cycle is inhibited and aerobic
glycolysis is promoted. However, with the presence of
berberine, TCA cycle was promoted and aerobic glycolysis
was inhibited. Nicotinate and nicotinamide metabolism,
ubiquinone and other terpenoid-quinone biosynthesis, and
pantothenate and CoA biosynthesis can provide materials
for biological redox reactions. Thus it can be seen that
berberine ultimately reduce ATP through regulating TCA
cycle, glycolysis/gluconeogenesis and so on based on the
expression inhibition of ¢-MYC and HIFla in tumor
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Figure 7 Schematic diagram of berberine in the regulation of metabolism based on ¢-MYC and HIFla G-quadruplexes. Red represents

increased metabolites while blue represents decreased metabolites. T'CA, tricarboxylic acid; HIFIa, hypoxia inducible factor 1-alpha; ATP,

adenosine triphosphate.

tissues, which may be caused by berberine interacting
with the G-quadruplex in ¢-MYC and HIFla promoters,
as shown in Figure 7. Furthermore, berberine could also
inhibit colon cancer by regulating purine metabolism and
other metabolism, but whether they depend on the targets
of ¢-MYC and HIF1a requires further research. Thirteen
common metabolic pathways were enriched by central
carbon metabolism in mice and human cell transcriptome
sequencing, including TCA cycle and glycolysis/
gluconeogenesis, indicating the reliability of the research.
In summary, berberine could bind with ¢-MYC and
HIF]oa G-quadruplexes, but the interactions were different.
The interactions both involved n-m stacking. There were 3
stoichiometric ratios for berberine combined with ¢-MYC,
and only 1 stoichiometric ratio for berberine binding with
HIF1a, suggesting that the binding mode of berberine
with ¢-MYC was more complex, while that of berberine

© Journal of Gastrointestinal Oncology. All rights reserved.

with HIF1o was unique. The combination of berberine
and ¢-MYC was more susceptible to temperature compared
to that of berberine and HIFIa. Furthermore, ¢-MYC
G-quadruplex had better thermal stability than HIFIa
G-quadruplex, and berberine could improve the thermal
stability of both of them. On this foundation, berberine
could simultaneously inhibit gene transcription of ¢-MYC
and HIFIa as well as protein expression in colon cancer
HCT116 cells. In vivo, berberine inhibited the protein
expression of ¢-MYC and HIFIa in tumor tissues, regulated
metabolic pathways such as the TCA cycle and glycolysis/
gluconeogenesis, and reduced the concentration of ATP, in
order to inhibit tumor progression in colon cancer mice.
The G-quadruplex structures in the promoters of --MYC
and HIFIo may be potential targets for anticancer drugs
regulating metabolism in colon cancer. Of course, there are
some limitations: due to the large individual differences and

7 Gastrointest Oncol 2022;13(3):1152-1168 | https://dx.doi.org/10.21037/jgo-22-389



Journal of Gastrointestinal Oncology, Vol 13, No 3 June 2022

small sample size, the concentration standard deviation of
some metabolites was large; only one kind of colon cancer
animal model (transplanted tumor mice) was adopted, the
results were not verified in other colon cancer models such

min/+

as colitis-associated colon cancer mice and Apc™™" mice.
Therefore, further studies based on large sample size and

different animal models are needed.
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Supplementary

Table S1 The specific information of differential metabolites in the control and berberine intervention groups

Concentration of control Concentration of berberine

Metabolite group (nmol/g) @s) group (nmol/g) (s) VIP P value Fold change
Adenosine triphosphate 36.1962+7.9391 23.7059+2.3780 2.0389 0.0105 0.6549
Adenosine diphosphate 125.2872+22.5679 98.4104+10.8903 1.8762 0.0253 0.7855
3-Ureidopropionate 0.7737+0.1545 0.9973+0.1483 1.9136 0.0285 1.2891
Homogentisate 1.8871+0.4883 3.5096+1.3418 1.2919 0.0303 1.8597
Quinolinic acid 1.9753+0.7372 3.8185+1.6866 1.0896 0.0341 1.9332
Methylmalonic acid 3.0574+0.5149 4.7761+0.7285 1.9536 0.0008 1.5621
Picolinic acid 2.0575+0.5053 3.5255+1.3317 1.2519 0.0301 1.7135
Indole-3-acetate 2.7891+0.8002 3.7268+0.9009 1.3375 0.0857 1.3362
Phosphoenolpyruvate 4.9968+1.4483 3.5420+0.7703 1.3399 0.0550 0.7089
Cis-aconitate 3.1221+0.7210 4.1294+0.9637 1.3752 0.0675 1.3226
Isocitrate 2.2362+1.0196 3.4015+1.0348 1.5761 0.0778 1.5211
L-cysteate 0.4205+0.0828 0.5530+0.1369 1.1637 0.0700 1.3151
VIP, variable importance of projection.

Table S2 The specific information of the enriched pathways

Pathway Total Hits P —log10 (P) Impact
Citrate cycle (TCA cycle) 20 3 0.000409 3.3884 0.0950
Glyoxylate and dicarboxylate metabolism 32 2 0.025286 1.5971 0.0238
Taurine and hypotaurine metabolism 8 1 0.062136 1.2067 0
Ubiquinone and other terpenoid-quinone biosynthesis 9 1 0.069649 1.1571 0
Purine metabolism 66 2 0.09408 1.0265 0.028
Nicotinate and nicotinamide metabolism 15 1 0.11358 0.9447 0
Pantothenate and CoA biosynthesis 19 1 0.1418 0.8483 0.0286
Beta-alanine metabolism 21 1 0.1556 0.8079 0.1045
Pyruvate metabolism 22 1 0.16243 0.7894 0
Glycolysis/gluconeogenesis 26 1 0.18922 0.7230 0.1055
Cysteine and methionine metabolism 33 1 0.23422 0.6304 0
Pyrimidine metabolism 39 1 0.27096 0.5671 0.0132
Valine, leucine, and isoleucine degradation 40 1 0.27692 0.5576 0.0226
Tryptophan metabolism 41 1 0.28284 0.5485 0
Tyrosine metabolism 42 1 0.28871 0.5395 0.0647

TCA, tricarboxylic acid.
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Table S3 The 13 common metabolic pathways between Transcriptomics Central carbon
transcriptome sequencing and central carbon metabolism

Pathways

-

Citrate cycle (TCA cycle)

Glyoxylate and dicarboxylate metabolism
Taurine and hypotaurine metabolism
Purine metabolism

Nicotinate and nicotinamide metabolism

Pantothenate and CoA biosynthesis

Figure S2 The intersection of the metabolic pathways obtained by
Beta-alanine metabolism . . .
transcriptome sequencing and central carbon metabolism.
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Figure S1 Fluorescence emission spectra of berberine binding with different concentrations of ¢-MYC and HIFla G-quadruplexes,
respectively, at 313K. (A) Fluorescence emission spectra of berberine binding with different concentrations of c-MYC G-quadruplexes at
313 K. (B) Fluorescence emission spectra of berberine binding with different concentrations of HIFla G-quadruplexes at 313 K. From 1
to 10, the concentrations of G-quadruplex were 0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2, 3.6, and 4.0 uM, respectively. HIFIa, hypoxia inducible
factor 1-alpha.

© Journal of Gastrointestinal Oncology. All rights reserved. https://dx.doi.org/10.21037/jgo-22-389



