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Introduction: Glutamine metabolism is essential for the proliferation of cancer cells.
Transported by SLC1AS, a Na' dependent transporter, glutamine is absorbed for further
use. Recent studies have revealed the anti-tumor effect of berberine. The present study aimed
to evaluate the effect of berberine on cancer cell glutamine metabolism.

Materials and methods: The inhibitory effect of berberine on liver cancer cells was
analyzed by CCK-8 and EdU assay. The glutamine concentrations were detected by
ELISA and UHPLC-MRM-MS analysis. Glutamine metabolism-related proteins were deter-
mined by Western blot, immunofluorescent analysis and immunohistochemistry.

Results: Berberine inhibited the proliferation of Hep3B and BEL-7404 cell in vitro. Berberine
suppressed the glutamine uptake by inhibiting SLC1AS. The upregulation of SLC1AS led to an
increased glutamine uptake and improved tolerance to berberine. Berberine suppresses SLC1AS
expression by inhibiting c-Myc. Furthermore, berberine suppresses the growth of tumor xeno-
grafts, and the expression of SLC1AS and c-Myc in vivo. The high expression of SLC1AS in
hepatocellular carcinoma (HCC) tissues is associated with poor prognosis.

Conclusion: Berberine can suppress the proliferation of liver cancer cells by reducing
SLC1AS5 expression.
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Introduction
Hepatocellular carcinoma is the sixth most common cancer and the second most
common cause of cancer mortality worldwide.! Several treatments can benefit
patients, including surgical resection, ablation, transplantation, transarterial che-
moembolisation and tyrosine-kinase inhibitors.” However, the curative treatments
for HCC, such as liver resection, transplantation and ablation, are merely indicated
for patients in the early stage.’ For advanced-stage patients, these curative strategies
are not suitable.* The therapeutic goal is to inhibit the proliferation of cancer cells
and improve the survival of patients. Unfortunately, these reprogramed metabolic
pathways permit cancer cells to survive,” which impair the efficacy of present
therapeutic regimens. Therefore, there is an urgent need to identify new drugs
that could influence the metabolism of cancer cells and enhance the present therapy.
Glutamine metabolism is essential for cancer cells. Proliferating tumor cells require
large amounts of biosynthesis. Glutamine acts as a nitrogen donor and a carbon donor, in
addition to protein synthesis.® The oxidative stress encountered during cancer progres-
sion, metastasis and exposure to anti-tumor therapeutics raises the need of cancer cells for
anti-oxidative defenses.” The product of glutamine metabolism and glutathione plays an
important role in promoting anti-oxidative defenses. Therefore, cancer cells exhibit
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a great demand for glutamine. Consistent with the increased
demand for glutamine, several transporters have been upregu-
lated in many types of cancers.® One of the most studied
proteins is plasma membrane transporter SLC1AS, which is
also known as ASCT2. This transports glutamine in a Na'-
dependent manner.” The gene of SLCIAS5 is located
and SLCIAS forms
a homotrimeric complex.'® Overexpressed SLCIAS5 can

at 19q13.3 with eight exons,

potentially be a drug target for cancer therapy, and blockade
of this transporter might cause metabolic disorders and growth
arrest in tumor cells."!

Berberine is the main ingredient for many Chinese
herbal medicines.'? Its multiple pharmacological proper-
ties make berberine have antioxidant, anti-inflammatory
and antimicrobial effects.'? Recently, several studies have
shown that berberine could inhibit proliferation and induce
apoptosis in a variety of cancer cells.">'> However, the
mechanism by which berberine suppresses tumor growth
remains elusive. In the present study, it was determined
whether berberine could interfere with glutamine metabo-
lism via the downregulation of SLC1AS.

Materials and Methods

Cell Lines and Culture Conditions

HCC cell lines Hep3B and BEL-7404 (obtained from the
Cell Bank of Type Culture Collection of the Chinese
Academy of Sciences) were cultured in DMEM, supple-
mented with 10% fetal bovine serum (HyClone, Logan,
UT, USA), in a humidified 5% CO, atmosphere at 37°C.

Cell Proliferation and Colony Formation

Assays
Cell proliferation was detected by Cell Counting Kit-8
(CCK-8) assay. Cells were seeded in 96-well plates at
a density of 1x10° cells/well (Hep3B) and 8x10* cells/well
(BEL-7404), and treated with berberine. At the indicated
time points (12, 24, 36 and 48 hrs), 90 uL of culture medium
containing 10% serum and 10 pL of CCK-8 solution were
added to each well. Then, these cells were incubated for
one hour at 37°C, and the absorbance was measured at 450
nm using a spectrophotometer.

For the colony formation assay, cells were seeded at
a density of 1x10° cells/well in a 6-well plate, and cultured
with 2 mL of DMEM supplemented with 10% FBS for five
days. Then, the colonies were treated with berberine for nine
days. After two weeks, the colonies were fixed in methanol
and stained with a 0.25% crystal violet solution for counting.

EdU Assay

EdU was obtained from RiboBio (Guangzhou, China).
Cells were cultured in 24-well plates at a density of 1x10°
cells/well. After treatment with berberine for 48 hrs, cells
were incubated with DMEM with 10 mM of EdU for two
hours, and washed with phosphate buffered saline (PBS).
Then, these cells were fixed with 2% formaldehyde for
15 mins, and permeabilized with 0.5% triton X-100 for
30 mins. After extensive washing, cells were incubated
with Apollo 567 dye for 30 mins, and stained with
Hoechst or DAPI for 15 mins. The images of these cells
were captured using a fluorescent microscope.

Western Blot Analysis

Cells were harvested in RIPA lysis buffer (Beyotime,
Shanghai, China) containing protease inhibitors (Beyotime,
Shanghai, China) for 10 mins, and the lysates were centrifuged
at 12,000 rpm for 10 mins at 4°C. Then, the supernatants were
collected to determine the protein concentrations using a BCA
Protein Assay Kit (Beyotime, Shanghai, China). Afterwards,
these proteins were separated using sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto a polyvinylidene fluoride (PVDF) membrane that
was activated in advance by methanol. After blocking with 5%
non-fat dry milk in Tris-buffered saline with Tween (TBST) at
room temperature for one hour, these membranes were incu-
bated with the primary antibodies overnight against SLC1AS5
(Abcam, MA, USA), GLS (Proteintech, Wuhan, China),
c-Myc (Proteintech, Wuhan, China), B-actin (CWBiotech,
Beijing, China), PHGDH (Proteintech, Wuhan, China), and
PSPH (Proteintech, Wuhan, China). Then, these membranes
were incubated with secondary antibodies (CWBiotech,
Beijing, China) the following day. After incubation, the mem-
brane was scanned.

Immunofluorescent Analysis

Cells were cultured in 24-well plates at a density of
1x10° cells/well, and treated with berberine for 48 hrs.
Then, these cells were fixed with PBS containing 2%
formaldehyde for 30 mins, and incubated with blocking
buffer (Beyotime, Shanghai, China) for 10 mins. After
extensive washing, these cells were incubated with pri-
SLCIAS (Cell
Signaling Technology, Danvers, MA, USA) and c-Myc
(Proteintech, Wuhan, China). On the following day, these
cells were incubated with the secondary antibody, Dylight
488 (Abbkine, Wuhan, China), for two hours, and DAPI

mary antibodies overnight against
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for 15 mins. The images of these cells were captured

using a fluorescent microscope.

UHPLC-MRM-MS Analysis

After the addition of 900 pL of extraction solution (aceto-
nitrile-methanol-water, 2:2:1), these samples were vortexed
for 30 seconds, homogenized at 45 Hz for four minutes, and
sonicated for five minutes in an ice-water bath. Then, the
homogenate and sonicate circle was repeated for three
times, followed by incubation at —40°C for one hour and
centrifugation at 12,000 rpm for 15 mins at 4°C. A 100-uL
aliquot of the clear supernatant was transferred to an auto-
sampler vial for the UHPLC-MS/MS analysis. The UHPLC
separation was carried out using the Agilent 1290 Infinity 11
series UHPLC System (Agilent Technologies), which was
equipped with a Waters ACQUITY UPLC BEH Amide
column (100%2.1 mm, 1.7 um). The mobile phase A was
1% formic acid in water, and the mobile phase B was
acetonitrile. An Agilent 6460 triple quadrupole mass spec-
trometer (Agilent Technologies), equipped with an AJS
electrospray ionization (AJS-ESI) interface, was applied
for assay development. The MRM parameters for each of
the targeted analytes were optimized using flow injection
analysis, and were performed by injecting the standard
solutions of the individual analytes into the API source of
the mass spectrometer. The Agilent MassHunter Work
Station Software (B.08.00, Agilent Technologies) was
employed for MRM data acquisition and processing.

Enzyme-Linked Immunosorbent Assay
(ELISA)

The glutamine uptake in the medium was determined by
ELISA. Cells were treated with berberine at gradient con-
centrations for 48 hrs. The cell culture media were col-
lected and centrifuged at 12,000 rpm for 10 mins. The
concentration of glutamine in the media was assessed
using an ELISA kit (Aviva Systems Biology, San Diego,
USA). Briefly, the media was added into an anti-glutamine
microplate and incubated with a glutamine-biotin complex
for 60 mins. Then, the liquid was discarded, and an avidin-
HRP conjugate was added to each well of the plate. After
45 mins, a TMB substrate was added to each well, and the
plate was placed in the dark at 37°C for 20 mins. Finally,
a stop solution was added to each well, and the OD
absorbance was read at 450 nm using a standard micro-

plate reader.

Plasmids and Cell Transfection

The lentiviral plasmids encoding SLC1AS or a negative
control were designed and produced by GenePharma
(Shanghai, China). The lentiviral plasmids encoding
c-Myc or a negative control were designed by
Genechem (Shanghai, China). Hep3B and BEL-7404
cells were grown in 6-well plates to 20-30% confluence,
and the culture medium was replaced with serum-free
medium containing HitransG A (Genechem, Shanghai,
China) and the lentivirus at a multiplicity of infection
(MOI) of 20. After 24 hrs, the medium was replaced
with complete medium, and the cells were cultured for
72 hrs. Then, these cells were selected with 1 pg/mL of
puromycin for three days, and harvested for further
studies.

Xenograft Tumor Models in Nude Mice
BALB/C nude mice (six weeks old) were purchased from the
Central Laboratory of Animal Science, the Fourth Military
Medical University, China. Then, 200 uL of Hep3B cell
suspension with approximately 3x10° cells was subcuta-
neously injected. The drug treatments were initiated at four
days after the cell injections. These animals were adminis-
tered with saline or berberine (20 mg/kg, intraperitoneally)
daily. The tumor size and body weight were measured every
four days, and tumor volume was calculated using the equa-
tion: volume = % (length x width?). Mice were sacrificed at
20 days after implantation. All experimental procedures that
involved mice were performed in accordance to the Guide for
the Care and Use of Laboratory Animals, and were approved
by The Research Animal Care and Use Committee of the
Fourth Military Medical University.

Immunohistochemistry

The slide was deparaffinized, hydrated, and boiled in
10 mM of citrate buffer (pH 6.0) for antigen retrieval.
Then, the slide was incubated in 3% hydrogen peroxide
for 10 mins to inactivate the endogenous peroxidases.
Afterwards, the slide was blocked by 5% normal goat
serum at room temperature for one hour. Next, the tissue
sections were incubated with a primary antibody at 4°C
overnight. After washing with PBS, the slide was incu-
bated with a biotinylated secondary antibody at room
temperature for one hour, and stained with diaminobenzi-
dine for 10 mins. The, hematoxylin was used to counter-

stain the sections.
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Evaluation of the Immunohistochemical
(IHC) Staining

A total of 32 paraffin-embedded HCC samples and their
corresponding adjacent liver tissues were used. These tis-
sues were stained by immunohistochemistry. Multiple tis-
sue arrays were independently scored by a pathologist, who
was blinded to the clinical information, using an immunor-
eactivity score system based on the proportion and intensity
of the stained cancer cells. The standard used: (1) the
number of cells with positive staining (<5%: 0; 6-25%: 1;
26-50%: 2; 51-75%: 3; >75%: 4) and (2) the staining
intensity (colorless: 0; pallide-flavens: 1; yellow: 2;
brown: 3). The score in (1) and (2) was multiplied, and
the mean score of five fields was calculated.

Statistical Analysis

Data were presented as the mean =+ standard deviation (SD) of
at least three independent experiments or multiple independent
mice, as indicated. The Kaplan-Meier survival data were
analyzed using the log rank test. GraphPad Prism 7.0
(GraphPad software, La Jolla, CA, USA) was used to evaluate
the statistical significance through Student’s #-test. These
results were considered statistically significant when P<0.05.

Results
Berberine Inhibits the Proliferation of

Hep3B and BEL-7404 Cells in vitro
Berberine at 50, 75, 100 and 125 puM significantly inhibited
the viability of Hep3B and BEL-7404 cells after 48 hrs
(Figure 1A). In order to confirm the time effect, cancer
cells were treated with berberine for 12, 24 and 48 hrs.
The CCK-8 assay revealed that the inhibitory effect of
berberine was enhanced after prolonging the treatment
time (Figure 1B). Furthermore, colony formation assay
was performed to strengthen this conclusion. The formation
of Hep3B and BEL-7404 cells was significantly reduced by
the berberine treatment (Figure 1C). The EdU assay also
revealed that berberine suppressed the growth of liver can-
cer cell lines (Figure 1D). All these above results indicate
that berberine inhibits Hep3B and BEL-7404 cell prolifera-
tion in a dose- and time-dependent manner.

Berberine Suppresses Glutamine Uptake
by Inhibiting SLCIAS

Cancer cells undergo specific metabolic reprogramming to
sustain cell proliferation. In order to observe the effects of

berberine on tumor amino acid metabolism, UHPLC-MS
/MS analysis was performed to determine the concentration
of glutamine, glutamate and glycine in berberine-treated
Hep3B and BEL-7404 cells (Figure 2A and B). It was
found that the concentration of glutamine, glutamate and
glycine significantly decreased in berberine-treated cancer
cells, when compared with vehicle-treated cells (P<0.001,
Figure 2A). In order to explore the mechanisms whereby
berberine influences the contents of glutamine, glutamate
and glycine, the expression of amino acid metabolism-
related proteins (SLC1AS5, GLS, PHGDH and PSPH) were
measured by Western blot. The expression of SLCIAS,
GLS and PSPH decreased, and such decrease was enhanced
with the increase in berberine dose (Figure 2C). Since
transport is the former procedure, and SLC1AS is the trans-
porter of glutamine, focus was given on the effect of ber-
berine on SLC1AS and glutamine uptake. The glutamine
concentration in the cell culture medium was detected by
ELISA, and glutamine uptake rates were calculated. The
results indicated that berberine decreased the rates of glu-
tamine uptake in a dose-dependent manner (Figure 2D). In
accordance with the Western blot results, the immunofiuor-
escent images revealed that the SLC1AS expression was
downregulated by berberine (Figure 2E).

The Upregulation of SLCIAS Leads to
Increased Glutamine Uptake and

Improves Tolerance to Berberine

Since these above observations indicated berberine as an
inhibitor of SLC1AS, it was determined whether the over-
expression of SLC1AS could improve the proliferation in
the condition of berberine. Hep3B and BEL-7404 cells were
transfected with lentiviral plasmids encoding SLC1AS or
a negative control. The Western blot revealed that SLC1AS
was successfully upregulated (Figure 3A). Next, it was
determined whether the upregulation of SLCIAS could
increase the glutamine uptake rates. Compared with the
NC group, glutamine uptake improved with the upregulation
of SLC1AS5 (Figure 3B). The CCK-8 assay suggested that
SLCI1AS upregulation also ameliorated the inhibitory effect
on cell viability induced by berberine treatment (Figure 3C).
In order to confirm this observation, EdU assay was per-
formed, and it was revealed that the overexpression of
SLCI1AS could reverse the berberine-induced inhibition of
proliferation to some extent (Figure 3D). Taken together,
SLCIAS upregulation increases glutamine uptake and
improves the tolerance to berberine.
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Berberine Suppresses SLCIAS
Expression by Inhibiting c-Myc
A recent study reported that SLC1AS is regulated by
c-Myc, and the ChIP-seq data revealed that Myc binds
with SLCIAS in the promoter region.'® In order to
better understand the molecular mechanism of the ber-

berine inhibitory effect on SLC1AS, it was determined

whether berberine could influence the expression of
c-Myc. The Western blot results revealed that c-Myc
expression was downregulated by berberine in a dose-
dependent manner (Figure 4A), and this was supported
by the immunofluorescent analysis (Figure 4B). The
Hep3B and BEL-7404 cells transfected with the c-Myc-

lentivirus exhibited a relatively higher expression of
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c-Myc and SLC1AS (Figure 4C). The upregulation of eration (Figure 4E and F). Overall, the present data
c-Myc reversed the inhibitory effect of berberine on indicates that berberine suppresses SLC1AS expression
SLCI1AS expression (Figure 4D) and cancer cell prolif- by inhibiting c-Myec.
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Figure 6 The overexpression of SLCIA5 was associated with worse clinical outcome in HCC. (A) The comparison of the survival of patients with high SLCIA5 expression
(SLCIAS5-High, n=118) and low SLCIAS expression (SLCIA5-Low, n=118) using data obtained from The Cancer Genome Atlas (TCGA). (B) The SLCIAS expression in
HCC tissues and adjacent non-tumor liver tissues (ANLTs). (C) The c-Myc expression in HCC tissues and ANLTs. (D) The SLCIAS5 expression levels assessed in human
HCC tissues characterized by better or poorer prognosis. (E) The Pearson’s correlation coefficient between c-Myc and SLCIAS. **P<0.001.

Berberine Suppresses the in vivo Growth
of Tumor Xenografts and Expression of
SLCIAS5 and c-Myc

In order to further determine the effect of berberine on HCC
cell growth in vivo, Hep3B cells were subcutaneously
injected into the nude mice to form xenograft tumors
(Figure 5A). The administration of 20 mg/kg of berberine
revealed significant anti-tumor effect in the Hep3B cell xeno-
graft model (Figure 5A and B). Furthermore, the tumor
volume of mice in the berberine-treated group was markedly

lower than that of mice in the control group. Drug-associated
cytotoxicity was monitored by analyzing the changes in body
weight. Compared with control group mice, the berberine
treatment did not significantly alter the body weight, suggest-
ing that the drug cytotoxicity was tolerable (Figure 5C). In
order to determine whether berberine could downregulate the
expression of SLCIAS and c-Myc in vivo, immunohisto-
chemistry staining was performed. The protein expression
of SLCIAS and c-Myc decreased in tumor tissues after
berberine treatment (Figure 5D and E). These results show
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that berberine could impair the growth of HCC cells, and
suppress SLCI1AS and c-Myc expression in vivo.

The Relatively High Expression of
SLCIAS Is Associated with Poor

Prognosis

In order to explore the clinical significance of the expres-
sion of SLCIAS, the RNA-Seq data obtained from The
Cancer Genome Atlas (TCGA) Project was analyzed. The
Kaplan-Meier survival analysis revealed that HCC patients
with low SLC1AS5 expression exhibited prolonged survival
(Figure 6A). Furthermore, the SLC1AS5 protein expression
in tissues obtained from HCC patients was further detected
by immunohistochemistry. The expression of SLC1AS and
c-Myc were higher in HCC tissues, when compared to that
in adjacent non-tumor liver tissues (Figure 6B and C). HCC
tissues obtained from patients with poorer prognosis exhib-
ited a relatively higher SLC1AS5 expression (Figure 6D).
Furthermore, a correlation study determined that SLC1AS
expression was positively correlated with c-Myc expression
in these cancer tissue samples (Figure 6E). The SLC1AS
overexpression in HCC tissues and its association with poor
prognosis suggests that berberine, as an inhibitor of
SLC1AS, may have anti-tumor potential in clinic.

Discussion

Glutamine is the most abundant amino acid in the
circulation,'” which makes it easy to take in for rapidly
proliferating cells, especially for cancer cells. Glutamine
plays an important role in cancer cell energy generation.
After entering the cell, glutamine is converted by mitochon-
drial glutaminases (GLS) to glutamate, and glutamate can
be converted to a-ketoglutarate, which enters the TCA cycle
to generate ATP.'® Accompanied by ATP generation, the
mitochondrial electron transport chain generates superox-
ide. The hypermetabolism in tumor cells induces an ele-
vated reactive oxygen species (ROS) level, which could
seriously damage the biomacromolecule.'” Although
increased glutamine oxidation correlates with increased
ROS production,?® glutamine metabolic pathways have an
essential effect in controlling the ROS levels. The most
well-known pathway is through the synthesis of glu-
tathione. The tri-peptide glutathione eliminates peroxide
free radicals, and glutamine uptake is the speed limit step
for the synthesis of glutathione.”! Glutamine can be con-
verted to other amino acids through transamination, sup-
porting the levels of many amino acid pools in cells.??

Tracer experiments have revealed that half of non-
essential amino acids in the protein synthesis by cancer
cells can be derived from glutamine.”> This glutamine
addiction has made it an attractive anti-cancer therapeutic
target. Many compounds that target glutamine metabolism
have been studied. However, glutamine mimic and gluta-
their
and the inhibitors of glutamine transporter

mine depletion drugs have been limited by
toxicity,***
SLC1AS and GLS have shown promise in preclinical mod-
els of cancer.”*?” Recent studies have shown that decreased
SLCI1AS5 expression led to lower glutamine uptake.”® The
anti-SLC1AS monoclonal antibody could induce oxidative
stress and suppress cancer growth.”’ The present study
revealed that berberine could suppress cancer cell prolifera-
tion, as a SLC1AS inhibitor in vitro and in vivo. However,
different from other SLC1AS inhibitors, berberine could
also reduce the GLS expression, which suggests that ber-
berine can act as a multiple-target drug that interferes in
both the transport and conversion of glutamine. To our
surprise, it was found berberine could inhibit the expression
of PSPH, which is essential for serine synthesis.>® Since
serine can be converted to glycine, this might explain the
decreased level of glycine in berberine-treated cells, to
some extent.

In the present study, an attempt was made to illumi-
nate the mechanism by which berberine inhibits the
SLCIAS expression. MYC proteins have been proven
to be implicated in tumorigenesis.>’ Their expression is
deregulated and enhanced via multiple mechanisms in
tumor cells.>* In recent years, MYC was found to upre-
gulate glutamine transporters®> and c-Myc can bind to
SLC1A5 in the promoter-region.'® Thus, it was assumed
that the inhibition of SLC1AS5 is dependent of c-Myc.

Consistent with several studies in other tumors,'*** th

e
present study demonstrated that berberine could suppress
c-Myc expression in liver cancer cells. When c-Myc was
upregulated, the expression of SLC1AS increased, and
cancer cells exhibited a significant tolerance to berberine
treatment. These results suggest that berberine decrease
SLCIAS expression by suppressing c-Myc.

It was reported that berberine could inhibit liver
cancer cell invasion without cytotoxicity in healthy
hepatocytes.”> The present study revealed the high
expression of SLC1AS in cancer tissues and its relative
low expression in adjacent non-tumor liver tissues. This
difference in expression could provide berberine with
a specific anti-tumor property, and may explain the low

cytotoxicity in healthy hepatocytes. It was also found
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that the high expression of SLC1A5 was associated with
poor prognosis, which suggests that berberine might
benefit patients with advanced liver cancer. However,
pharmacokinetic studies have shown that berberine is
poorly absorbed, and it is difficult to maintain the plasma
concentration after oral administration.’® Recent studies
in designing carriers may help to solve this problem, in
which silver nanoparticles, zinc oxide nanoparticles and
nanostructured lipid were used to carry berberine.’’
Nevertheless, more studies are definitely needed to trans-

late these preclinical data into clinical practice.

Conclusion

Berberine suppresses the proliferation of liver cancer cells
by reducing SLCIAS expression and glutamine uptake.
Berberine might have clinical potential as an anti-tumor
drug.
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