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Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer. HCC
cells consume large amounts of glutamine to survive, but can adapt to glutamine depletion
in the presence of an exogenous asparagine. L-asparaginase (ASNase) converts
glutamine and asparagine to glutamate and aspartate, respectively, and has been used
to treat leukemia. Here we examined the effects of ASNase treatment on HCC cells and
explored the potential impact of combining ASNase with the tyrosine kinase inhibitor
lenvatinib (Len) for HCC treatment. Cell viability and death of HCC cell lines treated with
either Len or ASNase alone or with Len and ASNase combined were determined. We
assessed mRNA and protein expression levels of glutamine synthetase (GS) and
asparagine synthetase (ASNS) by real-time quantitative PCR and immunoblotting. The
antitumor effect of the combination therapy relative to Len or ASNase monotherapy was
also evaluated in a xenograft tumor mouse model. ASNase treatment inhibited growth of
SNU387 and SNU398 HCC cells, which have low GS and high ASNS expression levels,
respectively, but did not clearly inhibit growth of the other cell lines. Len plus ASNase
combination therapy synergistically inhibited proliferation and induced oxidative stress
leading to cell death of some HCC cells lines. However, cell death of Huh7 cells, which
express ASCT2, an important glutamine transporter for cancer cells, was not affected by
the combination treatment. In a xenograft model, Len combined with ASNase significantly
attenuated tumor development relative to mice treated with Len or ASNase alone.
ASNase-mediated targeting of two amino acids, glutamine and asparagine, which are
indispensable for HCC survival, induces oxidative stress and can be a novel cancer
treatment option that exerts a synergistic effect when used in combination with Len.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the sixth most common
malignant tumor and the fourth leading cause of cancer-
related death worldwide (1). Many HCC patients are
diagnosed at advanced stages of disease, and thus local
treatment options, including curative hepatic resection, tumor
ablation, or transarterial therapy, are not suitable. Therefore,
systemic treatments for advanced HCC are urgently needed. For
systemic treatment of HCC, tyrosine kinase inhibitors (TKIs)
such as sorafenib, regorafenib, and lenvatinib (Len) are widely
used. Although the efficacy of TKIs is largely insufficient, Len did
exhibit a significantly higher response rate relative to sorafenib as
a first-line therapeutic option for advanced HCC in the phase III
REFLECT trial (2).

Recent studies revealed that tumor cells, including HCC cells,
take advantage of metabolic alterations to advance proliferation
and survival (3). Tumor cells have increased demand for amino
acids and the activity of amino acid metabolic pathways is
thought to be altered in these cells (4). Previous studies
convincingly demonstrated that glutamine is consumed by
proliferating tumor cells with preference compared to other
amino acids. Moreover, glutamine levels are substantially lower
in the tumor core relative to peripheral regions (5).

Importantly, exogenous asparagine becomes an essential
amino acid for cancer cells and can maintain protein synthesis
as extracellular glutamine levels decline near the cells (6) in
addition to promoting growth and survival of glutamine-
deprived tumor cells. Asparagine-mediated rescue of tumor cell
proliferation requires glutamine synthetase (GS), suggesting that
glutamine supplied by de novo synthesis compensates for
extracellular glutamine depletion. GS expression is reported to
increase gradually with the development of liver carcinogenesis
to achieve high expression levels in human HCC (7). In addition,
high GS expression levels have been associated with poor
prognosis in patients with HCC. In vitro studies indicated that
GS influences HCC cell migration by mediating the epithelial-
mesenchymal transition (7).

Recent advances in the understanding of amino acid
metabolism revealed that targeting amino acids, especially
glutamine and asparagine, in cancer therapy can be a
promising strategy for the development of novel therapeutic
agents. In fact, tumor cells that are exposed to glutamine-
deficient conditions lose the ability to survive, proliferate, and
metastasize (8). Glutamine and asparagine dependency is
frequently altered in cancers, including HCC, and glutamine in
particular is indispensable for development of HCC (9).

Although the mechanistic details are not fully clarified, L-
asparaginase (ASNase), which converts glutamine and
asparagine to glutamate and aspartate, respectively, has long
been targeted for treatment of acute lymphoblastic leukemia
(10). An examination of the antitumor mechanism of ASNase
revealed that it also possesses glutaminase activity that depletes
glutamine levels and plays an important role in induction of cell
death. Glutamine has the highest structural similarity to
asparagine relative to other amino acids (11), and ASNase
suppressed both the growth and survival of glutamine-depleted
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cells as well as tumor growth. Clinical trials to assess the effects of
ASNase in patients with cancer, including those with pancreatic
cancer, are ongoing (12, 13). Consistent with these rationales,
ASNase-mediated glutamine depletion is an effective treatment
in a mouse model of HCC (14, 15). However, the activity of
ASNase in combination with other anticancer drugs such as TKIs
has not yet been explored.

In the present study, we considered a new approach to HCC
combination therapy based on the co-administration of a
commonly used TKI, Len, with ASNase. We explored the
association between the effect of ASNase and expression levels
of GS and asparagine synthetase (ASNS) in several HCC cell
lines. We also demonstrate that ASNase yielded synergistic
antitumor effects when used in combination with Len in vitro
and in vivo, and confirmed that this combination therapy exerted
growth-inhibitory and cell death-induction effects in HCC cells
that were mediated through production of oxidative stress.
MATERIALS AND METHODS

Human Liver Cancer Cells and
Mouse Hepatocytes
The liver cancer cell lines Hep3B (RRID: CVCL_0326), SNU387
(CVCL_0250) , SNU398 (CVCL_0077) , and HepG2
(CVCL_0027) were obtained from ATCC. The mouse
hepatocyte cell line AML12 (CVCL_0140) was also obtained
from ATCC. Huh6 (CVCL_1296) and Huh7 (CVCL_0336) cells
were purchased from the Japanese Collection of Research
Bioresources Cell Bank (JCRB). All cells were obtained directly
from cell banks that perform cell line characterizations and were
passaged in our laboratory for fewer than 6 months after receipt.
The cells were maintained according to instructions provided by
the ATCC and JCRB and incubated with Len (CAS No.: 417716-
92-8, ChemScene LLC, NJ, USA) and/or ASNase (ENZ-287,
Prospec, NJ, USA) using the indicated concentration and time
course. Relative cell viability was determined using a WST-8
method with Cell Count Reagent SF (#07553-15, Nacalai Tesque,
Kyoto, Japan). Combination Index (CI) and dose-effect analyses
were calculated using CompuSyn software (ComboSyn, Inc.,
Paramus, NJ, 07652 USA) according to the Chou-Talalay
method (16). CI values were plotted against the fraction of
affected cells (Fa) to represent the percentage of growth
inhibition (CI-Fa plot). A CI value <1.0 indicates synergism of
the combination. A lactate dehydrogenase (LDH) cytotoxicity
assay was carried out using a Cytotoxicity LDH Assay Kit
(#CK12, Dojindo Laboratories) according to the manufacturer’s
instructions. Cells were incubated with indicated concentrations of
drugs for 72 hours. Cytotoxicity was calculated as a percentage of
the ratio of LDH release compared to controls having high levels
of LDH.

RNA Isolation and Real-Time
Quantitative PCR
RNA was extracted using TRIzol (#15596018, Invitrogen/
Thermo Fisher Scientific, MA) and further purified using
November 2021 | Volume 11 | Article 758549
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chloroform and isopropanol. RNA (1 mg) was used to generate
cDNA with the PrimerScript RT cDNA Synthesis Kit (#RR036A,
Takara Bio, Shiga, Japan). The expression of individual genes was
quantified by real-time qPCR using SYBR FAST qPCR Master
Mix (#KK4602, KAPA BIOSYSTEMS, MA) and a LightCycler
96 Real-Time PCR system (Roche Diagnostics, Mannheim,
Germany). Expression levels were normalized to the
housekeeping control gene GAPDH. Primers used for real-time
qPCR analyses are listed in Supplementary Table 1.

Immunoblot Analysis
Harvested liver cancer cells were homogenized in RIPA buffer
and equal amounts of liver homogenates were fractionated by
SDS-PAGE and transferred onto a PVDF membrane. The
membranes were incubated with antibodies to GS (#G2781,
Sigma-Aldrich, MO), ASNS (#14681-1-AP, Proteintech, IL),
ASCT2 (#8057), p70S6K (#9202), phospho-p70S6K (Thr389,
#9205), S6 (#2217), phospho-S6 (#4858), 4EBP1 (#9452),
phospho-4EBP1 (#2855), PARP (#9532) (from Cell Signaling
Technology, MA), and b-actin (Sigma-Aldrich, MO).

Immunofluorescence Analysis
A LIVE/DEAD Cell Imaging Kit (#R37601, Invitrogen) and ROS
(reactive oxygen species) Assay Kit-Highly Sensitive DCFH-DA
kit (#R252; DOJINDO Laboratories. Inc., Kumamoto, Japan)
were used according to the manufacturer’s instructions for the
immunofluorescence analysis of liver cancer cell lines, including
Huh6 cells, treated with Len, ASNase, or Len plus ASNase.
Briefly, cells were incubated in a 96-well plate with the
indicated treatment for 72 h, followed by incubation with the
LIVE/DEAD reagent for 15 min at room temperature, or DCFH-
DA solution for 30min at 37°C. A BZ-X800 Fluorescence
Microscope (Keyence corporation, Osaka, Japan) was used to
observe live or dead cells and to detect ROS.

Animals
The animal study was performed in accordance with Kyoto
Prefectural University of Medicine (KPUM) guidelines for the
care and use of live animals and was approved by the KPUM
Institutional Animal Care and Use Committee (M2019-559).
The mice used in this study for the xenograft model were female
BALB/c nude mice aged 6-8 weeks and C57/BL6J male mice aged
20 weeks for determination of pharmacological impacts of
ASNase on mature mice (Charles River Laboratories, Japan).
The animals were maintained at KPUM in filter-topped cages
with a 12 h dark/light cycle and given an autoclaved diet and
water. To generate a xenograft tumor model, the flanks of 40
mice were inoculated with liver cancer cells (2.5 × 106 cells)
suspended in 100 ml PBS. Two weeks after the inoculation, mice
having a tumor ≥3 mm were randomly divided into four groups:
Control, Len, ASNase, and Len plus ASNase groups (n = 7–9 per
each group). Len was administered orally daily (10 mg/kg in 3
mM HCl DMSO), while ASNase was injected intraperitoneally
three times per week (5 U/g). The control group received saline
instead of Len or ASNase. After 2 weeks of treatment, all the mice
were sacrificed and analyzed. The relative tumor volumes were
evaluated by comparing the final and initial volumes. Tumor
Frontiers in Oncology | www.frontiersin.org 3
volumes were calculated using the formula V = (L x W x W)/2,
where V is tumor volume, W is tumor width, L is tumor length.
Statistical Analysis
Data are presented as the mean ± standard deviation (SD) or the
median with interquartile range, as indicated. For in vitro
analysis, representative data from at least three independent
experiments were shown. For the DEAD/LIVE and ROS
stainings (Figures 3 and 5), 8-10 field images were captured
and analyzed. Differences in means and two categorical variables
were analyzed by student’s t-test using JMP8.0 (SAS Institute
Inc., NC). Multiple comparisons were analyzed by Turkey’s
multiple comparisons test (GraphPad Prism 6, GraphPad
Software, CA). Significance was set at P values < 0.05 (not
significant (N.S.), P > 0.05; *, P < 0.05; **, P < 0.01).
RESULTS

Effects of Len and ASNase Treatment on
Liver Cancer Cell Viability
We first examined the effect of Len, a TKI that is commonly used
for HCC treatment, and ASNase on the survival of six liver
cancer cell lines carrying specific mutations. Huh6, SNU398, and
HepG2 cells harbor b-catenin mutations, while Hep3B and Huh7
cells have Fibroblast Growth Factor 19 (FGF19) mutations.
SNU387 cells do not possess b-catenin or FGF19 mutations
(Huh6: b-catenin+, FGF19−; Huh7: b-catenin−, FGF19+;
SNU387: b-catenin−, FGF19−; SNU398: b-catenin+, FGF19−;
Hep3B: b-catenin−, FGF19+; and HepG2: b-catenin+, FGF19−)
(17). Notably, GS is a target of b-catenin (18), whereas FGF19
expression was reported to be associated with the clinical efficacy
of Len (19).

Cell viability was measured using the WST-8 method after 72
hours of incubation with the indicated treatment. Len
(Figure 1A, blue lines) induced dose-dependent growth
inhibition in the four cell lines. In particular, Hep3B and Huh7
cells, which harbor an FGF19 mutation, showed maximal
inhibition (Fa 0.5: 0.28 mM for Hep3B and 2.84 mM for Huh7
cells, where Fa 0.5 is equivalent to the half-maximal inhibitory
concentration (IC50), which causes a 50% inhibition of the
desired activity; Figure 1B). Huh6 and HepG2 cells exhibited a
moderate degree of growth inhibition (Fa 0.5: 10.49 and 14.25
mM, respectively; Figure 1B). SNU387 and SNU398 cells were
more resistant to Len than the other cell lines (Fa 0.5: 37.15 and
38.96 mM, respectively; Figure 1B). Specifically, ASNase
(Figure 1A, red lines) caused a clear dose-dependent inhibition
of the growth of SNU387 and SNU398 cells (Fa 0.5: 1.92 and 0.90
U/mL, respectively; Figure 1B), whereas Huh7 and HepG2 cells
were partially resistant to this treatment (Fa 0.5: 51.15 and 25.07
U/mL, respectively). Notably, Huh6 cells did not reach 50%
growth inhibition (Fa 0.5: > 100 U/mL).

We also confirmed that ASNase indeed depleted asparagine and
glutamine concentrations but increased aspartate and glutamate
levels in the cell culture media (Supplementary Figure 1A).
November 2021 | Volume 11 | Article 758549
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The Combination of ASNase and Len
Exerted Synergistic Effects on Liver
Cancer Cells
To explore the possibility that treatment with ASNase combined
with Len inhibits liver cancer cell growth to a greater extent than
either drug alone, we treated liver cancer cells with ASNase and
Len combined. The results from WST-8 analyses were used to
determine the Combination Index (CI), which is the fraction of
affected cells (Fa) (Figure 2). A synergistic effect indicated by a
CI value <1 for Len (0–50 mM) with ASNase (0–50 U/mL) was
seen for all HCC cells tested (Fa 0.5), except for Huh7 cells (CI =
1.13). Surprisingly, the Len plus ASNase combination therapy
had the highest synergistic effect on Huh6 cells, even though
treatment of these cells with ASNase monotherapy did not reach
Fa 0.5 (Figures 1A, B).

To confirm whether the combination of Len and ASNase
induced cell death, LIVE/DEAD staining was performed on
Frontiers in Oncology | www.frontiersin.org 4
Huh6 cells (Figure 3A). The live cells showed intense and
uniform green fluorescence, while the dead or dying cells
exhibited a predominantly red nuclear fluorescence. In
accordance with the WST-8 results, Len treatment had a
moderate antitumor effect, whereas ASNase did not induce death
of Huh6 cells. Importantly, the Len and ASNase combination
treatment induced cell death to a much greater extent than the
Len monotherapy (Figure 3B). These results are comparable with
those of WST-8 analyses.

We also performed WST-8 assay for AML12, a normal
hepatocyte cell line, and found that high dose of Len or
ASNase, approximately 16 mM or 15 U/ml respectively,
reduced cell proliferation, however, no synergistic effect
indicated by a CI value <1 for Len (0–50 mM) with ASNase
(0–50 U/mL) was achieved unlike in the case of HCC cell lines
(Supplementary Figures 2A–C). Taken together, these results
suggest that ASNase exerts synergistic antitumor effects in
A

B

FIGURE 1 | Effects of lenvatinib and L-asparaginase on liver cancer cell viability. (A) Dose-effect curves for the indicated cell lines were generated using cell viability
data from WST-8 assays. The fraction of affected cells (Fa) representing the percentage of growth inhibition and dose-response plots are indicated for monotherapy
and combination therapy (Len, blue; ASNase, red; Len plus ASNase, green). Drug doses that yield Fa 0.5 are required for a 50% inhibitory effect (equivalent to the
IC50). (B) Summary of drug concentrations that inhibited cell survival by 50%, 80%, 85%, 90%, and 95%, indicated by Fa (Len, lenvatinib; ASNase, L-asparaginase).
“X”, dose >100 or unavailable. Representative data from three independent experiments were shown.
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concert with Len on liver cancer cells and is particularly effective
on Huh6 cells.

ASNase Is Effective in Liver Cancer
Cells Having High ASNS and Low GS
Expression Levels
To investigate the mechanism by which ASNase reduces cell
viability and induces cell death of liver cancer cells, we
examined expression levels of GS and ASNS. Specifically, we
analyzed messenger RNA (mRNA) expression levels of
glutamate-ammonia ligase (GLUL), which encodes GS, and
ASNS genes by real-time quantitative PCR (qPCR). SNU387 and
SNU398 cells, which are sensitive to ASNase, showed lower GS
expression than other cells, in addition, they also expressed higher
ASNS levels than other cells at both the mRNA and protein level
(Figures 4A, B). The amino acid contents in the culture media
were analyzed and indicated in supplementary Figure S2D. The
results suggest that SNU387 and SNU 398 consumed more
extracellular glutamine (GLN) than other cells. Because of low
GS expression, these two cell lines were more sensitive to
asparagine (ASN) and GLN depletion by ASNase. The culture
media from SNU387 and SNU 398 contained more ASN than
other cells, which is consistent with higher ASNS expression. It is
Frontiers in Oncology | www.frontiersin.org 5
known that ASNS catalyzes the synthesis of asparagine (ASN)
using glutamine (GLN). It may also lead to less GLN detected in
the culture media from SNU387 and SNU 398 than others.

Interestingly, ASNase induced GS expression in cells with
high GS expression (Figure 4C). Although ASNase alone was not
effective on Hep3B, Huh6, or HepG2 cells, the combination
of ASNase with Len synergistically suppressed viability of these
cell lines.

We also examined the effects of ASNase on SNU387 cells with
ASNS knockdown andHuh6 cells withGS knockdown.As expected,
GS knockdown additively reduced the viability of Huh6 cells but not
affect that of SNU387 cells in which GS expression was low. ASNS
knockdown did not reduce the viability of both cell lines. The
knockdown efficiency was confirmed with immunoblotting
(Supplementary Figures 3, 4). Next, cross-silencing experiments
of GS in SNU387 and ASNS in Huh6 were performed
(Supplementary Figure 4). These silencing did not affect the
cell viability.

AsHuh7 cells alonewere resistant to the combinationofASNase
and Len, we compared the expression levels of amino acid
transporters in all cell lines. Among the selected transporters,
expression of ASCT2 (SLC1A5), which is important for
maintaining glutamine levels in tumor cells (20), was
A

B

FIGURE 2 | Synergistic effects of lenvatinib and L-asparaginase combination therapy on liver cancer cell viability. (A) Combination index (CI) showing the synergistic
effect of lenvatinib (0-50 mM) and L-asparaginase (0–50 U/ml) on HCC cells. The CI value was determined using the CompuSyn algorithm and was plotted against
Fa, which represents the percentage of growth inhibition (CI-Fa plot). A CI value <1.0 indicates synergism of the combination. (B) Summary of Fa 0.5, 0.8, 0.85, 0.9,
0.95 values and corresponding CI values. The strongest synergistic effect of lenvatinib and L-asparaginase combination therapy was seen with Huh6 cells.
Representative data from three independent experiments were shown.
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downregulated at both the mRNA and protein level in Huh7 cells
(Figures 4A, B). In addition, Huh7 cells had the highest GS
expression among all the liver cancer cell lines tested (Figure 4B).
These results suggest that Huh7 cells do not depend upon
extracellular glutamine for survival, but rather de novo glutamine
synthesis orothermetabolic alterations thatprovide energy sources.

b-Catenin Mutation and mTORC1 Are Not
Related to ASNase Efficacy
Huh6, SNU398, and HepG2 cells harbor b-catenin mutations, and
GS is a b-catenin target. Unexpectedly, we found that the presence
Frontiers in Oncology | www.frontiersin.org 6
of a b-catenin mutation did not correlate with GS expression level
or sensitivity to ASNase (Figure 4B). Therefore, we further
investigated the synergistic effects of ASNase plus Len as a
combination therapy. A previous study reported that the
inhibition of glutamine-dependent mechanistic/mammalian
target of rapamycin complex 1 (mTORC1) activation ameliorates
liver cancer development driven by b-catenin mutations (18). We
and another group previously reported that mTORC1 activation is
sufficient for the spontaneous development of HCC in a mouse
model in which the tumor suppressors tuberous sclerosis complex
(TSC) 1 or TSC2 are lost (21, 22). Notably, mTORC1 activation is
A

B

FIGURE 3 | LIVE/DEAD staining of liver cancer cells treated with lenvatinib and L-asparaginase. Huh6 cells were treated with lenvatinib (Len, 0 – 6.25 mM) or L-
asparaginase (ASNase, 0 – 6.25 U/ml) alone or in combination for 72 h and were then labeled with LIVE-Green and DEAD-Red probes. (A) Huh6 cells were treated
with the indicated drugs, then stained with the fluorescence probes. Live cells show an intense and uniform green fluorescence, whereas dead or dying cells exhibit
a predominantly red nuclear fluorescence. The samples were examined using fluorescence microscopy (BX-800, Keyence, Osaka, Japan). Scale bars, 400 mm. (B)
Ratio of LIVE/DEAD cells after treatment with lenvatinib or L-asparaginase alone or in combination. Live or dead cells were quantified 72 h after incubation with the
indicated drugs. All graphs represent the mean ± SD [Turkey’s multiple comparisons test, not significant (N.S.), *P < 0.05, **P < 0.01 vs. no treatment (0)]. For the
DEAD/LIVE staining, 8-10 field images were captured and analyzed.
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highly prevalent in cancer, including in 45% to 50% of HCC cases
(23). Therefore, we evaluated mTORC1 activation by measuring
phosphor-p70 ribosomal S6 kinase (p-S6K), phospho-S6 ribosomal
protein (p-S6), and phospho-eukaryotic translation initiation factor
4E-binding protein 1 (p-4EBP1) expression levels in cell lines
treated with the various agents. We found that basal mTORC1
activity was relatively high in Huh7 and Hep3B cells and Len
or ASNase monotherapy reduced its activity, however, the
combination therapy showed no differences compared to the
monotherapies. Although the combination therapy reduced
mTORC1 activity in Huh7 cells, none of the treatments yielded
significant mTORC1 activation or suppression in Huh6 cells.
Therefore, mTORC1 may not be a critical determinant of the
sensitivity of Len plus ASNase combination therapy.

We evaluated apoptotic cell death using poly (ADP-ribose)
polymerase (PARP) as an apoptotic marker (Figure 4C). ASNase
did not regulate PARP levels either with or without Len co-
administration in Huh6 cells. Next, we focused on reactive
oxygen species (ROS) production.
Frontiers in Oncology | www.frontiersin.org 7
ASNase Induces ROS Production in Liver
Cancer Cells
Interestingly, glutamine-depleted tumor cells are reported to be
vulnerable to vitamin C treatment due to a significant increase in
ROS production (24). To explore the effect of ASNase on liver
cancer cells, we performed a reactive oxygen species (ROS) assay.
Len treatment was associated with ROS production in Hep3B
and Huh6 cells, but ASNase treatment induced more ROS
production than did Len treatment (Figures 5A, B). Notably,
the combination of Len and ASNase demonstrated substantially
more ROS production than ASNase monotherapy. We also
analyzed some anti-oxidant genes by real-time qPCR. Among
them, HMOX1 and GSTM1 were upregulated by the
combination treatment and indicated in Figure 5C. These
results suggest that ASNase induces oxidative stress in HCC
cells, and Len and ASNase combination therapy enhances
this stress response that contributes to the antitumor effect.
Oxidative stress may thus play a role in the anticancer effects
of ASNase.
A B

C

FIGURE 4 | GS and ASNS expression determines L-asparaginase efficacy in liver cancer cells. (A) Relative expression of the GLUL, ASNS, and ASCT2 mRNA in
human HCC cell lines. All graphs represent the mean ± SD (N = 3 in each group, Turkey’s multiple comparisons test, *P < 0.05, **P < 0.01 vs. Hep3B cells). Expression
levels were normalized to the housekeeping control gene GAPDH. (B, C) Immunoblot analysis of HCC cell extracts. Expression of the GS, ASNS, ASCT2, phospho-S6K
(T389), phospho-S6, phospho-4EBP1, S6K, S6, 4EBP1, and PARP proteins was examined. b-actin was used as a loading control (N, no treatment; Le, lenvatinib; As,
L-asparaginase; L+A, lenvatinib plus L-asparaginase). Representative data from three independent experiments were shown.
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ASNase Sensitizes Liver Cancer Cells to
Len in Nude Mice
Next, we tested the effects of the ASNase combined with Len in
an in vivo mouse model. As a preliminary experiment, we
injected ASNase intraperitoneally into wild-type mice once a
day for eight consecutive days, and then examined the blood
amino acid profiles. As expected, these mice exhibited asparagine
and glutamine depletion, whereas aspartate and glutamate
concentrations were increased (Supplementary Figure 1B).
Next, we inoculated Huh6 cells, in which the combination
therapy was the most effective, into the flanks of BALB/c nude
mice. When tumors were palpable (≥3 mm) at day 14, the mice
were randomly divided into four treatment groups: Len, ASNase,
Len combined with ASNase (Len + ASNase), or vehicle control
(control) and treated for an additional 14 days (Figure 6A).
Tumors arising from liver cancer cells in the control mice grew
steadily, but mice treated with Len had slower tumor growth.
Frontiers in Oncology | www.frontiersin.org 8
Mice treated with the Len with ASNase combination therapy
exhibited completely retarded tumor growth (Figure 6B).
Although Len or ASNase monotherapy suppressed tumor
growth, the Len plus ASNase combination therapy was more
effective than either of the monotherapies alone.

To assess the proliferation status of xenograft tumors, we
performed Ki67 immunostaining. Consistent with tumor
development, the Len alone and Len plus ASNase combination
treatments had significantly reduced Ki67-positive tumor cell
counts compared to ASNase monotherapy or the control
condition (Figure 6C).

Although ASNase is associated with several toxicities,
including liver dysfunction (25), we did not detect liver injury
in the mice treated with ASNase. In turn, Len yielded mild liver
injury, but the Len plus ASNase combination therapy did not
exacerbate this injury (Supplementary Figure 1C). Further, Len
treatment led to a mild increase in body weight relative to the
A

B C

FIGURE 5 | ASNase-induced ROS production. ROS staining of Hep3B and Huh6 liver cancer cells treated with lenvatinib (Len) or L-asparaginase (ASNase)
alone or with Len + ASNase combination. HCC cells were incubated with indicated concentrations of the drugs for 72 hours. (A) ROS (reactive oxygen species)
were stained with DCFH-DA probes. (B) Graphs represent ROS production normalized to Len treatment. For the ROS staining, 8-10 field images were captured
and analyzed. (C) Relative expression of the GLUL, ASNS, and ASCT2 mRNA in human HCC cell lines. All graphs represent the mean ± SD (N = 3 per each
group, expression levels were normalized to the housekeeping control gene GAPDH.) Turkey’s multiple comparisons test was used to evaluate the significance
of differences (*P < 0.05, **P < 0.01).
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control treatment, but this difference was not significant
(Supplementary Figure 1C).

These findings suggest that ASNase sensitizes liver cancer
cells to Len treatment, leading to synergistic inhibitory effects
without exacerbation of liver injury.
Frontiers in Oncology | www.frontiersin.org 9
DISCUSSION

Although glutamine is a nonessential amino acid, many cancer
cells, including HCC cells, cannot survive without extracellular
glutamine, and thus are thought to be dependent upon glutamine
A

B

C

FIGURE 6 | L-asparaginase sensitizes liver cancer cells to Lenvatinib in nude mice. BALB/c nude mice were inoculated with Huh6 cells, for which the combination
therapy was most effective in in vitro assays. When tumors were palpable (≥3 mm) at day 14, the mice were treated with lenvatinib (Len), L-asparaginase (ASNase),
combined with ASNase (Len + ASNase), or the vehicle control (Control) for an additional 14 days (n = 7–9 per group). (B) Macroscopic photos of inoculated mice
and gross morphology of tumors at time of sacrifice. Squares on the photo background indicate 10 × 10 mm area (left). Relative tumor volume of the treated mice
(right). Boxes in the graph indicate the median with interquartile range, and whiskers extend to the smallest and largest value. (C) Ki67 staining of xenografted tumors
treated with the indicated drugs (left). The number of Ki67-positive cancer cells in the xenograft tumors is shown (right). The graphs represent the mean ± SD.
(Turkey’s multiple comparisons test, not significant (N.S.), *P < 0.05, **P < 0.01).
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uptake (18). In both sarcoma cells (26) and HCC cells (9), GS, the
rate-limiting enzyme required in glutamine synthesis, is needed
to adapt to glutamine deprivation and for survival. High levels of
GS expression are required for survival of cancer cells when
extracellular glutamine is depleted. Importantly, as extracellular
glutamine levels decline exogenous asparagine becomes an
essential amino acid that can maintain protein synthesis and
rescue growth and survival of glutamine-deprived tumor cells (6,
27). This pro-survival effect of asparagine has been confirmed for
a variety of cell lines (27). The asparagine-mediated rescue of
tumor cell proliferation is correlated with global protein
synthesis, which requires GS (28, 29). In fact, proliferation was
compromised in GS-deleted cells under conditions of glutamine
depletion and exogenous asparagine supplementation. Both
glutamine and asparagine depletion can be an approach for
development of novel anti-HCC therapies, especially for
management of tumor cells that express low levels of GS.

In the present study, ASNase, an enzyme derived from
Escherichia coli, depleted glutamine and asparagine both in cell
culture media and in the blood of mice (Supplementary
Figures 1A, B). We examined the expression levels of GS and
ASNS and explored the potential effects of ASNase on glutamine
and asparagine production in several HCC cell lines. Although
most HCC cells have high GS expression, a subset has
downregulated GS expression that is similar to several ovarian
cancer cell lines (30). These two HCC cell lines, SNU387 and
SNU398, exhibited high ASNS and relatively low GS expression
levels. ASNase treatment could inhibit the proliferation of HCC
cells expressing low levels of GS. Interestingly, ASNase induces
GS expression to a greater extent in HCC cells that had high GS
expression levels (i.e., Hep3B, Huh7, Huh6, and HepG2 cells)
(Figure 4C). This induction could contribute to ASNase
resistance via acceleration of glutamine synthesis. Meanwhile,
ASNS expression levels were inversely correlated with that of GS
in the HCC cells analyzed in this study.

Even though glutamine-depleted cells have upregulated ASNS
levels (31), this enzyme further reduces glutamine levels because
ASNS catabolizes glutamine to glutamate. Notably, SNU387 and
SNU398 cells, which exhibited markedly low GS and high ASNS
expression levels, were more sensitive to ASNase than other HCC
cell lines. The expression levels ofGS andASNS, which appear to be
redundant, may predict the efficacy of ASNase therapy.

GLUL encodes GS that is also involved in the glutamine
dependence of tumor cells and is a transcriptional target of b-
catenin (15). Notably, activating b-catenin mutations frequently
occur in liver tumors. As such, ASNase would be expected to
inhibit the survival and proliferation of liver tumors with b-
catenin mutations. Although we observed no positive correlation
between the presence of b-catenin mutations (Huh6, SNU398,
and HepG2 cells) and the efficacy of ASNase (Figures 1A, B), the
expression levels of GS and ASNS seemed to have a potential
impact on the effectiveness of ASNase treatment.

The mTORC1 pathway is a major oncogenic pathway in HCC
(32). We and others have reported that hyperactivation of
mTORC1 is sufficient to induce HCC in a mouse model (21,
22). Considering a previous report showing that GS induction of
Frontiers in Oncology | www.frontiersin.org 10
mTORC1 activation leads to tumor development (18), we
assessed mTORC1 activity in HCC cells treated with Len or
ASNase alone or Len with ASNase in combination and found
heterogeneous mTORC1 activity among the tested cell lines
(Figures 4B, C). We also reported that only aberrantly
hyperactivated mTORC1 is a suitable target for HCC
treatment (33). Since none of the treatments in this study
yielded significant mTORC1 activation or suppression in Huh6
cells, mTORC1 may not be a critical determinant of the
sensitivity to ASNase, at least in combination with Len.

Finally, we evaluated apoptotic cell death using poly (ADP-
ribose) polymerase (PARP) as an apoptotic marker (Figure 4C).
ASNase did not regulate PARP levels either with or without Len
co-administration. Instead, ASNase induced ROS production
and the Len + ASNase combination treatment enhanced this
induction (Figures 5A, B). For glutamine-dependent cancers,
drugs that disrupt intracellular redox homeostasis exert strong
antitumor effects mediated through ROS production (24).

Collectively, these results suggest that glutamine and
asparagine are critical for cancer cell survival, and depletion of
these amino acids induces cellular oxidative stress, although
further investigations are needed to confirm this hypothesis.

Len is one of the most effective currently available anti-HCC
drugs (2); thus, novel combination strategies involving this drug are
of interest. In fact, immuno-oncology drugs, such as immune
checkpoint inhibitors, have been considered recently as potential
partner drugs for TKIs like Len (34). Previous studies showed that
the level of FGF19 expression is correlated with the efficacy of Len
(35). Here we showed, as expected, that Hep3B and Huh7 cells,
which have FGF19 mutation and activation of FGF signaling,
showed increased sensitivity to Len relative to other cells
(Figures 1A, B). Surprisingly, the combination of Len plus
ASNase demonstrated synergistic effects in most cells lines with
FGF19 mutations, regardless of Len or ASNase monotherapy
treatment efficacy (Figures 2A, B). However, Huh7 cells were
resistant to the effects of ASNase, possibly because these cells lack
ASCT2, a critical transporter that uses extracellular glutamine in
tumor cells (20). Huh7 cells may instead depend upon nutrients
other than extracellular glutamine or on de novo glutamine synthesis.

In summary, here we showed that targeting amino acids that
are most important for survival of liver cancer cells, glutamine
and asparagine, via a combination therapy including the TKI Len
and ASNase suppressed liver cancer cell proliferation in vitro and
in vivo. To the best of our knowledge, this is the first report to
address the effects of combination therapy of a TKI and a drug
targeting amino acids. ASNase monotherapy was only effective in
a subset of liver cancer cells having low GS and high ASNS
expression, whereas when combined with Len a synergistic
inhibitory effect on cell proliferation and tumor development
was seen. Although the precise mechanism by which ASNase
with and without Len co-administration suppresses liver cancer
cells requires further investigation, our findings provide a basis
for the development of a new therapeutic approach targeting
amino acids via the use of drugs such as ASNase in combination
with Len, which is now frequently used as a primary first-line
TKI for HCC treatment.
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Limitations
The precise mechanism by which Len and ASNase combination
therapy is synergistically effective—even in cells that are resistant
to each drug on its own—remains unclear. ASNase monotherapy
was not effective in Huh6 cells in vitro; however, it suppressed
tumor development in the xenograft mouse model. Len was also
more effective in vivo vs. in in vitro settings. This discrepancy
may be attributed to the effects of ASNase on the tumor
microenvironment, including the blood supply, immune cells,
and other mesenchymal cells.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The animal study was performed in accordance with the
guidelines of the care and use of live animals of the Kyoto
Prefectural University of Medicine (KPUM) and was approved
by the KPUM Institutional Animal Care and Use Committee
(M2019-559).
AUTHOR CONTRIBUTIONS

KO: conceptualization, analysis, writing-original draft,
and acquisition of data. AU: conceptualization, project
administration, acquisition and analysis of data, funding
acquisition, and writing-original draft. SK: conceptualization
and study design. KoY: conceptualization and study design.
AT: conceptualization and study design. SO: conceptualization
and study design. HT: conceptualization and study design. YS:
supervision and interpretation of data. TN: supervision and
Frontiers in Oncology | www.frontiersin.org 11
interpretation of data. KaY: supervision and interpretation of
data. MM: supervision and interpretation of data. HN:
conceptualization, interpretation of data, funding acquisition,
refined important points of the manuscript. YL: supervision
and interpretation of data. YM: resources, conceptualization
and study design. YK: resources, conceptualization and study
design. TS: resources, conceptualization and study design. TO:
resources, conceptualization, study design, funding acquisition
and supervision. YI: conceptualization, study design,
interpretation of data, funding acquisition, supervision and
writing–original draft. All authors: drafting and/or revising this
work. All authors contributed to the article and approved the
submitted version.
FUNDING

This research was supported by governmental grants from the
Japan Society for the Promotion of Science, Grants-in-Aid for
Scientific Research (KAKENHI) #19K08377 (AU), AMED
#JP19fk0210059 (AU and HN), #JP18fk0210027 (KY and YI),
#JP19fk0210040 (TO), #JP18fk0210040 (YI), MEXT Grant-in-
Aid for Scientific Research (S) #16H06389 (TO).
ACKNOWLEDGMENTS

We thank Ms. Mizuhara, Ms. Tochiki, Ms. Yamamoto, Ms. Goi,
Dr. Iizumi, Dr. Sakai (KPUM) and all the collaborators for
scientific and technical assistance and advice.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
758549/full#supplementary-material
REFERENCES
1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global

Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality
Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2018) 68
(6):394–424. doi: 10.3322/caac.21492

2. Kudo M, Finn RS, Qin S, Han KH, Ikeda K, Piscaglia F, et al. Lenvatinib
Versus Sorafenib in First-Line Treatment of Patients With Unresectable
Hepatocellular Carcinoma: A Randomised Phase 3 Non-Inferiority Trial.
Lancet (2018) 391(10126):1163–73. doi: 10.1016/S0140-6736(18)30207-1

3. DeBerardinis RJ, Mancuso A, Daikhin E, Nissim I, Yudkoff M, Wehrli S, et al.
Beyond Aerobic Glycolysis: Transformed Cells Can Engage in Glutamine
Metabolism That Exceeds the Requirement for Protein and Nucleotide
Synthesis. Proc Natl Acad Sci USA (2007) 104(49):19345–50. doi: 10.1073/
pnas.0709747104

4. Nwosu ZC, Battello N, Rothley M, PioronskaW, Sitek B, Ebert MP, et al. Liver
Cancer Cell Lines Distinctly Mimic the Metabolic Gene Expression Pattern of
the Corresponding Human Tumours. J Exp Clin Cancer Res (2018) 37(1):211.
doi: 10.1186/s13046-018-0872-6
5. Pan M, Reid MA, Lowman XH, Kulkarni RP, Tran TQ, Liu X, et al. Regional
Glutamine Deficiency in Tumours Promotes Dedifferentiation Through
Inhibition of Histone Demethylation. Nat Cell Biol (2016) 18(10):1090–101.
doi: 10.1038/ncb3410

6. Pavlova NN, Hui S, Ghergurovich JM, Fan J, Intlekofer AM, White RM, et al.
As Extracellular Glutamine Levels Decline, Asparagine Becomes an Essential
Amino Acid. Cell Metab (2018) 27(2):428–438.e5. doi: 10.1016/
j.cmet.2017.12.006

7. Liu P, Lu D, Al-Ameri A, Wei X, Ling S, Li J, et al. Glutamine Synthetase
Promotes Tumor Invasion in Hepatocellular Carcinoma Through Mediating
Epithelial-Mesenchymal Transition. Hepatol Res (2020) 50(2):246–57. doi:
10.1111/hepr.13433

8. Altman BJ, Stine ZE, Dang CV. From Krebs to Clinic: Glutamine Metabolism
to Cancer Therapy. Nat Rev Cancer (2016) 16(10):619–34. doi: 10.1038/
nrc.2016.71

9. Chiu M, Tardito S, Pillozzi S, Arcangeli A, Armento A, Uggeri J, et al.
Glutamine Depletion by Crisantaspase Hinders the Growth of Human
Hepatocellular Carcinoma Xenografts. Br J Cancer (2014) 111(6):1159–67.
doi: 10.1038/bjc.2014.425
November 2021 | Volume 11 | Article 758549

https://www.frontiersin.org/articles/10.3389/fonc.2021.758549/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.758549/full#supplementary-material
https://doi.org/10.3322/caac.21492
https://doi.org/10.1016/S0140-6736(18)30207-1
https://doi.org/10.1073/pnas.0709747104
https://doi.org/10.1073/pnas.0709747104
https://doi.org/10.1186/s13046-018-0872-6
https://doi.org/10.1038/ncb3410
https://doi.org/10.1016/j.cmet.2017.12.006
https://doi.org/10.1016/j.cmet.2017.12.006
https://doi.org/10.1111/hepr.13433
https://doi.org/10.1038/nrc.2016.71
https://doi.org/10.1038/nrc.2016.71
https://doi.org/10.1038/bjc.2014.425
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Okuda et al. Asparaginase Induces Synergistic Antitumor Effects
10. Tallal L, Tan C, Oettgen H, Wollner N, McCarthy M, Helson L, et al. E. Coli L-
Asparaginase in the Treatment of Leukemia and Solid Tumors in 131
Children. Cancer (1970) 25(2):306–20. doi: 10.1002/1097-0142(197002)
25:2<306::aid-cncr2820250206>3.0.co;2-h

11. Zhu Y, Li T, Ramos da Silva S, Lee JJ, Lu C, Eoh H, et al. A Critical Role of
Glutamine and Asparagine Gamma-Nitrogen in Nucleotide Biosynthesis in
Cancer Cells Hijacked by an Oncogenic Virus. mBio (2017) 8(4):e01179–17.
doi: 10.1128/mBio.01179-17

12. Bachet JB, Gay F, Marechal R, Galais MP, Adenis A, Ms CD, et al. Asparagine
Synthetase Expression and Phase I Study With L-Asparaginase Encapsulated
in Red Blood Cells in Patients With Pancreatic Adenocarcinoma. Pancreas
(2015) 44(7):1141–7. doi: 10.1097/MPA.0000000000000394

13. Hammel P, Fabienne P, Mineur L, Metges JP, Andre T, De La Fouchardiere C,
et al. Erythrocyte-Encapsulated Asparaginase (Eryaspase) Combined With
Chemotherapy in Second-Line Treatment of Advanced Pancreatic Cancer: An
Open-Label, Randomized Phase IIb Trial. Eur J Cancer (2020) 124:91–101.
doi: 10.1016/j.ejca.2019.10.020

14. Chiu M, Tardito S, Barilli A, Bianchi MG, Dall'Asta V, Bussolati O. Glutamine
Stimulates Mtorc1 Independent of the Cell Content of Essential Amino Acids.
Amino Acids (2012) 43(6):2561–7. doi: 10.1007/s00726-012-1312-0

15. Tardito S, Chiu M, Uggeri J, Zerbini A, Da Ros F, Dall'Asta V,
et al. L-Asparaginase and Inhibitors of Glutamine Synthetase Disclose
Glutamine Addiction of Beta-Catenin-Mutated Human Hepatocellular
Carcinoma Cells. Curr Cancer Drug Targets (2011) 11(8):929–43. doi:
10.2174/156800911797264725

16. Chou TC. Theoretical Basis, Experimental Design, and Computerized
Simulation of Synergism and Antagonism in Drug Combination Studies.
Pharmacol Rev (2006) 58(3):621–81. doi: 10.1124/pr.58.3.10

17. Qiu Z, Li H, Zhang Z, Zhu Z, He S, Wang X, et al. A Pharmacogenomic
Landscape in Human Liver Cancers. Cancer Cell (2019) 36(2):179–93.e11. doi:
10.1016/j.ccell.2019.07.001

18. Adebayo Michael AO, Ko S, Tao J, Moghe A, Yang H, Xu M, et al. Inhibiting
Glutamine-Dependent Mtorc1 Activation Ameliorates Liver Cancers Driven
by Beta-Catenin Mutations. Cell Metab (2019) 29(5):1135–50.e6. doi: 10.1016/
j.cmet.2019.01.002

19. ChumaM, Uojima H, Numata K, Hidaka H, Toyoda H, Hiraoka A, et al. Early
Changes in Circulating FGF19 and Ang-2 Levels as Possible Predictive
Biomarkers of Clinical Response to Lenvatinib Therapy in Hepatocellular
Carcinoma. Cancers (Basel) (2020) 12(2):293. doi: 10.3390/cancers12020293

20. Schulte ML, Fu A, Zhao P, Li J, Geng L, Smith ST, et al. Pharmacological
Blockade of ASCT2-Dependent Glutamine Transport Leads to Antitumor
Efficacy in Preclinical Models. Nat Med (2018) 24(2):194–202. doi: 10.1038/
nm.4464

21. Umemura A, He F, Taniguchi K, Nakagawa H, Yamachika S, Font-Burgada J,
et al. P62, Upregulated During Preneoplasia, Induces Hepatocellular
Carcinogenesis by Maintaining Survival of Stressed HCC-Initiating Cells.
Cancer Cell (2016) 29(6):935–48. doi: 10.1016/j.ccell.2016.04.006

22. Menon S, Yecies JL, Zhang HH, Howell JJ, Nicholatos J, Harputlugil E, et al.
Chronic Activation of mTOR Complex 1 Is Sufficient to Cause Hepatocellular
Carcinoma in Mice. Sci Signal (2012) 5(217):ra24. doi: 10.1126/
scisignal.2002739

23. Bhat M, Sonenberg N, Gores GJ. The mTOR Pathway in Hepatic
Malignancies. Hepatology (2013) 58(2):810–8. doi: 10.1002/hep.26323

24. Long Y, Qiu J, Zhang B, He P, Shi X, He Q, et al. Pharmacological Vitamin C
Treatment Impedes the Growth of Endogenous Glutamine-Dependent
Cancers by Targeting Glutamine Synthetase. Front Pharmacol (2021)
12:671902. doi: 10.3389/fphar.2021.671902

25. Koprivnikar J, McCloskey J, Faderl S. Safety, Efficacy, and Clinical Utility of
Asparaginase in the Treatment of Adult Patients With Acute Lymphoblastic
Leukemia. Onco Targets Ther (2017) 10:1413–22. doi: 10.2147/OTT.S106810
Frontiers in Oncology | www.frontiersin.org 12
26. Issaq SH, Mendoza A, Fox SD, Helman LJ. Glutamine Synthetase Is Necessary
for Sarcoma Adaptation to Glutamine Deprivation and Tumor Growth.
Oncogenesis (2019) 8(3):20. doi: 10.1038/s41389-019-0129-z

27. Zhang J, Fan J, Venneti S, Cross JR, Takagi T, Bhinder B, et al. Asparagine
Plays a Critical Role in Regulating Cellular Adaptation to Glutamine
Depletion. Mol Cell (2014) 56(2):205–18. doi: 10.1016/j.molcel.2014.08.018

28. Tardito S, Oudin A, Ahmed SU, Fack F, Keunen O, Zheng L, et al. Glutamine
Synthetase Activity Fuels Nucleotide Biosynthesis and Supports Growth of
Glutamine-Restricted Glioblastoma. Nat Cell Biol (2015) 17(12):1556–68. doi:
10.1038/ncb3272

29. Nguyen TV, Lee JE, Sweredoski MJ, Yang SJ, Jeon SJ, Harrison JS, et al.
Glutamine Triggers Acetylation-Dependent Degradation of Glutamine
Synthetase via the Thalidomide Receptor Cereblon. Mol Cell (2016) 61
(6):809–20. doi: 10.1016/j.molcel.2016.02.032

30. Furusawa A, Miyamoto M, Takano M, Tsuda H, Song YS, Aoki D,
et al. Ovarian Cancer Therapeutic Potential of Glutamine Depletion Based
on GS Expression. Carcinogenesis (2018) 39(6):758–66. doi: 10.1093/carcin/
bgy033

31. Aslanian AM, Fletcher BS, Kilberg MS. Asparagine Synthetase Expression
Alone Is Sufficient to Induce L-Asparaginase Resistance in MOLT-4 Human
Leukaemia Cells. Biochem J (2001) 357(Pt 1):321–8. doi: 10.1042/bj3570321

32. Totoki Y, Tatsuno K, Covington KR, Ueda H, Creighton CJ, Kato M, et al.
Trans-Ancestry Mutational Landscape of Hepatocellular Carcinoma
Genomes. Nat Genet (2014) 46(12):1267–73. doi: 10.1038/ng.3126

33. Umemura A, Park EJ, Taniguchi K, Lee JH, Shalapour S, Valasek MA, et al.
Liver Damage, Inflammation, and Enhanced Tumorigenesis After Persistent
Mtorc1 Inhibition. Cell Metab (2014) 20(1):133–44. doi: 10.1016/
j.cmet.2014.05.001

34. Faivre S, Rimassa L, Finn RS. Molecular Therapies for HCC: Looking Outside
the Box. J Hepatol (2020) 72(2):342–52. doi: 10.1016/j.jhep.2019.09.010

35. Matsuki M, Hoshi T, Yamamoto Y, Ikemori-Kawada M, Minoshima Y,
Funahashi Y, et al. Lenvatinib Inhibits Angiogenesis and Tumor Fibroblast
Growth Factor Signaling Pathways in Human Hepatocellular Carcinoma
Models. Cancer Med (2018) 7(6):2641–53. doi: 10.1002/cam4.1517

Conflict of Interest:AU received commercial research funding from AbbVie, Inc.,
and Merck Sharp & Dohme Corp. MM received lecture fees from Eisai Co., Ltd. YI
received lecture fees from Merck Sharp and Dohme, and Eisai Co., Ltd. as well as
commercial research funding from Bayer AG, Eisai Co., Ltd., Merck Sharp and
Dohme, Takeda Pharmaceutical Company, Limited, and Chugai Pharmaceutical
Co., Ltd.

The remaining 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Okuda, Umemura, Kataoka, Yano, Takahashi, Okishio, Taketani,
Seko, Nishikawa, Yamaguchi, Moriguchi, Nakagawa, Liu, Mitsumoto, Kanbara,
Shima, Okanoue and Itoh. 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.
November 2021 | Volume 11 | Article 758549

https://doi.org/10.1002/1097-0142(197002)25:2%3C306::aid-cncr2820250206%3E3.0.co;2-h
https://doi.org/10.1002/1097-0142(197002)25:2%3C306::aid-cncr2820250206%3E3.0.co;2-h
https://doi.org/10.1128/mBio.01179-17
https://doi.org/10.1097/MPA.0000000000000394
https://doi.org/10.1016/j.ejca.2019.10.020
https://doi.org/10.1007/s00726-012-1312-0
https://doi.org/10.2174/156800911797264725
https://doi.org/10.1124/pr.58.3.10
https://doi.org/10.1016/j.ccell.2019.07.001
https://doi.org/10.1016/j.cmet.2019.01.002
https://doi.org/10.1016/j.cmet.2019.01.002
https://doi.org/10.3390/cancers12020293
https://doi.org/10.1038/nm.4464
https://doi.org/10.1038/nm.4464
https://doi.org/10.1016/j.ccell.2016.04.006
https://doi.org/10.1126/scisignal.2002739
https://doi.org/10.1126/scisignal.2002739
https://doi.org/10.1002/hep.26323
https://doi.org/10.3389/fphar.2021.671902
https://doi.org/10.2147/OTT.S106810
https://doi.org/10.1038/s41389-019-0129-z
https://doi.org/10.1016/j.molcel.2014.08.018
https://doi.org/10.1038/ncb3272
https://doi.org/10.1016/j.molcel.2016.02.032
https://doi.org/10.1093/carcin/bgy033
https://doi.org/10.1093/carcin/bgy033
https://doi.org/10.1042/bj3570321
https://doi.org/10.1038/ng.3126
https://doi.org/10.1016/j.cmet.2014.05.001
https://doi.org/10.1016/j.cmet.2014.05.001
https://doi.org/10.1016/j.jhep.2019.09.010
https://doi.org/10.1002/cam4.1517
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Enhanced Antitumor Effect in Liver Cancer by Amino Acid Depletion-Induced Oxidative Stress
	Introduction
	Materials and Methods
	Human Liver Cancer Cells and Mouse Hepatocytes
	RNA Isolation and Real-Time Quantitative PCR
	Immunoblot Analysis
	Immunofluorescence Analysis
	Animals
	Statistical Analysis

	Results
	Effects of Len and ASNase Treatment on Liver Cancer Cell Viability
	The Combination of ASNase and Len Exerted Synergistic Effects on Liver Cancer Cells
	ASNase Is Effective in Liver Cancer Cells Having High ASNS and Low GS Expression Levels
	β-Catenin Mutation and mTORC1 Are Not Related to ASNase Efficacy
	ASNase Induces ROS Production in Liver Cancer Cells
	ASNase Sensitizes Liver Cancer Cells to Len in Nude Mice

	Discussion
	Limitations

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	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 true
  /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 true
  /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 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /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


