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ARTICLE INFO ABSTRACT

Keywords: Regulated by the tumor microenvironment, the metabolic network of the tumor is reprogrammed, driven by
KRAS oncogenes and tumor suppressor genes. The metabolic phenotype of tumors of different driven-genes and dif-
Gl_u"amm'fise ferent tissue types is extremely heterogeneous. KRAS-mutant non-small cell lung cancer (NSCLC) has glutamine
r&g‘;:;v‘ronmem dependence. In this study, we demonstrated that glutamine utilization of KRAS-mutant NSCLC was higher than
&Y that of KRAS wild-type. CB839, an efficient glutaminase inhibitor, synergized with the MEK inhibitor selumetinib
to enhance antitumor activity in KRAS-mutant NSCLC cells and xenografts, and the therapeutic response could
be well identified by 8F-FDG PET imaging. Combination therapy induced redox stress, manifesting as a decrease
in mitochondrial membrane potential and an increase in ROS levels, and energetic stress manifesting as suppres-
sion of glycolysis and glutamine degradation. The phosphorylation of AKT was also suppressed. These effects
combined to induce autophagy and thereby caused cancer cell death. Our results suggest that dual inhibition of
the MEK-ERK pathway and glutamine metabolism activated by KRAS mutation may be an effective treatment

strategy for KRAS-driven NSCLC.

Introduction

Uncontrolled uptake of glucose and amino acids is an important
part of tumor metabolic reprogramming, which is a hallmark of can-
cer [1]. As a conditional non-essential amino acid, normal cells have no
dependence on glutamine, while cancer cells, especially KRAS-mutant
driven cancer cells [2], uptake glutamine frantically to meet bioen-
ergetic and biosynthetic demands [3]. Compared with targeting glu-
cose metabolism, targeting glutamine metabolism can inhibit cancer
cell proliferation on the basis of reducing the impact on normal cells.
Metabolism-based imaging such as 18F-fluoro-2deoxyglucose (18F-FDG)
positron emission tomography (PET), an advanced method of evaluat-
ing tumor glucose metabolism in preclinical and clinical studies, has
been used to evaluate the overall metabolic activity of tumors and the
treatment response in the early stages [4-6]. Furthermore, glutamine
metabolism imaging using !8F-(2S,4R)4-fluoroglutamine (8F-Gln) is
under active preclinical investigation [7-9].

Beginning with glutaminase (GLS) catalyzed decomposition, glu-
tamine provides nitrogen for the synthesis of nucleic acids, promotes
the synthesis of antioxidant glutathione (GSH) to maintain redox home-
ostasis, and replenishes a-ketoglutarate («-KG) for the tricarboxylic acid

cycle (TCA) [3]. CB839 is an efficient GLS1 inhibitor, which can in-
crease the radiation sensitivity of KRAS-driven NSCLC [10]. Further-
more, CB839 synergistically sensitized the BCL-2 inhibitor in leukemic
cells through activation of mitochondrial apoptosis [11].

KRAS-driven cancer cells are addicted to glutamine [12,13], and
in KRAS-driven NSCLC, the expression of GLS mRNA was higher than
that of other mutant types [14]. Selumetinib, an inhibitor targeting the
RAS-MEK-ERK pathway, significantly prolonged median progression-
free survival (PFS) when combined with docetaxel in the phase 2 study
[15]. Regrettably, the addition of selumetinib to docetaxel did not im-
prove PFS compared with docetaxel alone in multinational phase 3
study [16]. There are still no specifically approved targeted therapies
for this most common genetically defined subset. In preclinical study,
pulsatile administration [17] or in combination with palbociclib [18],
enhanced the anti-tumor effect of selumetinib in KRAS-driven NSCLC.
MAPK inhibitor resistant cells showed more dependent on glutamine
for growth and proliferation, selumetinib resistant melanoma cell lines
had increased sensitivity to glutamine deprivation and glutaminase in-
hibitors than their sensitive counterparts [19].

To capitalize on the link between MEK signaling and glutamine
metabolism in KRAS-mutant NSCLC, we evaluated the baseline glu-
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tamine metabolism in KRAS- mutant NSCLC, inhibited GLS1 to syner-
gistically sensitize KRAS- mutant NSCLC to selumetinib in vitro and in
vivo, and assessed therapeutic response by 18F-FDG PET imaging. Fur-
thermore, we evaluated the redox and energetic stress induced by dual
inhibition of MEK and GLS1, and preliminarily explored the mechanism
of synergistic sensitivity.

Materials and methods
Cell culture

Human NSCLC KRAS-mutant cell lines A549, H23, H2122, KRAS
wild-type cell line H1299, H838 and the human bronchial epithe-
lial (HBE) cell line were obtained from the Stem Cell Bank, Chinese
Academy of Sciences. A549 cells were cultured in DMEM/F12 1:1
medium (Hyclone, Logan, UT, USA), while H23, H2122,H1299, H838
and HBE cells were cultured in RPMI-1640 medium (Hyclone, Logan,
UT, USA) supplemented with 10% fetal bovine serum (FBS, Clark Bio-
science, Houston, Texas, USA) at 37 °C and 5%CO,. In glutamine de-
privation testing, NSCLC cells were cultured in RPMI-1640 without glu-
tamine (Gibco, NY, USA) for 24 h.

Chemicals and antibodies

CB839 and selumetinib (AZD6244) were purchased from Sell-
eckchem (Houston, TX, USA). For cellular studies, drugs were dissolved
in dimethyl sulfoxide (DMSO), and for xenograft experiments, drugs
were dissolved in 10% CMC-Na solution. The antibodies against GLS,
Glutl, PKM2, MEK, ERK1/2, p-ERKyy02,204» AKT, p-AKTgys_47sWere
obtained from Abcam (Cambridge, UK). The antibodies against P62, p-
ULK1,555 were obtained from Cell Signaling Technology (Danvers, MA,
USA). The antibody against f-actin was obtained from Boster Biological
Technology (Wuhan, China).

Cell viability and drug combination assay

Cells were cultured in 96-well plates (2000 cells/well) for 24h,
and were treated with the indicated concentrations (range from 10 to
105 nM)of CB839, selumetinib, or both drugs in combination for 72h.
Cell viability was measured using the Cell Counting Kit 8 (CCK8, Do-
jindo Laboratories, Tokyo, Japan) and microplate reader (Thermo Fisher
Scientific, Waltham, MA, USA) at the 450 nm wavelength. The half max-
imal inhibitory concentration (ICs,) and 10% inhibitory concentration
(IC,() were calculated by Probit model. Combination index (CI) data
were obtained using CompuSyn software (ComboSyn, Inc., Paramus, NJ,
USA). CI values <1 indicated a synergistic drug-drug interaction, while
CI values <0.3 indicated a strong synergistic effect.

Cell proliferation assay

After 72h of drug treatment, cell proliferation was evaluated using
the YF594 Click-iT EdU Imaging Kit (Everbright, California, USA) ac-
cording to the manufacturer’s protocol. For the colony formation assay,
cells treated by different drugs were seeded into 6-well plates at a den-
sity of 400 cells per well. After culturing in the cell incubator (37 °C, 5%
CO,) for 14 days, the cells were fixed in 70% ethanol and then stained
with crystal violet.

Cell metabolism assay

To evaluate the changes in cell metabolism, cellular lactate, ATP,
glutamate production, and glucose consumption were determined. Ac-
cording to the manufacturer’s instructions, relative cellular ATP con-
tent was measured using an ATP assay kit (Beyotime, Shanghai, China),
while the levels of lactate and glutamate in the external medium were
measured using a lactic acid assay kit (KeyGEN, Nanjing, China) and a
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glutamate assay kit (Jiancheng, Nanjing, China). 18F-FDG cellular up-
take can reflect the glucose consumption of cells. After exposure to 18F-
FDG at a final concentration of 4 yCi/mL in medium at 37 °C and 5%
CO, for 60 min, the radioactivity of the whole-cell lysates was assessed
by y counter. These readouts were normalized by the amount of the
corresponding protein.

Mitochondrial membrane potential and reactive oxygen species (ROS) assay

The mitochondrial membrane potential was evaluated using JC-1 As-
say Kit (Beyotime, Shanghai, China) and images were analyzed by Image
J. ROS levels were evaluated using ROS Assay Kit (Beyotime, Shanghai,
China) and detected by a fluorescence microplate reader (Thermo Fisher
Scientific, Waltham, MA, USA). The readouts were normalized by the
amount of cell numbers.

Cell transfection

The A549 cell line was transfected with small interfering RNA
(siRNA) against KRAS or negative control(RiboBio, Guangzhou,
China), denoted as siRNA KRAS, siRNA NC (siRNA sense: 3’-
GGACGAATATGATCCAACA-5").The H1299 cell line was transfected
with the KRAS plasmid or pCMV6 Entry vector (RiboBio, Guangzhou,
China), denoted as KRAS OE, KRAS NC. Transfection was performed
using riboFECT™ CP Transfection Agent (RiboBio, Guangzhou, China)
with a 50 nM concentration following the manufacturer’s protocol.

Western blotting analysis

Total protein was extracted from cells using RIPA buffer (Beyotime,
Shanghai, China) and protein concentration was measured by the BCA
Protein Assay Kit (Beyotime, Shanghai, China). Protein lysates were sep-
arated by SDS-PAGE and then transferred to polyvinylidene difluoride
(PVDF) membranes. The PVDF membranes were incubated with the pri-
mary antibodies at 4 °C overnight after blocking for 2h with 5% skim
milk. Following incubation with the secondary antibody (1:5000, ZSJQ
Biosciences, Beijing, China), the blot signals were captured by Bio-Rad
Image System using ECL Advanced Western Blot Detection Kit (Thermo
Fisher Scientific, Waltham, MA, USA), and then analyzed using Image
Lab software (Bio-Rad).

Xenograft experiments and PET imaging

Female BALB/c nude mice (5 week old) were injected subcuta-
neously into the right back with A549 cells or H1299 cells (1 x 107
cells). Tumor volume was calculated as: volume =length x (width)2/2.
To evaluate the metabolic baseline levels of glutamine, 3 mice in-
jected A549 cells and 3 mice injected H1299 cells underwent PET/MR
(United imaging uPMR790, Shanghai, China) imaging with '8F-Gln and
I8F.FDG on consecutive days. Coronal T;MR and static PET images
were collected. To evaluate the efficacy of drugs, when tumor vol-
umes reached approximately 200-300 mm?, the mice were randomly
assigned to one of four groups (5 mice per group) and treated via oral
gavage twice per day for six days as follows: control (vehicle alone,
10% CMC-Na solution), selumetinib (25 mg/kg), CB839 (200 mg/kg),
selumetinib (25 mg/kg) + CB839 (200 mg/kg). Before and after therapy,
mice underwent micro-PET (Madic, Shandong, China) imaging with 18F-
FDG. Static PET images were collected. Mice were injected via lateral tail
vein with radiolabeled probe (300 uCi per mouse), underwent 60 min
uptake and image acquisition under 2% isoflurane anesthesia. Animal
studies were in compliance with the Guide for the Care and Use of
Laboratory Animal Resources (1996), National Research Council and
approved by the China Medical University Animal Ethics Committee
(IACUC Issue N0.2019079). All procedures accepted the supervision and
inspection by the committee and laboratory animal department.
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Fig. 1. NSCLC with and without KRAS mutation showed differences in baseline glucose and glutamine metabolism. (A) The expression of metabolic key enzyme GLS,
GLUT1, and PKM2 in A549, H1299 and HBE cells. (B) Representative PET/MR imaging of mice bearing A549 or H1299 xenografts with '8F-Gln(n = 3). Tumors are
indicated by arrows. Scale bars:50 mm. (C) Quantification of '®F-FDG and '8F-GlIn uptake using%ID/g. (D) Cell viability analysis following glutamine deprivation for
24h. Cells were cultured in normal medium (control), in medium without glutamine (-Gln), or treated with CB839 (+CB,10°nM), or with CB839 and glutamic acid
(+CB+Glu). (E) Western blotting analysis to evaluate the expression of KRAS,GLS1 and c-Myc when KRAS was knockdown in A549 cell and overexpressed in H1299
cell. Data were presented as mean+SD from three independent experiments. A p-values<0.05 are considered statistically significant (*p<0.05, **p<0.01,***p<0.001).

Immunohistochemical analysis (IHC)

The following primary antibodies were used: GLS (1:100), Glutl
(1:200), MEK (1:100), ERK1/2 (1:100), p-ERKyyg2,004 (1:200), AKT
(1:100), p-AKTg475 474 (1:100), P62 (1:1000). The mean of the in-
tegrated option density (IOD) was calculated using Image-Pro Plus
6.0(Media Cybernetics, Inc., Bethesda, MD, USA).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 7.0 (Graph-
Pad Software, Inc., La Jolla, CA, USA) and SPSS 19.0 (SPSS, Inc.,
Chicago, IL, USA). One-way ANOVA or the Student’s t-test was used to
measure differences between groups. CI were presented as median (P25,
P75), other data were presented as mean+SD. A p-value<0.05 was con-
sidered statistically significant (*p<0.05, **p<0.01,***p<0.001).

Results

NSCLC with and without KRAS mutation showed differences in baseline
glutamine metabolism

To confirm that NSCLC with KRAS mutation has glutamine ad-
diction, we evaluated baseline glucose and glutamine metabolism in
A549(KRAS-mutant), H1299(KRAS wild-type) and HBE cell lines. The
expression of GLS, the key enzyme for glutamine degradation, in A549

cells was higher than that in H1299 cells, while the expression of en-
zymes related to glucose metabolism such as GLUT1 and PKM2 in A549
cells was lower than that in H1299 cells (Fig. 1A). We next performed
coronal PET/MR imaging in A549 and H1299 mouse xenografts with
I8E.FDG and 18F-Gln radiotracers on consecutive days and calculated
units of percent injected dose per gram (%ID/g) (Fig. 1B-C, S1). The
results demonstrated that A549 xenografts had higher glutamine and
lower glucose uptake than H1299 xenografts. When glutamine was de-
prived (by culturing in medium without glutamine or treatment by
CB839 for 24h), cell proliferation of A549 was significantly inhibited,
when glutamic acid was added, this effect could be rescued (Fig. 1D).
Under identical culture conditions, KRAS was knockdown in A549 cell
and overexpressed in H1299 cell. After the knockdown of KRAS in A549
cell, the expression of GLS1 was significantly decreased, while that was
significantly increased in H1299 cell when KRAS was overexpression
(Fig. 1E). As another crucial regulator of GLS1 expression, the change
trend of c-Myc was consistent with that of GLS1 when KRAS was knock-
down or overexpressed(Fig. 1E).

CB839 synergized with selumetinib to inhibit proliferation of KRAS-mutant
NSCLC cells

The CCK8 assay was performed to test whether CB839 would syn-
ergize with selumetinib to inhibit cell proliferation. KRAS-mutant cells
A549, H23, H2122 and the KRAS wild-type cell line H1299, H838 were
treated with selumetinib, CB839, or a combination of both at esca-
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Fig. 2. CB839 synergized with selumetinib to inhibit proliferation of KRAS-mutant NSCLC cells. KRAS-mutant cells A549, H23, H2122 and the KRAS wild-type
cell line H1299, H838 were treated with selumetinib, CB839, or a combination of both at escalating doses that ranged from 10 to 10° nM for 72 h. Subsequent cell
proliferation experiments were carried out according to the following combinations and drug doses: control, selumetinib (SE, éIC50 concentration), CB839 (CB, IC,,
concentration), and selumetinib+CB839 (SE %ICSO concentration +CB IC;, concentration). (A) CCK8 assay of A549,H23 and H1299 cells treated with monotherapy
or a combination of selumetinib and CB839. (B) The combination index (CI) plots of selumetinib and CB839 in A549, H23, and H1299 cells. CI values <1 indicated
a synergistic drug-drug interaction,CI values <0.3 indicated a strong synergistic effect. (C) ICs, of selumetinib, CB839 alone, and selumetinib combined with CB839.
(D) Fold change of ICs, of selumetinib when combined with CB839. (E) Edu assay of cell proliferation of A549 and H1299 cells to test the short-term response to the
combination therapy. (200x) (F) The colony formation assay of A549 and H1299 cells to test the long-term response. CI were presented as median (P25, P75), other
data were presented as mean + SD from three independent experiments. A p-value<0.05 was considered statistically significant (*p<0.05, **p<0.01,***p<0.001;* in
red: compared with SE group, * in green: compared with CB group).
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Fig. 3. Combination therapy inhibited tumor growth in the KRAS-mutant NSCLC xenograft and the therapeutic response could be identified by ®F-FDG PET imaging.
When tumor volumes reached approximately 200-300 mm?, mice were randomly assigned to one of four groups (5 mice per group) and treated via oral gavage
twice per day for six days acutely: control (vehicle alone), selumetinib (25 mg/kg), CB839 (200 mg/kg), selumetinib (25 mg/kg)+CB839 (200 mg/kg). (A)The tumor
volume curve before and after treatment. (B) Tumor volumes represented as fold change pre- and post-treatment. (C) Representative micro-PET images of mice
bearing A549 xenografts with!8F-FDG pre- and post-treatment. Tumors are indicated by arrows. (D) Quantification of !8F-FDG uptake represented as fold change of
SUV,,.x pre- and post-treatment. Data were presented as mean+SD(n=5). A p-value <0.05 was considered statistically significant (*p<0.05, **p<0.01,***p<0.001;
*in black: compared with control group, * in red: compared with SE group, * in green: compared with CB group).

lating doses that ranged from 10 to 10°nM for 72h. The combina-
tion of selumetinib and CB839 significantly inhibited the proliferation
of A549, H23 and H2122 cells compared with single drug treatment
while it didn’t show added benefit when compared to selumetinib treat-
ment alone in H1299 and H838 cells (Fig. 2A,S2A). Selumetinib and
CB839 showed moderate or strong synergy in the KRAS mutant NSCLC
cell line A549 [CI=0.159(0.086,0.307)], H23 [CI=0.427(0.181,0.716)]
and H2122[CI=0.125(0.037,0.157)], but weak synergy or only addi-
tive in the KRAS wild-type cell line H1299[CI=0.848(0.621,1.185)]
and H838[CI=0.664(0.439,1.049)] (Fig. 2B,S2B). When combined with
CB839, the IC5, of selumetinib was sharply decreased to 2.86%—27.6%
in KRAS-mutant cells, but 40.38%-57.49% in KRAS wild-type cell
(Fig. 2C-2D). Based on the results above, subsequent cell proliferation
experiments were carried out according to the following combinations
and drug doses: control, selumetinib (SE, %ICSO concentration), CB839

(CB, IC; concentration), and selumetinib+CB839 (SE %ICsO concentra-
tion +CB IC;, concentration). After 72h of drug treatment, the Edu as-
say was performed to test the short-term response to the combination
therapy while colony formation assay was performed to test the long-
term response in A549 and H1299 cells. The outcomes (Fig. 2E-2F) were
consistent with the CCK8 assay.

Combination therapy inhibited tumor growth in the KRAS-mutant NSCLC
xenograft and the therapeutic response could be identified by 18F-FDG PET
imaging

We next tested the efficacy of SE+CB combination therapy com-
pared with monotherapy on A549 and H1299 mouse xenografts. When
tumor volumes reached approximately 200-300 mm?, mice were ran-
domly assigned to one of four groups (5 mice per group) and treated via
oral gavage twice per day for six days acutely: control (vehicle alone),
selumetinib (25 mg/kg) [20], CB839 (200 mg/kg) [21,22], selumetinib
(25 mg/kg)+CB839 (200 mg/kg) Monotherapy and combination ther-

apy induced significant tumor regression compared to vehicle (Fig. 3A).
In A549 xenografts, combination therapy induced a significantly larger
reduction in tumor volume than either selumetinib or CB839 alone,
while in H1299 xenografts, combination therapy did not provide added
benefit when compared with monotherapy (Fig. 3B). Before and after
therapy, mice underwent micro-PET imaging with 8F-FDG to evalu-
ate the therapeutic response from a metabolic perspective. As shown in
Fig. 3C, micro-PET scans of A549 and H1299 xenografts showed efficient
uptake of 18F-FDG in tumors before therapy, while monotherapy and
combination therapy significantly inhibited the uptake of 18F-FDG in
tumors. With reference to the European Organization for Research and
Treatment of Cancer (EORTC) criteria of solid tumors [23], a decrease
in maximum standardized uptake value (SUV,,,) greater than 25% is
defined as partial metabolic remission (PMR). Overall, 40% (2 in 5) of
A549 xenografts treated by selumetinib alone achieved the PMR, while
100% (5 in 5) of A549 xenografts receiving SE+CB treatment achieved
PMR (Fig. 3D). Meanwhile, in H1299 xenografts, CB839 induced less
decrease in 18F-FDG uptake than selumetinib, which was equal to that
of combination therapy (Fig. 3D). The ratio of SUV,,,, pre- and post-
therapy closely mirrored the fold change in tumor volume, implying
that the therapeutic response could be identified by 8F-FDG PET imag-
ing.

Combination therapy induced redox and energetic stress

In the metabolic assay, IC;, concentration of selumetinib and CB839
were used. When the mitochondrial membrane potential decreases, the
fluorescence of JC-1 staining changes from red to green. After a 72h
drug treatment, the green/red fluorescence ratio increased, demonstrat-
ing that the mitochondrial membrane potential decreased after selume-
tinib and combination therapy in the KRAS-mutant NSCLC (Fig. 4A).
ROS levels also increased in all treatment groups, and the increase
in combination therapy was significantly greater than that following
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Fig. 4. Combination therapy induced redox and energetic stress. In the metabolic assay, IC;, concentration of selumetinib and CB839 were used. (A) JC-1 mitochon-
drial membrane potential staining. (200x) (B) ROS level assay. (C) '®F-FDG cellular uptake analysis to reflect the glucose consumption. (D-F) Detection of lactate,
ATP, glutamate production. (G) Representative IHC images from tumors stained GLS and GLUT1. (400x) Quantification of mean of IOD(n = 3-15 fields of view). Data
were presented as mean+SD. A p-value <0.05 was considered statistically significant (*p<0.05, **p<0.01,***p<0.001).

monotherapy (Fig. 4B). We next examined cellular glucose consumption
and lactate, ATP, and glutamate production of A549 and H1299 cells.
I8E.FDG uptake was used to evaluate the glucose uptake capacity in
vitro. Selumetinib alone or combined with CB839 reduced the consump-
tion of glucose (Fig. 4C) and the production of lactate (Fig. 4D) and ATP
(Fig. 4E) in both A549 and H1299 cells. Combination therapy induced
a significantly sharper change compared with selumetinib alone only in
A549 cells (Fig. 4C-E). The degradation of glutamine decreased when
GLS1 was inhibited by CB839 (alone or with selumetinib) (Fig. 4F), im-
plying that the nitrogen supply from glutamine was suppressed. In A549
xenografts, the expression of GLS decreased when mice were treated by
CB839 (alone or in combination with selumetinib) (Fig. 4G), such a de-
crease in GLS1 level was probably associated with a decrease in the
metabolic activity of the tumor after treatment which was reflected by
I8E.FDG PET imaging. The reduced expression of GLUT1 could only be
found in the SE+CB treatment group (Fig. 4G). The results of IHC were
consistent with the results of micro-PET imaging. Interestingly, the ex-
pression of GLS analyzed by western blotting moderately declined fol-
lowing selumetinib treatment in vitro, while GLS expression was equal
to the control group in vivo (Fig. 5A). Taken together, the above results
suggested that combination therapy induced redox and energetic stress
in the KRAS-mutant A549 cell line in vitro and in vivo.

Dual inhibition of MEK and GLS1 suppressed the phosphorylation of AKT
and induced autophagy in vitro and in vivo

AKT activation bypassing MEK signally was one of the main rea-
sons that KRAS- mutant NSCLC cells developed intrinsic resistance to
MEK inhibition [24], and the activity of mTORC1, a negative regulator
of autophagy, is regulated by AKT [25]. Considering that combination
therapy had created a microenvironment characterized by redox and
energetic stress, we evaluated the phosphorylation status of ERK, AKT,
and the expression of autophagy biomarker p-ULK1, p62 to investigate
the mechanism by which dual inhibition of MEK and GLS1 was more
effective in KRAS-mutant NSCLC cells. The phosphorylation of ERK was
inhibited by selumetinib and that of AKT was promoted compensato-
rily, while the phosphorylation of ERK and AKT was significantly sup-
pressed by dual inhibition of MEK and GLS1 in A549 cell and xenografts
(Fig. 5A-B). At the same time, the phosphorylation of autophagy posi-
tive regulator ULK increased and the level of autophagy substrate P62
decreased following combination therapy (Fig. 5A-B).Collectively, our
results implied that dual inhibition of MEK and GLS1 suppressed the ac-
tivation of PI3K-AKT-mTOR pathway, induced autophagy in the tumor
microenvironment characterized by redox and energetic stress, and ul-
timately led to tumor cell death.
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Fig. 5. Dual inhibition of MEK and GLS1 suppressed the phosphorylation of AKT and induced autophagy in vitro and in vivo. (A) Western blotting analysis to
evaluate the phosphorylation level of ERK, AKT and the expression of p-ULK1, P62, GLS, GLUT1, and MEK in A549 cell line. (B) Representative IHC images from
tumors staining for ERK, p-ERK, AKT, p-AKT, and P62 in A549 xenografts (400x). Quantification of the mean IOD (n=3-15 fields of view). Data were presented as
mean+SD. A p-value <0.05 was considered statistically significant (*p<0.05, **p<0.01,***p<0.001).

Discussion

In this study, we confirmed that glutamine uptake of NSCLC with
KRAS mutation was higher than that of KRAS wild-type. Regulated by
the tumor microenvironment, the metabolic network of the tumor is
reprogrammed, driven by oncogenes and tumor suppressor genes such
as KRAS [26], c-Myc [27], and TP53 [28]. The metabolic phenotype of
tumors of different driven-genes and different tissue types is extremely
heterogeneous. How tumors obtain nutrition is speculative, even in a
specific tumor lesion, the potential contributions of glucose and non-
glucose nutrients differ in poor-and well-perfused tumor areas [29].

In addition to targeting mutation sites, activation pathways and im-
mune mechanisms, targeting cancer metabolism have emerged as a hot
topic. Targeted metabolic therapy has many targets available includ-
ing key enzymes (GLUT1, HK2 etc.), product (lactic acid, ROS etc.)
and organelles (mitochondria). Some tumors are dependent on specific
metabolic processes, and targeting the sweet spot always brings a grat-
ifying effect. For example, JHU083, a glutamine antagonist, metabol-

ically dismantled the immunosuppressive microenvironment and im-
proved the efficacy of anti-PD-1 agents [30]. Currently, targeting glu-
tamine mainly involves targeted inhibition of key enzymes such as GLS1
and ASCT2. The expression or activity of GLS1 increases in the lung,
liver [31], breast cancer [32]etc. Drugs targeting GLS1 include BPTES
[33], CB839 [34,35], and UPGL00004 [36]. As a potent GLS1 inhibitor,
CB839 increased the sensitivity of IDHI-mutant gliomas to mTOR in-
hibitors [37], suppressed the proliferation of NSCLC when combined
with THZ1, an inhibitor of cyclin-dependent kinase 7 (CDK7) [38], syn-
ergized with signal transduction pathway inhibitors such as erlotinib,
pazopanib and everolimus in several renal cell carcinoma and NSCLC
cell lines [39]. In early phase clinical trials, CB839 showed well safety
and tolerability, it was absorbed rapidly (T, 1-2h fasted and 2-
4h fed) and cleared with a half-life of about 4h, plasma C_;, was >
450nM at steady state at the recommended phase 2 dose (RP2D) of
600 mg BID [40]. Clinical trials combining CB839 with targeted ther-
apies, such as palbociclib in advanced/metastatic NSCLC with KRAS
mutation (NCT03965845), osimertinib, sapanisertib in advanced stage
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NSCLC (NCT03831932,NCT04250545) are ongoing. Besides, phase 1/1I
trial on PET/CT imaging biomarkers of CB839 in combination with pani-
tumumab and irinotecan in patients with colorectal cancer has also been
started and are currently recruiting patients (NCT03263429).

KRAS-driven tumors rewire metabolic networks. KRAS4A colocalizes
with HK1 on the outer mitochondrial membrane to directly regulate glu-
cose metabolism [41]. KRAS mutation accompanied by additional mu-
tations present different degrees of glutamine dependence. LKB1 and
KEAP1/NRF2 pathways cooperatively enhanced glutamine dependence
in KRAS-mutant lung adenocarcinoma [42], it explained to a certain ex-
tent why the A549 (KRAS,LKB1,KEAP1 mutant) cell line was more sen-
sitive to combination therapy than the H23 (KRAS,LKBI mutant) cell
line. Metabolic interfering drugs can be attempted to tackle KRAS mu-
tant cancers with sufficient consideration of the mutation background,
the tissue types and the crosstalk between the tumor and the microen-
vironment [43].

Selumetinib is an effective and highly selective MEK inhibitor and
inhibitor of phosphorylation of ERK. Selumetinib was absorbed rapidly
(Tmax 1 h) and cleared with terminal elimination half-life of about 6h,
plasma C;, was 886 ng/ml at dose of 25mg/m? BID, the most com-
mon toxic effects of it included acneiform rash, gastrointestinal effects
and asymptomatic creatine kinase elevation (NCT01362803) [44]. Clin-
ical trials combining selumetinib with paclitaxel as second-line treat-
ment (NCT02503358) and small molecule inhibitor such as vandetanib
(NCT01586624), gefitinib (NCT02025114) in NSCLC are ongoing. The
PI3K-AKT-mTOR pathway is a considerable pathway involved in cell
proliferation and energy metabolism. AKT activation bypassing MEK is
one of the main reasons that KRAS-mutant NSCLC cells developed in-
trinsic resistance to selumetinib [24]. In this study, the phosphorylation
of AKT increased compensatorily when given selumetinib monotherapy
both in vivo and in vitro and was suppressed in combination therapy. We
showed that combination therapy induced a decrease in mitochondrial
membrane potential and an increase in ROS levels, suppressed glycoly-
sis, and glutamine degradation. In a microenvironment characterized by
redox and energetic stress induced by combination therapy, the activity
of the negative autophagy regulator nTORC1 decreased and induced au-
tophagy, manifesting as an increase in the phosphorylation of autophagy
positive regulator ULK and a decrease in the level of autophagy substrate
P62, resulting in cell death.

Changes in tumor metabolism can be monitored in vivo by molec-
ular imaging methods, so-called immunohistochemistry in vivo. PET is
a representative of molecular imaging. By labeling specific molecules
in tumor metabolism or pathophysiological changes with radionuclides,
PET can show the molecular mechanism of the disease in vivo. 18F-FDG
(18F labeled glucose analogues) is the most commonly used radiotracer
in clinical practice. Based on the Warburg effect [45], means tumors
tend to undergo aerobic glycolysis, tumor cells undergo vigorous and
continuous glucose uptake and utilization, appearing as abnormal accu-
mulation of 8F-FDG on the image. '®F-FDG PET imaging plays an im-
portant role in tumor diagnosis, staging, therapeutic effect evaluation,
recurrence monitoring, and prognostic evaluation [46]. In this study, we
used micro-PET imaging with 18F-FDG to evaluate the therapeutic re-
sponse from a metabolic perspective. Before therapy, xenografts of both
KRAS-mutant and wild type showed efficient uptake of '8F-FDG. Con-
sidering the requirements of animal ethics, we referred to the EORTC
criteria rather than RECIST 1.1 (requiring that the diameter and length
of the measurable lesion to be > 20 mm) criteria [47] to perform ther-
apeutic effect evaluation by imaging studies. According to the EORTC
criteria, when the 18F-FDG uptake of lesions is same as the surrounding
normal tissues, this defines a complete remission (CR), when the de-
crease in SUV greater than 25%, it is defined as PMR [23]. All (100%,
5 in 5) A549 xenografts receiving SE+CB treatment achieved a PMR.
Furthermore, the ratio of SUV_,, pre- and post-therapy closely mir-
rored the fold change in tumor volume and the result of IHC, implying
that the therapeutic response could be well identified by 18F-FDG PET
imaging.

Translational Oncology 14 (2021) 100920

In conclusion, targeted inhibition of GLS1 synergized with selume-
tinib to enhance antitumor activity in KRAS-mutant NSCLC, the ther-
apeutic response could be well identified by 18F-FDG PET imaging.
This combination therapy induced redox and energetic stress and sup-
pressed the phosphorylation of AKT. These effects combined to induce
autophagy, resulting in cell death. Targeting the pathways and addicted
metabolism activated by the KRAS mutation, and using PET imaging to
dynamically monitor therapeutic efficacy may be a feasible model for
NSCLC tumor management.
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