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Epithelial cells require attachment to a support, such as the extracellular matrix, for survival. During cancer
progression and metastasis, cancerous epithelial cells must overcome their dependence on adhesion signals.
Dependence on glucose metabolism is a hallmark of cancer cells, but the nutrient requirements of cancer cells

ilut_akr_mm)lym under anchorage-deficient conditions remain uncharacterized. Here, we report that cancer cells prioritize
NOI1KIS . . . . . . . . .
Metastasis glutamine-derived tricarboxylic acid cycle energy metabolism over glycolysis to sustain anchorage-independent

survival. Moreover, glutamine-dependent metabolic reprogramming is required not only to maintain ATP levels
but also to suppress excessive oxidative stress through interaction with cystine. Mechanistically, AMPK, a central
regulator of cellular responses to metabolic stress, participates in the induction of the expression of ASCT2, a
glutamine transporter, and enhances glutamine consumption. Most interestingly, AMPK activation induces Nrf2
and its target proteins, allowing cancer cells to maintain energy homeostasis and redox status through gluta-
minolysis. Treatment with an integrin inhibitor was used to mimic the alterations in cell morphology and
metabolic reprogramming caused by detachment. Under these conditions, cells were vulnerable to glutamine
starvation or glutamine metabolism inhibitors. The observed preference for glutamine over glucose was more
pronounced in aggressive cancer cell lines, and treatment with the glutaminase inhibitor, CB839, and cystine
transporter inhibitor, sulfasalazine, caused strong cytotoxicity. Our data clearly show that anchorage-
independent survival of cancer cells is supported mainly by glutaminolysis via the AMPK-Nrf2 signal axis. The
discovery of new vulnerabilities along this route could help slow or prevent cancer progression.

critical role in ECM-independent survival of cancer cells [7]. Cancer cells
that successfully metastasize acquire anchorage-independent survival

1. Introduction

Despite significant advances in diagnosing and treating cancer,
metastasis limits cancer-free survival [1]. Given that metastases cause
more than 90% of cancer-related deaths, it is of paramount importance
to elucidate the mechanisms leading to their establishment [2-4]. One
key restriction to metastasis is anoikis, a form of cell death elicited by
loss of adhesion in cells that detach from the extracellular matrix (ECM)
[5,6]. Anoikis is caused by caspase-dependent apoptosis or
non-apoptotic cell death necroptosis [7]. Although the phenomenon is
regulated by a complex web of events, disruption in glucose utilization,
adenosine triphosphate (ATP) production, and redox homeostasis are
hallmarks of cell death and suggest that cellular metabolism plays a
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mechanisms and dependence on metabolic alterations may provide
effective therapeutic targets [5,8,9].

Cancer cells reprogram pathways of nutrient acquisition and meta-
bolism to meet the bioenergetic, biosynthetic, and redox homeostasis
necessary to sustain the malignant phenotype [10]. Unlike normal cells,
cancer cells preferentially utilize the glycolytic pathway to produce
large amounts of lactate even in the presence of oxygen, a phenomenon
known as the “Warburg effect” [11]. Anoikis of mammary epithelial
cells is rescued by forced expression of oncogenes as a result of enhanced
glucose consumption and reduced oxidative stress [7]. Although
numerous studies have demonstrated the importance of the Warburg
effect for many cancer cell types [11], it is unclear whether protection
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Abbreviations

2DG 2-deoxy-p-glucose

AMPK  adenosine monophosphate-activated kinase
ATP adenosine triphosphate
BSO L-buthionine sulfoximine

DM-aKG dimethyl-a-ketoglutarate

DMEM  Dulbecco’s modified Eagle medium
ECM extracellular matrix

FBS fetal bovine serum

GPNA  L-y-glutamyl-p-nitroanilide

NAC N-acetyl-cysteine

Nrf2 nuclear factor E2-related factor 2
OXPHOS oxidative phosphorylation

PARP poly (ADP-ribose) polymerase
poly-HEMA poly 2-hydroxyethyl methacrylate
ROS reactive oxygen species

shRNA  short hairpin RNA

TCA tricarboxylic acid

from anoikis is determined solely by abnormal oncogene-mediated
signaling pathways. In particular, it is unknown whether cancer cells
detached from the ECM maintain a survival mechanism dependent on
the Warburg effect.

Glutamine is the most abundant amino acid in the blood and plays an
important role in providing both carbon and nitrogen for anabolic
metabolism [12]. Like glucose, it is metabolized via the glycolytic
pathway to produce ATP, but is also used to generate biosynthetic in-
termediates through the tricarboxylic acid (TCA) cycle and oxidative
phosphorylation (OXPHOS) [12]. Recent studies have pointed to the
importance of glutamine metabolism for the growth and survival of
cancer cells, as it supports macromolecular biosynthesis and maintains
bioenergetics and redox balance [13,14]. Furthermore, evidence sug-
gests that the ability to counteract excessive reactive oxygen species
(ROS) is necessary for effective metastasis because metastasis is
augmented in animals treated with antioxidants [15-17]. Hence,
metabolic changes other than the Warburg effect are likely essential to
reduce oxidative stress and enable cancer cells to detach from the ECM
and for tumors to spread to distant sites.

Cancer progression results from adaptation to various environmental
stresses, in which major nutrients play a pivotal role in the development
of malignant characteristics [4]. Although glucose and glutamine are
essential for supporting cancer cells, the mechanism underlying cancer
cell survival has not been studied by comparing auxotrophic alterations
in adherent and non-adherent states. This gap prompted us to investi-
gate the mechanisms enabling cancer progression and especially meta-
bolic reprogramming induced by loss of anchorage.

Here, we report that metabolic reprogramming favoring glutamine
over glucose is indispensable for survival of cancer cells under detach-
ment conditions. Intervention in these metabolic processes could foster
novel approaches to improve cancer therapy.

2. Materials and methods
2.1. Reagents and antibodies

The chemical and biochemical reagents were obtained from the
following sources: ascorbic acid, r-buthionine sulfoximine (BSO),
cystine, and L-y-glutamyl-p-nitroanilide (GPNA) were purchased from
Wako Pure Chemicals (Osaka, Japan); oligomycin and 3PO were from
Calbiochem-Merck (Darmstadt, Germany); antimycin Al, bis-2-(5-
phenylacetamido-1,3,4-thiadiazol-2-yDethyl sulfide (BPTES), cilengi-
tide, dimethyl-a-ketoglutarate (DM-aKG), b-glucose, Dulbecco’s
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modified Eagle’s medium (DMEM), dimethylsulfoxide, r-glutamine,
MEM amino acids solution, MEM non-essential amino acids solution,
MEM vitamin solution, N-acetyl-cysteine (NAC), poly 2-hydroxyethyl
methacrylate (poly-HEMA), proteinase and phosphatase inhibitor
cocktail, sulfasalazine, and 2-deoxy-p-glucose (2DG) were from Sigma-
Aldrich (St. Louis, MO, USA); CB839 and UK5099 were from Cayman
Chemical (Ann Arbor, MI, USA); etomoxir was from Selleck Chemical
(Houston, TX, USA). Antibodies against AMPKa, phosphorylated (p)-
AMPKo (Thr172), ASCT2, FAK (Tyr397), p-FAK, IDH1, LKB1, PARP, p-
H2AX (Ser139), and xCT were obtained from Cell Signaling (Beverly,
MA). Antibodies against GCLC, GCLM, and ME1 were from Abcam
(Cambridge, UK). Antibodies against a-tubulin and p-actin were from
Wako Pure Chemicals. Antibodies against lamin B1 and Nrf2 were from
MBL (Nagoya, Japan) and GeneTex (San Antonio, TX, USA),
respectively.

2.2. Cell cultures and medium composition

Cells were obtained from the following sources: HeLa and HepG2
cells were purchased from JCRB (Osaka, Japan); BxPC-3, HT1080, and
G361 cells were from ECACC (Salisbury, Scotland); A375-P, A375-MA2,
and MDA-MB-231 cells were from ATCC (Manassas, VA, USA). HaCaT
cells were provided by Dr. Fusenig (German Cancer Research Center,
Heidelberg). MCF-7 cells were a kind gift from Dr. Kametani (Tokai
University School of Medicine, Kanagawa, Japan). All cell lines were
maintained in DMEM supplemented with 10% fetal bovine serum (FBS;
HyClone, GE Healthcare, South Logan, UT, USA), 50 U/mL penicillin,
50 mg/mL streptomycin, and non-essential amino acids (Life Technol-
ogies, Carlsbad, CA) at 37 °C and 5% COs. For detachment experiments,
tissue culture dishes or plates were coated with 3 mg/mL poly-HEMA in
95% ethanol as mentioned previously [18] with some modifications,
and were then incubated at 37 °C for more than a day until dry. Media
deficient for glucose, glutamine, or both were made based on powdered
glucose- and glutamine-free DMEM (Sigma-Aldrich) that contained
neither phenol red nor pyruvate. When these nutrients had to be present,
glucose or glutamine were added into the nutrient-deficient medium to a
final concentration of 55 mM and 2 mM, respectively. All
nutrient-deficient DMEM was prepared by dissolving inorganic salts
(CaCl, 265 mg/L, MgSO4 97.67 g/L, KCl 400 mg/L, NaHCOs 3.7 g/L,
NaH,PO4 109 mg/L, NaCl 6.8 g/L, Fe(NOs) 3-9H20 0.1 mg/L) in ultra-
pure water, with the final pH adjusted to pH 7.4. To examine the
nutrient requirements, nutrient-deficient culture media with or without
a specific nutrient were changed during detachment culture conditions.
To test for auxotrophy under the adherent state, the intended medium
was exchanged after the cells were sufficiently attached. Media for all
experiments were supplemented with 10% dialyzed FBS.

2.3. Stably expressing cell lines

Cell lines stably expressing short hairpin RNA (shRNA) were estab-
lished as described previously [19,20]. HepG2 cells were transfected
with a shRNA plasmid that targeted human AMPKal (sh-AMPK) or
human NFE2L2/Nrf2 (sh-Nrf2). A non-targeting control shRNA plasmid
served as a negative control (sh-con).

2.4. Transient transfection

The mammalian expression vector, pcDNA3-EGFP-C4-Nrf2, encod-
ing human Nrf2 (EGFP-Nrf2) was obtained from Addgene (#21549,
Watertown, MA, USA). The control expression vector was from Clontech
(Mountain View, CA, USA). Cells stably expressing sh-con or AMPK
shRNA were seeded and grown in 10-cm dishes to 70% confluence
before transfection with plasmids in the presence of Lipofectamine LTX
and PLUS Reagent (Life Technologies) according to the manufacturer’s
instructions. After 24 h, the cells were trypsinized, collected by centri-
fugation, washed with DMEM, and seeded in normal culture dishes or
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poly-HEMA-coated dishes at a density of 2.5 x 10° cells/mL. After 24 h,
they were harvested and analyzed by western blotting.

2.5. Western blot analysis

Western blot analysis was performed as described previously [21,
22]. Adherent cultured cells were trypsinized into a single-cell suspen-
sion in medium and then seeded in monolayer culture dishes or
poly-HEMA-coated dishes at a density of 2.5 x 10° cells/mL, followed by
a 24-h incubation. Scraped attached or detached cells were collected by
centrifugation at 300 x g for 3 min, washed twice with ice-cold phos-
phate-buffered saline, and whole protein lysates were prepared using a
radioimmunoprecipitation assay buffer (Wako Pure Chemicals) con-
taining a complete protease and phosphatase inhibitor cocktail. Nuclear
proteins were extracted using the NE-PER nuclear and cytoplasmic
extraction kit (Thermo Fisher Scientific, Waltham, MA, USA) according
to the manufacturer’s protocol. Protein concentration was measured by
the BCA protein assay kit (Wako Pure Chemicals). Equal amounts of
protein were then resolved by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred to a polyvinylidene difluoride
membrane. The membranes were developed by chemiluminescence
using Immobilon Western Chemiluminescent HRP Substrate (Millipore,
Billerica, MA, USA).

2.6. Determination of ATP content

To measure intracellular ATP levels, the CellTiter-Glo 2.0 Lumines-
cent Cell Viability Assay (Promega, Madison, WI, USA) was used as
described previously [20]. Briefly, 1 x 10* cells/100 pL were loaded into
each well of a 96-well plate. After addition of 100 pL of CellTiter-Glo
reagents, relative luminescence units were measured using the Glo-
Max96 microplate luminometer (Promega). The ATP content of cells
cultured in complete medium (control) was set to 100%, and each batch
of ATP measurements was calculated based on the control group. All
values were normalized to protein concentrations.

2.7. ROS assays

The ROS-Glo Hy0; assay (Promega) was used to measure the level of
hydrogen peroxide (H203) in the culture according to the manufac-
turer’s instructions. The ROS assay was carried out by plating 1 x 10*
cells/100 pL into each well of a 96-well plate. Cells were incubated in
culture medium with or without the intended nutrient and HyO5 sub-
strate solution for 4 h, following which the ROS-Glo detection solution
was added. Luminescence units were measured using the GloMax96
microplate luminometer and expressed as fold changes. All values were
normalized to protein concentrations.

2.8. Cell viability assays

To assess cell viability, the CellTiter 96 AQueous One Solution Cell
Proliferation Assay System (Promega) was used according to the man-
ufacturer’s instructions. Briefly, 5 x 10° cells were seeded into each well
in adherent or poly-HEMA-coated 96-well plates and 10 pL per well of
CellTiter 96 AQueous One Solution reagent was added. After 4 h of in-
cubation in a humidified 5% CO, atmosphere, absorbance at 490 nm
was measured using a SpectraMax I3 microplate reader (Molecular De-
vices, Sunnyvale, CA, USA). Five replicate wells per indicated group
were used to estimate cell viability. The viability of cells cultured in
complete medium was set to 100% and each batch of measurements was
calculated based on the control group.

2.9. Glucose and glutamine determination

Glucose levels were determined using a Glucose Colorimetric assay
kit IT (BioVision, Milpitas, CA, USA). Glutamine levels were determined
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using a Glutamine Detection Assay Kit (Abcam) in accordance with the
manufacturer’s instructions. Glucose or glutamine consumption was
calculated by subtracting the detected concentration of each compound
in the medium from the original glucose or glutamine concentration,
and was expressed as fold change. All values were normalized to protein
concentrations.

2.10. Lactate production assays

Conditioned medium derived from attached or detached cells was
collected and deproteinized with a 10-kDa MWCO spin filter (Amicon
Ultra-4; Merck-Millipore) to remove lactate dehydrogenase. Lactate
levels in culture medium were measured using a Lactate Colorimetric/
Fluorometric Assay Kit (BioVision) according to the manufacturer’s
protocol, and were expressed as fold changes. All values were normal-
ized to protein concentrations.

2.11. Statistical analysis

Data are expressed as the mean + SD. Differences between treatment
groups were determined either by Student’s t-tests (two-tailed) for a
comparison between two groups or by one-way analysis of variance
(ANOVA) for multiple groups, followed by Dunnett’s or two-way
ANOVA with Tukey’s post hoc statistical test using GraphPad Prism
8.0 (GraphPad Software, La Jolla, CA, USA). Test results with P < 0.05
were considered statistically significant.

3. Results

3.1. Metabolic reprogramming enables cancer cell survival in response to
ECM detachment

To investigate whether anchorage regulated the energy metabolism,
we first examined intracellular ATP levels in hepatoma HepG2 cells
cultured under adherent or non-adherent conditions. We detected a
negligible reduction of ATP in HepG2 cells and cancer cell lines of
various origin cultured under detached conditions for 24 h (Fig. 1A,
Fig. S1A). Whereas net uptake of glucose and production of lactate were
approximately 20% lower in HepG2 cells after ECM detachment (Fig. 1B
and C), glutamine consumption was increased by a similar extent
(Fig. 1D). These results suggest that ECM detachment caused metabolic
reprogramming, favoring glutamine-dependent energy metabolism over
the Warburg effect. Treatment with UK5099, an inhibitor of the mito-
chondrial pyruvate carrier [23,24], did not increase cleavage of the
apoptotic marker, poly (ADP-ribose) polymerase-1 (PARP), in attached
cells, but cleaved PARP was clearly visible in detached cells (Fig. 1E).
This finding indicates a shift in energy production from aerobic glycol-
ysis to TCA cycle-dependent OXPHOS. To examine the OXPHOS
dependence of each condition, cells were treated either with the electron
transport chain complex III inhibitor, antimycin, or the complex V
(ATPase) inhibitor, oligomycin. Detached cells were more sensitive to
PARP cleavage by these inhibitors (Fig. 1F), indicating an increased
reliance on ATP generation by glutamine-based mitochondrial OXPHOS.
Consistent with these results, treatment with either 2DG [25] or 3PO
[26], two glycolytic inhibitors, dramatically induced PARP cleavage
under attached conditions (Fig. 1G). Similarly, PARP cleavage was
stimulated upon addition of the glutamine transport inhibitor, GPNA, or
glutamine metabolism inhibitor, BPTES [27], under detached conditions
in HepG2, HeLa, and HT1080 cells (Fig. 1G). No dependence on fatty
acid oxidation was observed when detached cells were cultured
(Fig. S1B). In addition, the plasma glutamine concentration of 0.6-0.9
mmol/L [28] was ideal for survival of detached cancer cells (Fig. S1C).

Glutamine metabolism plays a role not only in ATP production but
also in suppressing oxidative stress and supports survival upon ECM
detachment.

Adherent or non-adherent cancer cells were found to be dependent
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Fig. 1. ECM detachment causes a switch from glucose-to glutamine-dependent survival mechanisms. (A) Intracellular ATP levels in HepG2 cells 24 h after plating in
adherent (AT) or non-adherent (poly-HEMA-coated) (DT) plates. (B-D) Changes in glucose, lactate, and glutamine concentration in the medium of HepG2 cells after
24 h under attached or detached conditions. Data are presented as mean + SD of three independent experiments. Full-length PARP (F-PARP) and cleaved PARP (C-
PARP) expression in protein extracts obtained from HepG2 cells incubated in the presence of (E) 50 pM UK5099 and (F) 1 pM antimycin A1l or oligomycin, or in their
absence (Cont) for 24 h under attached or detached conditions. (G) F-PARP and C-PARP expression in protein extracts obtained from three different cancer cell lines
(HepG2, HeLa, and HT1080) incubated with 25 mM 2DG, 20 pM 3PO, 1 mM GPNA, or 20 pM BPTES, or without these chemicals (Cont) for 24 h under attached or
detached conditions. a-tubulin served as a loading control. Representative western blots are shown. *P < 0.05; **P < 0.01.

on glucose or glutamine to survive. As expected, removing glucose or
glutamine resulted in a more dramatic reduction in intracellular ATP
levels under adherent or non-adherent conditions, respectively, in all
cell lines and compared to complete nutrient medium (Fig. 2A). Similar
results were obtained in Western blot analysis for the expression of
H2AX phosphorylated on Ser139, a marker of DNA damage, and PARP
cleavage (Fig. 2B). Reflecting these findings, cell viability was markedly
reduced in both glucose deficiency under attached conditions and in
glutamine deficiency under detached conditions (Fig. 2C). To elucidate
the nutritional requirements for cell survival in more detail, we inves-
tigated ATP levels and cell death during attached or detached conditions
using a medium without specific nutrients, or nutrient-free medium
supplemented with those nutrients (Fig. 2D and E). Under attached
conditions, glucose supplementation was sufficient for ATP production
and survival. Glutamine deficiency or glutamine supplementation had
the greatest effect on ATP levels under detached conditions. As with
media devoid of all nutrients, glutamine deficiency also caused cell
death, suggesting that glutamine utilization plays a crucial role in ATP
production and survival of detached cancer cells. Surprisingly, whereas
glutamine addition to the medium lacking all nutrients was a prereq-
uisite for ATP production, it could not completely rescue PARP cleavage,
indicating that glutamine is responsible for cancer cell survival in co-
ordination with other nutrients.

Products of glutamine metabolism are essential in promoting cellular
anti-oxidative defenses [13]. Glutamine-derived glutamate contributes
to glutathione biosynthesis and is thought to facilitate the uptake of
cystine via the xCT antiporter [29], which is coupled to the efflux of
glutamate. Cystine is converted to cysteine, which can then be

incorporated into glutathione [29,30]. Thus, we hypothesized that
glutamine and cystine reduced excess intracellular ROS generated by
ECM detachment. As expected, PARP cleavage was almost completely
rescued by supplementation with both glutamine and cystine under
detached conditions (Fig. 2F), but not by addition of cystine alone or
cystine with glucose (Figs. S2A and B). Consistent with these results,
supplementation with glutamine and cystine suppressed ROS to about
the same level as in complete nutrient medium (Fig. 2G); however, it
failed to restore ATP levels (Fig. 2H) even in the presence of glucose
(Fig. S2C). Treatment with BSO, a glutamyl cysteine synthetase inhibi-
tor, inhibited glutathione synthesis and induced PARP cleavage under
detached conditions (Fig. 2I). In addition, non-tumorigenic HaCaT cells
showed a marked decrease in ATP and cleavage of PARP under
non-adhesive conditions (Figs. S2D and E). Treatment with the antiox-
idants, NAC and ascorbic acid, completely inhibited the cleavage of
PARP and the generation of excess ROS, but could not rescue ATP levels
(Figs. S2G and F). These results suggest that, under detached conditions,
glutamine played a central role not only in ATP production but also in
the suppression of oxidative stress through glutathione synthesis and
cystine consumption. Supporting this hypothesis, addition of
cell-permeable DM-0aKG, a source of fuel for the TCA cycle or precursor
of glutamate [13], was sufficient to produce ATP and to reduce excess
ROS during glutamine deprivation under detached conditions, leading
to complete protection against DNA damage and cell death (Fig. 2J, K,
L).

AMPK-Nrf2 regulates glutamine metabolism-mediated energy and
redox homeostasis in detached cancer cells.

Adenosine monophosphate-activated kinase (AMPK) is a central
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Fig. 2. Glutamine is indispensable for cancer cell survival under ECM detachment. (A) ATP levels in HepG2, HeLa, and HT1080 cells cultured in complete medium,
glucose-deficient (Glc (-)), glutamine-deficient (Gln (-)), or glucose and glutamine-deficient (Neither) medium for 24 h under attached (AT) or detached (DT)
conditions. (B) Full-length PARP (F-PARP) and cleaved PARP (C-PARP) expression in HepG2 cells cultured as indicated in panel A for 24 h. p-actin served as a loading
control. (C) Viability of HepG2 cells cultured for 24 h in the indicated medium on adherent or poly-HEMA-coated plates. (D) ATP levels in HepG2 cells cultured in the
indicated nutrient-deficient or supplemented medium on attachment or detachment plates for 24 h. Complete: DMEM-based complete nutrient medium; AA: DMEM-
amino acid; Vit: DMEM-vitamin; All deficient: deficient for all nutrients. (E) F-PARP and C-PARP expression in HepG2 cells cultured in the indicated nutrient-
deficient or supplemented medium on attachment or detachment plates for 24 h. (F) F-PARP or C-PARP expression in HepG2 cells cultured in complete medium
or in all nutrients-free medium supplemented with 2 mM glutamine and the indicated doses of cystine for 24 h under detached conditions. a-tubulin served as a
loading control. (G) ROS (H205) and (H) ATP levels in HepG2 cells cultured in complete medium or all nutrients-free medium supplemented with 2 mM glutamine
and the indicated dose of cystine for 24 h in detached conditions. (I) H2AX phosphorylation (p-H2AX) and PARP expression in whole-cell extracts of HepG2 cells
incubated with or without 1 mM BSO for 24 h under attached or detached conditions. B-actin served as a loading control. (J) ATP levels, (K) ROS levels, (L) H2AX
phosphorylation and PARP expression in HepG2 cells cultured in glutamine-free medium in the presence (Cont) or absence (-) of glutamine, with or without 4 mM
DM-aKG under detached conditions. p-actin served as a loading control. Representative western blots are shown. Data are presented as mean + SD of three inde-
pendent sets of experiments. NS, not significant; **P < 0.01; ***P < 0.001.
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regulator of cellular responses to metabolic stress [31] and is involved in
cancer cell survival under glucose-limiting conditions and
anchorage-independent growth [32,33]. We previously reported that
glucose starvation induced AMPK activation [20]. In the current study,
we hypothesized that reduced glucose consumption under non-adhesion
conditions (Fig. 1B) implicated AMPK activation in cancer cells survival.
Indeed, AMPK knockdown resulted in a marked induction of phos-
phorylated H2AX and PARP cleavage following ECM detachment
(Fig. 3A). Detached AMPK knockdown cells exhibited decreased gluta-
mine consumption, obvious suppression of the induced glutamine
transporter, ASCT2 [34] (Fig. 3B and C), and lower ATP levels (Fig. 3D).

We previously reported that AMPK activation induced the expression

of nuclear factor E2-related factor 2 (Nrf2), a master regulator of redox
homeostasis, in cancer cells under glucose-starved conditions [20].
Here, Nrf2 expression induced by cell detachment was inhibited by
sh-AMPK treatment (Fig. 4A). Given that Nrf2 contributes to cell sur-
vival by suppressing oxidative stress [35,36], Nrf2 knockdown made
cells more sensitive to ECM detachment-induced cell damage, leading to
markedly higher H2AX phosphorylation and PARP cleavage (Fig. 4B).
To investigate the role of AMPK and Nrf2 in signal transduction in more
detail, we examined detached cells treated with sh-AMPK following
transient transfection with EGFP-tagged-Nrf2. H2AX phosphorylation
and PARP cleavage were completely rescued by Nrf2 overexpression
(Fig. 4C), indicating that AMPK activation plays a critical role in
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Nrf2-mediated protection from metabolic stress incurred following ECM
detachment. Nrf2 is the sole controller of GCLC and GCLM, the enzymes
responsible for producing glutathione [37]. Nrf2 can also modulate
energy metabolism by directly increasing the transcription of all
NADPH-generating enzymes, which links Nrf2 to NADPH production
and subsequent glutathione maintenance [38,39]. In addition, Nrf2
controls the abundance of cysteine within cells, which is the
rate-limiting substrate in glutathione synthesis via Nrf2-mediated
expression of the cystine/glutamate antiporter, xCT [40]. Here,
sh-Nrf2 suppressed the induction of Nrf2-targeted NADPH-producing
enzymes, ME1 and IDH1 [38,39], as well as glutathione
synthesis-related enzymes, GCLC, GCLM, and xCT, under detached
conditions (Fig. 4D). Knockdown of AMPK also suppressed those
Nrf2-targeted enzymes induced by ECM deprivation, confirming that
Nrf2 functioned downstream of AMPK (Fig. 4E). Unexpectedly,
detachment-induced ASCT2 expression was not affected by Nrf2 inhi-
bition, suggesting that AMPK was responsible for glutamine uptake,
whereas Nrf2 regulated glutamine metabolism (Fig. S3). Consequently,
the substantial ROS generation induced by ECM detachment was further
exacerbated by AMPK or Nrf2 knockdown (Fig. 4F).

Suppression of integrin causes a shift to glutamine metabolism even
in an adhesive environment.

Anoikis is caused by loss of interaction between adherent cells and
the ECM and is triggered by the absence of certain adhesion molecules

[8]. Disruption of integrin ligation has been shown to promote cell death
by anoikis, which can be prevented by integrin-mediated adhesion
[41-43]. To elucidate the mechanism by which loss of adhesion mole-
cules causes metabolic reprogramming, we treated HepG2 cells with the
integrin inhibitor, cilengitide [44], under adherent monolayer culture
conditions. As expected, dose-dependent treatment with cilengitide
resulted in cells whose morphology resembled that of cells cultured in a
poly-HEMA-coated culture dish even if a normal culture dish for
adherent cells was used (Fig. 5A). ASCT2, xCT, nuclear Nrf2, and
phosphorylation of AMPK were substantially induced under attached
conditions in the presence of cilengitide. Phosphorylation of FAK, an
established marker of integrin-ECM interaction [18], decreased with
increasing exposure to cilengitide (Fig. 5B). To investigate whether the
integrin signal triggered a metabolic shift associated with changes in
nutrient demand, we examined the effect of cilengitide treatment under
depletion of glucose, glutamine, or both. In the presence of cilengitide,
glucose deprivation-induced PARP cleavage was suppressed under
attached conditions, whereas glutamine-starved PARP cleavage was
dramatically induced (Fig. 5C). Reduction in ATP levels by cilengitide
treatment was greater with glutamine starvation than with glucose
starvation (Fig. 5D), thus, mimicking the results shown in Fig. 2A. In
addition, supplementation of DM-aKG successfully rescued glutamine
starvation-induced PARP cleavage in the presence of cilengitide under
adhesion culture conditions (Fig. 5E). Intracellular ATP levels were
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hardly altered by the addition of cilengitide alone, but were markedly
lower when combining cilengitide and glutamine deficiency (Fig. 5F).
Hence, the cooperative function of AMPK and Nrf2 seemed to play an
essential role in cancer cell survival through glutamine metabolism in a
non-adhesive environment. In AMPK- or Nrf2-knockdown cells, treat-
ment with cilengitide significantly reduced intracellular ATP, which was
further decreased by glutamine starvation (Fig. 5G and H). Consistent
with these results, cilengitide treatment alone caused only minor PARP
cleavage, whereas its combination with glutamine deficiency led to
pronounced PARP cleavage in sh-con cells (Fig. 5I). Notably, PARP was
cleaved in sh-AMPK and sh-Nrf2 cells even in the absence of cilengitide
(Fig. 5I). These results clearly suggest that inhibition of integrin by cil-
engitide was the most important trigger for glutaminolysis due to
changes in nutritional requirements. Considering that this occurred
under attached conditions, substantial ROS generation was induced by
treatment with small-molecule glutaminase inhibitors, BPTES and
CB839 [27] (Fig. 5J), further exacerbating PARP cleavage (Fig. 5K).
Taken together, these results reveal that metabolic reprogramming was
caused by the synergistic action of integrin suppression-triggered AMPK
activation and Nrf2 expression in cancer cells, thereby favoring adap-
tation and survival under the severe conditions elicited by ECM
detachment.

The combination of xCT inhibitor, sulfasalazine, and CB839

synergistically damages cancer cells under detached conditions.

Based on the present results, we hypothesized that ECM detachment-
induced glutamine metabolism addiction was an essential mechanism
for suppression of oxidative stress and this was necessary for anoikis
resistance exhibited by cancer cells. As the expression of xCT is required
for maintaining glutaminolysis-mediated redox balance [29,30], a
marked induction of xCT expression was observed in HepG2, HeLa, and
HT1080 cells under detached conditions (Fig. 6A). In HaCaT cells, xCT
expression was not induced during ECM detachment and the transport of
glutamate and cystine was likely inadequate; thereby PARP cleavage
could not be rescued even when DMa-KG was added (Fig. S4A). Induc-
tion of AMPK activation and nuclear Nrf2 expression were also not
detected in HaCaT cells (Fig. S4B). To further confirm the significance of
xCT expression in cancer cell survival under non-adherent conditions,
we examined the effect of treatment with sulfasalazine, a specific in-
hibitor of xCT-mediated cystine transport [45], on cell damage.
Intriguingly, induction of PARP cleavage and H2AX phosphorylation by
sulfasalazine treatment was more evident under detached than adherent
conditions (Fig. 6B). In addition, effective and synergistic cell damage
was observed only during detached conditions when CB839 and sulfa-
salazine were utilized alone or together at a concentration that had little
effect in attached cells (Fig. 6C). Consequently, whether alone or in
combination, these inhibitors caused a significant increase in ROS levels
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Fig. 4. (continued).

during detached conditions (Fig. 6D). From these results, it appears that
xCT expression cooperated with glutaminolysis to ensure cell survival
under detached conditions via oxidative stress neutralization and a
predominantly glutamine-oriented metabolism.

Dependence on glutamine metabolism in highly metastatic cancer
cells under detachment conditions contributes to therapeutic
vulnerability.

To investigate the significance of glutamine metabolism on factors
other than ATP production or oxidative stress neutralization during
cancer cell survival under detached conditions, we focused on the cells’
ability to metastasize. We examined two existing melanoma cell lines
whose parental cells had been established by in vivo selection for more
metastatic variants: poorly metastatic A375-P cells and their more
metastatic A375-MA2 variant [46]. In A375-P cells, glutamine starva-
tion caused more PARP cleavage and H2AX phosphorylation compared
to glucose starvation under both attached and detached conditions
(Fig. 7A). In contrast, in A375-MA2 cells, both glucose or glutamine
starvation caused damage under adherent conditions; however, pro-
nounced PARP cleavage and H2AX phosphorylation were enhanced only
during glutamine starvation under detached conditions (Fig. 7A). Based
on these findings, we hypothesized that combined treatment with in-
hibitors of glutamine metabolism and cystine transport could hinder
survival of A375-MA2 cells under non-adhesion conditions due to a
greater dependence on glutamine metabolism. As expected, whereas
damage to A375-MA2 cells was caused by exposure to CB839, but not
sulfasalazine, in attached cells, a combination of these inhibitors dis-
played a synergistic damaging effect in detached cells (Fig. 7B).

Finally, we investigated ECM deprivation-induced metabolic
changes using breast cancer-derived cell lines of different grades and
molecular subtypes. The luminal ER+, HER2- MCF-7 cell line [47] was
vulnerable to both glucose or glutamine deficiency under attached
conditions, but was more susceptible during glutamine starvation under

detached conditions. In the basal-like triple-negative MDA-MB-231 cell
line [47], PARP cleavage changed dramatically upon switching from
glucose-to glutamine-dependent metabolism, indicating that a change
from adherent to non-adherent cultures had a strong impact on cell
survival (Fig. 7C). Although treatment with CB839 had a minor effect on
H2AX phosphorylation, effective induction of H2AX phosphorylation
and PARP cleavage by combined use of sulfasalazine could not be
observed under attached conditions, suggesting that glutamine was not
involved in redox homeostasis and thus did not cause cell death in
adherent MDA-MB-231 cells. Importantly, similar to the results obtained
with A375 cells, exposure of MDA-MB-231 cells to CB839 and sulfasa-
lazine caused remarkable PARP cleavage, and their combination exerted
a synergistic effect under detached conditions (Fig. 7D). It was unsur-
prising that activation of AMPK, as well as induction of nuclear Nrf2 and
xCT, were caused by non-adherent cultures. These changes were
consistent with switching to glutamine-dependent metabolism following
detachment, and they were more clearly observed in aggressive cancer
cell lines, such as A375-MA2 or MDA-MB-231 (Figs. S5A and B). Taken
together, our observations strongly indicate that glutamine demand and
its metabolism are not only indispensable adaptation mechanisms for
survival in a non-adherent environment, but may also play an important
role in acquisition of metastasizing capacity during cancer progression.

4. Discussion

Escape from anoikis, particularly during the complex cascade of in-
vasion and metastasis, has long been recognized as a hallmark of cancer
[2-4]. During the spread and circulation of metastatic cancer cells,
avoiding the severe environmental stress caused by separation from the
ECM is an essential prerequisite for successful metastasis [5,6,8]. To this
end, anti-anoikis, or anchorage-independent survival, is one of the most
important adaptations. However, nutrient demand and related



H. Endo et al. Redox Biology 36 (2020) 101643

Vehicle
A (Cilengitide 0 M) Cilengitide (1 uM) Cilengitide (5 uM) Cilengitide (20 uM)  Poly-HEMA-coated dish
— B —_ —_—
B Cil 20 D
(um).CiLO Gil 1 il 5 Cil 10 Cil 20 @ <
EEaEe- 22282238 B2
ASCT2 S o v E :;‘% £+ - £ = 100 -
L < o L £ O 9]
D-ANPK 5 S e - — ., F-PARP © O 0 z O06 G =z z 80
- S S — — — G C—— - 60
AMPK - e— =100 & %7
= :37 9 — = — = i 40
XCT - C-PARP - _ 2 20 A
a-tubulin D . GNP S gup =SS = © 0
P-FAK W —— —— 100 2 R .
= T T T B
FAd e we e apens E —F —— @ = g & £
) - + + + Cil20 S z
o-tubulin S Cont_—_— — *+ DM-aKG
Whole-cell lysates F-PARP umpespalbeubeD Cil20
- 100
Nrf2 == S e . -_ C-PARP —
Lamin B1 M ———— by i G -,
Nucleus
F sh-con G sh-AMPK H sh-Nrf2
- o _ * S oy = * * %k
g 120 ®k g 120 —r— g 120 —r—
» 100 A o« 100 - «» 100 4
[ [J] [
3 80 A 3 80 - 3 80
o 60 A o 60 | o 60 4
= < =
o 40 o 40 - o 40
> 2 2
5 20 - £ 20 A B 20 -
£ 0 & 0 £ 04
Cont - GIn() Cont - GIn() Cont - GIn()
Cil 20 Cil 20 Cil 20
| K
sh-con sh-AMPK sh-Nrf2 . -
1
Cil 20 Cil 20 Cil 20 2 5 f ok 1 Cil 20
1
GIn GIn GIn 3 4 - Q9
Cont - (-)Cont - (-) Cont - (-) K — S - & 2
F-PARP e 2 F-PARP esesstunamy
C-PARP — — e D  — — % 1 C-PARP —
; < 0
2 e - e— G — x i -
P e Cont - BPTES CBg39 O tubUlin MG wm——_,
Cil 20
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mechanisms for sustained survival of cancer cells following ECM
detachment have not been sufficiently elucidated.

Here, we show that cancer cells survive under detached conditions
by switching from glucose-to glutamine-dependent energy metabolism
and, therefore, do not depend on the Warburg effect. We report that
glutamine serves to generate ATP, as well as counteract oxidative stress
by acting in concert with cystine. Detachment-induced AMPK activation
increases glutamine consumption and induces Nrf2, as well as its target
enzymes, to maintain ATP levels and ROS homeostasis. Detachment was
explained by the suppression of integrin, as activation of the AMPK-Nrf2
signal, changes in nutrient demand, and oxidative stress response were
almost completely mimicked by integrin inhibitors. Therefore, the
AMPK-Nrf2 signal could serve as a base for metabolic reprogramming in
cells under severe anchorage-deficient stress. Our findings could also
explain why inhibition of excess oxidative stress can cause the devel-
opment of metastatic capacity in ECM-deprived tumor cells.

Because some metabolic features are altered across many types of
cancer cells, metabolic reprogramming is considered a hallmark of
cancer [10,11]. These metabolic alterations play a prominent role in the
acquisition and maintenance of malignant properties [48-50]. Although
the enhanced glycolytic metabolism of the Warburg effect is considered
essential for cell growth and proliferation, aggressive growth is sup-
pressed by loss of attachment to the ECM in non-adherent cultures and
tumor spheres [51,52]. Accordingly, glucose is expected to be less
important for survival following detachment. In our study, we show that
cancer cells favor glutamine over glucose under detached conditions.
Indeed, ECM detachment is now well-understood to cause some drastic
metabolic alterations, including defective glucose uptake, diminished
pentose phosphate pathway, reduced cellular ATP levels, and a

11

substantial increase in ROS in the non-tumorigenic MCF-10A cell line,
which is restored by overexpression of the oncogene, ErbB2 [53-55].
Recent studies have revealed that cancerous metabolic reprogramming
is induced by aberrant constitutive activation of various oncogenes,
transcription factors, and signaling pathways, such as c-Myc, p53,
HIF1a, PI3BK/AKT, and mTOR [10-12]. However, because cell lines with
different genetic backgrounds and tissues of origin were used in our
experiments, we believe that metabolic reprogramming from
glycolysis-to glutaminolysis-based survival mechanisms is regulated by
distinct molecules and/or signaling pathways during ECM detachment.

AMPK is a key energy sensor in cancerous and non-cancerous cells
[31]. During nutrient deprivation, including glucose deprivation, AMPK
is activated by decreased intracellular ATP levels. Because ECM
detachment impairs the uptake of glucose as the preferred nutrient, it is
possible that AMPK prevents ATP depletion by metabolic reprogram-
ming. Recently, Blagih et al. (2015) reported that AMPK played a crucial
role in metabolic reprogramming of effector T cells in response to
glucose insufficiency by enhancing glutaminolysis [56]. Here, we report
that expression of glutamine transporter, ASCT2, was induced by AMPK
activation under detached conditions. In fact, the most important role
played by glutamine metabolism was to reduce oxidative stress by
promoting cystine uptake. When glucose metabolism is impaired in
glioblastoma cells, the activity of glutamate dehydrogenase is increased
to enable energy production from glutamine via the TCA cycle [57].
Thus, in a reciprocal manner, glutamine metabolism in tumor cells may
influence glucose metabolism. At present, the mutual regulation be-
tween these two metabolic modes under ECM detachment remains to be
elucidated. Our findings indicate that AMPK-mediated glutamine
metabolism represents a reasonable strategy in a non-adherent
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Fig. 7. Cancer cells with high metastatic potential have an increased dependence on glutamine metabolism under detached conditions. (A, C) Full-length PARP (F-
PARP), cleaved PARP (C-PARP), and phosphorylated H2AX (p-H2AX) expression in whole-cell lysates of A375P, A375-MA2, MCF-7, and MDA-MB-231 cells cultured
in complete medium, glucose-deficient (Glc (-)), glutamine-deficient (GIn (-)), or glucose and glutamine-deficient (Neither) medium for 24 h under attached (AT) or
detached (DT) conditions. (B, D) F-PARP, C-PARP, and p-H2AX expression in whole-cell lysates of HepG2 cells treated with either 10 pM CB839 or 250 uM sul-
fasalazine, or both for 24 h. a-tubulin served as loading control. Data are representative of three independent sets of experiments.

environment that prioritizes cancer cell survival over proliferation when
initiating metastasis.

Integrin-mediated signaling plays a central role in suppressing
apoptosis in adherent cells; loss of adhesion, and consequent suppres-
sion of its downstream FAK signal, has been implicated as a major cause
of anoikis [6,58]. In pancreatic cancer cells, FAK promotes glucose
consumption and glycolysis while decreasing mitochondrial respiration.
However, detachment-induced suppression of FAK reverts the balance
from glycolysis to OXPHOS [59], suggesting that suppression of
integrin-FAK adhesion signaling causes a shift to glutaminolysis to avoid
cell death elicited by disruption of the glucose-derived survival mech-
anism. Consistent with this hypothesis, our results clearly show that the
integrin inhibitor causes glutaminolysis to prevent energy loss due to
suppressed glycolysis and to protect cells from oxidative stress through
masterfully orchestrated AMPK-Nrf2 activation.

The ability to cope with oxidative stress may be essential in some
cancer types, as inhibition of folate pathway-mediated anti-oxidative
defenses decreases the metastatic potential of melanoma cells [16],
while treatment with antioxidants promotes metastasis [15-17]. In
addition, detached cultured tumor cells increase their antioxidant ca-
pacity by producing more NADPH [53], which is the main reducing
agent used in regenerating oxidized glutathione and thioredoxin, two
known ROS scavengers. Intriguingly, our results indicate that
NADPH-generating enzymes. ME1 and IDH1, as well as
glutathione-producing enzymes, GCLC and GCLC, are targeted by Nrf2
and are induced following ECM detachment. Although NADPH is also
required for lipid synthesis [60], AMPK inhibits fatty acid
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synthesis-mediated NADPH consumption and promotes fatty acid
oxidation-related NADPH production instead [31,61]. Thus, activation
of AMPK is pivotal for a cancer cell to sense unfavorable conditions,
including ECM detachment, and to respond by activating a catabolic
switch that augments ATP and NADPH reserves. Although the mecha-
nism of AMPK-mediated NADPH production or its utilization as
reducing equivalent to counteract oxidative stress remains unknown, we
reveal that AMPK-regulated Nrf2 expression promotes glutamine uptake
and glutaminolysis, thereby providing sufficient energy and suppressing
oxidative stress following ECM detachment. Importantly, our findings
also indicate that AMPK-Nrf2 signaling is involved in induction of xCT
expression and is responsible for the proper control of oxidative stress
under detached conditions. Based on these results, glutamate produced
by AMPK-driven glutamine metabolism is necessary to effectively
reduce xCT-mediated oxidative stress, and its induction of xCT expres-
sion and downstream glutathione synthesis are required for
AMPK-dependent Nrf2 expression. Thus, the AMPK-Nrf2 axis offers a
survival strategy based on altered nutrient demand and metabolic
rewiring to glutaminolysis. Even though our findings suggest that AMPK
and Nrf2 may be effective therapeutic targets in cancer cells undergoing
ECM detachment, inhibiting these molecules may have adverse effects as
they are critical for survival of non-tumor cells, as well as the regulation
of diverse molecules [62,63]. Instead, a combination of CB839 and
sulfasalazine, which inhibits both glutamine metabolism and
glutaminolysis-associated cystine transporter activity, is expected to be
a useful treatment because it can damage cancer cells during ECM
detachment.
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Both glucose and glutamine are key metabolic substrates in malig-
nant tumor cells and are critical for cancer progression. Although
glutamine requirement of invasive and metastatic cells has not been
specifically studied, it has been shown that highly invasive ovarian
cancer cells exhibit increased glutamine dependence compared with less
invasive cells, whereas metastatic prostate tumors show increased
glutamate availability and dependence on glutamine uptake [64].
Furthermore, genetic inhibition of glutaminase has been shown to
inhibit epithelial-to-mesenchymal transition, a key step in tumor cell
invasiveness and eventual metastasis [65,66]. Indeed, we have previ-
ously shown that glucose starvation, which enhances glutamine
requirement, causes cancer cell migration and invasiveness via induc-
tion of MMP-9 expression [20]. In the present study, we reveal that
suppression of anoikis relies on elevated glutamine requirement, which
is even greater in highly malignant cancer cells, such as A375-MA2 and
MDA-MB-231, irrespective of tissue origin and genetic backgrounds.
Thus, combinatorial strategies aimed at inhibiting glutamine meta-
bolism and collapsing redox homeostasis could prevent malignant pro-
gression and offer important intervention strategies.

Although metabolic reprogramming in cancer cells is now widely
recognized to be important for cancer treatment, strategies that target
the enhanced glycolytic activity in cancer have, so far, not been very
successful clinically [25]. In contrast, several small-molecule gluta-
minase inhibitors, including BPTES and CB839, are currently being
evaluated in pre-clinical and clinical trials for the treatment of various
cancers [67]. Sulfasalazine, an FDA-approved therapeutic agent, is
already widely utilized because it is applied against rheumatoid arthritis
and ulcerative colitis [40,68]. Restriction of glutamine and cystine
would not be easy to achieve through dietary intervention in patients.
Therefore, the combination therapy shown here represents an option for
treating cancer progression during metastasis.

In conclusion, the present study provides new evidence of ECM
detachment-induced glutamine metabolism in sustaining cancer cell
survival through comprehensive activation of the AMPK-Nrf2 axis. This
knowledge broadens our understanding of the mechanisms underlying
metastatic processes that may be common to aggressive cancers. We
believe that our findings have potential in the development of thera-
peutic strategies targeting nutrient auxotrophy in various cancer types.
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