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Abstract

The cystine/glutamate antiporter, system x., is essential for the efficient uptake of cys-
tine into cells. Interest in the mechanisms of system x.~ function soared with the recog-
nition that system x.~ presents the most upstream node of ferroptosis, a recently
described form of regulated necrosis relevant for degenerative diseases and cancer.
Since targeting system x.~ hold the great potential to efficiently combat tumor growth
and metastasis of certain tumors, we disrupted the substrate-specific subunit of system
Xc, XCT (SLC7A11) in the highly metastatic mouse B16F10 melanoma cell line and
assessed the impact on tumor growth and metastasis. Subcutaneous injection of tumor
cells into the syngeneic B16F10 mouse melanoma model uncovered a marked decrease
in the tumor-forming ability and growth of KO cells compared to control cell lines. Strik-
ingly, the metastatic potential of KO cells was markedly reduced as shown in several
in vivo models of experimental and spontaneous metastasis. Accordingly, survival rates
of KO tumor-bearing mice were significantly prolonged in contrast to those transplanted

with control cells. Analyzing the in vitro ability of KO and control B16F10 cells in terms

Abbreviations: CRISPR/Cas9, Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) associated protein 9 (Cas9); DEM, diethyl maleate; ER, endoplasmic reticulum; GSH,

glutathione; Lip-1, liproxstatin-1; 2-ME, 2-mercaptoethanol.
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1 | INTRODUCTION

The cystine/glutamate transporter, system x.~, is a heterodimeric amino
acid transporter consisting of the substrate-specific subunit, xCT
(SLC7A11) and the 4F2 heavy chain (SLC3A2), a subunit shared by sev-
eral other amino acid transporters.>? System x.~ exchanges extracellular
cystine (or cystathionine) with intracellular glutamate at an equimolar
ratio.>* Cystine transported into cells is rapidly converted to cysteine
and used for protein or glutathione (GSH) biosynthesis, the latter being
the most abundant intracellular antioxidant in mammalian cells.
Research into the biology of xCT has regained momentum with the dis-
covery that system x.~ is the most upstream player of ferroptosis. Fer-
roptosis is an iron-dependent form of necrotic cell death marked by an
overwhelming phospholipid peroxidation,>® and which emerges to be
highly relevant for both degenerative diseases and cancer.” xCT expres-
sion and stability is known to be under the strict control of a number of
cell-intrinsic and cell-extrinsic mechanisms. For instance, xCT is readily
induced by oxidative stress and amino acid deprivation in a nuclear fac-
tor erythroid 2-related factor 2 (NRF2)- or activating transcription factor
4 (ATF4)-dependent manner, respectively. Accumulating evidence sug-
gests that xCT expression is also under the control of the tumor sup-
pressors p53 and BRCA1 associated protein 1 (BAP1), thus impacting
on the cell's sensitivity towards ferroptosis.51°

Metastasis is the leading cause of mortality in cancer, therefore
prevention of cancer metastasis represents one of the central goals to
substantially improve prognosis and quality of life for affected
patients. As such, sulfasalazine treatment of nude mice bearing the
human esophageal squamous cell carcinoma cell line KYSE150 mark-
edly inhibited experimental lung metastasis indicating that system x.~
could be involved in metastasis.'* Moreover, vaccination of a virus-
like particle presenting one of the extracellular domains of human/
mouse XCT decreased the number of lung metastases in host mice
implanted with murine lung cancer cell line.1?

To provide unequivocal evidence of the relevance of xCT in can-
cer metastasis, we engineered the highly metastatic B16F10 mouse
melanoma cell line to generate cells deficient in system x.~. Using cell-
based studies as well as in vivo murine cancer models, we now dem-
onstrate that xCT plays an essential role during various steps of
metastasis in mice, while its targeted knockout ultimately increased
survival rates of tumor-bearing mice. In light of the dispensable role of
xCT for mouse embryogenesis and viability in mice,®® our data
strongly suggest that targeting system x.~ is a highly promising
approach to combat melanoma metastasis.
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of endothelial cell adhesion and spheroid formation revealed that xCT expression indeed
plays an important role during metastasis. Hence, system x.~ emerges to be essential for
tumor metastasis in mice, thus qualifying as a highly attractive anticancer drug target,

particularly in light of its dispensable role for normal life in mice.

melanoma, metastasis, system x.~, tumor growth

What's new?

The cystine/glutamate antiporter system xc- has generated
growing interest as the most upstream node of ferroptosis,
a recently-described iron-dependent form of necrotic cell
death that is highly relevant in cancer. Using mouse cell-
based assays and in vivo murine cancer models, here the
authors demonstrate that system xc-deficiency not only
impairs primary tumor growth but also abrogates tumor
dissemination and metastasis in melanoma. The results also
show in tumor-bearing mice that reduced metastasis coin-
cides with increased overall survival. Overall, the findings
support the essential role of system xc- in tumor metasta-
sis and its potential as an attractive anti-cancer drug

target.

2 | MATERIALS AND METHODS

21 | Chemicals

The following chemicals were purchased for the experiments: Lip-1
(Selleck Chemicals) and Z-VAD-FMK (Enzo Life Science). All other
chemicals were obtained from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan), unless stated otherwise.

22 | Cell culture

B16F10 (CVCL_0159) was obtained from Cell Bank, RIKEN Bio-
Resource Research Center (lbaraki, Japan). xCT KO cells were gener-
ated from the parental cell line (WT), and R1, R2, R3 cell clones were
established using xCT KO following methods described below. All
B16F10 relevant cell lines were cultured routinely in RPMI1640
medium (Gibco) supplemented with 10% fetal bovine serum, penicillin
(50 U/mL) and streptomycin (50 pg/mL). KO cells were maintained in
medium supplemented with 2-ME (50 pM). Mouse embryonic fibro-
blasts (MEF) were established in a previous study®® and cultured in
DMEM supplemented with 10% fetal bovine serum, penicillin
(50 U/mL) and streptomycin (50 pg/mL). The origin and characteristics
of mouse lung endothelial cells (LE-1) have been described'*

previously and were kindly provided by Dr. Garth L. Nicolson. LE-1
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were cultured in a mixture of F12 and DMEM (Nissui Pharmaceuti-
cals) supplemented with 10% fetal bovine serum, penicillin (50 U/mL)
and streptomycin (50 pg/mL). All cells were cultured at 37°C in 5%
CO, and 95% air. All experiments were performed with mycoplasma-

free cells.

23 |
cells

Generation of xCT KO and xCT reconstituted

XCT KO cells were generated by Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR) associated protein 9 (Cas9)
system-based technology. The guide RNA against xCT was designed
by targeting the first exon (sequences: 5'-CTCCAGAACACGGGC
AGCG-3') and ligated into GeneArt CRISPR Nuclease Vector (Life
Technologies, Carlsbad, California). The vector was transfected in
B16F10 cells in the presence of 2-ME (50 pM). After 48 hours incu-
bation, the transfected cells were trypsinized and 100 cells were
plated on 100 mm-diameter dishes to allow formation of indepen-
dent colonies. Single-cell colonies were picked and transferred into
96 well plates, splitted and then plated into two wells and cultured
in the presence or absence of 2-ME. Cells knockout (KO) for the
xCT gene would die in the absence of 2-ME, while the cells with
2-ME would proliferate. One single-cell clone which satisfied these
criteria was obtained, and Western blot analysis confirmed the KO
of XCT. To re-express XCT in KO cells, the xCT expression plasmid
pEF-BOS® kindly provided by Kazuichi Sakamoto (University of
Tsukuba, lbaraki, Japan) was transfected into KO cells in the pres-
ence of 2-ME. Then, 48 hours after transfection, xCT expressing cells
were obtained by culturing in 2-ME-free medium. The functional res-
toration of xCT of the isolated clones (R1, R2 and R3) was confirmed
by cystine transport activity, immunoblot analysis and total glutathi-

one levels.

24 |
activities

Measurement of amino acid transport

Uptake of arginine, cystine, leucine and serine in WT cells and KO

cells was measured as described previously.
2.5 | Determination of total intracellular
glutathione

Intracellular total (reduced and oxidized) glutathione concentrations

were measured by the enzymatic method as described.*®

2.6 | Measurement of extracellular cysteine

Extracellular cysteine levels from cell culture supernatant were mea-

sured following as reported previously.'®

2.7 | Western blotting

SDS-PAGE and Western blotting were performed according to previ-
ous reports.t” Mouse xCT was detected using a specific monoclonal
antibody. In brief, a monoclonal antibody against mouse xCT (clone
4B3, rat 1gG2b) was generated by immunization of Lou/c rats with
ovalbumin-coupled peptide GRLPSMGDQEPPGQE using standard
procedures.18 B-actin (Sigma-Aldrich, St. Louis, Missouri, #A5441) was
detected as an internal control. Further information can be found in

the Supporting Information Materials and Methods.

2.8 | Determination of cell number
Cell number was measured by the trypan blue exclusion method as
described.*®

29 | Assessment of lipid peroxidation

Cells were plated into six-well plates (10 x 10* cells/well) in the pres-
ence of 2-ME (50 pM). Three hours after incubation, 2-ME was
washed out by prewarmed PBS and PBS was replaced by fresh RPMI
medium containing either 2-ME (50 uM) or Lip-1 (500 nM). Then, cells
were kept in culture for another 48 hours. After this treatment, lipid
peroxidation in these cells was assessed as reported previously®
using a flow cytometer (FACS Canto Il, BD Biosciences, San Jose,

California).

210 | Cell cycle stage analysis

Cells were plated in six-well plates (5 x 10* cells/well) and cultured
for 48 hours in the presence of 2-ME (50 pM). Following the incuba-
tion, cells were washed with prewarmed PBS, and fresh RPMI medium
containing either 2-ME (50 pM), or Lip-1 (500 nM), or Z-VAD-FMK
(50 pM) was added, and kept in cell culture for another 24 hours.
DNA staining was performed using propidium iodide-based DNA
staining kit (Beckman Coulter, Brea, California, #C03551) according to
manufacturer's instructions. After staining, Pl fluorescence was
detected using 488 nm laser for excitation using a flow cytometer
(FACS Canto I, BD Biosciences).

211 | Spheroid formation and ATP measurements
Cells were seeded at 2 x 10 cell/200 pL of medium in U-shaped bot-
tom 96-well plates to allow them to grow scaffold-independent and
to form spheroids. After 72 hours, spheroids were collected in tubes
with 50 pL of medium. Then, 50 pL of Cell Titer-Glo 3D reagent
(Promega) were added and the ATP level was measured in a spheroid
following the manufacturer's instructions. Further information can be

found in the Supporting Information Materials and Methods.
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212 | Tumor cell-endothelial cell adhesion assay
The tumor cell adhesion assay was performed according to a previ-

ously reported method.?°

213 | Cell migration

Cell migration was evaluated by scratch assay based on the method of
Liang with minor modifications.?! Cells were seeded at 2.0 x 10°
cells/well of a 12-well plate and cultured for 24 hours to yield a con-
fluent monolayer. Then, a linear wound was made with a sterilized
200 pL pipette tip. Cells were washed twice with serum-free medium
and 2 mL of fresh serum-free medium were added. Pictures were
taken at different time points and the extent of migration was quanti-
fied by ImageJ (U. S. National Institutes of Health, Bethesda, Mary-
land, https://imagej.nih.gov/ij/, 1997-2016).

214 | Cellinvasion

Cell invasion was assessed using the Transwell (Corning) invasion
assay (Boyden chamber assay). One day prior to this assay,
5 x 10* of MEF were seeded on a 24-well plate and cultured for
24 hours. On the following day, Matrigel (Corning, New York) was
diluted and coated on Falcon cell culture insert transparent PET
membrane with 8.0 um pore (Corning) following manufacturer's
instructions and incubated at 37°C for 2 hours. B16F10 cell lines
were re-suspended in serum-free medium at 5 x 10* cells/mL.
Finally, each cell suspension was added into the Matrigel coated-
insert, and the insert was set in the 24 well plate with MEF cells.
After 12 hours of incubation, the inserts were fixed with 100%
ethanol and stained with Mayer's hematoxylin and 1% Eosin Y
Solution. Noninvaded cells on the inside of inserts were removed
by cotton swab. Invaded cells on the outside of inserts were coun-

ted using ImagelJ.

2.15 | Animal experiments

Female C57BL/6 mice (5 weeks old) obtained from Nippon SLC
(Hamamatsu, Japan) were maintained under specific-pathogen-free
conditions with light from 7:00 am to 7:00 pm, at 23 + 3°C and 50
+ 10% humidity in the Institute for Animal Experimentation Tottori
University and used after 1-week acclimatization. Diet and water
were supplied and consumed ad libitum throughout the experi-
ments. All surgical and euthanasia procedures were performed
under inhaled isoflurane (095-06573, Wako Pure Chemical, Osaka,
Japan) anesthesia. At the end of the in vivo tumor experiments,
mice were sacrificed and dissected when they either became mori-
bund state or reached a given time point for evaluating the

tumors’ malignancy.

jonal Journal of Cancer

216 | Invivo tumor growth
Cells were suspended in serum-free DMEM. Then, 2 x 10° cells in a
200 pL were implanted subcutaneously into the right flank of mice,

and then tumor size was measured using calipers.

217 | Experimental metastasis model

For intravenous injection, 1 x 10° cells in a 200 pL were injected into
mice via tail vein. For intrasplenic injection, 1 x 10° cells in a 10 pL of
the serum-free medium were injected into the spleen of anesthetized
mouse. A few minutes later, the spleen was removed to prevent pri-

mary tumor formation in the spleen.

218 |
injection)

Experimental dissemination (intraperitoneal

To examine peritoneal dissemination, 5 x 10° tumor cells in a 500 pL

was injected into the peritoneal cavity.

219 |
injection)

Spontaneous metastasis (intra-footpad

Next, 5 x 10° of tumor cells in a 25 pL were injected into the right
footpad of mice. When the primarily growing tumors reached over

100 mm? in volume, the leg containing the tumor was amputated.

220 | Statistical analysis

Data obtained from in vitro experiments were analyzed using
GraphPad Prism8 (GraphPad Software, La Jolla, California). Student's
t-test or One-way or Two-way ANOVA followed by Tukey's multiple
composition test were performed using the software. Data from ani-
mal experiments were analyzed using the same software and Log-rank
test was performed for assessing the significance in each survival

curve from different tumor-bearing mice.

3 | RESULTS

3.1 | Generation and characterization
of xCT-deficient melanoma cells

To explore in detail the role of xCT in cell-based and in vivo models of
tumor metastasis, we focused on the mouse melanoma cell line,
B16F10, which was originally established by in vivo selection owing to
their growth potential and their ability to form distant metastasis in var-
jous organs.22 First, B16F10 cells were transfected with CRISPR/Cas9
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system targeting exon 1 of the xCT gene and then kept in medium con-
taining 2-mercaptoethanol (2-ME; Figure 1A). 2-ME reacts with cystine
to generate cysteine and cysteine-2-ME mixed-disulfide, both of which
are taken up by neutral amino acid transporters, thereby bypassing the
need for system x.~.2% One hundred single-cell colonies were isolated
and cultured individually. Upon reaching confluency, cells were divided
into two wells containing medium with or without 2-ME, allowing for

the selection of single-cell clones that do not survive in the absence

of 2-ME due to cysteine starvation and massive GSH depletion
(Figure 1A).

Matched clones were selected and immunoblot analysis confirmed
that xCT expression was abolished in the KO clone (Figure 1B). Further-
more, measurement of cystine transport activity showed no detectable
activity in KO cells compared to parental B16F10 (WT) cells
(Figure 1C), corroborated by the concomitant loss of intracellular GSH
(Figure 1D). Diethyl maleate (DEM), an electrophile and potent inducer
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> ] —p=01
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xCT o ®E
3-5 0.6-
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of xCT,?* had no effect on cystine uptake activity and intracellular GSH
levels in KO cells in contrast to WT cells (Figure 1C, D). Figure 1E illus-
trates the change of intracellular GSH in WT and KO cells with or with-
out 2-ME. According to our previous data?® accumulation of
extracellular cysteine was observed only in the medium of WT cells, but
not of KO cells (Figure 1F). From these data, it can be concluded that
XCT KO B16F10 cells are devoid of any detectable system x.~ activity.

International Journal of Cancer

Next, we determined the activities of other amino acid transport
systems, such as arginine, serine and leucine, which are typical sub-
strates of systems y+, ASC and L, respectively. No difference was
observed with respect to the activities of systems y+and ASC,
whereas leucine uptake was modestly decreased in KO compared to
WT cells (Figure 1G). Since 4F2 heavy chain (SLC3A2) is conserved
among amino acid transporters and a common component of systems

B C
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FIGURE 2 Characterization of KO cells in cell growth. A, Pictures of xCT-KO cells in the presence or absence of 2-ME (50 uM) are shown.
Then, 10 x 10% KO cells were cultured for 48 hours with 2-ME. Then, cells were washed with PBS, and fresh RPMI medium supplemented with
2-ME or with distilled water as control was added to be cultured for another 72 hours. B, Cell growth curves were obtained by trypan-blue
exclusion method. Then, 10 x 10% of KO cells were initially plated in the presence of 2-ME (50 uM) and cultured for 48 hours. Subsequently, cells
were washed with PBS, and continued culture in fresh medium containing either 2-ME (50 pM), Lip-1 (500 nM) or ZVAD-FMK (50 uM). C,
Assessment of lipid peroxidation by BODIPY581/591 C11 using flow cytometry. The arrow points at the fluorescence shift induced by lipid
peroxidation. D, Cell cycle analysis was performed by propidium iodide-based DNA staining and flow cytometry. The numbers beside the graphs
demonstrate the percentage of each cell cycle phase. Data in B are presented as mean + SD, n = 2. C and D are shown one representative
experiment in three (B) and two (D) independent assay
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X.~ and L, disruption of xCT may thus affect the activity of leucine
transport in KO cells, at least to some extent.

XCT KO cells failed to proliferate over time in the absence of
2-ME, whereas 2-ME supplementation restored normal cell growth.
Moreover, KO cells started dying 48 hours after 2-ME removal, and
after another 24 hours, living cells were hardly detectable. (Figure 2A,
B). Previously, it was shown that pharmacological inhibition of xCT by
the small molecule erastin results in GSH depletion, increased lipid
peroxidation and ultimately cell death by ferroptosis.>?%2” Therefore,
inhibitor
liproxstatin-1 (Lip-1) would compensate for the loss of xCT in B16F10

we asked whether treatment with the ferroptosis

—

>

o ~
™
N
4

g
®

©
o

(nmol/mg protein/min)
o
N

Cystine uptake activity

o
I

cells. Surprisingly, Lip-1 failed to rescue cell proliferation, unlike 2-ME
supplementation (Figure 2B), albeit preventing lipid peroxidation
(Figure 2C). Likewise, ZVAD-FMK, a pan-caspase inhibitor, failed to
restore cell growth in xCT KO cells. To study potential effects of xCT
depletion on cell cycle progression, we next assessed cellular DNA
content. Indeed, 2-ME withdrawal from KO cells resulted in an
impaired cell cycle, as evidenced by decreased percentage of cells in
the S and G2/M phase, which, however, could not be rescued by
Lip-1 or Z-VAD-FMK (Figure 2D). Analysis of endoplasmic reticulum
(ER) stress revealed expression of the ER chaperone GRP78/BiP rev-
ealed increased ER stress in xCT KO cells deprived of 2-ME
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FIGURE 3 Impaired tumorigenicity of KO cells in spheroid forming assay and subcutaneous tumor transplantation. A, Cystine uptake activity
was measured in WT, KO and xCT gene-addback clones (R1, R2 and R3) using [**C] labeled cystine. B, Intracellular total glutathione level was
measured in WT, KO and R1-R3 cells. C, Representative pictures of spheroids derived from WT, KO and R1-3 cells 72 hours after culturing in a
U-shaped bottom 96-well. The scale bars show 0.5 mm. D, ATP level in the spheroids corresponding to (C). E, A representative picture of tumors
dissected 18 days after the subcutaneous transplantation of 2 x 10° cells into syngeneic (C57BL/6) mice. The scale bar shows 10 mm. F, Kaplan-
Meier curves were obtained from all the six mice transplanted with each cell line. A, B and D are presented as mean + SD, n = 4. P values were
obtained using one-way ANOVA followed by Tukey's multiple comparison test (*P < .05, **P < .01 vs WT)
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(Figure S1), which is in line with earlier data showing that inhibition of
system x.~ causes ER stress.?® Analogous to the expression pattern of
GRP78 we also found increased levels of the autophagosome marker
LC3 (Figure S1), however, neither ER stress nor the enhanced levels
of LC3 could be abrogated by Lip-1 in contrast to 2-ME (Figure S1).

3.2 | xCT deficiency impairs spheroid formation
ability and primary tumor growth but prolongs survival
of tumor-bearing mice

To reconstitute xCT expression, KO cells were transfected with an
XCT expression plasmid and selected by depriving cells of 2-ME. Three

independent clones (R1, R2 and R3) were selected and analyzed in
terms of cystine transport activity and intracellular GSH levels. As
shown in Figure 3A,B, cystine transport activity was equivalent (R1) or
even higher (R2 and R3), and intracellular GSH was equivalent (R2) or
even higher (R1 and R3), as compared to those of WT cells. Higher
cystine transport activity and GSH levels in some clones may arise
from the insertion of the xCT expression vectors with different copy
numbers into random positions of the genome of xCT KO cells. For
studying spheroid formation, we cultured the different cell lines in
U-shape wells for 72 hours before cell viability was determined by
ATP measurement. As illustrated in Figure 3C,D, ATP levels as well as
the spheroid size of KO cells were reduced by approximately half,
compared to WT, while ATP levels were restored in R1-3 cells to
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FIGURE 4
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XCT contributes to various processes in in vitro tumor metastasis models. A, Cell-to-cell adherence capability of WT, KO R1-3 cells

is shown as percentage of these cells adhering to endothelial cells (LE-1). B, Cell migration rate (% of initial wound area) was calculated using
ImageJ software. C, Representative pictures of cell migration at the beginning of this assay and its endpoint (24 hours) are shown. The white-
broken lines indicate the edge of cell monolayer after scratching cell surface by a sterilized P200 tip. The red-broken lines indicate the edge of the
cell monolayer after migration into the open space. D, The number of invaded cells from in vitro invasion assay using Matrigel and transwell.
Invaded cells were stained with hematoxylin and eosin solution and counted using ImageJ software. Data are presented as mean + SD, n = 5 (A),
n =4 (B), n = 4-6 (D). P values were obtained using one-way and two-way (time point x treatment in B) ANOVA followed by Tukey's multiple

comparison test (*P < .05, **P < .01 vs WT)
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FIGURE 5 Experimental metastasis is suppressed in xCT-deficient tumors associated with considerably increased survival rates. A, Lung
metastasis model: Representative pictures of lung with tumor isolated 28 days after the transplantation of 1 x 10° cells injected into tail vein of
mice as an experimental model for lung metastasis. The scale bar indicates 10 mm. B, Survival curves were obtained by the Kaplan-Meier's
method from all six mice transplanted with each cell line. C, Liver metastasis model: Representative pictures of liver with tumor dissected at

16 days after the injection of 1 x 10° cells into spleen of mice followed by the resection of the spleen 5 minutes after tumor cell inoculation, as
an experimental model for liver metastasis. The scale bar shows 10 mm. D, Survival curves were obtained by the Kaplan-Meier's method from all
six mice transplanted with each cell line. e Disseminated metastasis to the peritoneal cavity: 5 x 10° cells each were intraperitoneally injected into
mice as an experimental model for disseminated metastasis. Representative pictures of tumor formation in peritoneal cavity and omentum

16 days after the transplantation are given (scale bar indicates 10 mm). F, Kaplan-Meier's curves were obtained using all six mice transplanted
with each cell line. G, Spontaneous metastasis model: 5 x 10° cells each were transplanted into the footpad of mice. Upon primary tumor
formation, lung metastasis was examined after the primary tumor reached a size of 100 mm?®. Survival curves were obtained by the Kaplan-
Meier's method from all six mice transplanted with each cell line. In all panels, the significance of data was assessed by the Log-rank test

levels that seen in WT cells. KO cells in the presence of 2-ME showed results suggest that spheroid formation is dependent on intracellular
a trend of higher ATP levels, compared to KO alone, yet the ATP GSH level. Moreover, we evaluated the number of spheroids with

levels were not significantly different from those of R1-3 cells. These more than 40 pm diameter in WT, KO and R1-3 cells as alternative
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method and observed a significantly lower number of spheroids in KO
cells as compared to control cells (Figure S2A,B).

To examine the role of xCT in tumor formation, we injected WT,
KO and R1-3 syngeneic B16F10 melanoma cells subcutaneously into
C57BL/6 mice. Tumor growth was comparable in tumor diameter and
weight between WT and reconstituted cell lines (R2 and R3) until mice
had to be sacrificed due to humane endpoint (Figure 3E, Table S1).
Although the tumor diameter of R1 seems to be smaller than that of
WT, it was still significantly bigger than that of KO. Importantly, a sig-
nificant prolongation of latent period and the period when the tumor
mass reached 10 mm in a diameter was observed in the KO compared
to control cell lines (Table S1; P < .01). Subcutaneous tumor size and
weight at the time of autopsy were also markedly reduced in KO cells
compared to WT or R1-3 cells (Figure S3 and Table S1; P < .05).
Remarkably, the overall survival of tumor-bearing mice was robustly
prolonged in KO as compared to WT or R1-3 tumor-bearing mice
(Figure 3F).

3.3 | XxCT contributes to various processes in
in vitro tumor metastasis models

Next, we asked whether xCT plays a pivotal role in certain steps con-
tributing to melanoma metastasis. We performed in vitro studies
reflecting key processes in the metastatic cascade. We first analyzed
adhesion to endothelial cells as an initial critical step in the formation
of blood-borne metastasis, according to our previously established
in vitro assay.?’ As shown in Figure 4A, attachment of KO cells to
mouse lung endothelial cells was significantly lower than in WT and
R1-3 cells (P <.01), suggesting a potential contribution of xCT in
adhesion processes to vascular endothelium.

To determine the migration potential of WT, KO and R1-3 cells,
in vitro scratch assays were performed. The wounded area was nearly
full of migrated WT cells after 24 hours, whereas only approximately
50% was occupied by KO cells (Figure 4B and Figure 4C). Unexpect-
edly, the migration activity of KO cells could not be rescued by 2-ME
or in the reconstituted cells (R1-3). Finally, we determined the inva-
sion ability of xCT KO and control cells using the transwell invasion
assay. As shown in Figure 4D,E, the number of invaded KO cells was
less than half of that in WT cells, and also the number of invaded R1
and R3 cells was significantly lower than that of WT cells. In addition,
even when KO cells were plated in the upper well in the presence of
2-ME, invaded cells were still significantly lower than that of WT cells.

3.4 | Experimental and spontaneous metastasis is
suppressed in XCT KO B16F10 melanoma cells in vivo

Due to the inherently stark differences in the redox conditions
between cell culture and whole organisms,13 we then focused on
in vivo metastasis models. To determine the experimental metastatic
ability of the cell lines in colonizing lungs, WT, KO and R1-3 cells were

first injected into the tail vein of mice. In the absence of xCT, B16F10
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KO cells failed to form lung metastases, whereas WT and R1-3 cells
formed lung colonies to slightly varying degrees (Figure 5A, Table S2).
Since weight measurement reflects an increase in metastatic nodules,
lungs resected from KO animals weighed less compared to WT or
R1-3 cell-injected mice (Table S2). R1-3 cells yielded similar lung colo-
nizing ability and weights as WT cells (Table S2). Moreover, survival
rates of mice were significantly prolonged in the KO cell group com-
pared to WT or R1-3 tumor cells (Figure 5B, Table S2).

Next, we examined the metastatic ability of B16F10 cells to colo-
nize the liver, whereupon WT, KO and R1-3 cells were injected
intrasplenically. We observed a clearly reduced metastatic potential of
KO tumor cells (Figure 5C, Table S3). The mean survival days of
tumor-bearing mice was prolonged in animals receiving KO cells com-
pared to the other groups (Figure 5D). Moreover, the mean liver
weight, which reflected metastatic nodules formed in the liver, was
lower in KO tumor cells than in mice injected with WT or R1-3 cells;
yet it failed to reach statistical significance.

When mice were intraperitoneally injected with WT, KO and R1-3
cells, all of the mice formed tumors in the peritoneal cavities. However,
a decreased aggressiveness was observed in KO cell-injected mice com-
pared to controls (Table S4). After 16 days of tumor inoculation, mice
were euthanized and examined for tumor formation in the peritoneum
and omentum (Figure 5E). KO cells were reduced or delayed in their
ability to form tumors in the peritoneum including omentum leading to
increased survival rate of mice (Figure 5F). Moreover, the frequency of
peritonitis carcinomatosa formation and its related quantity of ascites
was significantly suppressed in KO cells (Table S4). Therefore, the
aggressiveness of tumor cells after peritoneal dissemination is strongly
reduced in KO cells compared to WT and R1-3 cells.

Finally, we injected WT, KO and R1-3 tumor cells into the foot-
pad of mice as an experimental model of spontaneous metastasis of
tumor cells to distant organs. We observed that the latency period
and the period when the tumor mass reached 100 mm?® of volume,
which means the capability of primary tumor growth, was significantly
prolonged in mice injected with KO cells (Figure 5G, Figure S4 and
Table S5). These results are consistent with primary tumor growth in
the subcutaneous sites (Figure 3E and Table S1). The incidence and
the number of lung nodules were significantly reduced and survival
period was prolonged in the KO group (Tables 52 and S5). At the time
of sacrifice, there was no evidence of visible spontaneous metastasis

to distant organs except lungs.

4 | DISCUSSION

Using a well-defined model of the highly metastatic tumor cell line
B16F10 genetically engineered to lack xCT, the substrate-specific
subunit of system x.~, we now provide conclusive evidence that sys-
tem x.~ deficiency not only impairs primary tumor growth (Figure 3),
but also abrogates tumor dissemination and metastasis in diverse syn-
geneic models of experimental and distant metastasis (Figure 5). We
further found that strongly reduced metastasis coincides with mark-

edly increased overall survival of tumor-bearing mice.
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Our in vitro analyses further suggest that xCT may contribute to
various aspects of tumor metastasis including the ability to form
spheroids, adherence to endothelial cells, migratory activity and inva-
sion ability. As shown in Figure 3, intracellular GSH maintained by
XCT seems to be a crucial role for spheroid formation. However,
migratory activity and invasion ability in KO cells treated with 2-ME
and R1-3 cells did not recover to levels as seen in WT cells. These
results suggest that intracellular GSH maintained by xCT is not
involved in these in vitro migration and invasion models. Polewski
et al reported that overexpression of xCT causes cytoskeletal changes
as well as decreased migration and invasion in glioma cells.®° It is
noteworthy that in R1-3 cells expression of xCT cannot be controlled
by extrinsic and/or intrinsic mechanisms which is different from wild-
type cells that ultimately allow the dynamic induction of intrinsic xCT
gene expression when required. As such, future studies are warranted
to address whether carefully controlled xCT expression may have an
impact on the individual steps of tumor metastasis in these in vitro
models. Since in vivo metastasis is a multi-step process including
epithelial-mesenchymal transition, invasion, intravasation, adherence
and migration into distant organs, metastasizing tumor cells are
known to undergo vigorous metabolic changes and to experience oxi-
dative stress. It is well-accepted that xCT is strongly induced by vari-
ous stimuli, including oxidative stress and amino acid deprivation.3*-3*
It is thus conceivable that during the invasion-metastasis cascade®”
invaded tumor cells upregulate xCT in the blood and lymphatic vessels
due to higher oxygen tensions in blood,3¢ which probably plays a piv-
otal role for invaded tumor cells to transit through hematogenous and
lymphatic systems. Only cells competent to induce the de novo
expression of xCT by oxygen might be able to survive and reach their
metastatic site.

In recent years, it is emerging that glutamate and its receptors
play an important role in tumor development, acting as a growth fac-
tor and a signal mediator in tumor tissues.®” Thus, it is highly likely
that glutamate released by xCT is involved in some steps of metastasis
such as tumor proliferation, invasion and migration via autocrine
and/or paracrine mechanisms in vivo. Briggs et al demonstrated that
increased extracellular glutamate released by triple-negative breast
cancer cells inhibits cystine transport via xCT, leading to intracellular
cysteine depletion.3® Hypoxia-inducible factor (HIF) is a master tran-
scription factor of genes that support adaptation to hypoxic condi-
tions and this intracellular cysteine depletion inhibits the HIFla
prolyl-hydroxylases, resulting in HIF1a accumulation. Lu et al reported
that chemotherapy induced the expression of xCT and the regulatory
subunit of glutamate-cysteine ligase in a HIF-dependent manner,
resulting in increased intracellular glutathione, which induced the
breast cancer stem cell phenotype.3? Thus, xCT indirectly regulates
the expression of the genes that promote angiogenesis, erythropoie-
sis, glycolysis, autophagy and energy conservation through HIF1a.

Interestingly, although B16F10 xCT KO cells do not express sys-
tem b%*, another cystine transporter present in kidney, nor enzymes
of the transsulfuration pathway (data not shown), they do survive for
24 and 48 hours after 2-ME removal, albeit were unable to prolifer-

ate; this is in stark contrast to fibroblasts lacking xCT which readily

die upon 2-ME removal.*® In addition, xCT KO cells displayed
increased lipid peroxidation and cell cycle arrest, which could be res-
cued by 2-ME; however, the ferroptosis inhibitor Lip-1 can only res-
cue increased lipid peroxidation but not cell cycle arrest in xCT KO
cells. Moreover, xCT reconstituted KO cells and other human mela-
noma cell lines can survive in cystine-free medium (data not shown).
These phenomena may depend on the antioxidant properties of mela-
nin.*® A similar phenomenon was observed when xCT-deficient fibro-
blasts were cultured under routine culture conditions in the presence
of vitamin E,*° whereby the fibroblasts did not proliferate, but still
survived for 48 hours under these conditions.

In conclusion, ours and others data reinforce the notion that
targeting system x.~ is a highly promising and valid anticancer
approach. Nonetheless, in light of the essential role of xCT for tumor
growth and in particular metastasis as well as the dispensable role for
xCT in mouse survival,”® T-cell proliferation and antitumor
immunity,** it is mandatory to fully explore the pharmacological
potential of efficient system x.~ targeting using either highly potent
small molecule compounds as stand-alone/combination therapies or

immunotherapies.1¢2842
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