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ABSTRACT

About 3 million US cancer patients and 1.7 million EU cancer patients received
multiple doses of radiation therapy (RT) in 2012, with treatment duration limited by
normal adjacent tissue damage. Tumor-specific sensitization could allow treatment
with lower radiation doses, reducing normal tissue damage. This is a longstanding,
largely unrealized therapeutic goal. The cystine:glutamate exchanger xCT is expressed
on poor prognosis subsets of most solid tumors, but not on most normal cells. xCT
provides cells with environmental cystine for enhanced glutathione synthesis.
Glutathione is used to control reactive oxygen species (ROS), which are therapeutic
effectors of RT. We tested whether xCT inhibition would sensitize xCT* tumor cells to
ionizing radiation. We found that pretreatment with the xCT inhibitor erastin potently
sensitized xCT* but not xCT- cells, in vitro and in xenograft. Similarly, targeted gene
inactivation also sensitized cells, and both modes of sensitization were overcome by
glutathione supplementation. Sensitization prolongs DNA damage signaling, increases
genome instability, and enhances cell death, revealing an unforeseen role for cysteine
in genome integrity maintenance. We conclude that an xCT-specific therapeutic would
provide tumor-specific sensitization to RT, allowing treatment with lower radiation
doses, and producing far fewer side effects than other proposed sensitizers. Our data
speaks to the need for the rapid development of such a drug.

Ionizing radiation (IR) provides therapeutic benefit
by terminally damaging DNA, in part by the generation of
reactive oxygen species (ROS; [9]). However, the cellular
DNA damage response proteins (DDR; review: [10])
sense DNA damage, halt proliferation, assemble repair
complexes, and attempt DNA repair to maintain viability.
Double strand breaks (DSBs) are particularly deleterious

INTRODUCTION

Nearly 2/3 of all cancer patients in the United States
receive radiation therapy (RT), comprising at least 3
million patients per year [1], including about > of breast
cancer patients [2]. In the EU, an estimated 1.7 million
cancer patients had an indication for radiation therapy

in 2012, and that number is projected to grow to about
2 million in patients by 2025 [3]. While instrumentation
now more specifically targets tumors, RT effects on
normal tissues remain dose limiting [4], and treatment
morbidity remains problematical [5-8]. Thus the need
for therapeutics to specifically sensitize tumors and spare
surrounding normal tissues is acute, and could benefit a
huge patient population.

and are rapidly trimmed and ligated to any other available
DNA end via non-homologous end joining (NHEJ). This
can produce mutations at the repair joint and potential
ligation of chromosome fragments to new partners,
creating di-centric chromosomes and chromosomes of
abnormal DNA content. Fragments that fail this capture
(micronuclei) assort randomly during mitosis, increasing
aneuploidy, and micronuclei frequency is used as a
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common measure of DNA damage and chromosome
instability. Unresolved DNA integrity problems are
propagated with subsequent mitoses, for example di-
centric chromosomes may be mis-segregated, re-broken
as daughter cells struggle over chromosome possession,
or cause cytokinesis abortion to produces cells of high
and abnormal ploidy (review: [11]). Cells with terminally
damaged DNA succumb to fates including mitotic
catastrophe and various types of programmed cell death
or senescence (apoptosis, necrosis, necroptosis; reviews:
[12, 13]). However, cells damaged in late S-phase or G2,
where chromosomes are aligned, can repair DNA error-
free by homologous recombination (HR) mitigating the
therapeutic effects of RT.

Chromatin modification is one of the earliest steps
in DNA repair, allowing focal recruitment of repair
complexes to sites of damage. Key modifications include
histone H2A phosphorylation (S-139; termed y-H2AX;
[14]), and loading of tumor protein 53 binding protein
1 (53BP1) dimers onto freshly ubiquitinated histone
H2A and constitutively mono and di-methylated histone
H4 (review: [15]). 53BP1 competes with breast cancer
associated 1 (BRCAL1) to bind chromatin and promote
NHE]J by preventing the extensive DNA end re-sectioning
that is required for HR-mediated repair. Upon repair
completion, H2AX is dephosphorylated and foci are
disassembled (review: [16]). Disassembly of 53BP1 foci
is less well understood, but involves ubiquitin ligases and
acetylation or phosphorylation at adjacent chromatin sites
(review: [15]).

Intracellular antioxidants rapidly neutralize ROS
to minimize DNA damage and the need for DNA repair,
primarily by oxidation of intracellular thiol-containing
substrates (review: [17]). Glutathione comprises roughly
90% of intracellular non-protein thiols, and is maintained
at millimolar concentrations in a reduced form (GSH)
in cells (review: [18]). GSH synthesis is limited by
intracellular cysteine abundance, which is derived from
the diet or synthesized from methionine transsulfuration.
GSH is oxidized to a disulfide-linked homodimer (GSSG)
by glutathione peroxidases during ROS inactivation. Other
antioxidants such as the thioredoxin and peroxyredoxin
reductases also rely on access to abundant thiols, via the
amino acid cysteine and glutathione. Although radiation
protection by cysteine/thiol supplementation has been
recognized since biological studies of radiation exposure
were initiated [19, 20], the development of protectants for
normal cells and/or specific tumor sensitizers has been
stymied by the inability to separately effect tumor versus
surrounding normal tissues (review: [4]).

Antioxidant stress can cause the demand for
glutathione and thiol synthesis to outstrip endogenous
cysteine supplies [21, 22]. In the naturally oxidizing
extracellular environment, cysteine is predominantly
found as a disulfide-linked homodimer (cystine). Except in
the brain, the cystine:glutamate exchanger xCT (encoded

by SLC7A11) is the sole transporter that allows access to
this amino acid reservoir [22]. xCT is transcriptionally
induced via stress response signaling factors KEAP1/
NRF2 [23] in response to glutathione demands [21].
Pathway activating mutations are found in breast [24],
lung [25, 26], esophageal [27], and biliary tract [28]
tumors, and confer radiation resistance [29]. xCT is
also induced in response to insulin-like growth factor
1 signaling in estrogen receptor positive breast cancer
cells [30], and during amino acid starvation response to
activation of the transcription factor ATF4 [31, 32].

xCT is expressed by few normal human tissues
except brain [33, 34], and is dispensable for fetal
development, and adult viability and fertility [35-37]. In
contrast, subsets of most solid tumors express xCT, and
expression independently predicts poor clinical responses
in glioma [38], glioblastoma [39, 40], esophageal [41],
hepatocellular [42, 43], colorectal [44], prostate [45] lung
[46] and breast [30] carcinomas. We previously found that
about ' of triple negative breast cancer (TNBC) clinical
specimens and TNBC-derived cell lines overexpress
xCT/SLC7A11 [47]. We demonstrated that xCT inhibition
via off-target activity of the bowel anti-inflammatory
sulfasalazine (SASP) reduced GSH levels, increased
endogenous ROS, and strongly reduced growth of xCT*
triple negative breast cancer (TNBC) lines in vitro and in
xenograft. Here we test the hypothesis that targeting the
SLC7A11 gene, or treatment with the xCT inhibitor erastin,
will reduce intracellular thiols and produce specific IR
sensitization of xCT" but not xCT cells.

RESULTS

SLC7A1I gene targeting prevents clonogenic
colony formation and tumor formation in
xenograft

Breast cancer cell lines were selected based on
expression of the gene encoding xCT (SLC7A411) using
RT-qPCR (Figure 1A), and xCT protein levels by western
blot (Figure 1B). MCF7 expresses little if any xCT, and is
used as a negative control in these studies. MDA-MB-231
(M231) is homologous recombination repair (HR)
competent, while MDA-MB-436 (M436) is incompetent
due to homozygous BRCA1 mutation [48, 49]. xCT
negative variants of M231 and M436 were derived by
targeting SLC7A11 (SLC7A411™"), which prevented protein
expression (Figure 1C). These SLC7A11™" variants are
maintained in media containing 2-mercaptoethanol (2-
me), which allows cysteine import as mixed disulfides
using transporters other than xCT [50]. Culture in 2-me-
free media forces these variants to become reliant on
xCT-mediated cystine:glutamate exchange for cystine
acquisition, and produces significantly reduced glutamate
secretion and intracellular glutathione levels (Figure 1D—
1E), with correspondingly higher levels of endogenous
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reactive oxygen species (ROS; Figure 1F). Unlike the
acute ferroptotic cell death observed by others in some
cell lines [51], we observed little/no cell death 24 hours
after 2-me withdrawal (Supplementary Figure 1), however
the SLC7A411™" variants of both cell lines are unable to
form colonies in standard clonogenic assays used to
test radiation sensitizers (Figure 1G). Similarly, M231
SLC7A11™" variants do not grow in xenograft (Figure 1H).

Erastin inhibits xCT activity in xCT positive
breast cancer cell lines

Since the SLC7AI11™" variants do not grow in
xenograft and cannot form colonies in clonogenic assays,
(Figure 1G—1H) we used the xCT inhibitor erastin to
test whether an xCT-targeted therapeutic could be used
to sensitize tumor cells to ionizing radiation (IR). Dose
response curves were generated for colony formation in
the xCT" lines M436 and M231 and the concentrations
that inhibit colony by 25% (IC,,), 50% (IC, ), and 75%
(IC,,) were calculated (Figure 2A, 2B dark bars). These
colony formation defects were largely corrected if culture
media contained 2-me, indicating that the dominant anti-
proliferative activity of erastin in these cells at these doses
was restriction of extracellular cystine access (light bars).
Accordingly, erastin treatment also reduced glutamate
secretion, (Figure 2C, 2D), decreased intracellular GSH
concentrations (Figure 2E, 2F) and increased intracellular
ROS (Figure 2G-2H) in a dose-dependent fashion.
These data indicate that xCT is a major intracellular
target of erastin, as previously described in other tumor
cell types [52]. Specificity for xCT was further tested
by treating our SLC7A411™" variants with erastin at the
clonogenic IC, of each parental cell line (M436, 1uM;
M231, 0.17uM; Figure 21-2J). This produced no further
significant increase in ROS in the presence or absence of
2-me. Similarly, treatment of a naturally xCT negative
cell line (MCF7) at the M436 or M231 clonogenic IC,
concentrations produced no colony formation defects
(Figure 2K) and little increase in ROS (Supplementary
Figure 2). We conclude that at these doses and in these
xCT positive cell lines, our assays are reporting xCT
inhibition by erastin.

Erastin treatment sensitizes breast cancer cells to IR

Clonogenic survival curves for xCT" and xCT breast
cancer cell lines were generated, testing the ability of 16
hour erastin pretreatment to sensitize tumors to y-radiation
doses spanning 0-6 Gray (Gy). This pretreatment produced
no increase cell death (Supplementary Figure 3A, 3B)
or changes in cycle profiles at 16 hours (Supplementary
Figure 3C, 3D). Calculation of the surviving fraction at
each erastin/radiation dose combination and the dose
enhancement ratios at 10% survival (DER, ) revealed
that erastin pretreatment significantly sensitized the

xCT" cell lines M436 and M231 to IR (Figure 3A, 3B
black lines). For example, at the erastin IC_s, the IR
dose required to achieve DER  is reduced by about 66%
in M436 and 58% in M231 (M436 DER, =1.66; M231
DER =1.58). Conversely, MCF7 (xCT-) exhibited
little if any sensitization by pre-treatment at these doses
(Figure 3A, 3B, grey lines; DER  at luM=0.84; and at
0.17uM=0.82 respectively). We verified that sensitization
was due to cystine limitation by using cystine-free media
rather than erastin treatment, which also sensitized
cells (Figure 3C, 3D; M436 DER, =1.44, M231 DER
=1.21). Finally, we tested erastin sensitization of M436
in orthotopic xenografts (Figure 3E, 3F). Erastin + IR
produced significantly smaller tumors than the control
group (p=0.04), while IR alone (p=0.333) or erastin
treatment alone (p=0.658) did not. Thus xCT inhibition
induces significant IR sensitization in vitro and in vivo.

Erastin sensitization prolongs radiation-induced
DNA damage signaling

Since our data revealed that xCT inhibition by both
chemical and genetic means reduces glutathione levels
and increases intracellular ROS (Figure 1E, F; Figure 2E-
2J), we hypothesized that xCT inhibition might sensitize
to IR by enhancing DNA damage. In timecourse studies
using 2 Gy and erastin at the IC, doses, we determined the
abundance and duration of DNA repair foci containing the
chromatin remodeling complexes 53BP1 and y-H2AX. We
found that 30 minutes post IR, 53BP1 foci numbers are
increased in irradiated samples of both lines as expected
(Figure 4A—4B, 0.5h). In M436 there was no significant
difference between sensitized + irradiation versus
irradiation alone, while in M231 the differences were
significant but represent only a slight focus formation
delay in the erastin + IR samples versus the IR alone
samples (Supplementary Figure 4; complete time course
example). At 24 hours post IR, 53BP1 foci are reduced
essentially to control levels In both cell lines suggesting
that the majority of double strand breaks are repaired,
although possibly incorrectly (Figure 4A, 4B, 24 h). Thus
erastin does not sensitize cells by preventing formation or
disassembly of 53BP1 foci.

Analysis of y-H2AX staining also revealed little if
any difference in foci numbers between the irradiated versus
erastin sensitized, irradiated samples at 30 minutes (Figure
4C—4D, 0.5h; M436 p=0.05; M231 p= n.s.). However 24
hours post 2 Gy IR we found significantly more unresolved
foci in the erastin sensitized, irradiated samples versus the
irradiation alone samples, indicative of unresolved DNA
damage (24h; M436 p=0.0001; M231 p=0.002). This is not
due to differences in cell death (Supplementary Figure 5A,
5B) or cell cycle distribution (Supplementary Figure 5C,
5D). Thus erastin sensitization changes the duration of some
IR-induced DNA damage complexes, suggesting that it may
produce more profound DNA damage.
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Cystine starvation and SLC7A11-targeted
inactivation also prolong the duration of
v-H2AX foci

To verify that the persistent y-H2AX foci in the
erastin sensitized samples are due to a cystine deficit, we

tested whether culture in cystine deficient media would
prevent timely resolution of y-H2AX foci. In agreement
with the erastin data, cystine restriction left significantly
more IR-induced y-H2AX foci at 24 hours post IR than
cystine replete media in both cell lines (Figure SA, 5B;
M436 p=0.00001; M231 p=0.00001). Cystine starvation
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Figure 1: SLC7A11 targeting reduces intracellular glutathione and prevents growth in vifro and in xenograft. (A)
SLC7A411 mRNA levels assessed by quantitative RT-PCR. (B) Expression of the protein product of SLC7411 (xCT) assessed by western
blot. (C) Comparison of xCT protein levels in cells with intact SLC7A411 versus pooled subclones with SLC7A4 11-targeted mutation. (D-H)
Analysis of cell lines with intact SLC7A411 (WT) versus pooled SLC7A11-targeted subclones (-). (D) Glutamate levels in culture media after
24 hours. (E) Total intracellular glutathione in cells cultured 24 hours cultured without 2-me versus with 2-me to allow cysteine import
as mixed dimers via transporters other than xCT. (F) ROS levels assessed by DCFH-DA staining (10uM) and FACS analysis in cells
cultured for 24 hours without 2-me, normalized to culture with 2-me. (G) Colony formation ability of cells cultured with and without 2-me.
Experiments used 3-6 replicates, performed 2-4 times. (H) Growth curves of MDA-MB-231 cells in xenograft contrasting intact SLC7A411
(WT), versus two independent MDA-MB-231 subclones with SLC7411-targeted mutation (H1.4 and L1.2), 6 mice/group. All values are
means +/- SD. -test significance; n.s. not significant; *, p<=0.05; ™, p<=0.01; ", p<=0.001.
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alone also produced significantly more foci in M231 cells To provide direct genetic evidence for the role of

than culture in cystine replete media (p=0.0008), while xCT inhibition in prolonging IR-induced y-H2AX foci,
this was not seen in M436. we counted foci numbers in irradiated SLC7A411™ versus
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Figure 2: Erastin inhibits xCT activity in xCT+ breast cancer cell lines. (A, B) Erastin concentrations (IC) for growth inhibition
in clonogenic assays (dark grey bars). Values are: MDA-MB-436 IC,, 0.66uM; 1C, ,1.0uM; IC_,1.66uM. MDA-MB-231 IC,, 0.08uM;
IC,, 0.17uM; IC, 0.33uM. Erastin treatment with 2-me addition (light grey bars) to allow cysteine uptake without xCT use largely
prevents erastin growth inhibitory effects. (C-J) Phenotypic changes associated with xCT inhibition by 24 hours of erastin treatment. (C,
D), Glutamate abundance in culture media. (E, F), Total intracellular glutathione. (G, H), Intracellular ROS levels assessed by DCFH-DA
staining (10uM) and FACS analysis. (I, J), Erastin treatment (IC,) of pooled SLC741/™" clones and analysis of ROS levels in cultures
with (light grey bars) or without (dark grey bars) 2-me supplementation. Values normalized to 2-me samples. (K) Erastin treatment of cells
that are naturally xCT negative (MCF7) does not produce growth defects in clonogenic assays at the IC, | for MDA-MB-231 (0.17uM),
or MDA-MB-436 (1.0pM), without (dark grey bars) or with (light grey bars) 2-me supplementation. Experiments used 3-6 replicates,
performed 2-5 times. Figures are means +/- SD. #-test significance; n.s., not significant; *, p<=0.05; ™, p<=0.01; ", p<=0.001.
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SLC7A1I™ clones of M436 and M231. Analysis of erastin pretreatment (Figure 5C, 5D; M436 p=0.00001;

v-H2AX foci revealed clearly and significantly elevated M231 p=0.009). The SLC7A411™" variants of both lines
foci numbers 24 hours post IR in both SLC7411™" cell also exhibit increased numbers of y-H2AX foci without
lines versus their SLC7A411% counterparts, similar to irradiation versus their SLC7A411™ counterparts, suggesting
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Figure 3: Erastin sensitizes xCT+ cells to ionizing radiation (IR) in vifro and in xenograft. (A-D) Survival curves and
radiation dose enhancement ratios (DER ). DER, >1 indicates enhanced sensitivity. (A) Erastin pre-treatment of MDA-MB-436 (black),
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that xCT loss may impart some challenge to maintenance
of genome integrity. This data indicates xCT inhibition by
genetic or chemical means alters the quality of IR-induced
DNA damage responses.

Radiation sensitization induces genome
instability

If DNA damage was potentiated by erastin
pre-treatment before IR, then more chromosomal
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abnormalities and cell death should become apparent as
cells repeatedly transit the cell cycle. We examined these
features in our treatment groups over a 5 day timecourse.
Similar to most cancer cells, neither M436 nor M231
exhibit a strong G1 arrest 18-24 hours post IR (Figure 6A,
6B). M436 exhibits a marginally increased G2/M fraction
(Figure 6A, maximum 6% increase), while IR induces
a strong G2/M arrest in M231 with or without erastin
sensitization (Figure 6B). Thus erastin does not prevent
G2 DNA damage checkpoint activation.
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Two days post IR, the M231 cell cycle profiles
normalized (Supplementary Figure 6A 5-7% maximum
differences), and the G2/M fraction of M436 sensitized,
irradiated cells expanded incrementally relative to other
treatment groups, with corresponding reduction in the G1
fraction (Supplementary Figure 6B, G2/M 30% versus 22-
17% in other treatment groups, G1 29% versus 40-44% in
other treatment groups). These features suggested ongoing
proliferation, which was verified by the appearance of a
prominent nocodazole-induced G2/M fraction in each
treatment group of both cell lines on day 3 (Supplementary
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Figure 5: Cystine starvation and SLC7A411-targeted inactivation produce sustained y-H2AX foci. (A, B) y-H2AX foci/
nucleus 24 hours post 2 Gy IR in MDA-MB-436 and MDA-MB-231 cells that were cystine starved 16 hours before IR. (C, D) y-H2AX
foci/ nucleus in SLC7A411* (xCT+) versus SLC7A411™" (xCT-) cells cultured without 2-me for 16 hours before 2 Gy IR. Foci assessed by
immune fluorescence and microscopic quantitation. At least 50 nuclei per condition evaluated. Experiments performed in triplicate three
times. Figures are means +/- SD. t-test significance; n.s., not significant; *, p<=0.05; ™, p<=0.01; ", p<=0.001.
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is a hallmark of genomic instability, as is the increase in
the appearance of chromatin bridges, micronuclei, and
multinucleated cells. We quantitated the frequency of
the latter two morphologies and found that they were
significantly more prevalent in the sensitized, irradiated
samples (Figure 6E). Thus, erastin sensitization produces
increases genome instability upon IR exposure yielding
highly abnormal nuclear content after several rounds of
mitosis, in accord with a role in potentiating radiation-
induced DNA damage effects.

RT sensitization by xCT inhibition increases
glutathione sensitive cell death

Over days 1-3 post IR, we observed only minor
increases in annexin V staining in all treatment groups
in both MDA-MB-436 and MDA-MB-231 (<4%;
Supplementary Figure 6E-6F, maximum 7%). However,
significant apoptosis (Annexin V*/PI" staining) became
apparent at days 4 and 5, and was significantly higher
in erastin sensitized, IR treated samples (Figure 7A).
Genetic evidence for xCT involvement was demonstrated
by withdrawal of 2-me from M436 SLC7A11™" cultures
with and without subsequent IR treatment. Four days of
culture without 2-me produces significant increases in
Annexin V reactive cells in (Figure 7B). However 2-me
withdrawal for 16 hours followed by IR treatment still
produces significantly more death than 2-me withdrawal
alone (M436 31.3% versus 44.1%) or IR treatment
in the presence of 2-me (7.9% versus 44.1%). M231
SLC7A11™" cultures are similarly sensitized (Figure 7C).
We confirmed that erastin-mediated IR sensitization in
SLC7A11" cells was largely due to on-target effects by
adding erastin (IC, ) to the treatment conditions of the
SLC7A11™" variants. This produced either insignificant
or significant but small (5% maximum) increases in cell
death (Figure 7B, 7C; dark versus light grey bars). We
conclude that 2-me withdrawal in the SLC7411™" cells
and erastin pretreatment in SLC7A411™ cells both primarily
limit extracellular cystine access by preventing xCT
function, sensitizing cells to subsequent IR.

Finally, we tested whether glutathione supplementation
would alter sensitization to IR-induced cell death, since
glutathione is intimately involved in ROS control, and
intracellular levels are reduced by erastin treatment or
xCT knockdown (Figure 1E; Figure 2E, 2F). We found
that glutathione supplementation did not significantly
alter the percent of Annexin V positive cells in irradiated
SLC7A11™ cultures at day 5, suggesting that these cells
already make sufficient glutathione to maximize their
metabolic ability to control IR-induced death (Figure
7D, 7E). However analysis of SLC7A411™" cells cultured
without 2-me revealed that glutathione supplementation
significantly reduced death, both in cultures simply
lacking 2-me, and in 2-me-starved cultures treated with
IR. We conclude that development of a clinically-approved

xCT inhibitor could be used to potentiate RT-induced
DNA damage and tumor killing. Since the most normal
cells do not express xCT, a specific XCT inhibitor would
provide a means to specifically sensitize tumors to RT.

DISCUSSION

Most radiation protectants and sensitizers lack
tumor specificity

Observations that acute pre-treatment cysteine
injection can protect rats from radiation-induced death are
now more than 60 years old [19], and attempts to develop
clinically-applicable radiation protectants for normal
tissues continues to date. Enhancement of normal tissue
GSH levels initially received the most therapeutic effort
[53, 54], although the highly elevated levels of glutathione
in tumors challenge this strategy. Amfostine is currently
the only radiation protectant in clinical use. This prodrug is
activated by high level of alkaline phosphatases in normal
cells, versus tumors (reviewed in: [55]). Other potential
antioxidant-based protectants include nitroxides such as
Tempol, alpha tocopherol, or beta carotene. Melatonin
can enhance production of endogenous antioxidants, and
antibiotics such as tetracycline and ciprofloxacin influence
chromatin remodeling and enhance DNA repair [56].
However, most of these compounds show little therapeutic
window for normal tissues over tumors [55, 57].

Efforts to develop tumor-specific sensitizers
are conversely stymied by an inability to sensitize
tumors without sensitizing normal tissues. Early
work targeted the glutathione synthetic enzyme
gamma-glutamylcysteine synthetase (GGS; review:
[58]) which unfortunately is ubiquitously and highly
expressed. Other potential strategies include the use
chemotherapy such as DNA damaging agents (example:
5-FU, cisplatin); compounds that slow/inhibit DNA
repair (Fludarabine, doxorubicin); or agents that arrest
tumor cells in the most radiation-sensitive portion of
the cell cycle (G2; taxanes; review: [59, 60]). Potential
molecular targets include DNA repair enzymes such
as ATM, cell cycle checkpoint and survival signaling
molecules such as CHKI1, and EGFR/AKT/PI3K
(review: [4]). Radiation induces local activation
of TGFB and Bl integrins, and inhibition of these
molecules can potently sensitize in preclinical cancer
models [61, 62]. Hypoxia prevents the therapeutic
benefit of IR. Early hypoxic tumor sensitization
strategies unsuccessfully tested glutathione depletion
via nonspecific compounds (reviews: [63, 64]).
Currently, hypoxia-activated prodrugs such as
nitroimidazole are under development (review: [4]).
However, the majority of these potential sensitizing
targets are widely expressed, and the ultimate
therapeutic window these strategies will create is
unclear. In contrast, with the exception of brain, xCT is
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expressed in only a few normal tissues and at low levels
(examples: thyroid, esophagus, stomach, fallopian tubes
[34]). Importantly, three distinct strains of mice bearing
an inactivated SLC7A411 genetic locus have normal
development, lifespan, and fertility- strongly suggesting
that short term treatment with a clinically-approved
xCT therapeutic should have minimal deleterious side
effects (review: [65]).

xCT inhibition provides a means to specifically
sensitize xCT positive tumors to IR

We demonstrate that SLC74 1]-targeted inactivation
(Figure 7B—7E), pretreatment with the xCT inhibitory
compound erastin (Figure 3A, 3B, 3E, 3F; Figure 7A),
and culture in cystine-free media (Figure 3C—3D) provide
potent radiation sensitization of xCT* tumor cells, in vitro
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Erastin (ICs ) | 20.5 4.4
IR (6 Gy) 48.3 6.5
Erastin + IR | 70.9 (***) 11.7 (**)
MDA-MB-231
Control 16.7 0.6
Erastin (ICs) | 14.7 0.5
IR (6 Gy) 31.6 1.5
Erastin + IR | 41.6 (***) 32.0 (**)

Figure 6: Erastin sensitization and SLC7A11-directed mutation increase radiation-induced cell death and genome
instability. Erastin 16 hour pre-treatment at the clonogenic IC, : MDA-MB-436, 1.0uM; MDA-MB-231, 0.17uM; IR, 6 Gy. (A-D) Cell
cycle profiles of indicated treatment groups assessed by PI staining and FACS analysis, performed 3-5 times with 50,000 - 100,000 cells
analyzed per condition. (A, B), 24 hours post IR. (C, D), 5 days post IR. (E) Quantitation of day 5 nuclear morphologies, assessed by DAPI
stain and microscopic evaluation of 1000 nuclei per sample. ,? significance; ™, p<=0.001 for IR alone versus Erastin sensitization +IR.
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and in xenograft. Although other intracellular targets
have been reported for erastin [66], in our cell lines
and at the doses used in this study, we find that erastin
effects are largely on-target: a) erastin-induced reduction
in clonogenic colony formation is prevented by 2-me
(Figure 2A, 2B); b) clonogenic colony formation of
naturally xCT cells (MCF7) is not reduced with erastin
treatment (Figure 2K); ¢) MCF7 are not sensitized to
IR by erastin pretreatment (Figure 3A, 3B; grey lines,
MCF7); and d) erastin addition to our SLC7A411™" cells
cultured under restrictive or non-restrictive conditions
(without or with 2-me) and with or without subsequent
IR, does not significantly increase cell death (Figure 7B,
7C). Recently large doses of Sulfasalazine, a potent NFkB
inhibitor and a weak competitive xCT inhibitor were used
to sensitize gliomas to RT [67—-69]. However effects on
xCT cells were not tested, thus the key functional target
in those studies remains unclear. In our M436 proof-of-
concept xenografts, erastin sensitized to a single radiation
dose (4 Gy), produced smaller tumors (Figure 3E, 3F).
Typical conventional hypofractioned radiation regimens
for human whole breast irradiation deliver 2 Gy fractions
5 times per week until 46-50 Gy have been delivered, or
~2.7 Gy until 40-42 Gy is achieved [70]. Extension of the
dose response IR curves (Figure 3A, 3B) to these higher
total doses suggests that sensitization by xCT inhibition
at each round of RT could have a profoundly beneficial
effect on clinical radiation outcomes.

xCT inhibition may result in more complex DNA
damage

Thirty minutes after IR exposure, erastin sensitized
samples have essentially the same numbers of y-H2AX
foci as the IR-alone samples (Figure 4C, 4D; 0.5h).
This suggests that there are not significantly more
visually dispersed loci damaged by erastin sensitization.
However the prominent y-H2AX foci remaining at 24
hours with erastin sensitization (Figure 4C, 4D; 24h)
suggests that erastin prevented the resolution of many
DNA abnormalities. These lingering foci can be directly
attributed to xCT inhibition in that SLC7A41]-targeting
(Figure 5C, 5D) and cystine restriction (Figure 5A, 5B)
also produce significantly more y-H2AX foci 24 hours
post IR.

Two possibilities may account for the lingering
v-H2AX foci in sensitized, irradiated cells. First, they
may be due to unresolved SSBs. Both y-H2AX and 53BP1
foci are produced during S-phase replication fork stalling
and replication stress [71, 72], and persistent SSBs can
be converted to DSBs during cell division, producing
late-appearing, cumulative DNA damage and cell death.
Alternatively, high linear energy transfer (LET) densely
ionizing radiation such as y-radiation can produce
tracks of “regionally multiply damaged sites”, including
multiple DSBs localized to short stretches of DNA ([73];

reviewed: [74]). Repair at these sites is difficult, and may
provide the most therapeutic benefit. Non-proliferating
mammary epithelial cells treated with high LET radiation
maintain y-H2AX foci up to 72 hours after treatment,
while resolving 53BP1 foci by 48 hours [75]. Similar
to our observation that persistent y-H2AX foci, genome
instability, and increased cell death occur in our sensitized
cultures (Figure 4C, 4D; Figure SA-5D), others have also
correlated the number of cells with lingering y-H2AX
foci with the fraction of cells that ultimately die from
unresolved DNA damage [76, 77]. This count may be a
predictive biomarker of good radiation responses [78].

RT treatment may particularly benefit tumors
bearing somatic DDR gene mutations

Our xCT* cell lines bear different mutations
that impact DNA repair. M436 has inactivated p53,
retinoblastoma, and BRCA1 ([48, 49]; cancer.sanger.
ac.uk). BRCA1 loss compromises HR, increasing the
potential for mutant chromosome generation by NHEJ-
mediated repair. Unlike M231, M436 also do not enact a
radiation-induced G2 arrest (Figure 6A versus 6B). Thus,
although end ligation by NHEJ occurs rapidly, some M436
cells may undergo the first mitotic division after radiation
with free chromosome fragments and improperly re-
ligated fragments, increasing the frequency of DNA mis-
segregation and generation of daughters with abnormal
ploidy. In contrast, p53 is mutated but functional in M231,
and BRCAL is intact [48]; cancer.sanger.ac.uk). Transient
arrest in G2 provides time for DNA damage correction
by HR, and for capture of free chromosome fragments
before mitosis. Accordingly, we find that M436 are more
readily sensitized to RT than M231 (Figure 3A versus 3B,
compare DER | values). Sensitized and IR-treated M436
day 5 cultures also contain more cells with micronuclei
and multiple nuclei (Figure 6E). We speculate that tumors
bearing somatic mutation/silencing of BRCA1 or other
DDR genes will be extremely RT sensitive.

xXCT inhibition provides tumor-specific
sensitization

Our approach has several key advantages over
previous sensitizer development work. First, it makes
no assumption that glutathione is the only or dominant
thiol which opposes radiation damage, although
glutathione potently reduces death in our studies
(Figure 7D, 7E). In fact recent studies demonstrate that
inhibition of glutathione synthesis (via GGS inhibition),
and inhibition of thioredoxin reductase produces more
potent RT sensitization than inhibition of either enzyme
alone [79]. Since all cellular thiols rely on cysteine for
biosynthesis or activity, these observations reinforce
our hypothesis that limiting cysteine availability will
be a superior sensitization strategy, in agreement with
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historical literature demonstrating that cysteine was a
superior, externally-applied radiation protectant [19].
Secondly, the limited normal tissue distribution of
xCT, unlike GGS, thioredoxin reductase, and other
potential sensitizing targets, suggests that xCT-mediated
sensitization will be highly tumor-specific. Normal xCT
tissues, both quiescent and proliferating will be spared,
producing far fewer side effects than other proposed
sensitizers. While clinically-approved xCT inhibitors are
not yet available, our data speaks to the need for rapid
development of such drugs.

MATERIALS AND METHODS

Cell culture and assays

Human breast cancer cell lines MDA-MB-436
(M436), MDA-MB-231 (M231), and MCF7 were
obtained from Dr. Joe Gray (Oregon Health Sciences
University), and maintained at 37°C / 5% CO, in 5% Fetal
Bovine Serum (FBS) supplemented DMEM or RPMI.
Cultures were treated with vehicle (DMSO) or erastin as
indicated. SLC7A411 deleted lines were maintained and
experiments established with 50 uM 2-mercaptoethanol
(2-me) media addition, to allow uptake of cystine via
transporters other than xCT. Glutathione was used
at SmM. Cells were seeded into 100mm dishes or 6
well plates and allowed to attach for 24 hours prior to
treatment. Subsequently, cells were treated with DMSO/
erastin, or washed (PBS) and cultured in cystine free
media, or media without 2-me for 16 hours, followed by
y-radiation or sham treatment.

Colony survival assay

After 10-20 days of incubation, colonies were
4% formalin fixed, stained (0.4 % crystal violet), and
colonies with > 50 cells counted. Plating efficiency was
calculated: # colonies counted / # cells plated. Surviving
fraction = colonies counted/ (cells seeded x plating
efficiency / 100). Using this information, response curves
were generated and analyzed using the linear-quadratic
formula “Surviving fraction = exp (aDose+BDose?)”; [80].
The dose that kills all but 10% of cells in a population
is derived from this equation by setting the surviving
fraction to 10% (0.1). The dose enhancement ratio for
10% survival (DER ), the statistic commonly reported in
radiation sensitization studies, is the ratio of the calculated
radiation dose for DMSO pre-treatment / radiation dose for
erastin pretreatment. DER >1 indicates that the treatment
sensitizes cells.

v-Irradiation

All experiments used a J L Shepherd Mark I
model-20 ¥’Cesium source irradiator.

RNA extraction and RT-qPCR

Total RNA was isolated (RNA mini kit, QTAGEN)
and reverse transcribed (iScript, Biorad) following
manufacturer’s directions. cDNA levels of SLC7A411 were
quantified in triplicate using Power SYBR green (AB).
Data collection was performed on the Step One Plus
(AB) sequence detection system. Data was quantified
against a standard curve and normalized to TBP (TATA
box binding protein) expression. Primers used were:
SLC7411: 5> TGCTGGGCTGATTTTATCTTCG, 5’
GAAAGGGCAACCATGAAGAGG; TBP: 5° CCC
GAAACGCCGAATATAATCC, 5 GACTGTTCTTCACT
CTTGGCTC.

Western blot

RIPA extracts were prepared by standard techniques
in the presence of protease and phosphatase inhibitors
(Sigma). 20 pg of lysates were resolved on 10% SDS-
polyacrylamide gels, blotted to PVDF membrane,
blocked for 1 hour in 5% nonfat dry milk/TBST 1 hour
and exposed overnight 4°C to primary antibodies (anti-
xCT, Cell Signaling and anti-B-actin, Sigma) following
the manufacturer’s instructions. After incubation with
anti-rabbit-HRP conjugated antibodies, membranes were
developed using ECL (Pierce 32209).

Glutamate secretion

Erastin at indicated concentrations was added to
fresh media without phenol red. The supernatants were
collected 24 hours later and analyzed using Amplex
Red Glutamic Acid/Glutamate Oxidase Assay Kit (Life
Technologies) following manufacturer’s instructions.
Values were subtracted from media controls and
normalized to cell number.

Intracellular glutathione

Cells were plated in 96-well plates and treated
with erastin for 24 hours. Intracellular glutathione was
determined using GSH-Glo kit (Promega) following
manufacturer’s instructions. Values were normalized to
cell number.

Animal experiments

8-10 week old female NSG (NOD.Cg-Prkdc*
112rg™"7'/SzJ) mice from the Preclinical Therapeutics
CORE at UCSF were used, following protocols approved
by the Institutional Animal Care and Use Committee at
UCSF, # AN142193-02A. Orthotopic injections of 10°
M436 cells in 100ul saline were made into fatpad 4.
Tumors were measured (caliper) and mice weighed 3
times/week throughout the experimental time course.
Tumor volume was calculated V= ((length X width?)/2).
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When tumors reached ~250 mm?, 4 groups of 5 mice each
with equal total tumor volume were formed, and treatment
started. Erastin stock was prepared in DMSO to 100mM,
re-suspended by incubation in a sonic water bath cleaner,
and aliquots frozen -80C. Daily peri-tumoral injections
used erastin stock diluted in saline/1% Tween-20,
to deliver 16.5 mg/kg erastin in 100ul or saline/1%
Tween-20 control. Irradiation: Once after 24 hour erastin
or saline pretreatment, 4 Gy partial body irradiation in a
custom shielding apparatus, or sham treatment. Tumors
were weighed upon dissection before preservation. We
observed no overt signs of distress or discomfort in the
animals throughout the duration of these experiments, and
measured little weight loss.

FACS analyses

A BD FACSCalibur or Accuri C6 flow cytometer
was used. Experiments were performed at least twice,
with 3-6 replicates per condition, and 10,000- 50,000
cells collected per sample, analyzed via the FLOJO
software package. Cell cycle: Cells were fixed with cold
70% ethanol overnight, washed in PBS/5% FBS, stained
in PBS/5% FBS with 10ug/ml Propidium Iodide (PI;
Molecular Probes), and 100 pg/ml of RNase A. Annexin
V staining: cells were stained with Annexin V- FITC
(Southern Biotechnology 10038-02) in Annexin staining
buffer. PI (Molecular Probes, P1304MP) was added just
before analysis per manufacturer’s instructions. ROS
Detection: cultures were incubated for 15-30 min with
10 uM 2°,7’-dichlorofluorescein diacetate (DCFH-DA,
Sigma) washed (PBS), harvested (trypsin), and analyzed.

SLC7A11 knockout generation

The SLC7A411 gene was targeted using CRISPR/
Cas9 technology. M436 and M231 cell lines were
transfected with SLC7A411 Double Nickase Plasmid
(h) (Santa Cruz Biotechnology) using Lipofectamine
(Invitrogen). Clones with specific mutations in the
SLC7A11 locus were puromicyn selected (0.5 pg/ml for
3 days), sorted for GFP expression and plated clonally.
SLC7A411 depletion was validated by western blot.
Individual clones were maintained separately, and pooled
for experimental analyses.

Immunofluorescence

Cells grown and treated on glass coverslips were
PBS washed, fixed (4% paraformaldehyde; PFA),
permeabilized with PBS /0.1% Triton X-100/10 min., and
blocked in PBS /1% bovine serum albumin (BSA)/ 5%
goat serum. Primary antibodies: anti-y-H2AX (Ser139;
20E3) and anti-53BP1 (Cell Signaling Technology)
were incubated overnight at 4 °C in block. Secondary:
anti-rabbit Alexa 488 (Molecular Probes) / 1 hour with
4’ 6-diamidino-2-phenylindole, dihydrochloride (DAPI)

nuclear counterstain. At least 50 nuclei per condition
were evaluated. For nuclear morphology assessment at
day 5, cells were stained with DAPI (nuclei), and anti-
CD44 (Thermo Scientific MA1-10225; cell cytoplasm and
boundaries). 1000 nuclei per condition were evaluated.

Statistical analysis

Glutamate secretion, GSH assay, ROS detection,
nuclear foci counts, cell cycle analysis and Annexin V staining
are presented as mean =+ standard deviation, with significance
via Student ¢ test. For clonogenic survival, a linear regression
model was used as previously described [81], and described
above. Significant differences in the frequency of micronuclei
and multiple nuclei, were determined by X? test. Statistical
analysis used SPSS 15.0 (SPSS Inc.), statistical significance
was established when p < 0.05. Boxplots in Figure 3F
were generated using the web based version of BoxPlotR
(http://shiny.chemgrid.org/boxplotr/).
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