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the induction of ferroptosis

Triple-negative breast cancer (TNBC) has a poor prognosis
because of its aggressive characteristics and lack of tar-
geted therapies.’ Recently, it has been reported that TNBC
is sensitive to ferroptosis, an iron-dependent type of pro-
grammed cell death, making it a potential target for the
treatment of TNBC.? Breast cancer stem cells (BCSCs), a
small population of cancer cells that possess the infinite
proliferative potential and tumor-initiating properties, play
important roles in drug resistance.* The responses of BCSCs
to ferroptosis-inducing agents are controversial and remain
elusive.

Intratumoral hypoxia (lack of oxygen) is a common
feature of breast cancer and promotes BCSC maintenance
and specification via multiple pathways dependent on
hypoxia-inducible factors (HIFs), which are the master
regulators of O, homeostasis.* We first investigated the
effect of hypoxia on ferroptosis by treating TNBC cell lines
MDA-MB-231, SUM159, and Hs578T with cystine transporter
xCT inhibitor erastin (Era) or sulfasalazine (SSA) under 20%
or 1% of oxygen concentration for 48 h. Both agents reduced
cell viability by >50% through ferroptosis in all three TNBC
cell lines under 20% of oxygen but failed to induce ferrop-
tosis under 1% of oxygen (Fig. 1A; Fig. S1A, B). Erastin
treatment increased lipid peroxidation, a hallmark of fer-
roptosis,” under 20% but not 1% of oxygen (Fig. 1A).
Knockdown of HIF-1a, but not HIF-2a, re-sensitized TNBC
cell lines to xCT inhibitor-induced ferroptosis, and erastin-
induced lipid peroxidation (Fig. 1B; Fig. S1C), under 1% of
oxygen, indicating that hypoxia mediates ferroptosis resis-
tance in a HIF-1-dependent manner in TNBC.

We found that xCT inhibitors decreased cystine uptake
at similar levels under 20% or 1% of oxygen (Fig. S2A).
However, the xCT inhibitor-mediated decrease of intra-
cellular glutathione levels was largely blocked under 1% of
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oxygen (Fig. S2B). Thus, we hypothesized that TNBC cells
may employ cystathionine, which is combined from ho-
mocysteine and serine catalyzed by the enzyme CBS
(cystathionine beta-synthase) (Fig. 1C), as an alternative
cysteine source for the synthesis of glutathione to protect
against ferroptosis under hypoxic condition when cystine
uptake is blocked. We found that hypoxic exposure
induced CBS mRNA and protein levels in TNBC cell lines,
which was abrogated by HIF-1a knockdown (Fig. 1D, E;
Fig. S3A) or HIF-1 inhibitor digoxin (Fig. S3B). Daily
treatment with 2 mg/kg digoxin decreased CBS mRNA
expression in a xenograft mouse model implanted with
MDA-MB-231 cells, and in a genetically engineered
autochthonous MMTV-PyMT breast cancer mouse model
(Fig. 1F). Gene expression analysis from 1097 human
breast cancer specimens in The Cancer Genome Atlas
(TCGA) database revealed a significant correlation
(r = 0.34, P < 0.0001) of CBS mRNA levels with a HIF-
metagene signature (Fig. 1G; Fig. S3C) and significantly
higher CBS expression in the basal-like subtype of breast
cancers (Fig. S3C, D). All these data indicate that CBS
expression is regulated by HIF-1.

We performed ChIP (chromatin immunoprecipitation)-
qPCR assay and confirmed that HIF-1o. and HIF-13 directly
bind to a site located in the 5'-flanking region of CBS gene
(Fig. 1H; Fig. S3E). We also generated a reporter plasmid by
inserting a 55-bp oligonucleotide spanning the HIF-1 binding
site into the pGL2-promoter reporter plasmid and per-
formed a luciferase reporter assay to confirm this binding
site is a functional hypoxia response element (HRE) (Fig. 1l;
Fig. S3F). These data indicate that hypoxia induces HIF-1-
dependent transactivation of CBS.

To investigate the role of CBS in hypoxia-mediated fer-
roptosis resistance, we generated CBS knockdown sub-
clones in TNBC cells (Fig. S4A) and found that CBS
knockdown re-sensitized TNBC cells for erastin- or sulfa-
salazine-decreased glutathione levels under 1% O,, which
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Figure 1  Targeting hypoxia-induced CBS expression inhibits breast cancer stem cells through the induction of ferroptosis. (A, B)

MDA-MB-231 cells (A) or knockdown subclones (B) were treated as indicated under 20% or 1% O, for 48 h. MTT assays were per-
formed to measure cell viability (left) and C11-BODIPY staining was performed followed by flow cytometry to measure lipid per-
oxidation (right). (C) A scheme of intracellular cysteine sources.(D, E) MDA-MB-231 subclones were exposed to 20% or 1% O, for
24 h, and RT-gPCR (D) and immunoblot (E) assays were performed. (F) Xenograft mice were implanted with MDA-MB-231 cells (left),
or MMTV-PyMT transgenic mice (right) were treated with vehicle (Veh) or digoxin (Dig, 2 mg/kg daily for 15 days), and tumors were
harvested on day 15 for RT-gPCR. (G) CBS mRNA levels in each of 1097 human primary breast cancers from the TCGA database were
compared with the HIF signature using Pearson’s correlation test. (H) MDA-MB-231 cells were exposed to 20% or 1% O, for 16 h, and
ChIP was performed followed by gPCR with primers flanking the candidate HIF binding site in the CBS gene. (I) MDA-MB-231 cells
were co-transfected with pCBS-HRE (WT or MUT), which contains a 55-bp candidate HRE upstream of an SV40 promoter and firefly
luciferase coding sequences, and pSV-Renilla, a control plasmid containing Renilla luciferase coding sequences downstream of the
SV40 promoter. At 24 h post-transfection, cells were exposed to 20% or 1% O, for 24 h, and Firefly:Renilla ratio was determined. (J,
K) MDA-MB-231 subclones were treated with erastin (Era) or sulfasalazine (SSA) under 1% O, for 48 h and intracellular glutathione
levels (J), cell viability (K, left), and lipid peroxidation (K, right) were measured. (L) MDA-MB-231 cells were treated with Era or SSA
for 72 h and the percentage of ALDH™ cells was determined. (M) TNBC cells were treated with vehicle, erastin, or paclitaxel for
72 h gPCR assays were performed, log, (fold change) of erastin or paclitaxel treated vs. vehicle was calculated, and a heatmap was
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was rescued by overexpression of short hairpin RNA
(shRNA)-resistant CBS vector (Fig. 1J; Fig. S4A, B), indi-
cating an important role of CBS in the maintenance of
intracellular glutathione levels when cystine uptake is
inhibited. CBS knockdown also increased erastin-induced
lipid peroxidation and re-sensitized TNBC cells to xCT in-
hibitor-mediated cell death under 1% O,, both of which
were rescued by shRNA-resistant CBS vector overexpression
(Fig. 1K; Fig. S4A, C). These data demonstrate the critical
role of CBS in ferroptosis resistance under hypoxic
condition.

Next, we investigated the biological consequence of
CBS-mediated ferroptosis resistance in breast cancer ther-
apeutics. BCSCs are resistant to drug treatment and are
majorly located in hypoxic niches. Erastin or sulfasalazine
treatment increased the percentage of ALDH™' cell popu-
lation that have BCSC characteristics (Fig. 1L; Fig. S5A, B).
Unlike the chemotherapeutic agent paclitaxel, which in-
duces BCSC enrichment through active induction of plu-
ripotency factor expression, erastin treatment failed to
increase the expression of pluripotency factors (Fig. 1M),
which are required for active conversion of non-BCSCs to
BCSCs, suggesting that BCSC resistance to erastin-mediated
ferroptosis is the major cause of erastin-induced BCSC
enrichment. Thus, we hypothesized that CBS contributes to
ferroptosis resistance in BCSCs.

CBS expression was dramatically increased in the BCSC-
enriched ALDH* population (Fig. S5C) and nonadherent
mammospheres (Fig. S5D). CBS mRNA level in primary
breast cancer patients from the TCGA database was
correlated with breast cancer stemness, as measured by an
mRNA expression-based stemness index (mRNAsi) gener-
ated through machine learning, and by the expression of a
20-gene BCSC signature (Fig. 1N), suggesting a correlation
between CBS expression and the BCSC phenotype. CBS
knockdown completely abolished erastin-mediated in-
creases in the percentage of ALDH™ cells and the number of
mammosphere-forming cells (Fig. 10; Fig. S5E, F), indi-
cating that CBS knockdown sensitizes BCSCs to erastin-
mediated ferroptosis.

To investigate the role of CBS in the regulation of fer-
roptosis resistance in BCSCs in vivo, we implanted MDA-MB-

231 NTC (nontargeting control) or CBS-knockdown subclone
cells in severe combined immunodeficiency (SCID) mice.
CBS knockdown did not affect tumor growth rate but
sensitized tumors to erastin treatment (Fig. 1P). Erastin
treatment increased the percentage of ALDH™ cells and the
number of mammosphere-forming cells, which were
completely abolished by CBS knockdown (Fig. 1Q; Fig. S6A).

To determine the effects of CBS on BCSC population
after erastin treatment in vivo, we injected MDA-MB-231
NTC or CBS-knockdown subclone cells and performed tumor
eradication assay by treating the mice with 20 mg/kg era-
stin every day, terminated erastin treatment when tumors
were no longer palpable and monitored tumor recurrence.
CBS knockdown did not alter the time to tumor formation
but decreased the time to tumor eradication. Most impor-
tantly, CBS knockdown markedly prolonged the time to
tumor recurrence after erastin treatment was terminated
(Fig. 1R), indicating a decreased BCSC population in CBS-
knockdown subclones compared with NTC after erastin
treatment in vivo.

We next investigated whether pharmacological inhibi-
tion of CBS reverses ferroptosis resistance in BCSCs. Co-
administration of CBS inhibitor AOAA (aminooxyacetic acid)
with erastin reversed hypoxia-induced ferroptosis resis-
tance (Fig. S7A) and increased lipid peroxidation under 1%
0O, (Fig. S7B) in vitro. In xenograft mice with MDA-MB-231,
co-administration of AOAA increased the inhibitory effect
of erastin on tumor growth (Fig. 1S), and completely
abolished erastin-induced increase of the percentage of
ALDH* cells and mammosphere-forming cells (Fig. 1T;
Fig. S8A). These data demonstrate that genetic or phar-
macological inhibition of CBS decreases ferroptosis resis-
tance in BCSCs in vivo.

To explore the translational implications of our findings,
we investigated whether the HIF-1 inhibitor digoxin, which
is under clinical trials for the treatment of breast cancer,
targets BCSCs through CBS inhibition in vivo. Co-adminis-
tration of digoxin with erastin markedly inhibited tumor
growth (Fig. 1U), decreased CBS mRNA levels (Fig. 1V), and
completely abolished erastin-induced increase of the per-
centage of ALDH* cells and the number of mammosphere-
forming cells (Fig. 1W; Fig. S9A), demonstrating that

plotted. (N) Pearson’s test was used to analyze the correlation of CBS mRNA expression with mRNAsi (top) and BCSC signature
(bottom) in human primary breast cancers from the TCGA database. (O) MDA-MB-231 subclone cells were treated with Era for 72 h
and the percentage of ALDH" cells (left) and the number of mammospheres per 1000 cells seeded (right) were determined. (P, Q)
SCID mice were injected with 2 x 10® MDA-MB-231 NTC or CBS-knockdown subclone cells and treated with saline or 20 mg/kg Era
daily for 15 days. Tumor volumes were measured every 2—3 days (P). Tumor samples were harvested on day 15 for ALDH and
mammosphere assays (Q). (R) 2 x 10° MDA-MB-231 NTC or CBS-knockdown subclone cells were implanted into SCID mice. When
tumors became palpable, mice were treated with 20 mg/kg Era daily until tumors were no longer palpable. Kaplan—Meier survival
curves of tumor-free (left), tumor-bearing (center), and recurrence-free (right) were plotted. (S, T) SCID mice were injected with
2 x 10° MDA-MB-231 cells and treated with saline, Era (20 mg/kg daily), AOAA (10 mg/kg daily), or Era plus AOAA, for 15 days.
Tumor volumes were measured every 2—3 days (S). Tumor samples were harvested on day 15 for ALDH and mammosphere assays
(T). (U—W) SCID mice were injected with 2 x 10° MDA-MB-231 cells and treated with saline, Era (20 mg/kg daily), Dig (2 mg/kg
daily), or Era plus Dig, for 15 days. Tumor volumes were measured every 2—3 days (U). Tumor samples were harvested on day 15 for
gPCR (V), ALDH (W, left), and mammosphere (W, right) assays. (X) MDA-MB-231 cells were pre-treated with Veh, Era, Dig, or Era
plus Dig for 48 h and live cells were counted and implanted into SCID mice (1,000 or 250 live cells each). The number of mice that
developed a tumor after 10 weeks is shown, and Fisher exact test was performed to determine statistical significance. (Y) MDA-MB-
231 cells were implanted into SCID mice (2 x 10° per mouse). When tumors became palpable, mice were treated with 20 mg/kg Era,
or 20 mg/kg Era plus 2 mg/kg Dig daily until tumors were no longer palpable. Kaplan—Meier survival curves of tumor-bearing (left)
and recurrence-free (right) were plotted and P values of log-rank tests are shown. *P < 0.05, **P < 0.01, ***P < 0.001.
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pharmacological inhibition of HIF-1 induces ferroptosis not
only in bulk cells but also in BCSCs.

To examine the role of HIF-1 inhibitor in the induction of
ferroptosis specifically in BCSCs, we performed in vivo
tumorigenicity assay to measure the number of BCSCs after
treatment. We treated MDA-MB-231 cells with erastin,
alone or in combination with digoxin, counted the number
of live cells, and injected 1,000 or 250 live cells into SCID
mice so that BCSCs were limiting for tumor formation. We
found that co-administration of digoxin completely abol-
ished (or even further decreased) erastin-induced BCSC
enrichment (Fig. 1X). We also examined the effect of HIF-1
inhibitor on BCSCs in vivo through tumor eradication assay,
and found that co-treatment with digoxin made tumors
more sensitive to erastin treatment, as measured by the
decreased time to tumor eradication, and markedly
inhibited tumor relapse, as measured by the increased time
to tumor recurrence (Fig. 1Y). These data demonstrate that
pharmacological inhibition of HIF-1, which decreases CBS
expression, sensitizes BCSCs to ferroptosis and inhibits the
BCSC population.

In summary, we demonstrate that TNBC cells develop
ferroptosis resistance through HIF-1-induced CBS up-regu-
lation, which provides an alternative cysteine source for
the synthesis of glutathione and protects cells against fer-
roptosis induced by cystine uptake inhibition. CBS is over-
expressed in BCSCs and mediates the resistance of BCSCs to
ferroptosis. A caveat of this study is that we did not provide
direct evidence of ferroptosis in BCSCs in vivo because of
the technical difficulty, considering the small percentage of
BCSCs in the bulk tumor. This study provides compelling
evidence that targeting the HIF-1-CBS pathway in combi-
nation with ferroptosis-inducing agents may effectively
inhibit BCSCs and thereby improve clinical outcomes for
TNBC patients.
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