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Drugs causing ferroptosis, iron-mediated cell death, represent promising tools for cancer treatment. While exploring the effect of
these drugs on breast cancer (BC), we found that a ferroptosis-inducing drug erastin dramatically inhibits tumorigenicity of human
BC cells in mice but when used at a concentration known to effectively kill other cell types only modestly reduces such growth in
2D monolayer culture. BCs grow in vivo as 3D masses, and we found that ferroptosis inducers erastin and sulfasalazine inhibit
growth of multiple human BC cell lines in 3D culture significantly stronger than in 2D culture. To understand the mechanism of this
differential effect, we found that ferroptosis inducers upregulate mRNAs encoding multiple direct and indirect autophagy
stimulators, such as ATG16L2, ATG9A, ATG4D, GABARAP, SQSTM/p62, SEC23A and BAX, in tumor cells growing in 2D but not in 3D
culture. Furthermore, these drugs promoted autophagy of tumor cells growing in a 2D but not in a 3D manner. We observed that
pharmacological inhibition of autophagy-stimulating protein kinase ULK1 or RNA interference-mediated knockdown of autophagy
mediator ATG12 significantly sensitized tumor cells to erastin treatment in 2D culture. We also found that ferroptosis-promoting
treatments upregulate heme oxygenase-1 (HO-1) in BC cells. HO-1 increases cellular free iron pool and can potentially promote
ferroptosis. Indeed, we observed that HO-1 knockdown by RNA interference reversed the effect of ferroptosis inducers on BC cell
3D growth. Hence, the effect of these drugs on such growth is mediated by HO-1. In summary, autophagy triggered by ferroptosis-
promoting drugs reduces their ability to kill BC growing in a 2D manner. This protection mechanism is inhibited in BC cells growing
as a 3D mass, and ferroptosis-promoting drugs kill such cells more effectively. Moreover, this death is mediated by HO-1. Thus,
ferroptosis induction represents a promising strategy for blocking 3D BC growth.
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INTRODUCTION
Breast cancers (BCs) often develop resistance to therapies and
patients invariably succumb to the resulting metastatic disease [1].
Hence, novel BC therapies are needed. Unlike normal breast
epithelial cells that grow in vivo in a 2D manner, attached to the
extracellular matrix (ECM), BCs typically grow as 3D multicellular
masses [2]. Moreover, detachment from the ECM kills non-
malignant breast epithelial cells, whereas 3D BC cell masses are
composed of viable cells, and such viability is required for BC
progression [3]. Therefore, the ability of BC cells to grow in a 3D
manner represents a critical target for BC therapies.
Ferroptosis is iron-catalyzed necrosis driven by polyunsaturated

fatty acid peroxidation and the formation of lipid reactive oxygen
species (ROS) in mammalian cell membranes [4]. This peroxidation
destroys the membranes and causes cell death [4]. Glutathione
peroxidase 4 (GPX4) is a major ferroptosis inhibitor, and a cysteine-
containing tripeptide glutathione is a critical GPX4 cofactor.
Glutathione production is mediated by the system XC

− that imports
cystine, the oxidized cysteine form, to the cell, where cystine is
converted to cysteine required for glutathione synthesis [4]. System
XC

− consists of proteins SLC7A11 and SLC3A2. Various drugs cause
ferroptosis by inhibiting this system. For example, a drug erastin

inactivates SLC3A2 and blocks cysteine import [4]. This inhibits GPX4,
and cellular phospholipid hydroperoxides are converted to phos-
pholipid radicals in Fe2+-dependent manner which ultimately
destroys the cell membrane [4].
Tumor cells typically have higher ROS levels than normal cells

and ROS promote cancer [5]. Even though ROS levels are high in
tumor cells, activation of various antioxidant systems prevents
these levels from exceeding a certain threshold [5]. If the
threshold is exceeded, e.g., in response to ferroptosis-inducing
drugs, the cells die [5]. Moreover, tumor cells often have higher
iron levels than normal cells which makes them hypersensitive to
ferroptosis-inducing drugs [4]. Therefore, the use of such agents
could represent an effective strategy for preferential tumor cell
killing [5]. Of note, clinically approved drugs, including sulfasala-
zine, artesunate, lovastatin and dihydroartemisinin cause ferrop-
tosis [6]. It was proposed that due to this ability, such agents could
be repurposed for cancer treatment [6].
Autophagy is a process of degradation of the cellular content

mediated by the vacuoles termed autophagosomes [7]. Autop-
hagy allows cells to adapt to various stress types, e.g., by providing
elements for biosynthesis of essential macromolecules or elim-
inating damaged macromolecules or organelles [7]. Autophagy
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can inhibit or stimulate ferroptosis. For example, autophagy can
protect lung cancer, glioblastoma or hepatocellular carcinoma
cells as well as neurons from ferroptosis [8–11] but promotes
ferroptosis of other cell types, e.g., fibroblasts [12]. Factors
determining whether autophagy stimulates or blocks ferroptosis
are not well understood.
We show here that ferroptosis-promoting agents robustly

promote autophagy of BC cells growing in a 2D manner and that
autophagy protects them from ferroptosis. In contrast, these drugs
induce autophagy much less efficiently in the cells growing in a
3D manner and kill them more potently than those growing in a
2D manner. Thus, induction of ferroptosis represents a promising
strategy for blocking 3D BC growth.

MATERIALS AND METHODS
Materials
SBI-0206965 was from Cell Signalling Technology (Danvers, MA, USA),
bafilomycin A1 and sulfasalazine, from Sigma-Aldrich (St. Louis, MO, USA),
Matrigel, from VWR (Mississauga, ON, Canada) and erastin, from Tocris
Bioscience (Toronto, ON, Canada). Primers for quantitative (q)PCR of
mRNAs encoding autophagy mediators were from RealTimePrimers (Elkins
Park PA, USA)

Cell culture
BT-474, AU-565, MDA-MB486 and HCC-1806 were from (American Type
Culture Collection, Manassas, VA, USA). Generation of BT474TR and
BT474T cells was published elsewhere [3, 13], while 293T cells were
provided by A. Stadnyk, Dalhousie University. Lack of mycoplasma
contamination in all cells was established as published [14]. BT-474,
BT474TR, BT474T, AU-565, MDA-MB-468 and HCC-1806 cells were cultured
as per the supplier’s recommendations. 293T cells were cultured as
published [14]. To detach cells from the ECM, they were plated above a
layer of 1% sea plaque agarose polymerized in respective culture medium
not containing additional ingredients.

Antibodies
Anti-LC3B (cat# 3868S), anti-ATG12 (cat# D88H11), anti-HO-1 (cat# 70081S)
and anti-α-tubulin (cat# 3873) were from Cell Signalling Technology. Anti-
β-actin (cat # A5316) was from Sigma-Aldrich.

Cell survival
To count the cells, 30,000 cells were plated in 1ml of respective medium in
a 24-well plate in 2D or 3D culture and treated with dimethylsulfoxide
(DMSO) or respective drugs. Cells were further harvested by being
incubated at 37 0C in the presence of 50 μl of 0.25% trypsin for 5 min. 50 μl
of respective medium was then added to the cells and the cells were
counted using a hemocytometer under the light microscope. To measure
cell permeability to 7-Amino Actinomycin D (7-AAD) cells were analyzed by
use of PE Annexin V Apoptosis Detection Kit I, BD Pharmingen (San Diego,
CA, USA) according to manufacturer’s instructions but Annexin V was not
used. In brief, the cells were harvested, washed with phosphate buffered
saline (PBS) and subjected to centrifugation at 300 × g for 5 minutes. This
procedure was repeated twice. The cells were further resuspended in
100 μl of the Flow Cytometry Staining Buffer, 5 μl of 7-AAD staining
solution was added to each sample, the samples were incubated for
15min at room temperature in the dark and analyzed by flow cytometry
using BD FACS Celesta instrument.

Detection of LC3 puncta
0.5 × 106 cells were incubated with 1μg of GFP-LC3-encoding expression
vector (provided by T. Yoshimori, [15]) and Lipofectamine 3000
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions for 48 h. The cells were harvested by trypsinization and
seeded at a density of 200,000 cells/well on 18 mm cover glasses placed
in a 12-well plate in the case of the 2D culture or in a 12-well plate
coated with 1% Sea Plaque agarose in the case of the 3D culture. Cells
were further washed with PBS, fixed with methanol for 10 min at room
temperature, washed, mounted on the coverslips using fluoromount
aqueous mounting medium (Sigma-Aldrich) and imaged using Leica SP8
confocal imager.

RNA interference
Small interfering (si)RNAs (Horizon Discovery, Lafayette, CO, USA) were
utilized as described using Lipofectamin 3000 [16]. HO-1 small hairpin (sh)
RNA-encoding lentiviral vectors were from Sigma-Aldrich (St. Louis, MO,
USA). HO-1 was knocked down as described [3].

Orthotopic tumor implantation
Female 6-week-old Nu/Nu Nude mice (Charles River Canada, Saint-
Constant, QC) were allowed to acclimatize for 2 weeks. 8 × 106 cells were
harvested by trypsin treatment, washed thrice in ice-cold PBS, resus-
pended in a 100mL of 1:1 mixture of PBS and Matrigel and injected into
the inguinal mammary fat pad. When tumor volumes reached the average
of 50 mm3, mice were injected intraperitoneally (IP) with either DMSO or
30mg/kg erastin every other day for 21 days. Tumor volumes were
measured as published [17].

Statistical analysis
Statistical analysis of the data in Supplementary Figs. 1B, E, G and 3B, C, E,
G–I was performed by the two-sided chi-square test for goodness-of-fit
and statistical analysis of all other data, by the two-sided Student’s t-test.
Western blotting [18] and quantitative PCR (qPCR) [3] were performed as

published. Western blot quantification was performed by Odyssey or
ImageJ software. Original western blots are presented as supplementary
material.
Sequences of siRNAs and shRNAs used in the study are shown in

Supplementary Table 1.

RESULTS
Ferroptosis-promoting treatments block BC cell
tumorigenicity in vivo
We first tested whether a ferroptosis-inducing agent erastin blocks
BC cell tumorigenicity in mice. We chose erastin since ferroptosis
was discovered based on the use of this drug [19], i.e., its ability to
promote ferroptosis is well established. ErbB2/Her2 oncoprotein is
often overproduced by BC cells [20] and identification of novel
approaches for ErbB2-positive BC treatment is one of the
directions of our research [3, 14]. Hence, we examined the effect
of erastin on the tumorigenicity of BC cells BT-474T, a variant of
ErbB2/Her2-positive human BC cells BT-474 selected for increased
tumorigenic capacity in immunodeficient mice [3]. We found that
erastin strongly reduced tumorigenicity of these cells (Fig. 1A). Of
note, erastin did not seem to be toxic to the mice as they did not
lose weight (Fig. 1B) and did not display any gross physical
abnormalities. The latter data are consistent with observations
made by others that erastin, when injected via the same route at
the same dose and frequency for the same time period as in our
study is not toxic to the major organs of immunodeficient mice,
such as lungs, liver, spleen and kidneys as determined by the
examination of the sections of these organs after paraffin
embedding and hematoxylin and eosin staining [21]. Similarly,
other studies did not detect erastin toxicity to the indicated
mouse organs [22, 23].

3D growth sensitizes BC cells to ferroptosis-inducing
treatments
Ferroptosis mechanisms are understood in the context of BC only
in part [24]. In an effort to understand them better, we tested
whether erastin inhibits growth of BT-474T cells in two-
dimensional (2D) culture when the cells are attached to the tissue
culture dish. We treated the cells with 10μM erastin, a concentra-
tion well known to effectively inhibit system XC

− in other cell
types and potently kill them [19, 25, 26] but found that erastin
reduced such growth relatively modestly (Fig. 2A). Since BCs grow
in vivo as three-dimensional 3D masses [2], we tested the effect of
erastin on the cells in 3D culture, where the cells grow above a
layer of Sea Plaque agarose and form multicellular spheroid-like
aggregates [3]. We found that erastin-induced inhibition of 3D cell
growth was significantly more pronounced [19] (Fig. 2A). This
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effect was not unique to erastin since sulfasalazine, another drug
that causes ferroptosis by blocking system XC

− [6], reduced
growth of BT-474T cells in 3D culture more efficiently than in 2D
culture (Fig. 2B). We observed similar effects in the case of erastin-
treated parental BT-474 cells (Fig. 2C). Of note, ErbB2/Her2-
positive BC is typically treated with the anti-ErbB2 antibody
trastuzumab [27] and often develops trastuzumab resistance [28].
Patients with trastuzumab-resistant tumors invariably die of BC
[28]. We found that erastin blocks 3D growth of BT-474TR cells, a
trastuzumab-resistant variant of BT-474 cells that we generated
[13], more effectively than their 2D growth (Fig. 2D). Hence,
ferroptosis induction represents a potential strategy for blocking
trastuzumab-resistant BC. The observed effects were not unique to
BT-474 cells and their variants since erastin reduced growth of AU-
565 cells, another ErbB2-positive human BC cell line [14], in 3D
culture more effectively than in 2D culture (Fig. 2E). Moreover,
these effects were not unique to ErbB2-positive BC since erastin
had a similar impact on MDA-MB-468 and HCC-1806 cells
(Fig. 2F, G) derived from the triple-negative BCs lacking ErbB2,
estrogen and progesterone receptors [29]. Since ferroptosis
represents a type of programmed necrosis [4], we verified by
flow cytometry that erastin treatment of BT-474TR cells in 3D
culture increases their permeability to a dye 7-AAD, an established
necrosis sign [30] (Fig. 3). In summary, BC cells are significantly
more sensitive to ferroptosis-inducing drugs in 3D culture than in
2D culture. Even though it is possible that BC sensitivity to these
agents in vivo is determined by multiple factors, our data are
consistent with the scenario that three-dimensionality of BC
growth is at least one of these factors.

Ferroptosis-promoting treatments trigger autophagy of BC
cells in 2D culture more effectively than in 3D culture
We further searched for signals that mediate the differential effect
of ferroptosis-inducing drugs in 2D and 3D cultures. Autophagy, a
process of degradation of cellular content [7], can block or
promote ferroptosis, depending on the context [8, 9, 12]. Hence,
we tested whether the level of erastin-induced BC cell autophagy
differs between 2D and 3D cultures. Lipidation of autophagy-
promoting protein LC3B mediates autophagy, and formation of
the lipidated LC3B form called LC3B-II is a well-known autophagy
indicator [7]. Noteworthily, LC3B-II is ultimately degraded during
autophagy further to autophagosome-to-lysosome fusion. There-
fore, while LC3B-II upregulation can be a sign of increased
autophagy, it can also signify autophagy inhibition caused by
reduced autophagosome-to-lysosome fusion [31]. To distinguish
between these scenarios, we tested the effect of erastin on LC3B-II
in the presence of bafilomycin A1, a lysosomal inhibitor that
prevents the fusion and subsequent LC3B-II degradation [31]. We
observed that bafilomycin A1 noticeably upregulated LC3B-II in all
BC cell lines tested by us in 2D culture while erastin treatment

upregulated LC3B-II in all bafilomycin A1-treated cells even further
(Fig. 4A–F). These data indicate that erastin indeed promotes
autophagy of BC cells in 2D culture. Remarkably, erastin-
dependent LC3B-II upregulation was significantly reduced in 3D
culture compared to what we observed in 2D culture in all cell
lines tested by us (Fig. 4A–F; see Supplementary Fig. 1A–F for
western blot quantification). These findings were not unique to
erastin treatment since we observed a similar effect in the case of
treatment of BT-474 cells with sulfasalazine, another ferroptosis
inducer [4] (Fig. 4G; see Supplementary Fig. 1G for western blot
quantification). To verify our findings by a complementary
approach, we measured the ability of green-fluorescent protein
(GFP)-tagged LC3B protein (GFPLC3) to promote puncta formation
in BC cells before and after erastin and/or bafilomycin A1
treatment. Formation of such puncta is an established symptom
of autophagosome formation [31]. We observed that bafilomycin
A1 treatment of BT-474TR cells transiently transfected with a
GFPLC3-encoding expression vector strongly increased the
number of the puncta per cell in 2D culture (Fig. 5A, B). Moreover,
erastin treatment increased formation of the GFPLC3 puncta in
bafilomycin A1-treated cells further (Fig. 5A, B). We also noticed
that the ability of erastin, to promote GFPLC3 puncta formation in
bafilomycin A1-treated cells was dramatically reduced in 3D
culture (Fig. 5A, B). Thus, ferroptosis-promoting drugs trigger
autophagy of BC cells when they grow in a 2D manner. When the
cells grow in a 3D manner, the ability of ferroptosis-inducing drugs
to trigger autophagy of such cells is strongly reduced.

Erastin-induced autophagy protects BC cells growing in a 2D
manner from erastin treatment
To establish the role of autophagy in survival of BC cells treated
with ferroptosis-inducing drugs in 2D culture we treated BT-474TR
cells cultured in this manner with erastin in the absence and in the
presence of SBI-0206965, a small molecule inhibitor of a protein
kinase ULK1, a major component of the cellular autophagy-
promoting machinery [32]. We found that SBI-0206965 strongly
sensitized BC cells to erastin treatment in 2D culture (Fig. 6A). We
further knocked down ATG12, another key component of the
autophagy-promoting machinery [7], in BT-474TR cells using two
separate ATG12-specific small interfering (si)RNAs (Fig. 6B). The
majority of cellular ATG12 is typically covalently bound to ATG5
[33], another autophagy mediator, and the ATG12-ATG5 conjugate
is an autophagy driver [31]. We found that both siRNAs
substantially downregulated the conjugate in the cells. Note-
worthily, the effect of ATG12siRNA3 was more pronounced than
that of ATG12siRNA2 (Fig. 6B; see Supplementary Fig. 2 for
western blot quantification). Furthermore, both siRNAs signifi-
cantly sensitized the cells to erastin treatment in 2D culture
(Fig. 6C), and the effect of ATG12siRNA3 was more noticeable than
that of ATG12siRNA2 (Fig. 6A, B). Thus, erastin-induced autophagy

Fig. 1 Erastin blocks breast cancer cell tumorigenicity in mice. Immunodeficient Nu/Nu nude mice were injected in the mammary fat pad
with BT-474T cells on day 0. When tumor volumes reached the average of 50 mm3, mice were injected intraperitoneally with either DMSO
(control) or 30mg/kg erastin every other day for 21 days. 8 mice were used per group (one mouse from the control group had to be sacrificed
on day 74 due to vaginitis). Changes in tumor volumes (A) and mouse weight (B) plus SE are shown. The time of the first injection is indicated
by an arrow. *p < 0.05.
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Fig. 2 Ferroptosis-inducing drugs block growth breast cancer cells in 3D culture more effectively than in 2D culture. Indicated cell lines
were placed in 2D (2D) culture or 3D (3D) culture for 120 h in the presence of DMSO (−) or 10μM erastin (+) (A, C–G) or 200 μM sulfasalazine
(B) and counted. The data in (A–G) are the average of three independent experiments plus SD. *p < 0.05.
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protects BC cells growing in a 2D manner from erastin-dependent
death.

Erastin upregulates mRNAs encoding multiple autophagy
inducers in BC cells growing in a 2D but not in a 3D manner
To gain insights into the mechanisms by which 3D growth of BC
cells prevents ferroptosis-inducing drugs from triggering autop-
hagy we used a commercially available set of primers for 88
mRNAs encoding direct and indirect autophagy regulators and
detected these mRNAs by quantitative PCR in BT474 cells treated
or not with erastin in 2D and 3D culture. We found that erastin
significantly upregulated mRNAs encoding autophagy stimulators
ATG16L2, ATG9A, ATG4D, GABARAP, SQSTM/p62, SEC23A and BAX
in the cells growing in 2D but not in 3D culture (Fig. 7A–G).
ATG16L2, ATG9A, ATG4D, GABARAP and SQSTM/p62 are the
components of the cellular autophagy-promoting machinery [31].
Sec23A is constituent of coat protein complex II that promotes
autophagy via cellular transport of a multi-functional protein
S100A8 [34], while an apoptosis inducer BAX triggers autophagy
via poorly understood mechanisms [35]. We further noticed that
the cells growing in 2D culture displayed substantially higher
levels of mRNAs encoding ATG16L2, ATG4D, SQSTM/p62, SEC23A,
BAX, ATG18B/WIPI2 and TP53 than the cells growing in 3D culture
(Fig. 7A, C, E–I). ATG18B/WIPI2 is the component of the cellular
autophagy-promoting machinery [31] while transcription activator
TP53 (which is functional in BT474 cells [36]) promotes autophagy
via multiple mechanisms [37]. Collectively, our data are consistent
with the scenario that 3D growth prevents ferroptosis-inducing
drugs from triggering multiple autophagy-promoting mechanisms
in BC cells and downregulates multiple autophagy mediators in
such cells thereby reducing the capacity of the cells for activating
autophagy in response to these agents.

HO-1 mediates ferroptosis of BC cells growing in a 3D manner
According to our data, ferroptosis-inducing drugs represent
promising tools for blocking BC 3D growth. Molecular pathways
regulating ferroptosis are understood only in part [38] and the
mechanisms by which ferroptosis-inducing agents block 3D
growth of BC cells are not known. Hence, we decided to
investigate them. Heme oxygenase-1 (HO-1) is an enzyme that
degrades the Fe2+-containing compound heme to generate
biliverdin-IXα and free Fe2+ [39]. Ferroptosis-inducing drugs, such
as erastin, upregulate HO-1 in cells by increasing HO-1 mRNA
levels via a complex set of signals involving downregulation of the
transcriptional repressor BACH1 and upregulation of the

transcription factor NRF2 [40, 41]. In some circumstances, HO-1
protects cells from ferroptosis-associated oxidative stress, e.g., due
to the anti-oxidant properties of some of the heme degradation
products [39]. However, in other contexts, Fe2+ released after HO-
1-dependent heme degradation amplifies lipid ROS-induced
death signals [42, 43]. Factors determining when HO-1 blocks
and when it promotes ferroptosis are not well understood.
Whether HO-1 regulates ferroptosis of BC cells growing in a 3D
manner is unknown. We found that erastin upregulates HO-1 in all
BC cell lines tested by us both in 2D and 3D culture (Fig. 8A–F; see
Supplementary Fig. 3A–F for western blot quantification). More-
over, HO-1 knockdown by two different shRNAs significantly
protected BT-474TR cells in 3D culture from erastin-induced death
(Fig. 8G, H; see Supplementary Fig. 3G for western blot
quantification). These data are consistent with the scenario that
HO-1 upregulation contributes to ferroptosis of BC cells growing in
a 3D manner. Noteworthily, HO-1 knockdown did not affect LC3B-
II levels in the cells treated with bafilomycin A1 and erastin in 3D
culture (Fig. 8I, J; see Supplementary Fig. 3H, I for western blot
quantification) indicating that HO-1 promotes their death without
blocking autophagy (the levels of which are already relatively low
in these cells in 3D culture, see Figs. 4 and 5).
In summary, we found that ferroptosis-inducing drugs suppress

BC cell 2D growth relatively ineffectively because these agents
trigger pro-survival autophagy. In contrast, the ability of these
agents to trigger autophagy in the cells growing in a 3D manner is
substantially reduced. Ferroptosis inducers kill such cells signifi-
cantly more effectively, and this death is likely mediated by HO-1.
Furthermore, erastin, one of these agents, strongly suppresses BC
cell tumorigenicity. Thus, ferroptosis-promoting drugs are promis-
ing tools for blocking 3D BC growth.

DISCUSSION
We show here that ferroptosis inducer erastin, strongly inhibits BC
cell tumorigenicity. Moreover, BC cells grow in vivo as 3D masses
[2], and we found that ferroptosis-promoting drugs block 3D
growth of BC cells more effectively than 2D growth.
The impact of anti-cancer drugs on tumor cells is often studied in

2D culture, a model that does not reliably predict the efficacy of
these drugs in vivo [44, 45]. In contrast, the 3D culture models are
thought to mimic tumor architecture and signalling events acting in
tumor cells more adequately [45, 46]. Indeed, our data obtained in
3D culture correlate with the effect of ferroptosis-inducing drugs
in vivo significantly better than those obtained in 2D culture.

Fig. 3 Erastin increases breast cancer cell plasma membrane permeability in 3D culture. BT-474TR cells were placed in 3D culture for 120 h
in the presence of DMSO (−) or 10μM erastin (+), and percentage of 7-AAD-positive cells was determined by flow cytometry. Representative
flow cytometry plots are shown for erastin-untreated unstained cells (A), erastin-untreated 7-AAD-stained cells (B), erastin-treated 7-AAD-
stained cells (C), and the data representing the average of three independent experiments plus SD are shown in (D). *p < 0.05.
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We found that ferroptosis inducing drugs trigger pro-survival
autophagy in the cells in 2D but not in 3D culture. In some models,
e.g., fibroblasts, autophagy was proposed to drive ferroptosis [12].
In other models, e.g., those based on lung cancer, glioblastoma,
hepatocellular carcinoma cells and neurons, autophagy protects
the cells from ferroptosis-inducing drugs [8–11]. Our data clearly
indicate that in the context of BC, autophagy triggered by
ferroptosis inducers in the cells growing in a 2D manner protects
them from death. Conceivably, ferroptosis-inducing drugs trigger
autophagy in such cells as a feedback mechanism that helps them
to protect themselves from ferroptosis-associated oxidative stress,

e.g., by eliminating molecules and/or organelles damaged during
ferroptosis.
We found for the first time that ferroptosis inducers strongly

promote autophagy of BC cells growing in a 2D manner but fail
to do so in the cells growing in a 3D manner. These data are
consistent with observations made by others that in other
contexts, a triple-negative BC cell line [47], several mesothe-
lioma cell lines [48] and mesenchymal stem cells [49] growing
in a 3D manner have lower capacity to induce autophagy than
the cells growing in a 2D manner. We established that while a
ferroptosis inducer erastin noticeably upregulated the mRNAs

Fig. 4 Ferroptosis-inducing drugs cause LC3 lipidation in breast cancer cells in 2D culture more effectively than in 3D culture. Indicated
cell lines were placed in 2D (2D) or 3D (3D) culture for 24 h in the presence of DMSO (−) or 10μM erastin (+) (A–F) or 200 μM sulfasalazine (G),
50 nM bafilomycin A1 was added (+) or not (−) to the cells for the last 5 h of the experiment and the cells were assayed for LC3B levels by
western blotting. α-tubulin was used as a loading control.
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Fig. 5 Erastin promotes LC3 puncta formation in breast cancer cells in 2D culture more effectively than in 3D culture. BT-474TR cells were
transfected with the GFP-LC3 expression vector, placed in 2D (2D) or 3D (3D) culture for 24 h in the presence of DMSO (control) or 10 μM
erastin (+), 50 nM bafilomycin A1 was added (+) or not (−) to the cells for the last 5 h of the experiment and green puncta per cell were
counted. A Representative fluorescence microscopy images are shown. Bar - 10 μm. B Quantification of the number of green puncta per cell
for the cells treated as in (A) with DMSO (−), erastin (+) and/or bafilomycin A1 (+). The numbers represent the average of the number of
puncta per cell observed for 15 cells plus the SE. This experiment was repeated twice with similar results. *p < 0.05.

S. Chipurupalli et al.

7

Cell Death and Disease          (2023) 14:580 



Fig. 6 Autophagy inhibition sensitizes breast cancer cells growing in a 2D manner to erastin treatment. A BT-474TR cells were placed in 2D
culture in the presence of DMSO (−), or 10μM erastin (+) and/or or 2.5μM SBI-0206965 (+) for 120 h and counted. B BT-474TR cells were
transfected with a control RNA (cont RNA) or ATG12-specific siRNA (ATG12siRNA) 2 or 3 and assayed for the expression of the ATG12-ATG5
conjugate by western blotting. α-tubulin was used as a loading control. C BT-474TR cells were transfected as in (B), placed in 2D culture in the
presence of DMSO (−) or 10μM erastin (+) for 120 h and counted. The data in (A, C) represent the average of three independent experiments
plus SD. *p < 0.05.
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Fig. 7 Erastin upregulates mRNAs encoding multiple autophagy inducers in breast cancer cells growing in a 2D but not in a 3D manner.
BT-474 cells were placed in 2D (2D) or 3D (3D) culture for 24 h in the presence of DMSO (−) or 10μM erastin (+) and assayed for the expression
of the indicated mRNAs by qPCR. The resulting mRNA levels were normalized by those of GAPDH-encoding mRNA (also determined by qPCR).
The resulting number observed in the case of the untreated cells in 2D culture was designated as 1.0. Results represent the average of three
independent experiments plus the SD. *p-value < 0.05.
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encoding multiple autophagy-promoting proteins in the cells
growing in 2D culture it failed to do so in the cells growing in a
3D manner. These data are consistent with a scenario that
ferroptosis inducers trigger autophagy in 2D culture via

multiple mechanisms which are inhibited when 3D tumor cell
mass is formed.
Unlike the cells in 3D culture, cells growing in a 2D manner are

attached to the ECM that they deposit on the culture dish surface
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[3]. Moreover, unlike the cells in 2D culture, cells growing in a 3D
manner form multicellular spheroid-like aggregates where numer-
ous cell-to-cell contacts are formed [45]. Establishing whether loss
of the ability of ferroptosis inducers to promote autophagy is
caused by cancer cell detachment from the ECM, the formation of
the multicellular 3D aggregates or both types of events represents
an important direction for our future studies.
Our data support the scenario that HO-1 upregulation caused

by ferroptosis-inducing drugs in BC cells growing in a 3D manner
mediates their death. These results are consistent with findings
made by others that HO-1 promotes BC cell ferroptosis in
response to certain drugs [50] and that HO-1-upregulating agents
block BC progression in vivo [51].
BCs often develop resistance to therapies, and patients typically

die of the resulting metastatic disease [1]. We found that
ferroptosis-inducing drug erastin substantially inhibits 3D growth
of ErbB2-positive BC cells that developed resistance to ErbB2/
Her2-targeted drug trastuzumab. Thus, ferroptosis inducers could
potentially improve the existing BC treatments, e.g., by being used
together with trastuzumab to delay the onset of BC trastuzumab
resistance and/or together with ErbB2-targeted drugs utilized for
trastuzumab-resistant BC treatment. In summary, our data indicate
that the use of ferroptosis-promoting agents represents a
promising strategy for blocking 3D BC growth.

DATA AVAILABILITY
All data reported in this study will be shared by us upon request.

REFERENCES
1. Saha T, Lukong KE. Breast cancer stem-like cells in drug resistance: a review of

mechanisms and novel therapeutic strategies to overcome drug resistance. Front
Oncol. 2022;12:856974.

2. Debnath J, Mills KR, Collins NL, Reginato MJ, Muthuswamy SK, Brugge JS. The role
of apoptosis in creating and maintaining luminal space within normal and
oncogene-expressing mammary acini (vol 111, pg 29, 2002). Cell. 2002;111:757.

3. Liu X, Chipurupalli S, Jiang P, Tavasoli M, Yoo BH, McPhee M, et al. ErbB2/Her2-
dependent downregulation of a cell death-promoting protein BLNK in breast
cancer cells is required for 3D breast tumor growth. Cell Death Dis. 2022;13:687.

4. Hassannia B, Vandenabeele P, Vanden Berghe T. Targeting ferroptosis to iron out
cancer. Cancer Cell. 2019;35:830–49.

5. Trachootham D, Alexandre J, Huang P. Targeting cancer cells by ROS-mediated
mechanisms: a radical therapeutic approach? Nat Rev Drug Discov. 2009;8:579–91.

6. Chen X, Kang R, Kroemer G, Tang D. Broadening horizons: the role of ferroptosis
in cancer. Nat Rev Clin Oncol. 2021;18:280–96.

7. Feng Y, He D, Yao Z, Klionsky DJ. The machinery of macroautophagy. Cell Res.
2014;24:24–41.

8. Bhatt V, Lan T, Wang W, Kong J, Lopes EC, Wang J, et al. Inhibition of autophagy
and MEK promotes ferroptosis in Lkb1-deficient Kras-driven lung tumors. Cell
Death Dis. 2023;14:61.

9. Buccarelli M, Marconi M, Pacioni S, De Pascalis I, D’Alessandris QG, Martini M, et al.
Inhibition of autophagy increases susceptibility of glioblastoma stem cells to
temozolomide by igniting ferroptosis. Cell Death Dis. 2018;9:841.

10. Hu X, He Y, Han Z, Liu W, Liu D, Zhang X, et al. PNO1 inhibits autophagy-mediated
ferroptosis by GSH metabolic reprogramming in hepatocellular carcinoma. Cell
Death Dis. 2022;13:1010.

11. Du L, Wu Y, Jia Q, Li J, Li Y, Ma H, et al. Autophagy suppresses ferroptosis by
degrading TFR1 to alleviate cognitive dysfunction in mice with SAE. Cell Mol
Neurobiol. (2023).

12. Hou W, Xie Y, Song X, Sun X, Lotze MT, Zeh HJ 3rd, et al. Autophagy promotes
ferroptosis by degradation of ferritin. Autophagy. 2016;12:1425–8.

13. Drucker A, Yoo BH, Khan IA, Choi D, Montermini L, Liu X, et al. Trastuzumab-
induced upregulation of a protein set in extracellular vesicles emitted by ErbB2-
positive breast cancer cells correlates with their trastuzumab sensitivity. Breast
Cancer Res. 2020;22:105.

14. Khan IA, Yoo BH, McPhee M, Masson O, Surette A, Dakin-Hache K, et al. ErbB2-
driven downregulation of the transcription factor Irf6 in breast epithelial cells is
required for their 3D growth. Breast Cancer Res. 2018;20:151.

15. Kabeya Y, Mizushima N, Ueno T, Yamamoto A, Kirisako T, Noda T, et al. LC3, a
mammalian homologue of yeast Apg8p, is localized in autophagosome mem-
branes after processing. EMBO J. 2000;19:5720–8.

16. Liu Z, Li H, Derouet M, Berezkin A, Sasazuki T, Shirasawa S, et al. Oncogenic Ras
inhibits anoikis of intestinal epithelial cells by preventing the release of a mito-
chondrial pro-apoptotic protein Omi/HtrA2 into the cytoplasm. J Biol Chem.
2006;281:14738–47.

17. Rosen K, Rak J, Leung T, Dean NM, Kerbel RS, Filmus J. Activated Ras prevents
downregulation of Bcl-X(L) triggered by detachment from the extracellular
matrix. A mechanism of Ras-induced resistance to anoikis in intestinal epithelial
cells. J Cell Biol. 2000;149:447–56.

18. Liu Z, Li H, Derouet M, Filmus J, LaCasse EC, Korneluk RG, et al. ras Oncogene
triggers up-regulation of cIAP2 and XIAP in intestinal epithelial cells: epidermal
growth factor receptor-dependent and -independent mechanisms of ras-induced
transformation. J Biol Chem. 2005;280:37383–92.

19. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, et al.
Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell.
2012;149:1060–72.

20. Bethune GC, van Zanten DV, MacIntosh RF, Rayson D, Younis T, Thompson K,
et al. Impact of the 2013 American Society of Clinical Oncology/College of
American Pathologists guideline recommendations for human epidermal growth
factor receptor 2 (HER2) testing of invasive breast carcinoma: a focus on tumours
assessed as ‘equivocal’ for HER2 gene amplification by fluorescence in-situ
hybridization. Histopathology. 2015;67:880–7.

21. Wang L, Wang C, Li X, Tao Z, Zhu W, Su Y, et al. Melatonin and erastin emerge
synergistic anti-tumor effects on oral squamous cell carcinoma by inducing
apoptosis, ferroptosis, and inhibiting autophagy through promoting ROS. Cell
Mol Biol Lett. 2023;28:36.

22. Liu M, Fan Y, Li D, Han B, Meng Y, Chen F, et al. Ferroptosis inducer erastin
sensitizes NSCLC cells to celastrol through activation of the ROS-mitochondrial
fission-mitophagy axis. Mol Oncol. 2021;15:2084–105.

23. Liu Y, Huang P, Li Z, Xu C, Wang H, Jia B, et al. Vitamin C sensitizes pancreatic
cancer cells to erastin-induced ferroptosis by activating the AMPK/Nrf2/HMOX1
pathway. Oxid Med Cell Longev. 2022;2022:5361241.

24. Sui S, Xu S, Pang D. Emerging role of ferroptosis in breast cancer: new dawn for
overcoming tumor progression. Pharmacol Ther. 2022;232:107992.

25. Wang L, Liu Y, Du T, Yang H, Lei L, Guo M, et al. ATF3 promotes erastin-induced
ferroptosis by suppressing system Xc(). Cell Death Differ. 2020;27:662–75.

26. Gagliardi M, Cotella D, Santoro C, Cora D, Barlev NA, Piacentini M, et al. Aldo-keto
reductases protect metastatic melanoma from ER stress-independent ferroptosis.
Cell Death Dis. 2019;10:902.

27. Bartsch R, Wenzel C, Steger GG. Trastuzumab in the management of early and
advanced stage breast cancer. Biologics. 2007;1:19–31.

28. Murthy RK, Loi S, Okines A, Paplomata E, Hamilton E, Hurvitz SA, et al. Tucatinib,
Trastuzumab, and Capecitabine for HER2-positive metastatic breast cancer. N
Engl J Med. 2020;382:597–609.

29. Chavez KJ, Garimella SV, Lipkowitz S. Triple negative breast cancer cell lines: one
tool in the search for better treatment of triple negative breast cancer. Breast Dis.
2010;32:35–48.

30. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, et al. Molecular
mechanisms of cell death: recommendations of the Nomenclature Committee on
Cell Death 2018. Cell Death Differ. 2018;25:486–541.

31. Yoo BH, Zagryazhskaya A, Li Y, Koomson A, Khan IA, Sasazuki T, et al. Upregu-
lation of ATG3 contributes to autophagy induced by the detachment of intestinal

Fig. 8 HO-1 mediates ferroptosis of breast cancer cells growing in a 3D manner. A–F Indicated cell lines were placed in 2D (2D) or 3D (3D)
culture for 24 h in the presence of DMSO (−) or 10μM erastin (+) and assayed for HO-1 expression by western blotting. α-tubulin was used as a
loading control. G BT474-TR cells were infected with a control lentivirus or that encoding HO-1-specific shRNA (HO-1shRNA) 35 or 40, placed in
3D (3D) culture for 24 h in the presence of DMSO (−) or 10μM erastin (+) and assayed for HO-1 expression by western blotting. β-actin was
used as a loading control. H BT474-TR cells processed as in (G) were placed in 3D culture in the presence of DMSO (−) or 10μM erastin (+) for
120 h and counted. The data represent the average of the triplicates plus SD. *p < 0.05. This experiment was repeated twice with similar
results. I, J BT474-TR cells processed as in (G) were placed in 3D culture for 24 h in the presence of DMSO (−) or 10 μM erastin (+), 50 nM
bafilomycin A1 was added (+) or not (−) to the cells for the last 5 h of the experiment, and the cells were assayed for LC3B levels by western
blotting. α-tubulin was used as a loading control.

S. Chipurupalli et al.

11

Cell Death and Disease          (2023) 14:580 



epithelial cells from the extracellular matrix, but promotes autophagy-
independent apoptosis of the attached cells. Autophagy. 2015;11:1230–46.

32. Egan DF, Chun MG, Vamos M, Zou H, Rong J, Miller CJ, et al. Small molecule
inhibition of the autophagy kinase ULK1 and identification of ULK1 substrates.
Mol Cell. 2015;59:285–97.

33. Yoo BH, Khan IA, Koomson A, Gowda P, Sasazuki T, Shirasawa S, et al. Oncogenic
RAS-induced downregulation of ATG12 is required for survival of malignant
intestinal epithelial cells. Autophagy. 2018;14:134–51.

34. Sun Z, Zeng B, Liu D, Zhao Q, Wang J, Rosie Xing H. S100A8 transported by
SEC23A inhibits metastatic colonization via autocrine activation of autophagy.
Cell Death Dis. 2020;11:650.

35. Yee KS, Wilkinson S, James J, Ryan KM, Vousden KH. PUMA- and Bax-induced
autophagy contributes to apoptosis. Cell Death Differ. 2009;16:1135–45.

36. Jordan JJ, Inga A, Conway K, Edmiston S, Carey LA, Wu L, et al. Altered-function
p53 missense mutations identified in breast cancers can have subtle effects on
transactivation. Mol Cancer Res. 2010;8:701–16.

37. Wang H, Guo M, Wei H, Chen Y. Targeting p53 pathways: mechanisms, structures,
and advances in therapy. Signal Transduct Target Ther. 2023;8:92.

38. Jiang X, Stockwell BR, Conrad M. Ferroptosis: mechanisms, biology and role in
disease. Nat Rev Mol Cell Biol. 2021;22:266–82.

39. Ryter SW. Heme oxgenase-1, a cardinal modulator of regulated cell death and
inflammation. Cells. 2021;10:515.

40. Sun X, Ou Z, Chen R, Niu X, Chen D, Kang R, et al. Activation of the p62-Keap1-
NRF2 pathway protects against ferroptosis in hepatocellular carcinoma cells.
Hepatology. 2016;63:173–84.

41. Nishizawa H, Matsumoto M, Shindo T, Saigusa D, Kato H, Suzuki K, et al. Fer-
roptosis is controlled by the coordinated transcriptional regulation of glutathione
and labile iron metabolism by the transcription factor BACH1. J Biol Chem.
2020;295:69–82.

42. Chang LC, Chiang SK, Chen SE, Yu YL, Chou RH, Chang WC. Heme oxygenase-1
mediates BAY 11-7085 induced ferroptosis. Cancer Lett. 2018;416:124–37.

43. Kwon MY, Park E, Lee SJ, Chung SW. Heme oxygenase-1 accelerates erastin-
induced ferroptotic cell death. Oncotarget. 2015;6:24393–403.

44. Friedrich J, Seidel C, Ebner R, Kunz-Schughart LA. Spheroid-based drug screen:
considerations and practical approach. Nat Protoc. 2009;4:309–24.

45. Debnath J, Brugge JS. Modelling glandular epithelial cancers in three-
dimensional cultures. Nat Rev Cancer. 2005;5:675–88.

46. Weiswald LB, Bellet D, Dangles-Marie V. Spherical cancer models in tumor biol-
ogy. Neoplasia. 2015;17:1–15.

47. Dyczynski M, Yu Y, Otrocka M, Parpal S, Braga T, Henley AB, et al. Targeting
autophagy by small molecule inhibitors of vacuolar protein sorting 34 (Vps34)
improves the sensitivity of breast cancer cells to Sunitinib. Cancer Lett.
2018;435:32–43.

48. Follo C, Barbone D, Richards WG, Bueno R, Broaddus VC. Autophagy initiation
correlates with the autophagic flux in 3D models of mesothelioma and with
patient outcome. Autophagy. 2016;12:1180–94.

49. Chiu HY, Tsay YG, Hung SC. Involvement of mTOR-autophagy in the selection of
primitive mesenchymal stem cells in chitosan film 3-dimensional culture. Sci Rep.
2017;7:10113.

50. Li R, Zhang J, Zhou Y, Gao Q, Wang R, Fu Y, et al. Transcriptome investigation and
in vitro verification of curcumin-induced HO-1 as a feature of ferroptosis in breast
cancer cells. Oxid Med Cell Longev. 2020;2020:3469840.

51. Gandini NA, Alonso EN, Fermento ME, Mascaro M, Abba MC, Colo GP, et al. Heme
oxygenase-1 has an antitumor role in breast cancer. Antioxid Redox Signal.
2019;30:2030–49.

ACKNOWLEDGEMENTS
95% of this study was supported by a grant from Canadian Institutes of Health
Research and 5%, by a seed grant from Beatrice Hunter Cancer Research Institute
Research (BHCRI) (KVR, principal investigator on both grants). XL and SC were
recipients of Cancer Research Training Program postdoctoral fellowships via BHCRI.
PJ was a recipient of the IWK Health Sciences Centre postdoctoral fellowship.

AUTHOR CONTRIBUTIONS
SC, PJ, XL and JS performed the experiments. PM provided MDA-MB468 and HCC-
1806 cells. KVR supervised the study and wrote the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS APPROVAL
Animal studies were approved by Dalhousie University Committee on Laboratory
Animals.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-023-06106-2.

Correspondence and requests for materials should be addressed to Kirill V. Rosen.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

S. Chipurupalli et al.

12

Cell Death and Disease          (2023) 14:580 

https://doi.org/10.1038/s41419-023-06106-2
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Three-dimensional growth sensitizes breast cancer cells to treatment with ferroptosis-promoting drugs
	Introduction
	Materials and methods
	Materials
	Cell culture
	Antibodies
	Cell survival
	Detection of LC3 puncta
	RNA interference
	Orthotopic tumor implantation
	Statistical analysis

	Results
	Ferroptosis-promoting treatments block BC cell tumorigenicity in�vivo
	3D growth sensitizes BC cells to ferroptosis-inducing treatments
	Ferroptosis-promoting treatments trigger autophagy of BC cells in 2D culture more effectively than in 3D culture
	Erastin-induced autophagy protects BC cells growing in a 2D manner from erastin treatment
	Erastin upregulates mRNAs encoding multiple autophagy inducers in BC cells growing in a 2D but not in a 3D manner
	HO-1 mediates ferroptosis of BC cells growing in a 3D manner

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics approval
	ADDITIONAL INFORMATION




