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Ferroptosis is induced following siramesine and
lapatinib treatment of breast cancer cells

S Ma1,2,3, ES Henson1, Y Chen1 and SB Gibson*,1,2

Ferroptosis is an iron-dependent, oxidative cell death, and is distinct from apoptosis, necrosis and autophagy. In this study, we

demonstrated that lysosome disrupting agent, siramesine and a tyrosine kinase inhibitor, lapatinib synergistically induced cell

death and reactive oxygen species (ROS) in MDA MB 231, MCF-7, ZR-75 and SKBr3 breast cancer cells over a 24 h time course.

Furthermore, the iron chelator deferoxamine (DFO) significantly reduced cytosolic ROS and cell death following treatment with

siramesine and lapatinib. Furthermore, we determined that FeCl3 levels were elevated in cells treated with siramesine and lapatinib

indicating an iron-dependent cell death, ferroptosis. To confirm this, we treated cells with a potent inhibitor of ferroptosis,

ferrastatin-1 that effectively inhibited cell death following siramesine and lapatinib treatment. The increase levels of iron could be

due to changes in iron transport. We found that the expression of transferrin, which is responsible for the transport of iron into

cells, is increased following treatment with lapatinib alone or in combination with siramesine. Knocking down of transferrin

resulted in decreased cell death and ROS after treatment. In addition, ferroportin-1 (FPN) is an iron transport protein, responsible

for removal of iron from cells. We found its expression is decreased after treatment with siramesine alone or in combination with

lapatinib. Overexpression FPN resulted in decreased ROS and cell death whereas knockdown of FPN increased cell death after

siramesine and lapatinib treatment. This indicates a novel induction of ferroptosis through altered iron regulation by treating

breast cancer cells with a lysosome disruptor and a tyrosine kinase inhibitor.
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Ferroptotic cell death is a type of cell death that is

morphologically, biochemically and genetically distinct from

apoptosis, various forms of necrosis, and autophagy.1,2 This

process is characterized by iron-dependent accumulation of

reactive oxygen species (ROS). Unlike other forms of

apoptotic and non-apoptotic death,3,4 this requirement for

ROS accumulation appears to be universal. Several genes

or proteins responsible for the regulation of iron and ROS

metabolism have been implicated in ferroptosis, but the

mechanisms to induce and regulate ferroptosis in breast

cancer cells remains largely unknown.

Lysosomotropic agents are drugs that destabilize the

lysosome membrane directly causing leakage of lysosomal

content within the cell.5 Siramesine is a sigma-2 receptor

ligand that was a lysosomotropic agent and originally

developed for treatment of depression.6 Although clinical

trials failed to show significant efficacy in patients, there are no

toxic side effects. In a variety of cancer cells including breast

cancer cells, siramesine was shown to induce cell death. It

was further shown to induce a rapid rise in the lysosomal pH

followed by lysosomal leakage mediated in part by inhibiting

sphingomyelinase (ASM). This destabilizing of lysosome

membranes led to cathepsin B release and increased ROS

causing cell death. Siramesine-induced cell death was

independent of the activation of known caspase cascades

since siramesine failed to induce detectable caspase activa-

tion and the pharmacologic caspase inhibitor z-VAD-fmk could

not block the cell death.7 Lapatinib is a dual tyrosine kinase

inhibitor of ErbB1 and ErbB2 tyrosine kinase receptors.

Lapatinib has been approved for treatment of ErbB2-positive

breast cancer and for other cancers that overexpress ErbB2.

In particular, it was adopted as a therapeutic agent for the

treatment of patients with ErbB2-positive refractory advanced

or metastatic breast cancer, who had received previous failed

treatments such as trastuzumab, anthracyclines and

taxanes.8,9 In vitro and in vivo studies demonstrated that

lapatinib was able to inhibit proliferation of ErbB2 and

epidermal growth factor receptor-overexpressing cancer cells

and induce apoptosis.8–10 Although lapatinib provides a new

treatment option for ErbB2-positive cancer, lapatinib mono-

therapy frequently demonstrated only modest activity in

intermediate ErbB2-positive breast cancer cells.11 In this
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study, we investigated the synergic effects of siramesine and

lapatinib on cell death in breast cancer cell lines, and the role

of iron regulatory proteins and ROS in regulating ferroptosis in

breasts cancer cells.

Results

Siramesine and lapatinib-induced synergistic cell death.

To determine whether lysosomotropic agents are cytotoxic to

breast cancer cells alone or in combination with chemo-

therapeutic agents, MDA MB-231 cells (triple negative breast

cancer cell line) were treated with siramesine, cytotoxic

agents (etoposide, cisplatin and taxol), anti-estrogen therapy

(tamoxifan), and targeted chemotherapy, lapatinib (tyrosine

kinase inhibitor against ErbB1/2), respectively. We found that

the combination of siramesine (10 μM) and lapatinib (0.5 μM)

gave a synergistic cell death response, whereas the combi-

nation of etoposide and siramesine gave an additive increase

in cell death (Supplementary Figure 1). To confirm these

results, we repeated these experiments in breast cancer cell

lines MCF-7 and ZR-75-1 (estrogen receptor positive), and

SKBr3 cells (estrogen receptor negative, ErbB2 over

expressed) as these cell lines represent different subtypes

of breast cancer. We found that the combination of

siramesine and lapatinib-induced cell death to a great extent

than the treatments alone, 10 versus 40% cell death

(Figure 1a). The MDA MB 231 and SKBr3 cell lines were

then treated over a 24 h time course and the amount of cell

death determined. The combination of siramesine (10 μM)

and lapatinib (0.5 μM) increased cell death in a time

dependent manner with 35–45% cell death after 24 h.

Treatment with DMSO, siramesine or lapatinib alone failed

to induce cell death over this 24 h time course (Figures 1b

and c). The MDA MB 231 and SkBr3 cell lines were also

treated over a dose range of siramesine or lapatinib showing

increased cell death in dose dependent manner (Supple-

mentary Figure 2). Furthermore, using a cell viability assay

(MTT assay), we showed decreased cell survival when

siramesine and lapatinib were combined (Figure 1d). We

also determine the extent of synergistic cell death using

isobolograms. We found the combination index (CI) to be o1

for the combination of siramesine and lapatinib in both MDA

MB 231 and SKBr3 cell lines indicating synergy (Supple-

mentary Figure 3). We also determine whether this combina-

tion induces synergistic cell death in non-malignant cell lines.

We treated the epithelial mammary cell line (MCF-10A1) with

siramesine and lapatinib. We found the drug combination

failed to significantly increased cell death compared to breast

cancer cell lines (Supplementary Figure 5). These results

suggest that siramesine and lapatinib-induced synergic cell

death in breast cancer cells.

Ferroptosis is induced by siramesine and lapatinib

treatment. Lapatinib has been shown to induce apoptosis

at high concentrations.12–14 We next determined whether

combination of siramesine and lapatinib treatment-induced

apoptosis. Treated cells were evaluated for apoptosis by

using subG1 and Annexin V staining assays. We failed

to observe significant apoptotic cell death after 4 h (Supple-

mentary Figures 6A and B). To support this finding, we

treated cells with caspase inhibitor z-VAD-fmk and determine

the amount of total cell death. The caspase inhibitor failed

to block siramesine and lapatinib-induced cell death

(Supplementary Figure 6C) whereas z-VAD-fmk was effective

at reducing cisplatin-induced cell death. (Supplementary

Figure 6D).The caspase 3 activity was also unchanged

after siramesine and lapatinib treatment (Supplementary

Figure 6D). In addition, both PARP and caspase 3 failed to

be cleaved following combined treatment with siramesine and

lapatinib (Supplementary Figure 6E). These results suggest

that the combination of siramesine and lapatinib is not

inducing apoptosis. We next investigated whether cells were

dying by necrosis or ferroptosis. We found that LDH release

did not changed after siramesine and lapatinib treatment

(Supplementary Figure 6F). We found that ferrostatin-1,

which inhibits ferroptosis blocked siramesine and lapatinib-

induced synergistic cell death whereas necrostain-1 that

inhibits necrosis failed to protect against siramesine and

lapatinib-induced cell death (Figure 1e). Similar results were

observed in SKBr3 cells (Supplementary Figure 7). Ferrop-

tosis is an iron-dependent type of cell death,1 and is defined

by lipid peroxidation. Lipid ROS level was increased after

siramesine and lapatinib treatment (Supplementary Figure 8).

To identify the role of iron in siramesine and lapatinib-induced

cell death, we treated cells with the iron chelator deferox-

amine (DFO). This resulted in a decrease in siramesine and

lapatinib-induced cell death from 54 to 35% in MDA MB

231 cells and from 64 to 42% in SkBr3 cells (Figures 1f

and g). These results suggest that siramesine and lapatinib-

induced ferroptotic cell death in breast cancer cells.

ROS regulates siramesine and lapatinib-induced cell

death. Previous studies demonstrated that ferroptosis

depends on ROS for its cytotoxicity.1 We then measure the

amount of ROS generated over a 24 h time course in MDA

MB 231 cells following treatment with siramesine and/or

lapatinib. Similar to cell death, ROS generation was

increased by 70 and 91% at 4 h and 24 h, respectively,

compared to DMSO and lapatinib treated cells (Figures 2a

and b). At 24 h, siramesine alone showed a 25% increase in

ROS production, which has been previously demon-

strated.7 We then inhibited ROS with antioxidants NAC and

α-tocopherol and found they were both effective at block-

ing siramesine and lapatinib-induced ROS generation

(Figure 2c). Treatment with the iron chelator DFO also

effectively reduced ROS levels (Figure 2c). We also

measured cell death following the addition of antioxidants

NAC and α-tocopherol and found that siramesine and

lapatinib-induced cell death was decreased by 40 and 66%,

respectively, at 4 h (Figure 2d). Similarly in SKBr3 cells, ROS

generation was increased by 53 and 78% at 4 h and 24 h,

respectively, and cell death was inhibited by NAC, and α-

tocopherol by 32 and 84%, respectively, following treatment

with siramesine and lapatinib (Figures 2e and f). These

results suggest that ROS have a role in siramesine and

lapatinib-induced cell death.

ROS generation is due in part to iron. ROS is generated

from the lysosomes, mitochondria and membrane NADPH
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oxidases.15–17 To determine the cellular sources of ROS

following siramesine and lapatinib treatment, intact mitochon-

dria was quantified by flow cytometry using Mitotracker.

There was no changed after treating with siramesine and

lapatinib over 24 h time course in MDA MB 231 cells. Using a

DIOC6 dye that detects mitochondrial membrane potential,
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Figure 1 Siramesine and lapatinib-induced synergic cell death. (a) MDA-MB 231, SKBR3, MCF-7 and ZR-75-1 breast cancer cells treated for 4 h, respectively, cell death was
quantified by trypan blue exclusion assay using flow cytometry as described in the Materials and Methods section. (b,c) MDA MB-231 and SKBr3 cells were treated with DMSO
(D), siramesine (S, 10 μM), lapatinib (L, 0.5 μM) or in combination (S+L) for 1, 2, 4, 6 and 24 h, respectively. Cell death was quantified as above. (d) Cell survival was test by using
MTTassay following siramesine and lapatinib treatment. (e) Cells were then treated as before in the presence or absence of Ferrostatin-1 (5 μM) and Necrostain-1 (50 μM). Cell
death was determined as above at 4 h. (f,g) MDA MB 231 cells were also treated as above in the presence or absence of DFO (0.1 mM). The cell death was determined at 4 h.
Standard error represents three independent experiments (n= 3). * represents statistical significance of Po0.05
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there was also no change following siramesine and lapatinib

treatment (Supplementary Figure 9A and B). To demonstrate

whether ROS generation is from NADPH oxidases, ROS

generation was measured after MDA MB 231 cells were

pretreated with NADPH oxidase inhibitor DPI and Neopterin.

These inhibitors failed to change ROS levels following

siramesine and lapatinib treatment after 4 h (Supplementary

Figure 9C). Lysosomes are another source of ROS due to the

low pH and high iron content within the lysosome. Treatment

of cells with DFO prevented siramesine and lapatinib-induced

ROS generation (Figure 2c; Supplementary Figure 9C),

indicating that the iron chelator was acting on the lysosomal

production of ROS. We then measured intracellular iron by

using Prussian blue cellular staining.18 Iron level significantly

increased after treatment with siramesine and lapatinib

(Supplementary Figure 9D). To further confirm that iron has

a role in siramesine and lapatinib-induced cell death,

exogenous Fe (FeCl3) was added, and the amount of cell

death was further increased (Supplementary Figure 9E).

These results suggest that ROS generation was due to iron

and this has a critical role in siramesine and lapatinib-induced

ferroptosis.

Expression of iron regulatory proteins in MDA MB 231

and SKBr3 cells. Iron levels are actively regulated in cells

through transferrin that transports iron into cells and

ferroportin that exports iron out of cells.19,20 We investigated

whether iron regulatory proteins such as transferrin and

ferroportin are altered after siramesine and lapatinib treat-

ment that might explain why iron is accumulating in cells.

Cells were treated with siramesine and lapatinib for 4 h, and

lysed and western blotted for transferrin and ferroportin

protein. The expression of ferroportin (FPN) was significantly

decreased after siramesine alone or the combination of

siramesine and lapatinib. In contrast, the expression of

transferrin significantly increased after lapatinib alone and

in combination with siramesine and lapatinib in MDA MB 231

and SKBr3 cells (Figures 3a–c). To ensure this effect was not

due to general reduction in iron transport regulatory proteins,

we found that transferrin receptor, DMT1 and ferritin were not
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Figure 2 ROS regulates siramesine and lapatinib-induced cell death. (a) MDA MB 231 cells were treated with DMSO (D), siramesine (Sira, 10 μM), lapatinib (Lapa, 0.5 μM),
or siramesine and lapatinib (Sira+Lapa) for 1, 2, 4, 6 and 24 h, respectively. ROS generation was quantified by flow cytometry as described in the Materials and Methods section.
(b) ROS generation was demonstrated by flow cytometry with dihydroethidium (DHE, 10 μM) after MDA MB 231 cells treated for 4 h. (c) Anti-oxidantsdesferoxamine (DFO,
0.1 mM), N-acetyl-L-cysteine (NAC, 1mM) and α-tocopherol (α-TOCO,10 μM) were added in cells after treatment with DMSO (D), siramesine (S), lapatinib (L) and siramesine
and lapatinib (S+L). The generation of ROS was determined as above. (d) These antioxidants in combination with treatments as described above were then analyzed for cell
death with trypan blue exclusion assay. (e) SKBr3 cells were treated with DMSO, siramesine (Sira, 10 μM), lapatinib (Lapa, 0.5 μM), or siramesine and lapatinib (Sira and Lapa)
for 1, 2, 4, 6 and 24 h, respectively. ROS generation was quantified by flow cytometry. (f) Antioxidants were combined with DMSO (D), siramesine (S), lapatinib (L) and siramesine
and lapatinib (S+L) and cell death determined in SKBr3 cells as described above. Standard error represents three independent experiments (n= 3). * represents statistical
significance of Po0.05

Siramesine and lapatinib-induced ferroptosis
S Ma et al

4

Cell Death and Disease



significantly changes following treatment (Figure 3a). These

results indicate siramesine and lapatinib treatment alters iron

transport in cells leading to cell death through ferroptosis.

FPN and transferrin have a role in siramesine and

lapatinib-induced cell death. To determine whether FPN

expression can block siramesine and lapatinib-induced ROS

generation and cell death, we transiently transfected cells

with plasmid FPN-WT-GFP and FPN-C326Y-GFP (inactive

form). When compared to vector and mutant FPN-C326Y-

GFP, FPN-WT-GFP can decrease the ROS generation by

68% and cell death by 51% in MDA MB 231 cells. Conversely

when we knocked down FPN, we observed an increase

in cell death after siramesine and lapatinib treatment

(Figures 4a–d). Similar results were observed in SKBr3 cells

(Figures 4e–h). When we treated cells with erastin that

induces ferroptosis, we found FPN overexpression failed to

affect erastin-induced cell death (Supplementary Figure 10).

Lapatinib alone and in combination with siramesine

increased the expression of transferrin (Figures 3a–c). To

determine whether transferrin expression leads to siramesine

and lapatinib-induced ROS and cell death. We knocked down

the expression of transferrin, and compared it to the siRNA

control in MDAMB 231 cells (Figures 5a and c). We found that

knockdown of transferrin blocked siramesine and lapatinib-

induced ROS and cell death. Similar results were observed in

SKBr3 cells (Figures 5b and d). These results suggest that

FPN and transferrin is involved in siramesine and lapatinib-

induced ferroptotic cell death.

Cystine transport inhibition promotes siramesine and

lapatinib-induced cell death. Inhibition of the cystine

transport receptor, XCT (SLC7A11) contributes to ferrop-

tosis.1,21,22 We knocked down SLC7A11 (Figure 6a) and

found that siramesine and lapatinib-induced cell death was

significantly increased (Figure 6b). This was similar to

increased cell death induced by erastin treatment following

SLC7A11 knockdown in cells (Supplementary Figure 11). We

also found that SLC7A11 protein levels increased following

siramesine and lapatinib treatment or erastin treatment

(Supplementary Figure 12). Glutathione syntheses (GSH) is

activated downstream of SLC7A11 contributing to ferroptosis.

We then depleted GSH in cells by treating with buthionine-

sulphoximine (BSO) and found that siramesine and lapatinib-

induced cell death was increased (Figure 6c). This was

similar to erastin treatment where GSH depletion increased

erastin-induced cell death (Supplementary Figure 13). This

indicates the cystine regulation promotes ferroptosis following

siramesine and lapatinib treatment similar to erastin.

Ferroptosis is also regulated by glutathione peroxidase 4

(Gpx4).23 We found that knocking down GPX4 increased

siramesine and lapatinib or erastin-induced cell death in

both MDA MB 231 and SKBr3 cells. This is consistent with
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Figure 3 Expression of iron regulatory proteins in MDA MB 231 and SKBr3 cells. (a) MDA MB-231 and SKBr3 cells were lysed after treatment with DMSO (D), siramesine
(S), lapatinib (L) and siramesine and lapatinib (S+L). Western blot determination of iron-related proteins transferrin, transferrin receptor, DMT1, ferritin, FPN was performed.
Densitometry quantification of (b) transferrin and (c) FPN as normalized to actin, respectively
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siramesine and lapatinib-inducing ferroptosis. (Supple-

mentary Figure 14).

Downstream targets for lapatinib and siramesine are not

associated with the synergistic cell death response.

Lapatinib effectively inhibits the epidermal growth factor

receptors, ErbB1 (EGFR) and ErbB2 (HER2) in breast cancer

cells.24,25 To determine whether these receptors have a role

in siramesine and lapatinib-induced cells death, we knocked

down HER2 alone, EGFR alone, and then EGFR and HER2

together through transiently using siRNA in MDA MB

231 cells. We found that knocking down these proteins had

no effect on siramesine and lapatinib-induced cell death.

There was no difference in the amount of cell death between

siRNA control and knockdown cell lines following 4 h of

treatment (Supplementary Figure 15). Furthermore, we test

another EGFR inhibitor, gefitinib, which also had no syner-

gistic effect on cell death when combined with siramesine

(Supplementary Figure 16). This indicates that lapatinib

combined with siramesine induces cell death independent

of EGFR or HER2.

Siramesine can induce lysosomal membrane permeabiliza-

tion (LMP) leading to cathepsin Bmediated cell death.26,27We

determine the amount of LMP by flow cytometry using AO

staining. LMP occurred after siramesine alone, but the

combination of lapatinib and siramesine failed to further

increase LMP. Pre-treatment with DFO reduced the amount

of LMP seen in cells that were treated with both siramesine

and lapatinib (Supplementary Figure 17). We then treated

cells with cathepsin B inhibitors CA-074Me and determine the

amount of cell death.We found that the inhibitor fails to prevent

siramesine and lapatinib-induced cell death (Supplementary

Figure 18). This suggests that the combination of lapatinib and

siramesine act independently of cathepsin B for their

synergistic cell death response.

Both sirasesine and laptinib induce autophagy.28,29 Auto-

phagy has been shown to contribute to both cell survival and

cell death.30 To determine whether autophagy is involved in
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siramesine and lapatinib-induced cell death. We have treated

cells autophagy inhibitors 3-MA and spautin-1. We found that

3-MA and spautin-1 increased siramesine and lapatinib-

induced cell death suggesting autophagy contributes to cell

survival. (Supplementary Figure 19).

Discussion

Ferroptosis is dependent upon intracellular iron, but not other

metals, and is morphologically, biochemically and genetically

distinct from apoptosis, necrosis and autophagy.1,22,31–37

There are few inducers of ferroptosis that have been identified.

Erastin, sulfasalazine, RSL3 and cysteine starvation are the

most often investigated.15,21 We found that the combination of

lysosomotropic agent siramesine, that has been shown to be

effective in inducing cell death in breast cancer cells, and a

kinase inhibitor lapatinib, that is used in the treatment of breast

cancer, induced ferroptosis. This combination induced ferrop-

tosis through decreased ferroportin expression and increased

transferrin expression leading to increased iron. Iron catalyzes

Fenton reactions, yielding extremely reactive hydroxyl radi-

cals, enhanced ROS generation resulting in cell death

(Supplementary Figure 20).

Proteins involved in iron transport, including transferrin and

FPN. Ferroportin, the major iron efflux transporter in the cell

plasma membrane, which will release Fe2+ from cells.21

Ferroportin is also a critical control site for recycling iron

according to need; its expression levels on the plasma

membrane being controlled mainly by the small peptide

hepcidin. Knocking out ferroportin expression results in a

profound iron deficiency ascribable not only to reduced

absorption of dietary iron, but also to a reduction in cycling

of iron in red cell hemoglobin.20,38 Indeed, knockout mice

lacking ferroportin are embryonic lethal. However in breast

cancer cells, down regulation of ferroportin promotes breast

cancer growth and is correlated with poor prognosis.39 This

suggests iron regulation is altered in breast cancer and could

be a target for cancer therapy.

Transferrin is another iron-transport protein. Transferrin

receptor 1 mediates most of the cellular iron uptake by binding

iron-transferrin at cell surface, which is internalized by

receptor-mediated endocytosis; release and reduction of the

iron in endosomes and transport of the released iron into the

cytosol.40,41 Recently, under starvation conditions, it was

shown transferrin import is required for ferroptosis and could

be important in ischemia/reperfusion induced heart injury.42
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Erastin-induced cell death was however independent of

ferroportin and transferrin in breast cancer cells. This suggests

that siramesine and lapatinib-induced ferroptosis depends on

a novel regulation of iron transport in breast cancer cells.

One of the keys in regulating ferroptosis is the generation of

ROS. Ferroptosis is prevented by lipophilic antioxidants, such

as trolox and vitamin E, and by iron chelators such as

deferoxamine but not by well-known small-molecule inhibitors

of apoptosis, necrosis or autophagy.2,43Our results agree with

this prevention of ferroptosis. Inhibition of heme-dependent

NADPH oxidase enzymes is also able to prevent ferroptosis in

some cell types but was not responsible for ROS generated

following siramesine and lapatinib treatment. Cystine trans-

port through the cystine/glutamate antiporter (system xc
−) is

involved in regulating ROS through activation of GSH.44–46

Glutathione depletion leads to the iron-dependent accumula-

tion of ROS, especially lipid ROS.47,48 The cystine uptake

inhibitor erastin has been shown to block GSH activation

leading to accumulation of ROS and ferroptosis.23,33We found

that both erastin and the combination of siramesine and

lapatinib-induced cell death was promoted by inhibition of

cystine transport. Overall, our results provides evidence that

combining siramesine and lapatinib causes ferroptosis

through iron transport disruption leading to increased ROS.

This is promoted by altering cystine transport.

Lapatinib was developed as a dual kinase inhibitor of EGFR

and HER2 and siramesine disrupts lysosomes leading to

cathepsin-mediated cell death.3 We found that synergistic cell

death response of combining siramesine and lapatinib leading

to ferroptosis was not due to their downstream targets (EGFR

family members) and cathepsin B. This indicates other targets

for siramesine and lapatinib are involved in ferroptosis. These

drugs have multiple targets including ASM and src family of

kinases.49,50 Indeed, a src family tyrosine kinase inhibitor,

sorafenib has been shown to induce ferroptosis in cancer

cells.21,51 Identification of these targets and how they regulate

ferroptosis will be the focus of future investigations.

Taken together, our findings provide a novel mechanism for

ferroptosis that involves altering iron transport in breast cancer

cells. Using clinically relevant drugs, these results provide new

insight into how cancer cells are able to induce the ferroptotic

cell death process and give hope that new therapeutic

strategies can be develop to overcome apoptotic resistance

in breast cancer.

Materials and Methods
Reagents and antibodies. Trypan blue solution (Prod. No. T8154), Prussian
blue soluble (Prod No.03899), FeCl3 (Prod No.157740), deferoxamine (Prod No.
D9533), buthioninesulfoximine (BSO) (Prod No.B2640), N-Acetyl-L-cysteine (Prod
No. N7250), diphenyliodonium (Prod No. D2926), neopterin (Prod No. N3386), and
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phosphatase inhibitor cocktails 2 & 3 (Prod No. P5726 & P0044) were purchased
from Sigma-Aldrich (St. Louis, MO, USA), A protease inhibitor cocktail (ref no. 11
836 153 001) from Roche Diagnostics (Basel, Switzerland). The siRNA against
HER2 (sc-29405), EGFR (sc-44340), transferrin (sc-37176), ferroportin (sc-60663),
XCT (sc-76933) and Control siRNA-A (Sc-37007) were all purchased from Santa
Cruz Biotechnology Inc. (Dallas, TX , USA). Primary antibodies: anti-FTH1 (#4393),
anti-CD71 (#13113), anti-xCT/SLC7A11 (#12691) were purchased from Cell
Signaling Technology (Beverly, MA, USA), anti-Transferrin (ab9538), anti-DMT1
(ab55735), anti-SLC40A1 (ab85370), anti-GPX4 (ab125066) from AbCam
(Cambridge, UK), and anti-actin from Sigma-Aldrich (Prod No. A3853). Secondary
antibodies: goat anti-rabbit IgG (H+L)-HRP conjugate (Cat. No. 170-6515) and goat
anti-mouse IgG (H+L)-HRP conjugate (Cat. No. 170-6516) were obtained from Bio-
Rad Laboratories (Hercules, CA, USA) (ab9538). FPN-WT-GFP and FPN-C326Y-
GFP plasmid kindly provided by Dr. Sergei Nekhai. HER2-WT (Plasmid #16257),
was obtained from Addgene (Cambridge, MA, USA). MitoTracker (Catalog number:
M-7512), LysoTracker (cat: L-7526), H2DCF (cat: D-399), Dihydroethidium (Cat:
D-1168) from Life Technologies (Thermo Fisher Scientific, Waltham, MA, USA).
FITC Annexin V Apoptosis Detection Kit with 7AAD from BioLegend (San Diego,
CA, USA). Opti-MEM I reduced serum medium (cat:31985-070) from GIBCO-Life
Technologies (Thermo Fisher Scientific).

Cell culture. The breast cancer cell lines MDA MB-231, SKBR3, MCF-7, ZR-75-
1 were grown in Dulbecco's modified Eagle medium (DMEM, high glucose; GIBCO,
cat. 10565-018, Life Technologies) supplemented with 100 units of penicillin per ml

plus 100 μg of streptomycin per ml (cat 10378016, Life Technologies) and 10% fetal
bovine serum, in a humidified 5% CO2, 37 °C incubator. Cells were treated for
various times in the absence and presence of a chemical inhibitor.

Measurement of cell death by flow cytometry. Cell death was
measured by staining with trypan blue to detect the plasma membrane integrity
through flow cytometry as described previously.30,52 Briefly, trypan blue is excluded
from live cells but penetrates into a dead cell giving a red fluorescent signal that can
be quantified by flow cytometry.

Measurement of ROS by flow cytometry. ROS generation was
determined by flow cytometry with dihydroethidium (DHE,D-1168). DHE is oxidized
by ROS into 2-hydroxyethidium (2-HE) (emission at 605 nm) and fluoresces red.
The samples were collected and stained with 5 μM DHE and then was incubated in
the dark in a water bath at 37 °C for 15 min. The cell suspension was then
transferred to a 5 ml FACS tube and analyzed on a flow cytometer within 10 min
using Cell Quest software (BD Biosciences, Franklin Lakes, NJ, USA).

Apoptotic cell death measurement. Flow cytometric analysis of
apoptosis was analyzed using both subG1 peak (DNA fragmentation) and Annexin
V/7-AAD which measures the change in both membrane phospholipid phospha-
tidylserine and cell permeabilization. Cells were stained for subG1 peak analysis
after fixation with ethanol using propidium iodide (100 μg/ml). For Annexin V/7-AAD,
samples were collected, washed with 11 × annexin V binding buffer
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(BD Biosciences), and then stained with 7AAD (BD) and annexin V-fluorescein
isothiocyanate (FITC; BD). Samples were examined using a BD FACSCalibur.

Transfection of siRNA and plasmids. The transfection of cells with
siRNA and plasmid was done as described in our previously studies.30,52

Flow cytometry for mitochondrial membrane permeabilization
(MMP), mitochondrial membrane potential (Δψm) and LMP
detection. The MMP and mitochondrial membrane potential (Δψm) of the
treated cells was measured using MitoTracker Deep Red FM and DIOC6 staining. In
brief, the culture medium was aspirated after treatment, and the cells were collected
and incubated with MitoTracker Deep Red FM, 100 nM in PBS, Dioc6,1 μM in PBS,
LysoTracker 50 nM for 15 min at 37 °C. The fluorescence emission was analyzed by
flow cytometry using a FACS Vantage system (Becton Dickinson Inc., San Jose,
CA, USA).

Western blot analysis. Cell lysates were collected at the indicated times in 1%
NP-40 lysis buffer with complete protease inhibitor tablet (Roche, Basel, Switzerland),
1 mM phenylmethanesulfonylfluoride (PMSF), and 2 mM sodium orthovanadate
(New England BioLabs, Ipswich, MA, USA). Protein levels were quantified with a
Pierce BCA kit (Thermo Fisher Scientific) according to the manufacturer’s instructions.
Samples were run on 8–10% polyacrylamide gels and transferred onto nitrocellulose
membranes (Bio-Rad, Hercules, CA, USA) blocked in 5% milk in TBS-T as per the
antibody manufacturer’s suggestions. Secondary antibodies were goat anti-rabbit-HRP
or anti-mouse-HRP (Bio-Rad). Detection of protein was with Pierce ECL or Pierce
Supersignal Pico (Thermo Fisher Scientific) reagents.

Prussian blue staining. Prussian blue staining was used to detect the
presence of iron oxide nanoparticles. The cells were fixed in 4% paraformaldehyde
for 30 min and then were washed 3 times with PBS, incubated for 30 min with
Prussian blue (10 mg/ml), and then rewashed three times with PBS. Labeled
cells were examined under a light microscope to determine intracellular iron oxide
distribution.

Caspase-3 activity assay. Caspase-3 activity was assessed using a caspase-
3 assay Kit (#ab 39700, Abcam) according to the manufacturer’s instructions.

LDH release assay. LDH release was assessed using a LDH assay kit (#ab
65393, Abcam) according to the manufacturer’s instructions.

Assessment of drug interaction. Interaction between siramesine and
lapatinib was assessed according to the method of Chou and Talalay,53 where the
Combination Index (CI) is defined as:

CI ¼
dsx

Dsx
þ

dlx

Dlx

Where dsx and dlx are doses of siramesine and lapatinib,
respectively, required to produce a given reduction in cell viability
when given in combination, and Dsx and Dlx are doses of siramesine
and lapatinib, respectively, required to produce the same effect
in single-agent treatments. CIo1, =1 and 41 are interpreted as
synergy, additivity and antagonism, respectively.

Statistical analysis. All data were generated with at least three independent
experiments. Each experiment in the cell death analysis was carried out by 3–6
replicates. The data were represented as means ± S.D. (n≥ 3). Student’s t-test
was performed for statistical analysis with Po0.05 being considered as statistical
significance.
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