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 18 

Abstract 19 

Lack of effective treatments for aggressive breast cancer is still a major global health 20 

problem. We previously reported that Photodynamic Therapy using Methylene Blue as 21 

photosensitizer (MB-PDT) massively kills metastatic human breast cancer, marginally 22 

affecting healthy cells. In this study we aimed to unveil the molecular mechanisms 23 

behind MB-PDT effectiveness. Through lipidomic and biochemical approaches we 24 

demonstrated that MB-PDT efficiency and specificity relies on polyunsaturated fatty 25 

acids-enriched membranes and on the better capacity to deal with photooxidative 26 
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damage displayed by non-tumorigenic cells. We found out that, in tumorigenic cells, 27 

lysosome membrane permeabilization is accompanied by ferroptosis and/or 28 

necroptosis. Our results broadened the understanding of MB-PDT-induced 29 

photooxidation mechanisms and specificity in breast cancer cells. Therefore, we 30 

demonstrated that efficient approaches could be designed on the basis of lipid 31 

composition and metabolic features for hard-to-treat cancers. The results further 32 

reinforce MB-PDT as a therapeutic strategy for highly aggressive human breast cancer 33 

cells.  34 

Introduction 35 

Breast cancer is the most frequent malignancy in women worldwide1,2. In its advanced 36 

stages, when distant organ metastases occur, it is considered incurable with the 37 

currently available therapies2. The reason being that metastatic lesions are usually 38 

multiple, molecular and cellular heterogenous, and resistant to conventional 39 

treatments3. Thus, effective and safe therapies for this stage of the disease are still 40 

needed.  41 

Photodynamic therapy (PDT) has been the focus of several cancer centers as it might 42 

represent an important advancement in treatment due to its high but also controlled 43 

cytotoxic effect4. Additionally, the enhanced antitumor effects combining PDT and 44 

chemotherapies have already been demonstrated in preclinical studies on breast 45 

cancer3. PDT consists in the uptake of a photosensitizer (PS) molecule which, upon 46 

excitation by light in a determined wavelength, reacts with oxygen and generates 47 

oxidant species (radicals, singlet oxygen, triplet species) in target tissues, leading to 48 

photooxidative stress (PhOxS)5,6, which results in photodamage of membranes and 49 
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organelles7,8. The extent of the damage, and the cell death mechanisms involved, are 50 

dependent on the PS type, concentration, subcellular localization, the amount of energy 51 

and fluence rate applied as well as on the intrinsic characteristics of each tumor type9–
52 

12. The bottleneck of PDT is that little is known about the complex molecular 53 

mechanisms behind its cytotoxicity and even less about the factors that could improve 54 

its specificity against aggressive cancer cells. In order to address these underpinnings, 55 

our group has been studying PDT using methylene blue as photosensitizer (MB-PDT) in 56 

human breast cell (BC) models. 57 

In previous studies we have already reported that there were differences in MB-PDT 58 

sensitivity regarding MB concentration, time to achieve maximal cell death and the 59 

effect of fluence rate9,13. Moreover, our results have shown that non-tumorigenic 60 

breast cells are more resistant to MB-PDT, whereas the very aggressive triple negative 61 

breast cancer cells (TNBC) displayed the highest susceptibility13. However, the 62 

mechanisms behind these effects are still not well understood. In the present study, we 63 

set out to unveil the molecular mechanisms triggered by this PhOxS therapy that are 64 

responsible for its selectivity in the elimination of human breast cancer cells. For this 65 

purpose we performed a comprehensive and comparative lipidomic profiling of two 66 

breast cancer cell types (MDA-MB-231, a metastatic TNBC cell line 14; and MCF-7, a 67 

luminal A cell line15) and of a non-tumorigenic breast cell, MCF-10A16. In addition, 68 

different signaling pathways related to antioxidant cell responses as well as regulated 69 

cell death induction have been investigated.  70 

Collectively, our results showed that while MB-PDT is efficient in inducing multiple 71 

regulated necrosis mechanisms only in tumor cells, non-tumorigenic breast cell were 72 
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able to mount an antioxidant response that led to impairment of the extensive 73 

photooxidative damage. We believe that these data highlight MB-PDT potential to be 74 

safe, accessible and an efficient adjunct to surgery for breast cancer treatment. 75 

Furthermore, this study contributes to the cancer and cell biology fields, providing 76 

further molecular mechanisms explaining why breast cells displaying distinct molecular 77 

makeups are able to undergo different regulated cell death pathways upon the same 78 

trigger. 79 

Results 80 

Human breast cells (BC) presenting variations in PDT sensitivity displayed differential 81 

cellular lipid composition  82 

As a first step in our study, we confirmed previous results from our group13 by showing 83 

that cell death kinetics after MB-PDT exerted a higher impact in the malignant cell lines, 84 

being TNBC cells the most susceptible (Figure 1A). We then set out to investigate the 85 

molecular basis of these cell type specific differential responses to the therapy. Since 86 

MB-PDT relies on a massive intracellular generation of oxidant species9,13,17, with a 87 

widespread impact in membranes, we evaluated whether there was a link between the 88 

cellular lipid profile and the sensitivity to MB-PDT. For this purpose, we performed a 89 

comparative lipidomic profiling of BC using reversed-phase ultra-high-performance 90 

liquid chromatography (RP-UHPLC) coupled to electrospray ionization time-of-flight 91 

mass spectrometry (ESI-TOFMS). Around 487 different species were identified and 92 

classified in groups such as sphingolipids (SP), glycerophospholipids (GP), neutral lipids 93 

(NL), free fatty acids (FFA) and coenzyme Q (CoQ). The two first components of the 94 

Principal Component Analysis (PCA) explained 90.6% of the lipid content variance, 95 
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showing a clear clustering between BC types (Figure 1B). Among all the obtained lipid 96 

classes, the main differences between BC were found on the amount of some species of 97 

NL [ex.: cholesteryl ester (CE), ceramide (Cer), diacylglycerol (DG) and triacylglycerol 98 

(TG)], coenzyme Q10 (CoQ10), and some species of GP [ex.: phosphatidylethanolamine 99 

(PE), phosphatidylinositol (PI), phosphatidylglycerol (PG), and phosphatidylcholine (PC), 100 

besides plasmanyl (o)- and plasmenyl (p)-GP, such as oPE, pPE, oPC and pPC (Figure 1C 101 

and Supplementary Figure S1A, S1B)]. All NL species were more abundant in breast 102 

cancer cells, mainly in TNBC, than in non-tumorigenic cells (Supplementary Figure S1A). 103 

Similarly to NL, a higher proportion of PI was found in malignant cells but in this case 104 

mainly in the luminal A subtype (Figure 1C). Moreover, while MDA-MB-231 and MCF-105 

10A cells displayed similar levels of PE, the lowest levels of this class of lipids were 106 

observed in MCF-7 cells. Additionally, oPE and pPE were barely present in these cells 107 

(Figure 1C). Furthermore, considering all lipid species, MDA-MB-231 presented the 108 

highest levels of monounsaturated and polyunsaturated fatty acids (MUFAs and PUFAs, 109 

respectively) (Figure 1D), with special attention to arachidonic (ArA) and adrenic (AdrA) 110 

PUFAs (Figure 1E and Supplementary Figure S1C). Interestingly, MDA-MB-231 also 111 

presented the highest abundance of these acids esterified in PE (Supplementary Figure 112 

S1D and S1E). Worth of note that the non-tumorigenic cells displayed higher levels of 113 

CoQ10, compared to malignant cells (Figure 1F), suggesting that the better control of 114 

redox imbalance could play a role in the level of protection experienced by MCF-10 115 

cells. Indeed, CoQ10 can trap lipophilic radicals and halt the propagation of phospholipid 116 

peroxidation18. These last observations led us to hypothesize whether ferroptosis, a 117 

form of regulated cell death (RCD), which is initiated by oxidative insults that occurs 118 
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mainly towards PUFA, as ARA or AdrA19 (especially if they are esterified in PE20), would 119 

be a cell death mechanism induced by MB-PDT. 120 

MB-PDT induces ferroptosis in TNBC cells 121 

As a prooxidant treatment, MB-PDT presents the potential to induce lipid oxidation and 122 

cell membranes damage21. We hence investigated whether MB-PDT would lead to the 123 

accumulation of oxidized lipids and could induce ferroptosis in BC. As a first step, the 124 

presence of the key components of ferroptosis ACSL4 (acyl-CoA synthetase long-chain 125 

family member 4) and GPX4 (gluthatione peroxidase 4) was evaluated in BC growing in 126 

basal conditions. Unlike MCF-7 cells, MCF-10A and MDA-MB-231 cells expressed ACSL4 127 

(Supplementary Figure 2). Moreover, the non-tumorigenic cells presented higher 128 

protein levels of GPX4, compared to the luminal A or the TNBC cell lines (Supplementary 129 

Figure 2). The second step was studying whether cells submitted to MB-PDT undergo 130 

lipid peroxidation by using BODIPY-C11, a fluorescent probe for lipid oxidation. MCF-131 

10A and MDA-MB-231 cells showed increased lipid peroxidation after MB-PDT 132 

treatment, while MCF-7 cells presented no differences (Figure 2A, B). Additionally, since 133 

iron available in the labile iron pools (LIP) has already been reported for being more 134 

prone to participate in ferroptosis, LIPs were analysed in the three cell lines before MB 135 

photooxidation. The highest LIP levels were found in MDA-MB-231 cells (Figure 2C). 136 

Remarkably, these data revealed that these cell lines constitute three distinct cell 137 

models to explore the role of ferroptosis in the context of photooxidation: one that 138 

exhibits PUFA but also disposes high lipid detoxification capacity, like GXP4 and CoQ10, 139 

(MCF-10A); another that besides displaying high levels of GPX4, does not posses high 140 

abundance of PUFA nor CoQ10 (MCF-7); and finally, the most agressive cell line 141 
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containing a higher proportion of PUFA and LIP and a very low capacity to deal with lipid 142 

peroxidation due to the low levels of reduced gluthatione (GSH)13, GPX4 and CoQ10 143 

(MDA-MB-231). 144 

In order to investigate the role of ferroptosis in these cells submitted to photooxidation, 145 

GPX4 protein levels were evaluated after MB-PDT treatment. Moreover, cells were 146 

pretreated with the ferroptosis inhibitor ferrostatin-1 (Fer-1), followed by MB-PDT and 147 

determination of cell death percentage. Results showed that despite the fact that MB-148 

PDT promoted the depletion of GPX4 protein levels in all cell lines tested (Figure 2D,E), 149 

only MDA-MB-231 cells were protected by Fer-1 against photooxidation-induced cell 150 

death (Figure 2F-H). These results are consistent with our data indicating that MDA-MB-151 

231 could have very low capacity to cope with lipid peroxidation and consequently 152 

would be more susceptible to ferroptosis. 153 

To test whether the presence of PUFAs was required to induce ferroptosis and hence 154 

increase MB-PDT cytotoxicity, we pre-incubated MCF-7 with arachidonic acid (ArA) and 155 

then submitted the cells to MB-PDT. MCF-7 pretreated with ArA underwent lipid 156 

peroxidation after MB-PDT (Figure 2I, J) and became more sensitive to photooxidation 157 

(Figure 2K). Moreover, MB-PDT was now able to induce ferroptosis because Fer-1 158 

significantly inhibited cell death (Figure 2K). These data demonstrated that lipid 159 

peroxidation was a cytotoxic insult triggered by MB-PDT and cells presenting low 160 

abundance of PUFAs were less affected. Furthermore, these results have indicated that 161 

in order to undergo ferroptosis in response to MB-PDT photooxidation, high levels of 162 

PUFA were required, as demonstrated for MDA-MB-231 and ArA-pretreated MCF-7 163 

cells. 164 
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Non-tumorigenic cells are more prone to mount an efficient antioxidant response against 165 

MB-PDT  166 

In order to further understand the resistance of MB-PDT-induced cell death observed in 167 

non-tumorigenic cells, the basal levels of other key antioxidant-related proteins, such as 168 

NF-E2-related factor 2 (NRF2), glucose 6-phosphate dehidrogenase (G6PD), copper/zinc 169 

and manganese superoxide dismutases (SOD1 and SOD2), and glutathione reductase 170 

and synthetase (GR and GS) were analysed and compared. Luminal A tumor-derived 171 

cells displayed the highest basal protein levels of G6PD, SOD1, SOD2 (Supplementary 172 

Figure 3A-F). Interestingly, the expression of GS in both tumor cells was extremely low 173 

compared to MCF-10A cells (Supplementary Figure 3A, G). These data indicated that 174 

tumorigenic cells possess less capacity to synthesise new GSH molecules and that, 175 

among all the models tested, TNBC cells would be potentially more susceptible to pro-176 

oxidative damage13. 177 

To further explore the antioxidant response of these cell lines to MB-PDT, we analysed 178 

the protein levels of some of these sets of enzymes in cells submitted or not to 179 

photooxidation. Despite the lack of differences in basal NRF2’s levels between cells 180 

(Supplementary Figure 3A,E), upon MB-PDT this transcription factor was significantly 181 

increased in MCF-10A, slightly increased in MCF-7 and not modulated in MDA-MB-231 182 

cells (Figure 3A-C,D). Intriguingly, NRF2 rise was accompanied by higher G6PD protein 183 

levels (Figure 3A-C,E) and activity (Figure 3G-I) only in the non-tumorigenic cells. While 184 

cellular levels of SOD1 significantly peaked at 3h after MB-PDT and then remained high 185 

up to the last time point in MCF-7 cells, a pronounced depletion of SOD1 protein was 186 

observed early in both MCF-10A and MDA-MB-231 cells (Figure 3A-C,F) submitted to 187 
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the treatment. These observations may indicate that cytosolic SOD could play a 188 

protective role in MCF-7 cells submitted to photooxidation, highlighting that a 189 

differential cellular response mechanism against MB-PDT has been triggered.  190 

Altogether, these results allowed us to conclude that the non-tumorigenic cells were 191 

able to activate a proficient antioxidant response through the increase of G6PD, which 192 

in turn would lead to the higher production of NADPH that could then be used to 193 

regenerate GSH, as well as reduced CoQ10, contributing to maximize the detoxification 194 

process and  thus minimize cell death. 195 

MB-PDT can also trigger necroptosis  196 

In order to investigate whether necroptosis was a cell death mechanism activated by 197 

MB-PDT in BC, the basal protein levels of key components of this pathway, such as 198 

RIPK1, RIPK3 and MLKL (Receptor Interacting Protein Kinases-1 and -3, and Mixed 199 

Lineage Kinase domain-Like protein, respectively), were first checked. MCF-7 cells 200 

displayed he highest levels of all the proteins analysed (Supplementary Figure 4A-D). 201 

Activation of this pathway was next assessed by monitoring MLKL phosphorylation 202 

levels (pMLKL). Interestingly, while pMLKL levels increased in all cancer cells submitted 203 

to MB-PDT, no sign of necroptosis activation was observed in the non-tumorigenic cells 204 

(Figure 4A-C). The role of necroptosis in MD-PDT cell death was further investigated in 205 

BC pretreated with necrostatin-1 (Nec-1) or necrosulfonamide (NSA), RIPK1 and MLKL 206 

inhibitors respectively. Our data showed that only the tumorigenic cells were protected 207 

from MB-PDT effects in the presence of the necroptosis inhibitors Nec-1 or NSA (Figure 208 

2D-F). Moreover, the relevance of necroptosis as a cell death mechanism induced by 209 

MB-PDT in breast tumor cells was also confirmed by silencing the expression of RIPK3 or 210 
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MLKL (Supplementary Figure 4E-H). Altogether, these data indicated that MB-PDT is 211 

capable of activating necroptosis in both luminal A and TNBC cells. However, up to this 212 

point of the study, the cytotoxic mechanism triggered by MB-PDT in the non-213 

tumorigenic cells was still not elucidated. 214 

MB-PDT induces lysosome damage  215 

Based on the fact that we had previously reported that MB was mainly accumulated in 216 

lysosomes13, the hypothesis that photoactive MB could be capable to damage lysosome 217 

membrane and thus induce lysosome-dependent cell death (LDCD) was raised and 218 

tested. The first evidence was obtained by assessing the cytosolic activity of the 219 

lysosomal cathepsin B. In fact, MB-PDT induced lysosomal membrane permeabilization 220 

(LMP) (Figure 5A). The involvement of LDCD mediating the PDT effects by inhbiting 221 

cathepsin B with a small molecule inhibitor (CA-074) was then investigated. Cell 222 

incubation with this inhibitor was able to significantly decrease MB-PDT cytotoxicity 223 

(Figure 5B-D). Moreover, the results have also indicated that LMP is a common event 224 

triggered by MB-PDT in all BC analysed. Additionaly, since the levels of pMLKL were 225 

decreased upon cathepsin B inhibition, the results pointed at a yet undescribed possible 226 

cross-talk between LDCD and necroptosis induction after photooxidation (Figure 5E,F). 227 

We demonstrated that MB-PDT trigger multiple RCD in BC by inducing modifications in 228 

lipid membranes. In malignant cells, our data pointed that LMP was followed by MLKL 229 

phosphorylation and necroptosis. In case of high PUFA-lipid content, in addition to 230 

LDCD and necroptosis, cells were also able to undergo ferroptosis, which was triggered 231 

via lipid peroxidation, GPX4 depletion and failure of the cell capacity to activate the cell 232 

responses involved in oxidative damage detoxification. Moreover, in these cells, 233 
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oxidative chain reactions could be facilitated and amplified by higher concentration of 234 

labile iron intracellular pool, resulting in a massive and faster cell death (Figure 5G). 235 

Discussion 236 

Non-tumorigenic human breast epithelial cells were more resistant to PDT than their 237 

malignant and more metastatic counterparts13. Up to date, there are no studies 238 

addressing a possible association of a defined lipid profile with aggressiveness and 239 

susceptibility to undergo different cell death subroutines upon massive oxidant species 240 

generation22,23. Therefore, the present study has focused on understanding the 241 

molecular pathways underlining these different cell behaviors upon photooxidative 242 

damage (Figure 6). We have demonstrated that MB-PDT can activate multiple cell death 243 

mechanisms, namely ferroptosis, necroptosis and LDCD. This study has also assessed 244 

the cellular makeups in lipid composition and antioxidant machinery, which underlie the 245 

unique capacity of the most aggressive breast cancer cells tested to undergo ferroptosis 246 

upon MB-PDT. Moreover, our data have further reinforced the potential of this therapy 247 

to present fewer side effects on non-cancerous breast tissue, by providing several 248 

evidences on how PhOxS triggered by MB-PDT has barely affected antioxidant capacity 249 

of non-tumorigenic breast cells to deal with oxidative damage (Figure 6). 250 

By using high resolution lipidomics, we mapped the lipid content in three different BC 251 

models displaying different susceptibilities to PDT-induced photooxidative redox 252 

imbalance. In the recent years lipids have emerged as key regulators of cell fate24,25. 253 

Increasing amount of evidences have highlighted their functions as triggers, executors 254 

or modulators of plasma membrane components that act as platforms for RCD 255 

execution26. Lipids, displaying different susceptibilities to undergo chemical 256 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 26, 2020. ; https://doi.org/10.1101/2020.06.25.170860doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.25.170860


 12 

modifications can execute their functions on cell death subroutines by modulating 257 

membrane physicochemical properties27,28. For example, exposure of lipids to sources 258 

of free radicals, molecular oxygen and redox-active metal ions, such as low-valent iron, 259 

results in lipid peroxidation29. Noteworthy, in the context of PDT the direct contact 260 

within lipid membranes and the excited triplet state of the PS molecule, during 261 

photosensitized oxidations, also results in membrane peroxidation8. We provided 262 

strong evidences of membrane lipid peroxidation in cells containing high proportion of 263 

PUFAs submitted to MB-PDT-induced photooxidation. The presence of methylene 264 

groups flanked by carbon-carbon double bonds make PUFAs particularly good 265 

substrates for oxidations30. Therefore, the subsequent accumulation of lipid 266 

peroxidation products culminates in the permeabilization of the membrane31. 267 

Other groups have already correlated an increased abundance of PUFAs with 268 

ferroptosis induction20,32. Moreover, the mechanism of ferroptosis was identified as 269 

specifically dependent on intracellular iron availability and not on other metals33. 270 

Herein, on one hand, it has been shown that highly aggressive breast cancer cells 271 

presented the highest PUFAs and LIP contents and consequently were the only cells 272 

undergoing ferroptosis upon MB-PDT. On the other hand, we were able to demonstrate 273 

that exogenous supplementation of ArA was sufficient to bypass the protective effect 274 

conferred by the lack of ACSL4 in the non-invasive MCF-7 cells submitted to MB-PDT. 275 

ACSL4 is the acyl transferase that catalyzes the conversion of long-chain fatty acids, 276 

preferentially arachidonate and eicosapentaenoate, to their active form acyl-CoA in 277 

PUFA-containing lipid synthesis34,35. These results pointed PUFAs as key lipid modulators 278 

involved in the molecular mechanisms of MB-PDT cytotoxicity. Exogenous metabolites, 279 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 26, 2020. ; https://doi.org/10.1101/2020.06.25.170860doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.25.170860


 13 

including lipids, have been reported to be potent modulators of cell function and fate 280 

and could conceivably be relevant in several contexts in vivo, especially for cells that can 281 

extract exogenous lipids directly from the bloodstream36,37. In healthy individuals, 282 

raising serum PUFA levels could provide a means to improve the lethality of existing 283 

pro-ferroptotic agents against cancer cells37. Moreover, our studies have suggested that 284 

the administration of exogenous PUFAs before the photooxidation could potentially 285 

help to improve the power of this therapy by tackling tumor cell death resistance to 286 

MB-PDT. 287 

In physiological conditions, lipid peroxides are reduced to non-toxic lipid alcohols by 288 

GPX4, at the cost of the oxidation of two molecules of GSH per lipid molecule38. 289 

However, this enzyme is absent or inactive during ferroptosis, resulting into toxic lipid 290 

accumulation39,40. As a consequence, the inhibition of GPX4 or depletion of GSH has 291 

emerged as therapeutic strategies to induce cancer cell death41. We have previously 292 

shown that MB-PDT was able to deplete GSH levels in breast tumor cells9. Additionally, 293 

in the present study the levels of GPX4 were decreased in all BC tested upon 294 

photooxidation, underscoring MB-PDT as a potential ferroptosis inducer. This 295 

observation is consistent with the fact that sensitivity to GPX4 inhibitors varies greatly 296 

across cell lines and ferroptosis may have additional regulation mechanisms42. Indeed, a 297 

glutathione-independent regulation axis involving the ferroptosis suppressor protein 1 298 

(FSP1), previously called apoptosis-inducing factor mitochondrial 2 (AIFM2), was 299 

recently uncovered18,43. FSP1 acts as a NAD(P)H-oxidoreductase that reduces coenzyme 300 

Q-10 (CoQ10), which can, in turn, trap lipophilic radicals and halt the propagation of lipid 301 

peroxidation18,43. Interestingly, our results have shown that non-tumor breast cells 302 
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presented the highest abundance of CoQ10 among the three cell lines and were able to 303 

survive despite undergoing lipid peroxidation and GPX4 depletion. CoQ10 can be 304 

reduced in the presence of NADPH and breast non-tumorigenic cells were the only 305 

model where it was observed an increase of activity of a key enzyme for the generation 306 

of NADPH cellular supply, G6PD, upon MB-PDT. Therefore, one can speculate that the 307 

FSP1–CoQ10–NAD(P)H axis could be operating to suppress phospholipid peroxidation 308 

and ferroptosis after photooxidative damage in the non-tumorigenic breast cells. It is 309 

important to note that this particular effect could be associated with the low side 310 

effects of this therapy. 311 

Previous results from our group have demonstrated the importance of optimizing 312 

fluence rates in order to provide exhaustion of the cell antioxidant responses to 313 

circumvent therapy resistance of breast tumors using MB-PDT9. We now observed that 314 

the basal levels of key antioxidant proteins were lower in TNBC cells, further extending 315 

the knowledge that these cells exhibit significant metabolic alterations compared to 316 

luminal tumors13,44. Moreover, our data indicated that despite the non-invasive MCF-7 317 

cells displayed high basal levels of most of the antioxidant proteins evaluated, they 318 

were not able to mount such an efficient antioxidant response against photooxidation 319 

when compared to the one displayed by the non-tumorigenic breast cell line, which 320 

were more resistant to PDT. 321 

As a prooxidant multifaceted therapy, it is difficult to precisely address where the 322 

trigger of PDT will be. Since in general the first photoreaction will occur in the vicinity of 323 

where the PS presents the highest concentration45, determining its subcellular 324 

localization could give us a clue. We have previously shown that in these cell lines MB 325 
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accumulates preferentially in the lysosomes13. Several reports have suggested that 326 

lysosome integrity is critical to maintain cellular homeostasis, because it ensures the 327 

proper localization of lysosomal enzymes and organelle function. Upon damage, 328 

lysosomal content leaks into the cytoplasm as a consequence of lysosome membrane 329 

permeabilization (LMP)46. In the present study we identified the occurrence of MB-PDT-330 

dependent LMP. In principle, this process should represent little danger, because most 331 

lysosomal proteases are inactive at neutral pH. However, some cathepsins, such as 332 

cathepsins B, D, and L, remain active at neutral pH and can trigger a cascade of events, 333 

including the proteolytic modification of molecules implicated in cell death pathways47. 334 

Therefore, LMP can be followed by a multi-pathway process that results in LDCD, which, 335 

in most cases, can be prevented by inhibiting lysosomal protease activity46,48. 336 

Interestingly, LDCD was the only PDT-induced process contributing to the low cell death 337 

observed in non-tumorigenic breast cells submitted to MB-PDT.  338 

Cytosolic cathepsins usually lead to apoptotic RCD by catalyzing the proteolytic 339 

activation or inactivation of several substrates, including BAX and anti-apoptotic BCL2 340 

family members48. However, we have previously shown that apoptosis was not the 341 

main cell death mechanism activated in BC submitted to MB-PDT13. In line with this, it 342 

has been recently demonstrated, indeed, that LDCD does not necessarily manifest itself 343 

with an apoptotic morphotype and an intriguing connection is emerging between LMP, 344 

the adaptive responses to stress, and other RCD subroutines49,50. For example, 345 

lysosomes have an essential role in autophagy and cellular iron homeostasis, being a 346 

major source of free iron due to the degradation of ferritin in a process called 347 

ferritinophagy51–53. Thus, lysosomal damage could allow this metal to be more 348 
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bioavailable to peroxidation reactions. Therefore, upon lipid peroxidation and in the 349 

absence of a proper detoxifying response, as occurred in breast tumorigenic cells upon 350 

MB-PDT, LMP may facilitate catalysis of iron-dependent reactions and increase 351 

ferroptosis susceptibility. 352 

Based on our data that ferroptosis only occurs in TNBC cells and that its inhibition did 353 

not completely rescue cells from death, we hypothesized that MB-PDT was activating 354 

more than one regulated necrotic pathway simultaneously. Intriguingly, we have also 355 

detected activation of necroptosis only in tumorigenic cells submitted to 356 

photooxidation damage. Necroptosis is triggered by perturbations of extracellular or 357 

intracellular homeostasis that critically depend on the kinase activities of RIPK1, at least 358 

in some settings, RIPK3, and consequent phosphorylation, oligomerization and 359 

migration of MLKL (mixed lineage kinase domain-like protein) to the plasma 360 

membrane3,48. MLKL oligomers form channels on the plasma membrane, leading to high 361 

osmotic pressure, water influx, release of intracellular components, and eventual 362 

plasma membrane rupture54. To undergo necroptosis, MLKL engagement requires the 363 

presence of specific lipids at the plasmatic membrane. Phosphatidyl inositol phosphates 364 

including, phosphatidylinositol-5-phosphate and phosphatidylinositol-4,5-bisphosphate 365 

have been described to function as lipid receptors of MLKL in the inner leaflet of the 366 

plasma membrane55–57. These lipids are products of kinases that can phosphorylate the 367 

3-, 4-, and 5-hydroxyl groups of the inositol head group of PI lipids58. Our study revealed 368 

that both breast cancer cell lines presented higher levels of overall PI, compared to the 369 

non-tumorigenic cells. Consistent with this observation, only breast cancer cells 370 

underwent MLKL phosphorylation and necroptosis. It is thus reasonable to suppose that 371 
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lipid composition of normal cells does not sustain the necroptosis membrane pore 372 

formation, also contributing to their resistance to photooxidation-induced cell death. 373 

It has been previously shown by others that RIPK1 and RIPK3 can be degraded in 374 

lysosomes and that inhibition of lysosomal function, with LMP, leads to this kinases 375 

accumulation and necroptosis induction59,60, strengthening the possibility of a link 376 

between LMP and necroptosis. Indeed, we have shown that, in breast cancer cells 377 

submitted to MB-PDT, lysosomal cathepsin inhibition was able to suppress cell death 378 

and MLKL phosphorylation, providing a clear evidence of the existence of cross-talks 379 

between LDCD and necroptosis, triggered by MB-PDT. We suggest that, because as MB 380 

localizes mainly in lysosomes of these cells, LMP is an inevitable consequence of MB 381 

photoactivation, and thus may be driving the RCD events. The activation of different cell 382 

death subroutines will then depend on the availability of the required components of 383 

each pathway. We have described that different human breast epithelial cells, from 384 

non-tumorigenic to very aggressive malignant cells, display distinct structural and 385 

metabolic traits within different signaling pathways were activated upon MB-PDT. In 386 

this study, LMP appears as the common event, which was then followed by an 387 

antioxidant response (in non-tumorigenic cells), necroptosis (in non-invasive tumor 388 

cells) or both necroptosis and ferroptosis (in highly aggressive tumor cells). 389 

Collectively, our data have provided molecular mechanisms behind a hitherto 390 

unexplored therapeutic approach, which have simultaneously activated alternative 391 

tumor regulated cell death pathways while preserving the integrity of most of the non-392 

tumorigenic cells. This fact is of fundamental importance since despite all the recent 393 

technological improvements, breast cancer still has significantly impacts on global 394 
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health, being disease recurrence and metastasis the bottleneck for an effective clinical 395 

treatment2,3. This study contributes to a better understanding of breast cancer 396 

susceptibility to photooxidation-induced damage. Our results could provide the rational 397 

and know-how needed to maximize the therapeutic clinical application gain of MB-PDT. 398 

Materials and methods 399 

Cell culture 400 

MCF-10A (ATCC CRL-10317™) cells were maintained in phenol red-free DMEM-F12 401 

(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 5% heat-inactivated horse 402 

serum (Thermo Scientific, Waltham, MA, USA), insulin (10 μg/mL; Sigma-Aldrich), 403 

cortisol (500 ng/mL; Sigma-Aldrich), cholera enterotoxin (100 ng/mL; Sigma-Aldrich), 404 

and epidermal growth factor (20 ng/mL; Sigma-Aldrich). MCF-7 (ATCC HTB-22™) cells 405 

were maintained in phenol red-free DMEM-F12 (Sigma-Aldrich) with 10% heat-406 

inactivated FBS (Vitrocell Embriolife, Campinas, Sao Paulo, Brazil). MDA-MB-231 (ATCC 407 

HTB-26™) cells were cultured in phenol red-free RPMI 1640 (Sigma-Aldrich) with 10% 408 

heat-inactivated FBS (Vitrocell Embriolife). All cultures were maintained at 37ºC under 409 

water-saturated atmosphere containing 5% CO2.  410 

Photodynamic treatment (MB-PDT) 411 

An aqueous solution containing of Methylene blue (MB, Labsynth Products, São Paulo, 412 

Brazil) was used as PS. Cells were seeded at 30.000 cells.cm-2 and after 24 h they were 413 

incubated for 2 h with 20 μM of MB solution, in phenol red-free medium and 414 

maintained in these conditions during both irradiation and post-treatment time. All 415 

assays were performed with a reduction of 75% of medium supplements. The whole 416 

microplate was irradiated from the top with a light-emitting diode (LED) array, with 417 
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maximum emission wavelength at 640 nm. The irradiation time was 16 min with a total 418 

light dose was 4.5 J.cm-2 (fluence rate of 4.7 mW.cm-2). Control experiments, such as 419 

cells exposure or not to the PS or exposure or not to light were performed. For cell 420 

death inhibition assays, inhibitors were pre-incubated with MB solution 2 h before 421 

irradiation: Fer-1 (Cayman Chemical, Ann Arbor, Michigan, EUA, 1 µM); Nec-1 (Sigma-422 

Aldrich, 10 µM); NSA (abcam, Cambridge, United Kingdom, 5 µM); or CA-074 (Millipore, 423 

Burlington, Massachusetts, EUA, 400 nM). Pretreatment with ArA (Sigma-Aldrich, 24 424 

µM) was performed 16 h before MB incubation. 425 

Cell death evaluation 426 

After treatments cells were stained with the DNA-binding dyes Propidium iodide (PI, 427 

Sigma-Aldrich) and Hoechst 33342 (HO, Sigma-Aldrich) for 10 min. Following incubation, 428 

the percentage of viable and dead cells was determined using an inverted fluorescence 429 

microscope (Nikon Eclipse Ti, Kyoto, Japan) with 20x of magnification. Fluorescence of 430 

labelled cells was detected using laser 461 nm and 545 nm for excitation of HO and PI 431 

respectively. The cultures were evaluated according to: the total number of cells, 432 

determined by counting the nuclei stained with HO; and the number of dead cells 433 

determined by the number of nuclei stained with PI. A minimum of 500 cells was 434 

counted in each experimental condition. Results were expressed as percentage of dead 435 

cells. 436 

Transient oligonucleotide transfection 437 

The transfection was performed 24 h after seeding of 1.5x104 cells.cm-2. The lipid 438 

carrier Lipofectamine RNAiMAX (Life Technologies, Carlsbad, CA, USA) and the Silencer® 439 

Select pre-designed siRNA (Life Technologies) for human RIPK3 440 
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(GGCAAGUCUGGAUAACGAAtt) or for human MLKL (CCCGUUUCAAGGUGAAGAAtt) were 441 

used. “AllStars negative control siRNA” (Qiagen, Venlo, Netherlands) was used as a 442 

negative siRNA control of scrambled sequence (siControl). Lipid-RNA complexes were 443 

formed in Opti-MEM (Invitrogen) in a proportion of 0.6 μL of Lipofectamine to 0.45 μL 444 

of 20 μM siRNA, at room temperature for 20 min and were further added to cells in 445 

antibiotic-free medium to reach a final volume of 300 μL (in a 24-well plate) for 446 

overnight transfection. Cells were maintained in culture for a 24 h recovery period 447 

before experiments were carried out. The efficiency of transfection/silencing was 448 

validated by Western blot.  449 

Western blots 450 

Cells were lysed in RIPA Buffer (Sigma-Aldrich) containing protease inhibitor (Roche, 451 

Basel, Switzerland) and phosphatase inhibitor (Sigma-Aldrich) cocktails. 30 μg protein 452 

were loaded on a 12% denaturing gel and proteins were separated by SDS-PAGE. 453 

Proteins were transferred by tank blot onto a PVDF membrane that was subsequently 454 

blocked in a solution containing 5% Blocking Buffer (Life Technologies) and 5% BSA (1:1) 455 

at 4°C overnight. Primary antibodies  were diluted in a solution of 5% BSA in PBS (Table 456 

1) and were incubated overnight at 4°C. Membranes were washed three times in PBS-457 

Tween (0.1%) and then incubated at RT for 1h with HRP-labeled secondary antibodies, 458 

diluted in a solution of 1% BSA in PBS. The protein-antibody complex was visualized by 459 

using enhanced chemiluminescence (Millipore Corporation, Billerica, MA, USA). Images 460 

were acquired using Uvitec Image System (Cleaver Scientific Limited, Cambridge, UK). 461 

Quantitative densitometry was carried out using the ImageJ software (National 462 

Institutes of Health). The volume density of the chemiluminescent bands was calculated 463 

as integrated optical density × mm2 using ImageJ Fiji. 464 
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Cathepsin activity assay 465 

Cells were washed with phosphate buffer (PBSA: NaCl 137 mM, KCl 2.7 mM, Na2HPO4 466 

10 mM, KH2PO4 1.8 mM, pH 7.2) and detached from the plate using trypsin solution 467 

(0.5% p/v). The cells were then centrifuged at 800 x g for 2 minutes. Cell pellets were 468 

washed with PBSA and resuspended in 2 mL PBSA. The number of cells was counting in 469 

a hemocytometer. Samples were then homogenized in syringes with insulin needle 10 470 

times, and centrifuged at 4°C, 700 x g for 10 minutes. The supernatants were collected 471 

and centrifuged at 4°C, 25000 x g for 2 hours for cytosol and organelles fractionation. 472 

The supernatants (cytosolic fraction) were used in cathepsin-B/L kinetics assays using Z-473 

FR-MCA as substrate (10 µM) in 100 mM citrate phosphate buffer, pH 6. Protease 474 

activity was evaluated at an excitation wavelength of 380 nm and an emission 475 

wavelength of 460 nm using a 96-well plate in a spectrofluorometer (SpectraMAX M2, 476 

Molecular Devices, Sunnyvale, CA, USA). Fluorescence intensity values were collected 477 

every 5-minute intervals for 1 hour. Activity units were calculated as: [relative 478 

fluorescence units (RFU)/min]/number of cells. Each experiment was performed in 479 

duplicate. At least three independent experiments were performed for each cell type 480 

and condition.  481 

G6PD activity assay 482 

The determination of G6PD activity was performed as already described61. Reaction 483 

medium was incubated at 37°C. Fluorescence intensity values were collected every 2 484 

min during 1h at 500 nm in a SpectraMax M2 microplate reader (Molecular Devices). 485 

Activity units were calculated as: (RFU/min)/number of cells. Each experiment was 486 

performed in duplicates and at least three independent experiments were performed 487 

for each cell type and condition.  488 
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Lipid peroxidation analysis 489 

After irradiation, the cells were incubated with 1 µM BODIPY C11 at 37°C during 20 min. 490 

The probe was then removed and 1 mL of fresh medium without serum and phenol red 491 

was added. Cells were imaged using a fully motorized Leica DMi8 widefield microscope 492 

(from Leica Microsystems) using the FITC and Texas Red filter sets and a 20x objective. 493 

Imaging was performed on two independent biological replicates. In each independent 494 

experiment at least 4 different images (100 cells) per condition were analysed. All 495 

imaging acquisition parameters were kept constant for each experiment. Images were 496 

quantified using ImageJ Fiji and quantified as follows. Cell outlines were free-handed 497 

drawn on the bright field channel to generate a cell selection mask for quantifying the 498 

fluorescence intensity in the green and red channels. Oxidation of BODIPY C11 581/591 499 

was calculated as the ratio of the green (fluorescence emission of the oxidized probe)/ 500 

red fluorescence mean intensity (fluorescence emission of reduced probe) within the 501 

cell outlines.  502 

Lipidomic analysis  503 

Non-targeted lipidomic analysis of major lipids was performed by reversed-phase ultra-504 

high-performance liquid chromatography (RP-UHPLC) coupled to electrospray 505 

ionization time-of-flight mass spectrometry (ESI-TOFMS). Prior to lipid extraction, a 506 

mixture of lipid internal standards (Table 2) was added to the samples for semi-507 

quantification of reported lipid molecular species. Lipid extraction was performed 508 

according to a method adapted from62. 500.000 cells were homogenized in 500 μL of 50 509 

mM phosphate buffer (pH 7.4) containing 100 μM deferoxamine mesylate. This 510 

homogenate was mixed with 400 μL of ice-cold methanol, containing 100 μM of 511 

butylated hydroxytoluene (BHT), and 100 μL of internal standards (10 µg/mL). 2 mL of 512 
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chloroform: ethyl acetate (4:1) were added to the mixture, followed by vortexing during 513 

30 s. After centrifugation at 1,500 x g for 2 min at 4°C, the lower phase containing total 514 

lipid extracts (TLE) was transferred to a new tube and dried under N2 gas63. Dried TLE 515 

were dissolved in 100 µL of isopropanol and the UHPLC injection volume was set at 2 516 

µL. The separation conditions of mass spectrometry analysis were performed as 517 

previously described. The MS/MS data were analysed with PeakView®, and lipid 518 

molecular species were identified by an in-house manufactured Excel-based macro. 519 

Lipids were named according to the LIPID MAPS® Structure Database (LMSD) 520 

guidelines64,65. The lipid quantification was performed with MultiQuant®, in which peak 521 

areas of precursor ions were normalized to those of the internal standards. Final data 522 

were expressed as mass of lipid species per mass of total proteins, determined by BCA 523 

Protein Assay Kit (Thermo) as manufacturer instructions. Lipids were annotated 524 

according to their lipid subclass. Individual lipids were also grouped as the total number 525 

of double bonds in: saturated (no double bounds); monounsaturated (presence of one 526 

double bound) or polyunsaturated (presence of more than one double bound). 527 

Labile iron pool (LIP) measurement 528 

LIP was given as sum of the concentrations of iron ([Fe]) and calcein-bound Fe ([CA-Fe]), 529 

normalized to the total intracellular calcein ([CA]t), whereby LIPN = LIP/[CA]t. We 530 

followed the rationale for fluorescence determination of LIP developed by66 with minor 531 

modifications. Cells, at a density of 1-2 x 106 cells/mL, were incubated with 0.25 µM of 532 

calcein acetoxymethyl ester (CA–AM) for 5 min at 37°C in bicarbonate-free and serum-533 

free growth medium containing 1 mg/mL BSA and 20 mM Hepes (Sigma-Aldrich), pH 534 

7.3. After incubation, cells were washed of excess CA-AM with medium without CA-AM 535 

2 times, and resuspended in warm HBS (Hepes 20 mM, NaCl 150 mM, pH 7.3). The 536 
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number of cells (Nc) was measured by counting in a hemocytometer. The cell 537 

suspension was transferred to a 24-well microplate and fluorescence of calcein (CA)-538 

loaded cells (F) was monitored at an excitation of 488 nm and emission of 517 nm using 539 

a microplate reader (Infinite M200 plate reader-Tecan, Männedorf, Switzerland), with 540 

gently orbital shaking before each measurement (2 seconds, 4 mm amplitude). After 541 

signal stabilization (2-5 minutes) and reaching a given fluorescence intensity (F), the 542 

iron chelator SIH (Salicylaldehyde Isonicotinoyl Hydrazine, 100 µM final) was added, 543 

causing a rise in fluorescence signal (Fc). The rise in fluorescence elicited by SIH was 544 

given as the fractional change (ΔF), using a normalized fluorescence scale FN = F/Fc. 545 

Next, the CA concentration in the cell suspension ([CA]susp) was determined from a 546 

calibration curve obtained by adding CA standards (in 1 nM steps) to the CA-loaded cells 547 

suspension supplemented with SIH. The [CA]t was calculated from the relationship [CA]t 548 

= [CA]susp/Nc. The [CA-Fe] was obtained from the relationship [CA-Fe] = ΔF∗[CA]t. [Fe] 549 

was calculated from CA-Fe dissociation constant:  Kd = [CA]t∗[Fe]/[CA-Fe]), using the 550 

experimental values of [CA-Fe] and [CA]t and the Kd in cells value of (0.22) obtained in 551 

the original paper66. CA, CA-AM and SIH were generous gifts from Dr. Breno Pannia 552 

Espósito, Chemistry Institute of the University of São Paulo, Brazil. 553 

Statistical analysis 554 

All results were analysed for Gaussian distribution and passed the normality test. The 555 

statistical differences between group means were tested by One-way ANOVA followed 556 

by Tukey´s post-test for multiple comparisons or by Two-way ANOVA followed by 557 

Bonferroni´s post-test for multiple comparisons. For PCA in lipidomic studies, statistical 558 

analysis was performed with MetaboAnalyst website. A value of p<0.05 was considered 559 

as statistically significant in all analysis. 560 
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All data presented in this manuscript are available upon request to the authors. 561 
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Figures 770 

 

Figure 1: Human Breast Cells display differential sensitivity to MB-PDT and lipid composition. (A) Cell death 
induction after 1, 3 or 24 h of MB-PDT treatment. (B) Score plot of the Principal Component Analysis 
(PCA) of lipidomic data of BC. (C) Abundance of the glicerophospholipids: PE, oPE, pPE, PI and PG. (D) 
Abundance of lipids grouped by the degree of fatty acid chain saturation. Saturated fatty acid (SFA); 
monounsaturated fatty acid (MUFA); and polyunsaturated fatty acid (PUFA). (E) Abundance of ArA-
containing lipids in BC. (F) Abundance of CoQ10. Dot color representation: MCF-10A in red; MCF-7 in 
green; MDA-MB-231 in blue. **** p<0.0001; *** p<0.001; ** p<0.005; *p<0.05 vs MCF-10A. Results are 
presented as mean ± S.E.M. Each dot represent an independent experiment. n≥3 independent 
experiments. 
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Figure 2: MB-PDT induces ferroptosis in PUFA- and LIP-enriched cells. (A) Representative images of lipid 
peroxidation in cells submitted or not to MB-PDT. Reduced (red) or oxidized (green) BODIPY-C11. (B) 
Graphical representation of the quantification of the oxidized/reduced BODIPY-C11 ratio/cell. Each dot 
represents an individual cell. Min. of 100 cells was analysed/experiment. **** p<0.0001 vs control of 
each cell line. (C) Intracellular labile iron poll (LIP), normalized by the total intracellular calcein 
incorporated per cell (LIP N). * p<0.05 vs MCF-10A. (D) GPX4 protein quantification in cells after 1, 3 and 
24h of being submitted or not to MB-PDT (Control). * p<0.05 vs control of each cell line. (E) 
Representative images of Western blots of GPX4 of BC after being treated or not with MB-PDT, as 
indicated. Middle panels show the percentage of cell death after MB-PDT (1, 3 or 24h) in cells pretreated 
or not with Fer-1: (F) MCF-10A, (G) MCF-7 and (H) MDA-MB-231 **p<0.005 vs MB-PDT; ****p<0.0001 vs 
MB-PDT. (I) Representative images of lipid peroxidation in MCF-7 cells preincubated or not with ArA 
before being submitted or not to MB-PDT. (J) Corresponding quantification (as described in item B) of 
oxidized/reduced BODIPY-C11 ratio in MCF-7 cells. ****p <0.0001 vs control. (K) Cell-death percentage 
of MCF-7 cells pretreated or not with Fer-1 and/or ArA as indicated after 1, 3 or 24h of photooxidation 
induction. ** p<0.005 vs MB-PDT; *p<0.05 vs MB-PDT. n≥3 independent experiments. Dot color 
representation: MCF-10A in red; MCF-7 in green; MDA-MB-231 in blue. Results are presented as mean ± 
S.E.M.  
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Figure 3: Non-tumorigenic breast cells display antioxidant response to MB. Representative images of 
Western blots of NRF2, G6PD and SOD1 for each BC after being submitted or not with MB-PDT: (A) MCF-
10A, (B) MCF-7 and (C)MDA-MB-231. Western blot quantifications of (D) NRF2, (E) G6PD and (F) SOD1 of 

each BC treated or not with MB-PDT (PDT). Results are presented as folds vs Control condition. Color 

representation: MCF-10A in red; MCF-7 in green; MDA-MB-231 in blue. G6PD activity in (G) MCF-10A, (H) 

MCF-7 and (I) MDA-MB-231 cells after being submitted or not to MB-PDT (PDT). n≥3 independent 
experiments. **** p<0.0001; *** p<0.001; ** p<0.005; *p<0.05 vs Control; # p<0.05 vs MCF-10A at 

each time point. Results are presented as mean ± S.E.M. 
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 774 

 775 

 

Figure 4: MB-PDT activates necroptosis in tumorigenic breast cells. (A) MCF-10A; (B) MCF-7 and (C) MDA-
MB-231 cells were submitted or not to MB-PDT. 1, 3 and 24h after irradiation, cells were lysed, and 
protein extracts were submitted to Western blot. Representative images of Western blots of pMLKL, 
MLKL and tubulin and the corresponding quantification of pMLKL/MLKL ratio are shown. *p<0.05 vs 
Control (n=4 independent experiments). (D) MCF-10A, (E) MCF-7 and (F) MDA-MB-231 were pretreated 
or not with Nec-1 or NSA and then submitted or not to MB-PDT. Cell death was evaluated 1, 3 or 24h 
after irradiation. *** p<0.001; ** p<0.005; *p<0.05 vs MB-PDT. Dot colors representation: MCF-10A in 
red; MCF-7 in green; MDA-MB-231 in blue. Results are presented as mean ± S.E.M (n=3 independent 
experiments).  
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Figure 5: MB-PDT-induced LMP is involved on cell death of breast cells. (A) Cells were submitted or not to 
MB-PDT and cytosolic cathepsin B activity was analysed after 1, 3 or 24h of cell treatment. **** 
p<0.0001; *** p<0.001; ** p<0.005; *p<0.05 vs Control. (B) MCF-10A, (C) MCF-7 and (D) MDA-MB-231 
cells were pretreated or not with CA-074 and then submitted or not to MB-PDT. Cell death was analysed 
after 1, 3 or 24h after cell irradiation: *** p<0.001; ** p<0.005; *p<0.05 vs MB-PDT. (E) Representative 
images of Western blots of pMLKL, MLKL and tubulin of BC treated or not with CA-074 and MB-PDT after 
24h, as indicated. (F) pMLKL/MLKL ratio of cells after 24h they were treated or not with CA-074 and then 
submitted to MB-PDT. ** p<0.005; vs Control. Dot colors representation: MCF-10A in red; MCF-7 in 
green; MDA-MB-231 in blue. n≥3 independent experiments. Graph results are presented as mean ± 
S.E.M. (G) Cell death mechanisms activated by MB-PDT in BC ranging from non-malignant to very 
aggressive tumorigenic cells (from right to left). Upper part shows that photooxidation induces 
membrane lipid profile changes such as lipid peroxidation, LMP and/or pMLKL pore formation. Bottom 
part of the figure represents the differential lipid composition of each BC analysed (represented by 
different lipid membrane colors) and which mechanisms are activated in each one (LDCD: lysosome 
dependent cell death, necroptosis or ferroptosis). MDA-MB-231 cells: dark gray background, with higher 
proportion of lipids to undergo lipid-peroxidation; MCF-7: gray background displaying lipids not 
susceptible to peroxidation; MCF-10A: yellow background and bearing intermediate abundance of lipids 
being susceptible to oxidation. 
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Figure 6: Scheme summarizing the antioxidant and cell death mechanisms activated in human breast cells 
by MB-PDT. Breast cells display different susceptibility to photooxidative stress (PhOxS) induced by MB-
PDT, being the highest effect observed in MDA-MB-231. In this cell line, no antioxidant response was 
mounted upon PhOxS. In addition, low levels of GPX4 and CoQ10, combined with high amount of iron 
(Fe

2+
) and PUFA-phospholipid content (PL-PUFA), resulted in ferroptosis activation by MB-PDT (purple 

arrows and letters). This cell death was inhibited by Fer-1 pre-treatment. Lysosomal damage was 
observed in all cell lines, evidenced by the release of cathepsin B through lysosomal membrane 
permeabilization, LMP, (green arrows and letters). Pre-treatment with CA-074, a cathepsin B inhibitor, 
alleviated cell death. In both tumorigenic cells, MDA-MB-231 and MCF-7, necroptosis activation with 
MLKL plasma membrane pore formation (blue arrows and letters) was observed. Inhibition of RIPK1, 
RIPK3 or MLKL phosphorylation, by gene silencing or pre-treatment with Nec-1 or NSA, rescue 
tumorigenic cells from death. A possible link between LMP and necroptosis was found in tumorigenic 
cells (green dotted arrows). Because MCF-7 cells lack significant amounts of oxidizable phospholipids, 
lipid peroxidation was not observed and therefore ferroptosis did not contribute to death. However, a 
complete antioxidant response was not sustained in these cells, making them also highly affected by MB-
PDT. The scenario after PhOxS was quite different for MCF-10A cells. Even occurring LMP and lipid 
peroxidation, they were significantly more resistant to MB-PDT than the other cells. Neither ferroptosis 
nor MLKL phosphorylation and necroptosis were observed.  
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Tables 779 

Table1: Antibodies  780 

Protein Company Catalog Dilution 

RIPK1 BD #610458 1:1000 

RIPK3 Cell Signaling #13526 1:1000 

phospho(S345) MLKL abcam ab196436 1:1000 

MLKL abcam ab184718 1:1000 
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ACSL4 Santa Cruz sc-271800 1:200 

GPX4 abcam ab125066 1:1000 

G6PD abcam ab993 1:2000 

NRF2 abcam ab137550 1:1000 

SOD1 abcam ab51254 1:2000 

SOD2 abcam ab16956 1:1000 

Glutathione Reductase abcam ab128933 1:2000 

Glutathione Synthetase abcam ab133592 1:2000 

alpha-tubulin clone B-5-1-2 Sigma-Aldrich T5168 1:10.000 

anti-rabbit Vector Laboratories PI1000 1:1000 

anti-mouse Vector Laboratories PI2000 1:1000 

 781 

Table 2: Lipid internal standards (from Avanti Polar Lipids Inc., Alabaster, Alabama, USA) 782 

Internal standards Lipid 
Concentration 

(ng/μL) 

cholest-5-en-3ß-yl (decanoate) CE 10:0 10 

N-decanoyl-D-erytro-sphingosine  Cer d18:1/10:0 10 

N-heptadecanoyl-D-erythro-sphingosine Cer d18:1/17:0 10 

1′,3′-bis[1,2-dimyristoyl-sn-glycero-3-phospho]-
glycerol 

CL 14:0 x 4 10 
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1-heptadecanoyl-2-hydroxy-sn-glycero-3-
phosphocholine 

LPC 17:0 10 

1-(10Z-heptadecenoyl)-sn-glycero-3-
phosphoethanolamine 

LPE 17:1 10 

1,2-diheptadecanoyl-sn-glycero-3-phosphate PA 17:0/17:0 10 

1,2-dimyristoyl-sn-glycero-3-phosphocholine PC 14:0/14:0 10 

1,2-diheptadecanoyl-sn-glycero-3-phosphocholine PC 17:0/17:0 10 

1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine 

PE 14:0/14:0 10 

1,2-diheptadecanoyl-sn-glycero-3-
phosphoethanolamine 

PE 17:0/17:0 10 

1,2-diheptadecanoyl-sn-glycero-3-phospho-(1'-rac-
glycerol) 

PG 17:0/17:0 10 

1,2-diheptadecanoyl-sn-glycero-3-phospho-L-
serine 

PS 17:0/17:0 10 

N-heptadecanoyl-D-erythro-
sphingosylphosphorylcholine 

SG d18:1/17:0 10 

1,2,3-tritetradecanoyl-sn-glycerol TG 14:0 x 3 10 

1,2,3-triheptadecanoyl-sn-glycerol TG 17:0 x 3 10 
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Supplementary Figures 785 

 786 

 
Supplementary Figure 1: Basal lipid composition of breast cells. Lipids were extracted from the three cell 
types. (A) Neutral lipid abundance: Cholesteryl Esters (CE), Ceramides (Cer), Diacylglycerides (DG) and 
Triacylglycerides (TG). (B) Abundance of phosphatidylcholine (PC), plasmanyl (o)- and plasmenyl (p)-PCs 
(oPC and pPC respectively). (C) Abundance of Adrenic Acid (AdrA)-containing lipids. (D) Abundance of 
Arachidonic Acid ArA esterified in phosphatidyletanolamine (PE). (E) Abundance of AdrA esterified in PE. 
*** p<0.001; ** p<0.005; *p<0.05 vs MCF-10A. Results are presented as mean ± S.E.M. n=3 independent 
experiments. Dot colors representation: MCF-10A in red; MCF-7 in green; MDA-MB-231 in blue.  
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Supplementary Figure 2: Basal abundance of ferroptosis key players. (A) Representative pictures of 
Western blots and the corresponding quantification of (B) ACSL4 and (C) GPX4. **** p<0.0001; *** 
p<0.001 vs MCF-10A. Results are presented as mean ± S.E.M. n=3 independent experiments. Dot colors 
representation: MCF-10A in red; MCF-7 in green; MDA-MB-231 in blue. 
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Supplementary Figure 3: Basal abundance of antioxidant-related proteins. (A) Representative pictures of 
Western blots and the corresponding quantification of (B) G6PD, (C) NRF2, (D) SOD1, (E) SOD2, (F) GR- 
glutathione reductase and (G) GS-glutathione synthetase. *** p<0.001 vs MCF-10A. Results are 
presented as mean ± S.E.M. n≥3 independent experiments. Dot colors representation: MCF-10A in red; 
MCF-7 in green; MDA-MB-231 in blue. 
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Supplementary Figure 4: MB-PDT induces necroptosis in breast tumor cells. (A) Representative pictures of 
Western blots and the corresponding quantification of basal levels of (B) RIPK1, (C) RIPK3, (D) MLKL.  
 (E, F) RIPK3 or (G, H) MLKL was silenced or not in the cells, which were then submitted to MB-PDT.  Cells 
were submitted or not to MB-PDT and cell death was analysed after 1, 3 or 24h of cell treatment. Right 
panels: representative Western blot analysis of RIPK3 and MLKL protein levels. **** p<0.0001; *** 
p<0.001; ** p<0.005; *p<0.05 vs MCF-10A. Results are presented as mean ± S.E.M. n≥3 independent 
experiments. 

 793 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 26, 2020. ; https://doi.org/10.1101/2020.06.25.170860doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.25.170860

