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Photodynamic therapy with redaporfin targets the
endoplasmic reticulum and Golgi apparatus
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Abstract

Preclinical evidence depicts the capacity of redaporfin (Redp) to
act as potent photosensitizer, causing direct antineoplastic effects
as well as indirect immune-dependent destruction of malignant
lesions. Here, we investigated the mechanisms through which
photodynamic therapy (PDT) with redaporfin kills cancer cells.
Subcellular localization and fractionation studies based on the
physicochemical properties of redaporfin revealed its selective
tropism for the endoplasmic reticulum (ER) and the Golgi appara-
tus (GA). When activated, redaporfin caused rapid reactive oxygen
species-dependent perturbation of ER/GA compartments, coupled
to ER stress and an inhibition of the GA-dependent secretory path-
way. This led to a general inhibition of protein secretion by
PDT-treated cancer cells. The ER/GA play a role upstream of mito-
chondria in the lethal signaling pathway triggered by redaporfin-
based PDT. Pharmacological perturbation of GA function or
homeostasis reduces mitochondrial permeabilization. In contrast,
removal of the pro-apoptotic multidomain proteins BAX and BAK
or pretreatment with protease inhibitors reduced cell killing, yet left
the GA perturbation unaffected. Altogether, these results point to
the capacity of redaporfin to kill tumor cells via destroying ER/GA
function.
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Introduction

Photodynamic therapy (PDT) is a novel antineoplastic treatment

modality. At the physicochemical level, the principle of PDT resides in

the administration of a photosensitizer that itself is rather inert, yet

acquires cytotoxic potential upon absorption of photons that cause the

generation of reactive oxygen species (ROS), hence damaging cellular

structures. At the practical level, the photosensitizing drug is injected

systemically or intratumorally. After a defined time, named the drug-

to-light interval (DLI), light with appropriate wavelength is applied to

the targeted area. High DLI facilitates optimal redistribution of the

compound into organellar, cellular, or subcellular compartments,

whereas low DLI is mainly used to target the tumor vasculature.

Photodynamic therapy allows to limit the overall side effects and to

control the spatial and temporary extension of the treatment with

unprecedented precision. It is minimally invasive with superior func-

tional outcome as compared to surgery. Both in preclinical models

and in the clinical context, PDT-elicited anti-tumor immunity has been

observed (Agostinis et al, 2011; Dabrowski & Arnaut, 2015).

The first-in-class photosensitizer approved for clinical use in

cancer treatment is porfimer. This hematoporphyrin derivative

presented promising results in patients, despite limitations including
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low molar absorption, poor tissue penetration of light at 630 nm,

and a rather long-lasting photosensitivity, obliging patients to stay in

the dark (Allison & Sibata, 2010). Some of these limitations were

partially overcome by the second generation of photosensitizers

including temoporfin, silicon phthalocyanine-4, talaporfin, and

verteporfin, which are endowed with intense absorption bands at

longer wavelengths and shorter periods of photosensitivity (Allison

& Sibata, 2010). The latest generation photosensitizers include the

bacteriochlorins, padeliporfin, and redaporfin (Redp), which are

currently under clinical evaluation. Major advantages include a high

ROS quantum yield and absorption in high spectral regions (740–

780 nm) that allow to treat relatively deep lesions. Fast clearance of

padeliporfin limits PDT protocols to targeting of the tumor vascula-

ture. In contrast, redaporfin is endowed with higher stability that is

compatible with both long and short DLI (Arnaut et al, 2014). Reda-

porfin-based PDT was shown to be effective in the treatment of

immunocompetent mice bearing subcutaneous tumors with up to

85% of cure rate. Recently, phase I/II clinical trials have successfully

been concluded in advanced head and neck cancer patients

(NCT02070432). The anticancer effect of redaporfin-based PDT was

partially ascribed to the host immune system as the treatment effi-

cacy dropped dramatically in immunodeficient mice (Rocha et al,

2015; Pucelik et al, 2016). Anti-tumor immunity activated by reda-

porfin-PDT inhibits the growth of distant (and non-irradiated)

lesions and protects cured mice from rechallenge with live cancer

cells (Rocha et al, 2015; Pucelik et al, 2016). This immunostimula-

tory effect of redaporfin is reminiscent of that induced by hypericin

(Hyp). Indeed, PDT with hypericin has been the first PDT to be

shown to induce immunogenic cell death (ICD; Garg et al, 2012).

Photodynamic therapy with hypericin triggers ICD through a path-

way that involves endoplasmic reticulum (ER) stress (Garg et al,

2012), as indicated by the phosphorylation of eukaryotic translation

initiation factor 2-alpha (eIF2a) by the ER stress kinase eIF2a kinase

3 (EIF2AK3, best known as PERK) and the exposure of calreticulin at

the cell surface (Galluzzi et al, 2012; Garg et al, 2012, 2016; Rufo

et al, 2017). Indeed, the induction of ER stress appears to be required

for the induction of ICD, as this has been shown for chemotherapy

and radiotherapy as well (Obeid et al, 2007; Panaretakis et al, 2009;

Kepp et al, 2014; Garg et al, 2015; Galluzzi et al, 2017).

Captivated by the aforementioned premises, we decided to inves-

tigate the cellular and molecular mechanisms through which reda-

porfin kills cancer cells. Here, we show that redaporfin specifically

accumulated in the endoplasmic reticulum (ER) and, in addition, in

the Golgi apparatus (GA). Light-activated redaporfin causes selec-

tive damage to these subcellular compartments, elicits ER stress,

and irreversibly compromises GA-dependent secretion. Unexpect-

edly, the ER/GA compartment targeted by redaporfin appears to

operate upstream of the mitochondrial pathway of apoptosis to

cause cell killing.

Results

Phototoxic effects of redaporfin on Golgi apparatus and
endoplasmic reticulum

To determine the subcellular tropism of redaporfin, we loaded this

agent into cells for 20 h (Appendix Fig S1A–D) and then visualized its

distribution based on its fluorescent properties (excitation at 510 nm,

emission of 750 nm; Arnaut et al, 2014). This 20-h preincubation

period with redaporfin effectively sensitizes the cells to PDT-induced

killing (Appendix Fig S1G and H). Fluorescence microscopy imaging

revealed that redaporfin strongly colocalized with the GA and ER.

Redaporfin-emitted fluorescence spatially co-distributed with the

GA-specific marker GALT1, stably expressed as a green fluorescent

protein (GFP) fusion, and with the ER-specific marker CALR-GFP.

Only minimal colocalization was observed with mitochondria visual-

ized with MitoTracker Green or with lysosomes stained with quina-

crine (Figs 1A and B, and EV1C and D; Appendix Fig S1E and F).

Next, we asked whether dispersion of the GA would affect the subcel-

lular localization of redaporfin. For this, we used brefeldin A (BFA), a

natural antiviral compound synthesized by Eupenicillium brefel-

dianum that interrupts protein transport from the ER to the GA by

abolishing the association of COP-I protein with the Golgi membrane

(Duden et al, 1991). Alternatively, we used golgicide A (GCA), a

pharmacological inhibitor of the cis-Golgi ArfGEF GBF1 that arrests

the secretion of soluble and membrane-anchored proteins (Saenz

et al, 2009). Dispersion of the GA with BFA or GCA led to a redistri-

bution of the redaporfin fluorescence toward a diffuse cytoplasmic

pattern, while induction of GA fragmentation with nocodazole (Cole

et al, 1996) caused redaporfin to relocalize into multiple cytoplasmic

dots (Appendix Fig S1I and J). Subcellular fractionation confirmed

the ER/GA tropism of redaporfin. Purified ER micelles and Golgi

stacks (but not mitochondria contained in heavy membrane frac-

tions) from redaporfin-pretreated cells (Fig 1F–H) exhibited a distinct

high-pressure liquid chromatography (HPLC) peak of UV absorbance

(Fig 1C–E) that corresponded in its spectrum to that of redaporfin

(Fig 1I and J). F2BOH, a molecule chemically related to redaporfin

where the peripheral sulfonamide (SO2NHCH3) groups were replaced

by sulfonic acid (SO3H) groups (Fig EV1A and B), exhibited a dif-

ferent subcellular distribution without any ER/GA tropisms but

instead a preferentially lysosomal localization, as determined by fluo-

rescence microscopy (Fig EV1C–H). F2BOH is hydrophilic, with an

n-octanol:water partition coefficient POW = 0.04, whereas redaporfin

is lipophilic, POW = 80 (Arnaut et al, 2014).

Next, we used transmission electron microscopy to examine the

ultrastructural effects induced by redaporfin treatment followed by

light illumination. While the non-exposed, inactive drug failed to

affect the structural morphology of any organelle, its exposure to light

(i.e., PDT) resulted in marked alterations of the ER/GA compartment

such as dilation and vacuolization of the ER as well as disorganiza-

tion of Golgi cisterns (Fig 2A). Cells expressing the GA marker

GALT1-GFP exhibited a reduction in the fluorescent signal after PDT

(Fig 2B and C), and similarly, endogenous GALT1 detected by

immunofluorescence staining diminished post-PDT (Fig 2D and E).

The same effect was observed with hypericin, a photosensitizer that

targets the ER and GA (Ritz et al, 2008; Appendix Fig S2A and B). In

contrast, F2BOH (which targets lysosomes) did not cause any reduc-

tion in endogenous GALT1 visualized by immunofluorescence stain-

ing (Appendix Fig S2C and D). Quantitative immunoblots confirmed

that PDT with redaporfin induced a reduction in the abundance of

several GA proteins such as Golgi brefeldin A-resistant guanine

nucleotide exchange factor 1 (GBF1), golgin subfamily A member 2

(GOLGA2), and galactosyltransferase 1 (GALT1), as well as that of

two ER proteins, eukaryotic translation initiation factor 2-alpha

(eIF2a) kinase 3 (EIF2AK3) and protein disulfide-isomerase A3
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(PDIA3). In contrast, no major decrease in mitochondrial import

receptor subunit TOM20 homolog (TOMM20) or in the cytoskeleton

protein b-actin was observed (Fig 2F–I).

Redaporfin-based PDT also induced signs of ER stress including

phosphorylation of eIF2a detectable by immunoblot (Fig 3A and B)

and immunofluorescence staining (Fig EV2A and B) as early as 1 h

after the treatment. Systematic analysis of cells in which each of the

four eIF2a kinases (EIF2AK1 to 4) was deleted by CRISPR/Cas9

technology (Fig 3C and D) revealed that the sole kinase responsible

for eIF2a phosphorylation induced by redaporfin-based PDT was

EIF2AK1 (previously known as heme-responsive inhibitor, HRI;

Fig 3E and F), perhaps reflecting the molecular similarities between

heme and redaporfin, which both bear porphyrin rings (Fig EV1A).

Thus, redaporfin-based PDT elicits eIF2a phosphorylation through a

pathway that is different from canonical ER stressors such as thapsi-

gargin (Thaps) and tunicamycin (Tun), yet similar to arsenite

A

MitoTracker

Hoechst Organ. Redp Merge

GALT1-GFP

CALR-GFP

C

F

D

G

E

H

I J

-0.2

-0.4

-0.6

0

0.2

0.4

0.6

0.8

Mito
Nucleus

GA
ER

P
ea

rs
on

 c
or

re
la

tio
n 

co
ef

fic
ie

nt

Redp [µM] 0 5 100 5 10 0 5 10 0 5 10

*** *********

*** ***

*** ***

ER

Ctr
Cytosol

5

3
4

2
1

N
or

m
al

iz
ed

 A
U

Norm. time (min)

0
0 1 2 43

Norm. time (min)

GA

Ctr
Cytosol

0

5

3
4

2
1

0 1 2 43

Mito

Ctr
Cytosol

0

5

3
4

2
1

0 1 2 43
Norm. time (min)

ER
CALR

ACTB

48 kDa

42 kDa
Redp

Cyt Mito
Tomm20

ACTB
20 kDa
42 kDa

Cyt

Redp

GALT1

ACTB

55 kDa
GALT1 55 kDa

42 kDa

GA Cyt

Redp

B

N
or

m
al

iz
ed

 A
U

Redp

0

5

3
4

2
1

300 400 500 600 700 800
Wavelength (nm)

GA

0

5

3
4

2
1

300 400 500 600 700 800
Wavelength (nm)

N
or

m
al

iz
ed

 A
U

CALR 48 kDa

Figure 1. Redaporfin accumulates at sites of the ER and Golgi apparatus.

A, B Co-occurrence of redaporfin (5 lM) with markers of the GA, ER, and mitochondria in U2OS cells (A) and their Pearson correlation coefficient (PCC) (B). Bars indicate
means � SD of triplicates of one representative experiment out of two repeats. Asterisks indicate significant differences with respect to untreated cells,
***P < 0.001 (one-way ANOVA). Scale bar: 10 lm.

C–H Detection of redaporfin (5 lM) by HPLC-UV in ER and Golgi fractions from U2OS cells incubated with redaporfin (C–E). Fractions were tested for purity by
immunoblotting using CALR, GALT1, and TOMM20 antibodies (F–H).

I, J Absorption spectra of redaporfin from the Golgi fraction and the pure standard.
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Figure 2. Ultrastructural changes of ER and Golgi after redaporfin-PDT.

A Representative images of U2OS cells analyzed 6 h after redaporfin-PDT by transmission electron microscopy. Additional negative controls included cells incubated
with redaporfin (5 lM) without photoactivation or cells submitted to light irradiation in the absence of redaporfin. Nuc marks nucleus, ER marks endoplasmic
reticulum, GA marks Golgi apparatus, and Mito marks mitochondria. Scale bar: 1 lm

B–E Representative images of U2OS-GALT1-GFP (B) and U2OS stained for GALT1 (D) 6 h after PDT with redaporfin (5 lM). Quantitative analysis represents the average
area of GALT1+ Golgi structures per cell (C, E). Scale bars: 10 lm.

F–I Six hours after treatment of U2OS cells with PDT with redaporfin (5 lM), protein was collected and tested by immunoblotting for different GA-, ER-, or
mitochondria-specific proteins. Representative immunoblots (F, G) and densitometry data (H, I) are depicted.

Data information: Ctr represents untreated cells and Redp* indicates irradiated cells. Bars indicate means � SEM of three independent experiments. Asterisks indicate
significant differences with respect to untreated cells, *P < 0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA).
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(Fig EV2C and D). Knockout of EIF2AK1 (but not that of EIF2AK2,

EIF2AK3, or EIF2AK4) sensitized the cells to redaporfin-dependent

phototoxicity (Fig 3G–H). Redaporfin-based PDT failed to elicit the

activation of ATF4 and DDIT3, two transcription factors down-

stream of eIF2a phosphorylation (Fig EV2E–G). Nevertheless,

biosensor cell lines measuring different arms of the unfolded stress

response confirmed the induction of ER stress at the levels of ATF6,

as indicated by the significant translocation to the nucleus of ATF6-

GFP and the IRE1–XBP1 axis, as indicated by the XBP1-GFP reporter

construct which only becomes visible when IRE1 mediates an in-

frame splicing (Fig EV2H–K). Knockdown of either ATF6 or IRE1

failed to sensitize the cells to redaporfin-dependent phototoxicity

(Fig EV2L and M). Although redaporfin-mediated PDT led to a

reduction in protein synthesis, this inhibition was not complete

(Fig EV3). Redaporfin-mediated ER damage was also associated

with increased cytosolic Ca2+ levels (Appendix Fig S3).

eIF2a phosphorylation without the activation of ATF4 and DDIT3

was recently described as a hallmark of ICD (Bezu et al, 2018).

Indeed, redaporfin-based PDT induced other hallmarks of ICD such

as plasma membrane calreticulin exposure, as well as the release of

ATP and HMGB1 from cancer cells in vitro (Appendix Fig S4).

Accordingly, redaporfin-PDT-killed TC1 lung cancer cells injected

subcutaneously into syngeneic mice were able to fully protect a frac-

tion of the animals against rechallenge with live TC1 cells (Fig 3I)

and to reduce tumor growth in the remaining mice (Fig 3J).

Altogether, the aforementioned results indicate that redaporfin

affects the structure, activity, and composition of the ER/GA

compartment upon irradiation with light and that these alterations

have functional consequences.

Redox stress and Golgi-dependent phototoxicity of redaporfin

Photodynamic therapy involves the generation of reactive oxygen

species (ROS; Arnaut et al, 2014). Accordingly, redaporfin exposure

to light led to an increase in CellROX Green-detectable ROS, a

phenomenon that could be reversed by addition of the lipophilic

antioxidant tocopherol (Toc; Appendix Fig S5A and B). Tocopherol

also suppressed the activation of another ROS sensor, dihy-

droethidine (DHE), which is particularly sensitive to superoxide

(Appendix Fig S5C–F). Accordingly, tocopherol inhibited the PDT-

mediated induction of c-H2AX DNA damage foci (Fig 4A and B, and

Appendix Fig S5G and H), prevented the phototoxic effect of reda-

porfin-based PDT (Appendix Fig S5I and J), and reduced the deple-

tion of multiple proteins from the GA and the ER (Fig 4C–G).

Beyond these effects, tocopherol inhibited the redaporfin-based

PDT-induced translocation of the pro-apoptotic protein BAX (visual-

ized as a BAX-GFP fusion protein) from the cytosol to mitochondria,

as well as the mitochondrial release of second mitochondria-derived

activator of caspases (SMAC, visualized as a SMAC-GFP fusion

protein; Fig 4H–K). Hence, tocopherol prevented alteration of ER/

GA morphology and blocked several manifestations of the intrinsic

(mitochondrial) apoptotic cell death cascade.

Next, we investigated the possibility that an intact GA may be

needed to support redaporfin-PDT toxicity. Both BFA and GCA

partially reduced cell killing induced by redaporfin-mediated PDT in

U2OS cells (Fig 5A–D) as well as in three other cell lines

(Appendix Fig S6). Brefeldin A and GCA inhibited the mitochondrial

translocation of BAX-GFP (Fig 5E and F) and reduced the mitochon-

drial release of SMAC-GFP (Fig 5G and H). This suggested that the

◀ Figure 3. Redaporfin-PDT induces EIF2AK1-mediated eIF2a phosphorylation.

A, B Representative immunoblot (A) and densitometry (means � SEM of four independent experiments) of P-eIF2a/eIF2a ratio (B) of cells collected at the indicated
time points after redaporfin-PDT.

C, D Immunoblots of U2OS cells KO for each of the eIF2a kinases: EIF2AK1 (C), EIF2AK2 (D), EIF2AK3 (C), and EIF2AK4 (D).
E, F Representative images of P-eIF2a immunofluorescence in U2OS cells wild-type or KO for each eIF2a kinase obtained 2.5 h after PDT with redaporfin (5 lM) (E) and

quantitative analysis that represents cytoplasmic P-eIF2a fluorescence signal (F). Scale bar: 10 lm.
G, H Cytotoxicity of redaporfin-mediated PDT in U2OS cells wild-type or KO for each eIF2a kinase evaluated 6 h post-irradiation by staining with PI and Hoechst 33342

(G) and the quantification of dying cancer cells (Hoechstbright and PI�) and dead cells (PI+ cells) (H). Scale bar: 20 lm.
I, J Immunogenicity of TC1 cells killed in vitro by redaporfin-mediated PDT. Dead/dying TC1 cells were injected subcutaneously into immunocompetent mice followed

by rechallenge with live/untreated TC1 cells one week later. Graphs report the evolution of tumor incidence over time as a Kaplan–Meier curve (I) and tumor
growth in those mice that developed palpable neoplastic lesion (J).

Data information: Ctr represents untreated cells and Redp* indicates irradiated cells. Bars indicate means � SEM of 2–4 independent experiments Asterisks indicate
significant differences with respect to untreated cells, *P < 0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA). One-way ANOVA was used in panels (B), (F), and (H).
Vaccination experiments in panels (I) and (J) were analyzed by means of the log-rank test (log-rank (Mantel–Cox) test). Scale bars: 10 lm.

▸Figure 4. The antioxidant tocopherol significantly attenuates the cytotoxicity mediated by redaporfin-PDT.

A, B Representative images of U2OS cells stained for histone H2AX phosphorylation (c-H2AX), 6 h after PDT with redaporfin (5 lM), in the presence or absence of
tocopherol (Toc; 500 lM) (A), and quantitative analysis based on the c-H2AX fluorescence in the nucleus (B).

C, D Representative images of U2OS cells, stained for GALT1 6 h after PDT with redaporfin (5 lM), in the presence or absence of Toc (500 lM) (C), together with the
quantitative analysis that reflects the average area of GALT1+ Golgi structures per cell (D).

E–G Immunoblots and densitometry analysis for different GA (E, G) and ER proteins (F, G) of U2OS cells that were co-incubated with redaporfin and Toc (1 mM) for
20 h. Protein extraction was performed 6 h after irradiation.

H, I Representative images of BAX-GFP aggregation at mitochondria after PDT with redaporfin (5 lM), in the presence or absence of Toc (500 lM), 6 h after irradiation
(H) alongside the percentage of cells presenting BAX-GFP aggregation (I). Scale bar: 20 lm.

J, K Representative images of SMAC-GFP release from mitochondria into the cytosol 6 h after PDT with redaporfin (5 lM), in the presence or absence of Toc (500 lM)
(J). The increase in GFP in the cytoplasm, excluding the fluorescence intensity of mitochondria, was quantified and used as an indication of SMAC release (K).

Data information: Ctr represents untreated cells and Redp* indicates irradiated cells. Analysis of fluorescence microscopy is represented by bars that indicate
means � SD of triplicates of one representative experiment out of 2–4 repeats, whereas densitometry data are represented by bars that indicate means � SEM of four
independent experiments. Asterisks indicate significant differences with respect to untreated cells, whereas hashes indicate significant differences for redaporfin-PDT in
the presence or absence of Toc, *P < 0.05, **P < 0.01, ***P < 0.001. #P < 0.05, ##P < 0.01, ###P < 0.001 (two-way ANOVA). Scale bars: 20 lm.
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GA played a role upstream of the mitochondria in mediating reda-

porfin-PDT. This is in agreement with the fact that cells lacking BAX

and BAK were less susceptible to the acute cytotoxic effect of PDT

with redaporfin (Fig EV4A and B) while, in contrast, removal of

BAX and BAK had no effect on the PDT-induced depletion of GALT1

(Fig 5I and J). While PDT was accompanied by caspase-3 activation

(Fig EV4C) and caspase inhibition with Z-VAD-fmk reduced cell

killing (Fig EV4D and E), pretreatment with Z-VAD-fmk (or the

calpain inhibitor PD150606) failed to impede the PDT-induced GA

destruction (Fig EV4F and G). Pretreatment of cells with the cell-

permeable calcium chelator BAPTA-AM to prevent the PDT-induced

(and tocopherol-inhibitable) rise in cytosolic Ca2+ (Fig EV4H and I)

significantly reduced the level of cell death as well (Fig EV4J and

K). These results plead in favor of the idea that BAX/BAK-regulated

processes operate downstream of PDT-induced ER/GA effects.

Collectively, these results suggest that redaporfin-mediated PDT

involves the local production of ROS causing toxic effects on the

ER/GA that are relayed to mitochondria through the intrinsic path-

way of apoptosis. Driven by this consideration, we asked whether

organelle-specific damage by ROS would be sufficient to kill cancer

cells. To address this question, we targeted horseradish peroxidase

(HRP) to distinct subcellular compartments and then treated the

cells with a low H2O2 concentration (0.003%) and 3,30-diaminoben-

zidine (DAB). Importantly, when HRP was targeted to the GA by

fusion with mannose II (and hence colocalized with GALT1; Jollivet

et al, 2007; Fig 6A and B), it favored the oxidation and precipitation

of DAB (which generates a brown pigment) and cell killing (Fig 6C–

E). We also evaluated cells in which HRP was targeted either to the

ER, by fusing it to CD74 (Fig EV5A), or to the cytosol (Fig EV5B).

Although both HRP versions were functional and hence catalyzed

DAB oxidation/precipitation in the presence of H2O2, only ER-

targeted (not cytosolic) HRP effectively sensitized cells to killing by

low-dose H2O2 (Fig EV5C–F). Hence, ROS-mediated destruction of

the ER and the GA is sufficient to cause cell killing.

Redaporfin-mediated PDT results in irreversible inhibition of
conventional protein secretion

Given the role played by the ER/GA axis in mediating toxicity, we

next investigated whether redaporfin might affect one of the most

important ER/GA functions, which is the biosynthetic secretory

pathway. For this, we took advantage of the retention using selec-

tive hooks (RUSH) system (Boncompain et al, 2012). In this

system, streptavidin fused to a KDEL ER-luminal localization

signal was used as a hook to bind reversibly to a reporter protein

containing a streptavidin-binding peptide (SBP) fused to a GFP

moiety (GFP-SBP). At steady state, the hook retains the GFP-

tagged reporter in the ER through a SBP streptavidin–SBP interac-

tion (Boncompain et al, 2012). Upon addition of biotin, which

binds to streptavidin with subpicomolar affinity, the two proteins

separate from each other (Fig 7A). The GFP-SBP reporter proteins

can undergo anterograde transport to the GA toward its target

compartment (e.g., the plasma membrane). In this system, upon

biotin addition, a soluble secretory protein like GFP-SBP fused to a

signal peptide first translocates and accumulates in a perinuclear

structure positive for the GA marker GALT1 and then progres-

sively disappears from the cell (Fig 7B and Appendix Fig S8). The

transport of GFP-SBP from the ER to the GA was suppressed by

brefeldin A (BFA) used as a control, as well as by light-exposed

redaporfin (but not by redaporfin alone, without light; Fig 7B–E

and Appendix Fig S8). Of note, this phototoxic effect was partially

abolished by pretreatment of the cells with the antioxidant toco-

pherol (Fig 7B and F). Hypericin, a photosensitizer that targets the

ER and GA (Ritz et al, 2008), induced similar inhibitory effects on

exocytosis as did redaporfin (Fig 7B and G). In contrast, F2BOH,

an analog of redaporfin that accumulates at the level of the lyso-

somes, failed to interfere with ER/GA function (Figs 7B and H,

and EV1).

We conclude from these experiments that PDT with redaporfin

strongly affects ER/GA functions, thus paralyzing protein secretion.

In accord with this interpretation, pretreatment of U2OS osteosar-

coma cells with redaporfin, allowing its redistribution to the ER/GA

compartments, followed by light exposure caused a major reduction

in the spontaneous secretion of most cytokines. This contrasts with

the mild (and sometimes even secretagogue-like) effects of extracel-

lular redaporfin exposed to light, yielding completely different

effects on the secretome (Fig 7I and J). Altogether, these results con-

firmed the inhibitory effects of redaporfin-based PDT on protein

secretion.

Recently, we reported that the natural fatty acid oleate, as well

as the oncolytic compound LTX-401, also targets the GA (Niso-

Santano et al, 2015; Zhou et al, 2016). Indeed, both oleate and

LTX-401 inhibited the protein secretion, as shown by the RUSH

assay, though the mechanism seemed different than the one of

redaporfin-PDT. In the presence of oleate and LTX-401, GFP-SBP

was still transported from the ER to the GA, upon biotin supple-

mentation, yet then failed to exit the GA (Appendix Fig S7A–C).

Treatment with the DNA-targeted cytotoxicant mitoxantrone failed

◀ Figure 5. GA damage is an upstream event to mitochondria-mediated redaporfin-PDT toxicity, which is slightly inhibited by BFA and GCA.

A, B Cytotoxicity of redaporfin-PDT, alone or in combination with brefeldin A or golgicide A, evaluated 6 h post-irradiation by double staining with PI and Hoechst
33342 (A), and the quantification of dying (Hoechstbright and PI�) and dead cells (PI+ cells) (B). Brefeldin A (BFA, 5 lg/ml) or golgicide A (GCA, 5 lM) was added 4 h
before irradiation and let presented until the end of the assay.

C, D Representative images of colonies observed 7 days after PDT, upon crystal violet staining (C), alongside the number of colonies (D).
E, F Representative images of BAX-GFP aggregation at the level of mitochondria after PDT with redaporfin (5 lM), in the presence or absence of BFA or GCA, 6 h after

cell irradiation (E) together with the percentage of cells presenting BAX-GFP aggregation (F).
G, H Representative images of SMAC-GFP release from mitochondria into the cytosol 6 h after PDT with redaporfin (5 lM), in the presence or absence of BFA or GCA (G).

The increase in GFP in the cytoplasm, excluding the fluorescence intensity of mitochondria, was quantified and used as an indication of SMAC release (H).
I, J Representative images of HCT116/HCT116 BAX�/�BAK�/� treated with PDT with redaporfin (5 lM), followed by immunofluorescence of GALT1 (I), and the

quantitative analysis that represents the average area of GALT1+ Golgi structures per cell (J).

Data information: Ctr represents untreated cells and Redp* indicates irradiated cells. Bars indicate means � SD of triplicates of one representative experiment out of 2–4
repeats. Asterisks indicate significant differences with respect to untreated cells, whereas hashes indicate significant differences for redaporfin-PDT in the presence or
absence of BFA, GCA, ZVAD, or PD150606, *P < 0.05, **P < 0.01, ***P < 0.001. #P < 0.05, ##P < 0.01, ###P < 0.001 (two-way ANOVA). Scale bars: 20 lm.
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to affect the RUSH assay (Appendix Fig S7A and D), indicating

that not every toxic agent interferes with this functional assay. Of

note, contrasting with redaporfin-based PDT, which induced a

reduction in GALT1-GFP signal (see above), both oleate and LTX-

401 caused an increase in GA volume as measured by GALT1

staining. This GA swelling was reversible as its surface area

normalized within 4 h after washout of both oleate and LTX-401.

In stark contrast, the PDT-induced enfeeblement of the GALT1-GFP

signal was not affected by washing out residual redaporfin (Fig 8A

and B). Similarly, the effects on secretion induced by oleate or

LTX-401 were also reversed by washing out these agents, contrast-

ing with the durable inhibition of the biotin-ignited secretion of

GFP-SBP post-PDT (Fig 8C–F).

In conclusion, PDT interferes with GA function in an irreversible

fashion, through a mechanism that differs from other GA-perturbing

agents.
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Figure 6. Cytotoxicity of HRP-dependent DAB polymerization occurring at the Golgi apparatus.

A, B Two clones of U2OS cells that stably express HRP were stained for the GA marker GALT (A) showing extensive colocalization as determined by the Pearson
correlation coefficient (B). Scale bar: 10 lm.

C–E Cytotoxicity and DAB polymerization observed in U2OS-GA-HRP cells after treatment with DAB/H2O2 for 24 h at 37°C (C). Percentage of cells with DAB aggregates
(D) and quantification of dead cells (PI+ cells) (E). DAB precipitates were observed by transmitted light microscopy, whereas cell viability was assessed by
fluorescence microscopy upon double staining with PI and Hoechst. Scale bar: 20 lm.

Data information: Bars indicate means � SD of triplicates of one representative experiment out of two repeats. Asterisks indicate significant differences with respect to
untreated cells, whereas hashes indicate significant differences between WT cells and GA-HRP clones, ***P < 0.001; ###P < 0.001 (two-way ANOVA).
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Figure 7. Redaporfin-PDT inhibits anterograde transport.

A Schematic representation of the retention using selective hooks (RUSH) technology. In this system, streptavidin is linked to an ER protein (hook) that is retained in the
ER compartment through its interaction with the streptavidin-binding peptide attached to a GFP moiety (SBP-GFP). Addition of biotin (which binds to streptavidin
with high affinity) uncouples SBP-GFP from the hook allowing its trafficking into the GA compartment and its final secretion into the extracellular milieu.

B–H U2OS-KDEL-SBP-GFP cells treated with PDT by applying different photosensitizers: redaporfin, hypericin, and F2BOH. BFA (10 lg/ml) was included as positive
control for the inhibition of secretion. Immediately after irradiation, biotin was added, and at 0.5, 2, and 4 h, GFP fluorescence intensity was evaluated by
microscopy (B). GFP release was measured by means of the GFP fluorescence intensity normalized to the first time point and is shown for cells treated with BFA
(C), photosensitizers without photoactivation (D), redaporfin-PDT (E), redaporfin-PDT in combination with the antioxidant Toc (F), hypericin-PDT (G), and F2BOH-
PDT (H). Ctr represents untreated U2OS-KDEL-SBP-GFP cells with biotin addition. Scale bar: 10 lm.

I, J U2OS cells were incubated with redaporfin at the indicated concentrations for 20 h followed by washing and irradiation. Alternatively, irradiation was performed
immediately after addition of redaporfin to cells, thus generating ROS in the extracellular medium (extra*). For both protocols, supernatant was collected 6 h after
irradiation and submitted to the simultaneous analysis of an array of cytokine/chemokine biomarkers by means of a bead-based multiplex assay using the
Luminex technology. Analysis was performed with R software. In the heat map, green and red values indicate inhibition or stimulation of secretion when
compared to untreated cells.

Data information: Redp*, Hyp*, and F2BOH* indicate irradiated cells. Data are indicated as means � SD of triplicates of one representative experiment out of 2–4
repeats. Asterisks indicate significant differences with respect to untreated cells with biotin addition (Ctr). Hashes indicate significant differences for redaporfin-PDT in
the presence or absence of Toc. *P < 0.05, ***P < 0.001, ###P < 0.001 (two-way ANOVA).
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Discussion

Redaporfin exemplifies a novel agent introduced into PDT of cancer.

Remarkably, redaporfin distributes into specific compartments of

the cell, namely ER and GA, yet largely spares other organelles

including the nucleus, mitochondria, and lysosomes. Accordingly,

upon photoactivation, redaporfin causes a selective depletion of

ER- and GA-specific proteins (but does not affect the abundance of
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Figure 8. GA damage and inhibition of anterograde transport after redaporfin-PDT constitute an irreversible process.

A, B Recovery of GA morphology observed in U2OS-GALT1-GFP 3 h after extensive washing of cells treated with PDT with redaporfin (5 lM), LTX-401 (7 lg/ml, 1 h), and
oleate (500 lM, 6 h) (A), and its quantification that depicts the average area of GALT1+ Golgi structures per cell (B).

C–F Recovery of GA function evaluated by means of U2OS-KDEL-SBP-GFP cells (C). Cells were treated with PDT with redaporfin (5 lM), LTX-401 (10 lg/ml, 1 h), and
oleate (500 lM, 6 h) followed by extensive washing. Four hours later, biotin was added and GFP release was measured for cells treated with redaporfin-PDT (D),
LTX-401 (E), and oleate (F).

Data information: Redp* indicates irradiated cells. Data are indicated as means � SD of triplicates of one representative experiment out of 2–4 repeats. Asterisks indicate
significant differences with respect to untreated cells. Hashes indicate significant differences with respect to cells submitted to washout of the Golgi-disrupting agents,
***P < 0.001, ###P < 0.001 (two-way ANOVA). Scale bars: 10 lm.
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the actin cytoskeleton nor that of mitochondrial proteins).

Concomitantly, important morphological changes in the ER/GA

compartment were detected by electron microscopy or by measur-

ing the abundance and surface area of ER-/GA-specific proteins.

These effects are secondary to ROS production because they can be

largely prevented by the lipophilic antioxidant tocopherol. In

accord with the alteration in ER/GA structure and the depletion of

ER/GA proteins, PDT with redaporfin resulted in a dramatic disrup-

tion of ER/GA function leading to an irreversible inhibition of GA-

dependent protein secretion: Transport of model secretory cargos

monitored by the RUSH assay was strongly reduced, and the secre-

tion of endogenous cytokines by PDT-treated cancer cells was

blocked.

Redaporfin-PDT triggered signs of ER stress, namely the phos-

phorylation of eIF2a, the nuclear translocation of ATF6, and the

activation of the IRE1–XBP1 axis. Surprisingly, the phosphorylation

of eIF2a was mediated by EIF2AK1, which constitutes an important

difference to canonical ER stressors including the photosensitizer

hypericin (in response to which the phosphorylation of eIF2a was

mediated by EIF2AK3; Garg et al, 2012). The phosphorylation of

eIF2a was accompanied by a decrease in protein translation and

cytoprotection against redaporfin-PDT, as EIF2AK1 KO cells were

more sensitive to redaporfin-PDT than their wild-type counterparts.

Despite the phosphorylation of eIF2a, neither the activation of ATF4

nor that of DDIT3 was observed. Similar findings were recently

reported for different ICD drugs reinforcing the notion of the phos-

phorylation of eIF2a as an important ICD hallmark (Bezu et al,

2018). In line with this observation, other ICD hallmarks (such as

the exposure of CALR, the secretion of ATP, and the exodus of

HMGB1) were detected in response to redaporfin-PDT and, more

importantly, cells killed in vitro by redaporfin-PDT were able to

vaccinate mice against rechallenge with live cancer cells. In

summary, the present data indicate that redaporfin-PDT can be

classified as an ICD inducer.

Cells that were treated with redaporfin-based PDT manifested

traits of the intrinsic pathway of apoptosis, as indicated by the

translocation of cytosolic BAX to mitochondria and the mitochon-

drial release of the intermembrane protein SMAC, the partial depen-

dency of cell killing on caspases, BAX, and BAK, and nuclear

shrinkage. The observation that the knockout of BAX and BAK or

pretreatment with protease inhibitors failed to interfere with the

depletion of GA proteins upon redaporfin-mediated PDT supports

the notion that BAX/BAK-regulated mitochondrial apoptosis oper-

ates downstream of the ER/GA compartment.

Surprisingly, two strategies to disperse the GA or to inhibit GA

function (by means of brefeldin A or golgicide A) led to a reduction of

cell killing by photoactivated redaporfin. Concomitantly, brefeldin A

and golgicide A inhibited the mitochondrial translocation of BAX and

the release of SMAC from mitochondria. This observation supports

the idea that the phototoxic effects of redaporfin on cells involve a

hierarchy of organellar perturbations in which ER/GA operates

upstream of mitochondria. The exact molecular links that account for

this hierarchical relationship are elusive, requiring further in-depth

investigation. Cells expressing ER- or GA-targeted HRP and treated

with DAB/H2O2 exhibited local DAB precipitation before they died,

indicating that ER and/or GA perturbations are sufficient for cell

killing, perhaps due to the perturbation of GA trafficking (Jollivet

et al, 2007) and dynamics (Guizzunti & Seemann, 2016).

Importantly, the phototoxicity of redaporfin resembles the cyto-

toxic effects of LTX-401 in its mechanisms. LTX-401, a b-amino acid

derivative with no structural resemblance to redaporfin, specifically

targets GA, causing its vacuolization and dispersion. Moreover, the

capacity of LTX-401 to permeabilize mitochondria and to kill cells is

reduced upon pretreatment with brefeldin A (Zhou et al, 2016).

Hence, LTX-401 apparently activates a similar GA–mitochondrion

axis as does PDT with redaporfin. Nonetheless, the effects of LTX-

401 and PDT on the GA are different with respect to their morpho-

logical impact, the interception of secretory pathways, and their

duration. First, LTX-401 causes GA dispersion, while PDT with reda-

porfin rather entails GA contraction as detectable by fluorescent

biosensors. Second, LTX-401 does not block the anterograde trans-

port of secretory proteins from the ER to GA, while PDT does so.

Third, washing out LTX-401 from the system allows at least a frac-

tion of the cells to recover normal GA morphology and to resume

protein secretion, while PDT with redaporfin causes irreversible

perturbation of GA structure and function. Oleate, which has a mild

cytotoxic activity, essentially behaved like LTX-401, exemplifying

reversible GA dilatation and inhibition that was functionally undis-

tinguishable from the oncolytic compound. In contrast, PDT with

hypericin, a natural photosensitizer that also accumulates at the

ER/GA compartment (Ritz et al, 2008), strongly resembled the

phototoxicity of redaporfin in thus far that both PDTs were inhibit-

ing ER/GA function in a similar fashion.

Most reports that involve GA in cell death signaling are dealing

with neurodegenerative diseases (Passemard et al, 2017). For exam-

ple, cultured neurons from the central nervous system or dorsal root

ganglia degenerate while manifesting early cis-GA abnormalities

upon depletion of proteins involved in synaptic transmission (syn-

taxin-1, Munc18-1, SNAP-25) (Santos et al, 2017). Similarly, specific

removal of GA-relevant proteins can precipitate neurodegeneration

in mice (Liu et al, 2017). Systemic loss of neutral sphingomyelinase

(SMPD3) can cause dwarfism with chondrodysplasia due to GA

dysfunction that may be secondary to the altered metabolism of

ceramide and diacylglycerol (Stoffel et al, 2016). Hypoxia reportedly

compromises the survival and function of pancreatic b-cells by ER-

to-GA protein trafficking coupled to the depletion of proteins from

the coatomer protein complex (COP1; Bensellam et al, 2016).

Reportedly, GA contains anti-apoptotic proteins such as Golgi anti-

apoptotic protein (GAAP) also known as TMBIM4 (transmembrane

Bax (Bcl-2-associated X protein) inhibitor-1 motif-containing 4) that

acts as an ion channel to affect Ca2+ homeostasis (Carrara et al,

2015). Theoretically, the depletion of such a protein might precipi-

tate apoptosis. However, it appears that PDT causes a general rather

than specific destruction of ER/GA proteins, making it difficult to

link PDT to death via the reduction of one or few molecules. Indeed,

it is tempting to speculate that the irreversible inactivation of vital

organelles such as the ER or GA may cause cell death by multiple

redundant pathways rather than one single cascade of molecular

events. The activation of the mitochondrial pathway of apoptosis is

one of these pathways. However, even the double inactivation of

BAX and BAK, caspase inhibition with Z-VAD-fmk, and calcium

chelation with BAPTA-AM were unable to fully prevent cell death,

supporting the concept of redundancy in lethal signaling.

Altogether, this work underscores a novel effect of PDT that

involves the irreversible inactivation of ER/GA compartments.

Whether the consequent inhibition of trophic (and potentially
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pro-carcinogenic and pro-metastatic) factors may contribute to the

therapeutic efficacy of PDT remains an open possibility.

Materials and Methods

Cell culture and reagents

Human osteosarcoma U2OS, U2OS biosensor cells (GALT1-GFP,

CALR-GFP, GFP-ATF4, GFP-ATF6, XBP1-DDBD-Venus (XBP1-GFP),

BAX-GFP, SMAC-GFP), TC1, HeLa, A549, and HCT116 were

cultured in Dulbecco’s modified Eagle’s medium (Thermo Fisher

Scientific, Carlsbad, CA, USA) supplemented with 10% fetal bovine

serum (Gibco� by Life Technologies), 1% non-essential amino acids

(Thermo Fisher Scientific), 1% HEPES (Thermo Fisher Scientific),

and 1% penicillin/streptomycin (Thermo Fisher Scientific) in a

humidified incubator with 5% CO2 at 37°C. Redaporfin (LUZ11) and

F2BOH were provided by Luzitin SA (Coimbra, Portugal). LTX-401

was from Lytix Biopharma (Tromsø, Norway) and oleate from

Larodan (Solna, Sweden). Hypericin (≥ 85% purity, H9252), tuni-

camycin (T7765), thapsigargin (T9033), mitoxantrone (M6545),

brefeldin A (B6542), quinacrine (Q3251), tocopherol (T3251), mena-

dione (M5625), cycloheximide (C4859), 3,30-diaminobenzidine

(D5905), and H2O2 solution (H1009) were purchased from Sigma-

Aldrich (St Louis, MO, USA), and golgicide A was from Tocris

Bioscience (Bristol, UK). Primary antibodies against CALR (ab2907),

TOMM20 (ab78547), GBF1 (ab86071), GM130 (ab52649), ERp57

(ab10287), and actin-HRP (ab49900) were purchased from Abcam

(Cambridge, UK). Antibodies for PERK (3192S), P-eIF2a (Ser51)

(ab32157), eIF2a (9722S), and P-histone H2AX (9720) came from

Cell Signaling Technology (Danvers, MA, USA) and the antibody

against B4GALT1 (PAB20512) from Abnova (Taipei, Taiwan).

Secondary Alexa Fluor� 488- or 647-labeled antibodies and the

chemical dyes Hoechst 33342, MitoTracker� Green, and CellROX�

Green are from Life Technologies (Carlsbad, CA, USA).

Assessment of redaporfin subcellular accumulation

The subcellular distribution of redaporfin was monitored by assess-

ing its autofluorescence at 750 nm (Arnaut et al, 2014). U2OS cells

or U2OS biosensors stably expressing GALT1-GFP or CALR-GFP

were seeded in 96-well plates (Greiner Bio-One, Kremsmünster,

Austria). After 24 h, cells were incubated with redaporfin for an

additional 20 h, followed by washing three times. Mitochondrial

staining was performed in U2OS cells by incubating cells with

100 nM MitoTracker� Green for 1 h at 37°C. Then, the nucleus was

counterstained with 4 lM Hoechst 33342 for 15 min at 37°C, cells

were washed three times with PBS, and images were immediately

acquired. Lysosomes were visualized by staining cells with 5 lM of

quinacrine and 4 lM Hoechst 33342 in Krebs–Ringer solution

(125 mM NaCl, 5 mM KCl, 1 mM MgSO4, 0.7 mM KH2PO4, 2 mM

CaCl2, 6 mM glucose, and 25 mM HEPES, pH 7.4), for 30 min at

37°C. Thereafter, cells were rinsed in Krebs–Ringer solution and

images were immediately acquired. For the biosensor cell lines

U2OS-GALT1-GFP and U2OS-CALR-GFP, cells were fixed with

paraformaldehyde (PFA) 3.7% (w/v) in PBS supplemented with

Hoechst 33342 (2 lM), at room temperature (RT), for 45 min. Upon

fixation, PFA was substituted with PBS and analysis was performed

by fluorescence microscopy. Images were acquired using an

ImageXpress Micro XL automated bioimaging system (Molecular

Devices, Sunnyvale, CA, USA) equipped with a PlanApo 20X/0.75

NA objective (Nikon, Tokyo, Japan). Pearson correlation coefficient

was determined by means of a colocalization algorithm previously

developed in R software (Sauvat et al, 2017).

Subcellular fractionation

U2OS cells were seeded in 175-cm2 flasks (Greiner Bio-One) and

allowed to adapt for 24 h. Thereafter, the cells were incubated with

redaporfin for an additional 20 h, rinsed thrice with cold PBS (pH

7.4), collected with a cell scraper in harvesting buffer (PBS, pH 7.4;

1 mM HEPES; 1 mM EDTA), and centrifuged at 800 g for 5 min.

The obtained pellet was submitted to specific protocols for the

extraction of mitochondria, ER, or GA fractions.

For mitochondrial isolation (Hangen et al, 2015), the pellet was

resuspended in harvesting buffer, subjected to 10-min incubation on

ice, and subsequently ground 100 times on ice using a Dounce

homogenizer and centrifuged at 700 g for 10 min. The supernatant

was recovered and centrifuged at 10,000 g for 30 min to obtain the

cytosolic fraction. The pellet was further washed with ice cold PBS

and centrifuged for 5 min at 450 g. After centrifugation, the pellet

was resuspended in 1 ml of cold isolation buffer B (75 mM sucrose;

20 mM HEPES; 225 mM mannitol; 0.5 mM EDTA, pH 7.2), placed

on ice and ground 100 times using a Dounce homogenizer, and then

centrifuged at 750 g for 20 min. The supernatant was re-centrifuged

at 10,000 g for 10 min to obtain the mitochondrial pellet, which was

solubilized in water.

The Golgi fraction was obtained by means of the Golgi isolation

kit (GL 0010-1KT) from Sigma-Aldrich according to the manufac-

turer’s instructions with slight adaptations. Briefly, the cell pellet

was resuspended in 0.25 M sucrose and subsequently homogenized

with a Dounce homogenizer and then centrifuged at 3,000 g for

15 min. The sucrose concentration was then adjusted to 1.25 M by

adding 2.3 M sucrose solution. In an ultracentrifuge tube, a discon-

tinuous gradient of sucrose was carefully built in the following order

of sucrose concentration: 1.84 M, 1.25 M (sample), 1.1 M, and

0.25 M. The tubes were centrifuged at 120,000 g for 3 h at 4°C in an

Optima Max-XP ultracentrifuge (Beckman Coulter, Brea, CA, USA),

and the Golgi fraction was collected at the 1.1 M/0.25 M sucrose

interphase.

ER-enriched fractions were obtained by using the ER isolation kit

(ER 0100-1KT) from Sigma-Aldrich according to the manufacturer’s

instructions. Briefly, the cell pellet was resuspended in extraction

buffer (10 mM HEPES, 250 mM sucrose, 25 mM potassium chlo-

ride, 1 mM EGTA, pH 7.8) provided by the kit and subsequently

homogenized with a Dounce homogenizer followed by a first

centrifugation at 1,000 g for 10 min and a second at 12,000 g for

15 min in order to remove nuclei, cell debris, mitochondria, and

lipids. The supernatant fraction was then centrifuged at 100,000 g

for 60 min at 4°C in an Optima Max-XP ultracentrifuge (Beckman

Coulter). The pellet containing ER was resuspended in the extrac-

tion buffer, and full dissolution was attained with the help of a

Dounce homogenizer.

The purity of each fraction was tested by immunoblotting of

organelle-specific proteins, namely TOMM20 for mitochondria,

B4GALT1 for GA, and CALR for ER.
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Western blot analysis

Cells were harvested and the obtained pellet was resuspended in

RIPA buffer (89900; Thermo Fisher Scientific) supplemented with

phosphatase and protease inhibitors (88669; Thermo Fisher Scien-

tific) followed by sonification. Protein content was measured by

DCTM Protein Assay kit (5000112; Bio-Rad, Hercules, CA, USA), and

20 lg of protein was mixed with NuPAGE� LDS sample buffer 4×

and NuPAGE� sample reducing agent 10× (NP0008 and NP 0009;

Life Technologies) followed by denaturation at 100°C for 10 min.

Proteins were separated by polyacrylamide gel electrophoresis

(PAGE) using 4–12% Bis-Tris precast gels (Life Technologies) in

MES running buffer (Life Technologies) and then transferred to

polyvinylidene difluoride (PVDF) membrane (Merck Millipore,

Billerica, Massachusetts, US) using a Tris–glycine buffer (Life Tech-

nologies) with 20% of ethanol. In order to reduce unspecific

binding, membranes were incubated for 1 h with a mixture of Tris-

buffered saline (TBS; Life Technologies) and Tween-20 (0.1%)

(Sigma-Aldrich) supplemented with 5% of bovine serum albumin

(BSA) (Euromedex, Souffelweyersheim, France). Membranes were

then incubated with the primary antibody overnight at 4°C followed

by incubation with the appropriate secondary antibody conjugated

to horseradish peroxidase (Southern Biotech, Birmingham, AL,

USA) for 1 h at room temperature. After washing, proteins were

revealed with ECL (GE Healthcare Life Sciences, Chicago, IL, USA).

Chemiluminescence images were acquired with an ImageQuant LAS

4000 imaging system (GE Healthcare Life Sciences, Chicago, IL,

USA). Beta-actin was used for loading control. Densitometry analy-

sis was carried out using Quantity One software (Bio-Rad), and data

are presented after normalization to untreated cells.

High-pressure liquid chromatography (HPLC)–UV detection of
redaporfin on organelle-enriched fractions

A RRLC 1260 system coupled to a diode array detector, G1315C

(Agilent Technologies, Santa Clara, CA, USA), was used for HPLC-

UV analysis. Briefly, 5 ll of each subcellular fraction was injected

into a Zorbax Eclipse Plus C18 column (100 mm × 2.1 mm, particle

size 1.8 lm) protected by a XDB-C18 guard column (5 mm ×

2.1 mm, particle size 1.8 lm) and heated at 40°C. The flow rate was

set to 0.3 ml/min, and a mobile phase gradient of water with acetic

acid (AC; Sigma-Aldrich) and acetonitrile (AN; Sigma-Aldrich) was

used that included an initial step of 1 min in 80% AC and 20% AN

followed by a gradual increase in AN until 95%. Redaporfin was

detected at a wavelength of 750.16 nm with two additional

measurements, at 300.16 nm and 550.16 nm, used as qualifiers. A

diode array detector was used to acquire complete UV spectra, and

spectrum from pure compound was used as reference. Area integra-

tion of the peak attained at 750.16 nm (registered approximately at

15 min) was done with the software MassHunter Qualitative Analy-

sis B.07.00 (Agilent Technologies).

Photodynamic therapy

U2OS or the U2OS biosensor cell lines were seeded into black

96-well plates (Greiner Bio-One) and allowed to adapt for 24 h.

Cells were then incubated with the photosensitizers redaporfin,

F2BOH, or hypericin in the concentration range of 0.313–10 lM

(0.07–2.2 lg), 1.25–40 lM (0.27–8.7 lg), and 0.313–10 lM (0.03–1 lg),
respectively. After 20 h of incubation, cells were washed and the

photosensitizers were activated with adequate light sources. Reda-

porfin (LUZ11) and F2BOH (LUZ10) photoactivation was performed

at 750 nm with a light-emitting diode (LED) from Marubeni (model

L740-66-60-550). A light dose (LD) of 0.075 J/cm2 or 1.2 J/cm2 was

delivered, respectively, to redaporfin and F2BOH, with the exception

of viability studies in which a LD of 0.2 J/cm2 (redaporfin) and 2 J/

cm2 (F2BOH) was applied. Hypericin photoactivation was carried

out with a GU10 LED, 1.5W 220–240 V, covered with a filter that

results in a peak at 583 nm. A LD of 0.3 J/cm2 was delivered.

Untreated cells, cells incubated with the photosensitizer (at the

highest tested concentration) without photoactivation, and cells

submitted to light (in the absence of the photosensitizer) were

included in all experiments as negative controls. All inhibitors such

as tocopherol (Toc; 250 lM), brefeldin A (BFA; 5 lg/ml), golgicide

A (GCA; 5 lM), Z-VAD-fmk (ZVAD; 50 lM), or PD150606 (PD;

40 lM) were added to the cells for an additional period of 4 h before

cell irradiation and let presented until the end of the assay. The abil-

ity of Toc to protect ER/GA compartments from PDT-induced ROS

was evaluated in cells co-incubated with redaporfin and Toc (1 mM)

for 20 h. Afterward, cells were irradiated, and 6 h later, ER and GA

proteins were evaluated by immunoblot as mentioned above.

For viability studies, U2OS, A549, HeLa, or HCT116 cells, incu-

bated for 6 h post-irradiation (0.2 J/cm2), were double-stained with

the vital dye propidium iodide (0.5 lg/ml) and the chromatin dye

Hoechst 33342 (2.5 lg/ml) for 20 min followed by immediate live

cell acquisition (Senovilla et al, 2017). All tested biosensor cell lines

were fixed, 6 h post-irradiation, with paraformaldehyde (PFA) 3.7%

(w/v) in PBS supplemented with Hoechst 33342 (2 lM), at RT for

45 min. Upon fixation, PFA was rinsed with PBS and analysis was

performed by fluorescence microscopy by means of an ImageXpress

Micro XL automated bioimager (Molecular Devices) equipped with

a PlanApo 20X/0.75 NA objective (Nikon). A minimum of four

images were taken per well.

Treatment with LTX-401

Cells were seeded into black 96-well plates. Twenty-four hours later,

cells were incubated with LTX-401 diluted in complemented

medium. Of note, the presence of serum partially decreased the toxi-

city of LTX-401, which allowed to study its effects on Golgi

morphology.

Immunofluorescence staining

Six hours after PDT treatment, cells were fixed in PFA 3.7% (w/v)

in PBS containing 2 lM Hoechst 33342, for 45 min at RT. Then,

cells were permeabilized using 0.1% Triton in PBS for 5 min at RT.

Unspecific binding was reduced by incubating cells with 2.5% BSA

in PBS for 30 min at RT followed by incubation with the primary

antibody overnight at 4°C. Afterward, cells were rinsed three times

with PBS and further incubated with Alexa Fluor�-coupled

secondary antibody (AF488 or AF647) for 1.5 h at RT (Pietrocola

et al, 2015). After washing three times with PBS, images were

acquired using an ImageXpress Micro XL automated bioimager

(Molecular) equipped with a PlanApo 20X/0.75 NA objective

(Nikon). A minimum of four images were taken per well.
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Transmission electron microscopy

U2OS cells (2 × 106) were seeded in petri dishes (Greiner Bio-One)

and let to adapt for 24 h. Redaporfin (5 lM) was added and

photoactivation was performed as mentioned above. Six hours later,

cells were fixed in 1.6% glutaraldehyde (v/v in 0.1 M phosphate

buffer) for 1 h, collected by scraping from the petri dish, and centri-

fuged, and the pellet was post-fixed with 1% osmium tetroxide

(w/v in 0.1 M phosphate buffer) for 2 h. Following dehydration

through a graded ethanol series, cells were embedded in EponTM 812

and ultrathin sections were stained with standard uranyl acetate

and lead citrate (Fortunato et al, 2016). Images were acquired using

a Tecnai 12 electron microscope (FEI, Eindhoven, the Netherlands).

CRISPR-mediated gene editing

U2OS cells were seeded in 6-well plates and let to adapt for 24 h.

Cells were then transfected by means of Lipofectamine with CRISPR

plasmids (Sigma, 5U6gRNA-Cas9-2A-RFP) specific for each eIF2a
kinase, namely EIF2AK1, EIF2AK2, EIF2AK3, and EIF2AK4. Red flu-

orescent protein (RFP)-positive clones were generated by single-cell

sorting using a FACSARIA III cytofluorometer (Becton Dickinson,

San José, CA, USA). Validation of clones was performed by immu-

noblot using specific antibodies for each kinase.

Evaluation of protein translation

U2OS cells were seeded in black 96-well plates and let to adapt for

24 h. Redaporfin was then added to cells and incubated for 20 h

followed by washing with methionine-free DMEM with dialyzed

FBS and 30 min of incubation with Click-iT� AHA (L-azidohomoala-

nine) reagent (Invitrogen, C10289) diluted in the same medium. At

0.5, 3, or 6 h after irradiation, cells were fixed with 3.7% PFA

containing 2 lM Hoechst 33342 followed by blocking with 3% BSA

and permeabilization with 0.1% Triton X-100. Incubation with

Click-iT� reaction cocktail that contains Alexa Fluor� 488 alkyne

was then performed during 30 min followed by wash and image

acquisition. Cycloheximide (50 lM) was included as positive

control of inhibition of protein synthesis.

Anticancer vaccination experiments

Anticancer vaccination experiments were performed by killing TC1

cells in vitro with redaporfin (5 or 10 lM)-mediated PDT as

mentioned above. One and a half hours post-irradiation, TC1 cells

(500,000) were injected into the left flank of immunocompetent C57/

BL6 mice. One week later, mice were rechallenged with untreated,

live TC1 cells (250,000), on the opposite flank. Control animals were

vaccinated with an equivalent volume of PBS. Tumor incidence was

routinely monitored thereafter. All mice were kept in a pathogen-

free, environmentally controlled animal facility with 12-h light/dark

cycles and had food and water ad libitum. All animal experiments

were performed in compliance with the EU Directive 63/2010 and

specific ethic protocol (Protocol 2354-2015102013453410 v2 that was

approved by the Ethical Committee of the Gustave Roussy Campus

Cancer, CEEA IRCIV/IGR no. 26, registered at the French Ministry of

Research). Six- to eight-week-old female wild-type C57BL/6 mice

were obtained from ENVIGO France (Gannat, France).

Organelle-targeted horseradish peroxidase (HRP)

U2OS or HeLa cells were seeded in 6-well plates and let to adapt for

24 h. Cells were then transfected by means of Lipofectamine with

plasmids coding for HRP coupled with a signal sequence for GA

(mannosidase II, ManII) or ER (CD74; Jollivet et al, 2007). pCD74-

HRP (ER-HRP) was generated by ligating a PCR product amplifying

CD74 into the restriction sites EcoRI and AgeI of pManII-HRP,

thereby replacing ManII. The same restriction sites were used to

excise ManII from pManII-HRP, and by blunting and re-annealing,

pHRP was generated (cyt-HRP).

Transfected cells were selected for 2 weeks under the continuous

presence of geneticin (G418, 1 mg/ml). Clones were generated by

single-cell sorting by means of a FACSARIA III cytofluorometer (Bec-

ton Dickinson). HRP-positive clones were selected by immunofluores-

cence staining based on the colocalization of HRP with the targeted

organelle, namely GA (GALT1 staining) or ER (CALR staining).

Cross-linking of the targeted organelle was achieved by incubating

cells with 3,30-diaminobenzidine (DAB, 0.3 mg/ml) in the presence

of H2O2 (0.003%) for 24 h at 37°C. DAB precipitates were assessed

by transmitted light microscopy, whereas cell viability was assessed

by fluorescence microscopy upon staining with PI and Hoechst.

Clonogenic assay

U2OS cells were treated by redaporfin-PDT in 96-well plates as

previously described. Cells were then detached with 100 ll trypsin,
and 1,000 cells of each condition were transferred to 6-well plates

and were incubated under normal culture conditions for 7 days.

Colonies were then fixed and stained with crystal violet staining

solution according to standard procedures before counting using the

freely available software ImageJ (https://imagej.nih.gov/ij/).

Evaluation of retrograde protein transport through the retention
using selective hooks (RUSH) system

U2OS cells were firstly transduced with lentiviral particles coding

for the ER-hook comprising streptavidin (Strep) fused to KDEL-neo

(ER-luminal localization signal). U2OS-KDEL-Strep clones were

selected by G418 (0.5 mg/ml), and validation was carried out by

immunostaining with an anti-streptavidin antibody (Santa Cruz, sc-

52234). Then, the reporter plasmid that contains a model secretory

protein composed of a signal peptide and streptavidin-binding

peptide (SBP) fused to an EGFP moiety (pCDH-ER-SBP-GFP) was

stably introduced into the previously selected U2OS-KDEL-Strep

cells also by means of lentiviral transduction. U2OS-KDEL-SBP-GFP

clones were then selected by G418 and 0.25 mg/ml hygromycin B

(Invivogen, San Diego, CA, USA) and further validated by immuno-

staining with anti-streptavidin antibody before and after biotin

(40 lM) addition. Biotin triggers the release of the SBP-GFP from

the hook and allows its anterograde transport from the ER to the GA

before its secretion to the extracellular milieu. U2OS-KDEL-SBP-GFP

cells were treated by PDT using the photosensitizers redaporfin,

hypericin, or F2BOH as previously described. Cells were also treated

with LTX-401 for 1 h and oleate for 3 h at several concentrations.

Positive and negative controls included BFA and MTX, which were

used at several concentrations for 2 and 6 h, respectively. Following

the treatment (without removing the toxic agents), biotin (40 lM)
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was added to U2OS-KDEL-SBP-GFP cells, and 0.5 h, 2 h, and 4 h

later, cells were fixed with PFA 3.7% (w/v) in PBS containing 2 lM
Hoechst 33342, for 45 min at RT. Cells were then rinsed with PBS

and images were acquired. Golgi recovery experiments were

conducted by treating the biosensor cells U2OS-GALT1-GFP and

U2OS-KDEL-SBP-GFP with redaporfin-PDT, LTX-401, and oleate as

mentioned above. In order to remove the toxic agents, cells were

washed extensively and then kept under normal culture conditions

for an additional 4 h. Afterward, U2OS-GALT1-GFP cells were fixed

and biotin was added to U2OS-KDEL-SBP-GFP cells as previously

described.

Quantification of cytokines

U2OS cells were treated with redaporfin-PDT as mentioned before.

Alternatively, cells were submitted to light irradiation immediately

after addition of redaporfin. The latter protocol is expected to gener-

ate ROS extracellularly, at the level of the cell culture medium, and

not at the ER/Golgi compartments. For both protocols, supernatant

was collected 6 h after irradiation and submitted to the simultane-

ous analysis of an array of cytokine/chemokine biomarkers by

means of a bead-based multiplex assay, Milliplex� Map Kit (Merck

Millipore), according to the manufacturer’s instructions. Briefly,

25 ll of each sample, standards and controls were added to one

plate, followed by addition of antibody-fluorescently labeled beads

and overnight incubation at 4°C. Wells were then washed and detec-

tion antibodies provided by the kit were added for 1 h at RT follow-

ing the addition of streptavidin–phycoerythrin, for 30 min at RT.

Finally, wells were washed and immediately read on a FlexMap 3D

(Thermo Fisher Scientific). Data were analyzed using R software

(https://cran.r-project.org/). The average of triplicates was calcu-

lated resulting in a data set of 28 parameters for nine conditions.

This set was then centered and scaled to unit variance and subjected

to principal component analysis (PCA), from which four uncorre-

lated linear combinations were kept, explaining 90% of total inertia.

An automated clustering was thereafter performed on these four

main components using the K-means method.

Image and statistical analyses

Image segmentation and analysis were performed with the Meta-

Xpress� software (Molecular Devices). Dead cells and debris were

excluded from the analysis by using R software. Graphs were built

with R software or with GraphPad Prism, and data are presented as

mean � SD (or SEM if mentioned). Statistical analyses were

performed using one- or two-way ANOVA with GraphPad Prism.

Expanded View for this article is available online.
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