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Abstract
We previously showed that fluorizoline, a fluorinated thiazoline compound, binds to both subunits of the mitochondrial pro-
hibitin (PHB) complex, PHB1 and PHB2, being the expression of these proteins required for fluorizoline-induced apoptosis 
in mouse embryonic fibroblasts. To investigate the conservation of this apoptotic mechanism, we studied the effect of PHB 
downregulation on fluorizoline activity on two human cell lines, HEK293T and U2OS. Then, we asked whether PHBs medi-
ate the effect of fluorizoline in a multicellular organism. Interestingly, reduced levels of PHBs in the human cells impaired 
the induction of apoptosis by fluorizoline. We observed that fluorizoline has a detrimental dose-dependent effect on the 
development and survival of the nematode model Caenorhabditis elegans. Besides, such effects of fluorizoline treatment in 
living nematodes were absent in PHB mutants. Finally, we further explored the apoptotic pathway triggered by fluorizoline in 
human cell lines. We found that the BH3-only proteins NOXA, BIM and PUMA participate in fluorizoline-induced apoptosis 
and that the induction of NOXA and PUMA is dependent on PHB expression.
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Introduction

 One of the main alterations driving the processes of tumo-
rigenesis, malignization and tumour resistance to treatment 
is cell death resistance [1]. Although resistance to cell death 
can be caused by multiple mechanisms, mutations in the 
tumour suppressor p53 are found in more than 50% of the 
tumours [2]. Thus, the development of drugs that can cause 
cell death in a p53-independent manner is of key importance.

In previous studies, we described the synthesis of a new 
family of compounds, fluorinated thiazolines, that could 
trigger apoptosis independently of p53 mutational status [3]. 

Among this family of compounds we focused on the analy-
sis of fluorizoline, due to its higher pro-apoptotic activity. 
fluorizoline treatment results in the induction of apoptosis 
in all cancer cell lines with different origin analysed and, 
importantly, in primary cells from various haematological 
malignancies [3–6].

We demonstrated that fluorizoline specifically binds to 
prohibitins (PHB) 1 and PHB2 [3]. Depletion of PHBs in 
mouse embryonic fibroblasts (MEF) blocked the induction 
of apoptosis by this compound [7]. Different drugs interact 
with PHBs and show potential to treat various diseases [8]. 
PHBs are highly conserved proteins mainly located in the 
inner mitochondrial membrane (IMM), where they form 
large multimeric ring-like complexes, although they can also 
be found in the plasma membrane or in the nucleus [9–12]. 
PHBs are involved in multiple processes throughout the 
cell, including signal transduction in the plasma membrane, 
transcriptional regulation in the nucleus and control of sev-
eral mitochondrial functions, such as mitochondrial protein 
quality control, maintenance of mitochondrial ultrastructure, 
stability of mitochondrial DNA or mitophagy [13–16].
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PHBs were first shown to prevent cell cycle progression 
(hence prohibitins), and since then they have been shown 
to prevent the growth of certain tumours [17, 18]. Despite 
this possible tumour suppressor role, other studies indicate 
that PHBs participate in cell growth and metastasis [19–21]. 
In accordance, PHB downregulation can impair cell prolif-
eration and increase the sensitivity of the cell to undergo 
apoptosis [22]. Thus, the role of PHBs in the survival or 
induction of apoptosis of cancer cells remains controversial 
and might depend on the origin of the tumour [10].

In addition, we showed that fluorizoline-induced apopto-
sis uses the intrinsic apoptotic pathway and implies altera-
tions in the expression of BCL-2 family proteins. The BH3-
only proteins NOXA and BIM were found to participate in 
fluorizoline-induced apoptosis by the mitochondrial pathway 
in MEF and HeLa cells [7].

Here we analyse the importance of PHBs for fluorizoline-
induced apoptosis in cell lines from human origin and in the 
multicellular organism Caenorhabditis elegans, which has 
been previously used to study the physiological role of PHBs 
[23]. Moreover, we further study the mechanism of action 
of fluorizoline and show that the BH3-only proteins NOXA 
and BIM, but also PUMA, can participate in the induction of 
apoptosis by this compound in two human cell lines.

Materials and methods

Reagents

Fluorizoline was synthesized as described previously 
[3]. Q-VD-OPh was purchased from R&D systems (Min-
neapolis, Minnesota, USA). CCCP was purchased from 
Sigma-Aldrich (Saint Louis, Missouri, United States). 
MitoTracker™ Deep Red FM was purchased from Thermo 
Scientific, (Waltham, Massachusetts, USA).

Cell lines culture

HEK293T and U2OS cells were grown in DMEM com-
plemented with 10% FBS, 2 mM l-glutamine, 100 U/mL 
penicillin, and 100 ng/mL streptomycin (all from Biological 
Industries, Beit Haemek, Israel). All cell lines were main-
tained at 37 °C in a humidified atmosphere containing 5% 
CO2.

Flow cytometry

Phosphatidylserine exposure was used to determine cell 
viability. Cells were washed with PBS, pelleted, and then 
incubated with annexin binding buffer containing Annexin 

V-APC (Becton Dickinson Biosciences, Franklin Lakes, 
New Jersey, USA) for 15 min in the dark. Then, samples 
were analysed by flow cytometry using FACSCanto and 
FACSDiva software (Becton Dickinson Biosciences). Data 
represent the percentage of non-apoptotic cells (Annexin 
V-negative).

Transient transfection

For RNA interference, cells were transfected using Lipo-
fectamine RNAiMAX reagent (Thermo Fisher). DMEM 
was replaced with OptiMEM (Gibco, Thermo Fisher) and 
complexes were added into cells dropwise and incubated 
for 4–6 h and then replaced again by fresh DMEM. The 
specific small interference RNAs (siRNAs) used were BAK 
(HSS141354, HSS141355, HSS141356), BAX (HSS184085, 
HSS184086, HSS184087), PUMA  (HSS146893, 
HSS146894, HSS146895), PHB1 (HSS182281) and PHB2 
(HSS117606) (Thermo Fisher).

Cell line generation by CRISPR/Cas9

 NOXA and BIM deficient pools of HEK293T and U2OS 
cells and PHB2−/+ HEK293T cells were generated as 
described by Ran et al. [24]. We designed short guide RNAs 
(sgRNA) to target NOXA (5′-TCG​AGT​GTG​CTA​CTC​AAC​
TC-3′), BIM (5′-CTC​CAA​TAC​GCC​GCA​ACT​CT-3′) and 
PHB2 (5´ TGG​GTC​GAG​ACA​ACA​CTC​GC 3′) loci. These 
guides were cloned into the pSpCas9(BB)-2A-Puro vector 
(supplied by Adgene, Watertown, MA, USA), which encodes 
the guides under the regulation of an RNA polymerase III 
promoter, the Cas9 endonuclease and a puromycin resist-
ance element. Cells were transfected with Lipofectamine 
LTX for 48 h and then treated with 5 µg/mL puromycin to 
select edited cells. Puromycin was removed 24 h after the 
treatment, and then cells were allowed to recover. For the 
selection of the PHB2−/+ HEK293T clone, individual cells 
were sorted into 96-well plates containing 200 µL of com-
plete medium/well using a FACSAria cell sorter (Becton 
Dickinson Biosciences).

Stable expression of shPHB

We generated lentiviral particles by transfecting HEK293T 
cells with the Tet-pLKO-puro vector containing the 
sequence of an antisense short hairpin RNA (shRNA) target-
ing PHB2 (5′-GAC​AGA​GAG​GGC​CAA​GGA​CCT​CGA​GGT​
CCT​TGG​CCC​TCT​CTG​TC-3′) transcribed under a doxycy-
cline promoter. Furtherly, PHB2−/+ HEK293T cells were 
infected with these viral particles and cells were selected for 
resistance with 5 µg/mL puromycin.
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Western blot

Pelleted cells were lysed with Laemmli sample buffer and 
protein quantification was performed with the Micro BCA 
Protein Assay Reagent kit (Pierce, Rockford, Illinois, USA). 
15–30 µg of the protein samples were reduced by the addi-
tion of DTT and then loaded into a polyacrylamide gel and a 
125-mV current was applied. For the transfer, Immobilon-P 
membranes (Millipore, Billerica, Massachusetts, USA) were 
used. Membranes were blocked with 5% (w/v) non-fat milk 
in Tris-buffered saline with Tween® 20 and then incubated 
with the specific primary antibodies overnight at 4 °C. Then, 
primary antibodies were removed, and membranes were 
incubated with secondary antibodies conjugated with horse-
radish peroxidase system (from GE Healthcare, Amersham, 
United Kingdom). Antibody binding was detected using 
enhanced chemiluminescence detection (GE Healthcare). 
The primary antibodies used were PHB1 (H-80, Santa Cruz, 
Dallas, Texas, USA), PHB2 (07-234, Millipore, Burlington, 
Massachusetts, USA), α-Tubulin (CP06, Millipore), PARP 
(9542, Cell Signalling technology, Danvers, Massachusetts, 
USA), Cleaved caspase 3 (67341A, Pharmingen, Beckton 
Dickinson), β-Actin (A5441, Sigma-Aldrich), BAK (06-536, 
Millipore), BAX (sc-493, Santa Cruz), OPA1 (612607, BD 
Biosciences) NOXA (ab13654, Abcam, Cambridge, United 
Kingdom), PUMA (4976, Cell Signalling), BIM (2933, 
Cell Signalling) and BCL-XL (B22630, Becton Dickinson 
Biosciences).

Caenorhabditis elegans maintenance and treatment 
with fluorizoline

Bristol N2 was used as wild type (WT) strain and MRS56: 
phb-2(tm2998)/mln1[dpy-10(e128) mIs14(Pmyo-2::GFP)]II 
as phb-2 deletion mutants. Worms were cultured following 
standard maintenance conditions [25]. Briefly, worms were 
maintained in nematode growth media (NGM) agar plates 
seeded with OP50 strain of Escherichia coli as food source 
at 20 °C.

For fluorizoline treatment, 175 µL of 20× concentrated 
drug was added on top of 35-mm NGM agar plates minimum 
3 h prior to the worm addition, to let fluorizoline diffuse. 
Worms were synchronized following sodium hypochlorite 
treatment [26], once all L1 hatched, they were seeded onto 
fluorizoline plates and let at 20 °C until scoring was made. 
Pictures were taken with Zeiss Axiocam ERc 5-s camera 
(Zeiss, Oberkochen, Alemania) under the Zeiss Stemi 305 
stereomicroscope at 10× and 40× magnification. Around 
200 worms per condition were used in each of the 3 bio-
logical replicates. For survival assays, the number of alive 
worms were counted after two days on plate. For develop-
mental assays, due to the different developmental timing of 
phb-2 mutants, L4 stage worms were counted when animals 

reached the L4 larval stage in the respective control plates. 
For WT animals L4s were scored on the second day an on 
the fourth day for phb-2 mutants.

Worm sorting

Synchronized L1 larvae were sorted using the flow cytom-
eter COPAS (Complex Object Parametric Analyzer and 
Sorter) Biosort system. A sheath flow rate of 9.5 mL/min 
and worm concentration of 20–40 events/sec was maintained 
during sorting. To select homozygous phb-2 deletion ani-
mals (non-GFP in the pharynx) from a mixed population 
of balanced heterozygous animals (GFP expression in the 
pharynx), green Peak Width vs. green Peak Height param-
eters was viewed, to enable the visualization of the differ-
ent populations of worms. Non-GFP animals were sorted. 
WT N2 animals were also sorted to keep both strains under 
exactly the same conditions. Homozygous PHB deletion 
mutants from balanced heterozygous mothers develop into 
sterile adults due to maternal contribution [27].

Reverse transcriptase multiplex ligation‑dependent 
probe amplification (RT‑MLPA)

SALSA MLPA KIT (R011-C1) from MRC-Holland (Amster-
dam, The Netherlands) was used to analyse relative mRNA 
expression of apoptosis-related genes. For these experiments, 
200 ng RNA were reverse transcribed into cDNA with the 
specific primers. cDNA was annealed overnight at 60 °C to 
the RT-MLPA probe mix and, after that, oligonucleotides 
were ligated with Ligase-65 (MRC Holland, Amsterdam, 
Netherlands) and incubated at 54 °C for 15 min. PCR of the 
products was performed with FAM-labelled primers (35 
cycles, 30 s at 95 °C; 30 s at 60 °C, and 1 min at 72 °C). The 
amplification products were separated by capillary electro-
phoresis on a 48-capillary ABI-Prism 3730 Genetic Analyzer 
(Applied Biosystems, California, USA). Coffalyser software 
(MRC Holland) was used to determine peak area. mRNA 
peak values are represented relative to total mRNA to nor-
malise for variations of the intensity between samples. β-2-
Microglobulin expression was used for normalisation.

Statistical analyses

Statistical analyses were performed with GraphPad Prism 
6.0c Software Inc (Graph Pad Software, San Diego, Cali-
fornia, USA). Results are represented by mean ± standard 
deviation (SD) or standard error of the mean (SEM) of at 
least three independent experiments unless stated otherwise. 
For simple comparisons, two-tailed Student’s t test was used 
and for multiple comparisons two tailed ANOVA with Tuk-
ey’s post-hoc test. P values inferior to 0.05 were considered 
statistically significant (*p < 0.05; **p < 0.01; ***p < 0.001).
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Results

PHBs are required for fluorizoline‑induced 
apoptosis in human cell lines

Previous results from our group, using either conditional 
knock-outs (KOs) or siRNA-mediated downregulation of 
PHBs, indicated that reduction of PHB expression conferred 
MEF resistance to fluorizoline-treatment [7]. We sought to 
study which was the effect of PHB downregulation in cell 
lines from human origin. We decided to use human embry-
onic kidney (HEK293T) and human osteosarcoma (U2OS) 
cell lines due to their good transfection efficiency, which 
should allow us to strongly reduce PHB protein levels. 
Although PHB1 and PHB2 have been described to be inter-
dependent at the protein level [22], we decided to use spe-
cific siRNAs against both proteins simultaneously to ensure 
an efficient reduction of PHB expression.

First, we treated HEK293T and U2OS cells with fluori-
zoline and with the inactive compound 2a [3]. As expected, 
fluorizoline but not compound 2a, reduced cell viability in 
both cell lines (Fig. 1a, b) HEK293T and U2OS cells were 
transfected with siRNAs against PHB1 and PHB2 for 72 h 
and then treated with fluorizoline. RNA interference effec-
tively reduced PHB expression in both cell lines (Fig. 1c, 
d, f, g). Downregulation of PHBs in HEK293T and U2OS 
cells caused a slight, not significant, decrease in basal cell 
viability (Fig. 1e, h). Importantly, fluorizoline-induced 
apoptosis was reduced in PHB-downregulated HEK293T 
and U2OS cells. Moreover, to further reduce the levels of 
PHBs we generated PHB2−/+ HEK293T cells stably express-
ing short hairpin antisense against PHB2 under the control 
of an inducible promoter regulated by doxycycline, asde-
scribed in the Materials and Methods section. According to 
the previous experiment, the reduction of PHB expression 
in PHB2−/+ HEK293T cells after treatment with doxycy-
cline resulted in a strong resistance to fluorizoline-induced 
apoptosis (Fig. 1j, k).

These results demonstrate the involvement of PHBs in 
fluorizoline-induced apoptosis in cell lines from human 
origin.

The effect of fluorizoline on C. elegans is mediated 
by PHBs

To further analyse the relevance of PHB expression for 
fluorizoline-induced apoptosis, we decided to study the 
effect of PHBs deletion in an animal. We selected the 
nematode C. elegans which had been previously used to 
investigate the function of PHBs in embryonic viability 
and lifespan [23]. First, WT L1 larvae (N2 Bristol strain) 
were treated with different doses of fluorizoline to analyse 

whether this compound had an effect on worm development 
and survival. We found a severe reduction in worm survival 
when these animals were exposed to fluorizoline at concen-
trations higher than 1 µM, and little or no effect at lower con-
centrations. Overall, fluorizoline treatment caused defects in 
worm development at mild doses and lethality and growth 
arrest at the highest doses assessed (Fig. 2a).

We analysed the effect of phb-2 deletion (phb-2(tm2998) 
allele) on the worm lethality and growth defects caused 
by fluorizoline. WT and phb-2 mutant worms, selected as 
described previously [27] and in Materials and Methods, 
were treated with fluorizoline for up to 4 days. Due to the 
different growth rates of WT and phb-2(tm2998) animals, 
worm development was scored at the time when untreated 
worms reached the L4 larval stage, i.e. after 48 and 96 h, 
respectively. The effects of fluorizoline on worm survival 
and developmental growth were significantly reduced in 
phb-2-depleted worms (Fig. 2b, c).

Thus, fluorizoline treatment affects the survival and 
growth of C. elegans, and this effect is prevented in the 
absence of the PHB complex.

Fluorizoline activates apoptotic cell death 
through the mitochondrial pathway

Once we had established the relevance of PHBs for the 
induction of apoptosis in HEK293T and U2OS cell lines, 
we aimed to characterize the mechanism of apoptosis induc-
tion by fluorizoline in these two cell lines.

To study whether caspase inhibition could prevent fluori-
zoline-induced cell death in these two cell lines, we pre-
treated HEK293T and U2OS cell lines with the pan-caspase 
inhibitor Q-VD-OPh. Cells were pre-treated with Q-VD-
OPh and then treated with fluorizoline for 24 h. fluorizoline 
treatment resulted in cleavage of the well-known markers 
of apoptosis, poly (ADP-ribose) polymerase (PARP) and 
caspase 3 (Fig. 3a, e), and loss of cell viability in a dose-
dependent manner (Fig. 3b, f). Q-VD-OPh pre-treatment 
prevented the cleavage of PARP and caspase 3, as well as 
the loss of viability induced by fluorizoline in both cell 
lines, further indicating that fluorizoline triggers apoptosis 
in HEK293T and U2OS cell lines.

We downregulated BAX and BAK in HEK293T and U2OS 
to test whether fluorizoline required their expression to trig-
ger apoptosis in these cell lines. Cells were transfected with 
specific siRNAs against BAX and BAK for 48 h and then 
treated with fluorizoline for 24 h. A clear reduction in BAX 
and BAK protein levels could be observed by western blot 
(Fig. 3c, g). As expected, lower levels of BAX and BAK 
in these cells caused increased resistance to fluorizoline-
induced apoptosis (Fig. 3d, h). In HEK293T cells, downreg-
ulation of BAK was not effective in preventing fluorizoline-
induced apoptosis, indicating that BAX plays a predominant 
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role in the permeabilization of mitochondria in this cell line 
(Fig. 3c). In U2OS cells, we found increased resistance to 
fluorizoline treatment when either BAX and BAK were 
downregulated individually (Fig. 3h).

Additionally, we analysed the effect of fluorizoline treat-
ment on mitochondrial membrane potential and OPA1 cleav-
age. To analyse the cleavage OPA1 we treated HEK293T and 
U2OS cells with fluorizoline for 6 or 24 h in the presence 

Fig. 1   PHBs are required for fluorizoline-induced apoptosis in human 
cell lines.  a, b HEK293T and U2OS cells were treated with either 
15  µM or 20  µM fluorizoline (F) and compound 2a respectively. c, 
e HEK293T and f-h U2OS cells were transfected with scramble 
(SC) or PHB1 and PHB2 (siPHB) siRNA for 72 h. Afterwards, cells 
were treated with the indicated doses of fluorizoline (F) for 24 h. i, 
k PHB2−/+ HEK293T cells stably expressing an antisense shRNA 
against PHB2 under the control of doxycycline were either left 
untreated or treated with 0.5  µg/mL doxycycline for 96 h and then 

left untreated or treated with 15 µM fluorizoline (F) for 24 h. c, f, i 
Protein levels were analysed by western blot. α-Tubulin and β-Actin 
were used as loading controls. d, g, j Untreated siPHB and shPHB2 
band intensity was quantified and it is expressed relative to its respec-
tive SC or WT. a, b, e, h, k Viability was measured by flow cytom-
etry and it is expressed as the mean ± SEM (n ≥ 3) of the percentage 
of non-apoptotic cells (annexin V-negative). *p < 0.05; **p < 0.01; 
***p < 0.001; siPHB vs. SC and shPHB2 vs. WT
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of the pan-caspase inhibitor Q-VD-OPh, to avoid the effects 
of caspase activation. We observed partial loss of long iso-
forms of OPA1 (L-OPA1) 6 h after fluorizoline treatment 
and a more evident cleavage of L-OPA1 at 24 h in both cell 
lines (Fig. 4a, b). As previously described for Jurkat cells 
[7], treatment with fluorizoline for up to 8 h did not alter 
the accumulation of the potential sensitive dye MitoTracker 
Deep Red into the mitochondria, neither in HEK293T (Fig, 
4d) nor in U2OS cells (Fig. 4c). On the contrary, the positive 
control CCCP significantly reduced MitoTracker Deep Red 
labelling in both cell lines.

Altogether these results indicate that HEK293T and 
U2OS cells treated with fluorizoline undergo BAX/BAK-
dependent apoptotic cell death.

Fluorizoline modulates the expression of BIM, 
PUMA and NOXA to trigger apoptosis

To investigate which alterations in BCL-2 family members 
could be responsible for the activation of BAX and BAK in 
HEK293T and U2OS we decided to analyse the expression 
of the mRNA of some BCL-2 family members using reverse 
transcriptase multiplex ligation-dependent probe amplifica-
tion (RT-MLPA).

In HEK293T cells, significant increases in NOXA, BIM, 
PUMA and MCL-1L and decreases in BAX mRNA levels 
were observed after treatment with fluorizoline for 24 h 
(Fig. 5a). In the case of U2OS cells, significant increases 
in NOXA and MCL-1L and reductions in BAX and BCL-XL 
mRNA expression were detected (Fig. 5b).

We had previously observed that downregulation of PHBs 
in MEF resulted in complete blockage of the modulations of 

Fig. 2   The effect of fluorizoline on C. elegans is mediated by 
PHBs. a 25–30 L1 WT larvae were placed onto agar containing the 
indicated concentrations of either fluorizoline or 0.5% DMSO (cor-
responding to the higher dose of fluorizoline) as a negative control. 
Worms were maintained at 20 °C. Images were obtained 72 h post-
seeding. These are representative images of three independent experi-
ments. Lower, 10×  magnification show different stages of growing 
defects upon fluorizoline treatment. Higher, 40× magnification show 
examples of dead (asterisk *) and arrested (hash #) larvae. b, c 50 
WT N2 Bristol Strain (N2) or phb-2(tm2998) L1 larvae were placed 

in different nematode growth media plates containing either the indi-
cated doses of fluorizoline or 0.05% DMSO (corresponding to the 
higher dose of fluorizoline) as a control plate. Worms were main-
tained at 20 °C. b Worm survival was scored 48 h after the start of 
the experiment. c Worm development was scored at the timepoint 
where untreated worms reached L4, i.e. 48 and 96 h after the start 
of the experiment for WT and phb-2(tm2998) worms, respectively. b, 
c Data are expressed as the mean ± SD of the percentage of worms 
(around 200 worms per condition in each of the 3 biological repli-
cates). *p < 0.05; ** p < 0.01; phb-2 vs. N2
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mRNA expression produced by fluorizoline in that cell line 
[7]. We aimed to test whether PHB downregulation could 
also block the alterations on apoptosis-related genes in 
HEK293T and U2OS cells. To this end, we analysed mRNA 
expression of siPHB-transfected HEK293T and U2OS cell 
lines after fluorizoline treatment by RT-MLPA. Downregula-
tion of PHBs in HEK293T resulted in a complete blockage 
of the inductions of NOXA, PUMA and MCL-1L mRNA 
after fluorizoline treatment, while BIM mRNA was increased 
independently of PHB downregulation (Fig. 5c). Similarly, 
the mRNA inductions of NOXA and MCL-1L were blocked 
by PHB downregulation in U2OS, while the reductions 

observed in BCL-XL and BAX expression were found to be 
independent on PHB expression (Fig. 5d). These RT-MLPA 
data indicate that some of the modulations of mRNA expres-
sion produced by fluorizoline treatment in these cell lines are 
dependent on PHB expression, while others can be triggered 
independently of PHBs.

Taking into consideration the modulations observed, 
we considered that the increases in NOXA, BIM and 
PUMA in HEK293T cells could be responsible for the 
activation of BAX and BAK. To test this hypothesis, we 
generated heterogenic pools of HEK293T cells with 
reduced NOXA (NOXA−/−), BIM (BIM−/−) and NOXA/BIM 

Fig. 3   Fluorizoline activates 
apoptotic cell death through 
the mitochondrial pathway. a, 
b HEK293T and e, f U2OS 
cells were left untreated or 
pre-treated with 20 µM Q-VD-
OPh for 1 h. Then cells were 
treated with the indicated 
doses of fluorizoline (F) for 
24 h. c, d HEK293T and g, h 
U2OS cells were transfected 
either with scramble (SC) or 
siRNA against BAX (siBAX), 
BAK (siBAK) or BAX and BAK 
(siBAX/BAK) for 48 h. Then 
cells were left untreated or 
treated with 15 µM or 20 µM of 
fluorizoline or compound 2a, 
respectively for 24 h. b, d, f, h 
Viability was measured by flow 
cytometry and it is expressed 
as the mean ± SEM (n = 3) of 
the percentage of non-apoptotic 
cells.*p < 0.05; **p < 0.01; 
***p < 0.001; Q-VD-OPh vs. - 
or siBAX/BAK vs. SC. a, c, e, g 
Protein levels were analysed by 
western blot. β-actin was used 
as a loading control
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Fig. 4   Fluorizoline causes 
L-OPA1 cleavage but not loss 
of mitochondrial membrane 
potential. a HEK293T and b 
U2OS cells were pre-treated 
with 20 µM Q-VD-OPh for 
1 h and then left untreated or 
treated with the indicated doses 
of fluorizoline for 6 or 24 h. c 
HEK293T and d U2OS cells 
were treated with 15 or 20 µM 
fluorizoline (F) or with 20 µM 
CCCP for the indicated time. 
30 min prior to the end of the 
experiment cells were loaded 
with 100 nM MitoTracker 
Deep Red. a, b Protein levels 
were analysed by western blot. 
β-actin was used as a load-
ing control. c, d Mitotracker 
Deep Red median fluorescence 
intensity was measured by flow 
cytometry and it is expressed as 
the mean ± SEM (n = 3) relative 
to untreated cells.*p < 0.05; 
**p < 0.01; ***p < 0.001; each 
condition vs. -

Fig. 5   Fluorizoline treatment results in modulations of the mRNA 
levels of different BCL-2 family members. a HEK293T and b U2OS 
cells were treated with 15 and 20  µM fluorizoline (F), respectively, 
for 24 h. c HEK293T and d U2OS cells were transfected with scram-
ble (SC) or specific siRNAs against PHB1 and PHB2 (siPHB) for 72 
h and then treated with 15 and 20 µM fluorizoline (F), respectively, 

for 24 h. Total mRNA was extracted and reverse-transcribed. Rela-
tive mRNA expression of 40 apoptosis-related genes was analysed 
by RT-MLPA. a, b Relative RNA expression and c, d fold induction 
referenced to the control (SC -) are expressed as the mean ± SEM 
(a, c n = 3; b, d n = 2) *p < 0.05; **p < 0.01; ***p < 0.001; of F vs. -. 
#p < 0.05; ##p < 0.01; ###p < 0.001; siPHB vs. SC
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expression (NOXA−/−/BIM−/−) by CRISPR/Cas9 technol-
ogy (Fig. 6a). First, we treated WT, NOXA−/−, BIM−/− and 
NOXA−/−/BIM−/− HEK293T cells with fluorizoline and ana-
lysed the effect of the deletion of these two BH3-only pro-
teins on cell viability. Deletion of BIM alone was enough to 
partially prevent fluorizoline-induced apoptosis in HEK293T 
cells (Fig. 6b). On the contrary, NOXA depletion had no 
effect on the decrease of cell viability caused by fluorizoline 
either alone or in combination with BIM depletion. Next, we 
transfected WT and NOXA−/−/BIM−/− cells with specific siR-
NAs against PUMA for 48 h and then treated these cells with 
fluorizoline for 24 h. A partial downregulation of PUMA 
protein could be observed by western blot (Fig. 6c). WT 
cells transfected with siPUMA and NOXA−/−/BIM−/− cells 
were slightly more resistant to fluorizoline treatment. Knock-
down of PUMA in NOXA−/−/BIM−/− further increased cell 
resistance against fluorizoline-induced apoptosis (Fig. 6d).

In U2OS cells, fluorizoline-induced apoptosis could be 
caused by a combination of increased NOXA and decreased 
BCL-XL expression. We generated heterogenic pools of cells 
with reduced NOXA expression. WT and NOXA−/− U2OS 
cells were treated with fluorizoline for 24 h and cell viability 

was assessed by flow cytometry. NOXA−/− cells were found 
to be more resistant to fluorizoline treatment than WT cells, 
indicating that NOXA protein increases are key for fluorizo-
line-induced apoptosis in this cell line (Fig. 7a, b). Moreo-
ver, we analysed BCL-XL protein expression after fluori-
zoline treatment and found a reduction of this protein after 
24 h of treatment (Fig. 7c). This effect could be blocked by 
pre-treatment with Q-VD-OPh, indicating that this reduction 
is caused by the activation of caspases.

Thus, we have shown that BIM and PUMA in HEK293T 
cells and NOXA in U2OS cells are the most relevant BH3-
only proteins involved in the induction of apoptosis after 
fluorizoline treatment. Altogether these results indicate that 
BH3-only involvement in fluorizoline-induced apoptosis is 
cell-type specific.

Discussion

In this study we further explore the relevance of PHBs as tar-
get proteins of the synthetic pro-apoptotic molecule fluori-
zoline using human cell lines and C. elegans. Moreover, we 

Fig. 6   Fluorizoline-induced apoptosis is mediated by BIM and 
PUMA in HEK293T cells.  a, b WT, NOXA−/−, BIM−/− and 
NOXA−/−/BIM−/− (DKO) HEK293T cells were treated with the indi-
cated doses of fluorizoline (F) for 24 h. c, d WT and DKO HEK293T 
cells were transfected with scramble (SC) or specific siRNA against 
PUMA (siPUMA) for 48 h and then treated with the indicated doses 

of fluorizoline (F) for 24 h. a, c Protein levels were analysed by west-
ern blot. β-actin was used as a loading control. *Unspecific band. b, d 
Viability was measured by flow cytometry and it is expressed as the 
mean ± SEM (n = 3) of the percentage of non-apoptotic cells (annexin 
V-negative). *p < 0.05; **p < 0.01; ***p < 0.001; Each condition vs. 
WT or WT SC
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characterize fluorizoline-induced apoptosis and the modu-
lations of BCL-2 family proteins leading to this induction. 
Finally, we show that the BH3-only proteins BIM, PUMA 
in HEK293T and NOXA in U2OS, respectively, can trigger 
the mitochondrial pathway of apoptosis.

Previous results from our group showed that fluorizoline 
could bind specifically to PHBs and that the reduction of the 
expression of these proteins in MEF strongly affected cell 
resistance to fluorizoline treatment [3, 7]. Here we show that 
PHB downregulation prevents fluorizoline-induced apopto-
sis in HEK293T and U2OS human cells and C. elegans. 
These results highlight the relevance of PHBs for the induc-
tion of apoptosis by fluorizoline. PHBs are highly conserved 
proteins, a trait that might explain that the effect of the 
downregulation of PHBs on fluorizoline-induced apoptosis 
is conserved in murine and human cell lines as well as and 
in C. elegans.

Fluorizoline treatment results in the induction of apopto-
sis in all cancer cell lines with different origin analysed and, 
importantly, in primary cells from various haematological 
malignancies [3–6]. However, fluorizoline is inactive in a 
murine model of chronic lymphocytic leukaemia [6]. Our 
results (data not shown) indicate that the lack of activity 
could be caused by the inability of fluorizoline to get the 
target cells when administered in vivo by intraperitoneal 
injection. It will be interesting to encapsulate fluorizoline 
to improve its bioavailability.

In C. elegans, PHB expression has been shown to regulate 
mitochondrial homeostasis, and RNA interference-mediated 
downregulation of PHBs has an impact on embryonic devel-
opment and lifespan of these nematodes [23, 28]. A study 
aimed to describe mutations that resulted in resistance to 
the anti-mitotic drug hemiasterlin described a missense 

mutation in PHB2 that led to resistance to multiple drugs 
even in heterozygous worms [29]. This resistance might 
be caused by mitochondrial disfunction resulting from the 
lack of proper activity of the PHB complex in the IMM, 
as drugs causing alterations in mitochondrial respiratory 
activity caused a similar effect [30]. Here we show that the 
PHB-binding drug fluorizoline is toxic for C. elegans at 
concentrations around 1 µM and this toxicity is reduced in 
PHB-depleted worms. Whether the observed resistance is 
caused by mitochondrial defects produced by PHB deple-
tion remains an open possibility. However, this result is in 
line with the increased resistance of mammalian cells to 
fluorizoline-induced apoptosis after PHB downregulation, 
even when this downregulation has been shown to increase 
cell sensitivity to other pro-apoptotic drugs [22].

Fluorizoline activity relies on the activation of the 
intrinsic pathway of apoptosis caused by modulations of 
the expression of BH3-only proteins. We had shown that 
NOXA played a predominant role in the induction of apop-
tosis by fluorizoline in HeLa cells, as well as in hematologic 
primary cells, while downregulation of BIM had no impact 
on the viability of these cells [7]. In the case of MEF, we 
determined that individual KO of Noxa and Bim did not alter 
cell viability, whereas double KO of Noxa and Bim reduced 
the induction of apoptosis by fluorizoline. In the present 
study, we have confirmed the relevance of NOXA and BIM 
for the induction of apoptosis by this compound and that the 
involvement of these proteins is cell-type specific. Moreover, 
we have shown that PUMA can also participate in fluorizo-
line-induced apoptosis, as downregulation of this BH3-only 
protein can increase cell viability after fluorizoline treatment 
in HEK293T cells. Interestingly, PUMA is a BH3-only pro-
apoptotic member that binds all anti-apoptotic members of 

Fig. 7   Fluorizoline-induced 
apoptosis is mediated by 
NOXA in U2OS cells. a, b 
WT and NOXA−/− U2OS cells 
were treated with a 20 µM 
fluorizoline (F) or b, c with the 
indicated doses of fluorizoline 
(F) for 24 h. c WT cells were 
left untreated or pre-treated with 
20 µM Q-VD-OPh for 1 h and 
then treated with the indicated 
doses of fluorizoline (F) for 24 
h. a, c Protein levels were ana-
lysed by western blot. β-actin 
was used as a loading control. b 
Viability was measured by flow 
cytometry and it is expressed 
as the mean ± SEM (n = 3) of 
the percentage of non-apoptotic 
cells (annexin V-negative)
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the BCL-2 family with a mechanism of control different of 
that of NOXA, which binds only MCL-1 [31]. Although 
PUMA mRNA was increased after fluorizoline treatment 
in HEK293T cells, its protein levels were not increased by 
fluorizoline unless NOXA and BIM were absent (Fig. 6c). 
Despite this, downregulation of PUMA in the presence of 
NOXA and BIM significantly reduced fluorizoline-induced 
apoptosis, suggesting that PUMA might participate in fluori-
zoline-induced apoptosis by other means than an increase 
in its protein levels. Of note, certain BH3-only proteins are 
increased when the expression of other is reduced, indicat-
ing a potential compensatory mechanism. Thus, we cannot 
exclude the participation of other BH3-only proteins in the 
absence of NOXA, BIM and PUMA. Depletion of BH3-
only proteins either by CRISPR/Cas9 or by siRNA-mediated 
downregulation led to partial blockage of the induction of 
apoptosis by fluorizoline. Previously we showed that fluori-
zoline could also cause induction of apoptosis through the 
activation of caspase 8 in Bax−/−/Bak−/− MEF [7], an effect 
that could be also taking place in cells with depletion of 
BH3-only proteins. These results further highlight the cell-
type specificity for BH3-only involvement in the response 
to fluorizoline treatment.

In conclusion, we observe that PHB expression is key for 
the pro-apoptotic activity of the PHB-binding compound 
fluorizoline in human embryonic and cancer cell lines as 
well as in C. elegans. Importantly, we have confirmed that 
treatment with fluorizoline results in activation of the mito-
chondrial pathway of apoptosis through modulations of the 
BH3-only proteins NOXA and BIM and demonstrated that 
PUMA can also participate in this process. How the inter-
action of fluorizoline with PHBs results in the induction of 
BH3-only proteins remains to be determined and will be 
matter of future studies. The elucidation of the mechanism 
of action of this compound will be important to establish 
future applications for fluorizoline or other PHB-binding 
compounds.
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