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Chronic lymphocytic leukemia (CLL) is a malignant lymphoproliferative disorder
of monoclonal B lymphocytes that accumulate in the blood, bone marrow, lymph
nodes and other lymphoid tissues.1,2 It represents the most common adult leukemia
in the western world, mainly affecting elderly individuals. Although the progres-
sion-free survival (PFS) and overall survival (OS) of CLL patients have increased
with the introduction of first-line therapy, there is no cure for CLL and all patients
will ultimately relapse. The standard of treatment for physically fit patients is
chemoimmunotherapy with fludarabine, cyclophosphamide and rituximab (FCR),3

and for older patients bendamustine plus rituximab may be a better option.4

Relapsed patients or those with altered TP53 can be treated with the bruton tyro-
sine kinase (BTK) inhibitor ibrutinib, and also with the phosphoinositide 3-kinase
(PI3K) inhibitor idelalisib or the B-cell lymphoma 2 (BCL-2) inhibitor venetoclax
(ABT-199).5 Recently, ibrutinib has been approved to treat CLL patients in first-line
therapy.5 Nevertheless, a percentage of patients are resistant to ibrutinib or do not
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tolerate the drug.6-9 Therefore, it is necessary to identify
new agents with selective toxicity for malignant B cells
and to develop therapeutic strategies that can overcome
cellular resistance mechanisms to current therapies, that
can overcome cellular resistance mechanisms to current
therapies. Hence, the nucleoside analogue 5-aminoimida-
zole-4-carboxamide riboside (AICAR) induces apoptosis
in CLL cells independently of p53 status.10
Recently, our group has described novel pro-apoptotic

small molecules with fluorinated thiazole scaffolds.11 The
diaryl trifluorothiazoline compound 1a, also termed fluo-
rizoline (Figure 1A), was selected as the best apoptosis
inductor in a wide range of cancer cell lines from different
tissue origin, including hematopoietic cell lines, and differ-
ent p53 status, proving that fluorizoline exerts its anti-
tumor action in a p53-independent manner. Fluorizoline
selectively binds to prohibitin (PHB) 1 and 211 and, strik-

ingly, these proteins are necessary for apoptosis induction
by this compound.12 Fluorizoline treatment induces mito-
chondrial-mediated apoptosis, a pathway that is con-
trolled by the BCL-2 family proteins. In this regard, induc-
tion of the pro-apoptotic protein NOXA is required for
fluorizoline-induced apoptosis, and BIM is also involved
depending on the cellular context.12
Prohibitins are ubiquitous, evolutionarily conserved

scaffold proteins mainly localized in mitochondria and
implicated in many cellular processes, including mito-
chondrial biogenesis, differentiation, cell survival and
apoptosis. Two highly homologous proteins, PHB1 and
PHB2/REA, have been described.13,14 Increasing evidence
links PHBs and tumorigenesis.15,16
In B lymphocytes, PHBs were identified as proteins

associated with the immunoglobulin M (IgM) B cell recep-
tor (BCR).17 More recently, PHBs were described as pro-
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Figure 1. Cytotoxicity of fluorizoline in CLL cells
ex vivo. (A) Chemical structure of fluorizoline. (B)
Dose response of fluorizoline on primary CLL
cells. PBMNC from 5 representative untreated
CLL patients (#6, 9, 12, 14 and 29) out of 34
were incubated for 24 h with increasing doses of
fluorizoline ranging from 1.25 to 10 µM. (C)
PBMNC from 34 CLL patients were incubated for
24 h with or without 10 µM fluorizoline. (D) Time
course of fluorizoline-induced apoptosis in CLL
cells. Cells from 5 patients were untreated or
incubated for different times ranging from 2 to 24
h with 10 mM fluorizoline. (E) Dose response of
the cytotoxic effect of fluorizoline on B and T cells
from CLL patients. PBMNC from CLL patients
were incubated for 24 h with increasing doses of
fluorizoline ranging from 1.25 to 10 mM. Viability
was measured on CD3+ (T cells, n=15) and CD19+

(B cells, n=34) populations. (F) Dose response of
the cytotoxic effect of fluorizoline on normal B
and T cells. PBMNC from 12 healthy donors were
incubated for 24 h with increasing doses of fluo-
rizoline ranging from 1.25 to 10 mM. Viability was
measured on CD3+ (T cells) and CD19+ (B cells)
populations. (B, C, D, E and F) Viability (annexin V
negative) was measured by analysis of phos-
phatidylserine exposure in total population or in
CD19+ and CD3+ populations and is expressed (B
and C) as the percentage of non-apoptotic cells or
(D, E and F) as the percentage of the viability of
untreated cells. (D, E and F) Data are shown as
the mean±SEM. (D) Two-tailed paired Student’s 
t-test was performed. (E and F) Two-tailed
unpaired Student’s t-test was performed.
Significant P values are indicated: *P<0.05;
**P<0.01; ***P<0.001 treated versus untreat-
ed cells or CD19+ versus CD3+ cells.
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teins associated with phosphorylated protein tyrosine
kinase Syk18 and the receptor CD8619 at the inner plasma
membranes of B lymphocytes, thus likely having a role in
signal transduction after receptor engagement. In CLL
cells, PHB is increased after phorbol ester-induced matura-
tion,20 and nuclear PHB is upregulated after in vitro treat-
ment with fludarabine.21 These data strongly suggest that
targeting PHBs would be a candidate approach for the
treatment of B-cell neoplasias, and PHB-binding com-
pounds, such as fluorizoline, emerge as interesting new
pro-apoptotic agents. Preliminary data in a small number
of CLL samples showed that fluorizoline induces apopto-
sis in these cells.11 The objective of the work herein was to
investigate the mechanism of induction of apoptosis by
fluorizoline in CLL cells and the effect of its combination
with ibrutinib, AICAR or venetoclax.

Methods

Primary samples and cell isolation
Peripheral blood (PB) samples from 34 untreated patients with

CLL and 12 healthy donors were included. All patients and
healthy controls signed an informed consent form approved by
the Institutional Review Boards according to the Declaration of
Helsinki. The patients’ characteristics are shown in Online
Supplementary Table S1. Briefly, PB mononuclear cells (PBMNC)
were obtained by centrifugation on a Biocoll gradient. This frac-
tion included normal B and T cells from healthy donors or mainly
B-CLL cells from patients. To ensure high B cell purity (≥80%), an
initial isolation step was performed by negative selection. The
complete sample handling protocol is available in the Online
Supplementary Data.

Reagents
Fluorizoline (a diaryl trifluorothiazoline; see molecular structure

in Figure 1A) was synthesized as previously described.11 Other
reagents used in this study are detailed in the Online Supplementary
Data.

Analysis of cell purity and cell viability by flow 
cytometry
Cell viability was assessed by phosphatidylserine exposure and

measured as the percentage of annexin V negative cell population.
Cells were acquired using the FACSCantoTM II flow cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA) and the data of total
cells or CD19+- or CD3+-gated cells were analyzed using
FACSDivaTM software (Becton Dickinson). A detailed protocol of
cell staining can be found in the Online Supplementary Data.

Reverse transcriptase multiplex ligation-dependent
probe amplification (RT-MLPA)
Ribonucleic acid (RNA) isolated from cells was analyzed by RT-

MLPA using SALSA MLPA KIT R011-C1 Apoptosis messenger
(m)RNA from MRC-Holland (Amsterdam, The Netherlands) for
the simultaneous detection of 40 mRNA molecules, including
apoptosis-related genes.12,22 The protocol is accurately described in
the Online Supplementary Data.

Western blot
The antibodies used in this study and the western blot protocol

are described in the Online Supplementary Data.

Statistical analysis
Results are shown as the mean ± standard error of the mean

(SEM) of values obtained in 3 or more independent experiments as
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Figure 2. Induction of NOXA protein by fluorizoline in primary CLL cells. (A) PBMNC from patient #11 were incubated for different times ranging from 2 to 24 h with
10 mM fluorizoline. After the times stated on the figure, cells were collected. (B) PBMNC from patients #5, 12, 23 and 29 were incubated with 10 mM fluorizoline for
24 h. (C) PBMNC from patient #5 were pre-incubated with 20 mM caspase inhibitor Q-VD-OPh for 30 min and then treated with 10 mM fluorizoline for 24 h. (D) PBMNC
from patient #8 with 17p deletion were untreated (U) or treated with 5 and 10 mM fluorizoline (F) for 48 h. (A, B, C and D) Cells were lysed and analyzed by western
blot. BCL-2 was used for loading normalization. Viability was measured by analysis of phosphatidylserine exposure and is expressed as the percentage of non-apop-
totic (annexin V negative) cells. These are representative patients of at least 3 analyzed (n=5 for A; n=8 for B; n=4 for C; n=1 for D).
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indicated in each figure legend. Data were analyzed using SPSS®
Statistics v22.0 software package (IBM®, Armonk, NY, USA).
Two-tailed paired or unpaired Student’s t-test with normal-based
95% confidence interval was used to compare the differences
between samples, as required. Differences were considered statis-
tically significant at P values below 0.05. In two-drug combination
studies, the combination index (CI) was calculated according to
the Chou-Talalay method23 by using CalcuSyn software version
2.11 (Biosoft, Cambridge, UK). A CI of below 1 indicates a syner-
gistic effect.

Results

Fluorizoline induces apoptosis in primary CLL cells 
ex vivo
The cytotoxicity of fluorizoline (Figure 1A) was evaluat-

ed in samples obtained from patients with CLL prior to
any treatment (see Online Supplementary Table S1 for details
of patient samples). PBMNC from 34 different patients
were exposed ex vivo to a range of fluorizoline concentra-
tions (from 1.25 to 20 mM). Incubation with fluorizoline
strongly reduced cell viability in a dose-dependent manner
(Figure 1B). All CLL samples were sensitive to fluorizoline,
and cell viability decreased from 70.0±1.9% to 28.1±2.6%
(n=34) after incubation with 10 mM fluorizoline for 24
hours (Figure 1C), with half-maximal effective concentra-
tion (EC50) values ranging from 2.5 to 20 mM (mean 8.1±0.6
mM; Online Supplementary Table S1). Longer exposition to
fluorizoline for 48 hours slightly reduced the mean EC50
value to 5.5±0.6 mM (n=25; Online Supplementary Table S1).
Treatment with 10 mM fluorizoline induced a time-depen-
dent decrease of cell viability that was detected after the
first 8 hours of incubation (Figure 1D).
Some patients included in this study harbored alter-

ations of the TP53 and ATM genes detected by fluorescent
in situ hybridization (FISH; Online Supplementary Table S1),
which are associated with poor response to chemothera-
py and chemoimmunotherapy and a worse prognosis.1,2
Interestingly, samples from these patients had similar sen-
sitivity to ex vivo treatment with fluorizoline (mean EC50
value of 8.3±0,5 mM at 24 hours for samples from patients
with 17p or 11q deletion, n=5) compared to samples from
patients without these alterations (mean EC50 value of
8,1±0,8 mM at 24 hours, n=29). Similarly, ex vivo cytotoxi-
city of fluorizoline was similar in cells from CLL patients
with unmutated and mutated immunoglobulin heavy
chain variable region (IGHV) genes (mean EC50 values at
24 hours of 10,0±1,6 mM, n=5; and 10,3±3,5 mM, n=4;
respectively) (Online Supplementary Table S1).
To examine the effects on the non-leukemic T lympho-

cytes of CLL patients, apoptosis induction was assayed in
the CD3+ population of 15 CLL samples. As depicted in
Figure 1E, the reduction in cell viability in the presence of
fluorizoline was higher within the leukemic CD19+ popu-
lation (35.3±34.9% of viable cells at 24 hours treatment
with 10 mM fluorizoline) compared to the normal CD3+
population (83.8±7.5% of viable cells at 24 hours treat-
ment with 10 mM fluorizoline, with EC50 values higher
than 20 mM in 9 samples out of 15), demonstrating that
fluorizoline preferentially induces apoptosis in malignant
B lymphocytes.
Additionally, to evaluate the cytotoxicity of fluorizoline

in non-malignant B cells, the effect of fluorizoline on nor-
mal PBMNC from healthy donors was assessed.
Incubation with increasing doses of fluorizoline reduced

the percentage of viable normal B and T cells (48.6±6.8%
and 82.8±6.3% of viable cells at 24 hours of treatment
with 10 mM fluorizoline in normal CD19+ and CD3+ pop-
ulations, respectively) (Figure 1F) with a mean EC50 value
of 10.9±0.8 mM and 19.1±2.2 mM at 24 hours for normal B
and T cells, respectively. Thus, CLL cells are slightly more
sensitive to fluorizoline than normal B lymphocytes.

NOXA is upregulated by fluorizoline in primary 
CLL cells
To analyze the mechanism of apoptosis induction upon

fluorizoline treatment in B lymphocytes of CLL samples
we sought to examine the changes in the protein levels of
NOXA and BIM, 2 members of the BCL-2 family that
have been involved previously in fluorizoline-induced
apoptosis.12 We observed a time-dependent upregulation
of NOXA that was detected after 8 hours of incubation,
occurring simultaneously with the decrease of cell viabili-
ty (Figure 2A), and was also clearly found upregulated
after 24 hours in all samples analyzed (Figure 2B). The pro-
tein levels of MCL-1, the anti-apoptotic counterpart of
NOXA, were slightly upregulated during the first hours of
incubation with fluorizoline and were not altered after 24
hours. PUMA and BIM, as well as PHBs protein levels,
were not modified upon fluorizoline treatment (Figure
2A). In addition, fluorizoline clearly induced 
poly(ADP-ribose) polymerase (PARP) cleavage (Figure 2A),
thus confirming an apoptotic mechanism. The induction
of NOXA preceded caspase activation, as pre-incubation
with the pan-caspase inhibitor Q-VD-OPh did not block
its upregulation (Figure 2C). As expected, BIM protein
expression was not modified upon caspase inhibition,
whereas MCL-1 protein levels were increased at 24 hours
after caspase activity arrest, both in the absence and the
presence of fluorizoline, indicating a late caspase-depen-
dent degradation of this protein (Figure 2C). Finally, the
increase of NOXA protein expression was also detected in
CLL samples from patients with chromosomal alterations
that cause loss of p53 expression (Figure 2D), thus corrob-
orating the fact that fluorizoline-induced NOXA upregula-
tion occurs in a p53-independent manner. Altogether,
these results indicate that fluorizoline causes an increase
of NOXA protein levels prior to caspase activation and
these modulations could explain the apoptotic outcome
observed in primary CLL cells.
The induction of NOXA protein by fluorizoline could be

due to the modulation of the corresponding mRNA levels.
To that purpose, we analyzed the changes in the overall
apoptosis mRNA expression profile by RT-MLPA. NOXA
levels were not modified after fluorizoline treatment, nei-
ther at the initial stages nor at 24 hours of incubation of
CLL cells (Online Supplementary Figure S1). Among all apop-
tosis-related genes analyzed, only the pro-apoptotic BCL-2
family member MOAP1 and the anti-apoptotic HIAP1 and
HIAP2 were weakly upregulated and downregulated upon
fluorizoline treatment, respectively. This result indicates
that fluorizoline-induced NOXA protein upregulation does
not result from mRNA modulation in CLL cells.

Fluorizoline synergizes with ibrutinib, AICAR or 
venetoclax to induce apoptosis in CLL cells
Finally, we sought to analyze the effect of the combina-

tion of fluorizoline with other drugs. For that purpose we
chose the BTK irreversible inhibitor ibrutinib, the nucleo-
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side analogue AICAR, which has demonstrated selective
anti-tumor activity in CLL ex vivo10,24 and was tested in a
phase I/II clinical trial for relapsed/refractory CLL,25 and
the BCL-2 inhibitor venetoclax (ABT-199). Ibrutinib thera-
py in vivo causes an intracellular MCL-1 protein decrease,26
and partially downregulates MCL-1 protein levels in vitro
in some CLL patient samples.27 Interestingly, the combina-
tion of fluorizoline with ibrutinib was more effective than
single drug treatment in all patients analyzed. Thus, the
addition of ibrutinib enhanced fluorizoline cytotoxic
effect (CI values ranging from 0.192 to 0.797, indicating a
synergistic effect; the lowest CI values correspond to the
combination of fluorizoline with 10 mM ibrutinib) (Figure
3A). Similarly, the combination of fluorizoline with
AICAR increased cell death compared to each drug alone
(CI values ranging from 0.643 to 0.991; the lowest CI val-
ues correspond to the combination of AICAR with 10 mM
fluorizoline) (Figure 3B). Finally, the combination of fluo-
rizoline and venetoclax showed a synergic effect in all
conditions analyzed (CI values ranging from 0.492 to
0.824; the lowest CI values correspond to the combination
of venetoclax with 10 mM fluorizoline) (Figure 3C). Thus,
these results show a synergistic interaction between fluo-
rizoline and ibrutinib, AICAR or venetoclax in CLL cells.

Discussion

In the study herein we describe the mechanism of apop-
tosis induction by the prohibitin-binding compound fluo-
rizoline in CLL cells. It was previously described that flu-
orizoline directly binds to PHB1 and PHB211 and reduces
cell viability through the upregulation of NOXA and
BIM.12 Although PHBs are necessary for apoptosis induc-
tion by fluorizoline,12 we cannot discard that it could inter-
act with other proteins. Expression analysis revealed a
consistent upregulation of the BH3-only protein NOXA in
CLL cells upon fluorizoline treatment. Fluorizoline
induced increases in NOXA protein levels prior to caspase
activation, which could explain the apoptotic outcome.
Formerly, the effects of fluorizoline in primary cancer cells
have been analyzed in cells from patients with chronic
myeloid leukemia in blast crisis, mantle cell lymphoma, B
cell chronic lymphoproliferative syndrome, adult T-cell
leukemia/lymphoma,12 and in acute myeloid leukemia
cells.28 Interestingly, treatment with fluorizoline resulted
in a decrease in viability and an increase in NOXA protein
levels, whereas BIM protein levels were not modified.
Hence, fluorizoline seems to mainly increase NOXA pro-
tein levels in leukemia cells.
NOXA has been described as a particularly relevant pro-

apoptotic BCL-2 family member in CLL cells. NOXA pro-
tein is induced by histone deacetylase (HDAC)
inhibitors,29,30 proteasome inhibitors,31 bendamustine,32
Akt inhibitors,33 AICAR,10 cyclin-dependent kinase
inhibitors34 and microtubule disrupting agents.35
Furthermore, CLL development is accelerated in mice
with a deficiency of NOXA.36 NOXA is a pro-apoptotic
BH3-only member that has been classified as a “sensitizer”
because it was considered as an inhibitor of the anti-apop-
totic MCL-1 and A1 proteins.37 However, recent data indi-
cate that NOXA is also an “activator” of the BAX and BAK
multidomain pro-apoptotic BCL-2 family members.38
Related to our study with a PHB-binding compound in

CLL, rocaglamide silvestrol induces apoptosis of CLL
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Figure 3. Combination of fluorizoline and other drugs in CLL cells ex vivo. (A)
PBMNC from 5-9 untreated CLL patients (#11, 12, 15, 16, 17, 18, 23, 28 and
30) were incubated for 24 h with increasing doses of fluorizoline ranging from
1.25 to 10 mM and combined with increasing doses of ibrutinib ranging from 1
to 10 mM. (B) PBMNC from 4-5 untreated CLL patients (#5, 11, 17, 18 and 23)
were incubated for 24 h with increasing doses of fluorizoline ranging from 1.25
to 10 mM and combined with increasing doses of 5-aminoimidazole-4-carbox-
amide riboside (AICAR) ranging from 0.125 to 0.5 mM. (C) PBMNC from 5-6
untreated CLL patients (#10, 13, 14, 16, 23 and 25) were incubated for 24 h
with increasing doses of fluorizoline ranging from 1.25 to 10 mM and combined
with increasing doses of venetoclax (ABT-199) ranging from 0.1 to 1 nM.
Viability was measured by analysis of phosphatidylserine exposure and is
expressed as the percentage of the viability (annexin V negative) of untreated
cells. Data are shown as the mean±SEM.
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cells.39 Interestingly, some rocaglamides bind to PHB and it
has been described that this binding mediates its anti-pro-
liferative effects through inhibition of the Raf-MEK-ERK
pathway.40 However, whether or not silvestrol binds to
PHB is presently unknown.
Our study has shown that T cells from CLL patients are

less sensitive to fluorizoline-induced apoptosis. Thus, the
differential effect of fluorizoline in B and T lymphocytes is
of great interest and may be useful in the therapy of CLL,
since immunosuppression caused by classic chemothera-
py could be avoided or reduced. In vivo experiments could
be necessary in the future and it is possible that the effec-
tive concentration of fluorizoline would be higher than in
the in vitro conditions. Thus, further testing the effect of
fluorizoline in CLL cells co-cultured with bone marrow
stromal cells would be interesting in order to better repro-
duce the CLL microenvironment conditions.41
Finally, our results show that the combination of fluori-

zoline with ibrutinib, AICAR or venetoclax has synergistic
effects in the induction of apoptosis in CLL cells. Likely
the induction of NOXA by fluorizoline is involved in
these synergistic effects and could overcome resistance to
BCL-2 inhibitors that do not inhibit MCL-1.

Altogether, our results suggest that fluorizoline could be
an alternative therapy for resistant/refractory patients to
classic chemotherapy or novel drugs such as kinase
inhibitors or BCL-2 antagonists approved for the treat-
ment of CLL.

Acknowledgments
The authors would like to thank the Scientific and

Technological Centers of the Bellvitge Campus at the University
of Barcelona (CCiTUB) for helpful discussions and suggestions.
Moreover, we thank the Genomics Facility from the CCiTUB for
their technical support.

Funding
This study was supported by grants from the Ministerio de

Economía y Competitividad (SAF2013-41611-R to JG and
BQU-CTQ2015-67870-P to RL), the Instituto de Salud Carlos
III (RTICC RD12/0036/0029 to JG), Fundació Bosch i
Gimpera (AVCRI-PPV022-08 to JG) and the AGAUR-
Generalitat de Catalunya (2014SGR935 to JG and
2014SGR137 to FA). JS-E and SN-V are recipients of research
fellowships from the Ministerio de Economía y Competitividad
and Universitat de Barcelona, respectively.

Ana M. Cosialls et al.

1592 haematologica | 2017; 102(9)

References
1. Zenz T, Mertens D, Kuppers R, Dohner H,

Stilgenbauer S. From pathogenesis to treat-
ment of chronic lymphocytic leukaemia.
Nat Rev Cancer. 2010;10(1):37-50.

2. Hallek M. Chronic lymphocytic leukemia:
2013 update on diagnosis, risk stratifica-
tion and treatment. Am J Hematol. 2013;
88(9):803-816. 

3. Hallek M, Fischer K, Fingerle-Rowson G, et
al. Addition of rituximab to fludarabine
and cyclophosphamide in patients with
chronic lymphocytic leukaemia: A ran-
domised, open-label, phase 3 trial. Lancet.
2010;376(9747):1164-1174. 

4. Jain N, O’Brien S. Initial treatment of CLL:
Integrating biology and functional status.
Blood. 2015;126(4):463-470. 

5. Robak T, Stilgenbauer S, Tedeschi A. Front-
line treatment of CLL in the era of novel
agents. Cancer Treat Rev. 2017;53:70-78.

6. Woyach JA, Furman RR, Liu T-M, et al.
Resistance mechanisms for the bruton’s
tyrosine kinase inhibitor ibrutinib. New
Engl J Med. 2014;370(24):2286-2294. 

7. Furman RR, Cheng S, Lu P, et al. Ibrutinib
resistance in chronic lymphocytic
leukemia. N Engl J Med. 2014;
370(24):2352-2354. 

8. Mato AR, Nabhan C, Barr PM, Ujjani CS,
Hill BT, Lamanna N, et al. Outcomes of
CLL patients treated with sequential kinase
inhibitor therapy: a real world experience.
Blood. 2016;128(18):2199–2205.

9. UK CLL Forum. Ibrutinib for
relapsed/refractory chronic lymphocytic
leukemia: a UK and Ireland analysis of out-
comes in 315 patients. Haematologica.
2016;101(12):1563-1572.

10. Santidrián AF, González-Gironès DM,
Iglesias-Serret D, et al. AICAR induces
apoptosis independently of AMPK and p53
through up-regulation of the BH3-only
proteins BIM and NOXA in chronic lym-

phocytic leukemia cells. Blood. 2010;
116(16):3023-3032. 

11. Pérez-Perarnau A, Preciado S, Palmeri CM,
et al. A trifluorinated thiazoline scaffold
leading to pro-apoptotic agents targeting
prohibitins. Angew Chemie Int Ed. 2014;
53(38):10150-10154.

12. Moncunill-Massaguer C, Saura-Esteller J,
Pérez-Perarnau A, et al. A novel prohibitin-
binding compound induces the mitochon-
drial apoptotic pathway through NOXA
and BIM upregulation. Oncotarget.
2015;6(39):41750-41765.

13. Artal-Sanz M, Tavernarakis N. Prohibitin
and mitochondrial biology. Trends
Endocrinol Metab. 2009;20(8):394-401. 

14. Osman C, Merkwirth C, Langer T.
Prohibitins and the functional compart-
mentalization of mitochondrial mem-
branes. J Cell Sci. 2009;122(Pt 21):3823-
3830.

15. Theiss AL, Sitaraman SV. The role and
therapeutic potential of prohibitin in dis-
ease. Biochim Biophys Acta. 2011;
1813(6):1137-1143.

16. Thuaud F, Ribeiro N, Nebigil CG, Désaubry
L. Prohibitin ligands in cell death and sur-
vival: Mode of action and therapeutic
potential. Chem Biol. 2013; 20(3):316-331.

17. Terashima M, Kim KM, Adachi T, et al.
The IgM antigen receptor of B lympho-
cytes is associated with prohibitin and a
prohibitin-related protein. EMBO J.
1994;13(1):3782-3792. 

18. Paris LL, Hu J, Galan J, et al. Regulation of
Syk by phosphorylation on serine in the
linker insert. J Biol Chem. 2010;
285(51):39844-39854. 

19. Lucas CR, Cordero-Nieves HM, Erbe RS, et
al. Prohibitins and the cytoplasmic domain
of CD86 cooperate to mediate CD86 sig-
naling in B lymphocytes. J Immunol. 2013;
190(2):723-736. 

20. Woodlock TJ, Bethlendy G, Segel GB.
Prohibitin expression is increased in phor-

bol ester-treated chronic leukemic B-lym-
phocytes. Blood Cells Mol Dis.
2001;27(1):27–34. 

21. Henrich S, Mactier S, Best G, Mulligan SP,
Crossett B, Christopherson RI. Fludarabine
nucleoside modulates nuclear “survival and
death” proteins in resistant chronic lym-
phocytic leukemia cells. Nucleosides
Nucleotides Nucleic Acids. 2011;30(12):
1181–1189. 

22. Eldering E, Spek CA, Aberson HL, et al.
Expression profiling via novel multiplex
assay allows rapid assessment of gene reg-
ulation in defined signalling pathways.
Nucleic Acids Res. 2003;31(23):e153. 

23. Chou T-C, Talalay P. Analysis of combined
drug effects: a new look at a very old prob-
lem. Trends Pharmacol Sci. 1983;4:450-
454. 

24. Campàs C, López JM, Santidrián AF,
Bellosillo B, Colomer D, Gil J. Acadesine
activates AMPK and induces apoptosis in
B-cell chronic lymphocytic leukemia cells
but not in T lymphocytes. Blood. 2003;
101(9):3674-3680. 

25. Van den Neste E, Cazin B, Janssens A, et al.
Acadesine for patients with
relapsed/refractory chronic lymphocytic
leukemia (CLL): A multicenter phase I/II
study. Cancer Chemother Pharmacol.
2013;71(3):581-591. 

26. Cervantes-Gómez F, Lamothe B, Woyach
JA, et al. Pharmacological and protein pro-
filing suggests venetoclax (ABT-199) as
optimal partner with ibrutinib in chronic
lymphocytic leukemia. Clin Cancer Res.
2015;21(16):3705-3715.

27. Bojarczuk K, Sasi BK, Gobessi S, et al. BCR
signaling inhibitors differ in their ability to
overcome Mcl-1-mediated resistance of
CLL B cells to ABT-199. Blood. 2016;
127(25):3192-3201.

28. Pomares H, Palmeri CM, Iglesias-Serret D,
et al. Targeting prohibitins induces apopto-
sis in acute myeloid leukemia cells.



Oncotarget. 2016;7(40):64987-65000.
29. Inoue S, Riley J, Gant TW, Dyer MJS,

Cohen GM. Apoptosis induced by histone
deacetylase inhibitors in leukemic cells is
mediated by Bim and Noxa. Leukemia.
2007;21(8):1773-1782. 

30. Pérez-Perarnau A, Coll-Mulet L, Rubio-
Patiño C, et al. Analysis of apoptosis regu-
latory genes altered by histone deacetylase
inhibitors in chronic lymphocytic leukemia
cells. Epigenetics. 2011;6(10):1228-1235. 

31. Smit LA, Hallaert DYH, Spijker R, et al.
Differential Noxa / Mcl-1 balance in
peripheral versus lymph node chronic lym-
phocytic leukemia cells correlates with sur-
vival capacity. Blood. 2007;109(4):1660-
1668. 

32. Roué G, López-Guerra M, Milpied P, et al.
Bendamustine is effective in p53-deficient
B-cell neoplasms and requires oxidative
stress and caspase-independent signaling.
Clin Cancer Res. 2008;14(21):6907–6915. 

33. De Frias M, Iglesias-Serret D, Cosialls AM,
et al. Akt inhibitors induce apoptosis in
chronic lymphocytic leukemia cells.
Haematologica. 2009;94(12):1698-1707. 

34. Paiva C, Godbersen JC, Soderquist RS, et
al. Cyclin-dependent kinase inhibitor
P1446A induces apoptosis in a JNK/p38
MAPK-dependent manner in chronic lym-
phocytic leukemia B-cells. PLoS One.
2015;10(11):1-16. 

35. Bates D, Feris EJ, Danilov A V., Eastman A.
Rapid induction of apoptosis in chronic
lymphocytic leukemia cells by the micro-
tubule disrupting agent BNC105. Cancer
Biol Ther. 2016;17(3):291-299. 

36. Slinger E, Wensveen F, Guikema J, Kater A,
Eldering E. Chronic lymphocytic leukemia
development is accelerated in mice with
deficiency of the pro-apoptotic regulator
NOXA. Haematologica. 2016;101(9):e374-
377.

37. Delbridge  AR, Strasser  A. The BCL-2 pro-

tein family, BH3-mimetics and cancer ther-
apy. Cell Death Differ. 2015;22(7):1071-
1080.

38. Chen H-C, Kanai M, Inoue-Yamauchi A, et
al. An interconnected hierarchical model of
cell death regulation by the BCL-2 family.
Nat Cell Biol. 2015;17(10):1270–1281.

39. Lucas DM, Edwards RB, Lozanski G, et al.
The novel plant-derived agent silvestrol has
B-cell selective activity in chronic lympho-
cytic leukemia and acute lymphoblastic
leukemia in vitro and in vivo. Blood. 2009;
113(19):4656–4666. 

40. Polier G, Neumann J, Thuaud F, et al. The
natural anticancer compounds
rocaglamides inhibit the Raf-MEK-ERK
pathway by targeting prohibitin 1 and 2.
Chem Biol. 2012;19(9):1093-1104.

41. Fabbri G, Dalla-Favera R. The molecular
pathogenesis of chronic lymphocytic
leukaemia. Nat Rev Cancer. 2016;16(3):
145-162.

Targeting PHBs induces apoptosis in CLL cells

haematologica | 2017; 102(9) 1593


