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Abstract. We previously reported that hyperforin, a phloro-
glucinol purified from Hypericum perforatum, induces the 
mitochondrial pathway of caspase-dependent apoptosis in 
chronic lymphocytic leukemia (CLL) cells ex vivo, and that 
this effect is associated with upregulation of Noxa, a BH3-only 
protein of the Bcl-2 family. Here, we investigated the role of 
this upregulation in the pro-apoptotic activity of hyperforin in 
the cells of CLL patients and MEC-1 cell line. We found that 
the increase in Noxa expression is a time- and concentration-
dependent effect of hyperforin occurring without change in Noxa 
mRNA levels. A post-translational regulation is suggested by the 
capacity of hyperforin to inhibit proteasome activity in CLL cells. 
Noxa silencing by siRNA reduces partially hyperforin-elicited 
apoptosis. Furthermore, treatment with hyperforin, which has no 
effect on the expression of the prosurvival protein Mcl-1, induces 
the interaction of Noxa with Mcl-1 and the dissociation of Mcl-1/
Bak complex, revealing that upregulated Noxa displaces the 
proapoptotic protein Bak from Mcl-1. This effect is accompanied 
with Bak activation, known to allow the release of apoptogenic 
factors from mitochondria. Our data indicate that Noxa upregu-
lation is one of the mechanisms by which hyperforin triggers 
CLL cell apoptosis. They also favor that new agents capable of 
mimicking specifically the BH3-only protein Noxa should be 
developed for apoptosis-based therapeutic strategy in CLL.

Introduction

In spite of recent therapeutic progresses, chronic lympho-
cytic leukemia (CLL) is still an incurable malignancy (1,2). 
Because the leukemic B cells accumulating in the blood are 
mostly quiescent but defective in their cell death program, a 

new strategy of treatment based on the induction of apoptosis 
has attracted much attention (3,4). Such a strategy requires the 
identification of specific targets. Mcl-1, a prosurvival member 
of the Bcl-2 family (5) which is overexpressed by CLL cells (6), 
appears as a target of choice for therapeutic purpose. Actually, 
this protein is now thought to play a role of prime importance 
in the apoptotic deficiency (7). In particular, its expression is 
correlated with prognostic markers and clinical outcomes of 
CLL patients (8,9), and its loss is sufficient to trigger in vitro 
apoptosis (10). Mcl-1 can be down-regulated by flavopiridol, a 
semi-synthetic flavonoid of vegetal origin known to be a potent 
inducer of CLL cell apoptosis in vitro through its property to 
inhibit short-lived protein mRNA transcription (11). However, 
this effect is not specific and flavopiridol has not been approved 
by FDA. The BH3-only protein Noxa seems also to be a 
potential therapeutic target for CLL because it is a specific 
ligand of Mcl-1 which neutralizes its anti-apoptotic activity 
(12). In addition, Noxa expression is inversely related to CLL 
cell survival capacity (13) and its enhancement is involved in 
the proapoptotic effects of proteasome or histone deacetylase 
(HDAC) inhibitors on CLL cells (13,14). Nevertheless, both 
types of agents also enhance Mcl-1 expression (15,16), and it is 
noteworthy that their use in clinical trials on CLL were disap-
pointing (17,18).

Hyperforin is a plant-derived inducer of CLL cell apoptosis 
that we have previously described (19) and which seems of 
particular interest for its pleiotropic properties. This phloroglu-
cinol purified from Hypericum perforatum (St John's wort) has 
been characterized as the main active component of this plant 
used for centuries to treat mild depression. Hyperforin displays 
antibacterial, antioxidant and immunomodulating activities, 
inhibits inflammation and allergy mediators, has antitumor, 
anti-angiogenic and antimigratory effects in vitro and in animal 
models (20). In CLL cells, hyperforin is capable of inhibiting 
the production of two mediators of angiogenesis, metallo-
proteinase-9 and VEGF and the activity of proteins involved 
in multidrug resistance, as reported by us (21,22). Like most 
CLL cell apoptosis inducers, hyperforin triggers the caspase-
dependent mitochondrial pathway (19) but the molecular 
mechanisms allowing the liberation of apoptogenic factors from 
mitochondria are not elucidated. In a preliminary study, we 
found that Noxa protein is upregulated during apoptosis of CLL 
cells induced by hyperforin but not flavopiridol (23).
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In the present study, we first characterized this Noxa upregu-
lation and then provided evidence favoring that Noxa is involved 
in the mechanism of action of the phloroglucinol through inter-
action with Mcl-1, displacement of the proapoptotic protein Bak 
from its complex with Mcl-1 and Bak activation, responsible 
for mitochondrial membrane permeabilization. Our data thus 
strengthen the concept of targeting the BH3-only protein Noxa 
for CLL therapy.

Patients and methods

Patients, cells and cell culture. Blood samples from CLL patients 
were obtained from the Hematology Department of Saint-
Antoine Hospital (paris, France) after written informed consent 
in accordance with the revised Helsinki protocol. Diagnosis was 
established according to the International Workshop on CLL 
(IWCLL), including lymphocyte morphology and co-expression 
of CD5, CD20 and CD23 antigens (24). A total of 22 untreated 
patients (16 men and 6 women), all classified as Binet's stage 
A, with a mean age of 64±13 years, were selected. Leukemic 
cells from CLL patients were purified as previously reported to 
a purity ≥95% (25) and were immediately cultured. Cell cultures 
were performed at 37˚C in a humidified atmosphere containing 
5% CO2 in RpMI-1640 medium supplemented with 2 mM gluta-
mine, antibiotics and 10% FCS (PAA Laboratories, Pasching, 
Austria) at seeding densities of 2-4x106 cells/ml. The MEC-1 
cell line, established from a CLL patient in prolymphocytoid 
transformation (26) was purchased from DSMZ (Braunschweig, 
Germany). MEC-1 cells were routinely cultured between 2x105 
and 106 cells/ml in the same medium as above but supplemented 
with 1 mM sodium pyruvate, and experiments were carried out 
by seeding cells at 5x105/ml. Cell concentrations were measured 
with a Z-2 Coulter counter (Beckman-Coulter, Les Ulis, France) 
and cell viability was evaluated using a colorimetric assay based 
on the cleavage of the tetrazolium salt WST-1 by mitochondrial 
dehydrogenases (Roche Diagnostics, Meylan, France).

Reagents. Hyperforin (MW 538) was purified by one of us 
(IB) in the laboratory which described the procedure (27). The 
protocol uses alkaline medium in order to exclude hypericin due 
to its different solubility properties and to insure the stability 
of the product during the purification (pH control, solvent 
nature, evaporation). The purity of the preparation was >98% 
as monitored by reversed-phase HpLC-DAD technique with 
<1% hypericin. Hyperforin was stored frozen in ethanolic 
solution under conditions preventing its sensitivity to light, 
oxygen and aqueous solvent to avoid oxidation products. The 
biological activity of our preparation was similar to that of 
commercial hyperforin (purity >90%, Cayman Chemical, 
Interchim, Montlucon, France) as assessed by apoptosis induc-
tion assay with MEC-1 and U937 cell lines. Flavopiridol was 
kindly provided by Aventis pharmaceuticals (Bridgewater, NJ, 
USA). Other reagents and chemicals were from Sigma (Sigma 
Aldrich, Saint Quentin Fallavier, France), except when other-
wise stated.

Western blotting. protein expression was studied by Western 
blotting from cell lysates containing equal amounts of proteins 
(30-50 µg), as detailed previously (25). proteins were revealed 
by blotting with the following primary antibodies: the rabbit 

polyclonal (S-19) anti-Mcl-1 (from Santa Cruz Biotechnology, 
Tebu, Le perray en Yvelines, France); two mouse mAb anti-
Noxa, clone 6D619 (US Biologicals, Euromedex, Mundolsheim, 
France) and IMG-249 (Imgenex, Clinisciences, Montrouge, 
France); the mouse mAb anti-Bak Ab-1 specific for the active 
form of Bak (Calbiochem, VWR International SAS, Fontenay, 
France); an anti-pARp-1 [poly(ADp-ribose) polymerase-1] 
recognizing both the native form (116 kDa) and the cleaved frag-
ment (85 kDa) from Santa Cruz Biotechnology; an anti-β-actin 
(clone C4; Mp Biomedicals, Illkirch, France) used for protein 
content monitoring and standardization. Band intensities of the 
proteins visualized in Western blots were quantified with the 
NIH Image 1.62b software.

Immunoprecipitation experiments. Cells were lysed for 30 min 
at 4˚C with 1% 3-[(3-cholamidopropyl)dimethylammonio]-
1-propane sulfonate (CHApS), 20 mM Tris-HCl/pH 8.0, 
150 mM NaCl and a cocktail of protease inhibitors. Cell lysates 
were pre-cleared for 30 min at 4˚C with Protein G-agarose 
beads (Santa Cruz Biotechnology) equilibrated with lysis 
buffer in the presence of isotype antibody. pre-cleared lysates 
were then incubated overnight at 4˚C with pre-equilibrated 
protein G beads and the relevant antibody: the mouse mAb 
anti-Mcl-1 (MCL-1801 from Santa Cruz Biotechnology) or 
the rabbit polyclonal anti-Bak NT (Upstate, Millipore, Saint 
Quentin en Yvelines, France). Immunoprecipitates (Ip) were 
washed and mixed with non-reducing electrophoresis sample 
buffer, and beads were discarded after boiling for 3 min. Ip were 
finally subjected to Western blot analysis using either anti-
Mcl-1 (S-19), anti-Noxa (6D619) or anti-Bak (NT) primary 
antibodies.

Proteasome activity assay. proteasome activity was determined 
with the aid of the proteasome-Glo™ Chymotrypsin-like cell-
based assay (promega France, Charbonnières-les-Bains, France) 
that measures chymotrypsin-like protease activity associated 
with the proteasome complex directly in intact cells. This assay 
has been used to evaluate the activity of bortezomib in a variety of 
cancer cell lines (28). It has three components: a buffer containing 
the proteasome complex, a luciferin detection reagent and the 
luminogenic substrate, succinyl-LLVY-aminoluciferin. The 
proteasome cleavage generates a luminescent signal produced 
by luciferase reaction. Briefly, 100 µl of the reagent mixture was 
added to 2x105 cells/100 µl in 96-well micro-titration plates for 
15 min at 37˚C, and the luminescence was immediately recorded 
with a spectrophotometer Wallac Victor2 microplate reader.

RT-PCR analysis of mRNA expression. Total RNA was 
extracted from CLL cells with the Trizol method and reverse 
transcription was performed as previously detailed (29). The 
primers used for Noxa and Mcl-1 (synthesized by Eurobio, Les 
Ulis, France) and for β2-microglobulin (Sigma proligo France) 
were as follows: Noxa (forward) 5'-GTG CCC TTG GAA ACG 
GAA GA-3', and (reverse) 5'-CCA GCC GCC CAG TCT AAT 
CA-3'; Mcl-1 (forward) 5'-ATC TCT CGG TAC CTT CGG 
GAG C-3', and (reverse) 5'-CCT GAT GCC ACC TTC TAG 
GTC C-3'; β2-microglobulin (forward) 5'-CAT CCA GCG TAC 
TCC AAA GA-3', and (reverse) 5'-GAC AAG TCT GAA TGC 
TCC A-3'. pCR products were visualized by electrophoresis in 
2% agarose gel containing 0.2 mg/ml ethidium bromide. The 
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sizes of amplified cDNAs were 165 bp for β2-microglobulin, 
446 bp for Mcl-1, and 260 bp for Noxa. Band intensities were 
quantified by the NIH Image 1.63 software after acquisition in 
an Appligen densitometer (Oncor).

siRNA nucleofection. Experiments of mRNA silencing were 
carried out by transfecting cells with small interfering RNA 
(siRNA). The Noxa siRNA and negative control siRNA were 
purchased from Qiagen (Courtaboeuf, France). Nucleofection 
of cells was performed using the Amaxa Human B cell 

Nucleofector kit (Lonza, Levallois-perret, France) and the 
Nucleofector System of Amaxa (Cologne, Germany). Briefly, 
CLL (2x106) or MEC-1 (106) cells were mixed with either Noxa 
or control siRNA (30 nM) in the buffer of the kit and imme-
diately nucleofected using different programs according to the 
manufacturer's instructions. Cells were immediately transferred 
in culture plates containing complete medium (final volume of 
1 ml) and incubated at 37˚C for 5 h to allow siRNA transfection. 
Then, transfected cells were either treated with different concen-
trations of hyperforin or left untreated for 42 h prior to measure 

Figure 1. Effect of hyperforin on Noxa protein expression in CLL cells and comparison with flavopiridol. Cells from 21 patients were treated for 18 h with 10 µg/ml 
(18 µM) hyperforin (H) or 1 µM flavopiridol (F) or left untreated (controls, C) before Western blot analysis. (A) Hyperforin induces Noxa up-regulation associated 
with PARP-1 cleavage (an index of apoptosis induction) as exemplified with two patients; the right panel shows a representative experiment with MEC-1 cells (out 
of three that gave similar results, after treatment with 10 µg/ml H but 0.2 µM F). (B) Global analysis of the effects of H and F on Noxa/actin band intensity ratios in 
CLL cells (patients nos. 1-19, 21 and 22) and on Mcl-1/actin ratios (patients nos. 1-10, 15-19 and 21), with p-values evaluated using the unpaired Student's t-test; NS, 
not significant. (C) Noxa upregulation depends on time and concentration of treatment with hyperforin in CLL cells. Data are from one experiment representative 
of two other experiments (patients nos. 19, 20 and 22).
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phosphatidylserine externalization. The effects of hyperforin 
were checked in parallel on cells which were not transfected as a 
control experiment.

Phosphatidylserine (PS) externalization evaluation. pS exter-
nalization, a membrane marker of apoptosis was quantified 
by specific binding of FITC-conjugated annexin V (Bender 
Medsystems, Vienna, Austria) with or without simultaneous 
labeling with propidium iodide (pI), as previously detailed (25). 
The percentages of cells positive for annexin V-FITC/pI nega-
tive (early apoptosis) and of double positive cells (late apoptosis) 
were determined with a flow cytometer (Beckman Coulter, 
Luminy, France). Results are expressed as the percentages of 
total annexin V positive cells.

Results

Hyperforin induces a concentration and time-dependent Noxa 
upregulation. As previously shown (19), the maximal effects 
of hyperforin in inducing apoptosis of primary CLL cells in 
culture (DNA fragmentation, pS externalization, mitochon-
drial membrane depolarization, caspase-3 activation, pARp-1 
cleavage) are achieved by 18-24 h of treatment with 10 µg/ml 
(18 µM). These experimental conditions were used to investigate 
the effects of hyperforin on Noxa protein expression in CLL cells 
from a total of 21 patients. Under these conditions, no change in 
cell viability was detected, cell mortality occurring after at least 
48 h of treatment. As illustrated in Fig. 1A, low or hardly detect-
able levels of Noxa expression in untreated cells increased to high 
levels in hyperforin-treated cells. This effect was observed in all 
21 patients and was always associated with caspase-dependent 
pARp-1 cleavage, a control of apoptosis induction. However, no 
augmentation of Noxa expression was detected upon treatment 
with flavopiridol which, as expected, markedly decreased Mcl-1 
levels (Fig. 1A). These results, which were in accordance with the 
preliminary data (23), were similarly observed with the cell line 
MEC-1 (Fig. 1A). The mean ratios of Noxa/actin and Mcl-1/actin 
band intensities obtained with all the patients tested show that 
hyperforin-induced Noxa upregulation (5-fold increase versus 
untreated controls) was highly significant, while Mcl-1 levels did 
not vary significantly (Fig. 1B). Western blots with two different 
anti-Noxa antibodies provided the same results, which were also 
found by immunofluorescence and flow cytometry analysis (data 
not shown). The increase in Noxa levels depended on hyperforin 
concentration and time of treatment in CLL cells from 3 patients 
and MEC-1 cells, peaking between 12 and 24 h with 10 µg/ml 
of hyperforin, as exemplified in Fig. 1C. Therefore, Noxa upre-
gulation is actually an effect of hyperforin which is associated 
with apoptosis induction in CLL cells and occurs without signifi-
cant modulation of Mcl-1 expression.

Hyperforin has no effect on Noxa mRNA expression. The 
effects of hyperforin on Noxa mRNA expression were studied 
by semi-quantitative RT-pCR. Cells were cultured in the pres-
ence of various hyperforin concentrations and for different 
times under experimental conditions allowing apoptosis induc-
tion and Noxa protein up-regulation. The results which were 
similar for CLL cells from three patients and MEC-1 cells are 
exemplified in Fig. 2A-C. They revealed no change in Noxa 
mRNA levels versus untreated controls within 24 h of treatment 

with hyperforin concentrations ≥12 µg/ml, while these levels 
were either or not diminished upon exposure to flavopiridol. 
The paralleled analysis of Mcl-1 mRNA expression showed no 
effect of hyperforin but, as expected, a marked decrease after 
flavopiridol treatment (Fig. 2A-C). These data suggest that the 
effect of hyperforin on Noxa protein levels does not result from 
transcriptional activation.

Hyperforin inhibits proteasome activity. The inhibition of non-
lysosomal proteolysis of ubiquitinated proteins by the proteasome 
is known to cause increased expression of certain proteins (30). 
Because Noxa can be upregulated by the proteasome inhibitor 
bortezomib in various cell types including CLL cells (13,30) and 
because a number of natural compounds are proteasome inhibi-
tors (31,32), we therefore investigated the capacity of hyperforin 
to inhibit proteasomal activity in CLL cells in comparison 
with bortezomib as a reference. Fig. 2D shows that hyperforin 
treatment resulted in concentration-dependent reduction of 
proteasome activity, although to an extent lesser than the inhi-
bition by bortezomib. The maximal effects were reached with 
elevated concentrations of hyperforin (15-20 µg/ml), i.e., concen-
trations higher than those inducing optimal Noxa upregulation 
and apoptosis (10 µg/ml), and comparable results were obtained 
with MEC-1 cell line (Fig. 2D). The data indicate that hyper-
forin is capable of inhibiting proteasomal degradation in CLL 
cells, supporting the assumption that the phloroglucinol might 
enhance Noxa expression through a post-translational regulation 
at the protein level.

Noxa silencing reduces hyperforin-induced apoptosis. The 
effect of Noxa silencing on hyperforin-elicited apoptosis was 
investigated. Cells were transfected with Noxa siRNA or a 
negative control siRNA, then treated with hyperforin or left 
untreated prior to measurement of pS externalization. Results 
obtained in two experiments with MEC-1 cells and in CLL 
patient's cells are exemplified in Fig. 3A. In the absence of 
hyperforin treatment, the levels of pS externalization were 
similar after nucleofection with either negative control siRNA 
or Noxa siRNA (while higher than in untransfected cells, not 
shown). Upon hyperforin exposure, the percentage of cells 
positive for pS externalization markedly increased in cells 
which have been transfected with negative control siRNA (to 
levels similar to those of untransfected cells). These increases 
were reduced when cells were transfected with Noxa siRNA 
by 46 and 23% in the experiments with MEC-1 cells and by 
32% in CLL cells (Fig. 3A). The effect of Noxa siRNA was 
reproducibly observed and its magnitude was comparable to 
that was previously found with various cell types including 
CLL cells (13,14,33-35). Consequently, loss of Noxa expression 
reduces partially hyperforin-induced apoptosis, indicating that 
the BH3-only protein mediates in part this apoptosis induction 
and that at least another mechanism is involved.

Hyperforin treatment induces Noxa/Mcl-1 association and 
Mcl-1/Bak dissociation. Experiments of co-immunoprecipitation 
were performed with cells committed to apoptosis by hyperforin 
treatment and with untreated controls in order to examine the 
effects of the phloroglucinol on Noxa/Mcl-1 and Mcl-1/Bak 
interactions (Fig. 3B and C). Exposure of CLL patient cells to 
hyperforin but not flavopiridol strongly induced the co-preci-
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Figure 2. Hyperforin does not change Noxa mRNA expression but inhibits proteasome activity in CLL and MEC-1 cells. Cells from 3 patients (nos. 17, 18 and 21) 
and MEC-1 cells were treated for different times with various concentrations of hyperforin (H) or left untreated (controls, C). (A) Effect of time of treatment with 
hyperforin on Noxa mRNA and Mcl-1 mRNA levels in CLL cells from patient no. 21, as analyzed by RT-pCR using β2-microglobulin (β2-m) for RNA content 
monitoring. (B) Effect of hyperforin concentration on Noxa and Mcl-1 mRNA levels in cells from CLL no. 21 (18-h treatment); the effect of 1 µM flavopiridol 
was examined in parallel. (C) RT-PCR analysis after treatment of MEC-1 cells with 10 µg/ml H or 0.2 µM flavopiridol (F) for 18 h. (-), Buffer without cDNA. 
(D) Dose-dependent inhibition of proteasomal degradation by hyperforin in CLL no. 21 and MEC-1 cells after treatment for 18 h with increasing concentrations 
of hyperforin, or with 10 nM bortezomib (B) as a proteasome inhibitor. For technical procedures, see Materials and methods. Data exemplified with patient no. 21 
were similar with the two other patients.

Figure 3. Noxa is involved in hyperforin-triggered apoptosis of primary CLL cells (as illustrated with patient no. 21) and MEC-1 cells through interaction with 
Mcl-1 and dissociation of Mcl-1/Bak complex. (A) Noxa silencing reduces pS externalization induced by hyperforin treatment: cells were transfected with 
either Noxa siRNA (Noxa Si) or negative control siRNA (negative Si), then treated with 5 µg/ml hyperforin or left untreated for 42 h before measurement of 
PS externalization by annexin V fixation. (B) Hyperforin both induces the co-precipitation of Noxa with Mcl-1 and abrogates the co-precipitation of Mcl-1 
with Bak in CLL cells. Cells treated for 18 h with 10 µg/ml hyperforin (H) or 1 µM flavopiridol (F) and untreated controls (C) were lysed, and the lysates were 
simultaneously immunoprecipitated with either an anti-Mcl-1 or an anti-Bak. Mcl-1 immunoprecipitates (Ip) were immunoblotted with anti-Mcl-1 (Ip control) or 
anti-Noxa to evaluate Mcl-1/Noxa interaction. Bak Ip were blotted with anti-Bak (Ip control) or anti-Mcl-1 to examine Mcl-1/Bak association. The total levels of 
Noxa, Mcl-1 and Bak were in accordance with Fig. 1 and Table I. Similar results were obtained with three other patients (nos. 19, 20 and 22). (C) Co-precipitation 
experiments performed with MEC-1 cell lysates.
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pitation of Noxa with Mcl-1 as compared to untreated controls 
(Fig. 3B). Simultaneously, hyperforin treatment abolished the 
co-precipitation of Bak with Mcl-1 detected in untreated controls 
(Fig. 3B). These effects, which were always associated with Noxa 
upregulation, were similarly observed with the MEC-1 cell line 
(Fig. 3C). The data clearly demonstrate that hyperforin induces 
both the interaction of Noxa with Mcl-1 and the dissociation of 
Mcl-1/Bak complex, indicating that Noxa displaces Bak from 
Mcl-1. As expected, Mcl-1/Bak association was also reduced 
upon treatment with flavopiridol (Fig. 3B and C) which consis-
tently decreased Mcl-1 levels (Fig. 1A and B).

Hyperforin treatment increases activated Bak expression. To 
verify if hyperforin-induced displacement of Bak from its 
complex with Mcl-1 might result in Bak activation, Western 
blot experiments were performed with an antibody recognizing 
specifically the active form of Bak. Table I shows that hyperforin 
treatment increased significantly the expression of activated 
Bak in CLL cells from 8 patients. Similarly, this effect was 
observed upon flavopiridol treatment which also decreased the 
levels of interaction of Mcl-1 with Bak (Fig. 3B and C). The 
augmentation of active Bak levels by hyperforin was associated 
with Noxa upregulation and pARp-1 cleavage as found in cells 
of three patients (data not shown). The data thus indicate that 
hyperforin-elicited Noxa upregulation and Mcl-1/Bak disruption 
are accompanied with Bak activation.

Discussion

The characterization of the Noxa upregulation associated with 
hyperforin-induced apoptosis of CLL cells reveals that it is a 
concentration and time-dependent effect of the phloroglucinol 
occurring in CLL cells from all the patients in the study. This 
effect does not seem to result from transcription activation but 
rather from a regulation at the protein level, as suggested by 
the capacity of hyperforin to inhibit proteasome activity. These 
data are not surprising since it is known that the BH3-only 
protein Noxa can be activated by either transcriptional or 

post-translational regulation depending on the experimental 
systems (36). In particular, Noxa induction is p53-independent 
in B cell malignancies and moreover, inhibition of proteasomal 
degradation causes Noxa stabilization and accumulation in CLL 
cells notably (13,33). In addition, a number of plant-derived 
compounds are natural proteasome inhibitors (31,32). While 
the mechanism involved and a statistical analysis with a large 
number of patients are under study, we can claim that the inhibi-
tory effect of hyperforin on proteasomal activity is not due to 
the contamination of our hyperforin preparation by hypericin, 
one of the major constituents of St John's wort which is known 
as a proteasome inhibitor, because of the high level of purity 
of this preparation (see Materials and methods). Furthermore, 
loss of Noxa by RNA silencing consistently reduces hyperforin-
triggered apoptosis in both MEC-1 and primary CLL cells. 
Although the MEC-1 cell line was established from a CLL 
patient in prolymphocytic transformation (26) and thus, is not 
stricto sensus a CLL cell line, our observations throughout the 
study that MEC-1 cells behave quite similarly to CLL patient 
cells regarding their responses to hyperforin indicate that this 
cell line constitutes a relevant model to study the mechanism 
of action of the phloroglucinol. The fact that Noxa silencing 
reduces only partially hyperforin-promoted apoptosis suggests 
the involvement of at least another mechanism. Finally, we 
describe three molecular events occurring as a consequence 
of hyperforin-elicited Noxa upregulation in CLL cells: i) Noxa 
interacts with Mcl-1, ii) Bak is displaced from its complex with 
Mcl-1, as already found upon Noxa induction by bortezomib and 
HDAC inhibitors (13,14), and iii) Bak is activated. These three 
steps are known to cause mitochondrial membrane permeabili-
zation and subsequent caspase cascade (5,12).

Together, data of the present study indicate that Noxa 
upregulation is one of the mechanisms through which hyperforin 
triggers the caspase-dependent mitochondrial apoptosis in CLL 
cells. Considering other possible mechanisms, the phloroglucinol 
might also enhance BH3-only proteins such as Bim or puma 
which are known to neutralize the prosurvival Bcl-2 family 
members Bcl-xL, Bcl-w or Bcl-2 itself. In connection with this, 
puma gene expression was reported to be activated during CLL 
cell apoptosis promoted by fludarabine (37), Bim was involved in 
the effects of HDAC inhibitors or glucocorticoids (14,38), and the 
role of Bcl-xL in CLL has been highlighted (39,40). Experiments 
are in progress to study the effects of hyperforin on these various 
Bcl-2 family members, as well as on Bax, the proapoptotic ligand 
of Bcl-xL allowing mitochondrial membrane permeabilization. 
Furthermore, hyperforin might stimulate another pathway of 
apoptosis such as caspase-independent programmed cell death 
(also associated with pS externalization) which has been shown 
to play a role in CLL cells (41). Finally, we cannot exclude that 
the inhibitory properties of hyperforin on sirtuins, which are 
HDAC capable of preventing apoptosis (42), may be implicated.

The new steps in the action of hyperforin described in the 
present work reveal that this apoptosis inducer uses a mechanism 
different from that of flavopiridol to target the same prosurvival 
protein Mcl-1: while the flavonoid down-regulates Mcl-1 through 
non-specific transcription inhibition of short-lived proteins (11), 
the phloroglucinol specifically neutralizes Mcl-1 anti-apoptotic 
activity by upregulating Noxa; both mechanisms result in Bak 
activation. Consequently, hyperforin seemingly acts in a way 
resembling that of proteasome inhibitors. Nevertheless, unlike 

Table I. Effects of hyperforin on the expression of the activated 
form of Bak in CLL cells and comparison with the effect of 
flavopiridol.

 Active Bak/β-actin ratios (N=8 CLL patients)
 ---------------------------------------------------------------------------------------
 Controls Flavopiridol Hyperforin

Mean ± SE 0.45±0.05 2.39±0.97 1.55±0.69
(range) (0.27-0.71) (0.33-8.98) (0.56-6.28)

t-test  p=0.02 p=0.01

CLL cells from 8 patients (nos. 13-15, 17-19, 21 and 22) were treated for 
18 h with 10 µg/ml hyperforin or 1 µM flavopiridol or left untreated 
(controls) and then analyzed by Western blotting with an antibody 
specific for the active form of Bak. The ratios of active Bak/β-actin band 
intensities were evaluated as described in Materials and methods and 
are expressed as means ± standard error (SE). p-values were calculated 
using the unpaired Student's t-test.
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proteasome inhibitors and HDAC inhibitors as well (15,16), 
hyperforin does not enhance Mcl-1 expression within the range 
of concentrations provoking optimal Noxa up-regulation and 
apoptosis in CLL cells. Only slight increases in Mcl-1 levels 
were occasionally detected in some patients after treatment with 
high hyperforin concentrations corresponding to maximal inhi-
bition of proteasomal activity (15-20 µg/ml). Decreases in Mcl-1 
levels were even observed, being caspase-dependent and thus 
indirect consequences of apoptosis induction (19). Such varia-
tions in Mcl-1 levels might reflect differences in leukemic cell 
sensitivity to hyperforin between CLL patients. Experiments 
are in progress to elucidate whether hyperforin inhibits Noxa 
degradation via a mechanism similar to bortezomib or other 
proteasome inhibitors (33).

When considering the relevance of hyperforin for clinical 
application, several properties of hyperforin that limit its use 
have to be mentioned: modulation of cytochrome p450 and 
interference with the clearance of xenobiotics (20) or sensitivity 
of the phloroglucinol to light, oxygen and aqueous solvent (43). 
However, new chemical derivatives have been developed with 
improved stability and solubility and more potent activity, such 
as aristoforin (43). Obviously, preclinical experiments on the 
sensitivity of bone marrow progenitors and normal B and T 
lymphocytes and on the co-incubation with microenvironment 
cells protecting leukemic cells from apoptosis (3) should be 
performed. To evaluate the efficacy of hyperforin derivatives in 
CLL cells from p53 mutated patients might also enhance their 
clinical relevance (2).

Finally, since the emergence of the concept that agents 
capable of mimicking BH3-only proteins may be of interest 
for therapeutic strategies based on apoptosis induction (5,12), 
several pan-BH3 mimetics were studied with somewhat 
promising results (39,44,45). Our present study prompts the 
development of new BH3 mimetics specific for Noxa which 
seem crucial for improving CLL therapy.
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