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Abstract
Objective: The mechanisms that regulate mitogenic
and antiapoptotic signals in primary effusion
lymphoma (PEL) are not well known. In efforts to
identify novel approaches to block the proliferation
of PEL cells, we assessed the effect of apigenin
(4¢,5,7-trihydroxyflavone), a flavonoid on a panel of
PEL cell lines.
Materials and methods: We studied the effect of
apigenin on four PEL cell lines. Apoptosis was
measured by annexin V/PI dual staining and DNA
laddering. Protein expression was measured by
immunoblotting.
Results: Apigenin induced apoptosis in PEL cell
lines in a dose dependent manner. Such effects of
apigenin appeared to result from suppression of con-
stitutively active kinase AKT resulting in down-regu-
lation of SKP2, hypo-phosphorylation of Rb and
accumulation of p27Kip1. Apigenin treatment of
PEL cells caused dephosphorylation of p-Bad protein
leading to down regulation of the anti-apoptotic
protein, Bcl-2 and an increase in Bax ⁄Bcl2 ratio.
Apigenin treatment also triggered Bax conforma-
tional change and subsequently translocation from
cytosole to mitochondria causing loss of mitochon-
drial membrane potential with subsequent release of
cytochrome c. Released cytochrome c onto the cyto-
sole activated caspase-9 and caspase-3, followed
by polyadenosin-5¢-diphosphate-ribose polymerase
(PARP) cleavage. Finally, treatment of PEL cells

with apigenin down-regulated the expression of inhi-
bitor of apoptosis protein (IAPs).
Conclusions: Altogether, these data suggest a novel
function for apigenin, acting as a suppressor of
AKT ⁄PKB pathway in PEL cells, and raise the possi-
bility that this agent may have a future therapeutic
role in PEL and possibly other malignancies with
constitutive activation of the AKT/PKB pathway.

Introduction

Primary effusion lymphoma (PEL), a subtype of non-
Hodgkin’s B-cell lymphoma, is mainly present in patients
with advanced AIDS, but is sometimes also found in
human immunodeficiency virus (HIV)-negative individu-
als (1). PEL cells grow as a lymphomatous effusion in
body cavities and are infected with Kaposi sarcoma-asso-
ciated herpesvirus (KSHV ⁄HHV-8). Most cases show dual
infection with Epstein–Barr virus (EBV ⁄HHV-4) (2).
Pleural and abdominal effusions from patients with AIDS-
PEL contain a number of cytokines, which serve as auto-
crine growth factors (3). For example, IL-10 has been
reported to serve as an autocrine growth factor for AIDS-
related B-cell lymphoma (4). Recently, it has also been
shown that PEL cells use viral IL-6 and IL-10 in an auto-
crine fashion for their survival and proliferation (3,4). A
number of constitutively activated signalling pathways
play critical roles in survival and growth of PEL cells.
These include JAK ⁄STAT, NF-jB and PI3-kinase (5–7).
Considerable evidence demonstrates the role of PI3¢-kina-
se ⁄AKT signalling in oncogenic transformation and cancer
progression (8–10). AKT prevents apoptosis by generating
anti-apoptotic signals through modulation of activity
of various survival and proapoptotic molecules (11–14).
Activation of AKT promotes cell survival by directly
phosphorylating key apoptotic regulators BAD and mem-
bers of the Foxo family of transcription factors (15). The
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PI3-kinase ⁄AKT pathway controls expression of cell-
cycle regulatory proteins, such as p27Kip1, and
deregulated cell cycle control is an important constituent
of all cancers. Several lines of evidence show that SKP2
and p27Kip1 are central players in the pathogenesis of var-
ious malignancies (15–18). PI3K ⁄AKT signalling is
known to control SKP2 transcription in different cellular
systems (16,17) and it regulates SKP2 gene transcription
by controlling a cis-acting element in the proximal human
SKP2 gene promoter (18). Reduced p27Kip1 protein level
has been shown in a variety of malignant cells (19,20).
There is no evidence of p27Kip1 mutations, instead, wild-
type p27Kip1 protein has been shown to be commonly
reduced because of deregulation of SKP2 through ubiqu-
itin-mediated degradation (19,20). Interestingly, SKP2 is
frequently up-regulated in human cancers or in some
cases, such as lung cancer, the SKP2 gene is amplified
(19–21). Interestingly, we have observed that PEL cell
lines that display lower levels of p27Kip1 show a high
level of SKP2.

The Bcl-2 family is now well characterized consisting
of pro-survival members related to Bcl-2, and proapoptot-
ic proteins such as Bax and Bak [that can act as primary
initiators of mitochondrial disruption (15)] or the BH3-
only proteins such as Bid, Bim and Bad that can act as
modulators of these processes (22).

Apigenin (4’,5, 7-trihydroxyflavone) is a common die-
tary flavonoid found in fruit and vegetables (23). It has
been used as a dietary supplement and has become an
attractive compound for cancer research studies because
of its anti-tumour properties (24). Apigenin has been
shown to possess growth inhibitory abilities against many
human cancer cell lines including breast, colon, thyroid,
leukaemia and prostate cancer (25–29). There has been
particular interest for the potential use of apigenin as an
anti-cancer agent because of its low intrinsic toxicity and
lack of mutagenic properties, compared to other structur-
ally related flavonoids (30). Although apigenin has been
shown to have anti-tumourigenic effects, that specifically
on primary effusion lymphoma remains unknown. Here,
we investigated anti-tumour activity of apigenin against
human primary effusion lymphoma cell lines.

In this study, we show for the first time that apigenin
induces apoptosis of PEL cells. Apigenin inhibits the con-
stitutive activation AKT ⁄PKB leading to de-accumulation
of p27Kip1 via hypophoshorylation of RB and down-reg-
ulation of SKP2. Apigenin treatment of PEL cells resulted
in dephosphorylation of Bad leading to down-regulation
of Bcl2 and increase in the Bax ⁄Bcl-2 ratio. This leads to
conformational changes of Bax protein, loss of mito-
chondrial membrane potential and subsequent release of
cytochrome c, as well as down-regulation of IAPs and
activation of caspase-dependent apoptosis.

Materials and methods

Cell culture and treatment

Human PEL (BC1, BC3, BCBL1 and HBL-6) cell lines
were obtained from American Type Culture Collection
(ATCC), (Rockville, MD, USA) and cultured in RPMI
1640 medium supplemented with 10% (v ⁄v) foetal bovine
serum (FBS), 100 U ⁄ml penicillin and 100 U ⁄ml strepto-
mycin at 37 �C in a humidified atmosphere containing 5%
CO2. BC1 and HBL-6 cell lines were co-infected with
EBV and HHV-8, while BC3 and BCBL1 cell lines were
HHV-8 positive only. All experiments were performed in
5% FBS, in triplicate. Apigenin was used in different con-
centrations ranging between 0 and 100 lM dissolved in
dimethyl sulphoxide (DMSO). DMSO was added to
untreated samples to exclude DMSO toxicity.

Reagents and antibodies

Apigenin and Bax 6A7 monoclonal antibodies were
purchased from Sigma Chemical Co (St. Louis, MO,
USA). Bcl-2 antibody was purchased from Dako (Carpen-
teria, CA, USA). zVAD-fmk and caspase-9 antibodies
were purchased from Calbiochem (San Diego, CA, USA).
p-AKT, p-FKHR, p-GSK3, cleaved caspase-3, p-Bad and
BID antibodies were purchased from Cell Signaling Tech-
nologies (Beverly, MA, USA). Caspase-3, PARP, cyto-
chrome c, Bax and beta-actin antibodies were purchased
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA,
USA). Caspase-8, cIAP1 and XIAP antibodies were pur-
chased from R&D (Minneapolis, MN, USA). TUNEL
assay kit, ZB4 and CH11 antibodies were obtained from
MBL (Watertown, MA, USA). AnnexinV ⁄PI assay kit
was purchased from Molecular Probes (Eugene, OR,
USA). JC1 and mitochondrial incubation buffer were pur-
chased from Alexis (San Diego, CA, USA).

Cell death assay

After indicated treatments with apigenin, cells were incu-
bated with trypan blue for 5–10 min at room temperature.
Trypan blue-positive and total cells were counted per
microscope field for a total of four fields per condition.
The proportion of cell death was calculated by dividing
the number of dead cells by total number ⁄field.

Cell cycle analysis

Cell lines were treated with, or without apigenin for 24 h,
were washed once in phosphate-buffered saline (PBS) and
re-suspended in 500 ll hypotonic staining buffer (sodium
citrate 250 mg, TritonX 0.75 ml, propidium iodide 25 lg,
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ribonuclease A 5 lg and 250 ml water) and analysed by
flow cytometry as described previously (31).

Annexin V staining

Cell lines were treated with different concentrations of
apigenin as described in the figure legends. Cells were
harvested and percentage of apoptosis was measured by
flow cytometry after staining with flourescein-conjugated
annexin-V and propidium iodide (PI) as described
previously (32). We scored viable cells as those that were
negative for annexin V and PI. Percentage of apoptosis
was calculated from reduction of the number of viable
cells between treated and untreated samples. The amount
of necrotic cells (annexin V negative, PI positive) was
always minimal.

TUNEL assay

Cell lines were treated with apigenin as described in
the figure legends. Apoptotic cells were measured
using the TUNEL assay as described earlier (33).
Briefly, after 24 h treatment with different concentra-
tions of apigenin, 1 · 106 cells were washed twice in
PBS containing 0.2% BSA and fixed with 4% para-
formaldehyde at 4 �C for 30 min. This was followed
by two washes in PBS containing 0.2% BSA. Cells
were permeabilized in 70% ethanol at –20 �C for
30 min then washed twice and incubated with 30 ll
of TdT buffer (MBL; Watertown) (Tdt buffer II,
FITC-dUTP and TdT in the ratio of 18:1:1) for 1 h at
37 �C. This was followed by two washes in PBS and
cells were re-suspended in 500 ll of PBS. Stained
cells were analysed using FACScan flow cytometry
equipped with a Cell Quest data analysis program
(Beckon Dickinson, San Diego, CA, USA).

DNA laddering

2 · 106 cells were treated with and without apigenin for
24 h and cells were harvested and DNAwas isolated using
DNA laddering kit from Roche as described previously
(34). After measuring the DNA, 2 lg of DNAwas electro-
phoresed on a 1.5% agarose gel containing ethidium bro-
mide at 75 v for 2 h and visualized using a UV light
source.

RT-PCR assays

Total RNA was extracted after treatment with 25 and
50 lM apigenin for 24 h using TRIZOL, and reverse-tran-
scribed with random hexamers. RT-PCR amplifications
were performed using the following primers:

AKT1-For: GCTGGACGATAGCTTGGA,
AKT1-Rev: GATGACAGATAGCTGGTG,
AKT2-For: GGCCCCTGATGAGACTCTA,
AKT2-Rev: TCCTCAGTCGTGGAGGAGT, and
AKT3-For: GCAAGTGGACAGGAATAAGTCTC,
AKT3-Rev: ACAATGGTGGGCTCATGACTTCC for

35 cycles (55 �C annealing temperature) to yield 382, 275
and 328 bp products respectively. Amplification of GAP-
DH was used as an internal control.

Quantification analysis using real-time RT-PCR

All reactions were performed in glass capillaries (Roche,
Mannheim, Germany) with a final reaction volume of 10 ll
of 1· LightCycler-FastStart DNA Master SYBR Green I
reaction mixture (Roche) containing FastStart Taq, reaction
buffer, deoxynucleotide triphosphate, 1 mM MgCl2, and
final concentrations of 0.5 lM for each primer. Thermocy-
cling and detection were performed using the LightCycler
(Roche). Quantification for fold changes was carried out
using Pfaffle methodology as described previously (31).

Cell lysis and immunoblotting

Cells were treated with apigenin as described in the figure
legends and lysed as described previously (35). Briefly, cell
pellets were re-suspended in phosphorylation lysis buffer
(0.5–1.0% Triton X-100, 150 mM NaCl, 1 mM EDTA,
200 lM sodium orthovanadate, 10 mM sodium pyro-
phosphate, 100 mM sodium fluoride, 1.5 mM magnesium
chloride, 1 mM ⁄ l phenylmethylsulphonyl-fluoride and
10 lg ⁄ml aprotonin). Protein concentrations were assessed
using the Bradford assay before loading the samples. Equal
amounts of proteins were separated by SDS–PAGE and
transferred to polyvinylidene difluoride membrane (Immo-
bilion; Millipore, Bellerica, MA, USA). Immunoblotting
was performed with the appropriate antibodies and visual-
ized using an enhanced chemiluminescence method (ECL;
Amersham, Piscataway, NJ, USA, USA).

Gene silencing using siRNA

AKT and SKP2 siRNA and Scrambled control siRNA
were purchased from Qiagen (Hilden, Germany). For tran-
sient expression, cell lines were transfected using Lipofec-
tAMINE 2000 reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. After incu-
bating the cells for 6 h, lipid and siRNA complex was
removed and fresh growth medium was added. Cells were
lysed 48 h after transfection and specific protein levels
were determined using Western blot analysis with specific
antibodies against the targeted proteins, and actin as load-
ing control.
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Detection of Bax conformational changes

This assay was performed as described previously (31).
Briefly, after treatment with apigenin for indicated time
points, cells were harvested and washed in PBS, and
then lysed using Chaps lysis buffer [10 mM HEPES (pH
7.4), 150 mM NaCl, 1% Chaps] containing protease
inhibitors. Protein concentrations were assessed using
the Bradford assay and 500 lg of total protein was
incubated with 2 lg of anti-Bax 6A7 monoclonal anti-
body for 2 h at 4 �C. After incubation, 25 ll of protein
G-beads were added and incubated at 4 �C overnight on
a shaker with gentle agitation. After five washes in
Chaps lysis buffer, samples were separated by SDS–
PAGE, transferred and immunoblotted using N20 Bax
polyclonal antibody.

Measurement of mitochondrial potential using the JC-1
(5, 5¢, 6, 6¢-tetrachloro-1, 1¢, 3,3¢- tetraethylbenzimidazol-
ylcarbocyanine iodide) assay kit

1 · 106 cells were treated with apigenin for 24 h. Cells
were washed twice in PBS and suspended in mitochon-
drial incubation buffer (Alexis Corp, Farmingdale, NY,
USA). JC1 was added to a final concentration of 10 lM

and cells were incubated at 37 �C in the dark for 15 min.
Cells were washed twice in PBS and re-suspended in
500 ll of mitochondrial incubation buffer and mitochon-
drial membrane potential (% of green and red aggregates)
was determined by flow cytometry as described previ-
ously (36).

Assay for cytochrome c release

Release of cytochrome c from mitochondria was assayed
as described earlier (37). Briefly, cells were treated with
and without apigenin as described in the figure legends,
and centrifuged at 1000 g for 10 min at 4 �C. Cell pellets
were re-suspended in five volumes of hypotonic buffer
[20 mM HEPES (pH 7.4), 10 mM KCl, 1.5 mM MgCl2,
1 mM EDTA, 1 mM EGTA, 1 mM DTT, 20 lg ⁄ml leu-
peptin, 10 lg ⁄ml aprotonin and 250 mM sucrose] and
incubated for 15 min on ice. Cells were completely lysed
by passing them 15–20 times through a 22 gauge needle
that was 1.5cm long. Lysates were centrifuged at 1000 g
for 5 min at 4 �C to pellet nuclei and unbroken cells.
Supernatants were collected and centrifuged at 12 000 g
for 15 min. Resulting mitochondrial pellets were re-sus-
pended in lysis buffer. Supernatants were transferred to
new tubes and centrifuged again at 12 000 g for 15 min
and resulting supernatants, representing cytosolic frac-
tions, were separated. 15–20 lg proteins from cytosolic
fraction as well as mitochondrial fraction of each sample

were analysed by immunoblotting using an anti-cyto-
chrome c antibody.

Statistical Analysis

Data are presented as mean ± SD. Comparisons between
groups were made using the paired Student’s t-test. Values
of P < 0.05 were considered statistically significant.

Results

Effect of apigenin on cell cycle and apoptosis in PEL cells

We initially sought to determine whether apigenin treat-
ment lead to cell death in PEL cell lines. BC1, BC3,
BCBL and HBL-6 cells were cultured in the presence or
absence of 0, 10, 25, 50 and 100 lM apigenin for 24 h and
cell death was subsequently assessed. Figure 1a shows
that as dose of apigenin increased from 10 to 100 lM, cell
death increased in a dose-dependent fashion in all the PEL
cell lines.

To determine whether apigenin caused cell cycle arrest
or apoptosis in the PEL cells, all lines were treated with or
without different concentrations of apigenin (25 or 50 lM)
for 24 h. Cells were fixed and cell cycle fractions were
determined by flow cytometry. As shown in Fig. 1b, the
sub-G1 population of cells increased from 0.35% in the
control to 18.87% at the lower concentration of apigenin
(25 lM), and to 50% at the higher concentration (50 lM)
in BC1 cells. Similar results were obtained in BC3 cells
(2.73–37.33% and 55.06%); as well as in BCBL1 (2.13–
26.33% and 41.51%) and HBL-6 cells (5.29–33.83% and
51.14%). Interestingly, with 25 lM apigenin treatment,
there was increase in the G2 ⁄M population of cells sug-
gesting that apigenin caused cell cycle arrest at lower
doses, accompanied by apoptosis. However at 50 lM

dose, there was an increase in the sub-G1 fraction accom-
panied by loss in G0 ⁄G1, S and G2 ⁄M population of cells.
It has been reported that cells with these features are those
dying by apoptosis (31–34). To confirm further that this
increase in the sub-G1 population indeed reflects apopto-
sis, PEL cells were treated with various doses of apigenin,
as indicated, and apoptotic cells were analysed using the
annexin V dual staining and TUNEL assays. As shown in
Fig. 1c, apigenin treatment resulted in apoptosis in a dose-
dependent manner in all different PEL-derived cell lines.

We analysed DNA fragmentation, which is another
hallmark of apoptosis. BC1 and BC3 cells were treated
with 25 and 50 lM apigenin for 24 h and DNA was iso-
lated using an apoptotic DNA-laddering kit from Roche.
As shown in Fig. 1d, apigenin caused fragmentation of
DNA, a characteristic of apoptotic cell death. In addition,
TUNEL assays that were carried out on apigenin-treated
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cells showed apoptosis (Fig. S1b). We finally determined
the effect of apigenin on normal B cells. Blood samples
from five healthy normal donors were taken and B cells
were isolated. Normal B cells were then treated with 25
and 50 lM apigenin for 24 h and cells were analysed for
apoptosis using Annexin V ⁄PI dual staining. As shown in
Fig. S1a, apigenin failed to induce apoptosis in normal B
cells in all the five samples. These data suggest that apige-
nin has a specific apoptotic effect on PEL cells.

Apigenin-mediated inhibition of constitutive activated
AKT ⁄PKB induces PEL cell accumulation in G0 ⁄G1,
SKP2 down-regulation, and increased p27Kip1
expression levels

Activated PI3-kinase ⁄AKT pathway signalling has been
shown to inhibit apoptosis in cancer cells (32–34). We
therefore sought to determine whether apigenin would
inhibit the constitutive phosphorylation ⁄ activation of

(a) (b)

(d)(c)

Figure 1. (a) Apigenin suppresses growth of PEL cells. BC1, BC3, BCBL1 and HBL-6 cells were incubated in 0–100 lM apigenin for 24 h. Cell
death assays were performed using trypan blue exclusion dye as described in the Materials and methods section. The graph displays mean ± SD (stan-
dard deviation) of three independent experiments with replicates of six wells for all doses, and vehicle control for each experiment. *P < 0.05, statisti-
cally significant (Student’s t-test). (b) Apigenin treatment increases G2 ⁄M population at 25 lM and sub-G1 (apoptotic) populations at 50 lM. BC1, BC3,
BCBL1 and HBL-6 cells were treated with 25 and 50 lM apigenin for 24 h. Thereafter, the cells were washed, fixed and stained with propidium iodide,
and analysed for DNA content by flow cytometry as described in the Materials and methods section. At least three independent experiments were per-
formed for all cell lines. Results from one representative experiment shown. (c) Apigenin-induced apoptosis detected by Annexin V ⁄ PI dual staining.
Cells were treated with 25 and 50 lM apigenin (as indicated) for 24 h and were subsequently stained with flourescein-conjugated annexin-Vand propidi-
um iodide (PI) and analysed by flow cytometry. (d) BC1 and BC3 cells were treated with 25 and 50 lM apigenin for 24 h and DNAwas extracted and
separated by electrophoresis on 1.5% agarose gel.
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AKT ⁄PKB pathway in the PEL cells. BC1, BC3 and
BCBL1 cells were treated for 24 h with 25 and 50 lM

apigenin as indicated in Fig. 2a. Apigenin caused dephos-
phorylation of AKT at Ser473 and Thr308 in a dose-depen-
dent manner in all cell lines without affecting AKT at the
transcriptional level (Fig. S2a). AKT is known to be regu-
lated by PDK1 and PDK2 via phosphorylation of Thr308

and Ser473 respectively. For AKT to be completely
activated, it has to be phosphorylated at both sites by the
action of PDK1 and PDK2. We therefore sought to deter-
mine the effect of apigenin treatment on activation of
PDK1. BC1 and BC3 cells were treated with apigenin and
in parallel, cells were also treated with LY294002, a spe-
cific inhibitor of PI3-kinase activation. Treatment of the
cells with apigenin or LY294002 dephosphorylated PDK1
in a dose-dependent manner suggesting that apigenin
inhibited AKT by inactivation of PDK1, in similar manner
as LY294002 (Fig. S2b). These results indicate that apige-
nin may induce apoptosis in PEL cells via inactivation of
AKT activity, suggesting that activated AKT may play a
role in proliferation and survival of PEL cells.

Inhibition of AKT by apigenin resulted in decreased
expression of cyclin D1 and increased expression of
p27 ⁄Kip1 (Fig. 2a). Increased expression of p27Kip1 is
accompanied by down-regulation of SKP2, an F-box pro-
tein that targets the cell cycle regulator via ubiquitin-medi-
ated degradation. This is further supported in that apigenin
treatment led to decreased phosphorylation of Rb protein
(Fig. 2a). Rb has been shown to be involved in regulation
of SCF-SKP2 ubiquitin ligase-mediated p27Kip1 degrada-
tion via the SKP2 auto-induction loop (38,39). Apigenin-
induced hypophosphorylation of Rb and accumulation of
p27Kip1 may disrupt the SKP2 auto-induction loop, con-
sequently promoting p27Kip1 ⁄Rb-coupled G1 cell cycle
arrest and apoptosis. Furthermore, inhibition of PI3-kina-
se ⁄AKT-induced stabilization and accumulation of
p27Kip1 may be regulated by AKT ⁄SCF-SKP2 signal-
ling-mediated regulation of CDK2 assembly with
p27Kip1 and SKP2 protein expression (40,41). At the
messenger level, there was a 1.5- to 3-fold decrease in
expression of SKP2, suggesting that apigenin treatment of
PEL cells leads to transcriptional regression of SKP2.
Interestingly, there was no change in expression of
p27Kip1 suggesting that p27Kip1 up-regulation occurs
post-translationally after apigenin treatment (Fig. S2c,d).

To provide direct evidence to whether dephosphoryla-
tion of AKT down-regulates SKP2 and up-regulates
p27Kip1, we attempted to knock down expression of
AKT using siRNA against AKT. As shown in Fig. 2b,
after partially blocking expression of AKT, there was
down-regulation of SKP2 and accumulation of p27 in the
BC1 cells. In addition, transfection of siRNA against
SKP2 resulted in SKP2 protein depletion as well as con-

comitant accumulation of p27Kip1 in BC1 cells (Fig. 2c).
These results suggest that proteasome inhibition stabilized
or up-regulated p27Kip1 via down-regulation of SKP2.

Apigenin treatment suppressed interaction between Bad
and 14-3-3

AKT regulates apoptosis by phosphorylating several
negative modulators including Bad and FKHR ⁄FOXO1
(42–44). AKT has been shown to phosphorylate Bad at
Ser136 and inhibits its pro-apoptotic function (45). To test
whether apigenin-mediated apoptosis involved Foxo1 and
Bad, we treated BC1, BC3 and BCBL1 cells with 25 and
50 lM apigenin for 24 h and analysed the expression of
p-FOXO1 and p-Bad by Western blotting. As shown in
Fig. 2d, p-FOXO1 and p-Bad were found to be constitu-
tively activated and apigenin treatment dephosphorylated
these proteins. These results suggest that PEL cells
express constitutively activated Foxo1 transcription fac-
tors and p-Bad. Pro-apoptotic activity of Bad is regulated
by phosphorylation (42). In its dephosphorylated state,
Bad is localized to the outer mitochondrial membrane
where it binds to and antagonizes pro-survival Bcl-2 fam-
ily proteins such as Bcl-2 and Bcl-xL (44,45). In cancer
cells, phosphorylation of Bad causes its cytoplasmic
sequestration because of increased binding with 14-3-3
proteins, which prevents interaction of Bad with anti-
apoptotic Bcl-2 family members (45,46). To test whether
apigenin treatment affected interaction between Bad and
14-3-3 proteins, we immunoprecipitated Bad using lysates
from untreated and apigenin-treated (25 and 50 lM) cells,
and immunoprecipitated complexes were then subjected
to immunoblotting using anti-14-3-3 antibody. As shown
in Fig. 2e, complex formation between Bad and 14-3-3
was reduced in apigenin-treated BC1 and BC3 cells. The
same blot was re-probed with anti-Bad antibody to ensure
equal immunoprecipitation from control and apigenin-
treated lysates.

Apigenin treatment results in dose-dependent decrease in
Bcl-2 protein causing increase in Bax ⁄Bcl-2 ratio

The Bcl-2 family of proteins plays a central regulatory
role via its interacting pro- and anti-apoptotic members
that integrate a wide variety of upstream survival and dis-
tress signals, to decide the fate of cells (47). We therefore
evaluated the effect of apigenin treatment on expression
of two major members of the Bcl-2 family, Bax and Bcl-2
in BC1 cell line. As shown in Fig. 3a, as dosage of apige-
nin increased, there was a decrease in Bcl-2 levels. Densi-
tometric analysis of these proteins revealed an increase
in the Bax ⁄Bcl-2 ratio that has been shown to induce
apoptosis (Fig. 3a).

� 2010 The Authors
Journal compilation � 2010 Blackwell Publishing Ltd, Cell Proliferation, 43, 170–183.

Apigenin-mediated signalling in primary effusion lymphoma 175



(a) (b)

(c)

(e)(d)

Figure 2. Apigenin inhibits constitutive active AKT, Cyclin D1, Rb, SKP2 and p27 in PEL cells. (a) BC1, BC3 and BCBL1 cells were treated
with various doses of apigenin as indicated and cytoplasmic extracts were prepared. Twenty micrograms protein from each sample was separated on
SDS–PAGE and immunoblotted with phospho-Akt-Ser473, phospho-Akt-Thr308, total AKT, cyclin D1, phospho-Rb, SKP2 and p27 antibodies. Blots
were probed with antibody against beta-actin for equal loading (bottom panel). (b) AKT siRNA expression inactivates AKT, down-regulates SKP2 and
accumulates p27Kip1. BC1 cells were transfected with Scrambled siRNA (100 nM) and AKT siRNA (50 and 100 nM) with Lipofectamine as described
in the Materials and methods section. After 48 h transfection, cells were lysed and equal amounts of proteins were separated by SDS–PAGE, transferred
to Immobilon membrane, and immunoblotted with antibodies against p-AKT, SKP2, p27-Kip1 and beta actin, as indicated. Representative of three sepa-
rate independent experiments depicted in this figure. (c) SKP2 siRNA expression down-regulates SKP2 and accumulates p27Kip1. BC1 cells were trans-
fected with Scrambled siRNA (100 nM) and SKP2 siRNA (50 and 100 nM) with Lipofectamine as described in the Materials and methods section. After
48 h transfection, cells were lysed and equal amounts of protein were separated by SDS–PAGE, transferred to Immobilon membrane and immunoblotted
with antibodies against SKP2, P27Kip1 and beta actin as indicated. Representative of three separate independent experiments depicted. (d) Apigenin
treatment causes inactivation of downstream targets of AKT: BC1, BC3 and BCBL1 cells were treated with 25 and 50 lM apigenin and cytoplasmic
extracts were prepared. Twenty micrograms protein from each sample was separated on SDS–PAGE and immunoblotted with phospho-FOXO1,
FOXO-1, phospho-Bad, Bad and actin for equal loading. (e) 5 · 106 cells were treated with and without apigenin for 24 h, immunoprecipitated using
Bad antibody and proteins were separated on SDS–PAGE. Blots were probed with 14:3:3 Sigma antibody. Lysates were separated on SDS–PAGE, and
immunoblotted with Bad antibody to insure equal loading.
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Apigenin induces Bax conformational changes and oligo-
merization

As it is known that dephosphorylation of Bad and down-
regulation of Bcl-2 play an important role in activation of

Bax and apoptosis, we examined activation of Bax in
response to apigenin treatment. BC1 cells were treated with
50 lM apigenin for 4, 8 and 24 h and lysed using 1.0%
Chaps lysis buffer; lysates were immunoprecipitated with
Bax 6A7 antibody that recognizes only the conformation-

(a)
(b)

(c)

(d)

Figure 3. Apigenin-induced mitochondrial signalling pathways in primary effusion lymphoma cells. (a) Apigenin treatment causes alteration in
Bcl-2 expression. BC1 cells were treated with various doses of apigenin. Cells were lysed and equal amounts of proteins were separated by SDS–PAGE,
transferred to Immobilon membrane, and immunoblotted with antibodies against Bax, Bcl-2 and beta actin as indicated (upper panel). Data obtained from
immunoblot analyses of Bax and Bcl-2 were used to evaluate effects of apigenin on Bax ⁄Bcl-2 ratio. Densitometric analysis of Bax and Bcl-2 bands was
performed using AlphaImager Software (San Leandro, CA, USA), and data (relative density normalized to b-actin) were plotted as Bax ⁄Bcl-2 ratio. (b)
Apigenin-induced Bax activation. After treating with 50 lM apigenin for indicated time periods, BC1 and BC3 cells were lysed in 1% Chaps lysis buffer
and subjected to immunoprecipitation with either anti-Bax 6A7 antibody or non-specific IgG, for detection of conformationally changed Bax protein. In
addition, total cell lysates were applied directly to SDS–PAGE, transferred to Immobilon membrane and immunoblotted with specific anti-Bax polyclonal
antibody. (c) Loss of mitochondrial potential by apigenin treatment. Cells were treated with and without 25 and 50 lM apigenin for 24 h. Live cells with
intact mitochondrial membrane potential (red bars) and dead cells with lost mitochondrial membrane potential (green bars) were measured by JC-1 stain-
ing and analysed by flow cytometry as described in the Materials and methods section. Average of three independent experiments is depicted. (d) Apige-
nin-induced release of cytochrome c. BC1 and BC3 cells were treated with and without 25 and 50 lM apigenin for 24 h. Mitochondrial-free cytoplasmic
fractions as well as mitochondrial extracts were isolated as described in the Materials and Methods sections. Cell extracts were separated on SDS–PAGE,
transferred to PVDFmembrane, and immunoblotted with an antibody against cytochrome c. Beta-actin was used for equal loading.
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ally changed Bax protein. The detergent Chaps has been
shown to retain Bax protein in its native conformation. As
shown in Fig. 3b, conformationally changed Bax was
detected 4 and 8 h after treatment with 50 lM apigenin.

Apigenin induces loss of mitochondrial membrane poten-
tial and subsequent release of cytochrome c into cytosol

We further tested the effect of apigenin on mitochondrial
membrane potential using JC1 stain. BC1 and BC3 cells
were treated with 25 and 50 lM apigenin for 24 h. As
shown in Fig. 3c, treatment resulted in loss of mitochon-
drial membrane potential as measured by JC1-stained
green florescence, depicting apoptotic cells. Cytochrome
c release from mitochondria in BC1 and BC3 cells trea-
ted with apigenin was examined using Western blot anal-
ysis. Cells were treated in the presence and absence of
25 and 50 lM apigenin for 24 h. Cytosolic-specific,
mitochondria-free as well as mitochondrial cell lysates
were prepared as described in the Materials and methods
section. As shown in Fig. 3d, cytochrome c was released
into the cytosol, as visualized by an increase in intensity
of the cytochrome c band in cytosolic fractions, and
decrease in intensity of the bands in mitochondrial
fractions, after apigenin treatment. These results suggest
that apigenin treatment of PEL cells causes apoptosis
via the intrinsic apoptotic pathway following release of
cytochrome c.

Apigenin-induced signalling results in caspases-9 and -3
activation and PARP cleavage

As caspases are important mediators of apoptosis induced
by various apoptotic stimuli (48), we examined whether
apigenin treatment also caused their activation. BC1,
BC3, and BCBL1 cells were treated with 25 or 50 lM api-
genin for 24 h and immunoblotted with antibodies against
caspases-9 and -3, cleaved caspase-3 and PARP. As shown
in Fig. 4a, apigenin treatment induced activation and
cleavage of caspases-9 and -3 after 24 h, as inferred by
decreased intensity of pro-caspase bands and appearance
of cleaved caspase-9 and 3 bands. As expected based on
these findings, PARP cleavage, a hallmark of cells under-
going apoptosis, was also seen in these cell lines after
apigenin treatment. To examine further whether apigenin-
induced apoptosis is caspase dependent, we pre-treated
BC1 and BC3 cell lines with 80 lM zVAD-fmk, a univer-
sal inhibitor of caspases, for 2 h followed by treatment
with 50 lM apigenin for 24 h. As seen in Fig. 4c,d,
zVAD-fmk pre-treatment abrogated caspase-3 and PARP
activation and prevented cell death induced by apigenin,
firmly establishing that caspases play a critical role in
apigenin-induced apoptosis in PEL cells.

Modulation of IAP protein family in apigenin-induced
apoptosis in PEL cells

We also examined whether apigenin induced cell death by
modulating expression of inhibitors of apoptosis protein
(IAP) family members, which ultimately determine the
cell’s response to apoptotic stimuli. BC1, BC3 and
BCBL1 cells were treated with 25 and 50 lM apigenin for
24 h and expressions of cIAP1, XIAP and Survivin were
determined using the Western blotting technique. As
shown in Fig. 4e, apigenin treatment caused dose-depen-
dent down-regulation of cIAP1, Survivin and XIAP.
These results indicate that IAP proteins may also be
involved in apigenin-induced apoptosis.

Based on our findings in this study, we propose a
model (Fig. 5) in which we show that apigenin treatment
causes dephosphorylation of AKT at both sites, Ser473 and
Thr308. AKT dephosphorylation leads to two major events
in apigenin-treated PEL cells, cell cycle arrest and apopto-
sis. Cell cycle arrest occurs via down-regulation of cyclin
D1 leading to in-activation of Rb protein as well as down-
regulation of SKP2 protein leading to accumulation of
p27. On the other hand, apoptosis is initiated via in-activa-
tion of Bad protein leading to down-regulation of Bcl-2
thereby causing activation of the mitochondrial apoptotic
pathway. These events ultimately lead to DNA fragmenta-
tion and apoptosis after apigenin treatment in PEL cell
lines.

Discussion

Primary effusion lymphoma is a very aggressive type of
cancer, which frequently becomes resistant to conven-
tional chemotherapeutic agents. Because of the relative
lack of efficacy of chemotherapy in treatment of this
malignancy, there is a need for development of new thera-
peutic targets and approaches, including clinical trials with
novel agents. PEL cells produce a variety of inflammatory
cytokines and growth factors, in an autocrine fashion,
including viral IL-6, IL-10 and VEGF, providing them
cyto-protection against apoptosis (3). It is now postulated
that the mechanisms of lymphomagenesis involve deregu-
lation of several signalling pathways that may act either
independently or crosstalk with each other. Constitutive
activation of various signalling pathways is a common
finding in haematological malignancies, while some of
these pathways are implicated in promotion of cell popula-
tion growth and generation of anti-apoptotic signals (5–7).

Apigenin, a non-mutagenic flavonoid, has garnered
significant attention as an inhibitor of certain signal trans-
duction pathways (25,26). It is a chemopreventive com-
pound that inhibits protein kinase by competing with ATP.
Flavopiridol, a semi-synthetic polyhydroxylated flavone,
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(a)
(b)

(c)
(d)

(e)

Figure 4. Activation of caspases-9 and 3 and cleavage of PARP induced by apigenin treatment. (a) BC1, BC3 and BCBL cells were treated with
and without 25 and 50 lM apigenin for 24 h. Cells were lysed and equal amounts of protein were separated by SDS–PAGE, transferred to PVDF mem-
brane, and immunoblotted with antibodies against caspase-9, caspase-3, cleaved caspase-3 and PARP. (b) Apigenin-induced activation and cleavage of
caspase-8 and Bid. BC1, BC3 and BCBL1 cells were treated with 25 and 50 lM apigenin as indicated for 24 h. Cells were lysed and equal amounts of
protein were separated by SDS–PAGE, transferred to Immobilon membrane, and immunoblotted with antibodies against caspase-8 and Bid. Beta-actin
was used as a loading control. (c) Effect of z-VADfmk on apigenin-induced activation of caspase-3 and PARP. BC1 and BC3 cells were pre-treated with
80 lM of z-VAD for 2 h and subsequently treated with 50 lM apigenin for 24 h. Cells were lysed and 20 lg of protein was separated by SDS–PAGE,
transferred to PVDF membrane and immunoblotted with antibodies against caspase-3, cleaved caspase-3 and PARP. Three independent experiments
were performed to confirm the results. Representative blot is shown. (d) Effect of z-VAD on apigenin-induced cell death. BC1 and BC3 cells were pre-
treated with 80 lM of z-VAD for 2 h and subsequently treated with 50 lM apigenin for 24 h. Live and dead cells were scored using trypan blue dye
exclusion. The graph displays the mean ± SD of three independent experiments. (e) Apigenin-induced down-regulation of cIAP1, XIAP and Survivin
expression. BC1, BC3 and BCBL1 cells were treated with and without 25 and 50 lM apigenin for 24 h. Cells were lysed and equal amounts of proteins
were separated on SDS–PAGE, transferred to PVDF membrane, and immunoblotted with antibodies against cIAP1, XIAP and Survivin. Beta-actin was
used to measure equal loading. A representative blot of three independent experiments shown.
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exhibits in vitro activity and is currently used in clinical
trials as an anti-tumour agent for various cancers (49). In
this study, we demonstrate that apigenin is able to induce
apoptosis in a number of PEL cell lines. Our findings pro-
vide the evidence for a novel function of apigenin in PEL,
involving activation of the mitochondrial apoptotic path-
way, as a result of inhibition of AKT activation. Our data
firmly establish that inhibition of constitutive AKT ⁄PKB
is the key signalling event in apigenin-induced apoptosis.

Apigenin has been shown to induce cell cycle arrest
via induction of cell cycle-dependent kinase inhibitor,
p27Kip1 (50). In the present study, we showed that
apigenin increased p27Kip1 protein expression without
affecting p27Kip1 mRNA expression, which suggested
post-translational regulation of p27Kip1 by apigenin in
PEL cells. Several pathways have been suggested to
regulate these post-translational events (51). The one that
has been best described involves SKP2-ubiquitination-
dependent turnover. SKP2-dependent p27Kip1 ubiquitina-
tion and proteasome degradation mechanism have been
shown to be correlated with increasing aggressiveness of
colon cancers (52). PI3-kinase ⁄AKT activation activity
mediated by hormonal stimulation has been shown to
modulate expression of SKP2 (53). This is the first study
where our data have shown that inhibition of p-AKT by

apigenin resulted in decreased expression of SKP2 leading
to accumulation p27 ⁄Kip1 expression. In addition, apige-
nin treatment led to decreased phosphorylation of Rb
protein (Fig. 2a). Rb has previously been shown to be
involved in regulation of SKP2-mediated p27Kip1 degra-
dation via SKP2 (38,39). Apigenin-induced hypophosph-
orylation of Rb and accumulation of p27Kip1 may disrupt
the SKP2 autoinduction loop, consequently promoting
p27Kip1 ⁄Rb-coupled G1 cell cycle arrest and apoptosis.

Activated AKT can also phosphorylate several apopto-
sis-regulating proteins including pro-apoptotic Bcl-2 fam-
ily member Bad (42). Bad promotes cell death by
interacting with anti-apoptotic Bcl-2 members such as Bcl-
2 and Bcl-xL, which allows multidomain pro-apoptotic
Bcl-2 family members Bax and Bak to aggregate and cause
release of apoptogenic molecules (for example, cyto-
chrome c) from mitochondria to the cytosol culminating in
caspase activation and cell death (54,55). Growth factor-
stimulated phosphorylation of Bad at Ser112, Ser136 and ⁄or
Ser155 induces a conformational change in Bad that reduces
its ability to interact with Bcl-xL (42–46). However, phos-
phorylation of Bad promotes its interaction with 14-3-3
proteins, which sequester Bad in the cytoplasm (54–58).
Our data in the present study indicate that apigenin-medi-
ated inactivation of AKT causes dephosphorylation of Bad

Figure 5. Schematic representation of apige-
nin-induced cell cycle-coupled apoptosis in
PEL cells.
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protein at136. We also found that apigenin treatment
reduced interaction between Bad and 14-3-3.

Apigenin-mediated dephosphorylation of Bad caused
down-regulation of Bcl-2 protein, consequently allowing
conformational change in Bax. Apigenin-induced confor-
mation caused Bax to translocate to mitochondria leading
to formation of mitochondrial pores that cause loss of
mitochondrial membrane potential and release of cyto-
chrome c into the cytosol. In the cytosol, cytochrome c
and dATP bind to apoptotic protease-activating factor-1
(Apaf-1), and this complex, along with adenine nucleo-
tides, promotes procaspase-9 autoactivation, which in turn
activates caspase-3, ultimately resulting in PARP cleavage
leading to DNA degradation and apoptosis (59). Our data
showed apigenin-mediated cytoplasmic cytochrome
c induced activation of caspase-9, caspase-3 and cleaved
PARP. Apigenin has been shown to induce apoptosis via
activation of the caspase cascade in leukaemia Jurkat
T cells (60) and neuroblastoma (61). These results imply
that activation of caspase-3 plays a role in apigenin-
induced apoptosis.

The IAPs have been reported to inhibit apoptosis by
directly inhibiting effector caspases, caspase-3 and cas-
pase-7 (62). Furthermore, cIAP1 is also able to inhibit
cytochrome c induced activation of caspase-9 (62). XIAP,
an inhibitor of apoptosis, has been shown to play a role in
modulation of apoptosis by involvement of the AKT path-
way. A recent report suggests that AKT interacts with
XIAP and results in inhibition of caspase-3 activity and
apoptosis, in response to cisplatin treatment (63). Further-
more, XIAP degradation is an important mechanism to
regulate sensitivity of cisplatin-induced apoptosis in
human ovarian cancer cells (63). Ectopic expression of
constitutively active AKT protects XIAP from ubiquitina-
tion and degradation induced by cisplatin. Our results
show that inhibition of the PI3-kinase ⁄AKT pathway by
apigenin results in down-regulation of expressions of
cIAP1, XIAP and Survivin in PEL cells undergoing apop-
tosis, implicating down-regulation of IAPs in activation of
caspase-9 and -3 in apigenin-induced apoptosis.

In conclusion, our results demonstrate that down-regu-
lation of AKT kinase activity causes disruption of cell cycle
checkpoint proteins such as Cyclin D1, Rb and SKP2, lead-
ing to accumulation of p27 and consequently leading to cell
cycle arrest. In addition, AKT inactivation leads to dephos-
phorylation of FOXO1 and Bad, leading to down-regula-
tion of Bcl-2, causing Bax conformational change and
translocation to mitochondria, causing loss of mitochon-
drial membrane potential and release of cytochrome c into
the cytosol. Apigenin-induced release of cytochrome c
leads to activation of downstream caspases-9 and -3 and
down-regulation of survival proteins (cIAP1, XIAP and
Survivin), resulting in PEL cell death. Taken altogether, our

data suggest that apigenin has chemopreventive ⁄ therapeu-
tic potential against these aggressive lymphomas.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. (a) TUNEL assay: BC1, BC3, BCBL1 and
HBL6 cell were treated with and without 25 and 50 lM

apigenin for 24 h and apoptosis was determined using
TUNEL assay. (b) Normal B cells from five healthy indi-
viduals were treated with 25 and 50 lM apigenin and cells
were subsequently stained with flourescein-conjugated
annexin-V and propidium iodide (PI) and analysed by
flow cytometry.

Figure S2. (a) 5 · 106 were treated with and without indi-
cated doses of apigenin for 24 h. RNA was isolated, and
reverse transcribed as described in Materials and methods.
Block RT-PCR for AKT1, AKT2 and AKT3 were per-
formed for 35 cycles at 55 �C. (b) BC1 and BC3 cells
were treated with various doses of apigenin and
LY294002 for 24 h. Cells were lysed and equal amounts
of proteins were separated by SDS–PAGE, transferred to
Immobilon membrane, and immunoblotted with antibod-
ies against p-PDK1 and beta actin as indicated. (c)
5 · 106 were treated with and without indicated doses of
apigenin for 24 h. RNA was isolated, and reverse tran-
scribed and real-time quantitative RT-PCR was performed
for detection of expression of SKP2 and p27. GAPDH
was used as an internal control.
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