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17-AAG enhances the cytotoxicity of flavopiridol in mantle cell lymphoma

via autophagy suppression
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Flavopiridol, a cyclin-dependent kinase inhibitor (CDKI), shows promising anti-tumor activity in hematologic malignan-
cies. However, Flavopiridol-induced protective autophagy may lead to drug resistance. Here we found that Hsp90 inhibitor
17-AAG can sensitize mantle cell lymphoma (MCL) cells to flavopiridol by suppressing flavopiridol-triggered protective
autophagy. The suppressing effect of 17-AAG on autophgy was mediated by Beclin1 degradation and ERK inactivation. Fur-
thermore, 17-AAG enhanced flavopiridol-induced apoptosis and growth suppression in MCL cells. Our study may provide

some insights into CDKI -targeted chemotherapies.
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Mantle cell lymphoma (MCL), characterized by the t(11;14)
(q13;q32) chromosomal translocation[1], is a heterogeneous
subtype of non-Hodgkin lymphoma. Overexpression of cyclin
D1 is the hallmark of MCL[2]. The constitutive expression of
cyclin D1 accelerates the progression of MCL through deregu-
lation of the cell cycle[3]. To facilitate orderly transition of cells
and promote cell proliferation, cyclin D1 usually interacts with
the cyclin-dependent kinases (CDKs) in cells[3]. Therefore,
blockage of this biological interaction presents a good way
for MCL therapy.

Flavopiridol, a broad CDK inhibitor (CDKI), inhibits
CDK2, CDK4 and CDK6 but without a direct effect on protein
stability[4]. Flavopiridol induces cell cycle arrest or apoptosis
in malignant lymphocytes in vitro and in murine lymphoma
models [5]. Flavopiridol also showed antitumor activity in
various cancers such as myeloma [6], uterine leiomyoma [5],
breast cancer([7] and some haematopoietic malignancies [8].
Flavopiridol has been already successfully administered to
lymphoma patients in the clinic[9]. Flavopiridol has also been
shown to have activity in patients with chronic lymphocytic
leukemia (CLL) [10]. However, recent studies have shown that
flavopiridol induced protective autophagy in CLL cells which
may confer drug resistance to CDKI-targeted therapies[11,
12].

Hsp90 is an ATP-dependent molecular chaperon function
as assisting protein folding and preventing nonfolding aggrega-

tions of cells. Hsp90 is overexpressed in various types of cancer
cells and is also a target for cancer therapy [13, 14]. Moreover,
Hsp90 can bind to and stabilize multiple autophagy-related
proteins or kinases, such as Beclin1[15], Bcl-2 [16], Raf-1
[17], GABARAPLI1[18] and Akt [19]. Therefore, inhibitors of
Hsp90 may sensitize chemotherapeutics which induces pro-
tective autophagy in tumor cells. 17-allylaminogeldanamycin
(17-AAG), one of the well-studied inhibitors of Hsp90, has
been demonstrated to be effective in a spectrum of cancers
by sensitizing other drugs both in vitro and in vivo [19-21].
Several phase-I to -III clinical trials have been undertaken to
investigate the clinical efficacy and drug tolerance of 17-AAG,
possibly to provide more evidence to tumor chemotherapy
[22-24].

In our study for the first time was demonstrated that
17-AAG significantly enhanced the sensitivity of MCL cells
to flavopiridol by enhancing apoptosis. We also found that
17-AAG inhibited flavopiridol-induced autophagy by sup-
pressing ERK activation and Beclinl stability. Presented
study may provide a novel strategy for CDKI-targeted
therapeutics.

Materials and methods

Cell lines and reagents. MCL cell lines JeKo-1 were
purchased from ATCC (American Type Culture Collec-
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tion) and were passaged in our laboratory for less than 6
months. Cells were cultured in RPMI-1640 with 10% FBS
(fetal bovine serum) and antibiotics added in the steady
environment of 37°C and 5% CO,. Flavopiridol [(-)-cis-2-
(2-chlorophenyl)-5,7-dihydroxy-8-[4-(3-hydroxy-1-methyl)
piperidinyl]-4H-1-benzopyran-4-one hydrochloride was
from Sigma-Aldrich (Louis, MO, USA) and was dissolved in
DMSO at 10mM as stock solution. 17-AAG was purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and
dissolved in DMSO with 10mM as stock solution. 3-methyl-
adenine (3-MA) was purchased from Sigma-Aldrich (Louis,
MO, USA). Annexin-V and PI (Prodium Iodide) dyes were
purchased from BD bioscience (BD, NJ, USA).

Western blot. Whole cell lysate were prepared and Western
blot was performed as previously described [5]. Antibodies
detecting Bcl-2 and Beclinl were from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA), and antibodies for PARP, Ulk-1,
Atg10, phospho-Bcl-2, phospho -ERK1/2 and total-ERK were
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Figure 1. Flavopiridol induced protective autophagy in MCL cells.

from Cell Signaling Technology (Boston, MA, USA). Antibody
for LC3 was obtained from Sigma-Aldrich (Louis, MO, USA).
Antibody of GAPDH was purchased from Beyotime Company
(Shanghai, China).

Cell transfection. JeKo-1 cells were seeded to 6-well plate
at 1x10*. After overnight, 4ug pcDNA3 control plasmid DNA
or pcDNA3-Beclinl plasmid DNA was mixed with 5uL Lipo-
fectamine2000 in Opti-MEM (Invitrogen, Carlsbad, CA, USA)
respectively according to the manufacturer’s protocol. Cells
were incubated in these mixtures for 6 hours and then nor-
mal RPMI-1640 with FBS was supplied for another 18 hours.
Treatment of the corresponding group was added afterwards
for another 24 hours.

Trypan blue exclusion study. The treated cells were ad-
equately suspended and 0.4% (w/v) trypan blue solution was
added at a volume ratio (the cell suspension to the trypan
blue solution) of 9:1. Subsequently, the cells were counted
under an optical microscope. The cell failing to exclude the
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(A) JeKo-1 cells were treated with flavopiridol at indicated dose for 24 hours, then the protein levels of LC3-I and LC3-II were detected by Western
blot, taking GAPDH as a loading control. (B) JeKo-1 cells were treated with 1uM flavopiridol for indicated time, and then the protein levels of LC3-I
and LC3-II were detected by Western blot, taking GAPDH as a loading control. (C) JeKo-1 cells were treated with as (B) for 24h, and total cell death
was evaluated by trypan blue staining. Data were Mean + SD from three independent experiments. **: P<0.01, *: P<0.05. (D) JeKo-1cells were treated
with DMSO (0.1% v/v), 1uM flavopiridol, 5mM 3-MA or combined flavopiridol and 3-MA for 24h, and then the protein levels of LC3-I and LC3-1I were
detected by Western blot, taking GAPDH as a loading control. (E) JeKo-1 cells were treated as (C) for 48h, then total cell death was evaluated by trypan
blue staining. Data were Mean + SD from three independent experiments.**: P<0.01, *: P<0.05.



17-AAG SENSITIZES FLAVOPIRIDOL IN MCL CELLS

393

dye presented blue and was definited as dead cell. The total
death rate (%)=numbers of dead cells/( numbers of living cells
+ numbers of dead cells) x100%.

Cell viability assay. Cell viability assay was performed us-
ing CCK-8 kit (Dojindo, Shanghai, China) following protocol.
OD450 of DMSO treatment group was used as the control
group (100%) compared with other groups.

Soft agar colony assays. 1000 JeKo-1 cells were mixed in
0.4% agarose containing RPMI-1640, 20% FBS and 0.3% bacto
agar, and plated on 0.6% agarose-coated 35-mm dishes. After
culturing for 14 days, colonies larger than 0.1mm in diameter
were counted.
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Acridine orange staining. Staining cells with acridine or-
ange was performed according to Yongqiang’s procedures[25].
Briefly, the treated-cells were added with acridine orange
at final concentration 1mg/ml and incubated for 15min at
37°C. Then the cells were washed three times with PBS. After
suspended in PBS, the cells was dropped on a glass slide and
evaluated under fluorescence microscope [25].

Detection of apoptosis. Cells in different groups were
treated for indicated times. They were digested with trypsin
and washed with PBS once. Subsequently, cells were incubated
with Annexin-V and PI (Prodium Iodide) for 30 minutes at
room temperature. Flow cytometry was conducted to analyze
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Figure 2 17-AAG suppressed flavopiridol-induced autophgy in MCL cells.
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(A) JeKo-1 cells were treated with vehicle DMSO (0.1% v/v), 1uM flavopiridol, 200nM 17-AAG or co-treatment of flavopiridol and 17-AAG for 24h,
and then the protein levels of LC3-I/II were detected by Western blot, taking GAPDH as a loading control. (B) JeKo-1 cells were treated as (A), then
AVOs formation were assessed by acridine orange staining. The white arrows show the positive autophagic vacuoles. (C) A total of 1000 JeKo-1 cells in
0.4% agarose containing DMSO (0.1% v/v), 1uM flavopiridol, 5mM 3-MA, 200nM 17-AAG, combined flavopiridol and 3-MA or combined flavopiri-
dol and 17-AAG were seeded on soft agar in 35-mm dishes respectively, and colonies larger than 0.1 mm were counted after incubation for 2 weeks.
Representative colonies are shown in the photographs. (D) The average numbers of colonies in triplicate experiments are plotted. **: P<0.01, *: P<0.05.
(E) JeKo-1 cells were treated as (A) for 48h, then total cell death was evaluated by trypan blue staining. Data were Mean + SD from three independent
experiments.**: P<0.01, *: P<0.05.
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the values of fluorescence of each cell, and statistical diagrams
were drawn by FlowJo 7.5.

Statistical analysis. The data are presented as Mean + SD
from triplicate experiments. Two-way t-test and ANOVA were
used to analyze the variance in different treatment groups for
possible significance. A threshold of P < 0.05 was defined as
statistically significant.

Results

Flavopiridol induced protective autophagy in MCL cells.
First we investigate whether flavopiridol induces autophagy
in MCL cells by assessing autophagy induction through
examining the accumulation of LC3-II. During autophagy,
the soluble LC3-I is lipidated as LC3-1I and translocated to
autophagosome membranes. LC3-11I is a widely-used marker
of autophagy because it makes LC3 protein shift from diffuse
to punctate staining and has higher electrophoretic mobility
on gels compared to LC3-I [26]. As shown in Fig. 1A and B,
0.5uM or more flavopiridol induced significant LC3-II ac-
cumulation after treatment for over 12h in JeKo-1 cells. The
autophagy inhibitor 3-MA obviously represses flavopiridol-
induced autophagy (Fig. 1C). Moreover, 3-MA increased the

A B

cytotoxicity of flavopiridol in JeKo-1 cells (Fig. 1D). These
data indicate that flavopiridol induces protective autophagy
in JeKo-1 cells.

17-AAG suppressed flavopiridol-induced autophgy in
MCL cells. To test whether inhibition of HSP90 can suppress
flavopiridol-induced augophagy, we treated JeKo-1 cells with
17-AAG and flavopiridol. As shown in Fig. 2A, 17-AAG
co-treatment significantly attenuated flavopiridol-induced
LC3-1II accumulation in JeKo-1 cells. Flavopiridol treatment
triggered acidic vesicular organelle (AVO) formation was also
suppressed by 17-AAG co-treatment (Fig. 2B). These data
demonstrated that 17-AAG suppressed flavopiridol-induced
autophagy in MCL cells. Moreover, either flavopiridol plus
3-MA or flavopiridol plus 17-AAG produced a significantly
lower numbers of colonies in soft agar than flavopiridol alone
(Fig. 2C and 2D). Furthermore, combination of flavopiridol
and 17-AAG dramatically increased flavopiridol-induced total
cell death in JeKo-1 cells ( Fig. 2E).These results indicate that
17-AAG sensitizes flavopiridol through autophagy suppres-
sion in MCL cells.

17-AAG promoted Beclinl degradation and ERK
inactivation. To figure out the mechanisms of 17-AAG-
induced autophagy suppression, we check the protein level
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Figure 3 17-AAG promoted Beclinl degradation and ERK inactivation.

Vector p-Beclin1

(A) JeKo-1 cells were treated with vehicle DMSO (0.1% v/v), 1uM flavopiridol, 200nM 17-AAG or co-treatment of flavopiridol and 17-AAG for 24h,
and then the protein levels of p-ERK, t-ERK, p-Bcl-2, t-Bcl-2, Beclinl, Ulk-1 and ATG10 were detected by Western blot, taking GAPDH as a loading
control. (B) JeKo-1 cells were transfected with pcDNA3 control vector or pcDNA3-Beclinl vector, after overnight cells were treated with vehicle DMSO
(0.1% v/v), 1uM flavopiridol, 200nM 17-AAG or combined flavopiridol and 17-AAG for another 24h, and then the protein levels of Beclinl and LC3-1/1I
were detected by Western blot. (C) JeKo-1 cells were treated as (B) for 48h, then total cell death was evaluated by trypan blue staining. Data were Mean

+ SD from three independent experiments.**: P<0.01, *: P<0.05.
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of several HSP90 client proteins which are closely related
to autophagy. As shown in Figure 3A, 17-AAG obviously
decreased the level of p-ERK, p-Bcl-2 and Beclinl while
has no effect on the level of total ERK, total Bcl-2, ulk-1
and ATG10. ERK is a downstream target of Raf-1, an im-
portant client protein of HSP90 [27]. It is reported that
ERK-mediated Bcl-2 phosphorylation could potentiate
the abrogation between Bcl-2 and Beclinl and enhance
autophagy induction [28, 29]. So 17-AAG-mediated ERK
inactivation could influence the interaction between Bcl-2
and Beclinl by decreasing Bcl-2 phosphorylation. In addi-

A

tion, Beclinl, a crucial protein for autophagy induction, is
also the client protein of HSP90. Overexpression of Beclinl
eliminated the effect of 17-AAG on flavopiridol-induced
LC3-II accumulation and total cell death (Fig. 3B and 3C).
It is notable that flavopiridol-induced autophagy can’t be
further enhanced by Beclinl overexpression (Fig. 3B),
while the suppression of 17-AAG on flavopiridol-induced
autophagy can be compensated by Beclinl overexpres-
sion (Fig. 3B). Therefore, overexpression of Beclinl can’t
influence flavopiridol-induced cell death while decreases
the effect of 17-AAG on the same item (Fig. 3C). These
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Figure 4 17-AAG enhanced flavopiridol-induced apoptosis in MCL cells.

(A, B) JeKo-1 cells were treated with vehicle DMSO (0.1% v/v), 1uM flavopiridol, 200nM 17-AAG or co-treatment of flavopiridol and 17-AAG for 48h,
and then they were stained with Annexin V-FITC/PI and analyzed by flow cytometry, results from three tests were quantified to analyze the statistically
significance. **: P<0.01,*: P<0.05. (C) JeKo-1 cells were treated as (A), then the protein levels of PARP were detected by Western blot, taking GAPDH
as a loading control. (D) JeKo-1 cells were treated as (A), then the caspase3 activity was analyzed. **: P<0.01, *: P<0.05.
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date demonstrated that 17-AAG suppressed flavopiridol-
induced autophagy through promoting Beclinl degradation
and ERK inactivation in MCL cells.

17-AAG enhanced flavopiridol-induced apoptosis in
MCL cells. We next investigated whether apoptosis contributes
to the combined treatment-induced cell death. Annexin-PI
staining analysis found that co-treatment with flavopiridol
and 17-AAG significantly increased the rate of apoptotic cells
(Fig. 4A and 4B), which was further validated by enhanced
PARP cleavage (a substrate of caspase 3, Fig. 4C) and increased
caspase3 activity (Fig 4D). These results indicated that Hsp90
inhibitor 17-AAG could potentiate flavopiridol-mediated cell
death by modulating apoptosis in MCL cells.

Discussion

CDK inhibitor flavopiridol shows promising anti-tumor
efficacy in several kinds of tumors. However, it was demon-
strated that CLL cells are relatively resistant to flavopiridol.
Moreover, protective autophagy may contribute to this resist-
ance. In the present study, we demonstrated for the first time
that co-treatment of CDK inhibitor flavopiridol and Hsp90
inhibitor 17-AAG exhibited synergetic efficacy in killing MCL
cells. 17-AAG attenuated flavopiridol-induced protective au-
tophagy by inhibiting ERK-mediated Bcl-2 phosphorylation
and promoting Beclinl degradation.

Autophagy is a self-digesting process characterized by
formation of double-membrane autophagosome in the cyto-
plasm. Degradation of contents in autophagosome provides
energy and nutrients to cells and protects cells from stress.
Generally, autophagy promotes tumor cell survival and
decreases sensitivity to chemotherapy [30]. Inhibition of
autophagy can sensitize tumors to both chemotherapy and
radiotherapy [31]. Previous data have demonstrated that
flavopiridol induce autophagy and ER stress. So in this study
we wanted to suppress autophagy by targeting molecular
chaperones, which is responsible for stabilization of multiple
oncogenes or autophagy-related genes in tumors.

As to the mechanisms of 17-AAG attenuating flavopiridol-
induced protective autophagy, consistent to previous study
[15], Beclinl protein level decreased upon co-treatment of
flavopiridol and 17-AAG or 17-AAG alone. Overexpression
of Beclinl eliminates the effect of 17-AAG on flavopiridol-
induced autophagy and total cell death. These results indicate
that Beclinl plays a key role in the process of 17-AAG sen-
sitizing flavopiridol in MCL cells. The interaction of Bcl-2
and Beclinl also affects autophagy induction. Bcl-2 could
be phosphorylated at several sites by ERK and Bcl-2 phos-
phorylation could promote its detachment with Beclinl and
enhance autophagy induction[28]. Consistent with previ-
ous reports, inhibition of Hsp90 significantly inhibits ERK
phosphorylation and Bcl-2 phosphorylation [17, 32]. These
results indicated that 17-AAG also attenuated flavopiridol-
induced autophagy by suppressing ERK-mediated Bcl-2
phosphorylation.

Results from this study may also have also therapeutic
implications. Recently, the synergistic effects of autophagy in-
hibitors and CDKI have been reported in cancer therapy[33].
However, due to complementary activating pathways, de-
ceased drug sensitivity always happened simply by inhibiting
a single signaling pathway. Our results demonstrated that,
by targeting molecular chaperone Hsp90, a significantly
synergistic anti-tumor effect was observed by suppressing
flavopiridol-induced protective autophagy in MCL cells.
Our study may provide a novel strategy for CDKI-targeted
therapeutics.
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