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Glucocorticoid (GC) resistance remains a major obstacle to successful treatment of lymphoid malignancies. Till now,
the precise mechanism of GC resistance remains unclear. In the present study, dexamethasone (Dex) inhibited cell
proliferation, arrested cell cycle in G0/G1-phase, and induced apoptosis in Dex-sensitive acute lymphoblastic leukemia
cells. However, Dex failed to cause cell death in Dex-resistant lymphoid malignant cells. Intriguingly, we found that
autophagy was induced by Dex in resistant cells, as indicated by autophagosomes formation, LC3-I to LC3-II conversion,
p62 degradation, and formation of acidic autophagic vacuoles. Moreover, the results showed that Dex reduced the
activity of mTOR pathway, as determined by decreased phosphorylation levels of mTOR, Akt, P70S6K and 4E-BP1 in
resistant cells. Inhibition of autophagy by either chloroquine (CQ) or 3-methyladenine (3-MA) overcame Dex-resistance
in lymphoid malignant cells by increasing apoptotic cell death in vitro. Consistently, inhibition of autophagy by stably
knockdown of Beclin1 sensitized Dex-resistant lymphoid malignant cells to induction of apoptosis in vivo. Thus,
inhibition of autophagy has the potential to improve lymphoid malignancy treatment by overcoming GC resistance.

Introduction

Lymphoid malignancies, such as acute/chronic lymphoblastic
leukemia, lymphoma and myeloma, are associated with a variety
of therapeutic challenges.1 Glucocorticoids (GC) have been
wildly used as important therapeutic agents in the treatment of
lymphoid malignancies.2 Apoptotic cell death is currently recog-
nized as one of the main mechanisms of GC treatment of lym-
phoid malignancies for the following reasons: (1) repression of
transcription of pro-inflammatory cytokine genes, including NF-
kB,3 AP-1,4 and c-Myc;5 (2) other signaling molecules that
involved in GC-mediated apoptosis, including calcium,6

RAFTK,7 IL-6, and STAT3.8

Although GC are widely used in clinical therapy, GC resistance
on relapse often emerges, which is associated with poor prognosis.
In addition, about 30% of the patients are innately resistant to
GC. Till now, most studies have revealed that the mechanisms of

GC resistance are associated mainly with defective apoptosis
machinery, such as over-expression of anti-apoptotic protein Bcl-2
and Mcl-1.9 Recent studies suggested that polymorphisms of GC
receptors10 and dysregulated ratio of GC receptor subtypes11 were
associated to GC resistance, but the detailed mechanisms remained
further elucidated. Thus, exploration of other new mechanisms
contributing to GC resistance will promote the optimized design
of treatment of lymphoid malignancies.

Autophagy is a dynamic process in which damaged organelles
and unfolded proteins are engulfed by autophagosomes, then
delivered to lysosomes for degradation.12 As a survival adaptation
to tolerate stress and unfavorable conditions, autophagy has been
shown to play a key role for therapy resistance during chemother-
apy in hepatocarcinoma cancer,13 lung cancer,14 and multiple
myeloma.15 For example, Dex induced autophagy by elevating
Dig2 expression in murine lymphoma cells. Dig2 knockdown
led to increased cell death during Dex treatment.16 Similarly,
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induction of autophagy contributed to prolonged survival of Bcl-
2 positive murine lymphoma cells following Dex treatment. Inhi-
bition of autophagy by 3-MA enhanced cytotoxicity of Dex in
Bcl-2-positive cancer cells.17 However, whether autophagy is
involved in GC resistance during Dex treatment in human lym-
phoid malignancies has not been clearly defined.

In this study, we found that autophagic activities were
induced by Dex in Dex-resistant lymphoid malignant cells; how-
ever, such changes were not observed in Dex-sensitive cells. Dex
reduced the activity of mTOR pathway during autophagy induc-
tion. Inhibition of autophagy augmented the proliferation inhibi-
tion and apoptosis induction effects of Dex both in vitro and in
vivo analysis. Thus, our findings suggested a new treatment strat-
egy for GC-resistant lymphoid malignancies.

Results

Dex inhibits cell proliferation in lymphoid malignant cells
To evaluate the effect of Dex on cell proliferation, WST-8

assay was conducted to assess the survival rates of cells treated
with increasing concentrations of Dex for 24 and 48 h. We
found that the inhibition of cell proliferation induced by Dex
was both dose- and time-dependent in CCRF-CEM and Raji
cells, while only dose-dependent in U-937 cells (Fig. 1A). We
then used trypan blue exclusion assay to enumerate dead cells
treated with indicated concentrations of Dex. Interestingly, the
increased number of dead cells were consistent with the results of
the WST-8 assay in CCRF-CEM cells, but very few dead cells
were detected in Raji and U-937 cells (Fig. 1B). The effects of
Dex on the induction of apoptosis were determined with
Annexin V/PI staining in CCRF-CEM, Raji, and U-937 cells.
Flow cytometric analysis displayed significantly increased apopto-
sis activities in Dex-sensitive CCRF-CEM cells and minor apo-
ptosis in Dex-resistant Raji and U-937 cells (Fig. 1C).
Collectively, these results suggested that Dex inhibited the prolif-
eration more significantly in Dex-sensitive CCRF-CEM cells
than in Dex-resistant Raji and U-937 cells.

Dex arrests cell cycle in G0/G1-phase
We next evaluated whether Dex caused cell cycle arrest in this

study. Cells were treated with 1 and 10 mM Dex for 24 h. Flow
cytometry was performed to detect the PI-stained tumor cells,
which exhibited an increase in G0/G1-phase cells and a decrease
in S- and G2/M-phase cells compared with the control group in
all cell lines examined (Fig. 2A). The differences were statistically
significant in CCRF-CEM and Raji cells, but not in U-937 cells
(Fig. 2B). The expression of p-Rb, a pivotal regulator of G1/S
transition in the cell cycle process,18 was analyzed by Western
blot. We detected a decrease in Ser780 p-Rb expression in CCRF-
CEM and Raji cells treated with 1 and 10 mM Dex for 24 h,
whereas total Rb levels were not changed (Fig. 2C). In U-937
cells, the decrease of p-Rb was not significant (Fig. 2C). Together,
these results revealed that Dex affected the cell cycle distribution
more significantly in Raji cells than in CCRF-CEM cells, while
there was no statistically significant difference in U-937 cells.

Dex induces apoptosis in CCRF-CEM cells
To determine whether apoptotic cell death contributed to the

decreased cell number treated with Dex, we performed 2 apopto-
sis assays. CCRF-CEM, Raji, and U-937 cells were treated with
Dex at the indicated concentrations for 24 and 48 h, and West-
ern blot was then performed. Levels of cleaved-Caspase 3 and
cleaved-PARP were unaffected in Raji and U-937 cells; however,
cleaved levels of both proteins were increased significantly in
CCRF-CEM cells treated for 48 h (Fig. 3). The results of flow
cytometry were consistent with those of Western blot analysis
(Fig. 1C). Together, these data indicated that Dex treatment did
not elicit significant levels of apoptotic death in Raji and U-937
cells, but instead triggered significant apoptosis in CCRF-CEM
cells (Fig. 3, 1C).

Dex induces autophagy in both Raji and U-937 cells
We then performed transmission electron microscopy analy-

sis, the golden standard for investigation of autophagy,19 to
detect autophagosomes formation treated with Dex. This analysis
documented the presence of autophagosomes in the cytoplasm of
Dex-treated Raji and U-937 cells (Fig. 4A). We failed to detect
autophagosomes in Dex-treated CCRF-CEM cells (Fig. 4A).
Acidic vesicular organelles, another morphological characteristic
of autophagy, accumulate in the cytoplasm and can be detected
by MDC staining.19 Dex significantly increased the accumula-
tion of MDC in Raji and U-937 cells compared with untreated
control cells, and this effect was dose-dependent (Fig. 4B). We
did not detect autophagic vacuoles in CCRF-CEM cells
(Fig. 4B). We then detected the expression of p62 and LC3,
which are deemed markers of autophagy,20,21 in Raji and U-937
cells treated with indicated concentrations of Dex using Western
blot. The decreasing of p62 and the increasing of LC3-II were
Dex dose-dependent (Fig. 4C). This demonstrated that autoph-
agy induced by Dex occurred in Raji and U-937 cells (Fig. 4C).
A time-dependent study was also performed, autophagy was
increased in a time-dependent manner (Fig. 4D). CCRF-CEM
cells did not show autophagy induction (Fig. 4C, D, Supplemen-
tary Fig. 1). CCRF-CEM cells did not show autophagy induc-
tion (Fig. 4C, D). Taken together, these data showed that Dex
induced autophagy in Raji and U-937 cells, but not in CCRF-
CEM cells.

Dex inhibits mTOR pathway in both Raji and U-937 cells
Autophagy is a genetically regulated process, and a variety

of signaling pathways participate in its up- or down-stream
regulation.22 A number of studies have reported that the
mTOR signaling pathway, which is activated in many types
of cancer, is important in regulating autophagy.23 We then
determined whether Dex affected the mTOR pathway,
thereby causing autophagy. Western blot showed a dose-
dependent decrease in p-Akt after 24 h of treatment with
increasing concentrations of Dex in Raji and U-937 cells
(Fig. 5A, B). However, the total Akt levels remained
unchanged. The phosphorylation state of the mTORC1 and
its downstream substrates p70 S6 kinase and 4E-BP1 (eukary-
otic initiation factor 4E binding protein 1) were also
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decreased by Dex, whereas their
total levels were unaffected
(Fig. 5A, B). CCRF-CEM cells
displayed no change in p-Akt,
p-mTOR, p-P70S6K and p-4E-
BP1 expression (data not
shown). Thus, these data eluci-
dated that Dex reduced the
activity of mTOR pathway in
Raji and U-937 cells, but not
in CCRF-CEM cells.

Combination of Dex and
autophagy-inhibitor treatment
inhibits the proliferation and
increases apoptosis of Raji and
U-937 cells

To determine whether
autophagy plays a role in the
effects of Dex on Dex-resistant
cells, we treated cells with Dex
and either CQ (an inhibitor of
fusion between the autophago-
some and lysosome) or 3-MA (a
PI3K inhibitor that inhibits the
formation of the pre-autophago-
somal structure), or the combina-
tion of these 3 agents. Western
blot showed the autophagy inhi-
bition effects of CQ and 3-MA
(Fig. 6A). Treatment with Dex
combined with autophagy inhibi-
tors resulted in reduced numbers
of cells as measured by WST-8
assay (Fig. 6B), suggesting that
autophagy played an important
role in cell viability under control
conditions. We then evaluated
the apoptosis induced by the
combination Dex and autophagy
inhibitor treatment. Apoptosis
was enhanced by Dex after treat-
ment with autophagy inhibitors,
while treatment with autophagy
inhibitors only had no significant
effect (Fig. 6C). This demon-
strated that autophagy played a
critical role in protecting cancer
cells from the apoptotic effects of
Dex. Together, these results indi-
cated that combination of Dex
and autophagy inhibitor treat-
ment inhibited cell proliferation
and increased apoptosis in Dex-
resistant cells.

Figure 1. Dex inhibits cell proliferation in CCRF-CEM, Raji and U-937 cells. (A) CCRF-CEM, Raji and U-937 cells
were treated with increasing concentrations of Dex for 24 and 48 h, and cell viability was determined by
WST-8 assay. Error bars represent the standard errors of 3 independent experiments. (Dex vs. control:
*P < 0.05, **P < 0.01) (B) Cells were treated with the indicated concentrations of Dex for the indicated times,
and the percentage of dead cells was measured by trypan blue exclusion assay. (Dex versus control:
*P < 0.05, **P < 0.01, ***P < 0.001) (C) Cells were treated with or without 1 mM Dex for 48 h. The percentage
of apoptotic cells was determined by Annexin V-PI staining followed by FACS analysis. Values represent the
means § SD of 3 independent experiments. (Dex vs. control: **P < 0.01)
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Inhibition of autophagy
sensitized Raji cells to Dex-
induced apoptosis in vivo

To further corroborate the role
of autophagy in GC resistance, we
constructed Raji cells stably
expressing shBeclin1 and shNC
control vectors. The knockdown
efficiency of Beclin1 was evalu-
ated by Western blot (Fig. 7A).
Compared to shNC control vec-
tor, the sh#2 vector showed better
knockdown efficiency of Beclin1
than the sh#1 vector. Thus equal
numbers of Raji cells (5£106 cells
per mouse) stably transfected with
sh#2 and shNC vectors were
injected into nude mice subcuta-
neously (n D 5). Dex was intrave-
nously injected from the 12th
day. The growth of tumors was
measured every 3 days (Fig. 7B).
Meanwhile, WST-8 assay was
employed to explore whether
knockdown of Beclin1 had any
effect on proliferation ability of
Raji cells in vitro. As shown in
Supplementary Fig. 2, both
shNC and shBeclin1 (#2) Raji
cells proliferated in a similar rate
at indicated timepoints (Day 0,
Day 1, Day 2, Day 3 and Day 4,
respectively). Consistently, both
shNC and shBeclin1 (#2) tumors
showed similar growth rate till
12th day in vivo. These data indi-
cated that knockdown of Beclin1
did not significantly influence the
proliferation ability of Raji cells.
However, when subjected to Dex
treatment, growth rate of shBe-
clin1 tumor was significantly
slower than that of shNC tumors.
Also, the shBeclin1 tumors were
significantly smaller than shNC
tumors (P < 0.001) (Fig. 7C).
Immunofluorescence examination
showed much higher immunore-
activity of cleaved-Caspase 3
within shBeclin1 tumors
(Fig. 7D). In vitro analysis also
showed that Beclin1 knockdown
significantly sensitized Raji cells
to Dex-induced cytotoxicity (P <

0.05) and apoptosis, as indicated
by increased levels of both cleaved

Figure 2. Dex arrests cell cycle in G0/G1-phase. (A, B) CCRF-CEM, Raji, and U-937 cells were treated for 24 h
with the indicated concentrations of Dex, fixed, permeabilized, and stained with PI. Flow cytometric analysis
of PI-stained cells documented a significant increase in the percentages of CCRF-CEM and Raji cells, but not
U-937 cells, arrested in the G0/G1 phase of the cell cycle. Values represent the means § SD of 3 independent
experiments. (Dex versus control: **P< 0.01, ***P< 0.001) (C) Cells were treated with 0, 1, and 10 mM Dex for
24 h, p-Rb and Rb were determined by Western blot.
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PARP and Caspase 3 after
Dex treatment (Supplementary
Fig. 3). Together, these data
demonstrated that inhibition of
autophagy sensitized Raji cells to
Dex-induced apoptosis in vivo.

Discussion

GC have been used in chemo-
therapy for lymphoid malignan-
cies (including acute/chronic
lymphocytic leukemia, lym-
phoma, and myeloma) for deca-
des.24 Although they are effective
in the early stages, resistance
upon relapse often emerges. So
far, the molecular mechanisms of
resistance to GC have not been
fully understood. Here, by con-
duction of Dex, one representa-
tive type of GC for
chemotherapy in lymphoid
malignancies, several novel find-
ings were made in the present
study: (a) Dex inhibited cell pro-
liferation, arrested cell cycle and led to apoptosis in CCRF-CEM
cells; (b) Autophagy was significantly induced by Dex in Raji and
U-937 cells, both of which showed poor response to Dex with
limited apoptosis activation; (c) Inhibition of autophagy over-
came Dex-resistance in Raji and U-937 cells by increasing apo-
ptotic cell death both in vitro and in vivo analysis; (d) Dex
repressed mTOR signaling activities in Raji and U-937 cells.
Accordingly, our findings revealed a novel GC resistance mecha-
nism that induction of autophagy by Dex contributed to GC
resistance in lymphoid malignant cells. Inhibition of autophagy
showed potential utilization to overcome GC resistance during
lymphoid malignancies treatment.

Acquired resistance to chemotherapy remains a major barrier
to the successful treatment of lymphoid malignancies. Many
mechanisms contributing to drug resistance have been recog-
nized, such as drug export transporters (e.g., permeability-glyco-
protein 170),25 resistant haematopoietic stem cells,26 down-
regulation of apoptosis, and up-regulation of autophagy.27

Increasing lines of evidence indicated that autophagy protected
cancer cells against anticancer treatment by blocking apoptotic
pathway.28 An early study illustrated that autophagy induced by
Dex had a protective effect on Dex-induced cell death in a mouse
T-cell leukemia cell line transfected with Bcl-2.17 Recent studies
displayed that Dex caused autophagy in lymphoid malignan-
cies.29 Consistently, in our study, autophagy was significantly
induced by Dex in Dex-resistant Raji and U-937 cells (Fig. 4), as
indicated by increased LC3 conversion, p62 degradation and
autophagosome formation. However, autophagy was not signifi-
cantly induced in CCRF-CEM cells (Fig. 4), even in the early

time points (Supplementary Fig. 1). A previous study proposed
that early stages of autophagy were required for, but did not nec-
essarily result in, TNF a-induced apoptosis in CCRF-CEM
cells.30 Combined with our data, one possible explanation for the
contradictory within the same cell line might be the different
types of compounds treatment and diverse autophagic signaling
pathways involved. TNF a binds to specific receptors on the cell
surface to induce apoptosis via signaling pathway which involves
interleukin 1 b-converting enzyme (ICE) and/or ICE-like pro-
teases.31 GC exert their effects through the glucocorticoid recep-
tor (GR, or NR3C1), a member of the nuclear hormone receptor
superfamily.32 Moreover, as an evolutionarily conversed catalytic
process, autophagy is frequently triggered by stimulus. However,
the effect of autophagy on cell survival or cellular death is contro-
versial and context-dependent.33 Thus, it is in a possibility that
GC and TNF a might trigger different autophagic signaling,
mediating diverse biological effects of autophagy.

As we and others showed that Dex induced autophagy in lym-
phoid malignant cells, an important question arises: which sig-
naling pathway contributes to the autophagy induced by Dex.
Recent studies have shown that mTOR signaling pathway, which
is activated in many types of cancer, is involved in autophagy reg-
ulation.23 TOR kinase was shown lies upstream of all autophagy-
associated genes and plays a critical role in initiating the autopha-
gic signaling in yeast.34 In mammalian cells, mTOR acts as a
gatekeeper of the autophagic pathway, regulating autophagy neg-
atively. P70 S6 kinase and 4E-BP1 are downstream targets of
mTOR kinase, which reflect the activity of mTOR. Our studies
revealed that Dex significantly inhibited the activity of the

Figure 3. Dex induces apoptosis in CCRF-CEM cells. CCRF-CEM, Raji, and U-937 cells were treated with increas-
ing concentrations of Dex for 24 and 48 h, and cleaved-PARP and cleaved-Caspase 3 were detected by West-
ern blot. Cells were treated with 500 nM doxorubicin for 24 and 48 h as a positive control.
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mTOR signaling pathway (Fig. 5), indicating that the Akt/
mTOR pathway was involved in the autophagy induced by Dex.
Consistent with our findings, recent reports described that Dex

decreased the expression of p-
Akt in RS4;11 cells (pre-B ALL
cell lines) by PML-dependent
manner,29 and in SSC cells
(murine squamous cell carci-
noma cells) by GR-dependent
manner.35 Dex also promoted
autophagy by inhibiting IP3-
mediated calcium signaling36 or
by increasing Dig2 protein.16

Together, based on diverse phar-
macological effects of Dex, mul-
tiple signaling pathway
implicated in Dex-induced
autophagy regulation. Combi-
nation Dex and inhibitor of spe-
cific signaling targets (such as
Akt and Dig2) would improve
lymphoid malignancy therapy.

Additionally, it was recently
shown that Dex caused cell cycle
arrest in CCRF-CEM cells.37

We then investigated whether
Dex caused cell cycle arrest in
Dex-resistant cells. As expected,
treatment with Dex resulted in a
dramatic accumulation in the
G0/G1 phase of the cell cycle
and de-phosphorylation of p-Rb
at Ser780 (Fig. 2), which is one
of the most critical residues for
Rb activity during the G1/S
transition. These findings dem-
onstrated that Dex-induced cell
cycle arrest in Raji cells might
contribute to Dex-resistance.
Dex failed to induce cell cycle
arrest significant in U-937 cells,
which is derived from monocyte
and called histiocytic lym-
phoma, together with it failed to
cause cell apoptosis might
explain why Dex was seldom
used in the treatment of these
diseases. A recent publication
demonstrated that Dex-induced
cell cycle arrest was mediated by
the p27-Skp2 axis in Dex-sensi-
tive T-lymphoma cells.38 Thus,
further investigation is required
to clarify the mechanism
required to initiate Dex-induced
cell cycle arrest in Dex-resistant

lymphoid malignant cells.
In conclusion, our findings revealed that autophagy was

induced by Dex in Dex-resistant lymphoid malignant cells.

Figure 4. Dex induces autophagy in both Raji and U-937 cells. (A) CCRF-CEM, Raji, and U-937 cells were treated
with 0 and 1 mM Dex for 24 h, and autophagosome formation was evaluated by transmission electron micros-
copy. M indicates mitochondrial structures, N the nucleus, C the cytoplasm, and arrowheads indicate autopha-
gosomes. Scale bar: 500 nm. (B) Cells were treated with 0, 1, and 10 mM Dex for 24 h, then stained with MDC
to identify autophagic vacuoles. Scale bar: 50 mm. The number of autophagosomes per cell was quantified by
counting the number of autophagosomes in 100 MDC-staining cells. The data were presented as means § SD
of 3 independent experiments. (Dex vs. control: ***P < 0.001) (C) Cells were treated with increasing concentra-
tions of Dex for 24 h, p62 and LC3 were detected by Western blot. (D) Cells were then treated with 1 mM Dex
for 0, 24, and 48 h, and p62 and LC3 expression were evaluated by Western blot.
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Blocking autophagy enhanced the pro-apoptotic effect of Dex.
Thus, the current findings may shed light on the future design of
optimized therapies in GC-resistant lymphoid malignancies.

Materials and Methods

Cell lines and culture conditions
The human Burkitt lymphoma cell line Raji and histiocytic

lymphoma cell line U-937 were purchased from the American
Tissue Culture Collection (Manassas, VA, USA). The human
acute lymphoblastic leukemia (ALL) cell line CCRF-CEM was
purchased from the Cell Bank of the Chinese Academy of Scien-
ces (Shanghai, China). Cells were cultured in RPMI 1640
medium (Gibco) supplemented with 10% heat-inactivated fetal
bovine serum (Hyclone), 2 mM glutamine, and 50 mg/mL

penicillin and streptomycin (Solarbio, Beijing, China) at 37�C in
a humidified, 5% CO2 incubator.

Reagents
Antibodies to 4E-BP1 (#9644), phospho-4E-BP1 (Thr37/46)

(#2855), Caspase 3 (#9662), PARP (#9532), cleaved-PARP
(#9541), Rb (#9309), phospho-Rb (Ser780) (#9307), phospho-
Akt (Ser473) (#4060), phospho-P70 S6 kinase (Thr389)
(#9205), Beclin1 (#3738), phospho-mTOR (Ser2448) (#2971)
and mTOR (#2972) were obtained from Cell Signaling Technol-
ogy (Danvers, MA, USA). The antibody to P70 S6 kinase
(#1494–1) was obtained from Epitomics (Hangzhou, China).
The antibody to b-actin (#60008–1) was obtained from Protein-
tech (Wuhan, China). The antibodies to Akt1 (sc-1618) and p62
(SQSTM1) (sc-28359) were obtained from Santa Cruz Technol-
ogy (Santa Cruz, Shanghai, China). The antibody to LC3B
(L7543) was obtained from Sigma-Aldrich (Shanghai, China).
Chloroquine (CQ) (C6628), 3-methyladenine (3-MA)
(M9281), puromycin (P9620) and Dexamethasone (Dex)
(D1756) were purchased from Sigma-Aldrich. Doxorubicin
(Dox) (KGA8181) was purchased from Keygen (Nanjing,
China).

Cell viability assay
Cell viability was measured by WST-8 assay. A total of 5 £

103 CCRF-CEM, Raji, or U-937 cells were cultured in 200-mL
RPMI1640 medium and treated with different concentrations of
Dex for 24 to 48 h. After treatment, cell viability was evaluated
using the Cell Counting Kit-8 (Dojindo Laboratories, Tokyo,
Japan) according to the manufacturer’s instructions. Absorbance
of triplicate samples at 450 nm was measured by an EnSpire
Multilabel Reader (PerkinElmer).

Trypan blue exclusion assay
Cell death was measured by trypan blue exclusion assay. A

total of 2 £ 105 CCRF-CEM, Raji, or U-937 cells were cultured
in 2-mL RPMI1640 medium and treated with indicated concen-
trations of Dex for 0, 24, or 48 h. After treatment, the cells were
centrifuged and re-suspended with culture media. Then cells
were mixed in equal volume with the trypan blue dye solution
(CD001; Macgene, Beijing, China) and incubated for 5 min.
The cells were then examined under an inverted microscope
(CKX31; Olympus, Tokyo, Japan) and scored for the number of
dead cells (the blue-stained cells represented those that had taken
up the dye). The treated samples were compared with the
untreated controls.

Apoptosis detection by flow cytometry
Detection of apoptosis was performed using the Annexin V-

FITC/propidium iodide (PI) Apoptosis Detection Kit
(KGA107; Keygen). Briefly, 2 £ 105 CCRF-CEM, Raji, or U-
937 cells were seeded in 6-well plates treated with indicated con-
centrations of Dex and incubated for 48 h. After treatment, the
harvested cells were washed twice in phosphate buffer (PBS),
then stained with Annexin V-FITC and PI according to the man-
ufacturer’s instructions. The resulting fluorescence was detected

Figure 5. Dex inhibits mTOR pathway in both Raji and U-937 cells. Raji
(A) and U-937 (B) cells were treated with increasing concentrations of
Dex for 24 h, and cell lysates were subjected to Western blot and probed
with the indicated antibodies.
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by a flow cytometer (FACS Caliber, Becton-Dickinson) with
CELL Quest analysis software.

Cell cycle detection by flow cytometry
PI staining was employed to assess the cell cycle distribution.

Briefly, 2 £ 105 CCRF-CEM, Raji, or U-937 cells were seeded

in 6-well plates treated with the
indicated concentrations of Dex
and incubated for 24 h. After
treatment, the harvested cells were
washed twice in PBS, then fixed
in 75% pre-cold ethanol at 4�C
for 4 h. After RNase A (100 mg/
mL) (2158; TaKaRa, Dalian,
China) digestion at 37�C for
30 min, the cells were stained
with 50 mg/mL PI (P4170;
Sigma) for 15 min at room tem-
perature before analysis with a
flow cytometer using the CELL
Quest software.

Western blot analysis
Cells were lysed on ice in RIPA

buffer (50 mM Tris [pH 8.0],
150 mM sodium chloride, 0.5%
sodium deoxycholate, 0.1% SDS,
and 1% NP-40) supplemented
with protease inhibitors (1 mM
Na3VO4, 1 mg/mL leupeptin,
and 1 mM PMSF). The protein
concentration was determined by

the Coomassie brilliant blue dye method. In all, 20 mg of protein
per lane were run in 6% to 12% SDS–PAGE gels and subse-
quently transferred to a nitrocellulose membrane (Millipore) via
submerged transfer. After blocking the membrane at room tem-
perature for 1 h, the membrane was incubated overnight at 4�C
with various primary antibodies. After incubation with

Figure 6. Combination Dex and
autophagy-inhibitor treatment
inhibits the proliferation and
increases apoptosis of Raji and U-
937 cells. (A) Raji and U-937 cells
were treated with 1 mM Dex for
24 h followed by either 100 nM CQ
or 1 mM 3-MA and total cell lysates
were subjected to Western blot
using anti-p62 and anti-LC3 antibod-
ies. (B) Raji and U-937 cells were
treated in the absence or presence
of 100 nM CQ, 1 mM 3-MA with
1 mM Dex, or the combination of 2
or all 3 reagents for 24 h. A cell via-
bility assay was performed using
WST-8 to assess the inhibition of
proliferation. (Treatment versus con-
trol: *P < 0.05, **P < 0.01) (C) Cells
were treated as described above.
Western blot was performed using
cell lysates to detect the expression
of cleaved-PARP and cleaved-Cas-
pase 3. A doxorubicin (500 nM)-
treated sample served as a positive
control.
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peroxidase-conjugated secondary
antibodies for 1 h at room tem-
perature, the signals were visual-
ized using an enhanced
chemiluminescence Western blot
detection kit (K-12045-D50;
Apgbio, Beijing, China) accord-
ing to the manufacturer’s instruc-
tions. The blots were developed
using the Bio-Rad Molecular
Imager instrument (Bio-Rad,
USA).

Detection of autophagic
vacuoles with
monodansylcadaverine

The autophagic vacuoles were
evaluated by monodansylcadaver-
ine (MDC) staining. Briefly, 2 £
105 CCRF-CEM, Raji, or U-937
cells were seeded in 6-well plates
treated with indicated concentra-
tions of Dex and incubated for
24 h. After treatment, the cells
were incubated with MDC
(30432; Sigma) at a concentra-
tion of 0.05 mM in PBS at 37�C
for 1 h. The cells then were cen-
trifuged onto coverslips that were
pre-coated with poly-L-lysine
(P8920; Sigma). Fixation with
4% PFA (158127; Sigma) at 4�C
for 10 min was performed, and
the coverslips were washed with
PBS twice and analyzed using
a fluorescence microscope
(excitation, 380 nm; emission,
525 nm) (DP73; Olympus).
The number of autophagosomes
per cell was quantified by
counting the number of auto-
phagosomes in 100 MDC-stain-
ing cells. The data were
presented as means § SD of 3
independent experiments. (Dex
versus control: ***P < 0.001).

Transmission electron microscopy
Cells were fixed with 2.5% glutaraldehyde in PBS (pH 7.4),

washed with PBS, and fixed by 1% osmium tetroxide (OsO4).
They were then washed with PBS and dehydrated with indicated
concentrations of ethanol. After gradient dehydration, perme-
ation, and aggregation, thin sections were stained with uranyl
acetate and lead citrate for observation under a JEM 1011CX
electron microscope (JEOL, Peabody, MA, USA). Images were

acquired digitally from a randomly selected pool of 10 to 15
fields under each condition.

Generation of Raji cells stably expressing shRNA vectors
Lentiviral particles containing shBeclin1#1 (131209AZ),

shBeclin1#2 (131209BZ) and shNC (131127CZ) control
expression vectors were purchased from Shanghai GenePharma
Co., Ltd. Raji cells in exponential phase of growth were seeded
into wells of a 6-well-plate and exposed to lentivirus particles for

Figure 7. Inhibition of autophagy sensitized Raji cells to Dex-induced apoptosis in vivo. (A) Raji cells stably
expressing shBeclin1 (#1, #2) and shNC vectors were constructed by lentivirus infection. The knockdown effi-
ciency of Beclin1 was evaluated by Western blot. (B) Equal number (5 £ 106 cells per mouse) of Raji cells sta-
bly transfected with shBeclin1 (#2) and shNC were subcutaneously injected into nude mice (n=5). At the
beginning of 12th day, Dex (2.5mg/kg) was intravenously injected every 3 days. Tumor volume (mm3) was
calculated by the multiplication of (long axis)/2 and (short axis)2. (**P < 0.01, ***P < 0.001) (C) Tumor were
excised, photographed and weighed after the mice were sacrificed by cervical dislocation at the end of 30th
day. (***P < 0.001) (D) Immunoreactivities of cleaved-Caspase 3 in xenografted tumors were analyzed by the
immunofluorescence assay. Nucleus were stained by DAPI. Images were acquired by a confocal microscopy
(Leica) and representative data were shown.
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2 h following another 48 h culture. After infection, Raji cells sta-
bly expressing shBeclin1 (#1, #2) and shNC vectors were chosen
by selection with 2 mg/ml puromycin.

Cell proliferation assay
Cell proliferation rates were measured by WST-8 assay.

Briefly, equal numbers (5 £ 103) of shNC and shBeclin1 (#2)
Raji cells were diluted in 200-mL culture medium and seeded
into 96-well plates. Cell viability was evaluated using the Cell
Counting Kit-8 (Dojindo Laboratories, Tokyo, Japan) according
to the manufacturer’s instructions at indicated timepoints. Absor-
bance (OD) at 450 nm was measured by an EnSpire Multilabel
Reader (PerkinElmer). The experiment was triplicatedly per-
formed and statistical comparison was analyzed by the 2-tailed
Student’s t-test. Differences were considered statistically signifi-
cant at P < 0.05.

Mouse experiments
Animal experiments were approved by the Institute Animal

Care and Use Committee of Dalian Medical University, and car-
ried out in accordance with established institutional guidelines
and approved protocols. An equal number (5£106 cells per
mouse) of Raji cells stably transfected with shBeclin1 (#2) and
shNC were subcutaneously injected into male 6-week-old
immune-deficient (non-obese diabetic/severe combined immu-
nodeficient) mice (5 mice for each group). Mice were maintained
in the pathogen-free authorized facility where the temperature
was maintained at 20–22�C and humidity at 50–60% with a
12 h dark/light cycle. Tumor growth was monitored by the mea-
surement of short axis and long axis of tumor mass with vernier
calipers every 3 days. At the beginning of 12th day, Dex (2.5 mg/
kg) was intravenously injected every 3 days. Tumor were excised,
photographed and weighed after the mice were sacrificed by cervi-
cal dislocation at the end of 30th day. Tumor volume (mm3) was
calculated by the multiplication of (long axis)/2 and (short axis)2.

Immunofluorescence
For the immunofluorescence analysis of xenografted tumors,

7 mm-thick OCT compound-embedded tissue sections were cut,
subsequently fixed with methanol for 5 min at room tempera-
ture, and permeabilized (0.25% Triton X-100 in PBS) for

20 min at 4�C. After blocked (3% BSA, 0.1% Triton X-100 in
PBS) for 1 h at room temperature, sections were incubated with
anti-cleaved-Caspase 3 antibody (diluted in blocking buffer)
overnight at 4�C. After three 5 min washes in PBS, sections were
incubated in the FITC-conjugated secondary antibody for 1 h at
room temperature. Following three further 5 min washes,
nucleus were stained by DAPI and images were acquired by a
confocal microscopy (Leica).

Statistical analysis
Data are expressed as means § SD of 3 independent experi-

ments. Statistics were calculated by SPSS software (version 16.0).
The significance of differences between experimental variables
was determined using the 2-tailed Student’s t-test. Differences
were considered statistically significant at P < 0.05 (*P < 0.05,
**P < 0.01, ***P < 0.001).
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