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Abstract Bim, a proapoptotic BH3-only member of Bcl-2
family, has been considered to play an important role in
initiating mitochondrial apoptotic pathway. Our previous
studies have shown the ability of dihydroarteminsin (DHA)
to induce apoptosis in human lung adenocarcinoma (ASTC-a-
1) cells. In this study, we investigated the function of Bim
during DHA-induced apoptosis in ASTC-a-1 and another
human lung adenocarcinoma (A549) cell lines. Confocal im-
aging of single living cell expressing GFP-BimL showed the
translocation of Bim to endoplasmic reticulum (ER) rather
than mitochondria during DHA-induced apoptosis. Moreover,
we also found that DHA induced ER stress and an increase of
Bim protein levels. However, silencing Bim by short hairpin
RNA did not inhibit DHA-induced caspase-9 activation and
cell apoptosis. Taken together, our results demonstrate for the
first time that DHA induces Bim translocation to ER, but
DHA-induced apoptosis is not dependent on Bim in ASTC-
a-1 and A549 cell lines.
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Abbreviation
Bim Bcl-2-interacting mediator of cell death
DHA dihydroarteminsin
ASTC-a-1 human lung adenocarcinoma cell
A549 human lung adenocarcinoma cell
GFP green fluorescent protein
RFP red fluorescent protein
ER endoplasmic reticulum
Bcl-xl B-cell lymphoma-extra large
Bcl-2 B-cell lymphoma 2
CHOP C/EBP homologous protein
UPR unfolded protein response
PERK pancreatic ER kinase (PKR)-like ER kinase
ATF6 activating transcription factor 6
IRE1 inositol-requiring enzyme 1
ROS reactive oxygen species
NF-κB nuclear factor-κB
DMSO dimethyl sulphoxide
FRAP fluorescence recovery after photobleaching
RNAi RNA interference
shRNA short hairpin RNA
shNC short hairpin negative control
CCK-8 cell counting kit-8
OD optical density
TBS-T Tris base saline-Tween 20
SD standard deviation
FOXO3a fork head boxo 3a
C2C12 mouse myoblast cell line
BH3 Bcl-2 homology domain 3
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Introduction

Bcl-2-interacting mediator of cell death (Bim), a proapop-
totic BH3-only member of Bcl-2 family, is required for
initiation of apoptosis induced by a broad range of cytotoxic
stimuli [1]. Three Bim isoforms (BimEL, BimL, and BimS)
have been identified [2]. Under physiologic conditions, Bim
is bound to the dynein light chain (LC8) of the microtubular
complex and strictly confined to cytosol [3]. It is generally
considered that Bim participates in apoptosis in two ways:
mitochondrial apoptotic and ER apoptotic pathways [4, 5].
Bim initiates the mitochondrial cell death pathway via either
directly activating Bax/Bak protein (direct activation model)
or indirectly activating Bax/Bak protein by binding to pro-
survival Bcl-2 family members and thereby releasing Bax/
Bak protein (indirect activation model) [6]. In addition, Bim
has been shown to be involved in ER apoptotic pathway in
which Bim translocates to ER and participates in ER stress-
induced apoptosis, while stable overexpression of Bcl-xl
suppresses the accumulation of Bim on ER and the apopto-
sis induced by ER stress [7]. Furthermore, Puthalakath et al
[8] reported that Bim played a key role in ER stress-induced
MCF-7 cell apoptosis, in which Bim was regulated by
phosphatase protein phosphatase 2A and C/EBP homolo-
gous protein (CHOP).

ER stress is receiving increased attention because it is
considered a cause of pathologically relevant apoptosis and
is especially implicated in neurodegenerative disorders [9].
In higher eukaryotes, ER stress is elicited by the unfolded
protein response (UPR) through three ER-resident trans-
membrane proteins: pancreatic ER kinase (PKR)-like ER
kinase (PERK), activating transcription factor 6 (ATF6)
and inositol-requiring enzyme 1 (IRE1) [5]. The initial
combined activation of PERK, ATF6 and IRE1 promote
the self protection measures taken by cells, however, when
the ER stress is extensive or sustained, proapoptotic mole-
cules such as CHOP and caspase-12 are activated to initiate
the apoptotic response [8, 10].

Dihydroartemisinin (DHA), a first-line anti-malarial drug
isolated from the traditional Chinese herb Artemisia annua
[11], has been demonstrated to have anticancer effects
[12–14]. The primary mechanism by which DHA exerts
anticancer activity is thought to induce apoptosis [15]. It is
believed that DHA exerts its cytotoxic effects by the gener-
ation of organic free radicals, resulting in induction of
reactive oxygen species (ROS) from the iron-mediated
cleavage of endoperoxide bridge contained in DHA [16].
DHA has been shown to induce apoptosis by inactivating
nuclear factor-κB (NF-κB) and regulating its related gene
products such as c-myc, Bcl-xl, Bcl-2 and Bax [14]. More-
over, it has been reported that DHA induces human hepato-
ma cells apoptosis via both p53-dependent and p53-
independent pathways in vitro and in vivo [17]. We recently

found that exposure of human lung adenocarcinoma
(ASTC-a -1 ) ce l l s t o DHA induced ROS- and
mitochondria-dependent apoptosis, in which Bax and Bid
were found to translocate to mitochondria [12, 13]. The
detailed function of Bim underlying DHA-induced ASTC-
a-1 cell apoptosis remains unclear. The efforts of this report
were directed toward examining the contribution of Bim to
DHA-induced apoptosis in ASTC-a-1 and another human
lung carcinoma (A549) cell lines.

Materials and Methods

Materials

DHA was obtained from Bide Pharmaceutical Corporation
(Guangzhou, Guangdong Province, China). Working solu-
tions were prepared by dissolving the compound in dimethyl
sulphoxide (DMSO) before experiments. The final concen-
tration of DMSO was less than 1% in all experiments.
Mitotracker Red 633 was purchased from Invitrogen
(Carlsbad, California). TurboFect in vitro anti-Bim, anti-
β-actin, anti-caspase-9 antibodies were obtained from
Cell Signaling (Beverly, Massachusetts). Anti-ATF-6,
anti-P-PERK antibodies were obtained from Santa Cruz
Biotechnology (Santa Cruz, California). All the second-
ary antibodies were supplied by Molecular Probes
(Eugene, Oregon).

Cell Culture and Transfection

ASTC-a-1 and A549 cell lines were obtained from the
Department of Medicine, Jinan University (Guangzhou,
China), and cultured in DMEM (GIBCO, Grand Island,
New York) supplemented with 10% fetal calf serum
(Sijiqing, Hangzhou, China) in 5% CO2 at 37°C in a
humidified incubator. For fluorescence studies, cells were
transiently transfected with plasmids using TurboFect in
vitro Transfection Reagent (Fermentas, Vilnius, Lithuania) in
a 35-mm dish for 24 to 48 h.

Detection of Bim Translocation and Fluorescence Recovery
After Photobleaching (FRAP) Analysis Inside Single Living
Cell

A confocal laser scanning microscope (LSM510/ConfoCor2,
Zeiss, Jena, Germany) was used to perform fluorescence
imaging of Bim translocation and FRAP analysis inside single
living cells. Images of cells co-expressing GFP-BimL and
RFP-ER were collected using dual fluorescence channels.
The excitation wavelengths were 488 nm for GFP and
543 nm for RFP and Mitotracker Red 633 (Invitrogen,
Carlsbad, California). The emission fluorescence channels
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were 500–550 nm for GFP and 600–650 nm for RFP and
DsRed. For FRAP, the GFP in the indicating regions of
living cells were photobleached using the maximal
488 nm laser line, and subsequent the entire cell was
imaged at every 5 s with a low laser power (5% power)
excitation for a duration of 600 s to monitor the recovery
of fluorescence.

RNA Interference (RNAi)

Bim suppression was accomplished using Bim shRNA
(short hairpin RNA) constructs (GenePharma, Shanghai,
China) as described previous [1]. The shRNA sequences
were transfected into cells using TurboFect siRNA Trans-
fection Reagent according to the manufacturer’s protocol
(Fermentas Vilnius, Lithuania).

Cell Viability Assay

Cell viability was assessed by cell counting kit-8 (CCK-8;
Dojindo Laboratories, Kumamoto, Japan) as described
previously [18, 19]. OD450, the absorbance value at 450 nm,
was read with a 96-well plate reader (DG5032; Huadong,
Nanjing, China) to determine cell viability.

Apoptosis Analysis

The proportion of cells in sub-G1 (apoptosis) phase was
determined by FCM analysis of DNA content [12, 13]. To
evaluate the cell cycle profile, cells were harvested, washed
twice with PBS, and fixed in ice-cold 70% (v/v) ethanol for
1 h at 4°C. Prior to analysis, samples were washed again and
incubated in PBS containing 10 μg/ml RNase A for 30 min,
and then incubated with 5 μg/ml PI at 37°C in the dark for
30 min. DNA content was determined using a FCM (FACS,
Arla BD, San Jose, California). For each analysis, 30,000
events were recorded.

Western Blot Analysis

Preparation of whole cell lysates and western blot were
carried out as previously described [12, 13]. Briefly, cells
were lysed in a protein lysate buffer and centrifugated at
12,000×g for 10 min at 4°C. The samples containing 50 μg
of protein were separated by SDS-PAGE and transferred to
nitrocellulose membranes (Roch). The membranes were
blocked with 5% skim milk, incubated with primary
antibodies overnight, and subsequently with designated
secondary antibody (Molecular Probes, Eugene, Oregon).
Washing with TBS-T (Tris base saline, pH 7.4, 0.1%
Tween 20) was performed between all steps. Detection was
performed using the Odyssey Scanning Infrared Fluorescence
Imaging System (LI-COR, Lincoln, Nebraska).

Statistical Analysis

Results were expressed as mean ± standard deviation (SD)
from at least three separate experiments, and significance
was analyzed with student’st-test using the statistical
software SPSS, version 10.0 (SPSS, Chicago). Difference
were deemed to be statistically significant when P<0.05.

Result

DHA Induces Bim Translocation to ER and ER Stress
in ASTC-a-1 Cells

In our previous studies [12, 13], we demonstrated that
20 μg/mL of DHA induced cell death of ASTC-a-1 cells
in apoptotic fashion. In the present study, this concentration
of DHA was used to treat cells. We used western blot
analysis to examine the expression levels of Bim at 0, 12,
24 and 48 h after DHA treatment. As shown in Fig. 1a,
DHA treatment induced a marked time-dependent increase
in the protein levels of long and short forms of Bim (BimL
and BimS).

Next, we use confocal fluorescence microscope to
detect the spatial distribution of Bim in single living
cells expressing GFP-BimL during DHA-induced apopto-
sis. Compared with control cells, DHA induced a signif-
icant translocation of Bim (Fig. 1b). Statistical results
from 200 cells in three independent experiments showed
a significant increase of the percentage of cells showing
Bim translocation from 10.01% (0 h) to 36.35% (24 h)
and 56.56% (48 h) after DHA treatment (Fig. 1c). To
determine whether DHA induced Bim translocation to
mitochondria, we monitored the dynamics of Bim trans-
location inside single living cells expressing GFP-BimL
and stained with Mitotracker Red 633 using time-lapse
confocal fluorescence microscope. It was disappointed
that Bim did not translocate to mitochondria after DHA
treatment (Fig. 1d). To further detect whether DHA in-
duced Bim translocation to ER, we monitored the spatial
distribution of Bim and ER in single living cells co-
expressing GFP-BimL and RFP-ER. Surprisingly, the
punctuated GFP-BimL co-localized with RFP-ER
(Fig. 1e), indicating that Bim translocated to ER during
DHA-induced cell apoptosis.

We also examined whether DHA triggered ER stress.
Western blot analysis showed a time-dependent increase in
ER stress related proteins ATF-6 and P-PERK after DHA
treatment (Fig. 1f), suggesting that DHA triggered ER
stress.

Collectively, these results revealed that DHA induced the
increase of Bim expression, Bim translocation to ER and ER
stress.
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Bim is not Involved in DHA-Induced Apoptosis
in ASTC-a-1 Cells

RNAi was used to examine the role of endogenous Bim
in DHA-induced apoptosis. Western blot analysis showed
that shBim resulted in a significant reduction of endog-
enous Bim protein compared to negative control shNC
(Fig. 2a). As shown in Fig. 2b, DHA induced time-
dependent caspase-9 activation, but silencing Bim by
transfection of shBim failed to inhibit DHA-induced
casapse-9 activation. Moreover, silencing Bim did not
inhibit DHA-induced apoptosis at 24 and 48 h after
DHA treatment (Fig. 2c and d), suggesting that Bim
was not involved in DHA-induced cell apoptosis. Next,

we used confocal microscopy to monitor the tempo-
spatial distribution of FOXO3a, one of upstream tran-
scription factors of Bim [20], inside single living cells
expressing GFP-FOXO3a, and found that FOXO3a did
not translocate to nucleus during DHA-induced apoptosis
(Fig. 2e). Therefore, we make a conclusion that
FOXO3a-Bim pathway was not involved in DHA-
induced ASTC-a-1 cell apoptosis.

Bim is not Involved in DHA-Induced Apoptosis
in A549 Cells

We also examine the function of Bim in DHA-induced
apoptosis of A549 cells. We used FRAP technique to assess

Fig. 1 DHA induces the increase of Bim expression, Bim transloca-
tion to ER and ER stress in ASTC-a-1 cells. (a) Increase of Bim
expression levels after DHA treatment for different time points (0,
12, 24, 48 h) assessed by western blot analysis. (b) Typical fluores-
cence images of living cells showing GFP-BimL distribution. Left
panel: Control; Right panel: DHA-treated cells. Scale Bar: 5 μm. (c)
Quantification of cells showing GFP-BimL translocation from 200
cells randomly selected from three independent experiments. Cells
were treated with DHA for 0, 24 and 48 h. **P<0.01, compared with

control. (d) Dynamical fluorescence images of typical single living cell
expressing GFP-BimL and stained with Mito-tracker. Scale Bar: 5 μm.
(e) Typical fluorescence images of Bim translocation to ER inside
single living cell after DHA treatment. Control cells show the uniform
distribution of Bim, while DHA-treated cells show the co-localization
between Bim and ER. Scale Bar: 5 μm. (f) Western blot analysis of the
expression of ATF-6 and P-PERK after DHA treatment for different
time points (0, 12, 24, 48 h)
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the mobility of GFP-BimL fusion protein in single living
cells. Figure 3a showed the typical fluorescence recovery
images of the photobleaching area for control and DHA-
treated cells, and the dynamics of FRAP from 15 to 20
cells in three independent experiments for control and
DHA-treated cells were shown in Fig. 3b. We noticed a
rapid refilling of GFP-BimL in the photobleached area
for control cells, but in DHA-treated cells, the fluores-
cence recovery of GFP-BimL in the photobleached area
was markedly blocked (Fig. 3a and b), implying that
DHA induced the formation of Bim clusters. The statis-
tical results of the percentage of cells showing Bim

translocation from 200 cells in three independent experi-
ments showed a significant increase of Bim translocation
from 9.16% to 38.73% at 24 h and 53.44% at 48 h after
DHA treatment (Fig. 3c). Furthermore, in accordance
with ASTC-a-1 cells, we also found that DHA induced
Bim translocation to ER rather than mitochondria in
A549 cells (Fig. 3d). In addition, silencing Bim did not
prevent DHA-induced apoptosis at 24 and 48 h after
DHA treatment in A549 cells as well (Fig. 3e and f).
These results also demonstrated that although DHA trig-
gered the translocation of Bim to ER, however, DHA-
induced apoptosis is independent from Bim.

Fig. 2 Knockdown of Bim does not inhibit DHA-induced activation
of caspase-9 and apoptosis in ASTC-a-1 cells. a Down-regulation of
Bim protein levels assessed by western blot. Cells were transfected
with shBim and cultured for 36 h. shNC was a negative control for
shRNA. β-actin served as a loading control. b Western blot analysis of
the cleavage of caspase-9 with or without knockdown of Bim at
different time points. c Down-regulation of Bim does not inhibit
DHA-induced cell death. Cells viability was assessed by the CCK-

8 assays. **P<0.01, compared with control. d Down-regulation of
Bim does not inhibit DHA-induced apoptosis. FCM was used to
analysis Sub-G1 phase. Cells were cultured with 20 μg/ml DHA for
0, 24, or 48 h with or without infection of shBim plasmid and then
stained with 5 μg/ml PI before being analyzed by FCM. f Typical
fluorescence images of GFP-FOXO3a distribution in living cells. Left
panel: Control; Right panel: DHA-treated cells. Scale Bar: 5 μm
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Discussion

Our results provide the first evidence that Bim translocates
to ER rather than mitochondria during DHA-induced apo-
ptosis in human lung adenocarcinoma cells. Most studies
have shown that Bim translocates to mitochondria to medi-
ate the activation of Bax/Bak [1, 6]. However, Morishima
and colleagues [7] recently reported that Bim translocated
from cytoskeleton to ER in C2C12 cells exposed to tunica-
mycin. It is possible that Bim acts as a mediator between ER

stress and proteins localized on the mitochondria membrane
such as Bcl-xl [7]. In this study, we intuitively observe Bim
translocation to ER in DHA-induced apoptosis. However,
the underlying mechanisms of Bim translocation to ER
remain unclear.

In addition to mitochondrial pathway, ER stress-induced
ER pathway is also an important apoptotic signaling path-
way [5, 10]. Different levels of ER stress trigger different
physiological functions and cell reactions. ER stress re-
sponse can promote cellular repair and sustain survival by

Fig. 3 Not involvement of Bim in DHA-induced apoptosis of A549
cells. a Fluorescence recovery images of a typical living cell express-
ing GFP-BimL after photobleaching GFP. Upper panel: control cell;
lower panel: DHA-treated cell. Scale Bar: 5 μm. b Dynamics of FRAP
corresponding to (A) from 15 to 20 cells in three independent experi-
ments for control, DHA-treated cells. Data were collected at 5 s inter-
vals during recovery. c Quantification of cells showing GFP-BimL
translocation from 200 cells randomly selected from three independent
experiments for the indicated time. Cells were treated with DHA for 0,
24 and 48 h. **P<0.01, compared with control. d Typical fluorescence
images of Bim translocation to ER inside single living cell co-

expressing GFP-BimL and RFP-ER. Cells were treated with 20 μg/
mL of DHA for 24 h. Control cells show the uniform distribution of
Bim, while DHA-treated cells show the co-localization between Bim
and ER. Scale Bar: 5 μm. e Knockdown of Bim does not inhibit DHA-
induced cell death assessed by the CCK-8 assays. **P<0.01, com-
pared with control. f Down-regulation of Bim does not inhibit DHA-
induced apoptosis. FCM was used to analysis Sub-G1 phase. Cells
were cultured with 20 μg/ml DHA for 0, 24, or 48 h with or without
infection of shBim plasmid and then stained with 5 μg/ml PI before
being analyzed by FCM
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reducing the load of unfold proteins. When ER stress is
persistent and overwhelming, apoptosis occurs to remove
the damaged cells [8, 10]. Nakayama et al [21] recently
demonstrated that lipopolysaccharide-induced ER stress
did not induce apoptosis, but activated the ER function-
protective pathway. However, tunicamycin and thapsigargin
have been demonstrated to induce ER stress-mediated apo-
ptosis by activating CHOP and caspase-12 in a number of
cell lines [7]. The structure of DHA is similar to thapsigar-
gin which is also a sesquiterpene lactone and acts as an ER
stress inducer [9]. It has been reported that DHA causes
iron-dependent ER stress in colorectal carcinoma HCT116
cells [22]. Our observation that DHA induces a modest
increase of ATF-6 and P-PERK implicates that DHA treat-
ment can induce a weak ER stress (Fig. 1f). Whether the ER
stress mediates DHA-induced apoptosis need to be further
explored.

It is reported that ER stress activates Bim to induce cell
apoptosis by preventing its degradation and increasing its
transcriptional induction [8]. Morishima et al [7] showed
that ER stress triggered Bim accumulation on ER. Mohamed
et al [23] reported that a broad range of cytotoxic stimuli
such as thapsigargin can induce ER stress, and also increase
the expression of Bim, suggesting that ER stress increases
the expression levels of Bim. ER stress has also been found
to increase the proapoptotic Bcl-2 proteins such as Bim and
Puma in commitment phase [23, 24]. However, based on our
results that ER stress was observed at 12 h after DHA
treatment (Fig. 1f), while Bim translocation was found at
2 h (Fig. 1d), it is reasonable to speculate that Bim translo-
cation to ER precedes ER stress during DHA-induced
apoptosis.

Although DHA causes the increase of Bim protein levels
and translocation of Bim to ER, the fact that silencing of
Bim by RNAi failed to inhibit the DHA-induced casapse-9
activation (Fig. 2b) and cell apoptosis (Figs. 2c, d, 3e and f)
demonstrate that Bim is not involved in DHA-induced
apoptosis. It is demonstrated that BH3 proteins such as
Bim are essential initiators of apoptosis, once activated,
they regulate Bax or Bak to undergo a conformational
switch and translocate to mitochondria or ER [25, 26].
Although DHA induced Bim translocation to ER
(Figs. 1e and 3d), our previous studies showed that Bax
translocated to mitochondria rather than ER during DHA-
induced apoptosis in ASTC-a-1 [13] and A549 cells (data
not shown). Therefore, we speculate that translocation of
Bim to ER does not activate Bax/Bak localized on mito-
chondria to trigger apoptosis.

In conclusion, DHA treatment induces Bim translocation
to ER, however, which is incapable of enhancing DHA-
induced apoptosis in human lung adenocarcinoma cells.
Therefore, we speculate that Bim translocation to ER is only
an accompanying phenomenon in DHA-induced human

lung adenocarcinoma cell apoptosis. This work will help
improve our understanding about the translocation of Bim to
ER and the molecular mechanisms of DHA-induced
apoptosis.
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