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Introduction

Cancers of the esophagogastric region are highly malignant 
tumors with five-year survival rates of less than 16%.1 Research 
has shown that 88% of patients, selected for curative resection for 
esophagogastric cancer, already have disseminated tumor cells,2 
that can remain dormant for variable periods, before emerging as 
aggressive, drug-resistant metastases.3 Improved systemic thera-
peutic options are therefore required to effectively eliminate pri-
mary and recurrent esophageal cancer.

Chemotherapeutic regimes must effectively induce PCD in 
cancer cells to overcome drug resistance and recurrence. This is 
a major limitation, as deregulation of cell death programs often 
plays a role in the development of the cancer in the first place.4 
Previously, apoptosis (type I PCD) was regarded as the central 
mediator of PCD in response to chemotherapeutic agents and 
is characterized by loss of nuclear membrane, fragmentation of 
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chromatin and cell shrinkage. However, other death programs 
exist in eukaryotic cells.5,6 Type II PCD is characterized by the 
formation of vesicles in the cytoplasm, loss of the cytoplasmic 
material and pyknosis of nuclear material within an intact nuclear 
membrane.7 Evidence suggests that this morphology is a conse-
quence of excessive autophagy. Several studies have reported auto-
phagic cell death in cultured mammalian cells8-12 and autophagic 
PCD has been demonstrated during development of Drosophila 
and Dictyostelium discoideum.13,14

Autophagy is a highly conserved survival response to growth 
limiting conditions, in which cellular components are seques-
tered, degraded and released for recycling.15 It is genetically regu-
lated by a family of autophagy-related (ATG) genes, which have 
homologues in humans (reviewed in ref. 16). The role of auto-
phagy in cancer remains controversial. Constitutive autophagy 
may be a necessary homeostatic process which removes damaged 
organelles and recycles macromolecules, thus protecting against 
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3% non-apoptotic cell death, whereas OE19 cells showed only 
0.5% apoptosis and 38% non-apoptotic cell death, in response to 
cisplatin (40 μM) (Fig. 1C). This non-apoptotic morphology was 
characterized by the absence of a discernable plasma membrane, 
poorly stained and reduced cytoplasmic material, that was often 
highly vesicular, and a clearly pyknotic but intact nucleus. These 
features resemble those described for type II PCD. At earlier time 
points, or with lower drug concentrations, plasma membranes 
were discernable, but the cytoplasm was vesicular (Fig. 1D). This 
was not regarded as cell death; it may be the prerequisite of the 
type II PCD morphology that follows.

Apoptotic cell death morphology is associated with activa-
tion of caspase-3 and mitochondrial depolarization. We exam-
ined typical markers of apoptotic cell death in all cell lines. 
Activation of caspase-3 and mitochondrial depolarization were 
assessed following treatment with both 5-FU and cisplatin. Cells 
were treated with 25 μM (OE21) and 50 μM (KYSE450) 5-FU 
for 48 h, and analyzed by flow cytometry. Figure 2 shows flow 
cytometric analysis representative of three independent experi-
ments. Both drug sensitive (OE21 and OE33) cell lines displayed 
active caspase-3 (>37% and >35% active caspase-3 for OE21 
and OE33 cells, respectively) and mitochondrial depolarization 
(>33% and >39% for OE21 and OE33 cells, respectively) in 
response to 5-FU (Fig. 2A and B left panels; data not shown 
for OE33 cells). In contrast, the more drug-resistant (OE19 and 
KYSE450) cell lines did not show caspase-3 activity (<4% and 
<2% active caspase-3 for KYSE450 and OE19 cells, respectively) 
or mitochondrial membrane depolarization (<1% and <2% mito-
chondrial depolarization for KYSE450 and OE19 cells, respec-
tively) (Fig. 2A and B right panels). Results for cisplatin were 
similar (data not shown).

In addition, we assessed whether the apoptotic morphology, 
induced by 5-FU in the OE21 and OE33 cell lines, was depen-
dent upon the activation of caspases. Cells were pre-incubated 
with the broad spectrum caspase inhibitor benzyloxycarbonyl-
Val-Ala-Asp-(O-methyl)-CH

2
F (zVAD-fmk) at 25 μM, 2 h 

prior to the addition of 5-FU. Forty-eight hours later, morpho-
logical analysis showed that the induction of apoptosis by 5-FU 
was completely inhibited by zVAD (lower, right-hand panel) and 
resulted in a switch to a non-apoptotic morphology [Fig. 2C(i)]. 
Quantification of cell morphology is shown in Figure 2C(ii). 
The inhibitory effect on the apoptotic morphology was main-
tained even at high concentrations of 5-FU (75 μM). zVAD does 
not, however, improve viability in longer term clonogenic assays 
(data not shown) and can, in fact, show cytotoxicity in extended 
incubations, by advancing either necrotic or type II PCD.28-31 
Collectively, these data indicate that drug sensitivity in these 

cancer.17 However, when a cancer is established autophagy may 
take on new roles; it may help cancer cells survive in response to 
growth-limiting conditions such as nutrient depletion, hypoxia, 
absence of growth factors and the presence of cytotoxic drugs.18-22 
The induction of excessive autophagy and type II PCD may also 
be the major cell death mechanism that takes over when apopto-
sis is unavailable.23 Autophagic cell death has been reported to be 
induced by a number of chemotherapeutic agents in mammalian 
cells.10,24-26 Recent studies suggest that death due to autophagy 
may be as unobtrusive as apoptosis and may also induce clearance 
signals that facilitate the removal of the dying cell.27

We investigated cell death programs initiated in esophageal 
cancer cells in response to the chemotherapeutic agents 5-fluo-
rouracil (5-FU) and cisplatin. Cells that do not respond to these 
agents with apoptosis undergo autophagy and cell populations 
can recover when cytotoxic drugs are withdrawn. The ability to 
recover may explain recurrent disease and may be a major lim-
iting factor in current treatment regimes. Selective inhibition 
of proteins involved in the formation of autophagosomes can 
reduce the recovery of cancer cells following cytotoxic drug treat-
ment indicating the importance of autophagy for this recovery. 
Indirect inhibitors of autophagy are ineffective in improving 
cytotoxicity and indicate the need for the development of more 
selective agents.

Results

Cell death induced by 5-fluorouracil and cisplatin in esopha-
geal cancer cells. We evaluated a panel of esophageal cancer cell 
lines, two of squamous (OE21 and KYSE450) and two of adeno-
carcinoma (OE19 and OE33) backgrounds, for their sensitivity 
to the chemotherapeutic drugs 5-FU and cisplatin. The OE21 
and OE33 cell lines are significantly more sensitive to a range of 
concentrations of cytotoxic drugs. Cisplatin (10 μM) induced 
significant effects on MTT reduction in both OE21 and OE33 
cells, whereas the OE19 and KYSE450 cell lines were relatively 
unaffected. The KYSE450 cells were marginally more resistant to 
5-FU treatment compared to OE21 and OE33 cell lines, and the 
OE19 cells were completely resistant to treatment with 10 μM 
5-FU and only moderately affected at 20 μM (Fig. 1A).

The more drug sensitive esophageal cancer cell lines (OE21 
and OE33) induced a predominantly apoptotic cell death mor-
phology (type I PCD), in response to both 5-FU and cisplatin 
(arrows, Fig. 1B), with low levels of non-apoptotic cell death mor-
phology. In contrast, the more drug resistant OE19 and KYSE450 
cell lines displayed predominantly non-apoptotic morphology 
(arrowheads, Fig. 1B). OE21 cells displayed 31% apoptotic and 

Figure 1 (See opposite page). Effect of 5-fluorouracil (5-FU) and cisplatin on viability and cell death morphology in esophageal cancer cells. OE21 
and KYSE450 cells were seeded at 1 x 104 cells per cm2, OE33 and OE19 at 2 x 104 cells per cm2 (OE21 and KYSE450 cell lines have a faster growth rate, 
therefore were seeded at a lower density) and were treated with a range of 5-FU (10–60 μM) or cisplatin (5–40 μM) concentrations for 48 h. (A) MTT as-
say was used to determine the sensitivity of each cell line to 5-FU and cisplatin. (B) Morphological features of all four esophageal cell lines (OE21, OE33, 
OE19 and KYSE450) treated with 5-FU (50 μM) or cisplatin (40 μM), for 48 h. Morphological features of apoptosis are shown with arrows. Non-apoptotic 
cell death (shown with arrowheads), is evident in OE19 and KYSE450 cells and is characterized by pyknosis of the nuclear material and the develop-
ment of cytoplasmic vesicles (magnification 40x). (C) The extent of apoptotic (clear bars) and non-apoptotic (hatched bars) cell death in each cell line, 
in response to both 5-FU (50 μM) and cisplatin (40 μM) for 48 h was determined by counting three fields of view per slide, with an average of ~100 cells 
per field. (D) Morphological features of OE19 and KYSE450 cells treated with 5-FU (50 μM) and cisplatin (40 μM) for 24 h (magnification 40x). Note early 
formation of cytoplasmic vesicles.
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following incubation with either 5-FU or cisplatin, in the OE19 
and KYSE450 cells originate from autophagosomes.

The induction of autophagy in esophageal cancer cell lines is 
associated with the ability of the OE19 and KYSE450 cell lines 
to recover, following the removal of drugs. As the autophagic 
process is associated with survival and recovery from adverse 
conditions we examined whether drug-treated populations had 
the ability to recover, following withdrawal of drug. In order to 
assess this, we examined the regrowth of colonies from equal 
numbers of treated cells from each cell line. Cells were treated 
with 40 μM 5-FU or 20 μM cisplatin for 48 h. All floating cells 
were then discarded and adherent cells counted. One thousand 
viable cells (those that excluded PI) from each treatment were 
plated in triplicate into six-well plates (without drug) and were 
incubated for up to two weeks. The colonies that developed are 
shown in Figure 5A. Colonies were extremely rare in OE21 and 
OE33 cells (upper panels) treated with 5-FU or cisplatin (from 
concentrations as low as 5 μM). Colonies that recover from drug 
treatments were in excess of 80 per well in KYSE450 and OE19 
(lower panels), clearly demonstrating resistance and recovery 
from cytotoxic drug treatment. The apoptosis-inducing cell line, 
OE21, was 10-fold more sensitive to 5-FU than KYSE450 cells 
(apoptosis resistant), as determined by clonogenic assay (Sup. 
Fig. 1). OE19 and KYSE450 cells displayed morphological fea-
tures of autophagy when recovering (Fig. 5B). While type II cell 
PCD is present within the population (Fig. 1B and C), sufficient 
autophagic, yet viable cells were capable of recovery when the 
cytotoxic insult was removed.

Role of autophagy in resistance and recovery. To assess 
whether autophagy contributed to the resistance and recovery of 
the KYSE450/‘type II’ cell line, we depleted two key regulators 
of autophagy, Beclin 1 and ATG7 with short interfering RNA 
(siRNA). Beclin 1 and ATG7 are required at vesicle nucleation 
and elongation steps, respectively (reviewed in ref. 33 and 34). 
These genes were knocked down separately and together in the 
KYSE450 cell line. Cells were seeded at equal density in six-well 
plates and transfected with siRNA. The levels of knockdown 
achieved for each gene, were greater than 85% at 48 and 72 
h (Fig. 6A). Twenty-four hours after addition of siRNA, cells 
were treated with a high concentration of 5-FU (50 μM) for 
48 h. Nonadherent cells were discarded and adherent cells were 
removed and counted. The numbers of viable cells following each 
treatment is shown in Figure 6B. These cell counts indicated that 
the knockdown (KD) of beclin 1 alone or together with ATG7 
reduced the viable cell count at 48 h post treatment. ATG7 KD 
alone had only marginal effects on cell number in treated cells.

esophageal cancer cell lines is associated with the induction of an 
apoptotic program.

Comparison of morphological features of drug-treated OE21 
and OE19 esophageal cancer cells by electron microscopy. 
Ultrastructural features of OE21 cells, following 48-h treatment 
with 5-FU (25 μM), revealed morphological changes consistent 
with classical apoptotic cell death including marginalization 
of the nucleus, with an intact but blebbing plasma membrane 
(upper middle Fig. 3). In contrast, OE19 treated cells retained 
an intact nuclear membrane containing a distinct nucleolus, with 
areas of more electron-dense heterochromatin (upper right Fig. 
3). In addition, numerous cytoplasmic vacuoles were evident, 
many of which appeared to surround cytoplasmic material and 
components, such as the mitochondria, resembling nascent auto-
phagosomes (upper and lower right panels Fig. 3).

Cytosolic redistribution of GFP-LC3 and formation of 
acidic vesicular organelles (AVOs) in drug-treated cells. We 
examined expression and processing of GFP-LC3 by western 
blot analysis. There was no induction of a lower autophagosome-
associated LC3-II band in treated OE21 or OE33 cells (Fig. 4A). 
In contrast, a significant increase in LC3-II levels was evident 
in the more drug-resistant OE19 and KYSE450 cells, following 
treatment with 5-FU at 24 and 48 h (Fig. 4A). Redistribution 
of GFP-LC3 from a diffuse cytosolic to a punctate autophago-
some-associated pattern was observed in OE19 [Fig. 4B(i)] and 
KYSE450 [Fig. 4B(ii)] cells following treatment with 5-FU and 
cisplatin. Diffuse cytoplasmic localization of GFP-LC3 was 
observed in OE21 and OE33 cell lines, in response to both che-
motherapeutic drugs [Fig. 4B(iii)].

Monodansylcadaverine (MDC) dye was employed to assess 
levels of mature autophagic vesicle formation in all esophageal 
cancer cell lines following drug treatment. Hydrophobic interac-
tions with lipids enhance the fluorescence of MDC, and auto-
phagosomes contain a high level of unhydrolyzed membrane 
lipids.32 OE21 and OE33 cells did not show a punctate stain-
ing pattern in response to 5-FU (25 μM) (or cisplatin; data not 
shown), but displayed diffuse MDC staining, similar to vehicle 
control treated cells. Labeling of a fluorescent region immediately 
adjacent to the nucleus is typical for the recycling endosome and 
trans-Golgi network [Fig. 4C(i and ii)]. In contrast, the more 
drug-resistant, autophagic, OE19 and KYSE450 cell lines dem-
onstrated extensive bright blue punctate staining in response to 
both chemotherapeutic drugs, consistent with accumulation of 
MDC in acidic vesicles [Fig. 4C(iii and iv)].

These results collectively (EM, GFP-LC3 redistribution 
and MDC) suggest that the cytoplasmic vesicles that develop 

Figure 2 (See opposite page). Analysis of caspase activity and mitochondrial membrane potential. (A) Representative flow cytometric analysis of 
active caspase-3 in control and 5-fluorouracil (5-FU)-treated OE21 (25 μM) and KYSE450 (50 μM) cell lines. The percentages shown indicate the propor-
tion of cells with active caspase-3, detected as an increase in the number of FITC (FL-1)-labeled cells. Forty four percent of OE21 cells displayed active 
caspase-3 following drug treatment, whereas the more drug resistant, KYSE450 cells did not show activation of caspase-3 (at a range of concentrations 
tested). (B) Examination of mitochondrial membrane integrity with the JC-1 probe in control and treated OE21 and KYSE450 cell lines. Percentages 
denote the proportion of cells with depolarized mitochondria after a 48-h incubation with 5-FU, with similar results observed with cisplatin (data not 
shown). (C) (i) Morphological features of OE21 cells, treated with 5-FU alone (upper right) or pretreated with zVAD-fmk (25 μM) for 2 h prior to 5-FU 
treatment (lower right). Apoptosis (arrows) was completely inhibited by zVAD-fmk (lower right) resulting in a switch to a non-apoptotic morphology 
(arrowheads) (magnification 40x). (ii) The extent of apoptotic (clear bars) and non-apoptotic (hatched bars) cell death for each concentration of 5-FU 
(25 to 75 μM) in the absence or presence of zVAD-fmk (25 μM), was determined by counting three fields of view per slide, with an average of ~100 cells 
per field.



www.landesbioscience.com	 Autophagy	 513



514	 Autophagy	 Volume 7 Issue 5

(50 μM) is slightly higher here than in Figure 5 (40 μM) to 
facilitate enumeration of colonies). While the siRNA would not 
be effective for long duration studies, this assay would indicate 
the viability of the cells that remained attached (and excluded PI) 
after 48 h drug treatment, and the effects of short term (>72 h) 
ATG7 and beclin 1 knockdown. Knockdown of ATG7 or beclin 1, 
alone or in combination did not alter colony formation in control 
untreated cells. Following 5-FU treatment, single knockdown of 
ATG7 or beclin 1 did not affect the numbers of colonies that were 
established, whereas the double-knockdown significantly reduced 
colony formation (p < 0.005) (Fig. 6D and E). Therefore, while 

Cells from each 48-h 5-FU treatment without and with siRNA 
were morphologically examined to assess whether vesicle forma-
tion was reduced by the siRNA treatment (Fig. 6C). Vesicles were 
still evident in the single beclin 1 and ATG7 KD cells suggesting 
that these genes are not necessarily required for vesicle forma-
tion (other proteins may compensate). In the double-knockdown 
cells, fewer vesicles could be detected, as the type II PCD mor-
phology was more advanced. This would be consistent with a role 
for these proteins in survival and rescue from type II PCD.

Two thousand cells from each treatment were then plated to 
assess effects on long-term colony formation (5-FU concentration 

Figure 3. Analysis of esophageal cells by electron microscopy. Representative electron microscopy images of vehicle control OE21 cells (upper left), 
5-FU-treated (25 μM, 48 h) OE21 (upper middle) and OE19 (upper right) cells. Apoptotic features include marginalization of the nucleus (upper middle, 
white arrow), an intact cytoplasmic membrane, with surface blebbing (upper middle, black arrow), clear also at a higher magnification (lower left). 
Non-apoptotic, type II PCD features include apparent disintegration of the plasma membrane (upper right, black arrowhead), an intact nuclear mem-
brane (lower right, white-outlined arrowhead), and numerous cytoplasmic vacuoles (lower right, white arrowheads). For each treatment or control 
group, transmission electron microscope images were randomly chosen, from a field of at least 100 cells.

Figure 4A and B (See opposite page). Evidence for autophagosome accumulation in drug-treated cells. (A) Cells expressing a GFP-LC3 plasmid, were 
cultured with 5-fluorouracil (5-FU) (25 or 40 μM), for 24 and 48 h, and analyzed by western blot with anti-LC3 antibody. Soluble LC3-I is detected at 
45 kDa, while autophagosome-specific LC3-II migrates at 43 kDa. To ensure equal loading, blots were probed with PARP antibody, with correspond-
ing blots for each cell line shown (right panel). (B) GFP-LC3 staining patterns were analyzed by fluorescence microscopy. (i) OE19 vehicle control cells 
(upper and lower left panels) display diffuse GFP-LC3 distributed throughout the cytoplasm. 5-FU- (25 and 50 μM; upper middle and right panels) or 
cisplatin (10 and 25 μM; lower middle and right panels)-treated cells, showed bright punctate patterns of GFP-LC3 fluorescence (magnification 100x). 
(ii) KYSE450 vehicle control cells (left panel) displayed diffuse GFP-LC3 distribution, with both 5-FU (50 μM; middle panel) and cisplatin (25 μM; right 
panel), inducing a bright punctate patterns in GFP-LC3 fluorescence. (iii) OE21 control cells (left panel) displayed diffuse GFP-LC3 distributed through-
out the cytoplasm. 5-FU- (25 μM; middle panel) or cisplatin (25 μM; right panel)-treated cells respectively, showed a similar diffuse GFP-LC3 distribu-
tion pattern (magnification 40x).
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Figure 4. For figure legend, see p. 514.
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the vacuolar or V-type ATPase, an enzyme required for lyso-
somal acidification. This has been reported to inhibit the fusion 
between autophagosomes and lysosomes.35 To confirm this activ-
ity of bafilomycin A

1
, OE19 cells expressing a GFP-LC3 plas-

mid were cultured in the presence of 10 nM bafilomycin A
1
 for 

24 and 48 h. Cytoplasmic distribution of GFP-LC3 was diffuse 
in vehicle control cells, whereas cells treated with bafilomycin 
A

1
 accumulated GFP-LC3-tagged autophagosomes, evident as 

bright punctate staining at 24 (10 nM) and 48 h (1 and 10 nM) 
(Fig. 7A). Bafilomycin A

1
 (10 nM) also induced an accumula-

tion of endogenous LC3-II in KYSE450 and OE33 esophageal 
cells (Fig. 7B). The effects of bafilomycin A

1
 alone (1, 10, 50 

and 100 nM) or in combination with 5-FU (40 μM) on viability 
were then assessed by clonogenic assay in one apoptosis-sensitive 
(OE21) and one apoptosis-resistant cell line (KYSE450).

OE21 cells treated with bafilomycin A
1
 alone, at concentra-

tions over 1 nM underwent significant cell death and recovering 
colonies were rare (<10) [Fig. 7C(i)]. As these cells are sensitive 
to 5-FU and underwent apoptosis, there was no benefit to add-
ing bafilomycin A

1
 with 5-FU. Examination of the morphology 

of treated OE21 cells revealed that, on its own, bafilomycin A
1
 

induced significant levels of vesicular accumulation in OE21 
(Fig. 7C(ii), upper right). When combined with 5-FU (40 μM), 
OE21 cells exhibited both vesicular accumulation and apoptosis, 
and both morphologies could clearly be identified in the same 
cells (nuclear fragmentation with extensive cytoplasmic vacuol-
ization) (lower right, arrows), indicating co-existence of apop-
tosis and autophagy in apoptosis-sensitive cells. KYSE450 cells 
were unaffected by bafilomycin A

1
 treatments (1 to 100 nM, 

data not shown for 50 or 100 nM), and combination treatments 
did not alter their ability to recover from treatment with 5-FU 
[Fig. 7C(iii)]. The morphology of KYSE450 cells treated with 
bafilomycin A

1
 alone indicated an expanded vesicular compart-

ment. Following treatment with a combination of bafilomycin A
1
 

and 5-FU, the morphology was the same as 5-FU alone, without 
any evidence of apoptosis or advancement of type II PCD (Fig. 
7C(iv), lower right). Therefore, there was no benefit to combin-
ing bafilomycin A

1
 and 5-FU in either cell line.

Chloroquine is a lysosomotropic agent that acts as a weak 
base in lysosomes and compromises their degradative and recy-
cling capacity. Several studies have now reported the use of 
chloroquine to inhibit autophagy. We assessed whether chloro-
quine could enhance the effects of 5-FU in clonogenic assays as 
described above. There was no added cytotoxic effect when 5-FU 
and chloroquine were combined, in either cell line (Sup. Fig. 3).

Taken together, these data suggest that in contrast to the spe-
cific inhibition of autophagy with siRNA-mediated knockdown, 
indirect inhibitors, such as 3-MA and lysosomal antagonists do 
not increase chemosensitivity of esophageal cancer cells.

Discussion

In this study, we investigated how cell death mechanisms can 
influence chemotherapeutic responses in esophageal cancer cells. 
We present evidence that a lack of apoptosis and ability to induce 
autophagy can significantly limit the efficacy of chemotherapy 

beclin 1 KD alone reduced viable cell numbers at 48 h, those 
cells that remained attached were still capable of recovering and 
reforming colonies in the absence of drugs. Attached cells with 
both ATG7 and beclin 1 knockdown formed significantly fewer 
colonies, consistent with autophagy playing a protective role and 
facilitating recovery of the treated cells.

As beclin 1 knockdown alone had early effects on the 48 h viable 
cell counts, we evaluated its effects by MTT assay (Fig. 6F); 5-FU 
was withdrawn at 48 h and cultures allowed to recover for 96 h. 
beclin 1 KD attenuated the ability of KYSE450 cells to recover 
from the 5-FU (96 h) possibly due to an early enhancement of 
cytotoxicity (at 48 h) as suggested by the viable cell counts above 
(Fig. 6B).

A combination of beclin 1 and ATG7 knockdown clearly 
reduced the overall survival of drug-treated cultures, and was 
associated with more advanced features of type II PCD (Fig. 
6C). Therefore, if autophagy plays a role in the type II PCD 
process, it must utilize alternative regulators.

Pharmacological inhibitors of autophagy: kinase inhibi-
tors. We assessed whether reported pharmacological inhibitors of 
components of autophagy pathways could modulate chemosen-
sitivity and reduce the resistance and recovery of 5-FU-treated 
cells. PtdIns 3-kinase inhibitors, selective for the class III PtdIns 
3-kinases, inhibit autophagy in other cells. We evaluated the 
effects of two inhibitors; 3-methyladenine (3-MA), (primarily 
a class III kinase inhibitor) and LY294002 (primarily a class I 
kinase inhibitor). OE21 (apoptosis inducing) and KYSE450 
(apoptosis resistant) cell lines were treated with 3-MA (0.1–10.0 
mM) with and without 5-fluorouracil (30 or 50 μM) for 48 h 
and viability was assessed using the MTT assay [Sup. Fig. 2A(i)]. 
Recovery data were acquired 48 h after drug withdrawal. Both 
cells lines (OE21 and KYSE450) recovered from treatment with 
3-MA alone. Combination treatments of 3-MA (0.1–10 mM) 
and 5-FU did not significantly influence sensitivity or recovery of 
OE21 or KYSE450 cells. Recovery was only slightly diminished 
at a high concentration of 3-MA (10 mM) in KYSE450 cells. 
3-MA induced mixed morphologies (apoptosis and type II death) 
in OE21 cells and induced both an accumulation of vesicles and 
enhancement of type II morphologies in KYSE450 cells [Sup. 
Fig. 2A(ii)]. It is possible that the marginally enhanced cytotox-
icity in KYSE450 cells at the higher 3-MA concentration was due 
to reduced autophagy and promotion of type II PCD. However, 
in KYSE450 cells, LC3-II accumulates within 24 h in response to 
3-MA alone and when combined with 5-FU [Sup. Fig. 2A(iii)]. 
This is not consistent with this compound acting as an inhibi-
tor of autophagy. Similar results were obtained with LY294002, 
which would be expected to induce autophagy through inhibition 
of AKT and mTOR. LY294002 was better at reducing recovery 
in drug-treated cells than 3-MA, 10 μM LY294002 combined 
with 5-FU reduced recovery of KYSE450 cells by 50% [Sup. Fig. 
2B(i)]. Vesicles were evident in treated cells [Sup. Fig. 2B(ii)]
and phospho-Akt was diminished (Sup. Fig. 2C). These data are 
indicative of autophagy induction by both compounds.

Lysosomal antagonist’s: bafilomycin A
1
 and chloroquine. 

Inhibitors of lysosomal function were assessed in drug combi-
nations. Bafilomycin A

1
 is a macrolide antibiotic that inhibits 



www.landesbioscience.com	 Autophagy	 517

and provide an opportunity for cancer recurrence. 
Furthermore, we have evaluated potential strate-
gies to improve the effectiveness of chemothera-
peutic regimes.

A key contributor to drug resistance in auto-
phagic cancer cells is undoubtedly their failure 
to engage in apoptosis. In addition, autophagic 
survival mechanisms can further undermine 
cytotoxic treatment. Recently, this has also been 
reported to limit the efficacy of 5-FU treatment 
in colorectal cancer cells.36-38 In a comparative 
study of 5-FU and a different thymidylate syn-
thase inhibitor [trifluorothymidine (TFT)], 
5-FU was found to be less potent than TFT as 
it induced less apoptosis and activated autophagic 
survival. In addition, a non-apoptotic cell death 
was reported, that involved the lysosomal protease 
cathepsin B.38

In this study, we examined the contribution of 
autophagy to survival and recovery by inhibiting 
two key regulators, beclin 1 and ATG7 with siRNA. 
beclin 1 single-knockdown added to cytotoxicity at 
the 48 h time point, but there was no difference 
in the recovery of colonies after this point. This 
suggests that Beclin 1 can mediate early protective 
responses in the presence of the drug, but when 
equal numbers of surviving cells are then plated 
without drug at the 48 h time point, this single 
knockdown does not further affect survival (NB 
beclin 1 expression was still depleted at the 72 h 
time point). Single knockdown of ATG7 had no 
effect on initial treatment or recovery. A double-
knockdown of both genes reduced the ability of 
drug-treated colonies to recover, suggesting that 
autophagy indeed played a role in their recov-
ery. It is not clear why the single-knockdown of 
either gene did not influence recovery, whereas the 
double-knockdown did. If this was simply due to 
redundancy of both proteins in the same linear 
pathway then the double-knockdown should be 
as ineffective as the single knockdowns. It is pos-
sible there are two (or more pathways) that selec-
tively involve these proteins. It has recently been 
reported, that ATG7 is not required for DNA 
damage-induced autophagy, but it is required for 

Figure 4C. Evidence for autophagosome accumulation 
in drug-treated cells. (C) MDC-labeled vesicles in esoph-
ageal cells. Representative images of (i) OE21 control 
(upper left) and 5-FU (25 μM)-treated cells (upper right 
panel), (ii) OE33 control (left) and 5-FU (25 μM)-treated 
cells (right). (iii) OE19 vehicle control, 5-FU-(25 μM) and 
cisplatin (25 μM)-treated cells (all left panels), (iv) 5-FU 
(25 μM)-treated KYSE450 cells with a higher magnifica-
tion in the right panel. Images are representative of at 
least five independent experiments and magnification 
is shown in each image.
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autophagy induced by starvation.39 Beclin 1-inde-
pendent autophagy has also been reported in refer-
ence 40 and 41.

The reduction in colonies in the double-knock-
down also indicated that knockdown of ATG7 
and beclin 1 does not prevent type II PCD; this 
late morphology was enhanced. Therefore, if auto-
phagy plays a role in the death process, then it must 
involve an alternative form of autophagy (or non-
canonical autophagy) that is independent of these 
genes. The redundancy noted in single-knock-
down experiments indicates that this is possible. 
Other studies have also suggested that while Beclin 
1 may be involved in autophagic survival, it is not 
required for autophagic cell death. Non-canonical 
autophagy (where autophagosomes can be formed 
without Beclin 1 or hVps34,40) has been reported 
in breast cancer cells treated with reservatol11 and 
in neuronal cells treated with a neurotoxin.42 A 

Figure 5. Recovery of esophageal cancer cells following withdrawal of drug. The ability 
of esophageal cell lines to recover following drug withdrawal was assessed with a colony 
formation assay (clonogenic assay). (A) Esophageal cell lines were treated with 5-fluoro-
uracil (40 μM; center panel) or cisplatin (20 μM; right panel) for 48 h. Viable, adherent cells 
were counted and re-seeded (1,000 cell per well) into a well of a six-well plate (in tripli-
cate), in the absence of drug. Ten to fourteen days later, colonies were fixed and stained. 
Each well shown is a representative image of at least 15 similar wells (five independent 
experiments). (B) Depicts the morphological features of OE19 and KYSE450 cells, 48 h 
after drug (5-FU) withdrawal, indicating that autophagy was present in those cells used 
for the clonogenic assay. Magnification 40x with an enlarged view shown in right panels.

Figure 6 (See opposite page). Effects of beclin 1 and/
or ATG7 siRNA knockdown, on recovery and morphol-
ogy of drug treated cells. (A) Western blot analysis of 
Atg7 and Beclin 1 levels in KYSE450 cells. The protein 
levels of both Atg7 (upper blot, Lanes 3 and 6) and Be-
clin 1 (BECN1) (lower blot, lanes 2 and 5) in single- and 
double-siRNA knockdown cells (upper blot and lower 
blots, lanes 4 and 7) were reduced by >85% at both 48 
and 72 h (lane 1: scrambled siRNA control). (B) Prop-
idium iodide (PI)-excluding, viable cells were counted 
to determine the initial effect of 5-FU on cell number, 
in single- and double-knockdown cells, compared to 
control untransfected cells (-KD). Cells were treated 24 
h post-transfection, for 48 h with 50 μM 5-FU and data 
presented are representative of cell counts from three 
independent experiments. (C) Morphological features 
of these cells were examined 48 h post-treatment (50 
μM 5-FU) to assess the levels of autophagic vesicles 
in single ATG7 and beclin 1 knockdown cells (second 
and third, right panels) and in double-knockdown 
treated cells (lower right panel) compared to control 
5-FU-treated cells (upper right panel) (magnifica-
tion 40x). (D) A colony formation assay was used to 
assess recovery, following 48 h drug treatment (5-FU 
50 μM) in control (scrambled siRNA) and ATG7 and/or 
beclin 1 siRNA transfected cells. 2,000 cells per well (in 
triplicate) were re-seeded into a well of a six-well plate, 
allowed to adhere and grow for 12 d. Wells presented 
are representative of at least three similar wells. (E) 
Colonies were fixed, stained and counted to determine 
the effect of 5-FU on single- and double-knockdown 
transfected cells. Data are presented as mean colony 
count ± SEM of three independent experiments. 
Asterisks indicate a significant difference in the number 
of colonies formed in double-knockdown 5-FU treated 
cells, when compared to control 5-FU treated cells (**p 
< 0.005). (F) MTT assay was used to assess the effect of 
beclin 1 knockdown (BECN1), on viability following 48 h 
incubation with 5-FU (50 μM) and also on recovery (96 
h post drug treatment) of KYSE450 cells. The recovery 
of 5-FU-treated cells, in which beclin 1 is silenced, is sta-
tistically different from 5-FU treated cells (**p < 0.005, 
*p < 0.05) (paired t-test).
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KYSE450, was resistant to a 10-fold higher level of bafilomycin 
A

1
 and combination treatments with bafilomycin A

1
 and 5-FU 

did not reduce the recovery of these cells in assays of clonogenic 
growth. Chloroquine was less toxic to both types of cells, but 
clearly induced vesicular accumulation. Combination treatments 
did not enhance the effects of 5-FU in apoptosis-inducing cells 
or affect the recovery of apoptosis-resistant and/or autophagy-
inducing cells. Therefore, bafilomycin A

1
 shows interesting activ-

ity alone in an apoptosis inducing cell line but it is not better 
than 5-FU at eliminating regrowth in these cells, and there is no 
benefit to adding either of the lysosomal inhibitors to regimens 
with 5-FU.

Several studies have reported activity with these agents in 
other cell lines, and in many instances an apoptotic response was 
induced.47,48 Chloroquine has been reported to induce apoptosis 
due to lysosomal disruption, mitochondrial membrane permea-
bilization and decreased protein degradation.20,49 Others have 
reported both apoptosis and necrosis which is concentration 
dependent,50 or indeed involvement of apoptosis-independent 
death.51-53 Activity can be influenced by p53 status, c-myc status 
and caspase-3 status.54-56 Choroquine has also been reported to 
promote tumor regression, enhance apoptosis and inhibit auto-
phagy in a Myc-induced lymphoma model with inducible p53.20 
It can also enhance the effects of Abl and Src kinase inhibi-
tors57,58 and has been reported to enhance the effects of 5-FU in 
a colorectal cancer cell line.59 These indications have led to the 
initiation of clinical trials with chloroquine combined with other 
agents (reviewed in ref. 60). As other activities of these agents 
have been reported in reference 60 and 61, further mechanistic 
work is required. It is possible that their activity may be limited 
to certain types of cancer or specific genetic backgrounds that 
can influence cell death and autophagy susceptibility.

Ideally, more selective inhibitors of autophagy need to be 
developed. Clearly, this would also require a better understand-
ing of the signaling involved in autophagic survival and the 
involvement of autophagy in type II PCD. If autophagy plays a 
role in type II PCD then this must be tightly and independently 
regulated. The genes that are involved may differ, dependent on 
the nature of a stimulus and type of autophagy induced. In addi-
tion, there may be defects in autophagy in cancer cells and several 
novel autophagy regulators have been implicated in tumor sup-
pression.62,63 The challenge is to identify the important regulators 
that can be modulated effectively, to promote chemosensitivity. 

recent study has also reported that Atg5-/- and Atg7-/- mice can 
induce autophagy in response to etoposide and clear the mito-
chondria from erythroid cells by ‘alternative’ macroautophagy.39 
If this type of extreme mitophagy was induced in other mamma-
lian cells it would lead to cellular demise and could be regarded 
as autophagy-induced cell death. Further mechanistic studies are 
required on autophagy pathways and the mechanisms by which 
various compounds selectively induce them. It is possible that 
some autophagy pathways may never lead to cellular demise, 
whereas others may compromise viability and either be part of, or 
accompany, a death process.

As activation of hVps34/PtdInsKC3 is important for the 
development of the autophagosome, we evaluated whether the 
class III PtdIns3K inhibitor, 3-MA, could inhibit autophagy 
and improve the cytotoxic effect of 5-flurouracil. A marginal 
enhancement of cytotoxicity was only apparent at high concen-
trations of 3-MA that showed significant toxicity alone. 3-MA 
did not inhibit autophagy in the esophageal cancer cells, in fact, 
it appeared to induce it (enhanced vesicle formation and LC3 
accumulation). The apoptosis-sensitive cells exhibited a mixture 
of apoptosis and autophagy in response to both PtdIns3K inhibi-
tors, and the autophagic group exhibited only autophagy. Other 
studies have also reported that 3-MA can induce autophagy43 
and inhibit both class I and III PtdIns 3-kinases and possibly 
other survival-related enzymes (reviewed in ref. 44). In addition, 
class III PtdIns3K can be important for the activation of mTOR45 
and thus inhibition could promote autophagy. LY294002 a more 
selective class I inhibitor had similar effects to 3-MA. Inhibition 
of PtdIns3K class I will deactivate Akt and mTOR, promoting 
autophagy. LY294002 has been reported to directly target the 
catalytic domain of mTOR, providing an alternative explanation 
for autophagy induction.46 Interestingly, this agent reduced the 
recovery of KYSE450 cells treated with 5-FU, suggesting that 
an autophagy inducer may be of more therapeutic value in com-
bination regimes. LY294002 augments rapamycin-induced auto-
phagy and cytotoxicity in malignant glioma cells.26

Inhibition of lysosomal function was evaluated as a possible 
strategy to reduce the survival effects of autophagy. Lysosomal 
antagonists did not enhance chemosensitivity in drug-treated 
cells. Sensitivity to bafilomycin A

1
 followed the same pattern 

as all other cytotoxic drugs tested. The apoptosis inducing cell 
lines were the most sensitive, and underwent both apoptotic 
and non-apoptotic cell death. The apoptosis-resistant cell line, 

Figure 7 (See opposite page). Effect of bafilomycin A1 (Baf) alone and in combination with 5-FU, on cell viability and morphology. (A) OE19 cells ex-
pressing a GFP-LC3 plasmid cultured in the presence of 10 nM bafilomycin A1 for 24 and 48 h. Bafilomycin A1 induced accumulation of GFP-LC3-tagged 
autophagosomes at 24 (10 nM, upper right) and 48 h (1 and 10 nM, lower panels). Images are representative of three individual experiments and simi-
lar data were obtained with KYSE450 cells. (B) Bafilomycin A1 (10 nM) induced accumulation of endogenous LC3 in both KYSE450 and OE33 esophageal 
cells, 24 and 48 h post treatment, as determined by western blot analysis. Lane 1: vehicle control, lanes 2 and 3: 40 μM 5-FU (24 or 48 h), lanes 4 and 5: 
25 μM cisplatin (24 or 48 h), lanes 6 and 7: 10 nM bafilomycin A1 (24 or 48 h). Endogenous LC3 is not apparent in drug-treated cells with this antibody 
and standard RIPA buffer; blots in Figure 3 were GFP-LC3 transfected. (C) The ability of both esophageal cell lines to recover following drug withdrawal 
was assessed with a colony formation assay. OE21 (i) and KYSE450 (iii) cells were treated with bafilomycin A1 (1 nM and 10 nM), alone (upper middle 
and right panels) and in combination with 5-FU (40 μM) for 48 h (lower middle and right panels). Similar effects were observed with 50 and 100 nM 
bafilomycin A1 (not shown). In combination treatments, bafilomycin A1 was added 2 h prior to 5-FU. Viable, adherent cells were counted and re-seeded 
(1,000 cells per well) into a well of a six-well plate (in triplicate), in the absence of drug. Ten to fourteen days later, colonies were fixed and stained. Each 
well shown is a representative image of at least 12 similar wells. The morphological features of OE21 (ii) and KYSE450 (iv) cells, 48 h after treatment 
with bafilomycin A1 or 5-FU alone or in combination. Arrows highlight the presence of both an apoptotic and autophagic morphology within the same 
cell, identifiable in treated OE21 cells (lower right panel) [C(ii)]. KYSE450 cells show an expanded vesicular compartment [C(iv)].
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Figure 7. For figure legend, see p. 520.
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absorbance read at 562 nm, reference wavelength 620 nm. To 
assess recovery, at 48 h post treatment, in replicate plates (identi-
cal seeding and treatment times), all drugs were removed, culture 
medium replaced, and cells were cultured for a further 48 to 96 h 
and re-assessed by MTT.

Statistical analysis. Values are presented as the mean absor-
bance ± standard error of the mean (SEM) for three or four inde-
pendent experiments. We performed paired t-test (two-tailed) 
statistical analysis, p < 0.05 was significant. Asterisks indicate the 
level of significance.

Evaluation of morphology. Morphological features of cells 
treated with 5-fluorouracil (5-FU) (Sigma, F6627), cisplatin 
(Sigma, P4394), bafilomycin A

1
 (Sigma, B1793), 3-methylad-

enine (3-MA) (Sigma, M9281), chloroquine (Sigma, C6628) 
and LY294002 (Calbiochem, 440202) were examined by light 
microscopy. Aliquots of vehicle control and drug-treated cells 
were cytospun onto glass slides and stained with Rapi-Diff 
(Braidwood Laboratories, 22007, 22008, 22009). The extent of 
apoptotic and non-apoptotic cell death was determined by count-
ing the cells in at least three fields of view per slide, with an aver-
age of ~100 cells per field. Apoptotic cell death was characterized 
by the presence of two or more of the following morphological 
features: cell shrinkage, chromatin condensation, DNA degrada-
tion and fragmentation into ‘apoptotic bodies,’ within an intact 
plasma membrane. Type II PCD was defined as follows: Absence 
of a discernable plasma membrane, with a highly vesicular cyto-
plasm which is often associated with extensive loss of cytoplasmic 
material. The nucleus remains intact, with clear pyknosis (con-
densed regions). Cytospin images are representative of at least 
three independent experiments.

Electron microscopy. Cells were seeded on semi-porous mem-
branes and incubated in 5-fluoruracil (5-FU) for 48 h. Cells were 
then fixed in a 0.165 mM phosphate buffer (pH 7.4), contain-
ing 2.0% glutaraldehyde, at room temperature (RT) for 40 min. 
Cells were post-fixed in osmium tetroxide (OsO

4
) at RT for 60 

min, dehydrated in ascending grades of ethanol solutions (50%, 
70%, 95%, 100% and 100% dry), prior to embedding in araldite 
resin (Agar Scientific, R1040). Samples were subjected to a 
graded infiltration process with araldite (epoxy resin) before being 
set and sectioned. Representative areas were chosen for ultra-thin 
sectioning and samples were examined by electron microscopy.

Western blotting and antibodies. Total cellular protein 
extracts were prepared by scraping the cells into modified RIPA 
buffer (50 mM Tris HCl (pH 7.4), 150 mM NaCl, 0.25% sodium 
deoxycholate, 1% Igepal, 1 mM EDTA, 1x Pefabloc, 1x protease 
inhibitor cocktail, 1 mM Na

3
VO

4
, 1 mM NaF). Alternatively, for 

LC3 detection, cells were lysed on ice in NP40 lysis buffer [50 mM 
HEPES, pH 7.0, 150 mM NaCl, 2 mM EDTA, 0.1–1% NP-40, 
protease inhibitor mix (CompleteTM, Roche 04 693 116 001)]. All 
protein samples were separated on NuPAGE 4–12%, Bis-Tris gels 
(Invitrogen, NP0322) and electrophoretically transferred onto 
either nitrocellulose or PVDF membrane. All primary antibodies 
were incubated overnight at 4°C: anti-Beclin 1 (Cell Signaling 
Technologies, 3738), anti-Atg7 (Cell Signaling, 2631), anti-LC3 
(Medical & Biological Laboratories, PD014), anti-phospho-Akt 
(Cell Signaling, 9271) and anti-PARP (Cell Signaling, 9532). 

In this study, two genes had to be inhibited to reduce the sur-
vival effects of autophagy, suggesting some level of redundancy. 
The ideal drugable target would be required for survival (and not 
death) and would be nonredundant. In the absence of this target, 
other indirect strategies to interfere with autophagy may prove to 
have efficacy in therapeutic regimens.

This work has shown that the induction of autophagy can play 
a major role in the resistance and recovery of drug-treated esoph-
ageal cancer cells. We propose that unless we can find another 
way to induce apoptosis (or other death mechanism), selective 
inhibition of autophagic survival may be of major therapeutic 
benefit in apoptosis-resistant cancers.

Materials and Methods

Cell culture. Established human esophageal cancer cell lines 
OE19, OE21 and OE33,64 were obtained from the European 
Collection of Cell Cultures (96071721, 96062201 and 
96070808). KYSE450 cells were from DSMZ (Deutsche 
Sammlung von Mikroorganismen und Zellkulturen GmbH). 
OE19, OE21 and OE33 cell lines were maintained in RPMI 
1640 medium, KYSE450 cells were maintained in 50:50 RPMI 
1640:F-12 HAMS medium, all supplemented with 1% penicil-
lin/streptomycin, 10% (v/v) fetal calf serum (Gibco, 21875-034, 
15070-063, 10270) at 37°C, 5% CO

2
.

Evaluation of caspase-3 activity. Following fixation in 4% 
para-formaldehyde, cells were washed in a permeabilization buf-
fer (0.1% Triton X-100, 0.1% sodium azide, 10 mM HEPES, 
4% FCS, 150 mM NaCl) and incubated with a primary rab-
bit polyclonal anti-active caspase-3 antibody (BD Biosciences, 
557035) on ice for 1 h. This was detected with an anti-rabbit 
FITC conjugated secondary antibody, and samples were analyzed 
by FACScan at 530 nm (FL-1).

Detection of mitochondrial depolarization (ΔΨm). 
Mitochondrial membrane potential was determined using the 
JC-1 probe (Molecular Probes, T-3168). JC1 accumulates as 
aggregates in normal mitochondria, which stain red (FL2; 590 
nm). A loss of mitochondrial membrane potential (ΔΨm) releases 
the aggregated JC1 to its monomeric form, which stains the cyto-
sol green (FL1; 530 nm). Therefore, fluorescence of JC-1 in the 
FL-2 channel decreases as mitochondrial membrane integrity is 
lost and fluorescence in the FL-1 channel increases. Cells were 
incubated in JC1 (7.5 μg/ml) at 37°C for 15 min, and washed 
prior to analysis by flow cytometry FACScan (Becton Dickinson).

Visualization of monodansylcadaverine (MDC)-labeled 
vacuoles. MDC is an autofluorescent weak base that accumulates 
in acidic lysosomal vacuoles, showing high selectivity for auto-
phagosomes, due to the high level of unhydrolyzed membrane 
lipids from engulfed organelles. Cells were incubated with 0.1 
mM MDC (Sigma, 30432) in PBS at 37°C for 10 min,32 washed 
and immediately analyzed by fluorescence microscopy.

MTT viability assay. Cells were seeded at 2 x 104 (OE33 and 
OE19) and 1 x 104 (OE21 and KYSE450) cells per cm2, treated 
for 48 to 96 h and incubated for an additional 60 min at 37°C 
in 0.5 mg/ml MTT dye (Sigma, M2128). Viable, metabolizing 
cells reduce MTT dye, producing a dark formazan product, with 
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2000 (Invitrogen 11668-027). The transfection efficiency was 
greater than 85% (transfection efficiency was assessed visually 
using fluorescently-labeled siRNAs, Ambion AM4620) and the 
extent of beclin 1 and ATG7 knockdown was determined by west-
ern blot analysis of protein levels.

Colony formation assay. We assessed the ability of cells to 
recover from treatments and form colonies on a monolayer sur-
face. Following treatment, all adherent cells were trypsinized, 
counted and viability determined. Of those viable cells, either 
1,000 or 2,000 cells (depending on the experiment) were re-
seeded into a well of a six-well plate (in triplicate). Cells were 
allowed to adhere and grow for between 10 to 14 d. To visualize 
colonies, media was removed, cells were fixed in 96% ethanol for 
10 min and stained with Prodiff solution C (Braidwood labora-
tories 22009). Where possible, colonies were counted, and are 
presented as the mean number of colonies ±SEM from at least 
three independent experiments.
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Protein expression was visualized using either chemilumines-
cence (ECL Amersham, RPN2106), or the Odyssey IR imaging 
system (Li-Cor goat anti-rabbit IgG 926 32211 IRDy 800; rela-
tive protein expression levels were calculated using this system).

Vacuolar redistribution of GFP-LC3. To visualize the for-
mation of autophagic vesicles, the green fluorescent protein 
(GFP)-LC3 (pEGFP-LC3) expression vector, kindly supplied 
by Dr. T. Yoshimori (Osaka University, Japan) was used. Cells 
were transiently transfected with the Amaxa electroporation 
system according to the supplier’s protocol. Twenty-four h post-
transfection, cells were treated with 5-FU or cisplatin, fixed in 
4% paraformaldehyde in PBS and transferred onto slides using 
a nonfluorescent fixative for analysis by fluorescence microscopy. 
Alternatively, western blot analysis was used to assess the expres-
sion and processing of LC3. Upon stimulation of autophagy, LC3 
is upregulated and processed from soluble GFP-LC3-I (45 kDa) 
to the autophagosome-associated form GFP-LC3-II (43 kDa). 
The membrane sequestered, lipid-conjugated form of LC3-II 
remains with the autophagosome membrane after the vesicle 
has formed, and levels of both isoform are detected by western 
blot.65,66 Transfection efficiency was consistent for a given cell 
line, OE33 and KYSE450 cell lines (~70 to 80%) compared to 
OE19 and OE21 cell lines (~30%).

siRNA knockdown of ATG7 and beclin 1. siRNA knock-
down was used to inhibit mammalian beclin 1 (ortholog of 
ATG6 ) and ATG7. Cells were transfected with a pre-designed 
siRNA (50 nM) against beclin 1 (Dharmacon ON-TARGETplus 
SMARTpool Human BECN1, NM_003766) and ATG7 
(Dharmacon ON-TARGETplus SMARTpool Human ATG7, 
NM_006395) using the transfection reagent Lipofectamine 
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