
JNK2 is activated during ER stress and promotes cell
survival
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Adaptation to endoplasmic reticulum (ER) stress relies on activation of the unfolded protein response (UPR) and induction of
autophagy. Indeed, cells die if ER stress is not countered by the UPR. Here we show in U937 cells that the ER stressors
tunicamycin and thapsigargin cause increased expression of c-Jun N-terminal kinase 2 (JNK2), which allows regulation of the
UPR, whose silencing or pharmacological inhibition delays BiP (immunoglobulin heavy-chain binding protein) upregulation, and
causes earlier and greater expression of CCAAT/enhancer-binding protein-homologous protein (CHOP). Furthermore, we show
that pharmacological inhibition or silencing of JNK2 causes accumulation of both p62 and the acidic compartment, caspase 3
activation and apoptosis. Our results reveal that JNK2 prevents accumulation of the acidic compartment in U937 cells
undergoing autophagic flux and, by this mechanism, it keeps stressed cells alive. Our findings highlight a potential role for JNK2
in tumor cell survival, senescence and neurodegenerative diseases, in which ER stress, autophagy and lysosome activity are
known to interplay.
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The endoplasmic reticulum (ER) has two vital roles in the cell –
it is a major intracellular calcium store and it enhances post-
translational modifications of newly synthesized proteins
destined for secretion, cell surface expression or organelle
biogenesis. The post-translational protein modifications that
normally occur in the ER include folding, glycosylation,
disulfide bond formation and protein trafficking between ER
and the Golgi apparatus. Disturbances in ER calcium home-
ostasis and protein processing cause the accumulation of
misfolded or unfolded proteins in the ER and initiate the
unfolded protein response (UPR).1,2 Transcription of UPR
target genes, such as the ER molecular chaperone BiP/
GRP78 (immunoglobulin heavy-chain binding protein/78 kDa
glucose-regulated protein), which has an antiapoptotic and
cytoprotective role in early embryogenesis, oncogenesis,
neurodegenerative diseases and atherosclerosis, is pro-
moted by inositol-requiring kinase 1 (IRE1) and ATF6.3,4

More severe ER stress has been linked with cell death through
the activation of the ER-associated caspase 12 and increased
expression of CCAAT/enhancer-binding protein-homologous
protein (CHOP)/GADD153, a transcription factor that sensi-
tizes the cells to apoptosis.5,6 As a survival mechanism, the
UPR may upregulate the autophagy machinery to clear the

ER of the accumulation of misfolded proteins that cannot be
degraded by the proteasome,7–10 using the ER itself to
provide the membrane needed for autophagosome formation.
Autophagy therefore appears to be an efficient mechanism for
eliminating unfolded proteins, thereby contributing to ER
homeostasis.10,11

Nevertheless, excess stimulation of autophagy, as in the
case of the UPR, can activate the cell death machinery,12,13

making it likely that UPR and autophagy are interlinked,
sharing a cytoprotective role under basal conditions or
metabolic stress, and taking on a cytocidial function after
acute cell damage. In this multistep and multifunctional
crosstalk among organelles, the lysosomes appear highly
dynamic, as they receive materials from trans-Golgi, endocy-
tic and autophagic pathways.14,15 They contain more than 50
hydrolases, which consent reuse of the breakdown products
of the major cellular macromolecules. Lysosomes may
contribute to angiogenesis, tumor growth and metastasis
formation.16 Indeed, enhanced expression and secretion of
lysosomal cysteine cathepsins has been observed in tumor
cells. Leakage of cathepsins into the cytosol can also trigger
necrotic and apoptotic cell death,17,18 and consequently the
maintenance of lysosomal membrane integrity is of utmost
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importance for cell survival. It is therefore axiomatic that the
molecular pathways linking ER stress with either survival or
death mechanisms need to be strictly regulated at multiple
levels.

Previous studies indicated that c-Jun N-terminal kinase
(JNK) activation may be linked to ER stress by IRE1,19 and
that autophagy induction after ER stress relies on the IRE1-
JNK pathway.7,8 Indeed, JNK is known to regulate starvation-
induced autophagy through Bcl-2 phosphorylation, thereby
enabling cell survival.20 It also has a key role in autophagic cell
death by mediating beclin 1 expression.21 Furthermore, it has
been shown that ER-dependent cell fate may be regulated by
the activation of JNK/ERK.22 JNK is a set of enzymes
activated by dual phosphorylation by means of MAPK
(mitogen-activated protein kinase) kinases MKK4 and MKK7
in response to a variety of stress signals, including UV
irradiation, chemotherapy damage, osmotic stress, hypoxia/
anoxia and hyperthermia.

Whether JNK has a prosurvival or a prodeath role is still,
however, a controversial issue.20–24 This controversy may be
explained by the selective interaction of JNK protein kinase
isoforms with different transcription factors.25,26 Indeed, there
are numerous JNK substrates, which are known to have
pleiotropic biological roles. To produce the 10 JNK isoforms,
the three JNK genes are spliced differently, either in the center
(a versus b) or at the COOH terminus (1 versus 2). Alternative
splicing at the COOH terminus of the three JNK genes yields
proteins that are either 46 or 54 kDa in size. Temporal
regulation of JNK may also be a critical determinant of cellular
responses: JNK1 transient activation, for example, promotes
cell survival, whereas prolonged activation is known to
mediate apoptosis.27

To clarify this issue, we set out to investigate whether
moderate ER stress, caused by opportune doses of tunica-
mycin (TN), an N-glycosylation inhibitor, or thapsigargin (TG),
which inhibits ER Ca2þ release, can in fact promote cell
survival. Interestingly, by this means we identified a JNK2-
dependent mechanism that appears to counter apoptotic cell
death.

Results

ER stressors and cell survival. TN and TG are ER
stressors that cause cell death in a dose-dependent manner:
24 h treatments with high concentrations of these drugs were
cytotoxic for a large proportion of U937 cells, while lower
concentrations were less effective, suggesting the activation
of a survival pathway (Figures 1a and b). In particular, TN
1mM caused a slight decrease in Trypan blue-excluding cells
(85±3%) in comparison with untreated cultures (95±2), in
addition to the appearance of 19±3% of sub-G1 events.
Similarly, TG (200 nM) caused a fall in cell viability (84±4%)
and the appearance of sub-G1 events (16±4%). Sub-G1
events were studied by cytofluorimetry of cell cycle phases of
cells fixed and stained with propidium iodide (PI): hypodiploid
DNA events are easily discernable from the narrow peak of
cells with diploid DNA content, and are considered to be
indicative of apoptotic nuclei.28 Furthermore, analysis of
events in the different cell cycle phases showed that TN

(1mM) and TG (200 nM) caused a decrease in S and G2M
phases, while the percentage of G1 events was apparently
unchanged (Figure 1c). Cell counts indicate that neither
treatment allowed cell growth (not shown). These results
suggest that TN or TG, at such concentrations, cause
activation of a survival pathway in most U937 cells,
increasing the time spent in the G1 cell cycle phase. In this
phase, cells may try to escape from the stress before it can
cause serious damage to their functions. To investigate
these survival pathway(s), the experiments were performed
using TN (1mM) and TG (200 nM), and viability parameters
were investigated after 24 h.

ER stressors induce activation of JNK2. JNK has been
ascribed a role in ER-mediated survival.7,8,20,22 To

Figure 1 Cell survival depends on the dose of ER stressors. U937 cells were
exposed or not to different concentrations of TN (a) or TG (b) for 24 h. Cells were
counted in a hemocytometer as excluding and not excluding Trypan blue. Viability
was obtained by calculating live (Trypan blue-excluding) cells as a percentage of all
counted cells. A portion of cells were fixed and stained with propidium iodide; sub-
G1 events in the cell cycle were evaluated by cytofluorimetry. The reported values
represent the means and the error bars the S.D. of the percentage of live cells
(Trypan blue-excluding) or sub-G1 events of 10 independent experiments.
Assessment of cell survival was investigated and statistically significant differences
(Po0.05) were found between the data obtained using TN 1 mM or TG 200 nM and
the two highest concentrations of each drug used. (c) The cell cycle profiles of one
representative experiment out of 10 performed on U937 cells untreated (upper
panel) or treated with TN (1 mM) (middle panel) or with TG (200 nM) (lower panel) for
24 h. The percentage of events in the different cell cycle phases quantified in the
reported experiment are indicated in each panel
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investigate its involvement in the previously detected survival
pathway activated by TN or TG, we performed time-kinetics
studies in which phosphorylated JNK and then total JNK
were analyzed by western blot with specific antibodies. A
band of 46 kDa of phospho-JNK proteins was detected in the
lysate of untreated U937 cells, together with a much smaller
band of 54 kDa proteins (Figure 2a). Whereas the former
band remained unchanged upon ER stress, the amount of
54 kDa phospho-JNK proteins increased after 3 h and
declined thereafter. When probed with antibodies against
total JNK, in comparison with that observed in the lysate of
untreated cells, the 46 kDa band showed no change at the
investigated time points of ER stress, whereas the 54 kDa
band increased after 3 h, and then declined after 6 h
(Figure 2a). Similar results were obtained with TG (not
shown). Thus, ER stressors upregulate and activate 54 kDa
JNK proteins in U937 cells.

The 46 or 54 kDa proteins detected may be produced by
alternative splicing at the COOH terminus of JNK genes. To
determine the relative contribution of JNK1 and JNK2 proteins
to each of these bands, the cells were transfected with

scrambled-small interfering RNA (scr-siRNA) or siRNA
specific for either JNK1 or JNK2 for 24 h, followed by 3 h
treatment with TN or TG. JNK expression was analyzed by
western blot. In comparison with scr-siRNA, JNK2-targeting
siRNA did not modify the 46 kDa band, but brought about an
effective reduction (85–95%) in the 54 kDa band. In contrast,
JNK1-targeting siRNA modified neither the 54 kDa band nor
the 46 kDa band (Figure 2b). The electrophoretic mobilities of
the two JNK bands corresponded to those observed in U937
cells treated with anisomycin (Figure 2b). These results were
obtained with both TN and TG, and, as silencing caused no
reduction in the 46 kDa band and scr-siRNA affected neither
of the two bands, show that in U937 cells the size of JNK2
proteins is 54 kDa, and that these were upregulated and
activated after ER stress. The 46 kDa band, on the other hand,
is made up of constitutively expressed JNK proteins, perhaps
explaining why they were more difficult to silence. The fact that
both TN and TG were shown to increase JNK2 levels and the
possibility to use efficiently silenced cells prompted us to
investigate its role in U937 cell survival.

JNK2 regulates BiP and CHOP. Disturbance of ER
function leads to an accumulation of unfolded proteins and
activation of the UPR. Numerous studies have shown that
survival and death decisions during the UPR are, respec-
tively, mediated via antiapoptotic BiP and proapoptotic
CHOP. We therefore examined the expression of these
proteins by western blot after JNK inhibition by anthra[1,9-
cd]pyrazol-6(2H)-one (SP600125), used at the concentration
of 10 mM, which is known to inhibit specifically these stress-
activated protein kinases (SAPK).29 TN caused an increase
in both BiP and CHOP, which became evident after 6 h and
marked after 9 and 12 h. JNK inhibition caused a change in
their expression over time – the increase of CHOP became
more pronounced after 6, 9 and 12 h, while BiP levels
declined, even in the absence of TN, suggesting that JNK
basal activity may be involved in the regulation of the
expression of this protein (Figure 3a). As SP600125 inhibits
both JNK1 and JNK2, to further evaluate the relationship
between JNK2 and the UPR, BiP and CHOP were analyzed
by western blot after JNK2 silencing. Transfection time was
24 h, and TN or TG were added during the subsequent 6 h.
Irrespective of which of the two stressors was added, JNK2
silencing imposed a decrease in BiP of about 40–50% and a
four- to sixfold increase in CHOP, in comparison with scr-
siRNA (Figure 3b). These results indicate that JNK2 is linked
to UPR regulation favoring a prosurvival profile.

JNK2 regulates the cellular acidic/lysosomal cellular
compartment. Transmission electron microscopy (TEM)
examination of the ultrastructural features of untreated
U937 cells revealed well-preserved and morphologically
normal intracellular organelles, specifically the mitochondria,
rough ER (rER) and Golgi apparatus, along with sparse
electron-dense structures, identifiable as lysosomes or
autolysosomes (Figure 4, inset 1). After 20–24 h, and in fact
after 14 h of TN treatment, the rER appeared dilated,
indicating ER stress, and the mitochondria displayed dilated
cristae. In addition, a marked increase in autolysosomes,
associated with vacuolar compartments surrounded by

Figure 2 TN and TG induce JNK2 migration as a 54 kDa band. (a) JNK was
detected by western blot in the lysates of U937 cells either exposed to TN (1mM) or
not for the time indicated. Blotted proteins were probed with anti-phospho-JNK and
then anti-JNK-antibodies, each followed by peroxidase-conjugated secondary
antibody. The level of b-actin is shown at the bottom as a loading control. (b)
Western blot analysis of JNK, detected by antibody recognizing JNK, in the lysates
of U937 cells treated with anisomycin (5mM� 45 min) or transfected with equal
amounts of JNK1- or JNK2-siRNA or scr-siRNA for 24 h and exposed to TN (1mM)
or TG (200 nM) for a further 3 h. Western blot analysis of b-actin is shown at the
bottom as a loading control and also to confirm the specificity of the transfected
siRNA. Representative blots are shown. Densitometric quantification of the bands is
shown at the bottom of the relevant lines as the ratio of p54 in each line to the p54
value observed in the lysate of scr-siRNA-treated cells
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single or double membranes, morphologically consistent with
endosomes and autophagosomes, was observed in the
cytoplasm (Figure 4, inset 2, 5 and 8). These structures were
less evident in cells treated with 3-methyladenine (3-MA)
(Figure 4, inset 3), an inhibitor of the earliest stages of
autophagosome formation. However, they were present after
pharmacological inhibition of JNK by SP600125 (Figure 4,
inset 4), and the number of autolysosomal structures was
shown to increase in cells pretreated with SP600125 and
then exposed to TN (Figure 4, inset 4, 6, 7 and histogram). In
this case, the ultrastructural aspects observed after 14 h
changed radically at later time intervals, and after 20–24 h,
the apoptotic features completely dominated the picture
(Figure 4, inset 9 and 10).

To detect the role of JNK in the acidic compartment, U937
cells were stained with acridine orange (AO), a weak base that
accumulates in acidic spaces and fluoresces bright red. TN
induced an increase in the red fluorescence in comparison
with untreated cells (Figure 5a), and SP600125 (10mM) and
JNK2-specific inhibitor IX (50 nM)30pretreatments both
caused a further increase in the bright red fluorescence
(Figure 5a). As expected, the autophagy inhibitor 3-MA
prevented the development of the red fluorescence, which,
instead, was increased by chloroquine, an inhibitor of the
degradation phase of autophagy, as this inhibits lysosomal
acidification and prevents autophagosome–lysosome fusion
(not shown). AO red fluorescence was also analyzed by
cytofluorimetry after JNK2 silencing, and a greater fluores-
cence was detected in these cells, in comparison with scr-
siRNA-transfected cells, upon TN treatment (Figure 5b).

U937 cells were also stained with LysoTracker Red DND-
99, a fluorescent acidotropic probe, which is more selective for
acidic organelles. As expected from the ultrastructural
aspects and AO staining, LysoTracker Red fluorescence
was more pronounced in cells treated with TN in comparison
with untreated cells, and a larger accumulation of the dye was
evident after JNK inhibition with SP600125 or JNK2-specific
inhibitor IX (Figure 5c). LysoTracker Red fluorescence was

also evaluated by cytofluorimetry, and TN treatment
increased the red fluorescence of the acidic organelles by
about 30% in comparison with untreated cells. When TN was
added after JNK inhibition by either SP600125 or by inhibitor
IX, this rose to 50–60% (Figure 5d). Similar results were
obtained when the ER stress was induced by TG (not shown).

These experiments indicate that ER stressors generate an
increase in the acidic compartment that is even more sustained
when JNK2 is inhibited or silenced, suggesting a regulatory role
of this SAPK. However, the experiments performed were not
able to clarify the type of JNK2 involvement. Indeed, without
further experimentation it would be impossible to state whether
the increase in the acidic compartment observed depended on
its active formation or, instead, its accumulation caused by a
functional or structural impairment.

JNK2 regulates the final steps of TN-induced autophagy.
ER stress may lead to upregulation of the autophagic
machinery as a survival mechanism.7–10 Therefore, to
evaluate a possible role of JNK2 as regulator of this complex
and multistep process, we first analyzed microtubule-
associated protein light chain 3 (LC3) in TN-treated cells by
western blot. This revealed a time-dependent increase in
phosphatidylethanolamine-conjugated microtubule-asso-
ciated protein 1 light chain 3 (LC3-II) (Figure 6a), suggesting
that TN treatment increases the number of autophagosomes.
As LC3-II increase could be caused either by enhanced
autophagic sequestration or by reduced degradation of
autophagic material, we also analyzed p62, as this protein,
being degraded in the final autophagic steps, is used as an
autophagic flux readout.31 By western blot it was observed
that cells in which JNK2 was blocked by inhibitor IX did not
show the p62 decrease caused by TN treatment alone
(Figure 6b). Furthermore, JNK2 silencing, but not scr-siRNA,
caused an increase of p62 after TN cell treatment
(Figure 6c). These results indicate that JNK2 has a role to
play in the regulation of the final degradative steps, thus
avoiding autolysosomes and lysosomes accumulation.

Figure 3 Effect of JNK inhibition or silencing on BiP and CHOP levels. (a) U937 cells were pretreated for 30 min with SP600125 (10 mM) or not before stressing with TN
(1mM) or not for 6, 9 or 12 h. In the samples reported as 0 h, TN was absent and SP600125 was either absent or present for 12 h. Western blot was performed to analyze BiP
and CHOP levels. Uniform loading of proteins was confirmed by b-actin probing in the same samples. Representative blots out of three experiments are shown. (b)
Involvement of JNK1 and JNK2 in BiP and CHOP expression after TN or TG stress was investigated by JNK1- and JNK2-siRNA, respectively, whose specificities were
checked by transfecting U937 cells with scr-siRNA. Cells were transfected for 24 h, and TN (1mM) or TG (200 nM) was added for a further 6 h. Uniform protein loading was
confirmed by probing b-actin in the same samples. Densitometric quantification is shown at the bottom of each line as the ratio of BiP or CHOP values in the lysates of JNK1- or
JNK2-siRNA-transfected cells relative to BiP or CHOP values in the scr-siRNA sample. This type of experiment was performed twice with comparable results
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JNK2 counters apoptosis. TEM showed that JNK inhibition
in TN-treated cells causes an increase in the acidic compart-
ment after 14 h, but striking apoptotic features prevailed if this
treatment was prolonged to 24 h (Figures 4 (inset 9 and 10) and
7a). Apoptosis was confirmed in both TN- and TG-stressed
cells in separate experiments in which JNK2 was inhibited by
SP600125 or by inhibitor IX. In detail, upon TN-delivered stress,
JNK inhibition by SP600125 caused 53±5% of Annexin
V-positive cells and 48±3% of sub-G1 events (Figures 7b
and c). Similar findings were obtained with TG as stressor:
Annexin V-positive cells were 44±1% and sub-G1 events were
41±5%. When JNK2 was inhibited by inhibitor IX in TN-
stressed cells, the fraction of Annexin V-positive cells was

60±7% and sub-G1 events were 47±7%. Similar results were
observed when TG was used as the stressor (Figures 7b and
c). Moreover, 3-MA, an autophagy inhibitor, induced an
increase in apoptotic death upon both TN and TG treatments
(Figures 7b and c). Under the same conditions, neither the
inhibitors nor DMSO affected cell viability (not shown). Upon
JNK pharmacological inhibition, caspase 3 was found to be
fragmented and therefore activated, after 18 h of TN treatment
(Figure 7d). Apoptotic cell death was also consistently
enhanced following TN treatment in JNK2-silenced cells, as
detected by Annexiv V cell binding (Figure 7e). Hence, the
results obtained with both pharmacological inhibitors, and
further confirmed by JNK2 silencing, allow us to conclude that
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Figure 4 JNK inhibition induces accumulation of electron-dense structures. Conventional ultrastructural analysis of U937 cells either treated or untreated with TN (1 mM) in
the presence or absence of SP600125 (insets 1–10). Cells treated with TN for 20 h (inset 2) showed, in comparison to control (inset 1), dilated ER and cytoplasmic
vacuolizations corresponding to typical acidic compartments, ranging from endosomes to lysosomes (inset 2, arrow) and including autophagic vacuoles (inset 5) and
autolysosomes (inset 8). Cells exposed for 20 h to both TN and the autophagy inhibitor 3-MA (5 mM) showed only dilated ER (inset 3). Pharmacological inhibition of JNK with
SP600125 (10 mM) in TN-treated cells increased the accumulation of electron-dense autolysosomal structures (inset 4) and autophagic vacuoles at 14 h (inset 4, 6 and 7).
Apoptotic bodies were evident at 20 h treatment (inset 9 and 10). Bars: 1 mm for insets 1–4 and 0.1 mm for insets 5–8. The histogram shows the quantitative analysis of the
experiment in insets 1–10, performed by counting electron-dense autolysosomes in 30 different cells for each treatment. Values are means±S.D.
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JNK2 has an important role in the survival pathway induced by
ER stress.

Discussion

Although extensive studies have been conducted, stress-
induced JNK activation is still a matter of debate. Indeed, it
appears to be implicated in the regulation of contrasting cellular
processes, such as proliferation and survival on the one hand
and apoptosis on the other.7,8,20–24 Nevertheless, the discovery
of different modes of JNK activation may provide a partial
explanation to this appparent paradox. In fact, it may be that
while its early and transitory activation signals for cell survival,
its sustained activation triggers apoptosis.27 Even though the
functional significance of the different JNK isoforms in human
cells is far from clear, JNK1 and JNK2 have been reported as
functionally distinct. This indicates that they may have selective
roles in mediating stress-induced apoptosis and regulating
gene expression.25,26

In the present investigation, we show that, in U937 cells,
moderate ER stress generated by non-cytotoxic concentra-
tions of TN or TG leads to early transitory activation of JNK,
migrating as a 54 kDa band made up of JNK2 isotypes, as this
could be completely silenced by JNK2-specific siRNA.
Although JNK1 and JNK2 were expected to display 46 and
54 kDa isotypes, it is apparent from our findings in U937 cells

that JNK2 is synthesized as 54 kDa protein(s), as previously
reported in HeLa cells, mouse 3T3 fibroblasts and other cell
types.32,33 Both pharmacological inhibition and expression
silencing, by specific siRNA, revealed a prosurvival role of this
SAPK in ER-stressed cells.

ER stress-activated gene transcription is mediated by three
different but interconnected pathways: PERK-ATF-4, ATF6
and IRE-JNK/XBP1. The transducers of these pathways
(PERK, ATF6 and IRE1) sense the presence of unfolded
proteins in the ER lumen and convey this information to the
nucleus, and in the case of IRE1, lead to JNK activation and
autophagy induction.7,8 Although we did not set out to explore
the link between IRE1 and JNK, we were able to pinpoint the
role of JNK2 in ER stress regulation. Like previous studies,
reporting that JNK2 causes BiP upregulation and protection
from death,34,35 we observed a JNK2-dependent increase in
the expression of BiP, and, furthermore, we detected that the
same SAPK counters CHOP expression. Indeed, both
pharmacological inhibition and siRNA silencing of JNK2
altered the time kinetics of both BiP and CHOP expression,
delaying the increase in the former and promoting early, more
sustained upregulation in the latter. This seems to suggest
that JNK2 has a role in a survival pathway potentially featuring
BiP and CHOP, as the former is antiapoptotic and prevents
ER stress-induced cell death,3,4 while the latter is a transcrip-
tion factor implicated in apoptosis and in cell death.5,6

ER is not only involved in protein synthesis and quality
control but also represents a major source of the autophagy
isolation membranes.10,11 As ER stress can affect autophagic
flux, we can hypothesize that this may be impaired by JNK
inhibition, particularly since JNK has already been shown to
increase autophagy.7,8 Although it is true that others ascribe
JNK a role in autophagy suppression, as demonstrated in
neurons,36 our experiments indicate that JNK2 has a specific
role as a regulator of the cellular acidic compartment,
preventing its accumulation in ER-stressed cells undergoing
autophagic flux. These conclusions were reached following
western blot analysis of p62 in cells undergoing autophagic
flux following TN-induced ER stress. This molecule increased
after JNK2 silencing and failed to decrease after JNK2
pharmacological inhibition, thereby indicating that the
increase in acidic vacuoles and lysosomes observed was
due to their accumulation rather than a rise in their formation.
Nonetheless, the fate of autolysosomes is not entirely clear. It
is currently thought that autophagy ends up with degradation
of the autophagosome cargo in autolysosomes, and that this
process involves nutrient regeneration.37,38 Indeed, a lyso-
some reformation mechanism has been detected following
autolysosome induction by starvation, and found to depend on
mTOR reactivation, autolysosomal protein degradation and
functioning microtubules. Inhibition of each of these steps

Figure 6 JNK2 regulates the final steps of autophagy. (a) TN (1mM) induces an
increased autophagosomes formation, as detected by western blot analysis of LC3-
I/II; (b) TN induces an autophagic flux, blocked by JNK2 inhibitor IX (50 nM) and (c)
by JNK2 silencing, but not by scr-siRNA transfection. In the last experiment, the
cells were transfected for 24 h and exposed or not to TN (1 mM) for 14 h. The
experiment reported was repeated three times and the experiments in (b) and in (c)
were repeated twice with comparable results. The level of b-actin is shown at the
bottom of each blot as a loading control

Figure 5 JNK2 inhibition or silencing induces an increase in the acidic compartment. (a) AO and (c) LysoTracker Red staining of cells treated or untreated with TN (1 mM),
either in the presence or absence of SP600125 (10 mM) or inhibitor IX (50 nM), for 14 h. Arrows indicate areas of accumulation of acidic compartments in cells analyzed under
immunofluorescence microscopy. (b) U937 cells, transfected with JNK2-siRNA or scr-siRNA for 24 h and exposed or not to TN (1mM) for further 14 h, were stained with AO
and analyzed by cytofluorimetry. The mean fluorescence intensities were measured from the histograms representing FL2 (log) in Z10 000 events. The results are
expressed according to the formula (MFI in JNK2-siRNA-treated cells)/(MFI in scr-siRNA-treated cells)� 100. The values of one of two independent experiments, which
yielded comparable results, are shown. (d) Cells treated and stained with LysoTracker Red, as described in panel c, were analyzed by flow cytometry, and the mean
fluorescence intensities were measured from the histograms representing FL2 (log) in Z10 000 events. Data are the means±S.D. of three independent experiments.
Statistical analysis by Student’s t-test is shown
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blocks autophagic lysosome reformation and instead induces
the formation and persistence of giant lysosomes.39 Other
studies have shown that moderate lysosomal rupture induces
apoptosis, whereas severe lysosomal leakage results in
necrosis without caspase activation.17,18,40,41 Our contribu-
tion to this body of work appears to suggest that subcytotoxic
ER stress transiently activates JNK2, bringing about degrada-
tion through the autophagic flux of damaged proteins and

organelles. This leads us to conclude that JNK2, along with
BiP and CHOP, can regulate other UPR proteins responsible
for maintaining autolysosome and lysosome function and, by
this mechanism, promote cell survival. As ER stress,
autophagy and lysosomes are known to be involved in
senescence, neurodegenerative diseases and cancer cell
responses to chemotherapy, JNK2 could therefore be a
potentially enticing therapeutic target.

Figure 7 JNK2 inhibition or lack of expression induces apoptosis in TN-stressed cells. (a) Apoptotic bodies observed by TEM at 24 h treatment with TN and SP600125
(10mM). (b and c) Detection of cell death by evaluation of sub-G1 events (b) and Annexin V binding (c). U937 cells were pretreated for 30 min with SP600125 (10 mM),
inhibitor IX (50 nM), 3-MA (5 mM) or not, and then with TN (1 mM) or TG (200 nM) or not for 24 h. A portion of cells were fixed and stained with PI to evaluate sub-G1 events in
the cell cycle under cytofluorimetry, and another portion of cells was used to detect the binding of FITC-conjugated Annexin V by cytofluorimetry. Both types of investigation
were performed on Z10 000 events. The values reported are means±S.D. (n¼ 5). Assessment of cell death showed statistically significant differences (*Po0.05) between
the data obtained in the cultures treated with TN or TG, together with their respective inhibitors, in comparison with the cultures treated with TN or TG alone. (d) Cell death by
apoptosis was confirmed by western blot detection of caspase 3 fragmentation in cells pretreated for 30 min with SP600125 (10 mM) and then with TN (1 mM) for the times
indicated. In the 0-h samples, TN was absent, whereas SP600125 was either absent or present for 24 h. As positive control of caspase fragmentation, a lysate of U937 cells
treated with TNFa was included in the same blot. (e) U937 cells transfected with JNK2-siRNA or scr-siRNA for 24 h and exposed or not to TN for 24 h were analyzed under
cytofluorimetry to detect the binding of FITC-conjugated Annexin V. Here are shown the values of one of two independent experiments, which yielded comparable results
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Materials and Methods
Materials. AO, anti-b-actin antibody, bovine serum albumin (BSA), chloroquine,
fetal calf serum (FCS), Hanks’ balanced salt solution (HBSS), L-glutamine, 3-MA,
penicillin–streptomycin, phosphate-buffered saline (PBS), PI, RNAse, RPMI 1640
and TN were from Sigma-Aldrich (St Louis, MO, USA). Anisomycin, SP600125
and TG were from Calbiochem (Inalco, Milan, Italy) and JNK2/3 inhibitor IX was
from Merck (INALCO, Milan, Italy). Antibodies anti-pSAPK/JNK (Ser473), -JNK, -
BiP, -CHOP and -LC3-I/II were from Cell Signaling Technology (Beverly, MA,
USA). Anti-caspase 3 antibody siRNA for human JNK1, JNK2 and non-silencing
scr-siRNA were from Santa Cruz Biotechnology (Tebu-Bio, Magenta, Italy). Mouse
anti-p62 was from BD Biosciences (San Jose, CA, USA) and Lipofectamine
RNAiMAX, OPTI-MEM medium and LysoTracker Red DND-99 were from
Invitrogen (San Giuliano Milanese, Italy). Horseradish peroxidase-conjugated
anti-rabbit- and anti-mouse-immunoglobulin antibodies, enhanced chemilumines-
cence (ECL) reagents and Hyperfilm-ECL film were from Amersham (Arlington
Heights, IL, USA), and RC DC protein assay, sodium dodecyl sulfate (SDS)-
sample buffer, protein standard, SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) reagents and polyvinylidene difluoride (PVDF) membranes were from Bio-
Rad Laboratories (Segrate, Italy). Fluorescein isothiocyanate (FITC)-labeled
Annexin V was from ImmunoTools GmbH (Altenoyther, Germany), and other
reagents were of the highest purity and purchased from Bio-Rad (Segrate, Milan,
Italy), Invitrogen or Sigma.

Cell viability and growth. The human monoblastic U937 cells were grown
in complete medium (RPMI-1640 medium supplemented with 5% heat-inactivated
FCS, 2 mM glutamine, 100 U/ml penicillin and 100mg/ml streptomycin) at 37 1C, in
fully humidified 95% room air/5% CO2. Cells were resuspended three times a week in
fresh complete medium to 3� 105/ml. Cell growth was evaluated by hemocytometry
counts of cells excluding Trypan blue (0.04% Trypan blue in PBS (w/v)), and viability
was assessed by calculating alive (Trypan blue excluding) cells as percentage of all
cells counted. Cells used in every experiment were Z94% viable and taken from
cultures in exponential growth. They were washed once and resuspended in
complete medium, 1� 106/ml, and transferred to 24-well microplates. They were
then treated with inhibitors or vehicles, incubated for 30 min, and subsequently
exposed to test agents or, again, to vehicles. At the end of each experiment, the cells
were gently mixed and aliquots were taken for cell counting and cell cycle analysis.
The vehicles, even when used in combination, were r0.3% (v/v) and did not modify
any investigated parameter in comparison with control cultures.

Flow cytometry analysis of cell death, phosphatidylserine
exposure and cell membrane permeability. Nuclear DNA fragmenta-
tion was quantified by flow cytometry of hypodiploid (sub-G1) DNA after cell fixation
and PI staining.28,42 Briefly, cells were washed with PBS, pelletted and fixed in ice-
cold ethanol/water (70/30, v/v) for 1 h, pelletted again and washed twice with PBS,
and finally resuspended in PBS containing RNAse (20mg/ml) and PI (100mg/ml).
Events in the different cell cycle phases were gated manually using an EPICS XL
cytofluorimeter (Beckman Coulter, Hialeah, FL, USA). At least 10 000 events per
sample were acquired. Collected data were analyzed using the Multicycle software
for DNA content and cell cycle analysis (Phoenix Flow System, San Diego, CA,
USA). The sub-G1 events representative of the apoptotic cells, and the events in the
other cell cycle phases, are given as a percentage of the total cell population.
Apoptotic cells were detected by staining with FITC-conjugated Annexin V and PI.
Briefly, 2.0� 105 U937 cells were washed and resuspended in 200ml of Annexin
V-binding buffer (HEPES, 10 mM, pH 7.4, CaCl2, 2.5 mM, MgCl2, 1 mM, KCl, 5 mM,
NaCl, 140 mM) containing PI (200mg/ml) and FITC-Annexin V, according to the
manufacturer’s instructions. Gently mixed cells were incubated for 15 min at room
temperature in the dark. A measure of 300ml of Annexin V-binding buffer were added
to all samples, which were then kept on ice and analyzed within 1 h by flow cytometry
(EPICS-XL), measuring the fluorescence emission at 530 nm (FL1) and 4575 nm
(FL3). Cells labeled by Annexin V were considered apoptotic and Annexin V- and
PI-negative cells were considered viable.

Western blot analysis. Whole cell lysates were prepared as described
previously.43 Briefly, the cells were kept for 30 min on ice in lysis buffer (NaCl
150 mM, CaCl2 1 mM, MgCl2 1 mM, NaN3 0.1%, NaF 10 mM, Triton X-100 1%
(v/v), orthovanadate 1 mM, aprotinin 2 mg/ml, leupeptin 2 mg/ml, iodoacetamide
10 mM, PMSF 2 mM and pepstatin 20 mM). The appropriate volumes of 4� SDS-
sample buffer and 2-mercaptoethanol 5% (v/v) were then added. Cell lysates were

briefly sonicated, warmed at 95 1C for 5 min and cleared by 14 000� g
centrifugation in a microfuge for 15 min at 4 1C. Supernatants were collected and
proteins were quantified by RC DC protein assay. Equal amounts of proteins were
separated from the different samples by SDS-PAGE, and blotted onto PVDF
membranes. Transfer efficiency was checked with Ponceau staining. The blots
were blocked in Tris-buffered saline containing BSA 2% (w/v), probed with specific
primary antibodies, washed with PBS-Tween-20 and then incubated with a
peroxidase-conjugated secondary antibody. Finally, each membrane was probed
to detect b-actin. The final dilutions and incubation times suggested by the
manufacturer were used for each antibody. Immunodetection was performed using
the ECL reagents and Hyperfilm-ECL film. Densitometry quantitation of the bands
was performed using the ImageJ software (National Institutes of Health, Bethesda,
MD, USA) on a Mac OS 9.0 (Apple Computer International, Cupertino, CA, USA).

siRNA. RNA knockdown was performed with pools of siRNA duplexes. Briefly,
cells were washed and resuspended in OPTI-MEM medium, transfected with
siRNA corresponding to human JNK1 or JNK2 and with scr-siRNA, using
Lipofectamine RNAiMAX according to the manufacturer’s guidelines. A parallel cell
sample was transfected with a fluorescent siRNA. After 7 h of incubation, RPMI
1640 containing 20% normal calf serum was added without removing the
transfection medium. The cells were cultured for further 24 h. After centrifugation,
the medium was replaced with fresh RPMI 1640, containing 10% FCS, and the
cells cultured again in the presence of either TN or TG or not.

Electron microscopy. Cells were collected and fixed in 4% paraformalde-
hyde and 2% glutaraldehyde in PBS for 2 h at room temperature, post-fixed with
1% OsO4 for 2 h and stained for 1 h in 1% aqueous uranyl acetate. The samples
were then dehydrated with graded acetone and embedded in Epon-812 (Electron
Microscopy Science, Societa’ Italiana Chimici, Rome, Italy). Ultrathin sections
were cut using a Reichert ultramicrotome, counterstained with uranyl-acetate and
lead citrate, and examined under a Philips CM10 transmission electron
microscope (FEI, Eindhoven, The Netherlands).

Acidic compartment evaluation by AO. Autophagy is characterized by
the formation of acidic vesicular organelles (autophagosomes and autolyso-
somes). AO, a fluorescent weak base, causes these acidic compartments to
fluoresce bright red, and the cytoplasm and nucleolus to fluoresce bright green
and dim green, respectively. AO staining (100mg/ml) was performed in the dark for
30 min at room temperature after cell pellets were collected and resuspended in
1 ml of HBSS, supplemented with 5% FCS. Staining was performed in the
presence of the different drugs or their vehicles. Cells were then washed twice with
HBSS, resuspended in the same medium, spotted on glass coverslips and
analyzed using an Apotome Axio Observer Z1 inverted microscope (Zeiss,
Oberkochen, Germany) equipped with an AxioCam MRM Rev.3, at � 40 and
� 63 magnification. Fluorescence signal was analyzed using the AxioVision4.6.3
software (Carl Zeiss, Germany), and image analysis was performed by means of
Adobe Photoshop.

As for the cytofluorimetric analysis, JNK2-silenced and scr-siRNA-treated cells
were either exposed or not to TN for 14 h, stained as described above, and analyzed
in a cytofluorimeter (EPICS XL, Beckman Coulter). Cells showed similar side- and
forward-scatter characteristics. The gate used for each sample was the same as in
control cells, and the red fluorescence intensity of the gated cells was analyzed on a
log scale (Fl2) and recorded as mean fluorescence intensity (MFI). A minimum of
10 000 events were examined for each sample. The results are expressed
according to the formula (MFI in JNK2-siRNA-treated cells)/(MFI in scr-siRNA-
treated cells)� 100.

Acidic compartment evaluation by LysoTracker Red. Cells were
incubated for 15 min in HBSS containing LysoTracker Red DND-99 (100 nM), a
fluorescent acidotropic probe with high selectivity for acidic organelles, showing
good retention after aldehyde fixation. HBSS-washed cells were either analyzed in
a cytofluorimeter EPICS XL or fixed with paraformaldehyde (2%) in PBS for 30 min
at room temperature and then analyzed using an Apotome Axio Observer Z1
inverted microscope (Zeiss), equipped with an AxioCam MRM Rev.3, at � 40 and
� 63 magnification. Fluorescence signal was analyzed using the AxioVision4.6.3
software and image analysis was performed by means of Adobe Photoshop.

Under cytofluorimetry, control and treated cells showed similar side- and forward-
scatter characteristics; the gate used for each sample was the same as in control
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cells. The red fluorescence intensity of the gated cells was analyzed on a log scale
(Fl2) and recorded as MFI. A minimum of 10 000 events were examined for each
sample, and the results are expressed according to the formula (MFI in treated
cells)/(MFI in control cells)� 100.

Statistical analysis. Results are expressed as the mean±standard
deviation (S.D.) of repeated experiments, as indicated in the figure legends.
Statistical differences were evaluated using paired two-tailed Student’s t-test.
Differences were considered statistically significant for values of Pr0.05.
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