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Cells respond to endoplasmic reticulum (ER) stress through the unfolded protein response (UPR),
autophagy and cell death. In this study we utilized casp9+/+ and casp9�/� MEFs to determine the effect
of inhibition of mitochondrial apoptosis pathway on ER stress-induced-cell death, UPR and autophagy.
We observed prolonged activation of UPR and autophagy in casp9�/� cells as compared with casp9+/+

MEFs, which displayed transient activation of both pathways. Furthermore we showed that while
casp9�/� MEFs were resistant to ER stress, prolonged exposure led to the activation of a non-canonical,
caspase-mediated mode of cell death.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction a cascade of transcription factors which upregulate genes encoding
The endoplasmic reticulum (ER) is the site for synthesis, folding
and maturation of most secreted and transmembrane proteins [1].
The processing of nascent proteins in the ER lumen requires an
array of chaperones and folding enzymes that depend on the ER’s
rich oxidative environment and calcium pools for optimal func-
tioning [2,3]. Physiological or pathological processes that disturb
this unique environment cripple the ER’s protein folding machin-
ery, a condition referred to as ER stress. Cellular responses to ER
stress include the unfolded protein response (UPR), autophagy
and apoptosis [4–7].

The UPR is regulated by three ER transmembrane proteins; PKR-
like ER kinase (PERK or EIF2AK3), activating transcription factor 6
(ATF6) and Inositol-requiring enzyme 1 (IRE1 or ERN1) [6,8]. The
UPR promotes cell survival by attenuating general protein
synthesis and restoring cellular homeostasis via the activation of
(1) chaperones and folding enzymes (2) components of the ER
associated degradation (ERAD) machinery and (3) the autophagy
machinery [9–11].

Autophagy is an evolutionary conserved bulk degradation path-
way that utilizes the lysosome to degrade its substrates [12–14].
Autophagy is upregulated in response to most cellular stresses;
including starvation, hypoxia, heat shock, microbial infection and
ER stress [7]. During cellular stress large quantities of proteins
and organelles are damaged and if they are not removed from
the cell they may become toxic, resulting in cell death.

Chronic or acute ER stress will result in the activation of the
intrinsic apoptotic pathway [15,16]. Apoptosis is a caspase-depen-
dent form of cell death [17]. The Intrinsic apoptotic pathway
requires mitochondrial outer membrane permeabilization (MOMP)
leading to cytochrome c release from the mitochondria, facilitating
the assembly of the apoptosome complex which recruits and
sequentially activates CASP9 and CASP3. As such CASP9 is regarded
as the initial caspase in the intrinsic mitochondrial pathway. CASP3
is the main downstream effector caspase that cleaves the majority
of the cellular substrates in apoptotic cells. Cells from casp9-null
mice show resistance to apoptosis induced by a range of cytotoxic
drugs and irradiation [18,19].

Here, we carry out a comparative study of ER stress responses in
CASP9 proficient (casp9+/+) and CASP9 deficient (casp9�/�) mouse
embryonic fibroblasts (MEFs). We observed differential effect of
chronic ER stress on cell morphology, the kinetics of the unfolded
protein response, autophagy and cell death.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.07.111&domain=pdf
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2. Materials and methods

2.1. Cell culture and treatments

CASP9�/� (casp9�/�) and matched CASP9+/+ (casp9+/+) mouse
embryonic fibroblasts (MEFs) were a kind gift from Prof. Tak
Mak, University of Alberta, Canada. MEFs were cultured in
Dulbecco’s modified Eagle’s medium (Sigma–Aldrich, D6429) sup-
plemented with 10% fetal bovine serum (Sigma–Aldrich, F7524),
100 U/ml penicillin and 100 mg/ml streptomycin (Sigma–Aldrich,
P0781), L-glutamine (Sigma–Aldrich, G7513), non-essential amino
acids (Sigma–Aldrich, M7145) and sodium pyruvate (Sigma–
Aldrich, S8636) at 37 �C, 5% CO2 in a humidified incubator. To
induce ER stress, cells were seeded at the required density 24 h
prior to treatment, the medium was then removed and replaced
with medium containing 0.5 lM of thapsigargin (Sigma–Aldrich,
T9033), a SERCA pump inhibitor, or 0.5 lg/mL of tunicamycin
(Sigma–Aldrich, T7765), an inhibitor of N-glycosylation.

2.2. Bright field microscopy

Casp9+/+ and casp9�/� MEFs were treated with either Tg or Tm
for the indicated time point. Before imaging cells were fixed using
10% formalin. Images of the cells were taken in bright field using
Olympus microscope at 20� magnification.

2.3. Transmission electron microscopy

casp9+/+ and casp9�/� MEFs were treated with Tg for the
indicated time points. Cells were fixed using 2% glutaraldehyde
for 1 h. Cells were washed for 3 � 5 min in phosphate buffered sal-
ine (PBS) followed by secondary fixation in a buffer of 1% Osmium
tetraoxide for 1 h. Cells were then dehydrated by sequential
washes in 25% ethanol (10 min), 50% ethanol (10 min) 70% ethanol
(10 min) 90% ethanol (10 min) 100% ethanol (10 min). Cells were
embedded in 50% resin for 1 h followed by 100% resin for 1 h. Poly-
merization was carried out at 70 �C for 8 h.

2.4. RNA extraction, RT-PCR and real time PCR

Total RNA was isolated using Trizol (Invitrogen) according to
the manufacturer’s instructions. Reverse transcription (RT) was
carried out with 2 lg RNA and Oligo dT (Invitrogen) using 20 U
Superscript II Reverse Transcriptase (Invitrogen). For real-time
PCR the cDNA was diluted 1:5 ratio. Probes for EDEM1 (Mm00
551797_m1), PDIA4 (Mm00437958_m1), ATF4 (Mm012986
04_g1), HERPUD1 (Mm01249592_m1), DDIT3 (Mm004920
97_m1), DNAJC3 (Mm00515299_m1) and GAPDH (Mm999999
15_g1) were purchased from Applied Biosystems.

2.5. Western blotting

Cells were washed once in ice-cold PBS and lyzed in whole cell
lysis buffer (20 mM HEPES pH 7.5, 350 mM NaCl, 0.5 mM EDTA,
1 mM MgCl2, 0.1 mM EGTA, 1% Triton X-100, protease inhibitor
cocktail tablet (Roche, 11836170001) and 10 mM NaF) after the
indicated times of treatment and boiled at 95 �C with Laemmli’s
SDS–PAGE sample buffer for 5 min. Protein concentration was
determined by BCA protein assay kit (Thermo Scientific, 23227).
Equal amounts (20 lg/lane) of protein samples were run on an
SDS polyacrylamide gel. The proteins were transferred onto
nitrocellulose membrane and blocked with 5% non-fat milk in
PBS containing 0.1% Tween-20 (Sigma–Aldrich, P5927). The mem-
branes were incubated with the primary antibody Anti-LC3-B
(Sigma, L7543), CASP9 (Cell Signaling Technology, 9508), CASP3
(Cell Signaling Technology 9664), PARP (Cell Signaling Technology,
9542), DDIT3 (Santa Cruz, sc-793), XBP1s (Biolegend, 619502),
EIF2S1 (Cell Signaling Technology, 9722), P-EIF2S1 (Cell Signaling
Technology, 9721S) or b-Actin (Sigma–Aldrich, A-5060) for 2 h at
room temperature or overnight at 4 �C. All the secondary antibod-
ies were purchased from Jackson. Membranes were developed
using Western Lightning ECL substrates (Perkin Elmer,
NEL102001EA).

2.6. Annexin V and propidium iodide staining

Externalization of phosphatidylserine (PS) to the outer leaflet of
the plasma membrane of apoptotic cells was assessed using Annexin
V-FITC as described previously [20]. Briefly, cells were collected by
centrifugation at 350g, resuspended in ice-cold calcium buffer
(10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2), contain-
ing Annexin V-FITC and incubated in the dark for 15 min on ice. Prior
to analysis 300 ll of ice-cold calcium buffer containing 4 ll of PI
(50 lg/ml) was added immediately before analysis, which was
performed using FACS Calibur flow cytometer (Becton Dickinson).

2.7. Statistical analysis

qRT-PCR data is expressed as mean ± SEM for three independent
experiments. Differences between the treatment groups were
assessed using graph pad’s Two-tailed unpaired student’s t-tests.
The values with p < 0.05 is considered statistically significant and
values with p < 0.005 is considered statistically very significant.
3. Results

3.1. Analysis of cell morphology in response to ER stress

It is well established that prolonged ER stress will result in
mitochondria-mediated apoptosis (MMA) via activation of the
apoptosome [15,21]; however, although studies show CASP9 is
required for ER stress-induced apoptosis, no studies have assessed
the effect of CASP9 deficiency on the regulation of the UPR and
autophagy in response to ER stress. In this study we monitor the
effect of CASP9 deficiency on ER stress regulation of UPR, autoph-
agy and cell death.

We first looked at the effects of ER stress on cell morphology
through the use of transmission electron microscopy (TEM) and
conventional bright phase imaging. TEM was performed on
casp9+/+ and casp9�/� cells following 0, 6 and 24 h of Tg treatment.
Within the first 24 h of treatment, casp9+/+ cells showed character-
istic morphology associated with apoptosis such as membrane
blebbing and nuclear condensation, while casp9�/� MEFs showed
no morphological features of apoptosis (Fig. 1A). Interestingly,
some notable morphological changes were evident in casp9�/�

MEFs which displayed large vacuoles, indicative of an expansion
of the ER membrane at 24 h, indicated with arrows in Fig. 1A. Using
bright phase imaging, further assessment of the cells was carried
out following 72 h treatment with Tg and Tm. Complete cell death
was observed in casp9+/+ MEFs at 72 h with features indicative of
apoptosis. In contrast, casp9�/� MEFs were resistant to cell death,
although cellular stress was clearly evident at 72 h, showing exten-
sive expansion of ER membrane.

3.2. CASP9 deficient MEFs undergo a delayed ER stress-induced cell
death and display activation of effector caspases

Prolonged ER stress can result in the activation of the intrinsic
apoptotic pathway, a form of cell death that is mediated through
the permeabilization of the mitochondrial membrane and the for-



Fig. 1. Loss of CASP9 provides resistance to ER stress-induced apoptosis. (A) casp9+/+ and casp9�/� MEFs were treated with 0.5 lM Tg for 6 h and 24 h and subjected to
electron microscopy after fixing. (B) casp9+/+ and casp9�/� MEFs were treated with 0.5 lM Tg or 0.5 lg/ml Tm for 72 h and assessed by bright field microscopy.
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mation of the apoptosome complex [22]. To determine the sensi-
tivity of casp9+/+ and casp9�/� MEFs to ER stress-induced cell death
we carried out Annexin-V and propidium iodide (PI) double stain-
ing to assess both apoptotic and total cell death. Cells were also
treated with Hydrogen peroxide (H2O2) for 1 h as a positive control
for necrotic cell death. Consistent with previous reports [15,21], we
observed a robust and significant Annexin-V and PI staining in
casp9+/+ MEFs in the first 24 h of treatment, but not in casp9�/�

MEFs (Fig. 2A and B). Although casp9�/� MEFs did not show a
robust increase in Annexin-V and PI staining at 24 h, later time
points (48 and 72 h) confirmed that casp9�/� cells did indeed
undergo cell death being positive for both Annexin-V and PI stain-
ing. Analysis of both casp9+/+ and casp9�/� MEFs showed a similar
distribution on the dot blots upon treatment; however the kinetics
of apoptosis induction in the casp9�/�MEFs was slower. The scatter
plots clearly show that the casp9�/� MEFs are undergoing an apop-
totic mode of cell death and we confirmed the activation of the
executioner CASP3 using Western blot (Fig. 2C). We confirm here
that although casp9�/� MEFs are resistant to ER stress, prolonged
exposure to the treatment will result in the activation of the exe-
cutioner CASP3 and subsequent death, suggesting a non-canonical
cell death pathway is activated.

3.3. CASP9 deficient cells display a prolonged UPR response

It is well established that prolonged ER stress will result in per-
meabilization of the mitochondrial outer membrane subsequently
releasing cytochrome c, driving the formation of the apoptosome
[21]; however, no studies have monitored the UPR when this route
of cell death is compromised. Here we monitor the effect of CASP9
deficiency on the regulation of UPR. To test whether CASP9 defi-
ciency resulted in a differential UPR we treated casp9+/+ and
casp9�/� MEFs with the ER stress inducing agents Tg or Tm, and
monitored an array of UPR target genes, both at the RNA level by
real-time PCR (Fig. 3B) and at the protein level by immunoblotting
(Fig. 3A).

In order to obtain a direct read out of UPR signaling kinetics in
casp9+/+ and casp9�/� MEFs we monitored an array of UPR target
genes (EDEM1, PDIA4, ATF4, DDIT3, HERPUD1 and DNAJC3) using
real-time PCR (Fig. 3B). Basal transcript pools in casp9+/+ and
casp9�/� MEFs showed no significant differences; however, upon
Tg or Tm treatment, casp9+/+ MEFs showed an increase of transcript
pools over the first 12 h followed by a decline over the course of
12–24 h. In contrast, casp9�/�MEF transcript levels increased more
gradually and levels were elevated up to 24 h.

To determine whether differences in the kinetics of the
response observed at the RNA level were also observed at the
protein level we carried out immunoblotting with a cohort of
established markers, indicative of the UPR, including DDIT3
(CHOP), total and phosphorylated eIF2a (EIF2S1) and spliced
XBP1 (XBP1s) (Fig. 3A). Interestingly, there was no attenuation of
EIF2S1 phosphorylation in the casp9�/� MEFs upon Tg treatment
throughout the 72 h timecourse, and only a negligible decrease
at 72 h upon Tm treatment. This also correlated with prolonged



Fig. 2. Casp9�/� MEFs undergo a delayed caspase-mediated cell death. Casp9+/+ and casp9�/� MEFs were treated with 0.5 lg/ml Tm for the indicated time points. (A) Cells
were co-stained with Annexin-V as a marker for externalization of phosphatidylserine, indicative of apoptosis and propidium iodide (PI) as an indicator of total cell death.
Following co-staining of the cells FACS analysis was carried out. As a positive control for necrotic cell death, cells were treated with H2O2 for 1 h. (B) Following a 24, 48 and 72 h
time course, cells were co-stained with Annexin-V and Propidium iodide (PI). As a positive control for necrotic cell death, cells were treated with H2O2 for 1 h. Following
co-staining of the cells FACS analysis was carried out. The percentage of Annexin-V, PI or PI/Annexin-V stained cells was extracted from the dot plots and presented in bar chart
format. Average of 3 independent experiments is shown. (C) Immunoblotting of whole cell lysates was performed using antibodies against CASP9, CASP3, PARP and Actin.
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expression of DDIT3, a downstream transcription factor of the
PERK arm of the UPR signaling. Spliced XBP1 also exhibited a pro-
longed activation similar to that of DDIT3 and EIF2S1 In contrast,
casp9+/+ MEFs showed early attenuation of EIF2S1 phosphorylation
and DDIT3 expression. Studies have shown that prolonged phos-
phorylation of EIF2S1 protects cells during ER stress-induced cell
death which suggests that EIF2S1 dephosphorylation may act as
a determining factor for the switch between protective and pro-
death UPR signaling [23]. Our results suggest that inhibition of
CASP9 may result in prolonged EIF2S1 phosphorylation as well as
an overall prolonged UPR response.

3.4. CASP9 deficient cells display prolonged activation of autophagy

To demonstrate that autophagy was induced in casp9+/+ and
casp9�/� MEFs in response to ER stress, cells were treated with
Tm or Tg with or without chloroquine (CQ). Cells were harvested
at the indicated time points and whole cell lysates were assessed
by immunoblotting for LC3-I and LC3-II, a marker of autophago-
some biogenesis (Fig. 4A). Treatment with CQ inhibits the final
degradation step of the autophagosome at the lysosome; thus, if
Tm or Tg induces autophagosome biogenesis then inhibition of
lysosomal degradation using CQ in combination with treatment
should result in enhanced levels of autophagosomes in the cell.
We could observe a clear enhancement in LC3-I to LC3-II process-
ing when comparing samples co-treated with CQ, indicating func-
tional autophagic flux.

Using TEM we observed cytosolic dense double membrane vac-
uoles in casp9+/+ and casp9�/� MEFs in response to Tm treatment.
The autophagosomes contained mitochondrial shaped structures
as well as other unidentifiable substrates, most likely protein
aggregates and damaged organelles (Fig. 4B).

Our results confirm that autophagy is functional in both casp9+/+

and casp9�/� MEFs and is capable of engulfing large cytosolic sub-
strates, confirming the role for autophagy in response to cellular
stress. Interestingly, like the kinetics of the UPR, the activation of
the autophagy pathway (conversion of LC3I to LC3II) was transient
in the casp9+/+ MEFs but more prolonged in the casp9�/� MEFs. It
has been widely reported that caspases can cleave components
of the autophagy pathway such as ATG3 [24] and BECN1 [25], in
turn acting as a feedback mechanism to shut down the pro-survival
effects of the autophagy pathway. In contrast to the casp9+/+ MEFs,



Fig. 3. Differential UPR response in casp9+/+ and casp9�/� MEFs. casp9+/+ and casp9�/� MEFs were treated with 0.5 lM Tg or 0.5 lg/ml Tm for the indicated time points. (A)
Immunoblotting of total protein was performed using antibodies against Actin, DDIT3, EIF2S1, phosphorylated EIF2S1 (P-EIF2S1) and spliced XBP1 (XBP1s). (B) casp9+/+ and
casp9�/� MEFs were harvested in TRIzol at indicated time points. RNA was extracted following manufactures guidelines. 2 lg of RNA was reverse transcribed and the cDNA
was diluted in ddH2O to 1:5 ratio. Real time PCR was carried out on the cDNA using Taqman probes for EDEM1, PDIA4, ATF4, DDIT3, HERPUD1, DNAJC3. Graphs were plotted
as relative fold induction in respect to casp9+/+ 0 h (� indicates p-value <0.05, �� indicates p-value <0.005).
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Fig. 4. Monitoring autophagy kinetics in casp9+/+ and casp9�/� MEFs in response to ER stress. (A) casp9+/+ and casp9�/� MEFs were treated with 0.5 lM Tg or 0.5 lg/ml Tm, in
the presence or absence of 60 lM of chloroquine to monitor the autophagy flux at indicated time points. Immunoblotting was performed using antibodies against total LC3
and Actin. (B) casp9+/+ and casp9�/� MEFs were treated with 0.5 lM Tg for 24 h and subjected to electron microscopy after fixing. A representative morphology of autophagic
vacuoles is shown. (* indicates non-specific band.)
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the casp9�/� MEFs displayed a continuous activation of autophagy
up to 72 h, in a similar manner to the kinetics displayed by the
UPR.
4. Discussion

In this comparative analysis of casp9+/+ and casp9�/� MEFs we
show that in a wild-type background, ER stress transiently acti-
vates both the UPR and autophagy as a survival response to reduce
the protein load in the ER and remove any damaged or unwanted
substrates that accumulate in response to the stress. Upon
activation of CASP9 and subsequently CASP3, both the UPR and
autophagy are attenuated and apoptotic cell death ensures. The
casp9�/� MEFs showed clear resistance to cell death in the initial
24 to 48 h of stress; however, TEM and bright phase images clearly
show that the cells were exhibiting clear signs of stress, displaying
large vacuole formation, indicative of expanded ER membrane.
Later time points, revealed casp9�/� MEFs eventually succumbed
to cell death. Our laboratory recently characterized the mode of
cell death to be mediated by a novel complex consisting of ATG5,
FADD and CASP8. The study shows that although MOMP was
observed in the casp9�/�MEFs we confirmed in BAX/BAK MEFs that
the formation of the complex was independent of MOMP. Interest-
ingly, inhibition of ATG5 or ATG7 prevented the processing of
CASP8 and CASP3, enhancing cell survival (Deegan et al., Autophagy
– in press). Furthermore, casp9�/� MEFs revealed continuous acti-
vation of both the UPR and autophagy in contrast to the casp9+/+

MEFs which displayed a transient activation of these pathways.
Interestingly, in the casp9+/+ MEFs the deactivation of the UPR
and autophagy pathways coincided with the activation of the exe-
cutioner CASP3. Caspase cleavage of autophagy machinery proteins
has been documented previously and it has been suggested that
this is a feedback mechanism built into the cell to shut down the
survival responses when apoptosis has been initiated [24,25].
Our laboratory have previously shown that inhibition of autophagy
via ATG5 knockdown increased the rate of cell death in casp9+/+

MEFs, confirming autophagy to be a pro-survival response in that
model (Deegan et al., Autophagy – in press). A similar feedback
mechanism to shut down the UPR may also exist upon activation
of caspases as a mechanism to enhance cell death. This study
clearly reveals the importance of the intrinsic apoptotic pathway
for the execution of ER stress-induced cell death; however it also
highlights the flexibility of the cell to adapt and find alternative
pathways to execute death. Interestingly, our data suggest that
caspase activation enhances cell death by shutting down the UPR
and autophagy pathways. It has been reported previously that
caspases can cleave components of the autophagy machinery such
as ATG3 and BECN1; however there have been no reports suggest-
ing caspases can cleave regulators of the UPR. As previously men-
tioned phosphorylation of EIF2S1 is an essential pro-survival
response during ER stress, thus the cell may have a fail-safe mech-
anism in place to shut down survival responses such as this when
the stress becomes too severe.

Understanding how the cell death and cell survival machineries
orchestrate their activities and cross-talk to determine cell fate is
of fundamental importance. This is important not only under phys-
iological and pathological stress conditions, but also under condi-
tions where induction of death is the desired outcome under
stress conditions (e.g., tumor microenvironment).
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