Biochemical and Biophysical Research Communications 391 (2010) 18-23

Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier.com/locate/ybbrc

Evidence that endoplasmic reticulum (ER) stress and caspase-4 activation
occur in human neutrophils

Francois Binet, Sonia Chiasson, Denis Girard *

Laboratoire de recherche en inflammation et physiologie des granulocytes, Université du Québec, INRS-Institut Armand-Frappier, Laval, QC, Canada

ARTICLE INFO ABSTRACT

Article history:
Received 23 October 2009
Available online 28 October 2009

Apoptosis can result from activation of three major pathways: the extrinsic, the intrinsic, and the most
recently identified endoplasmic reticulum (ER) stress-mediated pathway. While the two former path-
ways are known to be operational in human polymorphonuclear neutrophils (PMNs), the existence of
the ER stress-mediated pathway, generally involving caspase-4, has never been reported in these cells.

1<€yW0rd§i Recently, we have documented that arsenic trioxide (ATO) induced apoptosis in human PMNs by a mech-
/gpgpt(l’m « reticul anism that needs to be further investigated. In this study, using immunofluorescence and electron
CZSS:’S:_S;“'C reticulum microscopy, we present evidence of ER alterations in PMNs activated by the ER stress inducer arsenic tri-

oxide (ATO). Several key players of the unfolded protein response, including GRP78, GADD153, ATF6,
XBP1 and elF2a are expressed and activated in PMNs treated with ATO or other ER stress inducers.
Although caspase-4 is expressed and activated in neutrophils, treatment with a caspase-4 inhibitor did
not attenuate the pro-apoptotic effect of ATO at a concentration that reverses caspase-4 processing
and activation. Our results demonstrate for the first time that the ER stress-mediated apoptotic pathway

Neutrophils

operates in human neutrophils.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Although there is no doubt that both the extrinsic and intrinsic
pathways of cell apoptosis are operational in polymorphonuclear
cells (PMNs), there is no evidence that the recently identified endo-
plasmic reticulum (ER) stress-mediated cell apoptotic pathway
exists in these cells. Caspase-4, an ER-resident caspase known to
be implicated in ER stress-induced apoptosis [1], has, thus far, only
been studied at the mRNA level in human PMNs; therefore, its pro-
tein expression and activity in these cells has never been reported.

Because of the existence of high concentrations of proteins,
large amount of chaperone molecules are present in the ER in order
to maintain proteins in a folding-competent state, and to prevent
protein folding intermediates from aggregation. However, a num-
ber of cellular stress or cytotoxic conditions lead to accumulation
and aggregation of unfolded and/or misfolded proteins in the ER
lumen and cause so-called ER stress [2]. ER stress has been impli-
cated in diverse diseases, including cancer, diabetes, cerebral
ischemia, neurodegenerative and cardiovascular diseases [3].

ER stress leads cells to initiate self-protective mechanisms via
activation of a range of stress-response signaling pathways termed
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the unfolded protein response (UPR). The UPR emanates from the
ER, but may require both the nucleus and the Golgi apparatus for
signal transduction [4]. The main goal for initiating UPR is to
reduce unfolded protein load in the ER by attenuating translation
(to limit further accumulation of misfolded proteins), promoting
protein folding, secretion and degradation. In brief, the UPR is
fundamentally a cytoprotective response. However, excessive or
prolonged UPR (if ER homeostasis cannot be restored) may result
in apoptosis via mitochondria-dependent or -independent mecha-
nisms. Although the ER is now being recognized as an important
organelle that can regulate programmed cell death, the signal-
transducing events required for connecting ER stress to the apop-
totic machinery are still under intensive investigation. At least
three different classes of ER stress transducers have been identi-
fied, each defining a distinct arm of the UPR: inositol-requiring
protein-1 (IRE1), activating transcription factor-6 (ATF6) and
protein kinase RNA (PKR)-like ER kinase (PERK) [4,5], which serve
as proximal sensors of protein folding status in the ER. PERK, ATF6
and IRE1 transmit this information across the ER membrane to the
cytosol. Initially, during ER stress, the PERK pathway is activated,
resulting in phosphorylation and inactivation of the translation ini-
tiation factor elF2a. The cleaved cytoplasmic domain of ATF6 can
function alone as a transcription factor for the regulation of genes
encoding other transcription factors and molecular chaperones.
Finally, activation of IRE1 results in unconventional splicing of
mRNA of the transcription factor, XBP1. XBP1 mRNA encodes a


http://dx.doi.org/10.1016/j.bbrc.2009.10.141
mailto:denis.girard@iaf.inrs.ca
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

F. Binet et al./Biochemical and Biophysical Research Communications 391 (2010) 18-23 19

potent transcriptional activator (XBP1s), whereas the unspliced
XBP1 mRNA encodes XBP1u, an inhibitor of the UPR. Of note, both
ATF6 and XBP1 can activate transcription of genes encoding molec-
ular chaperones and proteins involved in ER-associated degrada-
tion. IRE1 can also act by an alternative route which, upon
phosphorylation, leads to recruitment of TRAF2 (tumor necrosis
factor receptor (TNFR)-associated factor-2), resulting in activation
of c-Jun-NH,-terminal kinase (JNK) [4,5]. In absence of ER stress,
the UPR is not activated because the three ER luminal stress ‘sen-
sors’ PERK, ATF6 and IRE1 proteins are sequestered as inactive
complexes with Bip (immunoglobulin-heavy-chain-binding pro-
tein), also known as GRP78.

We have recently reported that arsenic trioxide (ATO) induced
human PMN apoptosis by a caspase-dependent mechanism and via
de novo protein synthesis, including some chaperones [6,7]. In addi-
tion, inhibition of H,0, production by catalase was found to reverse
both de novo protein synthesis and neutrophil apoptosis induced by
ATO [6,7]. We have also demonstrated that ATO can activate both
caspase-3 and caspase-8, indicating that the intrinsic and extrinsic
pathways of cell apoptosis are activated by ATO in human PMNs
[6]. In the present study, we found that ATO induced ER stress in hu-
man PMNs and this provide the first evidences that activation of the
ER stress-mediated cell apoptotic pathway is part of the PMN apop-
totic machinery. Furthermore, we demonstrate that although PMNs
express caspase-4 which can be processed and activated in these
cells, these events are not essential for ATO-induced apoptosis.

Materials and methods

Reagents and antibodies. Arsenic trioxide (As,03), tunicamycin
(TM), thapsigargin (TP) and RPMI were purchased from Sigma-Al-
drich (Saint-Louis, MI). The antibody against phosphospecific elF2a
antibody was purchased from Cell Signaling (Denvers, MA), the
GRP78, GADD153 and caspase-4 antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA) and the polyclonal Erk1/2 from
Upstate Biotechnology (Lake Placid, NY). Annexin-V and PI were
purchased from Biosource (Camarillo, CA). The caspase-4 substrate
Ac-LEVD-AFC was purchased from Alexis Biochemicals (San Diego,
CA). The caspase-4 inhibitor z-LEVD-FMK was purchased from
BioVision (Moutain View, CA). Fluo-3-AM and ER-tracker were
acquired from Molecular Probes (Eugene, OR, USA).

Neutrophil isolation. Neutrophils were isolated from venous
blood of healthy volunteers as previously described [8-10]. Blood
donations were obtained from consenting individuals according
to institutionally approved procedures.

Immunofluorescence detection of ER. Cells were centrifuged for
2 min at 300 g on prewashed miscroscope slides and incubated
with 1 uM of ER-tracker-Red (Molecular Probes) for 30 min at
37 °C. After two brief washes, cells were visualized (400x ) with a
Leica miscroscope equipped with a fluorescent lamp.

Electron microscopy. An aliquot of freshly isolated PMNs was re-
served, and the rest was used for treatment with ATO or buffer (SA)
for 20 h. Cells were fixed overnight with 2.5% glutaraldehyde in
phosphate-buffered saline (PBS). After several washes in PBS with
3% sucrose, cells were fixed with 1.3% OsO4 for 2 h and embedded
in Spurr resin. Thin slices were prepared with an ultramicrotome
and stained with 5% uranyl acetate and filtered lead citrate. Exam-
inations of ultra thin sections were examined with a Hitachi H-
7100 transmission electron microscope.

RT-PCR. Isolation of RNA was carried out using a commercially
available kit (GenElute, Sigma). Synthesis of cDNA was done using
500 ng of RNA with Moloney Murine Leukaemia Virus Reverse
Transcriptase (M-MLV). For detection of spliced XBP1, the method
consisted of a first amplification at 94 °C, 5 min and 2 cycles at
95°C, 305, 55°C, 30, 72 °C, 30 s with the following primers: for-

ward: 5'-CCTTGTAGTTGAGAACCAGG-3'; reverse: 5-GGGCTT
GGTATATATGTGG-3'. Then, PCR products were digested with 7.5 U
of Pst1 enzyme and the PCR reaction was completed using the same
primer for an additional 28 cycles. Amplification of other cDNA was
done using a denaturation step of 5 min at 95 °C followed by 18 cy-
cles (18S), 29 cycles (GADD153), 30 cycles (GRP78), or 36 cycles
(ATF6) of 94 °C for 30s, 56°C (18S), 67 °C (GADD153), 61 °C
(GRP78), or 55 °C (ATF6) for 30 s, 72 °C for 45 s and completed with
afinal step of 72 °Cfor 7 min. The following primers were used: 5'-CC
GATAACGAACGAGACTC-3' (sense) and 5'-CAGGGACTTAATCAACGC
AA-3’ (antisense) for 18S; 5'-GAAACGGA-AACAGAGTGGTCATTCCCC
-3’ (sense) and 5-GTGGGATTGAGGGTCACATCATTG-GCA-3' (anti-
sense) for GADD153; 5'-GTTTGCTGAGGAAGACAAAAAGCTC-3'
(sense) and 5'-CACTTCCATAGAGTTTGCTGATAATTG-3’ (antisense)
for GRP78; 5'-ATGAAGTTG-TGTCAGAGAAC-3’ (sense) and 5'-GGGT
GCTATTGTAATGACTCA-3' (antisense) for ATF6. The PCR products
were separated using an ethidium bromide 2% agarose gel electro-
phoresis and visualized under ultraviolet light.

Western blot. PMNs (10 x 106 cells/mL RPMI-Hepes-P/S with 10%
autologous serum)were stimulated with the respective agonists and
for the indicated times. Cells were lysed in 2 x Laemmli’s sample buf-
fer and aliquots corresponding to 1 x 10° cells were loaded onto 10%
SDS-PAGE and transferred to nitrocellulose or polyvinylidene
difluoride membranes. Membranes were blocked for 1 h at room
temperature in Tris-buffered saline (TBS)-Tween containing nonfat
dry milk (Carnation, Don Mills, Ontario, Canada) or BSA. After wash-
ing, the antibody directed against phospho-elF2a (1:1000) or cas-
pase-4 (1:1000), Erk1/2 (1:1000) was added in TBS-Tween. The
membranes were kept overnight at 4 °C. Membranes were then
washed with TBS-Tween and incubated for 1 h at room temperature
with a goat anti-mouse or goat anti-rabbit horseradish (HRP)
secondary antibody (Jackson ImmunoResearch Laboratories) at
1:20000 in TBS-Tween +5% nonfat dry milk followed by several
washes. Protein expression was revealed using an enhanced chemi-
luminescence Western blotting detection system.

Caspase-4 activity assay. PMNs were stimulated as specified in
figure legends. Cells were washed in PBS and disrupted using a ly-
sis buffer (Hepes 25 mM pH 7.5, EDTA 5 mM, 5 mM MgCl,, DTT
10 mM, pepstatin 10 pg/mL, leupeptin 10 pg/mL, PMSF 2 mM, Tri-
ton X-100 0.5%). Protein concentration was determined using the
Bradford assay. An amount of 10 pug of proteins was mixed in
200pL of reaction buffer containing Hepes 50 mM, sucrose 10%,
CHAPS 0.1%, DTT 10 mM with 100 pM of the caspase-4 substrate
Ac-LEVD-AFC for 1hr at 37 °C. Cleavage of the caspase substrate
was monitored using a fluorometer at 405 nm (excitation) and
500 nm (emission).

Detection of apoptosis. Freshly isolated human PMNs (10 x
106 cells/mL in RPMI 1640-HEPES-P/S, supplemented with 10%
heat-inactivated autologous serum) were incubated for 24 h in
the presence or absence of an increasing concentration of ATO
(0-100 puM). Cytocentrifuged samples of PMNs were prepared
using a Cyto-tek® centrifuge (Miles Scientific, Naperville, IL),
stained with the Hema 3 Stain staining kit according to the manu-
facturer’s instructions and processed as documented previously
[8]. Cells were examined by light microscopy at 400x final magni-
fication, and apoptotic PMNs were defined as cells containing one
or more characteristic, darkly stained pyknotic nuclei.

Statistics. Statistical analysis was performed with SigmaStat for
Windows version 3.0 using Student’s t-test. Statistical significance
was established at P < 0.05.

Results

We first examined whether or not the ER network is perturbed
in ATO-induced human PMNs, by monitoring the ER by immuno-
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Fig. 1. Alteration of the endoplasmic reticulum in apoptotic neutrophils. (A) Freshly isolated cells (Fresh) were incubated the presence of buffer (spontaneous apoptosis or
SA), ATO or TM for 20 h and then processed for immunofluorescence (A) or electron microscopy (B) for the observation of morphological changes. (A) The ER was stained with
the ER-tracker (400 x magnification). Results are representative of at least four different experiments. (B) Dilatation of the ER (arrows) is not observed in freshly isolated cells
but is a characteristic of apoptotic cells seen during SA or ER stress-induced neutrophil apoptosis (5000x ).

fluorescence using an ER-tracker dye. As illustrated in Fig. 1A, only
a weak diffuse signal is detected in freshly isolated PMNs (Fresh)
but an intense signal is observed in apoptotic PMNs during sponta-
neous apoptosis or after treatment with the ER stress inducers ATO
or TM. Of note, the signal was reproducibly more intense with ATO
than TM. To support further ER alterations in apoptotic PMNs, we
examined cells by electron microscopy in order to confirm the
presence of some vacuoles recently reported to correspond to dila-
tation of the ER [11-13]. As illustrated in Fig. 1B such vacuoles
were observed in SA and in ATO-induced PMNs but not in fresh
cells.

Expression and regulation of important key players involved during
the unfolded protein response (UPR) in human PMNs

The above results indicate that an ER stress occurs in apoptotic
PMNs, allowing the possibility that an UPR-like event may be in-
duced in these cells. To support this, we investigated the possibility
that one or more of the three arms of the UPR, namely PERK, ATF6
and IRE1 is/are activated in PMNs. Because UPR induction is ini-
tially characterized by up-regulation of several ER-resident chaper-

ones, including the well-known GRP78/BiP and GADD153, we
investigated whether or not these two key players are modulated
in PMNs. As illustrated in Fig. 2A and B, the expression of GRP78
mRNA was increased after 1h of treatment with ATO and TM,
whereas up-regulation of GADD153 mRNA occurred later, after
3 h in response to ATO and TM. These results indicated that the
modulation of GRP78 and GADD153 can be observed and is vari-
able in PMNs, depending upon which ER stress inducers are tested.
Knowing that these two ER chaperones (especially GRP78 known
to be associated with the three ER sensors) are modulated in PMNs,
we then studied the possibility that the PERK signaling pathway
operates in these cells. As illustrated in Fig. 2C, elF2q, the proto-
type downstream marker of PERK activation is activated in re-
sponse to ATO. In order to determine if the two other cell
signaling pathways occurring in response to ER stress are opera-
tional in PMNs, we monitored gene expression of ATF6 and XBP1.
As illustrated in Fig. 2D, PMNs express ATF6 and its expression
was markedly increased by ATO after 5 h. After 7 h of treatment,
the expression of ATF6 was further increased by ATO to a level that
was also observed in response to TP but not TM, indicating that
ATF6 expression is differentially modulated according to different
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Fig. 2. Activation of ER stress markers in human PMNs. Cells were treated with the indicated agonist for different period of time and mRNA expression of GRP78 (A),
GADD153 (B), ATF6 (D) and XBP1S (e) were assessed by RT-PCR as described in Materials and methods. Phosphorylation of elF2a protein (C) was monitored by
immunoblotting. Results are representatives of at least three independent experiments. 18S and elF2a are presented here as loading controls.

ER stress inducers. Fig. 2E reveals that PMNs also express XBP1s
(the spliced form) and that its expression increases in response
to ATO and TP. Collectively, the above results indicate that the
three signaling pathways of the UPR known to be triggered during
ER stress exist, are operational in PMNs and are further activated
by ER stress inducers.

Expression and activation of caspase-4 in human PMNs

ATO is known to induce apoptosis in PMNs [6,7] and to induce
ER stress in other cells [14]. Because of the importance of caspase-4

during ER stress [1,5], we examined whether or not PMNs express
this caspase at the protein level and, if so, if it is processed and acti-
vated in ATO-induced cells. As illustrated in Fig. 3A, PMNs express
procaspase-4 and its cleavage occurs in ATO-induced PMNs, as
judged by the appearance of the active form of caspase-4, a cleaved
polypeptide of ~29 kDa, as reported in other cells [1]. Since cas-
pase cleavage is not always indicative of caspase activity, we fur-
ther demonstrated that caspase-4 was effectively activated in
PMNs by measuring the release of a fluorophore from a synthetic
peptide target sequence. As illustrated in Fig. 3B, caspase-4 activity
was detected during PMN apoptosis. Using the pharmacological
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Fig. 3. Expression, processing, and activity of caspase-4 in human PMNs. (A) Expression and processing (or cleavage) of procaspase-4 was assessed by immunoblotting.
Neutrophils were incubated with 5 uM of ATO for 18 h. Results are representatives of three other experiments. (B) The caspase-4 activity was determined by measuring the
generation of the fluorescent cleavage product from Ac-LEVD-AFC as described in Materials and methods for the indicated periods of time during SA or in response to ATO.
Activity is expressed as fold increase over untreated cells (time = 0 h). Results are means + SEM (n = 3). *P < 0.05 vs. SA.
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Fig. 4. The caspase-4 inhibitor reverses caspase-4 processing and activity but not ATO-induced human neutrophil apoptosis. (A) Cells were exposed to diluent (SA) or ATO
(5 uM) for 18 h in the presence of increasing concentrations of the caspase-4 inhibitor LEVD-fmk (M) and caspase-4 processing was assessed by immunoblotting. Erk1/2, a
MAPK that is not activated by ATO in PMNs [27], was used as a loading control. Results are representatives of three other experiments. (B) LEVD-fmk (50 uM) abolishes
caspase-4 activity during spontaneous apoptosis (SA) and in response to ATO after 18 h. Results are means + SEM (n = 3). *P<0.05 vs. SA without caspase-4 inhibitor;
**P < 0.05 vs. ATO without caspase-4 inhibitor. (C) Apoptosis was assessed by cytology after 18 h. *P < 0.05. Results are means = SEM (n = 3).

inhibitor LEVD-fmk, a caspase-4 inhibitor, we found that the cleav-
age of caspase-4 during apoptosis was reversible in a concentra-
tion-dependent manner (Fig. 4A). Pre-treatment with the
caspase-4 inhibitor abolishes the caspase-4 activity completely
(Fig. 4B). These results corroborate those obtained by immunoblot-
ting and confirm that caspase-4 is expressed and activated in
PMNs. Because of these results, we next investigated the role of
caspase-4 during neutrophil apoptosis. Cells were pre-treated with
increasing concentrations of the caspase-4 inhibitor and then incu-
bated in the presence of ATO. As expected, the number of apoptotic
PMNs was always above 85% after 24 h of treatment (Fig. 4C).
However, the apoptotic rate was unaffected by the caspase-4
inhibitor treatment even at a concentration of 100 uM. These re-
sults were confirmed by another method based on CD16 shedding
in apoptotic cells as monitored by flow cytometry (data not shown).

Discussion

In this study, we provide the first evidence that the recently
identified ER stress-mediated pathway of cell apoptosis is opera-
tional in PMNs. First, we have observed alteration of the ER by
immunofluorescence and electron microscopy. Second, we demon-
strated that genes involved in the three arms of the UPR are ex-
pressed and upregulated in apoptotic PMNs. Third, we observed
activation of elF2a as judged by its phosphorylation. ER stress
and intracellular signaling pathways in response to the UPR have
been relatively well-defined in cells undergoing massive protein
secretion, such as plasma B cells or hepatocytes [15,16]. However,
until now, no study has revealed a link between PMN apoptosis
and the ER stress pathway. Some studies have proposed that this

pathway operates in promyelocytes, which are progenitors of
PMNs [17]. In addition, the expression of GADD153, which is in-
volved in a pro-apoptotic branch in UPR signaling, has been shown
to be upregulated during retinoic acid differentiation of promyelo-
cytic cells [18]. This suggests that GADD153 may be implicated in
activation of PMN apoptosis.

We have recently demonstrated that ATO induced de novo pro-
tein synthesis in PMNs [6] and this supports an ER stress response,
since the UPR is initially engaged to circumvent a cytotoxic signal
by activating protein synthesis, particularly those involved in pro-
tein folding, including chaperones [4]. This is in agreement with
the recent observation that among the proteins that are newly syn-
thesized in response to ATO, some are chaperones [7]. However,
activation of the UPR in PMNs is probably prolonged, leading to
an irreversible cell condition causing death by initiating apoptosis.
We propose that this occurs not only in ATO (or other agents)-in-
duced apoptosis, but also during SA, where H,0, can accumulate
in the medium over time [19]. This is supported by our previous
study where treatment of human PMNs with catalase markedly
inhibited both de novo protein synthesis and PMN apoptosis [6].

Several studies have identified caspase-4 as a key player in the
ER stress-mediated pathway of apoptosis in humans or caspase-12
in rodents [1,3-5,20]. Here, we report for the first time the protein
expression of caspase-4 as well as its processing and activation
during PMN apoptosis. However, the role of caspase-4 appears to
be dispensable in ER stress-induced PMN apoptosis. This is surpris-
ing, considering that caspase-4 has been described as an initiator
caspase, based on structural evidence [21]. Activation of caspase-
4 was found to occur prior to activation of caspase-3 or -9 in
melanoma cells subjected to TM or TP [22]. On the other hand,
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caspase-4 was also described as an intermediate activator of Fas-
mediated apoptosis, transmitting the death signal from caspase-8
to caspase-3 [20]. In addition, the ER stress inducer edelfosine
was found to activate caspase-8 and -3 before the onset of apopto-
sis. In this case, caspase-4 was suggested to be activated alongside
with ASK1/JNK and caspase-8/BAP31 signaling pathways [23]. One
possible explanation for the different role of caspase-4 may be ex-
plained by the absence of caspase-2 in PMNs. Caspase-2 was iden-
tified as an ER-resident and proximal caspase in brefeldin A- and
TM-induced apoptosis [24]. Therefore, it is plausible that cas-
pase-4 may be confined to other roles in PMNs, such as amplifying
mitochondrial or death-receptor associated apoptosis, due to lack
of caspase-2 expression. Of note, caspase-4 deficient cell lines were
found to be equally sensitive to ER stress inducers TM, TP and bre-
feldin A [25]. Caspase-12 was proposed to be part of the pro-apop-
totic pathway of ER stress response involving TRAF2 and JNK [26].
Interestingly, we have previously demonstrated that ATO activates
JNK in PMNs; however, addition of a JNK inhibitor did not rescue
the cells from SA or ATO-induced apoptosis [27], suggesting that
activation of the TRAF2-JNK pathway is not necessary for PMN
apoptosis. A non-apoptotic role has been proposed recently for cas-
pase-4 [25]. In that study, the authors demonstrated that LPS-in-
duced IL-1B, CCL4 (MIP1B) and CXCL8 (IL-8) mRNA expression
were downregulated in caspase-4-deficient THP1 cells. Thus, it is
also possible that caspase-4 is involved in some way in the produc-
tion of cytokines in PMNs, although this remains to be determined.

Conclusions

This study provides the first evidence that the ER stress-medi-
ated pathway of cell apoptosis is operational in human PMNs. Cas-
pase-4 is expressed, processed and activated in these cells, but
could be involved in other functions than apoptosis.
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