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The neuroectodermal tumors neuroblastoma and melanoma
represent biologically aggressive and chemoresistant cancers.
The chemotherapeutic agents fenretinide and bortezomib
induce apoptosis through endoplasmic reticulum (ER) stress in
these tumor types. The aim of this study was to test the hypoth-
esis that the early events of ER stress signaling and response
pathways induced by fenretinide and bortezomib are mediated
by the eukaryotic initiation factor 2« (eIF2ar)-ATF4 signaling
pathway. Treatment of neuroblastoma and melanoma cell lines
with fenretinide, bortezomib, or thapsigargin resulted in induc-
tion of eIF2« signaling, characterized by increased expression of
phosphorylated elF2a, ATF4, ATF3, and GADD34. These
events correlated with induction of the pro-apoptotic protein
Noxa. The cytotoxic response, characterized by up-regulation of
Noxa and cell death, was dependent on ATF4, but not the ER-
related pro-death signaling pathways involving GADD153 or
IRE1. Although PERK-dependent phosphorylation of elF2a
enhanced ATF4 protein levels during ER stress, cell death in
response to fenretinide, bortezomib, or thapsigargin was not
abrogated by inhibition of elF2a phosphorylation through
PERK knockdown or overexpression of wild-type elF2«. Fur-
thermore, ATF4 induction in response to ER stress was depen-
dent primarily on transcriptional activation, which occurred in
a PERK- and phosphorylated elF2a-independent manner.
These results demonstrate that ATF4 mediates ER stress-in-
duced cell death of neuroectodermal tumor cells in response to
fenretinide or bortezomib. Understanding the complex regula-
tion of cell death pathways in response to ER stress-inducing
drugs has the potential to reveal novel therapeutic targets, thus
allowing the development of improved treatment strategies to
overcome chemoresistance.

The development of novel strategies to overcome chemore-
sistance in cancers, particularly neuroectodermal tumors,
which are frequently associated with poor survival despite
intensive chemotherapy, would be aided by understanding the
complex regulation of cell death programs. The chemothera-
peutic agents fenretinide, a synthetic derivative of retinoic acid,
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and bortezomib, a 26 S proteasome inhibitor, induce endoplas-
mic reticulum (ER)? stress, culminating in apoptosis of neuro-
blastoma and melanoma cells both in vitro (1, 2) and in vivo
(3—6). These studies highlight ER stress as an intracellular stress
response that can be exploited to promote cancer cell death, pro-
viding an opportunity for rational drug design programs and the
development of more effective therapeutic strategies.

Normal ER function is required for the regulation of intra-
cellular calcium and correct folding of secretory or cell-surface
proteins; ER stress occurs when the protein-folding capacity of
the ER is exceeded. Stresses that perturb redox state, energy
levels, or calcium homeostasis trigger the accumulation of
unfolded proteins within the ER, eliciting a stress response
termed the unfolded protein response (UPR). The principles of
the UPR are now relatively well defined and are characterized
by an inhibition of global protein synthesis in cooperation with
the transcriptional activation of UPR target genes to promote
protein folding (7). The UPR is primarily an adaptive response
to support cell survival, but several lines of evidence suggest
that, if homeostasis cannot be re-established, the UPR triggers
cell death (8). Three ER transmembrane proteins that mediate
distinct arms of the UPR have been identified: IRE1 (inositol-
requiring protein-1), ATF6 (activating transcription factor-6),
and PERK (protein kinase RNA (PKR)-like ER kinase) (7). All
three proteins stimulate expression of pro-apoptotic genes in
response to ER stress, although the specific pathways involved
are complex and highly context-dependent (9).

Although disturbances in ER homeostasis occur in a variety
of cancers (10), whether they arise from cancer-specific muta-
tions or reflect perturbation of ER function within the tumor
microenvironment is unclear. From the perspective of cancer
therapy, constitutive activation of ER stress pathways may be
associated with chemoresistance (11, 12). Moreover, ER-re-
lated responses appear to be associated with the activity of a
variety of anticancer drugs, including proteasome inhibitors
and some DNA-damaging agents. The paradoxical ability of the
UPR to engage cell survival and death mechanisms is a critical
issue, with recent studies demonstrating that disruption of ele-
ments of the survival response can shift the balance toward
apoptosis in cells treated with ER stress-inducing agents such as
fenretinide and bortezomib (2, 13).

Nevertheless, the relative contribution of pro-apoptotic ER
stress signaling to fenretinide- or bortezomib-induced cell

2 The abbreviations used are: ER, endoplasmic reticulum; UPR, unfolded pro-
tein response; elF2q, eukaryotic initiation factor 2q; siRNA, small interfer-
ing RNA; ANOVA, analysis of variance.
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death is not clear. Multiple pathways may be involved in ER
stress-initiated apoptosis, and in most cases, these converge at
the level of the mitochondria (9). The most common upstream
pathways identified include calcium signaling, IRE1-JNK (c-Jun
N-terminal kinase) activation, and induction of the transcrip-
tion factor CHOP (C/EBP homologous protein)/GADD153
(growth arrest/DNA damage-inducible 153) (8). However,
there is increasing interest in the central role of translation
eukaryotic initiation factor 2« (elF2a) signaling in cell fate
determination during ER stress (14, 15). PERK-mediated phos-
phorylation of elF2«a at serine 51 occurs during ER stress,
resulting in inhibition of global translation (15) and enhanced
translation of mRNAs such as those encoding ATF4 (16, 17).
ATF4 enhances the expression of another member of the same
family, the transcriptional repressor ATF3 (18), and the protein
phosphatase 1-interacting protein GADD34, which causes pro-
tein phosphatase 1 to dephosphorylate elF2«, thus releasing the
translational block and ensuring the transient nature of protein
synthesis inhibition (19). ATF4 is a universal stress-responsive
gene thought to have a protective role by regulating cellular
adaptation to adverse conditions; however, there are studies
describing a pro-death role for ATF4 in the context of ER stress
(14, 20-22).

Understanding the molecular mechanisms mediating ER
stress-induced apoptosis in the context of cancer therapy is
essential to promote the pharmacological exploitation of ER
stress responses to combat cancer. Both fenretinide and bort-
ezomib induce hallmarks of ER stress (2, 13), and because there
is evidence for a central role for e[F2a-ATF4 signaling in ER
stress-induced cell death (14, 21, 22), we hypothesize that this
pathway is fundamental to the cytotoxicity induced by these
agents in neuroectodermal tumor cells.

EXPERIMENTAL PROCEDURES

Cell Culture, Drug Treatment, and Analysis of Apoptosis—
Melanoma cell lines A375 and SK-MEL-28, obtained from
the American Type Culture Collection, and the neuroblastoma
cell line SH-SY5Y were cultured as described previously (1).
Fenretinide (Janssen-Cilag Ltd., Bassersdorf, Switzerland) was
added in ethanol; bortezomib (Janssen-Cilag Ltd., High
Wycombe, UK), thapsigargin (Sigma, Poole, UK), actinomycin
D (Sigma), and salubrinal (Alexis Biochemicals and Enzo Life
Sciences Ltd.) were added in Me,SO with an equal volume of
vehicle used to treat control cells. Flow cytometry of propidium
iodide-stained cells was used to estimate cell death (apoptosis)
from the percentage of cells in the sub-G, fraction (13).
Caspase-3/7 activation was measured by the Caspase-Glo 3/7
assay (Promega, Southampton, UK) according to the manufac-
turer’s instructions.

Western Blotting—Total protein was extracted from cell pel-
lets, separated by electrophoresis through 4-20% SDS-poly-
acrylamide gels (20 pg/lane), and blotted onto polyvinylidene
difluoride membranes (1). Blots were probed with antibodies to
ATF4 (Calbiochem); ATF3 and GADD153 (B-3, Santa Cruz
Biotechnology); Noxa (Alexis Biochemicals); c-Myc, elF2aq,
phospho-elF2«, phospho-c-Jun, and IREla (Cell Signaling
Technology); and spliced XBP-1 (Cambridge BioScience). An
anti-B-actin antibody (Sigma) was used as a loading control.
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The binding of primary antibodies was detected with secondary
peroxidase-conjugated antibodies (Upstate Biotechnology and
Vector Laboratories) and visualized using the ECL system
(Amersham Biosciences).

Gene Expression Analysis—Total RNA was isolated from cell
pellets using the RNeasy mini kit (Qiagen, Crawley, UK) and
reverse-transcribed using a high capacity reverse transcription
kit (Applied Biosystems, Warrington, UK) according to the
manufacturers’ instructions. Real-time PCR was performed on
20 ng of cDNA using validated TagMan gene expression assays
for human Noxa, ATF4, ATF3, GADD34, GADD153, PERK,
and p8 in combination with the TagMan Universal PCR Master
Mix (Applied Biosystems). Appropriate controls for nonspe-
cific amplification and contamination were included. A Gene-
Amp 7500 sequence detection system was used for real-time
PCR amplification. As an internal standard, -actin was mea-
sured simultaneously using the endogenous control assay pro-
vided by Applied Biosystems. PCR amplification procedures
followed the manufacturer’s instructions. The data were ana-
lyzed using the GeneAmp sequence detection system software,
and the comparative C, method (2~ ) was used for relative
quantification of gene expression.

Transfection Experiments—RNA interference-mediated gene
knockdown was achieved using prevalidated Qiagen HP small
interfering RNAs (siRNAs) for ATF4 (S103019345), PPP1R15A
(GADD34; S102659132), EIF2AK3 (PERK; S102223725), c-myc
(S100300902, S102662611), and ERNI (IREIc; SI00605255) or
Invitrogen siRNAs for ATF3 (HSS100778) and GADD153 (DDIT3
validated Stealth siRNA, duplex 2; (GADD153-1). Additional
siRNAs targeting GADD153 (GADD153-2) (23) and p8 (20)
(Eurogentec, Southampton, UK) were also used. All siRNA
experiments incorporated a validated negative control siRNA
(Qiagen AllStars negative control siRNA). Expression vectors
for ATF4 (pATF4, NM_001675) and the empty vector pXL4
were from OriGene (Cambridge Bioscience). Wild-type elF2a
in pcDNA3.CD2 was provided by David Ron (Skirball Institute
for Biomolecular Medicine, New York University School of
Medicine, New York) and subcloned into pcDNA4 (Invitro-
gen). siRNA knockdown experiments were carried out by
plating 0.25-0.4 X 10° cells in 6-well plates overnight before
transfection with 40 nm siRNA using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. Cells
were then cultured in normal growth medium for 24 h prior to
drug treatment. For overexpression of ATF4 or eIF2¢, transient
transfection of 2 ug of expression vector or empty control vec-
tor was performed using Lipofectamine 2000 as described
above.

DNA-dependent Promoter Pulldown Assays—Genomic DNA
from A375 cells was used to amplify a DNA fragment corre-
sponding to bases —110 to +40 of the Noxa promoter (24).
Promoter templates biotinylated at the 5’-end of the upper
strand were generated by PCR and purified using QIAquick
spin columns (Qiagen). Whole cell extracts (400 ug) were pre-
cleared with streptavidin-agarose beads prior to incubation for
2 h at 4 °C with the DNA template in Buffer A (20 mm HEPES,
pH 7.9, 100 mm KCl, 6 mm MgCl,, 1 mm dithiothreitol, 20%
glycerol, 0.01% Nonidet P-40, 0.15 mg/ml poly(dl/dC), 0.15
mg/ml single-stranded salmon testis DNA, and EDTA-free
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FIGURE 1. Fenretinide and bortezomib regulate elF2« signaling in neuroectodermal tumor cells. Shown
are Western blots for elF2a, phospho-elF2«, ATF4 (indicated by the asterisk), ATF3, Noxa, and B-actin in
SH-SY5Y, A375, and SK-MEL-28 cells treated with fenretinide (SH-SY5Y, 5 um; and A375/SK-MEL-28, 10 um),
bortezomib (SH-SY5Y, 5 nm; and A375/SK-MEL-28, 30 nm), or thapsigargin (SH-SY5Y, 1.5 um; and A375/SK-MEL-

28, 7.5 um) for 0-24 h.

protease inhibitor mixture (Roche Diagnostics Ltd., Burgess
Hill, UK)). The DNA template was precipitated using strepta-
vidin-agarose beads for 2 h at4 °C, and beads were washed three
times with Buffer A containing 1 mg/ml bovine serum albumin.
Proteins were eluted with SDS-PAGE sample buffer prior to gel
electrophoresis and Western blotting.

Statistical Analysis—Statistical analysis of apoptosis was per-
formed using SPSS Version 15.0 (SPSS Inc., Chicago, IL). For
experiments on siRNA-mediated knockdown, the effects on
apoptosis induced by fenretinide, bortezomib, or thapsigargin
were tested by two-way analysis of variance (ANOVA; GLM)
with siRNA type (control or gene-specific) and treatment (fen-
retinide, bortezomib, or thapsigargin) main effects. The specific
effects of siRNA type (when more than one gene-specific siRNA
was used) or treatments were tested, when appropriate, using
simple contrasts.

RESULTS

Kinetics of elF2a Pathway Activation during Fenretinide- and
Bortezomib-induced Apoptosis—Fenretinide and bortezomib
induce caspase-dependent cell death in neuroblastoma and
melanoma cells (25, 26), and induction of caspase-3/7 activity
by clinically achievable concentrations of fenretinide and bort-
ezomib (2) was confirmed in SH-SY5Y neuroblastoma and
A375 and SK-MEL-28 melanoma cells (supplemental Fig. 1).
Caspase-3 activation reflected the enhanced sensitivity to bort-
ezomib compared with fenretinide at these concentrations.
The ER stress-inducing agent thapsigargin, included as a posi-
tive control for ER stress, also induced caspase-3/7 activity,
although the level of induction was lower in the melanoma cell
lines. To investigate the kinetics of activation of el[F2a-ATF4
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retinide treatment in SH-SY5Y or
melanoma cells, respectively, and
this was maintained for an addi-
tional 8 h.

Increased phosphorylation of
elF2a was associated with increased
expression of ATF4 protein, consistent with the reported
enhancement of ATF4 translation under conditions of ER
stress (Fig. 1). Treatment of A375 or SK-MEL-28 melanoma
cells with bortezomib or thapsigargin resulted in the greatest
induction of ATF4 protein expression, which began to diminish
between 10 and 18 h after bortezomib treatment compared
with between 18 and 24 h after thapsigargin treatment. These
findings are consistent with the more transient nature of bort-
ezomib-induced elF2a phosphorylation. In SH-SY5Y cells,
ATF4 expression was also up-regulated to the greatest extent in
response to thapsigargin and to a lesser extent in response to
fenretinide or bortezomib. However, ATF4 expression was only
weakly up-regulated in response to fenretinide in A375 and
SK-MEL-28 cells despite strong phosphorylation of elF2¢; this
is consistent with weak ATF3 induction under these conditions
in these melanoma cell lines. ATF4 mRNA was also increased
during drug treatment, with the magnitude of induction great-
est in response to bortezomib in the melanoma cell lines or
thapsigargin treatment in all three cell lines, consistent with the
observed protein levels (Fig. 2).

ATEF3 was induced in response to fenretinide, bortezomib,
and thapsigargin, but induction was more marked compared
with ATF4, exceptin response to fenretinide in melanoma cells,
in agreement with the observed weak ATF4 induction (Fig. 1).
We and others (1, 26) have shown that apoptosis in response to
fenretinide, bortezomib, or thapsigargin is dependent on the
transcriptional and translational up-regulation of the pro-apo-
ptotic BH3-only protein Noxa. In agreement with previous data
(1, 26), Noxa was up-regulated 610 h after drug treatment
(Fig. 1), with the greatest induction observed in response to
bortezomib. However, although thapsigargin was a weaker
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FIGURE 2. Fenretinide and bortezomib regulate elF2« signaling in neuroectodermal tumor cells. ATF4, GADD34, or Noxa mRNA was measured by
real-time PCR relative to B-actin as an internal control in SH-SY5Y (M), A375 ([), and SK-MEL-28 (O) cells treated with fenretinide (SH-SY5Y, 5 um; and
A375/SK-MEL-28, 10 um), bortezomib (SH-SY5Y, 5 nm; and A375/SK-MEL-28, 30 nm), or thapsigargin (SH-SY5Y, 1.5 um; and A375/SK-MEL-28, 7.5 um) for 0-24 h.
Gene expression is expressed relative to control untreated cells, and the y axis scale is 10-fold greater for the melanoma cell lines A375 and SK-MEL-28. Data are
expressed as the mean = S.E. (n = 3) and are a complete time course, consistent with n = three independent experiments at 0, 6, 18, and 24 h.

inducer of Noxa protein expression, it considerably enhanced
Noxa mRNA levels over 24 h (Fig. 2). Increased levels of Noxa
mRNA were also observed after fenretinide or bortezomib
treatment, with the magnitude of induction greatest in
response to bortezomib in the melanoma cells (Fig. 2). In addi-
tion, up-regulation of GADD34 mRNA was seen across all cell
lines and drug treatments (Fig. 2), consistent with this gene
being a target of ATF4 (27).

ATF4 Mediates Fenretinide- and Bortezomib-induced Cell
Death—The early up-regulation of phosphorylated elF2« and
ATF4 expression in response to different ER stress-inducing
drugs is consistent with this pathway being a potential mediator
of ER-related apoptotic signaling. To test the hypothesis that
ATF4 promotes cell death in this context, ATF4 expression was
down-regulated by siRNA in a neuroblastoma (SH-SY5Y) and a
melanoma (A375) cell line prior to treatment with fenretinide,
bortezomib, or thapsigargin. ATF4 knockdown was confirmed
at both the mRNA and protein levels in response to drug treat-
ment (Fig. 3, A and B). siRNA-mediated knockdown of ATF4
resulted in a reduced induction of ATF3 (Fig. 3B), supporting
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existing evidence that ATF3 is a target of ATF4. A pro-apopto-
tic function of ATF4 was demonstrated by a significant reduc-
tion in fenretinide-, bortezomib-, or thapsigargin-induced cell
death in both SH-SY5Y and A375 cells with reduced ATF4
expression (siRNA main effect, F, 5, > 11, p < 0.001) (Fig. 3C),
and there was evidence for increased death of A375 cells over-
expressing ATF4 in response to treatment with these agents
(effect of ATF4 overexpression, F, ,, = 3.68, p = 0.068) (sup-
plemental Fig. 2).

In support of a pro-death role for ATF4 during ER stress,
ATF4 knockdown resulted in inhibition of both Noxa mRNA
and protein induction in response to drug treatment (Fig. 3, A
and B). Together, these data indicate that ATF4 mediates ER
stress-induced cell death in neuroectodermal tumor cells. To
test the association of ATF4 with the Noxa promoter, pulldown
assays were performed using either whole cell or nuclear
extracts and a biotinylated DNA probe corresponding to bases
—110 to +40 relative to the Noxa transcription start site, the
fragment previously reported to recruit ATF4 (24). Endoge-
nous ATF4 was demonstrated to bind to the Noxa promoter
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FIGURE 3. ATF4 mediates fenretinide- and bortezomib-induced cell death. A and B, SH-SY5Y and A375 cells were transfected with siRNAs for ATF4 or with
anon-silencing control siRNA (ctr/) prior to treatment with fenretinide (FenR) (SH-SY5Y, 5 um; and A375, 10 um), bortezomib (Bort) (SH-SY5Y, 5 nm; and A375, 30
nm), or thapsigargin (Thap) (SH-SY5Y, 1.5 um; and A375, 7.5 um) for 6 h. ATF4 or Noxa mRNA was measured by real-time PCR relative to B-actin as an internal
control (A). ATF4 (lower band indicated by the asterisk in SH-SY5Y cells), ATF3, Noxa, and B-actin expression was determined by Western blotting (B). C, SH-SY5Y
and A375 cells were transfected with siRNAs for ATF4 or with a non-silencing control siRNA prior to treatment with fenretinide (SH-SY5Y, 10 um; and A375, 15
M), bortezomib (SH-SY5Y, 5 nm; and A375, 50 nm), or thapsigargin (SH-SY5Y, 3 um; and A375, 10 um) for 24 h. Apoptosis was measured by flow cytometry of
propidium iodide-stained cells to determine the sub-G;, fraction. Data are expressed as the percentage total population or relative to control untreated cells;
each point is the mean = S.E. (n = 3). D, A375 cells were treated with fenretinide (15 um), bortezomib (50 nm), or thapsigargin (10 um) for 6 h. Recruitment to
the Noxa promoter was determined by promoter pulldown assays in the absence (control) or presence of the Noxa promoter DNA fragment, followed by
Western blotting for ATF4. Data are shown for whole cell extracts; similar results were obtained with nuclear extracts (not shown).

following treatment of A375 cells with fenretinide, bortezomib,
or thapsigargin (Fig. 3D), suggesting that ATF4 is a direct tran-
scriptional activator of Noxa.

These data are in contrast to a previous report in which
c-Myc was determined to be responsible for bortezomib-in-
duced Noxa expression (28). Although c-Myc expression was
up-regulated in response to bortezomib treatment in
SK-MEL-28 cells, a cell line included in the study by Nikiforov
et al. (28), siRNA-mediated knockdown of c-Myc expression
did not abrogate fenretinide- or bortezomib-induced Noxa
(supplemental Fig. 3A4). Conversely, c-Myc expression was
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down-regulated in response to fenretinide, bortezomib, or
thapsigargin treatment in SH-SY5Y and A375 cells (supple-
mental Fig. 34), suggesting differential regulation of c-Myc in
response to ER stress between neuroectodermal tumor cell
lines.

The role of ATF3 induction is less clear, with no significant
effect of ATF3 knockdown on fenretinide-, bortezomib-, or
thapsigargin-induced cell death overall (F, ,4 = 1.71, p = 0.203)
(supplemental Fig. 3B). However, in the analysis of the apopto-
sis data by ANOVA, the interaction term (siRNA*treatment)
was significant (F,,s = 15.99, p < 0.001), with fenretinide-
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induced apoptosis significantly increased (F, ,4 = 26.2, p <
0.001) and bortezomib-induced apoptosis significantly
decreased (F, ,c = 7.03, p = 0.013), albeit to a small extent, and
with no effect on thapsigargin-induced apoptosis (F,,, =
0.102, p = 0.75). In addition, ATF3 knockdown enhanced ER
stress-induced Noxa transcription, although an increase in
Noxa protein induction was evident only after fenretinide treat-
ment (supplemental Fig. 3C). The effect on Noxa mRNA is con-
sistent with a role for ATF3 as a transcriptional repressor under
these conditions, whereas the effects on cell death suggest more
complex controls of cell death regulation in response to differ-
ent ER stress inducers.

Both the IRE1-XBP-1/JNK axis and GADD153 can influ-
ence UPR-mediated cell survival and death in response to ER
stress (29, 30). Therefore, the role of these alternative ER-
related apoptotic pathways was investigated in A375 cells.
Knockdown of IRE1a by siRNA and subsequent inhibition of
XBP-1 splicing (demonstrated by a decrease in XBP-1s pro-
tein produced from the spliced mRNA) did not abrogate
fenretinide-, bortezomib-, or thapsigargin-induced Noxa
expression or cell death in response to these agents (two-way
ANOVA, effect of control, IREla, or GADDI153 siRNA, F, 54 =
5.165, p = 0.011; contrast on main effect, control siRNA ver-
sus IREla siRNA, p = 0.55, non-significant) (supplemental
Fig. 4, A and B). Similarly, abrogation of JNK activity using a
small molecule inhibitor (SP600125) did not affect the cell
death response (data not shown). These data indicate that
IREla signaling is not the predominant UPR branch regulat-
ing cell death in neuroectodermal tumor cells. Moreover,
knockdown of GADDI153 revealed that this transcription
factor was not essential for fenretinide-, bortezomib-, or
thapsigargin-induced Noxa induction (supplemental Fig.
4C); unexpectedly, GADD153 knockdown slightly increased
cell death in response to these agents (contrast on main
effect, control siRNA versus GADDI153 siRNA, p = 0.008)
(supplemental Fig. 4A). Similar results were obtained in
SH-SY5Y cells (data not shown).

Regulation of ATF4 in Response to Fenretinide or Bortezomib
in Neuroectodermal Tumor Cells—To determine whether
ATF4 induction is dependent on transcriptional control during
ER stress, A375 cells were treated with ER stress inducers in the
absence or presence of actinomycin D. Both ATF4 mRNA and
protein induction in response to drug treatment were severely
abrogated in the presence of actinomycin D, whereas elF2« and
B-actin protein levels remained relatively constant (Fig. 4).
These results suggest that ATF4 is regulated transcriptionally
under these conditions and that increased levels of mRNA con-
tribute to the observed protein levels. Although the transcrip-
tional control of ATF4 is not well understood, the stress-regu-
lated transcription factor p8 (candidate of metastasis-1) has
been implicated in the up-regulation of ATF4 mRNA during
cannabinoid-induced apoptosis in tumor cells, a process
involving ER stress (20, 31). Although the expression of p8
mRNA was induced in A375 cells in response to bortezomib or
thapsigargin treatment and to a much a lesser extent in
response to fenretinide, the siRNA-mediated knockdown of p8
resulted in enhanced ATF4 mRNA levels, indicating that p8
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FIGURE 4. Transcriptional regulation of ATF4. A375 cells were treated with
fenretinide (FenR; 10 um), bortezomib (Bort; 30 nm), or thapsigargin (Thap; 7.5
M) in the absence or presence of actinomycin D (ActD; 0.5 um) for 10 h. ATF4,
elF2q, and B-actin expression was determined by Western blotting, and ATF4
mMRNA was measured by real-time PCR and is expressed relative to B-actin.
ctrl, control.

acts as a negative regulator of ATF4 in this context (supplemen-
tal Fig. 5).

Evidence for the transcriptional regulation of ATF4 during
ER stress is in contrast to the idea that enhanced ATF4 expres-
sion chiefly results from elF2a phosphorylation and delayed
translation re-initiation at upstream open reading frames
within the 5’'-end of ATF4 mRNA (16, 17). Central to this
response are elF2« kinases, which are activated by a variety of
stimuli and form part of an integrated stress response. The ER-
resident protein PERK is the principle Ser/Thr protein kinase
that phosphorylates elF2a during ER stress. To determine the
role of PERK in the response of neuroectodermal tumor cells to
fenretinide, bortezomib, or thapsigargin, PERK expression was
abrogated using siRNA (Fig. 5A4). Down-regulation of PERK
resulted in a reduction in elF2a phosphorylation in SH-SY5Y
and A375 cells after drug treatment (Fig. 5C), demonstrating
that PERK mediates elF2« phosphorylation during ER stress.
However, although PERK knockdown resulted in a small reduc-
tion in ATF4 protein induction, the levels of ATF4 mRNA after
drug treatment were not affected (with the exception of fen-
retinide-induced ATF4, which was inhibited) (Fig. 5, B and C),
suggesting that there are PERK-independent mechanisms of
ATF4 regulation. Conversely, there was no inhibitory effect of
PERK knockdown on ER stress-induced ATF3 expression (Fig.
5C), implying that the levels of ATF4 sustained during this time
were sufficient to promote transcriptional activation of ATF3.
However, PERK knockdown increased cell death in response to
ER stress induction (two-way ANOVA, effect of siRNA, F, ,; =
7.72 (p = 0.01) for A375 cells and F, ,, = 6.22 (p = 0.019) for
SH-SY5Y cells) (Fig. 5D).

Enhancement of elF2a phosphorylation through use of
salubrinal (an inhibitor of GADD34-protein phosphatase

VOLUME 285+NUMBER 9+FEBRUARY 26, 2010


http://www.jbc.org/cgi/content/full/M109.014092/DC1
http://www.jbc.org/cgi/content/full/M109.014092/DC1
http://www.jbc.org/cgi/content/full/M109.014092/DC1
http://www.jbc.org/cgi/content/full/M109.014092/DC1
http://www.jbc.org/cgi/content/full/M109.014092/DC1
http://www.jbc.org/cgi/content/full/M109.014092/DC1
http://www.jbc.org/cgi/content/full/M109.014092/DC1
http://www.jbc.org/cgi/content/full/M109.014092/DC1

ER Stress and Cell Death

s 7 < gl
E 15 n:
£ € 4-
X <t
o [
w 10 : 3
o
g g 2
0 1 |-| f_l | - 0-
S > >
0\«2 RN ‘2 i o\i &S b‘\%\«* o 0“@% %Q x«({ & 4\@8 0\2 F e °°q F e
siRNA ctrl ' PERK ctrl PERK siRNA ctrl PERK ctrl PERK
' SH-SY5Y L A375 ' SHYEN D319
C SH-SY5Y A375
siRNA: ctrl PERK siRNA: ctrl PERK
(kD) (kD) ———— S
38 N e clF20 38 —— — —— —— | cIF2
38w e L o | P-elF20 38 | w— - vl P-elF2a
48 (T3 B oie B L3 we we| ATF4 48 | w0 BB S 0 e s ATF4
23 v D o ey | ATF3 23 - -~ o e ATF3
45 | — ———— B-actin 4D |~ — w—— w——— | (-actin
& &R O &SR S & &R & X
S 0 Feet @8 Fee® 0T Fee Fose?
D 80-
*g' 70
€ 60
S 50
& 401
S 304
N 201
= 101
0_
Q NS NS
oo((eg-@oi‘\qs 0\«(‘&&00(2@2 4@%@06 R Q Q-@oé R
siRNA  ctrl PERK ctrl PERK
SH-SY5Y A375

FIGURE 5. Fenretinide- and bortezomib-induced cell death is independent of PERK. A and B, SH-SY5Y and A375 cells were transfected with siRNAs for
PERK or with a non-silencing control siRNA (ctrl) prior to treatment with fenretinide (FenR) (SH-SY5Y, 5 um; and A375, 10 um), bortezomib (Bort) (SH-SY5Y,
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1 complex assembly), siRNA-mediated knockdown of behind ATF4 induction duringER stress in neuroectodermal

GADD34, or overexpression of wild-type eIF2a in A375 cells
resulted in increased basal levels of phosphorylated elF2«a
and ATF4 protein (Fig. 6, A and B). Nevertheless, overex-
pression of wild-type elF2a did not significantly affect fen-
retinide-, bortezomib-, or thapsigargin-induced ATF4 or
Noxa induction at either the protein (Fig. 68) or mRNA (Fig.
6C) level or in terms of the extent of observed cell death
(two-way ANOVA on data relative to the control, effect of
siRNA, F, ;5 = 0.05, p > 0.8; siRNA by treatment interaction,
F,,5 = 0.07, p > 0.9) (Fig. 6D). These data suggest that,
although phosphorylation of elF2« is able to enhance ATF4
protein expression, it is not the principle driving force
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tumor cells.
DISCUSSION

This study shows that the ER stress-induced transcription
factor ATF4 is a key mediator of the cytotoxic response of neu-
roectodermal tumor cells to fenretinide or bortezomib. Char-
acterization of elF2a signaling revealed a similar stress
response in terms of e[F2« phosphorylation and up-regulation
of ATF3, ATF4,and GADD34 expression; however, the kinetics
and magnitude of the response varied between drug treatment
and cell line. The mechanism of ER stress induction in response
to fenretinide or bortezomib is likely to be very different. Fen-
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Data are expressed relative to control untreated cells; each point is the mean = S.E. (n = 3).

retinide induces oxidative stress via ceramide metabolism prior
to ER stress (13), whereas bortezomib mediates its effects pri-
marily through inhibition of the 26 S proteasome (32). At clin-
ically achievable concentrations of fenretinide and bortezomib,
used in this study, a superior response to bortezomib was
observed in terms of the degree of cell death and stress signaling
compared with fenretinide. This may be due, in part, to the
ability of bortezomib to inhibit protein degradation and
increase protein stability, thereby having a positive feedback
effect. Furthermore, the UPR is also able to engage a cell sur-
vival mechanism, and we have demonstrated recently that inhi-
bition of elements of the survival response can enhance both ER
stress signaling and apoptosis in cells treated with fenretinide
or bortezomib (2, 13). Taken together, these data suggest that
ER stress is a major mechanism of fenretinide and bortezomib
action. In contrast, thapsigargin was less effective at inducing
cell death, consistent with previous data (1, 33). In general,
thapsigargin induced a more rapid and pronounced phosphor-
ylation of elF2«, which may contribute to cell survival through
inhibition of translation of pro-apoptotic factors such as Noxa
and highlights the concept that the kinetics of ER stress signal-
ing are important in the determination of cell fate.

The role of ATF4 as a protective factor during cellular stress
is well documented (reviewed in Ref. 34); nevertheless, there are
reports describing a pro-death role for ATF4 during certain
conditions, e.g. during oxidative stress in neurons (35), protea-
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some inhibition of squamous cell carcinoma cells (14, 21), or ER
stress in tumor cells including neuroblastoma and melanoma
(20, 22). Our present study provides evidence that ATF4 func-
tions in a pro-death manner in response to fenretinide, bort-
ezomib, or thapsigargin treatment of neuroblastoma and mel-
anoma cell lines. Originally described as a transcriptional
repressor, ATF4 also functions as a transcriptional activator.
Transcriptional activity and selectivity of ATF4 are tightly con-
trolled by its ability to form heterodimers with multiple C/EBP
bZIP or AP-1 family members, through interaction with gen-
eral transcriptional machinery, and through post-translational
modulation of protein stability (34). Although, in some cases,
the pro-death function of ATF4 has been attributed to its reg-
ulation of GADD153, the data presented in this study suggest
that GADD153 is dispensable for cell death in response to ER
stress in neuroectodermal tumor cells.

The mechanisms of ATF4-mediated cell death are likely to be
complex and context-dependent; however, we and others (21,
24) have shown that ATF4 can regulate expression of the BH3-
only protein Noxa in tumor cells. BH3-only proteins are able to
initiate apoptosis through inhibition of pro-survival proteins
and activation of pro-apoptotic Bax or Bak (36). Recent studies
have highlighted an essential role for Noxa in fenretinide-, bort-
ezomib-, and thapsigargin-induced cytotoxicity in neuroecto-
dermal tumors (1, 37). Furthermore, ATF4 can regulate Noxa
transcription directly during treatment of cancer cells with
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bortezomib or an inhibitor of ER-associated protein degrada-
tion (24), consistent with our observations that endogenous
ATF4 can associate with the Noxa promoter. The involvement
of ATF4 in the regulation of Noxa in response to bortezomib is
in contrast to a previous report in which the oncogene c-myc
was identified as a direct modulator of Noxa mRNA and essen-
tial for the regulation of Noxa by bortezomib (28). However, in
our hands, c-Myc did not appear to mediate Noxa induction in
response to ER stress-inducing agents; therefore, a relationship
between c-Myc and ATF4 as a generic component of the ER
stress responses in neuroectodermal tumors seems unlikely.

Multiple intracellular stress pathways converge on a single
event: phosphorylation of e[F2a and subsequent translational
activation of ATF4. This study demonstrates that, although
phosphorylation of elF2«a enhances ATF4 protein levels, it is
the (PERK-independent) transcriptional up-regulation of ATF4
mRNA that is required for efficient ATF4 protein expression in
response to fenretinide, bortezomib, or thapsigargin treatment
in neuroectodermal tumor cells. In support of this, PERK
knockdown was not sufficient to appreciably inhibit ATF4
induction or to prevent ATF4-mediated ATF3 expression and
cell death during ER stress. In contrast, increased cell death
occurred during PERK knockdown in response to ER stress,
consistent with recent observations that PERK-dependent
translation of members of the IAP (inhibitor of apoptosis) fam-
ily promotes cell survival during ER stress (38).

Although the data presented provide strong evidence for
transcriptional regulation of ATF4 during ER stress, the mech-
anisms of transcriptional regulation are not well understood.
However, the stress-regulated protein p8 was identified previ-
ously as a regulator of ATF4 transcription during ER stress (20,
31). p8 belongs to a family of high mobility group I/Y transcrip-
tion factors (39) and is thought to play a role in tumor develop-
ment (40). Conversely, p8 acts as a negative regulator of ATF4
mRNA in response to fenretinide, bortezomib, or thapsigargin
treatment in A375 cells, suggesting that its function is context-
dependent. Additional studies are therefore required to eluci-
date the mechanism of ATF4 activation in response to ER
stress-inducing drugs. Moreover, we have shown recently that
combined treatment with fenretinide and bortezomib results in
a synergistic response in terms of both induction of GADD153
and cell death (3), suggesting that a combination of these agents
may be a more effective strategy. Given the complexity of events
triggered during ER stress, it would seem unlikely that ATF4
acts as the sole mediator of cytotoxic effects, and alternative
pathways of ER stress signaling specific to fenretinide or bort-
ezomib may be responsible for the synergism between these
drugs. Studies on cells selected for acquired resistance to fen-
retinide, bortezomib, or thapsigargin are one approach that
may address this question.

In summary, the clinically viable agents fenretinide and bort-
ezomib induce an ER stress response in neuroectodermal
tumor cells, culminating in the activation of ATF4 and cell
death. Although precise characterization of the regulation of
ATF4 is required to elucidate fully its functional role in a par-
ticular context, agents that activate ATF4 transcription may
regulate a novel ER-related stress pathway that can be exploited
for cancer therapy. The concept of promoting ER stress as a
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therapeutic strategy is attractive as cancer cells appear more
susceptible to increased levels of this stress than their normal
counterparts (41). In this respect, understanding the complex
regulation of cellular programs leading to cancer cell death will
allow the identification of novel molecular targets and facilitate
the design of therapeutic strategies to specifically target tumor
cells.
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