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Endoplasmic Reticulum Stress-Activated Transcription Factor ATF6a
Requires the Disulfide Isomerase PDIA5 To Modulate
Chemoresistance

Arisa Higa,®* Said Taouji,® Stéphanie Lhomond,® Devon Jensen,® Martin E. Fernandez-Zapico,® Jeremy C. Simpson,?

Jean-Max Pasquet,® Randy Schekman,® Eric Chevet?

INSERM U1053, Université Bordeaux Segalen, Bordeaux, France?; Department of Molecular and Cell Biology, University of California at Berkeley, Berkeley, California, USA®;
Schulze Center for Novel Therapeutics, Division of Oncology Research, Mayo Clinic, Rochester, Minnesota, USAS; School of Biology & Environmental Science and Conway
Institute of Biomolecular & Biomedical Research, University College Dublin, Belfield, Dublin, Ireland®; INSERM U1035, Université Bordeaux Segalen, Bordeaux, France®

ATF6c, a membrane-anchored transcription factor from the endoplasmic reticulum (ER) that modulates the cellular response
to stress as an effector of the unfolded-protein response (UPR), is a key player in the development of tumors of different origin.
ATF6a activation has been linked to oncogenic transformation and tumor maintenance; however, the mechanism(s) underlying
this phenomenon remains elusive. Here, using a phenotypic small interfering RNA (siRNA) screening, we identified a novel role
for ATF6a in chemoresistance and defined the protein disulfide isomerase A5 (PDIA5) as necessary for ATF6a activation upon
ER stress. PDIA5 contributed to disulfide bond rearrangement in ATF6cx under stress conditions, thereby leading to ATF6a: ex-
port from the ER and activation of its target genes. Further analysis of the mechanism demonstrated that PDIA5 promotes
ATF6a packaging into coat protein complex IT (COPII) vesicles and that the PDIA5/ATF6a« activation loop is essential to confer

chemoresistance on cancer cells. Genetic and pharmacological inhibition of the PDIA5/ATF6a axis restored sensitivity to the
drug treatment. This work defines the mechanisms underlying the role of ATF6« activation in carcinogenesis and chemoresis-
tance; furthermore, it identifies PDIAS5 as a key regulator ATF6a-mediated cellular functions in cancer.

Protein folding in the endoplasmic reticulum (ER) can be par-
ticularly affected by the presence of mutations in secretory
proteins or by dynamic changes in the cellular microenvironment,
events which are often encountered in cancers. In the ER, these
events are sensed by specific sensors, which in turn trigger select
signaling pathways, collectively named the unfolded-protein re-
sponse (UPR) (1). The UPR s an adaptive response that allows the
cells to either overcome the stress or promote cell death in the case
of overwhelming burden (1). Three ER-resident proteins, namely,
the protein kinase PKR-like ER kinase (PERK), the inositol-re-
quiring protein 1 alpha (IREla), and the activating transcription
factor 6 alpha (ATF6a), have been identified as the major trans-
ducers of the UPR in mammals. They display an ER luminal do-
main that senses misfolded proteins and are activated by a com-
mon mechanism involving the dissociation of the ER chaperone
BiP/GRP78. PERK is responsible for translational attenuation
through the phosphorylation of the alpha subunit of the eukary-
otic translation initiation factor 2 (eIF2«) (2). IRE1a mediates the
unconventional splicing of X-box binding protein 1 (Xbpl)
mRNA (3) as well as mRNA expression levels through regulated
IREla-dependent mRNA decay (RIDD) (4) and controls the ac-
tivation of the c-jun N-terminal kinase (JNK) pathway. The third
arm of the UPR is controlled by ATF6a.. This membrane-an-
chored transcription factor is a type II transmembrane protein
regulated by intramembrane proteolysis by the Golgi apparatus-
localized site 1 and site 2 proteases (SIP and S2P) upon ER stress
(5). Indeed, upon ER stress, BiP dissociates from the luminal do-
main of ATF6a, thereby unmasking both Golgi localization sig-
nals (6) and disulfide bonds between two conserved cysteine
residues (7, 8). Although ATF6a has been linked to cancer devel-
opment (9, 10) or tumor dormancy (11), the precise underlying
mechanisms remain unclear. To better characterize the ER molec-
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ular mechanisms underlying ATF6a activation processes in the
ER and to evaluate their role(s) in cancer, we developed a func-
tional ATF6a activation screen using small interfering RNAs
(siRNAs) targeting a panel of well-established cancer-relevant ER
foldases (12, 13). We identify protein disulfide isomerase A5
(PDIA5) as an essential ER-localized regulator of ATF6a activa-
tion allowing this transcription factor export from the ER upon
stress. Moreover, using leukemia cells as a model, we show a novel
role of this ATF6a/PDIA5 axis in regulating resistance to imatinib.
Collectively, our results identify a novel signaling pathway medi-
ating chemoresistance in cancer cells, and this knowledge may
help in the tailoring of future clinical studies.

MATERIALS AND METHODS

Cell culture and transfection. HeLa cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and penicillin-streptomycin (100 U/ml and 100 pg/ml, re-
spectively) at 37°Cin a 5% CO, incubator. HeLa cells stably expressing 3 X
FLAG-ATF6a (HeLa-ATF6a) were generated and maintained as previ-
ously described (14). K562 and LAMA cells (imatinib resistant or imatinib
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sensitive) were maintained in RPMI 1640 medium containing 10% FBS
and antibiotics. HeLa cells were transiently transfected with FLAG-
ATF6a or FLAG-ATF6a-p50 using Lipofectamine and Plus reagents (In-
vitrogen) according to the manufacturer’s protocols.

Antibodies and chemicals. Mouse monoclonal anti-FLAG M2 anti-
body was obtained from Sigma-Aldrich. Mouse monoclonal anti-ATF6a
antibody was from BioAcademia. Rabbit polyclonal anti-extracellular sig-
nal-regulated kinase 1 (anti-ERK1) antibody was from Santa Cruz Bio-
technologies. Rabbit polyclonal antigiantin antibody was purchased from
Abcam. Mouse monoclonal anti-PDIA5 and mouse monoclonal anti-
KDEL were from Abnova and Stressgen, respectively. Rabbit anticalnexin
(anti-CNX) antibodies were a kind gift from John Bergeron (McGill Uni-
versity, Montreal, Quebec, Canada). Polyclonal anti-enterobacterial re-
petitive intergenic consensus 53 (anti-ERGIC53), anti-ribophorin I, and
anti-Sec22b antibodies were generated as described previously (14). Flu-
orescence-conjugated secondary antibodies were from Molecular Probes
(Life Technologies). Imatinib mesylate (Gleevec; Novartis, Basel, Switzer-
land) was dissolved in dimethyl sulfoxide (DMSO) at a stock concentra-
tion of 250 mM, stored at —20°C, and subsequently diluted with serum-
free culture medium prior to use. The PDI inhibitor 16F16 was purchased
from Sigma (St. Louis, MO).

RNA interference. siRNAs were obtained from RNAi Co. and Am-
bion. The sequences of the siRNAs used in this study are described in
Table S1 in the supplemental material. siRNA was delivered into HeLa,
HeLa-ATF6a, or K562 cells by reverse transfection using Lipofectamine
RNAIMAX (Invitrogen) at an siRNA concentration of 12.5 or 25 nM.

In vitro budding assay. HeLa-ATF6a cells were transfected with
siRNAs against PDIA5 or a control. Seventy-two hours later, cells were
permeabilized with 40 pg/ml digitonin for 5 min on ice. Cells were then
washed and incubated with an ATP-regenerating system (ATPr) (1 mM
ATP, 40 mM creatine phosphate, 200 pg/ml creatine phosphokinase, 50
uM GDP-mannose), 3 mM GTP, and 4 mg/ml rat liver cytosol in KHM
buffer [110 mM potassium acetate (KOAc), 2 mM Mg(OAc),, and 20 mM
HEPES, pH 7.2] for 1 hat 30°C. Ratliver cytosol was prepared as described
previously (15). The vesicle fraction was separated from the donor micro-
some fraction by centrifugation at 12,000 rpm for 10 min. The superna-
tants were then centrifuged at 55,000 rpm for 25 min at 4°C to collect the
vesicles. The pellets were solubilized with buffer C (10 mM Tris-HCI [pH
7.6], 100 mM NaCl, and 1% Triton X-100) and analyzed by immunoblot-
ting using mouse monoclonal anti-ATF6a (1:1,000), rabbit polyclonal
anti-ERGIC53 (1:10,000), anti-ribophorin I (1:10,000), and anti-Sec22b
(1:10,000).

Plasmids. Human ATF6a cDNA was amplified by PCR from human
liver total cDNA and cloned into p3XFLAG-CMV7.1 vector within the
HindIII/Sall restriction sites. The FLAG-ATF6a-p50 construct was de-
rived from the above-mentioned plasmid. Human ATF6a cDNA was di-
gested with Pvull and subsequently ligated in the p3 XFLAG vector. The
resulting translation product corresponded to a FLAG-tagged ATF6a-
p50 protein. The dominant negative Sarl [Sar1(DN)] plasmid was a kind
gift from J. A. Lippincott-Schwartz (NIH, Bethesda, MD). To construct an
siRNA-resistant PDIA5 cDNA (PDIA5r), the human PDIA5 cDNA was
amplified by PCR and subcloned in pGEM-T Easy plasmid. Silent muta-
tions were introduced by in vitro site-directed mutagenesis using the
Stratagene QuikChange II XL site-directed mutagenesis kit in the regions
that are targeted by siRNAs (PDIA5 sequence 5'-AGGATGATGCCGCAT
replaced by 5'-AGAATGATGCCACAC). The insert was then subcloned
into pcDNA3 and sequence verified.

Indirect immunofluorescence. HeLa cells were plated on coverslips
and transfected with FLAG-ATF6a. Twenty-four hours posttransfection,
cells were fixed in methanol at —20°C for 5 min and blocked with 3%
bovine serum albumin (BSA) in immunofluorescence buffer [0.15 M
NaCl, 2 mM EGTA, 1 mM MgCl,, and 10 mM piperazine-N,N’-bis(2-
ethanesulfonic acid) (PIPES)-Na, pH 7.2] for 30 min at room tempera-
ture. Cells were then incubated with primary (anti-FLAG, 1:500; anti-CNX,
1:500; or antigiantin, 1:1,000) and secondary (Alexa Fluor 488-labeled
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anti-mouse IgG or Alexa Fluor 568-labeled anti-rabbit IgG, 1:250) anti-
bodies for 1 h. DNA was stained using Hoechst 33342 (Invitrogen) for 15
min. Coverslips were mounted on microscope slides using Fluoro-
mount-G (Southern Biotech) and observed using a Leica TCS SP5 confo-
cal microscope with a 63X oil immersion objective for fluorescence de-
tection.

Immunoprecipitation and immunoblotting. To prepare whole-cell
extracts, cells were washed twice with phosphate-buffered saline (PBS)
and then incubated with radioimmunoprecipitation assay (RIPA) buffer
(25 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1% NP-40, 1% sodium de-
oxycholate, and 0.1% SDS) for 30 min on ice. Lysates were sonicated and
centrifuged at 13,000 rpm for 20 min at 4°C. For immunoprecipitation,
cells were rinsed twice and collected in ice-cold PBS. Cell pellets were then
incubated with lysis buffer (50 mM Tris-HCl [pH 7.5] and 1% Triton
X-100) for 30 min on ice and clarified by centrifugation at 13,000 rpm for
20 min at 4°C. For coimmunoprecipitation of ATF6a with BiP, cells were
transfected with Sar1(DN) after siRNA transfection and were lysed using
lysis buffer. After preclearing using protein A- or protein G-Sepharose
(GE Healthcare BioSciences), lysates were incubated overnight with anti-
FLAG (1:200) antibodies at 4°C. The beads were then added to the im-
mune complexes, precipitated for 1 h at 4°C with gentle rotation, and
washed five times with lysis buffer. Immunoprecipitates were eluted with
Laemmli sample buffer containing 50 mM dithiothreitol (DTT) for 10
min at 70°C. The proteins were analyzed by immunoblotting and detected
using LumiGLO chemiluminescent substrate system (Kirkegaard & Perry
Laboratories). Dilutions of primary antibodies used for immunoblotting
were as follows: anti-ATF6a, 1:1,000; anti-CNX, 1:2,000; anti-ERK,
1:1,000; anti-FLAG, 1:1,000; anti-KDEL, 1:1,000; and anti-PDIA5, 1:500.

qPCR. Total RNA was extracted from cells at 48 h after siRNA trans-
fection using TRIzol reagent (Invitrogen) according to the manufacturer’s
instructions. cDNA was synthesized from the total RNA using the Super-
Script first-strand synthesis system (Invitrogen) or a reverse transcription
system (Promega) with oligo(dT) primer and amplified with Tag DNA
polymerase (Invitrogen). For quantitative reverse transcription-PCR
(qPCR), cDNA was analyzed with B-R SYBR green SuperMix (Quanta
Bioscience) in a StepOnePlus system (Applied Biosystems). The primer
sequences used for this experiment are shown in Table S2 in the supple-
mental material.

Mass spectrometry analyses and peptide quantification. HeLa-
ATF6a cells were transfected with siRNA against PDIA5 or a control in
150-mm-diameter dishes. Seventy-two hours posttransfection, cells were
lysed in the presence of N-ethylmaleimide (NEM) using 25 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.3%
SDS. Clarified lysates were then immunoprecipitated with anti-FLAG an-
tibodies. Immunoprecipitates were eluted using a FLAG peptide, and the
eluates were then resolved by nonreducing (NR) SDS-PAGE and the gel
stained with Coomassie blue. The band corresponding to ATF6a was
excised and digested sequentially with trypsin and GluC. The extracted
peptides were then analyzed and quantified by LTQ-Orbitrap (Thermo-
Fisher) mass spectrometry as previously described using a label-free ap-
proach (16). Normalization was achieved by using three ATF6a peptides
systematically found in the experiments.

Cytotoxicity and apoptosis assays. Flow cytometry-based analysis of
cell apoptosis was performed following staining of the cells with annexin
V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) using the
annexin V-FITC kit (Beckman Coulter). The extent of apoptosis was
quantified as the percentage of annexin V-positive cells. The extent of
imatinib-induced apoptosis was assessed using the following formula:
percent specific apoptosis = (test value — control value) X 100/(100 —
control value). Cell death was assessed using annexin V-fluorescein iso-
thiocyanate-propidium iodide (annexin V FITC apoptosis kit; Beckman
Coulter) according to the manufacturer’s protocol. Sulforhodamine B
(SRB) assays were performed as previously described (17).

Statistical analyses. Data are presented as means = standard errors of
the means (SEM) from three separate experiments and were compared
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using one-way analysis of variance (ANOVA) followed by Dunnett mul-
tiple-comparison tests. The level of significance was set at a P value of
<0.05. All statistical analyses were performed using GraphPad Prism
(version 5) statistical software (GraphPad Software, San Diego, CA).

RESULTS

ER-resident proteins regulate the activation of ATF6« in re-
sponse to ER stress. To study the mechanism regulating ATF6c
export from the ER to the Golgi apparatus and subsequent trans-
port to the nucleus upon ER stress, we transiently expressed
FLAG-tagged human ATF6a (FLAG-ATF6a) in HeLa cells and
determined the localization of ATF6a by immunofluorescence
using anti-FLAG antibodies. To examine ATF6a activation under
ER stress, we used four known ER stress-inducing chemicals: di-
thiothreitol (DTT), a reducing agent; thapsigargin (Tg), a SERCA
pump inhibitor; azetidine-2-carboxylic acid (Azc), a proline ana-
log; and tunicamycin (Tun), an N-glycosylation inhibitor. As ex-
pected, ATF6a was exported from the ER to the Golgi apparatus
within 30 min and reached the nucleus after 2 h of DTT treatment.
As shown in Fig. 1A, under basal conditions, ATF6a colocalized
with the ER marker calnexin (CNX), and following 1 h of DTT
treatment, it colocalized with the Golgi complex marker giantin
(Fig. 1A). Tg and Tun also induced the translocation of ATF6a
(see Fig. S1 in the supplemental material); however, the translo-
cation kinetics were slower than with DTT treatment. Azc also
promotes ATF6a export but had the weakest effect on the trafficking
of this transcription factor among the ER inducers used in the screen-
ing. Next, to confirm the activation of ATF6c, we examined the cleav-
age of endogenous ATF6a upon ER stress, an established marker for
the activation of molecule. Consistent with the immunofluorescence
data (Fig. 1A), immunoblot analysis showed that DTT was the stron-
gest inducer of ATF6 activation (Fig. 1B and C).

Areduction of intra- and intermolecular disulfide bonds in the
ATF6a luminal domain has been reported as an underlying mo-
lecular event leading to its ER export during ER stress (7). As a
consequence, we designed a cell-based siRNA assay against ER-
resident protein disulfide isomerases (PDIs) and thioredoxins and
foldases to identify the enzyme(s) involved in disulfide bond for-
mation and/or remodeling that is required for ATF6a activation
upon ER stress (see Fig. S2A in the supplemental material). Forty-
eight hours after siRNA transfection, the cells were further trans-
fected with FLAG-ATF6a. Twenty-four hours later, the cells were
treated with DTT to induced ER stress for 2 h. These cells were
then immunostained using anti-FLAG and anti-CNX or antigian-
tin antibodies. Cells expressing FLAG-ATF6a protein (the num-
ber of cells counted ranged from 350 to 6,300) (Fig. 2A) were
analyzed for the presence of tagged-ATF6a in the ER, Golgi com-
plex, and nucleus. The percentage of cells displaying both Golgi
and nuclear localization of FLAG-ATF6a in each siRNA-trans-
fected cell population was determined and compared to that for
the control siRNA-transfected cells (Fig. 2A). Both primary and
validation screens revealed that only PDIAS5 silencing led to al-
tered export of ATF6a to the Golgi complex upon DTT treatment
(Fig. 2B). In order to confirm the effects of both PDIA5 siRNAs on
their cognate target, we transfected each siRNA into HeLa cells
and examined PDIAS expression using immunoblotting (see Fig.
S2B in the supplemental material). Transfection of each siRNA
(siRNA-1 and siRNA-2) led to a significant decrease in PDIA5
expression compared to that with control siRNA. Both siRNAs
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impacted neither CNX nor ERK1 expression, used as loading stan-
dards (see Fig. S2B in the supplemental material).

ER stress-induced ATF6a activation was also monitored using
immunoblotting in HeLa cells. This revealed that silencing of
PDIAS using the siRNAs used in the screen decreased ATF6a
cleavage upon DTT treatment (Fig. 2C; see Fig. S4A in the supple-
mental material [white arrowheads]), thus confirming the immu-
nofluorescence data. Moreover, the effect of PDIA5 siRNA on
ATF6a cleavage was also observed in cells treated with the ER
stress inducers Tgand Tun (see Fig. S3 and S4A in the supplemen-
tal material). Furthermore, silencing of PDIA3 or PDIAA4 (see Fig.
$4C in the supplemental material), two of the most abundant
PDIs in the ER, did not affect ATF6a activation upon DTT treat-
ment (see Fig. S4B in the supplemental material), thus reinforcing
the specificity of PDIAS in this process.

PDIAS5 silencing impairs ATF6« transcriptional activity. To
confirm the effect of PDIAS5 silencing on ATF6a activation and the
subsequent impact on the transcriptional activation of ATF6« tar-
get genes, we measured mRNA expression levels of ATF6a target
genes in control and PDIA5-silenced cells following DTT treat-
ment (1 mM) using quantitative reverse transcription-PCR
(qPCR). First we confirmed that the expression of Pdia5 mRNA
was attenuated by siRNA (Fig. 3A; see Fig. S5A in the supplemen-
tal material), and then we analyzed the expression of four ATF6a
bona fide target genes (EroILB, Grp94, Orp150, and Herpudl) (18,
19) and three UPR target genes (the spliced [Xbp1s] and unspliced
[Xbplu] forms of Xbp1, Chop, and Gadd34) upon DTT (Fig. 3A)-
or Tgor Tun (see Fig. S5B in the supplemental material)-induced
stress and/or silencing of PDIA5. This revealed that PDIA5 silenc-
ing prevented the induction of ATF6a target genes upon ER stress
without affecting the induction of the UPR targets, Chop and
Gadd34 (Fig. 3A and C; see Fig. S5B in the supplemental material).
The total amount of XbpIs mRNA decreased upon PDIAS5 silenc-
ing (data not shown). However, this may account for the fact that
ATF6a also regulates the expression of Xbpl mRNA (3). This was
confirmed by the fact that the induction of XbpI mRNA splicing
efficiency upon ER stress remained identical in control and
PDIA5-silenced cells (Fig. 3B). These results established of the
requirement for an intact PDIA5 for the ATF6a activation upon
ER stress. To further ensure that the observed effect was effectively
due to the absence of PDIAS, a rescue approach was undertaken.
To this end an siRNA-resistant form of PDIA5 (PDIA5r) was ex-
pressed in HeLa cells silenced or not for PDIA5 and the expression
of PDIAS evaluated by immunoblotting (Fig. 3D). As expected,
endogenous PDIA5 was silenced upon transfection with the
siRNA to PDIA5 (Fig. 3D, lane 2) and the expression of the
protein rescued when cotransfecting with the siRNA-resistant
form (Fig. 3D, lane 3). To test whether rescuing PDIA5 expression
impacted ATF6a signaling, DTT-induced expression of ErolLf3
and Herpudl mRNAs was monitored in cells knocked down for
PDIAS5 and rescued or not for the expression of this protein (Fig.
3E). Again, as shown in Fig. 3A and in Fig. S5 in the supplemental
material, PDIA5 silencing led to attenuated induction of ErolLf3
and Herpudl mRNA expression upon DTT exposure, and expres-
sion of PDIA5r in the silenced background restored the DTT-
mediated induction of both mRNAs (Fig. 3E), thereby confirming
PDIA5 dependency for ATF6a signaling in HeLa cells. Interest-
ingly, overexpression of PDIA5 alone was not sufficient to induce
further expression of ATF6a target genes, suggesting that endog-
enous PDIAS is not limiting. Finally, the impact of PDIAS5 silenc-
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plemental material), thus indicating that PDIA5 might be indeed
required for ATF6a activation and subsequent signaling.
PDIA5-dependent activation of ATF6a is independent of the
association with BiP. As BiP has also been shown to control
ATF6a export from the ER through a dissociation mechanism (6),
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we sought to examine if there was any functional interplay be-
tween BiP dissociation and the PDIA5 effect on ATF6c. To this
end, the ATF6a/BiP interaction was tested by coimmunoprecipi-
tation. To prevent the export of ATF6a from the ER, and therefore
its cleavage, the experiments were carried out in HeLa cells trans-
fected with a dominant negative Sarl [Sarl(DN)] construct, a
mutant GTPase that prevents ER-to-Golgi traffic (20). Under
those circumstances, BiP associated with ATF6c under basal con-
ditions and was released from ATF6o upon DTT treatment (Fig.
4B). The same phenomenon was observed in PDIA5-silenced
cells, although to a lesser extent (Fig. 4B and C). This suggests that
dissociation of BiP from ATF6a might represent an early step in
the ATF6a activation process but one not completely sufficient to
allow ATF6a export to the Golgi complex.

Modulation of disulfide bonds underlies PIAD5 activation of
ATF6a. Since our results showed that the export of ATF6a from
the ER was regulated by PDIA5 upon ER stress and since its acti-
vation is in part controlled by modulation of disulfide bonds (7),
we then evaluated the oligomerization of ATF6a using nonreduc-
ing (NR) SDS-PAGE and immunoblotting (Fig. 4D). This re-
vealed that DTT treatment altered dramatically the ATF6a oligo-
meric profile in control cells (Fig. 4D, left panel), whereas in
PDIA5 siRNA-transfected cells, the high-molecular-weight forms
remained present throughout the stress (Fig. 4D, right panel; see
Fig. S7 in the supplemental material). To evaluate the impact of
PDIAS silencing on the formation of disulfide bonds in ATF6a,
FLAG-ATF6a was immunoprecipitated and the reduced-cys-
teine-containing peptides C1 and C2 (Fig. 4E, left panel) were
quantified by mass spectrometry (Fig. 4E, right panel). This re-
vealed that both peptides C1 and C2 were found in equivalent
amounts under all experimental conditions. However, the
amount of C1 and C2 was dramatically decreased in PDIA5-si-
lenced cells (Fig. 4E, right panel). This suggests that PDIA5 im-
pacts the ATF6a luminal domain content of reduced cysteines,
thereby contributing to its activation process upon ER stress.

PDIA5 modulates ATF6a packaging into COPII vesicles.
The coat protein complex IT (COPII) is required for packaging of
ATF6a and its trafficking from the ER to the Golgi complex upon
ER stress (14). We therefore examined whether PDIA5 silencing
impacted ATF6a packaging into COPII vesicles. As previously
reported (14), ATF6a budded poorly in the standard control re-
action (Fig. 5A, lane 7). When DTT (5 mM) was added into the
budding reaction mixtures, ATF6a packaging into COPII vesicles
was enhanced (Fig. 5A, lane 8), a phenomenon that was greatly
suppressed in PDIA5-silenced cells (Fig. 5A, lane 10). In control
experiments, DTT did not affect ERGIC53 or Sec22b budding and
did not cause significant ribophorin I release, as previously re-
ported for the initial assay (14). Collectively, these results indicate
that PDIAS5 plays an instrumental role in ATF6a packaging to
COPII vesicles. To further reinforce the functional link between
PDIA5 and ATF6a, we first evaluated whether the silencing of
these two genes impacted the cell’s sensitivity to ER stress. Both

PDIA5 were transfected into HeLa cells. Seventy-two hours after transfection,
cells were treated with DTT (1 mM) for the indicated periods of time. Cell
lysates were analyzed by immunoblotting using anti-ATF6a antibody.
ATF6a-p90 and ATF6a-p50 are indicated by black and white arrowheads,
respectively. The diamond shows a nonspecific protein recognized by anti-
ATF6a antibodies. Time course quantifications of ATF6a-p90 (left) and
ATF6a-p50 (right) upon treatment are shown in the lower graphs.
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RNA was isolated and analyzed by qPCR using specific primers for ATF6a target genes (ErolLB, Grp94, Herpudl, and Orp150). Expression of each mRNA was
normalized to that of Gapdh mRNA. (B) HeLa cells were transfected with siRNA and treated with DTT, Tg, or Tun, and the splicing of XbpI mRNA was evaluated
using reverse transcription-PCR (RT-PCR). (C) RNA was extracted from control or PDIA5-silenced and ER-stressed HeLa cells and analyzed by qPCR using the
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transfected as for panel D were then treated with 1 mM DTT for 2 h or not treated. RNA was then extracted, and the expression of ErolLB and Herpudl was
evaluated by qPCR. Data are the average from three independent experiments = SEM. *, P < 0.05.

PDIA5 and ATF6a silencing increased Tun toxicity, with similar
orders of magnitude (see Fig. S8 in the supplemental material).
Moreover, we tested whether overexpression of the cytosolic part
of ATF6a (ATF6a-p50), a constitutively activated form of ATF6a
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independent of disulfide bond reduction, would rescue PDIA5
silencing-mediated ER stress sensitivity. HeLa cells were trans-
fected with an empty vector or FLAG-ATF6a-p50 and treated
with 5 pg/ml Tun or vehicle control for 36 h. The expression of
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of time. BiP protein expression was analyzed by immunoblotting using anti-KDEL antibody (left panels). Anti-CNX antibodies were used as a loading control. BiP
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site. In the luminal domain, the two cysteine-containing peptides as generated by trypsin and GluC proteolytic cleavage are indicated (peptides C1 and C2). Right panel,
quantification of peptides C1 and C2 in HeLa-ATF6a cells transfected with siRNA against PDIA5 under basal conditions. Normalization was performed using three
other ATF6a cysteine-free peptides identified and quantified under the same experimental conditions.
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FLAG-ATF6a-p50 was monitored using immunoblotting with
anti-FLAG antibodies (Fig. 5B, bottom panel). The same experi-
ment was repeated in PDIA5- or ATF6a-silenced cells. The results
presented in Fig. 5C show ATF6a-p50 rescued partially stress Tun
sensitivity induced upon PDIA5 or ATF6a silencing. These results
further support the functional link existing between these two
proteins in the UPR.

The PDIA5/ATF6a axis modulates sensitivity to imatinib.
ATF6a and PDIA5 have been associated with cell survival and
chemoresistance in different tumor types (21, 22). Using leukemia
as amodel, we sought to determine the role of this newly identified
axis in chemoresistance, a well-defined ER stress inducer. We ini-
tially examined the expression of Pdia5 mRNA in leukemia cell
lines K562 and LAMA (sensitive or resistant to imatinib). Expres-
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sion of Pdia5 mRNA was significantly higher in resistant cells than
in sensitive cells (Fig. 6A), and it was not induced upon imatinib
treatment (Fig. 6B). To evaluate the impact of PDIAS5 expression
on the resistance phenotype, PDIA5 expression was silenced or
not in K562R cells, which were then subjected to imatinib treat-
ment. Interestingly, PDIA5 silencing in K562R cells partially re-
stored the cells’ sensitivity to imatinib to a level comparable to that
observed in sensitive cells (Fig. 6C). Furthermore, this effect was
mimicked when using a pharmacological inhibitor of PDI (16F16)
(Fig. 6D). To test whether overexpression of PDIA5 was function-
ally linked to ATF6a activation in K562R cells, ATF6a expression
was knocked down using siRNA and the subsequent impact on
imatinib sensitivity evaluated. Interestingly, ATF6a silencing par-
tially restored the sensitivity of K562R cells to imatinib (Fig. 7A),
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FIG 6 Expression and function of PDIA5 in imatinib-sensitive and -resis-
tant leukemia cells. (A) Expression of Pdia5 mRNA in K562 and LAMA
cells either sensitive (S) or resistant (R) to imatinib as determined by qPCR.
Data are presented as the average from three independent experiments *+
SEM. *, P < 0.05; **, P < 0.01. (B) Pdia5 mRNA expression in imatinib-
sensitive or -resistant K562 cells subjected to imatinib (10 wM) treatment.
Data are presented as the average from three independent experiments *
SD. (C) Cell viability in response to 10 wM imatinib treatment was deter-
mined in imatinib-sensitive K562 cells (K562S) or in imatinib-resistant
K562 cells (K562R) transfected with a control siRNA (siCTL) or with an
siRNA against PDIA5 (siPDIA5). Data are presented as the average from three
independent experiments = SEM. **, P < 0.01. (D) Impact of PDIA5 pharmaco-
logical inhibition with increasing concentrations of 16F16 on K562R cells’ sensi-
tivity to imatinib. Data are presented as the average from three independent ex-
periments * SEM.

and a pharmacological inhibitor of PDI blocked the proteolytic
cleavage of ATF6a in those cells, which was found to be constitu-
tive otherwise (Fig. 7B). Finally, the cosilencing of PDIA5 and
ATF6a further enhanced the sensitivity of K562R cells to imatinib
(Fig. 7C), thereby demonstrating the functional relationship of
these proteins in the chemoresistance mechanism. This observa-
tion was also confirmed in CD34" leukemia cells from two pa-
tients (Fig. 7D), in which imatinib sensitivity was enhanced using
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16F16, thereby reinforcing the pathophysiological and transla-
tional relevance of the PDIA5/ATF6a axis in cancer.

DISCUSSION

The biological role of the UPR in oncogenesis, cancer develop-
ment, and resistance to chemotherapies is well established; how-
ever, the roles of the three UPR sensors remain unequally docu-
mented. In particular, the role of ATF6a is yet to be characterized.
To define the mechanisms of activation of ATF6a in cancer, we
designed an siRNA screen aiming at identifying the proteins con-
trolling ATF6a export from the ER. The subsequent results de-
fined a novel ER stress-inducible regulatory axis that depends on
PDIA5-mediated activation of ATF6a. In this context, and to fol-
low up on our initial aim, we investigated the relevance of this axis
to cancer cell phenotypes. Interestingly, PDIA5 was found to be
overexpressed in numerous cancers and to be part of a predictive
signature of tumor cell resistance to chemotherapy (21, 22); how-
ever, the mechanisms underlying this observation remain poorly
understood. Since ATF6a had previously been associated with
tumor cell dormancy (11), a hallmark of chemotherapy resistance,
we investigated the role of the PDIA5/ATF6a axis in cancer cell
resistance to imatinib. We showed that genetically or pharmaco-
logically impairing PDIAS activity restored imatinib sensitivity in
imatinib-resistant leukemia K562 cells (Fig. 6 and 7) and that this
was through an ATF6a-dependent mechanism (Fig. 7 and 8).
Thus, our data demonstrated the role of the PDIA5/ATF6a sig-
naling axis in the resistance of leukemia cells to imatinib. One can
anticipate that such results might also be observable in other mod-
els of drug resistance in cancer cells.

We further elaborated on the molecular mechanisms underly-
ing this phenomenon. It is currently accepted that the export of
ATF6a to the Golgi apparatus upon ER stress is controlled by the
dissociation from the ER chaperone BiP (6) and that the remod-
elling of intra- and intermolecular disulfide bonds formed in the
luminal domain of ATF6a is also involved in its activation process
(7, 8). We found that PDIA5 silencing caused the retention of
ATF6a in the ER under stress, thereby indicating that PDIA5 is
involved in the ATF6a activation mechanism upon ER stress.
Silencing of PDIA5 did not significantly affect the activation of the
other arms of the UPR. These results suggest possible mechanisms
of PDIA5-dependent reduction of ATF6«, including (i) direct re-
duction that could be further evaluated by the detection of a
mixed-disulfide ATF6a-PDIA5 species or, alternatively, by in
vitro catalysis of ATF6a reduction using a reconstituted system
and (ii) indirect reduction via hypo-oxidizing ER conditions,
which could be assessed by measuring the thiol-disulfide milieu in
the ER in control or PDIA5-silenced cells.

It has been clearly demonstrated in previous reports that select
protein complexes were essential to the fine regulation of IRE1
signaling (23). This protein platform, named the UPRosome, is
essential for controlling IRE1-dependent cell fate decisions upon
ER stress (24, 25). In view of the results presented here, one can
propose the emergence of the UPRosome as a general concept to
regulate the ER stress sensors and consequently the cellular out-
come resulting from their activation. In the case of ATF6a, the
complex(es) formed with PDIAS5 (this study) and BiP (6) in the ER
might represent the first example of an expanding family of
UPRosome platforms controlling UPR function.

In the present study, we also showed that ATF6a dissociation
from BiP, the first event occurring in response to ER stress, is
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necessary but not sufficient for ATF6a export. Interestingly, the
BiP binding site on ATF6a on amino acids 467 to 475 (6) also
encompasses a cysteine residue (peptide C2 [Fig. 5D]) that is im-
portant for the ATF6a activation process (reference 6 and this
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study). The dissociation from BiP could therefore represent an
early/upstream event in the process that could occur in conjunc-
tion with cysteine oxidation to favor its activation. Finally, the
expression of exogenous ATF6a-p50 is sufficient to rescue the

Cleavage

FIG 8 Schematic representation of the role of the PDIA5/ATF6a signaling axis

in chemoresistance in leukemia cells. Arrows represent activation pathways,

whereas inhibitory mechanisms are represented by T-bars. Broken lines represent pathways with uncharacterized mechanisms.
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activation deficiency observed upon PDIA5 silencing and the re-
sulting increased sensitivity of cells to ER stress (Fig. 5).

In conclusion, our results shed light on novel mechanisms that
are responsible for the control of ATF6a activation through redox
mechanisms and contribute to specific ER stress-induced signal-
ing loops (26), and they link this mechanism to the yet incom-
pletely understood mechanisms of resistance to chemotherapy.
Moreover, this study, by expanding the repertoire of molecular
intermediates involved in the regulation of ER stress signaling,
provides additional drug targets to bypass resistance to chemo-
therapy in cancer cells.
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