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Proper folding of secreted and transmembrane proteins made in the rough endoplasmic reticulum (ER) re-
quires oxygen for disulfide bond formation. Accordingly, ischemia can impair ER protein folding and initiate
the ER stress response, which we previously showed is activated in the ischemic heart and in culture cardiac
myocytes subjected to simulated ischemia. ER stress and ischemia activate the transcription factor, activating
transcription factor 6 (ATF6), which induces numerous genes, many of which have not been identified, or
examined in the heart. Using an ATF6 transgenic mouse model, we previously showed that ATF6 protected
the heart from ischemic damage; however, the mechanism of this protection remains to be determined. In
this study, we showed that, in the mouse heart, and in cultured cardiac myocytes, ATF6 induced the protein
disulfide isomerase associated 6 (PDIA6) gene, which encodes an ER enzyme that catalyzes protein disulfide
bond formation. Moreover, in cultured cardiac myocytes, ER stress-mediated PDIA6 promoter activation
was ATF6-dependent, and required an ER stress response element (ERSE) and a nearby CCAAT box element.
Electromobility shift assays and chromatin immunoprecipitation showed that ATF6 bound to the ERSE in the
PDIA6 promoter, in vitro, and in the mouse heart, in vivo. Gain- and loss-of-function studies showed that
PDIA6 protected cardiac myocytes against simulated ischemia/reperfusion-induced death in a manner that
was dependent on the catalytic activity of PDIA6. Thus, by facilitating disulfide bond formation, and enhanced
ER protein folding, PDIA6 may contribute to the protective effects of ATF6 in the ischemic mouse heart.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Perturbation of protein synthesis in the endoplasmic reticulum
(ER) by impaired glycosylation, decreased oxygen-mediated disulfide
bond formation, or depletion of ER calcium results in the accumula-
tion of terminally misfolded proteins [1–3]. Misfolded proteins trigger
the ER stress response, also known as the unfolded protein response
[3]. During the ER stress response, several transcription factors con-
tribute to the induction of a gene program that encodes proteins
designed to restore ER protein folding; however, if this initial attempt
to restore protein folding is insufficient, continued ER stress can lead
to apoptosis. One of the transcription factors activated during ER
stress is activating transcription factor 6 (ATF6) [4,5]. ATF6 binds to
specific elements in certain ER stress response genes, including ER
stress response elements, or ERSEs, through which the transcription
of a subset of genes is induced [6–8], which increases expression of
proteins, some of which are targeted to the ER where they enhance

the folding of nascent proteins in this organelle. The genes induced
by ATF6 during the initial, or acute phase of the ER stress response
are thought to be protective, since they encode proteins that are
mostly oriented toward restoration of ER protein folding [8,9]. How-
ever, if this initial phase does not effectively restore ER protein fold-
ing, continued ER stress activates apoptosis [10].

To examine the function of the ATF6 branch of the ER stress re-
sponse in the heart, we previously developed a line of transgenic
(TG) mice that expresses a conditionally activated form of ATF6 in
the myocardium. We have shown that in these TG mice, when ATF6
is activated, the hearts are resistant to ischemia/reperfusion injury
[9]. A microarray analysis of ATF6 TG mouse hearts showed that 381
genes were induced by ATF6; however, many of those genes were
not previously known to be ATF6-regulated, and/or have not been
previously studied in the heart [8]. Many of the ATF6-inducible
genes in the heart have consensus, or near-consensus ERSEs in their
regulatory regions, suggesting mechanisms by which ATF6 might in-
duce them [11]. One of the genes induced in the array was protein
disulfide isomerase associated 6, or PDIA6, which has not been studied
in the heart. PDIA6 was of interest, not only because of it being ATF6-
inducible, but also because it encodes a protein with a predicted ER
retention sequence, KDEL, and its predicted molecular mass matched
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that of a previously uncharacterized ER stress-inducible protein ob-
served in previous studies [12].

PDIA6 belongs to the protein disulfide isomerase (PDI) family of
proteins; some members of this family are encoded by ER stress re-
sponse genes. The PDIs are a specialized family of ER-resident chaper-
ones that facilitate the formation and isomerization of disulfide bonds
in the ER lumen [13]. Disulfide bond formation is one of the rate-
limiting steps in ER protein folding, and it is dependent on molecular
oxygen [14]. Accordingly, hypoxia-mediated activation of the ER
stress response during myocardial ischemia may up-regulate genes,
such as PDIA6, that increase ER-protein folding and disulfide bond
formation [15,16]. This increased ER-protein folding capacity may
aid in the survival of cardiac myocytes and limit ischemic damage
[17–19]. Consistent with this hypothesis are previous studies show-
ing that the ER stress response is activated in cultured cardiac
myocytes by simulated ischemia (sI), and in the border zone of in-
farcted mouse hearts, in vivo [12,15]. Moreover, PDIs have been linked
to cardioprotection [18,20]. In our efforts to determine the mecha-
nism by which the ATF6 branch of the ER stress response protects
the heart from ischemic damage, in the present study, we identified
PDIA6 as an ATF6-inducible, cardioprotective protein. While much is
known about other members of the PDI family of proteins, PDIA6 is
one of the least studied; moreover, to the best of our knowledge, it
has not been studied in the heart. Accordingly, the present study
was undertaken to determine the mechanism by which PDIA6 is
induced in cardiac myocytes, and to examine whether PDIA6 gain-
and loss-of-function affect cardiac myocyte survival during ischemic
stress.

2. Materials and methods

2.1. Cultured cardiac myocytes

Neonatal rat ventricular myocytes (NRVMCs) were isolated as de-
scribed [21] from 1-2-day-old Sprague–Dawley rat hearts digested
with collagenase, and purified by passage through a Percoll gradient,
as described [22].

2.2. Immunoblotting

Immunoblotting was carried out as previously described [23] using
antibodies raised against KDEL (cat# SPA-827, Stressgen, Ann Arbor,
MI), PDIA6 (cat# ab37756, Abcam, Cambridge, MA) or GAPDH (cat#
RDI-TRK5G4-6C5, Fitzgerald Industries International, Concord, MA) at
dilutions of 1:1000, 1:1000, and 1:1.5×105, respectively.

2.3. Immunopurification/depletion

Ten μg of KDEL antibody (cat# SPA-827, Stressgen, Ann Arbor, MI)
were combined with 40 μl of a 50% slurry of protein A sepharose
beads (Pierce Classic IP Kit, cat# 26146, Thermo Scientific, Rockford,
IL) and conjugated to the beads using 10 μl of disuccinimidylsuberate
(DSS) (cat# S1855, Sigma-Aldrich, St Louis, MO) at 13 mg/ml in
DMSO for 1 h at 22 °C. The KDEL antibody conjugated beads were
then used as per manufacturer's instructions (Pierce Classic IP Kit,
cat# 26146, Thermo Scientific, Rockford, IL).

2.4. ATF6-MER TG mice

The generation of ATF6-MER (mutant mouse estrogen receptor)
transgenic (TG) mice featuring cardiomyocyte-specific transgene ex-
pression was described previously [9]. Non-transgenic (NTG) and
ATF6-MER transgenic (TG)micewere treatedwith vehicle or tamoxifen,
which activates ATF6 only in the TG mouse hearts. Tamoxifen (cat#
T5648, Sigma-Aldrich, St Louis, MO) was suspended at 10 mg/ml in
100 μl of 95% ethanol and 900 μl of sunflower oil and sonicated until

clarified. Animals were injected intra-peritoneal (IP) with 20 mg/kg
tamoxifen, or with vehicle, once daily for 5 days. After 5 days, RNA was
extracted from mouse heart ventricles, as described [9].

2.5. Tandem mass spectrometry coupled to liquid chromatography
(LC–MS/MS)

Protein extracts were subjected to SDS-PAGE and then silver stained;
bands of interest were then excised and then digested with trypsin
(10 μg/ml) at 37 °C overnight. The digest was then subjected to LC–
MS/MS analysis, essentially as described in Shevchenko et al. [24],
using a linear quadrupole ion trap ThermoFinnigan LTQmass spectrom-
eter (San Jose, CA) equipped with a Michrom Paradigm MS4 HPLC, a
SpectraSystems AS3000 autosampler, and a nanoelectrospray source.

Mass spectrometric data were acquired by the Arizona Proteomics
Consortium supported by NIEHS grant ES06694 to the SWEHSC, NIH/
NCI grant CA023074 to the AZCC and by the BIO5 Institute of the Uni-
versity of Arizona.

2.6. Adenovirus constructs

Recombinant adenovirus (AdV) encoding only GFP (AdV-Con), GFP
and constitutively active ATF6α (GenBank™ accession number
NM_001107196) (AdV-ATF6) were generated, as described [12] ,
using the AdEasy System (cat# 240009, Aligent Technologies, La Jolla,
CA) [25]. PDIA6 (GenBank™ accession number NM_001004442) was
cloned from cDNA isolated from NRVMCs using primers in Table s1,
cloning. PCR-based mutagenesis (QuikChange site-directed mutagene-
sis kit, cat# 200518, Stratagene, Santa Clara, CA) was used, as per the
manufacturer's instructions, the generate a catalytically inactivemutant
of PDIA6 (PDIA6 CD) where the cysteine at positions 60, 63, 195, and
198 in PDIA6 were mutated to alanine. These forms of PDIA6 were
then used to generate recombinant AdV, as described above.

2.7. MicroRNA constructs

Recombinant adenovirus encoding either miRNA targeted to ATF6α
(miATF6), PDIA6 (miPDIA6) or a negative control (miCon)were created
using the Gateway System (cat# 11828‐029, Life Technologies,
Inc., Carlsbad, CA). The generation of the adenovirus encoding miRNA
targeted to ATF6 was previously described [15]. Two hairpin se-
quences to either ATF6α or PDIA6 were generated using Life Technol-
ogies' onlinemiRNA designer and ATF6α cDNA (GenBank™ accession
number NM_001107196) or PDIA6 cDNA (GenBank™ accession
number NM_001004442) (Table s2). The negative control sequence
(GTCTCCACGCGCATTACATTT) was provided by Life Technologies,
and is not targeted toward any known gene.

2.8. Virus generation

The recombinant adenovirus discussed in Sections 2.6 and 2.7
were created using the AdEasy system, as described [26].

2.9. Simulated ischemia/simulated reoxygenation

NRVMCs were maintained for 16 h in 2% FBS-supplemented medi-
um, then subjected to simulated ischemia (sI) or simulated ischemia
followed by reperfusion (sI/R), essentially as described [26]. Briefly,
for sI, the medium was replaced with glucose-free Dulbecco's modi-
fied Eagle's medium/F-12 containing 2% dialyzed fetal bovine serum,
and cultures were placed in a gas-tight chamber outfitted with a Bio-
Spherix PROOX model 110 controller, which was used to set the [O2]
to 0.1%. For sI/R, following sI, the medium was replaced with glucose-
containing Dulbecco's modified Eagle's medium/F-12 supplemented
with 2% fetal bovine serum albumin, and cultures were placed in an
incubator at ~20–21% O2.
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2.10. Quantitative real-time PCR (qRT-PCR)

RNA was extracted from NRVMCs or heart tissue using Quick-RNA
MiniPrep Kit, as per the manufacturer's instructions (cat# R1055,
Zymo Research, Irvine, CA). cDNA was generated using Superscript
III, as per the manufacturer's instructions (cat# 18080‐300, Life
Technologies, Carlsbad, CA). qRT-PCR was performed as described in
Martindale et al. [9] using the Biopioneer 2× qPCR Master mix (cat#
QPCR-10, Biopioneer, San Diego, CA) and the primers in Table s1,
qRT-PCR.

2.11. Luciferase reporter constructs

The rat 5′-flanking sequence of the PDIA6 gene (GenBank™ acces-
sion number NM_001004442) from nt −296 to +18 were cloned
into the pGL2 luciferase reporter vector (cat# E1631, Promega,
Madison, WI). Using PCR-based mutagenesis, as per manufacturer's in-
structions (QuikChange site-directed mutagenesis kit, cat# 200518,
Stratagene, Santa Clara, CA), the CCAAT box at−142, and/or the endo-
plasmic reticulum stress response element (ERSE) at −109 were
changed from ATTGG and CCAAT-N9-CCACG to TCCAG and GATCT-
N9-AACAT, respectively.

2.12. Luciferase reporter assay

NRVMCs were transfected, as described [26], with 15 μg of a plas-
mid encoding the luciferase reporter constructs generated above. The
cultures were then plated and after various treatments, the cell ex-
tracts were assayed for luciferase activity, as described in Craig et al.
[26].

2.13. Electro-mobility shift assay

Double-stranded synthetic oligonucleotides (Table s3) were la-
beled with 32P-dCTP (cat# BLU513Z250UC, Perkin-Elmer, Waltham,
MA) using Klenow fragment, as per manufacturer's instructions
(Klenow Fragment, cat# EP0051, Thermo-Fisher, Glen Burnie, MD).
The double-stranded synthetic oligonucleotides were then used as
32P-labeled probes, as described in the figure legends. Nuclear ex-
tracts were isolated from NRVMCs, as described in Dignam et al.
[27]. Nuclear extracts served as the source of nuclear proteins (e.g.
NF-Y, YY1, and TFII-I) that are needed to observe ATF6 binding to
ER stress response elements [28]. Binding assays were carried out as
described in Doroudgar et al. [15].

2.14. In vivo quantitative ChIP

Hearts from NTG and TG mice treated with tamoxifen were flash-
frozen, and 25 μg of tissue was processed, as per manufacturer's in-
structions (ChampionChIP One-Day kit, cat# 334471, SA Biosciences,
Frederick, MD). Approximately 200 μg of samples were used for pre-
clearing, then 30 μl of the subsequent supernatant (pre-cleared
fraction) was used in the immunoprecipitation, using either 10 μg of
FLAG antibody (cat# F1804, Sigma-Aldrich, St Louis, MO), or non-
immune IgG beads, which served as the non-immune control, as per
manufacturer's instructions (ChampionChIP One-Day kit, cat#
334471, SA Biosciences, Fredrick, MD).

Primer sets (Table s1, ChIP) that flank the ER stress response ele-
ments in the promoter regions of genes-of-interest were designed,
or in the case of GAPDH, which does not contain ER stress response
elements, primers were designed to overlap a randomly selected por-
tion of the promoter.

2.15. Live/dead assay

Assessment of cell death in NRVMCs was performed using Hoescht
(cat# H21486; Life Technologies, Inc., Carlsbad, CA) and propidium
iodide (cat# P1304MP, Life Technologies, Inc., Carlsbad, CA), as de-
scribed [11].

2.16. Animals

Approximately 18 adult male C57/BL6 mice (6 NTG and 12 ATF6-
MER TG mice), and 100 1–4 day-old Harlan Sprague–Dawley rats
were used in this study. All procedures involving animals were carried
out in accordance with the San Diego State University Institutional
Animal Care and Use Committee.

2.17. Statistical analyses

Data are reported asmean±SEMand analyzed via Student's t‐test, or
1-way ANOVA with Newman–Keuls post-hoc analysis, when appropri-
ate, using Graphpad Prism version 4. Unless otherwise stated in the fig-
ure legends, *, δ, ψ=p≤0.05, **, δδ=p≤0.01 and ***, δδδ=p≤0.001
different from all other values.

3. Results

3.1. Identification of PDIA6 in cardiac myocytes

We previously showed that, in cardiac myocytes, ER stresses, such
as simulated ischemia (sI), or simulated ischemia/reperfusion (sI/R),
increased the expression of numerous ER proteins, including some
that assist in ER protein folding, such as chaperones and protein disul-
fide isomerases [8,9,11,12]. Many of these proteins, such as glucose-
regulated protein-78 (GRP78) and glucose-regulated protein-94
(GRP94) [29], have a C-terminal KDEL motif through which they
bind to the KDEL-receptor, which facilitates their retrograde trans-
port from the Golgi to the ER, and thus their retention in the ER
[30,31]. An antibody raised against KDEL (anti-KDEL) is often used
to assess expression of such proteins in response to ER stress [32].
When anti-KDELwas used in immunoblots of extracts of cultured cardi-
acmyocytes that had been treatedwith tunicamycin (TM), or subjected
to sI, or sI/R, the expression of two major KDEL-cross-reactive proteins,
known to be GRP78 and GRP94, was increased, as expected (Fig. 1A,
GRP94 and GRP78). A previously unidentified anti-KDEL cross-reactive
protein of about 50 kD was also induced (Fig. 1A, arrow), suggesting
that it has a function in ER-stressed cardiac myocytes.

In order to determine the function of the 50 kD anti-KDEL cross-
reactive protein in cardiac myocytes, it was necessary to determine
its identity. Accordingly, proteins in cardiac myocyte extracts with
C-terminal KDEL motifs were isolated by anti-KDEL affinity purifica-
tion; the 50 kD anti-KDEL cross-reactive material was analyzed by
LC–MS/MS and shown to contain protein disulfide isomerase-
associated 6 (PDIA6), a member of the protein disulfide isomerase
(PDI) family of thiol oxidoreductases. In order to verify this initial iden-
tification, immunoblots were carried out using a PDIA6-specific anti-
body (anti-PDIA6), and the results were compared to those obtained
with anti-KDEL. In comparison to the 50 kD anti-KDEL cross-reactive
protein, there was an increase in the 50 kD anti-PDIA6 cross-reactive
band in response to TM (Fig. 1B). Moreover, when cultured cardiac
myocytes were infected with an adenovirus (AdV) encoding native
PDIA6 (AdV-PDIA6), there was a 275-fold increase in PDIA6 mRNA
(Fig. 1C, top), as expected, as well as coordinate increases in the levels
of 50 kDanti-KDEL, and anti-PDIA6 cross-reactivematerial (Fig. 1C, bot-
tom arrow and PDIA6). Conversely, when cardiac myocytes were
infected with an AdV encoding a microRNA targeted to endogenous
PDIA6 mRNA (AdV-miPDIA6), there was a 70% decrease in PDIA6
mRNA (Fig. 1C, top), as well as coordinate decreases in the levels of
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the 50 kD anti-KDEL and anti-PDIA6 cross-reactive material (Fig. 1D,
bottom arrow and PDIA6). Furthermore, when anti-PDIA6 was used to
deplete cardiac myocyte lysates, the 50 kD anti-KDEL cross-reactive
material decreased (Fig. 1E, arrow). Taken together the results in
Fig. 1 and the LC–MS/MS protein sequencing demonstrate that the
50 kD anti-KDEL cross-reactive protein was PDIA6.

3.2. Effects of ER stress on PDIA6 expression

To characterize the mechanism of PDIA6 induction in cardiac
myocytes, the effects of the ER stress-activated transcription factor,
ATF6, were examined. When cardiac myocytes were infected with a
recombinant AdV encoding activated ATF6 (AdV-ATF6) [33], ATF6
mRNA was increased about 50-fold (Fig. 2A). In cultures infected
with AdV-ATF6, PDIA6 mRNA and protein increased by 8- and 13-
fold, respectively (Figs. 2B and C). To explore the effect of endogenous
ATF6 on PDIA6 induction, a recombinant AdV encoding a microRNA
(miRNA) targeted to rat ATF6 (AdV-miATF6) was used [15]. Cultures
infected with AdV-miATF6 exhibited a 70% reduction in the quantity
of ATF6 mRNA (Fig. 3A), thus validating the utility of this reagent
for knocking down endogenous ATF6 in cultured cardiac myocytes.
TM-mediated induction of PDIA6 mRNA and protein was reduced by
about 50% and 80%, respectively (Fig. 3B, bar 4; Fig. 3C, bar 4).
Taken together, the results shown in Figs. 2 and 3 demonstrate that

in cultured cardiac myocytes, ER stress-mediated PDIA6 induction
was partly dependent upon transcriptional induction by ATF6. Since
ER stressors, such as TM, activate ATF6, which increases transcription
of certain ER stress response genes, the effects of ER stress and ATF6
on PDIA6 promoter activation were examined.

3.3. Regulation of PDIA6 promoter activation and ER stress response
element identification

A construct composed of the nucleotides −296 to +18 of the
PDIA6 promoter driving firefly luciferase (Fig. 4A) was transfected
into cultured cardiac myocytes, which were then treated with TM,
sI, or AdV-ATF6. These treatments increased PDIA6 promoter activity
by ~2- to 6-fold (Fig. 4B, bars 1–3; Fig. 4C, bars 1, 2). A search for ER
stress response elements (ERSEs) revealed an region spanning nts
−109 to −90 of the PDIA5 5′-flanking sequence that comprised a
CCAAT box element, followed by 9 nts then a CCACG sequence,
which fulfills the requirements of an ERSE [4,28]. Transcriptional in-
duction via ERSEs by ATF6 requires that the nuclear protein, NF-Y,
binds to the CCAAT box portion of the ERSE, and that ATF6 binds to
NF-Y and to the CCACG portion of the ERSE [28]. Thus, while NF-Y
can bind directly to ERSEs via CCAAT sequences, ATF6 binding to
ERSEs requires that ATF6 also binds to NF-Y. The search also revealed
a CCAAT box about 30 nt 5′ of the ERSE, between nts −142 to −137,

Fig. 1. Identification of PDIA6 as a 50 kD anti-KDEL cross-reactive protein. Panels A and B — NRVMCs were treated with or without 10 μg/ml of TM for 24 h, or subjected to 20 h of
simulated ischemia (sI), or 20 h of simulated ischemia followed by 24 h of simulated reperfusion (sI/R). Culture extracts were then analyzed by immunoblotting using anti-KDEL,
anti-PDIA6, and anti-GAPDH antibodies. The arrow shows the location of the 50 kD anti-KDEL cross-reactive protein. n=3 cultures per treatment. Panel C— NRVMCs were infected
with either a control adenovirus (AdV-Con), or an adenovirus encoding PDIA6 (AdV-PDIA6). Forty-eight hours later, culture extracts were analyzed by qRT-PCR to determine the
levels of PDIA6 and GAPDH mRNAs (top). Values are mean PDIA6/GAPDH mRNA±SE (n=3). Cultures were also analyzed by immunoblotting with anti-KDEL or anti-PDIA6 anti-
bodies (bottom), n=3 cultures per treatment. Panel D— NRVCMs were infected with an adenovirus encoding a control microRNA (AdV-miCon), or a microRNA designed to reduce
the expression of PDIA6 (AdV-miPDIA6). Forty-eight hours later, culture extracts were analyzed by qRT-PCR to determine the levels of PDIA6 and GAPDH mRNAs (top). Values are
mean PDIA6/GAPDHmRNA±SE (n=3). Cultures were also analyzed by immunoblotting with anti-KDEL or anti-PDIA6 antibodies (bottom), n=3 cultures per treatment. Panel E—

NRVMCs were treated with or without 10 μg/ml TM for 24 h, and lysates were incubated with either a non-immune antibody, or with anti-PDIA6, followed by immune complex
removal, then analysis of the supernatants by immunoblotting with anti-KDEL, n=3 cultures per treatment. The arrow shows the location of the 50 kD anti-KDEL cross-reactive
protein.
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Author's personal copy

which was not part of a consensus ERSE. NF-Y binding to such isolated
CCAAT boxes can increase transcription of some ER stress response
genes [34,35]. Since isolated CCAAT boxes and ERSEs can mediate
transcriptional induction upon ER stress, the effects of mutating
these two elements on PDIA6 promoter activity were examined. Mu-
tating the isolated CCAAT box alone (Fig. 4A, M1) slightly increased
promoter activation in response to TM or sI (Fig. 4B, bars 5, 6),
while it slightly decreased promoter activation in response to ATF6
(Fig. 4C, bar 4). However, mutations to the ERSE that are predicted
to disrupt NF-Y and ATF6 binding (Fig. 4A, M2) decreased promoter
activation by 3- to 4-fold in response to all of the treatments
(Fig. 4B, bars 8, 9, Fig. 4B, bars 5, 6). When the isolated CCAAT box
and ERSE were both mutated (Fig. 4A, M1+M2), promoter activation
was completely lost (Fig. 4B, bars 10–12; Fig. 4C, bars 7, 8). Thus,
while the ERSE seemed to be the dominant element, the isolated
CCAAT box exerted inhibitory effects in the native promoter, but in
the absence of the ERSE, it appeared to be capable of mediating
some promoter activation, albeit relatively small.

To examine the mechanisms by which these elements regulate the
PDIA6 promoter, electromobility shift assays (EMSAs) were per-
formed using oligonucleotide probes that mimicked the region of
the promoter containing either the isolated CCAAT box, or the ERSE
(Fig. 5A, CCAAT box probe, ERSE probe). Since the binding of ATF6
to ERSEs requires NF-Y, nuclear extracts of untreated cardiac
myocytes were used in the EMSAs as a source of NF-Y, as previously
described [28,36–38]. Incubation of nuclear extract with either the
ERSE or CCAAT box probe resulted in formation of a complex
(Fig. 5B, lanes 2 and 7), which is due to NF-Y binding to the CCAAT
box region of each probe. Addition of ATF6 decreased the mobility of
the ERSE probe (Fig. 5B, lane 3), and the addition of ATF6 and an
ATF6 antibody further decreased the mobility of ERSE probe (Fig. 5B,

Fig. 2. Effect of AdV-ATF6 on PDIA6 expression. Panel A — NRVMCs were infected with
AdV-Con or AdV-ATF6. Twenty-four hours later, cultures were analyzed for ATF6 and
GAPDH mRNAs. Values are mean ATF6/GAPDH mRNA±SE, n=3 cultures per treatment.
Panel B—NRVMCswere infectedwith AdV-Con or AdV-ATF6. Forty-eight hours later, cul-
ture extracts were analyzed for PDIA6 and GAPDHmRNA. Values aremean PDIA6/GAPDH
mRNA±SE, n=3 cultures per treatment. Panel C—NRVMCswere treated as described for
Panel A, except extracts were analyzed for PDIA6 and GAPDH protein by immunoblotting.
Relative blot intensities of PDIA6/GAPDH expressed as fold of control (bottom). Values are
mean relative PDIA6/GAPDH±SE, n=3 cultures per treatment.

Fig. 3. Effect of knocking down endogenousATF6onPDIA6expression. PanelA—NRVMCs
were infected with adenovirus encoding AdV-miCon, or AdV-miATF6. Twenty-four hours
later, cultures were analyzed for ATF6 and GAPDHmRNAs. Values are mean ATF6/GAPDH
mRNA±SE, n=3 cultures per treatment. Panel B — NRVMCs were infected with AdV-
miCon, or AdV-miATF6. Twenty-four hours later, cultures were treated with or without
10 μg/ml of TM for 24 h, then analyzed for PDIA6 and GAPDH mRNA. Values are mean
PDIA6/GAPDHmRNA±SE, n=3 cultures per treatment. Panel C—NRVMCswere infected
with AdV-miCon, or AdV-miATF6. Twenty-four hours later, cultures were treated with or
without 10 μg/ml of TM for 24 h, and then analyzed for PDIA6 and GAPDH by immuno-
blotting. Image quantification of the blots shown at the top of Panel C is plotted at the
bottom. Values are PDIA6/GAPDH±SE, n=3 cultures per treatment.
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lane 4), which verified ATF6 binding [39]. In contrast, neither ATF6, nor
ATF6 antibody affected the mobility of the CCAAT box probe (Fig. 5B,
lanes 8 and 9), demonstrating that ATF6 did not bind to the isolated
CCAAT box. The reduction of the intensity of the complex observed
when ATF6 was added to the CCAAT box probe (Fig. 5B, lanes 8 and 9)
is most likely due to the titration of NF-Y off the probe by ATF6, which
can bind to NF-Y in the absence of DNA [28].

Since the promoter/luciferase experiments suggested that the iso-
lated CCAAT box and the ERSE might both contribute to regulating the
PDIA6 promoter, EMSAs were carried out using a probe that had both
the isolated CCAAT box and the ERSE in their native relative positioning
(Fig. 5A, CCAAT box/ERSE double probe). Incubation of nuclear extract
with the double probe resulted in two complexes (Fig. 5C, lane 2).
Mutations to either element in the double probe disrupted the slower-
migrating complex, but not the faster-migrating complex (Fig. 5C,
lanes 7 and 12), indicating that the slower complex was due to NF-Y
binding to both sites, while the faster complex was due to NF-Y binding
to either one of the sites. Addition of an NF-Y antibody disrupted both
complexes (Fig. 5D, lanes 2 and 3) further demonstrating that it was re-
sponsible for the formation of both complexes. Addition of ATF6 to the
double probe resulted in the formation of a new, slowermigrating com-
plex, (Fig. 5C, lane 3) that was sensitive to addition of ATF6 antibody

(Fig. 5C, lane 4), indicating that the slowly migrating complex in
Fig. 5C, lane 3 was the result of ATF6 binding. The complexes formed
using the double probe in which the CCAAT box was mutated (Fig. 5C,
lanes 6–10) resembled those formed using the ERSE probe (Fig. 5B,
lanes 1–5), indicating that NF-Y and ATF6 bound to the ERSE in the dou-
ble probe. Moreover, the complex formed using the double probe in
which the ERSE was mutated (Fig. 5C, lanes 11–15) resembled that
formed using the CCAAT box probe (Fig. 5B, lanes 6–10), indicating
that NF-Y, but not ATF6, bound to the isolated CCAAT box in the double
probe.

Taken together, these results showed that NF-Y bound to the iso-
lated and ERSE-associated CCAAT box elements in the double probe,
while ATF6 bound only to the ERSE (Fig. 5E). Moreover, with the re-
sults shown in Fig. 4, the results in Fig. 5 suggest that, in the native
promoter, binding of NF-Y to the CCAAT box element may reduce pro-
moter activity, perhaps because ATF6 may be titrated off the ERSE by
the NF-Y on the isolated CCAAT box element, thus reducing the
amount of ATF6 available to bind to the ERSE. However, since some
promoter activity remained after mutation of the ERSE, and since
this remaining activity was extinguished by mutations to both the
ERSE and the CCAAT box, it is apparent that the CCAAT box alone con-
fers some PDIA6 promoter activation in response to ER stress.

3.4. ATF6 regulates PDIA6 expression, in vivo

Since ATF6 was required for maximal PDIA6 promoter activation,
and since it bound to oligonucleotides mimicking the ERSE in the pro-
moter, we determined whether ATF6 bound to the PDIA6 promoter, in
vivo, using ATF6 transgenic (TG) mouse hearts. In a model in which a
FLAG tagged tamoxifen-inducible form of ATF6 was expressed (ATF6
TG), ER stress response genes are activated in response to tamoxifen
treatment [9]. To determine whether PDIA6 was induced by ATF6 in
this mousemodel, non-transgenic (NTG) and ATF6 TGmicewere treat-
ed with, or without tamoxifen, then RNAwas isolated from their hearts
and was examined for PDIA6 expression. PDIA6 mRNA levels increased
by about 5-fold in tamoxifen-treated ATF6 TGmice, butwere unaffected
in the other groups (Fig. 6A), thus verifying that ATF6 induced PDIA6 in
mouse hearts, in vivo. Chromatin immunoprecipitation (ChIP) showed
that the PDIA6 promoter was enriched in tamoxifen-treated ATF6 TG
mouse hearts, but not in NTG mouse hearts when DNA bound to ATF6
was isolated (Fig. 6B; PDIA6). ChIP analyses of the same samples for
the ER stress response gene, heme-oxygenase 1 (HO-1) served as a neg-
ative control (Fig. 6B; HO-1), since its promoter lacks ERSEs, or any
other known ATF6 binding sites [8,40]. These results demonstrate that
activated ATF6 bound directly to the PDIA6 promoter in the mouse
heart and regulated its activity, in vivo.

3.5. PDIA6 is cardioprotective

To examine the function of PDIA6, AdV-PDIA6 and AdV-miPDIA6
were used in cultured cardiac myocytes to assess the effects of PDIA6
gain- and loss-of-function, respectively. Compared to AdV-Con, cultures
infected with AdV-PDIA6 (Fig. 7A, top) exhibited significantly less cell
deathwhen subjected to sI/R (Fig. 7A, bars 4 and 5). Furthermore, infec-
tion with an AdV that encodes a form of PDIA6 that is catalytically inac-
tive (AdV-PDIA6-CD) (Fig. 7A, top) did not protect the cells from sI/R-
induced cell death (Fig. 7A, bar 6). Conversely, knocking down PDIA6
using AdV-miPDIA6 (Fig. 1D) resulted in increased cell death under
control conditions and upon sI/R (Fig. 7B). These results demonstrate
that PDIA6 can protect cardiac myocytes from sI/R induced death and
this protection is dependent on the oxidoreductase activity of PDIA6.

4. Discussion

Secretory proteins, including growth factors, hormones, and stem
cell homing factors, as well as membrane proteins, such as receptors

Fig. 4. Effect of TM, sI, or AdV-ATF6 on the PDIA6 promoter. Panel A— The promoter and
5′-flanking region of the rat PDIA6 gene from−296 to +18 is shown, as are the putative
CCAAT box and ERSE at −142 to-137 and 109 to −90, respectively. M1 and M2 denote
mutations 1 and 2 that were made in the PDIA6 5′-flanking sequence. The sequences of
the native CCAAT box and ERSE are shown, and the mutations are shown below. These
mutations were prepared in a manner predicted to disrupt NF-Y and ATF6 binding to
these elements. Panel B— NRVMCs were transfected with either an empty vector control,
or with wild type ormutated PDIA6-luciferase constructs, as shown. After 24 h, cells were
subjected to 20 h of sI, or treated with 10 μg/ml of TM for 24 h, and then analyzed for re-
porter activity. Values are the mean luciferase activity expressed as fold of empty vector
control±SE, n=3 cultures per treatment. Panel C — NRVMCs were transfected as de-
scribed in Panel B, and then infected with either AdV-Con, or AdV-ATF6. Twenty four
hours later, cell extractswere analyzed for reporter activity. Values are themean luciferase
expressed as fold empty vector control±SE, n=3 cultures per treatment.
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and ion channels, are made in the ER, and sarcoplasmic reticulum
(SR) of cardiac myocytes [41]. In most cells, secretory and membrane
proteins account for at least one-third of all proteins produced. Most
secretory and membrane proteins contain disulfide bonds that are re-
quired for their functions [42]. Therefore, protein disulfide bond for-
mation in the ER/SR is critical for a significant portion of protein
synthesis and, thus, is required for proper function of all organs, in-
cluding the heart. This emphasizes the essential role played by the
proteins responsible for disulfide bond formation, the protein disul-
fide isomerases (PDIs), which have not been studied extensively in
the heart.

In this study, we characterized the PDI family member, PDIA6, also
called ERp5, PDI P5, TXNDC7, in cultured cardiac myocytes, and in the
mouse heart.We showed that PDIA6 expressionwas increased by chem-
ical ER stressors, as well as by simulated ischemia-mediated ER stress.
The nodal ER stress-activated transcription factor, ATF6, which is cardi-
oprotective [9] and activated by ischemia [15], was shown to induce
PDIA6 in cultured cardiac myocytes, and in the myocardium, in vivo.
Moreover, wild type PDIA6 protected cardiac myocytes from ischemia-
mediated cell death, while a mutant form of PDIA6 that lacks disulfide
isomerase activity was not protective. These results suggest that by serv-
ing a central role in secretory andmembrane protein folding, PDIA6 con-
tributes to the mechanisms by which ATF6 protects the heart from
damage during ischemia.

Although little is known about PDIA6, and it has not been studied
in the heart, the PDI family has been extensively studied [43,44]. The
PDI family comprises 20 diverse members, ranging in molecular
weight from about 18 to 80 kD. The PDIs have been shown to partic-
ipate in oxidative disulfide bond formation of nascent proteins in the
ER, but also many other functions, such as chaperone and, perhaps,
regulation of calcium levels in the ER. PDI family members vary in do-
main arrangement, but have at least one domain that resembles
thioredoxin, as well as -Cys-X-X-Cys- motifs that participate in the ca-
talysis of disulfide bond formation in newly synthesized proteins. Like
other PDI family members, PDIA6 is ubiquitously expressed in human

Fig. 5. Electromobility shift assays. Panel A — Shown are diagrams of the probes containing the isolated PDIA6 ERSE, PDIA6 CCAAT box and a “double” probe containing both ele-
ments. 32P-labled overhangs are shown in italics and the relevant elements are highlighted in gray. Panel B — ERSE and CCAAT box Probes: EMSA reactions were carried out as
described in the methods using radiolabeled ERSE or CCAAT box probes, as shown. Reactions analyzed in lanes 1 and 6 contained only the probes, while those in lanes 2–5 and
7–10 contained nuclear extract from NRVMCs, recombinant ATF6(116–373) obtained from in vitro transcription/translation reactions, and/or anti-ATF6, as shown. Panel C —

CCAAT box/ERSE double probe: binding reactions were carried out using either wild type probe (lanes 1–5), probe with the isolated CCAAT box mutated (lanes 6–10), or probe
with the ERSE mutated (lanes 11–15). All other additions were made as described in Materials and methods and in the legend to Panel A. Panel D— Effect of NF-Y antibody: binding
reactions were carried out using the CCAAT box/ERSE double probe and the other additions, as shown. Panel E — Diagram of NF-Y and ATF6 binding to the CCAAT box and ERSE in
the PDIA6 promoter.

Fig. 6. PDIA6 expression in ATF6 TG mouse hearts and ATF6 binding to the PDIA6 pro-
moter in mouse hearts, in vivo. Panel A — NTG and ATF6 TG mice were treated with or
without tamoxifen for 5 days, after which hearts were extracted and analyzed for
PDIA6 and GAPDH mRNA by qRT-PCR. Values are mean PDIA6/GAPDH mRNA±SE,
n=3 mice per treatment. Panel B — Quantitative ChIP analysis was carried out to de-
termine the ability of ATF6 to bind to the PDIA6 and hemoxygenase-1 (HO-1) pro-
moters in the mouse heart, in vivo. Chromatin was isolated from NTG and ATF6 TG
mouse hearts, and then subjected to FLAG IP. Isolated chromatin was then examined
by quantitative PCR using primers targeted to the mouse PDIA6 and mouse HO-1 pro-
moters. Shown is the quantitation of the PCR products obtained, n=3 mice per
treatment.
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tissue (BioGPS, 207668_x_at), albeit at different levels, depending
upon the tissue [45], and, although each member can facilitate disul-
fide bond formation in numerous proteins, they appear to exhibit a
certain degree of client selectivity [46]. Moreover, the various PDI
family members exhibit cell- and stimulus-specific induction re-
sponses. For example, hypoxia was shown to induce PDIA6 in head
and neck carcinoma cells, but not in cervical carcinoma cells [43].

Although the precise function of PDIA6 in cardiac myocytes is yet to
be determined, it is safe to speculate that it most likely contributes to
oxidative protein disulfide bond formation in nascent secretory and
cell-membrane proteins made in the ER/SR of cardiac myocytes. Since
PDI-mediated disulfide bond formation requires oxygen, the induction
of PDIA6 by ischemia, which we showed to be ATF6-dependent, likely
represents a compensatory response to the ER stress that is generated
upon the accumulation of misfolded proteins in the ER/SR of ischemic
cardiacmyocytes. It is of further interest to note that in the sole previous
paper in which hypoxia was shown to induce PDIA6, compared to at-
mospheric oxygen levels of 21%, 1% oxygen resulted in minimal PDIA6
induction, while 0% oxygenmaximally induced PDIA6 [47]. This further
supports the hypothesis that PDIA6 is induced by hypoxia-mediated ER
stress, because ER stress is not activated until oxygen levels decrease
to about 0.1% [15]. Indeed, ER stress is activated during myocardial in-
farction and stroke [9,15,48] and some studies support the notion that

under these conditions, ER stress promotes survival [9,12,19]. More-
over, we previously showed that the 50 kD anti-KDEL cross-reactive
protein identified in this study as PDIA6, was strongly upregulated in
cultured cardiac myocytes exposed to simulated ischemia [12].

In addition to its role in oxidative protein disulfide bond formation
in the ER, PDIA6 has been shown to have other functions. For exam-
ple, in agonist-treated platelets, PDIA6 translocates from the ER to
the cell surface, where it participates in the final aspects of platelet ac-
tivation, such as α-granule secretion and the binding of platelets to fi-
brinogen; these activities were shown to depend upon PDIA6 enzyme
activity [49]. Interestingly, in the same study, cell-surface PDIA6 was
found to associate with integrins, suggesting that PDIA6 may contrib-
ute to platelet activation by affecting the configuration of disulfide
bonds of several integrins. These intriguing effects were extended
further when it was shown that PDIA6 was one of several other ER
proteins that relocated to the cell surface upon plasma membrane
wounding [50]. Cell-surface PDIA6 has also been shown to promote
tumor immune evasion through the shedding of tumor associated li-
gands [51]. Additionally, PDIA6 has been found on the inner side of
the inner mitochondrial membrane, but currently the function of
PDIA6 in mitochondria is not known [52]. Thus, in the heart, PDIA6
may play diverse roles beyond ER/SR protein disulfide bond forma-
tion, including functioning on the cell surface and in mitochondria
in ways that regulate cardiac myocyte signaling from both the inside
and outside of the cell.

5. Conclusions

In this study we identified PDIA6 as a previously uncharacterized
50 kD anti-KDEL cross-reactive protein that is induced by hypoxic and
ischemic stress in various cells and tissues, including the heart. More-
over, this study showed that, upon simulated ischemia, PDIA6 was in-
duced in cardiac myocytes in an ATF6-dependent manner. These
findings are consistent with another recent study which showed that
another member of the ER protein disulfide isomerization coupling re-
action, ERO1, is also strongly induced in cultured cardiac myocytes by
hypoxia [53]. Thus, the ER/SR thiol oxidoreductase enzyme system is
likely to serve important roles in the biosynthesis of numerous secreted
and membrane proteins that are required for proper cardiac myocyte
and heart function, supporting the hypothesis that the induction of en-
zymes, such as PDIA6, may help protect the myocardium in response to
pathological ER stresses, such as ischemia.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.yjmcc.2012.05.005.
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