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The disruption of the energy or nutrient balance triggers endoplasmic reticulum (ER) stress, a process
that mobilizes various strategies, collectively called the unfolded protein response (UPR), which rees-
tablish homeostasis of the ER and cell. Activation of the UPR stress sensor IRE1a (inositol-requiring
enzyme 1a) stimulates its endoribonuclease activity, leading to the generation of the mRNA encoding
the transcription factor XBP1 (X-box binding protein 1), which regulates the transcription of genes en-
coding factors involved in controlling the quality and folding of proteins. We found that the activity of
IRE1a was regulated by the ER oxidoreductase PDIA6 (protein disulfide isomerase A6) and the micro-
RNA miR-322 in response to disruption of ER Ca2+ homeostasis. PDIA6 interacted with IRE1a and
enhanced IRE1a activity as monitored by phosphorylation of IRE1a and XBP1 mRNA splicing, but
PDIA6 did not substantially affect the activity of other pathways that mediate responses to ER stress.
ER Ca2+ depletion and activation of store-operated Ca2+ entry reduced the abundance of the microRNA
miR-322, which increased PDIA6 mRNA stability and, consequently, IRE1a activity during the ER stress
response. In vivo experiments with mice and worms showed that the induction of ER stress correlated
with decreased miR-322 abundance, increased PDIA6 mRNA abundance, or both. Together, these find-
ings demonstrated that ER Ca2+, PDIA6, IRE1a, and miR-322 function in a dynamic feedback loop mod-
ulating the UPR under conditions of disrupted ER Ca2+ homeostasis.
em
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INTRODUCTION

The endoplasmic reticulum (ER) is involved in the production of newly
synthesized secretory and membrane proteins, where several mecha-
nisms control proper folding and posttranslational modifications of these
proteins. Many different intrinsic and extrinsic factors may disrupt ER ho-
meostasis, leading to the activation of ER stress coping responses and
multiple corrective strategies (1). A strategy to restore homeostasis is
the activation of the unfolded protein response (UPR) (2, 3). The UPR
is a dynamic signal transduction pathway that reduces unfolded protein
load by attenuating protein synthesis, increasing protein chaperone pro-
duction, and augmenting ER-associated degradation (ERAD) and au-
tophagy (3–6). The UPR signals through activating transcription factor
6 (ATF6); inositol-requiring enzyme 1a (IRE1a), a bifunctional protein
kinase and endoribonuclease; and double-stranded RNA–activated pro-
tein kinase–like ER kinase (PERK), which phosphorylates and inacti-
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vates eukaryotic translation initiation factor 2 on the a subunit (eIF2a).
These sensors are maintained in an inactive state through interaction
with the ER chaperone immunoglobulin binding protein (BiP) (4–6).
As misfolded proteins in the ER accumulate, BiP binds to them to pre-
vent aggregation and in the process is released from the sensors, per-
mitting their activation. Each sensor activates downstream factors that
transcriptionally regulate genes that enable adaptation to stress or trig-
ger the induction of apoptosis. For example, activated IRE1a undergoes
autophosphorylation and oligomerization, leading to the conformational
activation of the endoribonuclease domain, which splices the mRNA en-
coding the transcription factor XBP1 (X-box binding protein 1). This pro-
cessing event removes a 26-base intron in the coding region that changes
the reading frame, producing the transcription factor spliced XBP1 (XBP1s)
(7). XBP1s binds to ER stress elements (ERSEs) and UPR elements (UPREs)
to transcriptionally activate genes encoding proteins involved in protein
folding, transport, and ERAD (8, 9). Depending on the intensity and the
duration of the stress stimuli, UPR signaling events may trigger cell adapta-
tion or the induction of apoptosis through complementary mechanisms in-
cluding BCL-2 family members, microRNAs (miRNAs), and other factors
(1, 10, 11).

Depletion of ER Ca2+ stores results in the activation of store-operated
Ca2+ entry (SOCE), an important Ca2+ signaling pathway (12). Prolonged
ER Ca2+ depletion, in addition to the induction of SOCE, is also a potent
inducer of ER stress, resulting in disrupted ER homeostasis, accumula-
tion of misfolded proteins, and activation of the three branches of the
UPR (1, 6). Fine-tuning the UPR response is fundamental to determine
whether cells survive or undergo apoptosis under ER stress, and increasing
evidence indicates that the activity of the UPR sensors may be modulated
ww.SCIENCESIGNALING.org 10 June 2014 Vol 7 Issue 329 ra54 1
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through the direct binding of specific regulators (6). Here, we focused on
identifying ER stress coping responses induced by disruption of the ER
homeostasis by depletion of ER Ca2+ stores. We used a small interfering
RNA (siRNA) library screen combined with deep sequencing miRNA
analysis to identify factors that mediate UPR modulation. We discovered
that silencing of the gene encoding PDIA6, an ER-resident oxidoreduc-
tase, affected ER Ca2+ depletion–dependent activation of the IRE1a sig-
naling branch. Deep sequencing analysis identified miR-322 as one of the
miRNAs that were significantly decreased in abundance after ER Ca2+

store depletion–induced ER stress. We also showed that Ca2+ store deple-
tion and SOCE activation–dependent activation of IRE1a by PDIA6 were
affected by Ca2+ and miR-322. The PDIA6 gene was a target of miR-322,
and miR-322 abundance was sensitive to changes in ER and cytosolic Ca2+

concentrations. This work identified PDIA6 as a component of the UPR
and demonstrated interplay between ER and cytosolic Ca2+, PDIA6, IRE1a,
and miR-322 as a part of a coping mechanism activated by disrupted ER
Ca2+ homeostasis and activation of SOCE as an adaptive response to cope
with ER stress.
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RESULTS

An siRNA screen identifies a role for PDIA6 in Ca2+

store depletion–induced UPR
To identify the molecular factors involved in the ER luminal Ca2+ depletion–
dependent modulation of the UPR, we performed a genome-wide siRNA
screen for genes required for IRE1a activation or inactivation. We used
NIH-3T3 cells transfected with the pRL-IXFL XBP1 mRNA splicing re-
porter plasmid (fig. S1) (13).

To identify genes required for Ca2+ store depletion–induced ER stress,
reporter cells transfected with the siRNA library were treated with thapsigargin,
a SERCA (sarcoplasmic/endoplasmic reticulum Ca2+ ATPase) inhibitor, to
induce ER Ca2+ depletion and activation of SOCE (14). The library in-
cluded internal controls such as a scrambled siRNA, an siRNA targeting
IRE1a as a negative control, and an siRNA targeting BiP as a positive con-
trol for ER stress (fig. S2). Analysis of about 6600 genes identified 5 gene
candidates whose knockdown produced the highest increase and 4 genes
whose knockdown produced the greatest decrease in IRE1a reporter activity
in response to ER stress due to ER Ca2+ store depletion (Table 1). One of
the genes in the latter group was PDIA6, which encoded an ER luminal
oxidoreductase. This protein was selected for further analysis on the
basis of its subcellular localization and statistical analysis.

We validated a role for PDIA6 in ER stress responses by transfecting
the reporter cell line with siRNA directed against PDIA6 (fig. S3A). Cell
w

growth was not affected by siRNA transfection (fig. S2D). Quantitative
polymerase chain reaction (qPCR) and Western blot analyses confirmed
that the siRNAwas effective in silencing PDIA6 at the mRNA and protein
levels (up to 95%) under both control and thapsigargin-treated conditions
(fig. S3, A and B). PDIA6 abundance can be increased by pharmaco-
logical induction of ER stress (15) or during cardiac ischemia (16); therefore,
we also monitored PDIA6 mRNA abundance under ER stress conditions.
Thapsigargin stimulation led to a fourfold increase in PDIA6 mRNA abun-
dance, which was prevented by siRNA-dependent silencing (fig. S3B). In our
system, thapsigargin treatment triggered a 20-fold increase in the activity of
the XBP1 reporter (Fig. 1A). Under these conditions, the PERK pathway
was also activated as measured by phosphorylation of eIF2a, confirming
that thapsigargin activated other UPR pathways (fig. S4). As expected,
silencing of the ER chaperone BiP (fig. S3A) resulted in robust induction
of reporter activity under unstimulated conditions (Fig. 1A), and silencing
of IRE1a (fig. S3A) caused a fourfold reduction in reporter activity with
thapsigargin treatment (Fig. 1A). Silencing of PDIA6 significantly re-
duced IRE1a reporter activity in response to thapsigargin (Fig. 1C), to
a similar extent as silencing of IRE1a (Fig. 1A). This reduction in IRE1a
reporter activity was recapitulated by transfection of a PDIA6 siRNA pool
as well as with four independent PDIA6-specific siRNAs (fig. S3, C and D).
Next, we used tunicamycin, an inhibitor of N-linked protein glycosylation
(17) that induces protein misfolding and activates XBP1 splicing. Tunica-
mycin did not affect the activity of the IRE1a reporter activity at the con-
centration and time point tested (Fig. 1B), suggesting that PDA6 may
specifically regulate IRE1a under conditions of ER Ca2+ depletion.

Next, we asked whether PDIA6 affected splicing of endogenous XBP1
mRNA. Endogenous XBP1 was efficiently spliced in cells in response to
thapsigargin (Fig. 1C). Because the XBP1 amplicon fragment in the
spliced intron contains a unique Pst I restriction site, we expected that Pst I
would digest the unspliced XBP1 but not the spliced variant of XBP1, which
would enable quantitative analysis of the splicing event (Fig. 1C). Total XBP1
mRNA abundance was not affected in PDIA6-silenced and thapsigargin-
treated cells (Fig. 1D). Using qPCR, we confirmed that knocking down
PDIA6 reduced the splicing of endogenous XBP1 mRNA in response to
thapsigargin treatment (Fig. 1E). Therefore, we concluded that silencing of
PDIA6 attenuates IRE1a signaling as measured by XBP1 mRNA splicing
in response to ER Ca2+ depletion.

Because the PDIA6 gene contains several ERSEs in its proximal promoter
region, we tested whether the PDIA6 gene was sensitive to thapsigargin-
induced ER stress. Thapsigargin treatment induced an increase in the mRNA
abundance of PDIA6 but not that of PDIA7, another ER-associated oxi-
doreductase (Fig. 1F). PDIA6 mRNA was increased in cells treated with
thapsigargin, tunicamycin, brefeldin A, and the ER luminal Ca2+ chelator
Table 1. Gene candidates identified by a genome-wide siRNA screen.
RefSeq
 Gene ID
 Gene symbol
 Ratio firefly/Renilla
ww.SCIENCESIGNALING.or
IRE1a reporter activity
Normalized value
g 10 June 2014 Vol 7 Issue 3
High or low
NM_145360
 319554
 Idi1
 0.173948
 8.71 × 10−6
 Low

NM_027959
 71853
 PDIA6
 0.173993
 3.68 × 10−7
 Low

NM_145561
 231382
 BC020151
 0.174441
 3.75 × 10−6
 Low

NM_007898
 13595
 Ebp
 0.195196
 5.17 × 10−6
 Low

NM_008323
 15929
 Idh3g
 0.376557
 0.999998
 High

NM_172780
 236794
 Slc9a6
 0.389342
 0.999976
 High

NM_019420
 54218
 B3galt4
 0.395039
 1.0
 High

NM_130864
 113868
 Acaa1
 0.444224
 0.99983
 High

NM_007515
 11989
 Slc7a3
 0.541056
 0.999997
 High
29 ra54 2
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TPEN [N,N,N′,N′-tetrakis(2-pyridylmethyl)ethylenediamine], but not when
ER stress was induced by oxidative stress through the addition of dithio-
threitol (DTT) or treatment with cyclosporin A (CSA) or staurosporine
(fig. S5). These results suggest that PDIA6 mRNA abundance is selectively
regulated by specific ER stress stimuli.

PDIA6 differentially affects the IRE1a and ATF6 pathways
Next, we tested whether PDIA6 silencing influenced other branches of the
UPR using the UPRE and ERSE reporters. The UPRE reporter contains
an UPRE that responds to the transcriptional activities of XBP1 and
ATF6a (18). The ERSE reporter contains multiple ERSEs that report
www.SCIENCESIGNALING.org
ATF6 transcriptional activity (19). ATF6
exhibits low affinity for the UPRE but high
affinity for the ERSE, whereas XBP1 has
high affinity for the UPRE but low affinity
for the ERSE (19). The induction of the
UPRE reporter in response to thapsigargin
was not affected by PDIA6 silencing under
these conditions (Fig. 1G). In contrast, the re-
sponse of the ERSE to thapsigargin was
significantly increased upon PDIA6 silenc-
ing (Fig. 1H). Furthermore, these conditions
also increased the expression of the gene en-
coding calreticulin (Fig. 1I), a Ca2+-sensitive
ERSE-responsive gene (20). These data sug-
gest that in the absence of PDIA6, Ca2+ store
depletion resulted in activation of the ATF6
pathway. Next, we tested the effect of PDIA6
on the PERK pathway by analyzing the
phosphorylation of Ser51 in eIF2a. Western
blot analysis showed that thapsigargin treat-
ment induced phosphorylation of Ser51 in
eIF2a, which was not affected by PDIA6
silencing with the time point and concentra-
tion of thapsigargin used (fig. S4). Combined
with the XBP1 reporter data, we concluded
that PDIA6 silencing did not affect the PERK
pathway but suppressed IRE1a activity and
increased ATF6 activity in response to ER
Ca2+ store depletion–induced ER stress.

PDIA6 forms complexes with
BiP and IRE1a
We hypothesized that PDIA6 could regu-
late UPR signaling through physical inter-
actions with ER stress sensors and/or ER
luminal modulators. As previously reported
(21, 22), BiP coimmunoprecipitated with
PDIA6 (Fig. 2A). PDIA6 also coimmuno-
precipitated with IRE1a (Fig. 2, B and C),
and PDIA6-IRE1a complex formation did
not appear to be altered when immunopre-
cipitation was carried out from cells treated
with thapsigargin (Fig. 2, B and C). We also
showed that calreticulin, another ER luminal
resident protein, was not present in BiP, PDIA6,
or IRE1a immunocomplexes (Fig. 2D).

Three additional techniques provided
evidence for a potential interaction between
PDIA6 and IRE1a. His-tagged IRE1a ER
luminal domain (IRE1-NLD) pulled down PDIA6 in the absence or pres-
ence of ER stress (fig. S6A). Using surface plasmon resonance (BIACore)
and thermophoresis, we showed that PDIA6, but not calreticulin, tightly
bound to the immobilized IRE1a with a relatively high affinity (KD) of
about 22 nM (fig. S6, B and E). Thus, PDIA6 could directly associate
with the ER luminal domain of IRE1a with high affinity and form a stable
complex.

Because PDIA6 is an ER luminal oxidoreductase, we considered
whether Cys109, Cys148, and Cys332 in the ER luminal portion of IRE1a
could be involved in binding to PDIA6. Cys109 and Cys148 are highly con-
served in the IRE1a proteins (23). We generated C109A, C148A, and
A
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Fig. 1. Silencing of PDIA6 modulates IRE1a activity. (A and B) NIH-3T3 cells were transfected with XBP1
splicing reporter and siRNA directed against PDIA6, BiP, IRE1a, or negative scrambled control (Neg) and

treated with thapsigargin (Thap) (A and B) or tunicamycin (Tun) (B). In (A), *P = 0.002598. In (B), *P =
0.002598. NS, not significant. (C) RT-PCR analysis of XBP1 splicing in control cells and cells treated with
siRNA against PDIA6. Right panel: PCR products were digested with Pst I. (D and E) qPCR analysis of total
XBP1 (D) and XBP1s (E) in control and PDIA6-silenced cells treated with thapsigargin. P = 0.0124. (F)
qPCR analysis of PDIA6 and PDIA7 in control and thapsigargin-treated cells. (G) UPRE splicing reporter
activity in NIH-3T3 fibroblasts transfected with PDIA6 siRNA. (H) ERSE splicing reporter activity in NIH-3T3
fibroblasts transfected with PDIA6 siRNA. *P = 0.004284. (I) NIH-3T3 fibroblasts were transfected with
PDIA6 siRNA, followed by treatment with thapsigargin. *P = 0.0098. All data are representative of more
than three biological replicates. NS, not significant.
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Fig. 2. PDIA6 interacts with BiP and IRE1a and controls IRE1a activity. (A to
C) Top blots: To detect associations of IRE1 with proteins involved in ER

cates. (F) Phosphorylation of IRE1a-HA (hemagglutinin) was analyzed by a
Phostag assay in HEK293 cells expressing IRE1a-HA or IRE1a-HA and
stress responses, immunoprecipitations (IP) with anti-BiP, anti-PDIA6, or
anti-IRE1a were performed in COS-1 cells expressing IRE1-NLD, and im-
munoprecipitates were immunoblotted with IRE1a antibodies. Middle and
bottom blots: Immunoprecipitations with anti-BiP, anti-PDIA6, or anti-IRE1a
were performed in NIH-3T3 fibroblasts, and immunoprecipitates were im-
munoblotted with anti-PDIA6 or anti-BiP. *, location of IRE1-NLD protein
band; <, location of PDIA6 protein band; #, location of BiP protein band.
(D) Immunoprecipitations with anti-BiP, anti-PDIA6, or anti-IRE1a were per-
formed in NIH-3T3 fibroblasts, and immunoprecipitates were immuno-
blotted with anti-calreticulin. Data in (A) to (D) are representative of more
than three biological replicates. (E) Activity of the XBP1 splicing reporter in
NIH-3T3 fibroblasts transfected with siRNA for PDIA6, BiP. *P = 0.00176;
#P = 0.04988. Data are representative of more than three biological repli-
w

PDIA6-V5. P, phosphorylated protein band; NP, nonphosphorylated protein
band. Total abundance of IRE1a-HA and PDAI-V5 proteins was analyzed
by Western blot. Data are representative of three biological replicates. (G)
HEK293 cells expressing IRE1-GFP were transiently transfected with ex-
pression vector encoding PDIA6-V5 or control vector (control) and treated
with thapsigargin (Thap). Left panel: IRE1a-GFP–positive clusters were
analyzed by immunofluorescence in cells expressing PDIA6-V5. Right pan-
el: IRE1a clusters per cell and cluster size. For clusters per cell, P = 0.0417;
for cluster size, P = 0.0274. A representative experiment of three
independent experiments is presented. Sixty cells were analyzed for each
independent experiment. (H and I) Ca2+ measurements in cells with
silenced PDIA6. SOCE was initiated by the addition of CaCl2. Data are rep-
resentative of more than three biological replicates.
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C332A mutations to create the triple IRE1-NLD mutant (C109,148,332A-
IRE1-NLD). PDIA6 binding to the C109,148,332A-IRE1-NLD mutant
was greatly reduced as assessed by surface plasmon resonance analysis
(fig. S6C), suggesting that cysteine residues were involved in the binding
of PDIA6 to IRE1a. In addition, surface plasmon resonance indicated
that PDIA6 did not interact with wild-type IRE1-NLD domain treated
with N-ethylmaleimide (NEM), which alkylates cysteine thiols, thereby
irreversibly blocking the cysteines (fig. S6D). Together, these results sug-
gested that cysteine residues in the IRE1a ER luminal domain were re-
quired for binding to PDIA6. Furthermore, binding of PDIA6 to IRE1-NLD
was abolished in the presence of EGTA (fig. S6D), indicating that under
BIACore conditions, there was a requirement for Ca2+ for the PDIA6-IRE1-
NLD interaction. Finally, MicroScale Thermophoresis (MST) showed that
PDIA6 bound IRE1-NLD with a similar affinity (20 nM) to that determined
by surface plasmon resonance (fig. S6, B and E). Together, these results in-
dicated that PDIA6 formed complexes with both BiP and IRE1a, and these
interactions may be at least partially responsible for PDIA6-dependent effects
on IRE1a activity.

Considering that PDIA6 and BiP form complexes, we asked whether
PDIA6 directly affected the activity of BiP toward the activation of IRE1a-
mediated ER stress responses. The increase in IRE1a reporter activity was
reduced by silencing of PDIA6 and enhanced by silencing of BiP (Fig. 2E).
When both genes were silenced, PDIA6 silencing blunted the increase in the
ER stress that was caused by BiP silencing (Fig. 2E). Thus, in the absence
of BiP, IRE1a activity was modulated by the silencing of PDIA6, but BiP
was not necessary for PDIA6-dependent regulation of IRE1a.

PDIA6 regulates the inactivation of IRE1a
Because the effects of PDIA6 were observed in cells exposed to prolonged
treatments with thapsigargin, we monitored the early-stage kinetics of
phosphorylation of IRE1a. Time course experiments indicated that the
early increase in the phosphorylation of IRE1a in thapsigargin-treated
wild-type cells was transient (Fig. 2F). In cells overexpressing PDIA6, phos-
phorylation of IRE1a was sustained upon thapsigargin treatment, even up
to 24 hours of treatment (Fig. 2F). Autophosphorylated and dimerized
IRE1a form large clusters that enhance its activity (24). In a cell line ex-
pressing doxycycline-inducible IRE1a–GFP (green fluorescent protein)
(24), the number and size of IRE1a clusters in cells were increased by
the expression of PDIA6-V5 and treatment with thapsigargin (Fig. 2G).
We concluded that increased PDIA6 abundance promoted the sustained
activation of IRE1a signaling.

To process the mRNA encoding for XBP1, the ribonuclease (RNase)
activity of IRE1a mediates the rapid degradation of a subset of mRNAs
that encode ER membrane–associated or secreted proteins, a process re-
ferred to as regulated IRE1a-dependent decay (RIDD) (25–27). We mea-
sured the mRNA abundance of col6 and scara, which are IRE1a RIDD
substrates (fig. S7). As expected, wild-type cells exposed to the thapsigargin-
induced ER stress exhibited a time-dependent decay of col6 and scara
mRNA (fig. S7). In the early phase of IRE1a activation, PDIA6 over-
expression in human embryonic kidney (HEK) 293T cells resulted in
increased decay of scara mRNA, but not of col6 mRNA (fig. S7). To-
gether, these results suggest that increased PDIA6 abundance may affect
different IRE1a signaling outputs by modulating the kinetics of IRE1a
activation.

PDIA6 does not disrupt ER Ca2+ homeostasis
PDIA6 resides in the lumen of the ER and contains acidic amino acid
residues near the C terminus that may be involved in Ca2+ binding that
could enable PDIA6 to play a role in buffering ER luminal Ca2+ (28).
We asked whether PDIA6 affected Ca2+ buffering of the ER and con-
w

sequently ER Ca2+ homeostasis. In cells treated with thapsigargin or
adenosine triphosphate (ATP) to induce Ca2+ release from the ER, PDIA6
silencing did not alter the amount of Ca2+ released from the ER or the
amount of SOCE (Fig. 2, H and I). These results suggest that PDIA6
modulated IRE1a activity through a direct interaction between the two
proteins, rather than by directly altering ER Ca2+ homeostasis.

PDIA6 is a target for miR-322
Thapsigargin-dependent activation of the UPR by Ca2+ store depletion
involves changes in miRNA abundance (29); therefore, we carried out
deep sequencing analysis of thapsigargin-treated NIH-3T3 cells and
identified 13 miRNAs showing differential expression. Eight of these
miRNAs showed increased expression (miR-217, miR-216, miR-217*,
miR-216b, miR-92a-1, miR-708, miR-1937a, and miR-101b), whereas
five exhibited decreased expression (miR-671-5p, miR-503, miR-669f-3p,
miR-322, and miR-143) in response to thapsigargin treatment (fig. S8). We
used multiple target prediction programs, including TargetScan (30, 31),
DIANAmicroT (32), and RepTar (33), to generate a list of candidate tran-
scripts with putative miRNA binding sites. Using Ingenuity Pathways Anal-
ysis (IPA), we determined that each miRNA had the potential to target
different cellular pathways. Direct comparison of the two screens (fig. S9)
revealed an overlap between miRNA targets and the top candidates in the
siRNA library screen. Bioinformatics analysis indicated that miR-322
(miR-424 in the human miRNA database) might target the PDIA6 gene.

qPCR analysis of thapsigargin-treated NIH-3T3 cells showed that
miR-322 abundance was reduced over 60% by depletion of Ca2+ stores
(Fig. 3A), thus confirming the deep sequencing results. To determine
whether PDIA6 was a target for miR-322, we used chemically synthesized
miRNA “mimics” (34) to ectopically increase miR-322 abundance (Fig.
3B). The miR-322 mimic decreased the activity of the IRE1a reporter
(Fig. 3C) in a manner that was dependent on ER Ca2+ depletion. It also
decreased the mRNA and protein abundance of PDIA6 (Fig. 3, D and E).
Next, we measured miR-322–mediated translational repression of PDIA6
mRNA using a luciferase reporter containing the predicted miR-322 tar-
geting the PDIA6 3′ untranslated region (3′UTR) sequence. Luciferase
reporter activity was decreased by transfection of the miR-322 mimic
and increased by transfection of anti–miR-322 (Fig. 3F). These results
suggested that miR-322 targeted the 3′UTR of PDIA6 mRNA.

IRE1a can act as an endoribonuclease for specific miRNAs (35),
and many miRNAs are regulated by the UPR (36). Therefore, we tested
whether the abundance of miR-322 depended on IRE1a. miR-322 abun-
dance was increased 2.5-fold in IRE1a-deficient cells compared with con-
trol cells (Fig. 3G), suggesting that IRE1a affected miR-322 abundance. It
remains to be determined whether miR-322 abundance is directly con-
trolled by the RNase activity of IRE1a or through downstream signaling
responses. Together, these findings indicated that miR-322 abundance was
sensitive to ER Ca2+ depletion–induced ER stress and modulated by IRE1a,
thereby directly affecting the downstream expression of PDIA6 mRNA at
the transcriptional and translational levels.

miR-322 abundance is regulated by ER Ca2+ depletion
and activation of SOCE
Although miR-322 abundance was robustly reduced in cells treated with
thapsigargin, it was not significantly affected in cells treated with CSA,
DTT, tunicamycin, or brefeldin A (Fig. 3H).We concluded that miR-322 abun-
dance was not affected by ER stress induced by redox or folding environ-
ment changes but that it was sensitive to ER stress induced by thapsigargin.

To examine whether SOCE activity and, consequently, changes in the
cytosolic Ca2+ concentration in thapsigargin-treated cells also played a role
in the regulation of miR-322 abundance, we used cells deficient in ORAI1,
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a plasma membrane Ca2+ channel that is re-
sponsible for SOCE (12). Depletion of ER
Ca2+ stores with thapsigargin results in acti-
vation of ORAI1, Ca2+ entry, and a rapid in-
crease in the cytosolic Ca2+ concentration
(12). In the absence of ORAI1, Ca2+ deple-
tion of ER stores with thapsigargin does
not promote SOCE, and cytosolic Ca2+ re-
mains at the resting concentration (12, 14).
In ORAI1−/− cells, thapsigargin-induced ER
stress, as monitored by XBP1 mRNA splic-
ing, was increased (Fig. 3I). In addition, these
cells had increased miR-322 abundance as
compared to the wild-type cells, and this was
further increased with thapsigargin (Fig. 3J).
These results indicated that thapsigargin-
induced ER Ca2+ depletion at resting cyto-
solic Ca2+ concentrations in the absence of
SOCE may have been ineffective in sup-
pressing miR-322 abundance. An increase
in miR-322 abundance in ORAI1-deficient
cells pointed at a potential additional role
of cytosolic Ca2+ in processing this miRNA.
Next, we varied extracellular Ca2+ concentra-
tion in the absence of thapsigargin to reduce
both ER stores and cytosolic Ca2+ concentra-
tions. Lowering the extracellular Ca2+ concen-
tration from 500 to 1 mM, a condition that
reduces the cytosolic Ca2+ concentration but
may also modify ER Ca2+ content, resulted in
a concomitant increase in miR-322 abundance
(Fig. 3K). Together, these data suggested
that under conditions of ER stress and UPR
activation due to disrupted ER Ca2+ homeo-
stasis and activation of SOCE, miR-322 abun-
dance was reduced. In contrast, reduction of
cytosolic Ca2+ in the absence of Ca2+ store
depletion and SOCE led to an increase in
miR-322 abundance, although there is the
possibility that ER Ca2+ was altered by these
experimental conditions.

PDIA6 and miR-322 are regulated
by ER stress in vivo
To establish the effect of PDIA6 on XBP1
splicing in vivo, we induced ER stress in
mice and Caenorhabditis elegans and ana-
lyzed PDIA6 protein and mRNA abundance,
miR-322 abundance, and PDIA6-dependent
XBP1 splicing. In agreement with the in vitro
analysis (Fig. 1C), PDIA6 abundance was
significantly increased in the livers of mice
injected with tunicamycin to induce ER
stress (Fig. 4A). Full activation of XBP1
mRNA splicing and increases in the abun-
dance of CHOP and BiP occur in this in vivo
animal model (37). We also observed a con-
comitant reduction in miR-322 abundance
in the livers of mice under induced ER stress
(Fig. 4B), although miR-322 abundance
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was only somewhat reduced in tunicamycin-treated NIH-3T3 cells
(Fig. 3H).

To test whether PDIA6 affected XBP1 mRNA splicing, we mea-
sured XBP1s transcript abundance in C. elegans treated with RNA in-
terference (RNAi) against tag-320, the C. elegans homolog of PDIA6.
Knockdown of tag-320 reduced the thapsigargin-induced increase in XBP1s
mRNA abundance (Fig. 4C). Furthermore, tag-320 abundance was in-
creased at the mRNA level when worms were under ER stress induced
by thapsigargin or tunicamycin (Fig. 4D). These results suggested that
tag-320 was functionally required for XBP1 mRNA splicing, and that
tag-320 expression was also inducible in nematodes challenged with
ER stress.

DISCUSSION

A critical function of the UPR is the recovery of normal functions of the
cell by halting protein translation and activating signaling pathways that
lead to increased production of molecular chaperones. The disruption of
energy and/or nutrient balance is a fundamental cause of ER stress, and
induces various corrective strategies. The ER stress coping responses
help to reestablish ER and cellular proteostasis and ensure cell survival.
Here, we focused on the identification of ER stress coping responses in-
duced by alterations of ER Ca2+ homeostasis and, consequently, by changes
in cellular Ca2+ homeostasis induced by the ER Ca2+ store depletion. We
performed siRNA arrays and miRNA profiling arrays to search for ER
coping components. Our findings identified two unexpected levels of
w

UPR modulation and point at a potential regulatory network involving
a specific miRNA and SOCE. We discovered that the ER oxidoreductase
PDIA6 interacted with IRE1a. We demonstrated that PDIA6 was required
for the maintenance of IRE1a activity as monitored by IRE1a phos-
phorylation, cluster formation, and downstream XBP1 mRNA splicing.
ER Ca2+ depletion and activation of SOCE promoted changes in the abun-
dance of different miRNAs, including miR-322, which targeted PDIA6
and regulated downstream IRE1a activity. We showed that in mouse and
C. elegans animal models, PDIA6 and miR-322 abundance was modulated
by ER stress and that PDIA6 influenced IRE1a signaling in C. elegans. It
remains to be determined why ER stress induced by tunicamycin decreased
miR-322 abundance in mice but not in cells. Silencing PDIA6 also induced
global ER stress, suggesting that the protein has an important function in
maintaining protein folding in the ER. Together, these findings suggested
that interplay between ER Ca2+, PDIA6, IRE1a, and miR-322 was part of a
regulatory network activated by disrupted ER Ca2+ homeostasis that fine-
tuned the UPR and probably the survival of cells undergoing ER stress.
However, it will be necessary to perform additional, more precise manipula-
tions to firmly establish the roles of Ca2+ in the cytosolic and ER compart-
ments in the modulation of this regulatory network.

Figure 4E shows a schematic representation of the relationship be-
tween disrupted ER Ca2+ homeostasis, ER stress, IRE1a, PDIA6, and
miR-322. BiP is a centrally located modulator and sensor of the ER stress
response, and regulates all branches of the UPR. Under basal conditions,
BiP binding to IRE1a desensitizes IRE1a to low amounts of stress and
promotes its deactivation when favorable folding conditions are maintained
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or restored to the ER. BiP forms complexes with PDIA6 [this work and
(21, 22)], and this study further showed that PDIA6 also bound to
IRE1a. We propose a model in which, under basal conditions, IRE1a
is not activated when complexed with BiP and low amounts of PDIA6,
thus resulting in little splicing of XBP1 mRNA. The relatively high miR-
322 abundance under these conditions results in low PDIA6 mRNA abun-
dance. Disruption of ER Ca2+ homeostasis and activation of SOCE result
in dissociation of BiP from IRE1a and rapid dimerization of IRE1a,
leading to activation of its kinase and endoribonuclease activities. Under
stress conditions, PDIA6 binding to IRE1a may sustain its long-term ac-
tivity by stabilizing the dimeric or oligomeric state of the protein. This
stabilization, combined with increased abundance of XBP1, increases
the abundance of the PDIA6 protein and may allow the UPR to function
robustly over time. Under the conditions of disrupted ER Ca2+ homeosta-
sis, the interplay between Ca2+, PDIA6, and miR-322 creates a reciprocal
regulatory loop to promote sustained IRE1a activity to support corrective
strategies to restore ER homeostasis.

The ER stress coping response is composed of distinct pathways con-
trolled by common regulatory components (IRE1, PERK, ATF6, ATF4,
and CHOP). BiP appears to function as a ligand for IRE1a, PERK, and
ATF6. Here, we showed that other components of the ER luminal environ-
ment may regulate ER stress responses. The ability of PDIA6 to specifically
affect IRE1a function supports the concept that the IRE1a, PERK, and ATF6
branches of ER stress are selectively modulated by additional mechanisms.
This is in line with the identification of specific regulators of IRE1a that
form a protein complex referred to as the UPRosome, of which PDIA6 may
be a new component (38). It is likely that UPR pathways may function
together as a single entity (“regulon”) that would be controlled by the same
regulatory system and would respond to ER stress in a coordinated fashion
(1). Silencing PDIA6 during ER stress induced by Ca2+ store depletion had
opposite effects on the IRE1a and ATF6 branches of ER stress responses,
without affecting PERK signaling. Activation of ATF6 may compensate for
the inhibition of IRE1a and would support a concept of ER stress–induced
pathways (IRE1a, PERK, and ATF6), functioning in a coordinated fashion
to respond to ER stress.

Disrupted ER Ca2+ homoeostasis decreased miR-322 abundance,
thereby allowing increased PDIA6 abundance under conditions that stim-
ulate ER stress. About 60% of the mRNAs of the cell are predicted to be
regulated by miRNA function (38). At present, more than 1000 miRNAs
have been identified in the human genome, with each miRNA targeting nu-
merous mRNAs. In addition, one target mRNA may be regulated by mul-
tiple miRNAs (39). This work and other evidence point to a role for miRNAs
during ER stress (40) and indicate that miRNAs regulate the cellular coping
response under various stress conditions including ER stress. For example,
miRNA profiles are changed during oxidative stress (41, 42), nutrient defi-
ciency (43, 44), DNA damage (45–47), and oncogenic stress (48). There-
fore, in response to stress, the cell may alter the gene expression program
through regulation of miRNAs, which does not involve de novo synthesis of
protein and therefore is a quicker response. Disruptions of specific miRNAs
may not present a noticeable phenotype unless the system is stressed (40).
For example, mice lacking miR-208 do not have an overt phenotype unless
stressed with cardiac overload (49). As well, Drosophila lacking miR-7
show a breakdown in eye development when subjected to alternating tem-
peratures (50), and inactivation of miR-8 in Danio rerio prevents responses
to osmotic stress (51).

One way in which ER stress regulates miRNA abundance could be
through direct regulation of miRNA expression by members of the ER
stress pathway. ER stress–dependent activation of ATF6 decreases the
abundance of miR-455 as a coping mechanism, contributing to the pro-
tective effects of ATF6 in the heart (52). Other coping mechanisms involve
w

the transcription factors CHOP and XBP1, which regulate miR-708 and
miR-346, respectively (29, 53). The Dicer splicing machinery itself is acti-
vated by calpain and Ca2+ (54). Dicer is involved in processing small hairpin
precursors (pre-miRs) into mature miRNAs that become associated with Ar-
gonaute to form RNA-induced silencing complexes (RISCs). Exposure of a
neuronal cell line to increased extracellular Ca2+ results in the appearance of
the active form of Dicer, as well as the full-length form of Argonaute, both
cleaved by activated calpain, possibly leading to direct cleavage of pri-
miRNAs (55). The endoribonuclease activity of IRE1a directly cleaves the
pri-RNA cluster complex of miR-17 to antagonize classical Dicer processing
of miR-17, thereby promoting apoptosis (35). IRE1a may regulate miR-322
in a similar manner as miR-17 because miR-322 has nucleotide sequences
similar to the IRE1a endonuclease target sites in the IRE1a endoribonuclease
substratesmiR-17 andXBP1mRNA. In support of this possibility, we showed
that the IRE1a-deficient cells have significantly increasedmiR-322 abundance.
This study suggests that the decreased abundance ofmiR-322 during disrupted
ERCa2+ homeostasis could rely on changes in the cytosolicCa2+ concentration
specifically provided by SOCE. ER Ca2+ depletion and activation of SOCE
were at least partially necessary for the decreased abundance of miR-322
underER stress conditions.We showed thatmiR-322 abundancewas increased
in ORAI1-deficient cells, which lack SOCE and have reduced cytosolic Ca2+

in the absence of SOCE.Together, these findings suggest that the disruption in
ER Ca2+ homeostasis due to depletion of ER Ca2+, activation of SOCE, and
SOCE-independent changes in the cytosolicCa2+may differentially control the
transcriptional regulation of this miRNA.

On the basis of the increasing relevance of the UPR for the develop-
ment of several human diseases, including cancer, neurodegeneration, and
diabetes (1), as well as advances in therapeutic strategies to target the UPR
in diseases (56), our study provides potential points of manipulation of the
UPR through the IRE1a, PDIA6, and miR-322 axis.
MATERIALS AND METHODS

Plasmids and site-specific mutagenesis
The pRL-IXFL XBP1 splicing reporter contained an internal Renilla con-
trol and the nucleotide sequence encoding XBP1 followed by firefly lu-
ciferase separated by an internal ribosomal entry site (IRES) initiation
region (13). This reporter will only generate firefly luciferase activity if the
XBP1 complementary DNA (cDNA) is spliced in-frame with the cassette en-
coding firefly luciferase. The Cignal Luciferase Reporter Assays were from
Qiagen (cat. nos. CCS-9031L and CCS-2032L). Expression vector IRE1-NLD
was constructed as described in (23) and used for site-specific mutagene-
sis. The following DNA primers were used for site-specific mutagenesis
of IRE1-NLD: for C109A mutation, forward: 5′-GAATTGGTGCAGG-
CATCCCCAGCCCGAAGTTCAGATGGAATCC-3′ and reverse: 5′-
GGATTCCATCTGAACTTCGGGCTGGGGATGCCTGCACCAATTC-3′;
for C148Amutation, forward: 5′-GGCCTTTGCAGATAGTCTCGCCCCAT-
CAACCTCTCTTCTG-3′ and reverse: 5′-CAGAAGAGAGGTTGATGGG-
GCGAGACTATCTGCAAAGGCC-3′; for C332A mutation, forward:
5′-GGGACAAGGGGGAGGCTGTGATCACGCCC-3′ and reverse:
5′-GGGCGTGATCACAGCCTCCCCCTTGTCCC-3′.

Cell culture, transfection, and siRNA library screen
NIH-3T3 mouse fibroblasts, ORAI1-deficient mouse fibroblasts, IRE1a-
deficient mouse embryonic fibroblasts, and COS-1 cells were maintained
under standard tissue culture conditions, including 5% CO2 with high hu-
midity. Tissue culture medium included 10% fetal bovine serum (FBS) in
Dulbecco’s modified Eagle’s medium (DMEM) (both from Sigma). The
siRNA library (Ambion) was pooled and aliquoted into 96-well full-skirt
ww.SCIENCESIGNALING.org 10 June 2014 Vol 7 Issue 329 ra54 8

http://stke.sciencemag.org


R E S E A R C H A R T I C L E

 on June 11, 2014 
stke.sciencem

ag.org
D

ow
nloaded from

 

PCR plates (Axygen) (57). Reverse transfection was performed, which
involved preparation of a mixing plate containing the siRNA, plasmid
DNA, Dharmafect Duo (GE), and Optimem (Life Technologies), followed
by the addition of cells and plating into white 96-well plates (Corning) for
48 hours. Briefly, mixing plates were prepared containing 22 ml of 200 nM
siRNA per well in a deep well format, followed by the addition of a
mixture of 42 ml of Optimem (Invitrogen), 22 ml of XBP1 splicing re-
porter (20 mg/ml), 1.76 ml of Dharmafect Duo, and 352 ml of 1.2 × 105

cells/ml per well. The plates were mixed with four mixing cycles using the
PerkinElmer robot, and then 100 ml was aliquoted into the wells of four
white 96-well plates (four technical replicates). The plates were then in-
cubated. Drug treatment consisted of removal of 50 ml of the medium,
followed by the addition of 50 ml of 1 mM thapsigargin in DMEM with
10% FBS, bringing the final concentration of thapsigargin to 0.5 mM.
Cells were incubated with thapsigargin for 24 hours, followed by removal
of medium. Cell lysis was performed in a plate with 20 ml of Passive Lysis
Buffer (Promega), followed by the luciferase assay, and analyzed with a
PerkinElmer EnVision 2104 multilabel plate reader (PerkinElmer). Briefly,
100 ml of luciferase buffer [20 mM tricine (pH 7.2), 1.07 mM MgCO3,
2.67 mM MgSO4, 0.1 mM EDTA, 33.3 mM DTT, 270 mM coenzyme A,
470 mM luciferin, 530 mM ATP] was added to each well. Luciferase activity
was monitored within 30 s from the addition of the luciferase buffer to
minimize loss of signal.

The secondary screen involved computer-directed and robot-generated
picking of statistically significant siRNA for 400 genes, including siRNA
that either increased or decreased ER stress. siRNAs for each gene were
randomly placed in 96-well full-skirt PCR plates (Axygen). These plates
also included the water, negative, and positive control samples. A similar
transfection was performed as above, using mixing plates to combine the
ingredients for the transfection, except that volumes were calculated for
technical triplicates, followed by 48 hours of incubation to allow silencing
to occur. Drug application was performed in a similar manner as above,
with harvesting after 24 hours using 20 ml of Passive Lysis Buffer according
to the manufacturer’s protocol. Dual luciferase assay analysis (Promega)
was performed by adding 50 ml of LARII buffer that gives the firefly lucif-
erase signal, followed by the addition of 50 ml of the Stop and Glo buffer
to generate the Renilla signal according to the manufacturer’s protocol
(58). Cell viability assays were carried out three times in biological trip-
licate in a 96-well format using the pooled siRNA for each gene selected
as described above, including a negative siRNA control and a nonsilenc-
ing control. Results are presented as normalized to the internal Renilla ex-
pression and untreated negative scrambled control siRNA set at 1. Cell growth
was analyzed using the MTS Cell Proliferation Assay (Promega) according to
the manufacturer’s protocol. Briefly, the tetrazolium compound MTS [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium] is biologically reduced by dehydrogenase enzymes found in
metabolically active cells into a formazan product that is soluble. The
amount of formazan measured at an absorbance of 490 nm is directly pro-
portional to the number of living cells.

To validate our screening results, Dharmacon siGENOME Smartpools
were used to silence the selected genes. Manual large format siRNA trans-
fections were performed more than three times in technical triplicate using
48- or 24-well plates with siRNA for each selected gene. Conditions were
maintained according to the primary library screen and scaled up two- or
fourfold to account for 48- or 24-well plates, respectively. Results were
obtained using the dual luciferase assay analysis according to the manu-
facturer’s protocol. The following are the nucleotide sequences of the siRNAs
used in this study: PDIA6 (Thermo Scientific, siGENOME Smartpool and
set of 4 upgrade), 5′-UCGAUUUGUUCUCUGAUAA-3′ (siRNA #1),
5′-GCCUGUGGCUUGUAGAAUU-3′ (siRNA#2),5′-GAUAAUCAACGAA-
w

GACAUA-3′ (siRNA #3), and 5′-GGUGAUAGUUCAAGUAAGA-3′
(siRNA #4); BiP (Silencer, Ambion), 5′-GGACAUCAAGUUCUUGCCATT-3′,
5′-GGUGGUUGAAAAGAAAACUTT-3′, and 5′-GGUUACCCAUG-
CAGUUGUUTT-3′; IRE1a (Silencer, Ambion), 5′-CCUUGUUGUUU-
GUCUCGACTT-3′, 5′-GGCCUGACGAAACUUCCCUTT-3′, and
5′-GCAAGCUGAACUACUUGAGTT-3′; and negative control siRNA
(Ambion, cat. no. AM4635).

Statistical analysis of primary and secondary siRNA
library screen
Before statistical analyses of the primary and secondary library screens,
values on the plate were shifted by the average water readout. Then for
each siRNA, the average was computed from four technical replicates;
the value of the replicate that was furthest from the average was removed
as an outlier. The average was then computed using only the values of the
three remaining replicates and was used as a representative value. Next,
for each treatment, all representative siRNA values were converted into P
values, using the SN package (59) for R platform to fit the skewed normal
distribution. Finally, for each treatment, the 400 most extreme P values
(containing a mix of the lowest and the highest values) were selected
and used in the secondary screen with the dual luciferase reporter assay.

The results from the secondary screen were normalized as previously
described (60). Because each plate contained a different set of siRNAs, the
16 wells that had the same content along all plates were used as a normal-
ization baseline. The firefly/Renilla (F/R) fold changes for the above-
mentioned 16 wells across all plates were computed, and these values were
used to normalize all plates using the first plate as reference. After nor-
malization, the average from two replicates was used as the representative
F/R readout for an siRNA. Similar to the first round, the CDF (cumulative
distribution function) values were generated using skewed normal distribu-
tions, which were fitted to the data.

Protein purification, pull-down, and BIACore analyses
PDIA6 was isolated from mouse liver microsomal fraction. In brief, livers
were homogenized using a buffer containing 37.5mM trismaleate (pH6.4),
150mMNaCl, 5 mMMgCl2, and 250mM sucrose. The resultingmixture
was centrifuged at 10,000g for 30min at 4°C. The supernatant was further
centrifuged at 100,000g for 90 min at 4°C. The pellet containing micro-
somes was washed with 10 mM tris (pH 7.4) and resuspended in 10 mM
tris (pH 7.4) and 20% glycerol and stored at −80°C. The microsomeswere
permeabilizedwith a buffer containing 1%TritonX-100, 25mMKCl, 5mM
MgCl2, and 50 mM tris (pH 7.5); incubated on ice for 30 min; and centri-
fuged at 100,000g for 90min at 4°C. The supernatant was subjected to 50%
ammonium sulfate precipitation followed by centrifugation at 10,000g for
15min. Ammonium sulfatewas added to the supernatant to 93% saturation,
followed by 30-min incubation and centrifugation at 10,000g for 15 min.
The 93% ammonium sulfate cut pellet containing PDIA6 was dialyzed
against a buffer containing 20 mM Hepes (pH 7.5), 25 mM KCl, and 5 mM
MgCl2. The dialyzed protein was then loaded onto a 5-ml concanavalin A
affinity column (to remove glycosylated proteins). The flow through
containing PDIA6 was heat-treated at 54°C for 15 min followed by centrif-
ugation at 30,000g for 40 min to remove non–heat-stable proteins (PDIA6
is heat-stable). The supernatant was then applied in the presence of Ca2+ to a
phenyl-Sepharose column (many Ca2+ binding proteins in the ER bind to
phenyl-Sepharose in the presence of Ca2+). The fractions containing PDIA6
were collected, and proteins were separated by SephadexG-50 chromatogra-
phy. PDIA6 co-eluted with BiP. BiP was separated from PDIA6 by ATP-
agarose chromatography in a buffer containing 20 mM Hepes (pH 7.5),
135 mMKCl, 20 mMMgCl2, and 1mMDTT. PDIA6was eluted in the void
volume, whereas BiP, an ATP binding protein, was retained on the column.
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BiP was eluted from the ATP-agarose with 10 mM ATP. Samples puri-
fied using this protocol resulted in more than 95% pure BiP and about 90%
pure PDIA6.

IRE1a ER luminal domain (IRE1-NLD) or IRE1-NLD cysteine triple
mutant were expressed in COS-1 cells and purified by Ni-NTA-agarose
(23). COS-1 cells were transfected with IRE1-NLD expression vector, har-
vested, and lysed in a buffer containing 25 mM tris-Cl (pH 8.0), 150 mM
NaCl, and 1% NP-40. Cell lysates were centrifuged at 20,000g for 15 min,
and cell extracts were used for protein purification. Ni-NTA-agarose chro-
matography was carried out using a buffer containing 50 mM tris-Cl
(pH 8.0), 500 mM NaCl, and 5 mM imidazole. The IRE1-NLD protein
was eluted with 100 mM imidazole and concentrated.

For pull-down experiments, COS-1 cells were transfected with pED-
IRE1-NLD-His6 expression vector. Cells were further treated with 0.5 mM
thapsigargin for an additional 24 hours. Formaldehyde was added directly
to the culture to 1% final concentration, and the culture was incubated for
20 min. Cross-linking was quenched by the addition of 0.5 M glycine.
Cells were harvested by washing with cold tris-buffered saline followed
by scraping into cold radioimmunoprecipitation assay (RIPA) buffer
[50 mM tris (pH 7.2), 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxy-
cholate, 1% NP-40, protease inhibitors]. The lysate was incubated on ice
for 30 min, followed by centrifugation and overnight incubation at 4°C
with 100 ml of 10% slurry of Ni-NTA-agarose beads (Qiagen). The beads
were centrifuged briefly to pellet, and washed three times with 1.5 ml of
RIPA buffer, three times with 1.5 ml of RIPA buffer with 20 mM imid-
azole, and two times with 1.5 ml of buffer containing 10 mM tris-HCl
(pH 8.0) and 1 mM EDTA. The beads were pelleted, boiled in SDS–
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer, separated
on SDS-PAGE (10% acrylamide), and analyzed by Western blot with anti-
bodies against IRE1a, PDIA6, and tubulin.

For BIACore analysis, the carboxymethylated dextran (CMD) surface
of a CM5 chip was activated using N-hydroxysuccinimide (NHS)/1-ethyl-
3(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC). IRE1-
NLD or IRE1-NLD cysteine triple mutants (C109,148,332A-IRE1-NLD)
were captured at a flow rate of 5 ml/min to a total of ~2000 response units.
Uncoupled amine reactive sites on the CMD surface were then blocked by
an injection of ethanolamine. The CM5 chip was normalized and prepared
for kinetic analysis. PDIA6 in a buffer containing 10 mM Hepes (pH 7.4),
150 mM NaCl, and 0.005% P20 at concentrations from 0 to 5000 nM was
passed over the sensor surface at a flow rate of 30 ml/min. The BIACore anal-
ysis was also performed in a buffer containing 2 mM CaCl2 or 2 mM EGTA.
Kinetic analysis was performed in biological triplicate. All experiments were
conducted on a BIACore 3000 or BIACore T200 instrument (GE). For sur-
face plasmon resonance analysis with cysteine blocking, 200 mM NEM
was injected for 60 s at a flow rate of 30 ml/min over the captured IRE1-
NLD. Addition of NEM alone did not result in a binding response. PDIA6
was then injected at a flow rate of 30 ml/min for 30 s over the captured
IRE1-NLD. The cysteine blocking experiment was performed three times.

MicroScale Thermophoresis
MST assays were carried out with a Monolith NT.115 instrument (Nano
Temper) (61). To evaluate PDIA6 binding to IRE1-NLD, an increasing
concentration of purified IRE1-NLD (0 to 1 mM) was used against fluo-
rescein isothiocyanate–labeled PDIA6. Experiments were carried out in a
buffer containing 10 mM Hepes (pH 7.4), 100 mM NaCl. Data evaluation
was performed with the Monolith software.

XBP1 splicing and RIDD analysis
The quantitative analysis of spliced and total XBP1 transcripts in mam-
malian cells protocol was used to identify mouse XBP1 specific splicing
ww
with a pair of real-time PCR primers designed for quantification of
mouse XBP1 mRNA splicing (62). The forward primer sequence was
5′-GAGTCCGCAGCAGGTG-3′ (mouse), and the reverse primer se-
quence was 5′-GTGTCAGAGTCCATGGGA-3′ (mouse). Pairs of real-time
PCR primers were also designed for quantification of mouse total XBP1
mRNA. The forward primer was 5′-AAGAACACGCTTGGGAATGG-3′
(mouse), and the reverse primer was 5′-ACTCCCCTTGGCCTCCAC-3′
(mouse). These pairs of real-time PCR primers amplified both the unspliced
and spliced forms of XBP1 mRNA transcripts. SYBR Green PCR Master
Mix (Bio-Rad 170-8880S) was used to set up the quantitative real-time
PCR; the reaction (20 ml) contained 500 nM forward and reverse primers,
10 to 100 ng of cDNA templates made from murine total RNA, and
1× SYBRGreen Supermix [50 mMKCl, 20 mM tris-HCl (pH 8.4), 0.2 mM
of each deoxynucleotide triphosphate, iTaq DNA polymerase (25 U/ml),
3 mM MgCl2, SYBR Green 1, 10 nM fluorescein, and stabilizers]. The
thermal cycling parameters were step 1: 95°C for 10 min; step 2: 95°C for
20 s, 58°C 15 s, 72°C for 15 s. Step 2 was repeated for 40 cycles. The
specificity of the amplification product from each primer pair was con-
firmed by melting curve analysis of the PCR product. Quantification was
performed by expressing the threshold for each gene as a cycle number
(Ct) and normalizing it to a housekeeping gene such as GAPDH, actin, or
b-tubulin using the equation 1/2[Ct(gene) − Ct(gapdh)] and subsequently to the
untreated negative siRNA control.

To measure the mRNA abundance of unspliced XBP1 and XBP1s, re-
verse transcription PCR (RT-PCR) was performed using total RNA isolated
by TRIzol (Invitrogen) and the RNeasy kit (Qiagen) followed by PCR
using specific primers. The PCR product was purified and then cleaved
with Pst I to generate two smaller fragments. Only the unspliced XBP1 can
be cleaved by Pst I, whereas XBP1s has the Pst I site removed by the splicing
event. Samples were separated on a 2% agarose gel, with densitometry per-
formed on the digested and undigested fragments, to determine the amount of
splicing occurring in endogenous XBP1. Mouse sequence-specific primers
for XBP1 splicing were forward: 5′-CCTTGTGGTTGAGAACCAGG-3′
and reverse: 5′-CTAGAGGCTTGGTGTATAC-3′.

For measuring RIDD activity, total RNA was prepared from cells
using TRIzol (Invitrogen), and cDNA was synthesized with SuperScript
III (Invitrogen) using random primers p(dN)6 (Roche). Quantitative real-
time PCR reactions were done using Brilliant II SYBR Green qPCRMaster
Mix (Agilent Technologies). The relative amounts of mRNAswere calculated
from the values of comparative threshold cycle by using rpl19 as control. The
following primers were used for human cells: scara, 5′-GAGCCGTGTG-
TAGTTCTGCC-3′ and 5′-TCACCCAGGAGTGCTACGAT-3′; rpl19,
5′-TCAGGTACAGGCTGTGATACA-3′ and 5′-GGGCATAGG-
TAAGCGGAAGG-3′; and col6, 5′-GATAGCGCAGTCGGTGTAGG-3′
and 5′-ACAGTGACGAGGTGGAGATCA-3′.

Western blot analysis, immunoprecipitation,
and Ca2+ measurements
Large format siRNA transfection was performed a minimum of three
times in duplicate using 24-well plates with the siRNA for the selected
genes. Cells were harvested at day 3 after siRNA transfection using RIPA
lysis buffer [50 mM tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate] con-
taining protease inhibitors (63). Protein assays were performed using the
Bio-Rad protein assay, and 20 mg of protein was loaded in each lane on an
SDS-PAGE gel and, after electrophoresis, transferred onto nitrocellulose.
Antibodies used were rabbit anti-PDIA6 (Abcam, ab11432), rabbit anti-
BiP (Abcam, ab21685), rabbit anti-IRE1a (Abcam, ab37073), goat anti-
calreticulin, rabbit anti-GAPDH (Abcam, ab9483), and rabbit anti-tubulin
(Abcam, ab6046). Antibodies were used at a dilution of 1:500, except
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anti-GAPDH ( 1:300), anti-calreticulin ( 1:300), and anti-tubulin (1:2000).
Western blot images were scanned, and densitometry was performed using
ImageJ and plotted in Excel.

Immunoprecipitations were performed with lysates of NIH-3T3 fibro-
blasts, except when it was necessary to detect IRE1a in the immunopre-
cipitates. In this case, it was necessary to perform immunoprecipitations
with lysates of COS-1 cells expressing IRE1a-NLD. Both NIH-3T3 fibro-
blasts and transfected COS-1 cells were treated with 0.5 mM thapsigargin
for 24 hours. Proteins were cross-linked using 4% formaldehyde for 12 min,
followed by 15 min of quenching with 100 mM glycine in phosphate-
buffered saline (PBS) and extensive washing with PBS. Lysates were har-
vested with RIPA buffer. Protein assays were performed, and the lysate
was diluted to 1 mg/ml. Lysates were precleared with 60 ml of a 10% slur-
ry of protein A/G–Sepharose beads (Roche). Two microliters of antibody
(control immunoglobulin G, rabbit anti-PDIA6, rabbit anti-IRE1a, or
rabbit anti-BiP) was added, and lysates were incubated overnight at 4°C
with rotation. One hundred microliters of a 10% slurry of protein A/G–
Sepharose was added, and lysates were incubated for 4 hours with rotation
at 4°C. Beads were pelleted and washed with RIPA buffer five times. Pel-
lets were resuspended in 60 ml of sample buffer and loaded on a SDS-
PAGE gel followed by protein transfer. Western blot analysis was carried
out with specific antibodies as indicated above.

Ca2+ measurements were performed as previously described (14, 64).
Fura-2 acetomethylester fluorescence was monitored in a scanning spec-
trofluorometer (Photon Technology International). ER Ca2+ release was
induced by 200 nM thapsigargin or 100 mM ATP, with SOCE induced
by the addition of 4 mM CaCl2. To chelate extracellular Ca2+, EGTA was
added to DMEM at concentrations from 1 to 4 mM. The EGTA calculator
MaxChelator (maxchelator.stanford.edu) was used to determine free Ca2+

concentration in growth medium. The initial (prechelator) [Ca2+]total in
DMEM (Invitrogen) was assumed to be 1.8 mM. FBS contains about
3.7 mM Ca2+. Addition of 50 ml of FBS added 0.37 mM Ca2+ to 500 ml
ofDMEM,giving a final concentrationof 2.17mMCa2+ in completemedium.
EGTAwas added at various concentrations to reach three final Ca2+ con-
centrations: 1.67mMEGTA for 500 mMCa2+, 2.08mMEGTA for 100 mM
Ca2+, and 3.25mMEGTA for 1 mMCa2+. Cells were grown for 24 hours in
regular medium, followed by washing with PBS and addition of varying
amounts of Ca2+ concentrations for 24 hours.

RT-PCR and qPCR for mRNA and miRNA
To monitor mRNA abundance, cells were harvested at day 3 after large
format siRNA transfection using TRIzol (Invitrogen). RNA was isolated
using the RNeasy kit (Qiagen), and total RNA (200 ng) was subsequently
used in RT-PCR to generate cDNA for each sample. To monitor mRNA
abundance, the cDNA was diluted 10-fold, with 2 ml of cDNA used in
subsequent PCR reactions with primers targeting controls or selected
genes. qPCR was performed using the LightCycler rapid thermal cycler
system (Corbett Research) according to the manufacturer’s instructions.
Reactions were performed in a 20-ml volume with 0.5 mM primers. Other
reagents including nucleotides, Taq DNA polymerase, and buffer were
used as provided in the SYBR Green Master Mix (Bio-Rad). The amplif-
ication protocol included 10 min of 95°C denaturation and 40 cycles with
95°C denaturation for 15 s, 58°C annealing for 15 s, and 72°C extension
for 15 s. Detection of the fluorescent product occurred at the end of the
72°C extension period. The specificity of the amplification product from
each primer pair was confirmed by a melting curve analysis of the PCR
product. Quantification was performed as described above. The follow-
ing nucleotide primers were used for RT-PCR and qPCR analyses: for
PDIA6, forward: 5′-TCTGGTGAGCTGCACCTTCTTTCT-3′, reverse:
5′-AGCCGTTGCTGCTTTCTTCCATTC-3′; for GAPDH, forward:
ww
5′-TTCACCACCATGGAGAAGGC-3′, reverse: 5′-GGCATGGACTGT-
GGTCATGA-3′; for BiP, forward: 5′-AAGCTCAAAGAGCGCATTGA-
CACC-3′, reverse: 5′-AGTCTTCAATGTCCGCATCCTGGT-3′; for PDIA7,
forward: 5′-AAATGCAGGGTGCTGTTACC-3′, reverse: 5′-AAGCCCTT-
CAATGGTGTGTTC-3′; for IRE1a, forward: 5′-TATGCCTCTCCCT-
CAATGGTGCAT-3′, reverse: 5′-TCAAACTTGAGGTCTGTGCTGGGA-3′;
and for calreticulin, forward: 5′-AAGACTGGGATGAACGAGCCAAGA-3′,
reverse: 5′-AATTTGACGTGGTTTCCACTCGCC-3′.

IRE1a cluster quantification and phosphorylation
T-REx293 IRE1-3F6HGFP cells (24) were transiently transfected with
pcDNA3.1-PDIA6-V5 or pcDNA3.1 as control. Twenty-four hours after
transfection, cells were split and reseeded on 25-mm-diameter cover-
slips in DMEM with 5% FBS and treated with doxycycline (5 mg/ml)
for 24 hours to induce IRE1a-GFP expression, followed by the addi-
tion of 1 mM thapsigargin. Cells were fixed in 4% paraformaldehyde
for 6 hours, followed by incubation with a blocking solution [0.25%
bovine serum albumin (BSA), 10% horse serum in PBS] for 10 min.
Cells were permeabilized with 0.5% NP-40 in 0.25% BSA, 10% horse
serum in PBS for 10 min at room temperature. Samples were incubated
sequentially with primary antibodies (mouse anti-V5, 1:500 dilution,
Invitrogen) and secondary antibody (goat anti-mouse Alexa Fluor 594,
Life Technologies) for 60 min at room temperature. Nuclei were stained
with 4′,6-diamidino-2-phenylindole. Images were acquired using an
Olympus FluoView FV1000 confocal laser-scanning microscope. Image
stacks were captured using a 63×/1.4 objective with constant parameters
for all conditions of each type of experiment, guaranteeing that the image
was not saturated and that image background was slightly above zero.
Twenty different fields were analyzed with a total of 150 to 200 cells per
group in three independent experiments. The numbers of IRE1a clusters
and cluster size were quantified using ImageJ for PDIA6-V5 positive and
negative cells.

A Phostag assay was performed to monitor IRE1a phosphorylation
(37). HEK293T cells were transiently transfected with PMSCV-IRE1a-
HA and pcDNA3.1 or PMSCV-IRE1-HA and pcDNA3.1-PDIA6-V5
for 48 hours. Cells were treated with 50 nM thapsigargin for the indicated
time points, and total cell extracts were analyzed by Western blot. Phostag
assay was performed using 50 mg of total protein loaded in 8% SDS-
PAGE minigel containing 25 mM of Phostag in the presence of 25 mM
MnCl2. The following antibodies and dilutions were used: anti-HA (1:1000,
Covance), anti-V5 (1:10,000, Sigma), and anti–heat shock protein 90
(1:5000, Santa Cruz Biotechnology).

In vivo ER stress analysis
Wild-type mice were given a single intraperitoneal injection (50 ng/g body
weight) of a suspension (0.05 mg/ml) of tunicamycin in 150 mM dextrose
(65). After 16 hours, mice were euthanized and liver extracts were pre-
pared for immunoblot or Q–PCR analyses. All animal experiments were
performed according to procedures approved by the Animal Use Commit-
tee of the Faculty of Medicine of the University of Chile.

The wild-type N2 C. elegans strain (Bristol) was obtained from the
Caenorhabditis Genetics Center at the University of Minnesota. Worm
breeding and handling were conducted following standard methods as de-
scribed previously (66). For RNAi experiments, synchronized first larval
stage (L1) worms were placed on Nematode Growth Medium agar medium,
which contained ampicillin (100 mg/ml) and 1 mM isopropyl-thio-b-D-
galactoside and was seeded with an overnight culture of bacteria con-
taining each RNAi clone (http://www.geneservice.co.uk). The worms were
used for the analysis 3 days after RNAi application. The worms were
treated with thapsigargin (3 mg/ml) for 5 hours. Total mRNAwas extracted
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from worms using the RNeasy Plus Mini Kit (Qiagen), cDNAwas syn-
thesized using the Prime Script RT reagent kit (TaKaRa), and the quanti-
tative RT-PCR analysis was performed using the KAPA SYBR FAST
qPCR kit (KAPA Biosystems) and the Thermal Cycler Dice Real Time
System (TaKaRa) according to the manufacturers’ protocols.

For analysis of PDIA6 expression in C. elegans, the worms were cul-
tured in the RNAi-treated plates containing thapsigargin (3 mg/ml) or tu-
nicamycin (5 mg/ml) for 5 hours. RNA was isolated for qPCR analysis,
and worm extracts were used for Western blot analysis with antibodies
against PDIA6 (Abcam, ab11432) and GAPDH (Abcam, clone 8C2). The
following pairs of real-time PCR primers were used for quantification of
C. elegans genes: for XBP1s, forward: 5′-TGCCTTTGAATCAGCAGTGG-3′
and reverse: 5′-ACCGTCTGCTCCTTCCTCAATG-3′; for PDI-1, forward:
5′-GAAAGCCAACGAAATACACCG-3′ and reverse: 5′-ACAACTCT-
GGTCTTTCCCTTC-3′; for PDI-2, forward: 5′-AGAGATCAAGTCGCA-
CAACC-3′ and reverse: 5′-CGGTGTTGATGTAGACGAAGAG-3′; for
PDI-3, forward: 5′-GTTGACAATCTCCAGCAATTCG-3′ and reverse:
5′-AACGTCTCTTGTTCATCTGG-3′; for tag-320, forward: 5′-CCCAACCAT-
CAAGTATTTCGC-3′ and reverse: 5′-GCATGTTTTCTTGAGCACGAG-3′.

Deep sequencing analysis and selection of miRNA
Deep sequencing was performed by PlantBiosis (University of Lethbridge).
NIH-3T3 fibroblasts were treated with 0.5 mM thapsigargin for 24 hours
and harvested with TRIzol (Invitrogen). RNAwas isolated using the RNeasy
kit (Qiagen), and total RNAwas used for deep sequencing. Statistical analysis
was performed on the raw data. Short reads generated using Illumina GAIIx
were cleaned up using the FastQC program (http://www.bioinformatics.bbsrc.
ac.uk/projects/fastqc), continuous poly-A/T/C/G were removed, and adapters
were trimmed at the 3′ end using the Btrim program (67). Sequences between
18 and 29 nucleotides in length were retained. The leading N base was
trimmed at the 5′ end. The remaining short RNAs were filtered to find
both known and putative (novel) miRNAs. Reads that did not match the
National Center for Biotechnology Information (NCBI) mouse genome
(using build 37.2 from http://www.ncbi.nlm.nih.gov/projects/genome/
guide/mouse/) were discarded. Sequence alignment was performed using
the Bowtie program (68) assuming perfect match. Reads that matched re-
petitive DNAs from Repbase (69) (uploaded from http://www.girinst.
org/server/RepBase/) and noncoding RNAs, including transfer RNAs,
ribosomal RNAs, small nuclear RNAs, and small nucleolar RNAs,
from Rfam (70) (using build 10.0 from http://rfam.janelia.org/) were re-
moved. Known miRNAs were tagged using release 17 of miRBase (71)
and set aside. The remaining short RNAs were processed to find putative
miRNAs. First, they were aligned to (i) mRNAs using RefSeq database
(72) (the matching reads were tagged as mRNA-matching); and (ii) ex-
pressed sequence tags (ESTs) using dbEST (73) (the matching sequences
were tagged as EST-matching). Two putative miRNA precursor se-
quences of the mRNA-matching, EST-matching, and the remaining
short reads (one with 10 nucleotides upstream and 70 nucleotides
downstream, assuming that miRNA is at the 5′ arm of the RNA hair-
pin, and the other with 70 nucleotides upstream and 10 nucleotides
downstream, assuming that miRNA is at the 3′ arm) were processed
by the MIREAP program (http://sourceforge.net/projects/mireap/) to
select those that have hairpin structure. The hairpin-like reads were folded
using RNAfold (74) to select those with a minimum free energy below
−25 kcal/mol. Finally, the remaining short RNAs were clustered to group
similar reads. Both miRNAs and miRNAs* were considered. Each cluster
represents one putative miRNA, and its sequence was set to be the most
frequent or abundant sequence in a given cluster. The abundance for each
putative miRNA was calculated as a sum of abundance of all (similar)
reads in this cluster.
ww
Annotation of differentially expressed miRNAs
All known miRNAs and miRNAs*, which were annotated using miRBase,
and putative miRNA and miRNAs* were combined together, and those
with abundance (counts) below 5 were removed. Bioconductor package
edgeR (75) was applied to determine whether a given miRNAwas differ-
entially expressed between thewild-type and knockout groups. ThemiRNAs
were sorted by the adjusted P values, which were computed using trimmed
mean ofM values (TMM) normalization and tagwise dispersion. AllmiRNAs
with adjusted P > 0.5 were annotated with their (putative) target genes
and considered for experimental validation. The experimentally validated
targets were collected using miRecords database (76). Because the number
of experimental annotations was relatively low, we used three target
predictors (77): TargetScan (30, 31), DIANAmicroT (32), and RepTar
(33). Targets thatwere associatedwithmultiple annotationswere considered
to be more reliable. Statistically significant miRNAs were submitted to IPA
(IngenuitySystems, http://www.ingenuity.com), generating a network of
bioactive systems affected by these miRNAs.

miR-322 expression, treatment with mimic, and PDIA6
3′UTR reporter analysis
The miR-322 sequence specific mimic and inhibitor (Qiagen) were used
at a final concentration of 20 nM. To measure the amount of miRNA
present in samples, the samples were isolated with TRIzol (Invitrogen)
and subjected to RNA purification using the RNeasy kit (Qiagen). To
monitor the miRNA, a specific miRNA RT-PCR to generate cDNAwas
performed using the miRCURY LNA Universal RT miRNA PCR kit
(Exiqon). This RT-PCR generates cDNA that corresponds to miRNA and
contains a particular motif that can be recognized by specific primers for
miRNA analysis (Exiqon). The cDNA was diluted 20-fold, and miRNA-
specific primers were used in the subsequent qPCR. The qPCR was pre-
pared as follows: 4 ml of cDNA, 2 ml of PCR primer mix (prepared by
diluting forward and reverse primers 1:1), 4 ml of water, and 10 ml of
SYBR Green Master Mix (Bio-Rad). The amplification protocol included
10 min of 95°C denaturation; 40 cycles with 95°C denaturation for 15 s,
58°C annealing for 15 s, and 72°C extension for 15 s. Detection of the
fluorescent product occurred at the end of the 72°C extension period. The
specificity of the amplification product from each primer pair was con-
firmed by a melting curve analysis of the PCR product. Quantification
was performed as described above, except that 5S ribosomal RNAwas used
as the housekeeping control (Exiqon, cat. no. 203906). The mmu-miR-322
PCR Primer Set (Exiqon, cat. no. 205182) andmmu-miR-322mimic (Qiagen,
cat. no. MSY0000548) and inhibitor (Qiagen, cat. no. MIN0000548) were
based on 5′-CAGCAGCAAUUCAUGUUUUGGA-3′. Results were nor-
malized to the 5S control with untreated control set at 1.

For PDIA6 3′UTR reporter analysis, 3T3 fibroblasts were reverse-
transfected with PDIA6 3′UTR Reporter (OriGene) vector (pMirTarget)
with either miR-322 mimic or anti–miR-322 (Qiagen) to monitor miR-322
activity toward PDIA6 3′UTR. Luciferase activity was monitored using
the dual luciferase activity assay (Promega).

Statistical analysis
As suggested in (78), if the measurements were normal, as evaluated with the
Anderson-Darling test at 0.05 significance (79), then we used the t test; other-
wise, we used the nonparametric Wilcoxon rank sum test (80). A difference
was determined to be statistically significant if P < 0.05.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/7/329/ra54/DC1
Fig. S1. The XBP1 splicing reporter system.
Fig. S2. A genome-wide siRNA screen.
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Fig. S3. Silencing of the PDIA6 gene.
Fig. S4. Phosphorylation of eIF2a in PDIA6-silenced cells.
Fig. S5. PDIA6 mRNA abundance under ER stress conditions.
Fig. S6. PDIA6 interacts with the luminal domain of IRE1.
Fig. S7. PDIA6 silencing and IRE1a RIDD activity.
Fig. S8. Selected miRNAs identified by deep sequencing analysis.
Fig. S9. Schematic representation of multiple target prediction analysis.
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Supplemental Figure S1. The XBP1 splicing reporter system. 
The pRL-IXFL XBP1 splicing reporter vector contained cDNA encoding Renilla luciferase (internal 
control) and cDNA encoding unspliced XBP1 followed by firefly luciferase. Because cDNA encoding the 
firefly luciferase is not in frame in the unspliced pRL-IXFL, there is no detectable luciferase activity. 
Induction of ER stress, specifically by ER Ca2+ store depletion, results in activation of the 
endoribonuclease activity of IRE1, which then splices 26 bp from the mRNA encoding XBP1. Splicing of 
the 26 bp fragment of the mRNA encoding XBP1 results in a frame shift that allows read through of the 
firefly luciferase enzyme. 

  



 

Supplemental Figure S2. A genome-wide siRNA screen. 
(A). A schematic representation of the library screen. Transfection of single and pooled siRNA was 
performed in 24 well plates in duplicates in 3 independent experiments. qPCR for the selected high 
confidence genes was performed. (B). Heat maps representing 400 genes identified in control and 
thapsigargin (Thap)-treated cells. The cluster analysis is represented as a heat-map generated by Java 
TreeView 1.1.3. (C). A graph demonstrating the complete library screen. Y axis, fold change values. 
Thap, thapsigargin. (D). Cell growth of control and thapsigargin (Thap)-induced cells treated with 
siRNAs as indicated in the figure. Data is representative of 3 biological replicates. 



 

 

Supplemental Figure S3. Silencing of the PDIA6 gene.  
(A). BiP, IRE1α, and PDIA6 genes were silenced using specific siRNA in NIH-3T3 cells expressing the 
IRE1α activity reporter. Scrambled, negative siRNA (control) was used as a control with results 
normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). *P-value = 4.11E-08. Inset, 
Western blot analysis with anti-BiP antibodies of control (Neg siRNA) and BiP siRNA treated cells. (B). 
Q-PCR analysis of PDIA6 mRNA abundance after silencing in the presence or absence of thapsigargin 
(Thap). Neg, negative scrambled control. Results were normalized to GAPDH. Control *P-value = 4.11E-
08; thapsigargin #P-value = 4.48E-07. Inset, Western blot analysis with anti-PDIA6 antibodies of control 
and PDIA6 siRNA treated cells. Anti-GAPDH antibodies were used as a loading control. Data in (A) and 
(B) are representative of 3 or more biological replicates. (C). NIH-3T3 cells were transfected with XBP1 
splicing reporter and either negative siRNA (Neg), pooled PDIA6 siRNA (pool), or four independent 
PDIA6-specific siRNA and treated with thapsigargin. *P-value <0.0001; **P-value = 0.0067; ***P-value 



= 0.0069; ****P-value = 0.0016; *****P-value = 0.0005. (D). PDIA6 mRNA abundance in cells 
transfected with a different siRNA as shown in (C). *P-value <0.0001. Data in (C) and (D) is 
representative of 3 biological replicates. 

  



 

 

 

 

 

 

 

 
 
 
 
 
Supplemental Figure S4. Phosphorylation of eIF2αααα in PDIA6-silenced cells. 
(A). PDIA6 was silenced in NIH-3T3 fibroblasts with siRNA. Cells were treated with thapsigargin (Thap) 
followed by Western blot analysis for total eIF2α (upper panel) and eIF2α phosphorylated at Ser51 (lower 
panel). (B). Quantitative analysis of phosphorylation of eIF2α at Ser51. Thap, thapsigargin. Data in (A) 
and (B) are representative of at least 3 biological replicates. 

 

  



 

 

Supplemental Figure S5. PDIA6 mRNA abundance under ER stress conditions. 
NIH-3T3 fibroblasts were treated with thapsigargin (Thap), cyclosporine A (CSA), dithiothreitol (DTT), 
tunicamycin (Tun), brefeldin A (BFA), staurosporine (STS) or tetrakis-(2-pyridylmethyl)ethylenediamine 
(TPEN). Results were normalized to the internal control GAPDH. *thapsigargin, P-value = 3.42E-13; 
#tunicamycin P-value = 1.54E-07; $brefeldin A P-value = 0.00126; ~TPEN P-value = 3.22E-05. All data 
are representative of at least 3 biological replicates. 

  



 

 

Supplemental Figure S6. PDIA6 interacts with the luminal domain of IRE1. 
(A). His-tagged ER luminal domain of IRE1α (IRE1-NLD) was expressed in COS-1 cells. Four different 
pull-down experiments for control (Control + IRE1-NLD) and thapsigargin (Thap + IRE1-NLD) treated 
cells are presented. Total IRE1α and PDIA6 abundance in cell lysates is shown in the left panel. NiNTA, 
Ni-Agarose. (B). PDIA6 or calreticulin (CRT) was injected over immobilized recombinant IRE1α ER 
luminal domain (IRE1-NLD) coupled to a BIACore chip. RU, relative units. Ka and Kd values are 
representative of at least 3 independent biological replicates. (C). PDIA6 was injected over immobilized 
recombinant ER luminal domain of IRE1α (IRE1-NLD) or the triple cysteine mutant 
(C109A,C148A,C332A) of IRE1-NLD (C109,148,332A-IRE1-NLD) coupled to a BIACore chip. RU, 
relative units. Ka and Kd values are representative of at least 3 independent biological replicates. (D). 
PDIA6 was injected over immobilized recombinant IRE1α ER luminal domain in the presence of EGTA 
or after NEM-dependent alkylation of the coupled IRE1-NLD. RU, relative units. Graph is a 
representative of at least 3 independent biological replicates. (E). MST analysis of PDIA6 binding to 
IRE1-NLD. Graph is a representative of 3 independent biological replicates.   

 



 

Supplemental Figure S7. PDIA6 silencing and IRE1αααα RIDD activity.  
HEK293T cells were transiently transfected with PDIA6-V5 or control vector. mRNA decay (RIDD) of 
the IRE1α targets scara and col6 was monitored by real-time PCR and normalized with respect to the 
abundance of the housekeeping gene rpl19. Data is representative of 3 independent biological replicates. 

  



microRNA Cont Thap Ratio T/C 
mmu-miR-641-5p 43.5 3    0.068966 
new_miRNA_star0666 42 3    0.0711429 
mmu-miR-669f-3p 8.5 1    0.117647 
mmu-miR-503 14.5 2    0.137931 
mmu-miR-2137 25 6.5    0.26 
mmu-miR-322 2127.5 665    0.312573 
mmu-miR-708* 281 701.5    2.496441 
new_miRNA0795 238 627    2.634454 
mmu-miR-101b 954 2652    2.779874 
mmu-miR-92a-1* 6.5 24.5    3.769231 
mmu-miR-1937a 230.5 936    4.060738 
new_miRNA_star0242 5.5 23.5    4.272727 
new_miRNA0055 1.5 12.5    8.333333 
mmu-miR-216b 1.5 13    8.666667 
new_miRNA0056 1.5 27.5    18.33333 
mmu-miR-216a* 1.5 28.5    19 

 

 

 

Supplemental Figure S8. Selected miRNAs identified by deep sequencing analysis.  
Top table, high T/C (thapsigargin/control) ratio indicates thapsigargin-dependent increase in miRNA 
abundance and low T/C ratio indicates decrease in miRNA abundance, respectively. Lower panel, smear 
plot using fold change values of miRNA abundance with common dispersion. Log ratio compared to 



abundance is presented. Data is representative of 2 independent biological replicates. Cont, control; Thap, 
thapsigargin. 

  



 

 

 

 

Supplemental Figure S9. Schematic representation of multiple target prediction analysis. 
Outline of the computational analysis of the miRNA (on the left) and siRNA (on the right) screens. Black 
boxes denote main steps, dashed cylinders and boxes are databases and methods, respectively. 
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