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Background: IRE1� regulation in ER stress response and protein homeostasis need to be fully studied.
Results: IRE1�binds theCdc37-Hsp90 complex. Interfering this interaction enhanced basal IRE1� activity and impaired insulin
synthesis in INS-1 cells.
Conclusion: Negative regulation of IRE1� activity by Hsp90/Cdc37 is important for insulin synthesis.
Significance: Hsp90/Cdc37-mediated regulation of IRE1� adds new mechanistic insight to ER stress signal and regulation.

IRE1� is an endoplasmic reticulum (ER) localized signaling
molecule critical for unfolded protein response. During ER
stress, IRE1� activation is induced by oligomerization and auto-
phosphorylation in its cytosolic domain, a process triggered by
dissociation of an ER luminal chaperone, binding immunoglob-
ulin-protein (BiP), from IRE1�. In addition, inhibition of a cyto-
solic chaperone proteinHsp90 also induces IRE1� oligomeriza-
tion and activation in the absence of an ER stressor. Here, we
report that the Hsp90 cochaperone Cdc37 directly interacts
with IRE1� through a highly conserved cytosolic motif of
IRE1�. Cdc37 knockdown or disruption of Cdc37 interaction
with IRE1� significantly increased basal IRE1� activity. In
INS-1 cells, Hsp90 inhibition and disruption of IRE1�-Cdc37
interaction both induced an ER stress response and impaired
insulin synthesis and secretion. These data suggest that Cdc37-
mediated direct interaction between Hsp90/Cdc37 and an
IRE1� cytosolic motif is important to maintain basal IRE1�
activity and contributes to normal protein homeostasis and
unfolded protein response under physiological stimulation.

The endoplasmic reticulum (ER)2 is a cellular organelle
where secretory and transmembrane proteins are synthesized,
folded, andmodified intomature proteins. The folding capacity of
the ER is tightly regulated to match the flux of protein synthesis
through a highly conserved ER stress signaling pathway. An
increase inER load triggers a coordinated compensatory response,
including inhibitionofprotein synthesis, increase inERchaperone
expression, and removal of unfolded proteins via proteasome-de-

pendent degradation. This so-called unfolded-protein-response
(UPR) is critical to maintain ER homeostasis and essential for cel-
lular survival and function (1, 2).However, abnormal ER stress can
also be proapoptotic (3, 4) and contributes to diseases ranging
from diabetes to neurological disorders (5).
The full spectrum of UPR is mainly mediated by the coordi-

nated activation and downstream signaling of three ER mem-
brane proteins: IRE1, protein kinase RNA-like ER kinase
(PERK), andATF6 (6–8). Under basal condition, an ER luminal
chaperone protein, BiP/GRP78, binds to these molecules from
the ER lumen and suppresses their basal activity. During ER
stress, misfolded proteins accumulate in the ER lumen and
remove BiP from IRE1, PERK, and ATF-6, leading to their activa-
tion and downstream signaling. For IRE1, removal of BiP binding
uncovers an IRE1 dimerization domain located in the N-terminal
domain within the ER lumen that initiates IRE1 oligomerization.
Oligomerized IRE1 triggers trans-autophosphorylation in its cyto-
solic domain (9) and activation of its endonuclease activity for
non-conventional splicing of its downstream target mRNAs such
as Xbp-1 (10–12). Spliced XBP-1 protein is a transcription factor
necessary forUPRgene expression, including bothERchaperones
and ER-associated degradation proteins (13). In addition to the
dimerization domain within the ER lumen, recent biochemical
and structural analysis has also revealed that IRE1 possesses an
oligomerization motif in the cytosolic kinase domain that medi-
ates IRE1 interaction and endonuclease activation (14). However,
themechanismthat regulates thecytosolicdomain-mediatedolig-
omerization and autophosphorylation activity of IRE1� remains
to be established.
Hsp90 is an abundant cytosolic protein that functions with

cochaperone Cdc37 to selectively interact with client kinases
and regulate their stability and activity. Inhibition of Hsp90
induces ER stress associated with increased expression BiP (15)
and mitochondrial mediated apoptosis (16). Earlier studies
have implied that heat shock proteinHsp90 regulates IRE1 pro-
tein stability and UPR through a cytosolic domain (14). How-
ever, the detailed molecular mechanism remains unexplored.
In this report, we find that Hsp90 and Cdc37 are molecular
components of the IRE1� signaling complex. Cdc37 interacts
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with IRE1� directly via a cytosolic motif located in the kinase/
oligomerization domain of IRE1�. Cdc37 expression is both
necessary and sufficient for IRE1� inactivation under basal
conditions. Disrupting the Cdc37 interaction with IRE1�
impairs the normal UPR during ER stress. In INS-1 cells, Hsp90
inhibition or interrupting Cdc37 interaction with IRE1 results
in a significant impairment of glucose-induced insulin synthe-
sis and secretion. Therefore, our study has revealed Cdc37 as a
new molecular component of the IRE1 signaling complex.
Cdc37-Hsp90 activity is necessary to maintain basal IRE1�
inactivation through direct interaction in the cytosol. This
mechanism also plays a role in the normal ER stress response
and protein homeostasis important for glucose induced insulin
synthesis/secretion in pancreatic � cells.

EXPERIMENTAL PROCEDURES

Cell Culture—INS-1 was grown in RPMI 1640media supple-
mented with 10% FBS, 10 mMHEPES, 10 mM sodium pyruvate,
50 �M �-mercaptoethanol, and 100 units/ml penicillin:strepto-
mycin solution. HeLa cells were cultured in DMEM with 10%
FBS and 100 units/ml penicillin:streptomycin solution. Cells
were treated with 1 �g/ml of geldanamycin (GA) for the indi-
cated time. HeLa cells were infected with an adenovirus
expressing IRE1� (Adv-IRE1�) andwere incubated for an addi-
tional 24 h before the experiment. Cotransfection of HeLa cells
with Adv-IRE1� and Adv-shRNA was also performed 24 h
prior to the experiment.
Western Blot Analysis—Proteins were homogenized in 1%

Triton X-100 lysis buffer containing 50 mM Tris-HCl (pH 7.4),
150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100, 1
mM �-glycerophosphate, 2.5 mM Na4P2O7, 20 mM NaF, 1 mM

Na3VO4, 1 mM PMSF, and protease inhibitor mixture (Roche).
Proteins were separated on 12% Bis/Tris PAGE (Invitrogen)
and transferred onto nitrocellulose membranes. Proteins were
detected by immunoblots using antibodies against IRE1�,
XBP-1, Actin (Santa Cruz Biotechnology, Inc.), IRE1� (Ser-
724) (Novus Biologicals), BiP, IRE1�, Cdc37 (Santa Cruz Bio-
technology, Inc.), Cdc37, Hsp90�/�, insulin (Abcam), penta-
His (Qiagen), Myc, p-Akt, and Akt (Cell Signaling Technology,
Inc.).
Immunoprecipitation Western—Phospho-IRE1� was de-

tected by first immunoprecipitating IRE1� from the total pro-
tein extract using anti-IRE1� (Santa Cruz Biotechnology, Inc.)
with protein A-conjugated agarose beads (GE Healthcare)
overnight at 4 °C. Precipitant was boiled in loading buffer con-
taining 0.2% �-mercaptoethanol and separated on 4–12% Bis/
Tris SDS-PAGE (Invitrogen) following the company’s protocol.
Sucrose Gradient—Cells were lysed in 1% Triton X-100 lysis

buffer, and 2 mg of total cellular protein lysates were loaded on
a column of sucrose gradient ranging from 10–50% or 10–40%
and centrifuged for 16 h at 132,000 � g at 4 °C.
Glucose-stimulated Insulin Secretion Assay—INS-1 cells

were cultured as described earlier, and fresh media were added
a day before the assay. Cells were starved in KRBH buffer (120
mM NaCl, 5 mM KCl, 1.2 mM KH2PO4, 5 mM NaHCO3, 2.5 mM

CaCl2, 1.2 mM MgSO4, 0.2% fatty acid-free BSA, and 10 mM

HEPES (pH 7.4)) for 2 h at 37 °C in the presence of 0.01%
DMSO, 1 �g/ml GA, or 1 �g/ml tunicamycin (TM). Cells were

then treated with KRBH � 16.7 mM glucose for 1 h at 37 °C.
Media from each sample was snap-frozen and kept at �80 °C
for an insulin secretion assay by ELISA (Crystal Chem, Inc.).
Total protein lysates were prepared in 1% Triton X-100 lysis
buffer, and RNA was extracted using TRIzol (Invitrogen) fol-
lowing the company’s protocol.
Quantitative RT-PCR—RNA was isolated from each sample

using TRIzol, and cDNA was synthesized using SuperScriptII
reverse transcriptase (Invitrogen) following the company’s pro-
tocol. Quantitative RT-PCR was done using iQ SYBR Green
Supermix and MyiQ (Bio-Rad). All the reactions and analyses
were done using iCycler (Bio-Rad). Primer sequences, melt
curve, and efficiency of each PCR are shown in supplemental
Fig. S6, A–C, respectively.

RESULTS

Hsp90 Regulates IRE1 Activity without Activating Full ER
Stress Response—Hsp90 inhibition by GA is known to regulate
IRE1 protein stability (14) and participates in the unfolded pro-
tein response regulation (14, 17). To determine the specificity
of GA on IRE1, INS-1 (a rat pancreatic � cell line) was treated
with GA, and its effect was compared with other ER stress
inducers, including DTT, TM, and thapsigargin (TG). DTT is a
strong reducing agent that quickly induces ER stress to activate
UPR pathways, whereas TM and TG are slow-acting inducers
by inhibiting protein glycosylation or sarcoplasmic/ER calcium
ATPase (SERCA), respectively. We observed that GA treat-
ment for 30 min resulted in a robust induction of IRE1� phos-
phorylation. In contrast, cells treated with TM failed to induce
IRE1� phosphorylation during the same time frame (Fig. 1A).
When the effect of GA was compared with DTT, both equally
induced IRE1� phosphorylation, whereas the PERK pathway
indicated by p-PERK and its downstream substrate p-eIF2� or
ATF6 was not activated by GA to the same extent as DTT (Fig.
1B). Therefore, acute GA treatment specifically induced IRE1�
phosphorylation without inducing the general ER stress path-
way. Similar results were seen in INS-1 cells treated with
anotherHsp90 inhibitor, 17-allylamino-17-demethoxygeldana-
mycin (supplemental Fig. S1).
ER stressors such as TM and TG lead to sustained IRE1 acti-

vation, as indicated by increased levels of Xbp-1 pro-RNA splic-
ing for up to 4 h post-treatment (Fig. 1C). In contrast, Hsp90
inhibition resulted in only a transient induction of IRE1 activity.
After 120min post-GA-treatment, total IRE1, phospho-IRE1�,
and Xbp-1 pro-RNA splicing were all decreased (Fig. 1, B and
C). This is in an agreement with a previous report that long-
term Hsp90 inhibition causes IRE1 protein degradation (14).
Unexpectedly, however, the IRE1 induction was maintained up
to 120 min when the culture media was replaced every 30 min
with freshmedia containing 1�g/mlGA. In contrast, total IRE1
protein was reduced after 90 min of GA treatment compared
with the earlier time points by the same treatment (Fig. 1D).
These data suggest that Hsp90 regulates IRE1 through two dif-
ferent mechanisms: one regulates IRE1 protein stability, and
another regulates IRE1 activity through a so far uncharacter-
ized mechanism independent of general ER stress induction.
IRE1� Interacts with Cdc37 in an Hsp90-dependent Manner—

To identify the IRE1� binding proteins, we employed
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LC-MS/MS analysis of the IRE1� immunocomplex isolated
from INS-1 cells expressing FLAG-tagged IRE1� protein and
identified Hsp90 and its cochaperone Cdc37 as part of the pro-
tein complex. Using coimmunoprecipitation assay in HeLa
cells expressing cMyc-tagged IRE1� (WT) or IRE1� kinase
dead mutant (KD), we found that both wild-type IRE1� and the
KD mutant bind to the endogenous Hsp90 and Cdc37 chaper-
one complex (Fig. 2A). However, when INS-1 cells were treated
with TM or GA for 10 or 60 min, the amount of Cdc37 inter-
acting with the IRE1� was decreased with nomarked change in
the interaction between IRE1� and Hsp90. Therefore, Cdc37
appears to be released from the IRE1� complex upon ER stress
induction or Hsp90 inhibition (Fig. 2, B and C). This observa-
tion suggests that IRE1 interaction with Hsp90 is not sensitive
to Hsp90 inhibition. However, Cdc37 interaction with IRE1 is
Hsp90 activity-dependent.
To further investigate the interaction between endogenous

IRE1� and Hsp90-Cdc37 chaperones, INS-1 cells were treated

with DMSO or GA for 15 min, and the total lysates were frac-
tionated on a sucrose gradient. Increase in phospho-IRE1� is
detected in GA-treated samples as expected (Fig. 3A). Coomas-
sie staining of SDS-PAGE (Fig. 3B) or immunoblotting on�-ac-
tin (C) from the fractionated samples demonstrated no appar-
ent differences in the overall protein distribution profile
between DMSO- and GA-treated samples. In protein extracts
prepared from DMSO-treated INS-1 cells, IRE1� displayed a
broad spectrum of distribution from fraction 8 to 16, indicating
different forms of IRE1 complexes in intact cells. Both Hsp90
and Cdc37 comigrated with IRE1� in lower molecular weight
fractions (8 to 12). Upon GA treatment, IRE1� signals were
shifted to higher molecular weight fractions, consistent with
IRE1� oligomerization (Fig. 3, C andD). Similarly, distribution
of Hsp90 was also observed to shift to higher molecular weight
fractions. This is consistent with the notion that Hsp90
remained associated with IRE1 upon Hsp90 inhibition (as
shown in Fig. 2), as well as previously reported by Marcu et al.

FIGURE 1. Hsp90 inhibition induced IRE1� activation and degradation in INS-1 cells. A, INS-1 cells were treated with 1 �g/ml GA or 1 �M TM for 30 min and
immunoblotted for p-IRE1� and total IRE1� after immunoprecipitation with IRE1� antibodies. �-Actin immunoblot analysis was performed on total extracts as
a loading control. B, INS-1 cells were treated with 1 �g/ml GA for 30 or 180 min and with DTT for 30 min. Unfolded protein response proteins from total extracts
were analyzed by immunoblotting as indicated. NT, non-treated. C, XBP-1 pro-RNA splicing was detected by RT-PCR from INS-1 cells treated with GA for 0.5, 1,
or 2 h; 1 �M TM or 1 �M TG for 2 or 4 h; and DMSO for 2 h as indicated. D, INS-1 cells were cultured with fresh media containing 1 �g/ml GA every 30 min for 2 h,
and immunoblot for p-IRE1� and XBP-1 protein as indicated. The bottom panel includes XBP-1 pro-RNA splicing detected by RT-PCR.

FIGURE 2. IRE1� interacts with the Hsp90-Cdc37 chaperone complex. A, the IRE1� complex was isolated from INS-1 cells overexpressing IRE1� WT or the
IRE1� KD mutant as indicated using IgG or anti-Myc antibody followed by immunoblot analysis for p-IRE1�, total IRE1�, Hsp90 (both �/�), and Cdc37 as
indicated. B, INS-1 cells were treated with DMSO, 1 �M TM, or 1 �g/ml GA for 10 or 60 min. Following immunoprecipitation (IP) using anti-IRE1� antibody, an
immunoblot analysis for p-IRE1�, IRE1�, Hsp90, and Cdc37 was performed as indicated. C, the changes in the amount of Hsp90 and Cdc37 interacting with the
IRE1� are quantified and plotted. A.U., arbitrary unit; NT, non-treated.
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(14). In contrast, Cdc37 showed no change in sucrose gradient
distribution after GA treatment. These data again support the
earlier observation that Cdc37 interacts with IRE1 in an Hsp90
activity-dependent manner.
Cdc37 Regulates IRE1� Activity without Affecting IRE1�

Stability—To investigate the functional significance of Cdc37-
Hsp90 interaction with IRE1, shRNA was used to down-regu-
late endogenous Cdc37 expression in HeLa cells where the
Hsp90 inhibition-induced IRE1 activation was also observed

(supplemental Fig. S2). As shown in Fig. 4, A–C, IRE1� activi-
ties, as indicated by phospho-IRE1�, IRE1� dimerization, and
Xbp-1 pro-RNA splicing at both protein and RNA levels, were
all significantly increased in Cdc37 knockdown cells compared
with controls (shLuci), whereas therewas no change inATF6 or
PERK (indicated by p-eIF2�) activities (Fig. 4D). Moreover,
GA-induced IRE1 activation was further enhanced in Cdc37
knockdown cells (Fig. 5, A and B), suggesting that Cdc37 is a
negative regulator of IRE1�. The specificity of IRE1�-mediated

FIGURE 3. Dynamic interaction between IRE1� and Cdc37. A, INS-1 cells were treated with DMSO or 1 �g/ml GA for 15 min, and cell extracts were
fractionated in a 10 to 50% sucrose gradient. B, images of Coomassie-stained gels of protein fractions from DMSO and GA-treated INS-1 cell extracts.
C, immunoblot analysis of protein fractions for IRE1�, Hsp90, Cdc37, and �-actin as indicated. D, bands were quantified and plotted to show the difference in
migration pattern.

FIGURE 4. Cdc37 is necessary for negative regulation of basal IRE1� activity. A, shRNA-mediated knockdown of Cdc37 in HeLa cells expressing IRE1�WT
with shLuci as a negative control. Immunoblots on p-IRE1�, total-IRE1�, XBP-1 spliced (s), and unspliced (u) forms were performed as indicated. B, quantitative
measurement of phospho-IRE1� levels in A. *, p � 0.01 shCdc37 versus shLuci samples. C, XBP-1 pro-RNA splicing detected by RT-PCR. D, total lysates were
immunoblotted for ATF6 and eIF1� as an indicator of PERK activities, JNK, caspase-12, and BiP as indicated.
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XBP1 splicing was demonstrated in Fig. 5C, where the IRE1�
kinase dead mutant (KD) failed to trigger XBP1 splicing under
any treatment. Chronic inactivation of Cdc37 did not result in a
loss of total IRE1� protein expression or a change in its sucrose
gradient distribution profile (supplemental Fig. S3), implying
that Cdc37 is not involved in Hsp90-mediated regulation of
IRE1� protein stability or oligomerization. Overexpression of
Cdc37 in INS-1 resulted in a modest but significant reduction

of phospho-IRE1� at the basal level (supplemental Fig. S4).
When the cells were treated with DTT orGA, there was a trend
toward a decrease in IRE1� activation, but it did not reach sta-
tistical significance. Thus, although necessary, base-line
expression of Cdc37 does not appear to be sufficient to modu-
late IRE1 activation. This may be explained by the notion that
Hsp90/Cdc37 are very abundant proteins relative to other ER
regulatory components (18).

FIGURE 5. Cdc37 in IRE1� regulation induced by Hsp90 inhibition. A, response to Hsp90 inhibition in control (shLuci) and Cdc37 knockdown (shCdc37) HeLa cells
expressing IRE1�-WT was measured by immunoblots for p-IRE1� and IRE1� as indicated or by XBP-1 pro-RNA splicing by RT-PCR (bottom panel). B, response to Hsp90
inhibition in control (shLuci) and Cdc37 knockdown (shCdc37) HeLa cells expressing the IRE1�KD mutant was measured by XBP-1 pro-RNA splicing.

FIGURE 6. Cdc37 interacts with kinase domain of IRE1�. A, schematic illustration of domains of human IRE1� with the amino acid number indicated in boxes.
B, coimmunoprecipitation (IP) assay using His-tagged recombinant IRE1� deletion mutant proteins (as indicated by amino acid numbers) and Cdc37 recom-
binant protein as described under “Experimental Procedures.” C, IRE1� truncated protein 551– 832) or vector control were expressed in INS-1 cells and treated
with 1 �M DTT or 1 �g/ml GA for 15 min as indicated. Immunoprecipitation on total lysates was performed with anti-IRE1� followed by immunoblotting for
p-IRE1�, IRE1�, Myc, and Cdc37 as indicated.
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Cdc37 Regulates IRE1� Activity through Direct Interaction
with the IRE1 Kinase Domain Dimer Interface—To determine
the molecular basis of Cdc37/IRE1� interaction, we mapped
the Cdc37 binding domain on IRE1� by a coimmunoprecipita-
tion assay using several truncation mutants of IRE1� as shown
in Fig. 6A. The full-length IRE1� containing the N terminus
transmembrane domain could not be purified because of its
insolubility. However, a specific interaction was detected
betweenCdc37 and the IRE1� aa 551–832 fragment containing
the kinase domain (Fig. 6, B and C). When expressed in INS-1
cells, this IRE1� fragment did not reduce the endogenous
IRE1� interaction with Cdc37 under basal conditions but
reduced Cdc37 binding after 15 min of DTT or GA treatment
(Fig. 6D). The aa 551–832 region was further divided into
smaller fragments containing different functional motifs,
including aa 551–650 for the ATP binding pocket, aa 651–750
for both the catalytic loop and activation loop, and aa 701–750
for the activation loop. As shown in Fig. 7A, the Cdc37 interac-
tion was only detected with the fragment aa 651–750, which we
postulate to contain a Cdc37 binding domain (CBD) (supple-
mental Fig. S5). This interaction was further validated using a
coimmunoprecipitation assay in INS-1 cells expressing Myc-
IRE1�-CBD (Fig. 7B). Consistent with the observation made in

theCdc37 knockdown cells, the expression of IRE1�-CBD frag-
ment increased the basal phosphorylation level of the endoge-
nous IRE1� (Fig. 7C). However, overexpression of IRE1�-CBD
attenuated GA-induced IRE1� autophosphorylation, indicat-
ing Cdc37-interaction with IRE1� can also impact on the full
activity. Earlier structural studies have revealed that the IRE1�
aa 551–650 fragment contains several conserved residues that
are directly involved in an IRE1 kinase domain dimer interface
interaction critical for the IRE1 autophosphorylation (Fig. 7D,
Ref. 12). Therefore, our data suggest that Cdc37 interacts with
IRE1� via its highly conserved kinase domain in the cytosol.
This interaction may modulate IRE1 autophosphorylation by
regulating the kinase domain dimer interface interaction.
Role of Cdc37-Hsp90-mediated IRE1 Regulation in Insulin

Production and Secretion—Insulin synthesis in pancreatic
�-cells requires a balanced ER stress response to maintain ER
flux (19, 20). An increase in IRE1� activity is associated with
insulin biosynthesis, whereas sustained IRE1� activity or Adv-
mediated expression of XBP1s decreased insulin expression in
�-cells (21, 22). To determine the effect of Hsp90 inhibition on
insulin expression and secretion, INS-1 cells were starved for
2 h and treated with or without 16.7 mM glucose for 1 h in the
presence of 0.01% DMSO or 1 �g/ml GA. As shown in Fig. 8A,

FIGURE 7. Cdc37 interacts with the IRE1 dimer interface region and regulates IRE1 activity. A, IRE1� aa 551– 832 was further truncated into smaller
fragments, and a binding assay was performed by coimmunoprecipitation (IP) as in Fig. 6. B, Myc-IRE1� aa 651–750 was expressed in INS-1 cells. Coimmuno-
precipitation was performed with anti-Myc followed by immunoblotting with anti-Myc and anti-Cdc37 as indicated. C, the same samples were also examined
for IRE1� activation by immunoblotting for p-IRE1�, total IRE1�, and Myc as indicated. D, sequence alignment of conserved Cdc37 binding domain in IRE1
showing amino acid residues involved in the IRE1 dimer interface interaction (asterisk) and boxes (12).
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GA treatment induced a robust increase in Xbp-1 pro-RNA
splicing, whereas there was no detectable difference in IRE1�
phosphorylation levels at the same time point. The intracellular
insulin level was significantly reduced in GA-treated cells com-
paredwith theDMSO-treated control (Fig. 8B). A similar effect
was also observed in TM-treated cells. Glucose-induced insulin
secretion was measured by ELISA from conditioned culture
media and found to be reduced in GA-treated cells compared
with DMSO controls (Fig. 8C). In contrast, there were no dif-
ferences in the insulin mRNA levels between DMSO- and GA-
treated cells at both basal conditions and in response to glucose
stimulation (Fig. 8D). The quality of RT-PCR according to
MIQE guidelines is shown in supplemental Fig. S6. Therefore,
Hsp90 inhibition is sufficient to decrease insulin production
and secretion similar towhat is observed under ER stress induc-
tion (21, 22). To further demonstrate the role of Cdc37-medi-
ated IRE1� regulation in this process, the IRE1�-CBD was
expressed in INS-1 cells followed by glucose stimulation as
described earlier (Fig. 9A). Western blot analyses showed a sig-
nificant decrease in the insulin protein level at both basal con-
ditions and following glucose stimulation in the IRE1�-CBD
expressing INS-1 cells compared with controls. In addition,
RT-PCR also showed a significant decrease in insulin mRNA
expression at the basal level when IRE1�-CBD was overex-
pressed (Fig. 9B). Therefore, disrupting the Cdc37-Hsp90-
IRE1� complex by either Hsp90 inhibition or IRE1�-CBD pep-

tide leads to impaired insulin synthesis and secretion. All these
data suggest that Cdc37-Hsp90-mediated IRE1� regulation is
important for protein homeostasis (Fig. 9C).

DISCUSSION

IRE1� is known to be a client protein of Hsp90 (14), but the
molecular basis and the functional significance of Hsp90-medi-
ated regulation of IRE1 have not yet been established. In this
report, we demonstrate that Cdc37, a kinase specific cochaper-
one of Hsp90, interacts directly with the kinase domain of
IRE1� in an Hsp90 activity-dependent manner. This interac-
tion may block IRE1� kinase autophosphorylation by interfer-
ing with the IRE1 dimerization via its kinase domain dimer
interface and has a critical role in suppressing IRE1� activity
under basal condition as well as its induction under ER stress.
Disrupting this interaction by either Hsp90 inhibition, Cdc37
knockdown, or overexpression of the IRE1�-CBD peptide led
to elevated basal activity of IRE1�. At the functional level, Hsp90
inhibition or IRE1�-CBD expression attenuated glucose-stimu-
lated insulin production and secretion. Therefore, Cdc37 interac-
tion with IRE1� and Cdc37-Hsp90-mediated regulation of IRE1�
activity are critical to normal ER stress response and the dynamic
regulation of protein homeostasis in cells.
It has been reported previously that IRE1� is a client protein

of Hsp90 because of its ability to regulate IRE1� protein stabil-
ity (14). In this report, we show that Hsp90 inhibition induces

FIGURE 8. Inhibition of Hsp90 activity on glucose-stimulated insulin secretion. INS-1 cells were starved (basal) and stimulated with 16.7 mM glucose
(glucose) for 1 h as described under “Experimental Procedures.” A, intracellular insulin protein expression as well as p-IRE1�, total IRE1�, BiP, and �-actin were
determined by immunoblot analysis using total cell extracts as indicated. XBP-1 pro-RNA splicing was detected by RT-PCR (bottom panel) with insulin signal
quantified in B. *, p � 0.05. A.U., arbitrary unit. C, the conditioned media were used to determine secreted insulin by ELISA as described under “Experimental
Procedures” from INS-1 cells treated with DMSO or GA at basal levels or after 1 h of glucose stimulation. D, insulin mRNA expression was measured from the
same treatment samples. **, p � 0.05.
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IRE1� autophosphorylation and oligomerization, which is also
associated with the exit of Cdc37 from the IRE1� complex.
Cdc37 knockdown resulted in an increase in IRE1� phosphor-
ylation and oligomerization and an induction of XBP-1s. How-
ever, Cdc37 knockdown or disruption of Cdc37-IRE1� interac-
tion had no effect on IRE1� protein stability. These data lead us
to conclude that Hsp90 regulates IRE1� oligomerization and
autophosphorylation in a Cdc37-dependent manner, whereas
IRE1� protein stability is regulated independently of Cdc37,
perhaps involving other yet to be characterized cochaperones.
On the basis of our binding assays, Cdc37 directly interactswith
the IRE1� kinase domain, which overlaps with dimer interface
residues as defined by a previous structural analysis. Overex-
pression of the Cdc37 binding domain increased the basal
IRE1� phosphorylation, whereas attenuated Hsp90 inhibition
or ER stress induced IRE1� induction. Therefore, our study
revealed a so far uncharacterized Cdc37-dependent cytosolic
regulatorymotif for IRE1� oligomerization and autophosphor-
ylation. We can postulate that the dissociation of BiP from the
ER luminal domain of IRE1� and dissociation of Cdc37 from
the kinase domain in the cytosolic compartment represent a
coordinated two-prompt regulatory process for IRE� activa-
tion during the ER stress response. The exact molecular mech-
anism involved in the dynamic regulation of Cdc37-IRE1�
interaction is unknown but may involve Cdc37-Hsp90-medi-
ated conformational changes of IRE1�. It is known that confor-
mation of the IRE1 cytosolic domain determines the amplitude

as well as the specificity of its RNase activity. The specific con-
tribution of Cdc37-Hsp90 chaperone complex activity toward
IRE1 conformational change needs to be further established.
Although others have observed the induction of both the

ATF6 and PERK pathways in response to Hsp90 inhibition, we
only observed a slight increase in PERK activity, as indicated by
the eIF2� phosphorylation level. This is consistent with a pre-
vious observation showing a very weak activation of PERK in
response to GA (14). In our study, Cdc37 knockdown has a
specific effect on IRE1� activity.Moreover, despite the increase
in XBP-1s, we did not observe any increase in BiP expression
after GA treatment or Cdc37 knockdown. Therefore, Cdc37
has a highly selective impact on IRE1� activity. All three UPR
sensor proteins, PERK, ATF6, and IRE1, are under tight regu-
lation. Although these proteins all interact with BiP in the lumi-
nal domain, the kinetics and the duration of the activation for
each pathway are different (23). There is also cross-talk and
cooperation among different pathways to enable concerted UPR
(2,24–28). Once an ER stress is resolved, the IRE1 activity is the
first to be terminated, followed by ATF6 and PERK (23). Some of
themechanisms implicated in the IRE1 inactivation include deac-
tivation by phosphatase, such as Dcr2 in S. cerevisiae (29), or by
cleaving its ownmRNA(30). Interestingly, Lin etal. (23) found that
prolongation of IRE1 activity under constant ER stress also
enhanced cell survival. Thus, sustained or early termination of
IRE1 activity can lead to cell apoptosis, highlighting the impor-
tanceof tight regulationof IRE1 activity inER stress signaling.Our

FIGURE 9. Cdc37-IRE1 interaction in glucose-stimulated insulin secretion. A, immunoblot analyses for Myc, insulin protein, p-IRE1�, total IRE1�, and BiP in
cell extracts prepared from INS-1 cells expressing either vector or Myc-IRE1�-CBD (651–750) at basal levels or after 1-h treatment with 16.7 mM glucose. XBP-1
pro-RNA splicing (unspliced versus spliced) was determined by RT-PCR as indicated. B, quantitative levels of insulin protein in INS-1 cells shown in A. **, p � 0.05.
C, the relative level of insulin mRNA was measured by RT-PCR at both basal levels and glucose stimulation from the same samples. *, p � 0.05. D, illustration of
the working hypothesis for Cdc37/Hsp90-mediated regulation of IRE1 activity in the ER stress response and protein homeostasis.
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report has identified yet another step in the IRE1� regulatory
scheme involving the cytosolic interactionwithCdc37. Its specific
impact on IRE1� versus other ER stress pathways, such as PERK
and ATF6, may contribute to the differential activation profiles
among the different ER stress signaling pathways and helps to
determine the functional outcome of an UPR.
Pancreatic �-cells secrete insulin in response to hyperglyce-

mia along with an induction in insulin gene expression (31).
IRE1� is shown to be activated, and its activity is important to
mediate compensatory UPR during insulin induction (21) (19).
IRE1� knockdown resulted in a decrease in insulin expression
at the basal level, whereas prolonged activation of IRE1� also
leads to impaired insulin biosynthesis (21), suggesting that IRE1
activity needs to be tightly regulated for normal insulin produc-
tion. We show here that Hsp90 inhibition and specific disrup-
tion of theCdc37-IRE1� interaction all lead to defects in insulin
secretion and expression. Therefore, a coordinated regulation of
IRE1� from the ER lumen and cytosol is critical to maintain nor-
mal ER function. However, our current study is limited to in vitro
analysis using INS-1 cells, and thephysiological significanceof this
mechanism in glucose regulation or other ER stress related func-
tion in intact animals remains to be elucidated.
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