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Although endoplasmic reticulum (ER) chaperone binding
to mutant proinsulin has been reported, the role of protein
chaperones in the handling of wild-type proinsulin is
underinvestigated. Here, we have explored the importance
of glucose-regulated protein 94 (GRP94), a prominent ER
chaperone known to fold insulin-like growth factors, in
proinsulin handling within b-cells. We found that GRP94
coimmunoprecipitated with proinsulin and that inhibition
of GRP94 function and/or expression reduced glucose-
dependent insulin secretion, shortened proinsulin half-life,
and lowered intracellular proinsulin and insulin levels. This
phenotype was accompanied by post-ER proinsulin mis-
processing and higher numbers of enlarged insulin gran-
ules that contained amorphic material with reduced
immunogold staining for mature insulin. Insulin granule
exocytosis was accelerated twofold, but the secreted in-
sulin had diminished bioactivity. Moreover, GRP94 knock-
down or knockout in b-cells selectively activated protein
kinase R–like endoplasmic reticulum kinase (PERK), with-
out increasing apoptosis levels. Finally, GRP94mRNAwas
overexpressed in islets from patients with type 2 diabetes.
We conclude that GRP94 is a chaperone crucial for pro-
insulin handling and insulin secretion.

Type 2 diabetes (T2D) develops when pancreatic b-cell
insulin secretion fails to compensate for increased insulin

demands. Meeting those dynamic demands requires syn-
thetic plasticity inb-cell production of proinsulin, a process
periodically constituting up to 30–50% of total b-cell
protein synthesis (1). Insulin is synthesized as a prepro-
hormone (preproinsulin), the signal peptide of which is
cleaved upon entering the endoplasmic reticulum (ER) to
generate proinsulin (2). At this point, proinsulin monomer
folding is initiated (3), and three intramolecular disulfide
bonds are formed by protein disulfide isomerases (4).
Subsequently, proinsulin dimerizes and is transported
through the Golgi apparatus where it further assembles
facilitated by zinc, calcium, and acidic pH. In secretory
granules, proinsulin hexamers are cleaved by the endo-
proteases prohormone convertase 1/3 and 2 (PC1/3 and 2)
to generate and store mature insulin (5). Despite intensive
investigation, it remains unanswered how ER protein
chaperones partake in this process (reviewed in Liu
et al. [6]).

Glucose-regulated protein 94 (GRP94, gp96) is a paralog
of an hsp90 chaperone abundantly expressed and localized
to the lumen of the ER (7). GRP94 executes protein quality
control (8) and folding of a limited clientele of proteins,
including but not limited to b1 integrin (9), Toll-like
receptors (10), and insulin-like growth factors 1 and
2 (IGF-1/2) (11). GRP94 is essential for growth and de-
velopment of multicellular organisms (11,12) and is highly
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expressed in both exocrine and endocrine pancreas and
bronchial epithelium due to their intense secretory func-
tion (13). GRP94 expression is upregulated in response
to low glucose concentrations (12) and other metabolic
stresses, e.g., hypoxia (14). Clientele restriction is reflected
by the limited impact of GRP94 KD on ER stress, unfolded
protein response (UPR) (15), and Ca2+ homeostasis (16),
all critical aspects of b-cell biology. GRP94 ATPase activity
(17) is inhibited by geldanamycin (18) or newly developed
GRP94-specific inhibitors (19). Recently, GRP94 has been
ablated in pancreatic and duodenal homeobox 1 (Pdx1)-
expressing cells and shown to be an essential regulator of
b-cell development, mass, and function (20).

GRP94 is critically involved in IGF-1/2 folding (11), and
given that proinsulin and pro-IGFs share evolutionary
origin and .50% amino acid homology and have highly
similar tertiary structures (21), we hypothesized that
GRP94 plays a critical role in proinsulin handling. We
demonstrate that GRP94 coprecipitates with proinsulin
and that knockout (KO), knockdown (KD), or pharmaco-
logical inhibition of GRP94 in insulin-producing cells or
human islet cells results in a shortened proinsulin half-life,
leading to lower intracellular proinsulin and insulin levels
and reduced glucose-stimulated secretion of mature in-
sulin. Additionally, we observe post-ER proinsulin mis-
processing and generation of a high number of secretory
granules containing amorphic material and less mature,
bioactive insulin. Finally, GRP94 mRNA was overexpressed
in b-cells in human islets from patients with T2D, likely as
a compensatory response.

RESEARCH DESIGN AND METHODS

Cell Culture
The rat insulinoma INS-1E, GRINCH (INS-1 cells stably
expressing hProCpepSfGFP) (22), and MIN6 cell lines were
grown in RPMI-1640 or DMEM (Supplementary Data).

Generation of GRP94 CRISPR/Cas9–Mediated KO
INS-1E Cell Lines
GRP94-KO INS-1E cells were generated using a ready-to-
use lentiviral particle coding guide RNA (gRNA) sequence
targeting rat grp94 exon 3 or nontargeting gRNA (Supple-
mentary Data).

Lentiviral shRNA–Mediated GRP94 KD
GRP94 was knocked down in INS-1E cell lines and dis-
persed human islets using pLKO.1 lentiviral shRNA par-
ticles and the Trans-Lentiviral shRNA Packaging System
(Dharmacon, Søborg, Denmark) against GRP94 mRNA along
with a nonsilencing shRNA according to the manufacturer’s
instructions (Supplementary Data).

Real-time Quantitative RT-PCR
The relative mRNA level of ER stress markers and insulin
genes was determined by quantitative RT-PCR using spe-
cific primers (23) (Supplementary Table 1 and Supplemen-
tary Data).

Glucose-Stimulated Insulin Secretion
INS-1E cell lines (control or GRP94 KD or KO) or dispersed
human islet cells after lentiviral transduction were exam-
ined for insulin secretion in response to 2 and 20 mmol/L
glucose according to standard protocols (Supplementary
Data).

Immunoprecipitation and Immunoblotting
Coimmunoprecipitation of GRP94 and proinsulin was
performed using GFP-Trap_MA beads, and GRP94, GFP,
and insulin proteins were detected in precipitates of whole
cells using specific antibodies with immunoblotting (Sup-
plementary Data).

Apoptosis and Cell Viability Assays
Apoptosis was assayed by detection of DNA/histone com-
plexes released from the nucleus using a Roche cell death assay
kit (Roche, Mannheim, Germany) according to the manufac-
turer’s protocol. Cell viability was measured by alamarBlue
assay (Life Technologies, Taastrup, Denmark) (Supplementary
Data).

Electron Microscopy
Cells were grown to confluence, fixed, and embedded in
epon. Sections were cut, stained with uranyl acetate and
lead citrate or immunogold labeled using anti-insulin–
specific antibody, and subsequently examined with a Philips
CM100 transmission electronmicroscope.Manuallymarked
secretory granules were analyzed with ZenLE software
(Supplementary Data).

Confocal Imaging of INS-1E and GRINCH Cells
Cells were grown on coverslips and immune labeled with
proinsulin-specific antibody (GS-9A8). Samples were
imaged on a confocal Zeiss LSM710 microscope through
a Plan-Apochromat 633/1.4 and analyzed using the Zeiss
Zen software (Supplementary Data).

Recordings of Secretory Granule Exocytosis and
Insulin Action
Stimulated exocytosis of secretory granules and autocrine
insulin action were evaluated with total internal reflection
fluorescence (TIRF) microscopy of INS-1E, MIN6 cells,
and human islets expressing either the granule marker
neuropeptide-Y (NPY)-GFP or the PIP3 reporter GFP4-
GRP1 and pretreated with GRP94 inhibitor (GRP94i) (Sup-
plementary Data).

Single-Cell RNA Sequencing of Pancreatic Islets
Gene expression in islet cell subtypes was determined by
reanalyzing published human islet single-cell sequencing
data (EBI: MTAB-5061) (24) (Supplementary Data).

In Silico Modeling of Protein Interactions
Using ZDOCK 3.0.2 modeling software, prediction models
of interactions between GRP94 (5ULS, 2O1U, and 2O1V)
and either proinsulin (2KQP) or IGF-I (1IMX) were gen-
erated based on crystal structures from the protein data
bank (25) (Supplementary Data).
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Metabolic Labeling
INS-1E cells were labeled for 1 h with 35S-Met/Cys and
chased for 1 h. Cell lysates, normalized to trichloroacetic
acid–precipitable counts, were immunoprecipitated with
anti-insulin antibodies and then analyzed by SDS-PAGE
and phosphorimaging (Supplementary Data).

Statistics
Differences between two groups were assessed by Bonfer-
roni-corrected two-tailed Student t test or by ANOVA for
multigroup comparisons with post hoc Student t tests
corrected for multiple comparisons using GraphPad Prism
version 6 (La Jolla, CA). Data are presented as means6 SD
or SEM. P values #0.05 were considered significant.

RESULTS

GRP94 Interacts With Proinsulin
Pro-IGF1/2 and proinsulin share .50% amino acid ho-
mology and have similar tertiary structures (21), and since
GRP94 presence and activity are essential for proper
IGF1/2 folding and maturation (26), we investigated
whether GRP94 might possess proinsulin folding proper-
ties. Using ZDOCK modeling software and crystal struc-
tures of GRP94 (5ULS, 2O1U, and 2O1V) and proinsulin
(2KQP), we generated models of their interaction suggest-
ing that proinsulin (purple) can bind to a GRP94 homo-
dimer (green/blue) client binding site (CBS; amino acids
652–676) (Fig. 1A, top models presented) (GRP94–IGF-1
model, Supplementary Fig. 1A–C) and extends outwards of
the complex (5ULS and 2O1V) or toward the GRP94
N-terminal domain (2O1U). Residues 73–83 in proinsulin
chain A were predicted to interact with GRP94 CBS
(Supplementary Table 3), but the GRP94-proinsulin in-
teraction did not involve proinsulin cysteines.

We confirmed a GRP94-proinsulin interaction by im-
munoprecipitating exogenously expressed GFP-tagged
GRP94 from INS-1E cells, or GFP-tagged proinsulin
(hPro-CpepSfGFP) from GRINCH cells, followed by West-
ern blotting (WB) analysis showing bidirectional copreci-
pitation of GRP94 and proinsulin (Fig. 1B and C and
Supplementary Fig. 1B).

GRP94 KD or KO Does Not Lead to b-Cell Death but
Induces ER Stress via the PERK Pathway
We performed lentiviral shRNA KD or CRISPR/Cas9-
induced KO to examine the effects of GRP94 ablation in
INS-1E cells (Fig. 2A and Supplementary Figs. 2–5). Com-
pared with the control, no statistically significant increase
in apoptosis was observed in GRP94 KO and KD cells (Fig.
2B and Supplementary Fig. 5, showing apoptosis rate vs.
KD and KO respective controls). Treatment for 24 h with
1 mmol/L of thapsigargin induced apoptosis 4- to 10-fold
in control INS-1E cells.

We next examined the activation of the UPR path-
ways in the GRP94 KD cells. ATF4 and CHOP mRNAs
were significantly upregulated, suggesting protein kinase
R–like endoplasmic reticulum kinase (PERK) activation

(27), with no changes in the levels of spliced or unspliced
XBP1 (Fig. 2C) and no effect on the expression of non-
related genes or total protein level (Supplementary Figs. 3
and 4). ER stress has been reported to induce Ins-1/2
mRNA degradation through regulated Ire1a-dependent
decay (RIDD) (28), but Ins-1/2 mRNA levels were not
significantly lower in GRP94 KD cells. We evaluated
RIDD activity in GRP94 KD cells with or without
30 mmol/L Ire1a inhibitor 4q8C. This led to a complete
block of Ire1a-dependent XBP1 splicing in both KD and
control cells but did not result in an upregulation of Ins-
1/2 mRNA levels (Fig. 2C).

Diminished Intracellular Proinsulin and Insulin
Contents After GRP94 KD, KO, or Pharmacological
Inhibition
We next investigated the impact of GRP94 KD and KO
on proinsulin and insulin intracellular levels. GRP94 KD
and, to a greater extent, GRP94 KO cells showed a sig-
nificant reduction in proinsulin contents (45–70%), as
evidenced by WB and ELISA analysis (Fig. 3A and B).
Similarly, insulin levels were reduced (20–45%),
reaching statistical significance in GRP94 KO cells. In
response to the shift in glucose concentration from 2
to 20 mmol/L, GRP94 KD/KO and control cells upregu-
lated intracellular levels of proinsulin (two- to fourfold)
and insulin (onefold) (Supplementary Fig. 6) starting
from normal (control) or low (GRP94KD/KO) expres-
sion levels (Fig. 3A).

Next, we used PU-WS13, a selective GRP94i (19), to
acutely inhibit GRP94 ATPase activity. Cells were pre-
treated for 4 h with 5 or 20 mmol/L of the inhibitor in
2 or 20 mmol/L glucose–containing media. No loss in cell
viability was observed even after 24-h treatment with
20 mmol/L of GRP94i (Supplementary Fig. 7). Inhibition
of GRP94 ATPase activity significantly diminished the
cell contents of proinsulin and insulin as analyzed by
WB (quantification of n = 6) (Fig. 3C), indicating that
the proinsulin chaperoning function of GRP94 is energy
requiring. Similar results were obtained with human
islets exposed to 20 mmol/L of GRP94i for 4 h (n = 2)
(Fig. 3D).

GRP94-Deficient Cells Exhibit Diminished, Non–ER-
Localized Proinsulin Accompanied by an Increased
Number of Secretory Granules With Amorphic Content
and Lower Immunogold Staining for Mature Insulin
We immunostained for proinsulin with GS-9A8 antibody
and observed a nuclear and a cytoplasmic granular staining
signal distribution in control cells (juxtanuclear Golgi
region) (22), but a much more diminished and diffused,
non–ER-localized stain in GRP94 KD cells (Fig. 4A).
GRINCH cells expressing hProCpepSfGFP had the GFP
signal localized within the ER, Golgi, and secretory gran-
ules and aligned along subplasmalemmal regions (22) (Fig.
4B). However, upon GRP94 KD, the GFP signal was sub-
stantially diminished, particularly at the subplasmalemmal
regions (Fig. 4B).
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Next, analysis of secretory granules by transmission
electron microscopy (EM) showed that vesicles in GRP94
KD cells had a bigger mean diameter (349 nm in GRP94 KD

vs. 212 nm in controls) and an increased number of
granules with lower mean density (Fig. 4C and D).
In control cells, there was a positive correlation between

Figure 1—GRP94 interacts with proinsulin. A: GRP94-proinsulin interaction was analyzed in silico by the docking computational modeling
software (ZDOCK 3.0.2) with proinsulin (2KQP, purple) and three GRP94 crystal structures: one open (5ULS) and two closed (2O1U and
2O1V, all green/blue). The top-scored predictionmodel of each pair is presented. CD, C-terminal domain;MD,middle domain; ND, N-terminal
domain. Next, binding of GRP94 to proinsulin was tested in B.C: GRINCH cells (INS-1 cells stably expressing hPro-CpepSfGFP) and INS-1E
cells expressing GFP-tagged GRP94. Cells were lysed, and GRP94 (INS-1E) or proinsulin (GRINCH) was subjected to immunoprecipitation
(via GFP-tag) and analyzed by SDS-PAGE and WB for the presence of proinsulin or GRP94, respectively. B and C: Representative blot of
n = 3. IP, immunoprecipitation.
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Figure 2—GRP94 KD or KO does not lead to b-cell death and induces ER stress via the PERK-ATF4-CHOP pathway. A: SDS-PAGE andWB
analysis of GRP94 expression levels in INS-1E cells after lentiviral transduction with GRP94 targeting shRNA (cells lysed 2 weeks after viral
transduction, KD) or CRISPR/Cas9 guide GRP94-directed RNA (clonal cell line shown 3 months after viral transduction, KO); n = 5. B:
Apoptosis levels (representing internucleosomal degradation of genomic DNA) were analyzed in GRP94 KD and KO (clone 1 and 2) and
control cells exposed for 24 h to 1 mmol/L of thapsigargin (Tg); n = 4.C: mRNA levels of ER stress pathways and Ins-1/2 genes were analyzed
by quantitative RT-PCR in INS-1E control and GRP94 KD cells. The Ire1 inhibitor 4q8C (Ire1i) was used at 30 mmol/L for 4 h. Data represent
themeans6SD analyzed by Bonferroni-corrected paired Student t test of treatments vs. control, *P, 0.02; ***P, 0.0005; n = 6. Ctrl, control.
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Figure 3—Diminished intracellular proinsulin and insulin contents after GRP94 KD, KO, or pharmacological inhibition. SDS-PAGE and WB
(A, C, and D) or ELISA (300,000 cells) (B) analysis of proinsulin and insulin expression levels in INS-1E cells and dispersed human islet cells
(n = 2) (D) after 3 h in 2 or 20 mmol/L glucose–containing media after lentiviral transduction of GRP94-specific shRNA (cells collected
2 weeks after viral transduction, KD [shGRP94 1 and 2]), CRISPR/Cas9 guide GRP94-directed RNA (clonal cell lines shown 3 months
after viral transduction, KO), and 4-h exposure to GRP94-specific ATPase inhibitor PU-WS13 (representative blot of n = 6 on the left
and band quantification on the right). Data represent means 6 SD analyzed by Bonferroni-corrected paired Student t test of treatments vs.
control. Ctrl, control.
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Figure 4—GRP94 KD cells show diminished, non-ER proinsulin staining accompanied by an increased number of larger secretory granules with
amorphic content and increased exocytotic events. A: INS-1E cells (control [Ctrl] or GRP94 KD) were transfected with plasmids encoding for
ER-mCherry, and 48 h later, cells were incubated for 3 h in 2 mmol/L glucose–containing medium. Next, cells were fixed with 2% para-
formaldehyde and immunostained with mouse monoclonal antiproinsulin (GS-9A8) antibody followed by secondary antibody treatment (FITC). B:
GRINCH cells were clonally derived from an INS-1 cell line stably expressing hProCpepSfGFP. The cells were incubated for 3 h in 2 mmol/L
glucose–containingmediumand fixedwith 2%paraformaldehyde.AandB: Immunofluorescencewas acquiredby confocal lasermicroscopy, and
illustrative images from three independent experiments are shown.C: Representative transmission EMofCtrl andGRP94KD INS-1E cells cultured
for 3 h in 2 mmol/L glucose–containing medium. Images were obtained using a CM100 BioTWIN with tungsten emitter. Arrows point to secretory
vesicles (black, vesicles with dark content; white, vesicles with gray/white content). D and E: EM-visualized vesicles were manually counted,

diabetes.diabetesjournals.org Ghiasi and Associates 753



granule size and density, which was lacking in GRP94
KD cells (Fig. 4E). The higher number of granules was
paralleled by accelerated K+-stimulated exocytosis of fluo-
rescently labeled granules in GRP94 KO cells, GRP94i-
pretreated wild-type INS-1E cells, and human islets (Fig.
4F–J and Supplementary Videos 1 and 2). The density of
labeled granules at the plasma membrane was similar for
all cells and conditions (Supplementary Fig. 8), and gran-
ule docking was not affected. Immunogold staining of
secretory granules for mature insulin in GRP94 KO and
GRP94i-pretreated cells indicated a 30–60% reduction of
granules containing immunogold particles and an increase
in granules with no staining, as compared with control
cells (Table 1).

Proinsulin Processing Is Modified and Proinsulin
Half-Life Shortened in GRP94 KD/KO Cells
Under nonreducing conditions in steady state at 2 mmol/L
glucose, significantly diminished levels of proinsulin con-
version intermediates and mature insulin (Fig. 5A) in
GRP94 KD versus control were observed. To gain insight
into the proinsulin post-ER processing, we performed
pulse-chase labeling. Cells were labeled for 1 h and chased
for 1 h. Proinsulin is cleaved by endoproteases PC1/3 and
PC2, resulting in the formation of four proinsulin conver-
sion intermediates (29). They have the molecular weight of
proinsulin, but their hydrodynamic radius is larger, result-
ing in a slower migration under nonreducing conditions.
Indeed, we observed four proinsulin conversion intermedi-
ates in control cells, but their relative abundance in GRP94
KD/KO cells was different, indicating that GRP94 defi-
ciency modified processing via endoproteases (bands 1–4
in Fig. 5B).

Since Ins-1/2 mRNA levels and proinsulin biosynthesis
were comparable between control and GRP94 KD cells
(Figs. 2C and 5B), but steady-state proinsulin levels were
lower in GRP94 KD/KO cells, we reasoned that proinsulin
misprocessing in ER or post-ER compartments results in
either increased secretion or degradation, resulting in
shortened intracellular protein half-life. In fact, upon in-
hibition of protein synthesis with 100 mmol/L cyclohex-
imide, proinsulin was reduced by 50% after 30 min in
GRP94 KD lysates versus 1–3 h in control cell lysates (Fig.
5C), demonstrating a shorter proinsulin protein half-life
in GRP94 KD cells. To examine if the shorter half-life could
be accounted for by increased secretion (INS-1E cells

secrete small amounts of proinsulin even at 2 mmol/L
glucose) (Supplementary Fig. 9A), we pretreated cells with
200 nmol/L of brefeldin A, inhibiting ER-Golgi anterog-
rade transport before cycloheximide exposure. This effi-
ciently inhibited proinsulin secretion (Supplementary Fig.
9A), whereas the proinsulin half-life still differed substan-
tially between cell types (1–2 h in GRP94 KD/KO vs. ;4 h
in control cells) (Fig. 5D). Finally, treatment with brefeldin
A for 4 h did not restore intracellular levels of proinsulin in
GRP94 KO and GRP94i-treated cells (Supplementary Fig.
9B–E). Taken together, these data indicate that the shorter
half-life is likely caused by enhanced proinsulin degrada-
tion by ER-associated degradation via the proteasome.

Glucose-Stimulated Insulin Secretion Is Impaired in the
GRP94-Deficient Cells
We anticipated that GRP94 activity–related changes in
proinsulin-insulin processing would lead to lower secretion
of mature insulin during glucose-stimulated insulin secre-
tion. Indeed, INS-1E control cells increased insulin secretion
two- to threefold in response to glucose stimulation, but
this was not the case for GRP94 KD or cells pretreated for
24 h with 20 mmol/L of GRP94i (Fig. 6A and B, left panels).
Neither control nor GRP94 KD/GRP94i cells increased their
basal proinsulin secretion (Fig. 6A and B, right panels). We
confirmed the inhibition of glucose-stimulated mature in-
sulin secretion in dispersed human islet cells transduced
with lentivirus carrying GRP94-targeting shRNA (Fig. 6C).
Similarly, glucose-stimulated insulin and proinsulin secre-
tion over 6 h was markedly lower in GRP94 KO/GRP94i
compared with control cells (Fig. 6D).

To test if GPR94 inhibition induced changes in the
biological activity of secreted insulin, we compared the

marked, and measured in 19 images of Ctrl and 12 images of GRP94 KD cells. In total, 427 vesicles for Ctrl and 618 for GRP94 KD cells were
analyzed. Each dot on the graph represents the number of vesicles in a single cell (D) (data represent the means 6 SEM analyzed by
Bonferroni-corrected nonpaired Student t test of treatments vs. Ctrl). Mean signal intensity of vesicles: dark ,145, gray 146–170, and
white.171. Correlation between vesicle size and intensity signal of its content in Ctrl and GRP94 KD cells (E). C–E: n = 3. F–J: Exocytosis of
fluorescently labeled granules during application of 75 mmol/L K+. F: Representative TIRF microscopy images of Ctrl (WT) and GRP94 KO (1)
INS-1 cells expressing the granule marker NPY-GFP. G: Average cumulative number of exocytotic events as a function of time and
normalized to the cell area; K+ was elevated from 10 s. INS-1E (Ctrl), GRP94 KO, and GRP94i (20 mmol/L for 24 h). H: Total exocytosis
(mean6 SEM) for three independent experiments as in I; number of cells is shown on bars. I and J: As inG andH, but for human b-cells from
five donors with or without GRP94i pretreatment (20 mmol/L for 24 h). In H and J, the difference from Ctrl was tested with Student t tests.

Table 1—GRP94 KO and GRP94 ATPase inhibition lead to
diminished content of mature insulin in secretory granules

Number of insulin
molecules detected Control GRP94i

GRP94
KO

0 68 84 78.5

1–2 22 10 15.5

3–4 9.7 5.4 5.8

5 and more 11.7 8.4 5.5

Data represent the percentage of each category of stained vesicles
vs. all vesicles counted in a given experimental condition.
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ability of endogenously released and externally applied in-
sulin to activate insulin receptors in MIN6 b-cells by
recording the changes of plasma membrane PIP3 that
follows insulin-triggered activation of PI3 kinase (30).
Whereas the PIP3 response to K+-triggered insulin

secretion was reduced after treatment with GRP94i, the
response to 100 nmol/L exogenous insulin was unaffected
(Fig. 6E). Accordingly, the ratio of K+ over insulin-triggered
PIP3 formation was lower (Fig. 6F, left) and the time to
half-maximum K+-induced PIP3 increase was prolonged

Figure 5—GRP94KD/KO causes proinsulinmisprocessing and increased cellular turnover.A: Control (Ctrl) andGRP94KD INS-1E cells were
cultured for 3 h in 2mmol/L glucose containing Krebs-Ringer bicarbonate HEPES (KRBH) buffer and lysed. In order to preserve intramolecular
disulfide bonds and visualize proinsulin folding intermediates, cell lysates were analyzed by nonreducing SDS-PAGE (Nu-Page 4–12% Bis-
Tris Protein Gel), and proinsulin and insulin were visualized through WB with antiproinsulin and anti-insulin antibody (L6B10; Cell Signaling);
n = 3.B: INS-1ECtrl or GRP94KO cells were pulse labeledwith 35S-Met/Cys for 1 h (C0) and chased for 1 h (C1 andM1) in 11mmol/L glucose.
Cell lysates and culture supernatants were immunoprecipitated with anti-insulin antibody, and newly synthesized proinsulin was analyzed by
nonreducing Tris-tricine-urea SDS-PAGE and phosphorimaging. Numbers 1–4 identify proinsulin 1 and 2 conversion intermediates. C, cells;
M, media. n = 3. C: INS-1E Ctrl and GRP94 KD cells were cultured for 3 h in 2 mmol/L glucose–containing KRBH buffer, and subsequently
100 mmol/L of the protein synthesis inhibitor cycloheximide was added and cells were lysed at the indicated time points; n = 3. D: Ctrl and
GRP94 KO cells were treated similarly, but 200 nmol/L of the inhibitor of exocytosis brefeldin A was added to the culture media from the start
of the experiment. Cell lysates were analyzed via reducing SDS-PAGE, and proinsulin and insulin were visualized through WB with
antiproinsulin antibody; n = 3. Quantification of proinsulin bands was performed with ImageJ and normalized to tubulin bands (C and D, right
panels). The quantification data are presented asmeans6SEM analyzed by Bonferroni-corrected paired Student t test of treatments vs. Ctrl.
AUC, area under the curve.
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(Fig. 6F, right) in GRP94i-treated cells, consistent with
reduced amounts and/or diminished bioactivity of se-
creted insulin.

GRP94 mRNA Is Overexpressed in Islets From Patients
With T2D
Since the increased demand for insulin in T2D may require
compensatory upregulation of a chaperone responsible for
proinsulin folding, we analyzed single-cell sequencing of
dispersed islets derived from four deceased patients with
T2D and six control subjects (EBI accession no. MTAB-
5061). The results demonstrated significant upregulation
of grp94 in b- and d-cells but not in a-cells of patients with
T2D (Fig. 6F); however, these data have not been inde-
pendently validated (e.g., by quantitative PCR).

DISCUSSION

Characterization of mechanisms regulating proinsulin
folding and maturation to insulin, including the role of
ER protein chaperones in this process, may reveal novel
therapeutic targets to improve insulin secretory capacity
and limit the progression of diabetes. It has been suggested
that approximately one-third of wild-type proteins fail to
fold properly (31). In the ER, this creates a pool of
misfolded forms that are dealt with by UPR to maintain
homeostatic balance in a healthy cell. Due to the lack of
specific experimental models of misfolding or misprocess-
ing of wild-type proinsulin, studies so far have focused on
dissecting the handling of mutated proinsulin (32). Here,
we discovered a novel role of a major ER luminal chaper-
one, GRP94, in the handling of the wild-type proinsulin.
We found that GRP94 physically interacts with wild-type
proinsulin, and b-cells with GRP94 deficiency or functional
inhibition exhibit shorter proinsulin half-life, diminished
intracellular proinsulin and insulin levels, post-ER mis-
processing, an increased number of amorphic secretory
granules with lower insulin content, reduced insulin bio-
activity and secretion, and, finally, GRP94 overexpression
in b-cells of patients with T2D as a likely compensatory
response to increased proinsulin biosynthetic demand.

Since IGFs and proinsulin have similar tertiary struc-
tures and folding intermediates (21), we analyzed in silico
GRP94-proinsulin interactions. The predicted proinsulin
docking site (Fig. 1A) is in agreement with the GRP94
CBS localized within its COOH-terminal domain (33).
The precise mode of GRP94 client folding is unknown,
but the recently published GRP94 crystal structure (34)
identifies a peptide-binding channel formed by the GRP94
dimer that contains the COOH-terminal domain residues
identified here to bind proinsulin within its chain A
residues 73–83 in top prediction models.

After demonstrating that GRP94 or proinsulin immu-
noprecipitates contain proinsulin and GRP94, respectively
(Fig. 1B and C), we induced GRP94 functional deficiency
via GRP94-ATPase inhibition or protein KD or KO in
model b-cells (Figs. 2A and 3C). All three approaches
demonstrated a consistent phenotype of lower proinsulin

and insulin cellular contents (Fig. 3). Induction of this
phenotype is rapid in that changes in proinsulin levels were
detected within 2 h after application of GRP94-ATPase
inhibitor, indicating that GRP94 does not merely serve as
a scaffold for proinsulin, but that its ATP turnover is linked to
conformational changes critical for proinsulin folding and/or
processing (as is the case for IGF-1/2) (35). The phenotype is
also stable, as shown by the continuously low proinsulin
levels in weeks (KD) and months (KO) of cultured b-cells.

Models of mutated proinsulin indicate that proinsulin
misfolded in the ER leads to b-cell stress and apoptosis,
insulin deficiency, and the onset of diabetes (32). In
contrast, GRP94 KD/KO in b-cells led to a specific loss
of proinsulin in the presence of ER stress that was limited
to the PERK pathway, with no induction of the RIDD
complex, no increase in apoptosis, and no other detrimen-
tal effects. How do we reconcile those two observations?

First, GRP94 deficiency has been shown to induce re-
stricted cellular phenotypes. GRP94 KD in mouse embryo
10T1/2 cells induces limited ER stress and UPR response
involving upregulation of BiP and PDIA6 only, in contrast
to much broader responses to, e.g., BiP KD (15). Further-
more, animal models of tissue-specific GRP94 KO have
phenotypes mostly limited to impaired function of the
GRP94-dependent client of the tissue in question (GRP94
KO in muscle mimicking IGF-1 deficiency) (16) with other-
wise restricted effects on cellular stress and viability.

Second, it can be argued that a GRP94 functional
deficiency constitutes a more physiological model, where
b-cell ER resources are insufficient to fulfill proinsulin
production–related functions but at the same time are
capable of efficiently disposing of wild-type proinsulin that
cannot progress to the Golgi.

Proinsulin folding in the ER includes the formation of
intramolecular disulfide bonds (36); from that perspective,
we found no evidence that proinsulin in GRP94-deficient
cells is improperly folded. However, in GRP94 KD cells, the
steady-state level of proinsulin is low (Fig. 3A and B),
suggesting that GRP94 presence is necessary for proinsulin
stability shortly after its biosynthesis. Indeed, GRP94 is
associated with ArsA arsenite transporter ATP-binding
homolog 1 (ASNA1) (37), a protein that is required for
the posttranslational delivery of preproinsulin to the ER
(38,39).

GRP94 KD/KO results in a substantially shorter proinsu-
lin half-life, indicating increased, likely active, degradation
(Fig. 5C and D). At the same time, a limited amount of
proinsulin is folded and transported to the Golgi, where its
processing appears altered (Fig. 5B). Since GRP94 pro-
motes heterodimer formation (40), a possible explanation
of our observations is perturbed proinsulin dimerization,
and subsequent misprocessing and packaging. After mono-
mer folding, proinsulin dimerizes in the ER, followed
by formation of hexamers around Zn2+ in the Golgi
(41,42) and final cleavages conveyed by peptidases
(29,43), converting proinsulin to mature insulin and
C-peptide. Under physiological conditions, four proinsulin
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Figure 6—Glucose-stimulated secretion of bioactive insulin is impaired in GRP94-deficient cells, and GRP94 mRNA is overexpressed in islet
cells from patients with T2D. INS-1E control (Ctrl) andGRP94 KD or INS-1E cells exposed to 20mmol/L of GRP94i for 24 h (A [n = 5] andB [n =
4]) as well as dispersed human islet cells (C) (1 week after transduction with lentivirus carrying nontargeting or GRP94-targeting shRNA
coding plasmids; n = 4) were tested for their ability to secrete insulin in response to the given glucose concentrations in Krebs-Ringer
bicarbonate HEPES buffer. Supernatants were analyzed by ELISAs specifically detecting mature insulin (A–C, left graphs) or proinsulin (A–C,
right graphs) only. The bars represent themeans6SD.D: Accumulated secretion of proinsulin and insulin over the period of 6 h in INS-1ECtrl
and 20 mmol/L GRP94i 24 h pretreated, GRP94 KO Ctrl, and KO cells were analyzed by SDS-PAGE and WB (n = 3). One milliliter of cell
supernatants was concentrated using 10-kDa molecular weight cutoff filters to remove salts and reduce volume to 15 mL. E and F: TIRF
recordings of PIP3 from a single MIN6 cell stimulated with 30 mmol/L K+ and 0.5 mmol/L insulin. Cells were preincubated without or with
20 mmol/L of the GRP94i for 0.5, 4, or 8 h. F: Means 6 SEM of the amplitudes of the PIP3 responses to endogenous K+-triggered insulin
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conversion intermediates are observed (originating from
rodent insulin 1 and 2). In our control cells, two inter-
mediates were most abundant, with clear change in their
relative abundance in GRP94 KO cells (Fig. 5B). This could
reflect 1) altered physiological structural constraints of
proinsulin for efficient processing by endoproteases or 2)
altered composition of peptidases, which themselves could
be GRP94 folding substrates. However, treatment of
GRP94-deficient cells with the ER-Golgi anterograde trans-
port inhibitor brefeldin A did not restore proinsulin con-
tent or extend its half-life to control levels (Fig. 5D and
Supplementary Fig. 9). This indicates that the major loss of
proinsulin in GRP94 KD/KO occurs at the level of the ER,
probably involving proinsulin retro-translocation from the
ER into cytosol and proteasome-dependent degradation
(44), but is not a consequence of post-ER misprocessing.

The physiological conversion of proinsulin to insulin
decreases the solubility of the insulin hexamer (45), lead-
ing to crystallization, visualized as the dense granule core.
GRP94-deficient cells contained a higher number of larger
granules with amorphous cargo (no dense core), and the
correlation between their size and content was lost (Fig.
4E). Additionally, granule immunogold staining for insulin
indicates a reduction in mature insulin content (Table 1),
with an autocrine bioactivity test (Fig. 6E and F) further
demonstrating that less bioactive insulin is secreted from
GRP94-deficient cells. These observations do not reflect an
effect of GRP94 on granule biogenesis or docking, since
granule density at the plasma membrane evaluated by
NPY-GFP labeling was unaffected (Supplementary Fig.
8). Interestingly, GRP94 KD/KO cells exhibit impaired
glucose-stimulated insulin secretion (Fig. 6A–C) even
though they contain a higher number of granules that
undergo increased exocytosis (Fig. 4C–J). It seems plausi-
ble that proinsulin exiting the ER does not get condensed
efficiently in the GRP94 KO cells, resulting in the pro-
duction of more and bigger granules, since by remaining
uncondensed, the proinsulin needs more volume to be
packed. Furthermore, one could speculate that granules in
the GRP94 KO are on average younger because they are
more likely to be removed by auto/crinophagy, and youn-
ger granules are more fusogenic than their older counter-
parts (46). A similar mismatch between secretion and
exocytotic events has been observed in chromogranin
B–deficient cells (47).

Our results point to a functional link between GRP94
activity and the amount of secreted insulin. By inference,

one would expect compensatory induction in GRP94 ex-
pression in conditions where a higher production of in-
sulin is required (e.g., T2D). Indeed, single-cell sequencing
of islet cells from human donors with T2D demonstrated
upregulation of GRP94 mRNA in b- and d- but not a-cells
(Fig. 6G). Interestingly, d-cells express the highest IGF-1
levels in the endocrine pancreas (IGF-1 is a client of
GRP94) (48,49), and IGF-1 may contribute to maintain
or even increase b-cell mass to further compensate for
insulin requirements in T2D.

Recently, GRP94 has been shown to be essential for
b-cell development in that b-cell–specific GRP94 KO mice
exhibit pancreatic hypoplasia and reduced b-cell prolifer-
ation and mass (20). These mice remained euglycemic but
had impaired glucose tolerance, reduced serum insulin and
insulin mRNA expression at embryonic day 14.5, an in-
creased number of amorphous secretory granules (non-
quantified), and distended ER in EM. These authors did
not investigate putative GRP94 function in proinsulin
handling, and their cellular model data are in stark con-
trast to our results and the author’s own animal model.
Their cellular model of GRP94 KD shows induction of Ins-
1/2 mRNA expression, increased insulin content, and in-
creased basal and glucose-induced insulin secretion. These
major discrepancies may arise from an off-target effect of
single position–directed shRNA used repeatedly on con-
secutive days. Further studies of inducible b-cell–specific
GRP94 KOmice and a broader use of b-cell cellular models,
human islets, and GRP94-specific small molecule inhibi-
tors are needed.

In summary, our study has established, for the first
time, the importance of GRP94 as an essential molecular
chaperone in proinsulin handling in pancreatic b-cells. It
highlights a key function for GRP94 not in the most
obvious context of ER stress regulation but rather as
a chaperone with client-specific phenotypes. As such,
our findings create a novel platform guiding further inves-
tigations to dissect pathways relevant for wild-type pro-
insulin processing in the physiological and pathophysiological
context and identification of novel therapeutics targeting
proinsulin handling.
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