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Zinc transporter-8 (ZnT8) primarily functions as a zinc-se-
questrating transporter in the insulin-secretory granules (ISGs)
of pancreatic �-cells. Loss-of-function mutations in ZnT8 are
associated with protection against type-2 diabetes (T2D), but
the protective mechanism is unclear. Here, we developed an in-
cell ZnT8 assay to track endogenous ZnT8 responses to meta-
bolic and inflammatory stresses applied to human insulinoma
EndoC-�H1 cells. Unexpectedly, high glucose and free fatty
acids did not alter cellular ZnT8 levels, but proinflammatory
cytokines acutely, reversibly, and gradually down-regulated
ZnT8. Approximately 50% of the cellular ZnT8 was localized to
the endoplasmic reticulum (ER), which was the primary target of
the cytokine-mediated ZnT8 down-regulation. Transcriptome
profiling of cytokine-exposed �-cells revealed an adaptive
unfolded protein response (UPR) including a marked immuno-
proteasome activation that coordinately degraded ZnT8 and
insulin over a 1,000-fold cytokine concentration range. RNAi-
mediated ZnT8 knockdown protected cells against cytokine
cytotoxicity, whereas inhibiting immunoproteasomes blocked
cytokine-induced ZnT8 degradation and triggered a transition
of the adaptive UPR to cell apoptosis. Hence, cytokine-induced
down-regulation of the ER ZnT8 level promotes adaptive UPR,
acting as a protective mechanism that decongests the ER burden
of ZnT8 to protect �-cells from proapoptotic UPR during
chronic low-grade inflammation.

Pancreatic �-cells dedicate up to 50% of biosynthetic capac-
ity to insulin production upon glucose stimulation (1). The syn-
thesized insulins are complexed with zinc to form solid zinc-
insulin crystals for storage in ISGs,2 giving rise to one of the

highest quantities of cellular zinc in the human body (2, 3). The
granular zinc is secreted along with insulin and then recycled
back into �-cells during iterative cycles of insulin secretion and
restocking. This dynamic process demands tight controls over
zinc transport to achieve coordinated zinc mobilization while
maintaining the cytosolic free zinc concentration around a
homoeostatic setpoint (4). Among all of the zinc transporters in
�-cells (5, 6), ZnT8 is unique in its islet-specific expression (7,
8), and its high abundance as a major autoantigen involved in
autoimmunity of type-1 diabetes (T1D) (9, 10). Human genetics
revealed that a hyperactive ZnT8 polymorphic variant encoded
by the SLC30A8 gene was associated with increased T2D risk
(11), whereas nonsense/frameshift mutations in SLC30A8 were
found to be protective against T2D in heterozygous human car-
riers (12). The emerging evidence supports a causality linking
ZnT8 down-regulation to reduced T2D risk, but the protective
mechanism of ZnT8 down-regulation is unclear.

The onset of T2D and its progression are largely determined
by a progressive failure of �-cells to produce sufficient amounts
of insulin to compensate for insulin resistance. Multiple ZnT8
null mouse models showed a consistent decrease of ISG zinc
content (13–17) but variable phenotypic changes in glucose-
stimulated insulin secretion (GSIS) (18). Apparently, the trans-
port activity of ZnT8 is not closely associated with GSIS, raising
the possibility that novel aspects of ZnT8 cell biology may reg-
ulate �-cell resilience to stress-induced failure. A major stress
factor for T2D is the deleterious consequences of overnutrition
(19). Chronic exposures to high levels of glucose and FFA
impair insulin secretion, induce �-cell death, and promote
insulin resistance (20, 21). A combination of elevated glucose
and FFA has a potentiating effect known as glucolipotoxicity
(22). Excessive levels of glucose and FFA can also induce local
production and release of cytokines and chemokines from pan-
creatic islets, leading to macrophage recruitment and islet
inflammation characterized by increased expression of inflam-
matory cytokines derived from innate immune cells (23). This
local inflammation is exacerbated by circulating cytokines
released from nutrient-stressed adipose tissues (24 –26). More-
over, �-cells under metabolic and inflammatory stresses over-
produce hydroxyl radicals (*OH) and nitroxide (NO) by mito-
chondrial oxidation and inducible nitric-oxide synthase,
respectively (27, 28). Zinc is an essential co-factor for enzymes
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involved in the proper functioning of the antioxidant defense sys-
tem (29). Perturbation of zinc homeostasis could intensify oxida-
tive stress and cell damage (30). At the cellular level, metabolic,
inflammatory, and zinc stress converge to activate UPR that could
either allow cells to survive by adapting to stress or kill cells
through apoptosis (31). Characterizing stress-induced ZnT8
responses in adaptive UPR may illuminate how ZnT8 influences
the UPR decision on �-cell fate, thereby providing information on
the protective mechanism of ZnT8 down-regulation.

A major challenge to track adaptive UPR is the lack of a
detectable change in cell viability. In the present study, we used
stress-induced fluctuations of the endogenous ZnT8 level as a
phenotypic readout. Toward this end, we generated an anti-
ZnT8 mAb (mAb20) with superb specificity for in-cell ZnT8
immunodetection over a low background of nonspecific bind-
ings to other ZnT paralogs and high-abundance cellular pro-
teins in EndoC-�H1 cells (32). Built on mAb20, an in-cell
ELISA was developed to quantify fluctuations of the endoge-
nous ZnT8 level in a multifactorial space of glucose (Glc), FFA,
zinc, proinflammatory cytokines, and their time- and dose-de-
pendent profiles. This precise assay revealed a highly sensitive
ZnT8 response to cytokine stimulations. Further analysis
revealed a pleiotropic role of ZnT8 in the ER, where ZnT8 and
insulin were selectively targeted as two major �-cell autoanti-
gens for immunoproteasome-mediated degradation. Hence,
our experiments revealed a novel immunologic process of
decongesting two major ER burdens to protect �-cells from
proapoptotic UPR.

Results

Assay validation

A ZnT8-specific ELISA was developed to track the endog-
enous ZnT8 level in EndoC-�H1 cells immobilized to a
96-well plate by paraformaldehyde fixation, followed by
immunostaining and horseradish peroxidase (HRP) chemi-
luminescence. The nonspecific background was estimated
using rat insulinoma INS-1E and human HEK293 cells as
negative controls. We tested two recently developed anti-
ZnT8 mAbs (mAb20 and mAb39). Although both mAbs had

a subnanomolar binding affinity (33), only mAb20 had a sig-
nificant signal-to-noise ratio when endogenous ZnT8 in
EndoC-�H1 cells was probed at a saturating mAb concen-
tration (1:600 dilution). Assay calibration showed a linear
increase in the HRP readout with a cell number that was
proportional to the amount of endogenous ZnT8 (Fig. 1A).
The signal-to-noise ratio at 95 � 103 cells was 3.9 (Z� score �
0.8) over a background detected from the same number of
INS-1E cells (Fig. 1A). The nonspecific background was fur-
ther reduced for HEK293 cells with negative ZnT8 expres-
sion (Fig. 1A). Mixing HEK293 cells with and without heter-
ologous ZnT8 expression showed a linear ZnT8-ELISA
response extending to a limit of quantification (LOQ) (Fig.
1B) corresponding to �1,000 HEK293 cells with doxycy-
cline-induced ZnT8 expression under a Tet repressor (34).
Assay calibration using purified human ZnT8 immobilized
to a nickel-nitrilotriacetic acid plate via a C-terminal His tag
also yielded a linear ELISA response (Fig. 1C).

ZnT8 responses to metabolic and zinc stress

We used ZnT8-ELISA to characterize endogenous ZnT8
responses to T2D-relevant stimuli. It was well-established
that elevated Glc/FFA levels acutely increased �-cell mass
and insulin production, but continuous exposures led to glu-
colipotoxicity (35). Accordingly, we used a mixture of Glc
and palmitic acid (PA) to mimic metabolic stress and mea-
sured the dose response of endogenous ZnT8 to serial dilu-
tions of the mixture starting from 48 mM Glc plus 0.6 mM PA.
At a fixed time point of 24 h after metabolic stress, the
endogenous ZnT8 level in EndoC-�H1 cells showed small
fluctuations within experimental errors (Fig. 2A). By com-
parison, the endogenous ZnT8 level showed a biphasic
change when the extracellular zinc concentration was pro-
gressively increased from a trace amount by EDTA chelation
to 600 �M (Fig. 2B). The biphasic profile peaked around 10
�M zinc, indicating that the cellular ZnT8 level was first up-
and then down-regulated in response to a switch of the zinc
status from deficiency to overload.

Figure 1. Assay calibration. A, linear response of ZnT8-ELISA readout with an increasing number of EndoC-�H1 (red), INS-1E (blue), and HEK293 cells (dark
cyan). Solid lines, linear regressions of mean values of 4 – 8 replicated measurements for each data point. Error bars, S.D. The coefficient of determination (r2) for
fitted regression lines ranges from 0.98 to 1.00. B, linear response of ZnT8-ELISA readout with increasing ZnT8 expression in HEK293 cells (r2 � 1.00). The
number of ZnT8-expressing cells in each well was increased from 0 to 10 � 103, and the number of ZnT8-negative cells was adjusted to give a total number of
30 � 103 cells in each well. ZnT8 expression was induced by doxycycline for 16 h. LOQ is 10� S.D. above the background. C, linear response of ZnT8-ELISA
readout to purified ZnT8.
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ZnT8 response to inflammatory stress

The pancreatic �-cell is a target of cytokines as inflammatory
mediators of functional suppression and cell death during the
development of both T1D and T2D (25, 36). We used a master
cytokine mixture consisting of IL-1� (5 ng/ml), IFN-� (50
ng/ml), IL-17 (100 ng/ml) and TNF� (10 ng/ml) to mimic the in
vivo cytokine load in islet inflammation (37). EndoC-�H1 cells
were exposed to a sequence of cytokine concentrations ranging
from 0.01- to 10-fold the master concentration. After a 24-h
cytokine exposure, the endogenous ZnT8 level showed a
graded reduction with increasing cytokine concentrations,
reaching a steady state at 48.6% of the untreated control (Fig.
2C). Next, we examined the time course of cytokine actions. At
a fixed 1� cytokine concentration, cytokine exposure induced
an exponential decay of the endogenous ZnT8 level with a time
constant of 8.5 � 0.3 h (Fig. 2D). Next, we examined the revers-
ibility of cytokine-induced ZnT8 down-regulation. EndoC-
�H1 cells were first exposed to a 1� cytokine mixture for 24 h
and then recovered in a cytokine-free medium for different
time periods. The endogenous ZnT8 level increased exponen-
tially with a time constant of 3.7 � 0.5 h (Fig. 2E), but the
recovery only reached 75.4% of the endogenous ZnT8 level in
untreated EndoC-�H1 cells. The lack of a full recovery was
likely caused by the presence of residual cytokines after switch-
ing to the cytokine-free medium. As shown in Fig. 2C, the low-
est cytokine concentration (0.01�) used in the experiment still
induced a solid 19.3% ZnT8 down-regulation, suggesting that a
trace amount of residual cytokine could prevent a full recovery.

Taken together, cytokines elicited an acute, graded, and revers-
ible ZnT8 down-regulation over a 1,000-fold concentration
range.

Adaptive cellular responses

The reversibility of cytokine-induced ZnT8 down-regulation
reflected an adaptive cellular response to inflammatory stress.
To evaluate the extent of cell damage under different types of
stress, we used a DNA-binding fluorescence dye to monitor
changes in the cell membrane integrity. 1� Glc � PA and mod-
est zinc exposure (�200 �M) did not alter the cell integrity as
compared with untreated cells (Fig. 2F). Cytokines progres-
sively compromised cell integrity with increasing concentra-
tions. However, normalizing the cytokine-induced fluores-
cence increase to that of detergent-induced cell lysis indicated
that �10% of cells were damaged following a 10� cytokine
exposure for 48 h (Fig. 2F). A 1� cytokine exposure for 24 h
increased the relative CellTox intensity to 5.3% from a back-
ground level of the untreated control at 4.1% (Fig. 2F). Thus, the
cytotoxicity level was negligibly low, consistent with earlier
findings that a similar cytokine mixture exposure did not
induce proapoptotic markers in EndoC-�H1 cells (38).

Selective ZnT8 targeting

To further evaluate the effects of metabolic and inflamma-
tory stress on the insulin secretory pathway, we exposed
EndoC-�H1 cells to 1� cytokine or 1� Glc � PA for 24 h and
then used immunoblotting to compare protein expression lev-

Figure 2. Perturbation of endogenous ZnT8 expression. A–C, dose responses of the endogenous ZnT8 level as a function of Glc � PA (green), zinc (blue) or
cytokine concentration (red). Filled circles, means of eight replicated measurements (diamonds) with S.D. values shown as error bars. D, time course of
cytokine-induced ZnT8 down-regulation. Solid line, an exponential fit of the time course (r2 � 0.99). Error bars, S.D. of eight replicated measurements from one
representative experiment. E, time course of ZnT8 recovery after removal of cytokines at t � 0. Ctr, untreated control. Solid line, exponential fit of the time course
(r2 � 0.99). F, time courses of normalized CellTox fluorescence intensities in response to different concentrations of Glc � PA, zinc, and cytokine exposures as
indicated. The relative CellTox fluorescence intensity was normalized to that induced by detergent-induced cell lysis. Filled circles, means of eight replicated
measurements; error bars, S.D. a.u., arbitrary units.
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els with and without the stress exposure. Total cell lysates were
probed by antibodies to ZnT8 (mAb20), two ER-resident mem-
brane proteins (BAP31 and calnexin), two ISG-resident mem-
brane proteins (IA2 and VAMP2), and an ER/Golgi membrane
protein (TMED3) (39). Three proteins outside of the insulin
secretory pathway (�-tubulin, GAD65, and stearoyl-CoA
desaturase (SCD)) were analyzed in parallel. Using �-tubulin as
an internal control on the same immunoblot, we observed a
marked reduction of ZnT8 in cytokine-treated cells but no
change in Glc � PA–treated cells (Fig. 3A). Of note, mAb20
detected two naturally occurring SLC30A8 splice variants (40),
and their combined intensity was compatible with that of �-tu-
bulin (Fig. 3A). Other tested membrane proteins except for IA2
showed no change following either cytokine or metabolic stress
(Fig. 3B). Cytokine exposure induced an insignificant IA2
reduction as compared with a more pronounced ZnT8 down-
regulation (Fig. 3C). Two additional proteins, GAD65 and SCD,
showed differential responses to cytokine and metabolic stress
(Fig. 3C, detailed below). Moreover, densitometric quantifica-
tion at different time points of stress exposures showed a time-
dependent decline of the endogenous ZnT8 level after cytokine
exposure but no difference following metabolic stress up to 48 h
(Fig. 3D). This immunoblotting result validated independent
measurements by ZnT8-ELISA (Fig. 2, C and D). The �-tubulin
and BAP31 levels also remained unchanged under both cyto-
kine and metabolic stress for 48 h (Fig. 3D). In �-cells, BAP31,
calnexin, TMED3, VAMP2, IA2, and ZnT8 are distributed
along the insulin secretory pathway from ER to ISG. Among
these proteins, ZnT8 showed the strongest cytokine respon-
siveness, acting as a selective target of cytokine-induced
down-regulation.

Localization of ZnT8 to the ER

Previous work established that ZnT8, IA2, and VAMP2 were
localized to ISGs of pancreatic �-cells (41–43). The differenti-
ated response of ZnT8 from that of IA2 and VAMP2 prompted
a reevaluation of ZnT8 subcellular localization. Co-immuno-
staining EndoC-�H1 cells with mAb20 and a rabbit polyclonal
antibody to insulin, BAP31, IA2, VAMP2, TMED3, or Gol-
gin-97 revealed two distinct levels of ZnT8 immunofluo-
rescence signals. A lower but broadly distributed intensity
appeared co-localized with BAP31 and TMED3 and partly with
IA2 and VAMP2 immunofluorescence, whereas a high but con-
fined intensity overlapped the immunofluorescence of insulin
and partly IA2 and VAMP2 (Fig. 4, A–E). Co-immunostaining
ZnT8 and the Golgi marker Golgin-97 suggested no immuno-
fluorescence overlap (Fig. 4F). Quantitative analysis gave
Manders’ split coefficients (MSCs) of 1.00 in respective regions
of interest (ROIs) for the protein pairs ZnT8-insulin, ZnT8-
BAP31, ZnT8-TMED3, ZnT8-VAMP2, and ZnT8-IA2,
whereas the MSC value for the ZnT8-Golgin97 pair was 0.20.
Thus, confocal imaging suggested a broad ER localization of
endogenous ZnT8 in addition to its high-density clustering
associated with ISGs.

We validated the imaging observations by co-immunopre-
cipitation. Homogeneous liposomes (�100 nm in diameter
based on light-scattering measurements) derived from EndoC-
�H1 cells were captured by mAb20-PEG5K-Dynabeads. Pro-

teins in proximity to ZnT8 in liposomes were probed by immu-
noblotting. Dynabeads conjugated with mouse IgG via the same
PEG5K linker were used to assess nonspecific liposome cap-
ture. The membrane sidedness of the liposomal preparation
was �50% right-side-out and �50% inside-out. mAb20 on
magnetic beads captured right-side-out liposomes, whereas
nonspecific liposome binding to IgG-PEK5k-beads was not
detected (Fig. 5A). Immunoblotting analysis of captured lipo-

Figure 3. Effects of cytokine and metabolic stress on proteins in different
subcellular locations. A, immunoblotting analysis of total cell lysate from
�2 � 104 EndoC-�H1 cells with or without stress exposure as indicated. ZnT8
and �-tubulin were probed with respective antibodies at the same time on
the same immunoblot. Two ZnT8 splice variants are marked as A and B,
respectively. B, immunoblotting analysis of total cell lysate using antibodies
to BAP31, calnexin, IA2, VAMP2, and TMED3 as indicated. C, immunoblotting
analysis of total cell lysates using antibodies to GAD65 and SCD as indicated
(top) and responses of four �-cell autoantigens and SCD to cytokine (red) or
metabolic stress (green) as indicated (bottom). Respective protein band inten-
sities were quantified and normalized to that of untreated controls on the
same immunoblots. D, densitometric quantification of ZnT8, �-tubulin, and
BAP31 at different time points of cytokine (red) and Glc � PA exposures
(green). Protein band intensities were normalized to that of untreated con-
trols on the same immunoblots. ***, statistical significance by paired t test
with p � 0.001. Error bars, S.E. of eight measurements from four independent
experiments.
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somes using antibodies to BAP31, IA2, TMED3, or VAMP2
showed that each of these proteins was co-immunoprecipitated
with ZnT8. In contrast, Golgin97 was not detected (Fig. 5B), in
agreement with the confocal imaging results (Fig. 4).

Quantification of ER-resident ZnT8

To estimate the amount of ER-associated ZnT8 relative to
the total ZnT8 in EndoC-�H1 cells, we conjugated a polyclonal
BAP31 antibody to Dynabeads that could capture 	95%
BAP31-liposomes because this polyclonal antibody recognized
multiple BAP31 epitopes on both sides of the membrane. ZnT8
in the captured BAP31-liposomes was detected on immunob-
lots by biotinylated mAb20 followed by HRP-conjugated
streptavidin. The use of biotinylated mAb20 avoided detection
of a small amount of pAb light chains that were partially co-
eluted with ZnT8 and detected at a position close to that of
ZnT8 on immunoblots. Each ZnT8 protein band on the immu-
noblot was measured and normalized to the total ZnT8 in the
cell lysate. Densitometric quantification showed that 60.4 � 4%
of ZnT8 in the cell lysate was in the flow-through (unbound),
whereas 48.7 � 6% of ZnT8 was captured (bound) by anti-
BAP31– conjugated beads (Fig. 5C), yielding an estimate of
about 50% of cellular ZnT8 associated with ER. Next, we com-
pared the cytokine effects on total and ER-associated ZnT8.
Exposing EndoC-�H1 cells to 1� cytokine mixture for �16 h
reduced the total cellular ZnT8 to 66 � 3% relative to the
untreated control (100%) (Fig. 5D), in agreement with the
results presented in Figs. 2D and 3D. By comparison, anti-
BAP31– conjugated beads captured 55.5 � 4% of total ZnT8 in
untreated cells versus 13.8 � 1% of total ZnT8 in cytokine-
treated cells (Fig. 5D). The ratio of 13.8/55.4 indicated that
cytokine exposure reduced the ER-resident ZnT8 to 24.9% of

the pre-exposure level. Compared with a 66% postcytokine
level for total cellular ZnT8, cytokines had a more pronounced
effect on ER-resident ZnT8. Confocal imaging showed that 1�
cytokine exposure for 24 h resulted in a complete loss of ER-as-
sociated ZnT8 immunofluorescence, whereas the ISG-associ-
ated signal remained largely unchanged (Fig. 5E), further indi-
cating that ER was the primary site of cytokine-induced ZnT8
down-regulation.

Response of HLA-I molecules

Because the endogenous levels of BAP31, calnexin, TMED3,
VAMP2, and IA2 showed no or insignificant responsiveness to
stress exposures, we further examined stress-induced perturba-
tion of two additional proteins, HLA-I molecules (44) and insu-
lin (45). Exposing EndoC-�H1 cells to 1� cytokine mixture for
24 h sharply activated HLA-I expression over a low background
of untreated cells, whereas 1� Glc � PA exposure did not affect
the HLA-I expression level (Fig. 6A). The ZnT8 level on the
same immunoblot was reduced by �50% concurrently with a
13.4-fold increase in HLA-I expression, demonstrating a bidi-
rectional response of EndoC-�H1 cells to cytokine stimulation
(Fig. 6A). A high signal-to-noise ratio of the HLA-I signal on the
immunoblot allowed for in-cell HLA-I ELISA quantification
using the commercial HLA-I antibody. A marked HLA-I acti-
vation was observed for all concentrations down to 0.01� cyto-
kines (Fig. 6B). Compared with ZnT8 down-regulation in
response to identical cytokine exposures (Fig. 2C), linear
regression analysis showed a negative correlation between acti-
vation of HLA-I molecules and ZnT8 down-regulation (r2 �
0.77; Fig. 6C), suggesting that peptides derived from ZnT8 deg-
radation may contribute to HLA-I loading.

Figure 4. Confocal microscopy imaging of ZnT8 colocalization with organelle markers in EndoC-�H1 cells. Cells were immunostained with mouse
mAb20 together with a rabbit antibody to insulin (A), BAP31 (B), IA2 (C), VAMP2 (D), TEMD3 (E), or Golgin97 (F) as indicated. The mouse and rabbit primary
antibody were visualized by an anti-mouse (red) and anti-rabbit (green) secondary antibody, respectively. A region of interest in the merge panel is marked and
shown in �2.5 magnification. Scale bars, 10 �m in �1 and 4 �m in �2.5 panels.
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Insulin response

To measure insulin responses to metabolic, zinc, and cyto-
kine stress, we exposed EndoC-�H1 cells to different stress

conditions for 24 h as described in the legend to Fig. 2 and then
quantified insulin secretion in response to 20 mM Glc plus 45
�M isobutylmethylxanthine (a GSIS enhancer) using a com-
mercial insulinassaybasedonhomogeneoustime-resolvedfluo-
rescence (46). None of the stressors induced a significant
change in GSIS (Fig. 7A). By comparison, total insulin contents
under different stress conditions exhibited distinct dose-de-
pendent profiles (Fig. 7B). Increasing the Glc � PA concentra-
tion progressively increased the cellular insulin content in a
quasi-linear fashion except for the highest concentration that
might approach onset of glucolipotoxicity. Increasing the zinc
concentration also increased the insulin content until the con-
centration reached 600 �M, where zinc toxicity was evident
(Fig. 2F). Finally, increasing the cytokine concentration in-
duced a monophasic decline of the insulin content to 60% of the
untreated control.

Cytokine-permissive ZnT8-insulin correlation

The distinct dose profiles of insulin responses suggested that
the type and dosage of stressor may determine the relationship
between ZnT8 expression and insulin production. We quanti-
fied such relationships by linear regression analysis of ZnT8
and insulin dose responses. Glc � PA exposures altered insulin
production (Fig. 7B), but not ZnT8 expression (Fig. 2A), yield-
ing a low r2 value of 0.48 (Fig. 7C). Extracellular zinc exposures
altered both endogenous ZnT8 (Fig. 2B) and insulin levels (Fig.
7B), but regression analysis yielded an r2 value of 0.04 (Fig. 7C),
indicating a lack of ZnT8-insulin correlation. In contrast, cyto-
kine exposures yielded a striking correlation between ZnT8
(Fig. 2C) and insulin (Fig. 7B) levels with an r2 value of 1.00 (Fig.
7C). Hence, our experiments identified cytokine exposure as a
permissive condition for a cross-talk between down-regula-
tions of ZnT8 expression and insulin production in a highly
coordinated manner.

Molecular underpinnings for differential ZnT8 responses to
metabolic and cytokine stress

The lack of ZnT8-insulin correlation under metabolic stress
(Fig. 7C) suggested a disconnection of ZnT8 from the regula-
tory pathway linking metabolic stress to insulin expression. Sig-
naling pathways evoked by metabolic and inflammatory stress
are thought to be different (47, 48), namely an NF-�B indepen-
dent mechanism for FFA and an NF-�B dependent mechanism
for cytokines (49). Proteomic profiling of rat INS-1 cells before
and after acute high PA or Glc � PA exposures revealed a global
up-regulation of desaturase expression (50), contributing to
adaptive FFA detoxification by converting the lipotoxic FAAs
to the protective unsaturated species (21, 51). Accordingly, we
used SCD as a marker to demonstrate differential stress
responses of EndoC-�H1 cells. Anti-SCD immunoblotting
showed that SCD expression was up-regulated by high Glc �
PA exposure but irresponsive to cytokine stress (Fig. 3C). By
comparison, the ZnT8 expression was irresponsive to high Glc
� PA exposure but down-regulated by cytokine stress (Fig. 3D).
The differential responses of ZnT8 and SCD validated the
divergence of metabolic and cytokine signaling pathways in
EndoC-�H1 cells.

Figure 5. Co-immunoprecipitation and quantification of ZnT8. A, ZnT8
probed by mAb20 immunoblotting using liposomes from 1 � 106 cells before
and after they were bound to mAb20- or IgG-beads followed by SDS elution.
B, co-immunoprecipitation of ZnT8 and organelle markers. ZnT8-liposomes
were captured by mAb20 beads, eluted, and then probed by an antibody to
BAP31, IA2, TMED3, VAMP2, or Golgin97 as indicated. Prebound liposomes
and IgG-bead bound liposomes were used as a positive and negative control,
respectively. Of note, gel loading of prebound liposomes was half of the
mAb20-bead– bound liposomes. C, quantification of ER-resident ZnT8. Top,
representative mAb20 immunoblotting of liposomes before and after incu-
bation with anti-BAP31-beads. Liposomes in the flow-through and SDS-elu-
tion of BAP31-beads are marked as unbound and bound, respectively. Bottom,
densitometric quantification of ZnT8 intensity of total liposomes and
unbound and bound fractions. ZnT8 intensities were normalized to the inten-
sity of total liposomes on the same immunoblot. Error bars, S.E. of four inde-
pendent experiments. D, cytokine-induced reduction of ER-resident ZnT8.
Top, a representative mAb20 immunoblotting of liposomes from an equal
number of EndoC-�H1 cells (1 � 106). Ctr and Cyt, liposomes from untreated
control and cytokine-treated cells, respectively. Ctr-bound and Cyt-bound
are captured Ctr- and Cyt-liposomes on anti-BAP31-beads with SDS elution.
Bottom, densitometric quantification of ZnT8 intensities with normalization
to the Ctr intensity on the same immunoblot. Error bars, S.E. from four inde-
pendent experiments. E, confocal microscopy imaging of EndoC-�H1 cells
with and without exposure to 1� cytokine mixture for 24 h, which were then
co-immunostained with mouse mAb20 and a rabbit anti-insulin pAb. Scale
bars, 5 �m.
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Figure 6. Responses of HLA-I molecules to metabolic and cytokine stress. A, anti-HLA-I immunoblot analysis of cell lysates of EndoC-�H1 cells with cytokine
and metabolic pre-exposures as indicated. ZnT8 on the same immunoblot was probed with mAb20 as a reference. B, dose-dependent response of HLA-I
molecules to cytokine exposures. Filled circles and error bars, means and S.D. of eight replicated measurements (diamonds) by HLA-I ELISA. C, correlation of
endogenous ZnT8 and HLA-I expression. Data points (filled circles) were taken from Fig. 2C and panel B for endogenous ZnT8 and HLA-I levels over a range of
identical cytokine concentrations. Error bars, S.D.; solid line, linear regression (r2 � 0.77). a.u., arbitrary units.

Figure 7. Dose responses of insulin secretion and production and their correlations with ZnT8 expression under different stress conditions. A, GSIS
from EndoC-�H1 cells that were pre-exposed to different concentrations of Glc � PA (green), zinc (blue), and cytokines (red) for 24 h. Filled circles and error bars,
means and S.D. of eight replicated measurements (diamonds). B, insulin content in EndoC-�H1 cells under identical stress exposures as in A. C, correlations of
ZnT8 expression and insulin production under different stress conditions. Data points were generated using the endogenous ZnT8 levels from Fig. 2 (A–C) and
insulin contents from B measured under identical stress exposures. Solid lines, linear regressions; the levels of ZnT8-insulin correlation are indicated by
respective r2 values.
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Immunoproteasome-mediated co-degradations of ZnT8 and
insulin

To illuminate the molecular events leading to parallel down-
regulations of ZnT8 and insulin in response to cytokine expo-
sure, we performed Illumina deep sequencing of EndoC-�H1
cells with or without 1� cytokine exposure for 24 h. About 100
million (2 � 100 bp) paired reads per sample were obtained.
Mapping these reads to the human genome (build hg38) iden-
tified about 44,000 transcripts per sample. Approximately 600
known genes showed differential expression based on the fol-
lowing criteria: a log fold change � 1.5, at least one of the frag-
ments per kilobase of transcript per million (FPKM) � 2, and a
p value � 0.05. Cytokine exposure did not alter the overall tran-
scription profile (Fig. 8A). The SLC30A8 mRNA level was
within the top 1% of the transcriptome (Fig. 8A) and showed the
largest fold change among all zinc transporters in EndoC-�H1

cells (Fig. 8B). Two ER-resident UPR sensors, inositol-requiring
enzyme 1 (IRE1) and PKR-like ER kinase (PERK), were up-reg-
ulated by cytokine exposure. Another UPR sensor, activating
transcription factor 6 (ATF6), was slightly suppressed, but the
ATF6-associated CREB3 sensor was up-regulated (Table 1).
Thus, all three branches of the UPR were engaged in cytokine
stress (52). In support of this notion, ER chaperones (BIP,
CANX, and CALR), protein-disulfide isomerases (PDIA3, -4,
and -6), and key transcription factors involved in adaptive UPR
signaling (XBP1 and ATF4) were all significantly up-regulated
(Table 1). The NF-�B inflammatory signaling pathway was acti-
vated as expected for cytokine stimulations, but key compo-
nents of the apoptotic program (53), c-Jun N-terminal kinase,
CHOP, and caspases, remained either unchanged or at a low
level (FPKM � 60) with an apparently significant fold increase
(Table 1). In contrast, genes in the ER-associated protein deg-

Figure 8. Transcriptomic analysis of EndoC-�H1 cells in response to cytokine exposure. A, overlap of distributions of mRNA levels in the EndoC-�H1
transcriptome with (red) or without (black) 1� cytokine exposure for 24 h. Black line, SLC30A8 mRNA level in EndoC-�H cells. Dashed magenta line, a 10-fold
increase of the SLC30A8 mRNA level in human pancreatic �-cells (83). B, mRNA levels of ZnT (SLC30) and ZIP (SLC39) gene families in EndoC-�H1 cells. Error bars,
S.D. of three biological replicates. C, correlation of mRNA levels with and without cytokine exposure along a diagonal line. Off-diagonal data points, cytokine-
induced transcriptional changes. Red data points, LMP2, LMP7, and MECl-1 transcripts. Blue data points, other UPR-related transcripts listed in Table 1.
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radation (ERAD) pathway were sharply activated, including
LMP2, LMP7, and MECl-1, which encoded three catalytic sub-
units of immunoproteasomes with a 436.5-, 128.1-, and 9.6-fold
increase, respectively (Table 1). These immunoproteasome
components were distinctly positioned off-diagonal in a linear
correlation of EndoC-�H1 transcriptomes with and without
cytokine exposure, indicating a prominent cytokine-induced
activation of ERAD (Fig. 8C).

The proteolytic activities of LMP2, LMP7, and MECl-1 are
essential to generating antigenic peptides with a hydrophobic C
terminus for proper HLA-I loading (54). ZnT8 and insulin are
two major �-cell autoantigens susceptible to immunoprotea-
some digestion and HLA-I presentation on pancreatic �-cells
(10, 55–58). A dramatic increase of the HLA-I protein level and
its negative correlation with the endogenous ZnT8 level (or
positive correlation with ZnT8 degradation) (Fig. 6C) suggested
that immunoproteasome may mediate cytokine-induced ZnT8
ERAD for HLA-I loading. To test this hypothesis, we used a
membrane-permeable natural product epoxomicin to specifi-
cally inhibit LMP7 and MECL-1 (59). Exposing EndoC-�H1
cells to epoxomicin blocked cytokine-induced down-regula-
tions of both ZnT8 and insulin (Fig. 9A), indicating a shared
immunoproteasome-mediated ERAD pathway for ZnT8 and
insulin degradation. Epoxomicin alone neither altered ZnT8
expression nor affected cell viability (Fig. 9, A and B). However,
a combination of epoxomicin and 1� cytokine triggered apo-
ptosis, resulting in 26.8% damaged cells following a 24-h expo-
sure (Fig. 9B).

ZnT8 knockdown reduced cytokine-induced cell damage

The proapoptotic effect of the combined actions of epoxomi-
cin and cytokine suggested that a blockade of immunoprotea-
some-mediated ZnT8 degradation triggered a transition from

adaptive to proapoptotic UPR under cytokine stress. This find-
ing raised the possibility that reducing the ZnT8 ER burden
may promote adaptive UPR response. To test this hypothesis,

Table 1
Cytokine-induced differential gene expression as determined by RNA-Seq
Results are mean � S.D. for three independent measurements.

Gene Control (FKPM)
Cytokine
(FKPM)

-Fold
change Protein function

SLC30A8 287.2 � 10.4 169.1 � 3.0 0.6 ZnT8, ISG/ER zinc sequestration
SLC39A7 113.0 � 2.4 129.3 � 4.1 1.1 ZIP7, ER/Golgi zinc release
INS � read-throughs 30,768.8 � 1,367.6 24,920.6 � 688.2 0.8 Insulin, ISG
IRE1 4.3 � 0.2 9.9 � 0.2 2.3 UPR sensor
PERK 7.9 � 0.5 12.1 � 1.3 1.5 UPR sensor
ATF6 9.3 � 0.4 8.2 � 0.1 0.9 UPR sensor
CREB3 19.9 � 0.2 29.7 � 0.9 1.5 ATF6-assocated UPR sensor
BIP 186.3 � 5.0 466.8 � 8.1 2.5 ER chaperone protein
CANX 321.6 � 13.4 469.9 � 27.1 1.5 ER chaperone protein
CALR 647.1 � 12.9 1,201.0 � 14.5 1.9 ER chaperone protein
PDIA3 438.2 � 8.4 882.3 � 1.8 2.0 Protein-disulfide isomerase
PDIA4 130.5 � 2.5 353.9 � 6.7 2.7 Protein-disulfide isomerase
PGIA6 208.2 � 1.9 403.2 � 1.8 1.9 Protein-disulfide isomerase
XBP1 119.4 � 1.0 203.2 � 1.5 1.7 Adaptive UPR kinase
ATF4 178.8 � 5.2 214.4 � 0.1 1.2 Adaptive UPR kinase
NFKB1 10.1 � 0.4 17.5 � 0.5 1.7 Proinflammatory signaling kinase
NFKB2 8.7 � 0.5 34.9 � 0.2 4.0 Proinflammatory signaling kinase
MAPK8 (JNK1) 26.6 � 0.9 20.9 � 0.5 0.8 Proapoptotic UPR kinase
MAPK9 (JNK2) 22.6 � 0.6 17.2 � 0.4 0.8 Proapoptotic UPR kinase
MAPK10 (JNK3) 24.6 � 0.8 27.3 � 0.9 1.1 Proapoptotic UPR kinase
CHOP (DDIT3) 12.6 � 0.6 36.7 � 1.9 2.9 Proapoptotic UPR kinase
CASP2 40.3 � 0.18 23.2 � 0.6 0.6 Proapoptotic caspase cascade
CASP3 25.5 � 0.5 40.8 � 0.5 1.6 Proapoptotic caspase cascade
CASP4 4.8 � 0.4 58.6 � 3.2 12.2 Proapoptotic caspase cascade
CASP9 8.3 � 0.4 6.5 � 0.6 0.8 Proapoptotic caspase cascade
PSMB8 10.7 � 0.3 1,371.2 � 16.6 128.1 ERADE, immunoproteasomes, LMP7
PSMB9 1.7 � 0.2 742.1 � 7.9 436.5 ERADE, immunoproteasomes, LMP2
PSMB10 21.4 � 1.4 205.8 � 2.1 9.6 ERADE, immunoproteasomes, MECl-1

Figure 9. Inhibition of ZnT8 and insulin degradation and cytoprotection
by ZnT8 knockdown. A, anti-ZnT8 immunoblotting of EndoC-�H1 cells fol-
lowing a 24-h exposure to 1� cytokines or 1 �M epoxomicin in various com-
binations as indicated (top), cellular insulin contents measured in parallel
(bottom). B, normalized CellTox fluorescence intensities in response to 1�
cytokines or 1 �M epoxomicin in various combinations as indicated. C, anti-
ZnT8 immunoblotting of EndoC-�H1 cells treated with ZnT8-targeting or
scrambled siRNA as indicated. D, normalized CellTox fluorescence intensities
in response to 15� cytokine exposure for 24 h. EndoC-�H1 cells were pre-
treated with ZnT8-targeting or scrambled siRNA as indicated. Error bars, S.D.
of four independent measurements.
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we used siRNA to reduce the cellular ZnT8 level and monitored
cytokine-induced loss of cell integrity by the CellTox fluores-
cence assay. Transfection of EndoC-�H1 cells with ZnT8-tar-
geting siRNAs caused a �70% reduction in the ZnT8 protein
level, whereas scrambled siRNA had no effect (Fig. 9C). ZnT8
knockdown markedly reduced cell damage induced by 15�
cytokine exposures for 24 h (Fig. 9D), demonstrating that ZnT8
knockdown significantly attenuated cytokine cytotoxicity.

Discussion

ZnT8 is generally thought to be a simple zinc transporter
performing a zinc enrichment role in ISGs. Our results indicate
that ZnT8 is temporally and spatially regulated to modulate
zinc, ER, and insulin homeostasis. Our recent findings also
showed that GSIS promotes ZnT8 trafficking to the surface
membrane (60), where ZnT8 becomes a surface autoantigen
recognized by autoantibodies that arise from autoimmunity in
T1D (33, 61). Hence, emerging evidence suggests cross-talk
among multiple regulatory pathways intersecting at ZnT8. The
current research paradigm based on SLC30A8 deletion/overex-
pression carries a significant liability to experimental artifacts
due to drastic perturbation of a multitude of signaling path-
ways. The mAb20-based in-cell ZnT8 assay allows for tracking
fluctuations of endogenous ZnT8 levels, establishing ZnT8 as a
major cytokine-responsive UPR client protein in the ER.

SLC30A8 is highly expressed in human pancreatic �-cells
(Figs. 3A and 8A), imposing a significant ER burden that is also
under pressure of high demand on insulin production and
secretion. Cytokine exposure may further render �-cells sus-
ceptible to accumulation of misfolded proteins, exacerbating
ER stress (45). Our experiments showed that human �-cells
responded to acute cytokine exposure with a rapid, graded, and
reversible down-regulation of the cellular ZnT8 level. These
findings are consistent with earlier studies of cytokine-regu-
lated SLC30A8 expression in rodent �-cells with some differ-
ences in the effects on GSIS and the cellular insulin content
(62–64). We found that cytokine-induced ZnT8 down-regula-
tion did not affect GSIS in human insulinoma cells but strongly
correlated with the insulin content. The coupled down-regula-
tions of ZnT8 and insulin provide direct evidence for UPR con-
verging on two major ER burdens, highlighting the importance
of ZnT8 and insulin decongestion in restoring ER homeostasis
under inflammatory insult. In support of this notion, blocking
ZnT8 degradation by an immunoproteasome inhibitor acceler-
ated cell death, whereas facilitating ZnT8 down-regulation by
siRNA knockdown protected cells against cytokine cytotoxicity
(Fig. 9, B and D). These results are in line with a previous finding
that SLC30A8 overexpression potentiated IL-1� induced apo-
ptosis of rat pancreatic �-cells (63). Human genetics data and
functional studies of ZnT8 polymorphic variants provided fur-
ther support for a pathogenic effect of ZnT8 up-regulation. A
nonsynonymous polymorphic variant of ZnT8 (R325) has a
higher zinc transport activity (34, 65) and thermostability (66),
and this polymorphism is associated with a higher T2D risk
(11). This causal relationship is further validated by a recent
whole-exome sequencing analysis targeting all of the coding
sequences in the human genome (67).

The responsiveness of ER-resident ZnT8 to cytokine stimu-
lations may also contribute to restoring zinc homeostasis in ER,
which has an enriched luminal concentration (�5 nM) over a
low cytosolic zinc level (0.1–1 nM) (68). Among all zinc trans-
porters in EndoC-�H1 cells, SLC39A7 is the second-highest
transcribed gene after SLC30A8 and also has a significant cyto-
kine response at the mRNA level (Fig. 8B). SLC39A7 encodes a
major zinc-release transporter ZIP7 in the ER (69, 70). The
reduction of the SLC30A8 transcript appears functionally syn-
ergetic with an increase of SLC39A7 because ZnT8 and ZIP7
transport zinc in opposite directions across the ER membrane
(5, 6). ZIP7 up-regulations were found to attenuate ER stress in
MG-63 osteosarcoma cells, intestinal epithelial cells, and
embryonic rat heart– derived cells (H9c2) (71–73). Likewise,
cytokine-induced ZnT8 down-regulation may attenuate ER
stress by reducing the ER zinc content, which may be tuned to a
reduced demand on zinc for proinsulin loading. Hence, a cou-
pling between ZnT8 expression and insulin production may be
of physiological significance for the zinc-dependent process of
proinsulin folding and processing (74).

Understanding how cellular ZnT8 responds to disease-driv-
ing stress is the first step toward understanding the role of
ZnT8 in T2D pathogenesis. Our experiments reveal differential
ZnT8 responses to metabolic and inflammatory stress and
establish a novel immunologic connection between cytokine-
induced ZnT8 down-regulation and �-cell adaptive UPR
through immunoproteasome-mediated co-degradation of two
major �-cell autoantigens. Autoantibodies to ZnT8 or insulin,
together with two additional autoantigens, IA2 and GAD65,
were found in �94% of patients with T1D (75). Whereas these
autoantigens are believed not to activate cytotoxic T-cells in
T2D, our results revealed selective cytokine susceptibilities of
ZnT8 and insulin over IA2 and GAD65 (Fig. 3C). A robust cyto-
kine-induced ZnT8 and insulin down-regulation at a concen-
tration 1,000-fold below the cytotoxicity level (Figs. 2C and 7B)
suggests a functional relevance to chronic activation of the
innate immune system associated with obesity (25).

Besides being a possible player in obesity-driven low-grade
inflammation that predisposes individuals to develop T2D,
ZnT8 as a major autoantigen elicits both humoral and cellular
autoimmunity in the development of T1D (9, 10, 76, 77). Hence,
the pathogenesis of T1D and T2D appears to intersect at ZnT8,
which confers immune susceptibility. There is a growing appre-
ciation that �-cell sensitivity to stress may contribute to the risk
of developing both T1D and T2D (78). The identification of
ZnT8 as a cytokine-responsive ER burden links �-cell inflam-
mation to ER stress, whereas the protective effect of ZnT8
down-regulation for inflamed �-cells suggests a potential ther-
apeutic strategy to mimic the natural protection of SLC30A8
haploinsufficiency found in humans with lower T2D risk (12). A
caveat to increasing �-cell resilience by ZnT8 down-regulation
is a parallel down-regulation of insulin production (Fig. 7C),
potentially leading to a loss of insulin secretory capacity under
prolonged and severe inflammatory exposure. Further research
is needed to develop a strategy to modulate the ZnT8 level to
balance �-cell survival and insulin production in inflamed pan-
creatic islets.
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Experimental procedures

Reagents

Reagent mAb20 was validated as described previously (33).
Antibody-conjugated Dynabeads for biomagnetic separations
were prepared using N-hydroxylsuccinimide (NHS) function-
alized PEG NHS-PEG5K-NHS (Nanocs, catalog no. PG2-NS-
5k) to cross-link antibodies with surface-reactive amine groups
on 2.8-�m hydrophilic M-270 Amine-Dynabeads (Invitrogen,
catalog no. 14307D). A 50-fold molar excess of NHS-PEG5K-
NHS over the surface primary amine groups was used for bead
activation and 5-fold molar excess of mAb20, mouse-IgG, or
anti-BAP31 polyclonal antibodies (Proteintech, catalog no.
11200-1-AP) yielded an antibody surface coating density of
�100 �g of antibody per ml of beads.

Cell cultures

EndoC-�H1 cells from Univercell-Biosolutions had a dou-
bling time of �7–10 days. Cells (passage between 40 and 60)
were detached from culture flasks using 0.05% trypsin and 0.53
mM EDTA and then reseeded at 75,000 cells/well at 70% con-
fluence in a 96-well TPP plate (Sigma, catalog no. Z707902)
coated with Matrigel-fibronectin matrix as described (79). The
cells were subcultured at 37 °C in a 5% CO2 humidified atmo-
sphere and grown in a serum-free culture medium containing
11 mM glucose Dulbecco’s modified Eagle’s medium (Thermo
Fisher Scientific, catalog no. 11885076), 2% BSA faction V
(Sigma, catalog no. 10735078001), 10 mM nicotinamide (Sigma,
catalog no. 47865-U), 50 �M 2-mercaptoethanol (Thermo
Fisher Scientific, catalog no. 21985-023), 5.5 �g/ml transferrin
(Sigma, catalog no. T8158-100 mg), 6.7 ng/ml sodium selenite
(Sigma, catalog no. S5261-25g), 100 units/ml penicillin, and 100
�g/ml streptomycin (Thermo Fisher Scientific, catalog no.
15140122). Flp-In, T-Rex-HEK293 cells with or without doxy-
cycline-induced ZnT8 overexpression were generated and cul-
tured as described preciously (34).

Stressor exposures

PA-BSA conjugation was prepared by adding PA powder to a
final concertation of 8 mM in 1.6 mM FFA-free BSA (Sigma,
catalog no. A7030-50G) predissolved in 135 mM NaCl, 3.6 mM

KCl, 0.5 mM MgCl2, and 10 mM HEPES (pH 7.4). The mixture
was incubated with gentle stirring at 37 °C and then filter-ster-
ilized and stored at 4 °C as described previously (80). When
added to the cell culture, the PA-BSA mixture was diluted 13.3-
fold with a supplement of glucose to make a 1� Glc � PA
solution containing 0.6 mM PA and 48 mM Glc. A cytokine
mixture was prepared before each experiment by mixing indi-
vidual stock solutions of IL-1�, IFN-�, IL-17, and TNF� at the
respective concentrations used previously on human islets and
EndoC-�H1 cells (37). 1� cytokine mixture in the culture
medium contained 5 ng/ml IL-1�, 10 ng/ml TNF�, 50 ng/ml
IFN-�, and 100 ng/ml IL-17. All cytokines were provided by
R&D Systems (Minneapolis, MN). The subcultured EndoC-
�H1 cells were allowed to adhere for 24 h prior to the addition
of experimental media containing Glc � PA, zinc, or cytokine
mixture in serial dilutions with eight replicates. After a desig-
nated exposure period, the endogenous ZnT8 level in each well

was analyzed along with stress-induced cytotoxicity, GSIS and
cellular insulin content. For cytokine withdrawal experiments,
cells were first exposed to 1� cytokine for 24 h and then cul-
tured in the cytokine-free culture medium for different recov-
ery periods before analysis.

In-cell ELISAs

EndoC-�H1 cells in a 96-well plate with or without stressor
exposures were fixed in 50 �l/well Flow Cytometry Fixation
Buffer (R&D Systems, catalog no. FC004) and then permeabi-
lized in Permeabilization/Wash Buffer I (R&D Systems, catalog
no. FC005) for 1 h with 2.5% BSA as a blocking reagent. Next,
mAb20 or a rabbit anti-HLA-I antibody (Proteintech, catalog
no. 15240-1-AP) was 1:600 or 1:60 diluted to Permeabilization/
Wash Buffer I plus 0.5% BSA. Cells in each well were incubated
with the diluted antibody solution for 2 h at 37 °C, washed once,
and then exposed to an HRP-conjugated anti-mouse IgG
(H�L) (Invitrogen, catalog no. 62-6520) or anti-rabbit IgG
(H�L) antibody (Invitrogen, catalog no. 62-6120) in a 1:3000
dilution in Permeabilization/Wash Buffer I plus 0.1% BSA.
After a 1-h incubation with the secondary antibody at room
temperature, cells were washed three times to remove
unbound antibodies before adding SuperSignal ELISA
Femto Substrate (Thermo Fisher Scientific, catalog no.
37075). The HRP reaction was terminated at 5 min by trans-
ferring the reaction mixture to a 96-well opaque microplate
for chemiluminescence quantification on a FlexStation-3
multimode microplate reader.

Cytotoxicity assay

Cell culture and experiments were performed in a 96-well
plate in culture media without phenol red (Sigma, catalog no.
D4947). Cytotoxicity in cell culture after experimental manip-
ulation was continuously monitored based on the change in the
fluorescence intensity of a CellTox green dye (Promega, catalog
no. G8741) that preferentially stained dead cells with a loss of
membrane integrity. The dye was 1:1,000 diluted in the culture
medium and delivered directly to cells at the same time of dose
titrations of Glc � PA, zinc, and cytokines. CellTox fluores-
cence signals were recorded on a FlexStation-3 multimode
microplate reader with eight replicates at 0, 1, 2, 4, 6, 8, 20, 24,
30, and 48 h following dye and stressor additions. Viable cells in
the control cell culture medium produced no appreciable
increases in CellTox fluorescence due to an excellent tolerance
of EndoC-�H1 cells to the dye. At the end of the experiment, all
cells were lysed by adding detergent (dodecyl maltoside) to 0.1%
in each well, and the maximum CellTox fluorescence intensity
was recorded and used for normalization of the CellTox fluo-
rescence intensity.

Immunoblotting

Cells in a 96-well plate were directly resuspended in 50
�l/well 1� Laemmli Sample Buffer (Bio-Rad, catalog no.
1610737). An aliquot of 15 �l of SDS-lysate was loaded onto a
precast protein gel for SDS-PAGE and subsequent immuno-
blotting using the following antibodies directed to ZnT8
(mAb20), tubulin (Invitrogen, catalog no. MA1-83256), cal-
nexin (Proteintech, catalog no. 10427-2-AP), BAP31 (Protein-
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tech, catalog no. 11200-1-AP), IA2 (Proteintech, catalog no.
10584-1-AP), TMED3 (Proteintech, catalog no. 21902-1-AP),
VAMP2 (Proteintech, catalog no. 10135-1-AP), Golgin97 (Pro-
teintech, catalog no. 12640-1-AP), and HLA-I (Proteintech,
catalog no. 15240-1-AP). Protein band intensity was measured
using ImageJ, and the numerical value for each stressor-treated
protein sample was normalized to the untreated sample on the
same immunoblot.

Immunofluorescence staining, imaging, and colocalization
analysis

EndoC-�H1 cells were grown on coverslips at 50% conflu-
ence, fixed (R&D Systems, catalog no. FC004), permeabilized
(R&D Systems, catalog no. FC005), and co-stained with mAb20
at a 1:600 dilution from a 1 mg/ml mAb stock with one of the
following antibodies at a 1:50 dilution: anti-insulin antibody
allophycocyanin-conjugated (R&D Systems, catalog no.
IC1417A) rabbit anti-BAP31, IA2, TMED3, VAMP2, and Gol-
gin97, as described above. Secondary anti-mouse IgG (H�L)
conjugated with Alexa Fluor 594 (Invitrogen, catalog no.
A11032, dilution 1:1,000), anti-rabbit IgG (H�L) conjugated
with Alexa Fluor 647 (Life Technologies, Inc., catalog no.
A21244, dilution 1:1,000), and 4�,6-diamidino-2-phenylindole
were used for fluorescence imaging on a Zeiss LSM 700
inverted confocal microscope with a �63 oil objective. ImageJ
with an intensity correlation analysis plugin was used to quan-
tify colocalization of ZnT8 immunofluorescence (red channel)
and an ER or ISG marker immunofluorescence (green channel)
(81). Confocal images were split into red and green channels with-
out background corrections. ROIs were selected for ER or ISG
regions, where all pixels above an autothreshold were used to cal-
culate MSCs for red to green channel.

Liposome preparation

EndoC-�H1 cells at 90% confluence from a 10-cm culture
disk with or without 1� cytokine pre-exposure were scraped
and resuspended in 25 ml of assay buffer (100 NaCl, 20 mM

HEPES, pH 7.0) supplemented with a cOmplete mini EDTA-
free protease mixture tablet (Sigma). Cells in suspension were
fragmented by 20 passages through a high-shear fluid processor
at 120 p.s.i. (Microfluidics). The resultant membrane vesicles
were collected by ultracentrifugation at 258,000 � g for 60 min.
mAb20 immunoblotting analysis indicated that all cellular
ZnT8 was recovered in the pellet. The membrane pellet was
then homogenized in 0.5 ml of assay buffer and sonicated in an
ice-chilled cup-horn sonicator until vesicle turbidity disap-
peared completely, indicating the formation of small unilamel-
lar vesicles (SUVs) with diameters around 100 nm (82). Quan-
tification of total protein amounts in SUVs indicated no
significant difference with and without cytokine exposure.

Co-immunoprecipitation

The binding capacity of mAb20-PEG5K-Dynabeads or anti-
BAP31-PEG5K-Dynabeads was first determined by dose titra-
tions of SUVs to estimate the saturating SUV concentration for
a given amount of antibody-conjugated beads based on mAb20
or anti-BAP31 immunoblotting analysis of SUVs eluted from
the beads. A 1.2-fold excess of beads was used for all experi-

ments to ensure a �50% depletion of ZnT8-containing SUVs
and a 	95% depletion of BAP31-containing SUVs by respective
affinity beads. The co-immunoprecipitation experiments were
performed by incubating an aliquot of SUVs and antibody-con-
jugated beads at room temperature for 2 h with 0.5% BSA as a
blocking reagent. The unbound SUVs remained in the flow-
through while bound SUVs were washed three times with assay
buffer plus 0.1% BSA and then SDS-eluted by 1� Laemmli sam-
ple buffer. The amounts of ZnT8 in total SUVs, flow-through,
and bead elution were analyzed by mAb20 immunoblotting and
quantified by ImageJ as described above.

GSIS and insulin quantification

EndoC-�H1 cells with dose titrations of Glc � PA, zinc, or a
cytokine mixture in a 96-well plate were switched to a Krebs
buffer (Alfa Aesar, catalog no. J67795). After cell starvation in
Krebs buffer for 1 h, EndoC-�H1 cells were replaced with fresh
Krebs buffer containing 20 mM glucose plus 45 �M isobutylm-
ethylxanthine. After 45 min, the Krebs buffer was collected for
measurement of secreted insulin. Cells were then lysed by 100
�l/well Krebs buffer with 1% dodecyl maltoside. Total insulin
content was measured in 100-fold diluted cell lysate. A homo-
geneous time-resolved fluorescence– based ultrasensitive insu-
lin kit (Cisbio, catalog no. 62IN2PEG) was used to detect both
secreted and total insulin as described previously (60).

Transcriptome profiling

RNA-Seq mRNA profiles of EndoC-�H1 cells with or without
1� cytokine exposure for 24 h were generated by deep sequenc-
ing using an Illumina HiSeq2500 system. Cells were collected,
washed by PBS, and lysed for total RNA extraction using an
RNeasy Mini Kit (Qiagen, catalog no. 74104). The NEBNext
Poly(A) Magnetic Isolation Module (New England Biolabs, cat-
alog no. E7490) and the NEBNext Ultra II Directional RNA
Library Prep Kit for Illumina (catalog no. E7765) were used to
generate libraries. The BioAnalyzer was used for quality control
of the libraries to ensure adequate concentration and appropri-
ate fragment size. The resulting library insert size was 200 –500
bp with a median size around 300 bp. Libraries were uniquely
barcoded and pooled for sequencing. Reads were demulti-
plexed using Illumina’s bcl2fastq2. Read quality was checked
for each sample using FastQC version 0.10.1, and then they
were imported into STAR version 2.5.2b for alignment into
BAM files. The aligned reads were assembled with CLASS ver-
sion 2.1.7, for each sample to create transcript models (trans-
frags). The resulted gtf files were fed to Stringtie-merge (version
1.3.6) to create a nonredundant set of transcripts, which was used
in a later analysis of differential expression. Cuffdiff version 2.2.1
was run on each sample to obtain FPKM values found in the
FPKM_matrix.xlsx file. Both Cuffdiff and DESeq were used to look
for significant changes in transcript expression. DESeq output was
split into two files, containing the transfrags that were annotated
(DESeq_results_gn.csv) and the ones that could not be assigned to
a known gene (DESeq_results_no_gn.csv).Cuffdiff_*_exp.diff.txt
files were generated with Cuffdiff. These tab delimited files contain
the feature_id, gene name, locus, sample names, test_status,
FPKM values for each gene or transcript in both samples, log -fold
change FPKMy/FPKMx, value of test statistics used to compute
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significance of the observed change in FPKM, p value, and q values.
FPKM values and the standard deviations per sample were sum-
marized in FPKM_matrix.xlsx.

SLC30A8 knockdown

To perform gene silencing by RNAi, a master mix of Opti-
MEM reduced serum-free medium (Gibco, catalog no. 31985-
062) was premixed with 0.4% RNAiMAX transfection reagent
(Invitrogen, catalog no. 13778-100) and 75 nM ZnT8-targeting
or scrambled siRNA (OriGene catalog no. SR325944). The
solution was then incubated at room temperature for 10 min to
form siRNA-lipid complexes before 50 �l of the master mix was
added to each well in a 96-well plate. Cells resuspended in stan-
dard culturing media were added in a 1:1 volume to give 7 � 104

cells/well. After 24 h, the transfection media were replaced with
complete culturing media. After additional 2 days, cells were
exposed to 1� cytokine mixture, followed by immunoblotting
and cytotoxicity analysis as described above.
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