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cTAGES deletion in pancreatic B cells impairs
proinsulin trafficking and insulin biogenesis in mice
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Proinsulin is synthesized in the endoplasmic reticulum (ER) in pancreatic f cells and transported to the Golgi apparatus
for proper processing and secretion into plasma. Defects in insulin biogenesis may cause diabetes. However, the under-
lying mechanisms for proinsulin transport are still not fully understood. We show that p cell-specific deletion of cTAGES,
also known as Mead, leads to increased ER stress, reduced insulin biogenesis in the pancreas, and severe glucose intol-
erance in mice. We reveal that cTAGE5/MEAG interacts with vesicle membrane soluble N-ethyl-maleimide sensitive
factor attachment protein receptor Sec22b. Sec22b and its interaction with cTAGE5/MEA6 are essential for proinsulin
processing. cTAGE5/MEA6 may coordinate with Sec22b to control the release of COPII vesicles from the ER, and
thereby the ER-to-Golgi trafficking of proinsulin. Importantly, transgenic expression of human cTAGE5/MEAG in B cells
can rescue not only the defect in islet structure, but also dysfunctional insulin biogenesis and glucose intolerance on
cTAGE5/Meaé conditional knockout background. Together our data provide more insight into the underlying mecha-

nism of the proinsulin trafficking pathway.

Introduction

Diabetes mellitus is a set of metabolic disorders, including
type 1 diabetes and type 2 diabetes (Ashcroft and Rorsman,
2012). Type 1 diabetes is usually caused by the destruction of
insulin-producing cells in the pancreas. Type 2 diabetes is con-
nected with both pancreatic p cell dysfunction and peripheral
insulin resistance (Kusminski et al., 2009; Lindahl et al., 2014;
Morley et al., 2015). Insulin is a peptide hormone, produced by
pancreatic B cells, which is indispensable for proper mainte-
nance of glucose homeostasis (Heit et al., 2006; Li et al., 2014;
Ye et al., 2014). Proinsulin, the precursor of insulin, is rapidly
translocated into ER, where it undergoes oxidative folding by
forming three disulfide bonds (Gupta et al., 2010; Liu et al.,
2014). Only properly folded proinsulin can be assembled into
COPII vesicles and transported from ER to Golgi (Fang et al.,
2015). Increases in misfolded proinsulin in the ER would per-
turb the ER environment and lead to ER stress (Scheuner et
al., 2005; Sun et al., 2015). The mechanism of insulin biosyn-
thesis and glucose-stimulated insulin secretion has been well
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studied, yet much less is known about the proinsulin trafficking
in the secretory pathway.

ER-to-Golgi transport of COPII vesicles requires the
docking and fusing machinery to form the vesicular tubular
clusters and the fusion of vesicular tubular clusters with cis-
Golgi (Xu and Hay, 2004; Wang et al., 2015). SNARE com-
plexes play a pivotal role in membrane fusion throughout the
secretory pathway (Xu et al., 2000; Joglekar and Hay, 2005;
Jahn and Scheller, 2006; Wickner and Schekman, 2008). In
mammalian cells, the v-SNARE Sec22b, t-SNARE Syntaxin5,
Membrin, and Betl form a characterized quaternary complex
that participates in the anterograde ER-to-Golgi transport
(Bentley et al., 2006; Adolf et al., 2016). However, whether the
ER/Golgi SNARE is involved in proinsulin trafficking, and how
this process is regulated, are still not clear.

¢TAGE5 was identified originally as Meningioma-
expressed antigen 6 (Mea6) and it has been reported to be
up-regulated in several cancer tissues or cell lines. cTAGES/
Mea6 is postulated as a potential oncogene (Comtesse et
al., 2002; Usener et al., 2003; Saliminejad et al., 2013). Re-
cent studies have shown that cTAGES is localized at ER exit
sites (ERESs) and participates in collagen secretion (Saito et
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al., 2011, 2014). In addition, cTAGES/MEAG plays a critical
role in COPII assembly and the transportation of very-low-
density lipoprotein (VLDL) from ER to Golgi (Santos et al.,
2016; Wang et al., 2016).

Here we show that conditional knockout (cKO) of
c¢TAGES5/Mea6 in pancreatic f cells leads to glucose intoler-
ance as a result of the disruption of proinsulin trafficking and
reductions in glucose-stimulated insulin secretion. We provide
evidence that cTAGES/MEAG interacts and is likely to coor-
dinate with Sec22b to play an essential role in proinsulin traf-
ficking from ER to Golgi.

cTAGES is mainly expressed in the pancreas and liver, and pre-
vious work has shown that deletion of cTAGES in hepatocytes
leads to fatty liver disease (Wang et al., 2016). We therefore

investigated the biological function of cTAGES in the pan-
creas. cTAGES was specifically deleted in pancreatic § cells
by crossing ¢cTAGES**; Insulin2 (Ins2)-Cre with ¢cTAGES™
Flox mice (Wang et al., 2016), which generated four different
offspring lines (cTAGES™2; Ins2-Cre, cTAGEST*; Ins2-Cre,
cTAGES™*, and ¢TAGES™2). Decreased cTAGES expression
was confirmed by immunohistochemistry in ¢cTAGESTA; Ins2-
Cre mice compared with cTAGES"Y*+ mice, which are referred
to hereafter as cKO and control, respectively (Fig. 1 A). Western
blotting and real-time PCR analysis also confirmed the substan-
tially reduced levels (~70-80%) of cTAGES expression in iso-
lated islets (Fig. 1, B and C). Gross evaluation showed cTAGES
cKO mice were phenotypically unremarkable, although their
body weights were lower than those of their control littermates
up to 1 yr old (Fig. S1 A).

Because pancreatic p cells in the islets of Langerhans are
the primary source of insulin, which maintains metabolic ho-
meostasis, we explored the effect of cTAGES deletion in p cells
on glycemic control. cKO mice on a regular chow diet exhibited
higher glucose levels than control mice. During intraperitoneal
glucose tolerance tests (IPGTTs), both male and female cKO
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Figure 2. Abnormal islet morphology and ER stress in cTAGE5
knockout mice. (A) TEM of isolated islets (control [Ctrl] and
cKO, n = 5). Bar, 1 pm. Quantitation of the density of insulin
granules per B cell is shown at right (Ctrl, n = 60; cKO, n =
85). (B) The mean islet size and the percentage of islet size
distribution (Ctrl and cKO, n = 7). Bar, 200 pm. (C) Pancreas
sections stained with insulin (red) and glucagon (green; Cirl

Ctrl cKO and cKO, n = 5). Bar, 100 pm. Quantitation of the percentage
of insulin-positive cells (n = 40) and glucagon-positive cells (n
= 30) in islets is shown at right. (D) Western blotting analysis
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mice showed significantly higher glucose levels than control
mice (Fig. 1 D and Fig. S1 B), whereas their plasma insulin
levels were substantially lower (45-55%; Fig. 1 E and Fig. S1
C), suggesting that cKO mice were potentially unable to elevate
insulin production in response to the glucose challenge. The
possibility of insulin resistance, which can result in glucose in-
tolerance, was excluded by intraperitoneal insulin tolerance test
(IPITT) as the cKO mice response normally to insulin (Fig. 1 F
and Fig. S1 D). These results indicate that glycemic control is
disturbed in ¢cKO mice as a result of the defect in insulin pro-
duction or secretion, but not in insulin sensitivity.

10-mo-old cKO male mice also showed significantly
higher glucose levels in the IPGTT test (Fig. S1 E). Therefore,
we performed all the in vivo experiments in this study in 8-wk-
old male mice hereafter. Neither the Ins2-Cre mice nor the het-
erozygous cTAGES™ mice had defects in glucose tolerance
(Fig. S2 A). Of note, Ins2-Cre has been shown to be expressed
in the hypothalamus, which regulates different endocrine func-
tions (Tang et al., 2013; Hasegawa et al., 2014). We generated
conditional ¢cTAGES deletion in the brain, including the hypo-
thalamus, by Nestin-Cre and observed that glucose tolerance
remained unaffected (Fig. S2, B and C).

We went on to inspect insulin production and found out
that the insulin content in islets and pancreas in cKO mice was
around 50% lower (Fig. 1 G), but the proinsulin content in is-
lets was similar (Fig. S3 A). To further characterize whether
the lower insulin levels in cKO mice were a § cell-autonomous
effect, we isolated islets and performed glucose-stimulated
insulin secretion in static incubation. The insulin secretion
from cKO islets was significantly reduced in the presence
of 16.7 mM glucose (Fig. 1 H), consistent with the in vivo
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observations. Interestingly, after standardizing with total insulin
content, the percentage of secreted insulin from cKO islets was
similar to controls (Fig. 1 I). This indicates that, during glucose-
stimulated insulin secretion, the lower level of insulin in cKO
islets is the major cause of reduced insulin secretion.

The defect in insulin biogenesis in cKO islets could be
caused by reduced transcription and translation of insulin cod-
ing genes. Nevertheless, there were no significant difference in
the Ins1 and Ins2 mRNA and proinsulin protein levels in isolated
cKO and control islets (Fig. 1 J and Fig. S3, B and C). In addi-
tion, the mRNA levels of Vamp?2, Stxla, and SNAP25, which are
involved in exocytosis, remained unchanged (Fig. S3 D). These
results suggest that the production of proinsulin and the exo-
cytotic pathway for insulin are likely unaffected in cKO mice.

To explore the cause of the significantly reduced insulin con-
tent in cKO islets, we inspected the morphology and structure
of the islets. Transmission electron microscopy (TEM) showed
significantly decreased (around 30%) insulin granule density in
cKO B cells (Fig. 2 A). Hematoxylin and eosin (H&E) staining
on serial pancreas sections revealed that the control and cKO
pancreas comprised a similar number of islets per unit area (Fig.
S3 E). However, when the mean sizes of isolated islets were
analyzed, the cKO islets were significantly smaller (Fig. 2 B).
These data suggest that disturbance of glycemic control in cKO
mice is most likely caused by defects in insulin biogenesis as
well as the reduced islet mass in the pancreas.

Intriguingly, during the islet isolation procedure, we
found that the cKO islets were less compact and tended to get
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Figure 3. The defect of proinsulin trafficking in cTAGE5
knockout mice. (A) Pancreas sections immunostained
with Proinsulin (red) and Calnexin (green), ERGIC53
(green), and GM130 (green; control [Ctrl] and cKO,
n = 6). Bar, 10 pm. (B) The model of distribution of
proinsulin throughout ER-to-Golgi transport pathway.
(C) Percentage of the colocalization of Proinsulin with
Golgi in B cells from A. (D) The increased inferaction be-
tween endogenous Proinsulin and Bip in isolated islets
was observed by colP with Proinsulin antibody in cKO
islets. (E) MING cells stably expressing scramble shRNA
(siControl) or cTAGES shRNA (sicTAGES5) was described
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disintegrated relative to the control islets. To reveal whether de-
letion of ¢cTAGES in pancreatic 3 cells affected the islet architec-
ture, pancreas sections were immunostained with glucagon and
insulin antibodies. The cKO islets displayed an abnormal consti-
tution of « and P cells, with much fewer insulin-expressing cells
and disproportionally more glucagon-expressing cells (Fig. 2 C).
In addition, many « cells, which are normally confined around
the mantles of islets, spread into the middle of cKO islets.

The reduced number of § cells in cKO islets could poten-
tially be caused by reduced proliferation or increased cell death.
Immunostaining of the pancreas sections with Ki67, a marker
for proliferating cells, revealed no significant difference between
the control and cKO islets (Fig. S3 F). In contrast, the activated
form of Caspase3 could be detected, which was accompanied by
the significantly decreased levels of phosphorylated Akt, a well-
known prosurvival kinase, in cKO islets (Fig. 2 D), suggesting
that the loss of 3 cells may be a result of an increase of apoptosis.

We have shown previously that deletion of cTAGES in he-
patocytes resulted in the distended and dispersed ER in cells
(Wang et al., 2016). This implicated the presence of ER stress
and it was confirmed by significantly elevated levels of Bip and
protein disulfide isomerase (PDI), the key markers for ER stress
(Fig. S4, A-C). Accordingly, we noticed, in cKO islets, signifi-
cantly elevated protein levels of Bip (Fig. 2 D) and the mRNA
levels of Bip and Chop (Fig. 2 E). These results implicate an
association between ER stress and the increase of apoptosis as
well as the decrease of islet mass in cKO islets.

Proinsulin is synthesized and folded in the ER and then trans-
ported from ER to Golgi to form insulin granules (Liu et al.,

05 1 2
CHX (h)

2014). Recent evidence has suggested that proinsulin traffick-
ing from ER to Golgi was mainly through COPII (Fang et al.,
2015). To investigate whether cTAGES was involved in proin-
sulin trafficking, we inspected the distribution of proinsulin in
islets through immunostaining with different markers, Calnexin
(ER marker), ERGIC53 (ER-Golgi intermediate compartment
marker), and GM130 (Golgi marker). Proinsulin was partially
colocalized with Calnexin, ERGIC53, and GM130, indicating
that it was distributed throughout the transport pathway. How-
ever, proinsulin was mainly colocalized with Calnexin, and lost
most of the colocalization pattern with ERGIC53 and GM130
(drop by >60%) in cKO B cells (Fig. 3, A—C). This suggests pro-
insulin trafficking from ER to Golgi is impaired in cKO £ cells.

Disturbed anterograde transport of proinsulin would lead
to excessive proinsulin aggregating in ER lumen, which would
bind to Bip (Gething and Sambrook, 1992; Scheuner et al.,
2005). We performed coimmunoprecipitation (colP) and found
that the amount of proinsulin interacting with Bip was enhanced
substantially in cKO islets (Fig. 3 D), in support of the notion of
a defect in proinsulin trafficking.

Proinsulin is processed in the Golgi by cleavage (Wijese-
kara et al., 2010; Liu et al., 2014). To further validate the role
of cTAGES in proinsulin trafficking, we constructed a mouse
proinsulin cDNA (mPro) with superfolder GFP fused within
the C-peptide (CpepSfGFP). This proinsulin chimera could be
processed to insulin and CpepSfGFP, and was used as a reli-
able proinsulin processing reporter (Liu et al., 2007; Haataja et
al., 2013). We knocked down cTAGES expression by lentivi-
rus-mediated shRNA targeting cTAGES in MING cells followed
by lentivirus-mediated mPro-CpepSfGFP expression. As shown
in Fig. 3 (E and F), the levels of CpepSfGFP in cTAGES knock-
down cells were significantly lower than that in control cells in
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the presence of cycloheximide, an inhibitor of protein synthesis.
Therefore, our results indicate that cTAGES is essential for the
anterograde transport of proinsulin from ER to Golgi.

c¢TAGES has been shown to locate on the ERES and interact
with COPII components to regulate the transport of VLDL and
collagen VII (Santos et al., 2016; Wang et al., 2016). We ex-
plored other proteins that might be associated with cTAGES.
A continuous sucrose gradient sedimentation was performed
to separate the subcellular fractionations from MING6 cells. As
expected, cTAGES was mainly distributed in the ER fraction,
overlapping with Calnexin, as well as Sec24d, a cTAGES-in-
teracting protein (Fig. 4 A). We also noticed that the distribu-
tion of Sec22b was similar to that of cTAGES and Calnexin,
but not Vamp2, a v-SNARE protein participating in Golgi-to-
plasma membrane trafficking.

Sec22b is a v-SNARE protein involved in ER-to-Golgi
membrane trafficking (Gonzalez et al., 2001; Joglekar and Hay,
2005). Both Sec22b and cTAGES have been shown to be capa-
ble of forming a complex with COPII components (Mancias
and Goldberg, 2007; Wang et al., 2016). We therefore specu-
lated that cTAGES might play a role in proinsulin trafficking
through interaction with Sec22b. To test this hypothesis, con-
structs encoding Sec22b and cTAGES were transfected into
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N
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Figure 4. cTAGES interacts with v-SNARE Sec22b
and controls its localization. (A) Subcellular frac-
tionation of MING cells using a continuous sucrose
gradient. Data were from three independent ex-
periments with similar results. (B) The inferaction
of Sec22b with cTAGE5 was assessed by colP.
Constructs expressing Sec22b and ¢TAGE5 were
transfected alone or in combination into 293 cells;
24 h later, cell lysates were precipitated with Flag
agarose beads and the immune complexes were
detected with Flag or GFP antibody. (C) The interac-
tion between endogenous Sec22b and cTAGES5 in
pancreatic islets was observed by colP with Sec22b
antibody. (D) Pancreas sections immunostained with
Sec22b (green), Calnexin (red), ERGIC53 (red),
and GM130 (red). Data were from three indepen-
dent experiments with similar results. Bar, 10 pm.
The model of distribution of Sec22b throughout ER-
to-Golgi transport pathway shown under the figure.
(E) Pancreas sections stained with insulin (red) and
Sec22b (green). The arrow shows B cell in islets; the
arrowhead shows non-p cells in islets. Bar, 20 pm.
(F) Pancreas sections stained with insulin (red) and
Vamp?2 (green). Bar, 10 pm.
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293 cells individually or in combination, and colP experiments
revealed that Sec22b interacted with cTAGES (Fig. 4 B). An
interaction between endogenous cTAGES and Sec22b was
also confirmed (Fig. 4 C).

To investigate whether cTAGES deletion had any effect on
Sec22b, we inspected the effect of cTAGES knockout on the lo-
calization of Sec22b in pancreatic  cells. As shown in Fig. 4 D,
Sec22b had an evenly distributed pattern in  cells, mainly co-
localized with Calnexin and ERGIC53, and to a much lesser
degree, with GM130. However, its distribution was changed in
c¢TAGES cKO p cells. Sec22b shifted to where ERGIC53 and
GM130 were located, while losing most of its colocalization
with Calnexin. It seemed that cTAGES had a selective role on
the localization of Sec22b but not Vamp2 in f cells (Fig. 4, E
and F). Although cTAGES was important for the distribution of
Sec22b, cTAGES and Sec22b had no apparent effect on each
other’s expression levels (Fig. S4, D and E). These results in-
dicate that cTAGES is essential for the circulation of Sec22b
between the ER and Golgi, and deletion of cTAGES leads to the
loss of Sec22b distribution in the ER (Fig. 4 D, bottom).

Because cTAGES interacted with Sec22b and cTAGES deficiency
affected Sec22b distribution, we went on to inspect whether
the function of Sec22b was essential for proinsulin transport.
We knocked down Sec22b expression by lentivirus-mediated
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Sec22b shRNA in MING cells followed by lentivirus-mediated
mPro-CpepSfGFP expression. As shown in Fig. 5 A, the level of
CpepSTGFP in Sec22b knockdown cells was significantly lower
than that in control cells. This result indicates that dysfunction
of Sec22b impairs the cleavage of proinsulin, a phenotype reca-
pitulating that observed in cTAGES knockdown cells (Fig. 3 E).

We have shown that cTAGES interacted with Sec22b, which
was also reported to interact with t-SNARE Syntaxin5 (Hay,
2001; Jahn and Scheller, 2006). We therefore hypothesized that
cTAGES might mediate Sec22b-SNARE and Sec22b-COPII
transport pathways. To test this postulation, we performed colP
analysis using Sec22b antibody in MING6 cells. As shown in
Fig. 5 B, endogenous cTAGES, Sec23a, Sec31a, and Syntaxin5
were all detected in the same immunocomplex. More important,
the levels of Sec31a and Syntaxin5 coimmunoprecipitated were
significantly lower in cTAGES knockdown cells. This impli-
cates that components of COPII and SNARE complexes might
interact with each other. To further confirm that cTAGES played
a role in the interaction between components of the two com-
plexes, constructs encoding cTAGES, Sec31a, and Sec22b were
transfected into 293 cells individually or in combination, and
colP experiments were performed. Sec22b was able to interact
with Sec31a, and this interaction was enhanced significantly
when coexpressed with cTAGES (Fig. 5 C). These results indi-
cate that components of COPII and SNARE complexes interact
with each other and cTAGES is important for the interaction.
Consistent with the colP results, Sec31a and Sec22b co-
localized with each other on ERES, and cTAGES depletion
disturbed the distribution pattern of Sec22b on ERES (Fig. 5 D).
We went on to inspect whether the interaction between cTAGES
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Figure 5. ¢TAGE5 depletion affects the Sec22b-
SNARE and Sec22b-COPIl interaction. (A) MING
cell line stably expressing scramble shRNA (siCon-
trol) or Sec22b shRNA (siSec22b) was infected with
mPro-CpepSfGFP expressing lentivirus. 48 h later,
cells were lysed and probed for indicated proteins.
Percentage of CpepStGFP to total mPro-CpepSfGFP
is quantitated in the right panel. (B) The interaction
of endogenous Sec22b with Sec31a, cTAGES5,
Sec23a, and Syntaxin5 in MING cells was observed
by colP with Sec22b antibody. However, the interac-
tion with Sec31a and Syntaxin 5 was much weaker
in cTAGES5 knockdown cells. Quantitation of protein
levels is shown in the right panel. All data are means
+ SEM (Student's ttest) from three independent exper-
iments. ***, P < 0.001; ns, not significant. (C) Con-
structs expressing Sec31a, Sec22b, and cTAGES
were transfected alone or in combination into 293
cells; 24 h later, cell lysates were immunoprecip-
itated with Flag agarose beads and the immune
complexes were defected with indicated antibodies.
*, 1gG band. (D) Control and cTAGE5 knockdown
MING cells stained for Sec22b and Sec31a. Bar, 10
pm. (E) MING cells were incubated with BFA (5 pg/
ml) for 1 h at 37°C, washed with PBS, and then fixed
and stained with Sec22b, cTAGES5, or Sec31a anti-
bodies. Bar, 10 pm. Ctrl, control.
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and Sec22b was a dynamic process regulated by the ER-to-Golgi
trafficking. MIN6 cells were treated with 5 pg/ml Brefeldin
A (BFA) for 1 h to destroy the Golgi apparatus. As expected,
Sec22b partially colocalized with ERES markers cTAGES and
Sec31ain untreated cells. However, cTAGES and Sec31a showed
a more concentrated pattern at ERES when the Golgi was de-
stroyed by BFA, whereas Sec22b lost much of its localization
at ERES (Fig. 5 E). These results indicate that cTAGES recruits
Sec22b to ERES, and the interaction of Sec22b with cTAGES
and Sec31a might be regulated by the dynamic transport process.

We went on to dissect which domain of cTAGES was respon-
sible for its interaction with Sec22b. We generated full-length
and different deletion mutants of cTAGES (Fig. 6 A) and they
were transfected into 293 cells individually or in combination,
and colP experiments revealed that the two coil-coil domains
in the N-terminal half of cTAGES were important for the in-
teraction between cTAGES and Sec22b (Fig. 6 B). We further
dissected the coil—coil domains into coil—coil 1 and coil—coil 2
domains and found out that the coil—coil 2 domain was more
important for the interaction (Fig. 6 C). Vice versa, we also
mapped which domain in Sec22b was responsible for its inter-
action with cTAGES. We generated full-length and different de-
letion mutants of Sec22b (Fig. 6 D), and they were transfected
into 293 cells individually or in combination, and colP experi-
ments revealed that Sec22b (120-215) was able to interact with
cTAGES at a reduced level, compared with Sec22b (100-215).
In contrast, Sec22b (134-215) completely lost its ability to bind
cTAGES (Fig. 6 E). These results indicate that the linker region
of Sec22b (120-134 aa) is essential for the interaction between
cTAGES and Sec22b. In addition, the Sec22b transmembrane
domain deletion mutant (Sec22b /ATMD) also lost its ability to
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interact with cTAGES (Fig. S4 F). To prove that this was a result
of the disruption of the membrane binding ability, we restored
its membrane binding ability by domain swap with a GOSR2
TM domain (Sec22b GT) and found that the interaction with
cTAGES was restored (Fig. 6 E).

To test the function of the interaction between cTAGES and
Sec22b, we inspected whether or not deletion of the coil-coil 2
domain of cTAGES could rescue the proinsulin cleavage defect.
c¢TAGES knockdown MING cells were infected with lentivirus
carrying a full-length human ¢cTAGES (h¢TAGES) cDNA, coil-
coil 1 domain or coil—coil 2 domain deletion mutants, respec-
tively. The expression of hcTAGES full-length or mutants was
detected by Western blotting with cTAGES and Flag antibody
(Fig. 7 A). Importantly, the levels of CpepSfGFP cleaved from
the mPro-CpepSfGFP increased very significantly with ex-
pression of full-length or coil—coil 1 domain deletion mutant,
but not with coil—coil 2 domain deletion mutant of hcTAGES
(Fig. 7 A). Consistent with this result, full-length hcTAGES and
coil—coil 1 domain deletion mutant, but not the coil—coil 2 do-
main deletion mutant, colocalized with Sec31a (Fig. S5 A). Fur-
thermore, in cTAGES knockdown MING cells, the distribution
pattern of Sec22b could be rescued by full-length or coil—coil 1
domain deletion mutant, as illustrated by much more localiza-
tion at ERES (Fig. S5 B). In contrast, it could not be rescued
by the expression of the coil—coil 2 domain deletion mutant.
Collectively, the results indicate that the interaction between

Sec22b and cTAGES is important for the distribution of Sec22b
and proinsulin trafficking from ER to Golgi.

More important, we generated a transgenic mouse line
with hcTAGES cDNA inserted into ROSA26 loci (Fig. S5
C). Through immunostaining, we detected the expression of
hcTAGES protein specifically in §§ cells and observed largely
normal islet architecture in the ¢TAGES cKO background
(Fig. 7, B and C). Consistent with the results from the in vitro
experiment, hcTAGES transgenic mice on the ¢TAGES cKO
background exhibited normal glucose tolerance (Fig. 7 D).
These results indicate that both the islet structure and insulin
biogenesis defect in cKO mice could be rescued by hcTAGES.

cTAGES5/MEAG6 has been shown to interact with COPII compo-
nents to regulate the secretion of mega cargos, VLDL, and col-
lagen VII (Santos et al., 2016; Wang et al., 2016). In this study,
we provide evidence that cTAGES is also required for the se-
cretion of small molecules. Ablation of ¢cTAGES specifically in
pancreatic f cells leads to impaired glucose-stimulated insulin
secretion and subsequently glucose intolerance, as a result of the
defect in the transport of proinsulin from ER to Golgi. cTAGES
interacts with Sec22b, and they are likely to be involved in the
release of COPII vesicle or the formation of the preGolgi inter-
mediate compartment for proinsulin trafficking (Fig. 8).

The glucose intolerance in cTAGES cKO islets is caused by
the significantly reduced insulin secretion caused by the dimin-
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P < 0.001; ns, not significant.
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ished mature insulin content in the pancreas (Fig. 1). Considering
the role of cTAGES in cargo transportation, we postulate that
reduced insulin biogenesis might be caused by a defect of proin-
sulin transport from ER to Golgi. The increased detention of pro-
insulin in ER and reduced distribution of proinsulin in ERGIC53
and Golgi in cTAGES cKO f cells support this speculation (Fig. 3,
A-C). In addition, we adopted a reporter for ER-to-Golgi trans-
port and found that proinsulin transport declines significantly in
c¢TAGES knockdown cells (Fig. 3, E and F). Furthermore, pro-
insulin biosynthesis accounts for 50% of total protein synthe-
sis in stimulated B cells. In the case of a defect in ER-to-Golgi
transport, proinsulin would accumulate in ER and be misfolded,
which eventually results in ER stress (Riahi et al., 2016). Indeed,
the increase of ER stress and the significantly increased binding
of unfolded proinsulin with Bip are detected in cTAGES5 cKO
islets (Fig. 3 D). Therefore, deletion of cTAGES in f cells affects
the proinsulin transport from the ER to the Golgi, which leads
to the reduced levels of mature insulin, as well as ER stress and
reduced islet sizes. The reduced islet mass in the cKO pancreas
may account for only part of the decreased insulin level, because
the levels of proinsulin are largely normal (Fig. S3, A and B).

ER stress is well known to be capable of causing apop-
tosis. Deletion of ¢TAGES leads to increased apoptosis and
decreased islet mass in the cKO pancreas (Fig. 2). In addition
to increased ER stress, we notice a significant decrease in Akt
activity. It will be intriguing to study in the future whether the
increased ER stress and reduced insulin signaling, which is in-
volved in the Akt pathway, affect p cell survival sequentially or
synergistically in the cTAGES cKO pancreas.

m cTAGES™/4; Ins2-Cre; TG

SNARE proteins have been shown to enable the docking
and fusing of COPII vesicles with Golgi and participate in ER-
to-Golgi transport (Lee et al., 2004; Chatre et al., 2005; Pet-
kovic et al., 2014). In the present study, we show that cTAGES
interacts with Sec22b mainly through the coil—coil 2 domain
of cTAGES and the linker region of Sec22b (Fig. 6). In addi-
tion, the interaction between cTAGES and Sec22b is essential
for proinsulin cleavage (ER-to-Golgi transport; Fig. 7 A). Fur-
thermore, the distribution of Sec22b is specifically altered in
c¢TAGES cKO f cells, suggesting that cTAGES is important for
the circulation of Sec22b between the ER and Golgi (Fig. 4).
More important, knockdown of Sec22b also impairs proinsulin
cleavage, indicating that Sec22b is essential for proinsulin traf-
ficking (Fig. 5 A). The linker region of the SNARE family is im-
portant for SNARE complex formation (Wang et al., 2017). The
Longin domain usually binds to the SNARE domain when it
resides in ER, and the Longin domain unfolds from the SNARE
domain when it travels to Golgi and facilitates the SNARE do-
main to interact with t-SNARE. Thus, we propose that when
it is in its folding conformation, the linker region interacts
with cTAGES. The interaction of Sec22b with both COPII and
t-SNARE components (Fig. 5 B) indicates that this interaction
might be dynamically regulated by the transport process. This
is confirmed when the transport pathway is disrupted by BFA
treatment (Fig. 5 E). Therefore, cTAGES may coordinate with
Sec22b in the release of COPII vesicle from ER and the forma-
tion of the preGolgi intermediate compartment (Fig. 8).

c¢TAGES has been shown to interact and coordinate with
TANGOI to play a role in the megacargo secretion pathway
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ER-to-Golgi trafficking of proinsulin. cTAGE5 and TANGO1
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(Saito et al., 2011). Tangol knockout mice die after birth, but
c¢TAGES knockout mice die at embryonic day 8.5 to 9.5 (Wilson
etal., 2011; Wang et al., 2016). This indicates that cTAGES and
TANGOI1 may play some nonoverlapping roles, at least, during
embryo development. We provide evidence here that cTAGES
is indispensable for the trafficking of proinsulin, which has a
molecular weight of only ~9 kD. Our study therefore sheds
light on the more profound role of cTAGES in the transport of
both big and small cargoes.

c¢TAGES has been indicated as a shorter spliced variant
of TALI, a TANGO/-like protein with similar domains (Santos
et al., 2016), and the protein level of TALI was also reduced in
c¢TAGES cKO islets (Fig. S5 D). We show here that expression
of human cTAGES can rescue the proinsulin processing defect
in cTAGES knockdown cells and, more important, transgenic
expression of human cTAGES specifically in f cells is able to
rescue the defect in islet structure and insulin biogenesis, as
well as reversing glucose intolerance on the cTAGES cKO back-
ground (Fig. 7). Therefore, cTAGES is likely to play a role in
insulin secretion independent of TALI.

In summary, we show in this study that ablation of
c¢TAGES in pancreatic f cells leads to serious defects in insulin
production with resultant chronic hyperglycemia and glucose
intolerance in mice. We provide evidence that cTAGES interacts
with a v-SNARE protein, Sec22b, to regulate the transport of
proinsulin from ER to Golgi. These findings provide insights
not only into mechanisms underlying the basic cellular process
of ER-to-Golgi trafficking but also for our understanding of the
pathogenesis of diabetes and related conditions.

Materials and methods

Generation of cTAGE5 knockout and transgenic mice
c¢TAGES** and cTAGES"¥Flox mice were previously generated (Wang
et al., 2016). ¢cTAGES was specifically deleted in pancreatic f cells

by crossing ¢cTAGESY*; Insulin2 (Ins2)-Cre with ¢cTAGES™L mice,
which would generate four different lines (i.e., cTAGES"2; Ins2-Cre,
cTAGES™*; Ins2-Cre, ¢cTAGES™*, and ¢TAGE5"™*). To generate
c¢TAGES transgenic mice, a human ¢c7TAGES5 cDNA driven by CAG pro-
moter followed by a stop codon flanked by two LoxP sites was inserted
into the first intron of Rosa26 allele through CRISPR/Cas9 technology
(Fig. S5 C). This model was generated by Beijing Biocytogen Co., Ltd.
All mice were in a 129/SvEv and C57BL/6 mixed background. Tail
biopsies were used to extract genomic DNA for genotyping. All exper-
imental procedures were performed according to protocols approved
by the Institutional Animal Care and Use Committee at the Institute of
Genetics and Developmental Biology, Chinese Academy of Sciences.

Intraperitoneal glucose and insulin tolerance tests

IPGTT assays were performed 16 h after fast with free access to water and
then injected i.p. with D-glucose at 2 mg/g of body weight. Plasma insu-
lin levels were measured using a mouse ultrasensitive insulin ELISA kit
(ALPCO). IPITT assays were performed 6 h after fast with free access to
water and then injected with human insulin (Novolin) at 0.75 units/kg of
body weight. Blood glucose levels were assessed at the indicated times.

Islet isolation and glucose-stimulated insulin secretion

Mouse islets were isolated after injecting collagenase XI (C7657; Sig-
ma-Aldrich) into the pancreas through the common bile duct as pre-
viously described (Li et al., 2009). Then the distended pancreas was
removed and digested in a 37°C water bath for 15 min. After incu-
bation, the pancreas was disrupted into homogenous suspension and
filtered through a 300-um cell strainer. Finally, islets were picked up
under a microscope. Glucose-stimulated insulin secretion was mea-
sured by static incubation of isolated islets. After overnight culture in
RPMI-1640 medium, groups of 20 islets of approximately the same
size were first equilibrated with Krebs Ringer buffer (KRB; 128 mM
NaCl, 4.8 mM KCl, 1.2 mM KH,PO,, 1.2 mM MgSO,, 2.5 mM CaCl,,
5 mM NaHCOs;, 10 mM Hepes, and 0.1% BSA) containing 2.8 mM glu-
cose for 30 min at 37°C. Then islets were incubated in KRB containing
2.8 mM glucose for 1 h at 37°C. After the supernatant was collected,
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islets were stimulated with KRB containing 16.7 mM glucose for an-
other 1 h at 37°C. Total insulin content of islets was harvested by over-
night extraction in acid ethanol. Secreted insulin in supernatant was
measured by mouse ultrasensitive insulin ELISA kit (ALPCO).

Genotyping PCR and real-time PCR

The genotypes of mice were detected by PCR as previously described
(Zhang et al., 2014; Wang et al., 2016). Total RNA was extracted from
isolated islets using TRIzol reagent (Invitrogen). Real-time PCR was
performed according to the protocol of the manufacturer. The primers
for real-time PCR are listed in Table S1.

TEM

The procedures of TEM were described as previously (Wang et al.,
2016; Zhang et al., 2016). Concisely, isolated islets were fixed with
2.5% glutaraldehyde, postfixed in 1% osmium tetroxide, dehydrated
in acetone, and then embedded in EPONS812 resin. Ultrathin sections
were mounted on copper grids and photographed for TEM. The density
of secretory granules in f3 cells was measured by ImagelJ software.

Immunostaining, H&E staining, and islet number measurement
Pancreases were fixed with 4% paraformaldehyde, dehydrated in graded
ethanol series, and embedded in paraffin. Sections of 5-um thickness were
prepared by a rotary microtome (RM2255; Leica) and used for immunos-
taining after deparaffinization. MING cells cultured on coverslips were
fixed in cold methanol for 15 min at —20°C, permeabilized with 0.3%
Triton/PBS for 10 min, blocked with 5% BSA for 1 h, and incubated
overnight with primary antibody. The following antibodies were used
for immunostaining: Insulin (1:100; ab7842; Abcam); Glucagon (1:100;
G2654; Sigma-Aldrich); Ki67 (1:1,000; ab15580; Abcam); cTAGES
(1:200; HPA000387; Sigma-Aldrich); Proinsulin (1:500; 2PR8; Hytest);
Sec22b (1:100; sc-101267; Santa Cruz Biotechnology); Calnexin (1:250;
MA3-027; ThermoFisher); LMANI1 (1:200; ab125006; Abcam); GM 130
(1:200; ab52649; Abcam); and Vamp2 (1:200; ab181869; Abcam). The
secondary antibodies conjugated with Alexa Fluor 488, 568, or 647 were
purchased from Invitrogen, and those conjugated with HRP using DAB
as chromogen from Cwbio. Sections were photographed by an LSM 700
(Carl Zeiss) confocal microscope equipped with a 40x water immersion
objective (1.0 NA) or 100x oil immersion objective (1.4 NA) at room
temperature and analyzed with ImagelJ or Imaris software.

For islet number measurements, three serial sections of 5 pm
were obtained from each pancreas at 100-um intervals. All sections
were processed for H&E staining, and the images were acquired by
an eclipse TE2000-S (Nikon) equipped with a 4x 0.13 NA objective
and a DXM 1200C camera. The islet number per unit area was cal-
culated in a random way.

Cell culture, transfection, Western blotting, and colP

A total of 293 cells were cultured in DMEM (Hyclone) supplemented
with 10% FBS (Excell), and 293 cells were transiently transfected with
Vigofect (Vigorous). MING cells were cultured in DMEM (Gibco) sup-
plemented with 10% FBS, 50 uM 2-mercaptoethanol. Plasmids were
transiently transfected into MIN6 cells with Lipo2000 (Invitrogen).
The GFP-Sec22b plasmid was a gift from T. Galli (INSERM, Paris,
France). The COPII constructs were gifts from S. Yu (Chinese Uni-
versity of Hong Kong, Hong Kong, China). Western blotting and colP
were described previously (Xu et al., 2003, 2014; Yang et al., 2012).
In brief, cells were lysed with cell lysis buffer consisting of 50 mM
Tris-HCI, pH 7.4, 100 mM NaCl, 2 mM EDTA, 1% NP-40, and pro-
tease inhibitors, and centrifuged at 12,000 rpm for 10 min at 4°C. Cell
lysates were collected and immunoprecipitated with Flag M2 beads
(A2220; Sigma-Aldrich). The beads were washed five times, and bound

proteins were eluted from beads with 2x SDS sample buffer. The fol-
lowing antibodies were used for Western blotting: a-tubulin (1:3,000;
3873s; CST); Bip (1:10,000; ab21685; Abcam); PDI (1:1,000; ab2792;
Abcam); Caspase3 (1:1,000; ab13847; Abcam); P-Akt (1:1,000; 9018;
CST); Akt (1:1,000; 1085; Epitomics); GAPDH (1:2,000; 2118s; CST);
Sec24d (1:1,000; ab191566; Abcam); P115 (1:1,000; 13509-1-AP;
Proteintech); Sec13 (1:1,000; ab168824; Abcam); Sec31a (1:1,000;
13466; CST); Sec23a (1:1,000; 8162; CST); Syntaxin5 (1:1,000; sc-
365124; Santa Cruz Biotechnology); Flag (1:3,000; M185; MBL); Myc
(1:1,000; M562; MBL); HA (1:3,000; M180; MBL); GFP (1:2,000; sc-
9996; Santa Cruz Biotechnology); GFP (1:5,000; ab290; Abcam); and
Calnexin (1:5,000; GTX109669; GeneTex).

Lentivirus shRNA knockdown of ¢cTAGE5 and Sec22b

The following shRNAs were purchased from YILE Biotech: cTAGES
(target  sequence 5'-CCGGCAAGTGAATGATCTCGATAAACT
CGAGTTTATCGAGATCATTCACTTGTTTTTG-3’); Sec22b (tar-
get sequence 5-'CCGGGCATTGGATTCAAAGGCTAACCTCGA
GGTTAGCCTTTGAATCCAATGCTTTTTG-3'); and the negative
control (target sequence 5'-CCGGCAACAAGATGAAGAGCACCA
ACTCGAGTTGGTGCTCTTCATCTTGTTGTTTTTG-3’). The len-
tiviruses expressing shRNA were produced with a four-plasmid sys-
tem following the manufacturer’s instructions. For establishment of
cTAGES knockdown cell line or Sec22b knockdown cell line, MIN6
cells were cultured in a 24-well plate and infected with lentivirus. Then
the cells were transferred to a 6-cm dish at 80-90% confluence and
treated with puromycin (4 pg/ml, Millipore) for several passages until
almost all of the cells were infected with lentivirus. After that, the sta-
ble cell line was maintained with 2 pg/ml puromycin.

Construction of mPro-CpepSfGFP

The plasmid of superfolder GFP was purchased from Addgene, and
construction of mPro-CpepSfGFP was performed as described previ-
ously (Liu et al., 2007; Haataja et al., 2013). In brief, the mouse pre-
proinsulin was amplified by PCR and subcloned into pcDNA3.1 vector.
For generating the mPro-CpepSfGFP construct, the superfolder GFP
sequence was inserted into the mouse preproinsulin C-peptide se-
quence through the BstEII site. The sequence of mPro-CpepSfGFP was
confirmed by direct DNA sequencing.

Subcellular fractionation

Subcellular fractionation was performed as previously described (de
Araujo et al., 2008; Li et al., 2012). In brief, two 10-cm dishes of MIN6
cells were washed three times with ice-cold PBS and scraped in 2 ml
ice-cold PBS with 0.5x protease inhibitors. Cells were homogenized
in 500 pl homogenization buffer plus (250 mM sucrose, 1 mM EDTA,
0.03 mM cycloheximide, 3 mM imidazole, pH 7.4, and protease inhib-
itors) with a 1-ml syringe attached to a 22-G needle, and then centri-
fuged at 2,000 g for 10 min to remove nuclear debris and unbroken cells.
The postnuclear supernatant was carefully retrieved and floated on top
of 10-45% continuous sucrose gradient in a SW41 tube. The samples
were centrifuged at 210,000 g for 18 h at 4°C. Fractions were collected
and concentrated by TCA precipitation for Western blotting analysis.

Statistical analysis

All statistical analyses were acquired from more than two independent
experiments, values were expressed as means + SEM, and two-sample
comparisons were performed using an unpaired Student’s ¢ test.
* P < 0.05 was considered statistical significance. For the ¢ test, data
distribution was assumed to be normal, but this was not formally
tested. All statistical analyses were presented using Prism software
(GraphPad Software, Inc.).



Online supplemental material

Fig. S1 shows sex and age do not affect the phenotype. Fig. S2 shows
hyperglycemia is observed only in ¢TAGES5S™/; Ins2-Cre mice.
Fig. S3 shows the proinsulin levels, genes involved in exocytosis,
and P cell proliferation are unchanged in cKO islets. Fig. S4 shows
deletion of ¢cTAGES in the liver leads to ER stress, and cTAGES and
Sec22b do not affect each other’s expression. Fig. S5 shows the cellu-
lar location of cTAGES full-length or mutant proteins and Sec22b in
c¢TAGES knockdown MING cells.
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