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Glucagon, secreted by pancreatic alpha cells, is essential for maintain-

ing normal blood glucose levels. In type 1 and advanced type 2 diabetes, alpha
cells often fail to respond to low glucose, yet the mechanisms underlying their
stress resistance remain unclear. To investigate this, we performed a genome-
wide CRISPR screen and identify Sec3IA, a gene involved in transporting pro-
teins from the endoplasmic reticulum (ER), as a key regulator of alpha cell
survival under stress. We show that loss of Sec314 enhances survival in stressed
mouse alpha cells and in C. elegans. In human islets, SEC31A expression
increases in alpha cells under inflammatory stress, and this upregulation is
reversed by reducing ER stress. Functional studies in lab-grown human islet
clusters reveal distinct responses in alpha versus beta cells following Sec31A
suppression. We also find that Sec31A4 interacts with the insulin receptor,
suggesting a link between stress adaptation and insulin signaling in alpha cells.

Diabetes is a chronic disease characterized by unstable glycemic
control due to disturbed insulin and/or glucagon secretion patterns'.
Preventing severe hypoglycemia, which, if untreated, can lead to sei-
zures, coma, or irreversible brain damage, remains a challenge in
diabetes management®. Beyond its physical effects, the anxiety of
nocturnal hypoglycemic episodes can also induce psychological stress
in patients and their families’.

In the context of type 1 diabetes (T1D) and severe type 2 diabetes
(T2D), where insulin secretion is absent or its bioactivity is significantly
reduced, glucagon secretion by alpha cells becomes a key regulatory
factor for glucose homeostasis*. However, in T1D and advanced T2D,
the glucagon response to hypoglycemia is often impaired®® - an
aspect of disease pathology that is poorly understood.

Endoplasmic reticulum (ER) stress, a condition characterized by
an overload of unfolded or misfolded proteins, is a pivotal factor
influencing the survival and function of islet cells in diabetes’. Cells can
typically mitigate mild ER stress through an adaptive unfolded protein

response (UPR). However, when external stressors exceed this adap-
tive capacity, susceptibility to apoptosis increases'’. An interesting
study using single-cell RNA sequencing (scRNA-seq) of T1D alpha cells
has revealed changes in the expression of potassium and sodium ion
channels, vesicle trafficking proteins, and molecules involved in cAMP
signaling”. These modifications suggest alterations in the electrical
activity of alpha cells in T1ID and compromised glucagon secretion. To
understand how stress affects the function and survival of each islet
cell type, it is essential to explore the ER stress-resistance mechanisms
specific to each cell type. Alpha-cells are perceived to be relatively
more resistant to stress than beta-cells, as evidenced by their persis-
tence in TID', and maintenance of alpha-cell mass in T2D in contrast to
loss of beta-cells®.

Studies indicate that in TID, alpha cells show an increased
expression of genes associated with the unfolded protein response”,
pointing to a unique capacity of these cells to effectively manage ER
stress compared to beta cells, which are more susceptible to
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destruction under similar conditions. In patients with T2D, alpha cell
mass is either unchanged or increased”™ despite chronic exposure to
metabolic stressors such as high glucose and/or high free fatty acids,
which have deleterious effects on beta cell mass” 2. It is not fully
explored whether the differential responses observed in the two islet
cell types under similar stress conditions are due to the relatively high
secretory demand of insulin in beta cells®. This resilience is further
supported by gene expression patterns; for example, the key anti-
apoptotic gene BCL2L1 is more highly expressed in alpha-cells com-
pared to beta-cells?®*. In addition, genes associated with ER stress are
differentially expressed, with the pro-apoptotic gene CHOP found at
higher levels in beta-cells®*. The expression of oligoadenylate synthe-
tase (OAS) genes has also been recently implicated as being differen-
tially regulated by redox status in the two cell types®. It is worth noting
that impaired glucagon responsiveness to hypoglycemia was improved
by correction of hyperglycemia in an insulin-independent manner in
rats, indicating that glucotoxicity itself regulates glucagon secretion®.
Building on this understanding, by using a genome-wide CRISPR screen
in the alphaTCé cell line, we identified Sec31A as a key component
correlated with increased stress resistance. Sec31A is involved in the
COPII (Coat Protein Complex II), which is essential for forming transport
vesicles from the ER and segregating export cargo, from ER-resident
proteins for delivery to the Golgi complex, suggesting its pivotal role in
managing ER stress in alpha cells. In addition, evaluating the impact of
Sec31A/SEC31A on hormone production in alphaTCé cells and EndoC-
BHS cells, respectively, confirmed the distinct role of Sec31A/SEC31A in
regulating ER stress responses and glucagon or insulin production.
Treatment of human islets with high glucose and cytokines, as observed
by immunohistochemistry (IHC), revealed that SEC31A is expressed in
both alpha and beta cells. However, we observed different basal
expression levels and responses to cytokine treatment between the cell
types. Further investigation revealed a functional link between Sec31A
and the insulin signaling pathway in alphaTCé cells. Taken together this
research suggests that targeting Sec31A-dependent pathways offer new
therapeutic avenues to protect alpha cells from metabolic stress and
better regulate glucagon secretion to improve outcomes in patients
with diabetes.

Results

Selection of a stress-resistant cell population after TG treatment
To identify genes responsible for stress resistance in alpha cells, we
employed an unbiased genome-wide CRISPR screen”*’ in a mouse
alpha cell line (alphaTC6) using the Brie CRISPR library targeting 19,674
genes with 78,637 sgRNAs* (Fig. 1A). We induced stress by treating the
cells with the ER stressor, thapsigargin (TG), at various doses for 7 days
and evaluated alpha-cell survival (Fig. 1B). Increasing doses of TG up to
50 nM killed ~ 75% while 100 nM killed 90% of cells in a week, respec-
tively (Fig. 1B, right panel). Based on these observations, we pretreated
the cells with 50 nM of TG prior to screening to eliminate the cells
responding to low-intensity stress. Next, to select the cell population
that are resistant to high-intensity stress, we expanded the cells that had
survived the 50 nM of TG and then treated them with higher doses of TG
(100 nM, 150 nM, or 250 nM) (Fig. 1A) for 10-14 days. We then expanded
the surviving cell population for about one month and analyzed the
sgRNA profile by NGS. PCA analysis demonstrated that the groups
clearly separated according to the concentrations of TG (Fig. 1C). In the
lentiviral pooled library that we used in this study, -4 differently
designed sgRNAs were included per gene®. Therefore, the greater the
enrichment of sgRNAs for a single gene, the greater the reliability of
enrichment of the gene in the population. Using this paradigm, we
analyzed the top 100 enriched genes in all groups (i.e., treatment with
TG at 50,100, 150, or 250 nM) for differently designed sgRNAs that were
enriched. Our study revealed that four genes (Sec23B, Sec31A, Trappc4,
and Trappcl3) were enriched with multiple sgRNAs that were uniquely
designed in the group treated with 250 nM TG. In the same manner,

three genes (Sec22B, Sec23B, and Trappcl2) had sgRNAs enriched in the
group treated with 150 nM TG, while only one gene (Trappcl3) had
enriched sgRNA in the group treated with 100nM TG. Notably, no
sgRNA was enriched in the group treated with 50nM TG (Fig. 1D)
(Supplementary Data 1 and 2). Since the group treated with a con-
centration of 250 nM had the highest number of genes with multiple
enriched sgRNAs, we deemed this condition to be the most reliable for
identifying candidate genes. Therefore, we pursued further studies to
identify the genes that were enriched under this condition.

COPIlI-related gene deficiency promotes TG resistance

To identify genes for further study, we compared a control group,
which did not receive TG treatment, versus a group treated with 250 nM
of TG. We focused on genes that demonstrated stress resistance upon
knockdown, as seen in the right portion of the volcano plot in Fig. 1E.
Subsequently, we conducted pathway analysis on the top 50 sgRNAs to
determine the enriched gene categories. Notably, we discovered a sig-
nificant enrichment of pathways associated with vesicle transportation,
ER-Golgi vesicle-mediated transport, and macroautophagy in the TG-
treated groups (Fig. 1F). Furthermore, we analyzed protein-protein
interaction networks of these genes and observed a link between coat
protein complex Il (COPII) genes, such as Sec24B, Sec23B, Sec22B, and
Sec3IA, belonging to the Sec family and vesicle-transporting genes such
as Get4, Trappc4, and Trappcl2 (Fig. 1G). Finally, to identify upstream
regulatory factors, we performed transcription factor (TF) enrichment
analysis of the top genes in the cells receiving 250 nM of TG. Among
multiple TFs that were predicted to regulate the genes, FOXP2 has been
reported to be responsible for alpha cell replication and function® while
FOXA2 regulates rodent alpha cell differentiation® and the single-
variant of FOXA2 associates with random glucose and fasting glucose in
diabetes patients®** (Fig. 1H). We thus identified multiple genes and
upstream regulators involved in ER-Golgi and vesicle transportation
that are important in inducing resistance to stress, likely due to their
absence in alpha cells.

Lack of Sec31A protects alpha cells from ER stress-induced

cell death

During our CRISPR screen, we observed that among the Sec family of
genes, Sec31A was singular in that all four of its differently designed
sgRNAs were enriched in the group treated with 250 nM TG (Fig. 1G).
This observation prompted us to select this gene for further study,
hypothesizing that its absence facilitates cell survival in response to ER
stress. To confirm that Sec3IA is involved in the protection of alpha
cells from ER stress-induced apoptosis, we used the CRISPR/
Cas9 system to generate stable Sec31A knockdown (>80% KD of
Sec31A protein) in the alphaTCé cell line (Fig. 2A). Anticipating that
Sec31KD cells would withstand a larger concentration of TG, we tested
a high-dose TG (1000 nM) treatment, a dosage based on a previous
study®. Treating the control alpha TCé cells with high-dose TG
induced a significant increase of cleaved caspase-3, a marker of
apoptosis, in contrast to a significantly suppressed effect in alphaSe-
c31AKD cells (Fig. 2B). To evaluate whether alphaSec31AKD cells
exhibit resistance to long-term ER stress induction, we subjected both
control and alphaSec31AKD cells to TG treatment. Fifty hours post-
treatment, alphaSec31AKD cells demonstrated improved survival
relative to the controls (Fig. 2C). This finding aligns with the observed
reduction in the expression of cleaved caspase-3 in alphaSec31AKD
cells after TG treatment (Fig. 2B). On the other hand, Sec31A knock-
down in mouse beta cell line showed no significant difference in cell
survival upon the same TG treatment condition (Supplementary Fig. 1).
Finally, we investigated whether the stress-resistant phenotype of
alphaSec31AKD cells is also evident when they are exposed to inducers
of ER stress other than TG. To this end, we treated control and
alphaSec31AKD cells with various concentrations of tunicamycin
(inhibits glycosylation of protein) or Brefeldin A (inhibits ER-Golgi
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transport). The Western blot analysis confirmed a decrease in
expression of cleaved caspase-3 in alphaSec31AKD cells not only by TG
but also in response to tunicamycin and Brefeldin A (Fig. 2D). We have
also broadened the scope of stressors to evaluate the resilience of
alphaSec31A KD cells beyond ER stress inducers. Treatment of the cells
with cytokines, palmitate, and H,0, corroborated the previously

22

-log, (p-value)

observed trends in stress resistance, similar to those seen with TG
treatment. (Fig. 2E, F and H). To further confirm that the observed
stress-resistant phenotype of Sec31AKD cells is not due to specific
sgRNAs, we conducted a parallel experiment using siRNA to knock
down Sec3lA. This was followed by TG treatment under identical
conditions (Fig. 2G). The results consistently demonstrated that the
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Fig. 1| Genome-wide CRISPR screen in alpha cells. A Overview of the CRISPR
screen and subsequent next-generation sequencing (NGS) of enriched guide RNAs
(gRNAs). B Representative images (left) and dose-dependent survival curve (right)
of alphaTCé cells after treatment with TG (0, 10, 50, and 100 nM) for seven days.
Scale bar: 400 um. Four biological replicates cultured in independent wells were
examined. Data are presented as mean values + SEM. C Principal component ana-
lysis (PCA) of NGS data. PCA plot showing the variance of each group of samples.
D Heatmap showing log 2 count per million (cpm) of enriched gRNAs in the sur-
vived cells after the treatment with TG (0, 50, 100, 150 and 250 nM). E Volcano plot
(shown in log2 fold change) of enriched gRNAs in the control cells versus survived
cells in 250 nM TG. F Gene Ontology Analysis of the top enriched gRNAs in Fig. 1E.

For panels (E, F), differential expression analysis was performed using limma,
applying a one-sided moderated ¢ test to compare drug-treated (250 nM TG) and
control groups for genes with increased expression. P-values were adjusted for
multiple comparisons using the Benjamini-Hochberg method to control the false
discovery rate. G Interactive Pathway analysis of the top 50 proteins which gRNAs
were enriched in the group of 250 nM TG treatment. H Transcription factor (TF)
enrichment analysis of the top genes whose gRNAs were enriched in the group
receiving 250 nM TG treatment. Enrichment was assessed by a one-sided Fisher’s
exact test, with p-values adjusted for multiple comparisons using the
Benjamini-Hochberg FDR method. Bar heights indicate -logio(raw P-values).
Source data are provided as a Source Data file.

stress-resistant phenotype was independent of the knockdown
method used. Consequently, Sec31A deletion confers protection
against ER stress induced by agents acting through diverse pathways.

Lastly, we evaluated whether Sec31A’s role in stress resistance
persists beyond the period of stress induction. Control and alphaSe-
¢31AKD cells were treated with TG for a fixed duration, following which
TG was removed and the cells were allowed to recover for 24 h. FACS
analysis revealed that, after TG removal, control cells maintained sig-
nificantly elevated levels of early apoptotic cells compared to their
baseline, whereas the levels in alphaSec31AKD cells returned to base-
line (Q1 in Fig. 21, J). On the other hand, the number of late apoptotic/
necrotic cells increased in control cells following both the induction
and removal of TG, but this TG-responsive increase was not observed
in alphaSec31AKD cells (Q2 in Fig. 21, J). Moreover, throughout the TG
induction and removal process, alphaSec31A KD cells consistently
exhibited a lower number of both early apoptotic and late apoptotic/
necrotic cells (Fig. 21, J). These results demonstrate that the survival
advantage from Sec31A knockdown persists even after ER stress is
removed.

Sec31A inhibition induces protective organismal response in
vivo against ER stress

To examine whether our findings were cell-type specific in vivo and
evolutionarily conserved, we considered that a majority, if not all,
molecular players of UPR® are identified in the genetically tractable
nematode Caenorhabditis elegans. Indeed, survival in response to ER
stress can be assessed in a timely manner in the nematode®, C.
elegans does not possess defined pancreatic alpha or beta cells since
its over 40 insulin-like peptides are secreted from neurons, the intes-
tine (gut, liver, and immune functions), and hypodermis®® and any role
of COPII in UPR™ likely reflects a global in vivo response.

First, we evaluated whether knockdown of Sec23B or Sec31A
orthologs in C. elegans activates the UPR™ transcriptional reporter hsp-
4p::GFP (GFP fused with the promoter of hsp-4, the ortholog of BiP) in
the intestine (Fig. 3A)*°. While KD of sec-23 (ortholog of mouse and
human Sec23B) caused developmental arrest and lethality, RNAi
against sec-31 (ortholog of mouse and human Sec31A) did not interfere
with development and significantly increased the expression of hsp-4
(Fig. 3B, C). Thus, COPII inhibition induces a mild yet significant UPR®™®
response. Next, we evaluated whether this response would protect
worms against ER stress. We first documented that while 24 h tunica-
mycin treatment induced a marked UPR®™ stress response, prior KD of
sec-23 led to greater hsp-4 transcriptional induction (Fig. 3D, E). Con-
sistent with this, worms in which sec-23 had been KD survived for
longer under toxic concentrations of tunicamycin (Fig. 3F). Thus,
inhibition of sec-31 elicits a protective response against ER stress. This
phenotype is conserved across different species, indicating its evolu-
tionary significance.

Induction of ER stress in human islets upregulates expression of
SEC genes

We explored the transcriptional changes induced by ER stress by
treating freshly isolated islets from non-diabetic (non-DM) or T1D

donors with thapsigargin (TG) for 24 h, followed by RNA-seq analysis
(Fig. 4A). First, immunostaining to confirm alpha cell enrichment
revealed a predominance of alpha cells in all three T1D islet prepara-
tions (Supplementary Fig. 2A). Next, upon induction of ER stress, we
observed upregulation in multiple genes related to ER stress and/or
apoptosis, such as DDIT3 (CHOP), HSPAS (BiP), TRIB3"', HERPUDI**, and
ASNS*, both in non-DM and TID islets upon TG treatment (Fig. 4B).
This validated the successful induction of ER stress. Building on this,
we also observed upregulation of SEC family genes in both non-DM and
T1D islets following TG treatment (Supplementary Fig. 2B). Given that
TID islets are predominantly populated by alpha cells due to the
decrease of beta cells, these findings suggest that significant tran-
scriptional changes intensifying both stress-related and SEC family
gene expression in response to ER stress emanate mostly from alpha
cells of T1D islets.

ER Stress induced expression of SEC genes is mitigated in type 1
diabetes islets

Given that T1D islets are primarily composed of alpha cells and display
more pronounced elevation in expression of SEC family genes under
ER stress compared to non-diabetic conditions, we further explored
the ability of mitigating ER stress on the expression of SEC family
genes. To this end, we treated islets with TG, taurodeoxycolic acid
(TUDCA), an ER stress mitigator, or a combination of both TG and
TUDCA (Fig. 4A, E). We identified distinct differentially expressed
genes (DEGs) across the individual treatment groups (Fig. 4E and
Supplementary Fig. 2C-E). In a dot plot comparing various pathways
related to ER stress, we observed that several pathways upregulated by
TG were diminished when it was combined with TUDCA (asterisks in
Fig. 4F). This observation was corroborated by a decrease in BiP
(Binding Immunoglobulin Protein, an ER stress marker) expression
levels in TID alpha cells following treatment with TG +TUDCA, as
assessed by immunohistochemistry (IHC)(Supplementary Fig. 2F).
Turning attention to SEC genes, including SEC31A, their expression was
increased by TG and diminished when TG was combined with TUDCA
(Fig. 4G, H). These results demonstrate that the expression of SEC31A,
along with multiple ER stress-related genes and pathways in T1D islets,
influenced by external stressors, can be mitigated through the miti-
gation of ER stress. These results prompted us to investigate the spe-
cific pathways impacted by SEC31A in both human alpha and beta cells.

Distinct alterations in SEC31A expression in alpha and beta cells
under stress

To investigate the differences in SEC3IA expression under stress
between human alpha and beta cells, we compared the expression and
functional roles of SEC3IA in both cell types by IHC. For this, non-
diabetic human islets were treated with high glucose, IFN-gamma, TNF-
alpha, or IL-beta and IFN-gamma, followed by evaluation of SEC31A
expression in alpha and beta cells. Notably, under normal conditions,
SEC31A expression was higher in alpha cells compared to beta cells
(Fig. 41, J). Treatment with high glucose and cytokines led to a sig-
nificant upregulation of SEC3IA expression in alpha cells, while the
increase observed in beta cells was comparatively modest (Fig. 4J).
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These results suggest that SEC31IA plays a relatively distinct role in
alpha cells compared to beta cells in responding to high glucose- and
cytokine-induced stress. Related to these results, we also extracted
expression data for SEC31A from a recently published paper on mul-
tiplexed single-cell RNA sequencing®. This was used to define the

® No treatment
TG
O 24h after TG removal

transcriptional signature of primary human islet cells exposed to the
ER stressor Brefeldin A, SEC3IA exhibited a higher fold increase in
alpha cells compared to beta cells, which supports the hypothesis that
alpha cells have a distinct response to ER stress (Supplemen-
tary Fig. 2G).
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Fig. 2 | AlphaSec31AKD cells show survival phenotype against ER stress.

A Generation of alphaSec31A KD cells. Left: Inmunoblots of control cells and
alphaSec3IA cells. Quantification is shown in the right panel. Data are presented as
mean values + SEM. (two-tailed Student’s ¢ test). **p < 0.01. Three biological repli-
cates cultured in independent wells were examined. B Immunoblots of control and
aSec31A knockdown cells treated with thapsigargin (TG, 1 uM) for 5 h. Quantified
band intensities are presented as mean + SEM. One-way ANOVA revealed a sig-
nificant overall difference among groups (p = 0.0001), and Tukey’s post-hoc test was
used to assess pairwise significance.*p < 0.05, **p < 0.01. Four biological replicates
cultured in independent wells were examined. C Cell viability assays of control and
alphaSec31A cells. n = 6 (0 h, 48 h), n = 4 (63 h), each representing an independent
biological replicate. Data are presented as mean values + SEM. (two-tailed Student’s ¢
test). *p < 0.05. D Immunoblots of cleaved caspase-3 after treating control and
alphaSec31A cells with thapsigargin (TG), tunicamycin (Tm), and Brefeldin A (BA) for

5h. Figure E, F Immunoblots of control and aSec31A cells treated with TNFa
(1000 U/ml) and IFN-y (1000 U/ml) (E) or palmitate (500 puM) for 16 h (F).

G Immunoblots of control and siRNA-mediated Sec31A knockdown cells treated with
TG (1 uM) for 5 h. H Cell viability of control and aSec31A KD cells after concentration-
dependent H,O, treatment (n =3, each an independent biological replicate). Data
are presented as mean values + SEM. (two-tailed Student’s ¢ test). *p < 0.05. 1, J Flow
cytometric analysis of apoptosis in control and aSec31A knockdown cells treated
with thapsigargin (TG, 1 uM for 5 h) and following 24 h of TG removal (n =3 inde-
pendent biological replicates). I Representative quadrant dot plots (J) Quantification
of cell populations across quadrants (Q1-Q4) under control, TG, and post-TG
recovery conditions. Data are presented as mean + SEM. Two-way ANOVA revealed
significant main and/or interaction effects, and Tukey’s post-hoc test was applied to
assess pairwise differences. *p < 0.05, *p < 0.0L,**p < 0.001. Data are presented as
mean values + SEM. Source data are provided as a Source Data file.
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Fig. 3 | Sec31A inhibition induces a protective organismal response against ER
stress. A UPR™ stress response in C. elegans assessed by the transcriptional
reporter hsp-4p::GFP and qualitative quantified by GFP intensity. B Bright field (BF)
and GFP microscopy images of hsp-4p::GFP worms grown under COPII inhibition by
KD of sec-23 and sec-31. Scale bar, 100 um. C Quantification of the hsp-4 tran-
scriptional response after RNAi against sec-31 (See Supplementary Data 4 for
details). D Knockdown of sec-31 allowed a greater UPR™ transcriptional response
when subjected to ER stress by tunicamycin. Scale bar, 100 pm. E Quantification of
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biological replicates shown in (D). Data in (C, D) were analyzed using a two-sided
Chi-square test to compare the frequency of fluorescent signal distribution
between groups. No adjustments were made for multiple comparisons. F COPII
inhibition by sec-31 KD allowed greater survival under ER stress conditions (see
Supplementary Table 1 for survival details, replicates, and statistics). Numbers
above bars denote sample size (biological replicates), **p < 0.01, **p < 0.001.
Source data are provided as a Source Data file.

We next investigated the effect of Sec31A on hormone produc-
tion and secretion in both cell types. First, using alphaTCé6 cells, we
examined glucagon secretion, transcription, and content. While
glucose-responsive glucagon secretion is impaired upon TG induc-
tion in control cells, alphaSec31AKD cells exhibited enhanced glu-
cagon secretion at low glucose concentrations (1 mM) and did not
demonstrate a significant reduction in secretion following TG
induction, regardless of the glucose concentration (Supplementary

Fig. 3A). This was consistent with glucagon production, as Sec31AKD
alpha cells showed increased glucagon content compared to control
cells (Supplementary Fig. 3B). Next, using qPCR, we found TG
reduced the expression of glucagon, proglucagon, and PCSK2, while
Sec31A deletion in alphaTCé cells significantly increased their
expression (Supplementary Fig. 3C). On the other hand, polysome
profiling of the cells to assess global protein translation showed no
significant difference between control and alphaSec31AKD cells,
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Fig. 4 | Mitigation of SEC Gene Expression Under ER Stress in Type 1 Diabetes
Islets. A Human islets sourced from non-diabetic (non-DM) and Type 1 Diabetes
(T1D) donors, incubated for 24 h in Miami medium, with or without the addition of
thapsigargin (TG) at a concentration of 250 nM. Created in BioRender. Shibue, K.
(2025) https://BioRender.com/7wlqe08. B Heatmap representing the log2 (fold
change) of the top differentially expressed genes (DEGs) after TG treatment in non-
DM and TID islets, alongside the SEC family genes originally identified in the CRISPR
screen (as depicted in Fig. 1). C, D Volcano plot of genes in non-DM (C) and T1D (D)
islets treated with TG. Differential gene expression was assessed using limma with
moderated two-sided ¢ tests. Equivalence testing for unchanged genes (fold change
<20%) was performed using two one-sided ¢ tests (TOST). P-values were adjusted for
multiple comparisons using the Benjamini-Hochberg FDR correction. E Heatmap of
TID islets treated with TG, TUDCA, and their mixture. Donor numbers (5-7) in the
figure correspond to those in Fig. 4B and Supplementary Table 2. F Dot plots of ER
stress-related pathways in TID islets treated with TG, TUDCA, and their mixture.
Differential expression was analyzed using limma with linear modeling and

moderated two-sided ¢ tests. P-values were adjusted for multiple testing using the
Benjamini-Hochberg FDR method. G Gene expressions of SEC family genes,
including SEC31A, in T1D islets treated with TG, TUDCA, and their mixture. N=3 for
TID, each representing an independent biological replicate. Donor numbers (5-7)
correspond to those in Fig. 4B and Supplementary Table 2. H SEC31A expression
levels expressed as log, CPM under control (no treatment), TG, TUDCA, and TG +
TUDCA conditions (blue shading reflects expression level: darker blue = higher
expression, lighter blue = lower expression). I Immunohistochemistry of non-
diabetic human islets treated with media containing TNFa (1000 U/ml), IFN-y
(1000 U/ml), IL-1B (50 U/ml) +IFNy, and 19 mM glucose was stained with antibodies
against insulin (INS), glucagon (GCG), and SEC3IA. Treatment time was 24 h. N=3,
each representing an independent biological replicate. Scale:20 pm. For the demo-
graphics of donors, see Supplementary Table 2. J Quantification of SEC31A-positive
cells shown in (I). Data is presented as mean values + SEM. (two-tailed Student’s ¢
test). *p < 0.05. Source data are provided as a Source Data file.

Nature Communications | (2025)16:9159


https://BioRender.com/7w1qe08
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64169-5

I Control

Fig. 4 | Continued.

+IL-1B +IFNy

*

=y

ns
23]
|h 11§

—
*

< 50 *
o \
i 40- . s
¢ ]| @
s 30 niE _l
s
8 20
a
2
8 10
k]
E T T
Alpha cell Beta cell
® No Treatment
O IFNy
4 TNFa
®  |L-1B+IFNy
O 19 mM Glucose

suggesting that Sec31A is unlikely to underlie global translation
(Supplementary Fig. 3D).

To assess the effect of SEC31A on insulin secretion and content in
beta cells, we used the human-derived EndoC-BHS5 cell line which clo-
sely mimics primary adult human beta cells* since the purity of the
beta cells achieved by using DA-ZP1 was between 80 to 85%)*. We
transfected these cells with human SEC31A siRNA on day 3 after
seeding (Supplementary Fig. 3E). By day 7, cells showed no morpho-
logical changes (Supplementary Fig. 3F), and SEC3IA knockdown
exceeded 70% (Supplementary Fig. 3G). Glucose-stimulated insulin
secretion (GSIS) was comparable between control and SEC31AKD beta
cells (Supplementary Fig. 3H). However, insulin content was sig-
nificantly reduced in SEC31AKD beta cells (Supplementary Fig. 3I).

These findings highlight the differential expression and response
of SEC3IA to external stressors in human islets. SEC31A appears to have
distinct effects on hormone production between alpha and beta cells,
affecting glucagon and insulin differently. To further explore the
mechanism of decreased insulin content in SEC31AKD beta cells, we
performed gPCR to examine the expression of genes responsible for
insulin synthesis or secretion. GCK, which plays a role in insulin
secretion by increasing ATP production during glucose metabolism, is
decreased in SEC31AKD cells. Meanwhile, ABCC8 (SURI), which encodes
the regulatory subunit of the ATP-sensitive potassium channel involved
in modulating insulin secretion, KCNJ11 (Kir6.2), an ATP-sensitive
potassium channel that triggers insulin secretion and PCSK1, which is
involved in the processing of proinsulin to insulin, did not show sig-
nificant changes between the two cell lines (Supplementary Fig. 3J).

Gene analysis in human pseudoislets reveals differential effects
of SEC31A knockdown between alpha and beta cells

To gain direct insight into the role of SEC3IA in human islet cells, we
examined genes and pathways in alpha- and beta-pseudoislets gener-
ated from human islets. Briefly, human islet cells were sorted using
flow cytometry after staining with fluorescein-based compounds. The

fractions of alpha and beta cells were segregated based on a recently
established method*’. The sorted alpha and beta cells were cultured
for seven days to generate pseudoislets (Fig. 5A). Consistent with our
previous studies*®*%, the expected purity of INS-positive cells (-85%)
and GCG-positive cells (-95%) was achieved, thereby confirming the
reliability of the cells used for the experiments. To achieve stable
knockdown of SEC31A, we designed lentiviral CRISPR vectors coding
gRNA of human SEC31A and confirmed that the SEC3IA gene was
knocked down (-40%) in the pseudoislets (alpha- or beta-SEC31AKD)
(Fig. 5B, C). After lentiviral transduction, the pseudoislets were cul-
tured for 7 days (Fig. 5D, E) and subjected to RNA-seq analyses
(Fig. 5F-H). In alphaSEC31AKD cells, the upregulated genes included
HSP90AA1, members of the Heat Shock Protein (HSP) family such as
HSPA1B, HSP90BI1, and HSPDI, and endoplasmic reticulum proteins
PDIA3 and CANX. In addition, eukaryotic translation initiation factors
EIF3A and EIF4B, along with the cell growth factor MRFAPI, were
notably increased (Fig. 5H, I). While betaSEC31AKD cells also exhibited
upregulation of HSP9OAAI and EIF4B, similar to alpha cells, they
showed increased expression of UBC, P4HB, SEC24D, FN1, and RRAGA,
which have all been previously reported to have a functional link to the
stress response (Fig. 5H, J). This suggests a common stress response
involving HSP9OAAI and EIF4B in both cell types, and also highlights
distinct cell type-specific regulatory responses.

Utilizing the GeneMANIA database*’ for prediction of gene func-
tion prediction and STRING® database for clarifying a functional
protein—-protein interaction network, we observed central network
nodes in alphaSEC31AKD cells involving the Heat Shock Protein family
and eukaryotic translation initiation factors. These nodes regulate the
unfolded protein response and cell survival’’. Gene Ontology (GO)
term analyses of the differentially expressed genes (DEGs) with a sig-
nificance of p<0.001 indicated upregulation of genes related to ER
function and ER stress response, including responses to topologically
incorrect proteins, protein folding, and ER stress in alphaSEC31AKD
cells (Fig. 5K). Meanwhile, the enriched pathways in betaSEC31AKD
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anindependent biological replicate. Data are presented as mean values + SEM. Two-
tailed Student’s ¢ test; *p < 0.05. D, E Representative images of control and
SEC31AKD alpha pseudoislets (D) and beta pseudoislets (E). F, G Volcano plots
comparing control and SEC31AKD alpha pseudoislets (F) and beta pseudoislets (G).
Differential expression was analyzed using limma with linear modeling and mod-
erated two-sided ¢ tests, incorporating surrogate variables as covariates. FDR was
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cells include mTORCI signaling and the cell cycle, indicating distinct
regulatory pathways (Fig. 5L). In addition, there were fewer genes
related to the endoplasmic reticulum compared to alphaSEC31AKD
cells, underscoring the specific stress response and signaling
mechanisms activated in beta cells. These results suggest that SEC314
knockdown leads to alterations in different pathways in alpha and beta
cells, particularly in the context of ER stress.

Deletion of Sec31A facilitates cell-protective effects through
interaction with the insulin receptor

To examine the mechanism(s) underlying the stress-resistance phe-
notype induced by Sec31A inhibition, we considered the observation
that Sec31A interacts with insulin receptor beta (IR beta)*. Considering
that IR is involved in cell growth®, we began by performing co-
immunoprecipitation of alphaTCé cells to confirm physical binding
between IRB and Sec31A (Fig. 6A). Next, to elucidate a functional link
between Sec31A and IR(, we treated control or alphaSec31AKD cells
with insulin (100 nM) and examined phosphorylation events in pro-
teins in the insulin signaling pathway. Regardless of the glucose con-
centration in the media, alphaSec31AKD cells showed increased levels
of p-IR and p-IRS1 in response to insulin (Fig. 6B), indicating that a lack
of Sec31A in alphaTCé cells enhances insulin signaling.

To examine the involvement of growth factor signaling in the
stress-resistance phenotype, we treated alphaSec31AKD cells with TG
in combination with OSI-906, an inhibitor of IR and IGF-1R***’, While
induction of cleaved caspase-3 after TG treatment was reproducibly

suppressed in alphaSec31AKD cells, the suppression was not observed
when the cells were treated with a combination of TG and OSI-906
(Fig. 6C). This indicates that the blunted inhibition of cleaved caspase-
3 noted in alphaSec31AKD cells after TG treatment is dependent on
insulin signaling. To investigate the impact of long-term insulin treat-
ment on Sec31A expression and cell survival, we exposed both control
and alphalRKD cells to insulin and thapsigargin (TG) for five hours. Our
findings indicate that the absence of insulin receptors in alphalRKD
cells resulted in elevated levels of cleaved caspase-3 upon ER stress
induction, suggesting that insulin may contribute to mitigating apop-
tosis (Supplementary Fig. 4).

Next, we explored the factor(s) potentially mediating the func-
tional link between IRP and Sec31A. TCPTP is a key phosphatase that
downregulates insulin signaling by dephosphorylating the IR***°. While
TG treatment significantly downregulated the expression of TCPTP in
control cells, the effect was blunted in alphaSec31A cells (Fig. 6D).
Taken together, these findings highlight the important role of Sec31A
in regulating TCPTP expression and insulin signaling.

Finally, we compared the impact of SEC314 knockdown on insulin
signaling pathways in alpha- and beta-pseudoislets (Fig. 5) by analyzing
RNA-seq data and calculating z-scores for genes involved in insulin
signaling. First, in our transcriptomic analysis of pseudo-islets from
alpha- and betaSEC31AKD cells, we re-analyzed the apoptotic gene
pathway (Supplementary Fig. 5A, B) and observed that the expression
levels of multiple genes in apoptotic pathways differ between alpha-
and betaSEC31AKD cells. Within the context of insulin signaling, we
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identified several differentially expressed genes related to cell survival,
such as BAD (BCL2-associated agonist of cell death) (Supplementary
Fig. 5C, D). Its activity is modulated by phosphorylation under growth
factor stimulation, which reduces its apoptotic function®®®’, However,
these transcriptomic changes alone are insufficient to conclusively
establish a causal link between SEC3IA and cell survival in alpha cells,
and further functional studies are necessary to clarify this relationship.

Collectively, these results lay the foundation for future studies
aimed at comprehensively elucidating the impact of Sec31A on insulin
signaling pathways and its role in ER stress.

Discussion

Patients with diabetes encounter metabolic stress, including ER stress,
leading to potential dysfunction and/or death of islet cells®’. The
exposure of islet cells to high levels of glucose, lipids, and inflammation
in patients with diabetes (both T1D and T2D) and the consequent
altered secretory demand® can trigger a stress response to promote
cellular dysfunction®. Despite its clinical importance, the mechanism(s)
that limit the glucagon response to hypoglycemia in compromised
pancreatic alpha cells remain poorly understood®. In this study, we
tested the hypothesis that alpha cells possess an intrinsic stress resis-
tance mechanism by conducting a genome-wide CRISPR screen to
identify Sec31A as a potential regulator of cell survival under ER stress®.

A genome-wide CRISPR screen is a powerful technique that uses
the CRISPR-Cas9 system to systematically knock out or modify genes
across the entire genome, enabling the identification of key genes
involved in diverse cellular processes, such as cell survival, prolifera-
tion, or disease pathways. This method was developed by harnessing
CRISPR-Cas9’s ability to create targeted gene disruptions, and it has
since been adapted for high-throughput functional genomics screen-
ing, offering a comprehensive approach to discovering gene
function”*°, These screens have been applied in various research
fields, including identifying novel therapeutic targets and under-
standing disease mechanisms, such as in diabetes research, where
CRISPR screens have helped reveal critical genes for beta-cell protec-
tion and survival®.

In our study, we employed a negative selection CRISPR screen to
uncover genes that shield alphaTCé cells from ER stress-induced cell
death. Unlike positive selection screens, negative selection screens
shed light on survival mechanisms, which is essential for our objective
to find ways to enhance alpha cell functionality. Previous studies have
similarly used negative screens, such as identifying calreticulin as a
regulator of ATFé6a signaling under ER stress®’, and to discover pro-
tective glycosylation pathway genes®®.

A complementary approach is to ensure a more rigorous selection
of stress-resistance genes involved using a two-step TG treatment
strategy for alpha cells, starting with a lower concentration and esca-
lating up to 250 nM. This concentration was originally chosen based on
its proven effectiveness reported by Cai et al. in NIT-1 beta cells,
where it clearly differentiated survival outcomes between control and
mutant cells under high-stress conditions, making it ideal for robustly
assessing ER stress resistance in our context. Furthermore, this con-
centration was also used in a recent study employing a multi-omics
approach to investigate the impact of ER stress on transcriptional
regulatory networks in human islets at a genome-wide level®. This
intense protocol allowed us to distinguish ER stress resistance in alpha
cells by subjecting them, alongside beta cells, to sustained ER stress
conditions; only alpha cells exhibited resilience under these condi-
tions, thereby highlighting their unique stress-response capacity
compared to beta cells.

We found that gRNAs targeting Sec gene family members were
enriched in the cell population that survived 250 nM TG treatment,
demonstrating that the loss of these genes contributes to enhanced
cell survival under stress conditions. Sec genes are part of the outer
layer of COPII and considered to be recruited from the cytosol to the

ER membrane in the COPII formation process’®”’. For example, a pre-
vious study showed that deletion of SEC24A led to cell survival under
TG-induced ER stress, highlighting the specific role of SEC24A in
facilitating stress-induced cell death’™. It has also been reported that
downregulation of SEC24C in human hepatocellular carcinoma (HCC)
suppressed cell proliferation and chemoresistance, indicating that
SEC24C interacts with E/F2AK3 (PERK) and activates UPR-related
apoptosis’. Moreover, a recent report has drawn attention to the
absence of Sec31A in regenerating nerve fibers in the skin’, providing
another example of cell-specific and context-dependent roles of Sec
family genes. Our additional analysis regarding the role of Sec31A in
stress reversibility indicates that its effect on stress resistance confers a
durable improvement in cellular recovery following stress removal.
Future studies are warranted to dissect the molecular mechanism(s) by
which Sec31A enhances cellular resilience following ER stress induc-
tion and removal.

We extended our study to an in vivo model in C. elegans with
constitutive overexpression of spliced xbp-1*® to induce ER stress. The
study indicates that knockout of sec-31 promotes survival under
tunicamycin-induced UPR™ and suggests that the sec-31 null model’s
cytoprotective phenotype is conserved across species.

The data from RNA-seq analysis of T1D islets in our study provides
translational evidence supporting the role of SEC3IA in stress
responses in human islets impacted by T1D. It is important to note that
the samples comprise various cell types, although alpha cells are likely
to predominate in T1D islets®*. In addition, it is important to note that
our study involved older individuals as non-diabetic subjects com-
pared to those with T1D, which may influence the comparative baseline
expression levels of SEC31A between the groups.

Further comparative analyses of T1D islets treated with TUDCA or a
combination of TG and TUDCA indicate that the upregulation of SEC31A
expression following TG treatment is subject to mitigation. TUDCA
alleviates ER stress, prevents disruptions in the unfolded protein
response, and reinforces mitochondrial stability”. These findings sug-
gest that SEC31IA expression adapts to varying stress levels, under-
scoring its capacity for regulation through external stress management,
an important consideration in TID, where alpha cells experience sus-
tained stress exposure. This opens potential strategies for protecting
alpha cells and promoting their recovery by reducing SEC31A expres-
sion levels, leading to the restoration of alpha cell survival.

To clarify the role of SEC31A in alpha and beta cells, we analyzed its
expression in response to high glucose and inflammatory cytokines
using immunohistochemistry. Our findings show that both cell types
utilize SEC3IA elevation as a common stress response mechanism,
although baseline SEC31A levels differ. This suggests that while both
alpha and beta cells engage similar pathways to manage stress, SEC31A
likely drives unique downstream effects in each.

In this study, we also examined Sec31A’s influence on endocrine
secretion from islet cells. Knockdown of Sec31A in alphaTCé cells
increased glucagon release specifically at low glucose concentrations
and maintained consistent secretion rates following TG induction. This
basal elevation in glucagon corresponded with increased content and
transcription levels in these cells. Conversely, such changes were not
observed in human-derived EndoC-BH5 cells. Although species differ-
ences should be taken into consideration to interpret the data, our
findings suggest that Sec31A differentially regulates secretory pathways
in alpha and beta cells, indicating distinct roles in glucose-regulated
secretion. Notably, previous studies on the involvement of Sec31A in
hormone secretion are very limited. This highlights the novelty of our
findings and underlines the need for further investigation.

Significant differences exist in the distribution and population of
alpha cells between rodents and humans’, which, along with the lim-
ited availability of sorted human alpha cells suitable for culture, has
historically hindered the translation of rodent findings to human
contexts. To overcome this challenge, our group previously
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established a method for harvesting alpha-pseudoislets from human
islets*®. Building on this methodological foundation, our current study
expanded the analysis to include both alpha- and beta-pseudoislets.
This comprehensive approach allowed us to compare differentially
expressed genes (DEGs) across these cell types, identifying genes
uniquely influenced by SEC31A in human alpha cells, thereby enhan-
cing our understanding of its role in islet biology.

Considering that transfecting primary human cells presents chal-
lenges, we achieved a fair reduction in SEC3IA mRNA levels by 40%,
consistent with outcomes reported in previous studies””’®. The result-
ing phenotype suggests potential haploinsufficiency in our model, as
even this modest reduction was sufficient to disrupt alpha cell function
and homeostasis. Studies with more complete knockdown may further
clarify SEC31A-dependent mechanisms. Evaluation of the upregulated
pathways in SEC31A knockdown alpha-pseudoislets showed enrichment
of genes encoding Heat Shock Protein 70 (HSP70)"°, HSP90*°. The HSPs
have been reported to prevent apoptosis by binding to Apaf, and dis-
rupting the formation of the apoptosome to inhibit the activation of
caspase-9 and caspase-3*"*2, These functional links between SEC3IA and
HSPs may contribute to the stress-resistant phenotype in alpha cells.
Indeed, HSPAIB was upregulated in SEC31A KD alpha pseudoislets
(Fig. SH). Notably, Gaulton et al.** identified genetic variants near
HSPAIB associated with type 1 diabetes (T1D); however, their analysis
suggested that the primary effect of these variants is mediated through
HLA-DQAL, located in the same genomic region. Thus, although HSPAIB
expression changes may be relevant to stress resistance, its direct
contribution to T1D susceptibility remains to be clarified.

Growth factor signaling is essential for the survival and growth of
various metabolic cell types, including beta cells®**°, In the context of
hepatic function, a functional interplay between SEC3IA and growth
factor signaling has been reported. For example, SEC31A has been
shown to modulate hepatic lipid metabolism by dissociating from
CRTC2 phosphorylation at Ser136 via mTOR regulation, as part of the
SREBPI pathway¥. In addition, a co-immunoprecipitation analysis in
mouse liver identified SEC3IA among the most significant IR[-
associated peptides™. In our study, we observed a similar interaction
between SEC3IA and IR in alpha cells, along with increased IR phos-
phorylation following insulin stimulation. This suggests that SEC31A
may play a regulatory role in insulin signaling pathways, which are
known to influence alpha cell biology®. Furthermore, our tran-
scriptomic analysis indicates that genes responsible for cell survival
and death downstream of the insulin signaling pathway are differen-
tially altered in alpha- and beta-pseudoislets following SEC31A knock-
down. While we identified suggestive pathways linking insulin
signaling-dependent apoptotic modulation to SEC3IA knockdown,
further functional analyses focusing on multiple key apoptotic reg-
ulators are warranted.

We have noted potential limitations in this study. First, the use of
isolated islet cells excludes paracrine effects present in their native
state within the islets. This impacts the accuracy of studying cell
behavior outside their original microenvironment. For example, pre-
vious studies have shown that intra-islet mediators like insulin®,
somatostatin®, and GABA® significantly influence alpha cell biology.
Our findings on protein transfers between beta and exocrine cells”
suggest the need to further investigate alpha cell interactions with
acinar cells. These issues become relevant given the challenges of
contamination by exocrine cells within the islet preparations. Second,
our findings are limited by the difficulty of acquiring live T1D islets at
different stages of disease progression. In addition to their limited
availability, achieving high sample purity remains challenging due to
the inevitable inclusion of non-endocrine cells. While this technical
constraint may introduce variability, our analysis still offers valuable
insights into SEC gene expression under stress conditions in the con-
text of TID, underscoring the clinical relevance of studying live human
islets.

Finally, stress induction using thapsigargin may not fully capture
the complex and gradual progression of alpha cell dysfunction that
occurs in vivo. These limitations warrant further studies to explore the
translational applicability of these findings.

In conclusion, our study identifies Sec31A as a novel regulator of
alpha cell survival in response to ER stress. These findings reaffirm the
value of genome-wide approaches in studying cellular stress response
mechanisms and offer research directions to better understand the
pathophysiology of alpha cell dysfunction in diabetes.

Methods

Cell Lines

AlphaTCé cells were purchased from ATCC (CRL-2934). Beta cell lines
derived from male mice were established following the methods out-
lined in previous studies’**. EndoC-HS5 (Lot #S-23001), a human beta
cell line, was purchased from Human Cell Design (Toulouse, France).

Generation of lentiviral vector library

We used the mouse Brie pooled CRISPR library (Addgene Cat
No0.73632), targeting 19,674 genes with 4 gRNAs per gene for CRISPR
screen’. Transduction by the lentiviral CRISPR library and subsequent
screening with thapsigargin (TG) were undertaken as described
previously”. Briefly, to generate the Brie lentiviral CRISPR library,
HEK293T cells were transfected with the Brie CRISPR plasmid library.
Polyethylenimine (Sigma No0.408727) was used at a dose three times
the total transfected DNA in the transfection. Aliquots of the media
were collected on days 3 and 4, and virus particles were precipitated
using PEG-it Virus Precipitation Solution 5X. Precipitated particles were
filtered and stored at — 80 °C until use.

Transduction of alphaTCé Cells with Lentiviral Vector Library
AlphaTCé cells were incubated with DMEM (10-013-CV, Corning, NY,
USA) containing 4.5g/L glucose and 10% fetal bovine serum. For
transduction, the cells were plated 24 h before viral infection and then
incubated with lentivirus for 24 h (MOI = 0.3). Selection was done with
4 pg/mL of puromycin 48 h after the transduction, and continued for
14 days prior to the experiments.

Selection of cells by thapsigargin

We prepared a stock solution of TG (1 mM; Santa Cruz Biotechnology;
CAS 67526-95-8) by dissolving in DMSO. After the puromycin-selected
cells reached confluence, 50 nM of TG was added to the media for the
initial selection of cells. After removing TG from the media, we allowed
the survived cells to grow to full confluence. Cells were then exposed
to ER stress by 100, 150, or 250 nM of TG treatment, respectively.
Seven days after treatment, TG was removed from the media and the
surviving cell population was grown to confluence.

Next-generation sequencing (NGS)

Genomic DNA from the harvested samples were purified, the DNA
fragment flanking the gRNA sequence was amplified and adapter
sequences were introduced by PCR. The amplicon library were then
sequenced by Illumina next-generation sequencing (NGS) (DNA Link
(Seoul, South Korea)). The raw reads of the NGS are presented as log2
expression of gRNA. The sequences of primers used for the PCR are
listed in Supplementary Data 3. The SBGNview R package (Luo and
Brouwer 2013) was used for the mapping.

Data analysis of NGS raw data and pathway analysis

The pathway analyses of the top enriched gRNAs, based on GO terms,
were conducted at the Joslin Bioinformatics Core (Boston, MA). The
top 50 sgRNAs were systematically selected based on the enrichment
of each gRNA, from top 1 to top 50, avoiding arbitrary selection. For
the analysis of protein-protein interaction networks, the proteins
encoded by these RNAs were examined using STRING, a tool
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specifically designed for such analysis. In parallel, Kinase Enrichment
Analysis 3 (KEA3) (https://maayanlab.cloud/kea3/), a web-based data-
base, and GeneMANIA database (https://genemania.org/) for predic-
tion of gene function prediction were employed to identify the kinases
that phosphorylate the genes of interest.

Generation of stable knockdown of Sec31A in alphaTCé cells
To establish a Sec31A-deficient cell line model, we transfected
alphaTCé cells with mouse Sec31A CRISPR/Cas9 KO plasmid (Santa
Cruz Biotechnology, CA, USA, Cat No. sc-427321) and mouse Sec31A
HDR plasmid (Santa Cruz Biotechnology, CA, USA, Cat No. sc-427321-
HDR) using TurboFectin 8.0 transfection reagent (Origene, DE,USA,-
Cat No. TF81001). Seventy-two hours after transfection, the cells were
selected by adding 4 pg/pL of puromycin to the culture media.
Puromycin-resistant cells were seeded on fresh culture plates, and the
cells were serially propagated.

Cell viability assay

The assay was performed using a Cell Titer Glo luminescence cell
viability kit (Promega, Madison, Wisconsin, USA, #7570) according to
the manufacturer’s instructions. Approximately, 1x10° cells were
seeded in opaque-walled 96-well plates and 100 pL of Cell Titer Glo
reagent was added to each well. The cells were collected at each time
point. The contents were mixed for 2 min on an orbital shaker and
incubated for 10 min at room temperature. Luminescence was recor-
ded using a Promega GloMax luminometer with an integration time of
0.3 sec per well.

Flow cytometry

Flow cytometry was performed as reported previously®**. Briefly, cells
were resuspended in DMEM with 0.05% of trypsin. Subsequently, the
cells were centrifuged, and aliquots of media were removed. Cells were
washed with 1X Binding Buffer (BB) and filtered through a 40 pm filter.
Filtered solution was diluted so that the concentration reached 1 mil-
lion cells/100 pL 1X BB. Next, 100 pL of the solution was aliquoted in a
5SmL FACS tube, followed by the addition of 5pL of FITC AnnexinV
(#556419, BD Biosciences) and 10 pL of propidium iodide (PI) (#81845,
Sigma). Cells were incubated for 15 min at RT and analyzed by FACS
Aria (Joslin Flow Cytometry Core). The apoptotic cell rate was deter-
mined as a percentage of Annexin V-negative/Pl-positive (necrotic) and
Annexin V-positive cell (apoptotic) populations.

Worm strains and RNAi treatment
The wild-type N2 strain and hsp-4p::GFP line (SJ4005)*° were main-
tained on nematode growth medium (NGM) plates seeded with
Escherichia coli (OP50) at 20 °C using standard techniques (Brenner,
1974). The RNAi method was performed in accordance with the pro-
tocol described in the recent study®.

UPR transcriptional reporter

The hsp-4p::GFP line (SJ4005) was maintained and grown at 20 °C. To
assess the effect of KD sec-31 RNAI, L1 bleach-synchronized worms
were grown on the corresponding EV (HT115) and sec-31 dsRNA bac-
teria. After 48 h, 2.5 mL of either tunicamycin or vehicle (DMSO) was
added, and the worms were incubated for 24 h at 20 °C. Worms were
quantified under UV light for GFP fluorescence, and images were
captured with an Olympus IX51 microscope and cellSens standard
1.12 software. Designation of low, medium, high, or very high cate-
gories (Fig. 3A) were based on the GFP intensity and intestine dis-
tribution. Raw data are provided in Supplementary Data 4. Chi-square
tests were used for statistical analyses.

ER stress survival assay
L1seeded worms in either EV or sec-31 dsRNA bacteria were transferred
to pre-treated tunicamycin plates (2 mL of 50 pg/mL of tunicamycin or

DMSO vehicle until dry, containing FuDR to prevent progeny pro-
liferation) with the appropriate bacterial type. After worms had dis-
persed in the plate (30 min), 2.5mL of 50 pg/mL of tunicamycin or
DMSO vehicle was added, and survival was scored every day and
plotted. Significance was assessed by the log-rank test. Details of sur-
vival analyses are provided in Supplementary Table 1.

SDS-PAGE and Western blotting

Cells were lysed with radioimmunoprecipitation buffer (Thermo
Fisher, Waltham, Massachusetts, USA) for Western blotting analysis.
The total protein concentration was determined using a bicinchonic
acid assay (#23223 and #23224, Thermo Fisher). Samples were resus-
pended in reducing SDS-PAGE sample buffer, boiled, and resolved by
SDS-PAGE. Proteins were subsequently transferred onto poly-
vinylidene difluoride membranes, treated with blocking buffer
(Thermo Scientific), and incubated with primary antibodies overnight
at 4 °C. Cleaved Caspase-3 (Aspl75) (#9661; Lot 47), GAPDH (#5174; Lot
1), Sec31A (#13466; Lot 1), phospho-Insulin Receptor  (Tyr1345)
(#3026; Lot 17), TCPTP (#58935; Lot 1), ATF4 (#11815), ATF6 (#65880),
phospho-Akt (Ser473) (#9271), and Akt (#9272) antibodies were pur-
chased from Cell Signaling Technology (Danvers, Massachusetts,
USA). The phospho-IRS1 (Tyr896) antibody (Cat. #44-818 G) was pur-
chased from Thermo Fisher Scientific. The IRS-1 antibody (#06-248;
Lot 3850453) was purchased from Millipore. All antibodies were used
at a 1:1000 dilution.

Culturing of human type 1 diabetes islets and induction of

ER stress

Islets from donors with type 1 diabetes (T1D) following staining with
dithizone were kindly provided by A. Powers, MD (Vanderbilt Uni-
versity, Nashville, TN, USA). Written informed consent was obtained
from all donors. A total of 100 islets per experimental condition were
handpicked and submitted for RNA sequencing. During handpicking,
cluster-like structures, suggestive of acinar cells, were excluded. Non-
diabetic control islets were purchased from Prodo Inc. or the Inte-
grated Islet Distribution Program (IIDP). Clinical information on the
pancreatic donors is presented in Supplementary Table 2. All human
islets used in this study were obtained in accordance with applicable
ethical guidelines and privacy regulations. For islets obtained from
Prodo Inc. and IIDP, appropriate informed consent was secured from
donors or their legal representatives prior to tissue recovery. All donor
information was de-identified before distribution. No identifying
information or indirect identifiers that could reasonably lead to donor
identification are included in this study. Sex and/or gender of the
donors has been retained in accordance with the journal policy on sex
and gender reporting.

For the induction of ER stress and its recovery, we treated non-
diabetic (non-DM) human islets with or without thapsigargin (TG)
(250nM), and TID islets with either TG, tauroursodeoxycholic acid
(TUDCA) (100 ng/ml), or a mixture of the two. The islets were treated
for 24 h before being harvested for RNA-seq.

Sorting of alpha and beta cells from human islets using DA-ZP1
Human pancreatic islet cells were enriched for alpha cells using the
protocol reported previously*®*®, Briefly, healthy human pancreatic
islets were handpicked, washed with DPBS, and dispersed into single
cells by incubating islets in TrypLE (Gibco) for 12-15min at 37°C,
mixing every 2-3 min. Islet cells were then washed with DMEM con-
taining 15% FBS and resuspended in Miami medium containing
0.03 pM DA-ZP1 and incubated at 37 °C for 20 min. DA-ZP1-treated islet
cells were sorted using a FACS Aria cell sorter (BD Biosciences) to
remove DA-ZP1+ cells (B cells) from the cell suspension. Enriched
alpha cells were centrifuged at 200 x g for 5 min, and the cell pellet was
resuspended in fresh Miami medium with a final cell concentration of
40,000 cells/mL. The cells were dispensed into U-bottom 96-well
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plates (8000 cells/200 pL/well) and incubated for one day before
lentiviral transduction.

Lentiviral transduction of sorted human islet cells

Lentiviral vector carrying human SEC31A guideRNA-Cas9 and scramble
vector coding mCherry were purchased from Vector Builder Inc.
(Chicago, IL, USA). Enriched alpha and beta cells were transduced with
lentiviral particles (2.84 x10” TU/8000 cells/well) in 30 pL of Miami
medium containing 10 pg/mL polybrene (Sigma). Fresh Miami medium
(170 pL) was added to the wells 4 to 6 h after transduction, and cells
were cultured for 7 days before harvesting.

GSIS in EndoC-BH5 with SEC31A Knockdown

EndoC-f3H5 cells were seeded and cultured according to the vendor’s
protocols. The glucose-stimulated insulin secretion (GSIS) test was
conducted following the provided protocol. Briefly, 100 uL of BCOAT®
Coating Matrix aliquots were coated onto 24-well plates and incubated
at 37°C overnight. On Day O, the thawed cells were seeded at
approximately 187,500 cells per well in ULTIB1 Complete culture
medium (Human Cell Design). Five hours later, the transfection media
was aspirated and replaced with 1X ULTIf1 media.

On Day 3, transfection with siRNA targeting SEC31A was per-
formed. We used 1.5 L of siRNA (scramble: #sc-37007 or SEC31A: #sc-
36868, Santa Cruz Biotechnology, USA) and 1.5uL of transfection
reagent (#sc-29528, Santa Cruz Biotechnology, USA) mixed into
20.83 uL of siRNA Transfection Medium (#sc-36868, Santa Cruz Bio-
technology, USA) per well. After 5h of treatment, the mixture was
removed and replaced with 1X ULTIB1 media. On Day 6, the cells were
serum-starved using ULTI-ST® medium. On Day 7, the cells were
washed and then incubated in BKREBS buffer (Human Cell Design)
supplemented with BSA for 1h, followed by replacement with new
BKREBS buffer containing BSA and either 0 mM or 20 mM glucose.
After a 40 min incubation, the aliquots were collected, and the cells
were harvested. Insulin levels were measured using a Human Insulin
ELISA Kit (Mercodia, Uppsala, Sweden).

Real-time qPCR

RNA was extracted from cells using NucleoSpin RNA (Takara, Japan),
and total RNA was utilized for reverse transcription using ReverTra Ace
gPCR RT Master Mix (TOYOBO, Japan). The resulting cDNA was ana-
lyzed and amplified using the ABI 7900HT system (Applied Biosystems).
ACTB served as the internal control. Primers used were as follows: for
human SEC3IA, forward: CAGGTGGACAAGAACTCTTGGC and reverse:
GACTCAACAATCTCTTTCCAGTTC; for human ACTB, forward: CAC-
CATTGGCAATGAGCGGTTC and reverse: AGGTCTTTGCGGATGTC-
CACGT. For mouse Sec31A, forward: TGAACAGAGTGCCGAAGAAGA
and reverse. TGGTGACGTAATGGGAACAGG, mouse beta actin:
GTTACCAACTGGGACGACA, GGGGTGTTGAAGGTCTCAAA.

siRNA Transfection

One day prior to transfection, alpha TC6 cells were seeded at a density
of 0.5 x10° cells per well in a 12-well plate. The siRNA transfection was
performed according to the vendor’s protocol. Briefly, in separate
tubes, SpL of 5puM siRNA was mixed with 95pL of Opti-MEM™
Reduced Serum Medium (#31985062, Thermo Fisher, MA, USA) (Tube
1), and 5 pL of DharmaFECT Transfection Reagent (#T-2001-01, Hor-
izon Discovery Group plc, Cambridge, United Kingdom) was mixed
with 95 L of Opti-MEM™ Reduced Serum Medium (Tube 2). Both
tubes were incubated at room temperature for 5 min. After incubation,
the contents of Tube 1 and Tube 2 were combined, mixed thoroughly,
and incubated at room temperature for 20 min. The entire mixture was
then added to 800 pL of DMEM media with 10% FBS, antibiotic-free
medium, making a total volume of 1000 pL per well. The cells were
incubated with the transfection media for 24 hs, after which the media
was replaced with normal growth media. The cells were harvested after

5 days for protein extraction. The siRNAs used were as follows: ON-
TARGETplus Non-targeting Pool, 5nmol (#D-001810-10-05, Horizon
Discovery Group plc) and ON-TARGETplus Mouse Sec3la siRNA -
SMARTpool, 5nmol (#L-052447-01-0005, Horizon Discovery Group
plc). The siRNAs were resuspended using 5x siRNA Buffer (#B-
002000-UB-100, Horizon Discovery Group plc).

Polysome profiling

After incubation of the cells with 100 pg/mL cycloheximide (CHX)
(#01810, Sigma-Aldrich, Burlington, Massachusetts, USA) for 10 min at
37 °C, cells were washed in ice-cold PBS containing CHX (50 pg/ml) and
lysed in 300 pl polysome buffer [200 mM KCI, 20 mM TrisHCI (pH 7.4),
10 mM MgCl,, 1%Triton-X, 50 p/ml RNasin,100 pg/mL CHX]. The cell
lysates were passed through a 25-gauge needle and incubated on ice
for 10 min followed by centrifugation at 13,000 x g for 10 min at 4 °C.
Supernatant was layered onto a 10-50% sucrose gradient solution
containing 20 mM Tris-HCI (pH 7.4), 10 mM MgCl,, 200 mM KCl, and
50 pg/ml CHX. The sucrose gradients were subjected to centrifugation
at 4°C in a Beckman SW-41Ti rotor at 39,000 rpm for 2 h. A piston
gradient fractionator (BioComp Instruments, Fredericton, Canada)
was used to fractionate the gradients, and the absorbance of RNA at
254 nm was recorded using an online UV monitor.

Lentiviral mediated silencing of insulin receptor

Lentiviral vectors containing shRNA targeting the mouse insulin
receptor (IR) and a control non-targeting shRNA were acquired from
Open Biosystems. To produce lentivirus, we adhered to the guidelines
provided by Open Biosystems. alphaTCé6 cells were seeded one day
prior to infection and subsequently exposed to the lentivirus for a24 h
period. To establish stable cell lines, selection with puromycin at a
concentration of 4 mg/mL commenced 48 h post-infection and con-
tinued for ~ 2 weeks prior to conducting experiments. This process was
repeated to create three independent stable cell lines for each group.

Human islets and cell treatments for immunohistochemistry
Human islets were cultured overnight in Miami media containing
19 mM glucose. The islets were treated for 24 h with either vehicle
(PBS), 19 mM glucose, IFN-y (1000 U/ml; Peprotech), IL-18 (50 U/ml;
R&D Systems, USA), or TNF-a (1000 U/ml; R&D Systems, Catalog
Number: 210-TA-020). The concentrations of cytokines were deter-
mined according to previous studies’””. After treatment, the islets
were manually selected and washed twice with ice-cold DPBS (GIBCO).
For immunofluorescence studies, samples were fixed and embedded
in agar using previously described methods’®. Imaging of human islets
was performed using QuPath, an open-source software platform
developed for comprehensive bioimage analysis (QuPath, GNU Gen-
eral Public License). The analysis involved positive cell counting for
each color channel-DAPI (blue), FITC for glucagon (GCG, green),
TRITC for SEC31A (red), and for insulin (INS, white). The results were
quantified to determine the percentage of cells positive for SEC31A.

Statistical analysis

All data are expressed as means + SEM. Statistical analyses were per-
formed using unpaired two-tailed Student’s ¢ tests, one-way or two-way
ANOVA, followed by appropriate post hoc tests. For multiple com-
parisons versus a single control group, Dunnett’s test was applied
using the multcomp package in R, with adjusted p-values based on the
single-step method. Differences were considered statistically sig-
nificant at p <0.05.

Statistics and reproducibility

All experiments were performed with at least three biologically inde-
pendent replicates unless otherwise specified. For immunohis-
tochemistry, representative images were selected from a minimum of
three independent experiments yielding similar results. Quantitative
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data (e.g., qPCR, Western blot, cell viability assays) were obtained from
three or more independent experiments, and data are presented as
mean + SEM unless stated otherwise. For high-throughput analyses
(e.g., RNA-seq, CRISPR screen), independent biological replicates were
used as detailed in the corresponding figure legends. No statistical
methods were used to predetermine sample size. All attempts at
replication were successful unless noted otherwise.

Ethics statement

This study complies with all relevant ethical regulations. The use of
human pancreatic islets was approved by the Institutional Review
Board of the Joslin Diabetes Center. Human islets were obtained from
the Integrated Islet Distribution Program (IIDP), Prodo Laboratories,
Inc., and Vanderbilt University, with appropriate informed consent and
ethical approval secured by the respective source institutions at the
time of donor tissue collection.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-seq data of T1D islets and non-diabetic (non-DM) subjects
have been deposited in the Gene Expression Omnibus under accession
number GSE171352. Similarly, the RNA-seq data of TID islets treated
with thapsigargin (TG) and tauroursodeoxycholic acid (TUDCA) are
available under accession number GSE275138. In addition, RNA-seq
data from human pseudoislets are available under accession number
GSE2220009. All other data are contained within this manuscript. All
data supporting the findings described in this manuscript are also
available from the corresponding author upon request. Source data
are provided in this paper.
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