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SUMMARY

Vitamin K is a micronutrient necessary for y-carboxylation of glutamic acids. This post-
translational modification occurs in the endoplasmic reticulum (ER) and affects secreted
proteins. Recent clinical studies implicate vitamin K in the pathophysiology of diabetes, but the
underlying molecular mechanism remains unknown. Here, we show that mouse f cells lacking
y-carboxylation fail to adapt their insulin secretion in the context of age-related insulin resistance
or diet-induced B cell stress. In human islets, y-carboxylase expression positively correlates

with improved insulin secretion in response to glucose. We identify endoplasmic reticulum Gla
protein (ERGP) as a y-carboxylated ER-resident CaZ*-binding protein expressed in B cells.
Mechanistically, y-carboxylation of ERGP protects cells against Ca2* overfilling by diminishing
STIM1 and Orail interaction and restraining store-operated Ca2* entry. These results reveal a
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critical role of vitamin K-dependent carboxylation in regulation of Ca2* flux in B cells and in their

capacity to adapt to metabolic stress.
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Reduced vitamin K (VK) intake is associated with an increased risk of developing type 2 diabetes.

Lacombe et al. demonstrate that VK-dependent carboxylation is necessary for B cell adaptation in
mice fed a high-fat diet. The underlying mechanism involves ERGP, a carboxylated protein that

regulates store-operated calcium entry in  cells.

INTRODUCTION

Type 2 diabetes (T2D) is a metabolic disorder characterized by insulin resistance,

hyperglycemia, and hyperinsulinemia. Traditionally, T2D has been viewed as a disease
initiated by peripheral insulin resistance, ultimately resulting in pancreatic p cell exhaustion.

However, recent studies suggest that uncontrolled and excessive insulin secretion by B
cells could be the driving force that elicits peripheral insulin resistance and metabolic
complications in T2D.23 Human and animal studies indicate that several factors can
influence T2D susceptibility, including age, genetic variants, and diet. Many of these
factors are thought to directly impact B cell function.* Increased consumption of highly
processed, calorie-rich but nutrient-poor food is one possible contributor to the current
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T2D pandemic.® Paradoxically, in Western countries, excess calorie intake is frequently
associated with deficiencies in a number of micronutrients, including several vitamins.®
Other studies have linked micronutrient deficiencies to an increased risk of diabetes.”'8 Yet,
the role of micronutrients in B cell function remains poorly understood.

Vitamin K (VK), a fat-soluble vitamin, functions as a co-factor during the y-carboxylation
reaction that converts glutamic acid (Glu) residues to y-carboxyglutamic acid (Gla) residues
in proteins transiting through the endoplasmic reticulum (ER). Two ER-resident enzymes
are involved in this reaction, which together form the VK cycle: y-glutamyl carboxylase
(GGCX) and VK oxidoreductase (VKORC1).® GGCX requires reduced VK (VKH,) as

an essential cofactor, which, upon carboxylation of proteins, is oxidized to VK epoxide
(VKO) and then reconverted to VKH, by VKORCL. The presence of this post-translational
modification in proteins results in higher affinity for calcium ions (Ca2*). Altogether, in
vertebrates, less than 15 -y-carboxylated proteins have been identified so far, and all of

them are secreted proteins. y-Carboxylation is essential in the liver for the activity of
several coagulation factors (e.g., prothrombin, factor 1X, etc.) and in arteries and cartilage
to modulate the activity of matrix Gla protein (MGP), which prevents extra-osseous tissue
mineralization.1911 -y-Carboxylation also negatively regulates the function of osteocalcin, a
bone-derived hormone with pleiotropic actions.12:13 Whether y-carboxylation occurs on ER-
resident proteins and regulates cellular functions in a cell-autonomous manner is currently
unknown.

Clinical and genetic data suggest that VK insufficiency or reduced VK intake are associated
with an increased risk of developing metabolic syndrome or T2D.1# Two longitudinal
studies found a positive association between low dietary VK intake and risk of developing
T2D.1516 |t was also observed that 40% of morbidly obese patients are characterized by VK
insufficiency and that low serum VK correlates positively with the presence of T2D in these
subjects.1’-19 Finally, VK supplementation in patients with T2D significantly decreased
their fasting glucose and HbA1c blood concentrations.2%:21 These clinical studies suggest

a link between VK insufficiency and the risk of developing diabetes. However, they also
raise important questions regarding the mechanism by which VK protects against T2D. Does
VK directly affect B cell function? If so, what are the cellular and molecular mechanisms
involved, and which -y-carboxylated protein mediates the protective effect of VK?

In the current study, we aimed to answer these questions using a combination of unique
genetic, cellular, and biochemical tools we developed to study y-carboxylation. Using
loss-of-function models, we found that inactivation of Ggex impairs p cell function in
young mice exposed to a short bout of high-fat diet (HFD) feeding and compromises 8

cell survival in older animals fed a regular diet. Additionally, we identified ER Gla protein
(ERGP) as a y-carboxylated ER-resident protein that prevents Ca2* overfilling by regulating
store-operated Ca2* entry (SOCE) in B cells. These data demonstrate that -y-carboxylation
plays a critical role in the capacity of B cells to adapt to physiological stress and extend the
cellular functions of this post-translational modification.
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RESULTS

VK-dependent carboxylation occurs in islets and B cells

To identify tissue(s) involved in the beneficial effect of VK on glucose metabolism and
T2D, we examined GGCX and VKORCL1 protein levels in a panel of human tissues using
the ProteomicsDB resource.?2 This analysis revealed that pancreatic islets were ranked
fourth and first for GGCX and VKORCL1 protein expression, respectively (Figure 1A), in
agreement with our own data showing that Ggcxand Vkorel genes are highly expressed in
mouse islets (Figures S1A and S1B). To dissect Ggexand Vkorcel expression within mouse
islets, we used fluorescence-activated cell sorting to isolate B cells based on expression

of the fluorescent reporter protein tdTomato (Tom) conditionally expressed in the insulin-
positive cells of /ns1C7€"*; Rosa26CAG-lox-stop-lox-tdTomato mice, Using this strategy, we
obtained a pure B cell population (Tom™), as demonstrated by expression of the insulin
genes /ns1and /ns2and absence of the other endocrine cell type markers Gcg, Poy, and Sst
(Figure 1B). Further quantitative PCR (qPCR) analyses revealed that Ggexand VkorcI were
expressed in B cells and other islet endocrine cells (Figure 1C). Tabula Muris single-cell
transcriptomics data?3 confirmed Ggexand Vkorcl expression in the endocrine pancreas
(Figures S1C and S1D). These results agree with another set of publicly available mouse
islet transcriptomics data.24 In addition, we found that GGCX and VKORC1 proteins are
expressed at similar and higher levels, respectively, in purified p cells compared with whole
islets (Figure 1D). Using y-carboxylated GGCX (Gla-GGCX) as a readout of a functional
VK cycle,25:26 we demonstrated that carboxylation does take place in pancreatic islets

and specifically in g cells (Figure 1D). GGCX expression was also detected in the rat
insulinoma cell line INS-1 832/3, and its -y-carboxylation was induced following treatment
with phylloquinone (VKj), which is absent from cell culture media and fetal bovine serum2’
(Figure 1E). To determine the extent of -y-carboxylation /n vivoin islets and B cells,

we isolated islets from Ggex™: Pdx1-Creand Ggex'™: Ins1-Cre mice in which Ggex has
been inactivated specifically in the pancreas or in B cells, respectively (Figures 1F, S1E,
and S1F). Western blot analyses with a previously characterized a.-Gla-specific antibody?6
revealed the presence of carboxylated proteins in islets and B cells, as demonstrated by
reduced a-Gla immunoreactivity in Ggex’: Pax1-Creand Ggex™: Ins1-Creislets (Figure
1F). Finally, GGCX expression was also detected in human islets, and culturing them with
VK significantly increased protein y-carboxylation. Conversely, warfarin, an inhibitor of
VKORC1 activity,?8 reduced it (Figures 1G and 1H; Table S1). We also observed that, in
the presence of warfarin, GGCX migrates faster on SDS-PAGE because of its incomplete
y-carboxylation, in agreement with previous studies.2>-2% Together, these data indicate that
VKORC1, GGCX, and y-carboxylated proteins are present in islets and f cells.

Loss of y-carboxylation induces a diabetic signature in islets

As a first step to determine the role of VK-dependent carboxylation in islets and p cells,
we analyzed the expression profile of Ggex'”: Pax1-Cre islets by RNA sequencing (RNA-
seq). In comparison with control Ggex islets, 319 genes were differentially expressed in
Ggex': Pdx1-Creislets (adjusted p < 0.05; Table S2). This set of genes was divided into
two groups based on whether their expression was increased (114 genes) or decreased
(205 genes) following Ggex inactivation in islets, and a series of bioinformatics analyses
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was completed. Gene set enrichment analyses with Gene Ontology revealed that many
biological processes implicated in response to ER stress were significantly enriched within
the group of genes downregulated in Ggex™: Pdx1-Creislets (Figure S2A). Similarly, when
we interrogated the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database,
we found that this group of genes was enriched for pathways such as “apoptosis” and
“protein processing in ER” (Figure S2B). Using the UniProt annotated keywords database,
we observed, in the group of genes that were upregulated in Ggex™: Pdx1-Creislets, a very
strong enrichment for protein keywords related to the secretory pathway (Figure S2C). We
therefore hypothesized that the capacity of islet cells to respond and adapt to ER stress might
be dysregulated in the absence of -y-carboxylation, potentially leading to impaired p cell
function. In support of this notion, we found that a network of genes previously implicated
in the B cell response to ER stress??30 was downregulated in the absence of -y-carboxylation
(Figure S2D).

We next determined to which extent the transcriptome of Ggex™: Pax1-Creislets intersects
with the gene expression profile of islets from pre-diabetic (adult C57BL/6 mice on an

HFD for 8 weeks) or diabetic (8-week-old Lepr??/® and 7-week-old /rela : Ins2-CreFRT/#)
mouse models.31-33 75% of the up- and 45% of the downregulated genes in Ggex': Pax1-
Creislets were similarly dysregulated in at least one of these models (Figure S2E). About
one-third of these genes encode proteins found within the secretory pathway (Figure S2F).
The overlap between the transcriptome of Ggex™: PdxI-Creislets and each mouse model
was statistically significant for all comparisons (Table S3). Overall, these data suggest that
loss of function of Ggex in pancreatic endocrine cells induces a diabetic gene signature in
these cells, presumably by altering their capacity to respond to ER stress.

GGCX is necessary for maintenance of an adequate pB cell mass in adult mice

To determine the role of VK-dependent carboxylation in islet function /n vivo, we next
analyzed the metabolic consequences of pancreas-specific inactivation of Ggex (Ggex™:
Pdx1-Cre mice). The PdxI-Credriver was selected because it resulted in efficient deletion
in pancreatic islets34 without expressing the human growth hormone (hGH).3%:36 The Ggex
MRNA level was reduced by more than 90%, and GGCX protein was undetectable in the
pancreatic islets of these mice (Figures S1E and 1F). In agreement with efficient inactivation
of GGCX, protein -y-carboxylation was abrogated in Ggex™; Pdx1-Creislets (Figure 1F).
These mice did not display any differences in energy expenditure parameters (energy
expenditure, O, consumption, and CO; release), physical activity, food intake, pancreas
weight, and body weight (Figures S3A-S3E). In addition, inactivation of Ggcx occurred
only in the pancreas of Ggex™: Pdx1-Cre mice and not in any other tissue tested (Figure
S3F).

A glucose tolerance test (GTT) revealed that an absence of -y-carboxylation in islets does
not affect glucose handling in 16-week-old mice (Figure 2A). However, at 24 weeks

of age, Ggex™: Pdx1-Cre mice showed significantly elevated fasting blood glucose and
decreased glucose tolerance (Figure 2B). This defect was traced to reduced circulating
insulin following injection of glucose compared with the control mice (Figure 2C). Insulin
sensitivity, assessed by an insulin tolerance test (ITT), appeared to be unaffected (Figure
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2D). Pancreas immunohistochemistry revealed that § cell area and mass were reduced in
Ggex'- Pdx1-Cre mice at 32 weeks but not at 12 weeks of age (Figure 2E). Accordingly,
total insulin content was diminished in the pancreas of 24- to 28-week-old Ggex': Pax1-
Cremice (Figure 2F). B Cell area and B cell mass were also significantly lower in mice
lacking the two VKORC s, Vkorcl and Vkorcl/1, in the pancreas only (Figures S3G-S3J),
confirming involvement of the VK cycle in the observed phenotype.

By western blot using antibodies against cleaved caspase-3 and phospho(Ser139)-histone
H2A.X, we detected apoptosis and DNA damage in Ggex™; Pax1-Creislets older than 32
weeks but not in Ggex™ controls (Figure 2G). B Cell-specific apoptosis was independently
confirmed using TUNEL and insulin co-staining on pancreas sections (Figures 2H and 21I).
Importantly, B cell apoptosis, B cell mass, and pancreas insulin content were all unaffected
in PadxI-Cre mice (Figures 2H and S3K-S3L).

Static ex vivo glucose-stimulated insulin secretion (GSIS) experiments revealed a significant
reduction in the capacity of the Ggex-deficient (Ggex': Pax1-Cre) islets to secrete insulin

in response to glucose (Figure 2J), suggesting that y-carboxylation is not only necessary to
maintain a proper B cell mass but is also required for adequate insulin secretion in response
to glucose in B cells.

Pancreas or B cell-specific deletion of Ggcx compromises insulin secretion in response to

an HFD

Because the phenotype of the Ggex': Pdx1-Cre mice appears to be age dependent, we
hypothesized that GGCX activity would be predominantly required when § cells need to
adapt to stress such as age-related insulin resistance. To test GGCX involvement in acute

B cell stress response, 10-week-old Ggex™; Pdx1-Cre mice, which had not yet developed
metabolic and B cell mass phenotypes (Figures 2A and 2E), were fed an HFD (60% kcal
from fat) or a matched control low-fat diet (10% kcal from fat) for 7 days. This approach has
been shown previously to induce B cell ER stress, glucose intolerance, and hyperinsulinemia
in wild-type mice without significantly affecting peripheral insulin sensitivity.37:38 gPCR
analysis of ER stress markers on isolated islets confirmed that this short bout of HFD
feeding induces ER stress in control and Ggex™: Pax1-Cre islets (Figures S4A-S4F).
Interestingly, Ddiit3, Pop1rl5a, and Hspas were significantly more elevated in Ggex™:
PdxI-Creislets following short-term HFD feeding, while sXbpZ was lower, suggesting a
dysregulated unfolded protein response (UPR) in the absence of y-carboxylation. This 7-day
HFD feeding was also enough to increase body weight in mice regardless of the presence of
Ggexin their islets (Figure S4G). However, mice deprived of Ggex expression in islets were
not able to maintain their fed blood glucose level following HFD feeding (Figure 3A). The
insulinemic response to glucose in absolute value or expressed as a stimulation index (SI;
blood insulin concentration at 15 min or 30 min over TO) was not affected in the absence of
Ggex in mice fed the control diet (Figures 3B and 3C). In contrast, following 7 days on the
HFD, Ggcx': Pax1-Cre mice showed a strong suppression of the SI, which was significantly
lower than the Sl of PaxI-Cre control mice (Figures 3D and 3E). Of note, this impaired

Sl was associated with elevated fasting insulin (Figure 3F), while fasting glucose was not
reduced, and glucose tolerance was moderately impaired (Figure S4H).
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To determine whether GGCX affects  cell function in a cell-autonomous manner, we next
analyzed Ggex™: Ins1-Cre mice. At 10 weeks of age, Ggex™: Ins1-Cre mice maintained on a
regular chow diet had normal glucose tolerance, fasting glucose, and fasting insulin (Figured
S41-S4K). When Ggex™: Insi-Cre mice were fed an HFD for 7 days, no difference in

body weight was noted (Figure S4L), but their fed glucose level was significantly increased
(Figure 3G) and their SI was reduced (Figures 3H and 3I) in comparison to /ns1-Cre

control mice fed the same HFD. Remarkably, in the same animals, fasting glucose was
significantly increased (Figure 3J), although fasting serum insulin was also increased (Figure
3H). Glucose tolerance assessed through intraperitoneal or oral glucose load was unaffected
(Figures SAM and S4N), suggesting a compensatory increase in insulin-independent glucose
disposal.3° Fasting hyperglycemia associated with hyperinsulinemia suggests peripheral
insulin resistance. Accordingly, the homeostatic model assessment for insulin resistance
(HOMA-IR) was increased in Ggex™: Ins1-Cre mice on the HFD (Figure 3K), and insulin
sensitivity evaluated by ITT was reduced in the same animals (Figure 3L). Together, these
observations indicate that the absence of -y-carboxylation directly impacts p cells’ capacity
to adapt their insulin secretion in the face of metabolic stress, resulting in increased fasting
insulin, loss of GSIS, and reduced peripheral insulin sensitivity.

To relate these findings to humans, we analyzed GGCXand VKORCI gene expression

in human islets from 15 non-diabetic and diabetic donors and observed that the level of
these two enzymes vary widely between donors but nevertheless strongly correlate with

one another (Figure 3M; Table S1). This observation suggests that, for certain individuals,
the y-carboxylation machinery in their g cells might be more active compared with others.
Further analysis revealed that GGCX expression levels positively and significantly correlate
with the capacity of islets to secrete insulin in response to glucose (r = 0.7181, p = 0.0026;
Figure 3N). The levels of VKORCI also positively correlate with the same parameter,
although it did not reach statistical significance (r = 0.4677, p = 0.0787; Figures 30). These
results imply that -y-carboxylation could also impact GSIS in human B cells.

VK attenuates apoptosis induced by ER CaZ* depletion

To determine whether VK and y-carboxylation can protect B cells from the acute effects of
ER stress, INS-1 832/3 p cells were cultured for 24 h in medium containing 25 mM glucose
in the presence or absence of thapsigargin, an inhibitor of the sarcoplasmic reticulum/ER
Ca?*-ATPase (SERCA) and a pharmacological inducer of ER stress.38 Doses of thapsigargin
(10-40 nM) inducing moderate to elevated cell death in INS-1 cell cultures were selected
based on previously published data.? Induction of Grp78/BiP and phospho(Ser724)-IRE
following thapsigargin treatment confirmed the presence of ER stress and UPR (Figures
S5A and S5B). In addition, western blots showed that thapsigargin dose-dependently
induced apoptosis and DNA damage in B cells, while pre-treatment with VK, reduced

the deleterious effects of 10 and 20 nM thapsigargin (Figure 4A). Interestingly, in the
presence of thapsigargin, the GGCX protein level was increased by more than 2-fold, and
its -y-carboxylation was also increased when VK; was included in the medium (Figure 4B).
These results suggest that -y-carboxylation is activated in response to ER stress to protect
cells from apoptosis.
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Glucose regulates VK-dependent carboxylation in g cells

We next sought to determine whether glucose itself, a physiological inducer of ER stress
and UPR in B cells,38 could regulate the VK cycle and y-carboxylation. Ggex and

Vkorcl expression was increased at the mRNA and protein levels in response to 15 mM
glucose in wild-type C57BL/6J mouse islets (Figures 4C and 4D). GGCX expression and
~y-carboxylation were also induced when the rat B cell line INS-1 832/3 was cultured in

the presence of high glucose (25 mM) concentrations (Figure 4E). To confirm that glucose
regulates the VK cycle /n vivo, 2-month-old Wistar rats were infused with glucose for 3 days
and had their islets isolated, and gene expression was analyzed by gPCR. Glycemia reached
~15 mM in glucose-infused rats (Figure 4F), and this was sufficient to significantly increase
Ggcexand Vkorcel expression in their islets (Figure 4G) compared with rats infused with
saline solution, which maintained their blood glucose at ~7 mM. Finally, GGCX expression
and global y-carboxylation were also increased in non-diabetic human islets cultured for 3
days in medium containing 15 mM glucose (Figures 4H-4l; Table S1). These data indicate
that glucose positively regulates the level and activity of the VK cycle in rodent and human
B cells.

ERGP is a VK-dependent carboxylated protein expressed in B cells

In our mouse islet RNA-seq dataset, the genes encoding known -y-carboxylated proteins
were all expressed at very low levels (Figure S6A). Together with detection in islets of
multiple -y-carboxylated proteins by western blot (Figure 1F), these observations suggest
that p cells express unknown Gla proteins.

Immunoprecipitation of y-carboxylated proteins from 5-day old wild-type (WT) mouse liver
extracts using our pan-specific a-Gla antibody led to identification of aspartyl/asparaginyl
b-hydroxylase (ASPH) as a putative intracellular Gla protein (Table S4). The Asphlocus
contains two promoters (P1 and P2), undergoes extensive alternative splicing, and encodes
three previously characterized ER-resident proteins: ASPH, junctate, and junctin (Figure
S6B).41:42 ASPH is expressed in several tissues under the control of P1, while junctate and
junctin expression is controlled from P2 and appears to be restricted to cardiac and skeletal
muscle.#3 ASPH is a type Il transmembrane protein of ~80 kDa containing three luminal
domains: an EF-hand Ca2*-binding domain, a negatively charged Glu-rich domain (GRD)
containing 39 Glu residues, and an alpha-ketoglutarate-dependent hydroxylase domain
(Figure S6B). Junctate and junctin are ER-resident proteins corresponding to shorter variants
of ASPH. Junctate and junctin share a different N-terminal cytosolic domain compared
with ASPH, and junctin is characterized by a basic luminal domain instead of the acidic
GRD domain found in junctate and ASPH (Figure S6B). Islet RNA-seq data indicate that
the overall Asphexpression level in islets is comparable with Ggcx and higher than any

of the other genes encoding known -y-carboxylated proteins (Figure S6A). Our data also
show that P2 is inactive in mouse islets, confirming that junctate and junctin isoforms are
not expressed in these cells (Figures S6B and S6C). However, we detected a high level

of expression for the last unique exon of junctate in islets, indicating that a truncated
version of ASPH might be expressed in these cells. This shorter isoform was amplified by
PCR on mouse islet cDNA using a pair of oligonucleotides located, respectively, in the
first exon of ASPH (downstream of P1) and in the last exon of junctate. Sequencing of
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the PCR product identified this transcript as Asp/ variant 4. The protein encoded by this
transcript is identical to the first 308 amino acids (a.a.) of ASPH but lacks the last 433 a.a.,
including the hydroxylase domain (Figure S6B). Because this ER-resident protein appears to
be y-carboxylated (Table S4 and see below), we decided to name it ER Gla Protein (ERGP).
The mRNASs encoding ASPH and ERGP are expressed in pancreatic islets, with ERGP
MRNA being at least three times more expressed than ASPH mRNA (Figure S6C). Publicly
available islet transcriptomics data further indicate that the mMRNA of ASPH and ERGP,

but not of junctate and junctin, are expressed in B cells (Figure S6B).24 Based on these
observations, we decided to determine whether ASPH and ERGP are the y-carboxylated
proteins detected in islets and B cells.

ASPH and ERGP share a GRD that could be prone to y-carboxylation. To detect these

two proteins, we generated and affinity purified rabbit polyclonal antibodies against the
GRD domain; hereafter called a-A/E-GRD (Figures S6D and S6E). Importantly, addition
of VK or warfarin did not change the immunoreactivity of a-A/E-GRD antibodies against
full-length ASPH and ERGP (Figure S6E). Anti-Gla immunoprecipitation (IP) followed

by a-A/E-GRD western blotting or a-A/E-GRD IP followed by a-Gla western blotting
confirmed that ASPH and ERGP are -y-carboxylated in 1-week-old WT liver but not in the
liver of Vkorc1'~mice lacking y-carboxylation at this age (Figures S6F and S6G).28 Using
the same approach, we could show that ASPH and ERGP are expressed and -y-carboxylated
in adult control mouse islets and that their y-carboxylation was greatly reduced in islets
isolated from VkorcI™'=; APOE-Vkorc1/1 mice, which have lower VKORCs activity and
y-carboxylation in all tissues except the liver (Figures 5A and S6H).26 These analyses
showed that ERGP expression and -y-carboxylation were, respectively, 7- and 8-fold higher
than ASPH in control islets (Figure 5B). The same IP analysis performed on Ggex'”:
Ins1-Creislets revealed that ERGP, but not ASPH, is strongly y-carboxylated in p cells
(Figure 5C). Immunofluorescence on WT mouse islets confirmed expression of ERGP in
islet endocrine cells, including B cells (Figure 5D). Finally, a-Gla IP followed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analyses on INS-1 832/3 cells
cultured in 25 mM glucose and treated or not treated with 20 nM thapsigargin indicated
that rat ERGP is also carboxylated in a VK-dependent manner in stressed f cells (Table S5;
Figure S61). Together these results establish that ERGP, and to a lesser extent ASPH, are
y-carboxylated proteins expressed in mouse B cells.

ERGP is y-carboxylated on several Glu residues located in its GRD

To identify the domain(s) and specific Glu residues subjected to y-carboxylation in ASPH
and ERGP, we first expressed full-length ASPH-33FLAG or mutants lacking specific
domains in HEK293 cells, a cell line that supports VK-dependent carboxylation.28 Full-
length ASPH ~y-carboxylation was detected in cells cultured in the presence of VK4, but

not in presence of warfarin or when the GRD was deleted (Figure S6J). Although the

a.a. sequence of the GRD is poorly conserved across mammalian species, the enrichment

of Glu residues has been retained throughout evolution (Figure S6K). Internal deletions
within the GRD of ERGP indicated that most of the -y-carboxylation sites are in the

region encompassing residues 255-310 and/or that the C-terminal domain contains a critical
sequence for recognition by GGCX (Figures 5E and 5F). We next mutated Glu residues
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throughout the GRD into aspartic acid residues, which cannot be -y-carboxylated by GGCX
(Figure 5E). Using this series of mutant proteins, we found that -y-carboxylated residues are
mainly located in the N- and C-terminal regions of the GRD (Figures 5G and S6L), which
was confirmed by LC-MS/MS analysis (Figures 5H and 51; Table S6). No Gla-containing
peptides were identified by the LC-MS/MS approach when ERGP was purified from
HEK293 cells treated with warfarin or from £. coli, which lack y-carboxylation machinery
(Figure 5H).

We next tested whether y-carboxylation could modulate the Ca2*-binding capacity

of ERGP.11 Carboxylated and uncarboxylated ERGP-33FLAG were expressed and
purified from HEK293 cells (Figure 5J) and 4°Ca2* overlay experiments revealed that
y-carboxylated ERGP binds significantly more Ca?* than its uncarboxylated counterpart
(Figures 5K and 5L), suggesting that the presence of Gla residues in the GRD increases
ERGP capacity to bind Ca2*.

Carboxylated ERGP regulates SOCE

The cellular function of ERGP is unknown and, to our knowledge, has never been
investigated. One study in T cells suggested that junctate acts as a Ca2*-sensing ER

protein regulating formation of stromal interaction molecule 1 (STIM1) and Orail protein
complexes to activate SOCE, a cellular response whereby extracellular Ca?* enters the
cytosol following ER Ca2* depletion to replete cellular Ca2*.4445> SOCE is a prominent
Ca?* influx mechanism by which several cell types maintain cytosolic and ER Ca%* levels at
rest.#6:47 SOCE has been implicated in regulation of insulin secretion by p cells,*8 with loss
of STIM1 leading to reduced insulin secretion and increased ER stress.*® These observations
prompted us to investigate whether ERGP and y-carboxylation could affect cellular Ca2*
flux and SOCE.

To eliminate potential confounding effects caused by the endogenous human ASPH locus,
we used CRISPR-Cas-9 genome editing to knock out all ASPH encoded isoforms in
HEK?293 cells (ASPH/HEK?293) (Figures S7A and S7B). The SOCE machinery was
recapitulated in these cells by expressing STIM1-Myc and Orail-hemagglutinin (HA) in the
presence or absence of ERGP-33FLAG with or without VK, (Figure S7C). Carboxylated
GGCX was detected in VK;-treated cells regardless of ERGP expression, confirming
efficient y-carboxylation in these cells. Ratiometric cytosolic Ca?* measurement with

the Fluo-4 and Fura Red Ca2* indicators was next used to assess SOCE, which was
triggered first by depleting ER Ca2* with thapsigargin in Ca2*-free buffer, followed by

Ca?* addback to the buffer (Figure 6A). Using these experimental settings, we observed that
cells expressing y-carboxylated ERGP are characterized by a reduction in their ER Ca2*
release and SOCE (Figures 6B—6D). In addition, there was a significant reduction in basal
cytosolic CaZ* level in the same cells (Figures 6B and 6E), suggesting that ERGP, only when
y-carboxylated, restrains cytosolic Ca2* in cells.

The impact of ERGP and of its carboxylation on ER Ca2* levels was next assessed directly
using the D4ER ratiometric ER-targeted fluorescence resonance energy transfer (FRET)-
based Ca?* sensor.0 These analyses confirmed that, in the presence of y-carboxylated
ERGP, HEK293 cells have a significantly lower basal ER-free Ca?* level and reduced ER

Cell Rep. Author manuscript; available in PMC 2023 June 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lacombe et al.

Page 11

Ca?" efflux following thapsigargin treatment (Figures 6F-6H). Apparent ER Ca2* levels
were restored to the baseline levels found in control cells by treatment with the Ca%*
ionophore ionomycin in the presence of 2 mM extracellular Ca2*, indicating accurate and
efficient DAER FRET measurements under all conditions (Figures 6F and S7D).

Activation of SOCE in cells is characterized by formation of ER-plasma membrane junction
puncta containing STIM1 and Orail, as observed following 15-min thapsigargin treatment
(Figure 6l, left panels). Under these conditions, VK1 or ERGP alone did not affect formation
of STIM1-Orail puncta, but the presence of y-carboxylated ERGP significantly reduced
formation of these protein complexes (Figures 61 and 6J). A FRET assay using YFP-Orail
and STIM1-CFP was used as orthogonal validation of the impact of -y-carboxylated

ERGP on formation of these complexes in living cells. Western blot analysis confirmed
similar expression levels of the STIM1-CFP and YFP-Orail constructs in ASPH/"HEK?293
cells under all conditions (Figure S7E), and live-cell imaging experiments confirmed that
y-carboxylated ERGP restrains formation of puncta co-expressing STIM1-CFP and YFP-
Orail following 5-, 10-, and 15-min thapsigargin treatment (Figure 6K). Accordingly, these
experiments revealed that the average corrected FRET signal following thapsigargin addition
was significantly reduced in the presence of y-carboxylated ERGP (Figures 6L—-6N).

These results suggest that, when -y-carboxylated, ERGP limits formation of STIM1-Orail
complexes, thus restraining SOCE.

Ca?* overfilling in Ggcx-deficient B cells causes impaired fasting hyperinsulinemia

We used Ggex'™: Ins1-Creislets as a genetic model of decarboxylated ERGP in p cells

to determine how y-carboxylation of this protein affects Ca2* homeostasis in these cells.
Cytosolic Ca?* flux was analyzed in partially dissociated islet cells from Ggex™: Ins1-Cre
and /nsI-Cre (control) mice by ratiometric live-cell imaging as above. SOCE was monitored
with the protocol used for the HEK293 cells (Figure 6A) except that diazoxide, an opener
of the ATP-sensitive K* channel, and verapamil, a voltage-gated Ca2* channel (VGCC)
blocker, were included in the buffered solution for the duration of imaging to prevent
membrane depolarization and Ca2* influx through the VGCC.4° We first noticed that Ggex™:
Ins1-Cre B cells were characterized by higher cytosolic Ca2* levels at baseline (Figures

7A and 7B). Moreover, SOCE expressed as absolute value or relative to baseline (AF) was
increased in the same cells (Figures 7A and 7C). ER Ca2* release was measured following
treatment with a higher dose of thapsigargin (10 pM) and was found to be significantly
higher in Ggex'™: Ins1-Cre B cells (Figure S7F). We also observed that the number of
STIM1-containing puncta at steady state (i.e., 5 mM glucose) was more elevated in these
cells in comparison with control islets, suggesting that -y-carboxylated ERGP restrains
SOCE to maintain proper resting ER Ca?* levels in B cells (Figures STG-S7H).

Ca?* flux in response to glucose confirmed higher basal cytosolic Ca2* levels in Ggex™:
Ins1-Creislets in comparison with /nsI-Creislets (Figures 7D and 7E). Cytosolic Ca2*
levels after stimulation with 15 mM glucose or KCI were unchanged in the absence of
carboxylated ERGP when normalized over the baseline, although they remained elevated
in absolute value (Figures 7D and 7F). Altogether, these data suggest that ERGP -
carboxylation is necessary to maintain Ca2* homeostasis in primary g cells, mainly by

Cell Rep. Author manuscript; available in PMC 2023 June 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lacombe et al.

Page 12

suppressing SOCE. In line with the data obtained with HEK293 cells, the increased SOCE
present in Ggex™: Ins1-Creislet cells appears to result in increased basal cytosolic and ER
Ca?* levels.

Chronically elevated cytosolic Ca2* in B cells has been linked to dysregulated insulin
secretion and fasting hyperinsulinemia.>152 We next tested whether pharmacologically
reducing cytosolic Ca2* in Ggex™; Ins1-Cre B cells could restore normal circulating fasting
insulin levels /n vivo. For this purpose, we selected verapamil, a VDCC blocker and
well-characterized, US Food and Drug Administration (FDA)-approved drug. Verapamil
treatment of Ggex™: Ins1-Cre b-cells cultured with 11.1mM glucose ex vivo normalized
their cytosolic Ca2* within a few minutes (Figure 7G). In addition, verapamil provided in
the drinking water for 5 days to mice fed a short-term HFD was sufficient to normalize the
fasting insulin of Ggex'™: Ins1-Cre mice (Figure 7H). These results indicate that an increased
cytosolic Ca%* level in B cells is likely responsible for the fasting hyperinsulinemia observed
in vivoin Ggex™: Ins1-Cre mice maintained on an HFD (Figure 71).

DISCUSSION

Link between the VK cycle and stress in g cells

Using conditional inactivation of Ggcx in mice and unique a-Gla antibodies, we established
that the VK cycle is active in pancreatic islets and, more specifically, in B cells. Supporting a
link between -y-carboxylation and p cell adaptation to stress, we found that glucose regulates
y-carboxylation activity and that VK treatment can protect g cells from the deleterious
effects of high glucose and ER stress. Together with the observation that mice lacking Ggex
in the pancreas or in B cells only failed to adapt their insulin secretion in response to
short-term HFD feeding, our data suggest that the VK cycle could be part of a mechanism
implicated in f cell survival and function under conditions of adaptation to metabolic stress.
Therefore, we could speculate that lower VK intake or diminished y-carboxylation activity
could be a risk factor for development of diabetes when combined with nutrient excess

in humans. In line with our findings, two recent large observational studies indicate that
treatment with warfarin compared with a direct anticoagulant not targeting carboxylation
does significantly increase the risk of new-onset diabetes in male and female patients with
atrial fibrillation.53:54

ERGP y-carboxylation as a regulator of g cell Ca2* homeostasis

Our results identified ERGP as a -y-carboxylated protein present in islets and p cells. The
data indicate that y-carboxylated ERGP decreases formation of STIM1 and Orail puncta
following ER Ca2* store depletion, thereby partially inhibiting SOCE and reducing baseline
cytosolic and ER Ca?* levels. Conversely, decarboxylation of ERGP in Ggex™; Ins1-Cre B
cells was associated with increased cytosolic and ER Ca?* levels at baseline and following
SOCE. The impact of SOCE inhibition by y-carboxylated ERGP on ER and cytosolic Ca2*
at steady state is consistent with the notion that SOCE is essential to maintain resting Ca2*
levels in the ER and cytosol, as reported previously by others.46:47.:55.56 \\e cannot exclude
that -y-carboxylated ERGP directly controls ER Ca2" levels, but we believe that it is unlikely,
given that decreased ER CaZ* levels will be expected to activate SOCE.>’ Rather, our data
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suggest that y-carboxylated ERGP restrains SOCE by acting directly or indirectly on the
STIM1 conformational changes elicited by ER Ca2* concentrations, consistent with our
observations that SOCE and ER Ca2* levels are increased in the absence of y-carboxylation.
Altogether the data imply that increased SOCE is the primary defect in Ggex'”-Ins1-Cre p
cells.

Junctate, whose luminal domain is identical to ERGP but has a different N-terminal
cytosolic sequence, has been reported to interact with and regulate the SERCA2 pump and
the inositol 1,4,5 trisphosphate receptors (IP3Rs), two ER membrane proteins controlling
Ca?* flux between the ER and the cytosol.58:5% Whether y-carboxylated ERGP also
regulates Ca2* homeostasis in B cells through a similar mechanism is currently unknown.

It is important to note, however, that, in these earlier publications, junctate was studied in
its decarboxylated form because VK was not included in the culture medium. It should also
be noted that, because junctate and ERGP have distinct N-terminal cytosolic domains, these
two proteins may affect cellular Ca2* homeostasis through different mechanisms. Finally,
because junctate mRNA was not detected in B cells, we did not further investigate the
~y-carboxylation and function of this protein in this cell type.

Previous studies suggest that acute activation of CaZ* flux between the ER and cytosol is
critical for several B cell cellular processes, including survival and insulin secretion,*8:49.60
but that chronic stimulation of the Ca2* signaling pathway can induce ER stress, B cell
dysfunction, and death.#9-61.62 Qur data show that the Ca%* binding capacity of ERGP
increases when -y-carboxylated and that this modification restrains SOCE, suggesting that
y-carboxylation could modulate ERGP ER Ca?*sensing capacity. This process appears to
be necessary to avoid Ca2* overfilling and to maintain appropriate cytosolic and ER Ca2*
levels in B cells. Under conditions of chronically elevated intracellular Ca2* levels, reducing
Ca?* entry would prove beneficial to prevent  cell dysfunction and diabetes progression.

In humans, insufficient VK intake may therefore contribute to p cell dysfunction under
conditions of B cell stress by reducing ERGP +y-carboxylation, thereby increasing the risk of
T2D.

Fasting hyperinsulinemia as a driver of insulin resistance and T2D

It is noteworthy that mice lacking GGCX in the pancreas or only in f cells and fed an HFD
for 7 days are characterized not only by reduced GSIS and increased blood glucose but
also by increased fasting serum insulin and reduced insulin sensitivity. These observations
are consistent with the notion that, under conditions of nutrient excess, chronic elevation
of intracellular CaZ* and ER stress in B cells can lead to uncontrolled hyperinsulinemia,
which could ultimately result in peripheral insulin resistance.! There is a growing number
of studies in rodents and humans suggesting that prolonged fasting insulin hypersecretion
precedes and promotes insulin resistance and could be the initiating event of T2D.1:3
Conversely, reducing insulin secretion can prevent insulin resistance, obesity, and fatty liver
disease.2>1 The metabolic phenotype of Ggex™: Insi-Cre mice following a short period of
HFD feeding suggests that y-carboxylated ERGP may be required to prevent uncontrolled
insulin secretion by p cells in the context of nutrient excess and to preserve normal GSIS
secretion.
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ERGP as a VK-dependent protein

Since the discovery more than 45 years ago that a group of clotting factors is y-carboxylated
on specific Glu residues in a VK-dependent manner,®3 a total of 15 unique Gla proteins

have been identified in mammals. They all share a relatively well-conserved “Gla domain”
characterized by the presence of 3-12 y-carboxylated Glu residues and two cysteines
forming a disulfide bridge. While these proteins are either secreted or localized at the plasma
membrane, ERGP and ASPH are ER-resident proteins, and their “Gla domain” possesses
several unique features. First, the ASPH/ERGP GRD, with more than 190 a.a., is larger

than the classic Gla domains, which are, on average, less than 50 a.a. long. Second, the
ASPH/ERGP GRD does not contain a disulfide bridge, and the Gla residues are distributed
in the N- and C-terminal regions instead of being clustered in the center. Third, ERGP and
ASPH do not contain a sequence matching the GGCX substrate recognition sequence found
in other Gla proteins. Together, these features suggest that ASPH and ERGP may define a
distinct class of y-carboxylated proteins in mammalian cells.

In conclusion, we propose here that VK-dependent -y-carboxylation is a post-translational
modification regulating the capacity of B cells to adapt to stress. We also identify

two mammalian VK-dependent proteins, ERGP and ASPH, and provide evidence that
y-carboxylation regulates  cell Ca2* homeostasis through ERGP. Together, our findings
extend the cellular and physiological function of VK-dependent -y-carboxylation and reveal
how this pathway may interact with development of diabetes.

Limitations of the study

Although we show that -y-carboxylation is present in human islets, it remains to be
established whether VK-dependent carboxylation is required to prevent CaZ* overfilling

in human p cells. In addition, the precise molecular mechanism by which -y-carboxylated
ERGP restricts formation of the STIM1-Orail complex has not been determined here.
Finally, we cannot exclude that ERGP may not be the sole -y-carboxylated protein mediating
the effect of VK in B cells.

STARMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Mathieu Ferron
(mathieu.ferron@ircm.qc.ca).

Materials availability—All unique materials in this study may be made available upon
request from the lead contact.

Data and code availability

. RNA-seq data have been deposited at GEO and are publicly available as of the
date of publication. Accession number is GSE199319.
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. The mass spectrometry proteomics dataset “Identification of vitamin K-
dependent proteins in mouse liver by LC-MS/MS” has been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository54 with the
dataset identifier PXD032920 and https://doi.org/10.6019/PXD032920.

. The mass spectrometry proteomics dataset “Identification of gamma-
carboxyglutamic acid residues in mouse ERGP by LC-MS/MS” have been
deposited to the ProteomeXchange Consortium via the PRIDE partner
repository®4 with the dataset identifier PXD032955 and https://doi.org/10.6019/

PXD032955.
. This paper does not report original code.
. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Ggex™ mice were generated in our laboratory as described before, 3 and maintained
on a C57BL/6J genetic background. These mice were bred to the PaxZ-Cre (B6.FVB-
Tg(Pax1-cre)®T"INci; National Cancer Institute; Stock 01XL5)% or the /ns1-Cre (B6(Cg)-
Ins1tm1.1(cre)Thoryy: The Jackson Laboratory; Stock 026801)6€ lines to generate Ggex'™:
Pdx1-Creand Ggcx™: Ins1-Cre mice. B Cells were labeled with the tdTomato reporter gene
by breeding the B6.Cg- Gf{(ROSA)26Sortm14(CAG-tdTomato)HzelJ (Jackson Laboratory;
stock 007914) mice to the /nsI-Crestrain. Vkorc1™ and Vkorc1/1 mice were generated

in our laboratory as described before,13 bred to the PdxI-Creline to generate VkorcI™:
Vikorc1/1™: Pdx1-Cre mice and maintained on a C57BL/6J background. Other previously
described mouse strains used in this study include Vkorc1™~; APOE-Vkorc1/1.26 Male mice
were used in all experiments and littermates with the appropriate genotypes always used as
controls. Animals were housed at the IRCM in a pathogen-free facility on a 12h light/dark
cycle and fed a normal chow diet (Teklad global 18% protein rodent diet; 2918; Envigo),
unless otherwise specified. All animal use complied with the guideline of the Canadian
Committee for Animal Protection and was approved by IRCM institutional animal care
committee.

Human islets—Cadaveric human islets were obtained from the IsletCore at the Alberta
Diabetes Institute from the University of Alberta (Edmonton, Alberta, Canada)®’ and

from the Integrated Islet Distribution Program (1IDP) at City of Hope (Duarte, California,
USA). Upon arrival, islets were handpicked and processed for experiments. When needed,
human islets were cultured in DMEM (5mM glucose, 10% FBS, penicillin/streptomycin)
in an incubator at 37°C, 5% CO,. Detailed protocols for islet isolation and static glucose-
stimulated insulin secretion are available in the protocols.io repository58 and on the 11DP
website (iidp.coh.org). Donor characteristics are described in Table S1. Islet isolation was
approved by the Human Research Ethics Board at the University of Alberta (Pro00013094).
All donors’ families gave informed consent for the use of pancreatic tissue in research. The
IRCM Human Ethics committee approved human islets use.

Cell Rep. Author manuscript; available in PMC 2023 June 28.


http://iidp.coh.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lacombe et al.

Page 16

Cell lines—Rat insulinoma cell line INS-1 832/3 (Millipore Sigma) was cultured in
RPMI-1640 medium supplemented with 2mM L-Glutamine, 1mM sodium pyruvate, 10mM
HEPES, 0.05 mM b-mercaptoethanol, 10% fetal bovine serum (FBS) and penicillin/
streptomycin as previously described.®® HEK293 cells (ATCC) were cultured in EMEM
medium supplemented with heat-inactivated 10% FBS and penicillin/streptomycin. Cells
were cultured at 37°C with 5% CO,.

Generation of ASPH™~ HEK 293 cells by CRISPR-Cas9—HEK 293 cells were
transfected with single guide RNA (sgRNA; Thermo Fisher) and recombinant Streptococcus
pyogenes Cas9 protein (SpCas9; Synthego) using Lipofectamine CRISPRMAX Cas9
Transfection reagent (CMAXO00001; Thermo Fisher) according to the manufacturer
protocol. We selected a SgRNA (Assay ID: CRISPR671774_SGM; Target DNA Sequence:
GGACATCTGTAG CTGTCGTT) matching a sequence in the exon 2 of the gene ASPH
which is shared by all the isoforms encoded by this gene, including ASPH, junctate, junctin
and ERGP proteins. Forty-eight hours after the transfection, cells were diluted and seeded

in 96-wells plates to establish clonal lines. A total of ninety-six clones were screened by
standard Sanger DNA sequencing of the targeted region and the sequence analyzed using
the Inference of CRISPR Edits (ICE) Analysis tools of Synthego (https://ice.synthego.com/).
Two clones with frameshift-inducing indel on all alleles of ASPH were selected and loss of
expression of ASPH and ERGP confirmed by western blot experiment and by quantitative
PCR (Figures S7A and S7B).

Rats and glucose infusions—Two-month-old male Wistar rats (Charles River, Saint-
Constant, QC, Canada) underwent catheterization of the jugular vein for infusions and

the carotid artery for sampling as described.’® Animals were randomized into two

groups receiving 0.9% saline (Baxter, Mississauga, ON, Canada; SAL) or 70% dextrose
(McKesson, Montreal, QC, Canada; GLU) as described.’! The glucose infusion rate was
adjusted to maintain plasma glucose between 13.9 and 19.4 mmol/I throughout the 72h
infusion. All procedures were approved by the Institutional Committee for the Protection of
Animals at the Centre Hospitalier de I’Université de Montréal.

METHOD DETAILS

Mouse islet isolation, cell sorting and culture—Mice were anesthetized by
intraperitoneal (i.p.) injection of a drug mixture of ketamine hydrochloride and xylazine,
sacrificed via cervical dislocation and exsanguinated. The pancreatic duct was perfused with
Liberase TL (Roche Applied Science) in Hank’s balanced salt solution (HBSS) containing
Ca?*/Mg?* and the inflated pancreas was excised and incubated at 37°C for 30 minutes
with firm agitation at the 15-minute mark. The digested pancreas was then washed 4 times
by decantation with HBSS containing 0.1% BSA and 20mM HEPES pH 7.4, and islets
were isolated using Histopaque-1077 density gradient separation (Millipore Sigma). Islets
were then transferred to culture medium (RPMI, 10% FBS, penicillin/streptomycin) and
handpicked under a stereomicroscope (SteREO Discovery.V12; Zeiss).

Islets from /ns1C7€/*; Rosa26CAG-lox-stop-lox-tdTomato mjce were dissociated by incubating
at 37°C for 2 minutes using 0.05% Trypsin-ETDA and pipetting. p Cells (Tom+) and the
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other islet endocrine cells (Tom-) were sorted out based on tdTomato expression using the
FACSArria Il cell sorter (Becton Dickinson). Dead cells were excluded based on DAPI
staining and only singlets were sorted. Cells were lyzed directly after sorting either in
guanidium thiocyanate lysis solution for RNA extraction or in 1% triton lysis buffer for
protein extraction.

INS-1 832/3 and islet treatments—To test the presence of -y-carboxylation, INS-1
832/3 cells and human islets were cultured in their respective culture medium containing
either VK1 (22uM; V3501; MilliporeSigma), warfarin (50uM; SC-204941; Santa Cruz
Biotechnology), or vehicle during 3 days before analysis. To test the effect of glucose on
y-carboxylation, INS-1 832/3 cells, human islets and wild-type mouse islets were culture in
their respective medium containing different concentration of glucose during 3 days before
analysis. To test the protective effect of VK4 on ER stress induced cell death, INS-1 832/3
cells were cultured with VK4 (22uM) or vehicle for 48 hours before being cultured for 24
hours in medium containing 25mM glucose and thapsigargin (10, 20 and 40 nM). The dose
of 22 uM (10 ug/ml) of VK, was selected based on previous reports showing that maximal
v-carboxylation of known Gla proteins was achieved with VK, concentration of >1-20 yM
in cell culture.273

Metabolic analysis—For mice fed a regular chow diet, metabolic analysis was performed
as follows. For intraperitoneal glucose tolerance tests (IPGTT), mice were fasted for 16
hours, and blood glucose levels were measured after fasting and at 15-, 30-, 60- and 120-
minutes following i.p. injection of glucose (2g/kg of BW). To measure circulating insulin
concentration following a bolus of glucose, tail vein blood was collected after a 16-hour
fasting and at 15- and 30-minutes post-injection (i.p.) with glucose (3g/kg of BW). Serum
insulin was measured using ELISA (Insulin ELISA mouse; Mercodia). Insulin tolerance
test (ITT) was performed after 5 hours of fasting following i.p. injection of insulin (1U/kg;
Humulin R, Lilly) and blood glucose was measured after fasting and 30-, 60-, 90- and
120-minutes post-injection.

For short high fat diet (HFD) feeding, 10-weeks old mice were fed either a lard-based diet
(60% kcal from fat; TD.06414; Envigo) or an ingredient matched control diet (10% kcal
from fat; TD.08806; Envigo) for 7 days, after which body weight, random fed blood glucose
and metabolic tests were performed. For circulating insulin measurements, tail vein blood
glucose was collected after 5 hours of fasting and at 15- and 30-minutes post-injection (i.p.)
with glucose (2g/kg). Serum insulin was measured using ELISA and data represented in
absolute value or as stimulation index (insulin concentration at 15 or 30 minutes / insulin
concentration at fasting). For IPGTTs, tail vein blood glucose was measured after 5 hours
of fasting and at 15-, 30-, 60- and 120-minutes post-injection with glucose (1.5g/kg). For
oral glucose tolerance tests (OGTTSs), tail vein blood glucose was measured after 5 hours

of fasting and at 15-, 30-, 60- and 120-minutes post-gavage with glucose (1.5g/kg). For
ITTs, tail vein blood glucose was measured after a 5-hour fasting and at 30-, 60-, 90- and
120-minutes post-injection (i.p.) with insulin (0.75U/kg). Homeostatic model assessment of
insulin resistance (HOMA-IR) was calculated as follows: Fasting glucose (mM) x Fasting
insulin (WU/mL)/22.5.7* When indicated, following 7 days of HFD feeding, verapamil
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(V4629, Sigma) was added to the drinking water (Lmg/mL) of the mice for 5 days while fed
an HFD.

O, consumption, CO», release, food intake and physical activity were analyzed using an
8-chamber Promethion Continuous Metabolic System (Sable Systems International) as
before’®. Briefly, after a 48-hour acclimation period, data were collected for 96 hours.
Energy expenditure (kcal/hour) was calculated by indirect calorimetry using the following
formula: 60 x (0.003941 x VO, (ml/min) + 0.001106 x VCO, (ml/min)). Physical activity
was measured as beam breaks for the x-, y- and z-axis using infrared beams connected to the
system.

Ex vivo glucose-stimulated insulin secretion (GSIS)—Islets from Ggex™: Pax1-Cre
and PaxI-Cre mice were isolated and left in culture medium (RPMI, 10% FBS, penicillin/
streptomyecin) for recovery for 40 hours. Islets were hand-picked and quickly washed in
Krebs-Ringer bicarbonate HEPES (KRBH) buffer (114mM NaCl, 2.5mM CaCl,, 1.2mM
KH5POy, 4.7mM KCI, 1.16mM MgSQy, 25.5mM NaHCOs3, 10mM HEPES and 0.1% fatty
acid free BSA, pH 7.35) containing 5.6mM glucose, and then pre-incubated two times for 1
hour at 37°C. Groups of 10 similarly sized islets were transferred to microtubes containing
5.6mM glucose KRBH and incubated for 1h at 37°C. Islets were then incubated in KRBH
buffer containing 11.1mM glucose, followed by KRBH buffer containing 16.7mM glucose,
each incubation for 1 hour at 37°C. After each incubation, supernatant was collected and at
the end of the protocol, islets were lyzed in 0.18N HCI, 75% EtOH extraction buffer. Insulin
was measured in the different fractions by ELISA (Mercodia). Islets insulin content was
used to normalize insulin secretion.

Pancreas immunohistochemistry, immunofluorescence and insulin content
—Pancreases were weighed and fixed in 10% formalin for 24 hours at room
temperature, embedded in paraffin and sectioned at 5um. For immunohistochemistry and
immunofluorescence experiments, rehydration was followed by an antigen retrieval step
(sub-boiling for 10 minutes in 10mM sodium citrate pH 6.0).

For B cell mass quantifications, insulin was detected using rabbit anti-insulin antibodies
(1:200, sc-9168; Santa Cruz Biotechnology), Vectastain Elite ABC-peroxidase kit (\ector
Laboratories; PK-6101) and NovaRED Substrate Kit (Vector Laboratories; SK-4800)
following manufacturer’s instructions. Pancreas tissue was counterstained using Mayer’s
hematoxylin and histomorpho-metric analyses were performed using the OsteoMeasure
Analysis System (Osteometrics). B Cell mass was calculated as follows: B cell area (%) x
pancreas weight (mg) / 100.

For immunofluorescence, blocking was performed in PBS containing 5% normal donkey
serum and 0.3% Triton for 1 hour at room temperature. Sections were then incubated with
antibodies diluted in PBS, 1% BSA and 0.1% Triton, first with goat anti-insulin antibodies
(sc-7839; Santa Cruz Biotechnology) and rabbit anti-A/E-GRD antibodies (generated in our
laboratory, see below) over-night at 4°C, and second with Alexa-Fluor 594- conjugated
donkey anti-goat (705-585-147; Jackson Immunoresearch Laboratories) and Alexa-Fluor
488-conjugated donkey anti-rabbit (711-545-152; Jackson Immunoresearch Laboratories)
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antibodies for 1 hour at room temperature. Specificity of anti-A/E-GRD antibodies was
assessed by competition with recombinant 6XHIS-A/E-GRD protein (25ug/mL) during
incubation with the primary antibodies. Nuclei were stained with DAPI. Volocity 6.0
quantitation module was used to threshold for and select Insulin™ cells and to determine
the intensity of the A/E-GRD signal in Insulin™ areas.

For apoptosis detection, the Click-iT Plus TUNEL Assay kit (C10617; Invitrogen) was used
following manufacturer’s instructions except the proteinase K treatment was replaced by

a 10-minute incubation in citrate buffer. Goat anti-insulin antibodies (sc-7839; Santa Cruz
Biotechnology) and Alexa-Fluor 594- conjugated donkey anti-goat antibodies (705-585-147;
Jackson Immunoresearch Laboratories) were used as described above. Nuclei were

stained with DAPI. Insulin® TUNEL™ cells were detected using the automated DM55008
fluorescence microscope (Leica) with a Retiga EXi (QImaging) and 40X objective. Volocity
6.0 quantitation module was used to threshold for and count Insulin* cells with TUNEL™*
nuclei.

For pancreatic insulin content measures, each pancreas was weighed and homogenized in an
acid-ethanol buffer (1.5% HCI; 70% EtOH) after overnight fasting and 2 hours of refeeding.
Samples were neutralized using 1M Tris-HCI pH 7.5 (1:1) and insulin measured by ELISA
(Mercodia). Insulin content was normalized to the pancreas weight.

RNA isolation and gPCR—For mouse and human islets gene expression analysis, 20-40
handpicked islets per mouse or donor were lyzed in guanidium thiocyanate lysis solution,
and tRNA (20ug) was added before total RNA was isolated as described.”® Samples were
then treated with DNasel (18068015; Invitrogen), and mRNA reversed transcribed using
M-MLYV reverse transcriptase (28025013; Invitrogen) and random hexamers and oligo dT
primers. Relative gene expression was quantified using PowerUp SYBR Green Master Mix
(A25741; Applied Biosystems) and ViiA7 Real-Time PCR System (Applied Biosystems).

DNA constructs and transfections—Mouse ASPH-3XFLAG and ERGP-3XFLAG
plasmids were generated by PCR amplification using pPENTR223.1-ASPH (Clone ID:
BC166658; Transomic Technologies) as a template and cloning in the HindlIl and

BamHlI restriction sites of the p3XFLAG-CMV-14 expression vector (MilliporeSigma).
ASPH-3XFLAG and ERGP-3XFLAG deletion mutants were generated by PCR using Q5
High Fidelity DNA polymerase (M0491; NEB) and primers extending in opposite directions
and flanking the region to be deleted. ERGP DNA fragments containing glutamic acid to
aspartic acid point mutations were synthesized (Genscript) and cloned into ERGP-3XFLAG
plasmid via an internal Stul site and the 3" BamHI site. Mouse Orai-HA was generated

in two steps. First, the 3" section of Orail ORF was cloned from pCMV-SPORT6-

Orail (BC023149; Transomic Technologies) in the EcoRI and Xbal restriction sites of

a pcDNA3.1-Myc-His B expression vector with an HA tag. The missing 5" section of
Orail ORF was cloned from mouse osteoblast cDNA in the EcoRI and Orail internal

Apal restriction sites. Mouse pcDNAS3.1-Stim1-Myc plasmid was obtained from Addgene
(17732).77 Using the above-mentioned constructs as template, STIM1-CFP and YFP-Orail
were inserted into the pcDNA3.1-Myc-His B vector using Gibson assembly. pcDNA-D4ER
plasmid was previously described and obtained from Dr. Diana Pendin.>?
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HEK?293 cells were transfected with “tagless” pPCDNA3.1-GGCX and pCDNA3.1-VKORC1
to ensure maximal y-carboxylation, and with the indicated plasmids using Lipofectamine
2000 transfection reagent (11668019; Invitrogen) following manufacturer’s instructions. Six
hours post-transfection, medium was changed and VK, (22uM) or warfarin (50uM) was
added when specified. Generation of a clonal cell line stably expressing ERGP-3XFLAG
was generated via transfection of HEK293 cells with the pERGP-3XFLAG-CMV-14
plasmid previously linearized by digestion with Scal. Cells with integration of the plasmid
were selected using G418 antibiotics and isolated colonies were expanded. ERGP expression
was assessed by western blot using anti-FLAG antibodies and immunofluorescence
confirming clonality.

Ca?* overlay—HEK293 cells stably expressing mouse ERGP-3XFLAG, and transfected
with GGCX and VKORCL, were cultured in the presence of either VK4 (22uM) or
warfarin (10uM). Purified y-carboxylated and uncarboxylated ERGP-3XFLAG proteins
were resolved by SDS-PAGE, transferred to a nylon membrane and cross-linked with 0.5%
glutaraldehyde. The membrane was quenched with 50mM glycine and washed 3 times with
binding buffer containing 60mM KCI, 5mM MgCl,, 10mM imidazole-HCI, pH 6.8, and
then incubated with radiolabelled binding buffer containing 8.8uM 4°CaCl, (PerkinElmer)
for 1 hour, washed with distilled H,O and dried. Radioactivity was captured by a storage
phosphor screen and detected by a laser scanner imaging system (Typhoon FLA 9500;
Cytiva).

Generation of rabbit polyclonal anti-ASPH/ERGP-GRD (anti-A/E-GRD)
antibodies—Rabbit ERGP ER luminal domain anti-serum was generated by immunizing
rabbits with a 6XHIS-tagged protein containing amino acid 85-310 of ERGP (MediMabs).
Antibodies specific to the glutamic acid rich domain (GRD) were affinity purified using a
GST-tagged protein corresponding to the GRD. The specificity of the antibody towards the
GRD of ERGP and ASPH was tested by western blot.

Immunoprecipitation and western blot—Cells or tissues were homogenized in lysis
buffer containing 20mM Tris-HCI (pH 7.5), 150mM NaCl, 1ImM EDTA (pH 8.0), 1ImM
EGTA, 2.5mM NaPyrophosphate, 1mM b-glycerophosphate, 10mM NaF, 1% Triton,

1mM phenylmethylsulfonyl fluoride (PMSF) and protease inhibitors (4693132001; Roche
Diagnostics). For anti-Gla immunoprecipitation, 200ug of protein extracts was incubated
with 10pg of rabbit anti-Gla antibodies overnight with rotation at 4°C followed by 3

hours incubation with Protein A-Agarose beads (11719408001; Roche Diagnostics) and
washed 4 times with lysis buffer. Immunoprecipitated proteins were heated at 70°C in
Laemmli buffer for 10 minutes before resolving on a 7.5% polyacrylamide Tris-Glycine
gels. Proteins were detected using standard western blot procedures with rabbit anti-GGCX
(16209-1-AP; ProteinTech) or rabbit anti-A/E antibodies generated in our laboratory (see
above). For anti-A/E-GRD IP, the same procedure was followed. FLAG-tagged proteins
were immunoprecipitated from 100pg of protein extracts using anti-FLAG agarose beads
(A2220; MilliporeSigma) incubated for 2 hours with rotation at 4°C. Densitometry analyses
were performed with the Image Lab software (version 5.0; Bio-Rad Laboratories).
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Other antibodies used for western blot in this study include rabbit anti-VKORC1

generated in our laboratory and previously reported,!3 rabbit anti-cleaved Caspase-3

(9661; Cell Signaling), rabbit anti-phospho(Ser139)-Histone H2A.X (9718; Cell Signaling),
rabbit anti-phospho(S724)-IRE1 (ab124945, Abcam), rabbit anti-GRP78/BIP (11587-1-AP,
Proteintech), rabbit anti-GFP (50430-2-AP, Proteintech), mouse anti-p-Actin (A1978;
MilliporeSigma), rabbit anti-GAPDH (5174; Cell Signaling), mouse anti-Myc (2276;

Cell Signaling), rabbit anti-HA (3724; Cell Signaling), mouse anti-FLAG (F1804;
MilliporeSigma) and rabbit anti-FLAG (14793; Cell Signaling). To detect VKORC1, cleaved
Caspase-3 and p(Ser139)-Histone H2A.X, proteins were resolved on 10% polyacrylamide
Tris-Tricine gels.

Ca?* live-cell imaging in ASPH™~ HEK293 and islets—ASPH~”~ HEK 293 cells
were transfected with 0.5ug GGCX, 0.5ug VKORC1, 0.44pg STIM1-Myc, 0.22g Orail-
HA, 0.33ug ERGP-3XFLAG or p3XFLAG-CMV-14 empty vector as indicated in 35mm
culture dishes and the next day cells were plated on poly-L-lysine (P1274; MilliporeSigma)
coated glass coverslips (18mm diameter, #1.5 thickness; 72290-08; Electron Microscopy
Sciences). Coverslips were coated with 0.1mg/mL poly-L lysine in sterile ddH,O at room
temperature for 1 hour, before being washed three times with sterile ddH,O and left to

dry for 2 hours. ASPH™~HEK 293 cells were loaded with 5uM Fluo-4 AM (F14201;
Invitrogen) and 2.5uM Fura Red AM (F3021; Invitrogen) in a HEPES-buffered saline
solution (HBSS; 120mM NaCl, 5mM KCI, 0.8mM MgSQ,, 2mM CaCl,, 10mM Glucose,
20mM HEPES, pH 7.4) containing 0.02% pluronic F-127 (P6866; Invitrogen) at 37°C for
30 minutes. Cells were then washed twice with HBSS and incubated for an additional 30
minutes at 37°C to allow complete de-esterification of intracellular AM esters. CaZ* imaging
was performed in Ca2* free HBSS containing 1mM EGTA. Baseline measurements (FO0)
were recorded for 120 seconds before ER Ca2* stores were depleted by adding thapsigargin
(final 1uM) and SOCE was triggered by adding CaCls (final [Ca2*] 2mM) 420 seconds after
starting recording. For measurements using the D4ER Ca?* probe, ASPH ~/~ HEK293 cells
were transfected with 0.2ug D4ER, 0.4ug GGCX, 0.4ug VKORCL, 0.44ug STIM1-Myc
and 0.22ug Orail-HA and 0.33ug ERGP-3XFLAG or p3XFLAG-CMV-14 empty vector.
The cells were equilibrated in HBSS for 45 minutes at 37°C before being imaged in

Ca?* free HBSS containing 1mM EGTA. Baseline measurements were recorded for 600
seconds before ER Ca?* stores were depleted by adding thapsigargin (final 1uM). The Ca2*
ionophore ionomycin (final 3uM) and CaCl, (final [Ca2*] 2mM) were added 1200 seconds
after starting recording. Imaging of HEK293 cells was performed at 37°C.

Isolated mouse islets were semi-dispersed by digestion with 0.025% Trypsin-ETDA for 1
minute followed by up and down pipetting then transferred to culture medium (RPMI, 10%
FBS, penicillin/streptomycin) containing 22uM VKj. Semi-dispersed islets enclosed in 200
uL droplets (corresponding to approximately 100 islets) were plated on glass coverslips
and allowed to attach for 30 min at 37°C, before adding 1mL of culture medium for
over-night recovery. Islet cells were then loaded with 5pM Fluo-4 AM and 2.5uM Fura
Red AM in KRBH buffer (114mM NaCl, 1.2mM KH5PQOy, 4.7mM KCI, 1.16mM MgSQy,
25.5mM NaHCO3, 2.5mM CaCl,, 5mM Glucose, 20mM HEPES, 0.2% fatty acid free
bovine serum albumin [BSA]) for 30 minutes at room temperature. Baseline fluorescence
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ratio (FO) was measured for 90 seconds and response to 15mM glucose was recorded during
90-1700 seconds before KCI concentration was raised to 30mM. SOCE in islet cells was
measured as described above for HEK293 but in KRBH buffer containing 200uM diazoxide
(D9035; MilliporeSigma), an opener of the ATP sensitive K* channel in  cells, and 10uM
verapamil (V4629; Millipore Sigma), a voltage gated CaZ* channel blocker, for the duration
of imaging. In other experiments, the effect of verapamil on cytosolic Ca2* levels of
semi-dispersed islets was measured as described above, but in KRBH buffer containing
11mM glucose to mimic /n vivo conditions. The semi-dispersed islets were first imaged

for 600 seconds following vehicle (DMSO) treatment, then were imaged for an additional
600 seconds following treatment with 50uM verapamil. Imaging for islets was performed at
32°C and 5% CO, enrichment.

Imaging was performed on a confocal rotary disk inverted microscope from Zeiss equipped
with a Yokogawa CSU-1 module using a 20X objective. The microscope stage contained

a conduction heater and was enclosed in an incubator to maintain cells at the desired
temperature and CO» percentage. Fluo-4 was excited with a 488nm laser and emission was
recorded at 509nm (ZEN blue software). Laser power was set to 5%, exposure to 250ms,
and EM gain to 500. One image was taken every 5 seconds. Fura Red was excited with a
488nm laser and emission was recorded at 660nm. Laser power was set to 20%, exposure to
500ms, and EM gain to 750. One image was taken every 5 seconds. D4ER reports ER Ca2*
level via FRET between its CFP and Citrine domains, which come into closer proximity
following Ca2* binding of its D4 and calreticulin domains. To record the CFP donor signal,
D4ER was excited with a 405nm laser then emission recorded at 475nm. To record the
FRET signal from Citrine, DAER was excited with a 405nm laser then emission recorded

at 524nm. Laser power was set to 20%, exposure to 500ms, and EM gain to 750 to record
CFP. Laser power was set to 20%, exposure to 500ms, and EM gain to 500 to record Citrine
FRET.

Quantification was performed using Fiji’8. Timelapses were 16-bit greyscale image stacks
saved as Carl Zeiss Image data format files. Individual cells or islet clusters were selected
as freehand selections to generate regions of interest (ROI). The mean gray value of each
ROI was then measured for each image (1 per 5 seconds) for each channel (Fluo-4/Fura
Red or Citrine/CFP). Cells that did not stay attached during the entire protocol were
excluded from analysis. Fluo-4 fluorescence intensity was divided by Fura Red intensity to
generate a ratiometric measurement of cytosolic Ca2* as previously described.”® Similarly,
the intensity of the FRET signal from Citrine was divided by the CFP intensity to generate
a ratiometric measurement of ER Ca2* for the experiments using the D4ER probe as
previously described.® The FRET-Citrine/CFP ratio was then normalized to the mean of
the first 100 seconds recorded for the vehicle condition (i.e., without VK7 and without
ERGP) and represented as % of vehicle. A total of n=54-130 ASPH~~ HEK 293 cells were
averaged together for each experiment for cytosolic or ER Ca2* measurements, and n=9—
14 independent experiment per condition were analyzed. In semi-dispersed islet imaging
experiments, 82—240 islet cell clusters were averaged for each experiment, and n=7-8
independent experiment per condition were analyzed.
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STIM1/Orail puncta quantification by immunofluorescence—ASPH7~ HEK293
cells were transfected with GGCX, VKORCL1, STIM1-myc, and Orail-HA and
ERGP-3XFLAG or p3XFLAG-CMV-14 empty vector, and plated on poly-L-lysine coated
glass coverslip as detailed in the Ca2* live-imaging section. Two days later, cells were
equilibrated in HBSS for 45 minutes and treated with 1uM thapsigargin for 15 minutes in
Ca®* free HBSS containing 1mM EGTA. Cells were then fixed in 4% paraformaldehyde in
PBS for 15 minutes at room temperature and washed 3 times with PBS. Cells were stained
using mouse anti-Myc (Cell Signalling; 2276) and rabbit anti-HA (Cell Signalling; 3724)
antibodies as detailed in the immunofluorescence section and imaged with a 63x objective.

Quantification of puncta was performed using the Volocity 6.0 quantitation module. Puncta
were determined by adjusting an intensity threshold and including only objects measuring
between 0.1-and 1.0pm?2. Saturated pixels were excluded from quantification. STIM1/Orail
co-expressing puncta in ASPH~~ HEK293 cells were defined as areas of overlapping
STIM1 and Orail expression in objects between 0.1-1.0pm? in surface area. On average

a cell contains 0-120 puncta in the absence of thapsigargin and 15-413 puncta following
thapsigargin treatment. The number of STIM1/Orail colocalized puncta per cell was
normalized to the cell area in pm? (n=27-34 cells per condition, from 3 independent
experiments). Islet clusters stained for STIM1 (rabbit anti-STIM1; 5668; Cell Signaling)
contained on average 0-57 puncta at steady state (KRBH buffer with 5mM glucose). The
number of STIM1 puncta per islet cluster was normalized to the cluster area in um? (n=116—
183 islets clusters per condition, from 2 independent experiments).

STIM1/Orail FRET measurements—ASPH~~ HEK293 cells were transfected with
0.4ug GGCX, 0.4ug VKORCL, 0.44ug STIM1-CFP, 0.42ug YFP-Orail and 0.33ug
ERGP-3XFLAG or p3XFLAG-CMV-14 empty vector and plated on poly-L-lysine coated
glass coverslips the next day as detailed in the Ca2* live-cell imaging section. Two days
later, cells were washed twice with HBSS and imaged for 120 seconds before 1uM
thapsigargin and 3mM EGTA was added to deplete ER Ca2* stores and chelate extracellular
Ca?*. Transfection were optimized to get <2-fold difference between STIM1-CFP and YFP-
Orail expression levels. Images were recorded every three seconds with the 63X objective
of a confocal rotary disk inverted microscope as described in the Ca2* live-cell imaging
section.

STIM1-CFP was excited with a 405nm laser and emission was recorded at 475nm. Laser
power was set to 20%, exposure to 750ms, and EM gain to 750. YFP-Orail was excited with
a 488nm laser and emission was recorded at 524nm. Laser power was set to 10%, exposure
to 250ms, and EM gain to 500. FRET signal was excited with the 405nm laser and emission
was recorded at 524nm. Laser power was set to 20%, exposure to 500ms, and EM gain to
500.

Quantification was performed using Fiji’8 as previously described8081, Time lapse images
were 16-bit greyscale image stacks saved as Carl Zeiss Image data format files. Each
timepoint contained three images representing the CFP, YFP, and FRET channels. Individual
cells were selected manually using the freehand ROI selection tool. Identical ROIs were
used across timepoints and channels for each time lapse. An ROI containing no cells was
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also selected on each time lapse and used to subtract the background value of each channel.
For each imaging experiment, cells transfected with STIM1-CFP or YFP-Orail alone were
used to calculate bleed-through of the CFP or YFP signals into the FRET channel. The
bleed-through coefficient for CFP (A) and YFP (B) were individually calculated, using
linear regression of CFP or YFP intensity in their respective channels compared to the signal
in the FRET channel.

Corrected FRET signal was defined as follows:

FRET,,, = FRET — (| A x CFP | + [ B X YFP |)

Where FRET is the fluorescent intensity at 524nm from the FRET channel, CFP is the
fluorescent intensity at 475nm from the CFP channel, YFP is the fluorescent intensity at
524nm from the YFP channel, A is the CFP-FRET bleed-through coefficient determined
by imaging CFP only cells, and B is the YFP-FRET bleed-through coefficient determined
by imaging YFP only cells. Corrected FRET was divided by CFP intensity to control

for transfection efficiency (FRET o, /CFP). A total of n=37-61 cells, from 3 independent
experiments, were averaged together for each condition.

Area under the curve (AUC) of FRET .o /CFP traces were calculated with baseline AUC
subtraction.

RNA-sequencing—Total RNA from islets was extracted using the RNeasy Plus Mini

Kit (74134, Qiagen) following manufacturer’s instructions (n=4 for each genotype). RNA
integrity was evaluated using the 2100 Bioanalyzer system (Agilent) and samples with

RIN >7.5 were used. From 1ug of total RNA, poly(A)+ transcripts were enriched using

the NEBNext Poly(A) Magnetic isolation module (E7490; NEB) and libraries prepared
using the KAPA stranded RNA-seq library preparation kit (KR0934; Roche Diagnostics)
and the TruSeq DNA library Prep LT kit (Illumina) according to the manufacturer’s
procedures. Clustering of the equimolar libraries in the flowcell was performed using the
HiSeq PE cluster kit v4 cBot (PE-401-4001; Illumina) and the cBot cluster generation
system (Illumina). Sequencing was performed at the GEnome Québec Innovation Center
using the Illumina HiSeq 2500 system (average of 56 million paired end reads (PE50)

per sample). The quality of the raw reads was assessed with FASTQC v0.11.8. After
examining the quality of the raw reads, no trimming was deemed necessary. The reads were
aligned to the GRCm38 genome with STAR v2.7.6a with more than 87% of reads uniquely
mapped. Raw counts were computed using FeatureCounts v1.6.0 based on Ensembl mouse
reference genome v101. Differential expression was performed using the DESeq2 R package
and 319 differentially expressed genes (DEGs) were obtained using p-adjusted %60.05.
Gene set enrichment and gene network analyses were performed using StringDB (https://
string-db.org/)82 interrogating Biological Process (Gene Ontology), KEGG Pathways and
Annotated Keywords (UniProt). Enrichment was considered significant if the false discovery
rate was <0.05 and only networks of 800 or fewer genes were considered for the analysis.
Previously published transcriptomic analysis of islets from pre-diabetic (5-weeks old
C57BL/6 mice fed a HFD for 8 weeks) or diabetic (8-weeks old £epr?/@ and 7-weeks old
Ire1a™: Ins2-CreFR77*) mouse models,31-33 were downloaded directly from the publications
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or from GEO (https://www.nchi.nlm.nih.gov/geo/). Up-regulated and down-regulated genes
for each model were selected using different p-adjusted values to limit the variability in the
total number of genes included in each list: p < 0.05 for Lepr??@% p < 0.01 for HFD and p
< 0.001 for /rea’: Ins2-CreR7/#, Overlap between the various transcriptomes was next
determined using jvenn (http://jvenn.toulouse.inra.fr/app/example.html).83 The statistical
significance between each pair of comparisons was computed using an online tool (http://
nemates.org/MA/progs/overlap_stats.html).

Identification of carboxylated proteins by LC-MS/MS—L.ivers from 5-day old WT
and Vkorc1™ mice, or INS-1 832/3 cells cultured with VK4, 25mM glucose with or
without 20nM thapsigargin, were homogenized in lysis buffer and carboxylated proteins
immunoprecipitated as described above followed by three washes with 50mM ammonium
bicarbonate. Immunoprecipitated proteins were then digested on-bead with trypsin at 37°C
for 18 hours using 0.25ug of Sequencing grade trypsin (Promega). The samples were then
reduced with 9 mM dithiothreitol at 37°C for 30 minutes and, after cooling for 10 minutes,
alkylated with 17 mM iodoacetamide at room temperature for 20 minutes in the dark. The
supernatants were acidified with trifluoroacetic acid and cleaned from residual detergents
and reagents with MCX cartridges (Waters Oasis MCX 96-well Elution Plate) following
the manufacturer’s instructions. After elution in 10% ammonium hydroxide /90% methanol
(v/v), samples were dried with a Speed-vac, reconstituted under agitation for 15 min in

11 pL of 2%ACN-1%FA and 2.4% of each sample was loaded into a 75 pm i.d. x 150

mm Self-Pack C18 column installed in the Easy-nLC Il system (Proxeon Biosystems). The
buffers used for chromatography were 0.2% formic acid (buffer A) and 90% acetonitrile/
0.2% formic acid (buffer B). Peptides were eluted with a two slopes gradient at a flowrate
of 250 nL/min. Solvent B first increased from 2 to 44% in 100 min and then from 44 to
88% B in 20 min. The HPLC system was coupled to Orbitrap Fusion mass spectrometer
(Thermo Scientific) through a Nanospray Flex lon Source. Nanospray and S-lens voltages
were set to 1.3-1.7 kV and 50 V, respectively. Capillary temperature was set to 225°C. Full
scan MS survey spectra (m/z 360-1560) in profile mode were acquired in the Orbitrap with
a resolution of 120,000 with a target value at 3e5. The 25 most intense peptide ions were
fragmented in the HCD cell and analyzed in the linear ion trap with a target value at 2e4 and
a collision energy at 29. Target ions selected for fragmentation were dynamically excluded
for 30 sec after 2 MS/MS events.

The peak list files were generated with Proteome Discoverer (version 2.3) using the
following parameters: minimum mass set to 500 Da, maximum mass set to 6000 Da, no
grouping of MS/MS spectra, precursor charge set to auto, and minimum number of fragment
ions set to 5. Protein database searching was performed with Mascot 2.6 (Matrix Science)
against the UniProt Mus Musculus protein database. The mass tolerances for precursor

and fragment ions were set to 10 ppm and 0.6 Da, respectively. Trypsin was used as

the enzyme allowing for up to 1 missed cleavage. Cysteine carbamidomethylation was
specified as a fixed modification, and methionine oxidation, glutamic acid carboxylation and
phosphorylation S/T/Y as variable modifications. Data interpretation was performed using
Scaffold (version 4.8) using a peptide threshold of 80%, a protein threshold of 95% and

one peptide minimum. We considered a protein as being carboxylated when the average
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exclusive spectrum count in WT samples was at least double of the Vkorc1™~ samples.

To minimize the potential identification of proteins non-specifically binding the anti-Gla
antibodies or the agarose-beads, we excluded proteins with more than 2 exclusive spectrum
counts in the Vkorc1™~ samples or with a difference of less than 2 between the WT and
VkorcI™~ samples.

Identification of carboxylated residues in ERGP by LC-MS/MS—HEK293 cells
stably expressing mouse ERGP-3XFLAG were cultured in the presence of either VK1
(22uM) or warfarin (10uM) for at least 2 weeks, and carboxylated and uncarboxylated
ERGP-3XFLAG were purified with anti-FLAG agarose beads (A2220; MilliporeSigma).
On-bead proteins were first diluted in 2M Urea/50mM ammonium bicarbonate, and on-
bead chymotrypsin digestion was performed overnight at 37°C. The supernatants were
acidified with trifluoroacetic acid and cleaned from residual detergents and reagents with
MCX cartridges (Waters Oasis MCX 96-well Elution Plate) following the manufacturer’s
instructions. After elution in 10% ammonium hydroxide /90% methanol (v/v), samples were
dried with a Speed-vac, reconstituted under agitation for 15 min in 11 pL of 2%ACN-1%FA
and loaded into a 75 ym i.d. x 150 mm, Self-Pack C18 column, installed in the Easy-nLC Il
system (Proxeon Biosystems). Peptides were loaded on-column and eluted with a two-slope
gradient at a flow rate of 250 nL/min. Solvent B first increased from 1 to 32% in 86 min and
then from 32 to 82% B in 22 min. The HPLC system was coupled to Orbitrap Fusion mass
spectrometer (Thermo Scientific) through a Nanospray Flex lon Source. Nanospray and
S-lens voltages were set to 1.3-1.8 kV and 50 V, respectively. Capillary temperature was set
to 250 °C. Full scan MS survey spectra (m/z 320-1520) in profile mode were acquired in the
Orbitrap with a resolution of 120,000 with a target value at 5e5. The most intense peptide
ions were fragmented by ETD, CID and ETciD and analysed in the linear ion trap with a
target value at 1e4. The peptide ion fragmentation parameters were as follow: a reaction
time of 120 ms, a reagent target of 2.0e5 and a maximum reagent injection time of 200 ms
for ETD, a normalized collision energy of 32% for CID, calibrated charge dependent ETD
parameters and normalized supplemental activation at 18% for ETciD. The duty cycle was
set to 4 seconds and target ions selected for fragmentation were dynamically excluded for 30
sec after 2 MS/MS scan events. Uncarboxylated bacterially produced His-tagged ERGP was
digested in-solution with chymotrypsin in the aforementioned conditions.

The peak list files were generated with Proteome Discoverer (version 2.1 or 2.4) using
the following parameters: minimum mass set to 500 Da, maximum mass set to 6000 Da,
no grouping of MS/MS spectra, precursor charge set to auto, and the minimum number
of fragment ions set to 5. Protein database searching was performed with Mascot 2.6
(Matrix Science) against a user-defined mouse ERGP database. The mass tolerances for
precursor and fragment ions were set to 10 ppm and 0.6 Da, respectively. A semi-specific
search was performed using chymotrypsin as the enzyme allowing for up to 1 missed
cleavage. Methionine oxidation and carboxylation of glutamic acid were specified as
variable modifications. Data interpretation was performed using Scaffold (version 4.8).
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QUANTIFICATION AND STATISTICAL ANALYSIS

All the statistical details of experiments can be found in the figure legends. Statistical
analyses were performed using GraphPad Prism software (version 9.3.1). Results are given
as means + SEM. For single measurement, unpaired, 2-tailed Student’s #test was used.
Grouped analysis was performed using one-way ANOVA, followed by Bonferroni’s multiple
comparisons test. For repeated measurements (metabolic tests), two-way ANOVA followed
by Bonferroni’s post tests were used. Linear correlations were analyzed using Pearson’s
correlation. In all figures, *P< 0.05; **P< 0.01; ***P < 0.001. All experiments were
repeated at least 3 times or performed on at least 3 independent animals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Vitamin K-dependent carboxylation regulates glucose-stimulated insulin
secretion

ERGP is a y-carboxylated protein controlling store-operated calcium entry
ERGP vy-carboxylation reduces STIM1 and Orail puncta formation

Decarboxylated ERGP causes calcium overfilling in p cells and
hyperinsulinemia
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Figure 1. VK-dependent carboxylation machinery is active in islets and p cells
(A) GGCX and VKORCL1 protein in human tissues expressed as normalized intensity-based

absolute quantification (iBAQ; www.proteomicsdb.org).

(B and C) Gene expression analysis by gPCR on sorted B cells (Tom*) and on other
endocrine islet cells (Tom™) (n = 3).

(D) Protein expression in B cells, islets, and livers from /ns1¢e/%,
R0sa26AG-lox-stop-lox-tdTomato mice by western blot.

(E) -y-Carboxylation in INS-1 832/3 cells cultured with vitamin K1 (VK1; 22uM) or vehicle,
analyzed by anti-Gla IP and western blot.

(F) Islets from Ggex': Pax1-Creand Ggex™: Ins1-Cre mice and their respective Ggex'™
littermates, analyzed by western blot.

(G and H) Human islets from non-diabetic cadaveric donors cultured in the presence of VK4
(22 uM), warfarin (50 uM), or vehicle, analyzed by western blot.

(G) Representative western blot experiment with islets from donor R266.

(H) y-Carboxylation quantified using arbitrary densitometry units of Gla signals over -
actin signals. Data from VK- and warfarin-treated samples were normalized over vehicle
treatment (n = 3).

Results represent the mean £ SEM. Unpaired, 2-tailed Student’s t test was used in (B) and
(C). Ordinary one-way ANOVA with Bonferroni’s post tests was used in (H). ***p < 0.001,
**p < 0.01, *p < 0.05. See also Figure S1 and Table S1.
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Figure 2. GGCX is necessary for maintenance of an adequate B cell mass in adult mice
(A and B) Intraperitoneal glucose tolerance test (IPGTT) performed on (A) 16-week-old (n

=16-21) and (B) 24-week-old (n = 15-23) Ggex™: Pax1-Creand Ggex™ male mice.

(C) Insulinemic response to glucose measured in 24-week-old male mice (n = 10).

(D) Insulin tolerance test (ITT) in 24-week-old male mice (n = 9-10).

(E) Histomorphometric analysis on pancreas sections following insulin staining and
hematoxylin counterstaining on 12- and 32-week-old mice (n = 10-11).

(F) Pancreas insulin content from 24- to 28-week-old Ggex': Pax1-Creand Ggex™ male
mice (n = 8).

(G) Western blot analysis on islets from Ggex': Pax1-Cre mice.

(H) TUNEL and insulin co-staining on pancreas sections from 32-week-old mice (n = 2-4).
(1) Representative picture showing TUNEL* insulin* B cells in pancreas sections from
Ggex™: Pax1-Cre mice (indicated by the white arrow).

(J) Static ex vivo glucose-stimulated insulin secretion (GSIS) test on isolated islets from
Pdx1-Creand Ggcx': Pdx1-Cre mice (n = 6).

Results represent the mean £ SEM. Unpaired, 2-tailed Student’s t test was used in (A) and
(B) for fasting glucose and area under the curve (AUC) and in (F). Two-way ANOVA with
Bonferroni’s post tests was used in (A) and (B) for IPGTTs and in (C)—(E) and (J). Ordinary
one-way ANOVA with Bonferroni’s post tests was used in (H). ***p < 0.001, **p < 0.01, *p
< 0.05. See also Figures S2 and S3 and Tables S2 and S3.
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Figure 3. Pancreas or B cell specific deletion of Ggcx compromises insulin secretion in response to
an HFD

(A-L) Ten-week-old male mice of different genotypes were fed with an HFD (60%) or a
control low-fat diet (10%) for 7 days, and metabolic analysis was performed.

(A) Fed blood glucose level for Ggex': Pdx1-Cre and Ggex™ male mice (n = 4-6).

(B and C) For control low-fat-diet-fed Ggex™: Pax1-Cre and Ggex™ mice, the insulinemic
response is represented in (B) absolute value and (C) as Sl (blood insulin concentration at 15
or 30 min over TO). The dashed line represents an Sl of 1 at fasting.

(D-F) For HFD-fed Ggex™: Pdx1-Cre, Ggex'™ and Pax1-Cre mice, the insulinemic response
to glucose is represented in (D) absolute value or (E) as Sl, and (F) fasting insulin levels are
shown (n = 8-21).

(G-L) Metabolic analysis of Ggex™: Ins1-Creand Ins1-Cre mice following 7 days of HFD
feeding: (G) fed blood glucose, (H and I) insulinemic response to glucose, (J) fasting blood
glucose, (K) HOMA-IR, and (L) ITT (n = 10-13).

(M-0) Correlation in 15 human islet donor samples between (M) Ggcx and Vkorcl gene
expression levels and between (N) Ggex or (O) Vkorel and each sample’s Sl (insulin
secretion at 10 mM over 1 mM glucose).

Black circles represent non-diabetic male donors, red circles diabetic male donors, black
triangles non-diabetic female donors, and red triangles diabetic female donors. Results
represent the mean £ SEM. Two-way ANOVA with Bonferroni’s post tests was used in
(A)—(E), (H)—(1), and (L). Ordinary one-way ANOVA with Bonferroni’s post tests was used
in (F). Unpaired, 2-tailed Student’s t test was used in (G), (J), and (K). Pearson’s correlation
was used in (M)—(0). **p < 0.01, *p < 0.05. See also Figure S4.
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Figure 4. y-Carboxylation protects p cells from ER stress-induced cell death and is regulated by
glucose

(A and B) INS-1 832/3 cells were cultured with VK4 (22 pM) or vehicle for 48 h before
being cultured for 24 h in medium containing 25 mM glucose and thapsigargin.

(A) Cellular fitness was analyzed by western blot using cleaved caspase-3 and p(Ser139)-
histone H2A.X antibodies. Quantification was performed using arbitrary densitometry units
of cleaved caspase-3 and p(Ser139)-histone H2A.X signals obtained in samples treated with
20 nM thapsigargin over b-actin signals.

(B) GGCX vy-carboxylation assessed by anti-Gla IP followed by Western blot using anti-
GGCX antibodies. Quantification was performed using arbitrary densitometry units of
GGCX and Gla-GGCX signals over b-actin signals.

(C and D) Islets from C57BL/6J mice were cultured in medium containing either 5 or 15
mM glucose, and expression was analyzed by (C) qPCR (n = 3—-4) and (D) western blot.
(E) INS-1 832/3 cells were cultured in medium containing 2.5 or 25 mM glucose in the
presence of VK1 (22 pM) or vehicle, and GGCX +y-carboxylation was assessed by anti-Gla
IP followed by western blot.

(F and G) Two-months old Wistar rats were infused during 3 days with saline or glucose.
(F) Average blood glucose level for each mouse.

(G) Gene expression analyzed by gPCR (n = 3-4).

(H and 1) Human islets from non-diabetic cadaveric donors were cultured in the presence of
VK1 (22 pM) in medium containing either 5 or 15 mM glucose for 3 days.
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(H) Representative western blot experiment with islets from donor R288.

(1) y-Carboxylation was quantified using arbitrary densitometry units of Gla signals over
b-actin signals.

Data from 15 mM glucose-treated samples were normalized over 5 mM glucose treatment (n
= 3). Results represent the mean £ SEM. Unpaired, 2-tailed Student’s t test was used in (C),
(F), (G), and (I). ***p < 0.001, **p < 0.01, *p < 0.05. See also Figure S5 and Table S1.
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Figure 5. ERGP is a y-carboxylated protein expressed in B cells
(A) ASPH and ERGP ~y-carboxylation in Vkorc1*/~; APOE-Vkorc1l1, and Vkorcl™~;

APOE-Vkorc1l/1 mouse islets, assessed by IP with anti-Gla antibody followed by western
blot.

(B) Expression and -y-carboxylation, quantified using arbitrary densitometry units of ASPH
and ERGP signals.

(C) ASPH, ERGP, and GGCX +y-carboxylation in Ggex™; Ins1-Cre and Ins1-Cre mouse
islets, assessed by IP with anti-Gla antibody followed by western blot.

(D) Immunofluorescence on pancreas sections from WT mice using anti-A/E-GRD and
anti-insulin antibodies. Competition with recombinant 6xHis-A/E-GRD protein was used to
demonstrate specificity of the antibody.

(E) Schematic of the constructs used in (F) and (G).

(F and G) HEK293 cells transfected with the indicated constructs were cultured with VK1
(22 pM) or warfarin (50 pM) as specified. FLAG-tagged proteins were immunoprecipitated,
followed by western blotting with anti-Gla or anti-FLAG antibodies.
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(H) Schematic of ERGP, indicating the total number of y-carboxylated spectrum counts
detected by L-MS/MS.

(1) Representative LC-MS/MS spectrum showing a y-carboxylated residue in the peptide
ranging from residues 289-316 in purified ERGP-3xFLAG expressed in HEK293 cells
grown in the presence of VKj.

(J) ERGP-3xFLAG purified from HEK293 cells cultured with VK (-y-carboxylated) or
warfarin (uncarboxylated) was stained with Coomassie, and y-carboxylation was monitored
by western blot using anti-Gla antibodies.

(K) Membrane-immobilized -y-carboxylated and non-carboxylated ERGP-3xFLAG was
incubated with 4°Ca2*, and radioactivity was detected using a storage Phosphorlmager
screen.

(L) Ca?* binding quantified using arbitrary densitometry units (n = 3).

Results represent the mean £ SEM. Two-way ANOVA with Bonferroni’s post tests was used
in (L). ***p < 0.001. See also Figure S6 and Tables S4, S5, and S6.
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Figure 6. ERGP <y-carboxylation regulates Ca?* flux by modulating STIM1/Orail interaction
(A) Representation of the strategy used to measure and quantify store-operated Ca2* entry

(SOCE) by live-cell imaging.

(B) Ca2* imaging traces are represented as the ratio between Fluo-4 and Fura Red emission
intensity (Fgog/Fgg0) for each condition (n = 9-11 experimental replicates per condition).
(C and D) Quantification of (C) depleted ER Ca2*; (D) SOCE peak are represented as AF1
and AF2 respectively, as described in (A).

(E) Baseline cytosolic Ca?* defined as the average Fsqg/Fggp ratio during the first 100 s of
recording.

(F-H) Measurements of ER Ca2" levels in ASPH/~ HEK?293 cells transfected with the
DAER ratiometric Ca2* probe (n = 11-14 experimental replicates per condition).

(F) Representative experiment showing D4ER Ca2* imaging traces expressed as a ratio
between the citrine FRET emission and CFP emission (Fgp4/F475) for each condition. Data
are normalized to the mean of the first recorded 100 s of the vehicle condition and are
represented as percentage of vehicle.

(G) Baseline ER Ca2* defined as the average Fsoa/F475 ratio during the 600 s of recording
before thapsigargin addition. Data are represented as percentage of vehicle.

(H) ER Ca?* efflux following thapsigargin, corresponding to the average Fso/F475 ratio
recorded during the last 100 s of the thapsigargin treatment, expressed as a percentage of the
average of the Fgoa/F475 ratio recorded at baseline.
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(1) Representative confocal immunofluorescence images of ASPH/"HEK293 cells
transfected as in (B) and treated with 1 uM thapsigargin or vehicle for 15 min.

(J) Quantification of co-localized STIM1-myc and Orail-HA puncta from the experiment in
(1) (n = 27-34 cells per condition).

(K) Quantification of CFP and YFP co-expressing puncta in ASPH/HEK?293 cells
transfected with STIM1-CFP and YFP-Orail plasmids (n = 37-61 cells per condition).
(L-N) STIM1-CFP and YFP-Orail SOCE complex formation measured by FRET. STIM1-
CFP/YFP-Orail complex formation was triggered by addition of 3 mM EGTA and 1 uM
thapsigargin 120 s after starting recording (n = 37-61 cells per condition).

(L) FRET signal traces averaged from individual cells, represented as corrected FRET
intensity over CFP intensity (FRET .o /CFP).

(M) Area under the curve (AUC) of FRET,,/CFP traces in (L) from baseline to
thapsigargin FRET signal from individual cells for each condition.

(N) Average change in FRET ;o /CFP from baseline (average T0-50s) to peak after
thapsigargin and Ca%* depletion (average T300-1000s).

Results represent the mean + SEM. Ordinary one-way ANOVA with Bonferroni’s post tests
was used in (C)-(E), (G), (H), (J), (M), and (N). Two-way ANOVA with Bonferroni’s post
tests was used in (K). ***p < 0.001, **p < 0.01, *p < 0.05. In (K), * represents comparison
between ERGP+VK; and every other condition, # represents comparison between vehicle
and ERGP, and $ represents comparison between vehicle and VK. See also Figure S7.
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Figure 7. Increased SOCE and basal cytosolic Ca%*
fasting hyperinsulinemia

(A) SOCE measured by live-cell Ca2* imaging in semi-dispersed islets from Ggex'™: Ins1-
Creand /nsI-Cremice at 5 mM glucose (n = 7 experimental replicates per condition).

(B and C) Quantification of (B) baseline cytosolic Ca2* level, defined as the average Fsgg/
Feeo ratio during the first 100 s of recording, and (C) SOCE peak (AF).

(D) Cytosolic Ca?* level measured at 5 and 15 mM glucose (n = 8 experimental replicates
per condition).

(E) Baseline cytosolic Ca?* level during the first 50 s of recording and (F) glucose-
stimulated Ca2* peak (AF) quantification.

(G) Quantification of Ca2* imaging experiments of semi-dispersed islets from Ggex™: Ins1-
Creand /nsI-Cre mice at 11 mM glucose. Data are represented as the AUC of the Fluo-4
and Fura Red ratio before and after verapamil addition (n = 4).

(H) Fasting serum insulin level measured in Ggex™: Ins1-Creand /nsi-Cre mice fed an HFD
before and after verapamil treatment (n = 5-19).

(1) Proposed model for the role of -y-carboxylation in p cells (created with BioRender).
Results represent the mean £ SEM. Unpaired, 2-tailed Student’s t test was used in (B), (C),
(E), and (F). Two-way ANOVA with Bonferroni’s post tests was used in (G) and (H). ***p <
0.001, **p < 0.01, *p < 0.05. See also Figure S7.

in Ggcex-deficient B cells cause impaired
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse anti-B-Actin MilliporeSigma Cat# A1978; RRID:AB_476692
rabbit anti-A/E-GRD This paper NA

rabbit anti-cleaved Caspase-3
rabbit anti-FLAG
mouse anti-FLAG
rabbit anti-GAPDH
rabbit anti-GFP

rabbit anti-GGCX
rabbit anti-Gla

rabbit anti-GRP78/BIP
rabbit anti-HA

rabbit anti-insulin

goat anti-insulin
mouse anti-Myc

rabbit anti-phospho(S724)-IRE1

rabbit anti-phospho(Ser139)-Histone H2A.X

rabbit anti-STIM1
rabbit anti-VKORC1

Alexa-Fluor 488-conjugated donkey anti-rabbit

Alexa-Fluor 594- conjugated donkey anti-goat

Cell Signaling Technology
Cell Signaling Technology
MilliporeSigma

Cell Signaling Technology
ProteinTech

ProteinTech

Lacombe et al.%6
ProteinTech

Cell Signaling Technology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Cell Signaling Technology
Abcam

Cell Signaling Technology
Cell Signaling Technology
Ferron et al.13

Jackson Immunoresearch
Laboratories

Jackson Immunoresearch
Laboratories

Cat# 9661; RRID:AB_2341188

Cat# 14793; RRID:AB_2572291

Cat# F1804; RRID:AB_262044

Cat# 5174, RRID:AB_10622025

Cat# 50430-2-AP; RRID:AB_11042881
Cat# 16209-1-AP; RRID:AB_2110874
NA

Cat# 11587-1-AP; RRID:AB_2119855
Cat# 3724, RRID:AB_1549585

Cat # sc-9168; RRID:AB_2126540
Cat# sc-7839; RRID:AB_2296108
Cat# 2276; RRID:AB_331783

Cat# ab124945; RRID:AB_11001365
Cat# 9718; RRID:AB_2118009

Cat# 5668 RRID:AB_10828699

NA

Cat# 711-545-152; RRID:AB_2313584

Cat# 705-585-147; RRID:AB_2340433

Biological samples

Human cadaveric islets

IsletCore at the Alberta
Diabetes Institute

http://www.bcell.org/adi-isletcore.html;
RRID: SCR_014387

Human cadaveric islets Integrated Islet Distribution iidp.coh.org
Program
Chemicals, peptides, and recombinant proteins
45CaCl, Perkin Elmer NEZ013001MC
Diazoxide MilliporeSigma D9035
DNasel Invitrogen 18068015
Fluo-4 AM Invitrogen F14201
Fura Red AM Invitrogen F3021
Liberase TL Roche Applied Science 5401020001
M-MLYV reverse transcriptase Invitrogen 28025013
NEBuilder HiFi DNA Assembly Master Mix New England Biolabs E2621
PowerUp SYBR Green Master Mix Applied Biosystems A25741
Q5 High-Fidelity DNA polymerase New England Biolabs M0491
Recombinant Streptococcus pyogenes Cas9 protein Synthego SpCas9
Thapsigargin Tocris 1138/1
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REAGENT or RESOURCE SOURCE IDENTIFIER

Verapamil Hydrochloride MilliporeSigma V4629

Vitamin Ky MilliporeSigma V3501

Warfarin Santa Cruz Biotechnology SC-204941

Critical commercial assays

Click-iT Plus TUNEL Assay kit Invitrogen C10617

Mouse Insulin ELISA Mercodia 10-1247-01

NovaRED Substrate Kit Vector Laboratories SK-4800

Vectastain Elite ABC-peroxidase kit Vector Laboratories PK-6101

Deposited data

RNA sequencing (Ggex™; Pdx1-Creislets) This paper GEO: GSE199319

Identification of vitamin K-dependent proteins in mouse liver  This paper ProteomeXchange: PXD032920 and
by LC-MS/MS 10.6019/PXD032920

Identification of gamma-carboxyglutamic acid residues in This paper ProteomeXchange: PXD032955 and
mouse ERGP by LC-MS/MS 10.6019/PXD032955

Experimental models: Cell lines

HEK 293 ATCC CRL-1573; RRID:CVCL_0045
ASPH”~HEK 293 This paper NA

Rat insulinoma cell line INS-1 832/3 MilliporeSigma SCC208; RRID:CVCL_ZL55

Experimental models: Organisms/strains

Mouse: C57BL/6J

Mouse: /ns1-Cre: B6(Cq)-Ins1tmi-1(cre)Thory

Mouse: Pax1-Cre. B6.FVB- Tg(Pax1-cre)’TINci

Mouse: B6.Cg- GI{(ROSA)26SormI4(CAG-tdTomato)Hze| )
Mouse: APOE-Vkorcll1: B6.129- Tg(ApoE-Vkorc1l1)7Maf
Mouse: Ggex'™ B6.129-GgeximL1Ky

Mouse: Vkorc1™~: B6.129- Vkorc1imt-2Ky

Mouse: Vkorcl™. B6.129- Vkorc1™m- 1Ky

Mouse: Vkorc1/1™: B6.129- Vkorc1/1m1-1Ky

Rat: Wistar IGS (outbred) rats

The Jackson Laboratory
The Jackson Laboratory
National Cancer Institute
The Jackson Laboratory
Lacombe et al.26

Ferron et al.13

Ferron et al.13

Ferron et al.13

Ferron et al.1®

Charles River Canada

RRID:IMSR_JAX:000664
RRID:IMSR JAX:026801
RRID:IMSR_NCIMR:01XL5
RRID:IMSR JAX:007914
NA

NA

NA

NA

NA

Strain code: 003

Oligonucleotides

Primers for gene expression, cloning and genotyping, see
Table S7

sgRNA sequence: ASPH knockout:
GGACATCTGTAGCTGTCGTT

This paper

Thermo Fisher

NA

CRISPR671774_SGM

Recombinant DNA

pCMV14-ASPH-XFLAG
pCMV14-ASPHA119-308-3XFLAG
pCMV14-ASPHA1-49-3XFLAG
pCMV14-ASPHA95-118-3XFLAG
pCMV14-ERGP-3XFLAG
pCMV14-ERGPA119-166-3XFLAG
pCMV14-ERGPA167-200-3XFLAG
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REAGENT or RESOURCE SOURCE IDENTIFIER
pCMV14-ERGPA201-254-3XFLAG This paper NA
pCMV14-ERGPA255-310-3XFLAG This paper NA
pCMV14-ERGP-E119-166D-3XFLAG This paper NA
pCMV14-ERGP-E119-310D-3XFLAG This paper NA
pCMV14-ERGP-E255-310D-3XFLAG This paper NA
pCMV14-ERGP-N+C term-3XFLAG This paper NA
pPENTR223.1-ASPH Transomic Technologies Clone ID: BC166658
pET14b-6XHIS-ERGP-85-310 This paper NA

pGEX-GST-GRD This paper NA

pcDNA3-D4ER Greotti et al.%0 NA

pcDNA3.1-GGCX This paper NA

pcDNA3.1-Orail HA This paper NA
pcDNA3.1-Orail-YFP This paper NA
pcDNA3.1-STIM1-CFP This paper NA
pcDNA3.1-STIM1-Myc Oh-Hora et al.”” RRID:Addgene_17732
pcDNA3.1-VKORC1 This paper NA

Software and algorithms

Affinity Designer v1.10.6 Serif https://affinity.serif.com/fr/designer/

BioRender

Fiji

GraphPad Prism software v9.3.1
Image Lab software v5.0

Inference of CRISPR Edits (ICE) Analysis tool
jvenn

Mascot 2.6

OsteoMeasure Analysis System

Proteome Discoverer

Scaffold v4.8

Statistical significance of the overlap between two groups of

genes

StringDB v11.5

BioRender.com
Schindelin et al.”
Graphpad

Bio-Rad Laboratories

Synthego
Barbou et al.8

Matrix Science

Osteometrics

Thermo Fisher

Proteome Software

NA

Szklarczyk et al 82

https://www.biorender.com/
https://imagej.net/software/fiji/
https://www.graphpad.com

https://www.bio-rad.com/en-ca/product/
image-lab-software

https://ice.synthego.com/
http://jvenn.toulouse.inra.fr/app/index.html

https://www.matrixscience.com/
mascot_support_v2_6.html

https://www.osteometrics.com/

https://www.thermofisher.com/ca/en/home/
industrial/mass-spectrometry/liquid-
chromatography-mass-spectrometry-lc-
ms/lc-ms-software/multi-omics-data-
analysis/proteome-discoverer-
software.html

https://www.proteomesoftware.com/

http://nemates.org/MA/progs/
overlap_stats.html

https://string-db.org/

Volocity v6.0 Perkin Elmer https://resources.perkinelmer.com/
lab-solutions/resources/docs/
bro_volocitybrochure_perkinelmer.pdf

Zen Blue Software Zeiss https://www.zeiss.com/microscopy/en/
products/software/zeiss-zen.html

Other

anti-FLAG agarose beads MilliporeSigma A2220

Histopaque-1077 MilliporeSigma 10771
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REAGENT or RESOURCE SOURCE IDENTIFIER
Lipofectamine 2000 Transfection Reagent Invitrogen 11668019
Lipofectamine CRISPRMAX Cas9 Transfection Reagent Invitrogen CMAX00001
Teklad purified control diet (10% kcal from fat) Envigo TD.08806
Teklad adjusted calories diet (60% kcal from fat) Envigo TD.06414
Teklad global 18% protein rodent diet Envigo 2918
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