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Tmem30a is essential for normal
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The processing, maturation, and secretion of insulin are under
precise regulation, and dysregulation causes profound defects
in glucose handling, leading to diabetes. Tmem30a is the b sub-
unit of the phosphatidylserine (PS) flippase, which maintains
the membrane asymmetric distribution of PS. Tmem30a regu-
lates cell survival and the localization of subcellular structures
and is thus critical to the normal function of multiple physio-
logical systems. Here, we show that conditional knockout of
Tmem30a specifically in pancreatic islet b cells leads to obesity,
hyperglycemia, glucose intolerance, hyperinsulinemia, and in-
sulin resistance in mice, due to insufficient insulin release.
Moreover, we reveal that Tmem30a plays an essential role in
clathrin-mediated vesicle transport between the trans Golgi
network (TGN) and the plasma membrane (PM), which com-
prises immature secretory granule (ISG) budding at the TGN.
We also find that Tmem30a deficiency impairs clathrin-medi-
ated vesicle budding and thus blocks both insulin maturation
in ISGs and the transport of glucose-sensing Glut2 to the
PM. Collectively, these disruptions compromise both insulin
secretion and glucose sensitivity, thus contributing to impair-
ments in glucose-stimulated insulin secretion. Taken together,
our data demonstrate an important role of Tmem30a in insulin
maturation and glucose metabolic homeostasis and suggest the
importance of membrane phospholipid distribution in meta-
bolic disorders.

INTRODUCTION
Type 2 diabetes mellitus (T2DM) is a metabolic disorder character-
ized by both impaired insulin production and peripheral insulin resis-
tance1–3 and is increasing in prevalence in many regions. b cells in the
pancreas islets regulate synthesis and secretion of insulin in response
to elevated blood glucose concentration, initially in the form of pre-
proinsulin, which is encoded by Ins genes (in mice, by Ins1 and
Ins2). Newly synthesized preproinsulin is localized to the endo-
plasmic reticulum (ER) membrane and, after translocation across
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the ER membrane, is processed to proinsulin. Proinsulin then un-
dergoes oxidative folding and is transported from the ER to the Golgi
complex. Properly folded proinsulin is then packaged and sorted in
the trans Golgi network (TGN) into immature secretory granules
(ISGs).4 After budding from the TGN, ISGs undergo multiple matu-
ration steps to form mature secretory granules. During this matura-
tion process, the cleavage of proinsulin results in the formation of
c-peptide and mature insulin. The mature-insulin-containing dense
core vesicles (DCVs) then accumulate at a cytoplasmic reserve
pool.5 Upon stimulation with high glucose, a series of events were
activated, including glucose uptake by Glut2 initially in b cells, eleva-
tion of the ATP/ADP ratio by mitochondrial metabolism, closure of
ATP-sensitive K+ channels, and Ca2+ influx through voltage-gated
Ca2+ channels following plasma membrane (PM) depolarization,
which triggers the Ca2+-dependent exocytosis of insulin granules.6

Rapid insulin release promotes glucose uptake by peripheral tissues
to maintain glucose homeostasis.

The asymmetric distribution of phospholipids across cellular mem-
branes is essential for many cellular processes, including vesicle
trafficking that regulates insulin processing and secretion.7,8 Phos-
pholipid asymmetry in the PM and intracellular membranes is estab-
lished by phospholipid flippases, which belong to the P4-ATPase
family, using energy from ATP hydrolysis. Flippase-mediated mem-
brane phospholipid asymmetry is critical to vesicle-mediated protein
transport in the Golgi complex and endosomal systems.9,10 As such,
when flippases malfunction, cellular secretionmay in turn be affected.
thor(s).
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Tmem30a cKO mice are obese and glucose intolerant

(A) Immunofluorescence labeling of pancreatic cryosections from Tmem30aloxP/loxP (Ctrl) and Tmem30aloxP/loxP; Ins2-Cre (cKO) mice at P30 for TMEM30A (red), insulin (b

cells, green), and DAPI (blue). Scale bar: 50 mm. (B) Expression of TMEM30A protein in the pancreatic islets of cKOmice, as shown by western blot (left) of total lysates of the

isolated islets from control and cKOmice and by statistical data (right) (n = 12 from 3mice). (C) Gross appearance of control and cKOmice (left image) and quantification of the

body weight of each genotype over time (chart at right; n = 6). Scale bar: 2 cm. (D) Micro-CT scanning images of visceral (VAT, green) and subcutaneous (SAT, yellow) fat

(8 mm above the top of the iliac bone) in 12-month-old control and cKOmice (n = 5). (E) H&E staining of SAT of 5-month-old control and cKOmice (n = 9 for control and n = 15

for cKO). Scale bar: 50 mm. (F) Energy intake of control and cKOmice. Mice were singly housed and food intake was measured. The food intake was conducted at 3 months

(legend continued on next page)
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Most P4-ATPases require a noncatalytic b subunit to form a func-
tional phospholipid flippase complex in the membrane.11–15 Trans-
membrane protein 30 (TMEM30) (also known as CDC50) binds to
the P4-ATPases to form a heterodimer, and mammals express three
members of the TMEM30 family—namely, TMEM30A, TMEM30B,
and TMEM30C—all of which are N-glycosylated proteins with two
transmembrane segments.15 Tmem30a is the most abundantly ex-
pressed Tmem30 protein and interacts with 11 of 14 P4-ATPases,
thus exerting essential roles in maintaining flippase activity across a
multitude of tissues, including neural tissue, the retina, liver, and he-
matopoietic cells.11,13–16 Moreover, emerging studies using mouse
models have indicated that Tmem30a deficiency leads to multiple dis-
ease phenotypes in various tissues, including retina, liver, and cere-
bellum.17–22 These studies highlight the fundamental roles of
Tmem30a in maintaining the normal physiology of various tissues,
which function via vesicle-mediated protein transport. However,
the role of Tmem30a in the endocrine system, another system with
high secretory activity, remains elusive.

To date, several P4-ATPases have been associated with diabetes-
related disease. Specifically, mutations in the P4-ATPase Atp10a
lead to glucose intolerance, insulin resistance, obesity, and fatty liver
disease, due to a resulting defect in Glut4 vesicle biogenesis and mem-
brane-directed trafficking.23–25 Similarly, Atp10d has been implicated
in obesity and high-fat-diet-induced insulin resistance in mice.26

Moreover, a previous study found that ATP8B1, ATP8B2, and
ATP9A, as well as TMEM30A, are abundantly expressed in human
and rat pancreatic b cells.27 In humans, the genomic region encom-
passing ATP10A was identified as a risk locus in a genome-wide asso-
ciation study (GWAS) of insulin resistance in an African American
cohort.28 Moreover, the CpG methylation state of ATP10A has
been associated with diet-induced weight loss.29 However, Tmem30a
has not been reported to be clinically relevant in any diabetic models
or in human diabetes, and its roles in diabetes-related disease remain
elusive. Given the essential roles of the flippase complex in vesicle-
mediated protein transport, TMEM30A likely plays essential roles
in secretion activity of pancreatic b cells, and its in vivo function in
b cells warrants further investigation.

To investigate the role of Tmem30a in pancreatic b cells, we set out to
generate a b cell-specific knockout mouse model of Tmem30a. Here,
we demonstrate that conditional knockout (cKO) of Tmem30a in
mouse pancreatic b cells leads to diabetes-like symptoms character-
ized by impaired insulin secretion, glucose intolerance, insulin resis-
tance, and obesity. This phenotype is most likely due to both impaired
budding of insulin secretory granules from the TGN and reduced
transport of glucose transporter 2 (Glut2) to the membrane in b cells,
suggesting critical roles of Tmem30a in maintaining insulin secretion
as well as glucose sensing. Mechanistically, we find that TMEM30A is
old and expressed in kcal per day per mouse (n = 9 for control mice and n = 10 for cKO

Evaluation of glucose tolerance by IPGTT in 3-month-old control and cKO mice (n = 6).

from control and cKO mice over time (n = 8). Tmem30aloxP/loxP mice were used as contr

Whitney U test was used for (D). *p < 0.05; **p < 0.01; ***p < 0.001. #, not significant.
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essential for clathrin-mediated vesicle transport between the TGN
and PM, as it regulates the activity of phospholipid flippases, which
mediate the rapid phospholipid flipping required for membrane cur-
vature during vesicle secretion. Collectively, our studies using both a
genetics knockout mouse model and pancreatic b cell lines demon-
strate that Tmem30a is a crucial regulator of insulin secretion in
pancreatic b cells. In addition, our results demonstrate the impor-
tance of the phospholipid composition of the membrane for normal
b cell function, blood glucose control, and metabolic homeostasis.

RESULTS
Generation of a pancreatic b cell-specific knockout model of

Tmem30a

The b subunit of the flippase complex TMEM30A plays essential roles
in protein trafficking and is likely important for secretory activity in
pancreatic b cells. To corroborate a previous study in which
Tmem30a expression was shown in human and rat pancreatic islets,27

we began by examining the expression of Tmem30a in mouse pancre-
atic islets. Frozen sections of mouse pancreas were double-immuno-
stained with a specific antibody against TMEM30A17–19,21,22 and an
insulin antibody to mark b cells. Confocal imaging confirmed that
TMEM30A is expressed in pancreatic islets, including in insulin-
marked b cells (Figure 1A), implying an association between
Tmem30a expression and insulin synthesis and/or secretion.

To investigate the potential functional roles ofTmem30a in pancreatic
b cells, we first generated mice with b cell-specific Tmem30a ablation
by first crossingTmem30a exon 3 floxedmice (Tmem30aloxP/loxP) with
Ins2-Cre mice, in which Cre is targeted to the Ins2 locus, and thus Cre
expression is under the control of the endogenous b cell Ins2 pro-
moter.30 Their progeny were next intercrossed to yield littermates
Tmem30aloxP/loxP; Ins2-Cre (Tmem30a cKO) and Tmem30aloxP/loxP

(used as control) (Figure S1A). In addition, the reporter line
ROSA26-tdTomato was used to monitor Ins2-Cre expression in b

cells. To this end, cKO mice were mated with ROSA26-tdTomato re-
porter mice to generate Tmem30aloxP/loxP; Ins2-Cre; ROSA mice, in
which the Cre enzyme removes the STOP element and results in the
expression of tdTomato (red fluorescence) in b cells (Figure S1B).

The pancreases of Tmem30aloxP/loxP; Ins2-Cre; ROSA mice were har-
vested, and we next labeled the tdTomato-expressing cells using insu-
lin and glucagon antibodies to mark b cells and a cells, respectively.
tdTomato-expression was restricted to insulin-positive b cells and ab-
sent in glucagon-labeled a cells, indicating the specificity of Ins2-Cre
expression (Figure S1C). We confirmed this result by coimmunos-
taining pancreatic sections from Tmem30a cKO and control mice
with antibodies for TMEM30A and insulin. Although still expressed
in other islet cells, TMEM30A did not extensively co-stain with insu-
lin, implying the specific deletion of Tmem30a in b cells of Tmem30a
mice). (G) Fasting blood glucose levels of control and cKO mice with age (n = 6). (H)

(I) Blood glucose (area under the curve, AUC) calculated from IPGTT data obtained

ols in all panels. Student’s t test was used for (B), (C), (E), (F), and (G)–(I), and Mann-

Data are presented as the means ± SEM.
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cKO mice (Figure 1A). Western blotting analysis of isolated pancreas
islets further verified the depletion efficiency. The TMEM30A protein
level in the Tmem30a cKO islets was reduced to 37% of that of control
littermates (Figure 1B). Considering that b cells constitute 70% of the
cellular composition of pancreatic islets in mice,31 and that Tmem30a
expression is not restricted to b cells, the efficiency of deletion of
Tmem30a from b cells was fairly robust.

Tmem30a cKO mice fed on regular chow diet exhibited obesity

and developed hepatic injury

Tmem30a cKO mice were born at Mendelian ratios. As meta-
bolism is influenced by sex hormones in female mice, phenotypic
analysis was first performed using the male littermates. Adult
Tmem30a cKO mice were fertile, and no difference from controls
(Tmem30aloxP/loxP) was observed in their birth rate. However,
3 months after birth, Tmem30a cKO mice exhibited rapid increases
in body weight on a normal chow diet that surpassed those of con-
trol mice (Tmem30aloxP/loxP) (Figure 1C). Computed tomographic
(CT) analysis of aged mice revealed that the volumes of both sub-
cutaneous and visceral fat depots were significantly increased in
cKO mice compared to controls (Figure 1D). Moreover, hematox-
ylin and eosin (H&E) staining of white adipose tissue (WAT)
sections from obese cKO mice showed increased adipocyte size
relative to controls (Tmem30aloxP/loxP) (Figure 1E). Additionally,
no obvious difference in daily caloric intake was observed for 2-
month-old control (18.39 ± 0.48 kcal/day) and cKO mice
(21.59 ± 0.62 kcal/day) (Figure 1F). To reveal the underlying
mechanisms of weight gain of cKO mice, 5-month-old control
and cKO mice on normal chow were subjected to a multi-day
metabolic cage study. Whole-body rates of both oxygen consump-
tion (VO2) and carbon dioxide production (VCO2) were declined
in cKO mice compared to control at day period, indicating a
decreased rate of metabolism (Figures S2A and S2B). However,
there was no difference in the respiratory exchange ratio (RER)
or heat production (Figure S2C), demonstrating similar substrate
preferences and normal circadian shifts between glucose and fatty
acid oxidation. Importantly, the cKO mice showed less total dis-
tance traveled (DIST) during the test period compared to control
mice (Figure S2D), indicating decreased physical activity. These re-
sults suggest that the elevated body weight of the cKO mice should
be due to a change in decreased rate of metabolism and physical
activity.

Since obesity usually induces liver injury in human and animal
models,32–34 we next examined the liver of aged Tmem30a cKO
mice. Surprisingly, the 8-month-old cKO mice had presented severe
hepatic steatosis, detected morphologically and microscopically (Fig-
ure S3A). H&E staining showed obvious lipid accumulation in the he-
patocytes of cKO mice (Figure S3A, arrows). At 18 months of age,
27.6% of Tmem30a cKO mice developed hepatic cirrhosis (Figures
S3B and S3D). Masson staining confirmed liver injury and elevated
collagen deposition, indicating hepatic fibrosis in Tmem30a cKO
mice compared with control (Tmem30aloxP/loxP) (Figure S3B). Ulti-
mately, hepatic cirrhosis progressed to hepatocellular carcinoma
(HCC) in �17.8% of cKO mice at 22 months of age (Figures S3C
and S3D). These results indicated the obesity-induced hepatic patho-
logical changes in Tmem30a cKO mice. Importantly, the cKO mice
spontaneously developed these liver lesions even on a normal diet,
which should derive from disordered glucose/lipid metabolism.

To further investigate the expression level changes of Tmem30a in
other tissues (especially in liver,WAT, andmuscle) of cKOmice, total
RNA of multiple tissues from control and cKO mice was extracted
and subjected to quantitative PCR (qPCR) analysis, which indicated
that the expression level of Tmem30a in other tissues was unchanged
when Tmem30a was deleted in b cells (Figure S4).

Glucose intolerance, islet hyperplasia, and insulin resistance in

cKO mice

We next examined the effect of b cell-specific Tmem30a deficiency on
glycemic control. We observed steady increase in fasting blood
glucose with age in cKO mice, whereas glucose levels in control
mice were stable over time (Figure 1G). During the intraperitoneal
glucose tolerance test (IPGTT), 3-month-old cKOmice exhibited sig-
nificant glucose intolerance, which worsened with age (Figures 1H
and 1I). H&E staining of pancreatic sections from 8-month-old
mice manifested that the cKO mice had dramatically larger islets
than control mice (Figures S5A and S5B), which has occurred at a
young age (Figures S5C and S6). Indeed, using H&E staining, islet hy-
perplasia was first detected at 6 weeks of age, accompanied by hyper-
glycemia and impaired glucose-stimulated insulin secretion (GSIS)
response (Figures S7A–S7E).

We then performed immunostaining with antibodies against insulin
(b cells) and glucagon (a cells) to analyze changes in islet cellular
composition in 5- and 10-month-old mice. An increase in b cell
mass was observed in Tmem30a cKO mice at both time points, as
well as a scattered and disorganized distribution of a cells within
the cKO islet (Figure S5D). Compared to that of controls, though,
the proportion of glucagon-positive a cells in the total number of cells
(nuclei) in islets was unaltered (Figure S5F) in cKOmice at both ages.
And no significant difference was found in the mRNA or serum levels
(after 6 h of fasting) of glucagon between control (Tmem30aloxP/loxP)
and cKO isolated islets (Figures S8A and S8B). However, the intensity
of insulin staining fluorescence was markedly decreased in hyper-
plastic Tmem30a cKO islets, indicating reduced insulin content in
these mutant b cells (Figures S5D and S5E).

Next, GSIS assays revealed that both fasting basal levels of serum in-
sulin and glucose-stimulated insulin release were significantly
elevated in 8-month-old Tmem30a cKO mice relative to control
mice (Tmem30aloxP/loxP) (Figure S5G), which may result from the
excessive proliferation of b cells. Moreover, the intraperitoneal insulin
tolerance test (IPITT) suggested that the insulin sensitivity of cKO
mice was impaired relative to controls, as they showed higher blood
glucose concentrations at 15 min after insulin injection and pro-
longed hyperglycemia over time (Figure S5H), suggesting insulin
resistance.
Molecular Therapy Vol. 29 No 9 September 2021 2857
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Figure 2. One-month-old Tmem30a cKO mice are hyperglycemic and have reduced levels of insulin expression

(A) Fasting (4-h fast) and fed blood glucose levels in 1-month-old chow-fed male control and cKO mice. Each point represents a glucose measurement from an individual

animal (n = 6 for all groups). (B) HbA1c concentrations in 1-month-old control and cKOmice. Each point represents a HbA1c measurement from an individual animal. (n = 6).

(C) Serum insulin levels in 1-month-old control (n = 6) and cKO (n = 8) mice during IPGTT. (D) Serum blood glucose levels in 1-month-old control (n = 6) and cKO (n = 8) mice

during IPITT (intraperitoneal [i.p.] administration of 0.75 U insulin/kg body weight). (E) DAB staining for insulin in pancreatic section from 1-month-old control (left, upper panel)

and Tmem30a cKO (left, lower panel) mice (n = 6), showing normal islet area (right, upper graph) but reduced insulin content (right, lower graph, normalized to control) in

Tmem30a cKO b cells. (F) Immunofluorescent labeling of pancreatic cryosections from 1-month-old control and cKO littermates (n = 6) for insulin (green) and glucagon (red).

(legend continued on next page)
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To assess whether Tmem30a deficiency affects development of islets,
histological examination was performed in neonatal cKO mice at P6
and manifested a normal morphology of cKO islet compared to con-
trol, while the insulin content was decreased (Figures S9A and S9B).
PDX1, ki67 immunostaining, and TUNEL assay also revealed no dif-
ference in differentiation, proliferation, and apoptosis of b cells in
neonatal cKO islets (Figure S9C–S9E).

Heterozygous Tmem30aloxP/+; Ins2-Cre mice were also tested here.
Although IPGTT results from the heterozygous mice were slightly
higher than from controls (Figures S10C and S10D), the two groups
were comparable in terms of body weight, fasting blood glucose levels,
insulin secretion, and insulin sensitivity (Figures S10A, S10B, S10E,
and S10F).

To investigate the effect of sex hormones on metabolism in female
experimental mice, phenotypic analysis of female mice was also per-
formed in this study. Compared to controls (Tmem30aloxP/loxP), fe-
male cKO mice were viable and fertile, yet exhibited hallmarks of
T2DM, including obesity, glucose intolerance, and hyperinsulinemia
from 2 months old (Figures S11A–S11F and S11I–S11L) and devel-
oped insulin resistance at 12 months old (Figure S11L). Histologic
sections of pancreas from female cKOmice manifested islet hyperpla-
sia, accompanied by disorganized a cells and decreased insulin inten-
sity at both ages (Figures S11G, S11H, and S11M–S11P), in line with
the diabetic phenotypes observed in age-matched male cKO mice.

It has been shown that Ins2-Cre transgenic mice might spontaneously
develop glucose intolerance and impaired insulin secretion, due to its
additional expression in the hypothalamus. To exclude this possibil-
ity, we introduced AgRP-IRES-Cre transgenic mice, which exert re-
combinase activity in eating-stimulating hypothalamic AgRP cells.35

To directly confirm that the diabetic phenotype was derived from
Tmem30a ablation instead of potential influence of transgene ele-
ments, we further generated another Tmem30a b cell-KO mouse
line by crossing Pdx1-Cre mice with Tmem30aloxP/loxP mice (Fig-
ure S12A). Similar to Tmem30a cKO mice (Ins2-Cre-mediated),
Pdx1-Cre-driven Tmem30a KO mice (pKO) also exhibited obesity,
glucose intolerance, impaired insulin secretion, insulin resistance,
and islet hyperplasia (Figures S12B–S12K). In addition, phenotypic
analysis of heterozygous Ins2-Cre mice (Cre/+) were also tested,
which indicated that their glucose metabolism did not differ from
that of their wild-type littermates (+/+) at 6 months of age (Fig-
ure S13). These results suggest that the diabetic phenotype of
Tmem30a cKO mice is a result of Tmem30a deficiency rather than
the Cre activity in the hypothalamus.
The cKO islets showed diminished insulin expression (right, upper graph, normalized to

control and cKOmice. (G) Images of isolated islets from 1-month-old control and cKOm

old male control and cKOmice following glucose stimulation. (n = 8). (I) Relative (normaliz

and cKO mice as assessed by qPCR (n = 8). (J) Western blotting analysis of insulin and

Both proinsulin and insulin levels (normalized to control) in islets from cKO mice were re

elevated in islets from cKOmice relative to controls. Tmem30aloxP/loxPmice were used as

used for (I), (K), and (L). *p < 0.05; **p < 0.01; ***p < 0.001. #, not significant. Data are
Tmem30a deletion results in impaired insulin processing and

secretion

Having demonstrated the severe glucose metabolism disorder in ag-
ing Tmem30a cKO mice, we next sought to uncover the primary
mechanism underlying the diabetic phenotype observed in these an-
imals. To this end, we analyzed 1-month-old mice, which exhibited
normal body weight but showed the onset of hyperglycemia. Relative
to controls, the blood glucose level of 1-month-old cKO mice was
slightly elevated after overnight fasting but showed a greater absolute
increase after consumption of regular chow (Figure 2A). The serum
concentration of hemoglobin A1C (HbA1c), which reflects overall
glycemic state, was also higher in 1-month-old cKO mice compared
to controls (Figure 2B). The GSIS test revealed that while 1-month-
old cKO and control mice had comparable basal insulin levels,
much less insulin was released in response to glucose stimulation in
cKO mice than in control littermates (Figure 2C). However, the re-
sults from the IPITT indicated that cKO mice displayed similar levels
of insulin sensitivity to controls (Figure 2D), suggesting that the
disruption of glycemic homeostasis in young cKO mice is mainly
due to a defect in insulin production or secretion, rather than
impaired insulin sensitivity of peripheral tissues.

In order to further explore insulin synthesis and secretion, we next
examined pancreatic insulin expression in 1-month-old mice using
immunohistochemistry. While we found that the overall morphology
and size of islets from cKOmice were indistinguishable from those of
the control animals (Figure 2E), insulin intensity was distinctly lower
in Tmem30a cKO than in control b cells (Figure 2E). This finding was
confirmed by coimmunostaining with antibodies against insulin and
glucagon: a 60% decrease in insulin staining intensity compared to
that of controls was observed in cKO islets (Figure 2F). Moreover,
there was no significant difference in the proportion of a cells relative
to controls (Figure 2F), excluding the contribution of glucagon to
hyperglycemia.

Since glucose homeostasis and insulin secretion are regulated by mul-
tiple factors in vivo, islets were isolated and the cellular mechanisms
potentially responsible for the observed decrease in insulin content
were explored. Remarkably, the isolated Tmem30a cKO islets were
more fragmented and vulnerable compared to control islets subjected
to the same procedure of islet isolation (Figure 2G).We then collected
the same number of unbroken islets from control and cKO mice and
used them for the GSIS test. Consistent with the GSIS results obtained
from 1-month-old mice in vivo, the insulin released from 1-month-
old Tmem30a cKO islets was significantly reduced upon stimulation
with 16.7 mM glucose relative to age-matched controls, although
control), while the percentage of glucagon-positive a cells was unchanged between

ice. Scale bar: 50 mm. (H) Insulin secretion from primary isolated islets from 1-month-

ed to control) mRNA levels of Tmem30a, Ins1, and Ins2 in isolated islets from control

proinsulin protein levels in islets from 1-month-old control and cKO mice (n = 6). (K)

duced compared with levels in control mice. (L) The ratio of proinsulin to insulin was

controls. Student’s t test was used for (A)–(F) and (H), andMann-Whitney U test was

presented as the means ± SEM.
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there was no significant difference in basal insulin secretion between
Tmem30a cKO and control islets (Figure 2H). Moreover, in agree-
ment with the immunostaining data, western blot revealed that the
intracellular proinsulin and insulin protein levels were significantly
decreased in the Tmem30a cKO islets (Figures 2J and 2K), suggesting
that the impairments in GSIS may be due to decreased insulin synthe-
sis. In contrast, the ratio of proinsulin/mature insulin was elevated in
Tmem30a cKO islets relative to that of controls (Figure 2L), indicating
that while there was a decrease in overall levels of proinsulin and
insulin, there was a relative accumulation of unprocessed proinsulin.
In addition, the expression levels of Ins1 and Ins2 were unaltered in
Tmem30a cKO islets (Figure 2I), suggesting that the reduced protein
levels of proinsulin and insulin in these animals are not due to down-
regulation of insulin transcription but rather impairments in insulin
maturation or secretion.

Tmem30a cKO b cells release excess proinsulin due to impaired

insulin processing

Since an increased ratio of proinsulin to mature insulin was observed
in isolated cKO islets, we next assessed the levels of plasma proinsulin
following glucose stimulation using ELISA. 1-month-old Tmem30a
cKO mice exhibited elevated plasma proinsulin concentrations in
both basal and glucose-stimulated conditions compared with controls
(Figure S14A). Consequently, the relative ratio of serum proinsulin to
insulin was elevated in Tmem30a cKO mice compared to that of con-
trol mice (Figure S14B). For 4-month-old cKO mice, which had pre-
sented severe islet hyperplasia, basal plasma proinsulin levels were
nearly 6-fold higher than those in controls, accompanied by a sharp
increase in circulating proinsulin levels following glucose stimulation
compared to controls (Figure S14C). As a result, the ratio of basal
plasma proinsulin to insulin was significantly elevated and became
more pronounced after glucose stimulation (Figure S14D), suggesting
that increased levels of inactive proinsulin are released from
Tmem30a cKO islets. The excess release of inactive proinsulin could
potentially be explained by compensatory b cell proliferation and/or
increased islet secretory capacity. Thus, the increased circulating pro-
insulin level and proinsulin-to-insulin ratio in Tmem30a cKO mice
suggest that insulin maturation may be compromised in these ani-
mals. We therefore evaluated the status of insulin processing in
Tmem30a cKO animals by analyzing the level of c-peptide, the cleav-
age product of proinsulin processing and an indicator of insulin
processing, in b cells. Immunohistochemical analysis revealed a
reduction in c-peptide levels in b cells of 1-month-old cKO mice
compared with controls (Figures S14E and S14F), supporting the hy-
pothesis that Tmem30a is required for normal insulin processing.
Taken together, these data indicate that the elevated levels of circu-
lating proinsulin in cKO mice may result from impaired conversion
of proinsulin to insulin in the absence of Tmem30a and prompted
us to further explore the role of Tmem30a in insulin maturation.

Tmem30a is required for insulin maturation and secretion from

the TGN

The TGN is responsible for the packaging of proinsulin into ISGs and
the subsequent conversion of ISGs to mature secretory granules,
2860 Molecular Therapy Vol. 29 No 9 September 2021
which are also morphologically termed DCVs. Given that our find-
ings suggested impaired conversion of proinsulin to insulin in
Tmem30a cKO mice, transmission electron microscopy (TEM) was
next employed to examine potential subcellular changes related to
the maturation and secretion of insulin granules in these animals.
A striking reduction in the number of mature insulin-containing
DCVs was observed in b cells of cKO mice (Figures 3A1, 3A2, and
3B), and swollen mitochondria were apparent throughout the cyto-
plasm (Figures 3A1 and 3A2), indicative of cell stress. The Golgi
apparatus, where ISGs are formed, was also severely distended and
surrounded by vacant vacuoles in Tmem30a cKO animals (Figures
3A3 and 3A4), implying the stress condition of the Golgi apparatus,
which accounts for the observed defects in insulin maturation and
the reduced number of DCVs. In addition, we also found that
Tmem30a cKO b cells present enlarged ER (Figures 3A5 and 3A6),
which may contribute to the reduction in protein levels of proinsulin
and insulin, given the central role of the ER in insulin maturation. In
contrast, the proportion of empty vesicles and the size of DCVs, as
well as the dense core intensity (abundance of DCVs), were similar
between Tmem30a cKO and control b cells (Figures 3C–3E).

To further investigate the cellular mechanisms governing insulin
biosynthesis, we knocked down (KD) Tmem30a expression by lenti-
virus-mediated Tmem30a short hairpin RNA (shRNA) in mouse
pancreatic b cell line MIN6 cells coupled with lentivirus-mediated
GFP expression. We detected strong GFP fluorescence, indicating
the high efficiency of lentiviral transduction in this cell line (Fig-
ure S15A). The Tmem30a expression level was decreased by 90% after
the introduction of Tmem30a-shRNA compared with the negative
control (Figure S15B). Consistent with the GSIS results obtained
from the cKO islets, stimulation with 16.7 mM glucose resulted in
significantly lower insulin levels in Tmem30a KD MIN6 cells than
in control cells (Figure 4A). Immunocytochemical staining with a
pan-insulin antibody (which detects both proinsulin and mature in-
sulin) revealed that insulin was more concentrated in the Golgi appa-
ratus of Tmem30aKDMIN6 cells than in the control cells (Figures 4B
and 4C). This observation suggests that reduced levels of Tmem30a
may prevent the budding of immature granules from the Golgi appa-
ratus, which accounts for decreased levels of mature insulin in
Tmem30a KD cells. Moreover, relative to control cells, Tmem30a
KD MIN6 cells showed decreased protein levels of both proinsulin
and insulin (Figures 4D and 4E), yet an increased ratio of proinsulin
to mature insulin (Figure 4F), suggesting defective insulin
maturation.

To validate this observation, we next performed rescue experiments
for Tmem30a KD cells using constructed shRNA-resistant cDNA
for Tmem30a (resTmem30a). Silent mutations were introduced in
hemagglutinin (HA)-tagged Tmem30a to render it resistant to
shRNA-mediated ablation of Tmem30a levels. MIN6 cells were trans-
fected with control shRNA (shCtrl), or co-transfected with
Tmem30a-specific shRNA (KD), along with empty vector or
shRNA-resistant Tmem30a expression vector. Western blot analysis
revealed that while shTmem30a completely knocked down the



Figure 3. Tmem30a cKO b cells show swollen

organelles and reduced density of mature insulin

granules

(A) Representative transmission electron microscope (TEM)

images of b cells in 1-month-old control and cKO mice (n =

5). Scale bar: 2 mm. The red asterisks in A2 indicate swollen

mitochondria around the nucleus (Nu). A3 and A4 show the

trans-Golgi network (TGN; arrows). A5 and A6 show the

rough endoplasmic reticulum (RER; arrowheads). (B)

Quantification of the density of insulin granules per b cell in

control and Tmem30a cKO b cells (n = 6). (C) Quantification

of the ratio of empty granules to total granules per b cell in

control and cKO mice (n = 6). (D and E) Quantification of the

diameter (D) and gray level of the dense core (E) of insulin

granules in control and cKO mice. (n = 11 for D and n = 15

for E). Tmem30aloxP/loxP mice were used as controls. Stu-

dent’s t test was used for (B)–(E), and Mann-Whitney U test

was used for (A). **p < 0.01; #, not significant. Data are

presented as the means ± SEM.
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expression of Tmem30a, resTmem30a-added KD cells expressed
comparable levels of TMEM30A protein relative to shCtrl (Figures
4G and 4H). Importantly, insulin content and the ratio of proinsu-
lin/insulin were also completely rescued by resTmem30a (Figure 4I).
GSIS testing indicated that the insulin release was suppressed by
shTmem30a compared to control cells and can be rescued by resT-
mem30a (Figure 4J), highlighting the vital roles of Tmem30a in insu-
lin maturation and secretion.

Tmem30a is required for clathrin-dependent vesicle secretory

and endocytosis pathways

Yeast flippases are known to be involved in clathrin-dependent trans-
port between the TGN and PM, and clathrin and AP1+2 initiate as-
sembly of the TGN- and PM-derived clathrin-coated vesicles.36

Therefore, we next examined the expression and distribution of cla-
thrin and AP1+2 in Tmem30a KDMIN6 cells. Immunoblotting anal-
ysis indicated that protein levels of both clathrin and AP1+2 were
decreased in Tmem30a KD MIN6 cells relative to control cells (Fig-
ures 5A and 5B). Immunofluorescence staining revealed that clathrin
expression tended to be more restricted to the Golgi complex in
Tmem30a KD MIN6 cells than in controls (Figures 5C and 5D), sug-
gesting the potential blockage of clathrin-coated vesicle exit. Consid-
ering we observed a similar pattern of insulin expression in the Golgi
(Figures 4B and 4C), it is plausible that decreased expression of
Tmem30a leads to impairments in the formation of DCVs and in in-
sulin maturation by blocking the exit of clathrin-coated granules from
the TGN.
Molecu
Clathrin associated with adaptor proteins (APs)
mediates multiple transport pathways between
the TGN, endosomes, and the PM, which collec-
tively initiate cellular endocytosis and exocytosis.
In view of the fact that endocytosis and exocytosis
are tightly coupled in b cells, we next examined
the effect of Tmem30a depletion on clathrin-
mediated endocytosis by monitoring the uptake of Alexa-594-conju-
gated transferrin, an endocytic marker, in MIN6 cells (Figure S16A).
In this assay, initial binding of transferrin (50 mg/mL) was performed
on serum-starved cells at 4�C to synchronize, followed by washing
and warming at 37�C to trigger endocytosis. As expected, transferrin
was rapidly internalized at 5 min by control cells. In contrast, only a
small amount of transferrin was internalized by Tmem30a KD cells.
Indeed, when both control and Tmem30a KD cells appeared to reach
maximum internalization (at 30 min), the fluorescence intensity of
cellular transferrin in Tmem30a KD cells was significantly lower
than that of control cells (Figures S16A and S16C), despite similar
overall levels of transferrin receptor (TfR) (Figure S16B), suggesting
diminished transferrin internalization in Tmem30a KD cells. These
data indicate that when Tmem30a is depleted, both clathrin-mediated
secretory granule budding and endocytosis are compromised.

Tmem30a-deficient b cells show defective Glut2 transport and

blunt Glut2-mediated glucose responses

Glut2, a major glucose transporter expressed in b cells that acts as the
initiator of the GSIS response, is rapidly transported to the cell surface
via clathrin-coated vesicles.37 Since clathrin-mediated vesicular traf-
fickingwas impaired inTmem30aKDcells (Figure 5), we hypothesized
that Glut2 transportation to the PMmight also be affected. To address
this hypothesis, sections of the pancreas were prepared from 3-week-
old Tmem30a cKO mice that did not yet exhibit a hyperglycemic
phenotype. These sections were then immunostained with an antibody
specific to Glut2. A marked reduction in Glut2 expression at the cell
lar Therapy Vol. 29 No 9 September 2021 2861
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Figure 4. Tmem30a silencing impairs insulin maturation and secretion

(A) Insulin secretion from negative control (shCtrl) and Tmem30a knockdown (KD) MIN6 cells following stimulation with low glucose (2.8 mM) and high glucose (16.7 mM) (n =

8). (B) Control and Tmem30a KDMIN6 cells stained for GM130 (Golgi label) and insulin. Scale bar: 20 mm. The yellow arrowheads signify the subcellular localization of insulin;

higher-magnification images are shown in the right bottom. Scale bar: 10 mm. (C) Percentage of insulin-positive cells that colocalized with GM130 (Golgi) in control and KD

MIN6 cells. (D) Western blot showing proinsulin and insulin protein expression in control and KD MIN6 cells. (E) Both proinsulin and insulin levels in MIN6 cells were reduced

compared with levels in control mice when Tmem30a was removed from MIN6 cells, while (F) the ratio of proinsulin to insulin was elevated. (n = 7). (G) shTmem30a-resistant

cDNA (resTmem30a) was created by introducing silent mutations in HA-tagged Tmem30a to render it resistant to shRNA-mediated knockdown of Tmem30a protein levels.

MIN6 cells were co-transfected with Tmem30a-specific shRNA, along with empty vector (Vec) or shRNA-resistant Tmem30a. Control shRNA transfected into MIN6 cells

served as shControl (shCtrl). Western blot showing Tmem30a and insulin protein levels in shCtrl, vector-added, and resTmem30a-added KD MIN6 cells. (H) Both proinsulin

and insulin levels in resTmem30a-rescued KDMIN6 cells were elevated compared with the levels in vector-added KD cells, and (I) the ratio of proinsulin to insulin was reduced

to the normal level as shCtrl. (n = 3). Student’s t test was used for (A) and (C), andMann-Whitney U test was used for (E), (F), (H), (I), and (J). *p < 0.05; **p < 0.01; ***p < 0.001;

#, not significant. Data are presented as the means ± SEM.
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surface in Tmem30a cKO b cells was observed (Figure 6A). Further-
more, western blot analysis ofMIN6 cell lysate showed a 50% reduction
in the level of glycosylated mature Glut2 in Tmem30a KD cells relative
to control cells, while no difference was observed in nonglycosylated
2862 Molecular Therapy Vol. 29 No 9 September 2021
Glut2 (Figures 6C and 6D). Since Glut2 is N-glycosylated in the Golgi
apparatus prior to trafficking to the PM, our findings suggest that the
reduced levels of glycosylated mature Glut2 likely resulted from the
dysfunction of the Golgi apparatus in Tmem30a-deficient cells.



Figure 5. Tmem30a is required for clathrin-mediated vesicle trafficking

(A) Western blot showing expression of representative clathrin-related proteins (clathrin and AP1+2) in control and Tmem30a KDMIN6 cells. (B) Relative protein expression of

Tmem30a, clathrin, and AP1+2 (normalized to control) in control and KD MIN6 cells. (n = 9). (C) Immunohistochemistry labeling GM130 (green), clathrin (red), and nuclei

(DAPI, blue) in control and KD MIN6 cells. (n = 6). Scale bar: 10 mm. (D) Percentage of clathrin-positive cells that colocalize with GM130 (Golgi) in control and KD MIN6 cells.

Student’s t test was used for (B) and (D). *p < 0.05; **p < 0.01; ***p < 0.001. Data are presented as the means ± SEM.
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The transcription factor PDX1 plays critical roles in b cell homeosta-
sis and insulin secretion through its regulation of Glut2 and insulin
gene transcription.38 Both immunofluorescence staining and west-
ern blot for PDX1 showed similar expression levels in control and
cKO islets (Figures 6B–6D), suggesting that the decreased expression
of mature Glut2 is mainly due to transport defects rather than
endogenous hyperglycemia-induced downregulation of PDX1
expression.

To further assess the cellular transportation of other proteins that can
regulate glucose homeostasis, two typical membranal ion channels
(Kir6.2 and Cav1.2) were selected and examined using immunohisto-
chemistry. Sections of the pancreas were prepared from 5-month-old
Tmem30a cKOmice, which were then coimmunostained with insulin
and an antibody specific to Kir6.2, the alpha subunit of the ATP-sen-
sitive potassium channel in b cells.39 Compared with that of control
(expressed throughout cytosol), the expression level of Kir6.2 was
significantly reduced in cKO b cells and showed an aggregation
pattern in cytoplasm (Figure S17A), similar to the abnormal cellular
localization of insulin in KD MIN6 cells (Figure 4B). Similarly, we
also observed a significant downregulation in level of Cav1.2 (Fig-
ure S17B), the principal L-type voltage-gated calcium channel in b

cells.40 These data suggested that Tmem30a depletion could not
only cause the defective Glut2 transport but also affect the transport
of other GSIS-related proteins in b cells.

We next evaluated the cellular events underlying GSIS, including
membrane depolarization and Ca2+ influx by activation of voltage-
dependent calcium channels. Whole-cell patch-clamping revealed
that KD cells showed a depolarized resting membrane potential rela-
tive to controls. Moreover, while 16.7 mM glucose stimulation of con-
trol cells resulted in a depolarization, KD cells did not show a change
in membrane potential in response to elevated glucose levels (Figures
6E and 6F). To determine whether depolarization-dependent calcium
influx was also affected by Tmem30a deficiency, we measured intra-
cellular Ca2+ levels by loading MIN6 cells with a fluorescent calcium
indicator and recording the change in fluorescence intensity. The
Ca2+ influx evoked by a glucose challenge was significantly compro-
mised in Tmem30aKD cells (Figures 7G and 7H). This impaired Ca2+

response may result from the decreased expression of Glut2 on the
membrane, which in turn disrupts Ca2+-dependent insulin exocy-
tosis. Thus, our findings suggest that the GSIS impairment in
Tmem30a cKO mice should arise from both defective ISG budding
from the TGN and a blunted Glut2-mediated glucose sensing, high-
lighting the vital roles of Tmem30a in both insulin secretion and
glucose sensing in pancreatic b cells.
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Figure 6. Tmem30a deficiency leads to impaired glucose sensing by reducing the expression of mature Glut2

(A) Immunohistochemistry labeling of GLUT2 (red), insulin (green), and nuclei (DAPI, blue) in pancreatic sections from 1-month-old control and Tmem30a cKO mice. Scale

bar: 25 mm. Higher-magnification images of GLUT2 are shown in the leftmost panel of each row. Scale bar: 10 mm. (B) Immunohistochemistry labeling PDX1 (red), insulin

(green), and nuclei (DAPI, blue) in pancreatic section from 1-month-old control and Tmem30a cKOmice. Scale bar: 25 mm. Tmem30aloxP/loxPmice were used as controls. (C)

Western blot showing expression of GLUT2 and PDX1 proteins in control and Tmem30a KD MIN6 cells. b-actin was used as the loading control. (D) Relative (normalized to

control) protein levels of mature GLUT2, nonglycosylated GLUT2, and PDX1 in control and Tmem30a KDMIN6 cells. (n = 5). (E and F) Resting membrane potential of control

and Tmem30a KD MIN6 cells at 5.6 or 16.7 mM glucose concentrations. Scale bar: 25 mm. The amplitude of the depolarization of the membrane potential in response to

(legend continued on next page)
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Tmem30a is responsible for asymmetric distribution of

phosphatidylserine (PS) and determines subcellular localization

of b cell-associated P4-ATPases

Tmem30a interacts with P4-ATPases to form a phospholipid flippase
complex that mediates the rapid translocation of aminophospholipids
from the outer leaflet to the inner leaflet of the PM, which in turn con-
tributes to the initiation of vesicle formation. Accordingly, to investi-
gate the effect of Tmem30a depletion on PS translocation across the
membrane, the fluorescence-conjugated PS marker annexin-V was
used to detect the distribution of PS in the outer layer of the PM
without Triton permeabilization during the cellular block procedure.
Compared to control cells, increased levels of annexin-V-labeled PS
were observed on the outer membrane of Tmem30a KD MIN6 cells
(Figures 7A and 7B), suggesting impaired PS flipping in conditions
of Tmem30a deficiency. In line with this finding, Tmem30a depletion
in MIN6 cells led to decreased NBD-labeled PS internalization and
the PS translocase efficiency (reflected by median fluorescence inten-
sity [MFI]) in KD MIN6 cells was reduced to 42.7% of control cells
(Figures 7C and 7D), verifying the crucial role of Tmem30a on mem-
branal PS flipping.

P4-ATPases are responsible for the translocation of PS from the exo-
plasmic to the cytosolic leaflet of cell membranes. To reveal the
impact of Tmem30a deficiency on the expression pattern of interact-
ing P4-ATPases in b cells, extracted mRNA from wild-type mouse
pancreatic islets as well as MIN6 cells was subjected to qPCR after
reverse transcription into cDNA. The qPCR data showed that
Tmem30a is abundantly expressed in both mouse islets and MIN6
cells (Figures S18A and S18C). In mouse pancreatic islets, Atp8b1,
Atp89a, Atp11a, Atp8a1, Atp8a2, and Atp8b2 were expressed to
different degrees (Figure S18A), and 5 of the 7 genes analyzed were
expressed at lower levels in cKO mice than in control mice (Fig-
ure S18B). In MIN6 cells, Atp8a1, Atp8b2, Atp9b, Atp10a, and
Atp11b were expressed to varying degrees (Figure S14C). When
Tmem30a was silenced, Atp8a1, Atp8b2, Atp10a, and Atp11a showed
reduced expression relative to their corresponding controls
(Figure S18D).

To uncover themechanism underlying the blockage of clathrin-medi-
ated vesicle trafficking caused by Tmem30a depletion, we further
investigated the effect of Tmem30a depletion on the subcellular local-
ization of Atp8a1, Atp8b2, and Atp11a (which are expressed in both
mouse islets and MIN6 cells) by immunofluorescence staining, using
transiently transfected COS7 cells. In the absence of HA-tagged
Tmem30a transfection, Flag-tagged Atp8a1, Atp8b2, and Atp11a ex-
hibited a punctate distribution throughout the cytoplasm, with coloc-
alization to calnexin-labeled ER (Figures 7E–7G, upper panel). In
contrast, upon coexpression of Tmem30a, localization of Atp8a1
shifted to the GM130-labeled Golgi apparatus (Figures 7E and 7H),
16.7mMglucose is reduced in KD cells compared to controls. (n = 5). (G) Representative

measured by the Cal-590 fluorochrome. Both control and Tmem30a KDMIN6 cells were

Quantification of the fluorescence amplitude of Ca2+ influx evoked by a 16.7 mM glucose

for (H), and Mann-Whitney U test was used for (D)–(F). *p < 0.05; **p < 0.01; ***p < 0.0
while ATP8B2 and ATP11A were located predominantly in the Golgi
apparatus and partially on the PM (Figures 7F–7H). Intriguingly, the
Golgi apparatus, where P4-ATPases are primarily located through the
action of the Tmem30a subunit, is one of the sites from which cla-
thrin-coated vesicles bud. Thus, the reduction in clathrin-mediated
exocytic vesicle budding from the TGN caused by Tmem30a defi-
ciency, which subsequently decrease DCV secretion and Glut2 trans-
port, should result from the improper localization and reduced
expression levels of P4-ATPases.

DISCUSSION
In this study, we demonstrated an important role for Tmem30a in in-
sulin maturation and secretion, using extensive phenotypic and
mechanistic analyses of Tmem30a cKO mice and Tmem30a KD
MIN6 cells. We showed that TMEM30A associates with P4-ATPases
to form the flippase complex that regulates the secretion of insulin
granules from TGN. The TGN serves as the central sorting station
of cells and is thus responsible for the proper targeting of newly syn-
thesized secretory proteins toward their appropriate destinations. In
the present work, we observed distended TGN cisternae by electron
microscopy in Tmeme30a-depleted b cells (Figure 3A4), suggesting
that Tmem30a is essential for proper function of the Golgi apparatus.
Moreover, we observed an abnormal pattern of insulin and clathrin
aggregation in the Golgi in Tmem30a KD MIN6 cells, implying an
important function of Tmem30a in insulin budding events at Golgi.

In support of this view, we found that Atp8a1, Atp8b2, and Atp11a,
when associated with Tmem30a, are largely located in the Golgi appa-
ratus, with Atp8b2 and Atp11a additionally residing in the PM (Fig-
ures 7E–7H), indicating that their activity is tightly linked to vesicular
trafficking to and from the PM. In eukaryotic cells, vesicular transport
between the Golgi apparatus, endosomal system, and PM is mainly
mediated by clathrin, which couples with many cofactors, such as
APs, to form clathrin-coated vesicles. Our data show that loss of
Tmem30a leads to decreased expression and incorrect subcellular
localization of multiple P4-ATPases (Figures 7E–7H; Figures S18B
and S18D), which in turn disrupts the formation of clathrin-coated
vesicles and eventually affects bidirectional protein transport between
the TGN and PM, such as the exocytosis of insulin granules. Thus, it
can be concluded that the failure of clathrin-coated vesicle formation
is the primary cause of impaired insulin release and glucose intoler-
ance in Tmem30a cKO mice.

In addition, our study further indicated that the function and expres-
sion of Glut2, a critical glucose transporter expressed in the plasma
membrane of b cells, were also affected in the absence of Tmem30a.
However, unlike other glucose transporters, Glut2 is directly traf-
ficked to the cell surface after N-glycosylation in the Golgi apparatus
and subsequently undergoes rapid lysosomal degradation without
Ca2+ imaging examining the effect of glucose on the intracellular Ca2+ concentration

stimulated with 16.7 mM glucose, and changes in fluorescence were recorded. (H)

challenge in control and Tmem30a KDMIN6 cells. (n = 9). Student’s t test was used

01; #, not significant. Data are presented as the means ± SEM.
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Figure 7. Tmem30a is responsible for asymmetric distribution of PS and determines subcellular localization of b cell-associated P4-ATPases

(A and B) Annexin V staining of control and KD MIN6 cells, showing high PS exposure on the Tmem30a KD MIN6 cell surface compared to control cells. (n = 12 cells). Scale

bar: 20 mm. (C and D) Loss of Tmem30a led to decreased NBD-PS internalization (C). The y axis shows numbers of NBD-PS-labeled MIN6 cells. The x axis represents NBD-

PS fluorescence intensity of intact living cells. KDMIN6 cells exhibited decreased NBD fluorescence intensity, compared to control cells (D) (n = 12). MFI, median fluorescence

intensity. (E–G) Immunocytochemistry from COS7 cells transiently cultured in high glucose and transiently cotransfected with an expression vector for Flag-tagged Atp8a1/

Atp8b2/Atp11a and an expression vector for N-terminally HA-tagged Tmem30a. After 48 h of transfection, cells were stained with anti-Flag antibody and anti-HA antibody

with either the Golgi marker GM130 or ER marker calnexin (CANX). Scale bar: 20 mm. (H) Percentage of colocalization of transfected P4-ATPases (Atp8a1, Atp8b2, Atp11a)

with GM130-markedGolgi in COS7 cells either transfected only with a P4-ATPase (single transfected) or co-transfected with a P4-ATPase and Tmem30a (n = 12). Student’s t

test was used for (B), (D), and (H). **p < 0.01; ***p < 0.001; #, not significant. Data are presented as the means ± SEM.
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recycling.37 The balance between rapid cell-surface delivery and rapid
degradation allows for an acute regulation of Glut2 protein levels.
With this in mind, we conclude that the decreased levels of mature
glycosylated Glut2 detected in Tmem30a-depleted MIN6 cells (Fig-
ures 6C and 6D) potentially resulted from deficits in Glut2 N-glyco-
sylation at the TGN, highlighting a role for Tmem30a in maintaining
Golgi-dependent glycosylation. Accordingly, diminished cell-surface
expression and increased intracellular localization of Glut2 were
observed in Tmem30a cKO b cells (Figure 6A). Considering that
Glut2 transporter is essential for glucose sensing and subsequent
cascade responses, such as blunted membrane depolarization and
reduced calcium influx in response to glucose stimulation (Figures
6E–6H), our findings suggest that reduced Glut2 levels should also
contribute to the pathogenesis of diabetes in these mutant mice.

P4-ATPases transport PS and, to a lesser extent, phosphatidyletha-
nolamine (PE) from the outer to the cytoplasmic (inner) leaflet of
the PM, as well as intracellular vesicles from the luminal leaflet to
the cytoplasmic (outer) leaflet of the bilayer.41 Several lines of evi-
dence have suggested that unidirectional translocation of phospho-
lipids catalyzed by P4-ATPases and their subsequent asymmetry
help induce the membrane curvature that initiates vesicle budding
from the TGN and PM.8 Our data strengthen the possibility that
the asymmetric distribution of PS maintained by flippases is required
for vesicle formation, since Tmem30a cKO-induced downregulation
and mislocalization of several P4-ATPases result in impaired PS flip-
ping and a consequent defect in cellular trafficking events between
TGN and PM. Thus, it is tempting to speculate that the flippase-cata-
lyzed PS asymmetry at the budding sites of the TGN might also play
fundamental roles in generating tightly curved transport vesicles.
However, the mechanisms by which flippases mediate vesicle forma-
tion remain unclear. One possibility is that the P4-ATPases impart
curvature to the membrane by shifting phospholipids to the cytosolic
leaflet, thereby increasing the surface area of the cytosolic leaflet so
that the clathrin coat can more easily deform.8 Alternatively, it is
also possible that the high concentration of negatively charged PS
on the cytoplasmic surface of the TGN and PM provides a unique
recruitment signal for vesicle-coated proteins with specific PS-bind-
ing domains, which induces vesicle biogenesis.42

There are 14 P4-ATPases in mammals, which are widely distributed
across various tissues and cells, mediating normal vesicle trafficking
between different membranous components. Tmem30a deficiency
could cause dysfunction of most of interacting P4-ATPases. In the
present study, we mainly explored the roles of TMEM30A in insulin
secretion and GSIS response. Indeed, the maintenance of blood
glucose homeostasis is a complicated process involving numerous
molecules. The failure of flippase-dependent vesicle trafficking
caused by Tmem30a depletion might extensively affect many other
glucose-metabolism-related cellular processes and molecules in b

cells, which together induce imbalance of blood glucose homeostasis
and subsequent diabetic phenotype in cKO mice. However, the
detailed underlying mechanisms of this process warrant further
exploration.
One unique feature of our Tmem30a cKO model is that Tmem30a
cKOmice develop severe diabetic complications spontaneously under
normal chow diets, including obesity, IR, and hepatic phonotypes. It
is recognized that obesity is an important basis for the occurrence of
IR.43 During the development of obesity, excessive free fatty acids
(FFAs) can induce insulin resistance in insulin target cells. In addi-
tion, excessive proliferation of adipose cells causes macrophage infil-
tration and activation of chronic inflammatory response, which
subsequently leads to cell stress and promotes IR occurrence.44,45 In
the present study, b cell dysfunction in cKO mice leads to compensa-
tory islet hyperplasia, hyperinsulinemia, and metabolism disorders,
which in turn caused obesity as well as excessive proliferation and vol-
ume increase of adipocytes (Figure 1), laying the basis for IR initia-
tion. In addition, the cKO mice also developed severe hepatic lesions,
including hepatic steatosis, cirrhosis, and hepatocarcinoma, in the
late stages of the disease (Figure S3). In the C57L/6J genetic back-
ground, however, the leptin-deficient ob/ob mice display only mild
functional and morphological changes; they have a limited lifespan
and died before serious liver complications developed.46 Although
the precise mechanism under these diabetic complications and severe
hepatic phenotypes in cKO mice remains unclear, we provide an
excellent model for studying diabetes-related complications.

In summary, our study has revealed essential roles for Tmem30a in
insulin production and glucose homeostasis. We show that Tmem30a
deficiency causes b cell dysfunction and diabetes due to defects in
granule budding at the TGN. These impairments in cellular traf-
ficking in turn affect insulin maturation and glucose sensing in b cells,
reflecting a central role of Tmem30a in clathrin-dependent vesicle
transport through the regulation of P4-ATPase localization and func-
tion. Most importantly, the Tmem30a cKO mouse model closely
mimics key characteristics of human T2DM patients. This mouse
model is thus an invaluable tool in understanding the pathogenesis
of T2DM and for treatment development.

MATERIALS AND METHODS
Materials availability

All unique/stable reagents generated in this study are available from
the Lead Contact with a completed Materials Transfer Agreement.

Data and code availability

The published article includes all datasets generated or analyzed dur-
ing this study.

Mouse model and genotyping

All animal experiment study protocols were approved by the Animal
Care and Use Committee of Sichuan Provincial People’s Hospital. All
animals were housed in a temperature-controlled room (24�C) with a
12-h light/dark cycle and were fed a normal diet (diet 5001, LabDiet,
St. Louis, MO, USA). Mice were maintained on a C57BL/6J
background.

Mice with a Tmem30a deletion specifically in pancreatic b cells were
generated as previously described.17–22 Briefly, Tmem30aloxP/loxP mice
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were crossed with Tg(Ins2-Cre) 25Mgn (also known as Rip-Cre, Jack-
son Laboratory, stock no. 003573) transgenic mice, to yield progeny
with the genotype Tmem30aloxP/+; Ins2-Cre. Then, the Tmem30aloxP/+;
Ins2-Cremicewere crossed toTmem30aloxP/+ animals to generateTme-
m30aloxP/loxP; Ins2-Cre (hemizygous) mice (Tmem30a cKOmice). The
littermate mice were used as controls, and their genotype information
was described in figure legends.

Tmem30aloxP/loxP mice were crossed with AgRP-IRES-Cre trans-
genic mice (Jackson Laboratory, stock no. 012899) to yield Tme-
m30aloxP/loxP, Agrp-Cre mice (AgRP-KO), from which Tmem30a
was excised in hypothalamic AgRP-expressing neurons. Mean-
while, Tg(Pdx1-CreTuv) transgenic mice (Jackson Laboratory, stock
no. 014647) was also introduced to produce Tmem30aloxP/loxP,
Pdx1-Cre mice (pKO). Both mouse models were used to rule out
the possibility that the phenotypes resulted from the additional
Ins2-Cre expression in the hypothalamus.

To monitor the expression pattern of the Cre enzyme, a tdTomato re-
porter gene was used (strain name: B6. Cg-Gt[ROSA]26Sortm14
[CAG-tdTomato]Hze/J; Jackson Laboratory, stock number
007914).47 Mouse genomic DNA samples were extracted frommouse
tails and genotyped using PCR. The floxed Tmem30a alleles and Ins2-
Cre were genotyped using the corresponding primers (Table S1) at an
annealing temperature of 58�C. The tdTomato mice were genotyped
using primers provided by the JAX mouse service (Table S1). All
amplification reactions were performed using a master mix (Invitro-
gen, Carlsbad, CA, USA) as per the manufacturer’s instructions. The
PCR products were separated by DNA electrophoresis on a 3%
agarose gel.

Blood analysis

For the IPGTT, mice were fasted for 16 h and then injected intraper-
itoneally with 2 mg glucose per gram body weight. Blood was
collected from the supraorbital vein. The concentration of blood
glucose was measured by a glucometer (Roche, Basel, Switzerland) ac-
cording to the manufacturer’s instructions. For the IPITT, mice were
fasted for 6 h and injected subcutaneously with 0.75 U human insulin
(Novo Nordisk, Tianjin, China) per kilogram body weight, and the
concentration of blood glucose was measured. For GSIS, fasted
mice were injected intraperitoneally with 0.75 mg glucose per gram
body weight. Blood samples were collected and separated from
plasma by centrifugation at room temperature. Plasma insulin was
measured using a mouse ultrasensitive insulin ELISA kit (cat. no.
90080, Crystal Chem, Elk Grove Village, IL, USA) according to the
manufacturer’s instructions. Similarly, plasma glucagon was
measured using glucagon (cat. no. 81518, Crystal Chem) ELISA kits
according to the manufacturer’s instruction.

Whole-body metabolic analysis

Animals for metabolic parameter measurements were maintained
with regular chow. Mice were individually placed in a PhenoMaster
metabolic cage unit (IntelliCage, TSE Systems, Germany). Standard
12-h light (6 a.m. to 6 p.m.) and dark cycles (6 p.m. to 6 a.m.) were
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maintained throughout the experiment. Animals had free access to
food and water and were allowed to adapt to the metabolic cage for
24 h prior to data collection. Then the volume of O2 consumption
and CO2 production, respiratory exchange ratio, heat production,
and locomotor activity were continuously recorded during the next
48 h according to the instructions of the manufacturer.

Cell culture and transfection

MIN6 cells were cultured in RPMI-1640 medium (Hyclone, South
Logan, UT, USA) supplemented with 10% fetal bovine serum (Gibco,
Grand Island, NY, USA), 100 U/mL penicillin/streptomycin (Invitro-
gen, Carlsbad, CA, USA) and 50 mM b-mercaptoethanol (Sigma, St.
Louis, MO, USA) in an incubator set to 37�C with 5% CO2. COS-7
cells were cultured in DMEM with high glucose (Hyclone, South Lo-
gan, UT, USA) supplemented with 10% fetal bovine serum (Gibco,
Grand Island, NY, USA) and 100 U/mL penicillin/streptomycin (In-
vitrogen, Waltham, MA, USA) in an incubator set to 37�C with 5%
CO2. For immunocytochemistry, cells were seeded in 24-well plates
(Corning, Corning, NY, USA) and transiently transfected with HA-
tagged Tmem30a or Flag-tagged Atp8a1/Atp8a2/Atp11a using Lipo-
fectamine 3000 (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. Cells were harvested after 48 h.

RNA interference and rescue

Lentiviruses carrying shRNA targeting Tmem30a (50-GAGTTG-
TACTGCTAGTAATTA-30) and a negative control shRNA (50-
TTCTCCGAACGTGTCACGT-30) were purchased (Genechem,
Shanghai, China). Tmem30a lentiviral particles (2 � 107 TU/mL;
MOI = 20) mixed in serum-free medium with transfection reagent
were transfected into cultured MIN6 cells. The medium was replaced
by RPMI-1640 medium after 12 h. Cells were harvested 72 h after
transfection. For rescue experiments, shTmem30a-resistant cDNA
(resTmem30a) was created by site-directed mutagenesis by intro-
ducing three silent mutations (G1032A, C1035T, and C1038T) within
the shTmem30a target sequence (50-GAGTTGTACTGCTAG-
TAATTA-30). MIN6 cells were co-transfected by Tmem30a-specific
shRNA (MOI = 20) together with shRNA-resistant Tmem30a
(1 mg) to render it resistant to shRNA-mediated ablation of Tmem30a
protein levels. All experimental procedures were performed strictly
according to the protocols provided by the manufacturers.

CT scan analysis

As a measure of obesity, adipose tissue distribution was examined in
mice using the LaTheta Micro-CT Scanner LCT-200 (Hitachi Aloka
Medical, Tokyo, Japan) according to the manufacturer’s protocol.
CT scanning was performed at 2-mm intervals from the diaphragm
to the bottom of the abdominal cavity.

Pancreatic islet isolation

Islets were isolated by the intraductal collagenase digestion technique.
Briefly, mice were deeply anesthetized with a combination of keta-
mine (16 mg/kg body weight) and xylazine (80 mg/kg body weight).
The common bile duct was anterogradely cannulated, and the
pancreas was distended with collagenase (type IV) (Worthington).
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The pancreas was harvested and digested by 1.5mg/mL Collagenase P
(Roche, Redwood City, CA, USA) for 30 min at 37�C. Islets were then
isolated by generating a sedimentation gradient of histopaque 1077
(Sigma, St. Louis, MO, USA). Floating islets were washed, and unbro-
ken islets of comparable size were hand-picked and then transferred
into RPMI-1640 medium (Hyclone, South Logan, UT, USA) contain-
ing 10% fetal bovine serum and 100 U/mL penicillin/streptomycin
(Invitrogen, Carlsbad, CA, USA) in an incubator set to 37�C with
5% CO2. After overnight incubation, selected islets were equilibrated
with Krebs Ringer buffer (KRB; 128 mM NaCl, 4.8 mM KCl, 1.2 mM
KH2PO4, 1.2 mM MgSO4, 2.5 mM CaCl2, 5 mM NaHCO3, 10 mM
HEPES, and 0.1% BSA) containing 2.8 mM glucose for 30 min at
37�C. Then, islets were incubated in KRB containing 2.8 mM glucose
for 1 h at 37�C. Next, islets were stimulated with KRB containing
16.7 mM glucose for 1 h at 37�C. The total insulin content of islets
was harvested by overnight extraction in acid ethanol. Secreted insu-
lin in the supernatant was measured by ELISA.

RNA isolation and quantitative RT-PCR analysis

Total RNA was isolated from mouse islets or MIN6 cells (TRIzol Re-
agent; Invitrogen, Carlsbad, CA, USA), and RNA concentrations were
then quantified using an ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA). Total RNA (1 mg) was con-
verted into first-strand cDNA by reverse-transcription kit (Invitro-
gen, Carlsbad, CA, USA), and qPCR was performed using SYBR
Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA,
USA) and an ABI 7500 Fast Real-Time PCR System (Applied Bio-
systems, Foster City, CA, USA). The PCR conditions were 95�C for
10 min, followed by 42 cycles at 95�C for 15 s and 60�C for 45 s.
The primer sequences used are shown in Table S1. Target gene
expression was normalized relative to the expression of GAPDH or
b-actin.

Histology and quantification

For H&E staining, deeply anesthetized animals were transcardially
perfused with phosphate-buffered saline (PBS) followed by 4% para-
formaldehyde (PFA) in 100 mM phosphate buffer (PB) (pH 7.4). Iso-
lated tissues were fixed in 4% paraformaldehyde overnight at 4�C.
Then, the fixed tissues were embedded in paraffin, cut into 5-mm sec-
tions, and stained using anH&E staining protocol. The area of fat cells
and pancreas islets was quantified by Pannoramic Viewer 1.1
(3DHISTECH, Budapest, Hungary).

Immunohistochemistry

For immunohistochemistry, mice were anesthetized with a combina-
tion of ketamine (16 mg/kg body weight) and xylazine (80 mg/kg
body weight) and perfused transcardially with PBS, followed by 4%
paraformaldehyde in 100 mM PB (pH 7.4). The dissected tissues
were immersed in 4% paraformaldehyde for 2 days at 4�C. Then,
the pancreases were removed and dehydrated in 30% sucrose for 24
h. A tissue block containing the pancreas was next prepared and
embedded in optimal cutting temperature (OCT) solution and
sectioned at a thickness of 10 mm by Leica freezing slicer CM1520.
The sections were blocked and permeabilized with 10% normal
donkey serum and 0.2% Triton X-100 in PB for 2 h and then incu-
bated overnight at 4�C with the primary antibodies. The primary an-
tibodies were diluted in PBS containing 5% normal donkey serum and
0.2% Triton X-100 and used at concentrations as described in Table
S2. The secondary antibodies were diluted in PBS containing 5%
normal donkey serum and 0.2% Triton X-100 at 1:1,000 dilution. TU-
NEL analysis was performed using an In SituCell Death Detection Kit
following the manufacturer’s instructions (Roche, Redwood City, CA,
USA). The images were captured using a Zeiss LSM 800 confocal
scanning microscope. The fluorescence intensity and colocation ratio
were measured by Zen software.

Immunocytochemistry

The transfected cells were fixed with 4% paraformaldehyde in
100 mM (pH 7.4) for 15 min at room temperature. After blocking
with PBS containing 5% normal goat serum and 0.2% Triton X-
100, cells were incubated with specific antibodies (Table S2) at 4�C
overnight. The secondary antibodies comprised goat anti-rabbit
Alexa 488, goat anti-rabbit Alexa 594, goat anti-mouse Alexa 488,
goat anti-mouse Alexa 594, donkey anti-rat Alexa 488, and donkey
anti-rabbit Alexa 633 (Invitrogen, Carlsbad, CA, USA, 1:500 dilu-
tion). Nuclei were counterstained with DAPI (cat. no. D8417, Sigma,
St. Louis, MO, USA). Immunocytochemistry images were captured
with a Zeiss LSM 800 confocal scanningmicroscope. The fluorescence
intensity and colocation ratio were measured by Zen software.

Western blotting

Tissues or cells were lysed in radioimmunoprecipitation assay buffer
containing a protease inhibitor cocktail (Roche, Redwood City, CA,
USA) and a phosphatase inhibitor (Roche, Redwood City, CA,
USA). The protein concentration of the lysates was determined using
a DC Protein Assay as per the manufacturer’s instructions (Bio-Rad,
Hercules, CA, USA). Equal amounts of protein were separated on
SDS polyacrylamide gels and transferred to polyvinylidene fluoride
membranes (GE Healthcare, Chicago, IL, USA). The blots were
blocked with 8% nonfat dry milk in Tris-buffered saline (TBS) solu-
tion with the detergent Tween 20 for 2 h at room temperature. Then,
the membranes were incubated with the primary antibodies in block-
ing solution overnight at 4�C. The primary antibodies used for west-
ern blotting are shown in Table S2. The primary antibodies were
detected with anti-mouse or anti-rabbit horseradish peroxidase
(HRP)-conjugated secondary antibodies (1:5,000; Bio-Rad, Hercules,
CA, USA), and the signal was developed using Supersignal West Pico
Chemiluminescent Substrate as per the manufacturer’s instructions
(Pierce, Rockford, IL, USA). The relative intensity of the immunore-
active bands was quantified using the gel analysis tool provided in the
ImageJ software. The intensity of the proteins of interest was normal-
ized to that of GAPDH or b-actin.

TEM

Anesthetized mice were fixed by transcardial perfusion with PBS, fol-
lowed by perfusion with 2.5% glutaraldehyde in cacodylate buffer.
Tissues were postfixed in 2.5% glutaraldehyde in cacodylate buffer
(pH 7.2) overnight at 4�C. The pancreases were dissected,
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immersion-fixed with 4% paraformaldehyde for 8 h, and sectioned
sagittally at 100-mm intervals using a vibratome. Sections were incu-
bated in 1% osmium tetroxide for 1 h, washed in 0.1 M phosphate
buffer, and dehydrated via an ascending series of ethanol and propyl-
ene oxide and embedded in Epon (25 g Epon 812, 13 g dodecenyl suc-
cinic anhydride [DDSA], 12 g nadic methyl anhydride [NMA], and
1 mL 2,4,6-Tris [dimethylaminomethyl] phenol [DMP-30], Electron
Microscopy Sciences). Ultrathin sections (70 nm) were cut and
stained with uranyl acetate and lead citrate. The sections were imaged
under a Philips CM120 scanning transmission electron microscope.

Electrophysiological experiments

Prepared MIN6 cells were patch-clamped in conventional whole-cell
configuration at 33�C–34�C. Experiments were performed using an
Axopatch200B amplifier and a Digidata1440A Data Acquisition Sys-
tem (Molecular Devices, San Jose, CA, USA), in sampling frequency 5
kHz and filtering frequency 10 kHz. Patch pipettes were fabricated by
a P97micropipette puller using filament capillary glass (Sutter Instru-
ment Company, Novato, CA, USA). Filamented patch pipettes had
typical resistances of 3–5 megaohms when fire-polished and filled
with an intracellular solution containing 140 mM KCl, 1 mM
MgCl2, 0.05 mM EGTA, 10 mM HEPES, and 5 mM MgATP (pH
7.3), with KOH. After the whole-cell configuration was established,
the resting membrane potential (RMP) was measured in “I = 0”
mode. Changes in membrane potential were calculated by the mem-
brane potential difference of MIN6 cells between 16.7 and 5.6 mM
glucose concentration.

Measurement of intracellular Ca2+ influx

The cytosolic Ca2+ concentration was assessed using the Ca2+ indica-
tor Cal-590 AM (AAAT, Sunnyvale, CA, USA). All experimental pro-
cedures were conducted according to the product protocols. A 5 mM
stock solution of Cal-590 AM esters in high-quality, anhydrous
DMSO was prepared. On the day of the experiment, either Cal-590
AM was dissolved in DMSO or an aliquot of the indicator stock solu-
tion was thawed to room temperature. The Cal-590 AM working so-
lution of 10 to 20 mM inHanks andHEPES buffer (HHBS) with 0.04%
Pluronic F-127 (AAAT, Sunnyvale, CA, USA) was prepared. Then, an
equal volume of the dye working solution was added to the cell plate.
The dye-loading plate was incubated in a cell incubator for 60 min
and then incubated at room temperature for another 30 min. The
dye working solution was replaced with HHBS or, if applicable, a
buffer that contains an anion transporter inhibitor, such as 1mMpro-
benecid, to remove excess probes. The experiments were run at Ex/
Em = 540/590 nm on a Zeiss LSM 800 confocal scanning microscope.
The fluorescence intensity was measured by Zen software to deter-
mine the amount of intracellular Ca2+.

Lipid translocation assay

Lipid translocation assay was performed as previously described.48

The labeled phospholipid analog 16:0–06:0 NBD-PS (1-palmitoyl-
2-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino] hexanoyl]-sn-glyc-
ero-3-phospho-L-serine [ammonium salt]) were purchased from
Avanti Polar Lipids (Alabaster, AL, USA). NBD-PS powder stocks
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were dissolved in 95% ethanol and diluted to 10 mM with Hank’s
balanced salt solution (HBSS) with 15mMMgCl2 and without phenol
red (HBSS-15 mM MgCl2; Gibco). The MIN6 cells were transfected
with empty small interfering RNA (siRNA) (control) and Tmem30a
siRNA (KD), respectively. After 72 h, transfected MIN6 cells were
washed using PBS, equilibrated in pre-warmed HBSS-15 mM
MgCl2 for 15 min at 20�C, and incubated with 20 mM NBD-PS for
20 min at 20�C. Subsequently, the cells were washed with HBSS-
15mMMgCl2 on ice. To quantify NBD-PS translocated into the inner
leaflet of the plasma membrane, PS from the outer leaflet was
removed by back-extraction. This was done by adding ice-cold
HBSS supplemented with 2% bovine serum albumin (Sigma, St.
Louis, MO, USA) to the cells for 10 min on ice and repeating the pro-
cess three times. Finally, cells were centrifuged at 4�C for 5 min at
300 g and suspended in HBSS and analyzed with a flow cytometer
(CytoFLEX, Beckman Coulter). The mean fluorescence intensity
was calculated for each group. Dead cells were excluded from the
analysis by blue fluorescence (DAPI positive). The NBD-PS fluores-
cence intensity of MIN6 cells was plotted on a histogram to calculate
the MFI.
Statistical analysis

Statistical analysis was performed using GraphPad Prism 6 software.
The datasets were tested for normal distribution using Shapiro-Wilk
test. For normally distributed datasets, statistical significance was
determined by Student’s t test or ANOVA. If the dataset is not nor-
mally distributed, non-parametric statistic is used. p values were
calculated by Student’s t test or ANOVA followed by a Tukey, Dun-
nett, or Sidak’s multiple comparisons test as appropriate. p < 0.05 was
considered statistically significant.
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