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ABSTRACT

Neuroendocrine regulatory peptide-4 (NERP-4) processed from the granin protein VGF functions as a positive allosteric mod-

ulator that acts on the amino acid transporter SNAT2 expressed on pancreatic 3 cells. NERP-4 promotes insulin secretion
and B-cell maintenance. We studied the effects of NERP-4-deleted VGF (VGF~NERP-4) on B-cell functions in MIN6-K8 3 cells
and CRISPR-Cas9-designed mouse islets. VGF*NERF-4 exhibited reduced insulin secretion and disrupted -cell maintenance.

Notably, VGFANERP-4 caused defective insulin granule formation via insulin accumulation in the trans-Golgi network, thereby
reducing replenishment of insulin granule stores in the second-phase insulin secretion. These findings are comparable to those
obtained in Vgfknockdown. NERP-4 administration to VGFANERP-4 g8 cells restored B-cell maintenance but not insulin granule
formation. NERP-4 was reduced in the islets of patients with type 2 diabetes mellitus. NERP-4 plays a role in 3-cell viability and

the NERP-4 region is critical for VGF structure in the context of granulogenesis, thereby providing new insights into the role of

NERP-4 in 3-cell biology.

1 | Introduction

Insulin is stored in granules of f§ cells and secreted in re-
sponse to multiple stimuli, including nutrients, hormones,
local signaling, and neuronal inputs. Proinsulin synthesized
in the rough endoplasmic reticulum (ER) is transported to the
Golgi complex and sorted at the trans-Golgi network [1, 2].
It is then packed into immature secretory granules, together

with granin protein family members VGF, chromogranin A,
and chromogranin B [3-5]. VGF, an acidic protein also named
secretogranin VII, comprises 615 (human) or 617 (mouse/rat)
amino acids and aggregates in the secretory granules under
low pH conditions [6-9]. These aggregates facilitate proinsu-
lin condensation and insulin maturation in the secretory gran-
ules [5]. Mature secretory granules are mobilized to fuse with
the plasma membrane and deliver insulin to the bloodstream.

Abbreviations: ATP, Adenosine triphosphate; Cas9, CRISPR-associated protein 9; CRISPR, clustered regularly interspaced short palindromic repeats; DCFH2-DA,
2,7-dichlorodihydrofluorescein diacetate; DMEM, Dulbecco's modified eagle's medium; Dz, diazoxide; ER, endoplasmic reticulum; GSIS, glucose-stimulated insulin
secretion; ND, non-diabetes individuals; NERP-4, neuroendocrine regulatory peptide-4; PCs, Prohormone convertases; SNAT2, sodium-coupled neutral amino acid

transporter 2; T2DM, type 2 diabetes mellitus; VGF, VGF nerve growth factor inducible.
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Granin proteins act on trafficking secretory granules and
regulate granule mobility, secretion potential, and degrada-
tion [10]. They also function as multiple peptide precursors.
Prohormone convertases (PCs) and carboxypeptidases are
also packed into secretory granules where these enzymes pro-
cess precursor proteins to biologically active peptides. VGF
is processed by PC1/3 and PC2 into a variety of peptides, in-
cluding insulinotropic peptides NERP-2, TLQP-21, TLQP-62,
and AQEE-30 [11-14]. Our recent study has demonstrated that
NERP-4, another VGF-derived insulinotropic peptide corre-
sponding to VGF489-507 in mice, acts as a positive allosteric
modulator on the amino acid transporter SNAT2/SLC38A2
expressed on f cells [15]. NERP-4 enhanced the uptake of
neutral amino acids glutamine, alanine, and proline, thereby
contributing to $-cell function and maintenance [15]. NERP-4
neutralization with an anti-NERP-4 IgG reduced insulin se-
cretion and f-cell viability [15].

VGF loss-of-function studies in isolated mouse islets and condi-
tional knockout mice presented defective secretory granule bio-
genesis and proinsulin processing [9]. Here, we investigated the
biological significance of NERP-4-deleted VGF (VGFANERP-4) jpn
{-cell function and viability. We generated two distinct models
of VGFANERP-4: ope of mouse insulinoma-derived MIN6-KS8 cells
and the other of islets isolated from CRISPR/Cas9-designed
mice. Additionally, we studied the structural importance of the
NERP-4 region in VGF-mediated granulogenesis in {3 cells. To
explore whether NERP-4 reduction is related to diabetes patho-
genesis, we investigated the NERP-4 immunoreactivity in the
islets of patients with type 2 diabetes mellitus. We demonstrate
that NERP-4 plays a role in -cell viability and that the NERP-4
region is critical for the function of VGF as a granin protein.

2 | Materials and Methods
2.1 | Cultured Cells

MING6-K8 cells were provided by Dr. Jun-ichi Miyazaki (The
University of Osaka). They are mouse insulinoma-derived
cells [16] that have been used to study the mechanism of se-
cretory granule formation and insulin secretion [15, 17-19].
They were maintained in Dulbecco's modified Eagle's medium
(DMEM; 044-29765; Wako) supplemented with 10% fetal bo-
vine serum (FBS), 25mM glucose, 4mM glutamine, 100U/mL
benzylpenicillin, and 100mg/mL streptomycin at 37°C in a hu-
midified atmosphere of 5% CO,,.

2.2 | Patients and Specimens

Human pancreatic tissues were studied according to the guide-
lines of the Ethics Committee on Human Research Samples at
the Japanese Society of Pathology after approval by the ethics
committee of Hirosaki University School of Medicine (approval
number #2013-235, 2024-092). The study conforms to the
provision of the Declaration of Helsinki. All participants stud-
ied gave their informed consents prior to their inclusion in the
study. A total of 34 patients who underwent autopsy at Hirosaki
University Hospital from 2012 to 2016 were analyzed retrospec-
tively. Major clinical characteristics were obtained from the

clinical records. The specimens from 14 non-diabetes individ-
uals and 20 patients with type 2 diabetes mellitus were used for
immunofluorescent histological analyses.

2.3 | siRNA Treatment

MING6-KS8 cells (2 x 103 cells/well in 48-well plates) were treated
for 72h with mouse Vgf siRNA (20pmol/mL; s117809; Thermo
Fisher Scientific) or siSCR (4390843; Thermo Fisher Scientific)
using Lipofectamine RNAiMAX Reagent (Thermo Fisher
Scientific). Knockdown and knockin efficacy was studied by
western blot and PCR analyses.

2.4 | Transfection of Vgf-Knocked Down MIN6-K8
Cells With Vgffll or VgfrNerp-4

Hypothalamic ¢cDNA from CRISPR-Cas9-designed Nerp-4~/~
mice and their littermates were used to generate vectors. Full-
length (Vgf“) and Nerp-4-deleted (Vgf2Nerp-#) mouse Vgf were
amplified by PCR and inserted into the Hind IIT and EcoRI sites
of a pcDNA3.1 (+) vector (Thermo Fisher Scientific). MIN6-K8
cells were transfected with pcDNA3.1 (+) vector containing
mock, Vgffl, or Vgf~Nerr4 using ViaFect (Promega) for 36h
(Figure 1a). In the palmitate experiments (Figure 4c), the cells
were treated with 0.5mM palmitate in DMEM for 24h after
Vgfiull or VgfoNerr-4 transfection. NERP-4 at a final concentra-
tion of 107'°M was administered to the Vgf~Nerp4 + NERP-4 ad-
ministration group 12, 24, and 36 h after. Vgf*Ne'p-# transfection.

2.5 | Cell Viability Assay

MING6-K8 cells were treated as shown in Figure 1a prior to use.
Five groups of the cells were maintained in DMEM supple-
mented with 10% FBS, 25mM glucose, 4 mM glutamine, 100 U/
mL benzylpenicillin, and 100 mg/mL streptomycin at 37°C in a
humidified atmosphere of 5% CO,. Cell viability was evaluated
using a Cell Counting Kit-8 (Dojindo).

2.6 | ATP Assay

The five groups of MIN6-K8 cells in Figure la were pre-
incubated with 2.8 mM glucose for 30min and then incubated
with 16.7mM glucose for 30 min. They were then lysed and the
ATP content was measured using a Colorimetric/Fluorometric
Assay Kit (BioVision).

2.7 | Measurement of Oxidants

MING6-K8 cells were seeded on a 96-well black plate (Corning),
and the five groups of the cells in Figure 4c were administered
500 500uM sodium palmitate (Sigma-Aldrich) for 24h. They
were then incubated with 50 uM 2,7-dichlorodihydrofluorescein
diacetate (DCFH2-DA, Dojindo) for 30min at 37°C to detect the
oxidants produced in the cells [20]. Fluorescence intensity was
measured using a VICTOR Nivo (PerkinElmer) with excitation
and emission at 488 nm and 522 nm, respectively.

20f 14

The FASEB Journal, 2025

85U8017 SUOWIWIOD 3A11e81D) 3|l dde ayy Aq peusenob a1e sajolie YO ‘SN JO S9N o} Aeiq1T 8UlUO A8]IA LD (SUOHIPUOD-PUE-SWLBI 00" A3 1M A eI 1[BUl [UO//SdL) SUONIPUOD PUe SWie 1 84} 88S [9202/T0/20] Uo AkeiqiTauliuo A8]IM BXesO JO AiseAIuN 8y L A d/v206202 (1/960T OT/I0p/W0d A3 (1M Aleld 1jpul U0 gese)//:Stny Wouy papeojumod #Z ‘5202 ‘09890EST



a b kDa
— s | 80-90
MING-K8 cells N = ‘
ACin  |m— s w—— 1D
T fecti li
. " ransfection Sampling 1 5e P=07773
. ' P=00174 P=0.8073
siSCR + mock siSCR MEES P=00112 P=00124
[J)
siVgf + mock mock i>) 1.0 p2o =3
w \
siVgf + Vgffull Vgf ful g
siVgf [0}
20.5—
Sngf + ngANerp-4 ng ANerp-4 % -
x
siVgf + Vigf /Ner-4 NERPA
+ NERP-4 Vlgf e e
~ [T PN SRS
72h 0h 12h 36h £ 8¢ ’\S@Q’b‘
*x Q9 \©
Qé\ KXQ s\xAQQ/Q‘
RN
> 9
C siVgf + siVgf +
S|SCR S| ng ng full ng ANerp-4
Insulin
NERP-4
merge
d siVgf + Vgf ~Nerp-4

siSCR siVgrf siVgf + Vgf ull siVgf + Vgf ~Nerp-4 + NERP-4

FIGURE1 | NERP-4deletionreducesinsulinstorage. (a)siVgf~-MIN6-K8 cellswere transfected with Vgff!l or Vg f*NERP-4for 36 h before use. NER P-4
was administered twice at 12 and 24h after Vgf*NERP# transfection. (b) Western blot analysis of VGF after transfection (n=3). (c) Representative
immunostaining of insulin and NERP-4 in MIN6-K8 cells (n =8 areas per group). (d) Representative transmission electron micrograph of MIN6-K8
cells (n=12 sections per group). (e, f) Box plots showing the numbers (n=15) and diameters (n =317, 137, 191, 116, and 148) of insulin storage gran-
ules. (g) Insulin content (n =4). (h) GSIS (n=4). (i) Proinsulin/insulin ratio (n =4). Representative results of two independent experiments (b-i). Data
are presented as the mean +s.e.m. (b, e-i). One-way ANOVA and Tukey's multiple comparisons test (b, e-i). Scale bars, 10um (c), 1 um (d).
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FIGURE1 | (Continued)

2.8 | Generation of Systemic Nerp-4—/~ Mice

Nerp-4~/~ mice were generated using CRISPR-Cas9 technol-
ogy (Trans Genic Inc.). The sequences of the gRNAs used
were as follows: gRNA84N; 5-GAGGCGGCACCGGCTCG
GGA-3’, gRNAB84C; 5-CGGAGAGCGGACATGGGTCG-3.
These sequences were inserted into a plasmid containing the
CAG-promoter-driven hCas9 coding sequence. To introduce
a deletion mutation, single-stranded oligo DNA with a 100bp
homologous arm identical to the upstream and downstream

sequences of the region to be deleted was designed and synthe-
sized (Ultramer oligos; Integrated DNA Technologies) as donor
DNA. The expression vector (2 pL of 5ng/uL) and donor DNA
(100ng/uL) were microinjected into fertilized C57BL/6N eggs.
Deletion mutant alleles were detected by direct sequencing. To
confirm gene deletion at the mRNA level, PCR was carried out
using KOD FX (Toyobo) with the following primers: F11904,
5’-CCCCGCTAGCTGTTCGCCGAGGAGGAGGAC-3 and
R12430, 5-CCCCGAATTCCTCCAGATCCGGATGGTGGC-3".
The sizes of the PCR products from WT and NERP-4 KO mice
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were 547 bp and 490 bp, respectively. The mice were maintained
under controlled temperature (21°C-23°C) and light (light on:
08:00-20:00) conditions and were given free access to a stan-
dard diet (CE-2; CLEA Japan) and water. Male mice were used
for the experiments. All animal experiments were performed in
accordance with the Japanese Physiological Society guidelines
for animal care and were approved by the Ethics Committee
on Animal Experimentation of the University of Miyazaki. The
mice under ad libitum conditions were humanely euthanized
via intraperitoneal injection with a combination anesthetic con-
sisting of 0.3 mg/kg medetomidine, 4.0mg/kg midazolam, and
5.0mg/kg butorphanol. Blood, pancreas, and islets were col-
lected after euthanasia.

2.9 | Quantitative Real-Time PCR (RT-PCR)

mRNA was extracted from MIN6-K8 cells and mouse islets
using a Ribopure Kit (Thermo Fisher Scientific). First-strand
cDNA was synthesized using high-capacity cDNA reverse
transcription kits (Applied Biosystems). Quantitative RT-PCR
was performed on a Thermal Cycler Dice Real Time System
1I (Takara Bio) using TagMan Fast Universal PCR Master Mix
(Thermo Fisher Scientific) and TagMan/Applied Biosciences
primers shown in Table S1. Expression levels in the PCR prod-
ucts were normalized to that of glyceraldehyde3-phosphate de-
hydrogenase (Gapdh) mRNA.

2.10 | Antibody Preparation

Anti-NERP-4 antibody was prepared by immunizing rabbits
against mouse acetyl NERP-4[8-19 amino acids], as described
previously [15]. Anti-VGF antibody was prepared by immuniz-
ing rabbits against mouse cysteinyl VGF[610-617 amino acids]
[21] coupled with maleimide-activated keyhole limpet hemo-
cyanin (Pierce). The VGF IgG was purified over a Protein G
Sepharose 4 Fast Flow column (Merck Millipore).

2.11 | Immunohistochemistry

The anesthetized mice were transcardially perfused with 100
mL of ice-cold heparinized phosphate-buffered saline (0.1 M,
pH7.4) and then with 50 mL of ice-cold 4% paraformaldehyde.
Mouse pancreata were infiltrated with 4% paraformaldehyde
overnight at 4°C and embedded in optimal cutting temperature
compound (Sakura Finetek). MIN6-K8 cells were fixed with
4% paraformaldehyde for 15min at room temperature (RT).
Immunohistochemistry of human pancreata was performed
with 4 pm-thick sections of paraffin-embedded tissue specimens.
After dewaxing steps, the antigen retrieval was performed with
a citrate-based antigen retrieval solution (pH 6.0; H-3300, Vector
Laboratories). For double immunofluorescence staining [15],
sections of human and mouse pancreata or MIN6-K8 cells were
incubated overnight at 4°C with the primary antibodies. They
were then incubated for 1h at RT with corresponding Alexa
Fluor 488- and 594-conjugated secondary antibodies. The
samples were observed under an AX-7 fluorescence (Olympus)
or C2 confocal (Nikon) microscope. Fluorescence intensity and
area were measured using ImageJ software (National Institutes

of Health). The antibodies and staining conditions used are de-
scribed in Table S1.

2.12 | Western Blotting

Proteins extracted from MIN6-K8 cells and mouse islets were
analyzed by western blotting with the indicated antibodies
(Table S1), as described previously [22]. The cells and islets
were ruptured with NP40 lysis buffer (MedChemExpress). The
protein samples were resolved by SDS-PAGE and transferred
onto polyvinylidene fluoride membranes. After blocking for 1h
with 5% skim milk, the proteins on the membranes were incu-
bated overnight at 4°C with primary VGF antibody. After three
washes with Tris-buffered saline with Tween 20, the proteins
on the membranes were incubated for 1h with the horseradish
peroxidase-conjugated secondary antibody and developed using
chemiluminescent substrates. Fusion Edge software (Vilber
Lourmat) was used for quantification.

2.13 | Transmission Electron Microscopy

MING6-K8 cells were fixed with a mixture of 2% paraformaldehyde
and 2.5% glutaraldehyde overnight at 4°C and were then embed-
ded in epoxy resin. Ultrathin sections mounted on gold meshes
were stained with uranyl acetate-lead citrate and examined using
an HT7700 transmission electron microscope (Hitachi) [23]. The
sizes and diameters of insulin granules (12 sections per group) of
each group of MIN6-K8 cells were measured.

2.14 | Islet Isolation

Mouse pancreatic islets were isolated as described previously
[24]. Each minced pancreas was digested in 10 mL of collagenase
P (1 mg/mL in Hank's balanced salt solution; Roche Diagnostics)
for 15min at 37°C. The pellet was resuspended in RPMI-1640
supplemented with 10% FBS, 1% penicillin-streptomycin, 2mM
glutamine, and 11 mM glucose. Pancreatic islets were selected
under a stereomicroscope.

2.15 | Insulin Content in MIN6-K8 Cells and Islets

To measure proinsulin and insulin contents, MIN6-K8 cells
and islets were treated with 1% hydrochloric acid-ethanol for
24h at 4°C after ultrasonic homogenization. Mouse insulin and
proinsulin were measured using ultra-sensitive Mouse Insulin
(Morinaga Institute of Biological Science) and Proinsulin
(ALPCO Diagnostics, Cosmo Bio) enzyme-linked immunosor-
bent assay Kkits, respectively. Protein content was determined
using Protein Assay Kit I (Bio-Rad Laboratories).

2.16 | Perifusion Assay

The perifusion assay was performed in MIN6-KS8 cells and isolated
mouse islets as described previously [9, 25]. After pre-incubation in
HKRB containing 2.8 mM glucose (30 min for MIN6-K8 cells and
1h for islets), the MIN6-K8 cells or islets were loaded onto a 0.2-um
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syringe filter (Sartorius). The filter was connected to a peristaltic
pump with a flow rate of 1mL/min and then equilibrated with
HKRB containing 2.8mM glucose for 5min before the medium
was changed to 2.8 mM glucose containing 35mM KCl or 11.2mM
glucose containing 35mM KCl and 100 uM diazoxide. The insulin
release ratios at different time points were normalized against the
insulin content at Omin.

3 | Statistical Analysis

Statistical analyses were performed on GraphPad Prism 7 sta-
tistical software (GraphPad) using one-way analysis of variance
(ANOVA) and Tukey's multiple comparisons test as well as un-
paired two-tailed Student's t-test. Outliers in all experiments
were identified using the ROUT method on Prism. All data are
expressed as the mean+s.e.m. Statistical significance was set
at p<0.05.

4 | Results
4.1 | VGFANERP-4 Reduces Insulin Storage

We studied five groups to investigate the roles of NERP-4 in
B-cell granulogenesis (Figure 1la; siSCR, siVgf, siVgf+ Vgffull,
siVgf+ VgfoNer4 and siVgf+ Vgf*NeP4+ NERP-4 administra-
tion). Compared with the scrambled control short interfering
RNA (siRNA) group (siSCR), siVgf reduced the Vgf mRNA level
by 64% (Figure Sla). Transfection of pcDNA3.1-full-length Vgf
(Veffl) into siVgf-treated MIN6-K8 cells restored the VGF protein
level to a similar degree as that in siSCR (Figure 1b). Transfection
of pcDNA3.1-Nerp-4-deleted Vgf (Vgf*Nerr#) into siVgf also re-
stored the Vgf mRNA level to a similar degree as that in siSCR
(Figure Sla) but did not restore the VGF protein level (Figure 1b).
SNAT2 mRNA levels were similar in all groups (Figure S1b). We
confirmed NERP-4 deletion in siVgfand Vgf*Nerr# and its expres-
sion in Vg by immunocytochemistry (Figure 1c).

siVgf, Vgffull, or Vgf2Nerp# did not affect the Insl or Ins2 mRNA
level (Figure S1c). Transmission electron microscopy revealed
that siVgf reduced the number and size of insulin granules
(Figure 1d-f). Vgf!l restored both, whereas Vgf2Nerr-# did not.
Both siVgfand Vgf*Nerp-4 reduced insulin content, which was re-
stored by Vgfu!l (Figure 1g). NERP-4 administration to Vgf~Nep-4
did not restore the VGF protein level, number, or size of insulin
granules, or insulin content (Figure 1b,d-g). These results sug-
gest that Vgf*Nerp-4 exhibits defective insulin granule formation
and that NERP-4 administration has no effect on granule forma-
tion. Both siVgfand Vgf~NerP# reduced insulin secretion, which
was restored by Vgf"!' and NERP-4 administration to Vgf2Nerp-4
(Figure 1h). The proinsulin/insulin ratio increased in both siVgf
and Vgf~Nerp-4 compared with siSCR (Figure 1i). VGFANERP-4 hag
an impaired function as a granin protein.

4.2 | NERP-4 Region Is Critical for VGF Function
in Insulin Granule Trafficking

We presumed that VGFANERP-4 caused defective granule func-
tion. We first studied the cytoplasmic distributions of insulin,

VGF, and the trans-Golgi marker TGN38 by immunostaining.
siVgf reduced the insulin-positive area and caused insulin ac-
cumulation in the TGN38-positive area (Figure 2a-c), sug-
gesting impaired granule sedimentation and localization in
VGF-deficient cells. Vgf!' restored the diffuse and punctate
insulin staining throughout the cytosol, but neither Vgf~Nerr-4
nor NERP-4 administration to Vgf*NerP# restored this insulin
staining pattern (Figure 2a-c). siVgf reduced the VGF-positive
area (Figure 2d,e). Vgf™! restored the VGF-positive area, but
neither Vgf2Nerr-4 nor NERP-4 administration to Vgf»Ner# did
(Figure 2d,e). The total VGF-positive area in siSCR was 2.7-fold
bigger than the VGF area with TGN38 colocalization, which in-
dicates that VGF diffused throughout the cytosol (Figure 2f,g).
siVgf retained VGF in the TGN38-positive area (Figure 2f,g).
Vgffull restored VGF distribution throughout the cytosol,
whereas Vgf*Nep4 or NERP-4 administration to Vgf~Nerr# did
not (Figure 2f,g).

Insulin is released from f3 cells in a biphasic manner that re-
flects mobilization of distinct pools of insulin granules. To in-
vestigate whether VGFANERP-4 could recruit insulin granules
potently and persistently, we studied the biphasic insulin se-
cretion response by a perifusion assay [9, 26] using MIN6-K8
cells transfected with Vgffull or Vgf2Nerr-4 (Figure 3a). We
examined the first-phase insulin secretion by adenosine tri-
phosphate (ATP)-mediated closure of K, channels via di-
rect membrane depolarization, which was achieved through
35mM KCI stimulation in 2.8 mM basal glucose. To examine
the second-phase insulin secretion, which is independent of
the K, channel, we used diazoxide to open the K ., chan-
nel in the presence of stimulatory 35mM KCI and 11.2mM
glucose. Both Vgffull and Vgf~Nerr-4 exhibited equally po-
tent first-phase insulin secretion, while Vgf®2Nerp#4 decreased
the second-phase insulin secretion compared with Vgffull
(Figure 3b,c). Collectively, these findings demonstrate that
VGFANERP-4 exhibits insufficient activity on the VGF-mediated
sustained replenishment of insulin granules.

4.3 | NERP-4 Acts on -Cell Maintenance

We investigated the roles of NERP-4 in f-cell maintenance
among the five groups shown in Figure 1a. siVgfreduced -cell
viability (Figure 4a). Both Vgf™!!l and NERP-4 administration
to Vgf2Nerr-4 augmented cell viability, whereas Vgf~Nerr-4 alone
did not (Figure 4a). Mitochondrial dysfunction in diabetic 8
cells disrupts insulin release. We have previously reported
that administration of NERP-4 to diabetic {3 cells reversed mi-
tochondrial dysfunction [15]. siVgf reduced intracellular ATP
production induced by high glucose stimulation (Figure 4b).
Both Vgff"ll and NERP-4 administration to VgfANerr# aug-
mented ATP production, while Vgf2Nerp4 alone did not
(Figure 4b). Chronic excess administration of free fatty acids
triggers oxidative and ER stress, leading to 3-cell dysfunction
[27]. We analyzed the oxidants and ER stress following palmi-
tate treatment in the five groups (Figure 4c). siVgf increased
the production of oxidants (Figure 4d) and the mRNA levels
of ER stress markers including Grp78, Chop, Xbp-1, Atf4, and
Atf6 (Figure 4e-i). Both Vgff!ll and NERP-4 administration
to Vgf~Nerp-4 reversed these changes, whereas Vgf2Nerr-4 alone
did not (Figure 4d-i). Collectively, these findings indicate that

6 of 14

The FASEB Journal, 2025

85U8017 SUOWIWIOD 3A11e81D) 3|l dde ayy Aq peusenob a1e sajolie YO ‘SN JO S9N o} Aeiq1T 8UlUO A8]IA LD (SUOHIPUOD-PUE-SWLBI 00" A3 1M A eI 1[BUl [UO//SdL) SUONIPUOD PUe SWie 1 84} 88S [9202/T0/20] Uo AkeiqiTauliuo A8]IM BXesO JO AiseAIuN 8y L A d/v206202 (1/960T OT/I0p/W0d A3 (1M Aleld 1jpul U0 gese)//:Stny Wouy papeojumod #Z ‘5202 ‘09890EST



a sivgr+ D c P=00009 P=0.7727
siSCR siVgf sng);-; sng,\):+ , Vgf e P <0.0001 P<0.0001 =300 P=0.0003 P=0.0011
Vgf Vgf ahe-4 NERP-4 ;80_ o [=04070 g e N
[ P <0.0001 © A
° X
Insulin <60 i ’ % o J‘E
g A 25200, .
© ¥ ia £° P=0.4479
g 40 + . P=0.9408 §§
= = ; v
TGN38 § 5 E T g 1007
£%07 MBS
E 8
7} o
merge <0 PR 8 = & &
A\ /A A\
K8 O RPN
DN P N SCPCS
< A8 O R RIS
\QQ g\x Kx %Q/ \(} Kx ‘\x QQ/
U S
d siVgrf + e
siSCR siVgf siVgf + siVgf+  ygf ANer-4 P=0.5912
Vgf Ul Vgf 2Nere4 4 NERP-4 80 -1, <0.0001
T P <0.0001 P <0.0001
Insulin X 60 - :
- Aa
5|8 &
& sl P=04070
g 40 . ;
VGF = = ¥
8
Q207 v
w
9]
merge > 0
M
%QQ‘ 4&\ {\0\\ \@& &\Q
o o O O o>
N0 QL
) L5 QQ/
DI
) )
f . sivgr + d P=03154
siSCR siVgf siVgf+  siVgf+  \/gf ~Ner-4 e
ngfull ngLNerp-4 + NERP-4 /5400_ P <0.0001 P<0.0001
= P=0.0001
X o’
VGF L o 300- %
™
R
20 C
I = o
Q < 200+ P=01718
TGN38 5 2 =
o3
= N 100
Y]
o
merge %
S =
S8 Qo o
S N
B N} & & )
AR OES
\4() Y %Q/
% é\g% é\@ x
FIGURE2 | Legend on next page.
The FASEB Journal, 2025 7 of 14

85U8017 SUOWIWIOD 3A11e81D) 3|l dde ayy Aq peusenob a1e sajolie YO ‘SN JO S9N o} Aeiq1T 8UlUO A8]IA LD (SUOHIPUOD-PUE-SWLBI 00" A3 1M A eI 1[BUl [UO//SdL) SUONIPUOD PUe SWie 1 84} 88S [9202/T0/20] Uo AkeiqiTauliuo A8]IM BXesO JO AiseAIuN 8y L A d/v206202 (1/960T OT/I0p/W0d A3 (1M Aleld 1jpul U0 gese)//:Stny Wouy papeojumod #Z ‘5202 ‘09890EST



FIGURE 2 | NERP-4 is involved in insulin granule trafficking. (a) Representative immunostaining of insulin, TGN38, and DAPI in MIN6-K8
cells (n=28 areas per group). (b) Quantification of insulin-positive area (n =8 areas per group). (c) Area ratio of total insulin/insulin co-localized with
TGN38 (n=3 or 5 areas per group). (d) Representative immunostaining of insulin and VGF in MIN6-KS8 cells (n =8 areas per group). (e) Quantification
of VGF-positive area (n=38). (f) Representative immunostaining of VGF, TGN38, and DAPI (n=8 areas per group). (g) Area ratio of total VGF/
VGF co-localized with TGN38 (n=4 or 5 areas per group). Representative results of two independent experiments (a-g). Data are presented as the

mean +s.e.m. (b, ¢, e, g). One-way ANOVA and Tukey's multiple comparisons test (b, c, e, g). Scale bars, 10um (a, d, ).
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FIGURE3 | NERP-4deletion impairs the second-phase insulin secretion and proinsulin processing. (a) Schematic and time course for the perifu-

sion assay of MIN6-K8 cells. (b, ) First-phase insulin secretion from MIN6-K8 cells stimulated with 2.8 mM glucose containing 35mM KCl (b) and
second-phase insulin secretion stimulated with 11.2mM glucose containing 100 uM diazoxide (Dz) and 35mM KClI (c) (n =3). Representative results
of two independent experiments (b, ¢). Data are presented as the mean +s.e.m. (b, ¢). One-way ANOVA and Tukey's multiple comparisons test (b, c).

NERP-4 plays roles in mitochondrial maintenance and allevi-
ation of oxidative and ER stress even in Vgf2Nerr4 g8 cells with
impaired granulogenesis.

4.4 | Generation of Nerp-4-/~ Mice
and Characterization of Their Islets

To further study the role of VGFANERP-4 jn B-cell function,
we constructed Nerp-4~/~ mice using CRISPR/Cas9-medi-
ated genome editing (Figures 5a and S2a). Genomic sequenc-
ing confirmed the deletion of NERP-4 (Figure S2b). Genetic

analyses by PCR showed the deletion of the NERP-4 region
in the DNA samples obtained from the tail and hypothala-
mus of Nerp-4~/~ mice (Figure S2c). No NERP-4 immunore-
activity was observed in Nerp-4~/~ mouse islets (Figure 5b).
Immunohistochemical analyses showed that the levels of
VGF and insulin in Nerp-4~/- islets were lower than those
in the islets of wild-type (WT) littermates (Figure 5c,d). The
plasma insulin levels of Nerp-4~/~ mice were lower than those
of WT littermates (Figure 5¢). The Vgf mRNA levels in Nerp-
47/~ and WT islets were similar, whereas the VGF protein
levels in Nerp-4~/~ islets were lower than those in WT islets
(Figure 5f,g).
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FIGURES5 | Generation of Nerp-4~/~ mice and characterization of their islets. (a) Schematic presentation of the CRISPR/Cas9-mediated genome
editing strategy to generate Nerp-4~/~ mice. (b, c) Representative immunostaining of NERP-4 (b) and VGF (c) together with insulin in the islets of WT
and Nerp-4~/~ mice (n=3). (d) Relative fluorescence intensity of insulin and VGF in the islets of WT and Nerp-4~/~ mice (10 islets from three mice
each). (¢) Plasma insulin levels in WT and Nerp-4~/~ mice under ad libitum condition (n =5, 4). (f) Vgf mRNA levels in the islets of WT and Nerp-4=/~
mice (n=3). (g) VGF protein levels in the islets of WT and Nerp-4~/~ mice (n = 3). Representative results of two independent experiments (b-g). Data

are presented as the mean +s.e.m. (d-g). Unpaired two-sided ¢-test (d-g). Scale bars, 50 um (b, c).

4.5 | Nerp-4~/~ Islets Have Impaired Mobilization
of Secretory Granules

The mRNA levels of Insl and Ins2 did not differ between
Nerp-4=/~ and WT islets (Figure 6a). The insulin content in
Nerp-4~/- islets was lower than that in WT islets (Figure 6b).

The proinsulin/insulin ratio was higher in Nerp-4~/~ islets
(Figure 6¢). We conducted the islet perifusion assay accord-
ing to the procedure described in Figure 3a, except for the
1h pre-incubation step in 2.8 mM glucose. The first-phase
insulin secretion was similar between Nerp-4~/~ and WT is-
lets, whereas the second-phase insulin secretion decreased
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FIGURE6 | Nerp-4~/~ mouse islets have impaired second-phase insulin secretion. () InsI and Ins2 mRNA levels in the islets of WT and Nerp-4/-

mice (n=3). (b) Insulin contents in the islets of WT and Nerp-4~/~ mice (n=13). (c) Proinsulin/insulin ratio in WT and Nerp-4~/~ islets (n=38).

(d, e) First-phase insulin secretion from WT and Nerp-4~/ islets stimulated with 2.8 mM glucose containing 35mM KCl (d) and second-phase insulin

secretion from islets stimulated with 11.2mM glucose containing 100uM Dz and 35mM KClI (e) (n=3). Representative results of two independent

experiments (a, d, e). Representative results of two independent experiments (b, c). Data are presented as the mean +s.e.m. (a—e). Unpaired two-sided

t-test (a-c). One-way ANOVA and Tukey's multiple comparisons test (d—e).

in Nerp-4~/~ islets compared with WT islets (Figure 6d,e).
Collectively, the results show that Nerp-4~/~ islets had lower
insulin content, higher proinsulin ratio, and impaired second-
phase insulin secretion, consistent with the findings observed
in VgfaNerp-4 8 cells.

4.6 | NERP-41Is Reduced in Diabetes Mellitus

To investigate whether NERP-4 is related to diabetes pathogen-
esis, we studied NERP-4 immunoreactivity in the islets of 20
patients with type 2 diabetes mellitus (T2DM). Both NERP-4
and insulin immunoreactivities were reduced in the patients
(Figure 7a,b). The fluorescent intensity of NERP-4 relative to
insulin was reduced (Figure 7c).

5 | Discussion

We have previously demonstrated that NERP-4 neutralization
in isolated mouse islets reduced insulin secretion and 3-cell vi-
ability [15]. In the current study, VGF*NERP-4 exhibited similar
results (Figure 8). Notably, VGFANERP-4 impaired (-cell granu-
logenesis and insulin maturation, storage, and transport. These
findings are comparable to those obtained in the siVgf experi-
ments in the current study.

Granins produced in endocrine and neuronal tissues func-
tion as granule-forming proteins and peptide precursors. They
self-aggregate at the trans-Golgi network, leading to produc-
tive sorting and concentrating the granule contents in 8 cells
[28, 29]. Proinsulin, along with VGF and chromogranin A and
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B, is sequestered to the immature secretory granules that bud off
from the trans-Golgi network. VGF depletion in rat insulinoma-
derived INS1-832/3 cells reduced the number and size of secre-
tory granules [9]. B-cell-specific VGF depletion in mouse islets

also caused a defect in granule replenishment, hampering the
secretion of newly synthesized granules during the second
phase of glucose-stimulated insulin secretion (GSIS) [9]. In the
current study, full-length Vgf transfection restored VGF mRNA
and protein levels to those in the scramble control siRNA group.
This validated the sufficient expression efficacy in transfection
experiments. VGF*NERP-4 in both MIN6-K8 cells and CRISPR-
Cas9-designed mouse islets expressed insulin and VGF mRNA
levels similar to those in the respective controls but exhibited
reduced protein levels. NERP-4 administration to VGFANERF-4
did not restore these reductions. Collectively, these results show
that deletion of the NERP-4 region in VGF causes reduced insu-
lin and VGF levels.

The NERP-4 region (VGF 489-507 in mice) consists of 19
amino acids, of which eight are proline residues. The pyrro-
lidine ring in proline generates steric hindrance in protein
backbones. This unique structural characteristic confers the
proline-rich region with the ability to engage in protein-
protein interactions [30]. The AlphaFold Protein Structure
Database [31] predicts that VGF is a natively unfolded pro-
tein that is very flexible and has no stable conformation
(Figure S2). The NERP-4 region forms a bending loop in the
VGF structure. NERP-4 deletion from VGF could cause its
structural instability and lower the binding ability to other
granin-forming substances, possibly leading to reduced VGF
amounts and impaired granulogenesis. A proteomic analysis
of MING cells has identified 211 proteins in their insulin gran-
ules [19]. These proteins are thought to have interdependent
relationships to regulate granule biogenesis, trafficking, and
GSIS [10]. For example, chromogranin B deficiencies in £ cells
reduced the VGF protein level and impaired proinsulin pro-
cessing and GSIS in vitro and in vivo [4, 32]. Further investi-
gations may delineate that VGFANERP-4 affects storage of other
granule proteins.

We demonstrated that NERP-4 administration to MIN6-K8 cells
and isolated mouse islets treated with palmitate enhanced GSIS
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and maintained §-cell viability via the NERP-4-SNAT2 axis [15].
Conversely, NERP-4 neutralization suppressed the antioxidative
response and increased ER stress. In the current study, NERP-4
administration to VGF*NERP-4 MIN6-KS8 cells did not reverse the
impaired granulogenesis or reduced insulin and VGF amounts
but restored the changes in GSIS, -cell viability, and oxidative
and ER stress. These indicate that exogeneous NERP-4 can act
on insulin secretion and {3-cell maintenance under conditions
wherein granulogenesis is impaired while SNAT2 expression is
preserved in VGFANERP-4,

Proinsulin is ultimately converted to insulin and C-peptide in
the secretory granules via proteolytic cleavages by PC1/3 and
PC2(2,19, 33, 34]. Granin-mediated aggregation in the secretory
granules builds an appropriate milieu for optimal proteolytic
cleavage. The increase in the proinsulin/insulin ratio induced
by VGFANERP-4 implies insufficient insulin maturation.

Insulin secretion is biphasic. During the second-phase insulin
secretion, the sustained replenishment of the insulin granule
pool maintains the full insulin secretory capacity of 8 cells.
In the perifusion assay of the present study, both VGFANERP-4
MING6-K8 cells and islets exhibited reduced second-phase insu-
lin secretion. TGN38 immunostaining in VGFANERP-4 MIN6-K8
cells revealed restricted insulin distribution around the trans-
Golgi network. These findings suggest that VGFANERP-4 regults
in impaired granule sedimentation and trafficking.

To explore whether NERP-4 reduction is linked to diabetes mel-
litus, we searched for human VGF mutation in the ClinVar data-
base, which aggregates information about genetic variation and
its relationship to human health. No VGF mutation related to di-
abetes mellitus has been registered. The present immunohisto-
chemical analyses on the islets of patients with T2DM revealed
a reduction of the NERP-4 to insulin ratio, suggesting that
NERP-4 reduction may be involved in diabetes pathogenesis.

Our current study has some limitations. First, we studied mice
carrying NERP-4 deletion in the systemic tissues. Previous
studies of systemic Vgf~/~ mice exhibited reductions in plasma
insulin, pituitary gonadotropin contents, body weight, and pe-
ripheral fat storage, and elevation in energy expenditure [35, 36].
They were small, hyperactive, and infertile. VGF protein amount
in Nerp-4~/~ mouse islets was reduced to 19.4% of that of WT
mouse islets. We have found that Nerp-4~/~ mice are also small,
hyperactive, and infertile. These findings suggest that the phe-
notype of systemic Nerp-4~/~ mice is close to Vgf~/~ mice. We
need to investigate systemic and metabolic features of Nerp-
47~ mice with much future research. Second, VGF interacts
with other granins for the efficient delivery and trafficking of
proinsulin and requisite maturation factors such as prohormone
convertases into the budding granule [4, 9]. In the current study,
we demonstrated the structural importance of the NERP-4 re-
gion in VGF in granulogenesis. Future protein-protein interac-
tion experiments using VGFANERP-4 and chromogranins could
further elucidate the pathogenic implication of VGFANERP-4 jp
{3-cell biology.

Overall, VGF*NERP-4 exhibited two defective roles of VGF as a
granin protein and an NERP-4 precursor. The current study

extends our understanding of the roles of VGF in the context of
granulogenesis and function as a peptide precursor in 3 cells.
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