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Insulin receptor isoform B is required
for efficient proinsulin processing
in pancreatic B cells

Mingchao Jiang,"” Ning Wang,'” Yugin Zhang,' Jinjin Zhang,” Youwei Li,"* Xiu Yan,' Honghao Zhang,’
Chengbin Li,* Youfei Guan,® Bin Liang,** Weiping Zhang,** and Yingjie Wu'.2.8*

SUMMARY

The insulin receptor (INSR, IR) has two isoforms, IRA and IRB, through alternative splicing. However, their
distinct functions in vivo remain unclear. Here we generated f cell-specific IRB knockout (KO) mice
(BIRBKO). The KO mice displayed worsened hyperinsulinemia and hyperproinsulinemia in diet-induced
obesity due to impaired proinsulin processing in f cells. Mechanistically, loss of IRB suppresses eukaryotic
translation initiation factor 4G1 (elF4G1) by stabilizing the transcriptional receptor sterol-regulatory
element binding protein 1 (SREBP1). Moreover, excessive autocrine proinsulin in BIRBKO mice enhances
the activity of extracellular signal-regulated kinase (ERK) through the remaining IRA to further stabilize
nuclear SREBP1, forming a feedback loop. Collectively, our study paves the way to dissecting the iso-
form-specific function of IR in vivo and highlights the important roles of IRB in insulin processing and pro-
tecting B cells from lipotoxicity in obesity.

INTRODUCTION

Alternative splicing (AS) allows the production of functionally distinct protein isoforms from a single gene.' This is a prevalent post-transcrip-
tional regulatory machinery as human genes undergo AS in 92-94% of cases.” In mammalian evolution, AS is often cited as one of the major
drivers of phenotypic complexity.” AS dysregulation contributes to disease development and susceptibility.” IR (insulin receptor, INSR) un-
dergoes AS to produce two distinct mRNA isoforms, generating two structurally and functionally distinct insulin receptors, IRA and IRB.®
IRA lacks exon 11, which contains 36 base pairs encoding 12 amino acids, while IRB is the product of the exon inclusion event. IRA acts
as a receptor for insulin, proinsulin, and insulin-like growth factor 2 (IGF2), mediating proliferative effects in embryonic and tumor tissues, while
IRB is more specialized to insulin action in metabolic tissues of, such as the liver, muscle, and fat.””” The ratio of IRA to IRB is dynamic but
strictly regulated in different organs and tissues. Given the central role of IR in insulin signaling and the development of insulin resistance,
it remains a fundamental question in the metabolism field regarding the isoform-specific functions of IRA and IRB.

As the producer of insulin, B cells also express abundant IR to respond to insulin signaling. Kulkarni et al. used RIP-Cre to knock out both IR
isoforms in pancreatic B cells and found that mice exhibited reduced insulin secretion in the first phase after glucose stimulation and showed
progressive glucose intolerance.'® This knockout (KO) model was later shown to develop impaired proinsulin processing and insulin resis-
tance-induced loss of compensatory proliferation.!"'? However, these studies have suffered from a paucity of functional distinctions between
IRA and IRB isoforms. Leibiger et al. used transient overexpression in vitro models and revealed the selective insulin signaling of IRA and IRB."*
Subsequently, Nevado et al. generated cells only expressing the IRA but not the IRB isoform using IR-knockout immortalized neonatal hepa-
tocytes and found that the IRA isoform acts on glucose uptake of hepatocytes via GLUT-related cotransporter.'” Escribano et al. also revealed
in immortalized mouse B cell lines that IR-deficient B cells exclusively expressing IRA were more sensitive to insulin and insulin-like growth
factor 1 (IGF-I)-induced proliferation than those expressing IRB.'® To date, studies to distinguish the function of these two isoforms have
been cell line based. Therefore, the pathophysiological roles of IR isoforms remain unclear. This gap in knowledge is because of the technical
challenge in targeting the small exon 11 of the IR gene, particularly in a conditional manner.
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Figure 1. Generation of B cell-specific IRB knockout mice

(A) Schematic diagram of BIRBKO mice construction. Arrows indicate the primer sets used for PCR genotyping.

(B) PCR genotyping of Flox and BIRBKO mice with primer set GT5 and GT3 shown in (A). Bottom panel is the PCR result for Cre marker.

(C) PCR genotyping in various tissues using primer set IRB-DB-F and IRB-DB-R shown in (A). Note that a smaller deletion band due to Cre excision was detected
only in islets of BIRBKO mice.

(D) Real-time PCR analysis of IRA and IRB expression from isolated islets (n = 6 animals).

(E-G) Expression of IRA and IRBin TPM inislets (E)(p = 0.08), hypothalamus (F) and liver (G) of Flox and BIRBKO mice (n = 3 animals). TPM, Transcripts Per Kilobase
of exon model per Million mapped reads. All data presented are from male mice. Data are presented as mean + SEM. Statistical analysis is performed using a
Student's t test and statistical significance is shown as ***p < 0.001.

To overcome this long-lasting challenge, we delved into constructing a unique mouse model of specific knockout of IRB in pancreatic
B cells (BIRBKO). By investigating its metabolic phenotype in both basal and high-fat diet (HFD) challenge conditions, we reported hyperin-
sulinemia and hyperproinsulinemia caused by IRB deficiency due to proinsulin processing. The IRB-deficient B cells undergo lipotoxicity due
to dysregulated SREBP1, which leads to downregulation of elF4G1 and, consequently, the translation of carboxypeptidases E (CPE), the key
enzyme for proinsulin hydrolysis. Our work hereby provides in vivo evidence of IRB's essential role in efficient insulin processing and secretion
in response to insulin signaling.

RESULTS
Generation of B cell-specific IRB knockout mice

The difference between the two IR isoforms is that IRB retains exon 11, whereas IRA skips it. We managed to insert Flox sites on both ends of
exon 11 without interfering with its splicing, resulting in the specific targeting of IRB. We then bred IRB floxed mice with Ins2-Cre mice to
construct a BIRBKO mouse model (Figures 1A and 1B). It is worth noting that the RIP-Cre line commonly used in targeting B cells is based
on the shortrat Ins2 promoter fragment and shows recombination activity in hypothalamic neurons, creating caveats in interpreting metabolic
phenotype from a B cell-specific perspective.'® To overcome this off-target issue, we employed the Ins2-Cre knock-in mouse line, which
showed no Cre activity in the mouse hypothalamic neurons.'’

PCR genotyping confirmed that the LoxP site is only present in the Floxed mice (Figure 1B). With Cre expression, deletion of exon 11 is
detected only in pancreatic islets but not in the liver, muscle, subcutaneous fat, brown adipose tissue (BAT), heart, lung, spleen, and especially
brain, confirming the tissue specificity of Cre expression (Figure 1C). Consistently, IRB mRNA level is specifically reduced in the islets of the
BIRBKO mice, though not completely, as islets contain other cell types as well (Figure 1D).'® Through 3rd generation sequencing, we
confirmed that the expression of IRB was greatly reduced in the islets of BIRBKO mice, while the hypothalamus and liver were not affected
(Figures 1E-1G). Therefore, by successfully constructing this unique BIRBKO mouse model, we are confident that the metabolic phenotype, if
any, should be restricted to B cell IRB deficiency instead of the confounding off-target effects in the hypothalamus.

BIRBKO mice worsen hyperproinsulinemia, insulin resistance, and glucose intolerance in diet-induced obesity

HFD mice and db/db mice are two widely used mouse insulin resistance models exhibiting hyperproinsulinemia.’” We then examined the
expression of the two isoforms of IR in the islets of these two classic models. The expression of IRB in islets was significantly reduced, while
the expression of IRA was inversely increased in wild-type (WT) mice fed HFD for 24 weeks compared with mice fed regular chow (RC) (Fig-
ure 2A). 16-week-old db/db mice showed the same IR isoform pattern compared to control db/m mice (Figure 2B). These results suggest a
possible pathogenic role of IR isoform switching in the progression of insulin resistance and diabetes.

On RC feeding, BIRBKO mice exhibited normal metabolic phenotype in regards of body weight, organ sizes, glucose tolerance, and insulin
sensitivity (Figures 2C, 2D, S1A, and S1B). Over a course of 24-week HFD feeding, the KO mice still showed the same weight gain as the control
mice, supported by their same organ sizes (Figure 2D). However, despite the blunted phenotype in body weight, obese BIRBKO mice devel-
oped worse glucose intolerance and were less sensitive to exogenous insulin stimulation compared with the Flox control mice (Figures 2E and
2F). In line with their insulin resistance phenotype, an inhibition of AKT phosphorylation was detected in the KO livers (Figures 2G and 2H).
Consistently, obese BIRBKO mice exhibited higher fasting plasma proinsulin and insulin levels, and the plasma proinsulin to insulin (P/I) ratio
was also noticeably altered compared to Flox mice (Figures 21-2K). Hyperproinsulinemia is a highly specific marker for insulin resistance.” In
addition to being strongly associated with type 2 diabetes development, elevated P/I ratio also increases the risk of hypertension and car-
diovascular disease.”’ >’ These data suggest that loss of IRB causes P cells to release more proinsulin into the blood under high-fat exposure
without interfering with body weight, causing hyperinsulinemia and hyperproinsulinemia, which aggravate insulin resistance and glucose
intolerance.

B cell IRB deficiency increases proinsulin content in islets

To investigate whether IRB deficiency causes abnormal secretion of insulin and proinsulin in B cells, we examined circulating insulin and pro-
insulin levels within 2 h of glucose-stimulated insulin secretion (GSIS) assay. Upon glucose challenge, serum proinsulin levels were consistently
significantly higher in the KO group than in the control group, both in the first and second secretion phases, and the total amount of secretion
was also significantly increased (Figure 3A). Although the insulin secretion curve of BIRBKO mice after glucose stimulation was above that of
Flox mice (Figure 3B), the P/l ratio was still higher in the knockout group (Figure 3C), suggesting an increase in both absolute and relative
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Figure 2. BIRBKO mice develop hyperproinsulinemia, insulin resistance, and glucose intolerance

(A) Real-time PCR analysis of IRA and IRB expression from isolated islets of WT mice after 24 weeks of HFD or RC (n = 6 animals).

(B) Real-time PCR analysis of IRA and IRB expression from isolated islets of 16-week-old db/db and db/m mice (n = 6 animals).

(C) Body weight of male Flox and BIRBKO mice fed on RC or HFD from 4 weeks to 28 weeks (n = 12 animals).

(D) Tissue mass of male Flox and BIRBKO mice (n = 10-12 animals).

(E and F) Glucose tolerance test (E) and insulin tolerance test (F) of Flox and BIRBKO mice after 24 weeks of HFD (n = 7-9 animals). The area under curves are shown
as insets.

(G) p-AKT (Ser473) and total AKT levels in liver of Flox or BIRBKO mice.

(H) Relative phosphorylation level of AKT quantified from (G).

(I-K) Fasting plasma proinsulin levels (I), insulin levels (J) and proinsulin/insulin ratio (K) measured with ELISA in Flox or BIRBKO mice (n = é animals). All data were
collected with male mice after 24 weeks of HFD if not stated otherwise. Data are presented as mean + SEM. Statistical analysis is performed using a Student's
t test and statistical significance is shown as *p < 0.05, **p < 0.01, and ***p < 0.001.

proinsulin secretion in BIRBKO mice. However, there were no significant differences in serum insulin and proinsulin levels between BIRBKO
mice and Flox mice fed with RC (Figures S2A and S2B).

To explore whether the aforementioned changes are due to abnormal hypersecretion or enhanced proinsulin production, we isolated
islets from both mouse groups and stimulated them with different concentrations of glucose in vitro. The intracellular proinsulin content
detected after ultrasound fragmentation was increased by the loss of IRB, and so was the proinsulin to insulin ratio, regardless in a low-
glucose environment or stimulated by high-glucose at 16.8 mM (Figures 3D-3F). In addition, the protein levels of glucokinase (GCK) and
glucose transporter 2 (GLUT2) in BIRBKO islets were not significantly changed compared with Flox mice regardless of insulin stimulation
(Figure S2C). GCK and GLUT2 control the initiation of insulin secretion. Our data indicate that insulin secretion in IRB-deficient B cells is not
hyperactive. IHC staining of pancreatic sections revealed higher proinsulin content in the BIRBKO islets (Figures 3G, 3H, and S3A), consis-
tent with the in vivo and in vitro GSIS. In addition, increased Insulin 1 (Ins1) mRNA was detected in the isolated islets of BIRBKO mice (Fig-
ure 3l), and insulin levels in islets were also significantly increased (Figures S3B and S3C), suggesting that more insulin and proinsulin is
produced in BIRBKO mice.

B cell IRB loss impairs the maturation of insulin secretion granules

The biosynthesis and maturation of insulin undergo a complex and dynamic process. Pre-proinsulin is translated at the ribosome of the
rough endoplasmic reticulum (ER) after undergoing gene transcription and subsequently converted into proinsulin by signal peptidases
after translocating into the lumen of the ER, which is then folded and forms disulfide bonds. Afterward, proinsulin is sorted and assem-
bled into immature nascent granules in the Golgi apparatus.”**> A higher P/l ratio could result from the defects during this process. To
ultimately detect any defect in insulin processing, we employed the ultrathin transmission electron microscopy (TEM) to examine sec-
tions of isolated islets from BIRBKO and Flox mice. TEM images showed that B cells from both groups were filled with vesicles. However,
the IRB-deficient B cells contained a large number of newly synthesized proinsulin-rich secretory granules (SGs) characterized by imma-
ture granules with a lighter inner color and narrower outer transparent rings (halo), whereas the control group was predominantly occu-
pied by mature granules with dark dense cores and wide halos (Figure 4A).?*?’ Statistical analysis of lower magnification images
following the method of previous studies®®?” showed a significant increase in the density of SGs in B cells lacking IRB (Figure 4B), while
the proportion of mature granules did not match the increased density, indicating impaired granule maturation (Figure 4C). These data
suggest that the excessive accumulation of proinsulin in B cells of obese BIRBKO mice is due to a blockage of the proinsulin maturation
process.

B cell IRB deletion downregulates elF4G1 expression and prevents CPE’s translation process

Next, we sought to understand the underlying mechanism of how IRB deficiency impairs proinsulin processing. Within the secretory granules,
proinsulin is processed by prohormone convertase (PC1/3, PC2) and CPE into its biologically active mature form, in which insulin is stored and
released upon stimulation.” Tight regulation of PC1/3, PC2, and CPE is required for the appropriate production of mature insulin by B cells.
We then examined the gene expression of the three key hydrolases, PC1, PC2, and CPE in proinsulin processing in pancreatic islets by 3¢
generation sequencing. Surprisingly, there were no significant changes in the transcript levels of all three genes in obese BIRBKO mice
(Figures 5A-5C). The mRNA expression levels detected by gPCR confirmed the sequencing results (Figure 5D). In contrast, a steep decrease
in CPE protein levels but not PC1/3 and PC2 was detected in the BIRBKO mice (Figures 5E and 5F). IHC staining with a CPE-specific antibody
clearly showed a weaker staining signal in the islets of BIRBKO mice compared to Flox mice (Figures 5G, 5H, and S4A). These data suggest that
decreased CPE protein expression likely accounts for the impaired proinsulin processing.

The decreased CPE protein but unchanged gene transcription implies regulation at the post-transcriptional level. Previous studies
have proposed that global regulation of translation initiation by nutrition is achieved primarily through the function of factors such as
elF4F, elF2a, and 4E-binding proteins (4EBP).>" elF4F is a heterotrimer complex composed of elF4G, elF4E, and elF4A, which is neces-
sary for cap-dependent translation.®” Therefore, we examined the expression of elF4F-related components and found no apparent
down-regulation of other factors except for the scaffolding protein elF4G1 at the mRNA level (Figure 5I). Consistently, the elF4G1 pro-
tein level was largely reduced in isolated islets from BIRBKO mice (Figures 5J and 5K). In contrast, transcription of elF4E was enhanced
(Figure 51), which may be a compensational effect to the reduction of elF4G1. In addition, there was no significant change in the protein
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Figure 3. BIRBKO mice exhibit elevated proinsulin secretion level and proinsulin content

(A-C) Glucose stimulated proinsulin secretion level (A), insulin secretion level (B) and proinsulin/insulin ratio (C) measured with ELISA in blood serum of Flox and
BIRBKO mice (n = 6 animals). The area under curves are shown in the inset.

(D-F) Proinsulin content (D), insulin content (E), and proinsulin/insulin ratio (F) measured with ELISA in isolated islets stimulated with 2.8mM or 16.8mM glucose for
1 h of Flox and BIRBKO mice (n = 6 animals), normalized to DNA content in islets.

(G) Representative IHC staining images for proinsulin in pancreas sections of Flox and BIRBKO mice. Bar, 100 um or 50 pm.

(H) Quantitative analysis of IHC staining in (G) according to the average integrated optical density per area (IOD/Area). (I) Relative expression levels of InsT in
isolated islets of Flox and BIRBKO mice (n = 6 animals). All measurements were conducted with male mice after 24 weeks of HFD. Data are presented as
mean + SEM. Statistical analysis is performed using a Student's t test and statistical significance is shown as *p < 0.05, **p < 0.01, and ***p < 0.001.

phosphorylation level of elF2a (Figures 5J and 5L). Hence, the downregulation of elF4G1 appears to underlie the decreased CPE in IRB-
deficient B cells.

B cell IRB deficiency affects elF4G1 expression through transcription factor SREBP1-N

Islet transcriptomics of BIRBKO and Flox mice revealed 1,344 up-regulated genes and 330 down-regulated genes, among which a significant
upregulation of a master lipid metabolism regulator, SREBP1, caught our attention (Figures 6A and éB). We confirmed the increase of SREBP1
mRNA expression in primary islets of BIRBKO mice (Figure 6C). Notably, not only the amount of full-length SREBP1 (SREBP1-FL) increased but
also the level of active SREBP1 mature nuclear form (SREBP1-N) was significantly elevated (Figures 6D—6F) in the knockout mice. Studies have
shown that SREBP1 impairs B cell function by inhibiting pancreatic and duodenal homeobox 1 (Pdx-1) transcription.”* However, we did not
detect any change in Pdx-1 expression at both mRNA and protein levels in BIRBKO mice (Figures S5A-S5D).

Through JASPAR database prediction, we identified three SREBP1-responsive sites (SRE) in the elF4G1 promoter region (Figure S6A). We
mutated three SRE sites simultaneously in the elF4AG1-MUT construct and performed luciferase reporter assay in HEK293T cells to detect the
transcriptional regulation of elF4G1 by SREBP1. Luciferase activity driven by elFAG1’s promoter (elF4G1-WT) is suppressed by overexpression
of SREBP1(Figure 6G). In contrast, SREBP1 does not inhibit luciferase activity when driven by a mutated elF4G1's promoter defective in
SREBP1 binding (Figure 6G). In addition, we extracted pancreatic proteins from the global SREBP1c null mice (SREBP1c™/"). In association
with the loss of the active SREBP1-N form, the protein level of elF4G1 was significantly increased in SREBPTc™~ mice (Figures 6H-6J). These
results indicate that SREBP1 exerts a transcriptional repressive effect on the elF4G1 gene.

To further understand this unexpected regulation of elF4G1 by SREBP1, we treated isolated islets with fatostatin hydrobromide, a specific
SREBP activation inhibitor, which inhibits the ER-Golgi translocation of SREBPs by binding to SREBP cleavage-activating protein (SCAP).* As
expected, fatostatin treatment of isolated islets at 10 uM significantly reduced the SREBP1-N level (Figure 6K). Fatostatin treatment did not
affect proinsulin content or elF4G1 levels in the Flox control islets. However, it completely normalized the elevation of proinsulin levels as well
as the increased P/I ratio in BIRBKO mice under both low and high glucose environments (Figures 4L and éM). Supportively, elFAG1 was
restored, together with CPE (Figures 6N and 60). More importantly, the defect in the SG maturation in IRB-deficient B cells was rescued
by fatostatin treatment, as revealed by TEM (Figure 6P).

SREBP1 is a key transcription factor for lipid metabolism. There are two SRE binding sites in the promoter region of the fatty acid synthase
(FASN) gene, which enables SREBPs to regulate the transcription of FASN.3° Consistently, we found that in IRB-deficient B cells, FASN gene
expression showed an increasing trend, and the protein level was also significantly up-regulated (Figures 6Q-6S). These data indicate that
upregulation of SREBP1-N may cause lipotoxic damage to B cells.

B cell IRB loss elevates IRS-1 level to increase SREBP1-N stability

It has been reported that the mammalian target of rapamycin (mTOR) pathway is involved in the regulation of SREBPs, including processes
such as gene transcription, cleavage of full-length precursor proteins into mature activated forms, protein entry into the nucleus and binding
to target gene promoters.®® However, we did not detect any significant upregulation of mTOR and p70 ribosomal protein S6 kinase (p70S6K)
phosphorylation in the islets of BIRBKO mice after 24 weeks of HFD feeding (Figures 7A-7C). At the same time, the expression of SCAP and
insulin-induced gene 1/2 (Insig1/2) involved in SREBP1-FL cleavage activation was not significantly altered at the mRNA level in BIRBKO
mouse islets (Figure 7D). However, both mRNA and protein levels of insulin receptor substrate 1 (IRS-1) were up-regulated (Figures 7E-
7G). In contrast to elevated insulin-like growth factor 1 receptor (IGF1R) expression in the BIRKO mouse model,’” we found that IGF1R
was down-regulated in the BIRBKO mouse model (Figures 7F and 7H). Due to the high affinity of IRA and proinsulin, excessive proinsulin raises
the levels of ERK phosphorylation (Figures 71 and 7J) through IRS-1 in an autocrine manner via IRA.”

Due to the nature of IRA/IRB splicing events, it is technically difficult to knock out or knock down IRA directly. We managed to manipulate
IRA level indirectly by altering the IRA/IRB alternative splicing regulator CUGBP1 to regulate the IRA/IRB ratio in the MIN6 cell line.*” CUGBP1
siRNA reduced the IRA/IRB ratio as well as the phosphorylation level of ERK (Figures S7A-S7C). Consistently, CUGBP1 overexpression led to
an increase in the IRA/IRB ratio and ERK phosphorylation (Figures S7D-S7F). These data corroborate the aforementioned results from B cells
of BIRBKO mice (Figures 71 and 7J).

SREBP-N is highly unstable and is rapidly degraded by the ubiquitin-proteasome pathway,*® whereas ERK can directly phosphorylate
SREBP1-N at the Ser117 site and thus prevent it from F box and WD repeat domain-containing 7 (FBXW?7) mediated ubiquitination for degra-
dation.*” The increased stability of SREBP1-N in the nucleus will further repress the transcription of the elF4G1 gene, thereby affecting the
processing of proinsulin.
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Figure 4. B cell IRB loss impairs the maturation of insulin secretion granules
(A) Representative TEM images of isolated islets of Flox and BIRBKO mice with 50,000 times magnification (left) and 100,000 times magnification (right). Mature

granules (MG, characterized by dense core and wide halo) are indicated with red arrows and immature granules (IG, characterized by light content and a narrow
halo) are indicated with yellow arrows. Bar, 500 nm or 100 nm.

(B) Quantitation of the density of total secretory granules in TEM images of B cells of Flox and BIRBKO mice (8 B cells in 3 islets per group).
(C) Percentage of mature granules (identify as described in a). All measurements were conducted with male mice after 24 weeks of HFD. Data are presented as
mean + SEM. Statistical analysis is performed using a Student's t test and statistical significance is shown as **p < 0.01, and ***p < 0.001.

DISCUSSION

In this study, we constructed BIRBKO, a B cell-specific IRB knockout mouse model. By studying this unique mouse model, we found that IRB-
deficient mice develop hyperproinsulinemia, insulin resistance, and immature insulin SGs accumulated in B cells under high-fat stress. The
absence of IRB in B cells disturbs CPE translation by influencing elF4G1 expression through the transcription factor SREBP1-N, leading to
poor proinsulin processing and exacerbated B cell lipotoxicity. These results suggest a critical role of IRB in protecting B cell function under
metabolic stress.

Although the pathological/disease model is missing in human, studies from ours and others do indicate that the ratio of IRA to IRB plays
a very important role in human diseases, especially in the islet cells of diabetes and cancers. Data from publicly accessible sources was
used to analyze the abundance of INSR across tissues unbiasedly. In a panel of 39 human tissues, the pancreatic islets were abundant
with both IR isoforms, and the ratio of IRA/IRB is approximately equal to 1 (Figure S8A). Our previous work found that differential splicing
of INSR occurs more frequently in breast cancer than in non-tumor breast tissues and 5~7-fold higher IRA/IRB ratio is observed in breast
cancer tissues.”’ We believe that the IRA/IRB ratio is a dynamically changing process in humans or animals, therefore, an IRB knockout
mouse model with a fixed IRA/IRB ratio is instrumental for better understanding their distinct functions. In previous studies, IR knockout
mouse models in different genetic backgrounds showed early hyperinsulinemia,'®""** consistent with our current study. Here, we demon-
strated that IRB deficiency causes the accumulation of immature insulin SGs in B cells and their release into the blood, which may be the
reason for early hyperinsulinemia.
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Figure 5. B cell IRB loss downregulates elF4G1 expression and CPE translation

(A-C) Expression of PC1/3(A), PC2(B), and CPE(C) in TPM in isolated islets of Flox and BIRBKO mice (n = 3 animals). TPM, Transcripts Per Kilobase of exon model
per Million mapped reads.

(D) Relative mRNA expression levels of PC1/3, PC2, and CPE in isolated islets of Flox and BIRBKO mice (n = 6 animals).

(E) Protein levels of PC1/3, PC2, and CPE in isolated islets of Flox or BIRBKO mice.

(F) Quantification of protein expression from (E).

(G) Representative IHC staining images for CPE expression in pancreas sections of Flox and BIRBKO mice. Bar, 50 um or 25 pm.

(H) Quantitative analysis of IHC staining in (G) and Figure S4A according to the average integrated optical density per area (IOD/Area).

() Relative mRNA expression levels of elF4F-related components in isolated islets of Flox and BIRBKO mice (n = 8 animals).

(J-L) Protein level of elF4G1, p-elF2a, and elF2a in isolated islets of Flox or BIRBKO mice (J) and quantification (K and L). All experiments were conducted with

male mice after 24 weeks of HFD. Data are presented as mean + SEM. Statistical analysis is performed using a Student's t test and statistical significance is shown
as *p < 0.05, **p < 0.01, and ***p < 0.001.

In Cpe™/Cpe’ mice with a single $202P mutation abolishing the CPE enzymatic activity, hyperproinsulinemia gradually manifested, and
TEM images of B cells showed a dominant occupation of immature granules rich in proinsulin. The pancreatic proinsulin/insulin ratio is
10 times higher in Cpe™/Cpe™" mice than in the control mice.*" Similarly, a CPE truncating mutation (c.76_98del) causes morbid obesity
and abnormal glucose homeostasis in a female patient.”” Homozygous nonsense CPE mutations (c.405C>A) cause obesity in three siblings.”*
CPE global knockout mice develop spontaneous obesity, hyperglycemia, insulin resistance, and hyperproinsulinemia.** These data are
consistent with the endocrine phenotype and B cell dysfunction in BIRBKO mice. Pancreatic B cell-specific CPE knockout mice (B Cpe KO)
constructed with Ins1-Cre mice are deficient of mature insulin granules and have elevated proinsulin levels in plasma.”> However, the glucose
tolerance after 16w-HFD and the insulin sensitivity after 20w-HFD were similar to those of Flox mice. These are in contrast to the phenotypes of
impaired glucose tolerance and insulin resistance observed in BIRBKO mice after 24w-HFD. The phenotypic discrepancy between the global
Cpe KO and B Cpe KO could be explained by two possibilities laid out by Chen et al.*: one is that lack of CPE activity in other tissues such as
hypothalamus may contribute to obesity and insulin resistance. Another possibility is that other carboxypeptidase such as Cpd is compen-
sating in the pancreatic tissues of B Cpe KO. Nonetheless, the essential role of CPE in proinsulin processing is clear. It is worth to note
that the progression of hyperglycemia in B Cpe KO mice was significantly accelerated after low-dose streptozotocin injection, indicating
that the loss of CPE will accelerate B cell failure and the progression of diabetes.

Under high-fat stress, pancreatic B cells need to secrete insulin compensatorily, and the excessive secretion demand exposes the failure of
proinsulin processing. Due to the low biological activity of proinsulin, blood glucose cannot be effectively controlled, which will further in-
crease the secretory burden of B cells, causing HFD-fed mice to develop metabolic phenotypes such as hyperproinsulinemia, glucose intol-
erance, and insulin resistance that are different from RC-fed mice.

The speed of mRNA translation initiation is mainly controlled by the thermal stability (lower free energy) of the 5 hairpin structure: the higher
G-C content, the more complex the secondary structure of 5 UTR, and the more dependent it is on elF4F to unchain it and bind to the ribo-
somes.’® CPE has a much higher degree of G-C base pairing and lower AG in 5 UTR than PC1/3, resulting in a more stable hairpin structure and
thus is more dependent on elF4F. Our data demonstrated that only elFAG1 was down-regulated among the components of elF4F in the
BIRBKO cells. elF4G1 is a large scaffolding protein bridging mRNA and ribosome, and its decline may directly affect the translation initiation
process of elF4F to CPE.Y Overexpression of elF4G1, a substrate of OGIcNAc transferase (OGT), in the islets of BOGTKO increased CPE levels
and completely reversed hyperproinsulinemia.*® Our data provide further evidence of a tight link between elF4G1 and CPE translation.

Insulin content in islets of BIRBKO mice was significantly increased (Figures 3E, S3B, and S3C), Ins1 transcription was enhanced (Figure 3l),
and SGs density was increased (Figure 4B). It is reasonable to speculate that impaired proinsulin processing capacity is the direct cause of
hyperinsulinemia in BIRBKO mice. It leads to the accumulation of many intermediates in cells and release into the circulation, causing insulin
resistance and glucose homeostasis imbalance in peripheral tissues, stimulating B cells to increase insulin synthesis. Ultimately, incompetent
proinsulin processing leads to B cell overload and a vicious cycle in BIRBKO mice. Leibiger et al. discovered the involvement of IRA in Ins1
transcription and IRB in GCK transcription by overexpressing IRA/IRB in isolated islets from BIRKO mice and in the HIT cell line."? Although
we did not detect differences in the expression of GCK and GLUT2, their study implies that the two IR isoforms in B cells reflect the selectivity
of insulin signaling through different signaling pathways.

SREBP1, a center regulator of lipid metabolism, plays a crucial role in governing the transcription of various lipid synthesis genes, and the
excessive expression of SREBP1 has been found to detrimentally impact the functionality of B cells.”” In this context, we establish a connection
between lipid metabolism and glucose metabolism by elucidating the influence of SREBP1 on proinsulin processing. This discovery unveils an
additional detrimental effect of lipotoxicity on B cells.

Both discrepancy and similarity in the phenotypes and molecular mechanisms can be found in the BIRBKO model compared to mice with
complete knockout of IR in B cell. For example, we found impaired proinsulin processing and hyperinsulinemia in BIRBKO mice, consistent
with Liew et al. study and Skovso et al. work, respectively.'>*” However, relatively weak circulating proinsulin levels are detected, and levels of
IGF1R, Pdx-1, and SCAP/Insig expression in BIRBKO mice are distinct from BIRKO.'” A reasonable explanation for these differences has been
given as the remaining IRA could still bind to the proinsulin with higher affinity, mediating the stabilization of SREBP1-N through enhanced
ERK activity and forming a feedback loop on proinsulin processing.”

In conclusion, we found that loss of IRB in B cells under high-fat stress inhibits the expression of the elF4G1 through the transcription-
repressive function of SREBP1-N, resulting in a blocked translation initiation of CPE mediated by elF4G1, which impaired the processing
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Figure 6. B cell IRB deficiency upregulates SREBP1 leading to the accumulation of proinsulin in B cells

(A) Volcano plots illustrating significantly differentially expressed genes (Fold change >1, adjusted p-value <0.05). Red dots indicate significantly up-regulated
genes, and green dots represent significantly down-regulated genes.

(B) Expression of SREBPT in TPM in isolated islets of Flox and BIRBKO mice (n = 3 animals). TPM, Transcripts Per Kilobase of exon model per Million mapped
reads.

(C) Relative mRNA expression levels of SREBPT in isolated islets of Flox and BIRBKO mice (n = 7-8 animals).

(D-F) Protein levels of full-length SREBP1 and nuclear SREBP1 in isolated islets of Flox or BIRBKO mice (D) with quantification shown in (E and F).

(G) Luciferase reporter assay in HEK293T cells transfected with pcDNA3.1, pcDNA3.1-SERBP1, wild-type elF4G1 promoter (elF4G1-WT), and mutated
(elFAG1-MUT) plasmid. Values are expressed as relative luciferase activity normalized to cotransfected renilla luciferase activity.

(H-J) Protein levels of elF4G1, full-length SREBP1, and nuclear SREBP1 in WT or SERBP1c™~ mice (H) and quantification (I and J).

(K) Protein levels of nuclear SREBP1 in isolated islets treated with 0-20 uM fatostatin for 24 h.

(L and M) Proinsulin content (L) and proinsulin/insulin ratio (M) measured with ELISA normalized to DNA content in isolated islets of Flox and BIRBKO mice (n =6
animals). Isolated islets were treated with 10 pM fatostatin for 24 h, and then stimulated with 2.8 mM or 16.8 mM glucose for 1 h.

(N) Protein levels of nuclear SREBP1, elF4G1, and CPE in isolated islets treated with 10 uM fatostatin for 24 h of Flox and BIRBKO mice.

(O) Relative mRNA expression levels of elF4G1 in isolated islets treated with 10 uM fatostatin for 24 h of Flox and BIRBKO mice (n = 4 animals).

(P) Representative TEM images of isolated islets treated with 10 pM fatostatin for 24 h from Flox and BIRBKO mice with 50,000 times magnification (left) and
100,000 times magnification (right). Mature granules (characterized by dense core and wide halo) are indicated with red arrows and immature granules
(characterized by light content and a narrow halo) are indicated with yellow arrows. Bar, 500 nm or 100 nm.

(Q) Relative mRNA expression levels of FASN in isolated islets from Flox and BIRBKO mice (n = 5 animals).

(R and S) Protein levels of FASN in isolated islets of Flox or BIRBKO mice (R) with quantification shown in (S).All experiments were conducted with male mice after
24 weeks of HFD. Data are presented as mean + SEM. Statistical analysis is performed using a Student's t test and statistical significance is shown as *p < 0.05,
**p < 0.01, and ***p < 0.001.

of proinsulin. BIRBKO mice exhibited insulin resistance, hyperinsulinemia, and hyperproinsulinemia. Excessive autocrine proinsulin raises the
ERK phosphorylation levels through IRA to prevent the degradation of SREBP1-N and then forms a feedback loop in BIRBKO mice (Figure 8A).
Collectively, our findings provide evidence for the tight regulation of IRB in the processing of proinsulin and in safeguarding B cells against
lipotoxicity in the context of obesity.

Limitations of the study

Our study on IRA/IRB’s distinct roles in insulin processing and protecting B cells from lipotoxicity in obesity is not complete due to the lack of
BIRAKO mouse model. IRA-specific KO model would be a great complement to the IRB KO and would provide a full picture of each isoform'’s
distinct functions. Unfortunately, due to the nature of IRA/IRB splicing, it is almost impossible to make a true IRA KO. Also, all our experiments
were performed with male mice. Therefore, we could not rule out the possibility that some of the phenotypes we observed with BIRBKO might
be sex specific.

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
® RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
O Animal studies
o METHOD DETAILS
Cell culture and transfection

o

Plasmid construction

Transcriptomics sample preparation, library construction, and sequencing
Sequencing data processing and analysis

GTT, ITT and GSIS analysis

Islet isolation and culture

Insulin and proinsulin measure using ELISA method
RT-PCR analysis

Protein extraction and Western blotting
Immunohistochemistry

TEM and images analysis

Luciferase reporter assays

o QUANTIFICATION AND STATISTICAL ANALYSIS
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(A-C) Protein levels of po-mTOR, mTOR, p-p70S6K, and p70S6K in isolated islets of Flox or BIRBKO mice (A) and quantification of phosphorylation level of tested

proteins (B and C).

(D) Relative mRNA expression levels of SCAP, Insig1, and Insig2 in isolated islets from Flox and BIRBKO mice (n = 6 animals).
(E) Relative mRNA expression levels of IRS-1, IRS-2i, and IGF1R in isolated islets from Flox and BIRBKO mice (n = 6 animals).
(F-H) Protein levels of IRS-1 and IGF1R (F) in isolated islets from Flox or BIRBKO mice with quantification shown in (G and H).

(I and J) Protein levels of p-ERK and ERK in isolated islets from Flox or BIRBKO mice (I) and quantification of phosphorylation level of p-ERK (J). All experiments
were conducted with male mice after 24 weeks of HFD. Data are presented as mean + SEM. Statistical analysis is performed using a Student’s t test and statistical

significance is shown as *p < 0.05, **p < 0.01, and ***p < 0.001.
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(A) In contrast to the wild type, B cells that lose IRB have only IRA. Proinsulin has a higher affinity for IRA, which leads to up-regulated levels of SREBP1-N in the
nucleus. SREBP1-N binds to the promoter of elF4G1 to repress its expression. The decrease in elF4G1 prevents the translation of CPE and reduces its level,
leading to impaired processing of proinsulin, which is secreted extracellularly in the form of IGs. Proinsulin then binds to IRA to form a feedback loop. The

diagram was drawn using Figdraw.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

p-AKT Proteintech CAT:28731-1-AP
AKT Proteintech CAT:10176-2-AP
Proinsulin Abcam CAT:ab243141
Insulin Abclonal CAT:A19066
PC1/3 Abcam CAT:ab220363
PCSK2 Proteintech CAT:10553-1-AP
CPE Santa Cruz Biotechnology CAT:sc-393761
elF4G1 CSsT CAT:2858
p-elF2a CST CAT:9721

elF2a CST CAT:9722

Pdx1 Abclonal CAT:A10173
SREBP1 Abcam CAT:ab28481
p-mTOR CST CAT:2971

mTOR Proteintech CAT:28273-1-AP
p-p70 S6K CST CAT:9205

p70 S6K CST CAT:9202

p-IRS1 Abbkine CAT:ABP54927
IRS1 Abbkine CAT:ABP51647
IGF1R Bioss CAT:bs-0680R
p-ERK Abbkine CAT:ABP0035
ERK Abbkine CAT:ABP0085
p-IR Abbkine CAT:ABP54910
IR Abbkine CAT:ABP54912
p-PI3K Abbkine CAT:ABP0163
PI3K Abbkine CAT:ABP52199
p-GSK3p Abbkine CAT:ABP0037
GSK3p Abbkine CAT:ABP51488
GLUT2 Proteintech CAT:20436-1-AP
GCK Proteintech CAT:19666-1-AP
FASN Proteintech CAT:10624-2-AP
CUGBP1 Proteintech CAT:13002-1-AP
Tubulin Abbkine CAT:ABL1030
GAPDH Abbkine CAT:ABL1021
HRP-Rabbit Abbkine CAT:A21020
HRP -Mouse Abbkine CAT:A21010
Chemicals, peptides, and recombinant proteins

Collagenase V Sigma CAT:C9263
Fatostatin hydrobromide MCE CAT:HY-14452A
Lipofectamine 3000 Invitrogen CAT:L3000150

Recombinant human insulin

Jiangsu Wanbang Biochemistry
Medicine Company

CAT:H10890001

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

Mouse INS ELISA Kit MSKBIO CAT:69-21071
Mouse Pl ELISA Kit MSKBIO CAT:69-21129
Dual Luciferase Reporter Gene Assay Kit Abbkine CAT:KTA8010
One-Step gDNA Removal and cDNA Synthesis SuperMix TransGen Biotech CAT:AT311
Tip Green gPCR SuperMix kit TransGen Biotech CAT:AQ142
BCA Protein Assay Kit Beyotime CAT:P0012
Universal ECL Substrate Abbkine CAT:BMP3010
Deposited data

3rd generation sequence data This paper GSA:PRJCA025749

Experimental models: Cell lines

MINé6 Naval Medical University N/A
HEK293T Naval Medical University N/A
Experimental models: Organisms/strains
Wild type C57BL/6 mouse The Jackson Laboratory N/A
db/db mouse The Jackson Laboratory N/A
IRB Flox mouse Institute for Genome Engineered N/A
Animal Models of Human Diseases,
Dalian Medical University
Ins2-Cre mouse Department of Pathophysiology, Naval Medical University N/A
SREBP1c-null mouse The Jackson Laboratory N/A

Software and algorithms

ImageJ

GraphPad Prism 9.0

National Institutes of Health

GraphPad Prism Software

https://imagej.nih.gov/ij/
https://www.graphpad.com/

Other

Regular chow diet
High fat diet

Medicience Ltd.
Medicience Ltd.

CAT:MD12031
CAT:MD12033

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Yingjie Wu (yingjiewu@dmu.

edu.cn).

Materials availability

Materials availability will be available upon request from the lead contact.

Data and code availability

e 3rd generation sequence data have been deposited at GSA and are publicly available as of the date of publication. Accession numbers

are listed in the key resources table.
e This paper does not report original code.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal studies

Care and treatment of laboratory animals were in accordance with institutional guidelines and were approved by the Committee on the
Ethics of Animal Experiments of Dalian Medical University (permit number AEE19081). IRB Flox mice were generated by inserting two
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LoxP sites flanking exon 11 in the pure C57BL/6 background. By crossing IRB Flox mice with Ins2-Cre mice in a C57BL/6 background,
BIRBKO mice and their control littermates were obtained. SREBP1c-null mice (SREBP1c”) were gifted by professor Youfei Guan (from
The Jackson Laboratory). All experiments were only performed with male mice aged 3-28 weeks and “n” refers to the number of single
animal tested. Adult mice were fed with regular chow (RC) (MD12031, 10 g/100 g fat, Medicience Ltd., China) or HFD (MD12033,
60 g/100 g fat, Medicience Ltd., China) and had free access to water, housed in a temperature- and humidity-controlled room on a 12h
light/dark cycle at Specific Pathogen Free Experimental Animal Center of Dalian Medical University. Mice were anesthetized with 1% pento-
barbital sodium for glucose stimulated insulin secretion (GSIS) or islet isolation. After CO2 euthanasia, tissues were dissected and weighed,
then fixed with 4% paraformaldehyde or snap-frozen in liquid nitrogen before stored at —80°C. The genotyping of mice was performed by
PCR using specific primers (Table S1).

METHOD DETAILS

Cell culture and transfection

MIN6 and HEK293T cells were cultured in DMEM medium (Gibco, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco, USA) at 37°C
in 5% CO2 incubator. Lipofectamine 3000 (Invitrogen, CA) was used to transfect CUGBP1 small interfering RNAs (siRNAs) and negative control
siRNAs (GenePharma, Suzhou, China) as well as plasmid DNA. CUGBP1 siRNA#1: sense: 5-GGAUGCAUCACCCUAUACATT-3'. Cells were
collected 24 h after transfection for PCR and Western blotting.

Plasmid construction

CUGBP1 open reading frame was amplified by PCR and subcloned into the pcDNA3.1 vector (GenePharma, Suzhou, China) at EcoRI and
BamHI sites. Wild type (WT) and three SRE site simultaneous deletion mutated (MUT) elFAG1 promoter (-2000~+100) was amplified by
PCR and subcloned into the pGL4.10 vector (OBiO, Shanghai, China) at Bglll and Hindlll sites. SREBP1 open reading frame was amplified
by PCR and subcloned into the pcDNA3.1 vector at EcoRl sites. All plasmid constructs were sequencing confirmed.

Transcriptomics sample preparation, library construction, and sequencing

Total RNA was extracted using TRIzol™ (Invitrogen™) and enriched for poly(A) mRNA using the NEBNext Poly(A) mRNA Magnetic Isolation
Module. Synthesis of cDNA for sequencing followed the strand-switching protocol from Oxford Nanopore Technologies. Briefly, the
cDNA-PCR Sequencing kit by Oxford Nanopore (SQK-PCS109) was used to prepare full-length cDNA libraries from the poly(A) mRNAs.
Then the cDNA was amplified by PCR for 13-14 cycles with specific barcoded adapters from the Oxford Nanopore PCR Barcoding kit
(SQKPBKOO4). Finally, the 1D sequencing adapter was ligated to the DNA before loading onto a PromethlON R9.4.1 flow cell in a
PromethlON sequencer. MinKNOW was used to run the sequencing.

Sequencing data processing and analysis

DNA bases were called from FASTS5 files using ONT Guppy GPU (v5.0.16) in high accuracy mode.”' Reads with an average Phred quality
score lower than 7 were discarded. Raw reads quality was assessed using NanoPlot,*” and then full-length Nanopore cDNA reads were
identified, oriented, and trimmed using Pychopper (v2.4.0) [EPI2ME Labs]. Full-length reads were aligned to the GRCm39 mouse reference
genome with minimap2 (v2.17), using default parameters except for -ax splice -uf -k14.%* The alignment results were converted from SAM
to BAM format and the alignment quality was assessed using Samtools (v1.19).° Read counting, as well as gene and transcript quantifi-
cation, were performed using Stringtie2.>> Gene and transcript count normalization and differential analysis were conducted using the
DESeq2 R package.™ Differentially expressed genes (DEGs) and transcripts were identified based on a fold change > 1 and a false dis-
covery rate (FDR) < 0.05.

GTT, ITT and GSIS analysis

Intraperitoneal (IP) glucose tolerance test (GTT) was performed in overnight-fasted mice with 2.0 g glucose per kg of body weight. The
whole-tail vein blood was collected at 0, 15, 30, 60 and 120 min after injection. Blood glucose was measured using a glucose meter
(Roch, Switzerland). Intraperitoneal insulin tolerance test (ITT) was performed on 6h-fasted mice with 0.75 unit of insulin (recombinant hu-
man insulin, Jiangsu Wanbang Biochemistry Medicine Company, China) per kg of body weight and measured at 0, 15, 30 and 60 min after
injection. Mice were fasted overnight to perform in vivo GSIS. After anesthesia, blood samples were taken from the eye socket vein at 0, 15,
30, 60 and 120 min after IP injection with 3.0 g glucose per kg of body weight. Serum was separated from whole blood by centrifugation
and then used for ELISA.

Islet isolation and culture
Solution preparation

40 mg Type V collagenase (C9263, Sigma, USA) and 1 g bovine serum albumin (BSA) (9048-46-8, Solarbio, China) powder were
dissolved in RPMI medium to obtain 50 ml collagenase solution. 10% fetal bovine serum (FBS) (9048-46-8, Solarbio, China) and 1%

iScience 27, 110017, July 19, 2024 19




¢? CellPress iScience
OPEN ACCESS

Penicillin-Streptomycin (C0222, Beyotime, China) were added into RPMI 1640 medium with L-glutamine (11875, GIBCO, USA) to obtain
islet culture solution.

Surgical operation

The abdominal cavity of anesthetized mice, was exposed to locate the major duodenal papilla, which was clamped with surgical clamps on
the duodenum wall. A 30G1/2-G needle was inserted into the common bile duct through the joint site of the hepatic duct and the cystic duct
under a microscope, and then slowly injected with 3 ml of collagenase solution to expand the pancreas. Pancreas were then removed and
placed in a 50 ml tube containing 5 ml of collagenase solution, which was then incubated in a water bath at 37.5°C for 15 min. After incu-
bation, shake the tube by hand to disrupt the pancreas until the suspension becomes homogeneous. The tube was then placed on ice and
added 8 ml of islet culture solution to stop digestion. The suspension was then filtered with a cell strainer (70 um, Falcon, USA). The strainer
was turned upside down over a new 10 cm dish and the captured islets were rinsed into the dish with 15 ml of islet culture solution. The
isolated islets were hand-picked with a pipette and counted. Finally the islets were placed in a humidified incubator at 37°C and 5%
CO2 for in vitro GSIS. The islets were extracted with acidic ethanol overnight to obtain insulin content, which is then measured by
ELISA. For inhibitor treatment, islets need to be incubated in culture solution with 1% DMSO or 10 puM fatostatin hydrobromide
(HY-14452A, MCE, USA) for 24 h prior to subsequent experiments. The islets used for protein and total RNA extraction were collected
in 1.5 ml Eppendorf tubes and centrifuged at 1500g for 3 minutes. After the supernatant was discarded, the islets were stored at -80°C
and could also be used for TEM sample preparation.

Insulin and proinsulin measure using ELISA method

The insulin and proinsulin concentration from in vivo GSIS and lysed isolated islets was measured using Mouse INS and Pl ELISA Kit (69-21071/
69-21129, MSKBIO, China) and according to the kit instructions. The concentration data was normalized to the total DNA content.

RT-PCR analysis

Total RNA was extracted using the RNAiso Plus (9109, Takara, Japan) method according to the manufacturer’s protocol and reverse tran-
scribed into cDNA using a cDNA synthesis kit (AT311, TransGen Biotech, China). Real-time PCR was performed with a Tip Green gPCR
SuperMix kit (AQ142, TransGen Biotech, China) and a LightCycler 96 Instrument (Roche Molecular Systems, USA). GAPDH was used as an
internal standard. The relevant primer sequences for RT-PCR were listed in Table S1. The PCR reactions were 95°C for 2 min, and then 40 cycles
of 95°C for 55, 58°C for 15 s, and 72°C for 34 s, followed by extension at 72°C for 5 min. Target gene mRNA level was normalized to that of
GAPDH in the same sample using the 22 method. Each sample was measured in triplicate in each experiment. Moreover, melting curves
for each PCR product were analyzed to ensure the specificity of the amplification product.

Protein extraction and Western blotting

Proteins were extracted using RIPA Lysis buffer (C5029, Bioss, China) supplemented with protease and phosphatase inhibitor cocktail
(P1050, Beyotime, China) from frozen islets or tissues by ultrasonic crushing or grinding, respectively. Subsequently, protein concentra-
tion was measured by BCA Assay Kit (P0012, Beyotime, China). Equal amounts of proteins were loaded and separated by SDS-PAGE
and transferred onto nitrocellulose membranes. The membranes were blocked at room temperature for 1 h in TBST buffer containing
5% skimmed milk or BSA. Immunoblotting was conducted with the indicated primary antibodies overnight at 4°C and horseradish
peroxidase-conjugated secondary antibodies (Table S2) at room temperature for 1 h. After each antibody incubation, the membranes
were washed for 8 min with TBST buffer for 3 times. Subsequently, the immunoreactive signals were detected using a Universal ECL
Substrate (BMP3010, Abbkine, USA) and recorded with a ChemiDoc XRS+ (Bio-Rad, USA). The images were analyzed using NIH ImageJ
software.

Immunohistochemistry

The pancreas tissues were fixed with 4% paraformaldehyde for at least 24 h. Paraffin embedded tissues were cut into 5 um sections.
Following deparaffinization with xylene, the sections were rehydrated with ethanol. An antigen retrieval buffer based on citrate was
used (C1032, Solarbio, China) for heat-mediated antigen retrieval. Samples were incubated overnight at 4°C with proinsulin antibody
(ab243141, Abcam, USA, 1:200) or CPE antibody (sc-393761, Santa Cruz Biotechnology, USA, 1:200). The staining signal was detected using
SP link Detection kit (SP-9001, ZSGB-Bio, China) and DAB kit (ZLI-9017, ZSGB-Bio, China). For INS immunofluorescence, insulin rabbit mAb
(A19066, Abclonal, USA) and fluorescent secondary antibody (A23420, Abbkine, USA) were used, and nuclei were stained with DAPI (P0131,
Beyotime, China). The intensity of fluorescence signals and the average integrated optical density per area (IOD/Area) was measured by
NIH ImageJ software.

TEM and images analysis

After fixation with 2.5 % glutaraldehyde solution overnight at 4°C, isolated islets were post-fixed with 2 % OsO,4 and stained in 2.5 % uranyl
acetate. Digital images were acquired with JEM 2000EX (JEOL, Japan) and a Megaplus camera system operated with AMT software. The
density and maturity rate of SGs in the images were quantified by NIH ImageJ software.
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Luciferase reporter assays

HEK293T cells transfected with pcDNA3.1 or pcDNA3.1-SERBP1 plasmid, with pGL4.10, elF4AG1-WT or elF4G1-MUT plasmid. Renilla lucif-
erase was co-transfected for the purposes of normalization. Cells were harvested 24 hours after transfection and assayed for firefly luciferase
and Renilla luciferase activities by Dual Luciferase Reporter Gene Assay Kit (KTA8010, Abbkine, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are shown as mean + SEMs. Statistical analysis was performed using a student’s t test with GraphPad Prism 9.0 (www.graphpad.com).
Statistical significance is considered at p values below 0.05. *p < 0.05; **p < 0.01, and ***p < 0.001. Statistical parameters including exact n
and what n represents are reported in the Figures and Figure Legends. Blotting and IHC quantification were analyzed using NIH ImageJ
software.
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