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SUMMARY
Pancreatic b cells exist in low and high insulin gene activity states that are dynamic on a scale of hours to
days. Here, we used live 3D imaging, mass spectrometry proteomics, and targeted perturbations of b cell
signaling to comprehensively investigate Ins2(GFP)HIGH and Ins2(GFP)LOW b cell states. We identified the
two Ins2 gene activity states in intact isolated islets and showed that cells in the same state were more likely
to be nearer to each other. We report the proteomes of pure b cells to a depth of 5555 proteins and show that
b cells with high Ins2 gene activity had reduced b cell immaturity factors, as well as increased translation. We
identified activators of cAMP signaling (GLP1, IBMX) as powerful drivers of Ins2(GFP)LOW to Ins2(GFP)HIGH

transitions. Okadaic acid and cyclosporine A had the opposite effects. This study provides new insight
into the proteomic profiles and regulation of b cell states.
INTRODUCTION

Diabetes is characterized by dysfunctional glucose homeostasis

which is caused by a relative (type 2 diabetes) or near complete

(�80%; type 1 diabetes) deficiency in insulin, the body’s main

anabolic hormone.1 Insulin is produced by pancreatic islet b

cells, whose dysfunction and/or death are prerequisites for dia-

betes progression.2–4 Not all b cells are the same.5–7 Several

studies have shown that insulin content and mRNA can vary

greatly between individual b cells.8,9 Our previous live cell imag-

ing using a dual Ins1 and Pdx1 fluorescent promoter reporter

showed that mouse and human b cell lines could transition

from less to more mature states10,11 and identified endogenous

and chemical regulators of this process.12,13 However, reporter

constructs using abbreviated promoter fragmentsmay not accu-

rately report endogenous gene activity. Therefore, we also used

Ins2GFP knock-in mice14 to investigate endogenous Ins2 gene

activity and identified two distinct b cell states, one with high in-

sulin gene activity and higher insulin mRNA, Ins2(GFP)HIGH, and

one with lower insulin gene activity and lower insulin mRNA,

Ins2(GFP)LOW.15 Live cell imaging confirmed that b cells had

the capacity to transition between the high and low GFP states

in both directions.15 Single-cell RNA sequencing (scRNAseq)

demonstrated Ins2(GFP)HIGH cells had a more mature b cell tran-

scriptome profile but were alsomore fragile.15 These results sug-

gest that the Ins2(GFP)HIGH cells produce more insulin but are

also more vulnerable to insults. However, it has been shown

that the transcriptome and proteome have weak correlations in

islets,16 so it is critical to understand the proteomic profile of
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these states. It is also important to understand the molecular

mechanisms that control b cell state transitions. ER stress and

other cellular perturbations are also known to impact gene tran-

scription.17,18 For example, stresses associated with the high

Ins2 state lead to b cell fragility15 and lower proliferation capac-

ity,19 but the effects of stress itself on Ins2 gene activity remain

unclear. With robotic imaging technology and automated anal-

ysis, it is possible to study dozens of signaling pathways at once.

Live imaging of b cell states presented the opportunity for

the fluorescence-activated cell sorting (FACS) purification of

selected cell populations, while advances in mass spectroscopy

permit the identification and cataloging of thousands of cell-se-

lective proteins that could be effects markers or targets for drug

delivery. Previous proteomic studies purified b cells using insulin

immunofluorescence staining or FAD autofluorescence,20,21 but

thesemethods for enriching b cells have caveats such as the reli-

ance on antibody specificity and that FAD autofluorescencemay

not identify all b cells. Thus, there was also a need to revisit those

approaches with more sensitive proteomics equipment and

analysis pipelines.

Here, we define the proteomic profiles of purified rodent b cells

and of the two Ins2 gene activity states using Ins2GFP knock-in

mice. We also systematically tested the effects of 48 drugs

known to affect selected signaling pathways and cellular func-

tions on Ins2 gene activity and b cell state transitions.We present

a comprehensive comparison of the two Ins2 expression states

at the protein and functional level and reveal multiple genes

implicated in mechanisms related to Ins2 gene activity and b

cell state transitions.
arch 21, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
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Figure 1. Live 3D imaging of intact Ins2GFP

mouse islets

(A) Schematic of the Ins2GFP knock-in mouse

model, in which the second exon of the wildtype

Ins2 gene has been partially replaced with GFP.

(B) FACS purification of Ins2(GFP)LOW and In-

s2(GFP)HIGH populations of b cells, with b cells

isolated from a WT mouse for comparison.

(C) Example images of 3D live cell imaging of intact

islets from Ins2GFP knock-in mice. Hoechst is a cell

nuclei dye. Scale bar is 30 mm.

(D) Distribution of cells based on GFP fluores-

cence from Ins2GFP islets. Each distribution line

represents an islet. (n = 40 islets).

(E) Comparison of ratios of high GFP cells to low

GFP cells in male and female mice. Each dot

represents an islet (n = 20 male and 20 female

islets from 3 male and 3 female mice).

(F) Nearest neighbor analysis of cells from Ins2GFP

knock-in mice (n = 40 islets). One-way ANOVA.

(G) Distance to the core of cells from Ins2GFP

knock-in mice. Student’s T-test. Density: proba-

bility density function, represents the probability a

data is located within the defined range (i.e., ratio

of the total). Data are represented asmean ± SEM.

*p < 0.05.
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RESULTS

Live 3D imaging of intact islets from Ins2GFP mice
Our previous analyses of Ins2 gene activity in dispersed

mouse islets revealed a bimodal distribution of GFP fluores-

cence from a reporter construct knocked into the endogenous

Ins2 gene locus15 (Figures 1A and 1B). In this study, we used

live 3D imaging to define the prevalence and spatial relation-

ship of cells in the two b cell insulin gene activity states in

whole intact islets from Ins2GFP knock-in mice (Figure 1C).

We analyzed islets that had below 400 GFP positive cells,

as we wanted to avoid large islets that may have necrotic

cores.22 Consistent with dispersed cells, Ins2 gene activity

in intact islets also had a bimodal distribution (Figure 1D).

We also found that the range of GFP fluorescence was greater

in larger islets compared to smaller ones (Figure 1D). We did

not find significant sex differences when comparing the ratios
2 iScience 28, 112015, March 21, 2025
of Ins2(GFP)HIGH and Ins2(GFP)LOW

cells in intact male and female islets

(Figure 1E), consistent with our previous

work in dispersed b cells.23 Nearest

neighbor analysis showed that cells in

the same Ins2 activity state were more

likely to be found in proximity of each

other (Figures 1F and S1A). We found

no significant difference between the

cell states and their distance to the

core of the islet (Figures 1G and S1B).

To summarize, live cell 3D imaging

analysis revealed the that the In-

s2(GFP)HIGH and Ins2(GFP)LOW expres-

sion states exist in intact islets, with
cells in the same activity states being more likely to be found

next to each other.

Identification of b cell selective islet proteins
Proteins that are selective to b cells have potential as biomarkers

and anchor targets for imaging and drug delivery.24 Previous

studies have identified b cell-specific mRNAs using single cell

RNA sequencing.25 However, mRNA and proteins in isolated is-

lets only have a correlation coefficient of �0.5,16 so there is an

unmet need for minimally biased, high-throughput characteriza-

tion of b cell selective gene products at the protein level. There-

fore, as a step toward identifying b cell specific proteins, we

compared the proteomes of GFP positive cells to GFP negative

cells from dispersed and sorted mouse islets to a depth of 5555

proteins (Figures S2A and S3A).When adjusted formultiple com-

parisons, 20 proteins were found to be significantly upregulated

in GFP negative cells (Figure 2A). These include brain abundant



Figure 2. Proteomic analysis of FACS puri-

fied Ins2GFP b cells

(A) Volcano plot of proteins differentially abundant

when comparing GFP positive cells with GFP

negative cells.

(B) Barplot of proteins differentially upregulated in

Ins2(GFP)HIGH cells. *p < 0.05.

(C) Barplot of proteins differentially upregulated in

Ins2(GFP)LOW cells. FACS purified samples were

acquired from 3male and 2 female mice. *p < 0.05.
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membrane attached signal protein 1 (BASP1), a protein that was

found to be upregulated in the islets of non-pregnant mice when

compared with pregnant26; calbindin 1 (CALB1), a gene that was

enriched in d and g cells27; clusterin (CLU), a protein known to

play a regenerative role after islet injury28; and glutathione perox-

idase 3 (GPX3), a regulator of oxidation that may play a role in

T2D associated stress (Figure 2A).29

We also undertook a more liberal analysis that did not account

for multiple comparisons of our proteomics data. As expected,

GFP-negative, non-b cells were enriched for known markers of

other islet cell types, such as GCG, PYY, and PPY (Figure S4A).

To rank the proteins, we multiplied the p-value by the fold

change. The top novel non-b cell proteins were the cell surface

protein tetraspanin 8 (TSPAN8), arginase 1 (ARG1), and clusterin

(CLU) (Figure 2A). The top 5 most significantly enriched b cell

selective proteins were: 1) CAP-Gly domain containing linker

protein 1 (CLIP1), which links cytoplasmic vesicles to microtu-

bules; 2) 30-phosphoadenosine 50-phosphosulfate synthase 2

(PAPSS2), which mediates two steps in the sulfate activation

pathway; 3) tyrosine 3-monooxygenase/tryptophan 5-monooxy-

genase activation protein zeta (YWHAZ), also known as 14-3-3z,

a scaffolding protein we have shown plays important survival

and signaling roles in b cells30; 4) apoptosis inducing factor

mitochondria associated 1 (AIFM1); and 5) cystathionine beta

synthase (CBS), a gene which may play a role in b cell insulin
secretion31 (Figure S4A). As expected,

INS1 and IAPP proteins were also signif-

icantly enriched in pure b cells. The G

protein-coupled receptor 158 (GPR158),

a metabotropic glycine receptor32 which

may play a role in autocrine feedback,33

was highly enriched in b cells.

We next undertook pathway analysis to

identify themes in our proteomic data

from non-b cells and pure b cells (Fig-

ure S4B). Gene set enrichment analyses

revealed that non-b cells are enriched

for proteins that mediate metabolic

and catabolic processes including the

‘‘cellular modified amino acid metabolic

process’’ and ‘‘carbohydrate derivative

metabolic process.’’ In pure b cells, there

was enrichment of pathways entitled

‘‘skin development’’ and ‘‘supramolecu-

lar fiber organization,’’ which was driven

by the relative abundance of multiple ker-
atin family proteins, which are known tomodulate b cell signaling

and play roles in stress responses.34 Enrichment of the regula-

tion of cellular component biogenesis’’ and ‘‘regulation of pro-

tein-containing complex assembly’’ pathways suggests b cells

may exist in a more anabolic state than non-b cells. Pathways

involving ‘‘protein phosphorylation’’ and ‘‘IkB/NF-kB signaling’’

were also enriched in pure GFP-positive b cells (Figure S4B).

Interestingly, NF-kB signaling has been implicated in a b cell sub-

population with lower PDX1 expression, which has similarities

with our Ins2(GFP)LOW cells.35 Overall, these results suggest

that differences between Ins2 expressing cells and other islet

cells are primarily associated with protein production and

signaling.

Proteomic profiles of fluorescence-activated cell
sorting purified b cells in Ins2(GFP)HIGH and
Ins2(GFP)LOW states
We next compared the proteomic profiles of the two distinct Ins2

gene activity states in FACS purified b cells (Figure S5A). After

adjusting for multiple comparisons, we found that, other than

GFP, two proteins were significantly upregulated in In-

s2(GFP)HIGH cells: HMG20A, a protein associated with type 2

diabetes and shown to be important to functional maturity of

b cells36; and ring finger protein 2 (RING2), a member of the

polycomb group of proteins which are important for the
iScience 28, 112015, March 21, 2025 3
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transcriptional repression of genes involved in cell proliferation

and development.37 In the Ins2(GFP)LOW state, proteins with

greater abundance include the b cell immaturity markers pancre-

atic polypeptide (PPY), peptide YY (PYY), and glucagon (GCG)38;

translocase Of inner mitochondrial membrane 9 (TIM9), a protein

that helps mediate mitochondrial protein import39; ADP ribosyla-

tion factor 6 (ARF6), a protein that has been shown to mediate

glucose stimulated insulin secretion40; and StAR-related lipid

transfer domain containing 5 (STARD5), a ER stress protein

which helps regulate cholesterol homeostasis.41 Overall,

these findings further support our hypothesis that cells in the

Ins2(GFP)HIGH state have a more mature b cell profile.

We then analyzed our data without adjusting for multiple com-

parisons to get an idea of the trends of proteomes of the two cell

states. Using p value times fold change as a criterion again, the

top 5 most enriched proteins in Ins2(GFP)LOW cells were: 1)

glucagon (GCG), a marker for alpha cells; 2) pancreatic polypep-

tide (PPY) a marker for PP cells; 3) Purkinje cell protein 4 (PCP4),

a calmodulin regulator involved in calcium binding and signaling;

4) aldehyde dehydrogenase 1 family member 3 (ALDH1L2), a

mitochondrial enzyme implicated in b cell protection and secre-

tory dysfunction42; and 5) adenine phosphoribosyltransferase

(APRT), an enzyme involved in the nucleotide salvage pathway

(Figure S5A). These results suggest that cells in the less mature

Ins2(GFP)LOW state was enriched inmarkers of ‘‘multi-hormonal’’

cells, consistent with our previous scRNAseq analysis.15We also

found enrichment in proteins in endoplasmic reticulum process-

ing, including HSPA5, HSP90B1, and ERO1L (Figure S8A–S8C),

corroborating our prior scRNAseq analyses.15 The top 5 most

enriched proteins (other than GFP) in Ins2(GFP)HIGH cells were:

1) zinc finger AN1-type containing 2B (ZFAND2B), a protein

associated with the proteasome for the degradation of misfolded

proteins; 2) zinc finger RANBP2-type containing 2 (ZRANB2), a

protein involved in RNA splicing and mRNA processing 3)

myocyte enhancer factor 2D (MEF2D), a calcium regulated tran-

scription factor; 4) SWI/SNF related, matrix associated, actin

dependent regulator Of chromatin subfamily A, member 2

(SMARCA2), a protein which regulates transcription via altering

chromatin structure; and 5) phosphofurin acidic cluster sorting

protein 2 (PACS2), a protein involved in ER calcium ion homeo-

stasis. The protein poly(A) polymerase alpha (PAPOLA), a protein

required for the creation of the 30-poly(A) tail of mRNAs, was also

upregulated in Ins2(GFP)HIGH cells (Figure S5A).

The pathways significantly enriched in the Ins2(GFP)LOW state

relative to the Ins2(GFP)HIGH state included: ‘‘organic acid meta-

bolic process,’’ ‘‘cellular respiration,’’ ‘‘generation of precursor

metabolites and energy,’’ and ‘‘oxidative phosphorylation,’’ sug-

gesting the less mature cells may have more energic capacity.

They are also enriched in proteins involved in ‘‘fatty acid meta-

bolic processes’’ and ‘‘lipid metabolic processes,’’ suggesting

the possibility of metabolic substrate preference and switching

between these cell states (Figure S5B). The Ins2(GFP)LOW state

was enriched in the ‘‘hormone metabolic process’’ which was

also enriched in non-b cells relative to b cells, including GCG,

PYY, and SST. Gene set enrichment analysis revealed that the

pathways most enriched in the Ins2(GFP)HIGH state were related

to transcriptional upregulation and mRNA processing (Fig-

ure S5B). The upregulation of ‘‘DNA-templated transcription’’
4 iScience 28, 112015, March 21, 2025
and ‘‘RNA biosynthetic process’’ pathways may suggest

that the Ins2(GFP)HIGH state is more transcriptionally active.

The Ins2(GFP)HIGH state also enriched for ‘‘RNA processing,’’ a

pathway which involves mRNA capping and addition of the

30poly(A) tail. Regulation and processing of the 50 and 30 UTRs
of insulin mRNA is known for their importance in maintaining

mRNA stability, and our prior scRNAseq and qPCR data indeed

showed that the Ins2(GFP)HIGH state had more Ins2 mRNA.15

‘‘Chromosome organization’’ and ‘‘cell cycle’’ pathway upregu-

lation is also indicative of the regulation of the transcriptional

landscape. Overall, this data suggests that differences between

the Ins2(GFP)HIGH and Ins2(GFP)LOW states were related to tran-

scription mechanisms and processes.

We next analyzed the relationship between our differentially

abundant proteins using STRING and mapped them to a cell di-

agram in Cytoscape to visualize protein-protein networks in their

most common cellular locations (Figures S6A and S6B). Protein-

protein interaction networks enriched in GFP negative cells,

beyond the known markers from other islet cell types (GCG,

PYY, PPY, SST), included protein networks related to lipid meta-

bolism (GPX3, HEXB) and factors related to amino acid synthesis

and transport (SLC7A8, SLC3A2, ARG1) (Figure S6A). Protein-

protein interaction networks enriched in GFP positive cells,

compared with non-GFP, included those involved in GPCR

and cAMP signaling, glycolysis, and the secretory pathway

(ER, Golgi, granules, cytoskeleton). Specifically, pure b cells

showed enrichment for multiple cytoskeletal factors, including

VIL1, a member of calcium regulated actin binding proteins

and are known to play a role in insulin exocytosis regulation;

and CLIP1, a protein associated with granule trafficking.43–45

These data provide data on b cell specific protein networks at

unprecedented detail.

Next, we examined network differences between the

Ins2(GFP)HIGHstate and the Ins2(GFP)LOWstate.The Ins2(GFP)LOW

state was enriched for networks related to mitochondria function

and cell respiration, includingmembers of the pyrroline-5-carbox-

ylate reductase family (PYCR1,PYCR2), andsubunitsof theNADH

dehydrogenase (ubiquinone) complex (NDUFA6, NDUFB6,

NDUFB10) (Figure S7A). We also noted several factors with links

toproteasomefunction (PSMA3,PSMB3,PSMB8), and translation

factors (EIF3BEIF4E,EIF4A1) (FigureS7A). This suggests that cells

with low Ins2geneactivitymaybe recovering fromvarious sources

of stress and may also be in the process of regulating translation

machinery. Interestingly, RHOA, an F-actin regulator which re-

duces insulin secretion when activated, was upregulated in the

Ins2(GFP)LOW state.46 Another actin protein, ARPC2, which was

downregulated in human islets when treated with insulin, was

also enriched in Ins2(GFP)LOW cells.47 On the other hand, many

of the enriched proteins in the Ins2(GFP)HIGH state were located

in the nucleus and were linked to transcriptional regulation,

including prominent transcription factors TOP1, CDK9, and

KAT7(Figure S7B). Several nuclear proteins were associated with

mRNA processing, such as ZRANB2, SRPK1, and PAPOLA48–50

(Figure S7B). We also noted a number of factors in the Golgi,

includingSTRIP1, a protein involved in the localizationof theGolgi,

and VCPIP1, a protein involved in Golgi reassembly. There were

also a fair number of proteins in the ER, including the aforemen-

tioned ZFAND2B and PACS2; DNAJA1, a protein that stimulates
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Figure 3. OPP protein synthesis assay of In-

s2(GFP)LOW and Ins2(GFP)HIGH cells

(A) Representative images of OPP protein syn-

thesis assay on Ins2WT/GFP mice. The blue wave-

length is the Nuclearmask cell nuclei stain, the

green wavelength is GFP, and the red wavelength

is the OPP marker for nascent peptide formation.

Scale bar is 40 mm.

(B) Comparison of translational capacity of GFP

positive b cells and GFP negative cells (n = 6mice,

3 males and 3 females). Student’s t test.

(C) Comparison of translational capacity of In-

s2(GFP)HIGH and Ins2(GFP)LOW cells (n = 6 mice, 3

males and 3 females). Student’s t test.

(D) GFP fluorescence of Ins2(GFP)LOW b cells and

Ins2(GFP)HIGH b cells. Student’s t test (n = 6 mice,

3 males and 3 females). Data are represented as

mean ± SEM. *p < 0.05.
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ATP hydrolysis; and NGLY1, an enzyme involved in the degrada-

tion ofmisfolded proteins. Taken together, the Ins2(GFP)HIGH state

is primarily associated with the regulation of transcription, mRNA

processing, and protein trafficking, while the Ins2(GFP)LOW state

may be in the process of recovering from stress associated with

high Ins2 gene activity and a shift in protein translation machinery.

Our proteomics data revealed the enrichment of the ‘‘regulation

of cellular component biogenesis’’ and ‘‘regulation of protein-

containing complex assembly’’ pathways in the Ins2(GFP)HIGH

state, sowe testedwhetherbcell translationcapacitywasdifferent

compared to other islet cell types using the O-propargyl-

puromycin (OPP) assay, which incorporates a fluorescent marker

intonascentproteins (Figure3A).UsingGFPasamarker forbcells,

we found that b cells had higher translational capacity compared

to other islet cells (Figure 3B). The upregulation of DNA template
transcriptional regulation and RNA pro-

cessing pathways in Ins2(GFP)HIGH cells

relative to Ins2(GFP)LOWcells is suggestive

of increased downstream translational

capacity. We found that cells in the

Ins2(GFP)HIGH state had significantly

higher translational capacity compared

to cells in the Ins2(GFP)LOW state (Figures

3Cand3D).Wedidnot noteany significant

differences when comparing the transla-

tional capacity of the two Ins2 expression

states in the context of sex differences

(Figure S10A). Overall, these data reveal

the differences between the Ins2(GFP)HIGH

and Ins2(GFP)LOW expression states at the

protein level, and showhow someof these

differencescan translate todifferences inb

cell function.

Mechanistic interrogation of Ins2
gene activity regulation
The molecular mechanisms regulating

Ins2 gene activity remain to be fully eluci-

dated. We chose 48 drugs (Table 1)
known to perturb key b cell signaling pathways to study their ef-

fects on b cell states (Figure 4A). Concentrations for the various

compounds were decided based on documented doses used in

in vitro assays. Dispersed islet cells from Ins2GFP mice were

treatedwith compounds and imaged in a high-throughput format

(Figures 4B–4L). Although all experiments were conducted in

parallel using a robotic imaging system, we visualized the results

from each family of compounds separately. Compounds that

activate cAMP signaling, namely the PDE inhibitor 3-isobutyl-

1-methylxanthine (IBMX) and the cAMP inducer GLP-1, signifi-

cantly increased Ins2 gene activity when tracked over time

(Figure 4B). The rate of increase for GFP fluorescence

was considerably greater in Ins2(GFP)HIGH cells in response to

cAMP pathway activators compared to Ins2(GFP)LOW cells

(Figures 5B and 5C). Compared to DMSO control, the calcineurin
iScience 28, 112015, March 21, 2025 5



Table 1. Reagents used in the small molecule screen

Drug Concentration Vendor Catalog # Reference

Cyclohexamide 355 mM Sigma Aldrich C7698 Hobson et al.51

Sal003 5 mM Sigma Aldrich S4451 Batista et al.52

CCT020312 0.2 mM Calbiochem 324879 Bruch et al.53

DHBDC 20 mM Calbiochem 5315510001 Bai et al.54

ISRIB 0.2 mM Sigma Aldrich SML0843 Sekine et al.55

GSK2606414/Perk inhibitor 1 0.03 mM Sigma Aldrich 516535 Axten et al.56

PKRi/C16 2 mM Sigma Aldrich I9785 Christ et al.57

Thapsigargin 1 mM Millipore 586005 Brownrigg et al.58

Tunicamycin 0.1 mM Sigma Aldrich T7765 �Sere�s et al.59

Eeyarestatin I 10 mM Sigma Aldrich E1286 Wang et al.60

APY 29 20 mM Sigma Aldrich SML2381 Ghosh et al.61

Sunitinib 5 mM Sigma Aldrich PZ0012 Lutz et al.62

Azoramide 20 mM Sigma Aldrich SML1560 Fu et al.63

Tacrolimus/FK506 0.03 mM Selleck Chem S5003 Oetjen et al.64

Cylcosporin A 5 mM Selleck Chem S2286 Oetjen et al.64

LY 294002 50 mM Sigma Aldrich L9908 Beith et al.65

Wortmannin 0.1 mM Sigma Aldrich W1628 Gao et al.66

Sodium butyrate 1000 mM Sigma Aldrich B5887 Powers et al.67

Trichostatin A (TSA) 0.625 mM Sigma Aldrich T1952 Tiernan et al.68

MGCD0103/Mocetinostat 25 mM Selleck Chem S1122 Fournel et al.69

Somatostatin (SST) 1 mM Sigma Aldrich S9129 Redmon et al.70

Epinephrine 50 mM Sigma Aldrich E4250 Redmon et al.70

GLP-1 amide 0.01 mM R&D systems 2082 Skoglund et al.71

Rosiglitazone 10 mM Sigma Aldrich R2408 Schinner et al.72

Staurosporine 0.1 mM Sigma Aldrich S4400 Shinozuka et al.73

Okadaic 0.1 mM Sigma Aldrich O9381 Ammälä et al.74

Palmitate 0.5 mM Sigma Aldrich P9767 Hagman et al.75

Metformin 0.5 mM Sigma Aldrich PHR1084 Moon et al.76

Dexamethasone (DEX) 0.1 mM Sigma Aldrich D4902 Parvin et al.77

Isoxazole 9 (ISX-9) 40 mM Selleck Chem S7914 Dioum et al.78

AS1842856 1 mM Calbiochem 344355 Zou et al.79

Diazoxide 100 mM Sigma Aldrich D9035 Ma et al.80

IBMX 100 mM Sigma Aldrich I5879 Christie et al.81

Arginine 10000 mM Sigma Aldrich A8094 Leiss et al.82

Verapamil 2.7 mM Sigma Aldrich V4629 Devis et al.83

Ryanodine 10 mM Millipore 559276 Johnson et al.84

5-amino-imidazole carboxamide riboside (AICAR) 300 mM Sigma Aldrich A9978 Wang et al.85

Pramlintide 1 mM Sigma Aldrich SML2523 Suzuki et al.86

Tolbutamide 0.37 mM Sigma Aldrich T0891 Henquin et al.87

HNMPA 100 mM Abcam ab141566 Beith et al.65

S961 0.1 mM Phoenix Peptide 051–86 Stamateris et al.88

Bortezomib 0.004 mM Sigma Aldrich 5043140001 Schewe et al.89

MG132 0.4 mM Sigma Aldrich M8699 Schewe et al.89

xestospongin C 2 mM Sigma Aldrich X2628 Bito et al.90

Actinomycin D 2 mM Sigma Aldrich A9415 Bensaude et al.91

a-amanitin 2 mM Sigma Aldrich A2263 Stellrecht et al.92

Triptolide 0.1 mM Sigma Aldrich T3652 Stellrecht et al.92

5,6-Dichloro-1-beta-Ribo-furanosyl Benzimidazole (DRB) 50 mM Sigma Aldrich D1916 Stellrecht et al.92
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Figure 4. A small molecule screen for effectors of Ins2 gene activity

(A) Experiment pipeline. Islets were isolated and dispersed from Ins2GFP knock-in mice. Cells were then stained with Hoechst cell nuclei dye and propidium iodide

(PI) cell death marker for 2 h, and then subjected to treatments. All three fluorescent wavelengths were imaged for 96 h.

(B–L) Average GFP fluorescence of cells over the period of 96 h. Each line represents a treatment. Treatments were categorized based on their primary binding

partners. Deceased cells were removed by thresholding for cells with high PI fluorescence. Dotted black lines indicate DMSO controls, dashed lines indicate

(legend continued on next page)
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pathway inhibitors cyclosporine A, okadaic acid, and tacrolimus

reduced Ins2 gene activity (Figure 4C). Inhibitors of the endonu-

clease IRE1A caused a steep drop in Ins2 gene activity after pro-

longed treatment, with APY29 inducing a strong increase prior to

the drop (Figure 4D). Effectors of ER pumps and channels had

relatively few effects on Ins2 gene activity, with ATP2A2 inhibitor

thapsigargin slightly increasing Ins2 activity (Figure 4E). Com-

pounds that impacted insulin signaling also had some interesting

effects, in particular the protein kinase inhibitor staurosporine,

which significantly increased Ins2 gene activity, and PI3K inhib-

itor LY294002, which caused a spike at 48 h followed by a steep

decline (Figure 4F). The glucocorticoid agonist dexamethasone

reduced Ins2 activity, while PPARG agonist rosiglitazone slightly

increased it (Figure 4G). The three nutrients we tested all

increased Ins2 gene activity, with arginine and sodium butyrate

having a more significant increase over time compared to pal-

mitic acid (Figure 4H). Compounds that affected cell membrane

excitability also had interesting effects, with KATP channel

(ABCC8 subunit) activator diazoxide and CACNA1C inhibitor

verapamil decreasing Ins2 gene activity, while KATP channel

(ABCC8 subunit) inhibitor tolbutamide modestly increased it

near the end of our experiment (Figure 4I). Perturbing protein

degradation factors also yielded effects, in particular ERAD in-

hibitor eeyarestatin I, which decreased Ins2 gene activity rapidly

after treatment (Figure 4J). As expected, many compounds that

affected transcriptional machinery also impacted Ins2 gene ac-

tivity (Figure 4K). TFIIH inhibitor Triptolide and RNA polymerase

II inhibitor alpha amanitin resulted in an increase in Ins2 activity,

peaking at around 48 h and rapidly declining afterward (Fig-

ure 4K). CDK9 inhibitor 5, 6-dichloro-1-b-D-ribofuranosylbenzi-

midazole (DRB) also increased Ins2 gene activity (Figure 4K).

TOP1 inhibitor actinomycin D caused a steep decline in Ins2

gene activity 24 h after treatment (Figure 4K). HDAC inhibitors

MGCD0103 and trichostatin A both reduced Ins2 gene activity,

but not as abruptly as triptolide and alpha amanitin (Figure 4K).

Compoundswhich affected translation that altered Ins2 gene ac-

tivity include EEF2 inhibitor cyclohexamide, which increased

Ins2 activity followed by a steep decline after 48 h, PKR inhibitor,

which increased Ins2 gene activity, and PERK activator

CCT020312 and EIF2S1 inhibitor sal003, which reduced Ins2

gene activity (Figure 4L).

We performed hierarchical clustering using various cell

behavior traits in the context of comparing cells from male and

female mice. Cell activity traits we used included mean GFP

(average GFP fluorescence over time), max GFP (peak GFP fluo-

rescence), and mean cell death (average PI intensity). Overall,

the strongest effectors of GFP fluorescence did not show any

significant sex differences (Figure S9).

Rapid drops in GFP fluorescence are indicative of cell death,

so we explored the relationship between GFP expression and

cell viability by plotting fluorescence in the green wavelength

(GFP) against the red wavelength (PI) (Figure 4M).15 We note
inhibitors of their respective categories, and solid lines indicate activators of their

SEM.

(M) Analysis of GFP fluorescence against cell death. GFP fluorescence is scaled

scaled PI fluorescence relative to background after 72 h of treatment. Size of dots

decided based on their primary binding partners (n = 6 mice, 3 males and 3 fem

8 iScience 28, 112015, March 21, 2025
that the cAMP agonists IBMX and GLP-1 amide had the highest

GFP fluorescence with relatively low cell death (Figure 4M). We

found that okadaic acid and trichostatin A had the greatest

decrease in GFP fluorescence without significant cell death

(Figure 4M). The subset of drugs that had increasing GFP

fluorescence followed by a rapid drop (APY 29, triptolide, alpha

amanitin, cyclohexamide, DRB, LY294002) had significant cell

death, indicating the drugs were toxic after prolonged treatment

(Figure 4M). This is supported by an OPP assay done in the

context of several small molecules of interest (GLP-1 amide,

IBMX, APY 29, triptolide), in which a significant drop in transla-

tional capacity can be observed after 24 h of treatment, well

before the drop in GFP fluorescence and noticeable cell death

(Figure S10B). Overall, our small molecule screen shows how

various drugs and small molecules may impact Ins2 gene activity

and how it may correlate to b cell health.

Cell state transitions in the context of media conditions
and perturbations
Various culture conditions can impact cell state transitions, with

higher glucose concentrations and the addition of FBS inducing

a greater rate of Ins2(GFP)LOW to Ins2(GFP)HIGH transitions (Fig-

ure 5A). We next analyzed the rate of transitions for cells from

Ins2GFP knock-in mice in the context of our small molecule

screen (Figure 5D). In general, most small molecules had higher

Ins2(GFP)HIGH to Ins2(GFP)LOW transitions rates compared to

Ins2(GFP)LOW to Ins2(GFP)HIGH, with our DMSO control at pos-

sessing a �3:1 ratio (9.1% Ins2(GFP)HIGH to Ins2(GFP)LOW,

3.2% Ins2(GFP)LOW to Ins2(GFP)HIGH). Compared to our DMSO

control, we found that cAMP agonists GLP-1 amide and IBMX

had the greatest increase in Ins2(GFP)LOW to Ins2(GFP)HIGH tran-

sitions (19% for GLP-1 amide, 14% for IBMX), with relatively low

levels of Ins2(GFP)HIGH to Ins2(GFP)LOW transitions (Figures 5B–

5D). Okadaic acid and cycplosporin A induced the highest rate of

Ins2(GFP)HIGH to Ins2(GFP)LOW transitions (Figure 5D). Interest-

ingly, we found that several drugs with high GFP, including

triptolide, APY 29, and alpha amanitin, had very few transitions

of either type (Figure 5D). This shows that the increase in GFP

fluorescence observed in these treatments was primarily driven

by increasing GFP fluorescence in the Ins2(GFP)HIGH cells, and

not in the Ins2(GFP)LOW cells.

STRING/Cytoscape analyses helped contextualize the major

binding partners of our small molecule screen (Figures 6A and

6B). Several of the strongest effectors of GFP fluorescence

were found to impact genes located within the nucleus, including

CDK9, TOP1, POL2A, ERCC3, HDAC1, HDAC2, SP1, and PAK1.

Many of these proteins have known roles in transcriptional

mechanisms.93–98 On the membrane, GLP1R and NOS1 were

receptors that had effects on GFP fluorescence. In the ER, per-

turbing ERN1, a major factor in UPR response, impacted GFP

fluorescence and cell health.99 In the cytosol, the perturbation

of VCP, amajor component of ERAD, resulted in heavy cell death,
respective categories (n = 6 mice, 3 males and 3 females). Shading represents

GFP fluorescence relative to background after 48 h of treatment. Cell death is

represents p value (adjusted). Colors of dots represents categories, which were

ales). two-way ANOVA, adjusted p value indicated by size of dots.



A

B C

D

Figure 5. Cell state transitions in the

context of various media conditions and

perturbations

(A) Transition rates between the Ins2(GFP)HIGH and

Ins2(GFP)LOW cell states in the context of various

media conditions. % of cells transitioning: percent

of subpopulation transitioning to other cell state

after 48 h of culture.

(B) Example images of increasing GFP fluores-

cence in response to IBMX. Scale bar is 50 mM.

(C) Example traces of GFP upregulation and cell

state transitions in response to IBMX and GLP-1

amide.

(D) Comparison of Ins2(GFP)HIGH to Ins2(GFP)LOW

and Ins2(GFP)LOW to Ins2(GFP)HIGH transition

rates in the context of the small molecule screen.

Data shown is the average transition rate by the

end of 48 h of treatment (n = 6 mice, 3 males and 3

females). Size of the dots denotes p value

(adjusted). Color of the dots denotes scaled GFP

fluorescence. two-way ANOVA.
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while PIK3CA, PDE3A, EEF2 influencedGFP fluorescence. In the

context of cell state transitions, perturbing PDE3A and GLP1R

induced the highest rate of Ins2(GFP)LOW to Ins2(GFP)HIGH transi-

tions,while perturbingPPP3CCandPPP2CA resulted in thehigh-

est rate of Ins2(GFP)HIGH to Ins2(GFP)LOW transitions. Overall,

these results show how perturbing various b cell signaling path-

ways may impact Ins2 gene activity and cell state transitions.

DISCUSSION

This study aimed to further our understanding of dynamic Ins2

gene activity states, their proteomic profiles, and their regulation

by key cellular processes. Several prior studies have labeled b

cells using Ins1, but we chose the evolutionarily conserved

Ins2 gene due to the greater similarity between Ins2 and
INS.71,100 Furthermore, our prior scRNA-

seq analysis revealed a strong correlation

between the two insulin genes in mice,

and we had also observed similar cell

states using an Ins1 promoter reporter

in another previous study.10,15

Our 3D imaging showed how the In-

s2(GFP)HIGH and Ins2(GFP)LOW expres-

sion states existed in live intact islets.

The two Ins2 gene expression states

were present in intact islets. We did not

find any correlation for either cell popula-

tion to the islet periphery or core. This is

similar to what was observed by John-

ston et al., in which ‘‘hub cells,’’ a b cell

sub-set with similarities to Ins2(GFP)LOW

cells, did not show any clear preference

for the islet center or periphery.101 Inter-

estingly, cells in the same activity states

were more likely to be next to each other,

forming loose patches of cells. Currently,

it is unknownwhy these cells tend to clus-
ter, and future experiments may further explore the spatial dy-

namics of the two cell states and their relationship with other

cells.102,103

Previous studies identified the Ins2(GFP)HIGH cells as being

moremature, producingmore Ins2mRNA, andmore susceptible

to stress.15 The current study characterized the Ins2(GFP)HIGH

and Ins2(GFP)LOW expression states at the proteome level and

revealed mechanisms governing Ins2 gene activity and cell state

transitions. Proteomics analysis supported our prior hypothesis

that Ins2(GFP)HIGH are more mature, including the upregulation

of the proliferation repressor RING2. Prior studies have shown

that b cells which produce less insulin have increased rates of

proliferation.19 When adjusting for multiple comparisons, we

found relatively few proteins that were significantly different in

between our samples. This was attributed to the low cell counts
iScience 28, 112015, March 21, 2025 9
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Figure 6. Integration of STRINGprotein net-

works and a smallmolecule screen onCyto-

scape

(A) Table of small molecules and their primary target

genes.Targetgeneswere identifiedbasedononline

literature search.

(B) Primary binding partners for small molecules

used in the screen localized in Cytoscape. Binding

partners (bold) are chosen based on their affinity to

the small molecule. Color of the nodes represents

GFP fluorescence (scaled) after 48 h of treatment.

Borders of the nodes represents cell death (scaled

PI fluorescence) after 72 h of treatment. Height

of green triangles represents Ins2(GFP)LOW to

Ins2(GFP)HIGH transition rates. Height of orange tri-

angles represents Ins2(GFP)HIGH to Ins2(GFP)LOW

transition rates. Blue lines represent STRING in-

teractions. Pointed arrows with gray lines represent

upregulation. Inhibitor arrows with gray lines repre-

sent downregulation.
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in the Ins2(GFP)HIGH state which resulted in high variability be-

tween those samples. The low cell counts may result from cell

death during cell dispersion and FACS, perhaps worsened by

the Ins2(GFP)HIGH state’s innate fragility.15 However, strong

trends in the dataset prompted us to perform our analysis

without adjusting for multiple comparisons. Minimally biased in-

terrogations of proteins and protein networks selectively present

in b cells and b cell states build on past efforts to map the b cell

proteome. Previously proteomic analysis of FACS purifying

mouse b cell populations based on insulin immunoreactivity

yielded 6955 proteins across 36 islet samples with various diets

and islet cell types20; this led to the identification of a subpopu-

lation of b cells with low CD81 expression which had enrichment
10 iScience 28, 112015, March 21, 2025
for factors in spliceosome and RNA pro-

cessing pathways, but reduced oxidative

phosphorylation factors, similar to our

Ins2(GFP)HIGH cells.20 Two b cell subpop-

ulations identified in a study on human b

cell scRNAseq data had low INS expres-

sion, and while one high UPR marker

expression, the other had enrichment in

pathways related to oxidative stress.8

These two b cell subpopulations possess

similarities with our Ins2(GFP)LOW cells,

which had upregulation in ER stress

markers and metabolic processes

(Figures S8A–S8C), and it was proposed

that these low INS expressing cells were

in a state of recovery from the various

stresses of high insulin production.8 A

recent study investigating younger and

older insulin granules in INS-1 cells found

proteins such as DYNC1H1, DCTN4,

ARHGAP1 and EIF2S2 enriched in

younger granules; these proteins were

also significantly or trending toward en-

riched in Ins2(GFP)LOW cells, suggesting
that the two cell states may have different proportions of young

and old insulin granules.104 Overall, our study identifies novel and

previously established b cell markers at the protein level and pre-

sented results showing how the cells in a high Ins2 gene expres-

sion state had enrichment for factors related to RNA processing

and transcription, with reduced oxidative phosphorylation and

ER stress markers.

Our OPP protein translation assay revealed that the

Ins2(GFP)HIGH state had significantly higher protein synthesis ac-

tivity. This upregulation of translation could be mediated by an

increased abundance of mRNA processing proteins (such as

PAPOLA and ZRANB2) and proteins that may play a role in

translation (such as DRG1 and ZC3H15) that were detected in
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proteomics (Figure S5B). Since our prior study showed that

FACS purified Ins2(GFP)HIGH cells have upregulated Ins2

mRNA using qPCR15 and our scRNAseq data showed that

Ins2 mRNA was the most positively correlated gene with GFP

mRNA,15 this cell state is likely associated with both high insulin

transcription and translation. Future studies should look into

whether this upregulation in translational capacity is indicative

of enhanced insulin secretion capacity.7,105,106

Our previous work revealed that cell Ins2 gene activity was dy-

namic, and cells in the two cell states may transition between

each other.15 Our targeted perturbation analysis further explores

this phenomenon and reveals pathways that impact endogenous

Ins2 gene activity and cell state transitions. A small molecule

screen was previously done on live zebrafish larvae, with a set

concentration for all treatments.107 We did not identify overlap

between their significant hits and ours, and we speculate this

to be a result of the difference between whole organism screens

and cell culture screens, as well as possible differences between

the organisms involved. While whole organism screens can pro-

vide in vivo results and minimally perturb the health of biological

samples during processing, cell culture screens allow direct

interaction between treatments and the target cells. Our results

revealed the calcineurin inhibitors tacrolimus, cyclosporine A,

and okadaic acid reduced Ins2 gene activity (Figure 4C), consis-

tent with known roles for calcineurin on insulin mRNA in trans-

genic mice with a human insulin promoter.64 Okadaic acid

and cyclosporine A are the two top inducers of Ins2(GFP)HIGH

to Ins2(GFP)LOW transitions. NFAT, a calcineurin target, has

been reported to be required for the cAMP-mediated upregula-

tion of insulin transcription in INS-1E cells.108 Interestingly,

IRS2, a reported target of calcineurin for the regulation of human

b cell survival, is enriched in Ins2(GFP)HIGH cells, further support-

ing a role for calcineurin in cell state regulation.109

A key finding of our study was that GLP-1 amide and IBMX

robustly increased Ins2 activity over time, peaking at around

25 h for GLP-1 amide and 55 h for IBMX (Figure 4B). This is

consistent with previous data demonstrating that cAMP

signaling plays a critical role in insulin production and secretion,

with the augmentation of cAMP having significant effects on b

cell function and survival.110–114 GLP-1 has also been shown

to increase insulin mRNA and Ins1 promoter activity in INS-1 in-

sulinoma cell lines, and we now extend these results to the

endogenous Ins2 gene in mice primary cells.71 Interestingly,

GLP-1 and IBMX also had the highest rates of Ins2(GFP)LOW to

Ins2(GFP)HIGH transitions (Figure 5D). Our proteomics analyses

revealed that Ins2(GFP)HIGH cells had upregulation in two phos-

phodiesterase (PDE) isoforms, PDE1C and PDE8A, both of

which are known to play major roles in regulating cAMP and

GSIS in rodent b cells.115,116 Okadaic acid, the strongest inducer

of Ins2(GFP)HIGH to Ins2(GFP)LOW transitions, is known to in-

crease PDE expression in rat adipocytes.117 It is also worth

noting that despite strongly upregulating GFP expression,

many treatments including APY29, triptolide, alpha amanitin,

staurosporine, sodium butyrate, and arginine, did not induce

nearly as many cell state transitions as IBMX and GLP-1 amide.

Taken together, these resultsmay suggest that the dynamics be-

tween calcineurin, cAMP, and PDE concentrations play a major

role in regulating Ins2 gene activity and cell state transitions.
Some small molecules had effects on GFP fluorescence

that were strongly correlated to cell health. For example, acti-

nomycin D and eeyarestatin I killed cells rapidly upon treat-

ment, resulting in a rapid collapse of GFP fluorescence. Inter-

estingly, a subset of drugs including APY29 (IRE-1A inhibitor),

triptolide (TFIIH inhibitor), alpha amanitin (RNA polymerase II in-

hibitor), cyclohexamide (EEF2 inhibitor), DRB (CDK9 inhibitor),

and LY294002 (PI3K inhibitor) induced a strong increase in

GFP fluorescence followed by rapid cell death after prolonged

treatment. The endonuclease IRE-1A is an important factor in b

cell stress regulation99; the inhibition of IRE-1A results in

increased insulin mRNA content and b cell function, something

that we also observe via the increase in GFP after 48 h of inhi-

bition via APY29.61 The high cell death that follows after this

peak in Ins2 gene activity may be a result of b cell overwork.19

Inhibition of general transcriptional machinery such as TFIIH

and RNA polymerase II is highly detrimental to cell health after

prolonged periods of time.118,119 Inhibition of translation and

cell cycle factors are also known to be toxic to cells.120,121

The PI3K signaling pathway is linked to cell survival and resis-

tance mechanisms.122 The toxicity of these drugs may result in

a buildup of stress cumulating in eventual cell death It is inter-

esting to note that the increase in GFP fluorescence in these

drugs only occurs in Ins2(GFP)HIGH cells, but not Ins2(GFP)LOW

cells. This may be due to the inherent fragility in Ins2(GFP)HIGH

cells, which may make them more vulnerable to the effects of

stress.15 Autofluoresence is also known to increase during

the process of cell death, and this may also contribute to the

increase in GFP fluorescence.123 The OPP assay done in the

context of several small molecules of interest also supports

this, with cells treated to 24 h of triptolide and APY 29 display-

ing reduced translational capacity prior to cell death and reduc-

tion in GFP fluorescence. Furthermore, these molecules all

have the capacity to directly influence insulin production

through the above stated mechanisms, with most having an

inhibitory effect. This may suggest the existence of feedback

mechanisms, as the cell tries to replenish insulin mRNA stores

through increasing Ins2 gene activity. These findings may sug-

gest links between cell health and Ins2 gene activity.

In summary, we provide data that further revealed the differ-

ences between the Ins2(GFP)HIGH and Ins2(GFP)LOW expression

states beyond our previous study. Our live cell 3D imaging

captured the two cell states in intact living islets, and our prote-

omic and translational assays characterized them at the protein

and functional level. The small molecule screen revealed path-

ways that may impact Ins2 gene activity and cell state transi-

tions, including prominent effects by effectors of cAMP

signaling. Future studies may further explore the effects of

cAMP and calcineurin effectors on Ins2 gene dynamics and

cell state transitions, such as dose response experiments to

gauge the thresholds for transitions and the balance between b

cell health and function. Studies may also be conducted to

explore the cell states in the context of patients with diabetes;

it has been shown that some patients with long-term type 1 dia-

betes still possess b cells which produce low levels of insulin,

which may have similarities with our Ins2(GFP)LOW cells.124 Our

study highlights the importance of cell expression states and

cell state transitions in the islet, and how targeting factors which
iScience 28, 112015, March 21, 2025 11
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influence cell state transitions may help manage b cell function in

diabetes.
Limitations of the study
Our study has many limitations, and we list three examples here.

First, our 3D imaging experiments were unable to capture the

innermost cells in larger intact islets, so we focused mostly on

smaller islets. Future experiments could use 2-photon micro-

scopy to analyze islets of varying sizes. Second, as mentioned

in the discussion, our proteomics analyses had high variability

within sample groups. Future studies should increase the num-

ber of biological replicates in proteomics experiments. Third,

our small molecule screen started with known compounds with

expected effects and is therefore not unbiased. Now that the

methodology is established, future studies could examine larger

libraries of compounds that cover chemical space in a more

unbiased way. Despite these limitations, our study provides

new information on primary b cell states and the pathways that

control them.
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Moshe, S., Garzilli, I., Tóth, B., Roitman, L., Krizhanovsky, V., and Itzko-

vitz, S. (2019). Transcriptional Heterogeneity of Beta Cells in the Intact

Pancreas. Dev. Cell 48, 115–125.e4. https://doi.org/10.1016/j.devcel.

2018.11.001.

mailto:James.d.johnson@ubc.ca
https://doi.org/10.1016/j.isci.2025.112015
https://doi.org/10.1016/j.isci.2025.112015
https://doi.org/10.1016/s0092-8674(00)81106-x
https://doi.org/10.1016/j.molmet.2017.04.010
https://doi.org/10.1016/j.molmet.2017.04.010
https://doi.org/10.2337/diabetes.52.1.102
https://doi.org/10.2337/diabetes.52.1.102
https://doi.org/10.3109/03009734.2015.1135217
https://doi.org/10.1007/s00125-017-4326-z
http://refhub.elsevier.com/S2589-0042(25)00275-5/sref6
http://refhub.elsevier.com/S2589-0042(25)00275-5/sref6
https://doi.org/10.1038/ncomms11756
https://doi.org/10.2337/db18-0365
https://doi.org/10.1016/j.devcel.2018.11.001
https://doi.org/10.1016/j.devcel.2018.11.001


iScience
Article

ll
OPEN ACCESS
10. Szabat, M., Luciani, D.S., Piret, J.M., and Johnson, J.D. (2009). Matura-

tion of adult beta-cells revealed using a Pdx1/insulin dual-reporter lenti-

virus. Endocrinology 150, 1627–1635. https://doi.org/10.1210/en.

2008-1224.

11. Szabat, M., Pourghaderi, P., Soukhatcheva, G., Verchere, C.B., War-

nock, G.L., Piret, J.M., and Johnson, J.D. (2011). Kinetics and genomic

profiling of adult human and mouse beta-cell maturation. Islets 3,

175–187. https://doi.org/10.4161/isl.3.4.15881.

12. Szabat, M., Johnson, J.D., and Piret, J.M. (2010). Reciprocal modulation

of adult beta cell maturity by activin A and follistatin. Diabetologia 53,

1680–1689. https://doi.org/10.1007/s00125-010-1758-0.

13. Szabat, M., Modi, H., Ramracheya, R., Girbinger, V., Chan, F., Lee,

J.T.C., Piske, M., Kamal, S., Carol Yang, Y.H., Welling, A., et al. (2015).

High-content screening identifies a role for Na(+) channels in insulin pro-

duction. R. Soc. Open Sci. 2, 150306. https://doi.org/10.1098/rsos.

150306.

14. Wakae-Takada, N., Xuan, S., Watanabe, K., Meda, P., and Leibel, R.L.

(2013). Molecular basis for the regulation of islet beta cell mass in

mice: the role of E-cadherin. Diabetologia 56, 856–866. https://doi.org/

10.1007/s00125-012-2824-6.

15. Chu, C.M.J., Modi, H., Ellis, C., Krentz, N.A.J., Skovsø, S., Zhao, Y.B.,

Cen, H., Noursadeghi, N., Panzhinskiy, E., Hu, X., et al. (2022). Dynamic

Ins2 Gene Activity Defines beta-Cell Maturity States. Diabetes 71, 2612–

2631. https://doi.org/10.2337/db21-1065.

16. Kolic, J.,S.G., Cen, H.H., Ewald, J., Beet, L., Moravcova, R., Rogalski,

J.C., Sasaki, S., Sun, H., Rajesh, V., Xia, Y.H., et al. (2024). Proteomic

predictors of individualized nutrient-specific insulin secretion in health

and disease. Cell Metab. 36, 1619–1633.e5.

17. Hershey, J.W.B., Sonenberg, N., andMathews,M.B. (2012). Principles of

translational control: an overview. Cold Spring Harb. Perspect. Biol. 4,

a011528. https://doi.org/10.1101/cshperspect.a011528.

18. Spriggs, K.A., Bushell, M., andWillis, A.E. (2010). Translational regulation

of gene expression during conditions of cell stress. Mol. Cell 40,

228–237. https://doi.org/10.1016/j.molcel.2010.09.028.

19. Szabat, M., Page, M.M., Panzhinskiy, E., Skovsø, S., Mojibian, M., Fer-

nandez-Tajes, J., Bruin, J.E., Bround, M.J., Lee, J.T.C., Xu, E.E., et al.

(2016). Reduced Insulin Production Relieves Endoplasmic Reticulum

Stress and Induces beta Cell Proliferation. Cell Metab. 23, 179–193.

https://doi.org/10.1016/j.cmet.2015.10.016.

20. Fu, Q., Jiang, H., Qian, Y., Lv, H., Dai, H., Zhou, Y., Chen, Y., He, Y., Gao,

R., Zheng, S., et al. (2023). Single-cell RNA sequencing combined with

single-cell proteomics identifies the metabolic adaptation of islet cell

subpopulations to high-fat diet in mice. Diabetologia 66, 724–740.

https://doi.org/10.1007/s00125-022-05849-5.

21. Brackeva, B., Kramer, G., Vissers, J.P.C., and Martens, G.A. (2015).

Quantitative proteomics of rat and human pancreatic beta cells. Data

Brief 3, 234–239. https://doi.org/10.1016/j.dib.2015.02.019.

22. Cui, Y.F., Ma, M., Wang, G.Y., Han, D.E., Vollmar, B., and Menger, M.D.

(2005). Prevention of core cell damage in isolated islets of Langerhans by

low temperature preconditioning. World J. Gastroenterol. 11, 545–550.

https://doi.org/10.3748/wjg.v11.i4.545.

23. Brownrigg, G.P., Xia, Y.H., Chu, C.M.J., Wang, S., Chao, C., Zhang, J.A.,

Skovsø, S., Panzhinskiy, E., Hu, X., Johnson, J.D., and Rideout, E.J.

(2023). Sex differences in islet stress responses support female beta

cell resilience. Mol. Metab. 69, 101678. https://doi.org/10.1016/j.mol-

met.2023.101678.

24. Jain, C., Lickert, H., Bilekova, S., and Bilekova, S. (2022). Targeting

pancreatic beta cells for diabetes treatment. Nat. Metab. 4, 1097–

1108. https://doi.org/10.1038/s42255-022-00618-5.

25. Martens, G.A., Jiang, L., Hellemans, K.H., Stangé, G., Heimberg, H., Niel-
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B., Breier, A., and Sulová, Z. (2020). Overexpression of GRP78/BiP in

P-Glycoprotein-Positive L1210 Cells is Responsible for Altered

Response of Cells to Tunicamycin as a Stressor of the Endoplasmic Re-

ticulum. Cells 9, 890. https://doi.org/10.3390/cells9040890.

60. Wang, Q., Shinkre, B.A., Lee, J.G., Weniger, M.A., Liu, Y., Chen, W.,

Wiestner, A., Trenkle, W.C., and Ye, Y. (2010). The ERAD inhibitor Eeyar-

estatin I is a bifunctional compound with a membrane-binding domain

and a p97/VCP inhibitory group. PLoS One 5, e15479. https://doi.org/

10.1371/journal.pone.0015479.

61. Ghosh, R., Wang, L., Wang, E.S., Perera, B.G.K., Igbaria, A., Morita, S.,

Prado, K., Thamsen, M., Caswell, D., Macias, H., et al. (2014). Allosteric

inhibition of the IRE1alpha RNase preserves cell viability and function

during endoplasmic reticulum stress. Cell 158, 534–548. https://doi.

org/10.1016/j.cell.2014.07.002.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Collagenase P Sigma Catalog #C7657

Cyclohexamide Sigma Aldrich C7698

Sal003 Sigma Aldrich S4451

CCT020312 Calbiochem 324879

DHBDC Calbiochem 5315510001

ISRIB Sigma Aldrich SML0843

GSK2606414/

Perk inhibitor 1

Sigma Aldrich 516535

PKRi/C16 Sigma Aldrich I9785

Thapsigargin Millipore 586005

Tunicamycin Sigma Aldrich T7765

Eeyarestatin I Sigma Aldrich E1286

APY 29 Sigma Aldrich SML2381

Sunitinib Sigma Aldrich PZ0012

Azoramide Sigma Aldrich SML1560

Tacrolimus/FK506 Selleck Chem S5003

Cylcosporin A Selleck Chem S2286

LY 294002 Sigma Aldrich L9908

Wortmannin Sigma Aldrich W1628

Sodium butyrate Sigma Aldrich B5887

Trichostatin A (TSA) Sigma Aldrich T1952

MGCD0103/Mocetinostat Selleck Chem S1122

Somatostatin (SST) Sigma Aldrich S9129

Epinephrine Sigma Aldrich E4250

GLP-1 amide R&D systems 2082

Rosiglitazone Sigma Aldrich R2408

Staurosporine Sigma Aldrich S4400

Okadaic Sigma Aldrich O9381

Palmitate Sigma Aldrich P9767

Metformin Sigma Aldrich PHR1084

Dexamethasone (DEX) Sigma Aldrich D4902

Isoxazole 9 (ISX-9) Selleck Chem S7914

AS1842856 Calbiochem 344355

Diazoxide Sigma Aldrich D9035

IBMX Sigma Aldrich I5879

Arginine Sigma Aldrich A8094

Verapamil Sigma Aldrich V4629

Ryanodine Millipore 559276

5-amino-imidazole carboxamide riboside (AICAR) Sigma Aldrich A9978

Pramlintide Sigma Aldrich SML2523

Tolbutamide Sigma Aldrich T0891

HNMPA Abcam ab141566

S961 Phoenix Peptide 051–86

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bortezomib Sigma Aldrich 5043140001

MG132 Sigma Aldrich M8699

xestospongin C Sigma Aldrich X2628

Actinomycin D Sigma Aldrich A9415

a-amanitin Sigma Aldrich A2263

Triptolide Sigma Aldrich T3652

5,6-Dichloro-1-beta-Ribo-furanosyl Benzimidazole (DRB) Sigma Aldrich D1916

Critical commercial assays

Click-iTTM Plus OPP Alexa FluorTM 647 Protein Synthesis Assay Kit Thermofisher Catalog #C10458

Deposited data

Proteomics data ProteomExchange PXD052023

Experimental models: Organisms/strains

Ins2GFP knock-in mouse model Wakae-Takada et al.14 N/A

Software and algorithms

GraphPad Prism Graphpad Software N/A

ImageXpress Molecular Devices N/A

R R foundation for statistical computing N/A

STRING STRING consortium N/A

Cytoscape Cytoscape Team N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal husbandry
We utilized an Ins2GFP knock-in mouse model, in which the second exon of the wild-type Ins2 gene was partially replaced with GFP.

We included both sexes in all studies performed. Animals were housed in the Modified Barrier Facility at UBC, under a protocol

(#A21-0135) approved by the UBC Animal Care Committee in accordance with national and international guidelines. To maintain

consistency with our prior study15 and to keep the genotype as close to wild-type as possible, all mice in this study were Ins2WT/GFP

heterozygous mice. Including the Ins1 gene, these mice have 3 out of 4 wildtype insulin alleles. Mice used for islet isolations were

between 60 and 65 weeks of age.

METHOD DETAILS

Islet isolation and dissociation
Pancreatic islets were isolated using collagenase when mice were aged 60 weeks, filtered, and hand-picked as previously

described.23 Islets were cultured overnight (37�C, 5% CO2) in RPMI1640 medium (ThermoFisher, Waltham, United States)

with 11 mM glucose (Sigma), 100 units/ml penicillin, 100 mg/mL streptomycin (ThermoFisher, Waltham, United States), and 10%

vol/vol fetal bovine serum (FBS; ThermoFisher, Waltham, United States). For islet dissociation, islets were washed 4 times with min-

imum essential medium (Corning, Corning, United States) and immersed for 5 min in 0.05% trypsin at 37�Cwith pipetting. Cells were

then resuspended in RPMI1640 medium, plated in appropriate reservoirs or plates, and rested for 24 h (37�C, 5% CO2). Cells were

incubated for 2 h in the presence of 0.05 mg/mLHoechst 33342 (Sigma–Aldrich, St. Louis, United States) tomark nuclei and 0.5 mg/mL

propidium iodide (Sigma–Aldrich, St. Louis, United States) to mark cell death. Drug/small molecules for the perturbation study were

purchased from the sources indicated in Table 1 and applied immediately prior to imaging.

Fluorescence-activated cell sorting
Pancreatic islets were dispersed using 0.05% trypsin and resuspended in 1x PBSwith 0.005%FBS. Dispersed islets were then filtered

into 5 mL polypropylene tubes. Sorting was conducted on a Cytopeia Influx sorter (Becton Dickinson, Franklin Lakes, USA) at the Life

Sciences Institute FLOW core facility. Cells were excited with a 488 nm laser (530/40 emission) and a 561 nm laser (610/20 emission).

Live cell imaging and analysis
For 3D live imaging, intact mouse islets were incubated overnight in culture media (RPMI1640 medium with 11 mM glucose, 100

units/ml penicillin, 100 mg/mL streptomycin, and 10% vol/vol FBS) with Hoechst 33342 (0.05 mg/mL) and propidium iodide
e2 iScience 28, 112015, March 21, 2025
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(0.5 mg/mL). After 24 h, cells were transferred into 2 well or 8 well m-Slides (Ibidi) with fresh culture media. Images were then acquired

using a LEICA THUNDER Imager Live Cell & 3D assay microscope at 253 water objective (numerical aperture 0.95). Analysis of 3D

live cell imaging experiments was done using Imaris Microscopy Image Analysis software with the FIJI Labkit module and custom R

scripts. Image processing, including smoothing and background subtraction, was performed using Imaris. Labkit facilitated image

labeling and pixel classification for the identification of GFP fluorescence in individual b cells. Nearest neighbor analysis was done

using Imaris Python XTensions. Distance-to-core analysis was conducted on Imaris, using a reference frame positioned at the islet’s

center to measure the distance of each cell from the origin reference frame. Plots were generated for visualization using Graphpad

Prism v10 or custom R scripts.

To investigate the effects of small molecules on GFP fluorescence, we cultured dispersed islet cells from Ins2GFP mice on 384-well

glass bottom plates (PerkinElmer, Waltham, United States) and performed live cell imaging using an ImageXpressMicro environmen-

tally controlled, robotic system (Molecular Devices, San Jose, United States) which employed a 300 W Xenon lamp as previously

described.1 Cells were stained with Hoechst 33342 and propidium iodide as described above. Images were acquired at 103 air

objective, numerical aperture 0.3, at 30-min intervals up to 96 h, with cells being exposed to 359 nm light for 110 ms, 491 nm light

for 15 ms, 561 nm for 75 ms. Analysis of live cell imaging experiments on Ins2GFP cells was done using MetaXpress analysis software

and custom R scripts. Tracking of GFP fluorescence in individual cells was performed as previously described.15 The Ins2(GFP)HIGH

and Ins2(GFP)LOW subpopulations were identified using model-based clustering.15

Protein synthesis assay
One day after isolation, dispersed islets were seeded into an optical 96-well plate (PerkinElmer, Waltham, United States) at a density

of approximately 16,000 cells per well in culture media (RPMI1640 medium with 11 mM glucose, 100 units/ml penicillin, 100 mg/mL

streptomycin, and 10% vol/vol FBS). Treatments were applied 3 h after seeding. After 24 h of incubation, fresh culture media was

applied, then supplemented with 20 mM OPP (Invitrogen, Waltham, United States). The assay was performed according to instruc-

tions provided by themanufacturer. Cells were imaged at 10x, numerical aperture 0.3, with an ImageXpressMicro high-content imager

and analyzed with MetaXpress to quantify the integrated staining intensity of OPP-Alexa Fluor 594 in cells identified by NuclearMask

Blue Stain.

Mass spectrometry/proteomics
For proteomics sample preparation, between 2,000 and 10,000 cells were diluted with ultrapure water, and then lysed by adding cold

trifluoroethanol (TFE) (final 50% TFE) to the suspension. Samples were then chilled on ice for 10 min, vortexed for 1 min and further

sonicated for 5–10 min in an ice bath. Tris (pH 8–8.5) was added to adjust the pH and concentration to final 100 mM Tris at pH 8–8.5.

Total protein mass was estimated to be 0.3 ng/cell. Samples were reduced with tris(2-carboxyethyl)phosphine (1 mg TCEP: 50 mg

protein) incubated for 20 min at room temperature, then alkalized with chloroacetamide (5 mg CAA:50 mg protein) incubated at

95�C for 10 min. Then samples were diluted with 50mM Ammonium bicarbonate (final TFE <10%). Proteins were digested with

LysC/Trypsin (1 mg LysC/Trypsin: 50 mg protein) for 2 h at 37�C, followed by digestion with trypsin (1 mg trypsin: 50 mg protein)

and incubated overnight at 37�C. Samples were further digested with trypsin (1 mg trypsin: 125 mg protein) for 5 h at 37�C. Digestion
was stopped by acidification. Samples were desalted with 6 mm depth of C18; briefly, STAGE (stop and go extraction) tips were

conditioned with 100% methanol, equilibrated with 0.2% TFA, loaded with samples, then washed with 0.2% TFA, and finally eluted

with 80 mL *2 of 40% ACN, 0.1% formic acid. Eluate was dried in vacuum then kept in�20�C. Before instrumental analysis, samples

were reconstituted in in 0.5% acetonitrile, 0.1% formic acid and concentration was measured using NanoDrop One (ThermoFisher,

Waltham, USA) with the A205 Scopes method (absorbance at 205 nm, baseline correction at 340 nm).

For liquid chromatography steps, 75 ng of peptides were injected and separated on-line using NanoElute UHPLC system (Bruker

Daltonics Billerica, United States) with Aurora Series Gen2 (CSI) analytical column, (25 cm3 75 mm1.6mmFSC (fuse silica core) C18,

with Gen2 nanoZero and CSI (captive spray interface) fitting; Ion Opticks, Parkville, Australia) heated to 50�C and coupled to timsTOF

Pro (Bruker Daltonics, Billerica, USA). A standard 30min gradient was run from 2%buffer B to 12%buffer B over 15min, then to 33%

B from 15 to 30 min, then to 95% B over 0.5 min, and held at 95% B for 7.72 min. Before each run, the analytical column was condi-

tioned with 4 column volumes of buffer A. Where buffer A consisted of 0.1% aqueous formic acid and 0.5% acetonitrile in water, and

buffer B consisted of 0.1% formic acid in 99.4%acetonitrile. The NanoElute thermostat temperature was set at 7�C. The analysis was

performed at 0.3 mL/min flow rate.

For mass spectrometry steps, the Trapped Ion Mobility – Time of Flight Mass Spectrometer (TimsTOF Pro; Bruker Daltonics,

Billerica, USA) was set to Parallel Accumulation-Serial Fragmentation (PASEF) scan mode for DIA acquisition scanning 100–1700

m/z. The capillary voltage was set to 1800V, drying gas to 3 L/min, and drying temperature to 180�C. The MS1 scan was followed

by 17 consecutive PASEF ramps containing 22 non-overlapping 35 m/z isolation windows, covering the m/z range 319.5–1089.5

(more information in DIA windows). As for TIMS setting, ion mobility range (1/k0) was set to 0.70–1.35 V s/cm2, 100 ms ramp time

and accumulation time (100% duty cycle), and ramp rate of 9.42 Hz; this resulted in 1.91s of total cycle time. The collision energy

was ramped linearly as a function of mobility from 27 eV at 1/k0 = 0.7 V s/cm2 to 55 eV at 1/k0 = 1.35 V s/cm2. Mass accuracy: error

of mass measurement is typically within 3 ppm and is not allowed to exceed 7 ppm. TimsTOF Pro was run with timsControl v. 4.1.12

(Bruker, Billerica, USA). LC andMSwere controlled with HyStar 6.0 (6.2.1.13, Bruker, Billerica, United States). For the final search and

quantification of the results, acquired diaPASEF data were then searched using DIA-NN (v. 1.8.1) to obtain DIA quantification, with the
iScience 28, 112015, March 21, 2025 e3
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spectral library generated from the canonical proteome forMusMusculus fromUniProt. Quantificationmodewas set to ‘‘Any LC (high

precision) and a two-pass search was completed. All other settings were left default. Mice with a GFP protein ratio of less than

3 when comparing their respective Ins2(GFP)HIGH and Ins2(GFP)LOW samples were excluded. Proteomic data are available on

ProteomExchange (number PXD052023).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics and data visualization
Statistics and data representation for nearest neighbor analyses, distance to core analyses, and OPP translation assays, were

conducted using GraphPad Prism v10 (GraphPad Software, San Diego, USA). Statistics and data representation for live cell imaging

experiments employed custom R scripts. Student’s t test and one-way ANOVAs were used for parametric data as indicated in figure

legends. For all statistical analyses, differences were considered significant if the p value was less than 0.05 and were abbreviated

with an asterisk (*). Error bars were presented as ± standard error of the mean (SEM).

For proteomics analyses, proteins that were present in less than 80% of samples were removed from analysis. Significantly differ-

ential proteins were defined with a threshold of p value <0.05 and a fold-change of more than 20%, and graphs were generated using

custom R scripts. For STRING and Cytoscape analyses, significantly differentially abundant proteins were entered into the STRING

website, where nodes and networks were generated. For STRING settings, only ‘Experiments’ and ‘Databases’ interactions were

included, with medium confidence interaction scores. STRING networks and protein expression data were then imported into Cyto-

scape and reordered according to their cellular location. Background images were generated with Biorender.

For STRING and Cytoscape analyses in our small molecule screen, the primary binding proteins for small molecules were deter-

mined using online literature search. Proteins were then entered into STRING, where nodes and networkswere rendered. For settings

on STRING, all interactions were included, with medium confidence interaction scores. STRING networks, GFP fluorescence, cell

death, and cell state transition data were then imported and finalized in Cytoscape. Background graphs were generated using

Biorender.
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