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Abstract

Aims/hypothesis Type 2 diabetes is characterised by islet amyloid and toxic oligomers of islet amyloid polypeptide (IAPP). We
posed the questions, (1) does IAPP toxicity induce an islet response comparable to that in humans with type 2 diabetes, and if so,
(2) what are the key transcriptional drivers of this response?

Methods The islet transcriptome was evaluated in five groups of mice: beta cell specific transgenic for (1) human IAPP, (2)
rodent IAPP, (3) human calpastatin, (4) human calpastatin and human IAPP, and (5) wild-type mice. RNA sequencing data was
analysed by differential expression analysis and gene co-expression network analysis to establish the islet response to adaptation
to an increased beta cell workload of soluble rodent IAPP, the islet response to increased expression of oligomeric human IAPP,
and the extent to which the latter was rescued by suppression of calpain hyperactivation by calpastatin. Rank-rank
hypergeometric overlap analysis was used to compare the transcriptome of islets from human or rodent IAPP transgenic mice
vs humans with prediabetes or type 2 diabetes.

Results The islet transcriptomes in humans with prediabetes and type 2 diabetes are remarkably similar. Beta cell over-
expression of soluble rodent or oligomer-prone human IAPP induced changes in islet transcriptome present in prediabetes
and type 2 diabetes, including decreased expression of genes that confer beta cell identity. Increased expression of human
IAPP, but not rodent IAPP, induced islet inflammation present in prediabetes and type 2 diabetes in humans. Key
mediators of the injury responses in islets transgenic for human IAPP or those from individuals with type 2 diabetes
include STAT3, NF-kB, ESR1 and CTNNBI1 by transcription factor analysis and COL3A1, NID1 and ZNF800 by gene
regulatory network analysis.

Conclusions/interpretation Beta cell injury mediated by IAPP is a plausible mechanism to contribute to islet inflammation and
dedifferentiation in type 2 diabetes. Inhibition of IAPP toxicity is a potential therapeutic target in type 2 diabetes.

Keywords Betacell - Cell cycle - Dedifferentiation - Inflammation - Isletamyloid polypeptide - Prediabetes - Protein misfolding -
Type 2 diabetes - Unfolded protein response
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What is already known about this subject?

The islet in type 2 diabetes is characterised by a beta cell deficit, partial beta cell dedifferentiation, islet
inflammation and islet amyloid derived from islet amyloid polypeptide (IAPP)

Human IAPP forms toxic oligomers in beta cells in type 2 diabetes

Beta cell transgenic expression of human IAPP, but not soluble rodent IAPP, in mice leads to the formation of IAPP
toxic oligomers in beta cells and subsequent diabetes

What is the key question?

Is human IAPP-mediated beta cell toxicity sufficient to replicate the findings in islets in type 2 diabetes?

What are the new findings?

The islet transcriptome in humans with prediabetes and type 2 diabetes are remarkably similar

Beta cell overexpression of either soluble rodent or oligomer-prone IAPP induces changes in islet transcriptome
largely comparable to that in humans with prediabetes and type 2 diabetes, including decreased expression of
genes that confer beta cell identity

Increased expression of human IAPP, but not rodent IAPP, induces islet inflammation comparable to that in
prediabetes and type 2 diabetes in humans

How might this impact on clinical practice in the foreseeable future?

Inhibition of human IAPP-mediated beta cell stress may be a therapeutic target in the prevention and treatment of
type 2 diabetes. However, caution should be exercised when assuming transcriptome changes in islets in type 2
diabetes are candidates for therapeutic intervention, since many changes are likely pro-survival in response to less
prominent underlying initiators of beta cell toxicity

Abbreviations
DEG Differentially expressed gene
ER Endoplasmic reticulum

FDR False discovery rate

GEO Gene expression omnibus

GWAS Genome-wide association studies
hCAST Human calpastatin

hIAPP Human islet amyloid polypeptide
IAPP Islet amyloid polypeptide

MAPK Mitogen activated protein kinase
rIAPP Rodent islet amyloid polypeptide
RNA-seq RNA sequencing

RRHO Rank-rank hypergeometric overlap

TF Transcription factor

UCLA University of California, Los Angeles
UPR Unfolded protein response
WGCNA  Weighted gene co-expression network analysis

WT Wild-type
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Introduction

The islet in type 2 diabetes is characterised by islet amyloid
derived from islet amyloid polypeptide (IAPP), a protein co-
expressed with insulin by beta cells that when misfolded and in
aggregate form may contribute to beta cell failure [1-4]. Human
IAPP (hIAPP) toxicity is most potently mediated by small intra-
cellular membrane permeant oligomers [5]. Species with
amyloidogenic IAPP, such as humans, non-human primates
and cats, share vulnerability to type 2 diabetes, while those with
non-amyloidogenic IAPP, such as mice and rats, do not [6].
While numerous hypotheses have been put forward to explain
the wide-ranging changes in islets in type 2 diabetes [7], there is a
consensus that misfolded protein stress induced by toxic oligo-
mers of amyloidogenic proteins initiate these changes in neuro-
degenerative diseases.

Given the known proximal role of misfolded protein stress in
neurodegenerative diseases, and the connection of the risk factors
for type 2 diabetes to misfolded protein stress, we hypothesised
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that hIAPP misfolded protein stress may be a proximal cause of
the wide-ranging changes in islets in individuals with type 2
diabetes. Risk factors for type 2 diabetes include insulin resistance
[8] and low birthweight [9]. Low birthweight may lead to low
adult beta cell mass [10], which together with insulin resistance,
predicts a high insulin and IAPP expression rate per beta cell [11].
Beta cell misfolded protein stress is induced when expression of
hIAPP per cell exceeds the cellular threshold for clearing
misfolded proteins [12]. This threshold declines with ageing
[13], a risk factor for both type 2 diabetes and neurodegenerative
discases. hIAPP overexpression in isolated mouse islets in vitro
can modify islet gene expression with relevance to type 2 diabetes
[14].

In the present study we evaluated the islet transcriptome from a
mouse model of beta cell hIAPP toxicity [12] before diabetes
onset in order to avoid the confounding effects of
hyperglycaemia. To control for the increased burden of IAPP
expression, we evaluated the transcriptome from mice overex-
pressing rodent IAPP (tTAPP) [15]. We then compared the chang-
es in the transcriptome of hIAPP or rIAPP islets to those in
humans with prediabetes (defined as an HbA,. level of 42 to
47 mmol/mol [6% to 6.5%]) or type 2 diabetes to establish if
the changes in the islet in type 2 diabetes are potentially attribut-
able in part to hIAPP protein misfolding stress.

Methods
Mouse models

Animal studies were approved by the University of California,
Los Angeles (UCLA) Office of Animal Research Oversight. The
transgenic mice homozygous for human /APP (hIAPP) [12] were
originally from Pfizer (available from Jackson Laboratory, Bar
Harbor, ME, USA: IMSR cat. no. JAX:008232,
RRID:IMSR JAX:008232) and wild-type FVB (WT) mice
(IMSR cat. No. CRL:207, RRID:IMSR_CRL:207) from
Charles Rivers Laboratory (Wilmington, MA, USA). The gener-
ation of the transgenic mice expressing rodent lapp (rIAPP),
human calpastatin (h\CAST), and both human /APP and CAST
(hIAPP:hCAST) on FVB background has been described else-
where [15, 16]. Mice were bred and maintained at UCLA on
12 h day/night thythm, Harlan Teklad Rodent Diet 8604
(Placentia, CA, USA) and water ad libitum; diabetes was moni-
tored as described [16]. hIAPP transgenic mice develop diabetes
(fasting blood glucose >6.9 mmol/l) after 9 weeks of age, while
rIAPP mice remained non-diabetic until 18 weeks of age, the end
of observation. See electronic supplementary material (ESM) Fig.
1. Only non-diabetic 9—10-weeks-old male mice were used (ESM
Tables 1-4). Expression of IAPP (sum of endogenous and trans-
genic) is comparable in the rIAPP and hIAPP mice [15]. Mice
were either subjected to metabolic studies with fasting blood
glucose measurements and GTT, or islets and pancreases were

collected for analysis of RNA by bulk islet RNA sequencing
(RNA-seq) or gqPCR, or analysis of protein levels by western
blotting (whole cell lysate in RIPA buffer) or immunostaining
(4 um thick sections of frozen in OCT 4% paraformaldehyde
fixed tissue) [16, 17]. See ESM Methods.

RNA-seq of mouse islets

RNA samples from three mice per group were used for RNA-seq
(ESM Table 1). Total RNA was extracted from islet samples
(176 + 11 islets per mouse) using the RNeasy Mini Kit
(Qiagen, Germantown, MD, USA). RNA integrity was
confirmed using the Agilent Bioanalyzer 2100 (RNA integrity
number [RIN] range: 6.8-8.9). RNA-seq libraries were prepared
using the TruSeq with Ribo-Zero treatment (Illumina, San Diego,
CA, USA) to deplete ribosomal RNA. cDNA libraries were
generated using the NuGEN Ovation kit (NuGEN, Redwood
City, CA, USA). Illumina’s NextSeq 500 platform was used to
generate 75 bp, paired-end reads (64 + 1.4 million reads per
sample). Short reads were aligned to the mouse reference genome
build GRCm38 (mm10) using the Spliced Transcripts Alignment
to a Reference software (STAR aligner) [18]. Between 65% and
75% (mean 70%) of the reads mapped uniquely to the mouse
genome. The HT-Seq package [19] was used to count the number
of fragments aligned to known exonic regions. Gene expression
was measured as total fragment counts per gene. Sample cluster-
ing of islet RNA-seq using multidimensional scaling largely
reflected genotype (ESM Fig. 2).

RNA-seq of human islets

RNA-seq data from human pancreatic islets were downloaded
from the Gene Expression Omnibus (GEO) (GSE50244) [20].
Data from 77 samples with available HbA . values were
analysed. Read counts were normalised via the trimmed mean
method prior to differential expression analysis using the edgeR
package. One type 2 diabetes sample was excluded as an outlier
(GSM1216834); therefore 76 samples were included in this
manuscript: 51 from normoglycaemic donors with HbAlc levels
below 42 mmol/mol (<6%) (HbA . 5.4 + 0.1%; BMI 26 + 0.3;
age 56 = 2; 18 female/33 male), 15 prediabetic donors with
HbA . levels 42 to 47 mmol/mol (6% to 6.5%) (HbA,. 6.1 +
0.03%; BMI 26 + 1; age 61 + 2; 6 female/9 male), and ten
donors with type 2 diabetes with HbA . levels 48 mmol/mol
(>6.5%) or higher (HbA . 7.5 + 0.3%; BMI 30 =+ 1; age 61 +
3; 6 female/4 male). No additional information about the donors
or islet morphology was available.

RNA-seq data analysis
The RNA-seq data from mouse and human islets were subjected

to differential expression analysis [21] to find differentially
expressed genes (DEGs) between mouse groups and between
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Fig. 1 Concordant islet transcriptome changes induced by IAPP in mice
and in humans assessed by RRHO analysis. Pixels represent the —log;o(p
value) of a hypergeometric test (step size = 110) and are colour-coded to
visualise strength and pattern of overlap. The maximally overlapping sets
of upregulated genes (signal in lower left quadrant) and downregulated
genes (signal in upper right quadrant) are shown. The expression profile
of pancreatic islets from prediabetic and T2D donors (relative to

human groups. Rank-rank hypergeometric overlap (RRHO) [22]
analysis was then used to compare human and mouse gene
expression signatures to evaluate between-species similarity and
differences (ESM Methods). In order to understand the biological
processes informed by the DEGs, we performed functional
enrichment analysis (ESM Methods) to identify over-
representation of Gene Ontology (GO) terms and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways [23].
DEGs from mouse islets were further assessed for enrichment of
genes associated with Mendelian or common form of diabetes
and metabolic syndrome (ESM Methods).

To identify genes with coordinated expression in the form of
co-expression modules that are related to diabetes development in
mouse models, we utilised weighted gene co-expression network
analysis (WGCNA; ESM Methods) [24, 25].

To identify cell types contributing to the gene expression
changes, we subjected DEGs and co-expression modules
(restricting analysis to genes with module membership >0.5 and
false discovery rate [FDR] <0.05) to two types of analysis. First,
we carried out cell type marker enrichment analysis (ESM
Methods) using PanglaoDB cell marker compendium [26] and
GeneOverlap R tool [27]. Second, we applied CibersortX [28] to
deconvolute mouse bulk islet RNA-seq data into cell type propor-
tions using single cell RNA-seq mouse islet data from GEO
(GSM2230762) as reference (ESM Methods).
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normoglycaemic control) are strikingly similar (a), as are the expression
profiles of pancreatic islets from the IAPP transgenic mouse models
(relative to WT, d). The expression profile of pancreatic islets from
IAPP transgenic mice (relative to WT) is highly concordant with the islet
from humans with T2D (b, ¢) and prediabetes (e, f). The proportion of
genes subjected to RRHO analysis and concordantly changed are listed in
ESM Fig. 2. T2D, type 2 diabetes

To identify shared regulatory factors between islets from
hIAPP transgenic mice and islets from humans with type 2 diabe-
tes, we performed transcription factor (TF) network analysis using
the Enrichr tool [29] with the TF-Gene Co-occurrence extension.
To identify additional non-TF regulators, we utilised the key driv-
er analysis function from the Mergeomics R package [30] to
identify regulatory genes for the DEG sets and for the co-
expression modules using gene regulatory Bayesian network
based on a x” like statistic (ESM Methods).

Statistical analysis

Statistical analysis was performed as described in the figure
legends and ESM.

Results

Similarity in islet transcriptome in prediabetes or type
2 diabetes and IAPP overexpressing mice

There is striking concordance of the islet transcriptome between
individuals with prediabetes and those with type 2 diabetes (Fig.
la). Since ~80% of individuals with prediabetes do not develop
diabetes [22], this finding implies that a high proportion of the
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Fig.2 Co-expression network construction and analysis. (a) Hierarchical
cluster dendrogram generated using all samples grouped genes into 15
distinct co-expression modules (M1-M15, labelled with colours). (b)
Module-trait relationships were assessed by fitting a generalised linear
model based on IAPP and CAST status, then comparing module
eigengene (ME)—equivalent to the first principal component of a

changes in islets in type 2 diabetes are adaptive rather than causal
of diabetes. There was also a close concordance of changes in islet
gene expression in type 2 diabetes and mouse islets with increased
hIAPP or rIAPP expression (Fig. 1b—d, ESM Fig. 2).

Since by design neither the hIAPP or rIAPP mice had diabetes
when islets were sampled, we further compared the changes in
islet transcriptome in the mouse islets with those in human islets
with prediabetes. There was again close concordance in tran-
scriptome in both rTAPP and hIAPP islets with those from indi-
viduals with prediabetes (Fig. 1e,f). These findings imply that a
more detailed analysis of the transcriptome in response to
increased expression of rTAPP and hIAPP might shed light on
adaptive vs disease causal changes in type 2 diabetes.

module—between genotype pairs. Module-level differential expression
was tested by one-way, nonparametric ANOVA followed by post hoc
Tukey test. Differences in ME expression are presented as a heat map,
with significant perturbations denoted (¥, ¢ < 0.05). (¢) Trajectory plots
of perturbed modules display normalised expression across all samples

Islet transcriptome in response to increased beta cell
rlAPP or hlIAPP expression

To investigate beta cell adaptation to an increased workload of
non-amyloidogenic rIAPP expression, we compared the tran-
scriptome of islets from rTAPP vs WT mice. Gene expression
was increased in WGCNA modules M8 (Mitogen activated
protein kinase [MAPK] signalling), M9 (TGF-3 signalling),
M13 (cell migration) and decreased in M7 (cell cycle) in rIAPP
islets (Fig. 2, Table 1, ESM Fig. 3). Differential expression anal-
ysis identified 2731 DEGs (1306 up- and 1425 downregulated in
rIAPP islets; FDR < 0.05) (Fig. 3a). Of the 2731 DEGs, 14 are
implicated in monogenetic diabetes and 39 are located in genomic
regions associated with type 2 diabetes by genome-wide associa-
tion studies (GWAS), consistent with the overlap between rIAPP

@ Springer
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Table 1 Functional characterisa-

Associated biological processes

Immune response, phagocytosis, lysosome

Oxidoreductase activity, mitochondria

ERK1/2 cascade, response to growth factor, regulation of
angiogenesis

Oxidative stress response, protein phosphorylation

RNA processing

Oxidative phosphorylation, peroxisome, M phase

Cell cycle, microtubule cytoskeleton, phosphatidylinositol
signalling

Endothelial cell development, cell migration and
morphogenesis, MAPK signalling

GTPase regulator activity, TGF-f3 signalling, oxidative stress
response

Transcription regulation, chromatin organisation, insulin
secretion

Protein processing in ER, proteasome, cell cycle regulation

Protein ubiquitination, chaperonin-mediated protein folding

Regulation of cell migration, exocytosis, glycerolipid
metabolism

RNA processing, gene expression, G1/S phase

tion of co-expression modules. Module  Hub genes
Select hub genes with high ‘
intramodular connectivity and Mi Cx3crl, Trf, Pla2g7, Apoe, Trem2,
major biological processes asso- Axl
ciated with each module by gene M2 Tmsb15b2, Tk2, Micul, Petl12
set enrichment analysis are M3 Cmkirl, Sulf 1, Mylk, Fap, Ndrg2
reported
M4 Arhgap6, Tes, Myolb, Por, Rcan
M5 Utp6, Slu7, Meis2, Arhgef 9,
Uspll
M6 Nelll, Atp8al, Capn9, Agt, Sorll
M7 Tthk2, Wdrll, Apls2, Maob,
Duspl0, Cdkn2b
M8 Ptprzl, Jam2, Mapk4, Calbl,
Bmp3, Bcl2
M9 Carhspl, Lmna, Sqstml, Pinkl,
Psma7, Lrpl0
M10 Setd1b, Ncor2, Nav2, Sogal,
Vamp2
Ml11 Svop, Pla2g2f, Aldoa, Usp7, Vcp,
Secl3
Mi12 Ints2, Zzef 1, Gpd2, Crhrl, Ntrk2
M13 Coll2al, Mmp2, Pld3, Cptla,
Calu, Nphs1
Ml14 Zfp758, Spopl, Nemf, Clock,
Slclal
M15 Gpatchl, Nop58, Bub3, Pdapl,

Glisl, Bag5

RNA metabolism and splicing, regulation of cell
differentiation

and type 2 diabetes by RRHO analysis (Fig. 1c, ESM Fig. 4).
Prominently upregulated genes in rIAPP islets include those
required for protein synthesis and those that adapt cells to an
increased burden of protein folding and quality control, collec-
tively referred to as the unfolded protein response (UPR) (Fig. 3c,
ESM Fig. 5, 6).

Since there is a considerable overlap in the changes in tran-
scriptome in hIAPP and rTAPP mice (Fig. 1d), and hIAPP but not
rIAPP mice develop diabetes, we next compared these
transcriptomes to discern changes related to oligomer toxicity vs
adaptation to an increased burden of IAPP expression. Five co-
expression modules were differentially expressed between hIAPP
and rIAPP islets: M1 (inflammation), M4 (oxidative stress) and
M6 (cell cycle; cell signalling) expression was increased, while
M5 (RNA processing) and M8 (MAPK signalling; cell adhesion)
were downregulated in hIAPP (Fig. 2b,c, Table 1). This pattern of
changes is consistent with islet inflammation reported in type 2
diabetes [31]. We identified 2011 DEGs between hIAPP and
rIAPP islets, with 1031 upregulated and 980 downregulated in
hIAPP islets (Fig. 3b). Among these, 13 DEGs have been impli-
cated in monogenetic diabetes and 194 are located in genomic
regions associated with type 2 diabetes by GWAS (ESM Fig. 4).
A number of interesting trends were found in genes involved in
critical pathways associated with type 2 diabetes development
(Fig. 3, ESM Fig. 4).

@ Springer

UPR Consistent with the comparable increase in IAPP expres-
sion [15], islets in hJAPP mice share a comparable increase in
the UPR to rIAPP mice (Fig. 3¢). The evaluation of changes in
expression of the same genes in humans with type 2 diabetes
or prediabetes compared with non-diabetics show consistently
upregulated BHLHA15 (MISTI), a potent endoplasmic retic-
ulum (ER) stress-inducible transcriptional regulator upregulat-
ed by beta cell Ca** overload [32].

Inflammation The pronounced signal for inflammation in
hIAPP, but not rIAPP islets is also present in human prediabetes
and type 2 diabetes (Fig. 3). Consistent with a proinflammatory
state, several key cell surface antigens (Cd4, Cd68, Cd84),
immune sensors (Cx3crl, Clec7a), and macrophage genes (Ax/,
Slcl1al) were upregulated in hIAPP islets and in type 2 diabetes.
The top hub gene in the M1 module that is most highly activated
in hIAPP islets is Cx3cr! [33]. This prominence of islet inflam-
mation in hIAPP as compared with rIAPP is further shown by the
lack of difference between rIAPP and WT in module M1
(immune response) (Fig. 2b,c).

Cell cycle Activation of cell replication is a key component of
injury repair programmes. Cell cycle related genes are increased
in hIAPP islets but decreased in rIAPP islets (Fig. 3), likely
reflecting the injury-mediated signalling in hIAPP islets vs
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key UPR genes compared with hIAPP. Some UPR-related genes appear to
be upregulated in both T2D and prediabetes. (d) Increased beta cell work-
load leads to downregulation of key beta cell function and maturity
markers, with rIAPP islets demonstrating more profound ‘dedifferentia-
tion’ than hIAPP islets. (e) Increased hIAPP results in transcriptional upreg-
ulation of inflammation-associated genes, including several macrophage
markers. (f) Increased secretory burden drives downregulation of cell
cycle-associated genes in islets from individuals with T2D (HbA . level
above 48 mmol/mol [>6.5%]) and donors with prediabetes (HbA . levels
42 to 47 mmol/mol [6% to 6.5%]), as well as rIAPP islets, but not in hIAPP
islets. Data are expressed as a ratio of individual to the mean of WT islets
for mouse models, and Control (HbA |, level below 42 mmol/mol [<6%])
for human islets. T2D, type 2 diabetes

@ Springer



180

Diabetologia (2022) 65:173-187

Fig. 4 (a) Immunohistochemistry staining of islets for Glp1r and Glut2 P> a

highlights reduced levels of proteins involved in beta cell secretion. Co-
staining for insulin (Ins) and glucagon (Gluc) show comparable cell type
composition in rTAPP and hIAPP islets. Scale bar, 50 um. (b, ¢) RNA-seq
identified downregulation of the key beta cell TFs (Nkx6-1, Pdx1, Mafa)
in rIAPP and hIAPP islets, and their RNA and protein level expression
were tested by qPCR (b) and western blotting (c¢), respectively. Data are
the mean £ SEM, n = 3 in each group, two-tailed Student’s ¢ test: *p <
0.05, **p < 0.01. (d) IPGTT, 2 mg dextrose/g of body weight after
overnight fast; both hIAPP and rIAPP mice display impaired glucose
tolerance compared with body weight matched WT, with the greatest
effect observed in hIAPP mice. Data are the mean = SEM, n = 5-15
per group; one-way ANOVA followed by post hoc analysis: *p < 0.05,
*#p < 0.01, ***p < 0.001. Separate islet samples from non-diabetic 9-
week-old mice were used to generate the data presented in each panel, and
they were different from RNA-seq samples (ESM Tables 1-3)

adaptive UPR in rIAPP islets [34]. Prominent amongst upregulat-
ed genes in hIAPP islets are those that enhance cell replication
directly (Cdkl, Cep55) or indirectly (Hmmr, Anln). In contrast,
these genes are downregulated in islets from prediabetes and type
2 diabetes, which is perhaps consistent with epigenetic silencing
of cell cycle genes in beta cells in adult humans compared with 9-
week-old mice [35].

Beta cell dedifferentiation Genes important for maintaining
beta cell differentiation were decreased in islets of both
rIAPP and hIAPP mice compared with islets from WT
mice (Fig. 3), a pattern reproduced in islets from humans
with prediabetes and type 2 diabetes. In mice, beta cell
dedifferentiation was confirmed by mRNA and protein
analysis (Fig. 4a—c). To establish if this partial dediffer-
entiation impacts glucose tolerance, we performed
IPGTTs. As expected, mice transgenic for hIAPP were
glucose intolerant compared with WT mice. Although to
a lesser extent, mice transgenic for rIAPP were also
glucose intolerant, consistent with the observed partial
beta cell dedifferentiation and known action of IAPP to
inhibit insulin secretion [36] (Fig. 4d).

Contribution of calpain hyperactivation to beta cell
hIAPP toxicity

Calpain hyperactivation has been widely reported as a
mediator of amyloidogenic protein induced cytotoxicity,
presumably as a consequence of aberrant Ca>* signalling
that results from nonselective ion channel activity of toxic
oligomers [37]. Concurrent beta cell-specific overexpres-
sion of human calpastatin (CAST) (hIAPP:hCAST), which
inhibits calpain, delays or prevents diabetes in hIAPP
transgenic mice [16].

Functional enrichment analysis revealed the sets of genes
partially rescued by CAST overexpression in hIAPP mice were
those that mediate UPR and inflammation (Fig. 5). Sustained
calpain hyperactivation may activate proinflammatory signalling
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pathways mediated by NF-kB and endothelial nitric oxide
synthase (eNOS) [38].

To further evaluate the role of calpain activation in
type 2 diabetes and prediabetes, we correlated the differ-
ential expression patterns and found that the type 2 diabe-
tes islet profile is best reflected by the hIAPP islet profile,
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ation. (e, f) Comparison of islet gene expression profiles affected by IAPP
toxicity and calpain hyperactivation with those in human type 2 diabetes. (e)
Genes measured in two independent experiments are ranked according to
degree (nominal p value) of differential expression relative to the appropriate
control group, multiplied by the sign of the fold change. The type 2 diabetes
islet profile is best reflected by the hIAPP islet profile, outperforming the rIAPP
and hIAPP:hCAST profiles. (f) As an alternative to correlation analysis, we
applied the RRHO algorithm to test preservation of IAPP toxicity and calpain

outperforming the rIAPP and hIAPP:hCAST profiles (Fig.
5e). Similarly, RRHO analysis showed a marked decrease
in shared transcriptome between hIAPP and type 2 diabe-
tes islets after introduction of human calpastatin (Fig. 5f
vs Fig. 1b,e). These results imply that calpain hyperacti-
vation may play a prominent role in the shared tran-
scriptome between hIAPP and type 2 diabetes.
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hyperactivation signatures in islets from humans with type 2 diabetes and
prediabetes. Serial hypergeometric tests were performed at gene rank threshold
for two ranked lists. The RRHO map was generated by —log; transformation
of the hypergeometric test p value (step size = 110), and pixels are colour-
coded to visualise strength and pattern of overlap. After accounting for the
transcriptomic impact of calpain hyperactivity ((IAPP:hCAST), overlap signal
between the islet profiles in type 2 diabetes and prediabetes with the hIAPP
mouse model of type 2 diabetes (Fig. 1) significantly decreases, implying a role
for calpain in propagating the inflammatory response in pancreatic beta and
other cell types in prediabetes and T2D. T2D, type 2 diabetes

Cell type analysis for IAPP misfolded protein stress

To explore the cell types that contribute to the transcriptomic
signals in the bulk RNA-seq analysis, we conducted cell type
marker enrichment analysis of the DEGs and modules as well as
cell proportion deconvolution of bulk islet RNA-seq (Fig. 6).
These analyses emphasised the impact of beta cell IAPP
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Fig. 6 (a) Cell type marker enrichment of DEGs highlights substantial
contribution of non-endocrine cells toward the composite islet profile in
the bulk RNA-seq data. (b) Cell type marker enrichment of modules
showcases module links with non-endocrine and endocrine cell types.
Module enrichment for high-specificity cell type markers was evaluated
by Fisher’s exact test. Colour represents the —log;o FDR-corrected p
value, with the OR provided for FDR < 0.05. (¢) Deconvolution of bulk

misfolded protein stress on multiple islet cell types including
beta, alpha, endothelial, macrophage and stellate. Both the
DEG and module enrichment analysis for cell type markers
(Fig. 6a,b) point to a role of stellate cells with marker enrichment
for module M13 (cell migration) and downregulated DEGs in
hIAPP:hCAST vs hIAPP mice, possibly implicating the role of
calpastatin in reducing stellate cell population. The
deconvolution results showcase a reduction in beta cell and a rise
in alpha cell populations in both rIAPP and hIAPP (Fig. 6c¢),
which alludes to partial beta cell dedifferentiation (Fig. 5d).
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islet RNA-seq revealed the relative abundance of each cell type captured,
highlighting beta cell dominance across the genotypes. (d) Magnified
view of the deconvolution of bulk islet RNA-seq results on less abundant
cell types (alpha and beta cells were excluded) highlighting an increase in
endothelial cells, stellate cells and macrophages in hIAPP compared with
WT

The increase in endothelial cell populations exemplifies an
increase in vascularisation within the islet consistent with
response to injury and dedifferentiation. Similarly, the stellate
cell populations also follow this trend, and rescue by
hIAPP:hCAST shows a reduction in both endothelial and stellate
cell (Fig. 6d), which is consistent with reduced inflammation
(Fig. 5d). In addition, there is a subtle increase in macrophages
in hIAPP (Fig. 6d), matched by macrophage marker enrichment
in module M1 (immune response) and in DEGs between hIAPP
and rIAPP as well as between hIAPP and hIAPP:hCAST (Fig.
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(M7), and STAT3, a key regulator of inflammation assigned to

2b,c). These results may explain the differences in inflammation
between groups. Complementing this, we found that module
M7, associated with beta cells (Fig. 6b), was also enriched for
type 2 diabetes GWAS candidate genes (ESM Fig. 4b).

Prominent regulatory factors shared between hIAPP
islets and type 2 diabetes islets

Having established that hIAPP-induced beta cell toxicity in
mouse islets results in an islet transcriptome mimicking that
of human islets in type 2 diabetes, we evaluated regulatory
cascades in hIAPP and type 2 diabetes-associated
transcriptomic alterations by TF network and non-TF gene
network analysis. TF network analysis uncovered four
upstream hub transcriptional factors NF-xB, ESRI, STAT3
and CTNNBI active in both type 2 diabetes and hIAPP islets
(Fig. 7). NF-«kB activation has been implicated as a core tran-
scriptional mediator of neuronal cell inflammatory responses to
amyloidogenic misfolded stress in neurons and can be
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protective or contribute to toxicity of injured beta cells [39]
[40] and is activated by aberrant Ca®" signalling and calpain
hyperactivation [41]. NF-kB1 was assigned as an upstream
regulator to co-expression module M7 that is enriched for beta
cell markers (Fig. 6b) and type 2 diabetes GWAS candidate
genes (ESM Fig. 4b). NF-kB is a known target of calpain,
consistent with calpain hyperactivation in beta cells in hIAPP
mouse islets and type 2 diabetes. STAT3 is activated by aber-
rant Ca”* signalling and has been reported as a key regulator of
inflammation in neurodegenerative diseases [42]. STAT3 and
NF-kB cooperate as transcriptional regulators to induce angio-
genesis, cellular proliferation and pro-survival metabolic
remodelling, the latter through activation of hypoxia-inducible
factor 1 o« (HIF1x) [43]. CTNNBI encodes [3-catenin that has
been implicated in tissue repair and regeneration responses in
gut and beta cells, inducing cell proliferation, cell migration
repair of cytoskeleton and regulation of intracellular Ca**
dynamics [34]. ESRI signalling is protective of beta cells in
response to injury in both human and mouse islets [44].
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Fig. 8 Bayesian gene regulatory network illustrating the co-expression
module interconnectivity and highlighting key genes potentially impor-
tant in driving those processes (indicated by the larger node size). T2D
GWAS hits (association p < 5 x 107%) are highlighted on the network

Complementary to the TF network analysis, which is not
tissue specific, we utilised an islet gene regulatory network
constructed using population-based genetic and transcriptomic
datasets, which captures network regulators that are not neces-
sarily TFs. Here, we uncover the interconnectivity between
modules/processes for their role in islet pathogenesis and their
associated regulatory genes (Fig. 8; ESM Fig. 7). With stellate
and endothelial cell markers enriched for M13 (Fig. 6b), hub
genes such as COL3AI (extracellular matrix), NID! (wound
healing) and CXCL12 (leucocyte trafficking, angiogenesis and
vascular repair) are plausible regulatory genes underlying stel-
late and endothelial cell contribution to islet pathogenesis.
Moreover, module M7, which is enriched for beta cell markers
(Fig. 6b) and type 2 diabetes GWAS candidates (Fig. 8; ESM
Fig. 4b), highlights hub genes such as ZNF800, which is closely
associated with PAX4 [45], important in the development and
differentiation of beta cells.
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Discussion

The synthesis, folding and processing of insulin is close
to the limit of the biosynthetic capacity of beta cells [46].
hIAPP is highly oligomer prone and readily assembles
into membrane permeant toxic oligomers if the rate of
expression exceeds the capacity of the cell to fold and
traffic newly expressed protein. The propensity of IAPP
to form toxic oligomers defines the relative vulnerability
of a species to develop type 2 diabetes. Taken together,
these observations suggest protein misfolding may
contribute to beta cell failure leading to type 2 diabetes
under conditions of insulin resistance (Fig. 9).

A striking finding from the studies is the high degree of
coordinate transcriptome between islets of humans with predi-
abetes and type 2 diabetes. Since most individuals with predi-
abetes do not progress to diabetes, these findings imply much
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autophagy and proteasome declines with ageing. Increased IAPP and
insulin expression induces the protective UPR. Membrane permeant toxic
oligomers of IAPP lead to aberrant Ca** signalling that induces injury

of'the islet transcriptome in type 2 diabetes may reflect protec-
tive pro-survival changes. Furthermore, we found a close
overlap in transcriptome between islets from mice with beta
cell overexpression of rTAPP and islets from humans with
either prediabetes or type 2 diabetes. Since rIAPP overex-
pressing mice do not develop diabetes, these findings imply
that much of the islet transcriptome in prediabetes and type 2
diabetes reflects adaptive changes to increased beta cell
protein synthesis. The importance of successful adaptation
of beta cells to increased expression of secretory protein is
further illustrated by the large number of genes linked to
vulnerability to type 2 diabetes, by GWAS or Mendelian asso-
ciation, that were differentially expressed in rIAPP compared
with WT islets.

To better understand the potential role of hIAPP toxicity in
beta cell failure and loss in type 2 diabetes, we evaluated the
transcriptome of islets in mice overexpressing hIAPP with that
in islets of humans with type 2 diabetes. In both hIAPP islets
and islets from individuals with type 2 diabetes, there was a
strong inflammatory signal, consistent with an ongoing injury
response. Network analysis reveals that shared key pro-
survival gene networks (Fig. 7) are activated in hIAPP islets
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inflammatory responses directly and via calpain hyperactivation. These
initially activate conserved pro-survival injury repair signalling responses
that prolong beta cell survival at the expense of function. However, the
adverse actions of calpain hyperactivation on defence against
proteotoxicity exacerbates IAPP toxicity, gradually overcoming pro-
survival responses

and islets from individuals with type 2 diabetes, consistent
with the slow progression of beta cell loss in type 2 diabetes.
Notably, a decrease in expression of genes that confer beta
cells their identity (dedifferentiation) is apparent in both
rIAPP mouse and prediabetes human islets, implying that beta
cell dedifferentiation maybe a pro-survival adaptation.

By comparing the successful adaptation of beta cells to rTAPP
vs hIAPP overexpression, the most prominent difference was the
increased expression of genes ascribed to inflammation that were
markedly increased in hIAPP islets and type 2 diabetes but only
modestly increased in rIAPP islets and in prediabetes. Type 2
diabetes is a heterogeneous disease and there are likely multiple
pathways to beta cell toxicity, including toxic actions of lipids
and hyperglycaemia [47]. In a recent partial pancreatectomy
study in rats, the resulting marked decrease in beta cell mass
and modest hyperglycaemia induced many of the same signals
observed in response to beta cell hIAPP toxicity in the present
study, including inflammation and partial beta cell differentiation
[48]. In an in vitro acute injury study of human islets exposed to
glucolipotoxicity, there was also some overlap with islets from
humans with type 2 diabetes by RRHO analysis [49], but the
overlap was weaker compared with IAPP overexpression in the
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current study. The difference could be due to in vivo vs in vitro
conditions or intrinsic differences between IAPP and
glucolipotoxicity.

A limitation of the current study is the use of whole
pancreatic islets for RNA-seq, which masks the cell types
contributing to the transcriptional signals. Although we
used cellular deconvolution and cell marker enrichment
methods to mitigate this issue, single cell RNA-seq will
be of added value in future studies to confirm the predict-
ed cell type contributions from our deconvolution analy-
sis. In addition, follow-up on the various genes found to
be contributing to hIAPP beta cell toxicity through knock-
down or overexpression studies will be of use to further
confirm their causal role in disease. Another limitation of
the present study is the potential bias caused by use of an
inbred mouse FVB strain.

In conclusion, the present studies suggest that much of the islet
transcriptome in type 2 diabetes is adaptive to the increased beta
cell burden of protein synthesis and folding. Beta cell hIAPP
toxicity induces a prominent islet inflammatory response, consis-
tent with that observed in type 2 diabetes, implying protein
misfolding stress may serve to initiate or contribute to beta cell
injury in type 2 diabetes. There are also shared pro-survival gene
networks in hIAPP and type 2 diabetes islets.

Taken together these studies suggest caution should be taken
in interpreting transcriptome changes in islets in type 2 diabetes as
therapeutic targets since many, if not most, of these changes are
likely pro-survival adaptations. Strategies to suppress IAPP
expression warrant further investigation due to the mounting
evidence to suggest its role in type 2 diabetes pathogenesis.
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