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Introduction
Type 2 diabetes (T2D) is characterized by chronic hyperglycemia 
due to insufficient insulin secretion from pancreatic islets, often 
in combination with insulin resistance in target cells. The number 
of individuals with T2D is increasing globally at an alarming rate, 
mainly due to obesity, sedentary lifestyles, and the increasing age 
of the world’s populations. It is therefore important to identify 
the molecular mechanisms that underlie the disease and to bet-
ter understand why pancreatic β cells fail to adapt to an increased 
demand for insulin secretion, which ultimately leads to T2D.

There have been several initiatives to identify candidate genes 
for T2D by transcriptomic analyses in pancreatic islets from indi-
viduals with T2D and nondiabetic (ND) controls (1–9). However, 

most of these studies were performed in relatively small cohorts 
and lack replication and/or functional validation. This is especially  
true for single-cell RNA-Seq (scRNA-Seq) of human pancreatic 
islets, which has been the focus in recent years, leading to limited 
outcomes in terms of identifying T2D disease mechanisms (10, 
11). Concurrently, GWAS have identified hundreds of genetic sig-
nals associated with T2D (12). Importantly, since many identified 
risk loci are associated with impaired insulin secretion and/or 
processes that likely affect β cells (13), these genetic studies con-
vincingly demonstrate that pancreatic islet dysfunction is the key 
defect in T2D. Therefore, there is a clear need for well-powered 
transcriptomic analyses of human islets from individuals with 
T2D and ND controls. Moreover, studies functionally validating 
human islet transcriptomic data and further dissecting the molec-
ular mechanisms that cause impaired insulin secretion are neces-
sary to better understand the pathogenesis of T2D.

Here, we performed RNA-Seq of a larger set of human pan-
creatic islets from individuals with T2D and ND controls (in total, 
309 islet preparations) to identify previously unrecognized reg-
ulators of insulin secretion that may contribute to islet dysfunc-
tion and development of T2D. To evaluate whether the identified 
changes may influence disease development, we further tested 
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in one or more of these previous studies, whereas 301 were not 
(Supplemental Table 2, sheet A). ARG2, GLRA1, IAPP, IGFBP2, 
PDHX, PPP1R1A, PTEN, RASD2, SMAD9, SYT13, TBC1D4, and 
UNC5D are DEGs previously identified by the studies included in 
Figure 2, A and B (Figure 2C and Supplemental Table 2, sheet A), 
while, for example, CDKN1C, GABRA1, GABRA2, GAD1, IGFBP4, 
IGFBP6, IL6, PDE7B, SIRT1, SLC2A5, SOCS1, SOCS6, SYT1, 
SYT12, SYT14, and TET1 are DEGs not identified by those studies 
(Figure 2D and Supplemental Table 2, sheet A).

To better understand which islet cell types expressed our 395 
DEGs, we studied their expression in FACS human α and β cells 
from the LUDC sorted α/β cell cohort. This cohort included 13 
ND individuals, 2 individuals with T2D, and 3 individuals with 
prediabetes (Table 1). We found that α and β cells expressed 366 
and 368 of our DEGs, respectively (Figure 2E and Supplemental 
Table 2, sheet A). Of these, 90 genes showed higher expression in 
α versus β cells, while 174 had higher expression in β versus α cells 
(q < 0.05, Supplemental Table 2, sheet A). This included 9 of the 
11 genes that we selected for functional validation (see below and 
Figure 2F). Using WebGestaltR, we found 17 enriched gene sets 
(q < 0.05), including divalent inorganic cation homeostasis and 
positive regulation of cell adhesion, among the DEGs with high-
er expression in α versus β cells (Supplemental Figure 1E), while 
there was no enrichment among the DEGs with higher expression 
in β versus α cells. We also examined the expression of our DEGs 
in different islet cell types using published human islet scRNA-Seq 
data (5). We found that among our 395 DEGs, 366 (93%) were 
expressed in α cells, 347 (88%) in β cells, 331 (84%) in pancre-
atic polypeptide (PP) cells, 312 (79%) in delta (δ) cells, and 190 
(48%) in epsilon (ε) cells (Supplemental Table 4 and Supplemental 
Figure 2). We found that 97%–98% of DEGs expressed in α and 
β cells in the scRNA-Seq expression data overlapped with those 
expressed in α and β cells from the LUDC sorted α/β cell cohort. 
We further tested whether any of the 395 islet DEGs also exhib-
ited differential expression in the same direction in sorted α or β 
cells when comparing cells from 5 donors with T2D or prediabetes 
versus those from 13 ND controls (Table 1). Here, 4 and 28 of our 
395 DEGs showed differential expression (P < 0.05) in sorted α or 
β cells, respectively (Supplemental Table 2, sheets B and C, Sup-
plemental Figure 3, A and B). The DEGs in sorted β cells included 
BARX1, NEFL, PAX5, and PCOLCE2, genes we later selected for 
functional follow-up (see below). It should be noted that, given 
the modest sample size, there was limited power when comparing 
T2D with ND samples from both the scRNA-Seq and sorted RNA-
Seq data, and hence one would not expect to find all 395 DEGs in 
these analyses. These data suggest that several DEGs in T2D islets 
may affect insulin secretion or other aspects of β cell function.

Our data clearly show that individuals with T2D exhibit abun-
dant transcriptomic alterations in pancreatic islets. However, it is 
not clear whether these changes predispose individuals to T2D or 
whether they are a consequence of disease progression. To deter-
mine whether changes in expression levels of the 395 identified 
DEGs potentially predispose individuals to T2D, we studied their 
expression in human islets from the LUDC islet HbA1c cohort 
(Table 1), including individuals with a wide range of HbA1c levels 
who were not previously diagnosed with diabetes. Interestingly, 
expression of 142 of the 395 DEGs (36%) was linearly associated  

whether a predictor of T2D (14), hemoglobin A1c (HbA1c) levels, 
associated linearly with islet expression of the identified genes 
in individuals not diagnosed with T2D. We next investigated 
which cell type or types expressed the identified genes. Data from 
assay for transposase-accessible chromatin with high-throughput 
sequencing (ATAC-Seq), DNA methylation analysis, GWAS, and 
the International Mouse Phenotyping Consortium (IMPC) were 
then analyzed to further dissect the regulation and function of 
identified genes. T2D candidate genes not identified in previous 
studies were then manipulated in human islets or clonal β cells to 
explore whether they directly impact insulin secretion. Finally, we 
investigated whether the transcription factor PAX5, our main T2D 
candidate, is a master regulator of the identified differentially 
expressed genes (DEGs) in human pancreatic islets.

Results
Transcriptomic analysis of human pancreatic islets identified T2D 
candidates. To identify regulators of insulin secretion that may 
contribute to T2D, we generated RNA-Seq data from the large 
Lund University Diabetes Centre (LUDC) pancreatic islet cohort, 
comprising islets from a total of 309 donors (Supplemental Table 
1; supplemental material available online with this article; https://
doi.org/10.1172/JCI163612DS1). From these, RNA from 283 islet 
samples was successfully sequenced (Figure 1). Before further 
analysis and to ensure the highest possible quality of data, we 
filtered our islet samples (Figure 1). ND controls were defined as 
individuals lacking a diabetes diagnosis and exhibiting HbA1c lev-
els below 42 mmol/mol. Moreover, age of 40 years or older was 
used as an inclusion criterion for the ND controls, since none of 
the individuals with T2D were younger than 40 years of age. The 
characteristics of the individuals in the LUDC islet case-control 
cohort are summarized in Table 1 and Supplemental Figure 1, A 
and B. We subsequently compared RNA-Seq data from islets from 
138 ND controls with those from 33 individuals with T2D (Figure 
1) using a generalized linear model with correction for age, sex, 
islet purity, and days in culture (DIC). The analysis identified 395 
DEGs (FDR below 5%, q < 0.05, Supplemental Table 2, sheet A), 
which included 228 upregulated and 167 downregulated genes. 
We further applied a model in which we also added BMI as a 
covariate; expression of 394 of the 395 DEGs was then associated 
with T2D (P = 8.6 × 10–17 to 4.5 × 10–2, Supplemental Table 2, sheet 
A). Additionally, we performed an analysis including only donors 
with an islet purity of 80% or higher (n = 69 ND and n = 18 T2D); 
expression of 334 of 395 DEGs was then associated with T2D (P = 
6.7 × 10–11 to 4.9 × 10–2, Supplemental Table 2, sheet A).

For replication, we next compared our 395 identified DEGs 
with published expression data from studies of human pancreat-
ic islets from T2D case-control cohorts (1–3, 5–8). Previous bulk 
expression studies identified 75 of the 395 DEGs identified here 
(Figure 2A and Supplemental Tables 2 and 3) (1, 2, 6, 7). Addition-
ally, published scRNA-Seq studies found differential expression 
of 28 of our 395 DEGs in islet cells from ND controls versus indi-
viduals with T2D (Figure 2B and Supplemental Tables 2 and 3) (3, 
5, 8). Eight and 9 of these DEGs were differentially expressed in 
α and β cells, respectively (Supplemental Table 2, sheet A), and 
their expression in islets is presented in Supplemental Figure 1, C 
and D. Taken together, 94 of our 395 DEGs have been identified 
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ND controls versus those from individuals with T2D. Of these, 
23 exhibited more open chromatin and higher expression, and 1 
(GABRA2) showed less open chromatin and reduced expression, 
in islets from donors with T2D (Figure 2H, Supplemental Table 
6, sheet A). Together, these data suggest an altered chromatin 
state in islets from individuals with T2D that was associated with 
altered gene expression for a subset of identified DEGs.

We further tested whether the 395 DEGs showed altered 
DNA methylation in islets from individuals with T2D versus those 
from ND controls based on published data (16) and found 732 dif-
ferentially methylated regions (DMRs) annotated to 262 DEGs 
(Supplemental Table 6, sheet B). These included DMRs annotat-
ed to CHL1, ELFN1, FAIM2, HHATL, OPRD1, PAX5, SFRP1, and 
SLC2A2, DEGs selected for functional follow-up (see below).

SNPs associate with the identified DEGs, T2D, and meta-
bolic traits. We next assessed whether SNPs were associated 
with expression of the 395 DEGs. We first explored expres-
sion quantitative trait loci  (eQTL) data from human pancreat-
ic islets from the INSPIRE (Integrated Network for Systematic 
analysis of Pancreatic Islet RNA Expression) study (17) and the 
T2D Genes portal (https://t2d.hugeamp.org/). We found 148 
SNPs associated with islet expression of 120 of our 395 DEGs, 
including CHL1, FAIM2, GABRA2, HHATL, PCOLCE2, SFRP1, 
SIRT1, and SMAD9 (Supplemental Table 7, sheet A, and Figure 
2I). We then used the GWAS catalog to determine whether any 
of these 148 SNPs have previously been linked to T2D or oth-
er metabolic diseases or traits (Supplemental Table 7, sheet A). 
Indeed, 2 eQTL SNPs associated with FXYD2 (rs529623) and 
RPL39L (rs3887925) islet expression have been linked to T2D 
risk (12) (Supplemental Table 7, sheet A, and Figure 2I). More-
over, 2 eQTL SNPs associated with islet expression of FOXE1 
(rs7038480) and ENTR1 (rs11145930) have been linked to 

with HbA1c levels (Supplemental Table 2, sheet A). Among those 
genes, all had a β coefficient with the same directionality as 
that of the expression differences seen in islets from the LUDC 
islet case-control cohort. These data suggest that the changes in 
expression  may occur before the diagnosis of T2D and potentially 
contribute to the development of the disease. They also indicate 
that the expression changes were not due to T2D treatment.

Gene sets, including hormone secretion, are enriched among 
T2D-associated DEGs. We used WebGestaltR and gene ontology 
to discover enriched gene sets among our 395 DEGs. We found 
39, 5, and 6 enriched gene sets for biological processes, cellular 
components, and molecular functions, respectively (q < 0.05, 
Supplemental Table 5). Interestingly, gene sets for growth fac-
tor binding, regulation of lipid transport, negative regulation of 
Wnt signaling, aging, regulation of cell-cell adhesion, hormone 
secretion, regulation of inflammatory response, and divalent 
inorganic cation homeostasis were among the significantly 
enriched gene sets (Figure 2G).

T2D-associated DEGs display alterations in open chromatin and 
DNA methylation in human islets. Open chromatin regions are asso-
ciated with active gene transcription (15). Of our 395 DEGs in islets 
from ND controls versus those from individuals with T2D, 346 
(88%) were marked by at least 1 open chromatin region, identified 
by previous ATAC-Seq of human pancreatic islets (15). From this 
subset, 194 and 152 DEGs were upregulated and downregulated,  
respectively, in islets from individuals with T2D. The top DEGs 
BARX1, OPRD1, PAX5, and PCOLCE2 overlapped with several 
open chromatin regions (4, 4, 5, and 6, respectively) located both 
upstream and downstream of the respective transcription start 
sites (Supplemental Table 6, sheet A). Moreover, 24 DEGs, includ-
ing CAMK4, DIO2, DKK3, FOXP1, GABRA2, PTPRC, SOCS1, and 
SYNPO, displayed alterations of open chromatin in islets from 

Figure 1. Workflow of RNA-Seq sample filtering. The LUDC pancreatic islet cohort consists of islet preparations from 309 individuals. RNA-Seq 
was performed on 283 of these. After quality control (QC) and other filtering, data from 171 preparations were included in the analysis to identify 
DEGs in islets from individuals with T2D versus ND control islets. Similarly, islet data from 176 preparations were included in the HbA1c analysis.
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Since genetic and epigenetic mechanisms interact and 
together affect biological processes, we tested whether SNPs in 
cis are associated with DNA methylation of CpG sites annotated 
to the 395 DEGs in human pancreatic islets, so-called mQTLs 
(25). We found 490 SNPs associated with DNA methylation of 
176 unique sites annotated to 90 DEGs (Supplemental Table 7, 
sheet D). These included mQTLs, 3 each, annotated to OPRD1 
and PAX5, two additional DEGs we subsequently selected for 
functional follow-up (see below).

Panels A–C in Supplemental Figure 4 show the overlap 
between DEGs that had eQTLs, DMRs, GWAS SNPs, ATAC-Seq 
peaks, or mQTLs annotated, and the overlap between the SNPs 
in the different genetic analyses above.

The identified T2D-associated DEGs affect metabolism in vivo. 
To explore potential in vivo evidence for protective or susceptible 
functions in the development of diabetes for the 395 identified T2D 
DEGs, we systematically searched the IMPC database (https://
www.mousephenotype.org/, accessed April 15, 2020). The IMPC 
database contains KO mouse strain entries for 168 of the 395 DEGs, 
with phenotype data available for 125 strains (Figure 3A). Most were 
homozygous viable (n = 85), with fewer that were homozygous sub-
viable (meaning that the number of alive homozygous pups was 
lower than expected, n = 6), homozygous lethal but heterozygous 
viable (n = 24), or of unknown viability (n = 10). Supplemental Table 
8 lists DEGs found in T2D islets with IMPC metabolic readouts for 
KO strains (n = 125). Of the phenotyped KO strains, insulin blood 
(IB) measurement data were available for 36 KO strains, with 16 
(44%) displaying altered levels (P < 0.05, Figure 3 and Supplemen-
tal Table 8). Intraperitoneal glucose tolerance test (IPGTT) data 
showed that the fasted blood glucose concentration (FG) and AUC 
for glucose (AUCG) were altered in 24 of 81 (30%) and 24 of 83 
(29%) KO strains, respectively (P < 0.05), while the initial response 
to glucose (IGR) challenge was altered in 26 of 80 (33%) (P < 0.05) 
(Figure 3 and Supplemental Table 8). With respect to body compo-
sition, dual-energy x-ray absorptiometry (DEXA) phenotypic data 
were available for 93 KO models, and among these, 33 (35%) and 35 
(38%) had altered total fat mass and total lean mass, respectively (P 
< 0.05, Figure 3 and Supplemental Table 8).

blood glucose levels (12, 18–20) (Supplemental Table 7, sheet 
A, and Figure 2I). Four eQTL SNPs associated with islet expres-
sion of ARPC1B (rs3843540), COMP (rs7260000), DIXDC1 
(rs10891295), and HSD3B7 (rs4889599) have been linked to 
BMI and/or waist-to-hip ratio (18, 21) (Supplemental Table 7, 
sheet A, and Figure 2I). Finally, 6 eQTL SNPs associated with 
islet expression of ACP2 (rs11039194), CBLC (rs8104467), CD5 
(rs7124430), HSD3B7 (rs4889599), PCOLCE2 (rs6794287), and 
TMED6 (rs113671952) have been linked to triglyceride or LDL 
cholesterol levels (18, 22–24) (Supplemental Table 7, sheet A, 
and Figure 2I). These data demonstrate that SNPs associated 
with islet expression of numerous identified DEGs impact the 
risk for T2D and metabolic traits (Figure 2I).

As our islet cohort data included variables, e.g., islet purity, 
that were not available or used in the INSPIRE study (17), and 
since we used a cutoff for islet purity, we also performed an 
eQTL analysis adjusting for age, sex, BMI, DIC, purity, and T2D 
in the LUDC islet case-control cohort. This showed that 26 of 
our 395 DEGs, including BEST3, HSD3B7, and TMED6, had at 
least 1 eQTL, based on a q value of less than 0.05. Moreover, 374 
DEGs had eQTLs with nominal P values (P < 0.05, Supplemental 
Table 7, sheet B), and these included 47 of the 148 SNPs and 117 
of the 123 genes identified in the INSPIRE analysis (Supplemen-
tal Table 7, sheets A and B).

We then assessed whether SNPs that map to any of the 395 
DEGs have been associated with T2D and/or glycemic traits 
(HbA1c, fasting glucose, fasting insulin, homeostatic model  
assessment of β cell function [HOMA-B], disposition index [DI], 
or corrected insulin response [CIR]) in GWAS using the Common 
Metabolic Diseases Knowledge Portal (hugeamp.org, accessed 
August 2022). A total of 106 DEGs were linked to 149 unique 
SNPs associated with these traits in GWAS (Supplemental Table 
7, sheet C, Figure 2I); 131 SNPs were associated with T2D, 38 with 
HbA1c, 10 with fasting glucose, 1 with fasting insulin, 4 with DI, 
and 1 with CIR. This included 1 SNP mapping to each of BARX1, 
CHL1, ELFN1, and FAIM2, three SNPs mapping to SLC2A2, and 
4 SNPs mapping to SFRP1, DEGs we subsequently selected for 
functional follow-up (see below).

Table 1. Characteristics of the donors of pancreatic islets from the cohort data used in the study

Characteristic LUDC islet case-control cohortA LUDC sorted α/β cell 
cohortA

LUDC sorted α/β cell cohortA  

ND vs. T2D/pre-T2D
LUDC islet HbA1c 

cohortA

ND (n = 138) T2D (n = 33) P valuesB NDC (n = 16) NDC (n = 13) T2D and pre-T2DC (n = 5) (n = 176)
Sex (M/F) 86/52 21/12 10/6 8/5 3/2 112/64
Age (yr range) 60.9 ± 0.8 (40–86) 62.9 ± 1.5 (41–81) 0.23 62.5 ± 3.3 (36–81) 63.3 ± 3.9 (36–81) 63.8 ± 4.3 (54–79) 59.1 ± 0.8 (24–86)
BMI (kg/m²) 26.1 ± 0.3 (18.0-42.6) 27.9 ± 0.8 (21.6–37.0) 0.003 25.8 ± 1.0 (18.9–32.7) 25.1 ± 1.1 (18.9–32.7) 27.8 ± 1.1 (25.8–31.1) 26.6 ± 0.3 (18.0–42.6)
HbA1c (mmol/mol) 36.7 ± 0.3 (23–41) 50.8 ± 1.7 (39–86) 4.9E–28 35.8 ± 1.3 (22–44) 34.2 ± 1.2 (22–40) 44.0 ± 1.3 (42–49) 38.9 ± 0.4 (22–70)D

Stimulatory indexE 7.3 ± 0.5 (1.2–37.3) 5.6 ± 0.8 (0.8–21.2) 0.15 6.8 ± 2.0 (1.0–30.7) 7.6 ± 2.6 (1.0–30.7) 3.8 ± 1.3 (0.8–7.4) 7.7 ± 0.5 (0.7–37.3)
Pancreatic islet purity (%) 76.6 ± 1.1 (50–98)F 78.9 ± 1.8 (53–97)F 0.16 82.8 ± 5.5 (37–100) 84.2 ± 5.5 (39–100) 78.8 ± 11.2 (37–97) 76.4 ± 1.0 (50–96)F

Data are presented as the mean ± SEM (minimum–maximum). AThere is some overlap between the ND controls and the individuals in the HbA1c and sorted α/β 
cell cohorts. BA 2-tailed t test was used to detect differences between ND and T2D. CAll donors without a T2D diagnosis were included in the analysis to 
determine if the 395 DEGs were expressed in α and/or β cells. Three of these had an HbA1c value between 42 and 47 mmol/mol and were therefore clinically 
defined as prediabetic. These 3 donors were included among the five T2D/pre-T2D cases in the ND versus T2D/pre-T2D comparison of sorted α and β cells. 
DSeven individuals had an HbA1c above 48 mmol/mol. EThe stimulatory index is a measure of glucose-stimulated insulin secretion from human islets 
cultured in vitro. FIslets from 14 preparations were handpicked before RNA extraction, and for those the purity was set at 85%.
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The effects of gene KO on the studied metabolic phenotypes 
agreed with the direction of altered expression for several of the 
T2D-associated DEGs. For example, our data show that HHATL 
expression was significantly decreased in T2D islets (Supplemen-
tal Table 2). In line with this, IMPC data showed that Hhatl-KO 
mice had impaired glucose tolerance, increased total body fat 
mass, and decreased total body lean mass (Figure 3B). SLC2A2 
expression was also decreased in islets from individuals with T2D 
(Supplemental Table 2), and Slc2a2-KO mice had increased FG 
levels and IGR. Overall, these rodent in vivo findings indicate an 
important role for the identified DEGs in the control of glucose 
homeostasis and body composition.

Functional follow-up shows that changes in expression of T2D- 
associated DEGs impair β cell function. We then asked whether 
any DEGs previously unrecognized in comparable studies have a 
functional role in β cells. First, we used a strategy to select genes 
for functional investigation (Figure 4A). We selected DEGs with 
a greater than 2-fold change in either direction, based on mean 
expression levels in islets in ND controls versus individuals with 
T2D, and the same directionality of change in expression as the 
HbA1c correlation in islets from the LUDC islet HbA1c cohort. 
This generated a list of 31 genes. We further excluded DEGs that 
were not expressed in the sorted α or β cells from ND controls, 
unless their expression was induced in islets from individuals with 
T2D, and that were not expressed in endocrine cell types in the 
scRNA-Seq data sets. Finally, on the basis of the lowest q values, 
we selected the top 9 genes that, to our knowledge, had not previ-
ously been studied in β cells (Figure 4A). In addition, we included 
the genes CHL1 and SLC2A2. Knockdown of Chl1 in clonal β cells 
was previously found to impair glucose-stimulated insulin secre-
tion (GSIS) (26), and we included this gene as a positive control. 
SLC2A2, encoding the glucose transporter GLUT2, has also been 
studied, but we included it as it is debated whether its function is 
significant in human β cells (27, 28). Of note, 10 of these 11 genes 
have either T2D-associated DMRs (Supplemental Table 6, sheet 

B), INSPIRE eQTLs (Supplemental Table 7, sheet A), SNPs in cis 
associated with T2D and/or glycemic traits (Supplemental Table 
7, sheet C), or mQTLs (Supplemental Table 7, sheet D), as sum-
marized in Figure 4B. Moreover, all 11 DEGs have nominal LUDC 
eQTLs (P = 2.7 × 10–4 to 2.3 × 10–2, Supplemental Table 7, sheet B).

To mimic the situation in individuals with T2D, the select-
ed genes that had lower expression levels in islets in T2D, i.e., 
CHL1, HHATL, OPRD1, and SLC2A2 (Figure 4C), were silenced 
by siRNA transfection in human islets from ND individuals. 
This resulted in a 50%–60% reduction in gene expression (Fig-
ure 4D). Determinations of insulin secretion showed that islets 
deficient for CHL1 displayed a reduction in insulin release when 
exposed to basal glucose (2.8 mM), whereas islets deficient for 
SLC2A2 showed nominally reduced insulin secretion at the same 
glucose concentration (P = 0.062, Figure 4E). At stimulatory glu-
cose levels (16.7 mM), OPRD1 or SLC2A2 silencing resulted in 
approximately 20% and 40% reduced insulin secretion, respec-
tively, while islets deficient for CHL1 or HHATL showed nomi-
nally reduced and unaffected secretion, respectively (Figure 4E). 
The changes did not translate into significant differences in the 
fold change of insulin secretion (secretion at stimulatory glucose 
divided by secretion at basal glucose levels) and occurred with-
out differences in insulin content (Supplemental Figure 5, A and 
B). We also measured glucagon secretion from islets in which 
CHL1, HHATL, OPRD1, or SLC2A2 had been silenced and found 
no differences (Supplemental Figure 5C). These data indicate 
that reduced islet expression of OPRD1 and SLC2A2 may contrib-
ute to the insulin secretion defect seen in individuals with T2D.

Selected DEGs that exhibited higher islet expression in T2D, 
i.e., BARX1, ELFN1, FAIM2, NEFL, PAX5, PCOLCE2, and SFRP1 
(Figure 4C), were overexpressed by plasmid transfection in 832/13 
INS1 β cells (hereafter called INS1 β cells). We used INS1 β cells 
for overexpression experiments because of the limited supply of 
human islets. Furthermore, in our hands, INS1 β cells behaved 
more like primary mature human β cells than did the fetal human 
β cell line EndoC-βH1 in gene manipulation experiments (KB 
and JKO, unpublished observations). Plasmid transfection result-
ed in impaired insulin secretion in absolute numbers at basal or 
stimulatory glucose levels, reduced insulin secretion expressed 
as fold change, or altered insulin content in cells overexpressing 
Barx1, Nefl, Pax5, Pcolce2, or Sfrp1 (Supplemental Figure 5, D–G). 
However, the plasmid transfection efficiency was low (20%–30%  
of cells, Supplemental Figure 5, H–J). This, together with the fact 
that expression was driven by the very strong CMV promoter, made 
us wary that the phenotypes may be due to very high overexpression 
overwhelming the transfected cells. We therefore proceeded to use 
lentiviral vectors, allowing for transgene delivery to a larger pro-
portion of cells, with the weaker human phosphoglycerate kinase 
1 promoter driving expression of HA-tagged Barx1, Nefl, Pax5, 
Pcolce2, or Sfrp1. Western blot analysis showed that transduction 
of INS1 β cells with these vectors resulted in expression of proteins 
of expected sizes (Figure 4F). Overexpression of Pax5 significantly 
increased basal secretion and strongly reduced insulin secretion 
at stimulatory glucose levels, without influencing insulin con-
tent (Figure 4, G and H), whereas Nefl or Pcolce2 overexpression 
caused reduced insulin secretion at basal (both) and stimulatory 
(Pcolce2) glucose levels (Figure 4G) and increased insulin content 

Figure 2. Characterization of the 395 identified DEGs. (A and B) Venn 
diagrams showing the overlaps between the DEGs identified in the LUDC 
islet case-control cohort (LUDC ICCC) and DEGs identified in previous bulk 
(A) and single-cell (B) expression analyses of human pancreatic islets from 
T2D and ND donors. (C and D) mRNA expression of selected known (C) and, 
to our knowledge, novel (D) DEGs identified in pancreatic islets from 33 
individuals with T2D and 138 ND controls of the LUDC ICCC. *q < 0.05, **q 
< 0.01, and ****q < 0.0001, based on a generalized linear model as imple-
mented in DESeq2 (70), with correction for age, sex, islet purity, and DIC. 
(E) RNA-Seq of sorted α and β cells from 16 ND individuals showed that the 
vast majority of the 395 identified DEGs were expressed in either or both 
cell types. (F) mRNA expression of selected genes in sorted α and β cells 
from islet preparations from 16 ND individuals. **q < 0.01, ***q < 0.001, 
and ****q < 0.0001, based on a generalized linear model as implement-
ed in DESeq2 (70). (G) Enrichment analysis showed that T2D islet DEGs 
were enriched for gene ontology terms associated with β cell function. (H) 
DEGs with an altered chromatin state in islets from ND controls versus 
individuals with T2D, as identified by ATAC-Seq (15). (I) Left: 148 pancre-
atic islet eQTLs associated with expression of 120 DEGs as well as T2D 
risk and metabolic traits. Right: 149 unique SNPs annotated to 106 DEGs 
were found to associate with T2D or the indicated glucose traits in GWAS. 
Box-and-whisker plots show the median, 25th and 75th percentiles, and 
minimum and maximum values. Illustration credit for the islet in Figure 2I: 
Servier Medical templates.
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(Figure 4H). Overexpression of Barx1 or Sfrp1 did not alter insulin 
secretion or content. The changes described caused a strong reduc-
tion in fold change of insulin secretion in Pax5-overexpressing 
INS1 β cells (Figure 4I). Finally, wells where cells were transduced 
with the Pax5 or Pcolce2 viruses also contained significantly less 
total protein than wells with cells transduced with the GFP virus 
(Figure 4J). This indicates a lower cell number and, hence, suggests 
that Pax5 and Pcolce2 may affect cell viability and/or proliferation 
and therefore potentially β cell mass in T2D. Taken together, these 
functional experiments identified 4, to our knowledge, previously 
unrecognized regulators of insulin secretion showing either lower  
(OPRD1) or higher (NEFL, PAX5, and PCOLCE2) expression in 
islets from individuals with T2  (Figure 4, C–J). Because Pax5 over-
expression had the strongest effect on both insulin secretion and 
protein content (Figure 4, G and J), we decided to further explore 
its impact on β cells. First, to exclude the possibility that the HA 
tag renders Pax5 pathogenic, we repeated the secretion experi-
ments with viral vectors conferring expression of untagged Pax5. 

The results showed that also untagged Pax5 reduced GSIS in INS1 
β cells (Supplemental Figure 5K).

Overexpression of Pax5 perturbs mitochondrial function and 
causes β cell loss. PAX5 encodes a transcription factor associated 
with leukemia (29) and, to our knowledge, has not been studied 
in β cells. First, we used IHC to assess the distribution of PAX5 in 
human islets. In accordance with the RNA-Seq data, we found that 
islets from individuals with T2D displayed robust PAX5 expression, 
with most of the staining found in β cells, whereas PAX5 was barely 
detectable in islets from ND controls (Figure 5A).

To further characterize the Pax5-induced defects in INS1 β 
cells, we stimulated insulin secretion with a depolarizing concentra-
tion of K+. These experiments again showed that GSIS was severely  
blunted by Pax5 overexpression, while K+-stimulated secretion 
was increased (Figure 5B). This indicates that secretory defects 
induced by Pax5 overexpression occurred before depolarization of 
KATP channels in the insulin secretion pathway, potentially in mito-
chondrial metabolism. To determine whether Pax5 overexpression 

Figure 3. Mice with KO of genes showing differential expression in pancreatic islets from individuals with T2D exhibit metabolic phenotypes. (A) Flow 
chart depicting the IMPC data-mining strategy and an overview of the findings for mice with KO of DEGs identified in the LUDC islet case-control cohort. 
(B) Summary of IMPC phenotypic data outputs for viable KO mouse strains. Underlined genes were functionally validated in our study, while KO mice for 
genes in lighter-colored areas show different effects for the indicated phenotype in males and females. IB, insulin blood levels.
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Figure 4. T2D-associated expression changes impair insulin secretion. (A) Flow chart showing strategy for the selection of DEGs for functional follow-up. 
(B) Ten of the 11 genes selected for functional analysis have T2D-associated DMRs, INSPIRE eQTLs, SNPs associated with T2D or glucose traits, or islet 
mQTLs annotated to them. (C) mRNA expression of DEGs selected for functional follow-up. ****q < 0.0001, based on a generalized linear model as 
implemented in DESeq2 (70), with correction for age, sex, purity, and DIC, on expression data on islets from 138 ND controls and 33 individuals with T2D. 
(D) qPCR quantification of siRNA-mediated knockdown of CHL1, HHATL, OPRD1, and SLC2A2 in human islets (n = 6–8). (E) Effect of knockdown of CHL1, 
HHATL1, OPRD1, or SLC2A2 on insulin secretion from human islets (n = 6–8). (D and E) *P < 0.05 compared with negative control siRNA (siNC) at the indi-
cated glucose concentration; 2-tailed, paired t test. (F) Representative Western blot showing overexpression of GFP, Barx1, Nefl, Pax5, Pcolce2, and Sfrp1 
in virally transduced INS1 β cells. The experiment was performed 3 times. (G–J) Effect of overexpression on insulin secretion (G) and insulin content (H) in 
absolute values, insulin secretion presented as fold change (I), and total protein (J) (n = 7). (G) **P < 0.01 compared with GFP at 16.7 mM glucose; #P < 0.05 
and ##P < 0.01 compared with GFP at 2.8 mM glucose. (H–J) *P < 0.05 and ****P < 0.0001 compared with GFP. Data in G–J were analyzed by 2-tailed, paired 
t test. Box-and-whisker plots show the median, 25th and 75th percentiles, and minimum and maximum values.
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11). Of note, the 196 genes included 6 of the genes we selected 
for functional follow-up (BARX1, CHL1, FAIM2, HHATL, OPRD1, 
and PAX5 itself), and a literature search showed that approxi-
mately 25% of the 196 genes have been found to regulate β cell 
function and/or numbers, or have genetic variants associated 
with T2D or other metabolic traits in humans (Supplemental 
Table 11 and Figure 7A). These include IL6 (31), PPP1R1A (32), 
PTEN (33), SYT13 (34), and TBC1D4 (35). Additionally, in human 
islets, the expression of PAX5 correlated with 126 (32%) of the 
other 394 DEGs (Spearman’s correlation, P < 0.05, Supplemental 
Table 12), including BARX1, CDKN1C, CHL1, ELFN1, GABRA2, 
GAD1, NEFL, PCOLCE2, PDE7B, SFRP1, SLC2A2, SOCS1, SYT1, 
and SYT12. As a final piece of evidence supporting PAX5 as a key 
DEG, we used weighted correlation network analysis (WGCNA) 
(36) for a coexpression analysis to establish whether PAX5 is part 
of a dysregulated gene network in T2D. This analysis revealed 
a network with PAX5 and 86 other T2D DEGs (Supplemental 
Table 13 and Figure 7B). Together, data from human islets and 
Pax5-overexpressing INS1 β cells suggest that PAX5 may cause 
dysregulation of many identified T2D-associated DEGs.

Discussion
This study identified T2D candidate genes with altered expression 
in pancreatic islets from individuals with T2D versus islets from 
ND controls. Their altered expression may be a contributing fac-
tor in the development of T2D, as many identified DEGs associ-
ated with HbA1c levels in a cohort of islets from individuals not 
previously diagnosed with T2D. Many DEGs displayed alterations 
in chromatin state or DNA methylation in T2D islets, and SNPs 
associated with DEGs affected T2D and metabolic traits. Rodent 
in vivo data also supported the importance of our findings, as 
mouse strains deficient for identified DEGs had altered glucose 
homeostasis and body composition. Functional validation of top-
ranked DEGs clearly supported a role for the identified expression 
changes in T2D, as mimicking the changes for OPRD1, PAX5, 
and SLC2A2 in human islets and clonal β cells perturbed insulin 
secretion. Extensive characterization of the Pax5-induced defect 
showed that impaired mitochondrial activity is a likely culprit. 
Our data further supported PAX5 as a key T2D DEG that drives 
the change in expression of other DEGs. On the basis of the pres-
ent findings, we propose the model presented in Figure 8, in which 
increased PAX5 levels contribute to impaired insulin secretion 
through mitochondrial dysfunction and transcriptional regulation 
of other genes, e.g., SLC2A2 and OPRD1, in human islets.

Most of the identified DEGs, including PAX5, OPRD1, 
PCOLCE2, CDKN1C, GABRA2, IL6, PDE7B, SIRT1, SOCS1, SYT1, 
SYT12, SYT14, and TET1, represent findings not observed in pre-
vious transcriptomic analyses of T2D islets (1–8). However, we 
also replicated nearly 100 known T2D DEGs, including SLC2A2, 
CHL1, GLRA1, IAPP, PPP1R1A, PTEN, and SYT13 (1–8), supporting 
a robust data set. The number of identified DEGs overlapping with 
genes identified in more than one of the published studies was 
low, possibly due to limited sample sizes in the previous studies 
or varying pathophysiological and demographic profiles between 
individual donors, as well as to differences in islet isolation and 
culturing protocols, analysis platforms, and variables corrected for 
in the statistical analysis. For example, while we used RNA-Seq, 

alters mitochondrial metabolism in β cells, we used the Seahorse 
XF analyzer to measure the oxygen consumption rate (OCR). This 
showed that Pax5 overexpression caused a reduction in mitochon-
drial respiration with significantly lower glucose-stimulated respi-
ration, both in terms of increase compared with basal respiration 
and of absolute values, as well as lower maximal respiration (Figure  
5, C–F). These respiratory defects were reflected in a reduced  
PercevalHR signal, demonstrating a lower ATP/ADP ratio in 
response to glucose stimulation in Pax5-overexpressing β cells 
(Figure 5, G–I). To find a possible cause for these mitochondrial 
defects, we performed Western blotting to measure protein levels 
of subunits of complex I–V in the electron transport chain and of the 
citric acid cycle enzyme citrate synthase. We found that the levels of 
citrate synthase and Sdhb (complex II) were reduced by Pax5 over-
expression, while Uqcrc2 (complex III) was slightly increased (Fig-
ure 5, J–O, and Supplemental Figure 5, L and M). Together, these 
data support the idea that increased Pax5 levels perturb insulin 
secretion by negative effects on mitochondrial function.

In view of the data shown in Figure 4J, we hypothesized that 
elevated Pax5 levels may affect cell numbers. This was support-
ed by results from an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide] assay, which measures metabolic 
activity and is used to investigate cell viability and numbers (Fig-
ure 6A). To investigate whether the reduced cell number is due 
to  increased apoptosis and/or decreased proliferation, we quan-
tified caspase-3/-7 activity and cleaved (i.e., active) caspase-3 
as a measure of apoptotic activity, and used an 5-ethynyl-2′- 
deoxyuridine (EdU) incorporation assay to quantify proliferation. 
These analyses showed that Pax5 overexpression induced a clear 
increase in apoptotic activity and a drop in proliferation rates in 
INS1 β cells (Figure 6, B–D). Hence, we concluded that Pax5 is a 
regulator of β cell viability and numbers.

In a final effort to characterize the mechanisms underlying 
the profound effects of Pax5, we performed a global transcrip-
tomic analysis of Pax5-overexpressing INS1 β cells. The analysis 
revealed that 3,069 genes were differentially expressed when 
comparing β cells overexpressing Pax5 and GFP, respectively (q < 
0.05, Supplemental Table 9). These included 75 of the 395 T2D 
DEGs (Figure 6E and Supplemental Table 2, sheet A, and Sup-
plemental Table 9). In addition to Pax5 itself, 3 of the other DEGs 
selected for functional follow-up, Faim2, Pcolce2, and Slc2a2, were 
altered in Pax5-overexpressing INS1 β cells, and in the same direc-
tion as in islets from individuals with T2D (Figure 6E). The 3,069 
DEGs were enriched for many gene sets, including those for insu-
lin secretion, glucose homeostasis, response to glucose, positive 
regulation of cell death, and aging (Supplemental Table 10 and 
Figure 6F). Overall, these data clearly demonstrated that Pax5 
overexpression leads to transcriptomic changes that can have pro-
found effects on β cell function and survival.

PAX5 is a potential dysregulator of gene expression in T2D. As 
PAX5 is a transcription factor, we next used the bioinformat-
ics prediction tool Pscan (30) to test whether the 395 DEGs are 
enriched for genes with a PAX5-binding motif in the promoter. 
This would suggest that elevated PAX5 may cause dysregulation 
of other DEGs in T2D. Indeed, our analysis revealed that 196 
DEGs had a putative PAX5-binding motif within the promoter, 
which is a significant enrichment (P = 0.017, Supplemental Table 
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human islets, suggesting potential epigenetic regulation. PAX5, 
which can act as both an activator and repressor (39), belongs 
to a transcription factor family with several members. Notably, 
PAX2, -4, and -6, are important for pancreas development and 
islet function (40). In our analysis, PAX6 was highly expressed 
in human islets, while PAX2 and PAX4 were expressed at low 
levels. Although there were no differences in the expression of 
PAX2 or PAX6, the expression of PAX4 was nominally reduced in 
islets from individuals with T2D versus those from ND controls 
(P = 0.004). We showed that PAX5 upregulation was associated 
with reduced mitochondrial function, perturbed GSIS, and β cell 
loss. Interestingly, our analyses showed that PAX5 may be a key 
T2D DEG causing dysregulation of many other DEGs. This was 
supported by our analysis of Pax5-overexpressing INS1 β cells, 
which exhibited vast transcriptomic changes, including for genes 
selected for functional follow-up (Faim2, Pcolce2, and Slc2a2) 
and for many other T2D DEGs, altered in the same direction in 
this model as in islets from individuals with T2D. Mice heterozy-
gous for Pax5 KO exhibit impaired glucose tolerance, indicating 
that Pax5 deficiency somehow exerts negative effects on glucose 
homeostasis in peripheral tissues. Data from the IMPC (www.
IMPC.org) show that heterozygous Pax5 animals exhibit changes 
in white blood cell numbers, which could cause a cytokine imbal-
ance and a resulting insulin resistance peripherally, as seen in 
SCID mice completely lacking mature B and T lymphocytes (41). 
It should be noted that the Pax5 overexpression in INS1 β cells 
may be greater than in islets of individuals with T2D, and it is 
therefore uncertain how strong the effects of elevated PAX5 are 
in T2D. The proteins overexpressed in our study were HA tagged, 
and it is possible that the tag contributed to the defect in overex-
pressing cells. For Pax5, however, this is unlikely, as overexpres-
sion of the untagged protein perturbed GSIS in a manner similar 
to that by the tagged protein .

SCL2A2 encodes GLUT2, the main glucose transporter in 
rodent β cells, as evidenced by the impaired glucose tolerance 
in Slc2a2-KO mice (42). Its role in human islets has been ques-
tioned (43), but SLC2A2 mutations cause transient neonatal dia-
betes (28). Our data indicated that GLUT2 plays an important 
role also in adult human β cells, as its knockdown in human islets 
impaired insulin secretion. In INS1 β cells, Pax5 overexpression 
downregulated Slc2a2, indicating that reduced Glut2-mediated 
glucose uptake may contribute to the perturbed mitochondrial 
function and secretory defect observed in this model. We also 
found that PAX5 correlated negatively with SLC2A2 expres-
sion in islets from the LUDC case-control cohort, and PAX5 
may hence directly downregulate SLC2A2 also in human islets. 
OPRD1 encodes a receptor for enkephalins, which have been 
shown to both inhibit and stimulate insulin secretion (44–47) 
through potential dose-dependent effects (45). Enkephalin is 
expressed in a small subset of islet cells (38) and may regulate 
insulin secretion via paracrine signaling. While OPRD1 knock-
down reduced GSIS in human islets by only approximately 20%, 
it should be remembered that T2D is a disease characterized by 
dysregulation of many genes that contribute to a varying extent 
to cellular dysfunction. The protein encoded by PCOLCE2 binds 
to procollagens (48). Increased PCOLCE2 expression, as occurs 
in T2D islets, perturbed insulin secretion, but the mechanism 

Solimena et al. primarily used microarray to analyze the transcrip-
tome (6). The overlap was even smaller when comparing with 
scRNA-Seq analyses, potentially explained by the small number 
of islet donors in single-cell studies (n = 5–12 ND donors; n = 3–6 
donors with T2D) and/or a greater number of variables adjusted 
for in our study [(age + sex + islet purity + DIC) versus single-cell 
studies (sex + ethnicity)] (3, 5, 8, 11). It should also be noted that 
the DEGs described by the published single-cell studies largely 
do not overlap (10), potentially because of different criteria for 
expression filtering, use of different statistical and bioinformatics 
tools, and different numbers of cells studied (638 [ref. 3], 1,492 
[ref. 8], 2,209 [ref. 5]). Importantly, the DEGs identified in our 
analysis were enriched for gene ontology terms important for β 
cell function including hormone secretion, divalent inorganic  
cation homeostasis, and growth factor binding. Our functional 
validation also showed that the expression changes may contrib-
ute to T2D pathophysiology, as knockdown of SLC2A2 or OPRD1 
and overexpression of Pax5 resulted in impaired GSIS. Addition-
ally, the expression of many DEGs, including OPRD1, PAX5, and 
SLC2A2, associated with HbA1c in ND individuals and individuals 
not diagnosed with T2D, with the direction of association indicat-
ing that the changes may predispose to disease.

PAX5, a transcription factor important for B lymphocyte 
development and frequently mutated in acute B lymphoblastic 
leukemia (37), is barely expressed in human islets from ND indi-
viduals (38). While low islet PAX5 expression in ND individuals 
was confirmed in our cohort, expression at both mRNA and pro-
tein levels was upregulated in T2D, with immunostaining showing 
that the upregulation took place in β cells. Interestingly, T2D and 
SNPs were associated with altered DNA methylation of PAX5 in 

Figure 5. Increased expression of Pax5 results in perturbed mitochondrial 
activity. (A) Immunohistochemical staining of human pancreas sections 
(n = 5 ND; n = 4 T2D) showing increased PAX5 (green) expression in T2D 
pancreas sections. Most of the expression was confined to β cells, as 
evidenced by costaining with insulin (red). Nuclei are stained with DAPI 
(blue). Representative images are shown (original magnification, ×40). (B) 
Pax5 overexpression blunted GSIS but increased secretion stimulated by 
elevated K+ (n = 6). (C) OCR in clonal β cells overexpressing GFP or Pax5. 
The OCR was measured at 2.8 mM glucose (basal respiration) and then 
after sequential addition of 16.7 mM glucose (glucose-stimulated respi-
ration), 5 μM oligomycin (inhibits ATP synthase), 4 μM carbonyl cyanide 
p-trifluoromethoxyphenylhydrazone (FCCP, mitochondrial uncoupler), and 
1 μM rotenone/antimycin A (electron transport chain inhibitors) (n = 4). 
(D–F) Respiratory response to addition of high glucose (change in respira-
tion compared with basal glucose, D), glucose-stimulated respiration (res-
piration at high glucose, E), and maximal OCR (respiration after mitochon-
drial uncoupling, F) (n = 4). (G) PercevalHR trace on INS1 β cells stimulated 
with 2.8 and 16.7 mM glucose, and after addition of oligomycin (n = 148, 
pcDNA3.1; n = 213, Pax5). (H and I) Pax5-overexpressing INS1 β cells (n = 
213) exhibited a significantly lower increase of the ATP/ADP ratio when 
glucose was raised to 16.7 mM (average signal between 94 and 354 seconds 
compared with average signal between 0 and 75 seconds, H), and a greater 
drop in the ATP/ADP ratio after addition of oligomycin (average signal 
between 409 and 567 seconds compared with average signal between 94 
and 354 seconds, I), when compared with pcDNA3.1-transfected  
cells (n = 148). (J–O) Levels of citrate synthase and subunits of complex I–V 
of the electron transport chain (n = 6). *P < 0.05, **P < 0.01, and ***P < 
0.001, by 2-tailed, paired t test (B–F and J–O) and 2-tailed, unpaired t test 
(G–I). Box-and-whisker plots show the median, 25th and 75th percentiles, 
and minimum and maximum values.
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with cell death and pancreatic dysfunction (52). Moreover, we 
show that TET1 was downregulated in islets from individuals with 
T2D. In line with this, we previously found reduced TET1 expres-
sion in adipose tissue from individuals with T2D versus tissue 
from ND controls (53, 54). TET1 oxidizes DNA methylation to 
hydroxymethylation and is known to be important for β cell dif-
ferentiation (55). Additionally, we identified 4 synaptotagmin- 
encoding DEGs — SYT1, SYT12, SYT13, and SYT14, of which SYT13 
was identified by earlier studies and is differentially expressed in 
β cells from individuals with T2D (3, 6, 34). As synaptotagmins 
are involved in Ca2+-triggered exocytosis (56), their differential 
expression may contribute to altered exocytosis in T2D islets. 
Indeed, synaptotagmins 1 and 13 have been shown to affect insu-
lin secretion (34, 57, 58). CDKN1C, an upregulated DEG, encodes 
a cell-cycle inhibitor, and demethylation of the CDKN1C promoter 
in human islets results in β cell proliferation (59). PDE7B encodes 
a cAMP phosphodiesterase, which we found upregulated in T2D 
islets, and we previously showed that upregulation of this gene 
reduces GSIS (60). Many other DEGs, e.g., PTEN, PPP1R1A, IL6, 
SIRT1, and SOCS1, have also been shown to affect β cell function 
or numbers (31–33, 61, 62). Of note, PPP1R1A is differentially 
expressed in β cells from individuals with T2D (8).

Moreover, some of our DEGs identified in islets have previ-
ously been found to be differentially expressed also in other tis-
sues from individuals with T2D versus ND control tissues. For 
example, C1S, CTSZ, PTGES, SCYL2, SERPING1, and TET1 are 
differentially expressed in adipose tissue (53), whereas SLC39A4, 
MNS1, RAB33B, and ACP2 are differentially expressed in muscle 

remains unknown. CHL1 encodes an adhesion protein, and its 
islet expression has been shown to be reduced in T2D (7). Chl1 
knockdown in rodent β cells lines, including INS1 β cells (26), 
has also been shown to impair GSIS. In our hands, Chl1 was not 
detected in INS1 β cells (data not shown), and CHL1 knockdown 
in human islets only reduced insulin secretion significantly at 
basal glucose levels. The importance of reduced CHL1 expres-
sion in T2D therefore remains unclear. As with SLC2A2, we pres-
ent evidence supporting the idea that PAX5 may regulate CHL1, 
OPRD1, and PCOLCE2. While manipulation of some of the genes 
we selected for functional follow-up did not alter cellular func-
tion, they may still play roles in islets in vivo or in T2D.

Many of the identified DEGs we did not functionally validate 
are highly relevant to T2D. For example, GLRA1 belongs to the 
DEGs already reported on by others (7) and has lower expression 
levels in β cells from individuals with T2D (8). It encodes a gly-
cine receptor, and silencing of Glra1 in clonal β cells reduces GSIS 
(49). Of note, a 48-hour treatment of ND human islets with high 
glucose, palmitate, or high glucose plus palmitate increased DNA 
methylation and decreased the expression of GLRA1 (49–51). Here, 
we found an inverse correlation between HbA1c levels and GLRA1 
expression in the LUDC islet HbA1c cohort. These data support the 
notion that reduced GLRA1 expression in β cells, potentially due to 
epigenetic alterations, may predispose individuals to T2D. In agree-
ment with other studies (1, 5, 6), we found reduced IAPP expres-
sion in islets from individuals with T2D. IAPP encodes islet amy-
loid polypeptide, or amylin, which is costored and cosecreted with 
insulin. In T2D, it forms amyloid depots in islets and is associated  

Figure 6. Elevated Pax5 in INS1 β cells leads to cell loss and widespread transcriptomic changes affecting β cell function. (A) Pax5 overexpression 
resulted in loss of INS1 β cells, as indicated by MTT assay (n = 4). (B and C) Pax5 overexpression in INS1 β cells increased caspase-3/-7 activity (n = 5) (B) 
and levels of cleaved (i.e., active) caspase-3 (n = 6, all samples were run on 1 gel) (C). (D) Pax5 overexpression reduced proliferation in INS1 β cells (n = 6). 
(E) mRNA expression of Btbd3, Faim2, Nab1, Pcolce2, Pde7b, Slc2a2, Socs1, and Tgm2 was altered in Pax5-overexpressing INS1 β cells (n = 8). (F) Enrich-
ment of gene ontology terms among the genes with differential expression in Pax5-overexpressing INS1 β cells showed transcriptomic changes within 
pathways important for insulin secretion and cell numbers. *P < 0.05, **P < 0.01 ***P < 0.001, and ****P < 0.0001, by 2-tailed, paired t test (A–E).  
Box-and-whisker plots show the median, the 25th and 75th percentiles, and minimum and maximum values.
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we studied sorted human α and β cells as well as scRNA-Seq data 
from human islets. This approach showed that 93% of the iden-
tified DEGs were expressed in β cells. IHC analysis also showed 
that our main candidate, PAX5, was upregulated in human β cells. 
Moreover, the bulk RNA-Seq approach allowed us to analyze 
islets from a large cohort, as well as much larger numbers of cells 
from each islet preparation than the scRNA-Seq approach would. 

cells (63), and PPP1R1A is differentially expressed in liver (64). 
Stable epigenetic modifications taking place during embryogene-
sis, mQTLs, eQTLs, or ectopic fat accumulation may contribute to 
similar gene regulation in multiple tissues.

This study has some potential limitations. For example, we 
analyzed whole islets, which include several cell types. Hence, 
to understand which cell types expressed T2D-associated DEGs, 

Figure 7. PAX5 is potentially a key T2D DEG overexpressed in β cells. (A) Graphic showing the number of DEGs with a PAX5-binding motif in the promoter 
(based on a Pscan analysis) (30) and the proportion of these DEGs that have been shown to have a regulatory role in β cells or have genetic variants 
associated with T2D or metabolic traits in humans, either in this or other published studies. The PAX5-binding motif is shown in the center. (B) WGCNA 
(36) coexpression analysis based on weighted correlations among the 395 T2D DEGs showed that PAX5 is part of an expression cluster containing 87 DEGs, 
with direct connection to 22 DEGs. DE, differential expression.
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cult to establish whether metabolic defects are due to islet and/
or peripheral effects.

In conclusion, by studying one of the largest existing T2D islet 
case-control cohorts, we have identified differentially expressed 
T2D candidate genes. Collectively, our in vivo and in vitro analy-
ses clearly support a role for these gene expression changes in the 
dysregulation of insulin secretion and, thereby, in T2D pathophys-
iology. We demonstrated that PAX5 expression was induced in β 
cells in T2D and that this could underlie transcriptional changes to 
many other T2D-associated DEGs. Our data further showed that 
elevated PAX5 levels resulted in reduced glucose-induced mito-
chondrial activity and, consequently, a reduced cytosolic ATP/
ADP ratio and perturbed insulin secretion. Given the strong effects 
on β cell function, we propose that the changes in gene expression 
we identified could contribute to T2D pathophysiology and that the 
DEGs thus could be targeted in novel strategies for T2D treatment.

Methods
Full details can be found in the Supplemental Methods.

Human islets. Human islets of Langerhans were obtained from the 
Human Tissue Laboratory, which is funded by the Excellence of Diabetes 
Research in Sweden (EXODIAB) network (www.exodiab.se/home) in 
collaboration with the Nordic Network for Clinical Islet Transplantation  

Importantly, we replicated some DEGs identified in other islet 
T2D case-control cohorts, where either single-cell or bulk RNA-
Seq was used. It was beyond the scope of this study to follow up 
identified DEGs in all islet cell types, and future studies should 
investigate gene manipulations in cultured α, δ, and PP cells. For 
instance, IGFBP2, NPAS2, NDUFS7, and TGM2 showed differen-
tial expression in α cells from individuals with T2D (3, 5, 8) and 
have previously been shown to affect diabetes and islet-related 
phenotypes or mitochondrial function (65–68). Even though our 
islet cohort is among the most extensive of its kind, it would be 
beneficial to analyze islets from an even larger number of donors 
and study whether racial and ethnic background impact islet gene 
expression in individuals with T2D. Unfortunately, islet supply is 
limited, and we had to perform the overexpression experiments 
in clonal β cells. The investigated cells were thus not in their nor-
mal 3D structure, surrounded by the other islet cell types, which 
may have influenced the results. Moreover, HbA1c levels may 
fluctuate because of, e.g., medication and red blood cell count. 
A minor subset of individuals defined as ND in our cohort, based 
on an HbA1c of less than 42 mmol/mol, may hence be predi-
abetic. Finally, although the IMPC in vivo data support a role 
for the identified DEGs in glucose homeostasis, KO strains for 
many genes are lacking, and given the available data, it is diffi-

Figure 8. Schematic image presenting a model for how the T2D-associated changes may alter β cell function. Our analysis showed that the islet expression 
of 395 genes is altered in T2D. These expression changes are enriched for genes affecting, e.g., insulin secretion, and functional analyses showed that the 
T2D-associated changes to OPRD1, PAX5, PCOLCE2, and SLC2A2 (encoding GLUT2) impair glucose-stimulated insulin secretion. In ND individuals, β cells 
highly express SLC2A2, leading to high levels of GLUT2 and efficient glucose uptake. This in turn, via glycolysis, the TCA cycle, and the electron transport 
chain (ETC) in well-functioning mitochondria, leads to ATP production, a  higher cytosolic ATP/ADP ratio, and stimulation of insulin secretion. Simultane-
ously, our data suggest that signaling through OPRD1, an enkephalin receptor, stimulates insulin secretion. In T2D, there is dysregulation of PAX5, leading to 
greatly increased PAX5 mRNA and protein levels in β cells, as well as a severe reduction in SLC2A2 and OPRD1 expression. These changes lead to diminished 
insulin secretion, with PAX5 overexpression causing a strong reduction in mitochondrial activity. Simultaneously, PCOLCE2 is upregulated, which, through 
an unknown mechanism, also impairs insulin secretion. Importantly, elevated PAX5 may cause many of the other detrimental expression changes, including 
reduced SLC2A2 expression. Green arrows indicate stimulation, red arrows indicate inhibition, and dashed arrows indicate potential effects.
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