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A Non-Coding Variant in SLC2A2 Predicts β-Cell Loss in 
Type 1 Diabetes

Abstract
Background: Type 1 diabetes patients lose residual β-cell function after diagnosis at variable rates affecting development of diabetes related complications. The cause 
of this variability is not understood. We hypothesized that common genetic variants in genes in the insulin secretion pathway would influence the natural history of type 1 
diabetes. 

Methods: DNA samples and longitudinal insulin secretion data from 167 newly diagnosed type 1 diabetes patients were obtained. Participants were genotyped for common 
variants in insulin secretion pathway genes. 

Results: After accounting for age, high-risk HLA alleles, BMI Z-score, and gender in a mathematical model, a non-coding intronic variant (rs10513688) in the SLC2A2 gene 
correlated with rate of loss of insulin secretion over the first 12 months. To confirm the biological significance of this non-coding region we created a microdeletion in the 
homologous intronic region in mouse β-cells and observed reduced Slc2a2 and insulin expression suggesting a functional role for this non-coding region. 

Conclusion: This work suggests that a common genetic variant in SLC2A2 may associate with longitudinal decline in residual insulin secretion in patients with type 1 
diabetes.
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Introduction

Type 1 diabetes is an autoimmune disease characterized by pancreatic 
β-cell destruction [1]. Most patients have some endogenous insulin secretion 
remaining at the time of diagnosis, but the subsequent rate of loss is highly 
variable [2,3]. Patients with prolonged retention of endogenous insulin secretion 
after diagnosis have decreased retinopathy, nephropathy, and hypoglycemia 
compared to patients with more rapid loss of residual insulin secretion [4]. 
Therefore, understanding predictors of rapid loss of β-cell function is of clinical 
importance.

Variability in loss of endogenous insulin secretion is also relevant to current 
clinical trials that seek to modulate autoimmunity. Multiple intervention trials in 
new-onset type 1 diabetes participants (i.e. participants enrolled in clinical trials 
<100 days from diagnosis) aimed at preserving endogenous insulin secretion 
have been conducted over the past decade and have met with some success 
[5-10]. Interpreting these trials remains challenging since variables that predict 
the natural decline in insulin secretion in type 1 diabetes participants remain 
largely unknown and have not been incorporated into analysis of a candidate 
drug’s efficacy. Therefore, understanding the biology of endogenous β-cell 
loss after diagnosis could impact clinical research. 

Age is the strongest predictor of β-cell failure with younger patients having 
greater rates of loss after diagnosis [2,3]. Analysis of genetic risk factors for 
type 1 diabetes such as high-risk human leukocyte antigen (HLA) alleles have 
shown conflicting results regarding their influence on longitudinal decline in 
insulin secretion, suggesting that while genes related to immune function 
identified by genome wide association studies may predispose individuals to 
develop disease, they may not influence longitudinal loss of β-cell function 
exclusively [11]. However, studies in individuals without diabetes suggest that 
variants in β-cell-specific genes may explain differences in glucose levels 

and insulin secretion in individuals without diabetes [12,13]. Therefore, we 
hypothesized that genes involved in the insulin secretion pathway in humans 
may predict the rate of decline in residual β-cell function in type 1 diabetes 
participants.

Methods 

Study Population

DNA was obtained from participants (n=167), aged 7 to 46 years (mean 
age 16.9 years ± 8.76 years), who had participated in the placebo arms of 
one of five type 1 diabetes intervention studies conducted by Type 1 Diabetes 
TrialNet between 2006-2011 [6-10]. Participants in these studies were 
recruited from multiple sites in the USA and Canada. All studies were approved 
by local institutional review boards; all participants provided informed consent 
as outlined in the primary manuscripts for each study. Admission criteria were 
similar in all studies. All participants had at least one diabetes autoantibody 
associated with type 1 diabetes (insulin autoantibody if duration of insulin 
therapy was <7 days, glutamic acid decarboxylase 65, islet-cell antigen 512, 
or islet cell autoantibody), were enrolled within 100 days of type 1 diabetes 
diagnosis, and had a stimulated peak C-peptide level of at least 0.2 pmol/mL 
on a baseline mixed-meal tolerance test (MMTT). As part of the placebo arms, 
participants received no intervention but had intensive diabetes management 
provided by the study physicians and outside health care providers. Placebo 
participants underwent longitudinal 2- or 4-hour MMTTs as part of the study.

SNP selection

We chose to study common variants in genes related to insulin secretion. 
Using a curated pathway of 93 genes involved in regulating insulin secretion 
(R-HSA-422356) from the Reactome database (www.reactome.org), we 
identified 38 variants from these 93 genes that were covered by the Illumina 
Cardio-Metabo Chip and were: 1) intronic or within 2kb of the gene, and 2) 
did not violate Hardy-Weinberg equilibrium in the study population. We chose 
to restrict our SNP analysis to intronic or proximal variants in order to identify 
candidate genes that could plausibly contribute to loss of residual insulin 
secretion.

SNP genotyping

De-identified DNA samples were obtained from the TrialNet consortium 
for all participants and genotyped using the Illumina Cardio-Metabo Chip, 



J Clin Med Genomics, Volume 9:6, 2021Ho A, et al.

Page 2 of 7

a genotyping chip containing 195,945 single nucleotide polymorphisms 
(SNP) associated in genome-wide association studies with metabolic and 
cardiovascular endpoints, including glucose metabolism. Genotyping was 
performed using the manufacturer’s protocol. All participants were successfully 
typed for at least 90% of SNPs on the chip.

Metabolic data

Insulin secretion was quantified by calculating the area under the curve 
(AUC) for C-peptide collected during 2-hour MMTTs. For participants with a 
4-hour MMTT, the AUC C-peptide was calculated based on the first two hours 
of data. Change in AUC C-peptide between months 0 and 6 and months 0 and 
12 were calculated as (AUCmonth6 or 12 - AUCmonth0) / AUCmonth0.

HLA genotype

High risk HLA genotyping was performed by Type 1 Diabetes TrialNet for 
all study subjects and was classified based on the presence or absence of high 
risk DR3 (DRB*0301, DQA*0501, DQB*0201) or DR4 (DRB*0401, 0402, 0403, 
0404, or 0405; DQA*0301 DQB*0302) alleles.

Cell culture

Min6 cells were donated by Dr. Gregory Ku at UC San Francisco and 
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 4.5 
g/L glucose supplemented with 10% fetal bovine serum and 100x penicillin/
streptomycin. Cells were maintained at 37°C and 5% CO2. To subculture, the 
cells were treated with 1 mL 0.25% Trypsin/EDTA for 2 minutes at 37°C, then 
washed with 5 mL culture medium by centrifugation at 130x g for 5 minutes. All 
assays used Min6 cells grown to 70-80% confluence.

CRISPR Cas9 gene editing

Forward and reverse guide RNAs (5’-GTCTAAGAGGTGAGTCTAGG-3’ 
and 5’-AGCCTGTGTCACTCCAAATG-3’) were designed to delete an intronic 
region of the gene containing the target SNP. Equal parts tract RNA (IDT) 
and crRNA were hybridized at 37°C for 30 min to create guide RNAs at 50 
µM, and then complexed with 20 µM Cas9 protein at 37°C for 15 minutes to 
create ribonucleoproteins (RNPs) at 10 µM. These RNPs were then added to 
20,000 Min6 cells and electroporated using SF Cell Line 4D-Nucleofector X Kit 
with the 4D-Nucleofector 96-well Shuttle Device (Lonza) per manufacturer’s 
instructions. After expansion of each edited line, we confirmed genetic edits by 
PCR, agarose gel electrophoresis, and Sanger sequencing. Guide sequences 
shown in (Table 1).

Real-time PCR

Total RNA was isolated from Min6 cells using PureLink RNA Mini Kit 
(Thermo Fisher) per manufacturer’s instructions and then reverse-transcribed 
into cDNA using SuperScript VILO cDNA Synthesis Kit (Thermo Fisher). qPCR 
experiments were performed using a CFX Connect Real-Time PCR Detection 
System (Bio-Rad). PCR products were detected using SYBR® Green Real-
Time PCR Master Mixes (Thermo Fisher) with primer sequences provided in 
Table 1. PCR reactions were run in triplicate using an initial denaturation at 95°C for 
30 seconds, followed by cycles of denaturation (95°C for 10 seconds) and primer 
annealing and transcript extension (60°C for 30 seconds) for 40 cycles. Relative 
expression of transcript was normalized to the average Ct value of beta-actin and 
GAPDH using the Livak method. Analysis was carried out using the CFX Manager 
Software (Bio-Rad). RNA sequences shown in Table 1.

Cell proliferation assay

Freshly harvested Min6 cells were resuspended in 5µM CFSE (Biolegend) 
in phosphate buffered saline (0.1%), then left to incubate at 37°C for 20 min. 
The cells were then washed, resuspended in culture medium, and seeded at 
a density of 50,000 cells/mL. Flow cytometric analysis was conducted on an 
LSRII (BD) flow cytometer at the UCSF Parnassus Flow Cytometry Core.

Statistical analysis

Quantile-quantile (Q-Q) plots across all QC’ed SNPs on the Cardio-Metabo 
Chip were used to evaluate presence of inflated test statistics. Multivariable 
linear regression was done to control for potential confounders in determining 
contribution of independent variables (gender, presence or absence of high 
risk DR3/DR4 alleles, BMI Z-score and insulin secretory genotype). Results 
were corrected for multiple comparisons using the method described by 
Benjamini and Hochberg [14]. An imputed q value of 0.2 was used for multiple 
comparisons analysis. For analysis of transcript data, triplicate results were 
analyzed using nonparametric tests (i.e. Mann-Whitney U tests) to compare 
fold changes between WT and edited cell lines. All analysis was done using R 
and GraphPad Prism.

Results

Clinical characteristics

Samples, clinical data, and mixed meal tolerance data were obtained on 
placebo treated patients from 5 new-onset type 1 diabetes trials conducted 
by NIDDK TrialNet [6-10]. Out of 167 placebo treated participants, 10 were 
excluded because of missing MMTT data during the first year. Clinical 
characteristics of participants used in the regression analyses are shown in 
(Table 2).

Regression model analyses identify a noncoding variant in SLC2A2 that 
predicts decline in insulin secretion

After genotyping the study population using the Illumina Cardio-
Metabochip, we first assessed whether there was evidence of genomic 
inflation or population stratification. Principal component analysis of the data 
suggested absence of significant population stratification and we did not 
observe significant genomic inflation on the QQ plot (β=1.039; Figure 1).

We then selected variants from genes in the insulin secretory pathway 
as identified in the Reactome database (R-HSA-422356). Selected variants 
were either intronic or within 2kb of a gene in the insulin secretory pathway. 
A total of 38 variants from the Cardio-Metabochip met these criteria and were 
analyzed in multivariable linear regression model (Figure 2A). Given that age 
is a strong predictor of loss of insulin secretion, we constructed a model without 
age to maximize discovery of significant variants. Four variables (gender, 
BMI Z-score, DR3 status, and DR4 status) along with SNP genotypes were 
analyzed against percent decline of C-peptide over the first 6 months and the 
first 12 months after trial enrollment in a multivariable linear regression model. 
An intronic variant in the glucose transporter 2 gene, SLC2A2 (rs10513688 
A/G), significantly correlated with rate of fall of insulin secretion over the first 
12 months with a 19.1% decline in AUC C-peptide over the first year for every 
G allele (Figure 2B and Table 3, p value = 0.005). This relationship remained 
significant after multiple comparisons correction. No genotypes predicted 

Oligo Sequence (5'-3')
rs10513688 F primer ATGCTTCACTCGGTCATGTC
rs10513688 R primer GGAGGTTTGGGACCAGTAAG

CRISPR deletion gRNA 5 GTCTAAGAGGTGAGTCTAGG
CRISPR deletion gRNA 6 AGCCTGTGTCACTCCAAATG

mouse Ins2 exon 1 - intron 1 F primer GGGGAGCGTGGCTTCTTCTA
mouse Ins2 exon 1 - intron 1 R primer GGGGACAGAATTCAGTGGCA

mouse SIc2a2 F primer ACACCGGAATGTTCTTAGCC
mouse SIc2a2 R primer GTGAGAGAAGCCGAGGAAAG

Table 1. Guide and primer RNA sequences used.
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  Study Participants (n=157)
Gender M=98 m(62%), F=59 (38%)
Age (y) 16.97+/-8.97

High- Risk DR3 alleles Absent = 85 (54%) , Present=72 (46%) 
High- Risk DR4 alleles Abssent = 51 (32%), Present = 106 (68%)

Percent change in AUC C- peptide between month 0 and 6  -21.91+/-48
Percent change in AUC C- peptide between month 0 and 12 -40.38+/-37.12 

Table 2. Demographic, genetic and metabolic data of participants used in regression analysis.

Variable Estimate p-value
Gender -3.18 0.6

BMI 2.01 0.52
DR3 -10.17 0.08
DR4 0.05 0.99

rs10513688 -19.11 0.005

Table 3. A multiple regression model (including gender, BMI Z-score, HLA DR3 status, HLA DR4 status and SNP) was run to determine the effects of variables on decline in C-peptide 
at 12 months. Estimated effect size and p-values shown.

rate of loss of insulin secretion at 6 months. Gender, body mass index (BMI) 
Z-score, DR3 status, and DR4 status were not significantly associated with rate 
of loss of insulin secretion at 6 months or 12 months after multiple comparisons 
adjustments. 

We then included the rs10513688 SNP along with age in a regression 
model to ensure the effect of the variant on insulin secretion was still observed 
when accounting for age. As predicted, age strongly associated with rate of 
loss of insulin secretion over the first 12 months (p value = 2.33×10-5). The 
rs10513688 variant remained significant even when accounting for age, with 
a 17.5% decline in AUC C-peptide for every G allele present (p value = 0.006) 
suggesting that this region, even when accounting for age, BMI, high risk HLA 
alleles, and gender could influence loss of residual insulin secretion in type 1 
diabetes patients (Table 4).

CRISPR/Cas9-mediated microdeletion of rs10513688 gene region in Min6 
cells

A comparable cohort of participants with type 1 diabetes and longitudinal 
insulin secretion was not available to validate the candidate variant. Since the 
glucose transporter Glut2 is expressed on the surface of murine β-cells, we 
interrogated the functional significance of the intronic variant using genetically 
edited mouse cell lines.

The knockout of Glut2 in mice leads to impaired insulin secretion but 
functional interrogation of the intronic region containing rs10513688 has not 
been performed before [15]. We hypothesized that rs10513688 may reside 
in a cis-regulatory element and sought to determine if the intronic region 
surrounding rs10513688 regulated Slc2a2 expression through in vitro genetic 

manipulation of murine Min6 cells (Figure 3A). Rather than engineering the 
exact single nucleotide change in mouse cells, we chose to delete a small 
region of intron since the function of a specific nucleotide in a noncoding 
region may differ between species. We identified the homologous region in 
the murine genome corresponding to the human rs10513688 region using 
a clustal pairwise alignment (Figure 3B). We then deleted a small region 
containing the candidate variant using CRISPR/Cas9 directed editing. 
We electroporated CRISPR/Cas9 ribonuclear protein components along 
with two different guide RNAs directed at PAM sequences flanking the 
homologous SNP to specifically engineer a 44-nucleotide microdeletion in 
the intron of Slc2a2 while avoiding any alterations to the coding sequence 
(Figure 3C and Table 1). Edits were confirmed by PCR, gel electrophoresis 
and Sanger sequencing.

Intronic microdeletion of Slc2a2 impairs insulin expres-
sion in Min6 cells

We first investigated Slc2a2 expression after introducing the micro-
deletion. Min6 cells with this 44-nucleotide microdeletion (Min6 d44) showed 
significantly impaired basal Slc2a2 expression compared to wild-type cells 
(Figure 4A). To determine whether deleting this genomic region played a 
role in β-cell function, we examined both basal insulin expression and cell 
proliferation in Min6 WT and Min6 d44 lines. Deletion of this region correlated 
with significantly reduced basal insulin transcription (Figure 4B). In addition, 
CFSE dilution assays showed reduced proliferation of Min6 d44 compared 
to Min6 wild-type (Figure 4C) suggesting a possible role for Slc2a2 in β-cell 
viability.

Figure 1. Quantile-quantile plot. (QQ-plot of raw p- values from multivariate analysis adjusting for population stratification (genomic inflation factor β=1.039). Observed p-values are 
plotted on the y axis and expected p-values are plotted on the x axis.
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Figure 2. rs10513688 correlates with loss of insulin secretion. List of variants included in linear regression model.  
A). Linear regression plot comparing rs10513688 to rate of loss of insulin secretion over 12 months based on genotype at rs10513688. Solid dots represent 95% confidence intervals.
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Variable Estimate p-value
Age 1.34 2.338*10-5

rs10513588 -17.47 0.006

Table 4. Linear regression model including rs10513688 and age. Estimated effect size and p-values shown.

Figure 3. CRISPR/Cas9-mediated 44-base pair deletion in Slc2a2 intron 4 in the Min6 cell line. A. A graphic representation of human SLC2A2 gene with location of SNP rs10513688 
indicated by arrow. B. Clustal pairwise alignment of human and murine SLC2A2 in the region surrounding SNP rs10513688. * indicates residue homology. C. Sequence trace alignment 
of Min6 wild-type (WT) and edited Min6 (Min6 d44) compared to reference sequence. Guide RNAs used for CRISPR/Cas9 deletion are shown.

Figure 4. Microdeletion in Slc2a2 intron 4 containing rs10513688 results in reduced Slc2a2 and Ins2 expression and impairs proliferation of Min6 cells.

Discussion

Our study suggests that genotype of the non-coding rs10513688 variant 
in SLC2A2 associates with a more rapid decline of endogenous insulin 
secretion after diagnosis of type 1 diabetes. This non-coding region affects 
β-cell function as evidenced by reduced Slc2a2 and insulin expression. These 
observations suggest that clinically observed heterogeneity in residual insulin 
secretion after diagnosis in type 1 diabetes patients may reflect inter-individual 
genetic differences in β-cells.

SLC2A2 encodes for glucose transporter 2 (GLUT2), a low affinity glucose 
transporter mainly expressed in the intestine, kidney, liver and pancreatic β-cell 
[16,17]. It is not the most prevalent glucose transporter molecule expressed 
on the membranes of pancreatic β-cells but its importance in regulating 
insulin secretion is well established [18]. Knockout mice show deficient insulin 
secretion [15]. In humans, mutations in SLC2A2 are observed in patients with 
Fanconi-Bickel syndrome, a disorder of carbohydrate transport characterized 
by hypoinsulinemia, hyperglycemia, hepatorenal glycogen accumulation, and 
nephropathy [17,19,20]. In addition, variants in SLC2A2, have been linked to 
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type 2 diabetes and HOMA-B measurements in large GWAS studies [21,22]. 
Therefore, there is evidence to suggest that GLUT2 impacts insulin secretion 
in humans and lends rationale to our observations.

Our functional analysis of the candidate variant highlights the need for 
additional work. There are limitations to testing human variants in a murine 
system, namely that sequence homology while conserved is not identical 
between the two species. Therefore, single nucleotide substitutions may not 
be preserved from species to species, which led to our approach of introducing 
small microdeletions in the intron. Additional studies in human cell lines or 
freshly isolated islets will be crucial to understanding the biological significance 
of this variant.

We hypothesize the region containing rs10513688 may be a cis-regulatory 
element. However, one obvious explanation for reduced SLC2A2 expression 
with our intronic microdeletion is that the variant may lead to alternative 
splicing of the SLC2A2 transcript. At least 6 known splice variant mRNAs 
are transcribed from the gene resulting in different predicted proteins with 
variable function [23]. However, based on splice site prediction algorithms, 
the rs10513688 variant does not appear to result in altered splice products. 
Future studies will investigate whether genotype at rs10513688 variant affects 
transcription factor binding and RNA splicing. In addition, it would be useful to 
analyze whether other SNPs in the SLC2A2 region also correlate with β-cell 
function in type 1 diabetes.

There are several obvious shortcomings of this study. The number of 
variants tested and the sample size were limited. Given these shortcomings 
a focused search on genes related to insulin secretion was performed to 
maximize discovery. Furthermore, analysis of common variants within 2kb of a 
gene may have failed to capture other more distant loci more closely associated 
with longitudinal loss of insulin secretion. In addition, while this analysis did 
include age as a contributor to decline in residual insulin secretion, there were 
only 2 patients less than 6 years of age available for analysis. Therefore, the 
role of this variant in very young patients with type 1 diabetes is unknown.

Conclusion

Identifying genetic predictors of the natural history of type 1 diabetes has 
important clinical implications. Given the connection between early loss of 
residual insulin secretion and microvascular complications, it is possible that 
subsets of type 1 diabetes participants with genetic variants predisposing them 
to more aggressive loss of insulin secretion can be identified resulting in earlier 
screening for, and prevention of, nephropathy and retinopathy [4]. Additionally, 
genetic profiling could be used to interpret the results of interventional trials 
that use retention of residual insulin secretion as a study endpoint. This study 
identifies a potential non-coding variant in SLC2A2 that may stratify patients in 
such a manner. Additional studies in larger cohorts are needed.
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