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Abstract

BACKGROUND & AIMS: Interstitial cells of Cajal (ICCs) and pancreatic β cells require 

receptor tyrosine kinase (KIT) to develop and function properly. Degeneration of ICCs is linked 

to diabetic gastroparesis. The mechanisms linking diabetes and gastroparesis are unclear, but may 

involve miRNA mediated post-transcriptional gene silencing in KIT+ cells.

METHODS: We performed miRNA-seq analysis from isolated ICCs in diabetic mice and plasma 

from patients with idiopathic and diabetic gastroparesis. miR-10b-5p target genes were identified 

and validated in mouse and human cell lines. For loss-of-function studies, we used KIT+ cell

restricted mir-10b knockout mice and KIT+ cell depletion mice. For gain-of-function studies, a 
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synthetic miR-10b-5p mimic was injected in multiple diabetic mouse models. We compared the 

efficacy of miR-10b-5p mimic treatment vs. antidiabetic and prokinetic medicines.

RESULTS: miR-10b-5p is highly expressed in ICCs from healthy mice, but drastically depleted 

in ICCs from diabetic mice. A conditional knockout of mir-10b in KIT+-cells or depletion 

of KIT+-cells in mice leads to degeneration of β cells and ICCs, resulting in diabetes and 

gastroparesis. miR-10b-5p targets the transcription factor Krüppel-like factor 11 (KLF11), which 

negatively regulates KIT expression. The miR-10b-5p mimic or Klf11 siRNAs injected into 

mir-10b knockout mice, diet-induced diabetic mice, and TALLYHO polygenic diabetic mice 

rescues the diabetes and gastroparesis phenotype for an extended period of time. Furthermore, 

the miR-10b-5p mimic is more effective in improving glucose homoeostasis and GI motility as 

compared with common antidiabetic and prokinetic medications.

CONCLUSIONS: miR-10b-5p is a key regulator in diabetes and gastrointestinal dysmotility via 

the KLF11-KIT pathway. Restoration of miR-10b-5p may provide therapeutic benefits for these 

disorders.
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Introduction

Over 451 million people had diabetes worldwide in 2017.1 Type 1 diabetes (T1D) develops 

due to a lack of insulin production by pancreatic β cells, whereas type 2 diabetes (T2D) 

which accounts for over 95% cases, attributes to increased insulin resistance in the body’s 

cells.2 T1D and T2D culminate in the degeneration of β cells, requiring insulin therapy.3 

Pathophysiological mechanisms underlying diabetes remain elusive, making it difficult to 

produce effective treatments that ameliorate the symptoms of diabetes.4 Moreover, effective 

treatments for diabetes have been developed; however, many of them are inadequate for 

prolonged use due to poor tolerance and negative ramifications.5

Approximately half of patients with diabetes have gastrointestinal (GI) motility disorders, 

such as gastroparesis and constipation.6 GI motility disorders are conditions in which GI 

muscular movements become abnormal, leading to delayed gastric emptying and slowed 

colonic transit.7 GI motility patterns are initiated by the pacemaker activity of interstitial 

cells of Cajal (ICCs) and neural inputs from enteric motor neurons which are transduced, 

in part, by ICCs.8 Hyperglycemia in patients with diabetes leads to the reconfiguration of 

the mechanisms controlling GI motility,7 often leading to the dysfunction of ICCs in the 

stomach and intestines of diabetic animals and humans.9 ICCs express the receptor tyrosine 

kinase (KIT), essential for their development and functioning10 where a loss of KIT leads 

to non-functional ICCs in diabetic mice, with similar patterns being found in patients with 

diabetes.9 However, the underlying mechanisms behind KIT loss in ICCs of patients with 

diabetes is largely undetermined which prompted us to explore the molecular mechanisms 

underpinning diabetic GI motility disorders.
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microRNAs (miRNAs) are small non-coding regulatory RNAs that mediate post

transcriptional gene repression by inhibiting translation and are master regulators of 

cell differentiation, proliferation, and apoptosis.11 Dysregulated miRNAs lead to cellular 

dysfunction and diseases such as diabetes and GI dysmotility.12 For example, miR-10b-5p 

expression is reduced in diabetic patients and animals.11, 13 Therefore, it is imperative to 

track the mechanistic pathway at the cellular level to elucidate how miRNAs modulate 

diabetes and GI motility disorders.

Dysregulation of miR-10b-5p in pancreatic β cells and ICCs might be a potential 

pathogenic factor leading to the dysfunction of these cells through specific gene target 

regulation. Krüppel-like factors (KLF) are a family of transcription factors acting as either 

transcriptional activators or repressors, regulating cellular metabolism.14 Most KLF isoforms 

are associated with the regulation of metabolic pathways and energetic homeostasis.14 

KLF11, specifically, regulates insulin production and sensitivity, lipid metabolism, and 

obesity.15 Based on these clinical and molecular observations we hypothesized a novel 

molecular mechanism regulating glucose homeostasis and GI motility through miR-10b-5p 

mediated KLF11 repression.

In the present study, we found that miR-10b-5p is highly expressed in ICCs from 

healthy mice and selectively depleted in ICCs from diabetic mice. Using both loss- and 

gain-of-function studies in mice, we demonstrate that miR-10b-5p regulates both glucose 

homeostasis and GI motility through the miR-10b-5p-KLF11-KIT pathway. The loss of 

miR-10b-5p in KIT+-ICCs and β cells causes GI dysmotility and diabetes in mice, while 

restoring miR-10b-5p expression rescues these conditions. Notably, we found the murine 

miR-10b-5p-KLF11-mediated KIT regulation data to be consistent with the findings in 

patients with diabetic and idiopathic gastroparesis. Additionally, we demonstrated that the 

miR-10b-5p mimic is more efficacious in improving diabetic symptoms and GI functions in 

diabetic mice when compared to the widely used antidiabetic and prokinetic medications.

Materials and Methods

Note: The full Materials and Methods section is included in the supplementary material.

Mice

All procedures that include animal subjects were approved by the Institutional Animal Care 

and Use Committee (IACUC) at University of Nevada, Reno (UNR).

Human Specimens

Plasma samples and clinical data were obtained from Stanford University from patients with 

idiopathic or diabetic gastroparesis along with healthy controls. All human subjects provided 

informed consent, and all study procedures were approved by Stanford University and UNR 

Institutional Review Boards.
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miRNA Sequencing

Small RNA libraries were generated using an Illumina TruSeq Small RNA Preparation 

Kit (Illumina) following manufacturer’s instructions. The cDNA libraries were sequenced 

following vendor’s instructions.

In vivo Functional GI Motility Tests

Gastric emptying test (GET), total GI transit time (TGITT) and colonic transit time (CTT) 

were performed on mice fasted overnight. GET was performed using the fluorescent 

imaging agent GastroSense750 on IVIS Lumina III system. Fluorescence images were 

analyzed using Living Image software. Evans blue semiliquid solution was orally gavaged in 

mice to measure TGITT. TGTT was assessed as the time taken from the gavage until the first 

observation of the blue fecal pellet. CTT was measured through the bead expulsion test.

Construction of Luciferase Reporter and Klf11 Expression Plasmids

For the generation of the luciferase reporter constructs, the miR-10b-hKLF11, 

miR-10bmKlf11, miR-10b-mKlf11-mut, and scrambled complementary oligonucleotides 

were synthesized and cloned into the expression vector. All vectors were confirmed by 

sequencing at the Nevada Genomics Center.

Drug Comparison Study

miR-10b-5p mimic (In vivo-jetPEI/miRNA complexes), Metformin, Sitagliptin, Liraglutide, 

Insulin, and Prucalopride were used for comparing the efficacy for the treatment of 

metabolic and GI motility conditions in HFHSD-fed C57 male mice.

Statistics

The experimental data are shown as the mean ± SEM. Two-tailed unpaired Student’s t-test, 

Mann-Whitney U test, area under the curve calculations, and one-way or two-way ANOVA 

were used for all mouse and human experiments using GraphPad Prism.

Results

miR-10b Is Suppressed in KIT+-ICCs in Male Diabetic and Obese Mice

To identify abnormally expressed miRNAs in ICCs in diabetes, KitcopGFP/+;Lepob/ob (ob/ob) 

mice were generated.16 ob/ob males significantly gained more weight and had higher 

fasting blood glucose levels (>250 mg/dL) by 10–12 weeks than their wild type (WT) 

KitcopGFP/+;Lep+/+ (+/+) male counterparts (Figure 1A and B). KIT expression has been 

shown to be regulated by miRNAs,17 we obtained a miRNA expression profile from isolated 

colonic and jejunal copGFP+ ICCs (CICCs and JICCs) from diabetic ob/ob mice and healthy 

+/+ mice through miRNA-seq (Supplementary Table 1). miRNA expression patterns within 

ob/ob and +/+ CICCs and JICCs were quite different (Figure 1C). The most dynamically 

expressed miRNAs from both CICCs and JICCs of ob/ob, and +/+ mice were shown in 

Figure 1D. miR-10a-5p, miR-143–3p, and miR10b-5p were the most highly expressed in 

+/+ ICCs and were substantially decreased in ob/ob ICCs. Among these three miRNAs, 

miR-10b-5p displayed the most substantial diabetes-dependent reduction in diabetic ob/ob 
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ICCs (Figure 1E). Furthermore, we confirmed the diabetes-dependent reduction of miR-10b 

expression in gastric ICCs from +/+ and ob/ob mice by qPCR (Figure 1F). We reinforced 

previously reported findings that during hyperglycemia the numbers of copGFP+ ICCs in 

the small intestine and colon were reduced in ob/ob males,16 by demonstrating reduced KIT 

expression in ob/ob males through Western blot (Figure 1G and H).

KIT+ Cell mir-10b Knockout (KO) in Male Mice Results in ICC loss

To determine the functional role of mir-10b in ICCs, we generated tamoxifen-inducible 

KIT+ cell-specific KitCreERT2/+;mir-10blox/lox (mir-10b KO) mice (Supplementary Figure 

1A). We examined the number of ICCs in the jejunum and colon of mir-10b KO mice and 

found that ICCs (CD117+ CD45–) were decreased in the jejunum and colon of mir-10b KO 

mice (Supplementary Figure 1B). The reduction of mir-10b was confirmed through qPCR 

(Supplementary Figure 1C), which showed that miR-10b-5p expression was significantly 

decreased not only in the jejunum and colon, but also in the pancreas and blood of mir-10b 
KO mice. In the jejunum and colon of mir-10b KO mice, KIT protein expression was also 

decreased (Supplementary Figure 1D and E). Another gene that is potentially regulated by 

miR-10b-5p is Klf11, the evolutionarily conserved metabolic regulator,18 as it is predicted 

to have a miR-10b-5p target site in its 3’ UTR. KLF11 expression was increased in mir-10b 
KO tissues (Supplementary Figure 1D and E), suggesting that miR-10b-5p may target 

KLF11. mir-10b is encoded within the intronic region of two overlapping genes, Hoxd3 
and Hoxd4 (Supplementary Figure 1A). We confirmed that the deletion of mir-10b did not 

disrupt the expression of these two genes in mir-10b KO mice (Supplementary Figure 1D 

and E). Additionally, immunohistochemistry showed that the density of ICCs in the deep 

muscular plexus of the jejunum and along the submucosal surface of the circular muscle 

layer in the colon was reduced in mir-10b KO tissues (Supplementary Figure 1F). Taken 

together, these results demonstrate that a deficiency of miR-10b-5p in KIT+-ICCs leads 

to degeneration of jejunal and colonic ICCs. In addition to KIT+-ICCs in the GI tract, 

miR-10b-5p may also regulate the development of KIT+-β cells in the pancreas linking 

miR-10b-5p to the diabetic phenotype.

mir-10b KO Male Mice Develop Diabetes and GI Dysmotility

Further, we investigated whether mir-10b loss leads to the development of diabetes and 

GI dysmotility. We found male mir-10b KO mice became moderately obese and developed 

characteristic manifestations of diabetes such as hyperglycemia (blood glucose >200 mg/

dL), after 24-weeks post-tamoxifen injection (PTI) (Figure 2A-C), while female mir-10b KO 

mice did not (Supplementary Figure 2A-D). Male mir-10b KO mice developed an impaired 

glucose tolerance after 7-months PTI, while WT mice cleared the glucose efficiently (Figure 

2D and E). mir-10b KO mice showed reduced fasting blood insulin levels as compared to 

WT mice (Figure 2F). Furthermore, mir-10b KO mice developed insulin resistance after 

7-months PTI as compared to WT mice (Figure 2G and H).

Unlike the male dominant diabetic phenotype, both mir-10b KO males and females 

developed gastroparesis and constipation. The mir-10b KO males and females showed 

prolonged total GI transit time (TGITT) starting 1-month PTI which was progressively 

delayed over a 7-month period. (Figure 2I; Supplementary Figure 2E). Gastric emptying 
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was also delayed in mir-10b KO males and females at 3, 6, and 7 months PTI compared to 

WT mice (Figure 2J and K; Supplementary Figure 2F and G). Additionally, colonic transit 

time (CTT), fecal pellet frequency and fecal pellet output in mir-10b KO males and females 

was significantly delayed and reduced, respectively, compared to WT mice (Figure 2L-N; 

Supplementary Figure 2H). These data suggest that KIT+ cell-specific mir-10b KO male 

mice developed diabetes and GI dysmotility, while the mir-10b KO females only developed 

GI dysmotility.

Depletion of KIT+ Cells in Male Mice Results in the Development of Diabetes and GI 
Dysmotility

To study the role of KIT+-cells in the pancreas, we generated tamoxifen-induced KIT+

cell depleted mice, KitCreERT2/+;Rosa26DTA/+ (Kit-DTA) and fluorescent protein-labeled, 

KitCreERT2/+;Rosa26tdTom/+ (Kit-tdTom) mice. KIT+-cell depleted male mice gained weight 

and developed characteristic manifestations of diabetes (Supplementary Figure 3A and B). 

Glucose tolerance tests (GTT) and insulin tolerance tests (ITT) in Kit-DTA mice were 

impaired at 2- and 5-months PTI (Supplementary Figure 3C and D). miR-10b was reduced 

in the blood of Kit-DTA mice at 7-days and 5-months PTI (Supplementary Figure 3E). 

Consistent with miR-10b reduction, insulin and C-peptide levels were reduced in Kit-DTA 
mice at 7-days and 5-months PTI (Supplementary Figure 3F). Next, we investigated the 

distribution of KIT+-cells in the pancreas of Kit-tdTom mice. Kit-tdTom mice showed 

an abundance of tdTom+-cells in the pancreas at 7-days PTI (Supplementary Figure 3G). 

tdTom+-cells were co-labelled with the primary antibody of insulin in islets at 7-days 

PTI, but few appeared to be tdTom+ 5-months PTI. This implies that β cells may derive 

from KIT+-cells and most of the ones that originate from the KIT+ pancreatic β cell 

progenitors19 were lost and replaced with new mature β cells 5-months PTI. Also, β cells 

(Insulin+-cells) were substantially depleted in Kit-DTA mice as compared to Kit-tdTom 
mice. (Supplementary Figure 3G and H). KLF11 levels were increased in the pancreas, 

colon, and blood of Kit-DTA mice at 7-days and 5-months PTI, while KIT expression was 

reduced (Supplementary Figure 3I and J).

Further, Kit-DTA mice displayed delayed TGITT at 2- and 5-months PTI (Supplementary 

Figure 3K). Collectively, these data show that there are KIT+-cells located in pancreatic 

islets and loss of these cells results in depletion of β cells, leading to diabetes. Reduction 

of miR-10b5p and KIT with subsequent elevation of KLF11 in Kit-DTA mice are consistent 

with results found in mir-10b KO mice. Thus, using mir-10b KO and Kit-DTA mouse 

models we demonstrated miR-10b-5p likely regulates KIT+-ICCs in the GI tract and KIT+-β 
cells in the pancreas and miR-10b-5p deficiency results in the development of diabetes and 

GI dysmotility.

MiR-10b-5p Mimic Injection Rescues Diabetes and GI Dysmotility in mir10b KO Male Mice

The synthesized miR-10b-5p duplex (miR-10b-5p mimic) was tested in vivo in mir-10b KO 

mice with diabetes and GI dysmotility. Diabetic mir-10b KO mice gradually lost weight 

over the first 4-weeks post-injection (PI) with the miR-10b-5p mimic, while the scramble 

RNA negative control and non-injected mice did not lose weight (Figure 3A). The reduced 

body weight was maintained in miR-10b-5p mimic-injected mice for 10-weeks PI. More 
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importantly, miR-10b-5p mimic-injected mice dramatically lowered fasting glucose levels 

to normal (about 100 mg/dL) at 1-week PI and maintained the healthy levels for 8-weeks 

(Figure 3B). We compared fasting and glucose stimulated insulin levels between mir-10b 
KO mice injected with the miR-10b-5p mimic 1-week PI, no injection, and scramble 

injection (Figure 3C). Fasting insulin levels were restored in miR10b KO mice 1-week 

PI with the miR-10b-5p mimic as compared to mir-10b KO mice with no injection or 

scramble injection. Furthermore, the pattern of glucose stimulated insulin levels in the 

mir-10b KO mice injected with the miR-10b-5p mimic was similar to that in WT mice 

(Figure 3C). Glucose and insulin tolerance were significantly improved in the miR-10b-5p 

mimic-injected mice (Figure 3D-G). Furthermore, GI motility was gradually improved to 

normal levels in the miR-10b-5p mimic-injected mice at 2- and/or 4-weeks PI (Figure 3H-J). 

We confirmed that miR-10b-5p was increased in the blood, pancreas, jejunum and colon 

1-week PI of the miR10b-5p mimic (Figure 3K). KIT and KLF11 protein expression were 

dysregulated in the pancreas and colon of mir-10b KO mice, but their protein levels were 

partially restored after 1week in the miR-10b-5p mimic-injected mice (Figure 3L and M). 

ICCs were degenerated in the mir-10b KO diabetic mice but readily detected after 1-week 

in the jejunum and colon of mice injected with the miR-10b-5p mimic (Figure 3N). These 

data demonstrate that the miR-10b-5p mimic injection reversed diabetic symptoms and GI 

dysmotility in mir-10b KO male mice.

MiR-10b-5p Mimic Rescues Diabetes and GI Dysmotility in Multiple Diabetic Mouse Models

We next evaluated metabolic and/or GI motility parameters to test the effect of 

the miR-10b5p mimic on several diabetic mouse models [(High-fat, high-sucrose diet 

(HFHSD)-induced C57 male, HFHSD-fed ovariectomized (OVX) C57 female, ob/ob and 

TALLYHO male mice]. HFHSD-fed mice became obese and hyperglycemic compared 

to normal diet (ND)-fed mice (Figure 4A and B). The HFHSD-fed mice significantly 

lost weight and displayed a marked reduction in fasting blood glucose levels PI of the 

miR-10b-5p mimic compared to ND-fed mice (Figure 4A and B). The first miR-10b-5p 

mimic injection lowered blood glucose to normal levels, which returned to pre-diabetic 

levels 5-weeks PI. A second miR-10b-5p mimic injection lowered glucose to normal levels 

for an additional 6-weeks. In addition, TGITT and fecal output were restored in HFHSD-fed 

mice injected with miR-10b-5p mimic 4-weeks post-second injection (Figure 4C and D). 

miR-10b-5p expression was substantially reduced in the blood of diabetic HFHSD-fed mice 

(Figure 4E). miR-10b-5p levels were restored to approximately 60% of the healthy level 

following miR-10b-5p mimic injection at 1-week PI and gradually decreased (Figure 4E). 

Insulin levels were restored 1-week PI with miR-10b-5p mimic, following a similar pattern 

to the level of miR-10b-5p in the blood from HFHSD-fed mice (Figure 4F). Hemoglobin 

A1C (A1C) levels in HFHSD-fed mice were also improved by miR-10b-5p mimic (Figure 

4G). KLF11 levels were increased in the blood, pancreas, stomach, colon, and skeletal 

muscle of HFHSD-fed mice (Figure 4H and I). miR-10b-5p mimic treatment reduced 

KLF11 expression and, in turn, increased KIT expression in the tissues of HFHSD-fed 

mice 3-weeks PI (Figure 4H and I). KIT+-ICCs were degenerated in HFHSD-fed mice, 

but KIT expression was restored in the stomach, jejunum, and colon 1-week PI with 

miR-10b-5p mimic (Figure 4J). Pancreatic islets were also reduced in size in HFHSD-fed 

mice; however, some islets were restored 1-week PI with miR-10b-5p mimic in HFHSD-fed 
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mice (Figure 4K). These data demonstrate that miR-10b5p mimic injection likely restores 

proper functioning of ICCs and β cells by increasing the expression of KIT and insulin in 

HFHSD-fed male mice, which leads to the reversal of GI dysmotility and diabetes.

Estrogen delays the onset of diabetes in female mice.20 Therefore, we evaluated the effect 

of the miR-10b-5p mimic on HFHSD-fed OVX female diabetic mice, as the mir-10b KO 
mice in this study as well as mice from other murine studies demonstrated HFD-fed female 

mice do not develop hyperglycemia.20 OVX C57 female HFHSD-fed mice substantially lost 

estrogen, gained weight, and became hyperglycemic (Supplementary Figure 4). Injection 

with the miR-10b-5p mimic in OVX HFHSD-fed females reversed the diabetic phenotype, 

while maintaining the body weight (Supplementary Figure 4E-F).

Further, we tested the efficacy of the miR-10b mimic in rescuing the diabetic and GI 

dysmotility phenotypes in diabetic ob/ob and polygenic TALLYHO T2D male mice. 

Both ob/ob- and TALLYHO male mice injected with the miR-10b mimic were able to 

significantly lower blood glucose and improve TGITT (Supplementary Figure 5 and 6).

MiR-10b-5p Regulates Expression of KIT via KLF11

To identify the underlying molecular mechanisms in miR-10b-5p-KLF11-KIT pathway, we 

searched for miR-10b-5p target genes associated with diabetes utilizing Ingenuity Pathway 

Analysis (IPA). IPA identified 44 miR-10b-5p targets directly linked to diabetes (Figure 

5A). As KLF11 directly interacts with the insulin (INS) gene by inhibiting its promoter 

activity in β cells,21 we next examined the targeting effect of miR-10b-5p on KLF11 in the 

human (Panc.10.05) and mouse (NIT-1) pancreatic β cell lines. We tested the miR-10b-5p 

mimic and its antisense RNA (miR-10b-5p inhibitor) in these two β cell lines (Figure 5B). 

Western blots depicted that miR10b-5p mimic transfection decreased KLF11 levels, while 

the miR-10b-5p inhibitor increased KLF11 levels in these cell lines (Figure 5C and D). 

KIT and INS expression was inversely regulated by the miR-10b-5p mimic and inhibitor. 

Expression of these two proteins was also augmented by transfection with the KLF11 

siRNAs (siKLF11–1 and siKLF11–2), substantiating miR-10b-5p regulates expression of 

KIT and INS via KLF11(Figure 5C and D). The miR-10b-5p targeting effect on KLF11 

was further validated in β cell lines, transfected with plasmids containing the luciferase 

gene with the 3’ UTR of KLF11 (human and mouse) miR-10b target site (TS), a target site 

mutation (TSM) or a scramble sequence (Figure 5E). Each cell line was transfected with 

mKlf11 miR-10b TS and TSM or hKLF11 miR-10b TS plasmids and then subsequently 

treated with different concentrations of miR-10b mimic or inhibitor. All treatments showed 

a respective dose-dependent reduction or induction of luciferase activity (Figure 5F). The 

expression of miR-10b-5p was reduced by the high glucose level (Figure 5G), which also 

affected KLF11 and KIT protein expression in NIT-1 cells (Figure 5H and I). A similar 

targeting effect on luciferase activity by high glucose levels was observed in both mouse 

and human β cell lines (Figure 5J). These data imply miR-10b-5p targets and inhibits the 

expression of KLF11, which subsequently suppresses the expression of KIT and INS in 

β cells. Next, we examined whether the Klf11 siRNAs could rescue diabetes and slowed 

GI transit in HFHSD-fed male mice. Diabetic, obese, and GI dysmotility phenotypes 

were substantially rescued by Klf11 siRNA. (Supplementary Figure 7). Taken together, 
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miR-10b-5p mimic can reverse diabetic, obese, and GI dysmotility phenotypes via the 

suppression of Klf11.

Patients with Diabetic and Idiopathic Gastroparesis Have Reduced miR10b-5p Expression

We examined plasma samples from patients with diabetic gastroparesis (DG) and idiopathic 

gastroparesis (IG) (Supplementary Table 2) to see whether the abnormal expression patterns 

of miR-10b-5p, KLF11, and KIT were similar to what we observed in our animal models. 

miR-10b5p expression was high in the healthy control (HC) samples and reduced in IG 

and DG samples (Figure 6A). Based on the miR-10b-5p expression levels, we found two 

groups of IG: intermediate-high expression (IG-H) and intermediate-low expression (IG-L). 

miR-10b-5p expression was low in DG samples. Consistent with our murine data, insulin, 

C-peptide, A1C levels and expression profiles of miR-10b-5p, KLF-11, and KIT were 

similar in the patient samples (Figure 6B-E). The IG-L group had significantly lower levels 

of miR-10b-5p, insulin and C-peptide compared to those of the HC group but had higher 

expression levels than the DG group, suggesting the IG-L group is at a prediabetic stage. 

Deep sequencing of miRNAs from the blood samples of HC, IG-H, IG-L, and DG identified 

differentially expressed miRNAs (Supplementary Table 3). The expression patterns of all 

of the 345 identified miRNAs and the top 70 most dynamically regulated miRNAs show 

similarity between HC and IG-H and between IG-L and DG (Figure 6F and G). miR-10b-5p 

levels were highest in HC, followed by IG-H, IG-L, & DG, respectively (Figure 6G). In 

addition, expression levels of miR-10b-5p were negatively correlated with gastric emptying 

scintigraphy percentage at 2-hrs in gastroparesis as well as with A1C levels in diabetes 

(Figure 6H). Taken together, metabolic and gene expression profiles from HC, IG, and DG 

patient samples were analogous to our mouse data.

Efficacy Comparison of the miR-10b-5p Mimic with Antidiabetic and Prokinetic Drugs

We next compared the effects of miR-10b-5p mimic on diabetes and GI dysmotility in 

HFHSD-fed C57 mice with antidiabetic medications (liraglutide, sitagliptin, metformin, 

and insulin) and a prokinetic medication, prucalopride (Figure 7A). miR-10b-5p mimic 

injections (2 doses of IP) into HFHSD-induced diabetic mice reduced body weight and 

rescued the hyperglycemic condition. Antidiabetic medications and prucalopride lowered 

blood glucose, but the efficacy and duration were lower and shorter than that of miR-10b-5p 

mimic (Figure 7B and C). Glucose and insulin tolerance were improved in miR-10b-5p 

mimic-injected mice for up to 8- weeks with two injections, while the medications only 

maintained improvement for 4-weeks after treatment (Figure 7D and E). Fasting insulin and 

C-peptide levels in mice treated with the medications and miR-10b-5p mimic were increased 

at 4-weeks (Supplementary Figure 8A and B). Glucose stimulated insulin secretion was 

significantly impaired in HFHSD-mice but was restored and maintained in mice injected 

with the miR-10b-5p mimic for 8-weeks (Figure 7F). In addition, GI motility was restored in 

miR-10b-5p mimic-injected mice for 8-weeks PI, while prucalopride improved GI motility 

for only 4-weeks. (Figure 7G-I; Supplementary Figure 8C). Next, we examined other 

metabolic parameters (food, calorie, and water intake, urine and fecal output) and found that 

the mir-10b-5p mimic-injected mice have better control of symptoms such as polyphagia, 

polydipsia, and polyuria (Supplementary Figure 9). Taken together, these murine metabolic 
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and GI motility data confirm the profound and prolonged efficacy of miR-10b mimic as 

compared to antidiabetic and prokinetic medications.

Discussion

Diabetes and gastroparesis are phenotypically associated, however, a defined network of 

molecular mechanisms has yet to be unveiled. This study revealed that deficiency of 

miR-10b5p in KIT+-cells (ICCs and pancreatic β cell progenitors) contributes to the 

development of GI motility disorders and diabetes via transcription factor, KLF11. Removal 

of mir-10b in KIT+-cells caused cellular degeneration, which triggered the onset of GI 

dysmotility and diabetes. Treatment of diabetic mice with a miR-10b-5p mimic reversed the 

diabetic and GI dysmotility phenotypes.

Our data suggest that diabetes and gastroparesis can develop due to the degeneration of 

ICCs and β cells, both caused by the lack of miR-10b-5p. Previous studies have shown 

that ICCs require stem cell factor and KIT signaling for proper growth and function.22 It 

is widely accepted that loss of KIT in ICCs results in abnormal GI motility in animals, 

and ICC loss is also associated with GI motility disorders in humans.23 However, the 

pathogenic factor leading to KIT loss in ICCs was elusive until now. Our mir-10b KO 

mice demonstrated that decreased miR10b-5p levels lead to reduced KIT expression and 

subsequent degeneration of ICCs resulting in delayed gastric emptying as well as slowed 

colonic and total GI transit. Meanwhile, murine studies demonstrated the importance of KIT 

in glucose homeostasis.24 Loss of KIT activity in pancreatic β cells in KitWv mutant mice 

resulted in decreased β cell proliferation and hyperglycemia,25 while KIT overexpression 

in KitβTg mice prevented HFD-induced diabetes.24 KIT+-cells serve as pancreatic β cell 

progenitors and cells derived from KIT+-cells are insulin-producing β cells.26 Kit-DTA mice 

developed a diabetic phenotype due to ablation of KIT+ pancreatic β cells. Our findings 

confirmed that the loss of miR-10b in KIT+-cells (β cells and ICCs) in mir-10b KO mice 

lead to the co-occurrence of diabetes and GI dysmotility. Further investigation is warranted 

to elucidate if other pathogenic changes (dysregulation of immune cells, enteric neurons, and 

adipocytes) have a co-occurrence with degenerated KIT+ cells in the mir-10b KO diabetic 

and GI dysmotility model.

The diabetic phenotype in our mouse models (mir-10b KO and HFHSD-induced mice) was 

apparent in males, but not females. Likewise, this gender bias is also true in humans.27 

Diabetes is more common in males ≤45 yrs old, while it is the reverse in females ≥45 

yrs old due to the depletion of estrogen.28 Estrogen protects rodent pancreatic β cells 

in vivo against multiple pro-apoptotic insults and this protection is conserved in human 

islets.20, 29 This gender/age nexus to diabetes suggests that estrogen hormone therapy may 

reduce the incidence of T2D by protecting β cell function in post-menopausal women.30 We 

confirmed HFHSD-fed OVX female mice developed diabetes similar to males. Furthermore, 

we demonstrated that the diabetes phenotype was rescued by the miR-10b mimic in both 

male and female mice. Future studies are warranted to enumerate the linkage between sexual 

dimorphism/estrogen levels and diabetes. Unlike the diabetic phenotype, both male and 

female mir-10b KO mice developed gastroparesis. Additionally, these mice developed slow 

transit constipation, which is consistent with recent data from patients with gastroparesis 
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showing an overlap of approximately 60–70% with slow transit constipation.31 This suggest 

our conditional mir-10b KO mouse is a good model to study diabetic and idiopathic 

gastroparesis.

Our data suggested that mir-10b is required for the survival, proper growth and function 

of KIT+-ICCs and KIT+-β cells. We confirmed the restoration of KIT in ICCs and β cells 

after miR10b-5p mimic injections in mice with diabetes and GI dysmotility. miR-10b-5p 

mimic injections were also able to lower blood glucose levels for up to 10-weeks after a 

single injection, with significant improvements in GI motility. Further, miR-10b-5p mimic 

injections were able to reduce and maintain body weight reduction for up to 10-weeks 

in HFHSD-induced diabetic and obese mice. However, it is not clear how miR-10b-5p 

regulates β-cell function and tissue specific insulin sensitivity, which are required for further 

studies using cell-specific animal models.

This study showed miR-10b regulates three phenotypes: hyperglycemia, GI dysmotility, 

and obesity. However, unlike how diabetes and GI dysmotility were directly regulated by 

miR-10b-5p via KIT+-β-cell and ICCs, the obesity phenotype is likely only a secondary 

effect because it developed after the hyperglycemia and GI dysmotility phenotypes. This 

suggests the weight gain was likely due to complications caused by the diabetic phenotype 

(changed glucose and insulin levels). Further studies are warranted to investigate the 

molecular mechanisms linking these three pathological phenotypes using cell- or tissue

specific KO animal models.

miRNAs are excellent diagnostic markers for diseases.32 Our data showed that miR-10b-5p 

is highly expressed in ICCs from healthy mice but markedly reduced in ICCs from diabetic 

mice. Furthermore, we demonstrated reduced expression of miR-10b-5p in blood from mice 

with diabetes and GI dysmotility. The later was in conjunction with reduced expression of 

miR-10b5p in patients with DG and IG. The reduced miR-10b-5p expression profile for 

mice and humans was consistent with the miRNA expression profiles of diabetic rats,33 

HFD-induced hepatic insulin-resistant mice,11 children with T1D34 and twins with T2D.13 

Thus, we suggest the use of miR-10b-5p as a potential diagnostic marker for diabetes/GI 

motility disorders.

Overexpression of miR-10b-5p is linked to many cancer types and has also been shown 

to promote cell proliferation and migration.35 In parallel, miR-10b-5p is highly expressed 

in proliferating stem cell lines,36 suggesting they likely have a role in the proliferation of 

KIT+-ICCs and β cells. Injection of miR-10b-5p in mice may induce cancer development; 

however, we confirmed there was no indication of cancer development in miR-10b-5p mimic 

(500 ng/g) injected mice over a one-year period. This suggests that a low dose of the 

miRNA mimic is not enough to induce cancer. Further, we showed a single injection of the 

miR-10b-5p mimic into mice restored miR-10b-5p in blood to approximately 40–60% of 

healthy levels, but not to the elevated levels reported in cancers.35 Therefore, it is unlikely 

that the miR-10b-5p mimic injections will lead to cancer development when used to treat 

diabetes and GI dysmotility caused by reduced miR-10b-5p expression.
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Our study demonstrated a novel mechanistic pathway miR-10b-5p-KLF11-KIT in the 

regulation of glucose homeostasis and GI motility. We confirmed that miR-10b-5p mimic 

has targeting effects on KLF11 (using both mouse and human β cell lines) and demonstrated 

that expression of KIT is negatively regulated by KLF11, the metabolic regulator controlling 

multiple pathways attributed to diabetes and its early onset.14 A congenital deletion of Klf11 
in mice results in decreased blood glucose levels and body weight, as well as protection 

against HFD-induced obesity and diabetes,15 similar to what we found after injection of 

the miR-10b-5p mimic and Klf11 siRNAs. Binding of KLF11 to GC and CACCC boxes at 

the promoter of proinsulin gene INS suppresses transcriptional activation.37 KLF11 recruits 

transcriptional repressor SIN3A and epigenetic gene silencers HDAC1/2 and HP1, which 

may silence INS and KIT genes in diabetes and GI dysmotility.38

Unlike antidiabetic drugs, such as GLP-1 agonists and metformin, that causes delayed 

GI motility as a side effect,39 miR-10b-5p mimic treatment reversed the GI dysmotility 

phenotype. Prolonged exposure to current antidiabetic medications such as metformin can 

lead to progressive β cell failure and increased insulin resistance,5 while the miR-10b-5p 

mimic treatment restored glucose tolerance and insulin sensitivity. Our drug comparison 

study with the miR-10b-5p mimic depicted a compelling long-term efficacy in reversing 

the phenotypes of both diabetes and GI dysmotility when compared to commonly used 

antidiabetic and prokinetic medications. The beneficial and prolonged effects as seen with 

the use of the miR-10b-5p mimic in both diabetes and GI dysmotility suggest an opportunity 

for a new therapeutic approach. By restoring miR-10b-5p in these disease states, we may be 

able to attenuate symptoms and restore key cells detrimental for insulin production and GI 

motility, while additionally alleviating the burden for patents relying on insulin treatments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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colonic transit time

DG
diabetic gastroparesis
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gastroparesis cardinal symptom index-daily diary

GET
gastric emptying test

GTT
glucose tolerance test

HFHSD
high fat high sucrose diet

ICC
interstitial cell of Cajal

IG
idiopathic gastroparesis

IP
intraperitoneal

ITT
insulin tolerance test

KLF11
Krüppel-like factors

KIT
receptor tyrosine kinase

Kit-DTA 
KitCreERT2/+

 
Rosa26DTA/+

Kit-tdTom 
KitCreERT2/+

 
Rosa26tdTom/+

ob/ob 
KitcopGFP/+

 
Lepob/ob

OVX
ovariectomized
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PI
post-injection

PO
per oral

PTI
post-tamoxifen injection

SC
subcutaneous

TGITT
total gastrointestinal transit time
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Figure 1. 
Expression of miR-10b-5p is drastically reduced in KIT+-ICCs in male diabetic 

KitcopGFP/+;Lepob/ob Mice. (A, B) Body weight and fasting blood glucose levels of 

KitcopGFP/+;Lep+/+ (+/+) and KitcopGFP/+;Lepob/ob (ob/ob) mice (Two-way ANOVA, n=8). 

(C) Pearson correlation analysis between miRNA-seq data obtained from colonic and jejunal 

ICC (CICC and JICC, respectively) isolated and pooled from diabetic ob/ob (n=30) and +/+ 

mice (n=20). (D) Heat map of the 70 most dynamically regulated miRNAs in CICC and 

JICC of diabetic ob/ob mice. (E) Expression levels of the ten most prominently reduced 

miRNAs in CICC and JICC of diabetic ob/ob mice from panel E (black box) obtained by 

miRNA-seq (n=20–30). (F) Expression of miR10b-5p in gastric ICCs of +/+ and ob/ob mice 

measured by qPCR (n=3). (G, H) Western blot and quantification of KIT in the jejunum and 
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colon of +/+ and ob/ob mice (n=3). Error bar indicate SEM, unpaired t-test. *p < 0.05, **p < 

0.01.
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Figure 2. 
Male KIT+ cell-specific mir-10b KO mice develop diabetes and GI dysmotility. 

KitCreERT2/+;mir-10blox/lox mice were injected with tamoxifen (mir-10b KO) or oil (mir-10b 
WT) at 4-weeks of age. (A) Body weight of mir-10b KO and WT male mice. (B) Gross 

anatomical images of 30-weeks old male mir-10b KO and WT mice. (C) Fasting blood 

glucose levels in mir-10b KO and WT male mice. (D) Glucose tolerance tests (GTT) in 

mir-10b KO and WT male mice. (E) GTT plot of the area under the curve (AUC) from 

(D). (F) Changes in blood insulin levels after 6-hrs fasting in mir-10b KO and WT male 
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mice (n=3). (G) Insulin tolerance test (ITT) in mir-10b KO and WT male mice. (H) ITT 

plot of the AUC from (G). (I) Total GI transit time (TGITT). (J) Gastric emptying images of 

7-month-old mir-10b KO and WT mice. (K) Quantification of gastric emptying at 30-min. 

(L) Colonic transit time (CTT). (M, N) Fecal pellet frequency and output within 24-hrs. 

(unpaired t-test). n=7 per condition for each experiment. Error bar indicate SEM, Two-way 

ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ††p < 0.01, #p < 0.05, ###p < 0.001.
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Figure 3. 
miR-10b-5p mimic injection rescues the diabetic and GI dysmotility phenotypes in male 

mir-10b KO mice. Male diabetic mir-10b KO mice were injected with miR-10b-5p (10b 

mimic), a negative control (scramble RNA), or given no injection, compared to WT mice. 

(A, B) Body weight and fasting blood glucose levels for 10-weeks post-injection (PI). 

(C) Comparison of insulin levels after 6-hrs fasting and after glucose injection in mir-10b 
KO and WT mice at 1-week post-injection (IP) (One-way ANOVA). (D and F) GTT and 

ITT at 1-week PI. (E and G) GTT and ITT plot of the AUC from (D and F) (One-way 
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ANOVA). (H, I) TGITT (One-way ANOVA) at 2- and 4-weeks PI and gastric emptying 

test at 4-weeks PI. (J) Quantification of gastric emptying at 30-min (One-way ANOVA). 

(K) Quantification of miR-10b-5p in the blood, pancreas, jejunum, and colon in male WT 

and diabetic mir-10b KO mice 1-week after 10b mimic or no injection measured by qPCR 

(One-way ANOVA). (L, M) Western blot and quantification of KLF11 and KIT in the 

pancreas and colon in male WT and diabetic mir-10b KO mice 1-week after 10b mimic 

or no injection (One-way ANOVA). (N) Images of cross sections and whole mount tissue 

sections showing the restoration of ICCs (KIT+) in the jejunum and colon at 1-week PI. 

Scale bars are 50 μm. n=3–4 per condition for each experiment. Pan, pancreas; Col, colon; 

Jej, jejunum; DMP, deep muscular plexus; MY, myenteric plexus. Error bar indicate SEM, 

Two-way ANOVA (A-D). *p < 0.05, **p < 0.01, ***p < 0.001.

Singh et al. Page 22

Gastroenterology. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
miR-10b-5p mimic rescues the diabetic and GI dysmotility phenotypes in male HFHSD-fed 

mice. Male C57 mice (at 4-weeks of age) were fed a HFHSD (diabetic) or ND (healthy 

controls) for 4-months and injected twice (second injection at 5-weeks) with either the 

miR-10b-5p mimic (10b mimic), a negative control (scramble RNA), or given no injection, 

over a 10-week period. (A, B) Body weight and fasting blood glucose level comparison 

(Two-way ANOVA). (C, D) TGITT and fecal pellet output. (E) Expression of miR-10b-5p 

in the blood from ND-fed healthy mice, HFHSD-fed diabetic mice, and 10b mimic-injected 

HFHSD-fed mice at 1–4 weeks PI measured by qPCR. (F) Changes in insulin levels (6-hrs 

fasting) and A1C levels in male mice fed a HFHSD or ND and injected with 10b mimic 

(Two-way ANOVA). (G) Changes in A1C levels in male mice fed a HFHSD or ND and 

injected with 10b mimic. (H, I) Western blot and quantification of KLF11 and KIT in blood, 

pancreas, stomach, colon and skeletal muscle from ND, HFHSD, and 10b mimic-injected 

HFHSD-fed mice at 3-weeks PI. (J, K) Images of cross sections and whole mount tissue 

sections showing the restoration of ICCs (KIT+) in the stomach, jejunum, and colon, as well 

as in β cells (Insulin+) in the pancreatic islets at 3-weeks PI. Scale bars are 100 μm. n=3–4 

per condition for each experiment. Error bar indicate SEM, One-way ANOVA. *p < 0.05, 

**p < 0.01, ***p < 0.001.

Singh et al. Page 23

Gastroenterology. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Target identification and validation of miR-10b-5p in vitro. (A) Pathway analysis 

of miR-10b-5p and its target genes associated with diabetes mellitus according to 

Ingenuity Pathway Analysis. (B) The sequence and structure of the mouse miR-10b 

precursor (pre-miR10b) encoding miR-10b-5p and miR-10b-3p, a synthetic miR-10b-5p 

molecule (miR-10b-5p mimic) and a synthetic miR-10b-5p antisense molecule (miR-10b-5p 

inhibitor). (C) Targeting of KLF11, KIT and INS by the miR-10b-5p mimic, miR-10b-5p 

inhibitor, and KLF11 siRNAs (siKLF11–1 and siKLF11–2 in human Panc.10.05 cells and 
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siKlf11–1 and siKlf11–2 in mouse NIT-1 cells). A non-targeting (scramble) RNA and 

non-transfection control (NTC) were used as negative controls. A protein marker (M) with 

corresponding molecular weights (kDa) is shown. (D) Quantification of protein expression 

levels of KLF11, KIT and INS in Panc.10.05 cells. (E) Diagram of luciferase reporter 

plasmids with the miR-10b-5p target site (miR-10b-5p mimic binding site) of human and 

mouse KLF11 (hKLF11 10b TS and mKlf11 10b TS) and a mutant (mKlf11 10b TSM). 

(F) Target validation of KLF11 with the miR-10b-5p mimic and miR-10b-5p inhibitor 

in Panc.10.05 cells transfected with luciferase reporter plasmids (Two-way ANOVA). (G) 

Quantification of miR-10b-5p in NIT-1 cells incubated in media with different glucose 

concentrations (0, 1.0, and 4.5 mg/L). (H and I) Western blot and quantification of KLF11 

and KIT expression at different glucose concentrations. (J) Target effects of KLF11 in NIT-1 

and Panc.10.05 cells cultured at different glucose concentrations. n=3 per condition for each 

experiment. Error bar indicate SEM, One-way ANOVA. *p < 0.05, **p < 0.01.

Singh et al. Page 25

Gastroenterology. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Validation of altered expression of miR-10b-5p, KLF11, and KIT in patients with idiopathic 

and diabetic gastroparesis. (A) Expression of miR-10b-5p in blood samples collected from 

idiopathic gastroparesis patients (IG, n=14) and diabetic gastroparesis patients (DG, n=2) 

compared to healthy control subjects (HC, n=18). The IG group was divided into two 

groups with high miR-10b levels (IG-H, n=8) or low miR-10b levels (IG-L, n=6). (B-D) 

Comparison of insulin, C-peptide and A1C levels in the blood of the four groups. (E) 

Western blot of KLF11 and KIT in the blood samples of the HC and DG groups. (F) Pearson 

correlation analysis between miRNA-seq data obtained from the blood of HC, IG-H, IG-L, 

and DG (n=2). (G) Heat map of 70 most dynamically regulated miRNAs in blood plasma 

samples from HC, IG-H, IG-L, and DG (n=2). (H) The Spearman rank correlation between 

miR-10b-5p expression levels and metabolic parameters, clinical GI symptoms, and gastric 

emptying scintigraphy (GES) % at 2- and 4-hrs in gastroparesis. Error bar indicate SEM, 

One-Way ANOVA. *p < 0.05, **p < 0.01.
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Figure 7. 
Efficacy comparison of miR-10b-5p mimic with antidiabetic and prokinetic medicines in 

HFHSD-fed diabetic C57 male mice. (A) A study design of drug effects in HFHSD-fed 

diabetic mice- or ND-fed healthy mice. miR-10b-5p, or scramble RNA were injected twice, 

at 0- and 2weeks by IP injection; Metformin or Sitagliptin was provided daily PO for 

4-weeks; Liraglutide was injected twice daily by SC injection for 2-weeks; Insulin was 

injected once daily by IP injection for 4-weeks; Prucalopride was provided daily PO for 

4-weeks. (B, C) Body weight and fasting blood glucose levels for 8-weeks post treatment 

(Two-way ANOVA, n=5). (D, E) Comparison of GTT and ITT plot of AUC (n=5). (F) 

Comparison of insulin levels at 6-hrs fasting and after glucose injection (n=3). (G) TGITT 

comparison (n=5). (H, I) Gastric emptying images and quantification of stomach emptying 

(n=3). Error bar indicate SEM, One-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001, #p < 0.05, ##p < 0.01.
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