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Abstract

Background/Aim: Diabetes has substantive co-occurrence with disorders of gut-
brain interactions (DGBIs). The pathophysiological and molecular mechanisms
linking diabetes and DGBIs are unclear. MicroRNAs (miRNAs) are key regulators of
diabetes and gut dysmotility. We investigated whether impaired gut barrier function
is regulated by a key miRNA, miR-10b-5p, linking diabetes and gut dysmotility.
Methods: We created a new mouse line using the Mb3Cas12a/Mb3Cpfl endonu-
clease to delete mir-10b globally. Loss of function studies in the mir-10b knockout
(KO) mice were conducted to characterize diabetes, gut dysmotility, and gut barrier
dysfunction phenotypes in these mice. Gain of function studies were conducted by
injecting these mir-10b KO mice with a miR-10b-5p mimic. Further, we performed
miRNA-sequencing analysis from colonic mucosa from mir-10b KO, wild type, and
miR-10b-5p mimic injected mice to confirm (1) deficiency of miR-10b-5p in KO
mice, and (2) restoration of miR-10b-5p after the mimic injection.

Results: Congenital loss of mir-10b in mice led to the development of hyperglyce-
mia, gut dysmotility, and gut barrier dysfunction. Gut permeability was increased,
but expression of the tight junction protein Zonula occludens-1 was reduced in the
colon of mir-10b KO mice. Patients with diabetes or constipation- predominant ir-
ritable bowel syndrome, a known DGBI that is linked to leaky gut, had significantly
reduced miR-10b-5p expression. Injection of a miR-10b-5p mimic in mir-10b KO
mice rescued these molecular alterations and phenotypes.

Conclusions: Our study uncovered a potential pathophysiologic mechanism of gut
barrier dysfunction that links both the diabetes and gut dysmotility phenotypes in
mice lacking miR-10b-5p. Treatment with a miR-10b-5p mimic reversed the leaky
gut, diabetic, and gut dysmotility phenotypes, highlighting the translational potential
of the miR-10b-5p mimic.
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INTRODUCTION

Globally, there are more than 451 million people diagnosed with
diabetes.! This condition has been shown to have significant overlap
with disorders of gut-brain interactions (DGBIs), such as gastro-
paresis and slow transit constipation, with approximately 50%-60%
of diabetics experiencing at least one of these disorders.?"* Dysre-
gulated gut-brain axis, altered gut motility, altered Gl secretion, gut
immune dysfunction, microbial dysbiosis, presence and degree of bile
acid malabsorption, impaired glucose homeostasis, insulin resistance,
and visceral hypersensitivity have all been attributed to the devel-
opment of DGBIs, highlighting the heterogeneous nature of these
disorders.2® Recent studies have highlighted gut barrier dysfunction
as a possible core pathophysiological mechanism linking DGBIs to the
diabetic condition.?®>7 This is likely mediated through gut
microbiota-induced immune dysfunction, which is extremely preva-
lent in both conditions.2®? Therefore, it is of paramount importance
that a treatment for gut barrier dysfunction become clinically avail-
able for patients with diabetes and DGBIs. Furthermore, the current
therapies for gut dysmotility and diabetes merely treat the symptoms
and are generally ineffective for most patients as they do not fix the
pathologies present there. Fixing the cellular defects linked with the
pathophysiological mechanisms of these disease states would lead to
better therapeutic outcomes. microRNA (miRNA) therapeutics are
promising because they are capable of triggering cellular remodeling
to restore the function of key cells critical for Gl motility and
metabolic function.>3?1°

Normal glucose homeostasis and gut functions require complex
coordinated interplay between pancreatic cell types (e.g., pancreatic
beta and alpha cells) and Gl cell types, for instance, interstitial cells of
Cajal (ICCs), enteric neurons, smooth muscle cells (SMCs), enter-
oendocrine cells, enterocytes, and immune cells.’®=12 Functional de-
fects to these cells lead to diabetes and gut dysmotility.'%3-17
Proper functioning of these cells is regulated at the transcriptional,
post-transcriptional, translational, and post-translational levels.
Additionally, regulatory RNA is essential for the regulation of each of
these molecular mechanisms. Therefore, RNA-based therapeutics
may offer significant advantages over many of the traditional small
molecule and protein-based therapeutic options.*®1? First, they
typically are much cheaper to produce.?° Second, they are much
faster to produce.’®2° Additionally, it is much easier to deliver RNA-
based therapeutics to their target cells due to the advancement of
delivery mechanisms.?*??2 Therefore, RNA-based drugs, such as
miRNAs, have immense potential for the treatment of diabetes,
DGBIs, and the leaky gut.

miRNA dysregulation has been linked to pathophysiological

mechanisms of diabetes and gastrointestinal dysmotility.1%?3

Key summary

Summarize the established knowledge on this subject

e Diabetes has substantive co-occurrence with gut motility
disorders.

e Recent studies have highlighted gut barrier dysfunction
as a possible core pathophysiological mechanism linking
gut dysmotility to the diabetic condition. Therefore, it is
of paramount importance to treat gut barrier dysfunc-

tion in patients with diabetes and gut dysmotility.

What are the significant and/or new findings of this study?

e Our study has uncovered a novel mechanism linking
diabetes and gut disorders through the dysregulation of
gut barrier function by deficiency of miR-10b-5p.

o We created a new mouse line with a global knockout
(KO) of mir-10b using CRISPR-Mb3Cas12a/Mb3Cpf1.
Using this mouse model, we were able to demonstrate
that loss of mir-10b resulted in the development of hy-
perglycemia, gut dysmotility, and gut barrier dysfunction.

e |n addition, our analysis of patients with irritable bowel
syndrome, a known gut-brain interaction disorder linked
to a leaky gut, revealed significantly reduced miR-10b-5p
expression.

e Furthermore, we performed miRNA-sequencing analysis
from colonic mucosa from mir-10b KO, wild type, and
miR-10b-5p mimic injected mice to confirm (1) lack of
miR-10b-5p in KO mice, (2) reintroduction of miR-10b-
5p following the mimic injection, and (3) miR-10b mimic
treatment induced the restoration of dysregulated miR-
NAs in key pathophysiological mechanisms of motility
disorders (e.g, gut dysmotility, intestinal barrier
dysfunction, gut immune dysfunction, as well as visceral
hypersensitivity).

e This study provides strong evidence for the therapeutic
potential of a miR-10b-5p mimic for diabetes, gut
motility disorders, and gut barrier dysfunction. Our study
represents a significant advancement in the under-
standing of the pathophysiology of these conditions and
identifies potential new targets for their treatment.

Furthermore, miRNAs have been associated with key gut physiological
and pathophysiological mechanisms such as gut motility, gastrointes-

tinal barrier function, visceral sensation, as well as gut immune
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function.?> 722 These mechanisms are highly relevant to gut-
metabolic health, thus highlighting the importance of miRNAs in the
development of diabetes and gut dysmotility conditions.

We have previously reported that a conditional loss of mir-10b in
KIT™ cells, such as pancreatic beta cells and ICCs, leads to the onset of
diabetes and gut dysmotility.'® Furthermore, our previous study found
anovel miR-10b-KLF11-KIT pathway responsible for the regulation of
glucose homeostasis and gut motility. We demonstrated the targeting
effect of miR-10b-5p on Kruppel-like factor-11 (KLF11), where miR-
10b downregulates KLF11 expression, leading to increased KIT
expression. In the diabetic condition, miR-10b-5p is depleted leading to
increased KLF11 expression, which leads to decreased KIT expression.
Since KIT expression is essential for the functioning of 1CCs,242°
pacemaking cells in the gut, it is of no surprise that previous studies
have reported that loss of KIT" ICCs leads to the development of gut
dysmotility in both humans and mice.2¢~28 Interestingly, when the KIT*
cell-specific knockout (KO) mice were injected with the miR-10b-5p
mimic, there was restoration of KIT expression and the diabetes and
gut dysmotility phenotypes were rescued.'® Taken together, it is clear
that the loss of miR-10b-5p plays a crucial role in the development of
diabetes and gut dysmotility.

While our previous studies have elucidated the role of miR-10b-
5p in KIT™ cells, in this study we aimed to elucidate if global loss of
mir-10b led to the development of similar phenotypes as the cell-
specific conditional KO as well as elucidating if the leaky gut is
linked to the development of hyperglycemia and gut dysmotility.
Additionally, the loss of mir-10b, a key regulator of cell differentia-

29-31 may impact the function and/or development of smooth

tion,
muscle and mucosa important for maintaining gut homeostasis;
therefore, further contributing to the development of diabetes and
gut dysmotility. To test these hypotheses, we created a mir-10b
global KO mouse model using CRISPR-Mb3Cas12a/Mb3Cpf1. Using
both loss-of-function and gain-of-function studies, we found that the
leaky gut phenotype is a core pathophysiological mechanism linking
the hyperglycemic and gut dysmotility phenotypes. Finally, we found
that treating the mice with a miR-10b-5p mimic rescues these
phenotypes and might have substantial therapeutic potential for
the treatment of diabetes, gut dysmotility, and the leaky gut.

METHODS
Generation of global mir-10b knockout mice

The Mb3Cas12 and CRISPR RNA (crRNA) were used to generate mir-
10b KO mice as previously described.>? Since Mb3Cas12a can pro-
cess and utilize its own crRNA, we used one crRNA harboring three
23-nt spacers separated by three 20 nt direct repeats (DRs) to target
the mir-10b locus. One of the spacers was designed to target the TTV
(V stands for A/C/G) protospacer adjacent motif (PAM) sequence
(spacer 1) and the rest of the spacers (spacers 2 and 3) recognize the
TTTV PAM sequence. The MB3Cas12a mRNA and crRNA were
injected into the cytoplasm of the zygotes collected from FVB/NJ or

C57BL/6J female mice previously mated with C57BL/6J males.®?
After injection, all embryos were cultured and transferred into 7-10-
week-old female CD1 recipients to generate mir-10b KO pups.>?
Genomic DNA samples isolated from each of the mir-10b KO
pups were sent to the Nevada Genomics Center at the University of
Nevada, Reno to confirm the presence of the mir-10b deletion. The
founder with two deletions in both the 5p and 3p regions of miR-10b
was selected for further breeding. Polymerase chain reaction (PCR)-
based genotyping was then utilized to further confirm the deletion of
mir-10b in the mice. Genotyping PCR was performed using primers
(10b-1 and 10b-2r) to find mir-10b™"* (217 bp), mir-10b*'~ (217 bp/
174 bp), and mir-10b™'~ (174 bp). The primer sequences are listed in
Table S3. The mice included in this study have a C57BL6 background.
The analysis was compiled from age- and sex-matched mice from
multiple litters. The Institutional Animal Care and Use Committee at
the University of Nevada, Reno (UNR) approved all experimental
procedures. The colony of mice included in this study was housed in a
centralized animal facility at the UNR Animal Resources. UNR is fully
accredited by the American Association for Accreditation of Labo-
ratory Animal Care (AAALAC) International. All mice were housed
under pathogen-free conditions on a 12-h light/dark cycle with food
and water ad libitum. Mice were euthanized by inhaling CO2, fol-
lowed by cervical dislocation. A ventral midline incision was made,
and the whole Gl tract was carefully excised. These procedures were
in accordance with the National Institutes of Health guidelines for

the care and use of laboratory animals.

Reverse transcription quantitative polymerase chain
reaction (RT-qPCR)

Small RNAs were isolated from human serum samples using the
mirVana miRNA Isolation Kit (Ambion) as previously described.'®
RNA quality and quantity were evaluated using a Nanodrop 2000
Spectrophotometer (Thermo Fisher Scientific), then RNAs were pol-
yadenylated using Poly(A) Polymerase (Ambion) followed by reverse
transcribed using SuperScript IV Reverse Transcriptase (Thermo-
Fisher) as previously described.® All primers used for qPCR are
shown in Table S3. A standard qPCR protocol was followed on a
gPCR cycler qTOWERS3 84 (Analytik Jena, Jena, Germany). The
comparative cycle threshold method was used to compare relative
transcription levels. The transcription level of each miRNA was
estimated as the relative fold-change over the control small nucleolar
RNA (snoRNA) genes (Table S3). All samples were run in triplicate for

each assay.

Automated western blot

Mucosa was separated from the smooth muscle tissue in the colon
and homogenized in radioimmunoprecipitation assay (RIPA) buffer
using an air-cooled bead homogenizer (Bullet Blender Storm, Next

Advance). The homogenate was then centrifuged at 12,000 rpm
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for 5 min at 4°C. The supernatant was then collected and stored
at —80°C. A detergent compatible Bradford assay was then per-
formed to measure the protein concentration of each sample.
10 pg of protein was loaded for each sample for running the
automated WES (ProteinSimple) to analyze protein expression.
Quantification of banding patterns was performed using Compass
software (v4.0.0) for WES (ProteinSimple). All antibodies used are
listed in Table S3.

In Vivo metabolic screening

Body weight and 6-h fasting blood glucose measurements were
conducted weekly. A glucose tolerance test (GTT) was performed by
measuring the 6-h fasting blood glucose levels as well as blood
glucose levels at 15-, 30-, 60-, 90-, and 120-min post glucose injec-
tion (2 g/kg body weight). An insulin tolerance test (ITT) was per-
formed by measuring the 6-h fasting blood glucose levels as well as
blood glucose levels at 30-, 60-, 90-, and 120-min post insulin glar-
gine Lantus (0.6 IU/kg) injection.’® Area under the curve (AUC)
analysis for both GTT and ITT was performed using GraphPad Prism
9 software.

In vivo functional gastrointestinal motility tests

Whole gut transit time was conducted by oral gavaging Evans blue
solution into the mice as previously reported.’® Overnight-fasted
mice received an intragastric gavage of a semi-liquid solution con-
taining 5% Evans blue, 0.9% NaCl, and 0.5% methylcellulose in
1 x PBS (100 mL/20 g body weight). The mice were then monitored
every 10 min until a fecal pellet containing the Evans blue solution
was expelled. The time from oral gavage until the time of Evans blue
containing pellet expulsion was considered the whole gut transit
time.

Gastric emptying was measured following an oral gavage of a
semi-solid solution containing Gastrosense™750 (0.25 nmol/
100 mL/25 g body weight).2® GastroSense 750 is a near-infrared
fluorescent imaging agent used to monitor and quantify gastric
emptying rates in real time using the IVIS Lumina Il system
(PerkinElmer). Images were taken before the administration of
Gastrosense™750 to ensure no autofluorescence and then 0-, 30-,
and 60-min post-gavage using an IVIS Lumina Ill system (Perki-
nElmer). Fluorescence of the images from O- and 30-min was
quantified and compared to determine the percentage of gastric
emptying 30 min following the oral gavage using Living Image
(PerkinElmer) software. Percent gastric emptying after 30 min in
each mouse was quantified as (1-[stomach fluorescence/total
fluorescence] x 100).

Colonic transit time was performed on overnight-fasted mice. A 3-
mm-diameter glass bead was inserted into the anus and gently pushed
3 cm into the colon using a plastic Pasteur pipette covered with
lubricating jelly. Colonic transit time was assessed between the time

the mouse awoke from anesthesia until the expulsion of the bead.®

Pathological analysis

To examine the microanatomy of the mir-10b KO mice, colon cryostat
sections were stained with Hematoxylin solution (ab220365) and
Eosin Y Solution (ab246824) according to the manufacturer's protocol.
Slides were then visualized using Keyence BZ-X710 microscope.

The histology scores of individual mice were assessed by the sum
of the scores of epithelial damage (score range, 0-4) and infiltration
of inflammatory cells (score range, 0-4) as described previously.*3

Immunohistochemical and confocal microscope
analysis

Murine colon tissue was analyzed through cryostat sectioned staining
and confocal microscopy. Colon tissue collection and examination
were performed in Krebs buffer (125.35 mmol/L NaCl, 5.9 mmol/L
KCl, 1.2 mmol/L NaHPQy4, 15.5 mmol/L NaHCO3, 1.2 mmol/L MgCl,,
11.5 mmol/L D-glucose, and 2.5 mmol/L CaCl,). The fresh tissue was
fixed in 4% paraformaldehyde at 4°C for 20 min, followed by over-
night incubation in 1 x Tris- buffered saline (TBS) at 4°C. Dehydra-
tion was performed in 20% sucrose in TBS at 4°C. The tissue was
trimmed and placed at 1:1 optimum cutting temperature (OCT)/20%
sucrose in TBS and flash frozen by liquid nitrogen. Then, 8-mm-thick
cryosections were used for immunohistochemistry staining experi-
ments. The section was blocked with 0.5% Triton X-114, 4% skim
milk in TBS for 1 h at room temperature, rinsed with TBS twice for
10 min each, and then incubated with primary antibodies (Table S3)
for 48 h on a rocker at 4°C. The slide was rinsed with TBS twice for
10 min each and then incubated with secondary antibodies for 2 h at
room temperature. After washing with 1X TBS 3 times for 10 min
each, and mounted (treated with Fluoroshield mounting medium 40,
6-diamidino-2-phenylindole). Fluoview FV10-ASW (Olympus) Viewer
software (version 3.1) on an Olympus FV1000 confocal laser scan-
ning microscope was used to image the slides.

Gut permeability assay

Mice were fasted overnight and then oral gavaged 600 mg/kg body
weight of FITC-Dextran (4 kDa).3* 4 h after the gavage, blood was
collected by penetrating the retro-orbital sinus of the mice. The
blood was stored in a vial containing EDTA to prevent blood clotting.
The blood was then spun down at 15,000 RPM for 15 min at 4°C in
order to collect the plasma. The plasma was diluted 1:5 with 1X PBS
and then fluorescence was measured at 485 nm excitation and

528 nm emission using the GloMax® Explorer plate reader.

Rescue experiments through miR-10b mimic
intervention

Intraperitoneal (IP) injection of either 500 ng/g of the miR-10b

mimic (a chemically modified double-stranded RNA molecule that
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mimics endogenous miR-10b upregulates miRNA activity), or
500 ng/g of the scramble (SCR) RNA (a negative control miRNA
mimic molecule with a random sequence that has been extensively
tested and validated to ensure no identifiable effects) was
administered to male mir-10b KO mice.® Body weight, blood
glucose levels, functional gut motility procedures, and gut
permeability assays were measured or performed 2-week post-
injection.

miRNA sequencing and the Gene Ontology (GO) terms
analysis

Small RNA libraries were generated using an lllumina TruSeq Small
RNA Preparation Kit (lllumina) following the manufacturer's in-
structions. The cDNA libraries were sequenced following the ven-
dor's instructions. The cDNA libraries were sequenced following the
vendor's instructions on an lllumina Hiseq 2500 at LC Sciences. A
proprietary pipeline script, ACGT101-miR (LC Sciences) was used for
small RNA sequencing data analysis. All miRNAs were annotated
from pre-miRNA and mature miRNA sequences listed in the latest
release of miRbase 22.0. For the Gene Ontology (GO) enrichment
analysis of target genes, two computational target prediction algo-
rithms TargetScan and Miranda 3.3a were used. The GO terms of
most abundant miRNAs and miRNA targets were annotated in the
colonic mucosa of mir-10b KO mice compared to wild type (WT) mice
to enable functional interpretation of miR-sequence data. The scat-
terplot of enriched GO terms was generated using the R software
package.

Human specimens

All human serum samples from healthy controls (HC), patients
with constipation-predominant irritable bowel syndrome (IBS-C)
and type 2 diabetes (T2D), and clinical data were commercially
obtained from the Precision for Medicine or through research
collaboration with Loyola University Chicago (Table S1). The
research participants included in this study were adults 45-
68 years of age. All human subjects provided informed consent,
and all study procedures were approved by Precision for Medi-
cine, Loyola University Chicago, and University of Nevada, Reno

institutional review boards.

Statistical analyses

The experimental data are shown as the mean + standard deviation
(SD). Two-tailed unpaired Student's t-test, AUC calculations, and
one-way or two-way analysis of variance (ANOVA) were used for
mouse and human experiments using GraphPad Prism 9 software.
For all tests, p-values less than 0.05 were considered statistically

significant.

RESULTS
Generation of global mir-10b knockout mice

In order to create a global (g) mir-10b knockout (KO) mouse model
that did not disrupt the host gene exons (Figure 1a), we used the
Mb3Cas12a/Mb3Cpfl endonuclease and one crRNA harboring three
23-nt spacers separated by three 20 nt direct repeats (DRs)
(Figure 1b) to target the mir-10b locus. mir-10b KO pups were then
screened for deletion in the mir-10b gene using Sanger sequencing
(Figure 1c). The founder was selected because it had deletions in the
portion of the mir-10b gene that encodes for the mature 3’ and 5’
miRNAs. Further confirmation of the KO mice was accomplished
using genotyping PCR (Figure 1d). Figure le represents the gross
body image of the WT and KO mice. miR-10a-5p and miR-10b-5p
belong to the miR-10 family, differing only by a single nucleotide in
the middle of their sequences.> The two miRNAs are indispensable
in regulating diabetes and Gl dysmotility.*® We confirmed the miR-
10b-5p deficiency through miRNA-seq analysis in the colonic mu-
cosa from mir-10b KO mice and healthy WT mice, while miR-10a-5p
was slightly increased in mir-10b KO mice possibly indicating
compensatory response (Figure 1f, Table S2, miR-seq profile, public
database link: https://www.ncbi.nlm.nih.gov/sra/PRJINA992019 and
https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE236981).

Knockout of mir-10b leads to body weight gain and
impaired glucose homeostasis

Further, we wanted to see if the global loss of mir-10b leads to
obesity and hyperglycemia similar to the Kit™ cell specific condi-
tional mir-10b KO mice. We found that male mice had significantly
increased body weight gain when compared to their WT coun-
terparts (Figure 2a). However, while we do see an increase in
body weight in the female mir-10b KO mice, the change was not
significant compared to WT mice (Figure 2a). Additionally, we
found that both male and female mir-10b KO mice developed
significantly increased blood glucose levels after 20 weeks of age,
possibly indicating a hyperglycemic condition (Figure 2b). To
further confirm if the mir-10b KO mice developed impaired
glucose homeostasis, we performed GTT and ITT, respectively
(Figure 2c-f). While only males had significantly impaired glucose
tolerance, both male and female mir-10b KO mice developed in-
sulin  resistance, as evidenced by significantly increased
AUC (Figure 2d,f). GTT analysis of female mir-10b KO mice also
showed that these mice have impaired glucose tolerance at 60, 90
and 120 min after glucose injection. Taken together, these data
suggest that a global loss of mir-10b leads to the development of
impaired glucose homeostasis in both male and female mice.
Furthermore, we investigated the susceptibility of mir-10b KO
mice to high-fat and high-sucrose diet (HFHD), a typical western
diet, induction of obesity and hyperglycemia. We fed both WT and
KO mice with a HFHSD for a period of 12 weeks and measured
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FIGURE 1 Generation of global mir-10b knockout mice. (a) Schematic of the deletion of mir-10b. mir-10b is located within the intron of
Hoxd4. (b) Schematic of the crRNA used to create the mir-10b knockout (KO) mouse. (c) Sequencing results confirming the deletion of both
miR-10b-5p and miR-10b-3p. (d) PCR confirmation of the mir-10b KO mice. (e) Gross body image of 5-month-old male WT and 5-month-old
male mir-10b KO mice, which are from the same C57BL6J background. (f) miRNA reads of miR-10b-5p and miR-10a-5p in the colonic mucosa

from WT and KO mice obtained by miRNA-seq (n = 3). WT, wild type.

their body weight and fasting blood glucose levels (Figure S1a,b).
Our findings demonstrated that KO mice fed with HFHSD gain
body weight at a faster rate and experience an earlier onset of
hyperglycemia compared with WT mice fed with HFHSD. These
results suggest that mir-10b KO mice are more susceptible to
developing obesity and hyperglycemia when exposed to a HFHSD
diet.

mir-10b KO mice develop delayed gut transit

It is well understood that the hyperglycemic condition is linked
to gut dysmotility.? Therefore, we investigated whether mir-10b
KO mice also developed impaired gut motility. Interestingly,
both male and female mir-10b KO mice developed extensively

delayed whole gut transit when compared to their WT

counterparts, as evidenced by their significantly increased whole
gut transit times (Figure 3a). Furthermore, we found that both
male and female mir-10b KO mice developed slow transit con-
stipation, which was indicated by significantly delayed colonic
transit time (Figure 3b). Finally, the significantly reduced per-
centage of gastric emptying in both male and female mir-10b KO
mice (Figure 3c,d) indicated the development of impaired gastric
emptying. Therefore, these data indicate that KO of mir-10b

causes the onset of gut dysmotility.
Leaky gut links hyperglycemia and gut dysmotility
phenotypes

Intestinal barrier dysfunction, known as leaky gut, is a common co-

occurrence with hyperglycemia and gut dysmotility.3¢%” Recently,
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FIGURE 2 Knockout of mir-10b leads to body weight gain and impaired glucose homeostasis. (a) Body weight comparison of both male
and female mir-10b knockout (KO) and WT mice. (b) Fasting blood glucose comparison of both male and female KO and WT mice. (c) Glucose
tolerance tests of both male and female KO and WT mice. (d) AUC from (c). (e) Insulin tolerance tests of both male and female KO and WT
mice. (f) AUC from (e). n = 4-7 per condition for each experiment. Error bar indicates mean + SD, 2-way analysis of variance (ANOVA).

*p < 0.05; **p < 0.01; **p < 0.001; **p < 0.0001. WT, wild type.
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leaky gut has been proposed as a core pathophysiological mechanism
linking these two conditions.? Therefore, we hypothesized that mir-
10b KO mice may develop the leaky gut phenotype. First, we
observed H&E staining of the distal colon in mir-10b KO mice and
found that the epithelium was extensively blunted, likely caused by a
breakdown of the epithelial barrier and infiltration of immune cells,
when compared to their WT counterparts (Figure 4a). Moreover,
significant colon inflammation was observed after histology score
analysis of H&E stained images of colonic tissue from WT and mir-
10b KO mice (Figure 4b), evidenced by more severe epithelial
erosion, marked crypt damage, and increased inflammatory cell
infiltration. Additionally, we imaged cross sections stained with the
Villin and 4', 6-diamidino-2-phenylindole (DAPI) antibodies of colon
tissue from WT and mir-10b KO mice (Figure 4c) and found that
there was decreased Villin expression in the epithelium in mir-10b
KO mice when compared to their WT counterparts. To test the
function of the epithelial barrier, we performed gut permeability
assays and found that the mir-10b KO mice had significantly
increased gut permeability compared to WT mice as shown by
increased FITC-dextran in the blood serum of the mice (Figure 4d).
Further, we found that there was a significant reduction of the Tight

junction protein-1, also known as Zonula occludens-1 (ZO-1), in the

colon of mir-10b KO mice (Figure 4e,f). Moreover, we performed a
GO term analysis in the colonic mucosa of mir-10b KO mice
compared to WT mice (Figure S2). The GO term analysis of mir-10b
KO versus WT mice revealed a reduction in GO terms related to
cell junction, phosphorylation, ATP binding, synapse, signal trans-
duction, and integral component of the plasma membrane in the
colonic mucosa of mir-10b KO mice compared with WT mice. These
GO terms are linked to the pathologies observed in the mir-10b KO
mice. We also performed an analysis of the correlation between miR-
10b levels, FITC gut permeability, WGTT, blood glucose levels, as
well as ZO-1 expression in KO mice compared with WT mice. We
found that the miR-10b levels were negatively correlated with gut
permeability, WGTT, and blood glucose levels and positively corre-
lated with ZO-1 expression (Figure S3). In agreement with the mir-
10b KO constipation predominant and hyperpermeable phenotype,
we found that patients with IBS-C, a known gut motility disorder that
is linked to the leaky gut, and patients with T2D had significantly
reduced miR-10b-5p expression in serum samples as compared to
healthy controls (HC) (Figure 4g,h). Taken together, these data sug-
gest that global loss of mir-10b leads to the development of the leaky
gut phenotype, and this may also be the case for the patients with
T2D and IBS-C.
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FIGURE 4 mir-10b knockout (KO) mice develop the leaky gut phenotype. (a) H&E staining of colon cross sections from mir-10b KO and
WT 5-month-old male mice. Scale bars are 50 um. (b) Histology score comparison of KO and WT 5-month-old male mice (n = 3) (c) Villin (red)
and DAPI (blue) staining of colon cross sections from KO and WT mice. Scale bars are 100 um. (d) Amount of FITC-Dextran found in serum
from both male and female KO and WT mice. (e), (f) Western blot and quantification of ZO-1 expression from the colon of KO and WT male
mice. (g), (h) miR-10b-5p expression in serum samples from patients with constipation-predominant irritable bowel syndrome (IBS-C) and type

2 diabetes (T2D), and healthy controls (HC) normalized by Snord15a expression (QPCR). n = 3-12 per condition for each experiment. Error bar
indicates mean + SD. *p < 0.05; ***p < 0.001.

Treatment with the miR-10b mimic rescues the injection was given to mir-10b KO mice as a negative control. We
hyperglycemic, gut dysmotility, and leaky gut analyzed body weight of the mice and discovered that mir-10b KO
phenotypes mice did not have significant weight reduction 2 week after the

mimic injection (Figure 5a); however, there was a significant
For a gain of function studies, a miR-10b-5p mimic was injected reduction in blood glucose levels 2-week post-injection when
into 5-month-old mir-10b KO mice. Additionally, a scramble (SCR) compared to SCR injected mice (Figure 5b). Further, the gut
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FIGURE 5 Treatment with the miR-10b mimic rescues the hyperglycemic, gut dysmotility, and leaky gut phenotypes. (a) Body weight
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dysmotility phenotype was rescued by the mimic injection as evi-
denced by significantly improved whole gut transit time (Figure 5c),
colonic transit time (Figure 5d), and percent gastric emptying
(Figure 5e) when compared to the SCR injected mir-10b KO mice.
Additionally, to confirm any effect of miR-10b mimic on whole gut
transit time (WGTT) in WT mice, we injected mice biweekly with a
miR-10b-5p mimic (500 ng/g) and performed WGTT thereafter over
a 12-week period on a bi-weekly basis (Figure S4). We found that
WT mice injected with a miR-10b-5p mimic maintained normal gut
motility. Interestingly, the mimic injection improved gut perme-
ability of the mir-10b KO mice to similar levels as their WT coun-
terparts (Figure 5f). Further, the intestinal epithelial barrier
integrity and histology score was restored following the mimic in-
jection (Figure 5f-h). Further, we found that levels of the proin-
flammatory cytokine TNF-a were reduced in mir-10b KO mice
injected with the mimic as compared to non-injected mir-10b KO
mice (Figure S5). Moreover, ZO-1 expression was restored in mir-
10b KO mice following the mimic injection (Figure 5i,j).

Moreover, miRNA-seq analysis of leaky and recovered colonic
mucosa from mir-10b KO mice injected with the mimic showed a
dozen of dysregulated miRNAs that are associated with the key
pathophysiological mechanisms of DGBIs such as gut dysmotility
(miR-222, -551b, let-7f, —143, —145, —28a, and —375), intestinal
barrier dysfunction (miR-144, 21a, —16, —148b, —200b, —200c, and
—30e), gut immune dysfunction (miR- 200c and —128) as well as
visceral hypersensitivity (miR-200a), highlighting the important role
of miR-10b in maintaining these pathophysiological mechanisms*2
17.23 (Figure 6a-c and Table 1). As expected, miR-10b-5p, but not
miR-10a-5p, was slightly restored in mir-10b KO mice following the
miR-10b-5p mimic injection (Figure 6a,b; Table S2). Interestingly, the
dysregulated miRNAs were restored in the colonic mucosa of mir-10b
KO mice injected with the miR-10b-5p mimic, reinforcing the po-
tential translational aspects of the miR-10b-5p mimic in resolving
these pathologies present in DGBIs (Figure éb,c and Table 1). Most
miRNAs (16 out of 21 miRNAs) dysregulated in leaky colonic mucosa
in mir-10b KO mice were restored in the mimic injected mice and are
consistent with miRNAs that are known to regulate Gl dysmotility,
intestinal barrier dysfunction, and gut immune dysfunction. However,
expression profiles of 5 miRNAs (miR-143-3p, 490-3p, 29a-3p, 125b-
3p, and 219%a-5p) are in discordance with the constipation predomi-
nant mir-10b KO mice, suggesting that these miRNAs are specific to
their pathological mechanisms in diarrhea-predominant IBS (IBS-D).

Taken together, these data suggest that the miR-10b mimic in-
jection is able to rescue impaired glucose homeostasis, gut dysmo-

tility, and the leaky gut in mir-10b KO mice. Additionally, the mimic

might have potential for the treatment of diabetes, gut motility dis-
orders, as well as other disorders linked to the leaky gut.

DISCUSSION

It has been well established that hyperglycemia and gut dysmotility
have a substantial co-occurrence®®; however, how these two disorders
are related to the leaky gut or intestinal hyperpermeability has been
largely elusive. Here we have identified a possible pathophysiological
mechanism linking the two disorders to the leaky gut. Our data suggest
that global loss of mir-10b leads to impaired gut barrier function, which
links the hyperglycemia and gut dysmotility phenotypes. Additionally,
we have identified miR-10b-5p as a therapeutic target for these con-
ditions; restoration of which might be beneficial to patients suffering
from conditions linked to the leaky gut (e.g., IBS-C).

mir-10b KO mice have substantial weight gain likely due to the
role of miR-10b in regulating expression of apolipoprotein L6 (Apol6),
which is a lipid binding protein that plays a key role in adipogenesis.3’
The observed increase in blood glucose levels, impaired glucose
tolerance, as well as insulin resistance indicates the development of
impaired glucose homeostasis, which may be caused by the degen-
eration of pancreatic B-cells through the KLF11-KIT pathway.®
Further, these mice develop severe gut dysmotility as evidenced by
significantly increased whole gut transit time and colonic transit time
as well as delayed gastric emptying, which could be caused by the
loss of KIT expression in ICCs,* along with degeneration of smooth
muscle cells, macrophages, enteric neurons, and other cells that
function to maintain gut homeostasis. Both the global mir-10b KO
and conditional KO mouse® models exhibited diabetes and gut
dysmotility, in contrast the leaky gut phenotype was present only in
global KO mice. Regarding cellular changes, the conditional KO
model displayed the degeneration of KIT-expressing cells (ICCs and
pancreatic B cells), while global KO mice exhibited remodeled
enterocytes and impaired barrier integrity. Most importantly, the
diabetic and gut dysmotility phenotypes are linked by the develop-
ment of the leaky gut phenotype as shown with the development of a
disorganized epithelial barrier, increased gut permeability, and
reduced ZO-1 expression in mir-10b KO mice.

The leaky gut phenotype might further lead to gut immune
dysfunction as evidenced by upregulated miR-200c in the colonic
mucosa of mir-10b KO mice. Our findings are in accordance with the
remarkable study that demonstrated intestinal tissues from patients
with ulcerative colitis and mice with colitis had increased levels of

miR-200c-3p, which further reduced expression of occludin in

gastric emptying between NI WT, NI KO, SCR KO, and 10b mimic injected KO mice. (f) Amount of FITC-Dextran found in serum from NI WT, NI
KO, and 10b mimic injected KO mice. (g) Top: H&E staining of colon cross sections from WT, KO, and mimic injected KO mice. Scale bars are
50 um. Bottom: Villin (red) and DAPI (blue) staining of colon cross sections from WT, KO, and mimic injected KO mice. Scale bars are 100 um.
(h) Histology score comparison NI WT, NI KO, and 10b mimic injected KO mice (n = 3) (i), (j) Western blot and quantification of ZO-1 expression
from the colon of WT, KO, and mimic injected KO mice. n = 3-7 per condition for each experiment. Error bar indicates mean + SD, 1-way

ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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FIGURE 6 Dysregulated and restored miRNAs in the leaky gut of mir-10b knockout (KO) male mice. (a) Heat map showing the normalized
expression of differentially expressed miRNAs in the colonic mucosa from mir-10b WT and KO 5-month-old mice injected with miR-10b-5p
mimic or given no injection (NI), obtained by miRNA-seq analysis. A heat map colors range from dark green to dark red, representing low and
high expressions, respectively. (b) Dysregulated and restored miRNAs in the leaky gut of the mir-10b KO mice and in the pathogenesis of gut

dysmotility. (c) Dysregulated and restored miRNAs in the leaky gut of the mir-10b KO mice and in the pathogenesis of intestinal barrier

dysfunction.
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TABLE 1 Dysregulated and restored miRNAs in the leaky gut of the mir-10b knockout (KO) mice and in the pathogenesis of gut
dysmotility, impaired barrier function, gut immune dysfunction, and visceral hypersensitivity.

miRNA levels in 10b KO phenotype

miRNA levels in Gl disease

miRNA

miRNA WT KO KO + 10b  expression Gl disease Species Pathophysiological mechanisms PMID

let-7f-5p 51,022 105,438 112,419 Up STC Human Gl dysmotility 31757880
miR-10b-5p 18,057 14 469 Down Gastroparesis/ Human Gl dysmotility 33421511

STC
miR-28a-3p 589 719 556 Up Gastroparesis  Murine Gl dysmotility 30285465
miR-128-3p 863 1042 263 Up STC Human Gut immune dysfunction 25749934
miR-145a-5p 261,621 83,319 529,831 Down STC Murine Gl dysmotility 26633717
miR-222-3p 765 811 591 Up STC Murine Gl dysmotility 33792838
miR-375-3p 93,198 115,315 54,757 Up STC Murine Gl dysmotility 24507550
miR-551b-3p 17 0 9 Down STC Murine Gl dysmotility 31966602
miR-21a-5p 319,136 1,360, 772 626,341 Up IBS Murine Intestinal barrier dysfunction 28760826
miR-148b-5p 99 169 165 Up IBS Human Intestinal barrier dysfunction 34221007
miR-30e-3p 3650 2828 8105 Down - IECs Intestinal barrier dysfunction 27261459
miR-200b-5p 912 2681 783 Up - IECs Intestinal barrier dysfunction 27979826
miR-200c-3p 17,423 39,162 13,609 Up uc Human Intestinal barrier dysfunction gut immune 32569770
dysfunction
miR-143-3p® 294,225 954,512 1655.929 Down STC Murine GI dysmotility 26633717
miR-490-3p? 295 217 402 Up IBS Mast cells  Gut immune dysfunction 28104984
miR-16-5p 19,832 11,045 15,507 Down IBS-D Human Intestinal barrier dysfunction 28082316
miR-144-3p 324 689 725 Up IBS-D Murine Intestinal barrier dysfunction 29258088
miR-200a-3p 380,522 754,583 498,181 Up IBS-D Murine Visceral hypersensitivity 30347941
miR-29a-3p® 101,418 95,703 255,114 Up IBS-D Human/ Intestinal barrier dysfunction 33093893
mouse

miR-125b-3p® 156 171 304 Down IBS-D Human Intestinal barrier dysfunction 28082316
miR-219a-5p® 74 168 25 Down IBS-D Human Intestinal barrier dysfunction 33617890

Abbreviations: IBS-C, constipation-predominant irritable bowel syndrome; IBS-D, diarrhea-predominant irritable bowel syndrome; STC, slow transit

constipation; UC, ulcerative colitis.

2In previous Gl disease studies, these miRNA expression levels are in discordance with our study.

enterocytes and thereby increased gut permeability.*® Over-
expression of miR-21a-3p, miR-200b, and miR-30e in the colonic
mucosa from mir-10b KO mice further reinforces that the leaky gut
phenotype is associated with cellular remodeling of the epithelial
barrier. Furthermore, our mir-10b KO mice had a dysregulation of
miRNAs that are associated with the key pathophysiological mecha-
nisms of DGBIs, such as gut dysmotility and visceral hypersensitivity
(Table 1). Taken together, the mir-10b KO mouse model is likely a
reliable model for studying the leaky gut and its associated conditions.

Additionally, we found that injection with a miR-10b-5p mimic
rescued the hyperglycemic, gut dysmotility, and leaky gut pheno-
types. This was evidenced by significantly improved blood glucose
levels, whole gut transit time, gastric emptying, colonic transit time as
well as restored gut barrier integrity, decreased gut permeability, and
increased ZO-1 expression 2-week post-injection. This highlights the

potential of the miR-10b-5p mimic as a treatment option for patients
suffering from conditions linked to the leaky gut, such as IBS and
diabetic gastroparesis.

We found that patients with IBS-C had reduced miR-10b-5p
expression as compared to healthy controls, likely contributing to
the intestinal barrier dysfunction. Studies have shown miRNA dys-
regulation in patients with IBS-D, elucidating how dysregulated
miRNAs modulate the leaky gut phenotype. Down-regulation of miR-
16-5p and miR-125b-3p aggravate intestinal barrier function in IBD-
D patients via targeting claudin-2 (CLDN2) and cingulin (CGN),
respectively.’®> miR-144 increases intestinal permeability in 1BS-D
rats via targeting occludin (OCLN) and ZO-1.4* miR-200a increases
visceral hyperalgesia in IBS-D rats via targeting cannabinoid receptor
1 (CNR1) and serotonin transporter (SERT).*?> miR-29a-3p increases
intestinal permeability in IBS-D patients by targeting CLDN1 and
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nuclear factor-kB-repressing factor (NKRF).1%

miR-219-5p regulates
intestinal barrier function in IBS-D by altering the expression of
permeability-associated genes including TJP1/ZO-1, E-cadherin
(CDH1), carcinoembryonic antigen-related cell adhesion molecule 5
(CEA-CAMS), and catenin delta 1 (CTNND1).*” Elucidation of miR-
10b regulation for other tight junction proteins, which are involved
in both paracellular and transcellular routes regulating the leaky gut
pathway and micro-anatomical validation of these proteins in colonic
tissue of patients with IBS-C and T2D, warrants further investigation.
Exploring the interplay between miRNAs and tight junction proteins
would open a window for putative therapeutic candidates that might
reinforce the gut barrier integrity, consequently preventing or
ameliorating inflammatory reactions and potentially re-establishing
gut-metabolic homeostasis.

Leaky gut has also been associated with immune cell infiltra-
tion.*>** The gut epithelial barrier is the front-line defender against
pathogens and their associated molecules.*> When there is a break-
down in this defense, it allows for infiltration of these harmful bac-
teria and molecules, leading to an inflammatory response.'317:4546
This chronic low-grade inflammatory response causes the develop-
ment of diabetes, gut dysmotility, as well as Parkinson's disease and
has even been implicated in the exacerbated symptoms of Lupus.*”8
Furthermore, once the intestinal barrier function is disturbed, food
antigens and pathogens cross the gut epithelium and activate a T
helper 2 cell response that results in immune activation mediated via
mast cells and eosinophils.*”>° Previous studies noted that in pa-
tients with IBS, an elevated number of colonic mast cells correlates
with impaired intestinal barrier function and visceral hypersensitiv-
ity.>1">% Therefore, it is imperative to focus future research on
elucidating if mir-10b KO mice also develop this inflammatory
response and how miR-10b regulates mast cell function. A recent
study demonstrated that deficiency of miR-10b increased suscepti-
bility to DSS-induced colitis.>* This study also revealed increased
intestinal permeability in mir-10b KO mice after DSS treatment.
Moreover, the study found that miR-10b deficiency exacerbated the
immune response, including infiltration of macrophages and
Ly6G™ neutrophils in colon tissue, elevated serum levels of LPS, DAO,
D-LA, TNF-q, IL-1B, IFN-y, IgM, IgA, and IgG in mir-10b KO mice after
DSS treatment.>* We confirmed the elevated TNF-a expression in
mir-10b KO mice compared to WT. These findings, together with our
study, suggest that miR-10b deficiency leads to intestinal perme-
ability, dysregulation of tight junctions, and gut immune dysfunction.
Additionally, it is of paramount importance to uncover the role of
miR-10b-5p in other cells essential to proper gut function and
maintenance, such as neurons, PDGFRa cells, smooth muscle cells,
etc.>57%C Furthermore, the leaky gut phenotype should be assessed
using an Ussing chamber, which is currently the gold standard for
measuring epithelial barrier permeability. Moreover, the validation of
the leaky gut phenotype should be conducted using a larger number
of patients.

Gut microbial alterations are extensively prevalent in patients
with IBS and metabolic disorders.223¢1 Studies noted the role of

host miRNAs in shaping the gut microbiota, which might further

modulate the altered gut microbiota-linked pathophysiological
mechanisms such as gut motility, gut immune dysfunction, impaired
gut barrier function, and insulin resistance.®?7%* A landmark study
showed that host fecal miRNA directly regulates gut microbial gene
expression and growth.®2 This study showed that human and mouse
feces contained specific miRNAs, such as miR-155 and miR-1224.
Mice deficient in the miRNA-processing enzyme Dicer, restricted
only to intestinal epithelial cells (IECs), had reduced levels of fecal
miRNA, suggesting that IECs are a significant source of miRNA in
feces. Further, the authors showed that mice with Dicer knocked
out specifically in IECs had gut microbiota dysbiosis and were more
susceptible to induced colitis than wild-type mice. This study pro-
vides evidence that the host can actively modulate gut microbes
through miRNAs. Further, one study compared the miRNA profile of
IECs from conventional and germ-free mice and demonstrated that
miR-21-5p is induced by commensal bacteria, with implications for

intestinal barrier function regulation.®®

miR-21-5p is also dysregu-
lated in our mir-10b KO mice and might be involved in the devel-
opment gut microbiota dysbiosis. Future studies are warranted to
provide significant clinical insights into different facets of the host
miRNA-gut microbiota interplay and to elucidate the role of the
host miRNAs in shaping gut microbial composition in gut and
metabolic health.

Overall, our study has provided evidence linking diabetes and gut
dysmotility to the leaky gut phenotype, with miR-10b being a key
player. This may provide new treatment options for millions of pa-

tients suffering from conditions associated with the leaky gut.
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