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ABSTRACT

Of all microorganisms in the human body, the largest and most complex population resides in the
gastrointestinal (Gl) tract. The gut microbiota continuously adapts to the host environment and
serves multiple critical functions for their hosts, including regulating host immunity, procuring
energy from food, and preventing the colonization of pathogens. Mounting evidence has
suggested gut immune dysfunction, impaired barrier function, and gut dysmotility play a key role

in the development of metabolic disorders and disorders of gut-brain interactions (DGBIs).

In reference to the Rome IV criteria, the most common DGBIs, include functional dyspepsia (FD)
and irritable bowel syndrome (IBS). Additionally, there is substantial overlap of these disorders
and other specific GI motility disorders such as gastroparesis. These disorders are
heterogeneous and are intertwined with several proposed pathophysiological mechanisms, such
as altered gut motility, intestinal barrier dysfunction, gut immune dysfunction, visceral
hypersensitivity, altered Gl secretion, presence and degree of bile acid malabsorption, microbial
dysbiosis, and alterations to the gut-brain axis. The currently available therapies lack long-term
effectiveness and safety for their use to treat motility disorders and DGBIs. Additionally, currently
available treatment options simply treat the symptoms and not the pathological mechanism
causing the disorder. Pharmacological agents that are developed based on the cellular and
molecular mechanisms underlying the pathologies of these disorders might provide the best

avenue for future pharmaceutical development.

Current advances in RNA-based therapies have substantial promise in treating and preventing
many human diseases and disorders through fixing the pathology instead of merely treating the
symptomology, like traditional therapeutics. Although many RNA therapeutics have made it to
clinical trials, only a few have been FDA-approved thus far. Additionally, the results of clinical
trials for RNA therapeutics have been ambivalent to date, with some studies demonstrating

potent efficacy, whereas others have limited effectiveness and/or toxicity. Momentum is building



in the clinic for RNA therapeutics; future clinical care of human diseases will likely be comprised

of promising RNA therapeutics.

There has been phenomenal progress in understanding the cellular and molecular mechanisms
of DGBIs. However, the precise cellular and molecular pathogeneses of gut dysfunctions are yet
enigmatic. Important regulatory mechanisms are mediated through mircoRNAs (miRNAs) and
they play an essential role in gut health. miRNAs are small non-coding RNA molecules that post-
transcriptionally regulate gene expression by binding to specific mMRNA targets to repress their
translation and/or promote the target mMRNA degradation. Dysregulation of miRNAs might impair
gut physiological functions leading to DGBIs and gut motility disorders. Studies have shown
mMiRNAs regulate gut functions such as visceral sensation, gut immune response, Gl barrier
function, enteric neuronal development, and Gl motility. These biological processes are highly
relevant to the gut where neuroimmune interactions are key contributors in controlling gut
homeostasis and functional defects lead to DGBIs. The therapeutic targeting of miRNAs
represents an attractive approach for the treatment of DGBIs because they offer new insights into
disease mechanisms and have great potential to be used in the clinic as diagnostic markers and
therapeutic targets. Additionally, miRNAs might be beneficial for the treatment of DGBIs because
they might be able to return functionality of key cells in the maintenance of normal gut
homeostasis such as interstitial cells of Cajal (ICCs), enterochromaffin (EC cells), enteric
neurons, smooth muscle cells, gut immune cells, etc. that are normally dysregulated in these

conditions.

Our previous studies demonstrated that depletion of miR-10b in KIT* cells has been shown to cause
the development of diabetes and gut dysmotility through the KLF11-KIT pathway. Recent studies
have also shown that the leaky gut is connected to both diabetes and gut dysmotility; however,
there is no direct evidence indicating whether or not the leaky gut is the linking mechanism between
these conditions. Here we aimed to elucidate if global loss of miR-10b leads to the development of
the leaky gut and if this is the linking mechanism between hyperglycemia and gut dysmaotility. First,

we created a mir-10b global KO (gKO) mouse model using CRISPR-Mb3Cas12a/Mb3Cpfl. 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 mimic rescues these phenotypes and might have

substantial therapeutic potential for the treatment of diabetes, gut dysmoatility, and the leaky gut.
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CHAPTER ONE: Gut Microbial Dysbiosis in the Pathogenesis of Gastrointestinal

Dysmotility and Metabolic Disorders

Introduction

Trillions of microorganisms live inside every human.® 2 Not surprisingly, these microbial
inhabitants outnumber all of the human cells in the entire body by approximately one order of
magnitude (10 vs. 1013, respectively).2 To better grasp the role that gut microbes play in health
and disease, scientists around the globe are investigating gut microbiota and their metabolites that
play a fundamental role in modulating metabolic, developmental, and physiological aspects. 4
Many human diseases originate from distorted gut microbiota composition (dysbiosis) leading to
dysregulation of physiological and metabolic processes.3® The gut microbial dysbiosis has been
implicated in functional gastrointestinal (Gl) disorders including irritable bowel syndrome (IBS),
functional dyspepsia (FD), and inflammatory bowel diseases (Crohn’s disease, and ulcerative

colitis).6-°

In 2019 there were approximately 463 million people suffering from type 2 diabetes (T2D)
and 4.2 million deaths due to T2D-related complications.'® Currently, T2D is projected to affect 700
million people worldwide by 2045, which could become greater burden to the medical community
already facing grim statistics.10 Approximately 50% of diabetic patients also suffer from GI motility
disorders including but not limited to diarrhea, fecal incontinence, constipation, dyspepsia, and
gastroparesis.1113 Gl motility disorders are also extremely common, with approximately 40% of
adults suffering from functional bowel disorders worldwide.* There is a great need to understand
the molecular mechanisms that occurs in conditions associated with dysbiosis and how these
altered pathways contribute to the development of Gl motility disorders and T2D. There are
currently many studies on creating a deeper understanding of microbiota-related mechanisms of
disease pathogenesis with hope that it will lead to the development of effective, preventative and
therapeutic interventions.'>1° Here, we summarize the impact that the gut microbiome and its

metabolites have on both Gl motility disorders and metabolic diseases. Although, extensive review



of current literature identifies a lack of knowledge, the question persists as to whether the disruption

of gut microbial communities is a consequence or cause of chronic Gl and metabolic diseases.

Function, composition, and the dysbiosis of the gut microbiota

The Gl tract is home to vast microbial communities including bacteria, fungi, archaea and
viruses.! 20 The microbe population is more sparse in the upper gut (stomach, duodenum, and
jejunum) with approximately10® bacteria per mL of aspirate, where there are approximately 107-
1012 bacteria per mL of aspirate in the lower gut (ileum and proximal colon).?? Gut microbiota
perform many diverse functions, such as aiding in the digestion of food, production of essential
vitamins, synthesis of metabolites, prevention of pathogenic bacteria colonization, gut-immune
regulation, drug metabolism, detoxification, and maintenance of Gl physiological homeostasis
(Figure 1).20: 22 23 Hence, maintaining a healthy proportion of beneficial microbes, also called

eubiosis, is essential for human health.

Gut microbial imbalance, known as dysbiosis, can include an increase in the proportion of
small bowel bacteria, alteration in the relative proportion of benevolent microbes to pathogenic
ones, as well as the translocation of colonic bacteria.* 24 At a fundamental level, there are many
contributing factors for the progression of a diseased states including microbe-microbe interactions,

microbial metabolites, host immune response, host physiology, diet, and the host environment.5: 25

26

Gut microbiota composition and relative abundance changes throughout the varying
microenvironments of the Gl tract?” and over 50 bacterial phyla have been identified in the human
Gl tract so far.?8 In the healthy host Bacteroidetes and Firmicutes are the most predominantly found
phyla in the gut, while Proteobacteria, Verrucomicrobia, Actinobacteria, Fusobacteria, and
Cyanobacteria are found in much smaller proportions.?® Generally, the various segments of the Gl
tract are colonized by different microbial communities; Gram-positive bacteria are prevalent in the
small intestine while Gram-negative bacteria are predominate in the large intestine.?!

Approximately 95% of bacteria presiding in the colon are strict anaerobes, which is determined by



the available nutrients.3° Small intestinal bacterial overgrowth is largely determined by intrinsic and
extrinsic factors.3 The most notable intrinsic factors preventing this overgrowth of bacteria are
gastric acid and bile acid secretion, peristaltic movement, normal gut defense mechanisms, the
production of mucin, gut antibacterial peptides, and prevention of bacterial retrograde translocation
from the lower gut to the upper gut via the ileocecal valve.32 33 Extrinsic factors include nutrient
intake and diet, bacterial and viral infection, medications altering motility (prokinetics), and drugs
modulating the gut microbiota, for instance, pre- and probiotics, proton pump inhibitors (PPIs), H2
blockers, and antibiotics.34-36 If any one of the extrinsic factors cause imbalance to off-set the many
protective mechanisms set in place, commensal and pathogenic gut microbiota may colonize
disproportionately and lead to dysbiosis. One example of dysbiosis is the development of small
intestinal bacterial overgrowth (SIBO), diagnosed by overall bacterial overgrowth equal to or greater
than 10° colony forming units (CFU) per mL of upper gut (e.g., jejunal) aspirate culture.3” However,
overgrowth of bacteria equal to or greater than 103 CFU/mL of upper gut aspirate has also been
included in the diagnosis of SIBO recently.3® Based on jejunal aspirate cultures, one study showed
that Escherichia coli, Streptococcus species, Pseudomonas aeruginosa, Staphylococcus species,
Acinetobacter baumannii, Acinetobacter lwoffii, Enterococcus faecium, Klebsiella pneumoniae, and
Enterococcus faecalis were predominantly found in patients with SIBO who suffered altered Gl

motility.3°

Gut microbiota affects host physiology

The gut microbiota provides its host with essential health benefits primarily by maintaining
healthy gut homeostasis.* 5 Currently, scientists are investigating what makes a healthy gut
microbiome and exploring the molecular mechanisms and signaling pathways that allow for
crosstalk between gut microorganisms and the host. Many studies have shown that pathogens
have the ability to impair the epithelial barrier dysfunction.*%-42 In contrast, commensal gut
microbiota have been found to act as gatekeepers to protect epithelial cell integrity from penetration
and disease caused by pathogens.*3 Other beneficial effects of commensal gut microbiota include

micronutrient production, such as vitamin K and folate.** Colonic bacteria ferment unabsorbed



carbohydrates to SCFAs, which can be subsequently absorbed through the colonic mucosa and
used as an additional energy source.*> Most importantly, commensal gut microbiota is essential to

prevent colonization and translocation with pathogenic bacteria at the intestinal epithelial barrier.46

SIBO has been found to lead to several complications in affected hosts,?® 47 including
destruction of microvilli and heightened epithelial inflammatory response, which many times results
in impaired absorption.*8 4% The bacteria responsible for the harmful effects of SIBO are often
aerobes; however, in a healthy gut the small intestine primarily houses facultative anaerobes.>
This microbial shift in patients with SIBO leads to the malabsorption of fat and a deficiency in the
fat-soluble vitamins D, E, A and K.5 Common symptoms of SIBO are abdominal discomfort, gas,
distension and bloating and are likely caused by the dysregulated fermentation of carbohydrates
and bacterial colonization in the small intestine, which produce methane (CHa4), carbon dioxide

(CO2) and hydrogen (H>).52 53

Gut microbial alterations in Gl dysmotility and metabolic disorders

Gut microbial alterations and GI dysmotility:

Peristaltic movements are of paramount importance for the foods to properly travel through
the gut.>* Peristalsis is generated by a coordination of both contraction and relaxation of the circular
and longitudinal smooth muscles of the muscularis externa® and are regulated by the enteric
nervous system (ENS), Gl smooth muscle cells (SMCs), pacemaker cells called interstitial cells of
Cajal (ICCs), enterochromaffin (EC) cells, as well as other factors.56-60 |n addition to host-specific
genetic predispositions, diet and microbiota are critical regulators of GI physiology.16 17 61
Furthermore, altered microbiota composition of the lumen and mucus layer covering the epithelium
often accompany Gl disorders.” As the complexities of the gut microbiota are being increasingly
understood, it has revealed that microbe-host interaction, including immune and metabolic
responses, are extremely important pathological factors of GI motility disorders. Previous research
has shown significant changes in the gut microbiota of patients with IBS when compared to that of

healthy individuals, which may contribute significantly to altered bowel habits caused by impaired



colonic transit.®2 6 However, it is still inconclusive whether the gut microbial signature is different
between IBS patients and healthy controls. Also, more robust future studies are warranted to
confirm whether this is an association and/or causation. A microbiome ‘signature’ for diseases like
IBS has been proposed and based upon previous literature would generally include reduced overall
microbial diversity as well as an abundance of methanogenic or Clostridiales species, which are
more commonly associated with increasing severity IBS symptoms.®4 Clostridiales spp have been
shown to adversely affect normal Gl activity due to their role in serotonin synthesis, although more
research is needed to confirm the causative relationship.® Immune dysregulation, intestinal barrier
dysfunction, and altered gut microbial signaling have been at the forefront of understanding the

microbiome-related pathogenesis of Gl disease.” 15 65

Further evidence of the relationship between microbial dysbiosis and GI motility is
demonstrated by the association between SIBO and Gl dysfunction. Proper Gl motility allows for a
constant flow of luminal material through the Gl tract, which prevents bacterial overgrowth of in the
small intestine.’¢ However, patients presenting with Gl dysmotility have a stagnant flow of luminal
material, contributing to the development of SIBO.%” For example, patients with malabsorption
syndromes have delayed upper gut motility and later also developed SIBO.57 Additionally, SIBO
predisposes dysfunctional defense mechanisms of the gut.%® Gut defense mechanisms that prevent
SIBO are mediated via secretory immuno-globulin (Ig)-A, gastric acid, duodenal bile, and
defensins.5° Defensins are host antimicrobial peptides, which contribute to the innate immunity of
the gut and as one type of microbicidal agent, the adequate concentration of defensin plays a vital
role in inhibiting pathogenic organism colonization and maintaining commensal bacteria.”® 7* For
instance, SIBO-induced Gl dysfunction is a result of several mechanisms including disproportionate
immune activation and inflammation, inadequate GI motility, intestinal epithelial barrier dysfunction,
dysregulated BA deconjugation and serotonergic modulation.?® 72 73 |ndividuals with SIBO often
contain bacteria that is commonly found in the colon, including the Gram-negative, carbohydrate-
fermenting, facultative aerobes and anaerobes such as Escherichia coli, Klebsiella pneumonia,

Enterococcus spp, and Proteus mirabilis.3% 52 74-76 Not surprisingly, in patients with SIBO versus



those without, the small intestinal luminal contents had different metabolomic profiles”” and in
another study patients with malabsorption syndrome had higher quantities of total BAs, lactate,
acetate, and formate compared to controls.”® A similar study in subjects with SIBO found that
patients were also unable to properly absorb these substances.3® Additionally, patients with
malabsorption syndrome were found to have a positive correlation with the quantity of acetate and
the degree of symptom severity of SIBO. 3 In the same study, unconjugated BAs positively
correlated with the degree of steatorrhea, or malabsorption of fat in the intestine.®5 Indicating that
bacteria commonly found in the small intestine of SIBO patients contributes to the excess
production of acetate and deconjugated BA, leading to malabsorption of fat. The inability of
intestinal epithelial cells to absorb short-chain fatty acids (SCFASs) leads to further damage in small
intestinal epithelial cells, inducing barrier dysfunction, ileal brake, and leading to stasis and

eventually bacterial colonization.?

Gut microbial alterations and metabolic disorders:

There have been many studies demonstrating how gut microbiota contribute to the
regulation of metabolic homeostasis and through microbial dysbiosis, can lead to metabolic
dysregulation and diseases; mechanisms include but are not limited to changes to gut barrier
function and metabolic inflammation.> 7° 80 Furthermore, there is surmounting evidence of the
importance of the microbiota in regulating body weight and in the development of T2D. For
example, fecal microbiota transplantation (FMT) with healthy gut bacteria improves insulin
sensitivity and weight loss in mice and human subjects.8! The gut microbiota are able to produce
and absorb host metabolism signaling molecules by regulating available energy extracted from
indigestible carbohydrates to the host.82 8 While the primary phyla of the healthy gut remain
relatively stable, colonization can be modified by diet, including prebiotics, and with probiotics and
antibiotics, which have an effect on the production of microbial metabolites.®* Still, future studies
are warranted to confirm the occurrence of a gut microbial shift caused by the administration of
prebiotics and probiotics. Antibiotics have the ability to decimate microbial populations and have

been associated with the development of metabolic disease especially with early life exposure.8



Conversely, there has been recent evidence that the use of antibiotics may help regulate metabolic
function by improving peripheral insulin sensitivity in obese patients.®* A considerable amount of
experimental data has been produced backing the role of microbiota in metabolic regulation and in
the genesis of obesity.8587 Therefore, it should not be unexpected that several studies have found
SIBO as a comorbidity in obese and diabetic patients alike.8 Further, among individuals with T2D,
the presence of SIBO has been associated with delayed gut transit, indicating an association
between gut microbial dysbiosis, Gl dysmotility, and metabolic disorder.8® However, present
knowledge is lacking robust and highly-controlled human studies examining the effects of microbial
mechanisms on host metabolism. As discussed, these studies provide evidence that changes in
the gut microbiota might provide an auspicious platform to treat diabetes-related metabolic

disorders.

Microbial signaling uncovers pathogenesis of Gl dysmotility and metabolic disease

Microbial signaling via metabolites or structural components of bacteria are transmitted
across the intestinal epithelium to communicate with distant organs.2® Once these signals are
transmitted, they are able to affect organs through subsequent signaling via nerves or hormones.%°
Metabolic signaling from the gut microbiota have the potential to significantly affect the host,

influencing health status.

Immune signals:

Immune signaling begins with the recognition of microbe-associated molecular patterns
(MAMPs) which can include structural components such as lipopolysaccharide (LPS), flagellin and
peptidoglycan by pattern-recognition receptors (PRRs). While there are many different types of
PRRs, commonly used by host-microbe immune interactions are the Toll-like receptors (TLRS),
RIG-1-like receptors (RLRs), or NOD-like receptors (NLRs) located on epithelial and immune
cells.®! In addition, the aryl hydrocarbon receptor (AHR), which is a transcription factor important
for coordinating cellular responses to external stimuli, is stimulated by the Lactobacilli tryptophan

ligand, indole-3-aldehyde.®?> Remarkably, it has been shown that in the dysbiosis-associated



conditions, the microbiota fail to generate AHR ligands contributing to the pathogenesis of Gl and
metabolic disorders® ®* as a recent study showed that AHR functions as a biosensor that connect
the environment of the intestinal lumen to programming of the ENS via intestinal motility.1” The
ENS regulates most aspects of gut physiology through intrinsic neural networks which innervate
throughout the Gl system and is commonly called the second brain.5” Distinct neuronal
transcriptomes have been identified in various delineations of the Gl tract as well as microbiota
communities in mice. These transcriptome data led to the discovery that AHR has a defined role in
regulating microbe-associated intestinal peristalsis in the surveillance pathway of the ENS.7
Murine studies have also found that AHR deficiency enhances insulin sensitivity and reduces
Peroxisome proliferator-activated receptor-a (PPAR-a), a key metabolic protein.®® Thus,
modulating AHR signaling independently or though gut microbiota modulation could help to treat
conditions commonly associated with impaired gut motility and metabolic diseases. Taken together,
the studies reviewed demonstrate that gut microbial dysbiosis alters host immune signals, which is

a central pathogenic mechanism for GI dysmotility and metabolic disorders.

Short-chain fatty acids (SCFAS):

Butyrate, propionate, and acetate are the three most commonly studied SCFAs and are
the major fermentation metabolites generated from gut microbial degradation of dietary fiber and
help to provide up to 10% of the total energy required by the host.% Butyrate, propionate, and
acetate are also important multifunctional signals produced by the gut microbiota and can bind to
the G-protein-coupled receptors (GPCR) GPR43 and GPCRA41, also known as free fatty acid
receptor 2 and 3 (FFAR2 and FFAR3), respectively. SCFAs binding to FFAR3 induces expression
of the hormone peptide YY (PYY) in enteroendocrine L-cells, which has been shown to normalize
gut motility allowing for an increase in available energy harvested from food in mice.®” Binding of
SCFAs to FFAR2 and FFAR3 in the epithelial cells of small intestine and colon activates secretion
glucagon-like peptide (GLP)-1 by L-cells, substantially impacting overall pancreatic function and
insulin release, and hormonal effects regulating appetite.®® % Independently, SCFAs perform a

wide range of metabolic functions; propionate and butyrate are able to stimulate expression of



intestinal gluconeogenic enzymes and propionate is able to independently act as a precursor as
intestinal gluconeogenesis.1® All three major SCFAs are able to activate FFAR2 in mouse WAT,
suppressing insulin signaling and therefore decreasing fat accumulation and further stimulating

energy expenditure in hepatocytes and myocytes.19 101

A study by Reigstad et al. demonstrated that gut microbiota derived metabolites in human
and mouse trigger Tphl gene expression and serotonin (5-HT) production in the colon through
stimulation of EC cells via SCFAs.1%? In this study, to explore the association between intestinal
microbes, gut contractility, and serotonergic gene expression, germ-free (GF) or humanized (HM;
ex-GF mice colonized with human gut microbiota) mice were used. Findings showed that the
microbiota from conventionally raised mice (CR) and HM mice had caused a significant increase
in colonic mMRNAs of TPH1 compared to the GF mice.192 These studies demonstrate that Gl and
metabolic homeostasis rely on SCFA production by the gut microbiota, which play a central role in

regulating GI motility and metabolic functions.

Tryptamine:

Similar to 5-HT, tryptamine is a monoamine metabolite produced from tryptophan by gut
bacteria, particularly Ruminococcus gnavus and Clostridium sporogenes, and is found abundantly
in human and rodent stool samples.1®® In a study reported by Bhattarai et al., investigators
determined that the role of tryptamine in the Gl tract is facilitated by the 5-HT4 receptor (5-HT4R)
that is only found in colonic epithelium.1® Tryptamine produced by both GF and HM mice were
shown to increase movement across the colonic epithelium as well as fluid secretions in colonoids,
validating the importance of tryptamine for proper intestinal secretion. Additionally, improved Gl
motility was seen in GF mice that were colonized with tryptamine-producing engineered
Bacteroides thetaiotaomicron microbes.® This study demonstrates that bacterial metabolites are
able to control different facets of host physiology and could be used for localized treatments for Gl

disorders associated with constipation.
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The aforementioned studies provide evidence that metabolites and byproducts essential
to gut microbiome signaling fill a specific niche to maintain proper Gl function and metabolic
regulation. Further, these findings give insight into gut microbiota and host crosstalk alluding to
future potential therapeutic options for Gl dysmotility and metabolic disorders.

The gut-brain axis and gut microbiota: Gl dysmotility and metabolic syndrome

The endocrine and nervous system are able to conduct and coordinate with absolute
synergy each organ system in the body in order to maintain homeostasis.1® The processes
between the brain and the gut are bi-directional; as the brain modulates gut physiology, the gut is
also able to influence brain function.% This bi-directional interaction has been demonstrated
through the improvement in patients with hepatic encephalopathy after gut-microbiota directed
antibiotic treatment.1%¢ Moreover, animal and human studies have demonstrated how the gut
microbiota is able to affect brain function. For example, the study by De Palma et. al demonstrated
that GF mice have altered hippocampal brain-derived neurotrophic factors (BDNF), dysregulated
hypothalamic pituitary stress responses, impaired neurotransmission, diminished tryptophan
availability and dysregulated metabolism further demonstrating a connection between the gut

microbiota and the gut-brain axis.107

Bi-directional gut-brain interactions serve as important modulators of Gl functionality
influencing motility, gastric secretions, blood flow, immune activity, and visceral sensations.108
Brain-to-gut bidirectional signaling can also affect the Gl tract through indirect signaling between
the gut microbiota and the host. Microbial organisms residing in the Gl tract can cause increased
intestinal epithelial permeability and modulate the mucosal immune response, leading to changes
in host physiology.1%°® Some evidences support that communication between the gut microbiota and
intestinal epithelial cells occurs through luminal release from neurons, Paneth cells, and EC cells.110
The perception of gut stimuli and modulation of various gut functions are conducted through the
emotional motor system. The emotional motor system is described as complimentary parallel
outflow systems which includes the sympathetic and parasympathetic branches of the autonomic

system, and endogenous pain-modulation systems.1% A bi-directional gut-brain microbiota axis is
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established through the gut microbiota interactions with gut based effector systems and visceral
afferent pathways.1% Also, current research demonstrates that the host serotonin is synthesized in
the gut via microbial-derived metabolites; these findings add further weight to the concept of a gut

microbiota-gut-brain axis and its influence on Gl homeostasis.!!1

Connecting the dots between the gut microbiota, brain, and metabolic control of insulin
secretion, Perry and colleagues explored a pathway involving the ‘rest-and-digest’ and ‘feed-and-
breed’ processes.? In this study, rats fed a high-fat diet had greater production and turnover of the
SCFA, acetate, compared to normal control diet (NCD) rats. They found that by exposing stomachs
of NCD rats with acetate, glucose-stimulated insulin secretion (GSIS) was increased, indicating a
relationship between microbiota-derived acetate and insulin secretion.*® The vagus nerve largely
controls parasympathetic activity through motor inputs which are sent to various organs and is able
to control heart rate, regulate GI movement, aid in the digestion of food, and enhance insulin
secretion. Perry et al. demonstrated this by using parasympathetic blockers, atropine or
methylatropine, or surgically severing portions of the vagus nerve connecting the gut, to prevent
acetate from increasing GSIS.?° This indicates that the beneficial effects of acetate-inducing GSIS
is controlled through the vagus nerve and parasympathetic nervous system. To elucidate the role
of microbiota acetate turnover in this study, Perry et al. performed FMT from NCD or high-fat diet
donor rats into recipients on the opposite diet. Results showed that acetate levels and GSIS levels
from the donor groups were transferred to recipient groups, implying that changes in the microbiota
regulate acetate turnover and therefore GSIS. These powerful findings confirmed the gut

microbiota—gut—brain axis influences metabolic homeostasis (Figure 2).

Strong pre-clinical data highlights that the gut microbiota is important for bi-directional
interactions of the gut-brain axis in health and in disease. Therefore, gut microbial dysbiosis has
pathophysiological effects on gut-brain bidirectional interactions leading to Gl dysmotility and
metabolic disorders. An emerging area that should be further explored is how the gut-brain axis is

affected by the gut microbiota and their derived metabolites leading to metabolic benefits.
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Gut microbiota mediated immune dysregulation in Gl dysmotility and metabolic disease

The most important function of the Gl tract is to take in food particles, digest these to
smaller molecules, absorb nutrients, and excrete the undigested byproducts. The Gl tract also
harnesses the benefits of commensal microbiota, which play a part in regulating the host
metabolism and directing proper immunity.112 Like proper heart function, the functions of the Gl
tract, such as gut motility, are necessary for life. Current literature suggests proper gut motility is
dependent on the interacting forces between the microbiome and ENS with the help of immune
cells, like the tissue-resident muscularis macrophages (MMs). 113 MMs are in close proximity to the
myenteric plexus of Gl smooth muscle.''* One study explored the functional role of MMs under
normal physiological conditions and homeostatic crosstalk between ENS neurons and MMs.14
Muller et al. showed that MMs are a unvarying subset of CX3CR1* CD11cloMHCIIhi cells,
dependent on CSF-1R, a cytokine receptor.11% By using a low-dose anti-CSF-1R antibody blocking
intraperitoneal injection they specifically depleted 80% of MMs, leaving stromal cells and other Gl
resident macrophage populations unharmed. By depleting this specific subset of macrophages,
gastric emptying was accelerated, and colonic emptying was reduced in mice. Further, in vitro
experiments demonstrated the homeostatic role of MMs in regulating peristalsis showing signs of
deregulated and hyperreactive, contractions of the muscularis externa. In addition to the distinctive
role of MMs, to establish the molecular mechanisms contributing to these effects, researchers
analyzed the nonimmune MM transcripts, and found novel expression of bone morphogenetic
protein 2 (BMP2) that is known to stimulate the BMP receptors | and Il (BMPRI and BMPRII).
Neuronal and smooth muscle development relies on BMP receptors indicating BMP2 may be a
candidate for MM-mediated control of peristalsis. It is well established that the intestinal microbiota
possess the ability to instruct mucosal immune cells and therefore influence the composition of the
gut microbiota.l?? Studies have also shown that GF mice and mice treated with antibiotics
experience Gl dysmotility.'*> However, how is it possible for the intestinal microbiota to influence
MM function given the distance between the intestinal lumen and MMs? To answer this question,

Muller et al. treated mice with antibiotics and found decreased expression of BMP2, CSF1, and
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decreased numbers of MMs, alluding to reliance on the microbiome. Notably, treated mice also
developed delayed Gl transit. These findings advance our understanding of communication that
occurs during inflammation between the nervous system and immune system and shows the
significance of bi-directional neuroimmune communication for maintaining proper human body
functions.6 An important component of this study was also in the identification of BMP2 as an
additional neurotrophic factor produced by macrophages, in addition to BDNF17 . From this we can
deduce that the intestinal microbiota is an essential component in the neuroimmune crosstalk and

MMs act as intermediaries between the ENS and the gut microbiota (Figure 2).

Metabolic disorders, as in obesity and T2D, are associated with low-grade chronic
inflammation in adipose tissue, liver, skeletal muscle, pancreas, brain, and intestines.8 Elevated
levels of the circulating pro-inflammatory cytokines tumor necrosis factor a (TNF- a), interleukin
(IL)- 1B, and IL-6 were found in high fat diet induced obese mice and humans and was found to
lead to insulin resistance and T2D.1° In obesity, there can be a disproportionate amount of visceral
adipose tissue (VAT) caused by the accumulated pro-inflammatory immune cells and reduced of
anti-inflammatory ones, which leads to chronic, low-grade inflammation. VAT, which is hormonally
active, can be considered as a major driver of insulin resistance in obese animal models and
humans.118. 120, 121 Other organs also develop low-grade inflammation, which also contributes to
insulin resistance.118 122 Bjllions of microbes are constantly interacting with epithelial mucosa in the
gut, which keeps intestinal immune system incessantly active. Intestinal barrier dysfunction is
widely accepted as one of the first events in Gl dysmotility and metabolic disorders and leads to
immune cell infiltration and low-grade inflammation of the gut mucosa.''® Mainly, intestinal barrier
dysfunction caused by microbial dysbiosis plays a critical component in the development of immune
dysregulation leading to Gl and metabolic disease.'?® Recently in a study published in Science by
Thaiss et al., T2D and obesity mouse models showed that hyperglycemia led to intestinal barrier
dysfunction through transcriptional restructuring of GLUT2-dependent intestinal epithelial cells and
altered tight junction and adherence protein integrity.’?* As a consequence of hyperglycemia-

mediated epithelial barrier disruption, a systemic influx of microbial products can enhance allocation
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of intestinal microbiome products leading to enteric infection. However, barrier function is restored,
and the microbiota is contained upon treatment and management of hyperglycemia, intestinal
epithelial-specific GLUT2 deletion, or by inhibition of glucose metabolism.2* Glycemic control,
indicated by glycated hemoglobin levels, was shown to correlate with the systemic influx of
intestinal microbiome products. Collectively, these results provide a mechanistic connection of the
hyperglycemic condition and intestinal barrier dysfunction with the systemic inflammatory and
potentially infectious consequences of obesity and T2D. Most importantly, this study shows that
metabolic syndrome revolves around the gut, supports the hypothesis that imbalances in metabolic
processes may begin in the gut, and highlights intestinal barrier dysfunction, mediated by gut

microbial dysbiosis, as a core pathophysiology of GI dysmotility and metabolic disease (Figure 2).

Gut microbial dysbiosis connects Gl dysmotility with metabolic disorders

Gl dysmotility is commonly diagnosed in patients with metabolic disorders.1l 13
Accumulating evidence has shown that gut microbial dysbiosis and the resulting intestinal barrier
dysfunction link these two conditions. For example, a recent study showed how duodenal microbial
dysbiosis is linked with enteropathy and intestinal barrier dysfunction in the environmental enteric
dysfunction (EED) condition.1?> EED is a subclinical syndrome characterized by intestinal villous
blunting, reduced absorptive capacity, and increased intestinal inflammation.125 126 Furthermore,
there have been several metabolic consequences, such as malnutrition and stunting, in patients
with EED. However, findings from this study raise additional questions: Is environmental
enteropathy caused by a form of bacterial overgrowth in the small intestine? If so, how does SIBO
alter GI motility? In response to these questions, we reviewed an article published on tropical sprue
(TS), a type of malabsorption syndrome which has clinical and histological features similar to
EED.5” This study demonstrated that there was increased intestinal bacterial colonization in
patients with TS. Furthermore, there is a vicious cycle of SIBO and small intestinal stasis due to
the ileal brake induced by unabsorbed fat passing through the ileum.?” SIBO also deconjugates

bile acids, which further caused fat malabsorption and may even change gut motility. Malabsorption
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of fat induces ileal brake by liberating gut hormones such as peptide YY and neurotensin.5”

Therefore, orocecal transit time (OCTT) was found to be longer in patients with TS than in controls.

Further evidence supporting intestinal barrier dysfunction as a pathogenic mechanism for
metabolic disorders is illuminated by two recent studies. One study demonstrated that
hyperglycemia drives intestinal barrier dysfunction and increases the risk for enteric infection.124 In
contrast, a second study showed loss of the gut barrier integrity triggers activation of islet-reactive
T cells and autoimmune diabetes.’?® While it is currently unclear whether intestinal barrier
dysfunction or metabolic disorder comes first, it is clear that there is a direct connection between
these two conditions. Interestingly, research over the past few decades has indicated that intestinal
barrier dysfunction is a major pathophysiological mechanism for the development of GI dysmotility
and functional bowel disorders.’?® Further studies provided evidence for this connection by
demonstrating that the development of IBS follows acute infective gastroenteritis, a condition
known as post-infectious IBS (PI-IBS).1% Taken together, the aforementioned studies indicated that
intestinal barrier dysfunction is associated with gut microbial dysbiosis and is likely a key

pathophysiological mechanism that links metabolic disorders with GI dysmotility.

Furthermore, we reviewed some proof-of-concept studies that provide a direct connection
between metabolic and Gl motility disorders through microbial dysbiosis. Landmark studies have
demonstrated that altering the gut microbiota during stages of critical developmental has lasting
metabolic consequences.131: 132 A large retrospective cohort study reported that prescription for
antibiotics within the first 2 years of life is associated with the development of early childhood
obesity.133 Also, antibiotic-induced depletion of the gut microbiota has been shown to induce
changes in serotonin biosynthesis and to delay Gl matility.13* Moreover, studies have demonstrated
that gut microbial alterations, especially alterations leading to increased abundance of
methanogens, leads to the development of slow transit constipation.’3> These state-of-the-art
studies clearly indicate that intestinal barrier dysfunction brought about by gut microbial dysbiosis

is a central pathogenic mechanism for metabolic as well as Gl motility disorders.
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Treatment options for gut microbial dysbiosis

Current management options for gut microbial dysbiosis include antibiotics, fecal

microbiota transplantation (FMT), as well as diet and probiotic interventions (Figure 3).

Antibiotics:

Minimally absorbed antibiotics neomycin and rifaximin led to improved colonic motility as
evidenced in clinical trials in patients with IBS.136. 137 |n addition, several studies have shown that
exposure to a combination of antibiotics for approximately 4-8 weeks in obesity mouse models or
high-fat diet fed mice substantially improves metabolic parameters including: increased glucose
tolerance, reduction in fat mass, and lowered hepatic steatosis in hepatic and systemic
inflammation; these changes are also associated with changes in gut microbiota composition, gut
barrier dysfunction, and metabolic endotoxemia.* 138 However, we desperately need well-designed
human clinical trials to test if the efficacy of these intervention techniques are applicable to humans
and may lead to manipulation of the gut microbiota contributing to hampered metabolism and the
manifestation of metabolic disorders. The most studied treatment for patients with SIBO is rifaximin,
a non-systemic antibiotic.13® A systematic review and meta-analysis (26 studies) of rifaximin
reported that SIBO was improved or resolved in 70.8% of patients.14® However, systemic
antibiotics, such as norfloxacin, have also been reported to also eradicate SIBO.5? A meta-analysis
(10 prospective clinical studies) of non-systemic antibiotics found more normal Hz-breath tests in
patients with SIBO that had been treated with an antibiotic compared to patients that received a

placebo (51.1% vs. 9.8%, respectively).14!

FMT:

FMT is also thought to be beneficial in treating microbial dysbiosis as it could restore
‘healthy’ microbes in diseased patients.#?> However, whether FMT as a treatment for IBS is a
panacea or placebo, is still debatable. A double-blind randomized controlled trial including 165
patients with IBS showed that after FMT, IBS symptom severity significantly improved when

compared to a placebo control group, although there were no outstanding changes in the degree
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of overall dysbiosis.’*® In a recent metanalysis, data pooled from five different randomized
controlled trials found no significant improvements in IBS symptoms of patients who received FMT
vs. placebo.’*4 However, larger and more rigorous trials are needed; studies included in this
metanalysis were small and included potential for a high-risk of bias.1*® Interestingly, FMT
eliminated SIBO in 71% of patients with chronic intestinal pseudo-obstruction.1#®¢ Another study
demonstrated the effect of a lean donor (allogenic) versus own (autologous) FMT to recipients with
metabolic syndrome.4” Changes in blood plasma metabolites, such as g-aminobutyric acid,
indicate metabolic responses responsible for the observed improved insulin sensitivity in the
allogenic FMT group. However, this improvement is dependent on the fact that the patient had
decreased fecal microbial diversity at the start of the study. Further, changes in intestinal microbiota
composition is associated with the beneficial effects on glucose metabolism seen in patients in the

allogenic group and may be predicted from fecal microbiota composition before treatment.4’

Probiotics:

Probiotics, live microorganisms, are believed to have favorable effects on the gut
microbiota.4® However, there have only been a few clinical studies examining this option, and they
lack consistency. Recently, a meta-analysis found that improved clearance of SIBO was
associated with probiotic use.'® Probiotics have also been shown to confer health benefits in
patients with IBS although the mechanism responsible for improved symptomology needs more
studies.’®® Another study found that probiotics from fermented camel milk significantly restored
blood glucose and lipid levels back to healthy levels in the db/db T2D mouse model.**! In addition,
researchers found that insulin secretion was improved in probiotic treated diabetic mice due to
upregulation of GPR43/41, which improved glucose-triggered GLP-1 secretion.’®® Taken together,
the studies presented show promise for probiotic treatment in GI motility disorders as well as

metabolic disease.

Dietary intervention:
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‘You and your microbiome are what you eat’.152. 153 Our gut microbiome is largely influenced
by our diet because it modulates the richness of specific colonizers and their individual and
collective functions. Microbial community changes facilitated by diet could have a detrimental effect
for host health due to the essential role that the microbiome plays in regulating host physiology. 54
A superlative option for a low-risk treatment intended to modulate the microbiome would be to
change the patients’ diet. Therefore, utilizing diet and diet-based studies to change microbial
communities could present novel therapeutic strategies for conditions in which the gut microbiota
and its associated metabolic products have been shown to harm the host or be key in disease
pathogenesis. An exciting question arises of whether the presence of the individual’s specific
microbiome fingerprint can actually influence dietary preferences of the host, and therefore
influencing positive feedback loops. In a study in which patients with obesity were assigned several
different control diets, researchers found that the fecal microbiota profiles associated more by
individual than by diet.155 On the contrary, in response to the dietary changes, marked changes
were found in the relative abundance of dominant microbial phylotypes.1>> Wu et al. reported a
correlation between long-term dietary habits and two enterotypes that were defined in 96 adults.156
High fiber intake conferred a ‘Prevotella-type’ community and high protein intake was associated
with a ‘Bacteroides-type’ community. This implies that dietary patterns may influence the
enterotypes found in the host. Another interesting study found that populations of Italian and African
children had significant differences in fecal microbiota, which can be explained due to different
dietary habits.’5” In these samples, Italian children had higher intakes of starch and proteins
compared to African populations and showed a higher proportion of Bacteroides spp. and
Firmicutes, suggesting that both short-term and long-term dietary shifts can lead to compositional

changes of the gut microbiota.

Dietary intervention has the potential to be a powerful tool in helping patients overcome
microbial dysbiosis.8 In patients suffering from conditions as a result of gut dysbiosis, translocated
colonic bacteria residing in the small bowel ferment carbohydrates causing excessive gas,

abdominal pain, and bloating. Therefore, with the temporary restriction of dietary components, such
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as diets low in fermentable oligo-di-monosaccharides and polyols, hence the (FODMAP), has been
suggested to improve symptoms of IBS and of dysbiosis.’®® Low FODMAP diets have been
associated with reduced absolute abundance of bacteria, which may have significant beneficial
effects in the treatment of SIBO or other dysbiosis conditions.® Moreover, a diet high in complex
carbohydrates preferentially encourages the growth of less pathogenic bacteria than a diet rich in
fats or protein.'5? Primarily vegetarian diets abundant in fiber lead to increased production of
SCFAs, which inhibit potentially invasive bacteria from colonizing the gut.1®® While there is
accumulating evidence supporting the role of diet on gut microbial composition, more research is

needed to accurately deduce the effect of different diets on gut microbiota.

Conclusions and further directions

Constant communication between the gut microbiota derived metabolites and human body
systems regulates physiological aspects of health and disease. Current literature demonstrates
that metabolic syndrome is highly influenced by the gut and supports the hypothesis that metabolic
disorders might begin there. Metabolic disease is a multi-factorial condition that makes it difficult to
unravel a causative effect of the microbiome on the pathogenesis of this condition. Further, gut
microbiota mediated immune dysregulation and intestinal barrier dysfunction emerges as a core
pathophysiology of Gl dysmotility and metabolic disease. However, it should be noted that these
disorders are not mutually inclusive; patients may have Gl dysmotility without the co-occurrence of

metabolic disorders and vice versa.

Evidence has emerged demonstrating a potential position of the gut microbiome in Gl
dysmotility and metabolic disorders (Figure 4). A major challenge in studying the gut microbiota is
in translating and applying data into physiologically relevant mechanisms. One way to go about
facing this challenge is to isolate specific bacterial strains or, analyze how they are affected by
specific macronutrients commonly found in humans, and using the information obtained to elucidate
biomarkers that may be used to find better treatments for Gl dysmotility and metabolic diseases.

These biomarkers may also allow for the identification of mechanisms in which the microbial
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metabolites lead to or prevent the development of disease states. Also, due to obscure small
intestinal microbiome research, more attention is needed on the pathogenesis of SIBO in Gl
dysmotility and metabolic diseases. Using next generation sequencing techniques to explore small
intestinal microbiome, together with better sampling of the small bowel aspirate, may allow us to
prevent cases of antibiotic resistance and help better understand the microbial pathogenesis of

SIBO.

The collaborative work between microbiologists, gastroenterologists, endocrinologists, and
epidemiologists along with improvements in the analysis of microbial markers, microbial
metabolites, and molecular signals will lead to thrilling discoveries in the future. The closer we can
get to the microbial pathogenesis of the gut microbial alterations and exploring crosstalk with the
host, the more effectively we can treat and manage Gl dysmotility and related metabolic
manifestations. The statement from Hippocrates that “all disease begins in the gut” is becoming
progressively more accepted with increasing knowledge of the gut microbiota-gut-brain axis and its

influence on human health and disease when altered.
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Figure 2: Intestinal barrier dysfunction as a core pathophysiology of gastrointestinal (Gl)
dysmotility and metabolic disorder. SCFAs, short-chain fatty acids; ZO, zonula occludens; E-
cadherin, epithelial cadherin; EC, enterochromaffin; GLP-1, glucagon-like peptide-1; IL,
interleukin; M1, classically activated macrophages; M2, alternatively activated macrophages;
TGF-B, transforming growth factor beta; HO-1, heme oxygenase-1; TNF-a, tumor necrosis factor
alpha; INOS, inducible nitric oxide synthase; ICC, interstitial cell of Cajal; SMC, smooth muscle

cell; L-cell, enteroendocrine cell.
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CHAPTER TWO: Current Advances in RNA Therapeutics for Human Diseases

Introduction

For years it was believed that DNA was transcribed into RNA and that this RNA (messenger
RNA) was then translated into a protein; however, this all became more complicated when RNA
interference (RNAI) was discovered.>2 RNAI is a conserved biological process in which there is
repression of gene expression caused by small RNAs [i.e., microRNAs (miRNAs) and synthetic
small interfering RNAs (siRNAs)] interacting with protein complexes, such as the RNA-induced
silencing complex (RISC).34 Once bound, the small RNAs can then bind to their respective target
MRNA in a sequence-specific manner to either stop translation or target the mRNA for
degradation.® This discovery led to a huge increase in research focused on treatments for diseases
that would exploit RNAI instead of traditional treatments focused on utilizing small molecules and

proteins.

Most drugs currently on the market are either small molecules or proteins. Small molecule-
based drugs are commonly competitive inhibitors of their target proteins, while protein-based drugs
are commonly used to bind to target proteins, replace non-functional target proteins, or supplement
for an inadequate amount of a target protein.5® A serious issue with protein-based drugs is that
most proteins are too large to enter their target cells and therefore are only effective when their
target molecule is extracellular or excreted.® While small molecule- and protein-based drugs have
been found to be effective in many cases, there are still a plethora of diseases that are unable to
be treated using either small molecules or proteins. For example, many diabetic patients develop
insulin resistance, and supplementing additional insulin is no longer effective in lowering their blood
glucose levels. However, RNA-based treatments may have therapeutic potential for diseases, such
as diabetes, cancer, and Huntington’s disease.?0-13 RNA therapies may provide better treatment
options to target the pathophysiological mechanisms of these disorders, which may lead to better

outcomes for patients. Additionally, many RNA therapies have already been approved by the US
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Food and Drug Administration (FDA) with more therapies in various phases of clinical trials
demonstrating the validity of such RNA therapies for various diseases. This review will cover the
mechanisms of RNA therapy design, current FDA-approved RNA therapies, RNA therapies in

clinical trials, and RNAs with clinical potential for treating patients suffering from various conditions.

RNA Therapeutics

RNAs as therapeutic agents have been vastly studied over the past few decades, as they
are more cost-effective and easier to develop than traditional small molecule or protein-based
therapeutics.? As of now, there are five different categories of RNA therapeutics (Figure 1): 1)
messenger RNAs (mMRNAs) encode for proteins, 2) antisense oligonucleotides (ASOs) are small
(~15-25 nucleotides) single-stranded RNAs (or DNAs, but for the purposes of this review we focus
only on RNA ASOs) that can either promote or repress their targets expression, 3) silencing RNAs
(siRNAs) are very similar to ASOs in size, however, they are double-stranded and primarily cause
translational repression of their target protein, 4) microRNAs (miRNAs) are small RNAs that can
either inhibit protein synthesis when they bind to an mRNA target (miRNA mimics), or free up mRNA
by binding to the miRNA that represses the translation of that particular mMRNA (miRNA inhibitors),
and 5) aptamers are short single-stranded nucleic acids that form secondary and tertiary structures
and interact with a specific enzyme or molecule and therefore can promote or inhibit many different
molecular pathways. Within these five categories there are a handful of already U.S. FDA-approved
medications (Table 1), many that are in clinical trials (Table 2), and an enormous amount that have
been found to have possible therapeutic potential but are not yet in clinical trials. It is important to
note that while RNA therapeutics seem to have immense potential, there are many hurdles that
need to be surmounted when they are developed clinically to make them effective potential

treatment options.

Before RNAs were used therapeutically there were many challenges that had to be
overcome in order to make them feasible treatment options for human diseases. For example,

nucleic acids are negatively charged and do not passively cross the hydrophobic lipid barrier of the
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cell. Further, exogenous RNAs are degraded very rapidly by RNases once they are injected into
the host. Finally, some exogenous RNAs cause an immune response that hampers the translation
of the target protein or causes the development of a toxic cell environment. Luckily, scientists over
the past couple of decades have substantially overcome these barriers with the use of many unique
delivery methods, such as nanoparticles, that protect the RNA and enable cell-specific delivery of

the therapeutic agent.

MRNA therapeutics and functional implications:

MRNA is coding RNA that is transcribed using genomic DNA as a template and serves to
encode proteins.* mRNAs are typically around 2kb in length and characteristically contain a 5’ cap,
5’ UTR, coding region, 3’ UTR, and poly(A) tail (Figure 1A).2> mRNAs are excellent candidates for
the treatment of diseases with a known genetic component. Traditionally, mMRNAs have been used
for replacement therapy when diseases are caused by a lack of expression of a particular protein.16
Additionally, CRISPR-Cas-based mRNA therapies can be used to repair DNA mutations that cause
non-functional downstream products.t” In 1990, Wolff et al. were one of the first groups to induce
expression of a protein in vivo through the injection of a synthetic mRNA that encoded beta-
galactosidase, chloramphenicol, or luciferase into the skeletal muscle of mice.18 Further, Jirikowski
et al. used mRNA to treat diabetes insipidus in Brattleboro rats that have reduced levels of
vasopressin.'® Synthetic or in vitro exogenous vasopressin mRNA was able to rescue diabetes
insipidus when injected in these rats. These initial reports implicated mRNAs as possible

therapeutic options for treating/preventing human diseases.

mRNA vaccines:

MRNAs that encode either adjuvants or antigens have also been proposed as possible
vaccine candidates that may be able to prevent many diseases. In 1993 Martinon et al. reported
that there was induction of anti-influenza cytotoxic T lymphocytes following immunization with

liposome-complexed mMRNA encoding influenza virus nucleoproteins in a murine model.?° This was
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the first report highlighting the possible use of mMRNAs as vaccines to prevent many infectious
diseases. While this study was conducted decades ago, mRNA vaccines have become more
common in recent years, especially since the COVID-19 pandemic. Further, this pandemic also
highlighted the speediness of the development of MRNA vaccines when compared to many of the
traditional vaccine technologies. The first vaccines to receive emergency use authorization from

the FDA were mRNA vaccines.

Currently, there are two mRNA vaccines that are FDA-approved and one that is in clinical
trials. The first MRNA vaccine approved by the FDA was BNT162b2.2! This vaccine was produced
in collaboration between Pfizer and BioNTech to create immunogenicity and antibody response to
SARS-CoV-2, which causes COVID-19. This vaccine candidate was clinically tested in Germany
and the US and was found to significantly decrease the risk of contracting COVID-19. BNT162b2
encodes for the full-length membrane-anchored spike (S) protein that includes two minor mutations
to increase conformational stability. The second FDA-approved mRNA vaccine is mRNA-1273
which encodes the perfusion stabilized S protein of SARS-CoV-2 as well as a S1-S2 cleavage
site.22 Similar to BNT162b2, the mRNA-1273 vaccine was manufactured by Moderna to prevent
the contraction of COVID-19. Both FDA-approved mRNA COVID-19 vaccines include 1-methyl-
pseudouridine to hamper innate immune sensing, while also increasing the translational ability of
the mRNA. Additionally, they both are encapsulated by lipid nanoparticles. Further, both vaccines
have shown to provide significant immunity against SARS-CoV-2 infection, while also maintaining
high safety standards. It should be noted the exceptional speed at which both vaccines were
developed. To date no other vaccine has been developed with such swiftness, while also
maintaining efficacy. This highlights the clinical advantage of using RNA based vaccines in treating

deadly diseases.

Along with the two FDA-approved mRNA vaccines, there are two additional vaccine
candidates. The first is CVnCoV, which is currently in phase Il clinical trials.?® This vaccine

candidate is produced by CureVac AG and is a chemically unmodified mRNA that encodes the full-
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length S protein of SARS-CoV-2 and utilizes the RNActive mRNA vaccine platform.23 CVnCoV
induces a robust immune response and provides immunity against SARS-CoV-2 infection. The
second vaccine candidate is CV7202 and is in phase | clinical trials for rabies prevention.2* This
vaccine is composed of rabies virus glycoprotein mRNA to induce a rabies neutralizing antibody
response. Additionally, there are many mRNA vaccine candidates that are currently in pre-clinical

trials or that have pre-clinical potential.20.25-30

To date, there are several mRNA drug candidates in clinical trials for various human
diseases: 1) AZD8601 is a vascular endothelial growth factor A (VEGF-A) drug candidate
manufactured by Astrazeneca for ischemic heart disease.3?! VEGF-A has been promising in
preclinical trials for increased vessel collateralization.3? This study suggested VEGF-A might be a
good drug candidate for treating ischemic heart disease. However, studies found that treatment
with VEGF-A DNA or viral vectors was safe, but not effective in treating ischemic heart disease.33:34
Therefore, it was hypothesized that VEGF-A mRNA drug candidates may be a more efficacious
way of treating this disease. AZD8601 is currently being evaluated in phase Il clinical trials. 2)
MRT5005 is manufactured by Translate Bio and is currently in phase /Il clinical trials for the
treatment of cystic fibrosis (CF) lung disease.3® CF is caused by mutations in the CF
transmembrane conductance regulator (CFTR) gene. This mutation leads to the buildup of mucous
in many organs, especially the lungs.®® MRT5005 encodes for CFTR and can be delivered through
nebulization. 3) MRNA-3704 is in phase I/1l clinical trials for the treatment of methylmalonic aciduria
and is manufactured by Moderna.37:38 Methylmalonic aciduria is a life-threatening genetic disorder
in which there is an inability to break down certain proteins and fats, causing a buildup of
methylmalonic acid.3® This disorder is caused by a plethora of mutations in the methylmalonyl-CoA
mutase gene. MRNA-3704 encodes for a fully functional methylmalonyl-CoA mutase enabling the
breakdown of proteins and fats that were previously unable to be broken down.37:38 4) BNT111,
manufactured by BioNTech SE, is currently in dose-escalation phase | clinical trials for the
treatment of advanced melanoma.*® This drug targets NY-ESO-1, MAGEAZ3, tyrosinase, and TPTE,

which are tumor-associated antigens predominantly found in melanoma. This therefore should
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cause an immune response leading to the destruction of tumor cells. It should also be noted that

there is a plethora of other mRNA drug candidates in the preclinical pipeline.41-45

ASO therapeutics and functional implications:

ASOs are synthetic small single-stranded nucleic acid sequences composed of RNA, DNA,
or RNA-DNA heteroduplexes that are typically 8-50 bp long.*® The study of ASOs really began in
the late 1970s when it was found that synthesized oligonucleotides were able to inhibit Rous
sarcoma virus replication.#” This was achieved through viral protein translation inhibition due to the
binding of the synthesized complementary oligonucleotide sequence to the viral 35S mRNA. This

study paved the way for ASO-based therapeutics.

Since their discovery, there have been a plethora of other mechanisms of action for ASOs.
While there are many different ASOs, they all belong to one of two major categories: RNase H
dependent ASOs and RNase H independent/steric block ASOs.*® RNase H is an endogenous
enzyme that catalyzes the degradation of RNA that is part of an RNA-DNA heteroduplex. Therefore,
ASOs composed of DNA or both RNA and DNA (gapmers) typically belong to the RNase H
dependent category. Once they bind their complementary target mRNA strand, RNase H
recognizes the DNA-RNA heteroduplex and catalyzes the degradation of the mRNA. This leads to
downregulation of the target mRNA, which can be a useful tool in therapeutic approaches for the
treatment of diseases caused by overexpression of certain genes,*® such as homozygous familial

hypercholesterolemia.°

RNase H independent/steric block ASOs are typically composed of only RNA and act by
binding directly to the target pre-mRNA or mature mRNA to cause inhibition of mMRNA translation
(Figure 1B), alternative splicing, promotion of mMRNA translation, or alternative polyadenylation.
When the ASO binds to the pre-mRNA at a splice recognition site, it will cause alternative splicing
of the target RNA. This approach can be extremely useful for treatment of disorders that are caused

by mutations that can be avoided by selective alternative splicing.5 In general, this type of ASO
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can also lead to increased expression of the target protein;>? however, they can also be used to
cause exon skipping in order to block translation of the target mMRNA.52 This approach is also known
as splice corruption. ASOs have also been known to bind regions of the mRNA, such as the
translation initiation codon, to inhibit translation of the mRNA.>* Further, ASOs that bind regulatory
regions upstream of the open reading frame (ORF) have been shown to promote target
translation.>® This is caused by the blocking of regulatory regions typically responsible for
translational suppression. ASOs also have been shown to cause alternative polyadenylation by
blocking certain polyadenylation sites.>® This commonly leads to shorter transcripts that contain
less destabilized segments, typically leading to increased stability of the mRNA. The many
molecular mechanisms of ASOs have enabled their use for many different therapeutic approaches

to treat human diseases.

FDA-approved ASOs:

The first FDA-approved ASO was fomivirsen, which is also known as Vitravene.
Formivirsen was developed to treat patients with cytomegalovirus (CMV) retinitis, a serious viral
eye infection.5” This ASO therapeutic is composed of 21 phosphorothioate oligodeoxynucleotides
that target CMV immediate-early-2 mRNA, which is essential for viral replication.>® Clinical trials
showed that injections of this drug into the vitreous humor delayed the disease progression when
compared to untreated controls. Successful clinical trials led to fomivirsen obtaining FDA approval
in 1999.57 However, it is important to note that disease progression was still inevitable. This, along
with the discovery of anti-retroviral therapies made this medication less pertinent and it was

eventually taken off the market in 2006.

Mipomersen was approved by the FDA in 2013 for the treatment of homozygous familial
hypercholesterolemia.>® This genetic disorder is characterized by increased levels of low-density
lipoprotein (LDL) cholesterol due to decreased liver uptake of plasma LDL.5° This condition leads
to premature cardiovascular disease even when treated with previously established lipid-lowering

therapies, such as statin therapy.! However, treatment with mipomersen, a gapmer 20
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oligonucleotides long that targets and reduces expression of the ApoB mRNA, led to significantly
reduced LDL levels.5® ApoB is an essential protein for the clearance of LDL and aids in the
production of very low-density lipoprotein (VLDL), which is a precursor of LDL.%1 Therefore,

reduction of ApoB likely leads to the reduced plasma levels of LDL following mipomersen treatment.

In 2016, nusinersen was approved by the FDA for the treatment of spinal muscular atrophy
(SMA).62 This disorder is caused by deletions or mutations in the survival motor neuron 1 (SMN1)
gene. This leads to inadequate SMN protein expression, causing weakness and atrophy of skeletal
and respiratory muscles.®® Nusinersen modulates splicing of SMN2, which varies only from SMN1
in that it undergoes alternative splicing and excludes exon 7.%4 This exclusion results in a truncated
protein that only has 5 to 10% functionality. However, nusinersen regulates alternative splicing so
that exon 7 is included, resulting in fully functional SMN leading to improved motor function in

patients with SMA.

Eteplirsen was approved by the FDA in 2016 for the treatment of Duchenne muscular
dystrophy (DMD).%> Mutations in the DMD gene encoding the dystrophin protein leads to the
development of DMD.% The most common mutation resulting in DMD is located in exon 51,
therefore, eteplirsen (a 30-mer ASO), targets exon 51 of the DMD gene causing this exon to be
excluded during alternative splicing.8” This prevents frame shift mutations that lead to the
production of non-functional dystrophin. The resulting dystrophin protein is slightly shorter than its

wildtype counterpart but maintains its functionality.®

Inotersen received FDA approval in 2018 for the treatment of familial amyloid
polyneuropathy. This disorder is caused by autosomal dominant mutations in the transthyretin
(TTR) gene. These mutations disrupt the TTR tetramer leading to aggregation of TTR monomers
into amyloid deposits throughout the body.%° In order to combat the buildup of TTR, inotersen
targets the 3' UTR of the TTR mRNA preventing the production of TTR, thus inhibiting disease
progression.”® Clinical trials demonstrated the efficacy and safety of inotersen for the reduction of

circulating TTR levels.”
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Another ASO that has been FDA approved for the treatment of DMD is golodirsen. This
drug behaves similarly to eteplirsen, in that it enables exon skipping; however, it leads to the
exclusion of exon 53 instead of exon 51.72 This results in functional dystrophin and improves
symptomology of patients with DMD caused by mutations that are acquiescent to exon 53

skipping.”3

Milasen was developed in less than a year to treat Mila Makovec’s CLN7 gene mutation
leading to the development of Batten disease. This is a rare disease caused by one of at least
thirteen known mutations to the CLN gene that affects the cell’s ability to get rid of waste, such as
excess proteins and lipids.”* This disease eventually is fatal if left untreated. After genomic
sequencing of Mila Makovec’s unique CLN7 gene mutation, it was clear that this form of Batten
disease was caused by improper exon splicing and the resulting premature translational
termination.” Milasen targets a specific CLN7 splice site restoring proper splicing and function of

CLNZ7. It eventually received FDA approval in 2018.

The FDA approved the use of casimersen in 2021 for the treatment of DMD caused by a
mutation in the DMD gene that is amenable to exon 45 skipping.”® Again, the mechanism of action

of this drug is very similar to that of golodirsen and eteplirsen.

ASOs in clinical trials:

ISS 1018 is in Phase I clinical trials for its synergistic effect with rituximab for the treatment
of Non-Hodgkin’s Lymphoma (NHL).”” NHL is a very common cancer that begins in the lymphatic
system and eventually spreads to other organs.”® Rituximab has been extremely successful in
treating many forms of NHL; however, there are still some forms that do not see any improvement
following rituximab treatment. ISS 1018 was thought to have a beneficial effect when given to
patients simultaneously with rituximab treatment. This drug can illicit immunostimulatory effects by
signaling through the Toll-like receptor 9 and leads to proliferation and immunoglobulin production

by B cells and the induction of tumor necrosis factor a (TNF-a), interleukin-12 (IL-12), interferon-a
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(IFN-a), and IFN-B by plasmacytoid dendritic cells.”” The production of these cytokines triggers a
powerful response in various other immune cell types that are not targeted directly by ISS 1018.
Further, ISS 1018 can cause the maturation of dendritic cells that in turn cause initiation of NK-cell
and T-cell responses to tumor antigens.”®8% To date clinical trials have shown promise for 1018 ISS

when used in conjunction with rituximab for the treatment of NHL.81

Apatorsen (OGX-427) is in Phase I/ll clinical trials for the treatment of castration-resistant
prostate cancer (CRPC) or other metastatic cancers that have been demonstrated to express
Hsp27, such as ovarian, breast, bladder, and non-small-cell lung cancers.8? Apatorsen works by
inhibiting the expression of Hsp27 by binding to and blocking translation of its mMRNA.8 Studies
have shown effectiveness and tolerance of apatorsen in high doses in clinical trials so far, with

many patients showing decreased expression of cancer markers.82

Phase Il clinical trials of cenersen (EL625) have been conducted to test the efficacy of the
drug for the treatment of acute myeloid leukemia.83 Cenersen targets mutated p53, which is a proto-
oncogene and leads to degradation of the p53 mRNA. This allows for cancer cells to respond to
DNA damaging agents that once were not sensitive to such agents. So far, clinical trials have shown
patients that had not responded to standard chemotherapy or had relapsed shortly after standard
chemotherapy had significantly better clinical outcomes following additional treatment with

cenersen.83

ARRXx (AZD5312) has undergone Phase I/ll testing for the treatment of CRPC.8* ARRx was
designed to target the androgen receptor (AR), which plays an important role in CRPC disease
development and progression.8 Preclinical trials demonstrated the efficacy of this drug when used

in conjunction with the pan-AKT inhibitor, AZD5363, for treating CRPC in a murine model.8

Custirsen (OGX-011) is in Phase I/1l clinical trials for treatment of advanced non-small-cell
lung cancer that has previously been left untreated.8® Custirsen targets the mRNA clusterin, which

encodes for a chaperone protein that enables cell survival and causes resistance to various
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treatments.8” Custirsen was shown to have minimal toxicity while significantly reducing the

expression of clusterin in primary prostate tumors.

siRNA therapeutics and functional implications:

siRNAs are double-stranded RNAs that are relatively small (~21-25 nucleotides) and
function to silence gene expression (Figure 1C).88 They occur naturally or can be chemically
synthesized. Naturally occurring siRNAs originate from endogenous or viral precursor siRNAs.
These precursors are roughly around 100 nucleotides long and are cleaved by Dicer into their
mature siRNA structures [89]. Dicer leaves a 3’ overhang of two nucleotides that allows the siRNA
to interact with the RISC complex where it will initiate gene silencing.?® Once it is bound, the RISC
protein argonaute 2 (AGO) carries out cleavage of the sense strand.®! This allows for the antisense
strand to bind its target mMRNA. Once the target RNA is bound to the antisense strand its
phosphodiester backbone is cleaved by AGO2. This leads to sequence specific knockdown of the
target mMRNA and therefore, causes gene silencing. Synthetic or naturally occurring siRNAs can
therefore be used to knockdown the expression of a single protein coding gene. The use of the
double stranded siRNA to reduce expression of a target gene was first utilized in 1998 to target
hih-1, unc-54, unc-22, and fem1 in C. elegans.! This groundbreaking work by Fire et al. eventually
led to a Nobel prize award. Most importantly, they found that double-stranded RNAs (siRNAs) are
more effective in downregulating their target mRNA than their single-stranded counterparts
(ASOs).! This highlights the advantage of siRNA technology over ASOs for the treatment of most

human diseases.

FDA-approved siRNAs:

The very first siRNA therapeutic approved for use by the FDA was Patisiran.®? It was
approved in 2018 for the treatment of polyneuropathy caused by hereditary transthyretin-mediated
(hATTR) amyloidosis.?®® hATTR amyloidosis is a genetic disorder that causes the buildup of

abnormal TTR, which generally causes polyneuropathy when the build-up occurs in the peripheral
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nervous system.®* Patisiran is an siRNA drug that targets the mutated TTR mRNA leading to mRNA
degradation and decreased TTR protein expression.®® This has been shown to greatly reduce TTR

deposition in patients with polyneuropathy caused by hATTR amyloidosis.%

Givosiran was the second FDA-approved siRNA therapeutic and is used to treat acute
hepatic porphyria.®® This disorder is caused by a plethora of deficiencies in enzymes involved in
heme production and leads to a toxic buildup of porphobilinogen (PBG) and delta-aminolevulinic
acid (ALA).%8 Givosiran targets the mRNA of ALA synthase 1 in the liver and reduces the levels of

disease-causing neurotoxic intermediates aminolevulinic acid and porphobilinogen.®”

Lumasiran was approved by the FDA for the treatment of primary hyperoxaluria type 1
(PH1) in 2020.%8 Various mutations in the enzyme alanine-glyoxylate aminotransferase causes
increased oxalate concentrations and calcium oxalate crystal formation leading to the development
of PH1.%° Lumasiran targets the mRNA that encodes glycolate oxidase leading to the depletion of

the substrate for oxalate synthesis and sufficiently reduces oxalate concentrations.®

In December 2021, inclisiran was approved by the FDA for the treatment of atherosclerotic
cardiovascular disease (ASCVD) or heterozygous familial hypercholesterolemia (HeFH)
(https://Iwww.fda.gov/drugs/news-events-human-drugs/fda-approves-add-therapy-lower-
cholesterol-among-certain-high-risk-adults). These conditions are characterized by high LDL-C
levels. Inclisiran works to lower LDL-C levels by targeting the mRNA encoding for proprotein
convertase subtilsin/kexin type 9 (PCSK9), which is involved in lipid metabolism and the regulation
of cholesterol levels.1% Inclisiran has been shown to reduce LDL-C levels in patients that were
unable to reduce these levels with statins alone.1%° Additionally, inclisiran has demonstrated
increased efficacy in lowering LDL-C levels when administered in conjunction with statins in

patients that statins alone have been partially effective in lowering LDL-C levels.1%0

siRNAs in clinical trials:
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TKM-080301 is in Phase I/ll clinical trials for the treatment of hepatocellular carcinoma
(HCC).101 HCC is typically characterized by the overexpression of Polo-like kinase 1 (PLK1).192
Therefore, targeting PLK1 may have beneficial effects for the treatment of HCC. To date, clinical

trials have shown limited antitumor effects of TKM-080301 in patients with HCC.101

Atu027 is in Phase I/ll clinical trials for the treatment of advanced solid tumors and
pancreatic adenocarcinoma.93104 |t is designed to target the mRNA encoding protein kinase N3
(PKN3) in order to reduce the metastatic activity of tumors. Clinical trials have demonstrated the

safety and efficacy of Atu027 in preventing adverse outcomes in patients with metastatic cancer.1%4

siG12D LODER is in Phase I/lla clinical trials for the treatment of pancreatic tumors in
combination with chemotherapy.1% It is a biodegradable implant containing a siRNA that targets
the mRNA of the mutated KRAS oncogene, which can be surgically embedded in pancreatic
tumors.1% Mutated KRAS has been implicated in the development of most pancreatic cancers and
is correlated with a worse prognosis for the patient.197 Clinical studies have shown the potential

efficacy of siG12D LODER in preventing tumor progression.105

ARO-HIF2 is in Phase | clinical trials for the treatment of clear cell renal cell carcinoma
(NCT04169711). This form of carcinoma is the most diagnosed form of kidney cancer.1%8 |n
addition, it is associated with the inactivation of von Hippel-Lindau tumor-suppressor protein
(pVHL) propelled by hypoxia-inducible factor 2 (HIF2) transcription factor deregulation.10®

Therefore, ARO-HIF2 aims to target the mRNA of HIF2 to inhibit tumor growth.

APNA401 is currently in Phase | clinical trials to test its efficacy in treating patients with either
metastatic or recurrent colorectal cancer, pancreatic cancer, or other solid tumors that are not
surgically accessible.!10 It works by targeting casitas-B-lineage lymphoma protein-b (Cbl-b) that
has been shown to limit lymphocyte activation.'!! Preclinical studies using murine tumor models
demonstrated that Cbl-b inhibition enhances natural killer cell and T cell-mediated antitumor

activity, 111,112
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Vutrisiran (ALN-TTRSCO02) is in Phase Il clinical trials for the treatment of transthyretin
(ATTR) mediated amyloidosis with (NCT04153149) or without (NCT03759379) cardiomyopathy.
ATTR-mediated amyloidosis is a condition caused by a buildup of TTR either caused by mutations
in the TTR gene or not.113 By targeting the TTR mRNA, vutrisiran is able to reduce TTR protein

expression, leading to better outcomes in patients with ATTR-mediated amyloidosis.14

miRNA therapeutics and functional implications:

mMiRNAs are non-coding RNAs that consist of ~20 nucleotides that are highly conserved
between eukaryotic species. mMiRNAs were discovered in Caenorhabditis elegans by Ambros in
1993.115 That same year, Ruvkun found the first miRNA target genes.1¢ The discovery that miRNAs
can be used to downregulate target genes paved the way for miRNA therapeutics. mMiRNAs have
excellent therapeutic potential due to their extraordinary targeting capability. For example, one
mMiRNA can target anywhere from ten to hundreds of genes. Additionally, they tend to target multiple
genes within the same pathway. miRNAs are naturally occurring molecules endogenous to our
cells. Therefore, there is less chance for immunogenic response with miRNA therapeutics than
their other synthetic RNA counterparts. Further, miRNA inhibitors and mimics can be used to

restore or inhibit protein synthesis, respectively (Figure 1D).

Inhibition of protein synthesis or mRNA degradation is achieved through the miRNA
associating with a variety of AGO proteins and modulating gene expression through the activity of
the RISC complex.'t” When the miRNA is associated with AGO and the RISC complex is formed,
the miRNA guides AGO to its target mMRNA.118 The seed sequence of the miRNA binds to the
MRNA and causes either translational repression or mRNA degradation.!® This leads to reduced
target protein expression and therefore plays a key role in post-transcriptional gene regulation. This
pathway can be enhanced by the supplementation of a miRNA mimic that is identical in sequence
to the endogenous miRNA duplex. Restoring miRNA levels will lead to the repression of mMRNAs

that are overexpressed in certain conditions.
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In contrast, restoration of protein synthesis is achieved by administering a miRNA inhibitor,
a single-stranded miRNA that is complementary to a target miRNA. Once the miRNA inhibitor binds
to the miRNA it prevents the miRNA from associating with AGO. Therefore, miRNA inhibitors block
the mRNA targeting ability of miRNAs and restore protein synthesis. This approach can be used to
treat disorders caused by overexpression of a miRNA that leads to downregulation of certain

disease preventing mRNAs.

miRNAs in clinical trials:

While there are currently no miRNAs that are FDA-approved, there are many in clinical
development. For example, miravirsen has completed Phase Il clinical trials for the treatment of
Hepatitis (Hep) C.120 Miravirsen is a miR-122 inhibitor, that sequesters miR-122, which has been
implicated in the promotion of the Hep C virus (HCV) life cycle.12! Clinical trials to date have shown

a significant reduction of HCV viral load in patients treated with miravirsen.20

RG-012, also known as lademirsen, is in Phase Il clinical trials for treatment of Alport
syndrome (NCT02855268). This condition is caused by various mutations in the genes encoding
collagen IV and leads to kidney disease as well as both ocular and hearing deficiencies.1?2 This
syndrome is associated with increased levels of miR-21; therefore, it was hypothesized that a miR-
21 inhibitor may work in treating this condition. Pre-clinical trials have demonstrated that a miR-21
inhibitor is extremely successful in preventing the onset of Alport syndrome, thus highlighting the

therapeutic potential for this drug.1?3

Cobomarsen is currently in clinical development for the treatment of various leukemias and
lymphomas, such as adult T-cell leukemia/lymphoma (ATLL), chronic lymphocytic leukemia (CLL),
the mycosis fungoides (MF) subtype of cutaneous T-cell lymphoma (CTCL), and the activated B-
cell (ABC) subtype of diffuse large B-cell lymphoma (DLBCL).*?4 It works by targeting miR-155,
which is associated with inflammation and the development of various leukemias and

lymphomas.?4#127 Phase Il clinical trials were initiated following successful Phase | trials
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(NCT02580552); however, they were terminated early due to business reasons unassociated with

safety or efficacy (NCT03713320).

MRG-110 has completed Phase | clinical trials to test the safety efficacy of the miR-92a
inhibitor in healthy patients (NCT03603431). Treatment with this inhibitor was found to significantly
reduce miR-92a expression in these individuals when compared to patients treated with a
placebo.1?® Additionally, increased expression of miR-92a has been associated with poor wound
healing.'?® Further, miR-92a inhibition has been shown to improve wound healing in vivo in
preclinical models.**° Therefore, MRG-110 may be effective in treating impaired wound healing in

conditions such as diabetes.

RG-125 (AZD4076) completed Phase I/lla clinical trials for the treatment of Type 2
Diabetes (T2D) and Non-Alcoholic Fatty Liver Disease (NAFLD) (NCT02826525). This drug inhibits
miR-103/107, in which overexpression of these miRNAs has been shown to correlate with the
development of T2D and NAFLD.'3! Further, preclinical studies have demonstrated that a miR-
103/107 inhibitor can improve insulin sensitivity in obese mice.32 This along with successful Phase
I/lla clinical trials emphasizes the therapeutic potential of miR-103/107 inhibitors for the treatment

of T2D and NAFLD.

RGLS4326 completed Phase 1b clinical trials for the treatment of autosomal dominant
polycystic kidney disease (ADPKD) (NCT04536688). This disease is caused by mutations in PKD1
and PKD2 resulting in decreased expression of PC1 and PC2.132 miR-17 has been shown to bind
and downregulate PKD1 and PKD2 gene expression, while miR-17 inhibitors have been shown to
restore PKD1 and PKD2 expression.34 Finally, inhibition of miR-17 by RGLS4326 in humans was

also shown to significantly increase PC1 and PC2 levels in patients with ADPKD (NCT04536688).

CDR132L has completed Phase I clinical trials for the treatment of heart failure of ischemic
origin (NCT04045405). Hypertrophy of cardiomyocytes has been shown to be caused by

overexpression of miR-212/132 family, leading to heart failure.*3> Further, preclinical studies have
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shown that inhibiting miR-132 can improve heart function in animal models of heart failure.136.137
Finally, initial clinical studies have shown exceptional efficacy of CDR132L for treating patients with

heart failure (NCT04045405).

TargomiRs has been studied as either a second- or third-line treatment for recurrent
malignant pleural mesothelioma and non-small cell lung cancer. Downregulation of miR-16 has
been implicated in the development of many types of cancer, such as chronic lymphocytic leukemia
and non-small cell lung cancer.13813% Additionally, miR-16 mimics act to increase miR-16 levels in
order to target and downregulate multiple oncogenes and lead to tumor regression.4® TargomiRs,
a miR-16 mimic, has shown substantial preclinical efficacy in the treatment of many types of
cancer.1#1142 Finally, initial clinical trials have shown TargomiRs has antitumor effects in patients

with malignant pleural mesothelioma.143

Remlarsen has completed Phase Il clinical trials for the treatment of keloid scars. Keloid
scars are caused by a fibroproliferative disorder that causes excess production of extracellular
matrix proteins and collagen.!** Interestingly, miR-29 has been shown to negatively regulate
multiple genes involved in the fibrotic response!#>146 and therefore reduces fibrosis.1#” Further,
remlarsen, a miR-29 mimic, has shown a significant reduction in collagen expression and fibrosis
in skin wounds.#8 Therefore, remlarsen may have therapeutic potential in treating keloid scars as

well as scleroderma.

There have been some miRNA drug candidates that have demonstrated severe adverse
effects. For example, MRX34 is a miR-34 mimic that showed success in preclinical trials for the
treatment of cancer.14%-151 Expression of miR-34 has been shown to be significantly reduced in
many different types of cancer.’>215 Further, miR-34 targets many different oncogenes and,
therefore can theoretically hamper tumor progression.1%5-157 While early Phase | clinical trials were
successful in reducing the miR-34a target oncogenes in a dose dependent manner,158.159 they were

eventually halted after several patients had severe adverse reactions to treatment.15°
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Finally, there are multiple miRNA therapeutics that have demonstrated substantial
preclinical efficacy for various disorders. For example, miR-10b-5p is in preclinical development for
the treatment of diabetes and associated gut motility disorders.’® Additionally, a miR-101-3p
inhibitor in combination with chemotherapeutic agents has been shown to effectively reduce CRC
cell proliferation.16® Further, miR-221 is another possible target for many different types of cancer
as its expression is increased in glioblastoma, osteosarcoma, CRC, etc.161-163 The therapeutic
potential of miRNAs is limitless and will likely lead to improved treatment options for many different

diseases, particularly ones with multiple underlying pathophysiological mechanisms.

Aptamer therapeutics and functional implications:

Aptamers are single-stranded RNA, DNA, or RNA-DNA hybrids that have often been
classified as chemical antibodies. They often are around 20-100 base pairs long and fold into
specific tertiary structures that allow them to specifically bind to their respective targets (Figure
1E).1%4 Aptamers can be designed to target carbohydrates, peptides, proteins, and various other

molecules making them an attractive therapeutic option for various diseases.

Aptamers are generated using the systematic evolution of ligands by exponential
enrichment (SELEX) method. This procedure uses a randomized library that contains ~4N individual
sequences that can be tested simultaneously.®> While aptamers have been synthesized containing
8-228 nucleotides, most are around 20 nucleotides long.%¢ This large library allows for trillions of
sequences to be tested to find ones that are able to bind the target molecule. These sequences
then continue on to further rounds of selection. Thus, increasing the population of aptamers that
are able to bind the target with high affinity. Eventually, there are specific sequences that dominate
the population of library species. Finally, it is important to note that this process is extremely fast in

comparison to traditional peptide synthesis strategies.

Aptamers can act through three main mechanisms of action: 1) aptamers that are specific

to a particular cell type can deliver other therapeutic agents to the target tissue or cells; 2) aptamers
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can act as an agonist and thus functionally activate their target molecules; 3) or aptamers work as
antagonists and block the interaction of molecules in pathways associated with disease

development.164

FDA-approved aptamers:

Pegaptanib was the first-ever FDA-approved aptamer and is used for the treatment of
neovascular age-related macular degeneration. This disease is characterized by retinal
degeneration, causing vision loss.'%” Increased vascular endothelial growth factor (VEGF) has
been associated with this condition.68 Therefore, anti-VEGF treatment was thought to be an
efficient method of treating this disease. Pegaptanib was found to have high affinity for VEGF and
caused it to be sequestered preventing it from binding to its receptor. After successful clinical trials
showing that pegaptanib improved or halted vision loss,° it was approved for use by the FDA in

2004.

Defibrotide was approved by the FDA in 2020 for the treatment of hepatic veno-occlusive
disease/sinusoidal obstruction syndrome.17° This can be a life-threatening complication caused by
chemotherapy and hematopoietic stem cell transplant (HSCT) conditioning.1’* Defibrotide has been
reported to stabilize endothelial cells via reduced endothelial-cell activation.1’2 This protects
endothelial cells from further damage and rescues this condition. Both FDA-approved medicines

have very minimal side effects and highlight the promise of aptamer-based therapeutics.

Aptamers in clinical trials:

NOX-A12 is an RNA aptamer that is in clinical trials for the treatment of various types of
cancers; for example, pancreatic cancer, colorectal cancer, and multiple myeloma.73-175 This drug
works by neutralizing CXCL12, which leads to an increase in circulating tumor-infiltrating T-cells.17¢
To date, clinical trials have demonstrated the potential of NOX-A12 in the treatment of various types

of cancer.173-175



58

NOX-E36 has completed Phase | clinical trials for the treatment of diabetes and
albuminuria (NCT01547897). Increased HbAlc and albumin/creatinine ratio (ACR) are hallmarks
of these conditions. NOX-E36 has been shown to reduce these levels in patients with diabetes and
albuminurial”” by binding to CCL2, a proinflammatory cytokine, with high affinity.1’® Therefore, this

therapeutic drug may have beneficial effects on the treatment of diabetes and related conditions.

There are other aptamers in clinical trials for various human diseases that are composed
of DNA. For example, AS1411 is a DNA aptamer for the treatment of cancers such as acute myeloid
leukemia.”® However, since the purpose of this review is to highlight the potential of RNA

therapeutics, we will not be discussing these aptamers in detalil.

Conclusions and Future Perspectives

RNA molecules are multi-functional and are extremely versatile. State-of-the-art studies
have demonstrated considerable promise for the clinical use of RNA therapeutics to treat and
prevent human diseases. Further, RNA therapeutics are relatively cheaper, easier, and faster to
develop than traditional protein and small molecule-based drugs. RNA therapeutic approaches vary
in how they treat different clinical conditions. For example, SiRNAs are highly specific with only one
MRNA target; therefore, they are good for the treatment of diseases where pathologies are caused
by the alternations of only one single gene. However, miRNAs have the virtue of targeting multiple
MRNASs; consequently, they are suitable for the treatment of diseases in which various pathologies
and/or alternations of many genes are involved. The current challenges for RNA therapeutics
include: (i) Cell specificity; ideally, the best RNA therapeutic molecule would have on-target cell-
specificity without off-target and undesired on-target effects. (ii) Cell-specific delivery agents, one
of the most significant challenges in the RNA therapeutics is efficient and stable delivery of the

molecule to the cell type of interest and being functionally active to perform their role.

Clinical trials should focus heavily on early study design to prevent possible adverse

outcomes such as acute toxicity. Additionally, this early study design should focus on in vivo
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functional assays rather than in vitro functional assays alone. Further, the most critical step in RNA
therapeutics development is to compare the clinical outcomes in their ability to fix the mechanistic
parameters. To accomplish this goal, the RNA therapeutic candidates must be rigorously
examined, particularly for their immune tolerance, pharmacokinetics, and pharmacodynamics. But
it is important to note that RNA therapeutic agents are likely developed based on the cellular and
molecular mechanisms underlying pathologies of the diseases; thereby, these molecules are
placed in a prime position for future clinical trials. The current knowledge gaps warrant a modern
approach to better understand the pathologies at the cellular and molecular level that will enable
us to tackle the therapeutic approaches to treat the disease, not only improving the symptomology,

but also fixing the exact cause.

While there are currently challenges to RNA therapeutic development, unprecedented
interdisciplinary approaches, the promising developments of modern science, along with improved
early study design for clinical trials will overcome these obstacles in the foreseeable future. This
will provide substantial hope for the clinical utility of RNA therapeutics for different disease

conditions and lead to a better quality of life for millions of patients.
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Figure 1. Schematic of RNA therapeutic approaches. A) Ribosomes translate mature
MRNAs into proteins, the building blocks for life. B) ASOs are small single-stranded RNA
molecules that have exact complementarity to a target mMRNA. Once bound they induce
gene silencing by preventing translation of the mRNA. C) siRNAs are small double-stranded
RNA molecules that have exact complementarity to a target mMRNA. Once associated with
the RISC complex it binds to its target mMRNA and induces gene silencing by preventing
translation of the mMRNA. D) miRNA mimics are small double-stranded RNA molecules that
associate with and guide the RISC complex to its target mRNA. The mimic will bind with
imperfect complementarity to its target mMRNA and translation will be blocked or the mRNA
will be degraded leading to gene silencing. miRNA inhibitors are small single-stranded RNAs
that bind to and suppress their target miRNA. This results in restored mRNA translation. E)
Aptamers are RNA, DNA, or RNA/DNA hybrids that form tertiary structures and bind to a
target molecule either suppressing or enhancing the pathway that the target molecule is

involved in.
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CHAPTER THREE: MiR-10b-5p Rescues Diabetes and Gastrointestinal Dysmotility

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 B cells, whereas type 2 diabetes (T2D) which
accounts for over 95% cases, attributes to increased insulin resistance in the body’s cells.? T1D
and T2D culminate in the degeneration of B cells, requiring insulin therapy.® Pathophysiological
mechanisms underlying diabetes remain elusive, making it difficult to produce effective treatments
that ameliorate the symptoms of diabetes.* Moreover, effective treatments for diabetes have been
developed; however, many of them are inadequate for prolonged use due to poor tolerance and

negative ramifications.®

Approximately half of patients with diabetes have gastrointestinal (GI) motility disorders,
such as gastroparesis and constipation.6 Gl motility disorders are conditions in which GI muscular
movements become abnormal, leading to delayed gastric emptying and slowed colonic transit.” Gl
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.® Hyperglycemia in
patients with diabetes leads to the reconfiguration of the mechanisms controlling Gl motility,” often
leading to the dysfunction of ICCs in the stomach and intestines of diabetic animals and humans.*
10 |CCs express the receptor tyrosine kinase (KIT), essential for their development and functioning?
where a loss of KIT leads to non-functional ICCs in diabetic mice, with similar patterns being found
in patients with diabetes.® 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.

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.'? Dysregulated miRNAs lead to cellular dysfunction and

diseases such as diabetes and Gl dysmotility.13 14 For example, miR-10b-5p expression is reduced
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in diabetic patients and animals.? 2 Therefore, it is imperative to track the mechanistic pathway at

the cellular level to elucidate how miRNAs modulate diabetes and Gl motility disorders.

Dysregulation of miR-10b-5p in pancreatic 3 cells and ICCs might be a potential pathogenic
factor leading to the dysfunction of these cells through specific gene target regulation. Kruppel-like
factors (KLF) are a family of transcription factors acting as either transcriptional activators or
repressors, regulating cellular metabolism.1> Most KLF isoforms are associated with the regulation
of metabolic pathways and energetic homeostasis.’> KLF11, specifically, regulates insulin
production and sensitivity, lipid metabolism, and obesity.1® 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 Gl
motility through the miR-10b-5p-KLF11-KIT pathway. The loss of miR-10b-5p in KIT+-ICCs and 8
cells causes Gl 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 Gl functions in diabetic mice when compared to the widely used antidiabetic and prokinetic

medications.

Materials and Methods

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:
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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.

miRNA Sequencing:

Small RNA libraries were generated using an lllumina TruSeq Small RNA Preparation Kit
(Mlumina) following manufacturer’'s instructions. The cDNA libraries were sequenced following

vendor’s instructions.

In vivo Functional GI Motility Tests:

Gastric emptying test (GET), total Gl 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 lll system.'” Fluorescence images were analyzed using Living
Image software. Evans blue semiliquid solution was orally gavaged in mice to measure TGITT.18
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.18

Construction of Luciferase Reporter and Klf11 Expression Plasmids:

For the generation of the luciferase reporter constructs, the miR-10b-hKLF11, miR-10b-
mKIfl1l, miR-10b-mKIf11-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

Gl motility conditions in HFHSD-fed C57 male mice.
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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.19 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,20 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
mMiRNA-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 miR-
10b-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 ICCs (Figure 1E). Furthermore, we confirmed the diabetes-dependent
reduction of miR-10b expression in gastric ICCs from +/+ and ob/ob mice by gPCR (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,® 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
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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,?! as it is predicted to have a miR-10b-5p target site in its 3' UTR.22 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+-f cells in the pancreas linking miR-10b-5p to the diabetic phenotype.

mir-10b KO Male Mice Develop Diabetes and Gl Dysmotility:

Further, we investigated whether mir-10b loss leads to the development of diabetes and
Gl 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).
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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 Gl transit time (TGITT) starting 1-month PTI which was progressively delayed over a 7-month
period. (Figure 2I; Supplementary Figure 2E). Gastric emptying 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 Gl dysmotility, while the mir-

10b KO females only developed Gl dysmotility.

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

To study the role of KIT+-cells in the pancreas, we generated tamoxifen-induced KIT+-cell
depleted mice, KitCreERT2/+;R0sa26DTA/+ (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 § cells may

derive from KIT+-cells and most of the ones that originate from the KIT+ pancreatic  cell
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progenitors?® were lost and replaced with new mature 3 cells 5 months PTI. Also, B 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 3l 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 B cells, leading to diabetes. Reduction of miR-10b-5p 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+-p cells in the pancreas and miR-10b-5p

deficiency results in the development of diabetes and Gl dysmotility.

MiR-10b-5p Mimic Injection Rescues Diabetes and Gl Dysmotility in mir-10b 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 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
Pl 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, Gl motility was gradually improved to normal levels in the miR-10b-5p mimic-injected
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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 miR-10b-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 1 week 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 Gl dysmoaitility in

mir-10b KO male mice.

MiR-10b-5p Mimic Rescues Diabetes and Gl Dysmaoatility in Multiple Diabetic Mouse Models:

We next evaluated metabolic and/or GI motility parameters to test the effect of the miR-
10b-5p 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 Pl 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 Pl and gradually decreased (Figure 4E). Insulin levels were restored 1 week Pl
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
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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 Pl 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 mice (Figure 4K). These data
demonstrate that miR-10b-5p mimic injection likely restores proper functioning of ICCs and  cells
by increasing the expression of KIT and insulin in HFHSD-fed male mice, which leads to the

reversal of Gl dysmotility and diabetes.

Estrogen delays the onset of diabetes in female mice.?* Therefore, we evaluated the effect
of the miR-10b-5p mimic on HFHSD-fed OV X 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.2* 25 OQVX 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 Gl
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 B cells,?¢ we
next examined the targeting effect of miR-10b-5p on KLF11 in the human (Panc.10.05) and mouse

(NIT-1) pancreatic B cell lines. We tested the miR-10b-5p mimic and its antisense RNA (miR-10b-
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5p inhibitor) in these two B cell lines (Figure 5B). Western blots depicted that miR-10b-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 KLF11l 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 B 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 mKIf11 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 B cell lines (Figure 5J). These data imply that miR-10b-5p
targets and inhibits the expression of KLF11, which subsequently suppresses the expression of
KIT and INS in B cells. Next, we examined whether the KIf11 siRNAs could rescue diabetes and
slowed Gl transit in HFHSD-fed male mice. Diabetic, obese, and Gl dysmotility phenotypes were
substantially rescued by KIfl1l siRNA. (Supplementary Figure 7). Taken together, miR-10b-5p

mimic can reverse diabetic, obese, and Gl dysmotility phenotypes via the suppression of KIf11.

Patients with Diabetic and Idiopathic Gastroparesis Have Reduced miR-10b-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-10b-5p 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
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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 hours in gastroparesis as well as with A1C levels in diabetes (Figure 6H). Taken
together, metabolic and gene expression profiles from HC, I1G, 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 Gl 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, Gl motility was restored in miR-10b-5p

mimic-injected mice for 8 weeks PI, while prucalopride improved GI motility for only 4 weeks.
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(Figure 7G-1; 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 and GI motility data confirm the profound and

prolonged efficacy of miR-10b mimic as compared to antidiabetic and prokinetic medications.

miR-10b-5p is almost identical to miR-10a-5p and only differ by one nucleotide in the
middle of their sequence. Additionally, both of these miRNAs are predicted to target KLF11. miR-
10a-5p is also highly expressed in ICCs from healthy mice and drastically reduced in ICCs from
diabetic mice (Figure 1D and E). To interrogate the linkage mechanism leading to the three major
phenotypes (Gl dysmaotility, diabetes and obesity), we further compared the efficacy of miR-10a-5p
mimic and miR-10b-5p mimic in rescuing the diabetic and Gl dysmotility phenotypes in HFHSD-fed
C57 male mice. Both miR-10a-5p and miR-10b-5p had similar beneficial effects on the three
associated phenotypes (Supplementary Figure 10A-J), but body weight was further reduced by
miR-10a-5p (Supplementary Figure 10B). The substantial body weight loss (3.0 g) was due to a
reduction of gonadal and inguinal adipose tissue (1.24 g) in the miR-10a injected mice
(Supplementary Figure 10C). These results further support the miR-10-mediated regulatory linkage

mechanism leading to the three major phenotypes.

As previous studies have shown that elevated miR-10b-5p levels may increase the risk of
cancer,?” we evaluated miR-10b levels in blood samples from diabetic C57 male mice injected with
a series of doses of miR-10b-5p mimic (50-1,000 ng/g). Diabetic mice injected with 1,000 ng/g of
the miR-10b-5p mimic, which is higher than the concentrations (250-500 ng/g) used in this study,
greatly increased miR-10b-5p levels in the blood (Supplementary Figure 11A). However, miR-10b-
5p levels were still significantly less in mice injected with the highest dose of the mimic than in
healthy mice. In contrast, miR-10b-5p expression was approximately 12 times higher in liver tumors
when compared to the healthy liver (Supplementary Figure 11B). These data suggest there is a
low risk of cancer development when treating diabetic mice with the optimized doses (250-500

ng/g) of miR-10b-5p mimic.
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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-10b-5p
in KIT+-cells (ICCs and pancreatic 8 cell progenitors) contributes to the development of Gl motility
disorders and diabetes via transcription factor, KLF11. Removal of mir-10b in KIT+-cells caused
cellular degeneration, which triggered the onset of Gl dysmotility and diabetes. Treatment of

diabetic mice with a miR-10b-5p mimic reversed the diabetic and Gl dysmotility phenotypes.

Our data suggest that diabetes and gastroparesis can develop due to the degeneration of
ICCs and B 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.?® It is widely accepted
that loss of KIT in ICCs results in abnormal GI motility in animals, and ICC loss is also associated
with Gl motility disorders in humans.1® However, the pathogenic factor leading to KIT loss in ICCs
was elusive until now. Our mir-10b KO mice demonstrated that decreased miR-10b-5p levels lead
to reduced KIT expression and subsequent degeneration of ICCs resulting in delayed gastric
emptying as well as slowed colonic and total Gl transit. Meanwhile, murine studies demonstrated
the importance of KIT in glucose homeostasis.?° Loss of KIT activity in pancreatic f cells in KitWv
mutant mice resulted in decreased [ cell proliferation and hyperglycemia,®® while KIT
overexpression in KitBTg mice prevented HFD-induced diabetes.?° KIT+-cells serve as pancreatic
B cell progenitors and cells derived from KIT+-cells are insulin-producing B cells.3! Kit-DTA mice
developed a diabetic phenotype due to ablation of KIT+ pancreatic 8 cells. Our findings confirmed
that the loss of miR-10b in KIT+-cells (B cells and ICCs) in mir-10b KO mice lead to the co-
occurrence of diabetes and Gl 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 Gl dysmaotility 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.3? Diabetes
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is more common in males <45 yrs old, while it is the reverse in females 245 yrs old due to the
depletion of estrogen.3® Estrogen protects rodent pancreatic § cells in vivo against multiple pro-
apoptotic insults and this protection is conserved in human islets.?* 34 This gender/age nexus to
diabetes suggests that estrogen hormone therapy may reduce the incidence of T2D by protecting
B cell function in post-menopausal women.3®> 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 showing an overlap of approximately 60-70% with slow transit constipation.3®
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+-B cells. We confirmed the restoration of KIT in ICCs and 3 cells after miR-
10b-5p mimic injections in mice with diabetes and Gl 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 B-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, Gl dysmotility,
and obesity. However, unlike how diabetes and Gl dysmotility were directly regulated by miR-10b-
5p via KIT+-B-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
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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.3” 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-10b-5p 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,® HFD-induced hepatic insulin-resistant mice,12
children with T1D?3® and twins with T2D.12 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.2” In parallel, miR-10b-5p is highly expressed in
proliferating stem cell lines,*® suggesting they likely have a role in the proliferation of KIT+-ICCs
and B 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.?’” Therefore, it is unlikely that the miR-10b-5p mimic injections will lead to
cancer development when used to treat diabetes and Gl dysmotility caused by reduced miR-10b-

5p expression.

Our study demonstrated a novel mechanistic pathway miR-10b-5p-KLF11-KIT in the
regulation of glucose homeostasis and Gl motility. We confirmed that miR-10b-5p mimic has
targeting effects on KLF11 (using both mouse and human B 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.*> A congenital deletion of KIf11 in mice results
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in decreased blood glucose levels and body weight, as well as protection against HFD-induced
obesity and diabetes,'¢ 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.#t KLF11 recruits transcriptional repressor SIN3A and
epigenetic gene silencers HDAC1/2 and HP1, which may silence INS and KIT genes in diabetes

and Gl dysmotility.4?

Unlike antidiabetic drugs, such as GLP-1 agonists and metformin, that causes delayed Gl
motility as a side effect,*® 44 miR-10b-5p mimic treatment reversed the GI dysmotility phenotype.
Prolonged exposure to current antidiabetic medications such as metformin can lead to progressive
B cell failure and increased insulin resistance,® 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 Gl
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 Gl dysmotility suggest an opportunity for a new therapeutic approach. By restoring miR-10b-
5pin 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.
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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
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miR-10b-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 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 Gl 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 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, T1p < 0.01, #p < 0.05, ###p < 0.001.
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Figure 3. miR-10b-5p mimic injection rescues the diabetic and Gl 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 ANOVA). (H, I) TGITT (One-way ANOVA) at 2 and 4 weeks Pl 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 gPCR (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 Pl. Scale bars are 50 ym. 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.
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Figure 4. miR-10b-5p mimic rescues the diabetic and Gl 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 Pl 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, 1) 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 3 cells (Insulin+) in
the pancreatic islets at 3 weeks PI. Scale bars are 100 um. n=3-4 per condition for each experiment.

Error bar indicate SEM, One-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.
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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-miR-10b) 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 siKIf11-1 and siKIf11-2 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 mKIf11 10b TS) and a mutant (mKIf11 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.
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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 |G 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, 1G-H, IG-L, and DG (n=2). (H) The Spearman
rank correlation between miR-10b-5p expression levels and metabolic parameters, clinical Gl
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 2 weeks 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, 1) 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.

Supplementary Material

Materials and Methods

Mice:

KitcopGFP/+, 1 Lepob/ob, 2 KitcreERT2/+, 3 mir-10bLacZ-FLP-lox/lox, 4 Rosa26 FLP/+, 5
Rosa26tdTom, 6 and Rosa26DTA 7 mouse lines were used in this study. KitcopGFP/+ mice were
crossed with Lepob/+ mice to generate KitcopGFP/+;Lepob/+ mice. KitcopGFP/+;Lepob/+
heterozygote mice were backcrossed to generate KitcopGFP/+;Lepob/ob mice. Mir-10bLacZ-FLP-
lox/+ mice were crossed with KitCreERT2/+ mice or Rosa26FLP/+ mice to generate
KitCreERT2/+;mir-10bLacZ/LacZ (resulting in Kit= cell-specific mir-10b KO following tamoxifen
injection and mir-10b WT following oil injection) mice and Rosa26FLP/+;mir-10blox/lox mice.
Rosa26FLP/+;mir-10blox/lox mice were further crossed with KitCreERT2/+ mice to generate
KitCreERT2/+;10blox/lox (resulting in Kit= cell-specific mir-10b KO following tamoxifen injection
and mir-10b WT following oil injection) mice. Genotypes were confirmed through PCR. All primer
sequences used can be found in Supplementary Table 4. mir-10bLacZ-FLP-lox/lox mice were

crossbred with KitCreERT2/+ mice or Rosa26FLP/+ mice to generate KitCreERT2/+;mir-
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10bLacZ/LacZ or KitCreERT2/+;10blox/lox mice. Rosa26tdTom and Rosa26DTA mice were
crossbred with KitcreERT2/+ to generate KitcreERT2/+;Rosa26tdTom/+ or
KitcreERT2/+;R0sa26DTA/+ mice. For the inducible studies, tamoxifen (Sigma-Aldrich) injections
(1.0 mg/20g body weight daily) were given intraperitoneally for 5 consecutive days to 4-6 weeks
old male and female mice to activate Cre activity. The control groups were given the same volume
of sunflower oil (Sigma-Aldrich). Due to mouse genetic inheritance, the analysis was compiled from
age-matched males and females from multiple litters. The colony of mice was housed in a
centralized animal facility at the University of Nevada, Reno (UNR) Animal Resources. The animal
protocol was approved by the Institutional Animal Care and Use Committee at the UNR Animal
Resources. UNR is fully accredited by AAALAC International. Animals were air freighted to UNR,
where they were housed in the transgenic facility at UNR, School of Medicine. All mice were housed
under pathogen-free conditions on a 12 hrs light/dark cycle with food and water ad libitum. Mice
were euthanized by inhaling CO2, followed by cervical dislocation. A ventral midline incision was
made, and the whole Gl tract was carefully excised. These procedures were in accordance with

National Institutes of Health guidelines for the care and use of laboratory animals.

Human Specimens:

The research participants included in this study were adults 21-65 years of age
(Supplementary Table 2). Cases were defined as patients that had been diagnosed by the Stanford
Hospital and Clinics with gastroparesis after an upper Gl endoscopy. Gastroparesis was confirmed
based on well-accepted symptom criteria and delayed gastric emptying, defined as gastric retention
of >10% at 4 hrs and/or >60% at 2 hrs when using the standard low fat, scrambled egg meal as
described by Tougas.8, 9 Additionally, controls were defined as age-matched adults who
underwent upper Gl endoscopy, did not have a history of functional GI disorders, and did not
experience symptoms such as abdominal pain, nausea, or vomiting. Subjects were excluded if they
were actively using opiates, were found to have a recent or new diagnosis of Helicobacter pylori
gastritis, or had active peptic ulcer disease according to endoscopy. Venous blood samples were

collected into sodium heparin-containing vacutainer tubes (BD) by routine venipuncture. Plasma
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was obtained from the tube supernatants after 10 min of ultracentrifugation (800 g) at room
temperature, aliquoted, and frozen at -80°C until further use. All experiments with idiopathic and
diabetic gastroparesis and control plasma samples and GCSI-dd were obtained from Stanford
University School of Medicine. All human subjects provided informed consent, and all study
procedures were approved by the Stanford University Institutional Review Board, and the
Institutional Review Board at UNR. The human samples were obtained from 2 patients with diabetic

gastroparesis (DGs), 14 patients with idiopathic gastroparesis (IGs), and 18 healthy controls (HCs).

Fluorescence-Activated Cell Sorting (FACS):

Interstitial cells of Cajal (ICCs) from the jejunum and colon of age-matched diabetic
KitcopGFP/+;Lepob/ob (n=30) and healthy KitcopGFP/+;Lep+/+ WT mice (n=20) were isolated
through FACS based on copGFP (KIT) expression as previously described.10 Each ICC group was

pooled for the isolation of small RNAs.

Isolation of Small RNAs:

Blood (murine whole blood used for gPCR and human plasma used for miRNA sequencing
and qPCR), jejunal, colonic, and pancreatic tissues were placed in Lysis/Binding buffer from the
mirVana miRNA Isolation Kit (Ambion) and homogenized via bead beating in an air-cooled bead
homogenizer (Bullet Blender Storm, Next Advance, Inc.). Isolated ICCs were centrifuged at 3,000
rpm for 5 min and directly lysed in Lysis/Binding buffer without bead beating. Small RNAs were
isolated using the mirVana miRNA Isolation Kit as previously described.11 Extracted small RNAs

were used for quantitative PCR (QPCR) or miRNA sequencing.

mMiRNA Sequencing:

Small RNA libraries were generated using an Illlumina TruSeq Small RNA Preparation Kit
(Nlumina) according to the manufacturer’s instructions. The cDNA libraries were sequenced via
lllumina GAlIx (lllumina) following the vendor’s instructions (LC Sciences). Sequence reads were

extracted from the image files using lllumina’s Sequencing Control Studio software version 2.8
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(SCS v2.8) following real-time sequencing image analysis and base-calling with lllumina's Real-
Time Analysis version 1.8.70. A proprietary pipeline script, ACGT101-miR v4.2 (LC Sciences), was
used for sequencing data analysis. All miRNAs were annotated from pre-miRNA and mature
mMiRNA sequences listed in the latest (2019) release of miRbase.12 Comparative analysis of
MiRNA expression profiles was used for murine and human diabetic and/or idiopathic gastroparesis

mMiRNAs and healthy control miRNAs after normalization to the total number of miRNAs.

Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR):

RNA quality and quantity were evaluated using a Nanodrop 2000 Spectrophotometer
(Thermo Fisher Scientific), then RNAs were polyadenylated using Poly(A) Polymerase (Ambion)
followed by reverse transcription using SuperScript IV Reverse Transcriptase (Thermo-Fisher).
Thereafter, a TagMan probe-based qPCR assay (Applied Biosystems) was performed. The
following TagMan Advanced MicroRNA Assay probes were used: hsa-miR-10b-5p (Gene ID:
MI0000267) and mmu-snoRNA420 (Gene ID: AF357339). A standard gPCR protocol was followed
on a 7900HT Fast Real-Time PCR System (Applied Biosystems). 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.11

All samples were run in triplicate for each assay.

Automated Western Blot:

Blood (murine whole blood and human plasma), murine stomach, jejunal, colonic, and
pancreatic tissues were placed on ice for 5 min and then extracted with Pierce RIPA Buffer
(Thermo-Fisher). The homogenates were then centrifuged at 12,000 rpm at 4°C for 20 mins, then
supernatants were stored at -80°C. A Bradford assay was used to determine protein
concentrations, and equal protein amounts (1 pg) were loaded for protein assay separation.
Automated Western blots were performed using WES (ProteinSimple) on isolated blood, pancreas,
stomach, jejunum, and colon samples from mice, as well as human blood samples. Quantification

of banding patterns was performed using Compass software (v4.0.0) for WES (ProteinSimple).
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Quantification of banding patterns was performed using Compass software (v4.0.0). All antibodies

used are listed in Data Supplementary Table 5.

Immunohistochemical and Confocal Microscopy Analysis:

Murine stomach, jejunum, colon, and pancreas tissue were analyzed through whole mount
and cryostat section staining. Slides were exposed to 1x Tris-buffered saline (TBS), followed by
blocking in 4% milk/1x TBS/0.1-0.5% Triton X-114 (Sigma-Aldrich). The slides were then incubated
at 4°C with primary antibody for 48 hrs. Next, the slides were incubated with a secondary antibody
at room temperature for 2 hrs. After washing with 1x TBS and treated with Fluoroshield mounting
medium with DAPI (Abcam). Images were collected using Fluoview FV10-ASW (Olympus) Viewer
software (v3.1) on an Olympus FV1000 confocal laser scanning microscope. All antibodies used

are listed in Supplementary Table 5.

Body Weight and Blood Glucose Measurements:

Body weight was monitored at the same time of day, once every week. Fasting blood
glucose monitoring was performed in mice fasted for 6 hrs by collecting blood from the tail vein via
a small needle prick using a blood glucose monitoring system on a weekly basis (ReliOnTM Prime).
Mice were considered healthy (90-120 mg/dL), prediabetic (>120 to <180 mg/dL) or diabetic (=
180 mg/dL) based on 6 hrs fasting blood glucose levels. Blood glucose levels exceeding 500 mg/dL
were considered the upper limit of the hyperglycemic state. Following established sub-therapeutic
dosing procedures for insulin glargine [rDNA origin] injection (Lantus, Sanofi-Aventis),
intraperitoneal injections via a 25-G needle were used when glucose levels were higher than 500
mg/dL to keep the diabetic mice alive.13 Additionally, diabetic mice were monitored to ensure that
their glucose levels were below 500 mg/dL to prevent complications from the diabetic phenotype.
For animal welfare purposes, mice showing two consecutive readings of 500 mg/dL or more over

48 hrs were euthanized.

Metabolic Procedures:
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Glucose tolerance tests (GTTs) and insulin tolerance tests (ITTs) were conducted to
confirm the onset of diabetes. For GTTSs, intraperitoneal injections of glucose (Sigma-Aldrich) at a
dose of 2 g/kg body weight were administered to mice fasted for 6 hrs. Then, blood glucose
monitoring was performed on blood collected from the tail vein by a small needle prick using a
blood glucose monitoring system (ReliOnTM Prime) before glucose injection (0 min) and at 15, 30,
60, 90, and 120 min after injection. ITTs were performed in mice fasted for 6 hrs through
intraperitoneal injection of insulin glargine (0.75 IU/kg, Sanofi-Aventis). Blood glucose
concentration was measured in blood collected from the tail vein by a small needle prick before

insulin injection (0 min) and 30, 60, 90 and 120 min after insulin injection.

The area under curve (AUC) analysis for GTTs and ITTs were performed using GraphPad
Prism. We presented the data for GTTs and ITTs with percentages of basal glucose, and the AUC
for GTT and ITT was calculated with the area above baseline glucose and the area below baseline
glucose, respectively, for each group of mice.14 For the comparison of AUC between the groups,

we performed a two-way ANOVA analysis.

In Vivo Functional Gl Tests:

The gastric emptying test (GET), total Gl transit time (TGITT) test, and colonic transit time
(CTT) test were performed on mice in vivo to evaluate changes in GI motility. For GETs, the gastric
emptying of semi-solids and/or liquids was observed using the fluorescent imaging agent
GastroSenseTM750 (a near-infrared fluorescent imaging agent used to monitor and quantify
gastric emptying rates in murine models in vivo in real time) and an IVIS Lumina Ill system
(PerkinElmer). GETs were performed on mice fasted overnight, which allows the stomach to empty
the entirety of its food contents. IVIS fluorescence gastric imaging of each mouse was performed
before ingestion of GastroSenseTM750 to ensure that there was no autofluorescence. Next, each
mouse was given intragastric gavaged with 0.250 nmol GastroSenseTM750 mixed with crushed
solid food in 1X Phosphate buffered saline (PBS) or 1X PBS solution. Fluorescence datasets were

acquired by imaging the gastric region both before gavaging (0 min) and 15, 30, 45, 60, 90 and 120
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min after intragastric gavage. After fluorescence imaging of each mouse, fluorescence in the
stomach was measured using Living Image (PerkinElmer) software (v4.5.5). Percentage gastric
emptying after 30 min in each mouse was quantified as: [1 - (stomach fluorescence/total
fluorescence) x 100].15 For TGITT, mice fasted overnight were orally gavaged with 0.1 ml of a
semiliquid solution containing 5% Evans blue in 0.9% NaCl and 0.5% methylcellulose. TGITT was
calculated as the time between the intragastric gavage of the dye and the visualization of the first
blue fecal pellet.16 For CTT, a 3 mm glass bead was placed in the colon (~3 cm from the anus) of
an overnight fasted mouse using a plastic Pasteur pipette lightly lubricated with lubricating jelly.
CTT was assessed by measuring the amount of time between bead placement and bead

expulsion.16

Fecal Pellet Assessment:

Fecal pellets were collected weekly from each cage and weighed and counted to monitor
any changes in defecation patterns (indicating changes in bowel function) of the mice. The cage
bedding was replaced with an Alpha Pad (LBS Biotechnology) for the specified collection time
(typically 24 hrs). The pellets were removed from the pad, and the mice were placed in a cage with
normal bedding. The fecal pellet frequency was the number of pellets produced by one mouse in
24 hrs. The fecal pellet out was calculated as the fecal pellet number multiplied by the weight of

the pellets (g) produced by the mouse within 24 hrs.

Ovariectomy Surgery:

Ovariectomy surgery was done on five-weeks-old C57BL/6J female mice weighing
between 20-30 g. Surgery was performed in a room dedicated to surgical procedures. Mice were
anesthetized with a mixture of isoflurane (5%) and oxygen (100-200 mL/min) until recumbent.
During surgery anesthesia was delivered through a nosecone with 2-3% isoflurane and oxygen
throughout the length of the procedure. Before the surgery start mice were injected pain medicine
(Buprenorphine, 1 ug/g of body weight) intraperitonially away from the incision site. After completion

of the procedure, mice received gentamicin (0.5mg/100 g body weight; 150 uL per 20-30 g mouse
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body weight) by IP injection and mice were placed into a recovery cage with thermal support and
monitored closely until fully recovered. Surgery protocol was approved by the Institutional Animal

Care and Use Committee at the UNR Animal Resources.

Ingenuity Pathway Analysis:

Pathway analysis was performed on target gene candidates using the Ingenuity Pathway
Analysis (IPA) program (Qiagen, http://www.ingenuity.com).17 Our target genes were those that
had published evidence of a link to diabetes mellitus and an interaction with miR-10b-5p and
KLF11. Within IPA, a network was graphically depicted to show gene relationships pertaining to
diabetes mellitus, miR-10b-5p and KLF11l. The IPA map was generated using experimentally
validated targets” of miR-10b-5p. According to IPA, IPA’s microRNA Target Filter functionality
enables prioritization of experimentally validated and predicted mRNA targets. The microRNA
Target Filter in IPA provides insights into the biological effects of microRNAs, using experimentally
validated interactions from TarBase and miRecords, as well as predicted microRNA-mRNA
interactions from TargetScan. Additionally, IPA includes a large number of microRNA-related
findings from the peer-reviewed literature. We selected “experimentally validated targets”, but not

predicted mRNA targets in the IPA.

Construction of Luciferase Reporter and Klf11 Expression Plasmids:

For the generation of the luciferase reporter constructions, the miR-10b-hKLF11, miR-10b-
mKIfll, miR-10b-mKIf11-mut, and scrambled complementary oligonucleotide were synthesized
(IDT). The luciferase vector (pLenti-CMV-Luc-Puro, Addgene) was digested with Xbal. Each
annealed oligonucleotide was ligated to the pLenti-CMV-Luc-Puro individually to make pLenti-
CMV-Luc-10b-hKLF11, pLenti-CMV-Luc-10b mKIf1l, pLenti-CMV-Luc-10b-mKIfl11l-mut, and
pLent-CMV-Luc-scrambled construct. The mKIf11 cDNA (1655 bp, NM_178357.3) and hKLF11
(1685 bp, NM_003597.5), with restriction enzyme sites PshAl and Xbal were synthesized and
inserted in pUC57 vectors (BioMatik). The pLenti-CMV-Luc-Puro, mKIf11-pUC57, and hKLF11-

pUC57 were digested with PshAl and Xbal. Then pLenti-CMV-hKLF11 and pLenti-CMV-mKIfl1l
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expression construct were generated by individual ligations. All the vectors were confirmed by

Sanger sequencing at the Nevada Genomics Center (UNR).

Cell Culture and Stable Cell Line Generation:

The human and mouse cell lines HEK293T and NIH3T3, Panc 10.05, and NIT-1 (ATCC)
were maintained at 37°C under 5% CO2 in DMEM or Ham's F-12K (Kaighn's) Medium (Gibco)
supplemented with 10% heat-inactivated FBS (Gibco) and antibiotic-antimycotic (penicillin,
streptomycin, amphotericin B, Gibco). Human and mouse cells were plated in 24-well plates 24 hrs
before transfection and reached 80-90% confluency before transfection. Approximately 2.0 x 105
cells in each well were selected for transfection with pLenti-CMV-Luc-10b-hKLF11, pLenti-CMV-
Luc-10b mKIf11, pLent-CMV-Luc-10b-mKIf11-mut, or pLent-CMV-Luc-scrambled (500 ng each)
using Lipofectamine 2000 (Invitrogen) in accordance with the manufacturer's protocol. 24 hrs after
transfection, the plated cells were incubated with fresh medium and a selective marker (2 mg/ml

puromycin) for 24 hrs.

Transfection with RNA and Luciferase Reporter Assay:

The human and mouse cell lines were transfected with miR-10b mimic, miR-10b inhibitor,
a mix of mouse siKlIf11-1/2, a mix of human siKLF11-1/2, or a scrambled RNA (all, Thermo Fisher
Scientific), at a final concentration of 50 nM. 48 hrs after transfection, KLF11 protein levels were
detected through a WES (ProteinSimple) automated Western blot in each group. All cell
transfections were performed using Lipofectamine RNAIMAX (Invitrogen) in accordance with the
manufacturer’s instructions. Luciferase activity was determined using a TurboLuc Luciferase One-

Step Glow Assay Kit (Thermo Fisher Scientific).

In vivo Delivery of MiRNA Mimic and silKF11:

Mice were grouped into either treatment or control groups and intraperitoneally injected
with a chemically synthesized miR-10b mimic or mirVana miRNA mimic negative control and a mix

of mouse siKLF11-1/2 (Thermo Fisher Scientific). In vivo-jetPEI (Polyplus-transfection) was used
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as the delivery agent. In vivo-jetPEI/miRNA complexes were prepared according to the
manufacturer’s protocol, as previously described.18 Intraperitoneal injections were performed on

mice using complexes equilibrated at room temperature.

Diet:

The mice were fed one of two purified Teklad diets, ad libitum, from ENVIGO: a purified
control diet (TD.08806) containing 20.5% kcal from protein, 10.5% kcal from fat, and 69.1% kcal
from carbohydrates; or a high-fat, high-sucrose diet (representative western diet) (TD.130784)

containing 14.7% kcal from protein, 44.6% kcal from fat, and 40.7% kcal from carbohydrates.

ELISA:

Insulin, C-peptide, A1C and estrogen measurements were gathered from both mouse
whole blood or serum and human plasma. The blood was centrifuged for 40 min at 2,000 rpm (4°C).
Serum was collected and stored at -80°C. ELISAs were performed on blood serum using an Insulin
ELISA Kit (Millipore), human and mouse C-Peptide ELISA Kit (Crystal Chem), Hemoglobin A1C
(HbAlc) ELISA Kit (Crystal Chem) and Estradiol (mouse) ELISA kit. All kits were used according

to the manufacturer's protocol.

Drug Comparison Study:

For the drug comparison study, male C57 mice were fed a high-fat, high-sucrose diet
(HFHSD, (TD.130784) or a purified control normal diet (ND, TD.08806) for 4 months. Before the
treatment start date HFHSD induced diabetic mice were confirmed for diabetic onset and Gl
dysmotility as compared to age matched healthy controls. At this point, the mice were divided into
nine groups (n=5-8) and placed in separate cages with free access to HFHSD or ND and water.
miR-10b mimic, or scramble RNA (Thermo Fisher Scientific) were injected twice, at 1 and 2 weeks
by intraperitoneal injections (In vivo-jetPEI/miRNA complexes); Metformin (Ascend Laboratories,
LLC) or Sitagliptin (Januvia, Merck) was provided daily per oral for 4 weeks; Liraglutide (Victoza,

Novo Nordisk) was injected twice daily by subcutaneous injection for 2 weeks; Insulin (Lantus,
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Sanofi-Aventis) was injected once daily by intraperitoneal injection for 4 weeks; Prucalopride
(Motegrity, Takeda) was provided daily PO for 4 weeks as per IACUC approved protocol for doses

and route of administration (Supplementary Table 6).

Mice were monitored for body weight and fasting blood glucose levels once every week,
GTT, ITT, TGITT, GET, and CTT were performed once every 4 weeks over the 8 weeks study
duration. Also, data was collected for other metabolic parameters (food, calorie, and water intake
as well as urine and fecal output) during the dosing period using single housed metabolic cages
(Tecniplast). For the metabolic data collection, mice were acclimated to the metabolic cages for
three days prior to data collection. Each mouse was checked at least twice daily for behavioral
signs of distress (e.g. excessively increased or decreased activity, reduced food or water intake,

and hunched posture).

Statistics:

The experimental data are shown as the mean + SEM. The data presented in the figures
were collected from multiple independent experiments performed on different days using age-
matched mice with both genders unless otherwise mentioned. Two-tailed unpaired t-test, area
under the curve calculations, and one-way or two-way analysis of variance (ANOVA) with
corrections for multiple comparisons were used for all mouse experiment comparisons. GraphPad
Prism (v8.0) (GraphPad Software) was used for statistical analyses. For all tests, p-values less

than 0.05 were considered statistically significant.

Data availability:

mMiRNA-seq data can be found in Supplementary Table 1 and 3. The miRNA-seq data from
this study have been deposited to the NCBI GEO under accession number: GSE139577, miRNA
sequencing profile of human plasma samples from healthy, diabetic, and gastroparesis patients
(GSM4143924-GSM4143931), and GSE139577, miRNA sequencing profile of isolated Kit+

interstitial cells of Cajal (ICC) in Leptin mutant mice (GSM4143932-GSM4143935).
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Supplementary Figure 1. Male KIT+ cell-specific mir-10b KO mice have reduced KIT expression

in ICCs.

(A) Genomic map of tamoxifen-inducible KitCreERT2/+;mir-10bLacZ/LacZ and

KitCreERT2/+;mir-10b-/- mice. The mir-10b gene, generating mature miR-10b-5p, is located within

the fifth intron of Hoxd4, which also overlaps with the first intron of Hoxd3. The mir-10bLacZ/+

mouse was crossed with the KitCreERT2/+ mouse to generate KitCreERT2/+;mir-10bLacZ/LacZ

mice and the Rosa26FLP/+ mouse to generate Rosa26FLP/+;mir-10blox/lox mice, respectively.

The Rosa26FLP/+;mir-10blox/lox mouse was further crossed with the KitCreERT2/+ mouse to
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generate KitCreERT2/+;mir-10blox/lox mice. Both KitCreERT2/+;mir-10bLacZ/LacZ mice and
KitCreERT2/+;mir-10blox/lox mice became KitCreERT2/+;mir-10b-/- mir-10b KO (KO) mice upon
tamoxifen injection. (B) Cell number showing a reduction of ICCs (CD117+CD45-) in the jejunum
and colon of mir-10b KO mice (n=5). (C) gPCR measurement of miR-10b-5p depletion in mir-10b
KO mice (unpaired t-test, n=5). (D, E) Western blot and quantification of proteins regulated by miR-
10b-5p (KLF11 and KIT), or of mir-10b host genes (Hoxd3/4) (One-Way ANOVA, n=3). (F) Images
of cross sections, whole mount tissue optical stacks (Z-stacks), and separated images (ICC-DMP
and ICC-SMP) of jejunal and colonic ICCs (KIT+ANO1+) in tamoxifen-injected mir-10b KO mice
compared to oil-injected mir-10b WT (WT) mice (n=3). Scale bars are 50 ym. DMP, deep muscular
plexus; SMP, submucosal plexus; MY, myenteric plexus. Error bar indicate SEM. *p < 0.05, **p <

0.01.
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Supplementary Figure 2. Female KIT+ cell-specific mir-10b KO mice develop GI dysmaotility but

not diabetes. (A, B) Body weight and fasting blood glucose levels of mir-10b KO and WT female
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mice (n=4). (C, D) GTT and ITT in mir-10b KO and WT female mice (n=4). (E) TGITT in mir-10b
KO and WT female mice at 6 months PTI (n=4). (F) Gastric emptying images of mir-10b KO and
WT female mice at 6 months PTI. (G) Quantification of gastric emptying after 30 min (unpaired t-
test, n=4). (H) CTT at 6 months PTI (unpaired t-test, n=4). Error bar indicate SEM, Two-way

ANOVA. *p < 0.05, ***p < 0.001.
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Supplementary Figure 3. Conditional removal of KIT+ cells in male KitCreERT2/+; Rosa26DTA/+
(Kit-DTA) mice leads to development of a diabetic phenotype and slowed Gl transit.
KitCreERT2/+;Rosa26tdTom/+ (Kit-tdTom) and Kit-DTA mice were injected with tamoxifen at 4
weeks of age. (A, B) Body weight and fasting blood glucose levels comparing Kit-DTA and WT
mice from 4 to 30 weeks PTI. (C, D) GTT and ITT in Kit-DTA mice at 2 months and 5 months PTI
compared to WT mice. (E) Expression of miR-10b-5p measured by qPCR in Kit-DTA and Kit-tdTom
mice at 7 days and 5 months PTI (One-way ANOVA). (F) Amount of insulin and C-peptide in the
blood of Kit-DTA and Kit-tdTom mice at 7 days and 5 months PTI measured by ELISA (One-way
ANOVA). (G, H) Identification of Kit-tdTom cells and INS+ B cells in the islets of Kit-tdTom mice
compared to those of Kit-DTA mice at 7 days and 5 months PTI (One-way ANOVA). Scale bars are
200 pm. (I, J) Western blot and quantification of KLF11 and KIT in the pancreas, colon, and blood
of Kit-tdTom and Kit-DTA mice at 7 days and 5 months PTI (One-way ANOVA). (K) TGITT in Kit-
DTA mice at 2 and 5 months PTI (unpaired t-test). n=2-4 per condition for each experiment. Error
bar indicate SEM, Two-way ANOVA. *p < 0.05, **p < 0.01, **p < 0.001, #p < 0.05, ##p < 0.01,

###p < 0.001.
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Supplementary Figure 4. miR-10b-5p mimic rescues diabetic phenotype in HFHSD-fed

ovariectomized (OVX) female mice. HFHSD-fed diabetic female C57 mice were injected with miR-

10b-5p (10b mimic), a negative control (scramble RNA), or given no injection, compared to control
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mice. (A) An OVX surgery plan. (B) Ovariectomized and control female mice. (C) Estrogen levels
in the blood through ELISA in OVX vs control mice (One-Way ANOVA). (D) miR-10b-5p expression
in blood through gPCR in OVX and control mice (One-Way ANOVA). (E, F) Body weight and fasting
blood glucose levels of HFHSD-fed OVX and control female. n=3 per condition for each experiment.

Error bar indicate SEM, Two-way ANOVA. *p < 0.05, **p < 0.01.
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Supplementary Figure 5. miR-10b-5p mimic rescues diabetic and Gl dysmotility phenotypes in

diabetic ob/ob male mice. Diabetic ob/ob male mice were injected three different times with miR-

10b-5p (10b mimic), a negative control (a scramble RNA) compared to diabetic ob/ob mice given

no injection. (A, B) Body weight and fasting blood glucose levels comparison (Two-way ANOVA).

(C) TGITT comparison. n=3 per condition for each experiment. Error bar indicate SEM, One-Way

ANOVA. *p < 0.05, **p < 0.01.
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Supplementary Figure 6. miR-10b-5p mimic rescues the diabetic phenotype and slowed Gl transit

in TALLYHO/JIng (TH) mice (polygenic model for type 2 diabetes). (A) Individual mouse pattern (1-

10) of body weight, fasting blood glucose, insulin level and miR-10b expression level in male TH

mouse after onset of hyperglycemia at 8 weeks over 12 weeks of age (n=10) (B) Western blot of
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KLF11 in the blood of individual TH mouse at 12 weeks (n=10). (C, D) Body weight and fasting
blood glucose in diabetic TH mice injected with either the miR-10b-5p mimic or given no injection
(Two-way ANOVA, n=4). (E) Total Gl transit time in diabetic TH mice injected either the miR-10b-
5p mimic or given no injection (One-way ANOVA, n=4). Error bar indicate SEM. *p < 0.05, **p <

0.01 and ***p < 0.001.
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Supplementary Figure 7. siKIf11 rescues the diabetic and obese phenotype in male HFHSD-fed

mice. (A, B) Body weight and fasting blood glucose levels comparison in male C57 mice fed a

HFHSD or a ND for 18 weeks (4-22 weeks of age) and injected at 22, 26, 30, 34 and 38 weeks (5

injections) with either the siKIf11 mix (siKIf11-1 and siKIf11-2) or given no injection over a 20-week

period post-injection (PI) (22-42 weeks of age) (Two-way ANOVA). (C, D) GTT and ITT in C57 mice

fed a HFHSD (diabetic) with either the siKIf11 mix or given no injection at 4 weeks PI. (E), Insulin

in C57 mice fed a HFHSD (diabetic) with either the siKIf11 mix or given no injection at 4 weeks PI.
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(F-H) TGITT, CTT and fecal pellet output C57 mice fed a HFHSD (diabetic) with either the siKIf11
mix or given no injection at 4 weeks PI. n=6 per condition for each experiment. Error bar indicate

SEM, One-Way ANOVA. *p < 0.05, #p < 0.05, ##p < 0.01.
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Supplementary Figure 8. Comparison of blood insulin and C-peptide levels in HFHSD-fed diabetic
male mice after treatment of miR-10b-5p mimic, antidiabetic drugs, or a prokinetic drug. (A, B)
Comparison of basal insulin and C-peptide levels after 6 hrs of fasting in male mice fed a HFHSD
(diabetic) before and after treatment at 4 weeks and 8 weeks with either the miR-10b-5p mimic, a
negative control (scramble RNA), liraglutide, sitagliptin, metformin, insulin, prucalopride, or given
no injection. ND fed mice given no injection were included as a healthy control (n=3). (C) CTT of
male mice fed a HFHSD before and at 4 weeks and 8 weeks after treatment in groups (n=5). Error

bar indicate SEM, One-Way ANOVA. **p < 0.01, **p < 0.001, ***p < 0.0001.
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Supplementary Figure 9. Comparison of metabolic parameters in male HFHSD-fed diabetic mice
treated with miR-10b-5p mimic, antidiabetic drugs, or a prokinetic drug. (A) Daily food intake, (B)
Calorie intake, (C) Water intake, (D) Urine output, (E) Fecal output comparison of male HFHSD-
fed diabetic mice and injected twice (second injection at 2 weeks) with either the miR-10b-5p mimic,
a negative control (scramble RNA), liraglutide, sitagliptin, metformin, insulin, prucalopride, or given
no injection, over a 4 weeks period. n=3 per condition for each experiment. Error bar indicate SEM,

One-Way ANOVA. *p < 0.05, **p < 0.01, **p < 0.001, **p < 0.0001.
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Supplementary Figure 10. Efficacy comparison of the miR-10b-5p mimic and the miR-10a-5p
mimic in HFHSD-fed diabetic C57 male mice on metabolic and Gl motility phenotypes. (A) A study
design of drug effects in HFHSD-fed diabetic mice or ND-fed healthy mice. miR-10b-5p, or
scramble RNA were administered twice, at 0 and 2 weeks by IP injection. (B) Body weight
measurements for 4 weeks post injection (Two-way ANOVA, n=5). (C) Comparison of the fat pad
weight measurements at 4 weeks post injection (n=3). (D) Fasting blood glucose levels for 4 weeks
post injection (Two-way ANOVA, n=5). (E, F) Comparison of AUC for GTT and ITT before and at 4
weeks post injection (n=5). (G, H) TGITT and CTT comparison at 4 weeks post injection (n=5). (I,
J) Gastric emptying images and quantification of stomach emptying at 4 weeks post injection (n=3).
Error bars indicate SEM, One-Way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, #p

< 0.05, ##p < 0.01, ###p < 0.001.
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Supplementary Figure 11. HFHSD-fed diabetic male mice injected with the miR-10b-5p mimic
have lower expression of miR-10b-5p in the blood when compared with ND-fed healthy mice and
liver tumor tissue. HFHSD-fed diabetic C57 male mice were injected with four different doses of
the miR-10b-5p mimic. (A) miR-10b-5p expression comparison in blood from mice injected with
four different doses of the mimic vs control mice (ND-fed healthy and HFHSD-fed diabetic mice
with no injection) (One-Way ANOVA). (B) miR-10b-5p expression in the healthy liver and in a liver
tumor. n=3 per condition for each experiment. Error bar indicate SEM, unpaired t-test. **p < 0.01,

%4 < 0,001.



Supplementary Table 1. Expression levels of miRNAs in jejunal ICCs and colonic
ICCs from diabetic KitcorGFP/+:| epobiob and wild type KiteoPGFP/*: ep*/* mice obtained by

mMiRNA-seq
Normalized Reads (Number) Change of Reads
miRNA (Number)
Name WT ob/ob
ob/ob-+/+
cicc JICC cicc JICC

miR-10a-5p | 188031.1 | 474072.5 | 42730.5 | 61758.1 -278807.5
miR-143-3p | 281600.2 | 345646.5 | 49714.1 | 64861.5 -256335.5
miR-10b-5p | 278419.5 | 58151.9 | 4421.7 | 6352.9 -162898.4
miR-99b-5p 71743.2 | 85929.8 | 3009.5| 3763.0 -75450.3
miR-125a-5p | 46778.6 | 58292.8 | 20161.8 | 17260.0 -33824.8
miR-191-5p 44092.8 | 33015.9 | 4624.1 | 4837.6 -33823.5
miR-100-5p 29431.4 | 45247.8 | 3353.4 | 4384.2 -33470.8
miR-99a-5p 39300.9 | 19739.1 | 2224.3 | 2567.2 -27124.2
let-7f-5p 18944.7 | 30199.5 | 8974.7 | 10519.0 -14825.3
miR-127-3p 9161.8 5452.7 | 1067.5 929.1 -6309.0
miR-27b-3p 8968.8 | 14149.8 | 6178.7 | 5993.4 -5473.2
miR-125b-5p | 19859.0 | 17436.7 | 16305.4 | 14736.8 -3126.8
miR-145a-3p 6668.5 8023.7 | 4111.7 | 44875 -3046.4
miR-486b-5p 3152.6 2103.4 417.5 453.4 -2192.5
miR-541-5p 3841.6 2335.0 1347.4 1424.7 -1702.3
miR-409-5p 1791.7 1694.9 113.9 110.0 -1631.3
miR-351-5p 864.2 3498.5 | 1053.2 | 1058.0 -1125.7
miR-151-5p 1827.6 1056.4 292.6 370.1 -1110.7
miR-5099 1433.1 2067.0 711.6 591.2 -1098.7
miR-92b-3p 524.7 1262.0 102.8 111.1 -786.4
miR-151-3p 1178.5 543.4 94.9 110.0 -758.5
miR-342-3p 1183.3 1099.9 393.8 525.7 -681.9
miR-184-3p 1201.3 151.2 0.0 0.0 -676.2
miR-501-3p 1055.4 463.8 99.6 104.5 -657.6
miR-181a-5p 2068.4 11475 | 1067.5 896.8 -625.8
miR-152-3p 427.9 656.8 142.3 185.6 -378.4
miR-199a-5p 414.2 494.1 99.6 87.8 -360.4
miR-148a-3p 688.5 552.0 238.8 3134 -344.1
miR-125b-3p 377.7 439.2 69.6 88.9 -329.2
miR-92a-

3p 1 635.9 757.5 379.5 369.0 -322.5
miR-92a-

3p 2 635.9 757.5 379.5 369.0 -322.5
miR-192-5p 344.2 247.4 14.2 20.0 -278.7
miR-21a-5p 663.4 471.8 300.5 321.2 -256.8




miR-3968 399.2 160.3 30.0 57.8 -235.9
miR-212-5p 249.8 242.8 0.0 31.1 -230.7
miR-196b-5p 443.4 6.3 7.9 0.0 -220.9
miR-214-3p 402.8 36.6 0.0 0.0 -219.7
miR-411-5p 221.1 220.4 0.0 6.7 -217.5
let-7e-5p 1482.2 2069.1 | 1609.9 | 1556.0 -192.7
miR-335-3p 349.0 156.3 56.9 64.5 -192.0
miR-484 259.4 307.5 117.0 80.0 -184.9
miR-322-3p 203.2 763.3 275.2 325.6 -182.8
miR-25-3p 297.6 285.1 112.3 106.7 -181.9
miR-215-5p 25.1 387.6 31.6 47.8 -166.7
miR-27a-3p 305.4 242.8 107.5 112.2 -164.2
miR-1a-3p 320.9 1678.5 638.9 | 1050.8 -154.9
miR-22-3p 702.8 1559.7 915.7 | 1042.4 -152.2
miR-101a-3p 147.0 140.3 0.0 20.0 -133.6
miR-199b-3p 299.2 83.6 51.7 71.5 -129.8
miR-200b-3p 164.9 80.4 7.9 0.0 -118.7
miR-434-5p 145.8 202.7 71.2 53.3 -112.0
miR-423-3p 194.8 134.6 52.2 54.5 -111.4
miR-10b-3p 224.7 115 111 12.2 -106.4
miR-139-3p 143.4 91.0 17.4 17.8 -99.6
miR-222-3p 271.3 35.5 58.5 62.2 -93.0
miR-181a-3p 47.8 148.9 9.5 15.6 -85.8
miR-615-3p 46.6 203.3 30.0 51.1 -84.4
miR-370-3p 46.6 125.4 7.9 0.0 -82.1
miR-6240 88.5 197.0 61.7 61.1 -81.3
miR-409-3p 89.6 129.4 33.2 244 -80.7
miR-204-5p 124.3 111.7 42.7 37.8 -77.7
miR-3470b 4.2 150.6 0.0 0.0 -77.4
miR-434-3p 193.6 191.2 117.0 124.5 -71.7
miR-136-3p 43.0 118.0 12.7 7.8 -70.3
miR-9-5p 155.0 29.8 25.3 21.1 -69.2
miR-128-3p 132.7 80.2 36.4 45.6 -65.5
miR-379-5p 1171 77.3 30.0 37.8 -63.3
miR-1981-3p 65.7 64.1 14.2 0.0 -57.8
miR-126a-5p 89.6 1145 50.6 44.5 -54.6
miR-377-3p 40.6 85.3 9.5 11.1 -52.7
miR-666-5p 66.9 28.6 0.0 0.0 -47.8
miR-146b-5p 161.4 39.5 34.8 74.5 -45.8
miR-574-3p 105.2 23.5 22.1 16.7 -44.9
miR-140-3p 135.1 105.9 56.9 101.1 -41.5
miR-411-3p 44.2 56.7 111 8.9 -40.5
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miR-181b-5p 429.1 151.4 296.5 203.4 -40.3
miR-676-3p 95.6 61.8 30.0 50.0 -38.7
miR-674-3p 72.9 30.3 9.5 16.7 -38.6
miR-700-3p 38.2 37.8 0.0 0.0 -38.0
miR-182-5p 50.2 21.8 0.0 0.0 -36.0
miR-148b-3p 209.2 189.0 136.0 1911 -35.5
miR-362-5p 88.5 48.1 36.4 35.6 -32.3
miR-124-3p 55.8 14.7 5.3 4.1 -30.6
miR-199b-5p 40.6 16.6 0.0 0.0 -28.6
miR-505-5p 50.2 14.9 7.9 0.0 -28.6
miR-329-3p 39.4 515 12.7 23.3 -27.5
miR-221-5p 59.8 10.9 9.5 10.0 -25.6
miR-195a-5p 101.6 53.8 41.1 64.5 -24.9
miR-375-3p 29.9 16.0 0.0 0.0 -23.0
miR-532-5p 17.9 30.9 0.0 5.6 -21.6
miR-671-3p 15.5 26.9 0.0 0.0 -21.2
miR-1943-5p 34.7 115 0.0 5.6 -20.3
miR-574-5p 37.1 2.9 0.0 0.0 -20.0
miR-28a-5p 71.7 108.2 61.7 78.3 -20.0
miR-342-5p 49.0 47.5 23.7 34.5 -19.2
miR-381-3p 14.3 33.2 9.5 0.0 -19.0
miR-1843b-

3p 7.2 29.8 0.0 0.0 -18.5
miR-2137 13.1 21.8 0.0 0.0 -17.5
miR-877-5p 23.9 9.2 0.0 0.0 -16.5
miR-101b-3p 8.4 24.6 0.0 0.0 -16.5
miR-205-5p 32.3 0.0 0.0 0.0 -16.1
miR-149-5p 98.0 138.6 120.2 84.5 -16.0
miR-503-3p 75.3 282.9 178.7 148.9 -15.3
miR-3470a 0.0 30.3 0.0 0.0 -15.2
miR-1193-3p 14.3 41.2 7.9 17.8 -14.9
miR-126a-3p 113.6 228.5 180.3 132.2 -14.7
miR-669c-5p 38.2 20.6 14.2 15.6 -14.5
miR-300-3p 0.0 26.3 0.0 0.0 -13.2
miR-369-5p 22.7 3.4 0.0 0.0 -13.1
miR-203-3p 13.1 20.6 0.0 7.8 -13.0
miR-132-3p 41.8 38.9 20.6 34.5 -12.9
miR-30b-3p 25.1 20.6 7.9 15.6 -11.1
miR-93-3p 7.2 14.9 0.0 0.0 -11.0
miR-425-3p 9.6 115 0.0 0.0 -10.5
miR-378c 83.1 144.0 91.7 114.5 -104
miR-673-5p 7.2 10.3 0.0 0.0 -8.7
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miR-582-3p 6.0 11.5 0.0 0.0 -8.7
miR-3057-5p 0.0 16.0 0.0 0.0 -8.0
miR-181c-5p 6.0 19.5 9.5 0.0 -8.0
miR-8114 15.5 0.0 0.0 0.0 -7.8
miR-136-5p 0.0 14.9 0.0 0.0 -7.4
miR-138-5p 6.6 8.3 0.0 0.0 -7.4
miR-410-3p 10.8 12.6 0.0 8.9 -7.2
miR-26b-3p 0.0 14.3 0.0 0.0 -7.2
miR-130b-5p 0.0 13.7 0.0 0.0 -6.9
miR-1843b-

5p 0.0 13.7 0.0 0.0 -6.9
miR-20a-5p 7.2 6.3 0.0 0.0 -6.7
miR-873a-3p 6.0 7.4 0.0 0.0 -6.7
miR-1843a-

3p 0.0 13.2 0.0 0.0 -6.6
miR-421-3p 0.0 12.6 0.0 0.0 -6.3
miR-23b-5p 10.8 18.3 0.0 16.7 -6.2
miR-668-3p 8.4 4.0 0.0 0.0 -6.2
miR-7019-3p 6.0 6.3 0.0 0.0 -6.1
miR-181c-3p 0.0 10.9 0.0 0.0 -54
miR-200a-3p 6.0 4.6 0.0 0.0 -5.3
miR-667-3p 0.0 18.3 7.9 0.0 -5.2
miR-181d-3p 0.0 10.3 0.0 0.0 -5.2
miR-339-3p 0.0 10.3 0.0 0.0 -5.2
miR-450a-1-

3p 0.0 10.3 0.0 0.0 -5.2
miR-93-5p 9.6 19.5 7.9 11.1 -5.0
miR-196a-5p 14.3 4.6 6.3 3.3 -4.6
miR-467c-5p 0.0 9.2 0.0 0.0 -4.6
miR-194-5p 21.5 41.8 7.9 46.7 -4.4
miR-379-3p 0.0 8.6 0.0 0.0 -4.3
miR-493-5p 0.0 8.6 0.0 0.0 -4.3
miR-5126 0.0 8.6 0.0 0.0 -4.3
miR-25-5p 8.4 0.0 0.0 0.0 -4.2
miR-382-3p 0.0 8.0 0.0 0.0 -4.0
miR-200c-3p 7.2 5.4 0.0 5.6 -3.5
miR-345-5p 0.0 6.9 0.0 0.0 -3.4
miR-3475-3p 0.0 6.9 0.0 0.0 -3.4
miR-450b-5p 0.0 16.6 0.0 10.0 -3.3
miR-874-3p 12.0 0.0 0.0 5.6 -3.2
miR-140-5p 0.0 6.3 0.0 0.0 -3.1
miR-152-5p 0.0 6.3 0.0 0.0 -3.1
miR-712-5p 0.0 6.3 0.0 0.0 -3.1
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miR-17-5p 6.0 0.0 0.0 0.0 -3.0
miR-21a-3p 6.0 0.0 0.0 0.0 -3.0
miR-301a-3p 6.0 0.0 0.0 0.0 -3.0
miR-504-5p 6.0 0.0 0.0 0.0 -3.0
miR-664-5p 6.0 0.0 0.0 0.0 -3.0
miR-486a-3p 0.0 12.6 0.0 6.7 -3.0
miR-28¢ 0.0 9.7 0.0 3.9 -2.9
miR-450b-3p 0.0 5.7 0.0 0.0 -2.9
miR-134-5p 15.5 3.4 7.9 5.6 2.8
miR-148b-5p 0.0 5.2 0.0 0.0 2.6
miR-383-5p 0.0 5.2 0.0 0.0 2.6
miR-6538 0.0 5.2 0.0 0.0 2.6
miR-9-3p 4.8 0.0 0.0 0.0 2.4
miR-1187 0.0 4.6 0.0 0.0 2.3
miR-6986-5p 0.0 4.6 0.0 0.0 2.3
miR-1194 0.0 4.0 0.0 0.0 -2.0
miR-187-5p 0.0 4.0 0.0 0.0 -2.0
miR-341-3p 0.0 4.0 0.0 0.0 -2.0
miR-376b-5p 0.0 4.0 0.0 0.0 -2.0
miR-466g 0.0 4.0 0.0 0.0 -2.0
miR-5121 0.0 4.0 0.0 0.0 -2.0
miR-706 0.0 4.0 0.0 0.0 -2.0
miR-144-3p 0.0 3.4 0.0 0.0 1.7
miR-3057-3p 0.0 3.4 0.0 0.0 1.7
miR-323-5p 0.0 3.4 0.0 0.0 1.7
miR-455-5p 0.0 3.4 0.0 0.0 1.7
miR-615-5p 0.0 3.4 0.0 0.0 1.7
miR-6944-3p 0.0 3.4 0.0 0.0 1.7
miR-7047-3p 0.0 3.4 0.0 0.0 1.7
miR-935 0.0 3.4 0.0 0.0 1.7
miR-148a-5p 0.0 2.9 0.0 0.0 1.4
miR-1947-5p 0.0 2.9 0.0 0.0 1.4
miR-210-3p 0.0 2.9 0.0 0.0 1.4
miR-331-3p 0.0 2.9 0.0 0.0 1.4
miR-339-5p 0.0 2.9 0.0 0.0 1.4
miR-361-3p 0.0 2.9 0.0 0.0 1.4
MiR-365-2-

5p 0.0 2.9 0.0 0.0 1.4
miR-467e-5p 0.0 2.9 0.0 0.0 1.4
miR-541-3p 0.0 2.9 0.0 0.0 1.4
miR-92b-5p 0.0 2.9 0.0 0.0 1.4
miR-466e-3p 1.2 15 0.0 0.0 1.3
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miR-466p-3p 1.2 1.5 0.0 0.0 1.3
miR-467b-5p 0.0 2.4 0.0 0.0 1.2
miR-344d-3p 0.0 2.3 0.0 0.0 1.1
miR-1843a-

5p 0.0 8.6 0.0 6.7 -1.0
miR-323-3p 0.0 16.0 7.9 6.7 -0.7
miR-5128 0.0 1.4 0.0 0.0 -0.7
miR-133b-3p 0.0 1.3 0.0 0.0 -0.7
miR-3068-3p 0.0 6.9 0.0 5.6 -0.7
miR-378b 0.0 1.1 0.0 0.0 -0.6
miR-3473a 0.0 1.0 0.0 0.0 -0.5
miR-708-3p 0.0 8.0 7.9 0.0 -0.1
miR-144-5p 0.0 0.0 0.0 0.0 0.0
miR-155-5p 0.0 0.0 0.0 0.0 0.0
miR-183-5p 0.0 0.0 0.0 0.0 0.0
miR-19b-3p 0.0 0.0 0.0 0.0 0.0
miR-200b-5p 0.0 0.0 0.0 0.0 0.0
miR-206-3p 0.0 0.0 0.0 0.0 0.0
miR-216a-5p 0.0 0.0 0.0 0.0 0.0
miR-299a-3p 0.0 0.0 0.0 0.0 0.0
miR-299a-5p 0.0 0.0 0.0 0.0 0.0
miR-29¢-3p 0.0 0.0 0.0 0.0 0.0
miR-326-3p 0.0 0.0 0.0 0.0 0.0
miR-34b-3p 0.0 0.0 0.0 0.0 0.0
miR-429-3p 0.0 0.0 0.0 0.0 0.0
miR-491-5p 0.0 0.0 0.0 0.0 0.0
miR-496a-3p 0.0 0.0 0.0 0.0 0.0
miR-540-3p 0.0 0.0 0.0 0.0 0.0
miR-543-5p 0.0 0.0 0.0 0.0 0.0
miR-547-3p 0.0 0.0 0.0 0.0 0.0
miR-671-5p 0.0 0.0 0.0 0.0 0.0
miR-674-5p 0.0 0.0 0.0 0.0 0.0
miR-96-5p 0.0 0.0 0.0 0.0 0.0
miR-672-5p 0.0 6.3 0.0 6.7 0.2
miR-669a-5p 2.7 0.0 4.3 0.0 0.8
miR-3473b 0.0 2.9 4.7 0.0 0.9
miR-3473e 0.0 2.9 4.7 0.0 0.9
miR-150-5p 7.2 2.9 12.7 0.0 1.3
miR-5100 0.0 2.9 0.0 5.6 1.3
miR-497a-5p 6.0 0.0 0.0 8.9 15
miR-30d-3p 0.0 3.4 0.0 6.7 1.6
miR-122-5p 0.0 13.7 9.5 7.8 1.8
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miR-345-3p 0.0 4.0 0.0 7.8 1.9
miR-27b-5p 0.0 6.9 11.1 0.0 2.1
miR-132-5p 0.0 7.4 0.0 12.2 2.4
miR-193a-5p 0.0 0.0 0.0 6.7 3.3
miR-488-3p 0.0 0.0 0.0 6.7 3.3
miR-495-3p 0.0 0.0 0.0 6.7 3.3
miR-125a-3p 47.8 45.8 50.6 50.0 3.5
miR-652-3p 182.9 212.4 196.1 206.7 3.7
miR-29c-5p 0.0 0.0 0.0 7.8 3.9
miR-700-5p 0.0 0.0 7.9 0.0 4.0
miR-186-5p 2104 214.1 218.2 214.5 4.1
miR-494-3p 0.0 3.4 0.0 12.2 4.4
miR-378a-5p 0.0 0.0 0.0 8.9 4.4
miR-337-5p 0.0 6.9 9.5 6.7 4.6
miR-29b-2-

5p 0.0 0.0 9.5 0.0 4.7
miR-592-5p 0.0 0.0 9.5 0.0 4.7
miR-340-5p 8.4 10.9 12.7 16.7 5.0
let-7e-3p 0.0 4.0 9.5 5.6 5.5
let-7{-3p 0.0 6.3 11.1 7.8 6.3
miR-30c-3p 6.0 28.6 19.0 30.0 7.2
miR-384-5p 0.0 3.4 12.7 5.6 7.4
miR-543-3p 15.5 16.6 23.7 23.3 7.5
miR-29b-3p 0.0 0.0 5.5 9.4 7.5
miR-433-3p 26.3 34.4 52.2 24.4 8.0
miR-872-3p 0.0 18.9 19.0 16.7 8.4
miR-450a-5p 21.5 62.7 45.1 56.1 8.5
miR-1249-3p 0.0 14.9 19.0 14.4 9.3
miR-1198-5p 0.0 3.4 11.1 12.2 9.9
miR-218-5p 0.0 7.2 14.2 13.3 10.2
miR-142a-5p 0.0 7.4 9.5 20.0 11.0
miR-107-3p 0.0 3.4 0.0 25.6 11.1
miR-425-5p 6.0 17.8 17.4 28.9 11.3
miR-3068-5p 9.6 27.5 30.0 32.2 12.6
miR-382-5p 108.8 56.1 99.6 92.2 135
miR-340-3p 7.2 14.9 26.9 23.3 14.1
miR-485-5p 0.0 0.0 9.5 18.9 14.2
miR-329-5p 0.0 0.0 7.9 22.2 15.1
miR-322-5p 0.0 0.0 19.0 13.3 16.2
miR-330-3p 20.3 42.9 45.9 50.0 16.3
miR-338-3p 0.0 0.0 22.1 11.1 16.6
miR-129-5p 4.8 7.7 33.2 15.0 17.9
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miR-34c-5p 25.1 19.5 52.2 28.9 18.3
miR-1981-5p 0.0 0.0 20.6 16.7 18.6
miR-24-2-5p 9.6 29.8 34.8 42.2 18.8
miR-872-5p 0.0 27.5 34.8 32.2 19.8
miR-338-5p 19.1 115 33.2 47.8 25.2
miR-351-3p 215 54.4 71.2 61.1 28.2
miR-28a-3p 40.6 80.2 91.7 91.1 31.0
miR-490-3p 7.2 73.9 55.4 91.1 32.7
miR-374c-5p 19.1 16.0 53.8 53.3 36.0
miR-130a-3p 155 4.0 45.9 46.7 36.5
let-7a-1-3p 4.2 9.7 42.7 44.5 36.6
miR-542-3p 0.0 6.3 36.4 46.7 38.4
miR-224-5p 206.8 300.0 283.1 303.4 39.8
miR-10a-3p 0.0 18.3 44.3 54.5 40.2
miR-378d 0.0 10.0 41.9 53.9 42.9
miR-30a-5p 880.9 1354.2 | 1149.7 | 1176.9 45.8
miR-103-3p 142.8 120.2 174.7 181.1 46.4
miR-185-5p 29.9 51.5 71.2 106.7 48.2
miR-1839-5p 20.3 47.0 50.6 118.9 51.1
miR-181d-5p 99.2 78.4 177.1 104.5 52.0
miR-744-5p 69.3 80.7 137.6 1211 54.3
miR-378a-3p 548.0 1749.8 | 1133.1 | 12764 55.8
let-7b-3p 215 22.3 94.9 75.6 63.3
let-7d-3p 125.5 254.8 268.8 241.2 64.8
miR-139-5p 121.9 65.3 169.2 167.8 74.9
miR-133a-3p 215 34.3 86.2 129.5 79.9
miR-664-3p 25.1 5.2 106.0 101.1 88.4
miR-15b-5p 16.7 34.9 1154 117.8 90.8
miR-24-3p 1642.3 812.8 | 13379 | 1315.8 99.3
miR-221-3p 70.5 14.3 166.1 123.4 102.3
miR-423-5p 554.6 498.2 667.4 597.9 106.2
miR-708-5p 34.7 64.7 158.1 161.1 110.0
let-7j 378.3 282.3 497.4 418.4 127.6
miR-328-3p 82.5 95.0 232.5 201.2 128.0
miR-129-3p 0.0 29.2 177.1 128.9 138.4
miR-320-3p 176.9 121.4 302.1 306.7 155.2
miR-16-5p 152.4 99.9 282.3 283.4 156.7
miR-361-5p 138.7 166.6 281.5 352.3 164.3
miR-7a-5p 72.3 47.0 240.4 236.7 178.9
miR-30e-3p 29.9 79.6 237.2 260.6 194.2
miR-365-3p 777 169.8 234.1 424.0 205.3
miR-98-5p 87.3 180.9 332.1 372.3 218.1
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miR-29a-3p 163.8 217.6 457.0 423.4 249.6
miR-335-5p 199.6 91.6 392.2 452.3 276.6
miR-30a-3p 49.0 144.9 379.5 400.6 293.2
miR-7b-5p 124.3 111.1 442.8 423.4 3154
miR-455-3p 175.7 234.2 512.4 663.5 383.0
miR-30d-5p 1436.7 1019.8 | 1764.9 | 1601.4 454.9
miR-146a-5p 192.4 399.1 786.0 | 1023.5 609.0
miR-30b-5p 66.9 1145 838.2 740.1 698.4
miR-143-5p 279.7 463.8 950.4 | 1373.6 790.3
miR-26b-5p 187.7 218.0 | 1208.2 | 1165.0 983.8
miR-23b-3p 1840.1 1523.1 | 2422.8 | 2931.7 995.6
miR-30e-5p 388.5 795.3 | 1654.2 | 1688.1 1079.3
let-7i-5p 1850.9 2589.5 | 4329.2 | 3510.1 1699.4
let-7b-5p 4651.4 3523.2 | 6834.5 | 5361.6 2010.7
miR-26a-5p 7743.0 7815.9 | 9871.3 | 9807.8 2060.1
miR-23a-3p 1470.8 788.5 | 3025.3 | 3546.2 2156.1
miR-30c-5p 577.3 644.2 | 4022.4 | 4096.4 3448.6
let-7a-5p 6110.2 8602.1 | 10787.3 | 11192.5 3633.8
let-7d-5p 1695.3 2154.6 | 6216.6 | 6043.4 4205.0
let-79-5p 2589.5 3695.5 | 7371.1 | 7998.5 4542.3
let-7c-5p 6305.1 5867.0 | 12948.8 | 12437.4 6607.1
miR-145a-5p 3563.1 6025.9 | 67932.3 | 91840.1 75091.7
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Supplementary Table 2. Clinical characterization of patients with idiopathic and/or diabetic

gastroparesis
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Idiopathic Diabetic
Parameters Healthy (n=18) gastroparesis gastroparesis
(n=14) (n=2)

Age (mean + SEM) 45.1+14.2 39.2+3.56 60.2 + 14.2
Gender (M:F) 0.39:0.61 0.22:0.78 1:1
BMI 26.9 + 4.56 25.6+1.1 24.6 + 3.06
GES %2hr - 59+5 39.6+7
GES %4hr - 32+5 15+ 4
AlC 5.6 £ 0.83 5.2 £ 0.06 8.4 £2.16
Scoring Abdominal pain (0-5) 0 23+1.2 -
GCSI-dd Aggregate - 23+0.18 -
GCSI-dd Nausea/Vomit - 1.09 + 0.16 -
GCSI-dd Fullness/Satiety - 3.10 + 0.22 -

GCSI-dd Bloating/Abd pain

2.43+0.32
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Supplementary Table 3. Expression levels of miRNAs in blood samples collected from healthy
control (HC, n=2) subjects, idiopathic gastroparesis high insulin (IG-HI, n=2), idiopathic
gastroparesis low insulin patients (IG-LI, n=2), and diabetic gastroparesis (DG, n=2) patients

obtained by miRNA-seq.

MiRNA Name Normalized Reads (Number)
HC1 HC2 IG-H1 1G-H2 IG-L1 1G-L2 DG1 DG2

let-7a-2-3p 0.0 0.0 0.0 0.0 0.0 5.9 0.0 0.0
let-7a-3p 1752.5 2189.0 1345.6 1687.3 1362.4 1761.4 1289.2 1530.5
let-7a-5p 12089.7 111155 17102.2 13988.6 19944.5 14468.3 20675.0 23350.8
let-7b-3p 350.6 429.0 345.2 375.1 336.8 421.0 319.2 329.9
let-7b-5p 6543.2 6724.5 12581.4 7582.7 14706.2 11874.2 15930.8 17532.7
let-7c-3p 35.7 51.0 27.9 44.1 26.6 22.9 32.8 26.2
let-7c-5p 6271.2 5275.5 7664.9 7165.1 8875.9 6660.9 9170.3 10502.0
let-7d-3p 1559.1 21529 2627.1 1429.1 2671.9 2976.4 2739.7 2760.2
let-7d-5p 7099.3 7232.9 9813.1 7820.4 11855.4 8845.5 11380.9 12029.0
let-7e-3p 79.7 88.0 48.9 50.8 38.6 42.1 27.8 39.8
let-7e-5p 753.2 660.6 1340.7 856.5 1451.1 1049.5 1546.9 1667.7
let-7+-1-3p 136.1 121.0 183.6 113.0 176.5 202.4 186.0 224.1
let-7f-2-3p 582.5 676.1 507.0 532.7 556.0 622.2 523.4 512.3
let-7f-5p 31068.5 28211.6 68777.4 34764.5 78646.6 55069.0 75967.3 84434.8
let-7g-3p 17.9 20.0 229.5 16.9 290.5 259.2 294.4 286.2
let-7g-5p 90168.8 79510.2 210846.5 91764.8 258706.0 160957.6 230958.4 302196.1
let-7i-3p 126.5 172.0 344.2 139.0 386.5 394.4 422.6 365.8
let-7i-5p 30357.2 28285.4 48164.6 32001.4 52168.0 38300.9 48649.1 62525.1
miR-1-3p 1197568.1 786538.6 544298.3 782369.2 266289.8 208702.3 255561.2 305468.6
miR-1-5p 23.4 18.0 57.9 24.9 24.9 34.7 26.9 30.1
miR-100-5p 11820.1 10682.9 4612.6 9384.3 5298.8 3783.2 4314.0 4149.5
miR-101-3p 34885.5 31625.8 66706.2 36575.7 83171.2 83505.1 98553.1 81364.9
miR-101-5p 0.0 10.0 52.9 18.1 53.1 95.3 76.6 40.7
ggR-lOSa-Z- 0.0 0.0 0.0 5.6 5.1 74 10.9 0.0
miR-103a-3p 8471.0 7319.3 3194.1 8422.3 3142.8 3417.8 3254.5 3607.4
miR-106a-5p 2675.8 2470.4 2369.8 2958.1 2303.4 2558.0 23479 2400.6
MiR-106b-3p 794.7 735.0 171.6 644.0 136.3 177.3 150.2 145.5
MiR-106b-5p 4524.8 4132.8 6147.1 4617.3 5720.8 6206.1 6688.7 5386.6
miR-107 2430.4 24855 1690.5 2445.9 1985.5 1985.0 1919.0 2031.3
miR-10a-3p 237.9 279.0 249.4 223.7 189.4 199.4 239.7 184.3
miR-10a-5p 42542.3 39025.9 22461.2 32946.4 21720.5 20410.6 21483.4 31341.4
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miR-10b-3p 33.0 23.0 0.0 35.0 0.0 0.0 0.0 0.0
miR-10b-5p 6235.2 5992.7 2620.1 4961.3 1028.3 1109.3 1079.0 1592.1
miR-1180-3p 6.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MiR-1197 0.0 0.0 0.0 0.0 43 0.0 0.0 0.0
miR-122-3p 1905.6 1985.9 1482.6 2033.6 2904.1 3082.0 3190.2 2473.0
miR-122-5p 153765.4 1432441 | 868373.1 | 154302.7 | 1206260.9 | 917617.7 | 1158388.6 | 1454197.6
miR-124-3p 5.0 15.7 30.9 222 42.0 423 44.1 40.1
miR-1247-3p 0.0 0.0 0.0 0.0 43 37 0.0 0.0
miR-1247-5p 0.0 0.0 5.0 0.0 6.0 4.4 5.0 0.0
miR-1248 160.9 159.0 45.9 212.4 34.3 82.7 35.8 25.2
miR-1249-3p 24.7 25.0 74.8 23.7 89.1 1123 113.4 98.0
miR-125a-3p 20.6 17.0 33.9 31.6 29.1 23.6 33.8 223
miR-125a-5p 5939.6 7244.6 1809.9 5198.0 1719.0 2001.5 1888.5 1694.0
?;R'nSb'l' 133.4 149.0 68.8 88.1 52.3 40.6 45.7 68.9
miR-125b-5p 20211.1 19924.9 3171.3 13522.0 2917.0 3264.4 3099.7 2533.2
miR-126-3p 157428.1 134624.6 | 1447209 | 139821.6 | 134260.7 | 117966.7 | 138335.6 | 133138.7
miR-126-5p 31470.2 33763.1 48247.9 31306.6 48345.2 46626.3 49743.0 41700.2
miR-1260a 419.3 309.0 108.8 641.1 109.7 96.4 109.4 34.0
MiR-1260b 881.3 614.0 163.6 718.0 132.0 146.6 152.2 718
miR-1268a 19.9 415 3.0 27.7 0.0 8.5 5.0 0.0
miR-1268b 6.2 55 3.0 5.1 0.0 2.6 0.0 0.0
miR-127-3p 1467.0 1569.9 1039.6 1229.2 984.6 993.4 915.9 934.3
miR-127-5p 127.9 128.0 186.6 149.1 229.7 240.0 189.9 195.0
miR-128-1-5p 0.0 13.0 9.0 11.3 0.0 0.0 0.0 0.0
miR-128-3p 134.1 148.0 30.4 108.5 25.7 59.8 45.2 25.2
miR-129-1-3p 20.6 17.0 11.0 12.4 17.1 20.7 34.8 34.9
miR-129-2-3p 61.9 63.0 82.8 70.0 84.8 109.3 69.6 89.3
miR-129-5p 16.5 17.5 20.0 11.3 32.6 34.0 17.4 31.0
miR-1296-5p 30.2 49.0 14.0 29.4 0.0 28.8 19.9 17.5
miR-1306-5p 22.0 27.0 5.0 23.7 0.0 0.0 0.0 0.0
miR-130a-3p 1116.4 1211.9 2689.9 12111 3143.2 3115.2 3396.1 3239.5
miR-130a-5p 23.4 20.0 31.9 14.7 30.0 355 16.9 41.7
miR-130b-3p 37.1 71.0 162.6 58.7 155.1 152.9 1233 195.0
miR-130b-5p 35.7 61.0 10.0 316 9.4 6.6 0.0 4.9
miR-132-3p 129.2 154.0 192.6 125.4 216.8 154.4 206.8 188.2
miR-132-5p 30.2 42.0 22.0 28.2 18.0 236 18.9 14.6
miR-1323 0.0 0.0 0.0 0.0 0.0 13.3 0.0 0.0
miR-133a-3p 9954.8 11043.2 6893.4 10493.5 3418.9 3690.8 3680.0 3565.6
miR-133a-5p 23229 2088.9 1628.8 21945 940.9 921.3 982.5 892.1
miR-133b 1037.1 1201.3 984.8 1168.5 517.3 536.4 516.1 448.9
miR-134-3p 0.0 0.0 0.0 0.0 43 0.0 0.0 0.0
miR-134-5p 67.4 55.0 118.7 58.7 175.7 139.6 234.7 141.6




169

miR-135a-5p 103.1 94.0 108.8 1073 72.0 80.9 85.0 91.2
miR-135b-5p 0.0 5.0 22.0 7.9 8.6 12.6 7.0 12.6
miR-136-3p 1256.7 1145.9 1544.5 1023.6 1457.6 1486.0 1394.2 1392.2
miR-136-5p 30.2 19.0 76.8 31.6 74.6 62.0 79.6 96.0
miR-137-3p 258.5 175.0 695.4 264.4 867.2 838.3 886.1 835.3
miR-137-5p 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.9
miR-138-5p 37.8 32.0 70.8 23.7 93.8 99.3 97.0 92.2
miR-139-3p 17.9 26.0 16.0 215 7.7 12.6 9.0 22.3
miR-139-5p 1204.4 1335.9 883.0 1265.3 800.4 840.5 879.1 870.3
miR-140-3p 12517.1 10731.4 9853.7 10492.0 9706.4 9279.2 9490.1 8783.2
miR-140-5p 1080.7 1087.9 1375.9 1208.8 1300.0 1325.7 1445.9 1558.1
miR-141-3p 3634.6 3661.8 5844.8 3741.2 6424.0 7127.4 7170.6 7615.6
miR-141-5p 28.9 28.0 29.9 29.4 38.6 46.5 42.8 34.9
miR-142-3p 8209.6 7042.6 6140.1 10077.4 2683.0 2906.9 3237.0 2948.4
miR-142-5p 60139.8 52483.1 41237.8 52009.3 15542.1 14867.1 14507.2 11501.7
miR-143-3p 3254629.9 | 2144140.2 | 1965522.1 | 1984982.2 | 1919795.7 | 1501545.0 | 1912538.6 | 1905224.5
miR-143-5p 5758.1 4915.7 6652.0 5013.8 6989.1 6515.5 7356.0 5806.7
miR-144-3p 6584.4 7065.6 8392.0 5887.1 6517.8 5488.9 7341.1 5383.6
miR-144-5p 2395.1 2496.9 2827.6 2874.1 2407.1 2509.6 2522.0 2730.1
miR-145-3p 17736.3 18728.0 192535 15978.1 18171.1 17488.9 17177.3 17853.6
miR-145-5p 64517.5 76116.8 26444.2 66928.8 24927.1 37576.8 25345.8 28365.8
miR-1469 1391.4 1944.9 191.6 12913 24.0 31.8 37.8 10.7
miR-146a-3p 9.6 7.0 0.0 0.0 111 8.1 5.0 4.9
miR-1462-5p 11022.6 9540.5 13481.0 11019.6 11184.6 8671.3 10712.8 12704.3
miR-146b-5p 1993.6 1697.9 1969.0 1873.1 1771.3 1403.2 1639.4 22475
miR-147b-3p 198.0 187.0 167.6 230.5 90.8 85.7 90.5 80.5
miR-147b-5p 52.2 56.0 37.9 59.9 14.6 35.5 15.9 107
miR-148a-3p 106051.3 116349.1 87320.6 92653.3 | 100500.4 94345.2 | 1052921 | 101396.6
miR-148a-5p 662.7 719.0 718.4 568.3 7815 793.9 788.6 794.6
miR-148b-3p 4407.3 5232.2 1090.0 4111.2 1115.7 1145.9 1121.8 1272.9
miR-148b-5p 86.6 75.0 126.7 70.0 134.5 135.9 141.2 160.1
miR-149-5p 919.8 978.9 438.0 829.2 389.9 369.3 336.1 273.6
miR-150-3p 64.6 69.0 25.9 52.0 43 0.0 0.0 0.0
miR-150-5p 4122.0 4508.8 1143.4 4005.0 405.3 510.3 407.7 335.7
miR-151a-3p 607.7 668.0 845.1 555.8 960.6 915.1 894.0 948.9
miR-151b 7843.2 7174.6 3100.0 7094.8 2646.2 2660.6 2878.0 2330.4
miR-152-3p 26403.7 22342.8 25365.2 24146.2 29916.2 31194.2 32099.7 26861.9
miR-152-5p 112.7 79.0 115.7 53.1 174.8 181.7 113.4 235.8
miR-153-3p 22.0 26.5 77.3 18.1 94.7 91.9 925 87.8
miR-154-3p 6.9 21.0 20.0 215 26.6 40.6 21.9 27.2
miR-154-5p 19.2 28.0 27.9 27.1 54.0 45.8 41.8 35.9
miR-15a-3p 119.6 103.0 140.7 82.5 162.0 168.4 132.3 1475
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miR-15a-5p 1324.0 1097.9 12123 1555.7 1575.0 1520.7 1977.0 1653.2
miR-15b-3p 382.2 477.0 176.6 488.1 205.7 195.0 171.0 143.6
miR-15b-5p 1209.9 1417.9 145.7 12823 207.4 211.2 240.7 177.5
miR-16-3p 427.6 408.0 478.9 4395 496.2 536.2 517.1 492.9
miR-16-5p 12678.7 10790.9 8946.8 14095.4 9349.1 10471.2 10395.1 10481.6
miR-17-3p 228.2 283.0 152.7 198.8 156.0 186.1 160.1 140.7
miR-17-5p 2675.8 2470.4 2369.8 2958.1 2303.4 2558.0 2347.9 2400.6
miR-181a-3p 231.0 254.0 125.7 188.7 113.1 136.6 109.4 114.5
miR-181a-5p 1418.9 1430.4 264.4 1469.2 193.2 255.5 193.4 210.0
miR-181b-3p 0.0 11.0 0.0 9.0 0.0 0.0 0.0 0.0
miR-181b-5p 305.0 287.5 179.1 320.8 129.4 147.7 140.2 148.4
miR-181c-3p 187.0 146.0 40.9 113.0 16.3 28.1 27.8 27.2
miR-181c-5p 503.2 534.0 472.9 464.3 399.3 435.0 385.9 359.0
miR-181d-5p 162.7 198.0 34.9 188.1 31.7 40.6 34.8 36.9
miR-182-3p 0.0 5.0 0.0 0.0 0.0 3.7 0.0 0.0
miR-182-5p 3255.8 3262.8 4654.5 3072.9 4965.0 5300.6 5016.1 6489.7
miR-183-3p 6.9 8.0 0.0 0.0 43 0.0 0.0 0.0
miR-183-5p 1559.1 1899.9 2245.9 1380.6 2196.3 2240.8 2131.1 2402.2
miR-184 935 54.0 172.6 328.8 1913.5 166.2 367.0 136.8
miR-185-3p 0.0 8.0 15.0 0.0 8.6 19.9 17.9 0.0
miR-185-5p 5007.4 4272.8 7488.1 4870.4 7816.0 7293.2 7702.1 9219.8
miR-186-5p 4893.3 4605.7 3933.1 45235 3591.4 4065.7 3296.6 4195.1
miR-187-3p 110.0 99.0 55.9 135.6 66.8 93.1 59.7 718
miR-188-5p 0.0 0.0 14.0 5.6 12.9 17.7 14.9 12.6
miR-18a-3p 0.0 0.0 0.0 0.0 0.0 3.7 0.0 0.0
miR-18a-5p 2255 276.0 375.2 346.8 353.1 394.0 393.3 418.2
miR-18b-5p 0.0 0.0 11.0 0.0 0.0 33 75 0.0
miR-190a-3p 0.0 0.0 12.0 5.6 31.7 17.7 22.9 175
miR-190a-5p 122.4 138.0 259.4 179.6 367.6 274.0 354.0 458.9
miR-190b-5p 0.0 0.0 0.0 0.0 10.3 0.0 6.0 6.8
miR-191-3p 8.2 14.0 11.0 5.6 0.0 3.7 0.0 5.8
mMiR-191-5p 22202.0 19767.9 77325 21021.3 8133.1 75325 7341.1 91335
miR-192-3p 185.6 201.0 775.2 192.1 1003.5 1006.6 996.5 1045.9
mMiR-192-5p 428947.4 420605.4 | 2920643 | 3396127 | 301890.2 | 296566.7 | 285734.2 | 316862.1
miR-193a-3p 70.1 91.0 525.8 92.6 640.1 645.5 675.2 544.3
miR-193a-5p 8.2 12.0 0.0 12.4 0.0 0.0 0.0 0.0
miR-193b-3p 88.0 113.0 114.7 80.2 75.4 187.6 114.4 145.5
miR-194-3p 180.1 186.0 302.3 180.8 438.7 404.7 4455 461.8
miR-194-5p 104325.1 84406.4 85083.2 89888.2 | 100659.3 80404.7 | 101777.2 92654.6
miR-195-3p 33.0 33.0 29.9 30.5 37.7 17.0 26.9 25.2
miR-195-5p 3352.0 3147.8 3202.8 3324.9 3276.0 3127.8 3459.7 3721.7
miR-196a-5p 138.9 168.0 163.1 170.0 103.7 77.2 104.9 135.3
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miR-196b-3p 0.0 0.0 0.0 5.6 0.0 44 0.0 49
miR-196b-5p 499.1 495.0 513.8 537.8 371.0 326.4 348.1 503.5
miR-197-3p 97.6 109.0 419 114.1 0.0 107.8 86.5 815
miR-199a-3p 9216.9 92285 10276.8 8804.5 10932.7 10559.3 10702.7 10110.5
miR-199a-5p 9051.0 8022.1 1875.9 6840.8 1708.4 2202.0 1783.2 1798.9
miR-199b-5p 3295.7 3127.8 4713.0 3254.4 5164.4 5871.5 5488.1 5569.6
miR-192-3p 508.7 525.0 541.8 797.6 609.3 840.1 668.3 1068.2
miR-19b-1-5p 0.0 0.0 0.0 0.0 43 8.9 7.0 49
miR-19b-3p 1643.0 1425.9 1678.7 2171.4 1800.0 1793.2 1951.6 2395.9
miR-200a-3p 60367.3 54661.0 | 109701.5 60205.1 | 120697.7 | 128308.3 | 1255334 | 1314015
miR-200a-5p 536.2 554.0 549.8 468.8 641.8 653.6 571.8 487.0
miR-200b-3p 47878.4 40785.8 78815.3 43879.0 84183.2 82217.5 80705.0 91740.7
miR-200b-5p 515.6 409.0 388.1 396.5 4576 381.8 436.6 386.1
miR-200¢-3p 10766.9 8961.5 11656.7 10481.3 11344.4 11693.9 11060.9 12840.1
miR-2006-5p 0.0 0.0 11.0 10.2 6.0 5.2 7.0 6.8
miR-203a-3p 26928.9 24477.7 11887.1 26389.9 7838.3 6838.3 8050.2 7909.1
miR-203a-5p 0.0 15.0 13.0 7.9 17.1 5.2 0.0 13.6
miR-203b-3p 143.0 144.0 208.5 151.4 207.4 185.4 198.9 2328
miR-204-5p 118.2 138.0 48.9 105.1 54.8 56.1 47.7 53.4
miR-205-3p 52.2 37.0 32.9 47.4 24.9 25.8 27.8 29.1
miR-205-5p 1849.2 2023.9 272.4 1959.0 191.1 237.1 209.8 186.3
MiR-206 13.7 3.3 196.2 13.2 239.7 184.6 236.7 316.3
miR-208a-3p 796.1 675.0 728.4 669.9 530.4 4793 565.8 584.1
miR-208a-5p 24.7 33.0 449 49.7 26.6 11.1 24.9 35.9
miR-208b-3p 17.9 14.0 19.0 15.8 13.7 6.6 22.9 19.4
miR-20-3p 15.1 42.0 39.9 30.5 39.4 36.2 33.8 51.4
miR-20a-5p 15283.0 12190.3 121108 15832.7 11756.6 13898.8 12135.4 15012.2
miR-20b-5p 46.7 33.0 109.3 56.1 161.5 181.7 114.4 148.8
miR-21-3p 110.0 144.0 492.9 108.5 608.4 577.5 723.0 592.8
miR-21-5p 565817.9 475902.8 | 730471.8 | 5002353 | 826813.7 | 821694.6 | 880560.9 | 906753.3
miR-210-3p 1253.9 1031.9 1218.2 14235 1335.1 1435.0 1604.1 1302.0
miR-210-5p 13.7 30.0 0.0 9.0 0.0 3.7 0.0 0.0
miR-2110 0.0 0.0 0.0 0.0 0.0 3.7 0.0 0.0
miR-212-3p 24.7 420 23.9 26.0 4238 48.7 31.8 38.8
miR-212-5p 30.2 27.0 14.0 316 22.3 22.9 10.9 21.3
miR-214-3p 353.4 380.0 141.7 357.0 164.5 212.0 198.9 183.4
miR-214-5p 30.2 48.0 60.9 441 746 40.6 82.5 437
miR-215-5p 1605.9 1525.4 1471.2 14235 1551.9 1538.0 1776.6 1397.6
miR-216a-3p 0.0 0.0 5.0 0.0 12.0 14.8 20.9 20.4
miR-216a-5p 0.0 0.0 607.6 0.0 916.9 955.7 964.6 920.7
miR-216b-3p 0.0 0.0 179.6 0.0 4387 4335 474.4 4337
miR-216b-5p 0.0 0.0 280.4 0.0 4225 562.8 4455 339.6
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miR-217-3p 0.0 0.0 35.9 0.0 51.4 55.4 39.8 44.6
miR-217-5p 0.0 0.0 24355 0.0 3846.7 3923.2 3587.0 3612.1
miR-218-5p 209.0 2235 219.0 220.3 239.9 196.5 263.0 223.6
miR-219a-5p 30.2 29.0 182.6 32.8 251.1 231.2 275.5 275.5
miR-22-3p 58374.4 52223.1 | 105777.9 51648.9 | 130161.2 | 115160.9 | 1404120 | 133635.4
miR-22-5p 1531.6 1564.9 400.1 1827.9 418.2 462.3 503.2 377.4
miR-221-3p 2349.7 2601.9 1754.0 2530.6 1849.2 2135.9 1926.3 2154.8
miR-221-5p 156.7 172.0 59.9 177.4 60.0 62.8 46.7 62.1
miR-222-3p 398.7 452.0 410.1 338.9 4525 391.4 434.6 413.3
miR-222-5p 0.0 7.0 9.0 7.9 15.4 24.4 18.9 28.1
miR-223-3p 416.6 451.0 462.0 477.9 466.2 534.7 470.4 403.6
miR-223-5p 495 47.0 5.0 49.7 15.4 8.1 0.0 9.7
miR-23a-3p 12090.9 14091.7 7469.1 13130.6 7905.6 8104.9 7770.2 7626.7
miR-23a-5p 0.0 0.0 5.0 0.0 0.0 0.0 0.0 0.0
miR-23b-3p 9646.3 11052.9 7964.0 10210.1 8199.5 8726.7 8048.7 8336.0
miR-23b-5p 0.0 12.0 5.0 0.0 9.4 3.7 7.0 58
miR-23c 0.0 0.0 0.0 0.0 0.0 2.2 0.0 0.0
miR-24-5p 1853.4 1825.9 15485 1687.9 1425.9 1501.5 1642.9 1392.2
miR-24-3p 15399.6 14872.7 13178.2 13323.2 12262.2 11341.6 11971.3 11272.8
miR-25-3p 5303.0 5267.7 4436.0 5318.9 4543.4 4703.8 4683.9 3765.3
miR-25-5p 39.9 48.0 40.9 50.8 25.7 23.6 14.9 23.3
miR-26a-3p 96.2 123.0 187.6 102.8 161.1 143.3 189.9 191.1
miR-26a-5p 106321.5 99394.0 49977.9 99383.2 49858.3 44822.8 48082.4 51603.5
miR-26b-3p 92.1 128.0 38.9 84.7 42.0 72.4 55.7 33.0
miR-26b-5p 37705.4 36126.0 25369.0 40063.3 26275.7 25029.3 28248.3 25950.0
miR-272-3p 40904.8 44159.4 33794.8 35728.8 33685.9 32953.2 35655.6 29192.4
miR-27a-5p 232.4 230.0 2375 224.8 212.5 192.8 2238 225.1
miR-27b-3p 182460.4 180403.9 | 1093096 | 1527847 | 109662.8 | 105632.3 | 106898.8 99518.8
miR-27b-5p 82.5 111.0 2315 93.8 207.4 144.0 193.9 199.9
miR-28-3p 338.2 307.0 428.0 3785 453.3 506.6 516.1 537.5
miR-28-5p 1574.3 1312.6 1444.7 1332.4 1480.8 1531.0 1489.7 1523.2
miR-296-5p 137 21.0 5.0 12.4 6.0 12.6 9.9 7.8
miR-299-3p 48.1 75.0 104.8 53.1 137.1 141.8 177.0 182.4
miR-299-5p 9.6 0.0 12.0 5.6 18.9 21.4 5.0 11.6
miR-29a-3p 95034.9 91396.7 92324.3 93690.4 96056.8 86809.6 98647.6 84086.8
miR-29a-5p 37.1 59.0 123.7 79.1 132.8 152.1 158.1 118.4
miR-29b-5p 88.0 74.0 75.8 90.4 50.6 82.7 53.7 107.7
miR-29b-3p 1260.8 1467.7 1657.3 1281.7 2423.0 2371.3 2706.4 2267.4
miR-29¢-3p 1522.0 1721.7 4973.8 1682.2 6459.1 6045.2 7290.4 5886.7
miR-29¢-5p 122.4 135.0 187.6 127.7 236.5 262.2 256.6 259.0
miR-3012-3p 46.7 64.0 87.8 64.4 112.3 121.1 159.1 142.6
miR-301a-5p 33.0 35.0 16.0 32.8 111 9.6 9.0 0.0
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miR-302a-3p 0.0 0.0 0.0 0.0 0.0 69.9 0.0 0.0
miR-302a-5p 0.0 0.0 0.0 0.0 0.0 711.2 0.0 0.0
miR-302b-3p 0.0 0.0 0.0 0.0 0.0 860.9 0.0 0.0
miR-302¢-3p 0.0 0.0 0.0 0.0 0.0 295 0.0 0.0
miR-302¢-5p 0.0 0.0 0.0 0.0 0.0 19.2 0.0 0.0
miR-302d-3p 0.0 0.0 0.0 0.0 0.0 86.9 0.0 0.0
miR-3065-5p 0.0 0.0 0.0 0.0 0.0 37 0.0 0.0
miR-3074-3p 0.0 7.0 0.0 0.0 0.0 0.0 0.0 0.0
miR-3074-5p 0.0 0.0 0.0 0.0 4.3 5.2 0.0 0.0
miR-30a-3p 1735.8 1758.9 1933.6 1694.6 2204.4 2010.7 2010.8 2165.0
miR-30a-5p 124659.3 101447.4 | 1222951 | 1088443 | 1218387 | 1060262 | 124617.0 | 132619.1
miR-30b-3p 360.2 344.0 441.0 275.7 403.6 375.9 382.9 516.1
miR-30b-5p 32267.7 32166.6 43627.4 35687.8 41513.8 35348.6 40677.8 40560.5
miR-30c-3p 749.3 782.0 1102.5 716.3 1234.8 1305.0 1234.1 1435.9
miR-30¢-5p 51794.8 49390.1 25502.4 50080.2 24463.1 25152.5 24268.2 27682.1
miR-30d-3p 305.2 356.0 2195 333.3 247.7 215.7 206.8 232.8
miR-30d-5p 64590.3 55335.5 27174.1 55016.7 24620.8 21624.1 24481.2 23750.5
miR-30e-3p 1590.1 1578.9 1701.2 1533.1 1422.1 1408.0 1359.4 1541.2
miR-30e-5p 200677.9 156494.9 | 183565.1 | 1857308 | 155022.8 | 142837.1 | 154073.4 | 191750.9
miR-31-3p 165 36.0 273.4 37.3 347.1 349.3 309.3 321.1
miR-31-5p 966.6 817.0 2024.4 973.8 2837.3 2566.5 2817.3 24207
miR-32-3p 151 18.0 20.0 9.0 24.9 295 318 28.1
miR-32-5p 250.2 261.0 785.2 2915 862.9 927.6 1074.0 945.9
miR-320a-3p 1174.2 1163.9 755.3 1082.4 759.0 8215 900.3 981.2
miR-320b 8.2 95 5.0 7.4 113 4.7 43 6.1
miR-320c 0.0 0.0 0.0 0.8 0.9 0.0 0.0 0.0
miR-320d 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0
miR-323a-3p 137 12.0 5.0 19.2 6.9 5.9 6.0 0.0
miR-324-3p 24.7 25.0 42.9 30.5 78.8 67.2 66.6 42.7
miR-324-5p 1182 141.0 118.7 1118 136.3 157.3 127.3 124.2
miR-326 1237 111.0 127.7 1107 172.2 174.3 184.0 1378
miR-328-3p 736.9 771.0 415.1 578.4 546.7 6713 555.9 456.0
miR-330-3p 28.9 15.0 13.0 136 16.3 133 5.0 165
miR-330-5p 83.9 62.0 1127 63.3 925 116.0 88.5 93.1
miR-331-3p 1815 190.0 76.8 146.9 77.1 75.3 87.5 74.7
miR-331-5p 16.5 8.0 10.0 0.0 19.7 133 10.9 107
miR-335-3p 290.1 333.0 116.7 2384 156.0 1233 104.4 156.2
miR-335-5p 1755.8 1605.9 1105.5 1774.8 1144.9 1116.7 1099.9 1546.5
miR-338-3p 68.7 95.0 103.8 101.7 114.8 74.6 1263 1116
miR-338-5p 30.2 37.0 38.9 23.7 35.1 37.7 26.9 25.2
miR-339-3p 0.0 11.0 0.0 0.0 0.0 0.0 0.0 0.0
miR-339-5p 2400.6 2841.8 1495.6 2258.4 1549.3 1739.3 1581.2 1045.9
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miR-33a-3p 19.2 29.0 5.0 31.6 111 10.3 16.9 155
miR-33a-5p 242.0 221.0 711.4 229.3 862.1 791.0 1013.4 762.6
miR-340-3p 264.0 363.0 78.8 244.0 87.4 731 85.5 1242
miR-340-5p 5264.5 5569.7 8344.1 5182.2 7551.2 6709.0 74585 8144.8
miR-342-3p 1062.8 1169.9 1297.1 1046.2 1167.1 1410.6 9795 1281.6
miR-342-5p 0.0 0.0 0.0 0.0 0.0 37 0.0 116
miR-345-3p 228.2 188.0 183.6 189.8 175.7 219.3 176.0 162.0
miR-345-5p 0.0 0.0 0.0 0.0 0.0 3.7 0.0 0.0
miR-342-3p 0.0 6.0 0.0 0.0 12.9 0.0 0.0 7.8
miR-342-5p 284.6 253.0 721.4 340.1 960.6 922.5 1038.2 11545
miR-34b-3p 12.4 16.0 0.0 11.3 8.6 9.6 0.0 9.7
miR-34b-5p 0.0 0.0 0.0 0.0 0.0 44 5.0 6.8
miR-34c-5p 522.5 499.0 919.9 593.1 790.1 760.7 764.7 1024.5
miR-361-3p 2475 228.0 67.8 265.5 74.6 109.3 82.5 97.0
miR-361-5p 963.8 1104.9 914.9 872.2 904.9 1024.4 927.8 978.9
miR-362-3p 17145 1739.9 2615.1 17715 2993.2 3321.3 3184.3 2737.9
miR-362-5p 301.1 302.0 129.7 319.7 132.8 143.3 138.2 157.2
miR-363-3p 92.1 45.0 61.9 30.5 94.3 186.1 84.5 103.8
miR-365b-3p 1103.4 1201.9 761.8 1131.4 949.5 1289.5 1112.8 1164.2
miR-365b-5p 15.1 20.0 20.0 22.6 18.0 22.2 17.9 19.4
miR-367-3p 0.0 0.0 0.0 0.0 0.0 44 0.0 0.0
miR-369-3p 94.9 78.0 162.6 68.9 200.5 160.3 200.9 141.6
miR-369-5p 12.4 28.0 12.0 19.2 22.3 17.0 20.9 11.6
miR-370-3p 96 8.0 5.0 11.3 9.4 5.9 9.0 18.4
miR-371a-5p 0.0 0.0 0.0 0.0 0.0 5.2 0.0 0.0
miR-372-3p 0.0 0.0 0.0 0.0 0.0 21.4 0.0 0.0
miR-3742-3p 0.0 0.0 0.0 7.9 0.0 5.2 0.0 10.7
miR-374-5p 11.0 8.0 0.0 0.0 0.0 11.8 5.0 16.5
miR-374b-3p 44.0 53.0 23.9 37.3 20.6 22.2 25.9 175
miR-374b-5p 1975.7 1892.9 2376.6 2169.1 2444.8 2697.9 2344.9 2602.1
miR-375-3p 4084.8 41658 6776.7 3974.5 9679.8 9096.7 10570.1 8705.6
miR-376a-3p 0.0 6.0 10.0 0.0 17.1 13.3 12.9 4.9
miR-376a-5p 6.9 0.0 8.0 6.8 12.0 155 15.9 5.8
miR-377-3p 0.0 15.0 15.0 5.6 18.0 36.2 25.9 20.4
miR-377-5p 0.0 0.0 0.0 56 0.0 0.0 0.0 0.0
miR-378-3p 46798.6 39390.8 31634.7 40998.4 31611.6 31492.2 30241.1 30880.0
miR-378a-5p 1152.2 1145.9 689.4 11105 587.9 737.8 630.5 590.9
miR-378b 0.0 35 0.0 0.0 0.0 0.0 0.0 1.2
miR-378¢ 6641.5 5976.7 42207 5983.4 37435 3837.8 4057.4 3151.7
miR-378d 7919.5 7085.5 5086.8 7058.6 4527.2 4625.0 5085.9 3665.3
miR-3786 5.0 16 5.2 16 2.6 3.0 3.2 1.9
miR-378f 0.0 0.0 25 3.4 0.0 13 0.0 0.0
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miR-378g 0.0 3.0 19.0 13.0 10.3 10.0 8.5 10.7
miR-378h 44 6.8 36 6.8 33 3.7 45 1.6
miR-378i 1734.4 1489.4 1181.3 23815 1066.4 1073.1 1030.8 1040.5
miR-379-3p 57.7 65.0 46.4 412 55.7 58.0 53.7 55.8
miR-379-5p 356.1 316.0 947.9 3423 1103.7 1002.2 1249.0 1193.3
miR-380-3p 19.2 20.0 34.9 14.7 55.7 355 4238 61.1
miR-380-5p 0.0 7.0 12.0 6.8 18.9 11.1 13.9 21.3
miR-381-3p 254.4 250.0 483.9 205.6 500.4 618.9 599.7 574.4
miR-382-3p 426 54.0 75.8 39.5 711 83.5 84.5 80.5
miR-382-5p 23.4 15.0 19.0 14.7 24.9 17.0 14.9 16.5
mMiR-409-3p 17.9 12.0 49.9 215 48.0 56.1 31.8 41.7
mMiR-409-5p 130.6 157.0 71.8 108.5 99.4 87.1 84.5 71.8
miR-410-3p 121.0 148.0 191.6 151.4 2417 2245 2446 191.1
miR-411-3p 59.1 95.0 63.4 70.6 78.8 69.1 85.5 83.0
miR-411-5p 3245 240.0 456.0 266.6 561.3 499.3 526.1 464.7
miR-421 122.4 103.0 20.0 137.8 10.3 27.3 9.9 26.2
miR-422a 21.7 13.7 37.9 20.6 433 38.5 423 39.8
miR-423-3p 1358.4 1481.9 1231.2 1155.7 1205.7 1557.6 1249.0 1465.0
miR-423-5p 394.6 516.0 364.2 497.1 481.6 501.5 507.2 573.4
miR-424-5p 9.6 27.0 40.9 28.2 55.7 60.6 55.7 55.3
miR-425-3p 151.2 166.0 114.7 190.9 123.4 139.6 105.4 116.4
MIR-425-5p 12085 988.9 874.0 1126.4 961.5 1072.4 1009.4 1036.2
MiR-4286 411.1 455.0 572.7 437.2 591.3 551.0 649.4 294.0
MiR-429 0.0 0.0 0.0 0.0 0.0 3.7 0.0 5.8
miR-431-5p 0.0 5.0 0.0 0.0 9.4 126 9.0 0.0
miR-433-3p 6.9 0.0 6.0 0.0 10.3 8.1 7.0 11.6
miR-433-5p 0.0 0.0 0.0 0.0 0.0 3.7 0.0 0.0
miR-4443 0.0 0.0 11.0 0.0 16.3 5.9 13.9 6.8
miR-4448 8.2 6.0 20.0 14.7 36.8 495 71.6 22.3
miR-4454 6040.0 3152.8 1633.3 5993.3 852.6 661.7 864.2 433.7
miR-449a 0.0 5.0 6.0 10.2 10.3 8.9 7.0 0.0
MIR-4508 0.0 0.0 0.0 10.2 43 0.0 5.0 0.0
?;R'Asoa'l' 0.0 0.0 13.0 0.0 45.4 325 43.8 46.6
miR-450a-5p 651.0 603.0 628.1 5135 616.1 568.3 617.6 631.6
MiR-4510 0.0 0.0 15 0.0 43 26 5.2 34
miR-451a 15363.2 16132.1 15309.4 17286.3 13235.2 17110.0 14160.1 16765.1
miR-452-5p 12.4 7.0 9.0 9.0 14.6 8.9 7.0 13.6
miR-455-3p 266.7 324.0 254.4 279.0 193.7 254.1 193.9 203.7
miR-455-5p 622.8 651.0 919.9 607.8 955.5 999.3 1067.1 1012.9
MiR-4770 0.0 15.0 0.0 0.0 6.0 0.0 7.0 0.0
miR-4791 9.6 5.0 6.0 0.0 8.6 0.0 0.0 0.0
miR-483-3p 0.0 0.0 0.0 0.0 0.0 44 0.0 0.0
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miR-484 1501.4 1516.9 1033.7 1300.3 1081.4 1145.5 1118.8 747.1
miR-485-3p 0.0 0.0 10.0 0.0 14.6 23.6 11.9 20.4
miR-485-5p 0.0 0.0 0.0 0.0 0.0 8.1 8.0 4.9
miR-486-3p 28.9 41.0 215 24.9 22.7 23.6 18.4 22.8
miR-486-5p 7570.9 8240.0 6282.8 6458.2 5215.7 4326.4 4919.1 4802.0
miR-487b-3p 26.1 32.0 12.0 18.1 0.0 13.3 13.9 6.8
miR-490-3p 724.6 578.0 927.9 535.5 782.4 951.3 878.1 892.6
miR-490-5p 11.0 9.0 18.0 18.1 27.4 295 17.9 16.5
miR-491-5p 0.0 0.0 0.0 6.8 43 6.6 8.0 6.8
miR-494-3p 56.4 54.0 43.9 46.3 44.6 355 21.9 41.7
miR-495-3p 20.6 35.0 48.9 47.4 56.6 59.1 41.8 56.3
MiR-496 9.6 8.0 7.0 0.0 7.7 23.6 8.0 4.9
miR-497-3p 8.2 0.0 5.0 0.0 12.9 3.7 12.9 7.8
miR-497-5p 955.6 813.0 1349.9 971.6 1384.8 1392.2 1568.3 1334.0
miR-499a-3p 0.0 0.0 0.0 0.0 0.0 5.9 0.0 0.0
miR-499a-5p 7611.5 6955.6 1793.9 8005.4 720.7 813.9 755.8 707.3
miR-501-3p 55.0 42.0 19.0 23.7 27.4 36.9 20.9 25.2
miR-501-5p 0.0 0.0 0.0 0.0 0.0 3.7 5.0 0.0
miR-504-5p 23.4 62.0 5.0 33.9 0.0 36.2 12.9 9.7
miR-505-3p 12.4 11.0 6.0 5.6 17.1 27.3 11.9 32.0
miR-532-3p 59.1 67.0 11.0 64.4 22.3 26.6 26.9 14.6
miR-532-5p 1109.5 1024.9 726.4 935.4 792.7 860.4 832.4 778.1
miR-542-3p 618.7 546.0 620.6 590.9 695.0 601.2 747.8 746.1
miR-542-5p 0.0 0.0 0.0 0.0 0.0 0.0 5.0 0.0
miR-543 0.0 14.0 0.0 6.8 0.0 0.0 0.0 0.0
miR-574-3p 4455 503.0 464.0 416.9 456.7 655.8 530.0 416.2
miR-574-5p 52.2 79.0 154.7 62.1 181.7 195.0 214.8 231.9
miR-582-5p 108.6 104.0 118.7 115.2 115.7 121.9 114.4 117.4
miR-592 23.4 14.0 81.8 215 133.7 145.5 148.2 144.6
MiR-6128 0.0 0.0 0.0 0.0 0.9 0.0 0.0 0.0
miR-615-3p 41.2 30.0 18.0 19.2 43 155 11.9 0.0
miR-6516-3p 715 11.0 32.9 75.7 0.0 11.8 6.0 4.9
miR-652-3p 2447.3 2689.9 2478.4 2373.6 2462.8 2531.8 2626.4 2502.1
miR-652-5p 0.0 0.0 0.0 0.0 12.9 5.2 8.0 6.8
miR-6642-3p 0.0 0.0 0.0 0.0 0.0 3.7 0.0 0.0
miR-671-3p 61.9 87.0 30.9 56.5 36.8 30.3 15.9 15.5
miR-671-5p 68.7 57.0 157.6 81.3 167.1 188.3 192.9 163.0
miR-675-3p 0.0 0.0 0.0 0.0 0.0 0.0 6.0 0.0
miR-7-1-3p 160.9 158.0 53.9 151.4 41.1 59.1 24.9 34.9
miR-7-5p 4023.4 4201.4 11535.9 4381.6 14400.1 12116.4 14359.4 21608.6
miR-708-3p 199.4 190.0 50.9 144.6 123.4 110.0 154.1 74.7
miR-708-5p 741.1 623.0 534.8 803.3 560.4 517.7 530.0 482.2
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miR-744-3p 344 34.0 28.9 36.2 26.6 30.3 36.8 27.2
miR-744-5p 627.0 518.0 460.0 561.5 554.4 585.7 541.0 636.5
miR-760 0.0 0.0 0.0 0.0 0.0 3.7 0.0 4.9
miR-766-3p 6.9 0.0 0.0 0.0 0.0 0.0 0.0 4.9
MiR-7704 0.0 0.0 0.0 0.0 7.7 0.0 0.0 0.0
MiR-7975 9.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MiR-7977 31114 1677.9 660.5 2996.1 445.6 424.7 455.5 132.9
MiR-802 3556.9 3721.8 6238.9 3603.9 7766.3 8087.1 7874.1 8118.6
miR-873-5p 0.0 0.0 6.0 0.0 4.3 0.0 0.0 0.0
MiR-874-3p 344 45.0 46.9 33.9 54.8 90.1 60.7 68.9
MiR-874-5p 6.9 6.0 0.0 0.0 0.0 4.4 5.0 0.0
miR-877-3p 0.0 6.0 0.0 5.6 0.0 0.0 0.0 0.0
MiR-877-5p 0.0 0.0 0.0 0.0 0.0 3.7 0.0 0.0
MiR-885-5p 0.0 0.0 0.0 0.0 0.0 10.3 7.0 0.0
miR-9-3p 28.9 35.0 28.6 38.0 271 27.6 20.6 27.8
MiR-9-5p 165.9 160.3 153.3 163.8 163.7 165.9 166.1 164.9
miR-92a-3p 2663.2 2982.3 3874.2 2569.6 4438.0 4873.3 4803.7 4448.4
miR-92b-3p 169.1 158.0 55.9 133.3 18.0 106.4 63.6 59.2
miR-93-3p 46.7 65.0 23.9 47.4 32.6 22.2 9.0 16.5
MiR-93-5p 4819.0 3966.8 4247.4 4955.1 4234.1 4638.1 4513.9 4062.2
MiR-96-3p 0.0 8.0 0.0 7.9 0.0 0.0 0.0 0.0
miR-96-5p 1049.1 1145.9 1140.4 1045.0 1177.4 1345.6 1191.4 1871.5
miR-98-3p 30.2 28.0 128.7 9.0 136.3 155.1 121.3 148.4
miR-98-5p 1037.2 1054.3 8218.7 1311.9 8873.1 6272.1 8244.6 11101.0
mMiR-9985 41.9 47.3 40.1 45.6 323 33.4 40.4 17.9
miR-99a-3p 0.0 7.0 54.9 0.0 61.7 63.5 64.6 75.7
miR-99a-5p 66021.6 58741.3 16198.4 52268.6 13576.7 12557.2 13478.9 13835.1
miR-99b-3p 22.0 26.0 20.0 38.4 6.0 12.6 33.8 175
MiR-99b-5p 12313.7 11046.4 5563.4 9270.8 5237.5 5569.4 5055.8 4954.8
Change of
) Reads
miRNA Name | (Number)
HC1 HC2 IG-H1 1G-H2 IG-L1 1G-L2 DG1 DG2

let-7a-2-3p 0 0 0 0 0 5.908417 0 0
let-7a-3p -218.2496 218.2496 -625.1718 -283.5111 -608.4258 -209.3501 -681.6431 -440.3054
let-7a-5p 487.0827 -487.0827 5499.606 2386.059 8341.938 2865.711 9072.377 11748.23
let-7b-3p -39.18767 39.18767 -44.5691 -14.71087 -53.01647 31.18593 -70.56659 -59.92058
let-7b-5p -90.68423 90.68423 5947.531 948.8487 8072.36 5240.331 9296.914 10898.79
let-7¢c-3p -7.624818 7.624818 -15.43553 0.687974 -16.80764 -20.47727 -10.55515 -17.17697
let-7¢c-5p 497.8415 -497.8415 1891.575 1391.774 3102.555 887.6361 3396.953 4728.735
let-7d-3p -296.869 296.869 771.0491 -426.8756 815.8855 1120.352 883.729 904.2078
let-7d-5p -66.76214 66.76214 2646.978 654.34 4689.279 1679.363 4214.777 4862.941
let-7e-3p -4.125302 4.125302 -34.98037 -33.03099 | -45.30815 | -41.77239 | -56.02494 | -44.09164
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let-7e-5p 46.33934 -46.33934 633.8164 149.6189 744.217 342.5795 839.9819 960.7746
let-7f-1-3p 7.561182 -7.561182 55.03049 -15.57927 47.97241 73.80873 57.40978 95.56178
let-7f-2-3p -46.81379 46.81379 -122.2951 -96.63734 -73.31297 -7.085602 -105.8974 -117.0499
let-7f-5p 1428.486 -1428.486 39137.38 5124.447 49006.55 25428.99 46327.19 54794.71
let-7g-3p -1.06256 1.06256 210.5449 -1.990051 271.5619 240.2954 275.4243 267.2728
let-7g-5p 5329.333 -5329.333 126007 6925.334 173866.5 76118.09 146118.9 217356.6
let-7i-3p -22.74959 22.74959 194.981 -10.28138 237.2331 245.1458 273.4052 216.5246
let-7i-5p 1035.898 -1035.898 18843.28 2680.03 22846.65 8979.597 19327.72 33203.71
miR-1-3p 205514.7 -205514.7 -447755 -209684.2 -725763.6 -783351.1 -736492.1 -686584.7
miR-1-5p 2.687197 -2.687197 37.18298 4.16835 4.164673 14.02574 6.164254 9.390007
miR-100-5p 568.5779 -568.5779 -6638.917 -1867.2 -5952.683 -7468.258 -6937.517 -7101.943
miR-101-3p 1629.867 -1629.867 33450.59 3320.114 49915.56 50249.5 65297.5 48109.27
miR-101-5p -4.999725 4.999725 47.88074 13.07632 48.12974 90.27349 71.57382 35.7487
miR-103a-2-

5p 0 0 0 5.648763 5.141562 7.385521 10.93908 0
miR-103a-3p 575.8809 -575.8809 -4701.032 527.1607 -4752.366 -4477.373 -4640.604 -4287.778
miR-106a-5p 102.7162 -102.7162 -203.2706 384.9886 | -269.6609 | -15.10535 | -225.1567 -172.481
miR-106b-3p 29.86809 -29.86809 -593.2156 | -120.8687 | -628.5763 | -587.5752 -614.664 | -619.2976
miR-106b-5p 196.0217 -196.0217 1818.31 288.5045 1392.05 1877.258 2359.954 1057.759
miR-107 -27.5771 27.5771 -767.4409 -12.03847 -472.4533 -472.9712 -538.9736 -426.6765
miR-10a-3p -20.56295 20.56295 | -8.985554 -34.7307 | -69.04087 | -59.01266 | -18.75648 | -74.08363
miR-10a-5p 1758.246 -1758.246 | -18322.87 -7837.69 | -19063.57 | -20373.48 | -19300.75 | -9442.745
miR-10b-3p 4.999507 -4.999507 -27.99824 7.02409 -27.99824 -27.99824 -27.99824 -27.99824
miR-10b-5p 121.2645 -121.2645 | -3493.858 | -1152.626 | -5085.623 -5004.63 | -5034.944 | -4521.836
miR-1180-3p 3.437266 -3.437266 -3.437266 -3.437266 -3.437266 -3.437266 -3.437266 -3.437266
miR-1197 0 0 0 0 4.284635 0 0 0
miR-122-3p -40.13543 40.13543 -463.1069 87.79935 958.3699 1136.222 1244.477 527.2857
miR-122-5p 5260.629 -5260.629 719868.4 5797.991 1057756 769113 1009884 1305693
miR-124-3p -5.312241 5.312241 20.57652 11.8649 31.63586 31.99009 33.73423 29.74806
miR-1247-3p 0 0 0 0 4.284635 3.69276 0 0
miR-1247-5p 0 0 4.988723 0 5.998488 4.431312 4.972308 0
miR-1248 0.936382 -0.936382 -114.0314 52.46586 -125.6506 -77.20981 -124.127 -134.7024
miR-1249-3p -0.125157 0.125157 49.95738 -1.148663 64.24693 87.38645 88.49515 73.11678
miR-125a-3p 1.812264 -1.812264 15.11199 12.82174 10.32419 4.822337 15.00036 3.503282
miR-125a-5p -652.5035 652.5035 -4782.19 -1394.106 | -4873.103 | -4590.622 | -4703.616 | -4898.128
miR-125b-1-

3p -7.812955 7.812955 | -72.33448 | -53.05815 | -88.90632 | -100.5585 | -95.43363 | -72.29462
miR-125b-5p 143.1082 -143.1082 -16896.68 | -6546.004 | -17151.03 | -16803.61 | -16968.28 | -17534.82
miR-126-3p 11401.77 -11401.77 -1305.5 -6204.791 -11765.63 -28059.66 -7690.797 -12887.69
miR-126-5p -1146.458 1146.458 15631.25 -1310.11 15728.56 14009.58 17126.28 9083.502
miR-1260a 55.18169 -55.18169 -255.4105 276.9699 -254.4781 -267.7837 -254.7739 -330.2077
miR-1260b 133.6743 -133.6743 -584.0104 -29.68276 -615.6738 -601.038 -595.488 -675.8457
miR-1268a -10.78079 10.78079 -27.7237 -3.03799 -30.71693 -22.22358 -25.74462 -30.71693
miR-1268b 0.34369 -0.34369 -2.850154 -0.759501 -5.843388 -3.258456 -5.843388 -5.843388
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miR-127-3p -51.4444 51.4444 -478.8194 -289.2984 -533.8603 -525.1168 -602.5702 -584.1662
miR-127-5p -0.063344 0.063344 58.64863 21.19773 101.7268 112.0998 62.01254 67.08068
miR-128-1-5p -6.499643 6.499643 2.480059 4.797884 -6.499643 -6.499643 -6.499643 -6.499643
miR-128-3p -6.969256 6.969256 -110.5914 -32.56636 -115.3148 -81.19989 -95.77461 -115.7974
miR-129-1-3p 1.812264 -1.812264 -7.836138 -6.38405 -1.672791 1.868128 15.99483 16.11589
miR-129-2-3p -0.562879 0.562879 20.37915 7.611006 22.40211 46.87205 7.178651 26.82479
miR-129-5p -0.500082 0.500082 2.955937 -5.70143 15.56427 16.97444 0.404121 14.04746
miR-1296-5p -9.374685 9.374685 -25.6542 -10.24905 -39.62262 -10.81909 -19.73339 -22.15901
miR-1306-5p -2.500008 2.500008 -19.50978 -0.773702 -24.49851 -24.49851 -24.49851 -24.49851
miR-130a-3p -47.75478 47.75478 1525.741 46.91623 1979.029 1951.034 2231.908 2075.321
miR-130a-5p 1.687252 -1.687252 10.24168 -6.999369 8.306289 13.76435 -4.780307 20.03247
miR-130b-3p -16.93682 16.93682 108.5731 4.687855 101.0445 98.821 69.25395 140.951
miR-130b-5p -12.62454 12.62454 -38.39466 -16.73903 -38.94591 -41.72514 -48.3721 -43.5211
miR-132-3p -12.37518 12.37518 50.94836 -16.21382 75.18615 12.74102 65.23165 46.60254
miR-132-5p -5.874878 5.874878 -14.17243 -7.878998 -18.12735 -12.48915 -17.22804 -21.56981
miR-1323 0 0 0 0 0 13.29394 0 0
miR-133a-3p -544.2236 544.2236 -3605.585 -5.483579 -7080.15 -6808.212 -6818.998 -6933.354
miR-133a-5p 117.0094 -117.0094 -577.0765 -11.35008 -1264.989 -1284.551 -1223.367 -1313.795
miR-133b -82.06487 82.06487 -134.4285 49.33838 -601.9042 -582.7675 -603.0769 -670.323
miR-134-3p 0 0 0 0 4.284635 0 0 0
miR-134-5p 6.186713 -6.186713 57.54792 -2.436553 114.4863 78.40265 173.5092 80.46558
miR-135a-5p 4.561566 -4.561566 10.19777 8.770102 -26.57454 -17.68495 -13.52994 -7.357553
miR-135b-5p -2.499863 2.499863 19.45052 5.408406 6.069407 10.05552 4.461368 10.11274
miR-136-3p 55.36363 -55.36363 343.2081 -177.7447 256.332 284.6661 192.9345 190.9371
miR-136-5p 5.62449 -5.62449 52.20289 7.009628 49.9292 37.41493 54.93348 71.4264
miR-137-3p 41.74599 -41.74599 478.6917 47.62575 650.4737 621.5202 669.3289 618.6063
miR-137-5p 0 0 0 0 0 0 0 4.851003
miR-138-5p 2.90584 -2.90584 35.93579 -11.17928 58.92942 64.43117 62.05592 57.26497
miR-139-3p -4.062395 4.062395 -5.972261 -0.470875 -14.22383 -9.380791 -12.98602 0.378436
miR-139-5p -65.75437 65.75437 -387.1682 -4.849234 -469.8025 -429.7 -391.0682 -399.9024
miR-140-3p 892.868 -892.868 -1770.552 -1132.265 -1917.867 -2345.11 -2134.131 -2841.053
miR-140-5p -3.631964 3.631964 291.5817 124.5271 215.6499 241.3927 361.6389 473.8338
miR-141-3p -13.6171 13.6171 2196.607 92.99426 2775.771 3479.215 3522.384 3967.407
miR-141-5p 0.437285 -0.437285 1.496594 0.937823 10.12597 18.09303 14.3261 6.491472
miR-142-3p 583.476 -583.476 -1485.968 2451.305 -4943.051 -4719.148 -4389.117 -4677.65
miR-142-5p 3828.328 -3828.328 -15073.66 -4302.151 -40769.36 -41444.39 -41804.24 -44809.72
miR-143-3p 555244.8 -555244.8 -733862.9 -714402.8 -779589.3 -1197840 -786846.5 -794160.6
miR-143-5p 421.1887 -421.1887 1315.045 -323.0762 1652.177 1178.588 2019.114 469.7315
miR-144-3p -240.5929 240.5929 1567.012 -937.8777 -307.2326 -1336.1 516.0966 -1441.376
miR-144-5p -50.88808 50.88808 381.6337 428.1161 -38.86697 63.62523 75.97985 284.1695
miR-145-3p -495.8403 495.8403 1021.348 -2254.039 -60.99503 -743.2174 -1054.796 -378.5008
miR-145-5p -5799.671 5799.671 -43872.92 -3388.338 -45390 -32740.35 -44971.3 -41951.39
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miR-1469 -276.744 276.744 -1476.582 -376.8418 -1644.155 -1636.391 -1630.36 -1657.477
miR-146a-3p 1.312364 -1.312364 -8.311979 -8.311979 2.828071 -0.187907 -3.339672 -3.460977
miR-146a-5p 741.0737 -741.0737 3199.478 738.058 903.0608 -1610.21 431.2879 2422.741
miR-146b-5p 147.8537 -147.8537 123.2888 27.36956 -74.4924 -442.5114 -206.3904 401.7091
miR-147b-3p 5.498385 -5.498385 -24.867 37.98143 -101.6539 -106.8161 -101.9921 -111.9615
miR-147b-5p -1.875243 1.875243 -16.20738 5.755212 -39.55392 -18.67118 -38.21029 -43.44947
miR-148a-3p -5148.889 5148.889 -23879.6 -18546.94 -10699.83 -16854.99 -5908.117 -9803.592
miR-148a-5p -28.12785 28.12785 27.54352 -122.5671 90.68471 103.1108 97.77539 103.7616
miR-148b-3p -412.4753 412.4753 -3729.701 -708.5672 -3704.018 -3673.874 -3697.985 -3546.834
miR-148b-5p 5.811606 -5.811606 45.90609 -10.76282 53.73004 55.0861 60.40606 79.2756
miR-149-5p -29.56697 29.56697 -511.3693 -120.1408 -559.4775 -580.1032 -613.2512 -675.7827
miR-150-3p -2.187808 2.187808 -40.86704 -14.83978 -62.52377 -66.8084 -66.8084 -66.8084
miR-150-5p -193.3917 193.3917 -3171.945 -310.3873 -3910.034 -3805.021 -3907.631 -3979.671
miR-151a-3p -30.12737 30.12737 207.2538 -81.99761 322.7792 277.2301 256.185 311.0202
miR-151b 334.2734 -334.2734 -4408.886 -414.0324 -4862.689 -4848.245 -4630.907 -5178.458
miR-152-3p 2030.463 -2030.463 991.9284 -227.0319 5542.94 6820.988 7726.492 2488.706
miR-152-5p 16.87333 -16.87333 19.8694 -42.77061 78.94411 85.81483 17.49964 139.8897
miR-153-3p -2.250022 2.250022 53.07669 -6.172479 70.4419 67.70121 68.2364 63.55462
miR-154-3p -7.062157 7.062157 6.018205 7.528612 12.62805 26.68368 7.941466 13.22893
miR-154-5p -4.374887 4.374887 4.313277 3.49049 30.36282 22.16665 18.14381 12.27384
miR-15a-3p 8.31125 -8.31125 29.37641 -28.83365 50.6536 57.08428 20.9578 36.16489
miR-15a-5p 113.0475 -113.0475 1.272602 344.6822 364.0445 309.6915 766.0024 442.2345
miR-15b-3p -47.37493 47.37493 -252.9981 58.45429 -223.9364 -234.6211 -258.5515 -286.0092
miR-15b-5p -104.0023 104.0023 -1168.249 -31.6505 -1106.543 -1102.694 -1073.26 -1136.373
miR-16-3p 9.809126 -9.809126 61.13074 21.68708 78.37398 118.4021 99.33331 75.07515
miR-16-5p 943.8953 -943.8953 -2788.026 2360.557 -2385.73 -1263.611 -1339.695 -1253.241
miR-17-3p -27.37501 27.37501 -102.9545 -56.77297 -99.64874 -69.49432 -95.50113 -114.9304
miR-17-5p 102.7162 -102.7162 -203.2706 384.9886 -269.6609 -15.10535 -225.1567 -172.481
miR-181a-3p -11.5009 11.5009 -116.7693 -53.81645 -129.3708 -105.853 -133.0944 -128.0015
miR-181a-5p -5.75909 5.75909 -1160.26 44.58103 -1231.425 -1169.123 -1231.24 -1214.614
miR-181b-3p -5.499698 5.499698 -5.499698 3.538324 -5.499698 -5.499698 -5.499698 -5.499698
miR-181b-5p 8.757914 -8.757914 -117.1469 24.60764 -166.8461 -148.5317 -156.023 -147.8014
miR-181c-3p 20.49763 -20.49763 -125.5821 -53.51435 -150.208 -138.4246 -138.6447 -139.324
miR-181c-5p -15.37749 15.37749 -45.66219 -54.26482 -119.2652 -83.586 -132.7421 -159.619
miR-181d-5p -17.64594 17.64594 -145.4221 7.760641 -148.6369 -139.7228 -145.537 -143.4756
miR-182-3p -2.499863 2.499863 -2.499863 -2.499863 -2.499863 1.192898 -2.499863 -2.499863
miR-182-5p -3.521389 3.521389 1395.18 -186.3721 1705.735 2041.289 1756.765 3230.372
miR-183-3p -0.562515 0.562515 -7.437046 -7.437046 -3.152411 -7.437046 -7.437046 -7.437046
miR-183-5p -170.376 170.376 516.4036 -348.9619 466.7841 511.2474 401.6115 672.6968
miR-184 19.74829 -19.74829 98.8645 255.0127 1839.773 92.42889 293.211 63.05294
miR-185-3p -3.99978 3.99978 10.96639 -3.99978 4.569489 15.94113 13.90053 -3.99978
miR-185-5p 367.3216 -367.3216 2847.987 230.2769 3175.944 2653.115 3062.018 4579.729
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miR-186-5p 143.7722 -143.7722 -816.4096 -225.9894 -1158.138 -683.7899 -1452.879 -554.3721
miR-187-3p 5.498969 -5.498969 -48.61983 31.07679 -37.65323 -11.43597 -44.82583 -32.69869
miR-188-5p 0 0 13.96843 5.648763 12.8539 17.72525 14.91692 12.61261
miR-18a-3p 0 0 0 0 0 3.69276 0 0
miR-18a-5p -25.25011 25.25011 124.4173 96.09934 102.3192 143.2828 142.5748 167.4217
miR-18b-5p 0 0 10.97519 0 0 3.323484 7.458462 0
miR-190a-3p 0 0 11.97294 5.648763 31.7063 17.72525 22.87262 17.46361
miR-190a-5p -7.812882 7.812882 129.2341 49.45114 237.4421 143.8233 223.8488 328.7253
miR-190b-5p 0 0 0 0 10.28312 0 5.966769 6.791404
miR-191-3p -2.874897 2.874897 -0.149143 -5.475571 -11.12433 -7.431574 -11.12433 -5.303131
miR-191-5p 1217.036 -1217.036 -13252.43 36.35815 -12851.86 -13452.46 -13643.83 -11851.48
miR-192-3p -7.688308 7.688308 581.947 -1.242695 810.1608 813.3458 803.1499 852.5755
miR-192-5p 4170.99 -4170.99 -132712.1 -85163.69 -122886.2 -128209.7 -139042.2 -107914.2
miR-193a-3p -10.43739 10.43739 445.2538 12.08211 559.5668 564.9369 594.6818 463.7249
miR-193a-5p -1.874952 1.874952 -10.12439 2.30289 -10.12439 -10.12439 -10.12439 -10.12439
miR-193b-3p -12.4999 12.4999 14.24674 -20.28146 -25.08432 87.09833 13.86919 45.03618
miR-194-3p -2.938533 2.938533 119.2654 -2.290821 255.6953 221.6753 262.4675 278.7642
miR-194-5p 9959.386 -9959.386 -9282.572 -4477.542 6293.602 -13961.06 7411.428 -1711.114
miR-195-3p -0.000219 0.000219 -3.065628 -2.494646 4.706817 -16.01127 -6.147505 -7.772755
miR-195-5p 102.0972 -102.0972 -47.16379 74.9379 26.10746 -122.1562 209.8076 471.765
miR-196a-5p -14.56262 14.56262 9.703106 16.59963 -49.73999 -76.24946 -48.51245 -18.08518
miR-196b-3p 0 0 0 5.648763 0 4.431312 0 4.851003
miR-196b-5p 2.059078 -2.059078 16.80663 40.73039 -125.9825 -170.5919 -148.9703 6.502185
miR-197-3p -5.687835 5.687835 -61.4009 10.79884 -103.3062 4.522427 -16.78802 -21.80933
miR-199a-3p -5.789948 5.789948 1054.067 -418.1638 1709.971 1336.622 1480.024 887.7566
miR-199a-5p 514.4742 -514.4742 -6660.607 -1695.693 -6828.107 -6334.54 -6753.298 -6737.62
miR-199b-5p 83.91104 -83.91104 1501.274 42.70168 1952.674 2659.75 2276.363 2357.859
miR-19a-3p -8.127926 8.127926 24.93213 280.7622 92.43182 323.2598 151.435 551.3475
miR-19b-1-5p 0 0 0 0 4.284635 8.862625 6.961231 4.851003
miR-19b-3p 108.5456 -108.5456 144.2381 636.9173 265.5077 258.7371 417.1636 861.4429
miR-200a-3p 2853.162 -2853.162 52187.37 2690.926 63183.57 70794.12 68019.21 73887.37
miR-200a-5p -8.878067 8.878067 4.665824 -76.24414 96.74678 108.5271 26.72392 -58.05084
miR-200b-3p 3546.3 -3546.3 34483.28 -453.0304 39851.16 37885.4 36372.97 47408.65
miR-200b-5p 53.30615 -53.30615 -74.161 -65.74049 -4.684699 -80.45226 -25.71505 -76.14388
miR-200c-3p 902.6915 -902.6915 1792.452 617.0813 1480.228 1829.665 1196.7 2975.92
miR-200c-5p 0 0 10.97519 10.16777 5.998488 5.169865 6.961231 6.791404
miR-203a-3p 1225.629 -1225.629 -13816.15 686.6084 -17864.97 -18865.03 -17653.12 -17794.21
miR-203a-5p -7.499588 7.499588 5.471093 0.408681 9.638951 -2.329723 -7.499588 6.083219
miR-203b-3p -0.50092 0.50092 65.03747 7.89569 63.88515 41.8854 55.40115 89.35695
miR-204-5p -9.875241 9.875241 -79.22769 -23.05018 -73.27385 -71.98722 -80.38302 -74.75615
miR-205-3p 7.624235 -7.624235 -11.69663 2.82741 -19.77132 -18.77288 -16.77728 -15.51619
miR-205-5p -87.31996 87.31996 -1664.185 22.4223 -1745.474 -1699.494 -1726.737 -1750.29
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miR-206 5.207956 -5.207956 187.682 4.639342 231.1128 176.0969 228.1407 307.7443
miR-208a-3p 60.5539 -60.5539 -7.163193 -65.57348 -205.079 -256.1965 -169.6682 -151.4561
miR-208a-5p -4.124937 4.124937 16.02526 20.83587 -2.308515 -17.79497 -4.01171 7.024169
miR-208b-3p 1.937275 -1.937275 3.020643 -0.119968 -2.225675 -9.289537 6.936111 3.467504
miR-20a-3p -13.43686 13.43686 11.34896 1.942492 10.85781 7.628221 5.250863 22.8598
miR-20a-5p 1546.335 -1546.335 -1625.874 2096.066 -1980.056 162.1468 -1601.25 1275.571
miR-20b-5p 6.874312 -6.874312 69.38054 16.23855 121.6582 141.8113 74.49058 108.8916
miR-21-3p -16.99979 16.99979 365.8936 -18.53604 481.4258 450.5554 595.9813 465.8002
miR-21-5p 44957.53 -44957.53 209611.4 -20625.1 305953.3 300834.2 359700.5 385892.9
miR-210-3p 110.9856 -110.9856 75.31737 280.5595 192.1633 292.0778 461.1376 159.0802
miR-210-5p -8.124645 8.124645 -21.87371 -12.83569 -21.87371 -18.18095 -21.87371 -21.87371
miR-2110 0 0 0 0 0 3.69276 0 0
miR-212-3p -8.62469 8.62469 -9.42713 -7.388691 9.473344 15.37143 -1.550232 5.435018
miR-212-5p 1.62471 -1.62471 -14.6548 3.009848 -6.343126 -5.728112 -17.68415 -7.278815
miR-214-3p -13.31411 13.31411 -224.9853 -9.663167 -202.135 -154.7006 -167.7727 -183.2971
miR-214-5p -8.874713 8.874713 21.73978 4.937704 35.42999 1497714 43.41766 4.536373
miR-215-5p 40.23714 -40.23714 -94.4788 -142.165 -13.75865 -27.61863 210.9523 -168.0795
miR-216a-3p 0 0 4.988723 0 11.99698 14.77104 20.88369 20.37421
miR-216a-5p 0 0 607.6265 0 916.9118 955.6864 964.6277 920.7203
miR-216b-3p 0 0 179.594 0 438.7466 433.5301 474.3582 433.6796
miR-216b-5p 0 0 280.3663 0 422.465 562.7767 445.5188 339.5702
miR-217-3p 0 0 35.91881 0 51.41562 55.39141 39.77846 44.62922
miR-217-5p 0 0 2435.495 0 3846.745 3923.189 3587.023 3612.056
miR-218-5p -7.250987 7.250987 2.768224 4.065037 23.70281 -19.78188 46.79836 7.394485
miR-219a-5p 0.624765 -0.624765 152.9641 3.139656 221.4564 201.5436 245.8427 245.9138
miR-22-3p 3075.632 -3075.632 50479.14 -3649.859 74862.44 59862.19 85113.25 78336.66
miR-22-5p -16.63424 16.63424 -1148.184 279.66 -1130.099 -1085.946 -1045.082 -1170.872
miR-221-3p -126.0711 126.0711 -721.7507 54.86009 -626.5376 -339.8933 -549.5138 -320.9705
miR-221-5p -7.62562 7.62562 -104.5002 13.00624 -104.38 -101.588 -117.6252 -102.2721
miR-222-3p -26.62618 26.62618 -15.27592 -86.42318 27.10843 -33.91638 9.230726 -12.04357
miR-222-5p -3.499808 3.499808 5.479894 4.408461 11.92488 20.87241 15.39496 24.63601
miR-223-3p -17.18932 17.18932 28.16988 44.09948 32.38235 100.9258 36.59443 -30.18249
miR-223-5p 1.249603 -1.249603 -43.2583 1.462097 -32.82234 -40.12295 -48.24702 -38.54502
miR-23a-3p -1000.4 1000.4 -5622.209 39.22488 -5185.746 -4986.455 -5321.1 -5464.579
miR-23a-5p 0 0 4.988723 0 0 0 0 0
miR-23b-3p -703.2753 703.2753 -2385.619 -139.4776 -2150.112 -1622.886 -2300.943 -2013.655
miR-23b-5p -5.99967 5.99967 -1.010947 -5.99967 3.426526 -2.30691 0.961561 -0.178467
miR-23c 0 0 0 0 0 2.215656 0 0
miR-24-5p 13.73696 -13.73696 -291.1369 -151.7861 -413.7102 -338.1603 -196.7861 -447.3989
miR-24-3p 263.4772 -263.4772 -1957.948 -1812.987 -2873.964 -3794.585 -3164.831 -3863.4
miR-25-3p 17.65138 -17.65138 -849.3891 33.51363 -741.9353 -581.5238 -601.4479 -1520.014
miR-25-5p -4.062541 4.062541 -3.02729 6.904048 -18.22701 -20.30116 -29.0179 -20.65001
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miR-26a-3p -13.3749 13.3749 77.95766 -6.810846 51.48392 33.66076 80.32382 81.51116
miR-26a-5p 3463.73 -3463.73 -52879.91 -3474.556 -52999.47 -58034.92 -54775.38 -51254.26
miR-26b-3p -17.93712 17.93712 -71.1438 -25.32439 -68.06642 -37.67774 -54.36599 -77.06902
miR-26b-5p 789.7067 -789.7067 -11546.73 3147.567 -10640.06 -11886.44 -8667.377 -10965.77
miR-27a-3p -1627.286 1627.286 -8737.345 -6803.316 -8846.18 -9578.912 -6876.53 -13339.76
miR-27a-5p 1.185895 -1.185895 6.289976 -6.352476 -18.65538 -38.41117 -7.419401 -6.086738
miR-27b-3p 1028.224 -1028.224 -72122.56 -28647.41 -71769.35 -75799.87 -74533.32 -81913.34
miR-27b-5p -14.24976 14.24976 134.7326 -2.974666 110.6322 47.27352 97.17587 103.1172
miR-28-3p 15.6219 -15.6219 105.4274 55.86211 130.7093 184.0417 193.5205 214.8861
miR-28-5p 130.8365 -130.8365 1.30321 -111.0761 37.33865 87.58737 46.27236 79.78372
miR-296-5p -3.624892 3.624892 -12.38523 -4.946675 -11.37547 -4.818569 -7.429338 -9.61235
miR-299-3p -13.43708 13.43708 43.20439 -8.460423 75.54951 80.2432 115.4554 120.8389
miR-299-5p 4.812172 -4.812172 7.160764 0.836592 14.04022 16.60584 0.160136 6.830234
miR-29a-3p 1819.083 -1819.083 -891.5022 474.5783 2840.985 -6406.215 5431.795 -9129.017
miR-29a-5p -10.93715 10.93715 75.66073 31.02307 84.76406 104.0821 110.0598 70.30485
miR-29b-5p 6.999032 -6.999032 -5.166371 9.385247 -30.43628 1.722866 -27.29404 26.69729
miR-29b-3p -103.4402 103.4402 293.0247 -82.52478 1058.732 1007.077 1342.198 903.1294
miR-29c-3p -99.8171 99.8171 3351.919 60.36343 4837.248 4423.395 5668.56 4264.853
miR-29c-5p -6.312964 6.312964 58.89638 -1.017567 107.8322 133.5064 127.8915 130.3639
miR-301a-3p -8.624836 8.624836 32.42988 9.024254 56.88578 65.75089 103.7422 87.24783
miR-301a-5p -1.000164 1.000164 -18.034 -1.235086 -22.85786 -24.39674 -25.04776 -33.99791
miR-302a-3p 0 0 0 0 0 69.91626 0 0
miR-302a-5p 0 0 0 0 0 711.2256 0 0
miR-302b-3p 0 0 0 0 0 860.9055 0 0
miR-302c-3p 0 0 0 0 0 29.54208 0 0
miR-302c-5p 0 0 0 0 0 19.20235 0 0
miR-302d-3p 0 0 0 0 0 86.90296 0 0
miR-3065-5p 0 0 0 0 0 3.69276 0 0
miR-3074-3p -3.499808 3.499808 -3.499808 -3.499808 -3.499808 -3.499808 -3.499808 -3.499808
miR-3074-5p 0 0 0 0 4.284635 5.169865 0 0
miR-30a-3p -11.54212 11.54212 186.268 -52.73223 457.0833 263.3468 263.4401 417.6412
miR-30a-5p 11605.94 -11605.94 9241.694 -4209.042 8785.36 -7027.201 11563.61 19565.77
miR-30b-3p 8.122166 -8.122166 88.89988 -76.44361 51.50932 23.81974 30.76444 164.0434
miR-30b-5p 50.55415 -50.55415 11410.26 3470.637 9296.705 3131.459 8460.668 8343.406
miR-30c-3p -16.31657 16.31657 336.8674 -49.37727 469.1912 539.3811 468.4864 670.2563
miR-30c-5p 1202.33 -1202.33 -25090.1 -512.2085 -26129.33 -25439.95 -26324.27 -22910.37
miR-30d-3p -25.37563 25.37563 -111.101 2.672226 -82.95293 -114.9476 -123.7568 -97.75669
miR-30d-5p 4627.443 -4627.443 -32788.83 -4946.207 -35342.11 -38338.84 -35481.74 -36212.39
miR-30e-3p 5.582902 -5.582902 116.6585 -51.42177 -162.4259 -176.4466 -225.0672 -43.33263
miR-30e-5p 22091.49 -22091.49 4978.678 7144.386 -23563.59 -35749.31 -24512.96 13164.53
miR-31-3p -9.749574 9.749574 247.1336 11.03339 320.807 323.0867 283.0291 294.8879
miR-31-5p 74.80198 -74.80198 1132.667 82.08971 1945.528 1674.711 1925.553 1528.893




184

miR-32-3p -1.437521 1.437521 3.393404 -7.523468 8.289391 12.98059 15.26128 11.57433
miR-32-5p -5.376363 5.376363 529.6158 35.86689 607.3161 672.0121 818.4092 690.3362
miR-320a-3p 5.116935 -5.116935 -413.7603 -86.69613 -410.1014 -347.5369 -268.7338 -187.8569
miR-320b -0.62502 0.62502 -3.885734 -1.477268 2.408414 -4.196961 -4.565124 -2.729854
miR-320c 0 0 0 0.806966 0.856927 0 0 0
miR-320d 0 0 0 0.806966 0 0 0 0
miR-323a-3p 0.874861 -0.874861 -7.885478 6.331594 -6.018786 -6.965785 -6.907432 -12.8742
miR-324-3p -0.125157 0.125157 18.02955 5.629853 53.96381 42.33477 41.75546 17.81535
miR-324-5p -11.37516 11.37516 -10.88548 -17.77158 6.634288 27.6945 -2.326012 -5.431428
miR-326 6.373829 -6.373829 10.34359 -6.651969 54.87458 56.93056 66.60766 20.40074
miR-328-3p -17.00395 17.00395 -338.8919 -175.5203 -207.2343 -82.60985 -198.0497 -297.9594
miR-330-3p 6.936927 -6.936927 -8.965422 -8.379071 -5.654492 -8.642166 -16.9638 -5.442695
miR-330-5p 10.93634 -10.93634 39.81221 -9.666787 19.61517 43.01974 15.57414 20.20631
miR-331-3p -4.250969 4.250969 -108.9123 -38.87074 -108.6152 -110.4063 -98.22597 -111.0332
miR-331-5p 4.249657 -4.249657 -2.271771 -12.24922 7.460102 1.04472 -1.31014 -1.577012
miR-335-3p -21.43825 21.43825 -194.8073 -73.16564 -155.5828 -188.2053 -207.125 -155.3412
miR-335-5p 74.92174 -74.92174 -575.3324 94.00794 -535.9791 -564.1428 -580.959 -134.3339
miR-338-3p -13.12473 13.12473 21.8954 19.80769 32.95816 -7.276286 44.42657 29.70301
miR-338-5p -3.375015 3.375015 5.28909 -9.898146 1.511052 4.043204 -6.772489 -8.397739
miR-339-3p -5.499698 5.499698 -5.499698 -5.499698 -5.499698 -5.499698 -5.499698 -5.499698
miR-339-5p -220.6288 220.6288 -1125.596 -362.8395 -1071.891 -881.9249 -1040.021 -1575.339
miR-33a-3p -4.87486 4.87486 -19.13482 7.509528 -12.9835 -13.78382 -7.2177 -8.600339
miR-33a-5p 10.49782 -10.49782 479.9063 -2.145885 630.5828 559.5036 781.8707 531.0919
miR-340-3p -49.49903 49.49903 -234.6592 -69.45445 -226.0745 -240.3644 -227.9573 -189.2954
miR-340-5p -152.589 152.589 2927.034 -234.9295 2134.135 1291.902 2041.357 2727.728
miR-342-3p -53.5666 53.5666 180.699 -70.21814 50.76537 294.2654 -136.8245 165.2658
miR-342-5p 0 0 0 0 0 3.69276 0 11.64241
miR-345-3p 20.12238 -20.12238 -24.52703 -18.3136 -32.44203 11.23791 -32.09235 -46.08857
miR-345-5p 0 0 0 0 0 3.69276 0 0
miR-34a-3p -2.999835 2.999835 -2.999835 -2.999835 9.854069 -2.999835 -2.999835 4.761769
miR-34a-5p 15.80974 -15.80974 452.5736 71.25971 691.8192 653.6557 769.422 885.7428
miR-34b-3p -1.812482 1.812482 -14.18664 -2.889112 -5.617369 -4.585461 -14.18664 -4.484633
miR-34b-5p 0 0 0 0 0 4.431312 4.972308 6.791404
miR-34c-5p 11.74589 -11.74589 409.2021 82.40168 279.3682 249.9902 254.0225 513.8133
miR-361-3p 9.747824 -9.747824 -169.8887 27.75658 -163.1827 -128.4296 -155.195 -140.7152
miR-361-5p -70.56501 70.56501 -119.4424 -162.2052 -129.4594 -10.00254 -106.5416 -55.44196
miR-362-3p -12.69817 12.69817 887.8826 44.24596 1266.04 1594.062 1457.06 1010.7
miR-362-5p -0.439472 0.439472 -171.8371 18.17607 -168.7203 -158.2648 -163.3138 -144.3715
miR-363-3p 23.56059 -23.56059 -6.697952 -38.0548 25.70384 117.557 15.97111 35.25333
miR-365b-3p -49.28586 49.28586 -390.87 -21.2008 -203.1731 136.8638 -39.84559 11.59251
miR-365b-5p -2.437466 2.437466 2.393459 5.033619 0.434031 4.595127 0.338874 1.842575
miR-367-3p 0 0 0 0 0 4.431312 0 0
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miR-369-3p 8.436408 -8.436408 76.20026 -17.51721 114.0888 73.83368 114.4491 55.21715
miR-369-5p -7.812153 7.812153 -8.213373 -0.980513 2.093791 -3.199611 0.697384 -8.543903
miR-370-3p 0.812392 -0.812392 -3.823229 2.485575 0.614244 -2.903535 0.138202 9.621858
miR-371a-5p 0 0 0 0 0 5.169865 0 0
miR-372-3p 0 0 0 0 0 21.41801 0 0
miR-374a-3p 0 0 0 7.908269 0 5.169865 0 10.67221
miR-374a-5p 1.499845 -1.499845 -9.499405 -9.499405 -9.499405 2.317428 -4.527097 6.994004
miR-374b-3p -4.500044 4.500044 -24.55117 -11.21521 -27.9308 -26.34048 -22.64104 -31.03343
miR-374b-5p 41.42213 -41.42213 442.3097 234.807 510.4944 763.6126 410.6223 667.7597
miR-375-3p -40.46236 40.46236 2651.373 -150.8389 5554.538 4971.437 6444.823 4580.3
miR-376a-3p -2.999835 2.999835 6.977612 -2.999835 14.1387 10.2941 9.928165 1.851167
miR-376a-5p 3.437266 -3.437266 4.544692 3.34125 8.559711 12.07233 12.47412 2.383938
miR-377-3p -7.499588 7.499588 7.466582 -1.850825 10.49588 28.68946 18.35641 12.87462
miR-377-5p 0 0 0 5.648763 0 0 0 0
miR-378a-3p 3703.902 -3703.902 -11460.01 -2096.298 -11483.07 -11602.53 -12853.61 -12214.68
miR-378a-5p 3.117191 -3.117191 -459.6126 -38.50735 -561.2023 -411.2407 -518.5656 -5568.2021
miR-378b -1.749904 1.749904 -1.749904 -1.749904 -1.749904 -1.749904 -1.749904 -0.537153
miR-378c 332.4262 -332.4262 -2088.405 -325.6474 -2565.553 -2471.232 -2251.645 -3157.369
miR-378d 417.0058 -417.0058 -2415.731 -443.937 -2975.269 -2877.514 -2416.591 -3837.212
miR-378e 1.709248 -1.709248 1.879112 -1.727506 -0.738379 -0.354952 -0.126883 -1.368759
miR-378f 0 0 2.494362 3.389258 0 1.292466 0 0
miR-378g -1.499918 1.499918 17.45723 11.49224 8.783206 8.470535 6.953006 9.172288
miR-378h -1.199963 1.199963 -2.007782 1.178853 -2.343341 -1.882284 -1.124586 -4.047342
miR-378i 122.513 -122.513 -430.6015 769.5874 -545.4856 -538.815 -581.1717 -571.3911
miR-379-3p -3.625184 3.625184 -14.97612 -20.13527 -5.670994 -3.394907 -7.67032 -5.584715
miR-379-5p 20.05904 -20.05904 611.8158 6.273384 767.6802 666.1735 913.0021 857.305
miR-380-3p -0.375107 0.375107 15.29727 -4.937009 36.07646 15.82671 23.13805 41.49884
miR-380-5p -3.499808 3.499808 8.473128 3.278708 15.35258 7.578473 10.42265 17.8446
miR-381-3p 2.185694 -2.185694 231.7342 -46.55697 248.2734 366.7347 347.4884 322.1867
miR-382-3p -5.68747 5.68747 27.51903 -8.76822 22.81537 35.14682 36.21967 32.21708
miR-382-5p 4.187115 -4.187115 -0.229142 -4.499506 5.66459 -2.199593 -4.269367 -2.692882
miR-409-3p 2.93722 -2.93722 34.95067 6.52874 33.05135 41.1934 16.88621 26.78206
miR-409-5p -13.18764 13.18764 -71.96612 -35.34748 -44.40021 -56.65459 -59.2745 -72.00889
miR-410-3p -13.50006 13.50006 57.07517 16.89505 107.1616 90.02802 110.1457 56.63769
miR-411-3p -17.93691 17.93691 -13.70109 -6.448332 1.779404 -8.003255 8.465822 5.89427
miR-411-5p 42.24553 -42.24553 173.737 -15.61071 279.0548 217.0289 243.8378 182.4937
miR-421 9.686157 -9.686157 -92.7256 25.14933 -102.3974 -85.35407 -102.7359 -86.48508
miR-422a 3.952764 -3.952764 20.21229 2.915977 25.5728 20.76425 24.56261 22.07621
miR-423-3p -61.75561 61.75561 -188.946 -264.426 -214.4668 137.4434 -171.1192 44.83981
miR-423-5p -60.68678 60.68678 -91.10806 41.80631 26.30807 46.19199 51.89054 118.1036
miR-424-5p -8.687086 8.687086 22.5961 9.932387 37.38882 42.24984 37.37842 36.99
miR-425-3p -7.375597 7.375597 -43.87464 32.31292 -35.2178 -19.02894 -53.20235 -42.19122
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miR-425-5p 109.7985 -109.7985 -224.7198 27.6193 -137.2721 -26.3665 -89.36561 -62.56997
miR-4286 -21.93902 21.93902 139.6695 4.178302 158.2436 117.9239 216.3474 -139.0652
miR-429 0 0 0 0 0 3.69276 0 5.821203
miR-431-5p -2.499863 2.499863 -2.499863 -2.499863 6.926334 10.05552 6.450292 -2.499863
miR-433-3p 3.437266 -3.437266 2.549202 -3.437266 6.845858 4.686807 3.523965 8.205141
miR-433-5p 0 0 0 0 0 3.69276 0 0
miR-4443 0 0 10.97519 0 16.28161 5.908417 13.92246 6.791404
miR-4448 1.124883 -1.124883 12.83034 7.562231 29.7233 42.35844 64.47668 15.19006
miR-4454 1443.568 -1443.568 | -2963.087 1396.943 | -3743.753 | -3934.652 | -3732.208 | -4162.715
miR-449a -2.499863 2.499863 3.486605 7.667911 7.78326 6.362762 4.461368 | -2.499863
miR-4508 0 0 0 10.16777 4.284635 0 4.972308 0
miR-450a-1-

3p 0 0 12.97068 0 45.41713 32.49629 43.75631 46.56962
miR-450a-5p 24.02561 -24.02561 1.087792 -113.5199 | -10.86202 | -58.67666 -9.43184 4.608051
miR-4510 0 0 1.496617 0 4.284635 2.584932 5.220923 3.395702
miR-451a -384.4557 384.4557 -438.2635 1538.688 -2512.421 1362.378 -1587.519 1017.407
miR-452-5p 2.68727 -2.68727 -0.707184 | -0.648864 4.880872 | -0.824261 | -2.725655 3.895921
miR-455-3p -28.6252 28.6252 -40.93211 -16.30809 | -101.6915 | -41.29509 -101.437 | -91.61489
miR-455-5p -14.06586 14.06586 283.0222 -29.09144 318.5752 362.3626 430.1589 375.991
miR-4770 -7.499588 7.499588 | -7.499588 | -7.499588 | -1.501099 | -7.499588 | -0.538357 | -7.499588
miR-4791 2.312309 -2.312309 -1.325566 | -7.312034 1.257235 | -7.312034 | -7.312034 | -7.312034
miR-483-3p 0 0 0 0 0 4.431312 0 0
miR-484 -7.759526 7.759526 -475.4936 -208.8118 -427.7153 -363.6629 -390.3878 -762.1027
miR-485-3p 0 0 9.977447 0 14.56776 23.63367 11.93354 20.37421
miR-485-5p 0 0 0 0 0 8.124073 7.955693 4.851003
miR-486-3p -6.062358 6.062358 | -13.48388 | -10.08083 | -12.22683 | -11.30172 | -16.53785 | -12.13568
miR-486-5p -334.5631 334.5631 -1622.686 | -1447.253 | -2689.798 | -3579.046 -2986.38 | -3103.477
miR-487b-3p -2.937512 2.937512 -17.08779 -10.98469 -29.06073 -15.76679 -15.13827 -22.26933
miR-490-3p 73.30367 -73.30367 276.6306 -115.7691 131.1024 299.9832 226.8377 241.3126
miR-490-5p 0.999872 -0.999872 7.960027 8.076665 17.42228 19.54271 7.900931 6.494031
miR-491-5p 0 0 0 6.778516 4.284635 6.646969 7.955693 6.791404
miR-494-3p 1.187061 -1.187061 -11.28333 -8.864235 -10.62389 -19.73359 -33.30594 -13.46547
miR-495-3p -7.187242 7.187242 21.07865 19.63878 28.74634 31.27333 13.95655 28.46079
miR-496 0.812392 -0.812392 -1.827739 -8.811952 -1.09961 14.82171 -0.856259 -3.960949
miR-497-3p 4.124719 -4.124719 0.864005 -4.124719 8.729185 -0.431958 8.803282 3.636885
miR-497-5p 71.30225 -71.30225 465.691 87.32972 500.5363 507.9131 684.0083 449.7681
miR-499a-3p 0 0 0 0 0 5.908417 0 0
miR-499a-5p 327.9315 -327.9315 | -5489.604 721.8781 | -6562.874 | -6469.665 | -6527.758 | -6576.273
miR-501-3p 6.499278 -6.499278 -29.53982 -24.77216 -21.07531 -11.56937 -27.61328 -23.27176
miR-501-5p 0 0 0 0 0 3.69276 4.972308 0
miR-504-5p -19.31159 19.31159 -37.69628 -8.79242 -42.685 -6.495948 -29.757 -32.98299
miR-505-3p 0.68738 -0.68738 -5.700308 -6.038012 5.451763 15.63965 0.246763 20.32984
miR-532-3p -3.937676 3.937676 -52.08345 1.337259 -40.77854 -36.47077 -36.20818 -48.50564
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miR-532-5p 42.30282 -42.30282 -340.8884 -131.8113 -274.5891 -206.8333 -234.8822 -289.1457
miR-542-3p 36.3689 -36.3689 38.25829 8.521745 112.6288 18.84249 165.4962 163.7453
miR-542-5p 0 0 0 0 0 0 4.972308 0
miR-543 -6.999615 6.999615 -6.999615 -0.221099 -6.999615 -6.999615 -6.999615 -6.999615
miR-574-3p -28.75137 28.75137 -10.26971 -57.34225 -17.47894 181.6133 55.82703 -58.00497
miR-574-5p -13.37461 13.37461 89.02938 -3.484651 116.0475 129.3567 149.1827 166.2569
miR-582-5p 2.311653 -2.311653 12.42568 8.928833 9.379197 15.55515 8.057143 11.08832
miR-592 4.687087 -4.687087 63.12875 2.778982 114.9943 126.8084 129.4885 125.8736
miR-6128 0 0 0 0 0.856927 0 0 0
miR-615-3p 5.624417 -5.624417 -17.66336 -16.41697 -31.33813 -20.11318 -23.68923 -35.62277
miR-6516-3p 30.24786 -30.24786 -8.321685 34.44617 -41.24726 -29.43043 -35.28049 -36.39626
miR-652-3p -121.2596 121.2596 -90.19486 -194.9823 -105.7846 -36.83612 57.7804 -66.44552
miR-652-5p 0 0 0 0 12.8539 5.169865 7.955693 6.791404
miR-664a-3p 0 0 0 0 0 3.69276 0 0
miR-671-3p -12.56222 12.56222 -43.50291 -17.94537 -37.58514 -44.15236 -58.52161 -58.90979
miR-671-5p 5.874221 -5.874221 94.77257 18.4711 104.2297 125.4597 130.0545 100.1226
miR-675-3p 0 0 0 0 0 0 5.966769 0
miR-7-1-3p 1.436355 -1.436355 -105.5495 -8.040816 -118.2952 -100.3435 -134.5661 -124.5005
miR-7-5p -89.00095 89.00095 7423.489 269.1226 10287.65 8004.004 10246.93 17496.19
miR-708-3p 4.685921 -4.685921 -143.7905 -50.06714 -71.278 -84.63122 -40.53394 -119.97
miR-708-5p 59.05434 -59.05434 -147.229 121.234 -121.5899 -164.2951 -151.9721 -199.8305
miR-744-3p 0.187262 -0.187262 -5.250798 1.966692 -7.620659 -3.904759 2.609685 -7.019779
miR-744-5p 54.49285 -54.49285 -112.5041 -10.97731 -18.03266 13.20741 -31.47729 63.98715
miR-760 0 0 0 0 0 3.69276 0 4.851003
miR-766-3p 3.437266 -3.437266 -3.437266 -3.437266 -3.437266 -3.437266 -3.437266 1.413737
miR-7704 0 0 0 0 7.712342 0 0 0
miR-7975 4.812172 -4.812172 -4.812172 -4.812172 -4.812172 -4.812172 -4.812172 -4.812172
miR-7977 716.7525 -716.7525 -1734.153 601.4438 -1949.058 -1969.993 -1939.197 -2261.743
miR-802 -82.45655 82.45655 2599.559 -35.42794 4126.99 4447.806 4234.808 4479.299
miR-873-5p 0 0 5.986468 0 4.284635 0 0 0
miR-874-3p -5.312436 5.312436 7.208908 -5.792511 15.15823 50.41826 20.97706 29.19914
miR-874-5p 0.43743 -0.43743 -6.437101 -6.437101 -6.437101 -2.005788 -1.464793 -6.437101
miR-877-3p -2.999835 2.999835 -2.999835 2.648928 -2.999835 -2.999835 -2.999835 -2.999835
miR-877-5p 0 0 0 0 0 3.69276 0 0
miR-885-5p 0 0 0 0 0 10.33973 6.961231 0
miR-9-3p -3.062523 3.062523 -3.33354 6.099453 -4.799534 -4.362943 -11.38335 -4.123139
miR-9-5p 2.790414 -2.790414 -9.794838 0.699199 0.558106 2.813096 2.960147 1.81915
miR-92a-3p -159.5714 159.5714 1051.478 -253.1423 1615.26 2050.571 1980.982 1625.605
miR-92b-3p 5.561073 -5.561073 -107.6787 -30.24158 -145.5569 -57.20089 -99.90685 -104.3702
miR-93-3p -9.124808 9.124808 -31.92575 -8.422008 -23.3084 -33.71506 -46.92147 -39.37821
miR-93-5p 426.1321 -426.1321 -145.5151 562.181 -158.8382 245.1929 120.9469 -330.6846
miR-96-3p -3.99978 3.99978 -3.99978 3.908488 -3.99978 -3.99978 -3.99978 -3.99978
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miR-96-5p -48.44179 48.44179 42.92693 -52.47402 79.92236 248.1466 93.86973 774.0215
miR-98-3p 1.124738 -1.124738 99.58586 -20.08518 107.1282 125.9727 92.20111 119.3175
miR-98-5p -8.556406 8.556406 7172.937 266.0831 7827.35 5226.294 7198.798 10055.25
miR-9985 -2.698046 2.698046 -4.556608 0.934005 -12.35511 -11.27475 -4.191249 -26.68398
miR-99a-3p -3.499808 3.499808 51.37615 -3.499808 58.19893 60.01567 61.14019 72.17583
miR-99a-5p 3640.175 -3640.175 -46183.06 -10112.87 -48804.73 -49824.22 -48902.51 -48546.39
miR-99b-3p -2.000036 2.000036 -4.043642 14.41306 -18.00005 -11.44315 9.813158 -6.534926
miR-99b-5p 633.6336 -633.6336 -6116.602 -2409.276 -6442.489 -6110.605 -6624.184 -6725.213
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Supplementary Table 4. Oligonucleotides (primers, miRNAs, and siRNAs) used in this study.

(A) Primers

Name Sequence (5' to 3') Orientation Spices Application
Hoxd4-1 gATGAAGAAGGTGCACGTGAAﬂC Forward Mouse Genotyping
Hoxd4-1r | GTGTGAGCGATTTCAATCCGACG Reverse Mouse Genotyping
Hoxd3-1 GAATCCCGACAGAACTCCAAGC Forward Mouse Genotyping
Hoxd3-1r GAAGTGGAACTCCTTCTCCAGC Reverse Mouse Genotyping
Hoxd10-1 | CTTCCAGAAGACAGGAGCTGC Forward Mouse Genotyping
Hoxd10-1r | GAGCCAATTGCTGGTTGGAGTATC Reverse Mouse Genotyping
lacz-1 CTGTTCCGTCATAGCGATAACGAG Forward Mouse Genotyping
laczZ-1r GTTGCACTACGCGTACTGTGAG Reverse Mouse Genotyping
Hoxd4-14 CTGAAAGATAGGCCATCGGAGACC Forward Mouse Genotyping
10bWT-1r | GAAGTTGGATCTTTCTGCAGGAGG Reverse Mouse Genotyping
LacZ-2 CCATTACCAGTTGGTCTGGTGTC Forward Mouse Genotyping
10bWT-1r | GAAGTTGGATCTTTCTGCAGGAGG Reverse Mouse Genotyping
10b-2 CTGCTTCAGGCGATGGTGAGTAAG Forward Mouse Genotyping
10b-2r CTTGCCATGCCACATTTGAGAGTC Reverse Mouse Genotyping
10b-1a AGAAGGTCCTGGCTGCTCAGCTAC Forward Mouse Genotyping
10b-4r GAATCTGTGACTATGTGGGTACCAC Reverse Mouse Genotyping
Snord66 CTGAGACCACATGATGGGATTG Forward Mouse qPCR
?;R'lob' TACCCTGTAGAACCGAATTTGTG Forward Mouse/Human qPCR

CGAATTCTAGAGCTCGAGGCAGGC
miRTQ ?:g?gfggfg gl¢g£é¢ AG GC'IT;-(?TG Forward Mouse/Human qPCR
TTTTTTTTTTITTITTITTITTTTITTITTVN

miRTQ-
rev CGAATTCTAGAGCTCGAGGCAGG Reverse Mouse/Human qPCR
10b- CTAGAACAGTCTGAGTAGTACATTG
scram-f ATCT Forward Mouse Clone
10b- CTAGAGATCAATGTACTACTCAGAC
scram-r TGTT Reverse Mouse Clone
10b-mKIf- | CTAGACATGTTTTGTAGAAATGTGA Forward Mouse Clone
Xf CAGGGTACTAT
10b-mKIf- | ACATGTTTTGTAGAAATGTGACAGG Reverse Mouse Clone
Xr GTACTATCTAG
10b-mKIf-f | CATGTTTTGTAGAAATGTGACAGGG Forward Mouse Clone
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10b-mKif-

] CCCTGTCACA TTTCTACAAA ACATG Reverse Mouse Clone

10b-

mKIFMu- CTAGACATGTTTTGTAGAAATGTGC Forward Mouse Clone

Xf CTGAGCACTAT

10b- CTAGATAGTGCTCAGGCACATTTCT Reverse Mouse Clone

mKIMu-Xr | ACAAAACATGT

10b- GTTTTGTAGAAATGTGCCTGAGCAC Forward Mouse Clone

mKIfMu-f

10b- GTGCTCAGGCACATTTCTACAAAAC Reverse Mouse Clone

mKIfMu-r

mKIf-1 GAGGTGGGCAAGCTGAACAGAATC Forward Mouse Clone

mKIf-1r CTTCCTCTCCAGGATCGACTCAC Reverse Mouse Clone

10b-hKLF- | CTAGAGATGTTTTGTAGAAATAAGA Forward Human Clone

Xf CAGGGTACTAT

10b-hKLF- | CTAGATAGTACCCTGTCTTATTTCTA Reverse Human Clone

Xrn CAAAACATCT

10b-hKLF-

. GATGTTTTGTAGAAATAAGACAGGG Forward Human Clone

:Ob_hKLF_ CCCTGTCTTATTTCTACAAAACATC Reverse Human Clone

hKLF-1 GCTGAACAGAATCGCCTCTGCAG Forward Human Clone

hKLF-1r GCTTCCTCTCCAGGATGGACTC Reverse Human Clone

pLen-f GAGTTGTGTTTGTGGACGAAGTAC Forward Plasmid Clone

pLen-r GCAGCGTATCCACATAGCGT Reverse Plasmid Clone

pLen-1 CGTTTAGTGAACCGTCAGATCGC Forward Plasmid Clone

Luc-1r GTTGCTCTCCAGCGGTTCCATC Reverse Plasmid Clone

Luc-2r CGTTTCATAGCTTCTGCCAACC Reverse Plasmid Clone

(B) miRNAs and siRNAs

Name Sequence (5' to 3') Orientation Spices Application

miR-10b

mimic UACCCUGUAGAACCGAAUUUGUG Sense Mouse/Human In vitro/In vivo
TTAUGGGACAUCUUGGCUUAAAC Antisense

miR-10b

inhibitor UACCCUGUAGAACCGAAUUUGUG Sense Mouse/Human In vitro/In vivo
AUGGGACAUCUUGGCUUAAACAC Antisense

siKIf11-1 GUUCCUUCCCAAGUAGUUALtt Sense Mouse In vitro/In vivo
UAACUACUUGGGAAGGAACag Antisense

siKIf11-2 UCUGAUUUCUGUCCCUGUALtt Sense Mouse In vitro/In vivo
UACAGGGACAGAAAUCAGAgg Antisense

siKLF11-1 ACAGUUUACUCAGCACUAALt Sense Human In vitro
UUAGUGCUGAGUAAACUGUCcc Antisense

siKLF11-2 CACCUGAACUACCAAAAGALt Sense Human In vitro
UCUUUUGGUAGUUCAGGUGtg Antisense




Supplementary Table 5. Primary antibodies used in this study.
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MW
Name Vendor (Item #) | Host Reactivity | Clonality (kDa) | Concentration
antibodies.com Human,
KIT (A11143) Mouse | Rabbit Polyclonal 115 | 1:10 WES
R&D system Human,
KiT (AF1356) Mouse | Goat Polyclonal 1:20 IHC
Human,
Antibodies-Online Mouse,
KLF11 | (ABIN324466) Rabbit | Rat Polyclonal 57 1:100
Human,
Abcam Mouse,
Insulin (ab181547) Rabbit | Rat Monoclonal 1:100
APC-
Cy7
anti-
mouse | Biolegend
CD45 (103116) Mouse | Rat Polyclonal NA | 1:5000 FACS
Cell signaling Human,
GAPDH | (S2118) Rabbit | Mouse Polyclonal 36 1:500
Alexa™
594- Jackson
anti- ImmunoResearch
rabbit (711-585-152) Rabbit | Donkey Polyclonal NA | 1:500 IHC




Supplementary Table 6. Drugs used in this study.
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Group Dose Administration Frequency Class
o 10mg/kg Once per day till 4
Sitagliptin body weight | Oral weeks Diabetes medication
Prucalopride 2mg/kg _ Once per day till 4 Chro_niclconstipation
body weight | Oral weeks medication
. 250mg/kg Once per day till 4
Metformin body weight | Oral weeks Diabetes medication
insulin 0.75U/Kg .In.traperitoneal Once per day till 4 _ o
body weight | injection weeks Diabetes medication
Liraglutide 0.2mg/kg Sl_JbCL_Jtaneous Twice per day till 2 _ o
body weight | Injection weeks Diabetes medication
miR-10b 500 ng/g Intraperitoneal Once per week till 2
mimic body weight | injection weeks
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CHAPTER FOUR: Diabetes and Gut Dysmotility is Linked to Gut Barrier Dysfunction in

Mice Lacking miR-10b

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 gastroparesis and slow transit constipation, with approximately 50-60% of diabetics
experiencing at least one of these disorders.2* Dysregulated gut-brain axis, altered gut matility, gut
altered Gl secretion, 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 development of DGBIs, highlighting the heterogeneous nature of
these disorders. Recent studies have highlighted gut barrier dysfunction as a possible core
pathophysiological mechanism linking DGBIs to the diabetic condition.2 5 6 This is likely mediated
through gut microbiota-induced immune dysfunction, which is extremely prevalent in both
conditions.? 78 Therefore, it is of paramount importance that a treatment for gut barrier dysfunction
become clinically available for patients with diabetes and DGBISs.

Normal glucose homeostasis and gut functions require a complex coordinated interplay
between pancreatic cell types, for instance, pancreatic beta and alpha cells and Gl cell types, for
instance, interstitial cells of Cajal (ICCs), enteric neurons, smooth muscle cells (SMCs),
enteroendocrine cells, enterocytes, and immune cells.1718 Functional defects of these cells lead to
diabetes and gut dysmotility.1019-23 Proper functioning of these cells is regulated by molecular
mechanisms at the transcriptional, post-transcriptional, translational, and post-translational levels.
That is one of top reasons that the use of RNA based therapeutics offer significant advantages over
many of the traditional small molecule and protein based therapeutic options.® 10 First, they typically
are much cheaper to produce.!* Second, they are much faster to produce.® 1 Additionally, it is

much easier to deliver RNA based therapeutics to their target cells due to the advancement of
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delivery mechanisms.? 3 Therefore, RNA based drugs, such as microRNAs (miRNAs), have
immense potential for the treatment of diabetes, DGBIs, and the leaky gut.

mMiRNAs dysregulation has been linked to pathophysiological mechanisms of diabetes and
gut dysmotility.2 15 Further, miRNAs have been associated with key gut pathophysiological
mechanisms such as visceral hypersensitivity (miR-200a, -199a/b, -338, and -495), gut immune
dysfunction (miR- 29, -155, -146a/b, -192, -1464a, -155, and -122), gut barrier dysfunction (miR-16,
-29a, -219a, and -122a), as well as gut motility (-10b, -143, -551b, -222, -145, let-7f, -375, and -
128).14 1621 These mechanisms are highly relevant to gut-metabolic health and dysregulation of
these miRNAs might lead to 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, led to the onset of diabetes and gut dysmotility.2° Further, our
previous study found a novel 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 Kriippel-like
factor-11 (KLF11), where miR-10b downregulates KLF11 expression, which is a transcription factor
that then negatively regulates the expression of KIT. In the diabetic condition miR-10b is depleted
leading to increased KLF11 expression, which leads to decreased KIT expression. Since KIT
expression is essential for the functioning of 1CCs,?% 23 pacemaking cells in the gut, it is of no
surprise that previous studies have reported that loss of KIT* ICCs lead to the development of gut
dysmotility in both humans and mice.?#2% Interestingly, when the KIT* cell-specific knockout (KO)
mice were injected with the miR-10b mimic, there was restoration of KIT expression and the
diabetes and gut dysmotility phenotypes were rescued.?’ Taken together, it is clear that loss of

miR-10b plays a crucial role in the development of diabetes and gut dysmotility.

While our previous studies have elucidated the role of miR-10b 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, loss of mir-10b, a key regulator of cell

differentiation,?”2°® may impact the function and/or development of enteric neurons, resident
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macrophages, enterocytes, enteroendocrine cells, SMC, and other cells 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 (gKO) mouse model using CRISPR-
Mb3Cas12a/Mb3Cpfl. 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 mimic rescues these
phenotypes and might have substantial therapeutic potential for the treatment of diabetes, gut

dysmotility, and the leaky gut.

Materials and Methods

Animals

The Mb3Cas12a/Mb3Cpfl endonuclease was used to generate mir-10b knockout mice like
previously reported.3° Since the Mb3Cas12a can process and utilize its own CRISPR RNA (crRNA),
we used one crRNA harboring three 23nt spacers separated by three 20nt 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. Sequencing of PCR samples from the mir-10b KO mice
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. PCR was then utilized to further confirm the deletion of
mir-10b in the mice. The Institutional Animal Care and Use Committee at the University of Nevada,

Reno approved all experimental procedures.

Automated Western Blot

Mucosa was separated from the smooth muscle tissue in the colon and was homogenized
in radioimmunoprecipitation assay (RIPA) buffer using a Bullet Blender. The homogenate was then

centrifuged at 12,000 rpm for 5 minutes at 4°C. The supernatant was then collected and stored at
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-80°C. A detergent compatible Bradford assay was then performed to measure the protein
concentration of each sample. The automated WES (protein simple) was used to analyze protein

expression.

In Vivo Metabolic Screening

Body weight and 6-hour fasting blood glucose measurements of both male and female
mice were conducted weekly between 6 and 30 weeks of age. A glucose tolerance test (GTT) was
performed by measuring the 6-hour fasting blood glucose levels as well as blood glucose levels at
15-, 30-, 60-, 90-, and 120-minutes post glucose injection (2g/kg body weight). An insulin tolerance
test (ITT) was performed by measuring the 6-hour fasting blood glucose levels as well as blood
glucose levels at 30-, 60-, 90-, and 120-minutes post Lantus insulin glargine (0.6 1U/kg) injection.20
Area under the curve analysis for both GTT and ITT was performed using GraphPad Prism 9

software.

In Vivo Functional Gastrointestinal Motility Procedures

Whole gut transit time was conducted by oral gavaging an Evans blue solution into the
mice as previously reported.2’ The mice were then monitored every 10 minutes 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 ™750.20
Images were taken before the administration of Gastrosense ™750 to ensure no autofluorescence
and then 0-, 30-, and 60-minutes post-gavage using an IVIS Lumina Ill system (PerkinElmer).
Fluorescence of the images from 0- and 30-minutes were quantified and compared to determine
the percent of gastric emptying 30 minutes following the oral gavage using Living Image
(PerkinElmer) software. Colonic transit time was measured by inserting a 3 mm glass bead 3 cm
into the colon. The time from bead placement to bead expulsion is considered the bead expulsion

time.
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Pathological Analysis

To examine the microanatomy of the mir-10b gKO mice, colon cryostat sections were
stained with Hematoxylin solution (ab220365) and Eosin Y Solution (ab246824) according to the

manufacturers protocol. Slides were then visualized using Keyence BZ-X710 microscope.

Immunohistochemical and Confocal Microscopy Analysis

Murine colon tissue was analyzed through cryostat sectioned staining as previously
described. Briefly, the slides were washed in 1X Tris-buffered saline (TBS), followed by blocking in
4% milk/1X TBS/0.1%—0.5% Triton X-114 (Sigma-Aldrich). The slides were then incubated at 4°C
with the primary antibody for 48 hours. Next, the slides were incubated with a secondary antibody
at room temperature for 2 hours. After washing with 1X TBS and treated with Fluoroshield mounting
medium with 40, 6-diamidino-2-phenylindole (Abcam). Fluoview FV10-ASW (Olympus) Viewer
software (version 3.1) on an Olympus FV1000 confocal laser scanning microscope was used to

image the slides.

Gut Permeability Assay

Mice are fasted overnight and then oral gavaged 600 mg/kg body weight of FITC-Dextran
(4kDa).3! 4 hours 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 15000 RPM for 15 minutes 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 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
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administered to male and female mir-10b gKO mice.?° Body weight, blood glucose levels, functional

gut motility assays, and gut permeability assays were performed 2-weeks post-injection.

miRNA Sequencing

Small RNA libraries were generated using an Illlumina TruSeq Small RNA Preparation Kit
(Mlumina) following manufacturer’'s instructions. The cDNA libraries were sequenced following

vendor’s instructions.

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 9 software.

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 23nt spacers separated by three 20nt direct repeats (DRs) (Figure 1B) to target the
mir-10b locus. Mice were then screened for deletion in the mir-10b gene using Sanger sequencing
(Figure 1C). The founder was selected due to it having 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 PCR (Figure 1D). mir-10b gKO mice were observed to have increased body
mass as compared to their wildtype (WT) counterparts (Figure 1E). We further confirmed the miR-
10b deficiency (Figure 1F) through miRNA-seq analysis from colonic mucosa from mir-10b KO

mice and healthy WT mice (Supplementary Table 1).

Global KO of mir-10b Leads to Body Weight Gain and Impaired Glucose Homeostasis
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Further, we wanted to see if the global loss of miR-10b leads to obesity and hyperglycemia
similar to the Kit+ cell specific conditional mir-10b KO mice. We found that male mice had
significantly increased body weight gain when compared to their WT counterparts (Figure 2A).
However, while we do see an increase in body weight in the female mir-10b gKO mice, the change
was not significant compared to WT mice (Figure 2A). Additionally, we found that both male and
female mir-10b gKO 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
gKO mice developed impaired glucose homeostasis we performed glucose and insulin tolerance
tests (GTT and ITT, respectively) (Figure 2C-F). While only males had significantly impaired
glucose tolerance, both male and female mir-10b gKO mice developed insulin resistance, as
evidenced by significantly increased area under the curve (AUC) (Figure 2D, F). Taken together,
these data suggest that a global loss of miR-10b leads to the development of impaired glucose

homeostasis.

Global mir-10b KO Mice Develop Delayed Gut Transit

It is well understood that the hyperglycemic condition is linked to gut dysmaotility.?
Therefore, we investigated whether mir-10b gKO mice also developed impaired gut motility.
Interestingly, both male and female 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). Further, we found that both male and female mir-10b gkO mice developed slow
transit constipation, which was indicated by significantly delayed colonic transit time (Figure 3B).
Finally, significantly reduced percent of gastric emptying in both male and female mir-10b gKO
mice (Figure 3C, D) indicated the development of impaired gastric emptying. Therefore, these data

indicate that gKO 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> 33 Recently, leaky gut has been proposed as a core
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pathophysiological mechanism linking these two conditions.? Therefore, we hypothesized that mir-
10b gKO mice may develop the leaky gut phenotype. First, we observed H&E staining of the distal
colon in mir-10b gKO mice and found that the epithelium was extensively disorganized, likely
caused by a breakdown of the epithelial barrier, when compared to their WT counterparts (Figure
4A). Additionally, we imaged cross sections stained with the Villin and DAPI antibodies of colon
tissue from WT and mir-10b gKO mice (Figure 4B) and found that there was decreased Villin
expression in the epithelium in mir-10b gKO 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 gKO mice had significantly increased gut permeability compared to WT mice as shown by
increased FITC-dextran in the blood serum of the mice (Figure 4C). Further, we found that there
was a significant reduction of the tight junction protein Tight junction protein-1, also known as
Zonula occludens-1 (ZO-1), in the colon of mir-10b gKO mice (Figure 4D, E). Moreover, miRNA-
seq analysis of differentially expressed miRNA from colonic mucosa from mir-10b KO mice and
healthy WT mice revealed that overexpression of miR-21a-3p, miR-200b, and miR-30e
(Supplementary Figure 1), which have been linked to the leaky gut phenotype in both in vitro and
in vivo models of impaired barrier function highlighting their role in regulating tight junction proteins
and gut immune function. Furthermore, GO terms associated with the depletion of miR-10b-5p in
colonic mucosa of mir-10b KO vs. WT revealed the GO term ‘Cell junction’ was reduced in mir-10b
KO mice as compared to WT mice (Supplementary Figure 2). Interestingly, we also found that
patients with IBS-C, a known gut motility disorder that is linked to the leaky gut, had significantly
reduced miR-10b expression as compared to healthy controls (HC) (Figure 4F). Taken together,
these data suggest that global loss of mir-10b leads to the development of the leaky gut phenotype,

and this may also be the case for a subset of patients with IBS-C.
Treatment with the miR-10b Mimic Rescues the Hyperglycemic, Gut Dysmotility, and Leaky Gut
Phenotypes

For gain of function studies, a miR-10b-5p mimic was injected into 5-month-old mir-10b

gKO mice. Additionally, a scramble (SCR) injection was given to mir-10b gKO mice as a negative
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control. We analyzed body weight of the mice and discovered that mir-10b gkO mice did not have
significant weight reduction two weeks after the mimic injection (Figure 5A); however, there was a
significant reduction in blood glucose levels 2-weeks post-injection when compared to SCR injected
mice (Figure 5B). Further, the gut dysmotility phenotype was rescued by the mimic injection as
evidenced 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 and mir-10b
gKO mice. Interestingly, the mimic injection improved gut permeability of the mir-10b gKO mice to
similar levels as their WT counterparts (Figure 5F). Further, the intestinal epithelial barrier integrity
was restored following the mimic injection (Figure 5F,G). Moreover, ZO-1 expression was restored
in mir-10b gKO mice following the mimic injection (Figure 5H, I). Further, we found that levels of
the proinflammatory cytokine TNFa were reduced in mir-10b gKO mice injected with the mimic as
compared to non-injected mir-10b gKO mice, suggesting the mimic injection decreased
inflammation in the leaky gut (Figure 5J). Additionally, miRNA-seq analysis of colonic mucosa from
mir-10b gKO mice injected with the mimic and mir-10b gKO mice that did not receive any injection
confirmed that miR-10b was depleted in mir-10b gKO mice and slightly restored miR-10b-5p in mir-
10b gKO mice following the miR-10b-5p mimic injection (Figure 5K). Interestingly, miR-10a-5p
appeared to compensate for the loss of miR-10b in the mir-10b gKO mice; however, a miR-10b-5p
mimic injection did not reduce miR-10a-5p levels (Figure 5L). In addition, leaky-gut associated
mMiRNAs (miR-21a-3p and miR-200b) were upregulated in mir-10b gKO mice (Supplementary
Figure 1A), highlighting the important role of miR-10b in maintaining barrier function and gut
immune function. miR-21a-3p and miR-200b expression was decreased to normal levels, similar
to those found in their WT counterparts, following injection with the miR-10b-5p mimic
(Supplementary Figure 1B). These data suggest that the mimic injection is able to rescue impaired
glucose homeostasis, gut dysmotility, and the leaky gut in mir-10b gKO mice. Additionally, the
mimic might have potential for the treatment of diabetes, gut motility disorders, as well as other

disorders linked to the leaky gut.

Discussion
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It has been well established that hyperglycemia and gut dysmotility have a substantial co-
occurrence; however, how these two disorders are related has been largely elusive.®* Here we
have identified a possible pathophysiological mechanism linking the two disorders, the leaky gut.
Additionally, we have identified a potential treatment option for patients suffering from conditions
linked to the leaky gut, such as IBS-C. Our data suggest that global loss of miR-10b leads to
impaired gut barrier function, which links the hyperglycemia and gut dysmotility phenotypes.

mir-10b gKO 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 has 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 is
likely caused by the degeneration of pancreatic B-cells through the KLF11-KIT pathway.2° Further,
these mice develop severe gut dysmotility as evidenced by significantly increased whole gut transit
time and colonic transit time, as well as reduced gastric emptying, which could be caused by the
loss of KIT expression in ICCs,2° along with degeneration of smooth muscle cells, macrophages,
enteric neurons, along with other cells that function to maintain gut homeostasis. Most importantly,
the diabetic and gut dysmotility phenotypes are linked by the development of the leaky gut
phenotype as shown with the development of a disorganized epithelial barrier, increased gut
permeability, and reduced ZO-1 expression. Leaky gut further led to gut immune dysfunction as
evidenced by the increased TNFa expression in colonic tissue from mir-10b gKO mice.
Overexpression 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 with the reduction of the GO term ‘cell junction’. Taken together, the mir-10b gKO
mouse model is likely a great model for studying the leaky gut and its associated conditions (gut
immune dysfunction, gut microbiota dysbiosis, etc.).

Additionally, we found that injection with a miR-10b mimic rescued the hyperglycemic, gut
dysmotility, and leaky gut phenotypes. This was evidenced by significantly improved blood glucose

levels, whole gut transit time, gastric emptying, colonic transit time as well as restored gut barrier
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integrity, decreased gut permeability, and increased ZO-1 expression 2-weeks post-injection. This
highlights the potential of the miR-10b 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 had reduced miR-10b expression as compared to healthy
controls (HC), likely contributing to the intestinal barrier dysfunction. Studies have shown miRNA
dysregulation in patients with IBS elucidating how dysregulated miRNAs modulate the leaky gut
phenotype. Recently, miRNA transcriptome data from colonic biopsies showed that miR-219-5p
levels were downregulated in IBS as compared to HCs.?! The authors demonstrated inhibition of
miR-219a-5p in IECs altered the expression of permeability-associated genes including TIJP1/Z0O-
1, E-cadherin (CDH1), carcinoembryonic antigen-related cell adhesion molecule 5 (CEA- CAM5),
and catenin delta 1 (CTNND1). Another important study showed miR-29a is involved in the
pathophysiology of IBS, by downregulating the expression of ZO-1 and CLDNL1.Y” This study
suggested that ZO-1 and CLDN1 expression in the colonic mucosa of an IBS murine model was
significantly increased following intervention with a miR-29a inhibitor, suggesting miR-29a is critical
to maintain intestinal barrier integrity. miR-29a is an important miRNA in regulating intestinal barrier
integrity in patients with IBS through its interaction with the glutamine synthetase gene.'’
Upregulation of miR-29a leads to reduced glutamine synthetase (GLUL) levels resulting in impaired
intestinal membrane permeability in patients with IBS. 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.

The leaky gut has also been associated with immune cell infiltration.36. 37 The gut epithelial
barrier is the front-line defender against pathogens and their associated molecules.38 When there
is breakdown in this defense it allows for infiltration of these harmful bacteria and molecules,
leading to an inflammatory response.l’- 2% 38 39 This chronic low-grade inflammatory response
causes the development of diabetes, gut dysmotility, as well as Parkinson’s disease and even has

been implicated in the exacerbate the symptoms of Lupus.“% 4! Therefore, it is imperative to focus
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future research on elucidating if mir-10b gKO mice also develop this inflammatory response.
Additionally, it is of paramount importance to uncover the role of miR-10b in other cells essential to
proper gut function and maintenance, such as neurons, PDGFRa cells, smooth muscle cells, etc.*%
47 Further, the leaky gut phenotype should be assessed using an Ussing chamber, which is
currently the gold standard for measuring epithelial barrier permeability. Moreover, 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.? 14. 48 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.9-51 A
landmark study showed that host fecal miRNA directly regulates gut microbial gene expression and
growth.*® This study showed that human and mouse feces contained specific miRNAs, such as
miR-155 and miR-1224. Mice deficient in the miRNA-generating protein Dicer (restricted only to
intestinal epithelial cells) had reduced levels of fecal miRNA, suggesting that IECs are a significant
source of mMiIRNA 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 provided evidence that the host can actively modulate gut microbes through
mMiRNAs. Further, one study compared the miRNA profile of IECs from conventional and GF mice
and demonstrated that miR-21-5p is induced by commensal bacteria, with implications for intestinal
barrier function regulation.52 miR-21-5p is also dysregulated in our mir-10b gKO mice and might
involve in the 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 dysmoatility to the leaky
gut phenotype, with miR-10b being a key player. This may provide new treatment options for

millions of patients suffering from conditions associated with the leaky gut.
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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 gKO mouse model. (C) Sequencing results confirming deletion of both miR-10b-5p and
miR-10b-3p. (D) PCR confirmation of the mir-10b gKO mice. (E) Gross body image comparison of

the WT and mir-10b gKO (KO) mice. (F) miR-10b miRNA reads in WT vs. KO mice.
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Figure 2: Global KO of miR-10b Leads to Body Weight Gain and Impaired Glucose

Homeostasis. (A) Body weight comparison of both male and female mir-10b gKO (KO) and WT

mice. (B) 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.
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Figure 3: Global mir-10b KO Mice Develop Delayed Gut Transit. (A) Whole gut transit time
comparison of both male and female mir-10b gkO (KO) and WT mice. (B) Colonic transit time
comparison of both male and female KO and WT mice. (C) Gastric emptying images of both male
and female KO and WT mice. (D) Quantification of percent gastric emptying after 30 minutes of

both male and female KO and WT mice..
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Figure 4: Global mir-10b KO Mice Develop the Leaky Gut Phenotype. (A) H&E staining of
colon cross sections from mir-10b gKO (KO) and WT mice. (B) Villin (red) and DAPI (blue) staining
of colon cross sections from KO and WT mice. (C) Amount of FITC-Dextran found in serum from
KO and WT mice. (D, E) Western blot and quantification of ZO-1 expression from the colon of KO
and WT mice. (F) miR-10b-5p expression from patients with IBS-C and healthy controls (HC)

normalized by snord15a expression.
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Figure 5: Treatment with the miR-10b Mimic Rescues the Hyperglycemic, Gut Dysmotility,

and Leaky Gut Phenotypes. (A) Confirmation of the restoration of miR-10b in colonic mucosa

following 10b mimic injection in mice. (B) Body weight comparison between WT non-injected (NO)

mice, mir-10b gKO (KO) mice either injected with the scramble (SCR) RNA or the miR-10b (10b)
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mimic, and NO KO mice. (C) Blood glucose comparison between NO WT, NO KO, SCR KO, and
10b mimic injected KO mice. (D) Comparison of whole gut transit time between NO WT, NO KO,
SCR KO, and 10b mimic injected KO mice. (E) Colonic transit time comparison between NO WT,
NO KO, SCR KO, and 10b mimic injected KO mice. (F) Comparison of percent gastric emptying
between NO WT, NO KO, SCR KO, and 10b mimic injected KO mice. (G) Amount of FITC-Dextran
found in serum from NO WT, NO KO, and 10b mimic injected KO mice. (H) Top: H&E staining of
colon cross sections from WT, KO, and mimic injected KO mice. Bottom: Villin (red) and DAPI
(blue) staining of colon cross sections from WT, KO, and mimic injected KO mice. (I, J) Western
blot and quantification of ZO-1 expression from the colon of WT, KO, and mimic injected KO mice.
(K) Top 10 differentially expressed miRNAs in WT, KO and 10b mimic injected mice. (L) TNFa

expression in WT, KO and 10b mimic injected mice.
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Table 1: Differentially expressed miRNAs in colonic mucosa from WT, KO, and 10b injected mice

miRNA name MiRNA reads in colonic mucosa Changes in miRNA reads
WT KO KO+10b KO-WT (KO+10b)-KO

miR-145a-5p 261,621 83,319 529,831 -178,302 446,512
miR-378a-3p 211,958 153,738 66,829 -58,220 -86,909
miR-23a-3p 118,055 77,778 68,171 -40,277 -9,607
miR-429-3p 83,919 46,991 74,855 -36,928 27,864
miR-23b-3p 75,844 41,292 51,637 -34,552 10,345
miR-27a-3p 96,824 64,676 111,800 -32,148 47,124
miR-27b-3p 299,991 277,980 567,023 -22,011 289,043
miR-10b-5p 18,057 14 469 -18,043 455
miR-142a-5p 31,674 14,200 47,347 -17,474 33,147
miR-141-3p 54,818 43,461 51,514 -11,357 8,053
miR-16-5p 19,832 11,045 15,507 -8,787 4,462
miR-29a-3p 101,418 95,703 255,114 -5,715 159,411
miR-24-3p 30,796 26,266 36,240 -4,530 9,974
miR-106b-5p 12,265 8,351 8,926 -3,914 575
miR-378c 14,557 10,964 10,241 -3,593 -723
let-7d-3p 14,833 11,921 2,284 -2,912 -9,637
miR-574-3p 5,710 2,813 954 -2,897 -1,859
miR-215-3p 4,718 1,875 3,846 -2,843 1,971
miR-29c¢-3p 4,730 2,314 6,116 -2,416 3,802
let-7c-3p 4,669 2,398 6,158 -2,271 3,760
miR-99b-5p 23,690 21,848 22,007 -1,842 159
miR-345-5p 4,250 2,432 4,234 -1,818 1,802
miR-182-5p 19,307 17,564 19,337 -1,743 1,773
miR-362-3p 4,081 2,463 3,679 -1,618 1,216
miR-342-3p 4,674 3,074 1,174 -1,600 -1,900
miR-130a-3p 2,722 1,234 1,945 -1,488 711
miR-378a-5p 4,742 3,258 857 -1,484 -2,401
miR-125a-5p 8,251 6,833 6,918 -1,418 85
miR-136-3p 3,725 2,310 2,047 -1,415 -263
miR-195a-5p 7,192 5,894 6,458 -1,298 564
miR-145a-3p 11,099 9,886 24,569 -1,213 14,683
miR-210-3p 9,973 8,888 10,020 -1,085 1,132
miR-194-3p 1,945 1,039 1,696 -906 657
miR-133b-3p 2,158 1,286 1,726 -872 440
miR-196b-5p 9,152 8,294 4,556 -858 -3,738
miR-30e-3p 3,650 2,828 8,105 -822 5,277
miR-1839-5p 3,865 3,086 1,595 -779 -1,491
miR-451a 1,615 849 2,164 -766 1,315
miR-365-3p 1,957 1,200 1,649 -757 449
let-7b-3p 1,551 870 980 -681 110
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miR-145b 759 78 1,443 -681 1,365
miR-18a-5p 1,827 1,158 1,071 -669 -87
miR-328-3p 1,533 895 245 -638 -650
miR-500-3p 1,237 609 595 -628 -14
let-7f-3p 1,285 687 1,828 -598 1,141
miR-150-5p 1,187 613 410 -574 -203
miR-329-3p 916 357 111 -559 -246
miR-582-5p 1,087 537 918 -550 381
miR-350-3p 1,112 563 382 -549 -181
miR-214-3p 2,749 2,211 371 -538 -1,840
miR-541-5p 2,949 2,412 306 -537 -2,106
miR-192-3p 1,679 1,147 1,487 -532 340
miR-425-5p 3,595 3,109 3,872 -486 763
miR-22-5p 1,165 682 1,654 -483 972
miR-154-5p 732 256 114 -476 -142
miR-149-5p 982 513 271 -469 -242
miR-382-3p 950 495 315 -455 -180
miR-16-3p 849 436 553 -413 117
miR-425-3p 899 489 722 -410 233
miR-7a-3p 916 509 915 -407 406
miR-10a-3p 788 382 397 -406 15
miR-199b-5p 18,511 18,221 10,158 -290 -8,063
miR-193a-3p 549 262 288 -287 26
miR-181d-5p 2,574 2,296 2,338 -278 42
miR-495-3p 606 336 76 -270 -260
miR-223-3p 1,438 1,179 1,821 -259 642
miR-28c 3,478 3,227 5,739 -251 2,512
miR-320-3p 3,880 3,640 963 -240 -2,677
miR-92b-3p 1,165 947 259 -218 -688
miR-26a-3p 368 158 560 -210 402
miR-212-3p 393 201 170 -192 -31
miR-337-3p 256 71 61 -185 -10
miR-5099 892 717 530 -175 -187
miR-193b-3p 414 241 162 -173 -79
miR-369-3p 518 350 189 -168 -161
miR-29b-3p 1,249 1,086 2,808 -163 1,722
miR-139-5p 6,964 6,801 2,620 -163 -4,181
miR-140-3p 7,968 7,806 5,233 -162 -2,573
miR-652-3p 5,850 5,689 3,592 -161 -2,097
miR-15b-3p 560 418 1,101 -142 683
miR-98-3p 175 39 182 -136 143
miR-196a-3p 502 367 733 -135 366
miR-511-3p 427 293 449 -134 156
miR-137-3p 420 289 719 -131 430
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miR-333 273 153 224 -120 71
miR-652-5p 175 60 33 -115 -27
miR-664-3p 360 247 69 -113 -178
let-7i-3p 537 427 327 -110 -100
miR-6690-3p 155 49 30 -106 -19
miR-181b-5p 2,562 2,460 1,474 -102 -986
miR-93-3p 218 118 220 -100 102
miR-124-3p 168 77 100 -91 23
miR-204-5p 204 121 79 -83 -42
miR-300-3p 2,291 2,208 1,356 -83 -852
let-7g-3p 250 170 204 -80 34
miR-3068-3p 405 326 454 -79 128
miR-490-3p 295 217 402 -78 185
miR-674-5p 280 204 37 -76 -167
miR-1843a-3p 84 10 12 -74 2
miR-26b-3p 221 149 204 -72 55
miR-501-5p 112 40 0 -72 -40
miR-872-5p 1,980 1,908 4,574 -72 2,666
miR-1839-3p 384 315 432 -69 117
miR-324-3p 122 53 17 -69 -36
miR-29a-5p 219 151 418 -68 267
miR-376b-5p 124 60 58 -64 -2
miR-125a-3p 102 39 41 -63 2
miR-9-5p 514 452 440 -62 -12
miR-490-5p 61 0 64 -61 64
miR-29c¢-5p 287 230 302 -57 72
miR-187-3p 479 424 221 -55 -203
miR-671-3p 145 92 104 -53 12
miR-1843b-3p 50 0 8 -50 8
miR-15a-3p 220 170 142 -50 -28
miR-181b-1-3p 95 49 198 -46 149
miR-154-3p 186 141 53 -45 -88
miR-30b-3p 232 187 408 -45 221
miR-744-3p 177 135 162 -42 27
miR-335-3p 127 85 273 -42 188
miR-450a-5p 937 896 359 -41 -537
miR-487b-3p 102 60 59 -42 -1
miR-3105-3p 196 156 309 -40 153
miR-191-3p 80 40 61 -40 21
miR-130a-5p 55 15 23 -40 8
miR-1247-5p 46 7 0 -39 -7
miR-101a-5p 38 0 26 -38 26
miR-34b-3p 50 13 67 -37 54
miR-676-3p 153 116 115 -37 -1




219

miR-20a-3p 98 61 120 -37 59
miR-708-5p 320 284 725 -36 441
miR-188-5p 108 72 69 -36 -3
miR-30a-3p 2,202 2,167 6,155 -35 3,988
miR-384-3p 41 7 90 -34 83
miR-133a-5p 70 36 205 -34 169
miR-378b 194 160 131 -34 -29
miR-802-5p 68 35 26 -33 -9
miR-671-5p 137 106 64 -31 -42
miR-103-5p 31 0 0 -31 0
miR-669¢c-5p 89 59 8 -30 -51
miR-421-3p 270 240 399 -30 159
miR-323-3p 91 61 47 -30 -14
let-7e-3p 154 124 142 -30 18
miR-337-5p 244 215 62 -29 -153
miR-466¢c-3p 47 18 15 -29 -3
miR-132-3p 699 671 217 -28 -454
miR-8103 27 0 0 -27 0
miR-141-5p 349 323 301 -26 -22
miR-7033-5p 26 0 0 -26 0
miR-138-5p 66 42 65 -24 23
miR-125b-3p 249 224 736 -25 512
miR-450a-3p 45 24 0 -21 -24
miR-450b-3p 45 24 0 -21 -24
miR-467d-3p 32 12 8 -20 -4
miR-708-3p 107 86 455 -21 369
miR-214-5p 264 244 126 -20 -118
miR-130b-3p 590 570 412 -20 -158
miR-129-3p 171 152 117 -19 -35
miR-467b-5p 39 20 65 -19 45
miR-190a-3p 44 25 41 -19 16
miR-210-5p 44 26 161 -18 135
miR-34c-3p 17 0 14 -17 14
miR-551b-3p 17 0 9 -17 9
miR-203-5p 41 25 19 -16 -6
miR-3105-5p 26 10 12 -16 2
miR-129-5p 63 47 56 -16 9
miR-129-3p 95 81 58 -14 -23
miR-30c-3p 381 367 215 -14 -152
miR-330-5p 158 145 128 -13 -17
miR-326-3p 825 811 257 -14 -554
miR-598-3p 172 159 195 -13 36
miR-12191-3p 12 0 0 -12 0
miR-211-5p 12 0 0 -12 0
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miR-212-5p 158 146 118 -12 -28
miR-542-5p 19 7 0 -12 -7
miR-297b-5p 11 0 9 -11 9
miR-381-5p 11 0 0 -11 0
miR-27b-5p 252 241 246 -11 5
miR-669d-5p 30 20 20 -10 0
miR-6418-3p 10 0 0 -10 0
miR-540-3p 17 7 0 -10 -7
miR-540-5p 147 138 28 -9 -110
miR-504-5p 9 0 0 -9 0
miR-544-3p 9 0 0 -9 0
miR-297a-5p 8 0 6 -8 6
miR-297b-3p 22 14 22 -8 8
miR-1a-5p 8 0 12 -8 12
miR-201-5p 8 0 0 -8 0
miR-222-5p 8 0 23 -8 23
miR-3098-5p 8 0 0 -8 0
miR-3110-5p 8 0 14 -8 14
miR-18a-3p 31 24 0 -7 -24
miR-34a-3p 15 7 14 -8 7
miR-758-3p 21 14 19 -7 5
miR-1198-3p 7 0 0 -7 0
miR-188-3p 7 0 12 -7 12
miR-206-3p 7 0 0 -7 0
miR-23a-5p 7 0 8 -7 8
miR-3072-3p 7 0 0 -7 0
miR-467d-5p 7 0 41 -7 41
miR-672-3p 7 0 0 -7 0
miR-873a-5p 7 0 12 -7 12
miR-1306-5p 31 25 0 -6 -25
miR-1943-5p 20 14 20 -6 6
miR-301b-3p 27 21 47 -6 26
miR-100-3p 6 0 0 -6 0
miR-146a-3p 6 0 14 -6 14
miR-375-5p 6 0 12 -6 12
miR-500-5p 6 0 0 -6 0
miR-541-3p 6 0 0 -6 0
miR-433-5p 12 7 0 -5 -7
miR-377-3p 214 209 61 -5 -148
miR-122-5p 11 7 47 -4 40
miR-3090-3p 11 7 12 -4 5
miR-466h-3p 6 2 0 -4 -2
miR-20b-5p 42 39 23 -3 -16
miR-668-3p 11 8 0 -3 -8
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miR-376¢c-5p 3 0 0 -3 0
miR-466a-5p 3 0 4 -3 4
miR-466p-5p 3 0 4 -3 4
miR-196b-3p 230 227 84 -3 -143
miR-669a-5p 8 5 2 -3 -3
miR-296-5p 18 15 0 -3 -15
miR-369-5p 25 22 28 -3 6
miR-1943-3p 19 17 31 -2 14
miR-298-5p 13 11 0 -2 -11
miR-9-3p 34 32 105 -2 73
miR-344d-3p 2 0 0 -2 0
miR-669b-5p 2 0 0 -2 0
miR-106a-5p 22 21 19 -1 -2
miR-466¢-5p 6 4 0 -2 -4
miR-669-5p 4 3 0 -1 -3
miR-874-3p 77 77 17 0 -60
miR-505-3p 16 15 9 -1 -6
miR-184-3p 6 7 0 1 -7
miR-376a-5p 6 7 0 1 -7
miR-677-5p 6 7 8 1 1
miR-1964-3p 12 14 0 2 -14
miR-1193-3p 64 66 25 2 -41
miR-1197-3p 8 10 8 2 -2
miR-99a-3p 22 25 22 3 -3
miR-331-5p 23 26 33 3 7
miR-19b-1-5p 7 10 0 3 -10
miR-503-3p 7 10 0 3 -10
miR-666-5p 17 21 0 4 -21
miR-182-3p 7 11 26 4 15
miR-467e-5p 30 35 79 5 44
miR-3073a-3p 16 21 0 5 -21
miR-299a-5p 131 137 44 6 -93
miR-8112 8 14 0 6 -14
miR-338-5p 71 78 61 7 -17
miR-664-5p 17 24 44 7 20
miR-7219-3p 6 13 8 7 -5
miR-219a-3p 7 14 9 7 -5
miR-493-5p 7 15 8 8 -7
miR-499-5p 7 15 34 8 19
miR-376a-3p 76 85 65 9 -20
miR-676-5p 15 24 92 9 68
miR-31-5p 27 36 25 9 -11
miR-374c-3p 52 63 122 11 59
miR-1968-5p 22 33 0 11 -33




222

miR-346-5p 0 11 0 11 -11
miR-365-5p 0 11 22 11 11
miR-491-5p 8 20 0 12 -20
miR-186-3p 31 43 9 12 -34
miR-377-5p 6 18 0 12 -18
miR-3547-3p 0 13 0 13 -13
miR-485-5p 29 43 0 14 -43
miR-195a-3p 114 128 103 14 -25
miR-99b-3p 93 107 48 14 -59
miR-125b-3p 156 171 304 15 133
miR-673-5p 12 28 8 16 -20
miR-532-3p 136 152 36 16 116
miR-34b-5p 0 17 26 17 9
miR-431-3p 0 17 0 17 -17
miR-452-5p 7 24 19 17 -5
miR-543-3p 103 120 34 17 -86
miR-200c-5p 11 29 26 18 -3
miR-384-5p 0 18 8 18 -10
miR-380-3p 30 49 56 19 7
miR-665-3p 66 85 8 19 -77
miR-301a-5p 49 68 62 19 -6
miR-380-5p 7 28 20 21 -8
miR-144-5p 22 45 62 23 17
miR-467c-5p 17 40 48 23 8
miR-582-3p 58 82 209 24 127
miR-363-3p 8 32 0 24 -32
miR-879-5p 23 49 78 26 29
miR-32-3p 65 91 19 26 -72
miR-350-5p 29 56 31 27 -25
miR-1981-3p 20 47 28 27 -19
miR-135a-5p 17 45 38 28 -7
miR-409-3p 367 394 89 27 305
miR-25-5p 16 43 26 27 -17
miR-3102-3p 52 81 0 29 -81
miR-299a-3p 296 326 123 30 203
miR-488-3p 25 56 232 31 176
miR-667-3p 15 49 0 34 -49
miR-433-3p 71 106 25 35 -81
miR-486b-5p 237 272 178 35 -94
miR-92a-5p 16 52 51 36 -1
miR-205-3p 17 53 25 36 -28
miR-193a-5p 11 47 45 36 -2
miR-335-5p 185 223 574 38 351
miR-3081-3p 26 66 8 40 -58




miR-152-5p 211 251 118 40 -133
miR-485-3p 55 98 0 43 -98
miR-222-3p 765 811 591 46 -220
miR-382-5p 322 369 44 47 -325
miR-96-3p 15 67 45 52 -22
miR-181c-3p 644 697 890 53 193
miR-877-3p 55 112 0 57 -112
miR-139-3p 65 124 44 59 -80
miR-134-5p 455 516 201 61 -225
miR-376¢-3p 55 116 69 61 -47
miR-322-3p 1,230 1,294 669 64 -625
miR-1981-5p 8 72 8 64 -64
miR-147-5p 113 180 748 67 568
miR-140-5p 1,192 1,260 1,122 68 -138
miR-672-5p 185 254 28 69 -226
miR-148b-5p 99 169 165 70 -4
miR-132-5p 56 128 94 72 -34
miR-379-3p 124 206 78 82 -128
miR-153-3p 170 252 182 82 -70
miR-155-5p 605 693 422 88 -271
miR-450b-5p 176 265 53 89 -212
miR-431-5p 48 137 51 89 -86
miR-29b-5p 32 121 51 89 -70
miR-330-3p 27 116 28 89 -88
miR-219a-5p 74 168 25 94 -143
miR-496a-3p 44 138 44 94 -94
miR-324-5p 256 351 243 95 -108
miR-1843b-5p 253 350 356 97 6
miR-196a-5p 1,894 1,992 680 98 -1,312
miR-700-5p 215 315 98 100 -217
miR-6538 52 156 104 104 -52
miR-340-3p 57 163 373 106 210
miR-434-3p 1,343 1,455 747 112 -708
miR-221-5p 67 190 268 123 78
miR-28a-3p 589 719 556 130 -163
miR-224-5p 1,049 1,179 265 130 -914
miR-374b-5p 2,309 2,439 9,151 130 6,712
miR-136-5p 300 440 268 140 -172
miR-674-3p 751 896 603 145 -293
miR-339-3p 39 194 173 155 -21
miR-331-3p 629 785 344 156 -441
miR-1198-5p 213 374 44 161 -330
miR-1983 232 396 209 164 -187
miR-700-3p 425 591 117 166 -474
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miR-345-3p 509 680 730 171 50
miR-130b-5p 179 354 165 175 -189
miR-128-3p 863 1,042 263 179 -779
miR-27a-5p 161 343 726 182 383
miR-338-3p 118 318 443 200 125
miR-411-3p 209 410 323 201 -87
miR-183-3p 29 231 83 202 -148
miR-361-3p 343 555 151 212 -404
miR-494-3p 31 247 65 216 -182
miR-410-3p 304 523 458 219 -65
miR-181a-3p 558 790 804 232 14
miR-106b-3p 1,022 1,256 566 234 -690
miR-329-5p 73 307 65 234 -242
miR-361-5p 2,001 2,246 1,325 245 -921
miR-574-5p 485 751 41 266 -710
miR-221-3p 3,635 3,911 3,654 276 -257
miR-362-5p 1,185 1,464 1,565 279 101
miR-190a-5p 21 304 97 283 -207
miR-30d-3p 190 473 889 283 416
miR-17-3p 672 958 616 286 -342
miR-503-5p 359 651 128 292 -523
miR-15a-5p 1,742 2,035 2,443 293 408
miR-351-5p 272 604 316 332 -288
miR-144-3p 324 689 725 365 36
miR-34a-5p 1,526 1,893 564 367 -1,329
miR-542-3p 90 466 125 376 -341
miR-301a-3p 146 523 309 377 -214
miR-218-5p 507 885 666 378 -219
miR-127-5p 292 675 344 383 -331
miR-34c-5p 282 668 882 386 214
miR-434-5p 805 1,245 717 440 -528
miR-148a-5p 928 1,391 1,963 463 572
miR-381-3p 719 1,225 641 506 -584
miR-501-3p 456 991 215 535 -776
miR-423-3p 791 1,331 390 540 -941
miR-21a-3p 462 1,062 840 600 -222
miR-409-5p 295 914 362 619 -552
miR-339-5p 3,102 3,722 3,049 620 -673
miR-3068-5p 1,264 1,893 2,681 629 788
miR-497a-5p 3,229 3,874 2,697 645 -1,177
miR-872-3p 225 894 815 669 -79
miR-33-5p 164 848 137 684 -711
miR-24-5p 1,608 2,311 4,405 703 2,094
miR-181c-5p 2,788 3,492 3,659 704 167
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miR-484 6,606 7,343 5,256 737 -2,087
miR-19b-3p 5,820 6,562 3,425 742 -3,137
miR-532-5p 781 1,545 528 764 -1,017
miR-322-5p 1,029 1,841 606 812 -1,235
miR-32-5p 736 1,624 706 888 -918
miR-455-3p 726 1,623 271 897 -1,352
miR-93-5p 16,824 17,740 7,958 916 -9,782
miR-423-5p 1,302 2,226 320 924 -1,906
miR-379-5p 417 1,579 620 1,162 -959
miR-142a-3p 1,587 2,753 1,804 1,166 -949
miR-7b-5p 873 2,099 3,249 1,226 1,150
miR-185-5p 1,964 3,400 2,670 1,436 -730
miR-151-3p 2,498 4,008 1,062 1,510 -2,946
miR-455-5p 1,390 2,987 1,048 1,597 -1,939
miR-200a-5p 595 2,237 2,028 1,642 -209
miR-200b-5p 912 2,681 783 1,769 -1,898
miR-26a-5p 120,950 | 122,738 128,088 1,788 5,350
miR-20a-5p 14,812 16,650 9,899 1,838 -6,751
miR-127-3p 10,203 12,073 2,006 1,870 -10,067
miR-15b-5p 3,230 5,119 2,770 1,889 -2,349
miR-19a-3p 634 2,633 627 1,999 -2,006
miR-107-3p 2,974 4,998 3,959 2,024 -1,039
miR-98-5p 1,662 3,821 3,057 2,159 764
miR-744-5p 479 2,646 401 2,167 -2,245
miR-146b-5p 1,173 3,405 2,583 2,232 -822
miR-26b-5p 46,415 48,655 72,583 2,240 23,928
miR-186-5p 3,876 6,184 8,655 2,308 2,471
miR-147-3p 5,398 7,883 8,857 2,485 974
miR-183-5p 24,064 26,951 13,434 2,887 -13,517
miR-92a-3p 2,717 5,644 973 2,927 -4,671
miR-205-5p 6,205 9,595 2,282 3,390 -7,313
miR-143-5p 1,387 4,827 13,503 3,440 8,676
miR-126a-5p 21,218 24,824 40,238 3,606 15,414
miR-22-3p 18,186 22,016 43,298 3,830 21,282
let-7e-5p 2,350 6,493 1,268 4,143 -5,225
miR-17-5p 4,346 8,688 3,593 4,342 -5,095
miR-1a-3p 2,989 7,441 22,584 4,452 15,143
miR-7a-5p 3,110 7,580 7,875 4,470 295
miR-340-5p 6,842 11,537 9,605 4,695 -1,932
miR-148b-3p 4,603 10,136 11,624 5,533 1,488
miR-199b-3p 34,591 40,360 32,452 5,769 -7,908
miR-25-3p 12,505 18,788 9,657 6,283 9,131
miR-96-5p 4,062 10,364 9,602 6,302 -762
miR-181a-5p 7,924 14,379 4,051 6,455 -10,328
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let-7d-5p 9,713 16,641 13,073 6,928 -3,568
miR-151-5p 8,997 16,079 13,073 7,082 -3,006
miR-215-5p 85,529 92,654 175,976 7,125 83,322
miR-10a-5p 42,206 50,417 49,136 8,211 -1,281
miR-199a-5p 15,354 24,214 19,856 8,360 -4,358
miR-125b-5p 7,257 16,539 17,321 9,282 782
miR-100-5p 14,536 24,780 38,282 10,244 13,502
miR-99a-5p 14,536 24,780 38,282 10,244 13,502
miR-203-3p 2,687 13,832 9,570 11,145 -4,262
miR-146a-5p 9,351 20,555 12,452 11,204 -8,103
miR-101a-3p 42,718 54,813 56,691 12,095 1,878
let-7b-5p 20,853 33,448 8,691 12,595 24,757
miR-126a-3p 38,616 53,124 82,351 14,508 29,227
miR-152-3p 34,337 50,079 26,964 15,742 -23,115
miR-103-3p 9,567 27,480 14,302 17,913 -13,178
miR-191-5p 21,335 42,182 40,269 20,847 -1,913
miR-200c-3p 17,423 39,162 13,609 21,739 -25,553
miR-375-3p 93,198 | 115,315 54,757 22,117 -60,558
miR-30b-5p 11,103 36,242 19,843 25,139 -16,399
miR-30c-5p 9,266 34,410 28,435 25,144 -5,975
let-7i-5p 37,176 63,556 34,098 26,380 -29,458
let-7a-5p 19,060 53,329 24,447 34,269 -28,882
let-7¢c-5p 30,393 79,683 32,094 49,290 -47,589
let-7f-5p 51,022 | 105,438 112,419 54,416 6,981
miR-30d-5p 7,003 65,605 43,133 58,602 22,472
miR-30a-5p 19,934 85,382 81,404 65,448 -3,978
let-7g-5p 50,354 | 124,550 97,101 74,196 27,449
miR-194-5p 85,675 | 169,274 165,965 83,599 -3,309
miR-30e-5p 24,946 | 113,295 57,750 88,349 -55,545
miR-200b-3p 171,853 | 334,093 139,362 | 162,240 -194,731
miR-148a-3p 37,461 | 209,390 173,201 | 171,929 -36,189
miR-200a-3p 380,522 | 754,583 498,181 | 374,061 -256,402
miR-192-5p 656,011 | 1,081,718 1,341,381 | 425,707 259,663
miR-143-3p 294,225 | 954,512 1,655,929 | 660,287 701,417
miR-21a-5p 319,136 | 1,360,772 626,341 | 1,041,636 -734,431
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Supplementary Figure 1: Heat map showing the normalized expression of differentially
expressed miRNAs in colonic mucosa from WT, KO and 10b mimic injected mice obtained
by miRNA-seq analysis. Heat map colors range from dark green to dark red, representing low

and high expression, respectively.
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Supplementary Figure 2: Scatter plot of enriched GO terms associated with the depletion of

mMiR-10b-5p in colonic mucosa of mir-10b KO vs. WT.



