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AN ABSTRACT OF THE THESIS OF

Mohamed Hussein Noureldein  for PhD of Biomedical Sciences
Major: Physiology
Title: Role of Microbiota in Diabetes-Associated Colorectal Cancer

Diabetes mellitus is a complex disease that affects the whole-body metabolism and energy
utilization. The disturbances of these vital functions affect body organs in different drastic
ways. Not long ago, several studies have reported an association between diabetes mellitus
and cancer. However, the mechanistic link between these two diseases is still speculative.
Diabetes mellitus is accompanied by a chronic state of inflammation that can eventually
lead to many types of cancers including colorectal cancer (CRC). Diabetes changes the
gastrointestinal environment and hence the microbiota of the host, a condition known as
dysbiosis. Dysbiosis have emerged to be an important contributing factor for the
pathogenesis of diabetes and CRC. Throughout this PhD work, we focused on: identifying
the microbial signature associated with diabetes and CRC; and identifying the signaling
mechanism altered by dysbiosis and leading to the progression of CRC in diabetes. MKR
mice that can spontaneously develop type 2 diabetes were used in our work. For CRC
induction, another subset of mice was treated with azoxymethane and dextran sulfate
sodium, to identify the link between both diabetes and CRC. Fecal samples were collected
at different time points to detect the differences in microbiota that occur along the course of
the diseases. In parallel experiments, a subset of control mice was depleted of their
endogenous microbiota after weaning, then mice were inoculated with fecal microbial
transplant from diabetic mice and mice with CRC. After 5 weeks of transplantation, all
groups of mice were treated with azoxymethane and dextran sulfate sodium. Further, and to
verify if dysbiosis is playing a role in the observed pathogenesis, a subset of the diabetic
mice and diabetic mice with CRC were treated with probiotics or butyrate to determine the
beneficial effect of probiotics on the progression of these chronic conditions. At the end of
the treatment, 16S rRNA sequencing was performed to identify different microbial
communities in the fecal samples. Besides, at sacrifice, blood was collected, and colons
were harvested for molecular, anatomical, histological, and biochemical analysis. Our
analysis focused on inflammatory, and reactive oxygen species (ROS) production pathways.
Our results show that diabetes is associated with a defined microbial signature that is
characterized by reduction of butyrate-forming bacteria. This dysbiosis is associated with
gastrointestinal complications reflected by a reduction in colon lengths. These changes are
reversed upon treatment with probiotics or butyrate, which rectified the observed dysbiosis.
Inoculation of control mice with diabetic microbiota and cancer microbiota resulted in the
development of more aggressive CRC and higher number of polyps after chemical
induction of CRC. Diabetes-associated dysbiosis resulted in less production of beneficial
butyrate in both cecal and fecal contents, which consequently led to over-activation of
histone deacetylase (HDAC)3 enzymes. Our data also show that the downstream effectors
of HDAC3, namely inflammatory cytokines (mainly interleukin (IL)-1p) and NADPH
oxidase (NOX)4 are over-expressed in diabetic mice as a result of activation of HDAC3 in
colon tissue. Collectively our data suggest that diabetes is associated with dysbiosis
characterized by lower abundance of butyrate-forming bacteria leading to less butyrate
production and activation of HDAC3 resulting in over-expression of inflammatory
cytokines and NOX4 leading to gastrointestinal complications and CRC.
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CHAPTER 1

INTRODUCTION

1.1. Diabetes Mellitus Epidemiology

Diabetes Mellitus (DM) represents a huge health and economic burden in the
region of Middle East North Africa (MENA). It is estimated that there are 54.8 million
adults between the ages of 20 and 79 years old that suffer from diabetes in the MENA
region !. This number represents 12.8% of the population of this age group in this area.
It is more dreadful to know that 24.5 million adults of these 54.8 million are
undiagnosed and they are suffering silently and may not be diagnosed till they suffer
from diabetes-related complications . Of all the regions surveyed by the International
Diabetes Federation (IDF), the MENA region has the highest prevalence of diabetes
according to 2019 statistics ! (Figure 1).

In 2019, there were 418,900 deaths attributed to diabetes and diabetes-related
complication in the MENA region which represents 16.2% of all-cause mortality !. It is
a non-trivial number which highlights the major health burden represented by this life-
threatening condition. Intriguingly, more than half of the mortalities (58%) are people
under the age of 60 years. Diabetes-related mortality is higher in women than in men in
that region as reported by IDF !.

Most of the countries in the MENA region are middle-income countries with a
rather fluctuating economy. Unfortunately, diabetes is further pressuring that economy
by imposing health expenditure that approached 24.9 billion USD in 2019 and is

projected to increase to 32.5 billion by the year 2030 !. In Lebanon, health expenditure



related to diabetes represents 20.4% of the total health expenditure, which is the highest

proportion in the region after Sudan !.

£

<5%
5-<6%
6-<7%
7-<8%
8-<9%
>9%

Figure 1: Epidemiology of Diabetes Mellitus in the Middle East-North Africa region
(IDF, 2019).

Defects in either the insulin secretion by the pancreatic -cells or in the insulin
uptake by cells predispose DM. DM has two major types. Type 1 DM (T1DM) develops
as a consequence for the auto-immune destruction of B-cells resulting in an adequate
secretion of insulin while type 2 DM (T2DM) results from insulin resistance and
inadequate insulin action 2. Obesity is usually a co-morbidity seen with T2DM
exacerbating the insulin resistance and facilitating the development of diabetic

complications 2.

1.2. Diabetes and Colorectal Cancer
The frequent diagnosis of diabetes mellitus and cancer is noteworthy which

provoked the investigation of an association between both conditions. This interest was



first pursued by physicians as early as 1932 3. Recently, epidemiologists tried to
entangle this relation and it appears to be a causal association . It is reported that there
is 1.2-1.5 relative risk for colorectal cancer (CRC) when the patient suffers also from
diabetes mellitus °. Astonishingly, medications for diabetes mellitus are reported to be
associated with higher or lower risk of cancer while antineoplastic agents such as
immune checkpoint inhibitors are associated with higher risk for diabetes mellitus °.
Concerning mortality, diabetes is associated with higher mortality in patients with

colorectal cancers compared to people with normal blood glucose levels 7.

Many studies have reported an increased risk for CRC due to the presence of
T2DM 8. The association between colorectal cancer and T2DM is persistent regardless
of the sex or the cancer sub-site °. An association between diabetes mellitus and
colorectal cancer mortality was also previously recorded '°. Some mechanisms have
been proposed to link diabetes and CRC (reviewed in !''). However, more studies are

warranted to further explore these links.

There are an estimated 500,000 deaths each year from CRC which places CRC
as one of the most common worldwide cancers 2. CRC incidence is influenced by
many factors including body mass index, obesity, low physical activity and diet 3. The
difference between dietary patterns reflects a difference in CRC epidemiology. Diet rich
in animal protein, red and processed meat, refined grains, sweets, fat and alcohol
(Western diet) was associated with higher risk for CRC while diet rich in vegetables,
fruits, fibers, fish and olive oil (Mediterranean diet) showed protective effects '*!°, This

dietary link is a pointer towards the role of microbiota in CRC.



Colorectal cancer is the cancer of the colon epithelium. The triggers for CRC
are not completely known as 70% of CRC incidences are sporadic which may have
been triggered by certain dietary or environmental factors '°. Age is also a risk factor for
CRC as the diagnosis of CRC mainly occurs in patients over 50 years old 6. The
environmental influence on CRC occurrence is notable as only 10% of CRC cases are

due to hereditary factors 7.

There is a consensus theory on how CRC starts. Mutations in certain tumor
suppressor genes namely APC, CTNNBI and p53 or the oncogene, KRAS are believed
to be the initiators of CRC phenotype ®1°. The mutated colonic epithelial cells may
have a selective advantage. It is believed that the triad consisting of the diet, microbiota

and inflammation is the key surviving promoter for the mutated epithelial cells 2°-2°,

Treatments of CRC depends on the stage. Surgery is the first option in the
early-stage as it will prevent the dissemination of the tumor 2°. In some cases of stage II
and III patients, surgery with follow-up chemotherapy is the choice 2. Radiation is an
option in cases of rectal cancer with nodal disease 2°. The chemotherapy treatment
protocol includes 5-fluorouracil and oxaliplatin. If CRC is metastasized, the treatments
arsenal will also include irinotecan or oxaliplatin combined with a fluoropyrimidine and
leucovorin 27, Other agents that have proven noticeable efficacy are anti-Epidermal
Growth Factor Receptor (anti-EGFR), panitumumab and anti-Vascular Endothelial

Growth Factor (anti-VEGF) agents (bevacizumab, regorafenib) 28,



1.3. Diabetes Mellitus, Colorectal Cancer and Dysbiosis

The association between T2DM and CRC enticed researchers to search for a
link between both conditions. The gut and its microbial residences are suspected to be
very important mediators for this relation. Gut microbiota have recently gained much
interest as regulators of many metabolic and immunological functions of the host
together with impacting the pathogenesis of many diseases as inflammatory bowel
disorder (IBD), obesity, diabetes mellitus and cancer. The human body is a host of more
than 100 trillion bacteria, a number that exceeds the total number of the host cells by ten
times. The majority of microbiota belongs to phyla Firmicutes and Bacteroidetes with
some bacterial proportions from Proteobacteria and Actinobacteria and a few members
from Verrucomicrobia and Fusobacteria 2°. Diet shapes the gut microbiota. Diets
characterized by high intake of animal sources will enrich bacteria from Bacteroides
and Ruminococcus while Prevotella bacteria will be enriched if the diet is composed
mainly of plant sources *°. Many microbiota species can produce the beneficial butyrate
such as Clostridium group IV bacteria (for example Faecalibacterium prausnitzii) and
group XIVa, Roseburia spp., Butyricicoccus, Lactobacillus and Bifidobacterium 3'~33.

Gut microbiota influences many physiological functions including immune
stimulation, production of essential nutrients, controlling pathogenic microorganisms,
regulation of epithelial cell proliferation and differentiation 3436, These functions place
gut microbiota in the center of physiology, metabolism and nutrition 3436,

The composition of gut microbiota differs between individuals due to many
factors *’. These factors include diet, physical and psychological stress, age, different

diseases, surgery, medications, radiation and chemicals which affect both the number

and diversity of microbiota 3. Among these factors, diet appears to be the most



influential factor 3. The healthy status of the gastrointestinal tract of the host is
governed by the interplay between microbiota and diet and their involvement in the
inflammatory or metabolic pathways .

T2DM is strongly associated with disturbance of gut healthy microbiota %41,

a
condition known as diabetic dysbiosis. Several research groups tried to establish a
microbial signature for type 1 and type 2 DM #*#. Despite the complex community of
microorganisms that inhabit the digestive tract, and regardless of the conflicting
findings, these studies were able to identify different flora signatures for T1DM, T2DM
and obesity 4%, A recent clinical study has found that the microbiota of obese patients
with T2DM composed mainly of bacteria from phylum Firmicutes as well as

Clostridia and Negativicutes, while they had lower abundance of bacteria

from Verrucomicrobia, Bacteroidetes, Proteobacteria, and Elusimicrobia >!. Evidence
from literature suggests that gut microbiota plays a central role in the pathogenesis of
T2DM 325 (Figure 2), yet these studies relied on statistical correlations and educated
hypotheses with no mechanistic foundations. Therefore, studies are warranted to

delineate the molecular mechanisms by which gut microbiota mediates the pathogenesis

of T2DM and its complications.
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Figure 2: Compositional and functional alterations in the healthy
gut microbiota versus the obese-diabetic microbiota (Patterson et al., 2015).

Obesity is a major risk factor for T2DM and more than 80% of patients with
T2DM are obese. The co-occurrence of both conditions made it difficult to separate
changes in microbiota due to diabetes from those due to T2DM. Therefore, the majority
of studies focused on the obesity microbiota and observational studies that can associate
glucose intolerance (due to T2DM) with gut microbiota are scarce .

T2DM is accompanied by a chronic inflammatory state 3¢ and patients may
exhibit endotoxemia 3738, Moreover, it is suggested that lipopolysaccharides (LPS) are
one of the causes for this inflammatory state *°. Mice, that are fed on high fat diet

(HFD) to induce diabetes, show an increase in gut permeability and toxemia



concomitant with a unique gut microbial signature *°. The term “metabolic infection”
was coined to describe the contribution of gut microbiota in the endotoxemia-related
inflammation associated with T2DM %! Ag early as in the pre-diabetic stage, the host
microbiome was shown to be altered which can be manifested by the circulatory

detection of Proteobacterial DNA ¢!,

The association between gut microbiota and CRC was investigated as early as
1950s. McCoy and Mason in 1951 published a case report mentioning an association
between enterococcal endocarditis and carcinoma of the cecum 2. Since then, many
efforts were undertaken to elucidate the underlying mechanism of this association. Gut
microbiota is strongly implicated in keeping the mucosal barrier integrity, nutrient
digestion, absorption and angiogenesis ®. When the commensals in the gut are shifted
to dysbiosis and selection of pathobionts (organisms with pathogenic potential), this
dysbiosis will lead to a chronic inflammatory state that can precipitate CRC. Dysbiosis
associated with CRC include “Drivers” which initiate CRC and “Passengers” which
promotes CRC growth %, Two particular gut bacterial strains have been linked to CRC:
Bacteroides fragilis and Streptococcus bovis %°. Both Bacteroides and Bifidobacteria are
associated with a higher risk for CRC while Lactobacillus and Eubacterium
aerofaciens are believed to be protective . CRC is associated by lower abundance of
Clostridium, Roseburia, Eubacteria spp., and other butyrate-producing bacteria 763,
Although studies about the association between microbiota and CRC reported
promising and interesting results, research progression in this area has been very slow.
This slow progression arose from the difficulty in cultivating and culturing of intestinal
bacteria *°. Fortunately, the advance in whole DNA sequencing technologies made it

possible to classify and quantify gut microbiota and identify its differential growth in



healthy and diseased subjects 3°. Many studies utilized these advanced genomic
techniques to identify main bacterial species in healthy individuals and patients with
IBD and CRC . Using whole genome sequencing, Zeller et al identified 22 microbial
species that are strongly associated with CRC 7°. Our main focus in this project will be
on gut microbiota and its role in mediating diabetes-associated colorectal cancer

(Figure 3).
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Figure 3: Interplay between diabetes, obesity and microbiota in the development of
diabetic complications. Adapted from (Gonzalez et al., 2017).

Microbiota is regulated by inflammasome secreted by the host which
recognizes the host microbiota and ensures that it is in balance with the immune
responses. Abnormal microbiota arises when there is a defect in any of the components
of this inflammasome which will result in exaggerated gut inflammatory responses ’!
and may even help in the tumorigenic transformation of the colon epithelium 72,
Interestingly, these microbiota-induced inflammatory responses are believed to account

for the transmissible nature of CRC in co-housed individuals 7?. Evidence from



literature suggests that insulin resistance can induce changes in the gut microbiota and

the ensuing abnormal inflammatory responses 4.

The integrative Human Microbiome Project (iIHMP) studied the dysbiosis
induced by T2DM as one of the models for the microbiome-associated human
conditions 7°. Both T2DM and CRC share a microbial signature characterized by a
reduction in the abundance of the butyrate-forming bacteria 227, However, this

signature was not studied in the context of the association between the two conditions.

1.4. Bacterial Metabolites

Besides the effect of microbiota itself, microbiota secrete very important
metabolites that affect the host’s health. The Gut microbiota ferments undigested
dietary fibers producing short chain fatty acids (SCFAs) in the human intestines 7.
Microbiota- produced SCFAs include acetate, propionate and butyrate that are produced
in the molar ratios of 60:25:15 7. SCFAs are important in differentiation, growth arrest
and apoptosis as evidenced from experiments using colon cancer cell lines 7. This was
further proven epidemiologically as diet containing high fiber content was found to be
associated with lower incidence and growth of colon cancers #. The anti-tumor effect of
SCFAs in colon cancer cells was attributed to the induction of apoptotic cell death 8!,

One of the metabolites produced by gut microbiota is butyrate that is produced
by butyrate-producing bacteria upon digestion of dietary fibers and complex
polysaccharides by anaerobic fermentation. After its production, butyrate is absorbed
and metabolized by the epithelial cells of the colon to produce energy 32 while the

excess butyrate is going to be transported by the hepatic portal vein to reach the liver 2.
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Some of the beneficial functions of butyrate involves regulation of hepatic lipogenesis
and gluconeogenesis 34. This action can have beneficial effects on colon cancer, non-
alcoholic fatty liver disease and inflammation 3°. Butyrate acts as anti-inflammatory,
anti-tumorigenesis and protects against pathogens. Butyrate is the preferred energy
source for the colonic epithelium. The presence of butyrate guarantees healthy and
proper epithelial functions such as maintaining the intestinal barrier function % and

87-89  orchestrates epigenetic regulation, inhibits

suppressing tumorigenic transformation
inflammation and protects against DNA damage *°. Moreover, it was proven that
butyrate can inhibit proliferation and can induce apoptosis and autophagy in colorectal
cancer cells °!. These effects are not limited to colorectal cancer and there are many
clinical trials that have investigated the role of butyrate in other types of cancer 4792,
Although it is almost a fact that butyrate beneficial effects on cancer are mediated
through autophagy and apoptosis, the exact molecular mechanisms by which butyrate
induces these processes are still under-researched.

In that spirit, butyrate is a widely known histone deacetylase enzyme (HDAC)
inhibitor **>, HDAC inhibition by butyrate regulate cellular proliferation,
differentiation and energy metabolism and has been described to play a direct role in the
pathogenesis of DM “647 by increasing the differentiation and the gene expression of
insulin in B-cells *®. Moreover, butyrate was associated with reduction of plasma
glucose, insulin resistance and body weight in diabetic mice fed with high-fat diet 474,
Moreover, butyrate deficiency was portrayed to be altering glucose metabolism and to
aggravate diabetic pathogenesis ** by inducing inflammation and oxidative stress *+%°.

Figure 4 shows the proposed mechanisms by which butyrate inhibits HDAC

contributing to the pathogenesis of diabetes mellitus .
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1.5. Histone Deacetylase (HDAC) in Diabetes

From the HDAC family of enzymes that epigenetically regulates cellular
processes, HDAC3 appears to be the most significant in mediating diabetic
pathogenesis. HDAC3 selective inhibition can limit pancreatic islet infiltration, abolish
the death of B-cells and protect against development of T1DM in non-obese diabetic
(NOD) mice °°. In their review on the effect of HDAC3 inhibition, Meier and Wagner
concluded that selective inhibition of HDAC3 could be a promising strategy in the
treatment of metabolic diseases 7. Furthermore, HDAC3 was associated with the onset
and development of diabetic complications. A clinical association study assessed the
activity of HDAC3 in peripheral blood mononuclear cells of patients with T2DM and
found that its activity is higher than that of the control. Yet the underlying cause of the
observed effect was not well highlighted despite the subtle hint of an alteration in the
levels of the systemic inflammatory cytokines *®. When it comes to epigenetic
alteration, HDAC3 inhibition prevented diabetic cardiomyopathy onset by regulating
DUSP5-ERK1/2 pathway in OVE26 mice *°. Likewise, inhibition of HDAC3 protected
diabetic mice from diabetes-induced liver damage '°°. HDAC3 inhibition can also

improve glycaemia and insulin secretion in obese diabetic rats 1!,

1.6. Dysbiosis and Immunity

Resident microbiota are critical for priming the immune system in the gut and
protecting against pathogen infection. To avoid unnecessary or excessive immune
response to the resident microbiota, the immune system has evolved mechanisms to
prevent activation of inflammatory responses by microbiota. For instance, the gut

immune system does not respond to the Toll-like receptor (TLR) ligands such as LPS
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that are secreted by the microbiota 919, Other mechanisms like mucus production and
secretion of antimicrobial peptides secreted by the intestines limit the contact between
microbiota and the immune system and hence imparting intestinal homeostasis %4,
Dysregulation of normal gut microbiota can lead to colonic inflammation which can be
abolished if microbiota has been depleted using antibiotics '°>-1% Some species of
bacteria are associated with intestinal inflammation and colonic pathology such as
Bacteroides species and members of the Enterobacteriaceae family

including Klebsiella pneumoniae and Proteus mirabilis 1%°-''°. The stimulation of
immune system and the role of cytokines in promoting colonic inflammation have been

the subject of intensive research.

The inflammasome is a major signaling pathway for the innate immunity. It
consists of a multi-protein cascade that leads to the activation of caspase-1 which in turn

will cleave pro-interleukin-1p to active IL-1p !,

The intracellular Nod-like receptor (NLR) is a major component for the
inflammasome !'2, NLRP1, NLRP3 and NLRC4 are all functioning inflammasomes that
include NLR !'2, Dysbiosis disturbs the inflammasome proper response and can lead to
overproduction of IL-1B '3, IL-1pB has a major role in colitis and blocking the IL-1j
signaling pathway has been shown to protect against intestinal inflammation in animal
models %115, Several bacteria can induce IL-1p via the NLRP3 inflammasome '3,

However, the ability of microbiota to induce IL-1f in vivo has not been well studied.

In the diabetic milieu, dysbiosis affects the intestinal immune system directly

and impacts the lymphocyte-homing receptors which can lead to the development of

93-97

autoimmune diabetes , a finding that can explain the alteration in the inflammatory

14



markers observed in diabetes. IL-1f is a very important key player in the loss of B-cell
mass in T2DM !¢, Evidence from in vitro and in vivo studies all support this causative
role 16, TL-1B initiates an autoinflammatory process against B-cells resulting in the
eventual destruction of these cells contributing to the pathogenesis of diabetes and its
complications !¢, Blocking IL-1p signaling by inhibition of its receptor IL-1Ra or the
neutralization of IL-1f by antibodies have been proven beneficial in T2DM as testified
from clinical trials !'®. This blockade may correct B-cell dysfunction, protect against its

destruction and may even allow its regeneration !1°,

Likewise, immunity plays a key role in the pathogenesis of CRC. The
microenvironment surrounding the cancer cells can promote tumor growth through
aberrant inflammatory signals '!”. Cancer-promoting inflammation is mediated by many
mediators and cytokines, one of them is IL-1pB '8, Not only immune cells can secrete

IL-1B but also stromal and tumor cells '8

. High circulatory levels of IL-1p have been
detected in serums of patients with CRC and has been associated with poor prognosis
119,120 ‘Moreover, the cross talk between immune cells in the tumor microenvironment
and cancer cells have been shown to induce the secretion of IL-1p 21122 TL-1B is also

believed to promote cancer growth and invasion 123124,

Interestingly, it has been discovered that the expression of IL-1f is under
control of HDAC3. When Lagosz ef al. inhibited all HDAC enzymes, they reported a
significant reduction of inflammatory cytokines '?°. They tried to pinpoint the specific
type of HDAC responsible for this inhibition, they found that HDAC3 inhibition

resulted in the reduction of pro-inflammatory cytokines including IL-1p 123,

These evidences for the fundamental role of IL-1f in T2DM, colonic
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inflammation and CRC imply that IL-1f represents one of the missing links by which

diabetes is predisposing CRC.

1.7. Reactive Oxygen Species (ROS) in Diabetes and Cancer

Brownlee in 2005 has investigated the possible underlying mechanisms that
predispose diabetic complications '26. He has reached the conclusion that oxidative
stress and ROS production are the unifying mechanisms common in the development of
all diabetic complications 26, ROS relay intracellular signals contributing to the
pathogenesis of diabetes and its complications. Oxidative stress is a major player in

gastrointestinal inflammation and CRC carcinogenesis %’

. Our group and others have
studied the involvement of ROS production in diabetic complications and in diabetes-
associated CRC in particular 213!, Overproduction of ROS are responsible for cellular
senescence, apoptosis and cellular death. A physiological role has been assigned to low
levels of ROS, which are essential to regulate cell growth, differentiation, apoptosis and
gene expression 132, Oxidative stress is also regulated by nutrition and the resident
microbiota and any tampering with this balance can lead to inflammation in the bowels
133,134 Since the inhibition of total ROS production has been proven not to be the perfect

strategy, we are going to focus on a specific source for ROS production in diabetes and

CRC which is NADPH oxidase 4 (NOX4).

The NADPH oxidase family include 7 members (NOX1-5 and dual oxidase
“DUOX”1-2) 13°. Many of these members have been associated with diabetic

128-131,136

complications as well as cancer development and progression *7. NOX1 is

believed to be fundamental for the oncogenic Ras transformation 3% while NOXS5 has
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been involved in cell viability 13°. However, NOX4 is the most important member of the
NOX family in the cancer milieu. NOX4 is overexpressed in various types of cancer
such as prostate cancer 4, glioblastoma #!, liver cancer 4? and melanoma '#. These
studies have also described the role of NOX4 in cancer transformation, proliferation,
apoptosis, metastasis and treatment resistance. NOX4 predicts poor prognosis and

promotes cancer progression in CRC 44,

NOX4 is different from other members of the NOX family in many aspects. It
is highly expressed in the cardiovascular tissue and it has unique enzymatic properties.
Regulation of ROS production by NOX4 is only possible by controlling its expression
as it is constitutively active '*°. However, there is a recent evidence of a possible post-
translational control 6. Other characteristics for NOX4 that distinguishes it from other
NOX family members are emission of different pattern of ROS, subcellular localization,
tissue distribution and effect on signaling pathways 47148, Figure 5 summarizes the

regulation and functions of NOX4 4,

Several studies showed that the expression of NOXs is under the regulation of
HDAC3 '¥. However, the crosstalk between NOXs and HDACS3 is not described in a
diabetic context. This allured us to investigate if NOXs expression is correlated with

HDACS3 inhibition in diabetes-induced gastrointestinal (GI) complications and CRC.
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Figure 5: Regulation and Functions of NADPH oxidase 4 (Chen et
al., 2012).

1.8.Probiotics in Diabetes and CRC

There is a growing body of evidence that manipulating the gut microbiota is a
promising therapeutic strategy for metabolic diseases '°°. Probiotic administration is the
most effective and safest strategy to alter the gut microbiota eventually leading to
enhanced metabolic status and overall health '>!. The first studies investigating the
effects of probiotics on T2DM have applied non-targeted approaches 5213, They
lacked any prior molecular hypothesis for the experimentation. Recent studies have
reported that probiotics can actually affect the inflammatory responses and reduce
endotoxemia %135, There is no doubt about the beneficial effect of reducing
inflammation in T2DM and its complications. However, there was no solid evidence on

the specific pathway that probiotics are targeting. Delzenne and Cani have formulated
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many theories about the metabolic targets for probiotics and targeting the diabetic

156

microbiome °°. Figure 6 shows the putative mechanisms for the effects of probiotics

treatments on the host metabolic health in diabetes.

| LPS-Medlated

1 Insulin e—m'\’} :g Endotoxaemia

!
Circulation = ‘ e 495 Circulation
g
GABA TOLP-20w)  |SCFA (aPratis)
(GABAR) tPYY <€
¢ GIP

1 g-Cell Proliferation

| B-Cell Apoptosis
| T-Cell Autolmmunity

TLeptin
| Ghrelin

1 Insulin
| Glucagon

Figure 6: Putative mechanisms for the effects of probiotics
treatment in diabetes. Green and red texts indicate hormones, systems and
actions that are upregulated and downregulated, respectively. GLP:
glucagon-like peptide; GABA: gama-amino butyric acid; LPS,
lipopolysaccharide; SCFA: short chain fatty acid. (Patterson et al., 2015).

Likewise, CRC is believed to be ameliorated by the manipulation of gut

157

microbiota through the use of probiotics >’. Many clinical trials have been conducted

and are still conducted to investigate the effect of probiotics on the outcome of CRC.
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Table 1 summarizes the outcomes of clinical trials that used probiotics intervention for

patients with CRC '3,

Table 1: Clinical trials for probiotics use in colorectal cancer

(Hendler and Zhang, 2018).

Study Name i‘;;iy Population Intervention lit;?l?::ry of Key
Studies evaluating probiotics and cancer prevention:
Several
Colon cancer CRC ° biomarkers
Rafter 2007 (n1=37) & SYNI 2+ altered favorably
RCT! : LGG?+BBI2* (e.g., decreased
159 polypectomized .
(n = 43) patients vs. placebo genotoxin .
exposure, IL-2 °,
and IFNy 7)
No significant
difference in
Tumor-free colorectal tumor
Ishikawa patients with Wheat bran occurrence rate
2005 RCT history of >2 vs. Lactobacillus ~ with wheat bran
o colorectal caseivs. both vs.  or L. casei.
tumors removed neither However, atypia
(n=1398) of tumors was
lower in the L.
casei group.
CRC occurrence
was significantly
' ) o
Pala 2011 Prospective EPIC_ItalX Yogurt intake by Vos\.)vleorvslzrels}zltge};fiiz
161 cohort cohort (= tertile ® of yogurt intake
study 45241) YO8 '

HR ° = 0.62
(95% CI 1°, 0.46—
0.83).

Studies evaluating probiotics and alleviating adverse effects of cancer therapy:

Mego 2015 CRC patients
162 RCT starting
treatment with

Colon
Dophilus ™

Reduced
incidence in
probiotic group of
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Study

Summary of Key

Study Name Type Population Intervention Results
irinotecan-based probiotic formula severe diarrhea
therapy vs. placebo (0% vs.

(n=46) 1 17.4%,p=0.11)
and diarrhea
overall (39.1% vs.
60.9%, p=0.11),
but not
statistically
significant.

Randomized to

Post-resgctlon 5-FU via Mayo Less grade 3-4

Osterlund CRC patients regimen vs. de diarthea in

2007 RCT ;unmng Grqmont patients receiving

6 juvant regimen, then LGG (22% vs
chemotherapy = randomized to 37%. 1= 0 02'7)
(n =150) LGG vs. no &P =0

probiotic
No significant
g‘}/l;fueaﬁngS difference in rates
probiotic of radiation-
. induced diarrhea
supplementation Probiotic between probiotic

Fuccio 2009 nfeta- to ({).ret:.vent supplementation  and control arms

164 analysis fi dii:é:(()in VS. in preventative

: placebo/control trials (OR 2 0.47,
?}flafgg;) One 95% CI10.13—
RCT evaiuating 1.67) or in the

: single therapeutic

therapeutic role. .
trial
Significant
decrease in all
major post-

Kotzampassi Patients . Probiotic operat?ve o

2015 RCT undergoing formulation ' vs. comph(_:atlons in

s surgery for CRC placebo probiotics arm
(n=168) 13 (28.6% vs.

48.8%,
p=0.010, OR
0.42)

Krebs 2016 RCT Patients Preoperative No statistical

undergoing prebiotics ° vs.  difference in
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Study Name Study Population Intervention Summary of Key
Type Results
166 surgery for CRC preoperative systemic
(n=173) synbiotics '® vs.  inflammatory
mechanical response,
bowel cleansing  postoperative
course, or

complication rate

! Randomized control trial. 2 Synbiotic preparation-oligofructose-enriched

inulin. 3 Lactobacillus rhamnosus GG. * Bifidobacterium lactis Bb12. > Colorectal
cancer. ¢ Interleukin-2. 7 Interferon gamma. ® As assessed by a dietary

questionnaire. ° Hazard ratio. ' Confidence interval. !! Study prematurely terminated
due to slow accrual. 120dds ratio. '3 Study prematurely stopped due to efficacy in the
primary outcome. '# Consisting of Lactobacillus acidophilus, L.

plantarum, Bifidobacterium lactis, and Saccharomyces boulardii. > Consisting of
betaglucan, inulin, pectin, and resistant starch. '® Consisting of the prebiotic
formulation plus Pediacoccus pentosaceus 5-33:3, Leuconostoc mesenteroides 32—
77:1, Lactobacillus casei subspecies paracasei 19, and Lactobacillus plantarum 2362

Moreover, in diabetes-associated colorectal cancer, probiotics were shown to be
protective ', Tt is believed that their action is mediated through maintaining ROS

homeostasis and reduction of proinflammatory cytokines !¢’

. The use of probiotics with
an antidiabetic drug such as metformin is proposed to impart protection against the

oncogenic transformation of the colon '8,

Given the important role of dysbiosis in the pathogenesis and the reported
epidemiological association between diabetes and CRC, we are interested in entangling
the role of diabetic microbiota in development of CRC. We hypothesize that gut
microbiota is a key factor in the pathogenesis of diabetes-associated CRC. In our study,
we aimed to identify a unique microbial signature of diabetes-associated CRC. We also
tried to study the underlying molecular, metabolic and immunological pathways that

mediate the interaction between the host and microbiota in diabetes-associated CRC.
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CHAPTER 2

AIMS

Increasing body of evidence suggests an association between diabetes and
CRC. However, the exact mechanisms of how diabetes can lead to gastrointestinal
complications and CRC are unknown. Diabetes changes the body metabolism and an
important site of this action is the gut. Since the gut harbors a huge diverse population
of microbiota, these residents will be affected with a shift favoring the growth of
pathological and harmful bacteria over beneficial communities. It is also unknown
whether this shift is the cause or the result of diabetes and CRC. This project is an effort
to identify this change and how it affects the host mediating diabetic complications with
focus on CRC. Our long-term objective is to elucidate how diabetes-associated
dysbiosis contributes to the pathogenesis of diabetes-associated GI complications and
CRC.
To explore our hypothesis, we focused on the following aims:
e Aim 1- Establish if dysbiosis plays a key role in diabetes-associated CRC.
e Aim 2- Investigate if restoring the homeostatic balance of gut microbiota can
protect against diabetes-associated CRC.
¢ Aim 3- Identify the microbial signature associated with diabetes and CRC.
e Aim 4- Associate the identified microbial communities to the underlying
pathogenesis of both conditions.
e Aim 5- Identify the signaling mechanism altered by dysbiosis and leading to the

progression of CRC in diabetes.
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Figure 7 illustrates a proposed mechanism by which diabetes-associated

microbiota mediates its gastrointestinal complications and colorectal cancer.
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Butyrate-forming Bacteria

—> Diabetic Complications

Figure 7: Proposed mechanisms by which dysbiosis mediates diabetic complications.

This microbial signature obtained for diabetes and CRC can serve as a novel
non-invasive biomarker. By the end of the project, we are going to have insights about
the molecular mechanisms by which diabetic dysbiosis affects the host mediating GI

complications and CRC.
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CHAPTER 3

MATERIALS AND METHODS

3.1. Animal Studies

All animal procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of the American University of Beirut, Lebanon following the
National Institutes of Health (NIH) animal care guidelines. Our present study included
MKR male mice that were purchased from The Jackson Laboratory (Bar Harbor,
Maine). MKR male mice have a mutation in their muscle insulin receptor that makes
them susceptible for insulin resistance and the development of T2DM at adulthood '®.
They were developed on FVB-NJ background, so these wildtype mice were used as
controls. These mice have been shown to develop diabetic GI complications resembling

those seen in humans.

Our central hypothesis is that dysbiosis, observed in diabetes mellitus, play a
key role in the pathogenesis of cancer progression in CRC through modulating the host
inflammatory and ROS production. To test this hypothesis, we are going to perform the

following experiments:

3.1.1. Assessment of the effect of butyrate on MKR mice

This experiment included 3 groups of non-obese male mice, the first group

contained FVB-NJ mice and served as the control, the second group contained non-
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obese diabetic MKR mice treated with vehicle (phosphate-buffered saline “PBS”) while
the third group comprised non-obese diabetic MKR mice treated with sodium butyrate
(Sigma-Aldrich, USA) dissolved in PBS with a daily intraperitoneal (IP) dose of 20
mg/kg for 8 weeks (from week 23 till week 31 of age) (Figure 8). The dose of butyrate
should be sufficient to provide 10 uM of butyrate concentration in the plasma which is
reported to be the concentration of a healthy gut milieu !7°. Mice were housed in the
animal care facility, American University of Beirut and were fed with autoclaved food
ad libitum and maintained in fixed temperature and humidity in 12-hour light/dark
cycles. At 31 weeks of age, fecal samples were collected from each mouse under sterile
condition and stored at -80°C fridge for further extraction of bacterial genomic DNA for

microbial identification.

FVB-NJ MKR

FVB-NJ MKR MKR + Butyrate (IP
20 mg/kg, daily for 8
weeks)

Figure 8: Experimental design of the butyrate treatment experiment.

3.1.2. Establishing if dysbiosis play a key role in diabetes-associated CRC

In this set of experiment, four groups of male mice (n=4) were used: 1) Control

mice or FVB-NJ mice, 2) non-obese type 2 diabetic MKR mice, 3) FVB-NJ mice treated
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with azoxymethane and dextran sulfate sodium (DSS), known to induce CRC, and 4)
non-obese type 2 diabetic MKR mice treated with azoxymethane and DSS.

The azoxymethane-DSS protocol !”! involves an initial intraperitoneal injection
with the genotoxic azoxymethane (10 mg/kg) then after one week, mice were supplied
with 2.5% DSS solution instead of drinking water for one week. Mice were allowed to

rest for two weeks then the DSS cycle was repeated for two additional times (Figure 9).

(ew

FVB-NJ MKR

Induction Induction
NRC
& 2

FVB-NJ FVB-NJ CRC MKR MKR CRC

8weeks | 9weeks | T0weeks[ 1T weeks [ 12 weeks [ 13 weeks | 14 weeks [ 15 weeks | 16 weeks T 17 weeks| T8weeks[ >>>> T >>> T >> T >>>> T 3T weeks

Early Late
Fecal Sample Fecal Sample

Figure 9: Experimental design of the colorectal cancer induction experiment.

Fecal samples were collected before the initiation of the experiment (at 7
weeks of age) and another fecal sample was collected before sacrifice at 31 weeks of
age. Fecal samples were stored at -80°C for analysis. Body weight and blood glucose

were monitored throughout the study.
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3.1.3. Microbiota depletion and fecal microbial transplant

In a parallel set of experiments, F'VB-NJ male mice were treated with antibiotic
cocktail to deplete their colonic microbiota. The antibiotic cocktail consisted of
amoxicillin (0.5 mg/mL), vancomycin (2.5 mg/mL), metronidazole (0.5 mg/mL),
amphotericin B (0.025 mg/mL), streptomycin (0.025 mg/mL), penicillin (25 U/mL) and
ciprofloxacin (0.0625 mg/mL). The antibiotic cocktail was supplied in the mice
drinking water at their weaning age (3-month of age) and for 5 consecutive weeks.
Fecal samples were collected immediately after the end of the antibiotic treatment to
ensure microbiota depletion by 16S rRNA sequencing. The antibiotic cocktail was
optimized through experimentation on small number of animals till the optimum
concentrations were achieved. From the 50 mice that were first included in the
antibiotic microbiota-depletion experiment, 30 mice died from complications related to
the antibiotic treatment before the optimum dose of antibiotics was achieved.

The microbiota-depleted F'VB-NJ mice were divided into 5 groups (n=4)
(Figure 10). The first group served as the control. The other four groups were
conventionalized in the cages of the 4 groups mentioned in the previous animal
experiment. After two weeks of conventionalization, these mice were inoculated with
fecal microbial transplant (FMT) obtained from mice from the previous experiment.
FMT were prepared by homogenization of fecal pellets in PBS supplied with 0.05% of
L-cysteine and allowed to pass through 40 um cell strainer. Fecal samples were

collected at early and late time points to ensure the stability of transplanted microbiota.
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Figure 10: Experimental design of the microbiota inoculation experiment.

Induction of CRC
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Colorectal cancer was induced in all groups using the azoxymethane-DSS
protocol as previously described and fecal samples were collected at different time
points for 16S rRNA sequencing. At the end of the experiment, mice were sacrificed for
histological and biochemical analysis of different tissues and assessment of CRC

severity.

3.1.4. Probiotics treatment

In order to assess if restoring the homeostatic balance of the gut microbiota can
delay the onset of diabetes-associated GI complication, our different group of mice were
treated with probiotics (ProbioLife; Valio Ltd., Finland). ProbioLife contains a mixture

of complex probiotics including Lactobacillus acidophilus, Bifidobacterium lactis,
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Lactobacillus plantarum, Bifidobacterium breve, Saccharomyces boulardi,
Lactobacillus rhamnosus, Lactobacillus reuteri, and zinc as a prebiotic.

In this set of experiments, 5 groups of male mice were used: Control FVB-NJ
mice, 2) non obese type 2 diabetic MKR mice treated with PBS (vehicle); 3) MKR mice
receiving probiotics (ProbioLife) dissolved in PBS at a dose of 5 mg/kg body weight by
oral gavage for 12 weeks (from week 19 of age till week 31 of age); 4) FVB-NJ mice
with CRC treated with PBS (vehicle); and 5) FVB-NJ mice with CRC and treated with
probiotics (ProbioLife) dissolved in PBS at a dose of 5 mg/kg body weight by oral

gavage for 12 weeks (from week 19 of age till week 31 of age) (Figure 11).

> @
@ /N

o @r r-er @

FVB-NJ CRC CRC + Probiotics MKR + Probiotics
(5mglkg, oral gavage, (5mg/kg, oral gavage,
daily for 12 weeks) daily for 12 weeks)

Figure 11: Experimental design of the probiotics treatment experiment.

Fecal samples were collected at early and late time points to investigate the
difference in microbiota. After the end of the treatment period, all mice were sacrificed
and colon tissue extracted, and analysis performed to assess the development of CRC

and polyps and the severity of CRC as well as for metabolic and biochemical analysis.
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3.2. 16S rRNA sequencing

The isolated genomic DNA (gDNA) from the mice feces was used for 16S
rRNA sequencing of microbiota. Sequencing procedures were performed at Avera
Institute for Human Genetics (USA) using the following universal primers for the
conserved V4 region (GTGCCAGCMGCCGCGGTAA (V4f) and
GGACTACHVGGGTWTCTAAT (V4r)) to amplify the V4 region and give an
amplicon length of 250 bp. The wetlab procedures were adapted from MiSeq Wetlab

SOP available from Schloss lab at https://github.com/SchlossLab/MiSeq WetLab_SOP

(accessed on October 7, 2019). The ZymoBIOMICS™ Microbial Community Standard
IT kit (USA) was used to provide the MOCK community to assess the performance of
microbiomics workflow. We performed sequencing of 105 samples representing n > 3
of each group at different time points and from different experiments. The initial QC on
the sub-set of the sequenced samples showed that all but 4 samples passed. Raw

sequencing files are available at https://basespace.illumina.com/s/4CNcuY oudsOq. The

average yield was 142,000 reads per sample which implies an excellent coverage and
allowed us to discover low abundant microbial communities.

The obtained Fasta files were used for analysis as follows. For each
experiment, we generated a “.files” file that compiles the 2 sequencing files of each
sample and gave it the name of the samples and we created “.design” and ““.metadata”
files that describes the respective group and time point of each sample. Analysis of the
16S rRNA sequencing data was performed in the labs of the American University of
Beirut using the High-Performance Computing (HPC) facility available on campus. The

analysis was performed on Arza cluster computer using 32 cores and 20 Gb RAM. A
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complete description of the hierarchy of Arza HPC is available at

https://servicedesk.aub.edu.lb/TDClient/Requests/ServiceDet?ID=29747 (accessed on

October 7, 2019). We used the mothur tool !"%!73 to analyze our samples according to

the published SOP available at https://www.mothur.org/wiki/MiSeq SOP (accessed on

October 7,2019) . We customized the job batch file according to our files, design and
required analysis and we submitted our jobs to Arza. We used the latest SILVA v132
data for alignment. SILVA contains 88247 bacteria, 4626 archea, and 20246 eukarya

sequences. It can be downloaded from https://www.arb-silva.de/download/ (accessed on

October 7, 2019). Classification of operational taxonomic units (OTUs) was done using

the RDP training set release 11 (available at https://rdp.cme.msu.edu/, accessed on
October 7, 2019). The script used for the analysis is attached in appendix 2.

Briefly, primers were first removed from sequencing reads via cutadapt v1.4.
The error tolerance was set at 0.1 for both primers which enabled us to remove
sequences containing more than one base error per 10 bases of primers. The reads were
then aligned against sequences obtained from SILVA database after curating the
database to start at 11894 and end at 25319 to save computational power. This was
followed by removing sequences that failed to align, or had ambiguous bases, or
contained more than 275 bp, or had homopolymers larger than 8 bases to reduce any
error resulting from PCR amplification. To further save computational power, contigs
were generated and duplicates were removed to leave only unique sequences. The
UCHIME algorithm was used as an integrated part of the mothur package to identify
and remove chimeras. Likewise, Sequences originated from nonbacterial species such

as mitochondria, chloroplasts and Archea or from unknown origin were removed. We
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then removed the MOCK groups after the determination of the error rates and clustered
the remaining sequences into OTUs with 97% similarity.

Subsampling against the number of reads in the least abundant sample was
used for standardization. Good’s coverage estimator and rarefaction curves showed that
our data has adequate sequencing coverage. Alpha-diversity within samples was
measured using Chao-1, Shannon Diversity Index and Simpson’s Index. The alpha-
diversity matrices were tested for differences within samples using Mann-Whitney tests.
For beta-diversity analysis, Yue and Clayton theta similarity coefficient was used to
generate the distance matrices. Mothur used the distance matrices to create principal
coordinate analysis (PCoA) to determine the major differences between groups. Testing
the dissimilarities between groups was statistically performed using Analysis of
molecular variance (AMOVA) test. LEfSe test was used to determine OTUs that are
responsible for the differences in each group . Figure 12 illustrates the general
workflow for mothur microbial analysis. Qiime2 was additionally used to validate all
the results obtained from mothur (script attached in appendix 2). Graphs were generated
using the BIOM file generated via mothur or Qiime2 and using tools available in R

(using vegan, ggplot2 and phyloseq packages), Galaxy Krona and Phinch.
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Figure 12: Workflow for mothur microbial analysis (Saskia Hiltemann,
Bérénice Batut, Dave Clements, 2019 16S Microbial Analysis with mothur (extended)
(Galaxy Training Materials). Online; accessed Mon, Apr 20, 2020).
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3.3. Oral Glucose Tolerance Test

After fasting for 8 hours, MKR mice were challenged intraperitonially with D-
glucose (Sigma Chemical Co., St. Louis, MO, USA) at a dose of 2 g/kg body weight
which was administered via oral gavage. Blood samples were taken from the tail tip at 0
(before glucose injection), 30, 60, 90 and 120 min after the glucose challenge for blood

glucose determination.

3.4. Sacrifice and Organ Harvesting

After 31 weeks of age, all mice were sacrificed by spinal dislocation after
anaesthetizing them with isoflurane. Subsequently, distal colon segments were
harvested for protein extraction and determination of HDAC3 and histone acetylase
(HAT) activity in colon tissues. Colon lengths were recorded (from just underneath the
cecum till the anus) to assess the effect of diabetes and treatments on the colon
anatomy. Blood was collected via cardiac puncture under anesthesia in heparin
vacutainers for determination of inflammatory cytokines. In total, 1 ml of blood was
withdrawn from the heart. Blood was centrifuged at 3000 rpm for 15 minutes at 4°C and
plasma was collected and stored at -80°C for further analysis. Cecal and fecal contents

were collected for determination of their butyrate content.

3.5. Determination of Random Blood Glucose and Circulatory Cytokines

Random blood glucose was measured weekly between 10 AM and noontime
using a glucometer (Accu-Chek Performa, Roche, USA) in blood obtained from the tail
vein (5 ul) utilizing the glucose oxidase-peroxidase method. Random blood glucose was

measured weekly from 7 weeks of age till 31 weeks of age. Plasma inflammatory
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markers were determined in the blood obtained on sacrifice day using Inflammatory
Cytokines Multi-Analyte ELISArray Kits (Cat. No. MEM-004A, Qiagen, Germany).
This multi-array kit detects mouse inflammatory cytokines using a conventional ELISA
protocol. This kit was used to determine circulatory interleukin IL-10, IL-170, tumor
necrosis factor (TNF)-a and granulocyte- colony stimulating factor (G-CSF) according

to manufacturer’s instructions.

3.6. Determination of glycated hemoglobin (HbA )

An aliquot of the whole blood (50 pl) was used for the determination of HbA ¢
to determine the presence of chronic diabetic state. HbA . levels were determined with a
Mouse HbA . Kit (Catalogue #80310, Crystal Chem, USA), according to the

manufacturer's instructions and normalized against total hemoglobin to get HbA ¢ %.

3.7. Isolation of fecal DNA and Microbial Gene Analysis

Feces were collected at early and late time points from all mice under aseptic
conditions and stored at -80°C for further analysis. Bacterial DNA was extracted from
feces using DNeasy PowerSoil Kit (Cat. No. 12888-100, Qiagen, Germany) according
to manufacturer’s instructions. Real-time polymerase chain reaction (rt-PCR) was used
to determine the different microbial communities. Herein, we studied the butyrate-
forming bacterial communities that were previously described by Vital et al. as the
major contributors for butyrate formation !’4, Bacterial communities were identified
using specific primers for these communities and for the butyrate kinase gene (Table 2).
Results are normalized against 16S rRNA gene levels in each sample and are compared

to controls.
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Table 2: List of primers.

Primer Sequence Reference
Akkermansia muciniphila Forward CAGCACGTGAAGGTGGGGAC 75
Akkermansia muciniphila Reverse CCTTGCGGTTGGCTTCAGAT

Alistipes spp Forward TTAGAGATGGGCATGCGTTGT 1%
Alistipes spp Reverse TGAATCCTCCGTATT

Anaerstipes spp Forward GCGTAGGTGGCATGGTAAGT -
Anaerstipes spp Reverse CTGCACTCCAGCATGACAGT

Bacteroidaceae Forward GAAGGTCCCCCACATTG .
Bacteroidaceae Reverse CGCKACTTGGCTGGTTCAG

Bacteroides fragilis Forward ATACGGAGGATCCGAGCGTTA 7
Bacteroides fragilis Reverse CTGTTTGATACCCACACT

Butyrate kinase Forward GCAGGCCTAACACATGCAAGTC 0
Butyrate kinase Reverse CTGCTGCCTCCCGTAGGAGT

Butyricicoccus spp Forward ACCTGAAGAATAAGCTCC

Butyricicoccus spp Reverse GATAACGCTTGCTCCCTACGT Y
Butyrivibrio Reverse GTTAGCGACGGCACTGA

Butyrivibrio spp Forward CTATCAGCAGGGAAGAAAG

Coprococcus comes Forward GTGACCGGCGTGTAATGACG

Coprococcus comes Reverse CAGAGTGCCCATCCGAATTG 1
Coprococcus eutactus Forward CTGGAGCTTGCTCCGGCCGATTT

Coprococcus eutactus Reverse GTCAGTAGCAGTCCAGTAAGT
Enterobacteriaceae Forward GACCTCGCGAGAGCA ©
Enterobacteriaceae Reverse CCTACTTCTTTTGCAACCCA

Eubacterium hallii Forward GTGTCGGGGCCGTATAGG 0
Eubacterium hallii Reverse GTTCGCCTCACTCTGTGAC

Eubacterium rectale Forward CATIGCTICTCGGTGCCGTC .
Eubacterium rectale Reverse ATITGCTCGGCTTCACAGCT

Eubacterium ventriosum Forward GTCGGGGGACAATAGTTCC ©
Eubacterium ventriosum Reverse ATTTGCTTACCCTCACGGGG

Faecalibacterium prausnitzii Forward TGTAAACTCCTGTTGTTGAGGAAGATAA 55
Faecalibacterium prausnitzii Reverse GCGCTCCCTTTACACCCA

Lachnospiraceae Forward CGGTACCTGACTAAGAAGC g
Lachnospiraceae Reverse AGTTTYATTCTTGCGAACG

Odoribacter splanchnicus Forward

ATGTAATGATGAGCACTCTAACGG

Odoribacter splanchnicus Reverse

GGCTTTTGAGATTGGCATCC

186

Oscillospira spp Forward

ACGGTACCCCTTGAATAAGCC

187
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Oscillospira spp Reverse TCCCCGCACACCTAGTATTG

Roseburia intestinalis Forward GCACAGGGTCGCATGACCT ©
Roseburia intestinalis Reverse AACACATTACATGTTCTGTCATC
Ruminococcaceae Forward TTAACACAATAAGTWATCCACCTGG s
Ruminococcaceae Reverse ACCTTCCTCCGTTTTGTCAAC

Universal 16S rRNA Forward GTGSTGCAYGGYYGTCGTCA s
Universal 16S rRNA Reverse ACGTCRTCCMCNCCTTCCTC

3.8. Real Time PCR

Real Time PCR was conducted using Bio-Rad CFX384 RT-PCR system using
10 ng of DNA, 300 nM of each primer, SYBR Green Master Mix (Applied Biosystems)
and RNase-free water to reach final volume of 10 pl as previously described %8,
Cycling conditions included an initial pre-heating step to 95°C for 2 minutes followed
by 40 cycles of denaturation (95°C for 15 seconds), annealing (60°C for 30 seconds)
and extension (72°C for 15 seconds) and a final extension step at 72°C for 2 minutes.

Each sample was performed in triplicates.

3.9. Determination of Fecal and Cecal Butyrate Content

High Performance Liquid Chromatography (HPLC)/Mass Spectrometry (MS)
technique was used to quantify butyrate content in feces and cecal contents of mice
according to the method described by Parise et al. '%°. The LTQ-FT system (Thermo
Scientific, Germany) was used with the application of a Phenomenex Synergi Polar-RP
column (Phenomenex, USA). Results are expressed as mg butyrate per g of feces or

cecal content.
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3.10. Determination of Histone acetylase and histone deacetylase 3 activities
The enzymatic activities of HAT and HDACS3 in distal segments of colon
tissues were determined using HAT and HDAC3 Activity Assay Kits (Cat. No. EPI001

& EPI004, Sigma-Aldrich, Germany) according to manufacturer’s instructions.

3.11. Detection of reactive oxygen species production in colon tissues using HPLC
Determination of ROS production in distal segments of colon tissues was
assessed using HPLC method as previously described '8, Briefly, sections of the colons
were washed twice with Hanks' balanced salt solution (HBSS)-
diethylenetriaminepentaacetic acid (DTPA), homogenized and incubated for 30 min
with 50 uM DHE (Sigma-Aldrich) in HBSS—100 uM DTPA. This step was followed by
the addition of acetonitrile and centrifugation at 12,000 % g for 10 min at 4°C). The
homogenate was dried under vacuum and analyzed by HPLC with fluorescence
detectors. Quantification of DHE, EOH, and ethidium concentrations was performed by
comparison of integrated peak areas between the obtained and standard curves of each
product under chromatographic conditions identical to those described above. EOH and
ethidium were monitored by fluorescence detection with excitation at 510 nm and
emission at 595 nm, whereas DHE was monitored by ultraviolet absorption at 370 nm.
The results are expressed as the amount of EOH produced (nmol) normalized for the

amount of DHE consumed (i.e., initial minus remaining DHE in the sample; pmol).

3.12. Primary Culture
To assess the role of HDAC in regulating NOX4 protein expression, part of the

distal segments of colon of control mice (FVB-N.J) was extracted and used for ex vivo
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culture '°°, Briefly, the extracted colons were cleaned with ice-cold PBS and feces were
completely removed. Afterwards, the colon was cut into pieces with 1 cm length and
weighed. For the organ culture, a cell strainer (100 pm) was placed on a 6-well plate to
which all the colon pieces were transferred. Dulbecco’s modified eagle’s media
(DMEM) was used and was supplied with 2% FBS and 1% Penicillin-Streptomycin
(1x). the colon pieces were left to rest in the media for 24 hours, before incubating the
pieces with either normal glucose NG (5 mM), high glucose (25 mM), high glucose
with sodium butyrate (4 mM), high glucose with the HDAC specific inhibitor
(Trichostatin A “TSA”, 0.5 uM) or high glucose with combination of butyrate and TSA

for 48 hours, before proceeding to protein extraction.

3.13. Western Blot

Total proteins from homogenates of the distal segments of the colon were
obtained using 200 pl of radioimmune precipitation assay buffer containing 20 mmol/I
Tris.HCL, pH 7.5, 150 mmol/l NaCl, 5 mmol/l EDTA, 1 mmol/l Na3VO4, 1 mmol/l
PMSF, 20 pg/ml aprotinin, 20 pg/ml leupeptin, and 1% NP-40 then incubated overnight
on a rotator at 4°C. Subsequently, samples were centrifuged at 13,700 rpm for 30 min at
4°C. Total protein content of each sample was quantified using the Lowry Protein
Assay !, Samples (containing 30 ug of proteins) were loaded on 15% SDS-PAGE and
transferred to nitrocellulose membrane. Blots were incubated with rabbit polyclonal
anti-NOX4 (1:500, Santacruz, USA), rabbit polyclonal anti-IL-1p (1:500, Abcam,
USA), mouse polyclonal HSC-70 (1:1000, Santacruz, USA), or mouse polyclonal 3-
actin (1:1000, Santacruz, USA). The primary antibodies were detected using

horseradish peroxidase-conjugated IgG (1:20000). Bands were visualized by enhanced
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chemiluminescence. Densitometric analysis was performed using National Institutes of

Health ImageJ software.

3.14. Statistical Analysis

Statistical analysis was performed using Graphpad Prism Software (Graphpad,
version 6.0, CA, USA) '°2. Sample size was calculated to give 80% power and p <0.05.
All results are expressed as mean = SD (standard deviation). We used a two-tailed
student’s ¢ test or Analysis of Variances (ANOVA) to determine significance and p
<0.05 was considered statistically significant. We used Levene's test to test for

differences in group variances and chose the 7 test calculation method accordingly.
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CHAPTER 4

RESULTS

In this current study, we investigated the role of microbiota in diabetes-
associated colorectal cancer. To test this hypothesis, we performed multiple
experiments to: (1) identify the microbial signature associated with diabetes; (2)
investigate if diabetes-associated microbiota is influencing its gastrointestinal
complications and colorectal cancer development; (3) pinpoint the underlying molecular
mechanisms responsible for this effect; and (4) investigate the effect of rectifying this
microbial signature by the use of probiotics on the development of the GI

complications. Our results are presented in the following section.

4.1. MKR mice develop type 2 diabetes without obesity and suffer from

gastrointestinal dysfunction

First, we assessed the diabetic status of MKR mice, and their GI health
compared to that of the control mice. Body weight and random blood glucose were
measured at sacrifice (31 weeks of age) for MKR mice and the F'VB-NJ controls.
Although the body weight of MKR mice was comparable to that of the controls
(indicating no signs of developing obesity) (Figure 13a), blood glucose levels and
HbA . % were significantly elevated in diabetic mice compared to those of the control
group (Figure 13b, ¢). Concerning GI health, we measured colon lengths and found that
MKR mice have shorter colons than their control littermates which reflects a reduced

nutrient absorption and GI dysfunction (Figure 13d).
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Figure 13: Body weight, blood glucose, HbAlc % and colon lengths of MKR
mice compared to their control littermates. Results are expressed as mean + SD. *
significantly different from FVB-NJ control mice at p<0.05.

4.2. MKR mice have impaired glucose utilization

We performed IP glucose tolerance test to assess the insulin resistance of MKR

mice. MKR mice showed impaired glucose utilization marked by high fasting blood

glucose and significant elevation of blood glucose after glucose injection that slowly

declines and did not reach normal levels after 90 minutes of injection (Figure 14).
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Figure 14: Glucose tolerance test curve for MKR and control mice.
Results are expressed as mean + SEM. * significantly different from FVB-
NJ control mice at p<0.05.

4.3. Diabetes results in more aggressive colorectal cancer phenotype

Colorectal cancer was induced in a subset of FVB-NJ and MKR mice using the
azoxymethane/DSS protocol. At 31 weeks of age, all mice were sacrificed, and colons
were harvested. CRC mice showed some gross findings of CRC (rectal bleeding,
inflamed bleeding colon, fecal impaction and polyps). As expected, diabetes resulted in
a more aggressive form of CRC confirmed by higher number of polyps compared to

that in the FVB-NJ CRC group (Figure 15).
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Figure 15: Gross characteristics for colorectal cancer (CRC) and
number of polyps in FVB-NJ and MKR CRC mice groups. Results are
expressed as mean = SD. * significantly different from FVB-NJ control mice
at p<0.05.

4.4. Fecal microbial transplant of diabetic and cancer microbiota results in more

aggressive colorectal cancer phenotype.
We performed a set of experiments where we depleted the microbiota of
control mice with antibiotic cocktail (detailed in the methods section) after weaning

followed by inoculating them with FMT from control mice, mice with CRC, mice with
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diabetes and mice with CRC and diabetes. Additionally, all mice received
azoxymethane/ dextran sulfate sodium to induce CRC. Our data presented in Figure 16
shows that mice inoculated with FMT from mice with diabetes or mice with both CRC
and diabetes have a higher number of polyps compared to control mice or mice

inoculated with control FMT.
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Figure 16: Polyp numbers of mice inoculated with fecal microbial transplant. Results
are expressed as mean + SEM. * significantly different from FVB-NJ control mice at
p<0.05. * Significantly different from FVB FMT mice group at p<0.05.

Likewise, mice that were treated with probiotics had a smaller number of

polyps compared to the CRC group (Figure 17).
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Figure 17: Polyp numbers of VB CRC mice treated with vehicle (PBS) or
probiotics for 12 weeks. Results are expressed as mean = SD. * significantly different
from FVB CRC mice at p<0.05.

4.5. Diabetic mice microbiota contains less Bacteroid fragilis and butyrate-forming
bacteria

In order to assess the difference in gut microbiota that resulted from the
disturbance in carbohydrate metabolism, RT-PCR, using specific primers for different
bacterial communities and primers for the total butyrate kinase genes (Table 2), was
performed. Our results show the presence of a significant difference between the
microbiota of the MKR mice and that of the control mice that is highlighted by the
reduction of B. fragilis and the most relevant butyrate-forming bacteria !’* (Figure
18a), Butyricicoccus spp, Butyrivibrio spp, Coprococcus comes, Eubacterium hallii,
Eubacterium rectale, Eubacterium ventriosum, and Roseburia intestinalis (Figure 18b).
These findings were also reflected by the reduced abundance of the total butyrate kinase
gene expression (Figure 18c¢). Furthermore, the MKR mice and their control littermates
had similar abundance of Akkermansia muciniphila, Bacteroidaceae,
Enterobacteriaceae, Faecalibacterium prausnitzii, Lachnospiraceae and

Ruminococcaceae, that were previously shown to be associated with other metabolic
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conditions . Taken together these results suggest that diabetes-associated

dysbiosis affects mainly the butyrate-forming bacterial communities.
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Figure 18: Different microbial communities and butyrate-forming bacteria of MKR and
control mice (n=3). Data are expressed as mean + standard deviation (SD). *
statistically significant at p<0.05 vs control.
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4.6. Quality control of 16S rRNA sequencing data

We sequenced microbiota 16S rRNA V4 region obtained from fecal samples of
all mice included in our experiments. The obtained sequencing data was subjected to
quality control where we identified the number of reads per each sample (Figure 19).
The median number of reads per sample was found to be 80653.5 and the minimum
number of reads was 1266 in the non-template control sample. We also inspected the
quality control scores for different bases (Figure 20). These plots were generated using
a random sampling of 10000 out of 8776316 sequences without replacement. The
minimum sequence length identified during subsampling was 247 bases. According to
the quality control data, we trimmed our reads at 0 and 120 positions to get rid of low-
quality reads. All samples passed quality control except for 4 samples in the late time
point in the experiment involving antibiotic-treated mice leaving many groups at that

time point with only 2 mice per group.
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Figure 19: Frequency histogram for the number of reads per sample
in the 16S rRNA sequencing data.
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Figure 20: Quality score per base in the 16S rRNA sequencing data.

We performed rarefaction analysis for all samples to ensure that the samples
were sequenced deep enough to detect all available OTUs. This was done
computationally through random selection of 1000 reads per sample followed by OTUs
detection then incrementing by 1000 reads and so on. Our results show that all the

samples were sequenced deep enough to detect all features (Supplementary Figures 1-

2 and Figure 23).
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4.7. 16S rRNA microbiota sequencing results

4.7.1. Alpha diversity

In our effort to identify a microbial signature for diabetes and colorectal
cancer, we sequenced 16S rRNA DNA obtained from fecal samples of control (#'VB-
NJ) mice, MKR diabetic mice, F'VB-NJ mice with chemically induced CRC and MKR
mice with CRC. Fecal samples were obtained from early (7 weeks of age) and late (31
weeks of age) time points. The first type of metric that we investigated was alpha
diversity, with detection of richness. Richness refers to how many different types of
organisms (also known as features or operational taxonomic units “OTUs”) are present
in a sample. Our results show that our samples had different degrees of richness with
the least number of features represented in the control group while the highest number
was in the diabetic and diabetic with CRC groups (Figure 21). Noteworthy, ageing has

increased the number of features in the control and CRC mice.
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Figure 21: Richness of microbial features (operational taxonomic
units) per sample in control, diabetic, colorectal cancer mice.
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In the set of mice that were pre-treated with antibiotics, alpha diversity analysis
showed a severe reduction of the number of features in the early time point. These mice
where inoculated with FMT from different mice groups then CRC was chemically
induced in all mice. The analysis of sequencing data from the late time points show an
increase in richness in all samples (Figure 22). This was also confirmed by rarefaction
analysis (Figure 23) which shows that the low number of features detected in the
samples of the early time point was not due to low read counts but rather due to the

nature of the sample composition itself (Figure 23).
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Figure 22: Richness of microbial features (operational taxonomic
units) per sample in antibiotic-treated mice.
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Figure 23: Rarefaction curve of samples of the antibiotic-treated
mice.

When a subset of MKR mice was treated with probiotics, there was no
difference in the richness or the number of OTUs (Figure 24). This finding shows that

probiotics treatment doesn’t affect the number of OTUs but rather its type.
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Figure 24: Richness of microbial features (operational taxonomic
units) per sample in control, diabetic and probiotics-treated diabetic mice.
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Additionally, we performed alpha diversity analysis using Shannon’s index
which accounts for both the evenness as well as the richness of samples 2°2. Notably,
samples with high richness showed less evenness (contained different number of
bacteria for different species) while samples that showed low richness had higher

evenness (Supplementary Figures 3-5).

4.7.2. Taxonomy

In the next step of analysis, we assigned the discovered feature to its
corresponding bacterium. We are presenting here the results on the phylum level for
simplicity and because it aggregates the differences observed on higher levels of
taxonomy.

Concerning the differences in microbial phyla in the diabetic and cancer mice
compared to that of the control mice, we observed that the late time point was
characterized by higher abundance of Verrucomicrobia compared to the early time
point. Interestingly, we observed that diabetic mice have more bacteria belonging to
phylum Firmicutes compared to their control littermates. The higher percentage of
Firmicutes resulted in lower percentage of Bacteroidetes in MKR mice compared to
their control littermates (Figure 25).

The most interesting differences observed in the microbial phyla were in the
antibiotic treated mice (Figure 26). At the early time point, all mice harbored
Verrucomicrobia whose abundance decreased significantly in the late time point except

in the CRC mice. All samples at the early time point also hosted a significant amount of
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Proteobacteria which disappeared at the late time point. Another significant difference
was observed at the late time points in the mice inoculated with diabetic FMT or
diabetic and CRC FMT where these mice had significant amount of Cyanobacteria.

In the probiotics-treated mice, the most significant difference on the phylum
level was observed in Bacteroidetes and Cyanobacteria. Probiotics treatment increased
the levels of Bacteroidetes and decreased that of Cyanobacteria compared to diabetic
mice at the late time point (Figure 27).

We also assigned taxonomies to the discovered OTUs to the level of bacterial
orders (level 4). Supplementary Figures 6-8 show the bar plots for different families

assigned to the OTUs for each sample in different experiments.
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Figure 25: Different phyla per sample in control, diabetic,
colorectal cancer mice.
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Figure 27: Different phyla per sample in control, diabetic and
probiotics-treated diabetic mice.
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4.7.3. Beta diversity

The complexity of microbiota makes it difficult to detect significant
differences between mice groups by just observing the OTUs present in each sample.
Beta diversity calculate the differences between samples while taking into account the
number and type of different OTUs present in each sample. We calculated the beta
diversity between our samples using the unweighted UniFrac method 2% which is
superior to the Bray-Curtis distance matrix as it takes the phylogenetic diversity into
account.

The principal coordinate analysis (PCoA) plots cluster samples according to
the calculated UniFrac matrix through unsupervised machine learning algorithm which
removes any bias due to prior assignment of samples to different conditions. The PCoA
plot for the control, diabetic and cancer mice at early and late time points show that the
FVB-NJ mice are clustered together at the early time point (before induction of CRC)
and the MKR mice are clustered together which reflects a significantly different
microbial signature for diabetic mice (Figure 28). At the late time point, it is difficult to
discern unique clusters for each condition. However, the MKR mice are segregated
away from the control mice. Interestingly, the difference in microbial signatures
between control and diabetic mice is more pronounced that that between control and
CRC mice. Moreover, the segregation of the late control samples from the early control

samples reflects a deleterious role for the microbiota hosted by aged mice.
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Figure 28: The principal coordinate analysis (PCoA) plot for the
control, diabetic and cancer mice at early and late time points.

The PCoA plot for the antibiotic-treated mice shows a segregation between
microbiota of the early and late time points (Figure 29). However, the segregation due
to the time point is more pronounced than that between different FMTs. The plot
suggests a subtle segregation between the microbiota of the control mice and mice
inoculated with the control FMT from those inoculated with the diabetic or the cancer

microbiota.
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Figure 29: The principal coordinate analysis (PCoA) plot for the
antibiotic-treated mice at early and late time points.

Since we suspected that the huge difference between microbiota of mice at
early and late time points may have masked the differences between microbiota of mice
inoculated with different FMTs, we repeated the PCoA on the samples of the late time
points alone (Figure 30). Fortuitously, mice inoculated with the control microbiota
were clustered the farthest from all other samples suggesting that microbiota of these
mice are different from that of other groups. Mice inoculated with diabetic FMT were
also clustered with each other while mice in other groups were scattered with overlap

with each other.
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Figure 30: The principal coordinate analysis (PCoA) plot for the
antibiotic-treated mice at late time point.

Finally, we performed PCoA on the probiotics-treated mice (Figure 31). Our

results show that at the late time point, the probiotics-treated mice tend to move away

from the diabetic mice cluster which suggests that probiotics succeeded in changing the

diabetic microbiota to a certain extent and the new microbiota is stabilized. Figure 32

shows the plot for the late samples alone for better resolution of clustering.
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Figure 31: The principal coordinate analysis (PCoA) plot for the
probiotics-treated mice at early and late time point. Note: the point for one
of the late diabetic samples (I-diabetic) is plotted over another one making

them appear as a single point.
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Figure 32: The principal coordinate analysis (PCoA) plot for the
probiotics-treated mice at late time point.
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4.7.4. Microbiota composition in control, diabetic and colorectal cancer mice

To identify the shared microbiota composition of the control, diabetic and CRC
groups, we grouped the samples of each group at the late time point and performed
taxonomic analysis on each group features. The most significan difference was
observed in the phylum Porphyromonadaceae where the microbiota composition for the
control group (Figure 33) is composed of 57% Porphyromonadaceae (unclassified)
which is significantly higher than the 41% in MKR mice (Figure 34) or the 49% in mice
with colorectal cancer (Figure 35). Noteworthy, the phylum Porphyromonadaceae

contains many butyrate-forming bacteria 74
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Figure 33: Microbiota composition of control FVB-NJ mice.
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Figure 34: Microbiota composition of diabetic MKR mice.
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4.7.5. Tests of significances

We used the permutational multivariate analysis of variances (PERMANOVA)
test and AMOVA test to test for significance between different groups. Our results
show that there is a significant difference between all the early and late time points
(»<0.001) suggesting that microbiota varies with age. There was also a significant
difference between control, MKR, CRC and diabetic mice with CRC at different time

points (Table 3).

Table 3: Analysis of molecular variances (AMOVA) results for
significance testing between control, diabetic and colorectal cancer mice.
Significant p-values are in bold

First group Second group p-value
All groups 0.001
Early FVB Control Advanced FVB Control 0.005
Advanced FVB CRC Advanced MKR Diabetic 0.014
Advanced MKR Diabetic | Advanced MKR CRC 0.022
Advanced FVB CRC Early MKR CRC 0.024
Early FVB Control Early MKR Diabetic 0.025
Advanced FVB Control Advanced MKR Diabetic 0.025
Early FVB Control Early MKR CRC 0.028
Early MKR Diabetic Early MKR CRC 0.030
Early FVB CRC Early FVB Control 0.033
Early FVB CRC Advanced FVB CRC 0.051
Early FVB CRC Early MKR Diabetic 0.056
Early MKR Diabetic Advanced MKR Diabetic 0.059
Advanced FVB Control Advanced FVB CRC 0.095
Advanced FVB Control Advanced MKR CRC 0.099
Advanced FVB CRC Advanced MKR CRC 0.106
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Concerning the antibiotic-treated mice, although there was a significant
difference between the early and late time points, there was no significant difference for
the collective microbial signature between different groups. This finding is most
probably due to the short duration of the FMT experiment which succeeded in changing
the microbiota but not to the extent that can be detected by AMOVA stringent test.

Finally, in the probiotics-treated mice, there was a significant difference in the
probiotics-treated group and the diabetic group at the late time point (p<0.003). Similar
to the previous 2 experiments, there was a significant difference between the microbiota

at the early and late time points.

4.7.6. Analysis of composition of microbiome (ANCOM)

We used the ANCOM tool to identify the phyla that are responsible for the
significant differences between groups. We chose ANCOM because it can reduce false
discoveries in detecting differentially abundant taxa by accounting for compositional
constraints while maintaining high statistical power 2*4. Our analysis shows that
Verrucomicrobia is the most significant phylum responsible for the segregation of

control, diabetic and cancer groups at early and late time points (Figure 36).
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Figure 36: Volcano blot of analysis of microbial composition of
control, diabetic and colorectal cancer mice.

The volcano blot for the ANCOM of the antibiotic-treated mice showed that
Proteobacteria, Verrucomicrobia and Cyanobacteria are the most responsible phyla for

the differentiation between FMT inoculated groups (Figure 37).
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Figure 37: Volcano blot of analysis of microbial composition of
antibiotic-treated mice.

For the probiotics-treated mice, once again Verrucomicrobia and
Proteobacteria are the most significant phyla dissociating control, diabetic and

probiotics-treated groups at early and late time points (Figure 38).
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Figure 38: Volcano blot of analysis of microbial composition of
control, diabetic and probiotics-treated mice.

4.7.7. Significantly characteristic bacteria in each group

We used the LEfSe (Linear discriminant analysis effect size) tool 2°° to find the

significantly characteristic bacteria for each group on the species level. Table 4 includes

the top 3 most characteristic bacteria in each group that distinguishes it from other

groups.

Table 4: Significantly characteristic bacteria in each mice group.

A. Characteristic bacteria per group in control, diabetic, colorectal cancer mice at

early time point.

Group

pValue

Taxonomy

Control

0.00623

Bacteria(100);Firmicutes(100);Clostridia(100);Clostridia_unc
lassified(100);Clostridia_unclassified(100);Clostridia_unclas
sified(100);

0.006409

Bacteria(100);Bacteroidetes(100);Bacteroidia(100);Bacteroid
ales(100);Porphyromonadaceae(100);Porphyromonadaceae u
nclassified(100);

0.007927

Bacteria(100);Bacteroidetes(100);Bacteroidetes unclassified(
100);Bacteroidetes unclassified(100);Bacteroidetes unclassif
ied(100);Bacteroidetes unclassified(100);

Colorectal
cancer

0.003523

Bacteria(100);Firmicutes(100);Clostridia(100);Clostridiales(1
00);Lachnospiraceae(100);Lachnospiraceae_unclassified(100

);
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Diabetic

0.003197

Bacteria(100);Firmicutes(100);Firmicutes_unclassified(100);
Firmicutes unclassified(100);Firmicutes unclassified(100);F
irmicutes_unclassified(100);

0.00543

Bacteria(100);Firmicutes(100);Clostridia(100);Clostridiales(1
00);Clostridiales unclassified(100);Clostridiales unclassified
(100);

0.005882

Bacteria(100);Firmicutes(100);Clostridia(100);Clostridiales(1
00);Clostridiales unclassified(100);Clostridiales unclassified
100);

B. Characteristic bacteria per group in control, diabetic, colorectal cancer mice at late

time point.

Group

pValue

Taxonomy

Control

0.017414

Bacteria(100);Bacteroidetes(100);Bacteroidia(100);Bacteroid
ales(100);Porphyromonadaceae(100);Porphyromonadaceae u
nclassified(100);

0.019453

Bacteria(100);Bacteroidetes(100);Bacteroidia(100);Bacteroid
ales(100);Porphyromonadaceae(100);Porphyromonadaceae u
nclassified(100);

0.020628

Bacteria(100);Firmicutes(100);Clostridia(100);Clostridiales(1
00);Clostridiales _unclassified(100);Clostridiales unclassified
100);




Diabetic

0.024927

Bacteria(100);Firmicutes(100);Clostridia(100);Clostridiales(1
00);Clostridiales _unclassified(100);Clostridiales unclassified
(100);

0.033717

Bacteria(100);Firmicutes(100);Bacilli(100);Lactobacillales(1
00);Lactobacillaceae(100);Lactobacillus(100);

0.038058

Bacteria(100);Firmicutes(100);Clostridia(100);Clostridiales(1
00);Clostridiales _unclassified(100);Clostridiales unclassified
(100);

C. Characteristic bacteria per group in antibiotic-treated mice at early time point.

Diabetic
and

Group pValue | Taxonomy
Bacteria(100);Firmicutes(100);Firmicutes_unclassified(100);
0.01129 | Firmicutes unclassified(100);Firmicutes unclassified(100);F
irmicutes_unclassified(100);
Control Bacteria(100);Firmicutes(100);Firmicutes_unclassified(100);
FMT 0.018433 | Firmicutes_unclassified(100);Firmicutes_unclassified(100);F
irmicutes_unclassified(100);
Bacteria(100);Firmicutes(100);Clostridia(100);Clostridiales(1
0.033752 | 00);Clostridiales_unclassified(100);Clostridiales_unclassified

0.016267

100);

Bacteria(100);Firmicutes(100);Clostridia(100);Clostridiales(1
00);Lachnospiraceae(100);Lachnospiraceae_unclassified(100

);
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cancer
FMT

0.020608

Bacteria(100);Firmicutes(100);Clostridia(100);Clostridiales(1
00);Ruminococcaceae(100);Ruminococcaceae unclassified(1
00);

0.04177

Bacteria(100);Firmicutes(100);Bacilli(100);Lactobacillales(1
00);Lactobacillaceae(100);Lactobacillus(100);

D. Characteristic bacteria per group in antibiotic-treated mice at late time point.

Group

pValue

Taxonomy

Control
FMT

0.01129

Bacteria(100);Firmicutes(100);Firmicutes_unclassified(100);
Firmicutes_unclassified(100);Firmicutes unclassified(100);F
irmicutes_unclassified(100);

0.018433

Bacteria(100);Firmicutes(100);Firmicutes _unclassified(100);
Firmicutes_unclassified(100);Firmicutes unclassified(100);F
irmicutes_unclassified(100);

0.033752

Bacteria(100);Firmicutes(100);Clostridia(100);Clostridiales(1
00);Clostridiales_unclassified(100);Clostridiales_unclassified
(100);

Diabetic
FMT

0.014335

Bacteria(100);Bacteria_unclassified(100);Bacteria_unclassifi
ed(100);Bacteria_unclassified(100);Bacteria_unclassified(10
0);Bacteria_unclassified(100);

0.02001

Bacteria(100);Bacteria_unclassified(100);Bacteria_unclassifi
ed(100);Bacteria_unclassified(100);Bacteria_unclassified(10
0);Bacteria_unclassified(100);

0.021061

Bacteria(100);Firmicutes(100);Firmicutes_unclassified(100);
Firmicutes_unclassified(100);Firmicutes unclassified(100);F
irmicutes_unclassified(100);

Diabetic
and

cancer
FMT

0.016267

Bacteria(100);Firmicutes(100);Clostridia(100);Clostridiales(1
00);Lachnospiraceae(100);Lachnospiraceae_unclassified(100

);

0.020608

Bacteria(100);Firmicutes(100);Clostridia(100);Clostridiales(1
00);Ruminococcaceae(100);Ruminococcaceae unclassified(1
00);

0.04177

Bacteria(100);Firmicutes(100);Bacilli(100);Lactobacillales(1
00);Lactobacillaceae(100);Lactobacillus(100);

E. Characteristic bacteria per group in probiotics-treated mice at early time point.

Group pValue | Taxonomy
Bacteria(100);Bacteria_unclassified(100);Bacteria_unclassifi
0.008261 | ed(100);Bacteria_unclassified(100);Bacteria_unclassified(10
0);Bacteria_unclassified(100);
Control
Bacteria(100);Bacteroidetes(100);Bacteroidia(100);Bacteroid
0.008261 | ales(100);Porphyromonadaceae(100);Porphyromonadaceae u

nclassified(100);
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Probiotics
-treated

0.008261

0.024902

Bacteria(100);Bacteroidetes(100);Bacteroidia(100);Bacteroid
ales(100);Bacteroidales unclassified(100);Bacteroidales unc
lassified(100);

Bacteria(100);Firmicutes(100);Clostridia(100);Clostridiales(1
00);Ruminococcaceae(100);Ruminococcaceae unclassified(9
9):

0.046942

Bacteria(100);Bacteroidetes(100);Bacteroidia(100);Bacteroid
ales(100);Porphyromonadaceae(100);Porphyromonadaceae u
nclassified(100);

F. Characteristic bacteria per group in probiotics-treated mice at late time point.

Group

Diabetic

pValue

0.022125

Taxonomy

Bacteria(100);Bacteroidetes(100);Bacteroidia(100);Bacteroid
ales(100);Porphyromonadaceae(100);Porphyromonadaceae u
nclassified(100);

0.022125

Bacteria(100);Bacteroidetes(100);Bacteroidia(100);Bacteroid
ales(100);Rikenellaceae(100);Alistipes(100);

0.024134

Bacteria(100);Bacteroidetes(100);Bacteroidetes _unclassified(
100);Bacteroidetes unclassified(100);Bacteroidetes unclassif
ied(100);Bacteroidetes unclassified(100);
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Bacteria(100);Bacteroidetes(100);Bacteroidia(100);Bacteroid
0.024134 | ales(100);Porphyromonadaceae(100);Porphyromonadaceae u
nclassified(100);

4.8. Diabetes is coupled to a decrease in Cecal and fecal butyrate content, a higher
activity of the colon HDAC3 and alteration of inflammatory cytokines

Since T2DM is correlated with less abundance of butyrate-forming bacterial
population, we measured the cecal and fecal butyrate contents of MKR and FVB-NJ
control mice. Both cecal and fecal butyrate contents were significantly lower in MKR
mice (Figure 39a), correlating with their reduced content of the butyrate-forming
bacteria.

One of the main biological actions of butyrate is its role as an HDAC inhibitor.
As MKR diabetic mice showed less abundance of butyrate, we assessed the activity of
HDACS3 in colon tissues. As expected, MKR mice had higher HDACS3 activity
compared to their control littermates (Figure 39b). Likewise, we assessed the activity
of HAT, and our results show no significant differences between the activities of HAT
of MKR mice when compared to that of their control littermates suggesting that butyrate

affects HDAC3 without inhibiting HAT (Figure 39b).
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Figure 39: Butyrate content and its downstream molecular effects in MKR and control
mice (n=3). Data are expressed as mean + standard deviation (SD). * statistically
significant at p<0.05 vs control.

4.9. Diabetes causes alteration of inflammatory cytokines and increases expression
of IL-1PB

It is thought that dysbiosis in DM plays a key role in the alteration of the
inflammatory state 4200207 Likewise, butyrate-forming bacteria, showed to be altered
in our diabetic model, may affect the host immunity and the inflammatory state. For
that, we assessed the levels of circulatory cytokines in plasma of MKR and control mice.
Our results show that the levels of the anti-inflammatory cytokine IL-10 and the pro-
inflammatory IL-17a are significantly lower in MKR mice when compared to their

control littermates (Figure 40a). Moreover, the plasma levels of IL-12, TNF-a and G-
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CSF did not show any significant difference between the two groups (Figure 40a). In

parallel, the protein expression of IL-1[3, which is the major cytokine involved in

diabetic pathogenesis and diabetic complications 28212 in colon tissue of MKR mice

was significantly upregulated when compared to control mice. Of interest, treatment
with sodium butyrate restored back the homeostatic levels of IL-1 (Figure 40b).
Taken together, these results highlight the implication of the butyrate-forming bacteria

in the diabetes-induced inflammatory state modification.
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Figure 40: Diabetes causes alteration of inflammatory cytokines and increases
expression of IL-1f (n=3). Data are expressed as mean + standard deviation (SD). *
statistically significant at p<0.05 vs control.
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4.10. Butyrate treatment reverse diabetes-induced ROS production and NADPH
oxidase 4 protein expression

Diabetes is described to be associated with increased NADPH oxidases-
induced reactive oxygen species production 28130188213 * Ag expected, ROS levels were
increased in the colon of the MKR mice, and this was correlated with increased NOX4
protein expression (Figure 41a,b). Importantly, treatment with butyrate reversed the
increase in ROS production and reduces NOX4 protein expression (Figure 41). Taken
together, these results suggest that diabetes-induce dysbiosis is associated with an

alteration in ROS production through an upregulation of NOX4 in colon tissue.
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Figure 41: Reactive oxygen species (ROS) production and protein expression of
NADPH oxidase (NOX4) in MKR and control mice groups (n=3). Data are expressed as
mean =+ standard deviation (SD). * statistically significant at p<0.05 vs control. #
statistically significant at p<0.05 vs MKR diabetic mice. NOX: NADPH oxidase.



4.11. Diabetes and colorectal cancer increase the expression of IL-18 and NOX4
We measured the protein expression of both IL-1 and NOX4 in colon tissues
of control, diabetic, CRC mice and diabetic mice with CRC. We found that the
expressions of both proteins were increased due to cancer and diabetes compared to
those of control mice (Figure 42 and Figure 43). Of note, there were no significant
differences between the expression of both proteins between the cancer and diabetic

groups.

Protein Expression of IL-1p

2001

- ' p 1L-15 | L 17 K02
1501 % % {E B—ActinE
e

O oL

\

IL-1B/B-actin protein expression
(% compared to control)

1004 &&X
501
0 L] L] L] L]
T
&x\ & & &
<
+Q'
\

Figure 42: Protein expression of IL-1f in colorectal cancer (CRC),
MKR and control mice groups (n=3). Data are expressed as mean + standard
deviation (SD). * statistically significant at p<0.05 vs control. CRC:
colorectal cancer.
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Figure 43: Protein expression of NADPH oxidase (NOX4) in colorectal cancer (CRC),
MKR and control mice groups (n=3). Data are expressed as mean + standard deviation
(SD). * statistically significant at p<0.05 vs control. CRC: colorectal cancer, NOX:
NADPH oxidase.

4.12. Effect of FMT on the expression of IL-1p and NOX4

We investigated the effect of different fecal microbial transplants on the
expression levels of both IL-13 and NOX4 proteins. Our results show that the
expressions of IL-1f (Figure 44) or NOX4 (Figure 45) were not significantly different

between the different groups. We owe this finding to the fact that CRC was chemically

induced in all these animals following the FMT. The co-occurrence of CRC may have

masked the effects of FMT on the expression levels of IL-1p or NOX4.
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Figure 44: Protein expression of IL-1f in mice groups inoculated
with fecal microbial transplants (n=3). Data are expressed as mean +
standard deviation (SD). CRC: colorectal cancer, FMT: fecal microbial
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Figure 45: Protein expression of NOX4 in mice groups inoculated
with fecal microbial transplants (n=3). Data are expressed as mean +
standard deviation (SD). CRC: colorectal cancer, FMT: fecal microbial

transplant.
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4.13. NADPH oxidase 4 protein expression is under control of HDAC 3

Previous data from the literature suggests that the expression of NOX4 is under
strong epigenetic regulation by HDAC3 24, To investigate if the reduction of NOX4
protein expression observed with butyrate treatment was the result of HDAC3
inhibition, primary cultures of colon tissues extracted from the control mice were
incubated with either normal glucose NG (5 mM), high glucose (25 mM) in the
presence or absence of sodium butyrate (4 mM), high glucose with the presence or
absence of TSA (an HDAC specific inhibitor; 0.5 uM), or with high glucose with the
presence or absence of a combination of butyrate and TSA. After 48 hours of
incubation, our results show that cells exposed to high glucose had an increased
expression of NOX4, mimicking the observed upregulation of NOX4 in the diabetic
mice. Importantly, NOX4 overexpression was reversed when the incubated cells with
high glucose were treated with butyrate or TSA. Of interest, the combination of TSA
and butyrate did not show any additive effect on NOX4 expression when compared to
the monotherapy treatment. These results suggest that butyrate effect is mediated by

HDAC inhibition (Figure 46).
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Figure 46: protein expression of NADPH oxidase (NOX4) in primary culture of colon

tissue. Data are expressed as mean + standard deviation (SD). * statistically significant

at p<0.05 vs control. # statistically significant at p<0.05 vs HG. HG: high glucose, NG:
normal glucose, NOX: NADPH oxidase, TSA: Trichostatin A.

4.14. Butyrate reverses GI disturbance and molecular changes observed in
diabetes

To investigate the beneficial effect of butyrate in reversing the GI changes
observed in diabetes, we treated a subset of MKR with 20 mg/kg IP butyrate for 8
weeks. Butyrate treatment had no effect on body weight, blood glucose levels or
HbA 1% ( Figure 47a-c) while it preserved a normal colon length in treated mice

compared to the untreated littermates ( Figure 47d).
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Figure 47: Body weight, random blood glucose, HbA 1% and colon lengths of MKR
and control mice (n>3). A subset of MKR diabetic mice were treated with butyrate (20
mg/kg) interperitoneally for 8 weeks (from week 23 till week 31). Data are expressed as
mean = standard deviation (SD). * statistically significant at p<0.05 vs control. #
statistically significant at p<0.05 vs MKR diabetic mice.

Additionally, butyrate prevented the overexpression of IL-1f3 (Figure 48) and

NOX4 and resulted in lower ROS production ( Figure 41a,b).
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Figure 48: Butyrate rectifies the overexpression of IL-1f due to diabetes (n=3). Data
are expressed as mean + standard deviation (SD). * statistically significant at p<0.05 vs
control. # statistically significant at p<0.05 vs MKR diabetic mice.
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4.15. Probiotics reverses GI disturbance and molecular changes observed in
diabetes and ameliorates CRC

To investigate the beneficial effect of probiotics in reversing the GI changes
observed in diabetes, we treated a subset of MKR with once daily dose of 5 mg/kg of
ProbioLife probiotics given by oral gavage for 8 weeks. Probiotics preserved a normal
colon length in treated mice compared to the untreated littermates (Figure 49a).
Furthermore, probiotics treatment decreased the production of ROS in MKR mice

(Figure 49b).

ROS Production

Colon Length
2000

1500
1000 #

500

Colon Length (cm)
~N (<]
l l
*
*
| %
EOH/DHE (nmol/umol)

Figure 49: Colon Lengths and ROS production in colon tissues. Results are
expressed as mean + SEM. * significantly different from FVB-NJ control mice at
p<0.05. # Significantly different from MKR mice at p<0.05. $ statistically significant at
p<0.05 vs FVB CRC.

Moreover, probiotics protected MKR mice from the overexpression of IL-1f3
(Figure 50) and NOX4 proteins (Figure 52). Likewise, FVB CRC mice treated with
probiotics had lower protein expression of both IL-13 (Figure 51) and NOX4 proteins

(Figure 53).
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Figure 50: Probiotics protects against the overexpression of IL-1f3
caused by diabetes (n=3). Data are expressed as mean + standard deviation
(SD). * statistically significant at p<0.05 vs control. # statistically
significant at p<0.05 vs MKR diabetic mice.
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Figure 51: Probiotics protects against the overexpression of IL-1f3
caused by colorectal cancer (n=3). Data are expressed as mean + standard
deviation (SD). * statistically significant at p<0.05 vs control. # statistically
significant at p<0.05 vs FVB CRC mice.
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Figure 52: Probiotics protects against the overexpression of NOX4
caused by diabetes (n=3). Data are expressed as mean + standard deviation
(SD). * statistically significant at p<0.05 vs control. # statistically
significant at p<0.05 vs MKR diabetic mice.
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Figure 53: Probiotics protects against the overexpression of NOX4
caused by colorectal cancer (n=3). Data are expressed as mean + standard
deviation (SD). * statistically significant at p<0.05 vs control. # statistically
significant at p<0.05 vs MKR diabetic mice.
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CHAPTER 5

DISCUSSION

We embarked on this project to investigate the role of microbiota in diabetes-
associated colorectal cancer. The central hypothesis is that diabetes induces dysbiosis
characterized by reduced amount of butyrate forming bacteria leading to less production
of butyrate resulting in activation of HDAC3 which in turn leads to overexpression of
NOX4 and IL-1B. The overexpression of NOX4 and IL-1f lead to the deleterious
hyperproduction of ROS and exaggerated inflammatory immune which predisposes GI
dysfunction and contribute to the oncogenic transformation of colon epithelial cells.

Type 2 DM is associated with disturbance of gut microbiota that contributes to
its pathogenesis and the development of its complications. Noteworthy, all the
association studies between gut microbiota and DM that included obese patients with
T2DM could not differentiate if the reported microbial signature is associated with
diabetes, obesity or to both co-morbidities. The bias of obesity was actually previously
introduced in both mice and human studies 3233206215218 ' Thjs current study was
performed to establish a microbial signature unique to the hyperglycemia associated
with T2DM without the obesity component and to elucidate the molecular
mechanisms by which microbiota, and its secreted butyrate, contribute to the diabetic
pathogenesis and complications.

We used MKR mice models which are non-obese mice that develop T2DM in
adulthood due to a mutation in the insulin receptor in their muscles '%°. During the
whole period of the study, these mice had high levels of blood glucose and HbA:% and

similar body weights (Figure 13) when compared to their control littermates confirming
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the non-obese insulin-resistant diabetic phenotype. Additionally, MKR mice suffered
from impaired glucose utilization compared to their control littermates (Figure 14).
Food consumption was monitored weekly and the mean food intake per group was
calculated. Our data show that the MKR mice consumed more amount of food per
mouse compared to their control littermates. The increase in food consumption by the
diabetic MKR may explain why the diabetic mice did not lose weight due to diabetes.
MKR mice had shorter colons compared to the control group (Figure 13)
which reflects gastrointestinal complications and colitis due to diabetes. Shortening of

colons is considered a hallmark of gastrointestinal complications 219220,

Colorectal cancer was induced chemically using the azoxymethane/DSS
protocol. Mice with CRC showed colon polyps with different numbers and sizes. The
CRC mice also suffered from symptoms related to cancer such as rectal bleeding,
inflamed colons, colon bleeding and fecal impaction (Figure 15). Dextran sulfate sodium
is the sodium salt of dextran sulfate polymer. It is available in different molecular weights
that differ in their ability to induce colitis in mice ?2!. While the medium molecular weight
DSS (35-50 kDa) is proven to induce the most severe colitis, the high molecular weight
DSS (500 kDa) does not induce colitis in mice 2!, This fact gives an insight about the
mechanism of action of DSS. Absorption of DSS is essential to mediate its effect. While
the medium molecular weight DSS can form liposomes and consequently absorbed from
the colon eliciting innate immune reaction that can precipitate colitis 2?2, the high
molecular weight DSS lacks this feature. DSS can induce acute, chronic or relapsing
models of colitis and CRC when it is combined with azoxymethane. This can be achieved
using variable concentrations of DSS and/or changing number of DSS and spacing

between cycles 22, This model has been validated to mimic human CRC and is widely
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used to study this disorder and its treatment 22,

Noteworthy, the MKR diabetic mice suffered from more aggressive cancer and
had greater number of polyps compared to the FVB-NJ CRC mice (Figure 15). Previous
work by our group has shown that type 1 diabetic mice exhibit more aggressive cancer
phenotype than the control mice in a transgenic C57BL/6-Apc™! /] (APC) mice that
spontaneously develop CRC 3!, Similarly, Hata et al. reported a higher incidence and
multiplicity of intestinal adenoma in db/db mice with 4pc mutation compared to that in

non-diabetic mice with the same mutation 2%°.

To test the effect of diabetic and cancer microbiota on the progression of CRC,
we depleted the microbiota of F'VB-NJ control mice using an antibiotic cocktail. We tried
several antibiotic protocols from literature that are guaranteed to deplete the mice
microbiota and we optimized our final protocol accordingly. After several trials, we found
out that mice at 3 weeks of age cannot handle this high dose of antibiotics daily and we
had high number of deaths among mice, so we resorted to give it in drinking water every
other day. Table 5 shows the comparison between our antibiotic protocol and other

documented protocols from the literature.

Table 5: Comparison between the antibiotic protocol used in this
study and other protocols from literature.

Antibiotic Ours Dtest)orllne Des;lrr;ukh Winek et | Heimesaat Lallet
(mg/ml) 4 & U “at, | al, 2016 | et al., 2006 Y
2015 2014 2017
Reference 226 227 228 229 230
3 In utero 3
Starting age Weeks 3 Weeks | then after | 8 Weeks | 10 Weeks Weeks
weaning

. 4 3

Duration Weeks 3 Weeks 3 Weeks | 8 Weeks | 6-8 Weeks Weeks
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Ampicill
Amosieittny | || ! ! !
Vancomycin 5 5 1 0.5 0.5 0.05
Metronidazole 1 10 1 1 1 0.1
gmphotricin 0.05 0.1

Neomycin 0 10 1 0.1
Streptomycin | 0.05 0.05
Penicillin 50U 100U
Ciprofloxacin | 0.125 0.2 0.2 0.125
Gentamycin 1 0.17
Imipenem 0.25 0.25

Bacitracin 0.001
Ceftazidime 0.1

After the depletion of microbiota, these mice were inoculated with FMT from
control, diabetic and CRC mice as detailed in the methods section. Interestingly, mice
inoculated with FMT from diabetic or CRC mice exhibited more aggressive CRC
development and greater number of polyps compared to those who were inoculated by
the control microbiota or those left without FMT (Figure 16). These results confirm the
active role of microbiota in the development and progression of CRC. To our knowledge,
our study is the first to describe this role through a controlled FMT experiment.

Concerning the differential microbial population signature, our initial rt-PCR
results show that B. fragilis and butyrate-forming bacteria were reduced in mice with
T2DM when compared to their control littermates. Both MKR mice and their control
littermates had similar abundance of Akkermansia muciniphila, Bacteroidaceae,
Enterobacteriaceae, Faecalibacterium prausnitzii, Lachnospiraceae and
Ruminococcaceae. The reduction of B. fragilis in the microbiota of patients with T2DM
was recently reported by Navab-Moghadam et al. *°. Many studies focused on the

reduction of F. prausnitzii and other butyrate-forming bacteria in obesity and T2DM
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215231 "'here we report similar reduction for butyrate-forming bacteria with same
abundance of F. prausnitzii. Although an association was previously reported between
an increase of Bacteroidaceae ?*!, reduction of A. muciniphila and T2DM mellitus
194195 our non-obese MKR mice did not show similar signature suggesting that the
previous reported associations may have been due to obesity rather than T2DM.

As for the Lachnospiraceae and Ruminococcaceae, both phyla contain
butyrate-forming species. Our results show that the abundance of these 2 families was
comparable between MKR and control mice while MKR mice show lower abundance of
butyrate-forming bacteria. This may have been due to an increased abundance of
butyrate non-forming bacteria in both phyla that compensated for the observed
reduction of the butyrate-forming proportion.

Furthermore, performing a deeper analysis of the butyrate-forming bacterial
species, confirmed these results where the MKR mice had lower abundance of
Butyricicoccus spp (from Ruminococcaceae family) and Butyrivibrio spp, Coprococcus
comes, Eubacterium hallii, Eubacterium rectale, Eubacterium ventriosum, and
Roseburia intestinalis (from the Lachnospiraceae family) compared to that of their
control littermates. These findings are in accordance with other previous studies.

A large metagenome-wide study was previously conducted to identify the
microbial signature of T2DM 7. The authors reported some remarkable associations
between gut microbiota and clinical findings of patients with T2DM. The most
significant difference was related to the butyrate-forming bacteria such as Clostridiales
sp. SS3/4, E. rectale, F. prausnitzii, and Roseburia intestinalis '°. Patients with T2DM
had lower abundance of these type of bacteria compared to healthy subjects. The

microbiota of patients with T2DM also showed a marked abundance of opportunistic
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pathogens such as Bacteroides caccae, various Clostridiales, Escherichia coli and the
sulfate-reducing species Desulfovibrio 7°. Differences in gut microbiota were regressed
against functional associations in T2DM and it was found that microbiota has a role in
membrane transport of sugars, oxidative stress responses, branched chain amino acid
transport, sulfate reduction and decreased butyrate biosynthesis '°. On average, there
was about 3% difference in the gut microbial genes between patients with T2DM and
healthy subjects 7. The findings by Qin ef al. were confirmed in a follow-up study that
included Scandinavian postmenopausal women 232, This study also reported a reduction
in the butyrate-forming bacteria associated with T2DM such as R. infestinalis and F.
prausnitzii 2. Additionally, it was found that patients with T2DM or impaired glucose
tolerance has more abundance of Lactobacillus species 76232,

To identify the microbiota associated with diabetes and CRC in more depth, we
performed 16S rRNA analysis which is considered the gold standard for all microbiome
studies. The rarefaction analysis confirmed that all our samples were sequenced deep
enough to discover all the underlying features or OTUs (Figure 23). The rarefaction
curves for the antibiotic-treated mice hinted towards a lower OTU abundance in
samples of the early time point compared to those of the late time point (Figure 23).
The lower number of OTUs in the antibiotic-treated mice is expected as antibiotics
depleted the microbiota in these mice which was restored at the late time point after
FMT and conventionalization.

Alpha diversity analysis of our samples showed that there is a diversity in the
richness of our samples with the lowest richness recorded at the early time point for the
antibiotic-treated mice (Figure 22). FVB-NJ mice tend to have similar degree of

richness while MKR samples tend to have different richness degrees. This finding
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confirms that the diabetic microbiota is more diverse than the control microbiota and
diabetic animals may have inconsistent microbiota from each other even when they
share the same diet and same cage.

After assigning taxonomy to the discovered features, we found that samples
collected from control, diabetic and CRC mice at late time point had higher abundance
of Verrucomicrobia compared to the early time point. Diabetic mice have more bacteria
belonging to phylum Firmicutes compared to their control littermates. The higher
percentage of Firmicutes resulted in lower percentage of Bacteroidetes in MKR mice
compared to their control littermates (Figure 25).

Concerning the antibiotic-treated mice, the microbiota of all mice at the early
time point had significant proportion of Verrucomicrobia which indicates the resistance
of these bacteria to antibiotic depletion and its opportunistic behavior. Consistent with
our results, the increase in abundance of Verrucomicrobia has been previously reported
in patients receiving broad-spectrum antibiotics 233, Of interest, this increase was not
associated with any intestinal disorders 2** suggesting that the opportunistic members of
Verrucomicrobia are not pathogenic. The high abundance of Verrucomicrobia was
replaced by Bacteroidetes and Firmicutes at the late time point (Figure 26). We have
also observed an increase in the abundance of Proteobacteria at the early time point
which significantly decreased at the late time point. Cyanobacteria were of significant
proportions only in the late time point in mice inoculated with the diabetic or the
diabetic and CRC microbiota but not in the other groups.

Noteworthy, probiotics treatment increased the abundance of Bacteroidetes
while it decreased the abundance of Cyanobacteria at the late time point (Figure 27).

Cyanobacteria secrete LPS and other immunologic toxins that increases intestinal
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inflammation 3%, Reduction of the abundance of Cyanobacteria is believed to be
protective against GI inflammation.

The beta diversity analysis for the samples show that the principal coordinates
separated the early and late time points very efficiently. This separation indicates that
microbiota differs considerably due to ageing. PCoA also clustered F'VB-NJ mice away
from the MKR mice indicating that diabetes has a distinct microbial signature that
differs from that of the control mice. Although the CRC mice were not fully separated
from other groups in the PCoA plot, the high alpha diversity of samples at late time
point made clustering difficult indicating that the ageing microbiota is becoming
deleterious for the gut health and may contribute to colon inflammation (Figure 28).

For the antibiotic-treated mice, mice inoculated with diabetic or diabetic and
CRC microbiota were distinctively clustered away from other groups even in the early
time point showing a distinctive signature and early colonization compared to other
FMT (Figure 29). At the late time point, mice inoculated with control or diabetic
microbiota formed separate clusters from each other and from those inoculated with
CRC microbiota (Figure 30). However, samples at the late time point for the antibiotic-
treated mice were of low quality and only 2 mice per group passed the quality control
procedure. Further studies with higher sample size are warranted to confirm and
validate our obtained pilot results.

Probiotics succeeded in changing the microbiota of the diabetic mice and could
form a separate cluster from the diabetic mice in the late time point (Figure 32)
indicating that the beneficial effects of probiotics treatment are mediated mainly

through changing the microbiota.
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Analyzing the microbial composition of the control, diabetic and CRC mice
showed that the control mice had significant proportion of bacteria belonging to phylum
Porphyromonadaceae (Figure 33) which is documented to include many butyrate-
forming bacteria !’*. These results indicate that microbiota of diabetic and CRC mice is
characterized by less abundance of butyrate-forming bacteria corroborating our previous
results.

Both PERMANOVA and AMOVA tests for multivariate and molecular
significance showed that the microbiota in control mice were significantly different
from that of the diabetic or the CRC mice (Table 3). It also showed a strong significant
difference between the early and the late time points. In the same essence, the
microbiota of the probiotics-treated mice was significantly different from that of the
diabetic mice.

The phylum Verrucomicrobia was the most significant phylum accounting for
differences between various groups and between the early and late time points (Figure
36). Additionally, the Proteobacteria and Cyanobacteria also accounted for differences
between the groups of antibiotic-treated mice that were inoculated with different FMT
(Figure 37). Probiotics affected the abundance of bacteria belonging to both
Verrucomicrobia and Proteobacteria as shown through ANCOM analysis (Figure 38).

The phylum Verrucomicrobia include many important bacteria such as
Akkermansia muciniphila which is a mucin-degrading bacterium. A. muciniphila has
beneficial effects on the health of the host and glucose homeostasis 23236, It can
represent up to 5% of the microbiota and it is a resident of the intestinal mucosa 215237,
It has been shown that its abundance is inversely proportional to the body mass

195.199.238 Tt can also protect mice on HFD from gaining weight and adiposity °¢.
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The observed reduction in butyrate-forming bacteria resulted in reduced
secretion of butyrate in cecal and fecal contents. The reduction of butyrate may be
responsible for some of the pathological findings in T2DM due to HDAC3 activation
9495 As an anti-inflammatory, butyrate inhibits HDAC3 which restores the peroxisome
proliferation activated receptor (PPAR)- v and liver-X receptor (LXR) function in obese
rats 23°. Additionally, butyrate can bind to free fatty acid receptors (FFA) 1 and 2, which
modulate immune responses 2*°. Whether these effects are solely due to HDAC
inhibition or histone acetylation or non-histone targets is still unknown 24!242, Qur
diabetic MKR mice also showed enhanced HDAC3 activity in colon tissues compared to
the control group. The correlation between T2DM and increased HDAC3 activity was
reported previously by Sathishkumar et al. without explaining the underlying cause %,
In our study, we potentially fill the missing link by showing that the correlation
between T2DM and the increase in HDAC3 activity is due to the reduction of gut
butyrate production.

Another confirmation for this regulation was shown when the inhibition of
HDACSs by TSA, B-hydroxybutyrate or SAHA reduced the expression of NOX4 in
endothelial cells, spinal cord tissues and human aortic smooth muscles cells 2!4243-244,
Our results confirm this observation, where TSA attenuates diabetes induced NOX4
protein expression. Moreover, our results are in line with the finding of Chen et al.
where chromatin immunoprecipitation (ChIP) and luciferase promoter assays showed
that the expression of NOXs are under direct control of HDAC in immune cells %.
HDACS3 epigenetically regulates inflammation and metabolic pathways related

to diabetic pathogenesis *7. Genome-wide ChIP studies showed that HDAC inhibition

can result in anti-inflammatory responses 246, Many studies emphasized that inhibition
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of HDAC3 attenuates diet-induced metabolic dysfunction 24 and hyperglycemia by
regulating the transcriptional activity of FoxO1 243, In adult B-cells, deletion of HDAC3
increases the secretion of insulin and improves glucose tolerance 2*° and prevents
cytokine-induced (mainly IL-1B) apoptosis 2°°. However, data from the literature
showed that depletion of HDAC3 can induce glucose intolerance and increase
susceptibility for insulin resistance in islet beta cells 1232, These findings suggest that
although partial inhibition of HDAC3 is beneficial in T2DM, its total depletion can
impact the glucose metabolism profoundly. The work on HDAC3 inhibitors has been
culminated with the virtual screening and in vitro testing of novel inhibitors that can be
used as anti-diabetic drugs 23°. Moreover, a selective HDAC3 inhibitor, LW3 has been
recently discovered confirming the druggability of this important epigenetic regulator

254

In our study, we show that the protein expression of IL-1f significantly
increased as a result of T2DM. Increased IL-1f have been previously correlated with
specific commensal bacterial abundance such as Streptococcus, Prevotella,
Haemophilus and Veillonella spp. 2> in inflammatory bowel syndrome. High plasma
levels of IL-1 are associated with many auto-immune diseases including T1DM and
blockage of IL-1 pathway was shown to be beneficial in both TIDM and T2DM 208:20,

Likewise, CRC mice showed an overexpression of IL-13 (Figure 42). The role
of IL-1p in intestinal inflammation and colitis has been described before 14115,
However, there has been some contradictory reports that IL-1B-deficient mice may be
more susceptible to colitis than wild-type mice °¢. This contradiction has been
attributed to, at least partially, to differences in the composition of baseline microbiota

257 A finding that underscores the role of microbiota in the secretion of IL-1B and the
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activation of its downstream signaling leading to precipitation of colonic inflammation
and eventually CRC. CRC is promoted by the activation of Wnt/B-catenin signaling

258 This signaling pathway is believed to be potentiated by IL-1f manifesting

pathway
the role of this cytokine in CRC #*°, Many studies have associated the overexpression of
IL-1B with CRC (reviewed in 2%0),

Besides, butyrate and PSA (produced by B. fragilis) are important for the
maturation of T-cells that produce anti-inflammatory IL-10 and pro-inflammatory IL-17
261,262 Since we have observed a reduction of B. fragilis and butyrate-forming
bacterial population together with reduced production of cecal and fecal butyrate, we
found that circulatory levels of IL-10 and IL-17 are decreased in comparison to the
controls. 1L-10 is protective against progression of DM as per Robert ef al. who
reported that delivery of IL-10 can actually reverses DM in NOD mice 263, The role of
IL-17 in DM is paradoxical. Although it is a pro-inflammatory marker, its reduced
plasma levels were associated with diabetic nephropathy and retinopathy and were
negatively correlated with body mass index, T2DM duration and glycated haemoglobin
264,265

In parallel, we investigated the protein expression of NOX4 that is involved in
key pathways of diabetic complications 128-130-188.213 'We found that their protein
expressions were higher in MKR diabetic mice when compared to the controls. This is
concomitant with other studies on DM 14%:188:266.267 ' Thjg js the first study to
molecularly correlate the elevated expression of NOXs to increased activity of
HDACS3 due to the reduction of butyrate production.

NOX4 was also overexpressed in colon tissues of CRC mice (Figure 43). We

have previously exposed the role of NOX4 in diabetes-associated CRC 3! after
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inducing T1DM in Apc mice. The sole function for NOX4 is the production of ROS
which are beneficial for the cell in moderate amounts. Dysregulation in the expression
of NOX4 can lead to excessive production of ROS which can damage the cell or induce
mutations that can contribute to the cell oncogenic transformation 3!,

We tested if microbiota is responsible for the induction of the expression of IL-
1B and NOX4 seen in case of diabetes and CRC. Our results show that the diabetic or
CRC FMT did not significantly alter the expression of IL-1f (Figure 44) and NOX4
(Figure 45). Noteworthy, CRC was induced chemically in all of these mice which may
have had a direct effect on the levels of both proteins which led to confounding of the
results. Therefore, we cannot rule out a role for microbiota in inducing the expression of
both proteins. Further studies are warranted to investigate and explain the causal effect
for diabetic and cancer microbiota on the expression of IL-13 and NOX4.

After showing that diabetes-associated dysbiosis is characterized by a
reduction of the butyrate-forming bacteria leading to inadequate butyrate secretion, we
supplied the mice with IP sodium butyrate to compensate for this loss without affecting
the gut microbiota. Our results show that butyrate treatment protected against diabetes-
associated gastrointestinal complications and shortening of the colons as a result of
inflammation (Figure 47). Additionally, butyrate supplement protected colon tissue
from oxidative stress and ROS production due to over-expression of NOX4 and it
decreased the expression of the pro-inflammatory cytokine IL-1f (Figure 48). Taken
together, these findings emphasize the beneficial effects of butyrate supplements on the
gut health without affecting the gut microbiota composition. These results are
concomitant with other studies that presented that butyrate, through acting as an HDAC

inhibitor and anti-inflammatory agent, could impart protection against colon
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inflammation and gastrointestinal complications 3268270 n the context of diabetes,
butyrate supplementation was shown to increase insulin sensitivity and delaying
diabetic complications #+3-271,

Similarly, probiotics treatments had beneficial effect on the GI health.
Although it did not affect the blood glucose levels or HbA %, it succeeded in
improving GI health which was reflected by longer colons compared to that of untreated
MKR mice (Figure 49). Probiotics also protected against the over expression of NOX4
and IL-1 and the ensuing hyperproduction of ROS (Figure 50, Figure 51, Figure 52
and Figure 53). These findings underscore the advantageous outcomes of probiotics
treatment. They also confirm that rectifying the microbiota or compensating for the
reduced production of butyrate can be beneficial in diabetes. However, probiotics
should be used in combination with an antidiabetic drug as they have no effect on the
hyperglycemia.

One of the theories for the probiotics action is revolving around SCFAs.
SCFAs are believed to bind to specific G-protein coupled receptors in the gut leading to
manipulation of the enteroendocrine system 272273, This will in turn lead to the
upregulation of gut hormones such as proglucagon 2, glucagon-like peptide-1 (GLP-1)
275 GLP-2, gastric inhibitory peptide (GIP) 2’6 and leptin 277 as well as downregulating
ghrelin 7%, These hormones affects intestinal permeability, satiety, gastric emptying and
food intake 27°. These findings stress on the interplay between probiotics and butyrate in
maintaining a healthy microbiome which endorses a healthy metabolism.

To our knowledge, this study is the first to describe a microbial signature that
is unique to the hyperglycemia component of T2DM without the obesity component.

The novelty of this work is represented in underscoring the role of microbiota in
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mediating GI complications of T2DM and aggravating CRC. The results obtained from
this work pave the way for better understanding of the mechanisms by which T2DM is
precipitating GI complications and potentiating CRC with focus on inflammation and
ROS production pathways.

Our study suffered from some limitations that should be tackled in future
studies mainly the low sample size which prevented the deduction of significance in
some experiments, the short duration of the FMT experiment and the introduction of
CRC in all the groups which masked the differences in protein expressions of NOX4
and IL-1p, the complexity of the probiotics mixture used in the treatment and the lack
of probiotics-treated CRC group. Our future plans include the replication of the FMT
experiment with higher number of animals and non-cancer controls, including a
probiotics as a prophylactic for T2DM and CRC, in vivo experiments that investigate
different treatments with specific bacterial species for CRC and T2DM, assessment of
the activity of other HDAC enzymes in colon tissues, the use of the specific HDAC3
inhibitor, LW3 in in vivo and in vitro experiments that involve animals with CRC and
T2DM, assessment of plasma butyrate concentration in diabetes and CRC and finally
investigating the involvement of other mechanistic pathways such as the mTOR

(mechanistic target of rapamycin) in the development of diabetes-associated CRC.
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CHAPTER 6

CONCLUSION

In conclusion, our study show that T2DM is associated with a unique microbial
signature that is characterized by reduction of B. fragilis and butyrate-forming bacteria.
Both bacterial populations secrete metabolites that contribute to the inflammatory state
observed with DM. Consequently, mice with T2DM have less butyrate production
which impacts its beneficial function as an HDAC inhibitor. Less butyrate resulted in
increased activity of HDAC3, which regulates inflammatory pathways and NOX4
expression and results in development of diabetic complications (Figure 7). Targeting
this pathway by probiotics, butyrate supplements, HDAC3 inhibitor, or NOX4
inhibitors represents a potential novel, specific and promising therapeutic approach for

the management of T2DM and protecting against CRC.
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APPENDIX 2

Analysis of microbiota using mothur

set.dir (input=~/Desktop/MOE/Moe seq data/1l/2, output=~/Desktop/MOE/out
put)

make.contigs (file=.files, processors=32)

screen.segs (fasta=current, group=current, maxambig=0, maxlength=275)
unique.seqgs (fasta=current)

count.segs (name=current, group=current)

summary.sedgs (count=current)

align.segs (fasta= current, reference=silva.nr v132.pcr.align)
summary.seqgs (fasta= current, count= current)

screen.seqgs (fasta=current, count=current, summary=current, start=1968,
end=11550, maxhomop=8)

summary.seqgs (fasta= current, count= current)

filter.seqgs (fasta=current, vertical=T, trump=.)

unique.seqgs (fasta=current, count=current)

pre.cluster (fasta=current, count=current, diffs=2)
chimera.vsearch (fasta=current, count=current, dereplicate=t)
remove.seqgs (fasta=current, accnos=current)

summary.seqgs (fasta=current, count=current)

classify.segs (fasta=current, count=current, reference= trainsetl6 0220
l6.rdp.fasta, taxonomy= trainsetl6 022016.rdp.tax, cutoff=80)

remove.lineage (fasta=current, count=current, taxonomy=current, taxon=C
hloroplast-Mitochondria-unknown-Archaea-Eukaryota)

summary.tax (taxonomy=current, count=current)
dist.segs (fasta=current, cutoff=0.03)

cluster (column=current, count=current)
make.shared(list=current, count=current, label=0.03)
rarefaction.single (shared=current)

dist.seqgs (fasta=current, cutoff=0.03)

cluster (column=current, count=current)

cluster.split (fasta=current, count=current, taxonomy=current, splitmet
hod=classify, taxlevel=4, cutoff=0.03)

make.shared(list=current, count=current, label=0.03)
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classify.otu(list=current, count=current, taxonomy=current, label=0.03

)

phylotype (taxonomy=current)

make.shared(list=current, count=current, label=1)
classify.otu(list=current, count=current, taxonomy=current, label=1)
dist.seqgs (fasta=current, output=1lt, processors=8)

clearcut (phylip=current)

rename.file (taxonomy=.trim.contigs.good.unique.good.filter.unique.prec
luster.pick.pick.opti mcc.0.03.cons.taxonomy, shared= .trim.contigs.go
od.unique.good.filter.unique.precluster.pick.pick.opti mcc.shared)

count.groups (shared=.opti mcc.shared)
sub.sample (shared= current, size= least number of sequences in sample)
rarefaction.single (shared=current, calc=sobs, freg=100)

summary.single (shared=current, calc=nsegs-coverage-sobs-invsimpson, su
bsample=T)

dist.shared(shared=current, calc=thetayc-jclass, subsample=t)
pcoa (phylip=current)

nmds (phylip=current)

nmds (phylip=current, mindim=3, maxdim=3)

amova (phylip=current, design=.design)

homova (phylip=current, design=current)

corr.axes (axes=.o0pti mcc.0.03.subsample.jclass.0.03.1t.ave.nmds.axes,
shared=current, method=spearman, numaxes=3)

get.communitytype (shared=current)
metastats (shared=current, design=current)
lefse (shared=current, design=current)

phylo.diversity(tree=.trim.contigs.good.unique.good.filter.unique.prec
luster.pick.pick.phylip.tre, count=.denovo.vsearch.pick.pick.count tab
le, rarefy=T)

unifrac.unweighted (tree=current, count=current, distance=1t, processor
s=2, random=F, subsample=t)

unifrac.weighted (tree=current, count=current, distance=1lt, processors=
2, random=F, subsample=t)

make.biom(shared= expl.opti mcc.0.03.subsample.shared, constaxonomy= e

xpl.taxonomy, metadata=.metadata file)

Analysis and visualization on R

# Install the following packages (Phyloseq, vegan, ggplot2).

install.packages ("ggplot2™)
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install.packages ("vegan")
if (!requireNamespace ("BiocManager", quietly = TRUE))
install.packages ("BiocManager")

BiocManager::install ("phyloseqg")

# Load the installed packages
library ("phyloseg")
library ("ggplot2")

library ("vegan")

ps <- import biom("MKR-table.w omd.biom", treefilename="tree.nwk")
map <- import giime sample data("MKR-metadata.tsv")

ps <- merge phyloseq(ps,map)

#Plot core graphs (rarefaction, family, species)
rarecurve (t (otu table(ps)), step=50, cex=0.5)

plot bar(ps, fill="Rank2") + facet wrap(~condition, scales = "free x",
nrow = 1)

plot richness(ps, x="condition", color="condition", measures=c ("Observ
ed"))

plot richness(ps, x="condition", measures=c("Observed", "Shannon")) +
geom boxplot ()

#Plot PCoA
sample data(ps) [ , 2] <- sample data(ps)![ ,1]
my.PCoA2 <- ordinate(ps, "PCoA", "bray")

plot ordination(ps, my.PCoA2, type = "samples", color = "condition")+
geom point (size=3)

# PCoA plot using the unweighted UniFrac as distance
wunifrac dist = phyloseq::distance(ps, method="unifrac", weighted=F)
ordination = ordinate (ps, method="PCoA", distance=wunifrac dist)

plot ordination(ps, ordination, color="condition") + theme (aspect.rati
o=1)+

ggtitle ("PCoA: unweigthed Unifrac")+geom point (size=3)

#Plot PCoA (another method)

wunifrac dist = phyloseq::distance(ps, method="unifrac", weighted=T)
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ordUF = ordinate (ps, method="PCoA", distance=wunifrac dist)
plot ordination(ps, ordUF, color = "condition") +

ggtitle ("PCoA: unweigthed Unifrac")+geom point (size=3)

# PCoA plot using the unweighted UniFrac as distance
wunifrac dist = phyloseq::distance(ps, method="unifrac", weighted=F)
ordination = ordinate (ps, method="PCoA", distance=wunifrac dist)

plot ordination(ps, ordination, color="condition") + theme (aspect.rati
o=1)

plot heatmap (ps)
plot bar(ps, fill="Genus")
plot bar(ps, x="condition", fill="1l6")

plot tree(ps, color="condition", label.tips="taxa names", ladderize="l1
eft", plot.margin=0.3)

#Plot each phyllum alone
prevelancedf = apply(X = otu table(ps),
MARGIN = 1,
FUN = function (x) {sum(x > 0)})
# Add taxonomy and total read counts to this data.frame
prevelancedf = data.frame(Prevalence = prevelancedf,
TotalAbundance = taxa sums (ps),
tax table(ps))

prevelancedf[1:10,]

prevelancedfl = subset (prevelancedf, Phylum %in% get taxa unique (ps, t
axonomic.rank = "Phylum"))

ggplot (prevelancedfl, aes (TotalAbundance, Prevalence / nsamples (ps),co
lor=Phylum)) +

# Include a guess for parameter

geom hline(yintercept = 0.05, alpha = 0.5, linetype = 2) + geom poin
t(size = 2, alpha = 0.7) +

scale x 1loglO() + xlab("Total Abundance") + ylab("Prevalence [Frac.
Samples]") +

facet wrap (~Phylum) + theme (legend.position="none")
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Analysis of microbiota using qiime2

Activate qiime2 environment

conda activate /opt/miniconda3/envs/giime2-2020.2

Import Data

giime tools import \
--type 'SampleData|[PairedEndSequencesWithQuality]' \
--input-path microbiota \
-—input-format CasavaOneEightSinglelLanePerSampleDirFmt \

--output-path demux-paired-end.qgza

Obtain a summary of the demultiplexed data

giime demux summarize \
--i-data demux-paired-end.qgza \
--o-visualization demux.gzv

giime tools view demux.gzv

Quality control and feature table construction

giime dada2 denoise-single \
--i-demultiplexed-seqs demux-paired-end.gza \
--p-trim-left 0 \
--p-trunc-len 120 \
--o-representative-sequences rep-segs.gza \
--o-table table.gza \

--o-denoising-stats stats.qgza
giime metadata tabulate \

--m-input-file stats.gza \

--o-visualization stats.qgzv

giime tools view stats.gzv

giime feature-table tabulate-segs \
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-—-i-data rep-segs.gza \
--o-visualization rep-segs.qgzv

giime tools view rep-segs.qgzv

Classification

giime feature-classifier classify-sklearn \
--i-classifier gg-13-8-99-515-806-nb-classifier.qgza \
-—i-reads rep-segs.gza \

--o-classification taxonomy.gza

giime metadata tabulate \
--m-input-file taxonomy.gza \

--o-visualization taxonomy.gzv

Generate a tree for phylogenetic diversity analyses

giime phylogeny align-to-tree-mafft-fasttree \
--i-sequences rep-segs.dgza \
--o-alignment aligned-rep-segs.gza \
--o-masked-alignment masked-aligned-rep-seqgs.gza \
--o-tree unrooted-tree.gza \

--o-rooted-tree rooted-tree.qgza

Filter data by experiment

giime feature-table filter-samples \
-—i-table table.gza \
--m-metadata-file lexp2-metadata.tsv \
--o-filtered-table lexp2-table.qgza

giime feature-table summarize \
-—i-table lexp2-table.gza \
--o-visualization lexp2-table.qgzv \

--m-sample-metadata-file lexp2-metadata.tsv

Alpha and beta diversity

giime diversity core-metrics-phylogenetic \
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--i-phylogeny rooted-tree.qgza \
--i-table lexp2-table.gza \
--p-sampling-depth 26993 \
--m-metadata-file lexp2-metadata.tsv \

--output-dir lexp2-core-metrics-results

giime diversity alpha-group-significance \
--i-alpha-diversity lexp2-core-metrics-results/faith pd vector.gza \
--m-metadata-file lexp2-metadata.tsv \

--o-visualization lexp2-core-metrics-results/faith-pd-group-signific
ance.qzv

giime diversity alpha-group-significance \
--i-alpha-diversity lexp2-core-metrics-results/evenness vector.gza \
--m-metadata-file lexp2-metadata.tsv \

--o-visualization lexp2-core-metrics-results/evenness-group-signific
ance.qzv

giime diversity beta-group-significance \

--i-distance-matrix lexp2-core-metrics-results/unweighted unifrac di
stance matrix.gza \

--m-metadata-file lexp2-metadata.tsv \
--m-metadata-column condition \

--o-visualization lexp2-core-metrics-results/unweighted-unifrac-cond
ition-significance.qgzv \

--p-pairwise

giime diversity beta-group-significance \

--i-distance-matrix lexp2-core-metrics-results/unweighted unifrac di
stance matrix.gza \

--m-metadata-file lexp2-metadata.tsv \
--m-metadata-column time point \

--o-visualization lexp2-core-metrics-results/unweighted-unifrac-time
point-significance.qzv \

--p-pairwise

giime emperor plot \
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--i-pcoa lexp2-core-metrics-results/unweighted unifrac pcoa results.
gza \

--m-metadata-file lexp2-metadata.tsv \

--o-visualization lexp2-core-metrics-results/unweighted-unifrac-empe
ror.qzv

giime emperor plot \
--i-pcoa lexp2-core-metrics-results/bray curtis pcoa results.gza \
--m-metadata-file lexp2-metadata.tsv \

--o-visualization lexp2-core-metrics-results/bray-curtis-emperor.qgzv

giime diversity alpha-rarefaction \
-—i-table lexp2-table.gza \
--i-phylogeny rooted-tree.qgza \
--p-max-depth 4000 \
--m-metadata-file lexp2-metadata.tsv \

--o-visualization lexp2-alpha-rarefaction.gzv

giime taxa barplot \
-—i-table lexp2-table.gza \
--i-taxonomy taxonomy.gza \
--m-metadata-file lexp2-metadata.tsv \

--o-visualization lexp2-taxa-bar-plots.gzv

Differential abundance testing with ANCOM

giime composition add-pseudocount \
-—i-table lexp2-table.gza \

--o-composition-table comp-lexp2-table.gza

giime composition ancom \
--i-table comp-lexp2-table.gza \
--m-metadata-file lexp2-metadata.tsv \
--m-metadata-column condition \

--o-visualization ancom-lexp2.gzv

Performing a differential abundance test at a specific taxonomic level.

145



giime taxa collapse \
-—i-table lexp2-table.gza \
--i-taxonomy taxonomy.gza \
-—-p-level 2 \

--o-collapsed-table lexp2-table-12.gza

giime composition add-pseudocount \
-—i-table lexp2-table-12.gza \

--o-composition-table comp-lexp2-table-12.gza

giime composition ancom \
-—i-table comp-lexp2-table-12.gza \
--m-metadata-file lexp2-metadata.tsv \
--m-metadata-column condition \

--o-visualization ancom-lexp2-table-12.gzv

giime gneiss correlation-clustering \
-—i-table lexp2-table.gza \

--o-clustering lexp2-hierarchy.qgza

giime gneiss dendrogram-heatmap \
-—i-table lexp2-table.gza \
-—i-tree lexp2-hierarchy.gza \
--m-metadata-file lexp2-metadata.tsv \
--m-metadata-column condition \
--p-color-map seismic \

--o-visualization lexp2-heatmap.gzv

Export to biom hdf5

giime tools export \
--input-path taxonomy.gza \

--output-path taxonomy.biom

giime tools export \

--input-path lexp2-table.gza \
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--output-path lexp2-table.biom

#append taxonomy classification to feature table and convert to biom f
ormat

biom add-metadata -i lexp2-table.biom/feature-table.biom -o lexp2-tabl
e.w_omd.biom --observation-metadata-fp taxonomy.biom/taxonomy.tsv --ob
servation-header OTUID, taxonomy --sc-separated taxonomy

Visualization

giime tools view taxonomy.gzv
giime tools view lexp2-table.gzv

giime tools view lexp2-core-metrics-results/unweighted unifrac emperor
.qzv

giime tools view lexp2-core-metrics-results/faith-pd-group-significanc
e.qzv

giime tools view lexp2-core-metrics-results/evenness-group-significanc
e.qzv

giime tools view lexp2-core-metrics-results/unweighted-unifrac-conditi
on-significance.qgzv

giime tools view lexp2-core-metrics-results/unweighted-unifrac-time po
int-significance.qgzv

giime tools view lexp2-core-metrics-results/bray-curtis-emperor.qzv

giime tools view lexp2-core-metrics-results/unweighted-unifrac-emperor
.qzv

giime tools view lexp2-alpha-rarefaction.gzv
giime tools view lexp2-taxa-bar-plots.gzv
giime tools view ancom-lexp2.gzv

giime tools view ancom-lexp2-table-12.gzv

giime tools view lexp2-heatmap.qgzv

Export the following files to be used in R-phyloseq

feature table in biom format
taxonomy (export as tsv)

re seq file.fasta

tree.nwk

metadata.tsv
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APPENDIX 3

Supplementary Figures
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Figure 1: Rarefaction curve of samples of control, diabetic and
colorectal cancer mice.
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Figure 2: Rarefaction curve of samples of the control, diabetic and
probiotics-treated mice.
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Figure 4: Alpha diversity per sample in antibiotic-treated mice.
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Figure 5: Alpha diversity per sample in control, diabetic and
probiotics-treated mice.
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Figure 6: Different bacterial families per sample in control, diabetic
and colorectal cancer mice.
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Figure 7: Different bacterial families per sample in antibiotic-

treated mice.
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