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Abstract

Replacement of β-cells through islet transplantation is a potential therapeutic approach for

individuals with type 1 diabetes that is hard-to-control with conventional approaches. β-cell stress

and death, due to exposure to stressors such as inflammation and hypoxia, is a major challenge

of islet transplantation. It is of utmost importance to diagnose β-cell insults before massive cell

loss occurs and hence rapid intervention can be taken. Currently utilized markers often fail to

detect β-cell stress and death in timely manner and only indicate massive changes in β-cell

function. Thus, biomarkers reflect the actual rate of β-cell stress and death are required. Here,

I set out to identify microRNAs (miRNAs) that could be reflective of β-cell stress and death. I

measured circulating miRNAs in diabetic animal model established using STZ β-cell toxin and

in healthy animals. I investigated miRNA induction, in response to various degrees of hypoxic

and inflammatory stressors, in vitro in animal and human islet-stress model. Lastly, I sought

to explore biological pathways targeted by cytokines- and/or hypoxia-induced miRNAs. These

studies contribute to the establishment of biomarkers of β-cell stress and death in the context of

islet transplantation aiming at early intervention and rescue the islet graft. Further, the findings

could be useful in the development of therapies that safeguard islet against harmful stressors.





1 INTRODUCTION

1 Introduction

1.1 Type 1 diabetes

Type 1 diabetes is a chronic autoimmune disease resulting from the selective destruction of

insulin producing β-cell in the pancreatic islets by autoreactive T-cells, which leads to insulin

secretion insufficiency and lifelong exogenous insulin dependency (Morran et al., 2008). The

autoimmunity against β-cell is characterized by the presence of autoantibodies against autoanti-

gens corresponding with β-cell components or products such as insulin, IA-2 and IA-2β (islet-cell

antigen-2), GAD65 (glutamic acid decarboxylase 65 kDa), and ZnT8 (Zinc transporter 8).

β-cells are prime components of the pancreatic islets of Langerhans which are islands of cells

grouped together in 50-500um diameter structure distributed within the pancreas and representing

the hormone synthesizing part of it. Each islet has around 1000 cells, of which 60-70% are

β-cells in human (Persaud et al., 2014) and the rest are comprised of glucagon-secreting α-cells,

somatostatin-secreting δ-cells, and pancreatic polypeptide-secreting γ-cells (PP cells).

The main function of β-cells is insulin secretion in a well regulated process referred to as GSIS

(glucose-stimulated insulin secretion). Here, insulin is secreted as a reaction to stimuli such as

meals or hormones in order to keep blood glucose level tightly adjusted. Two phases of insulin

secretion were identified. The GSIS starts with glucose entry to β-cells via GLUT1 (glucose

transporter 1) and the following metabolism of it inside β-cells. This process results in ATP

production leading to an increase of the ratio ATP/ADP, which in turn induces the shutdown of

KATP channel (ATP-sensitive potassium channel). The latter causes cell membrane depolarization

that leads to the induction of VGCCs (voltage-gated calcium channels) which allows the entry

of Ca+2 inside β-cells. The quick increase of Ca+2 within β-cells promotes the release of insulin

loaded in granules located near to the plasma membrane through exocytosis. The massive

release of insulin from already synthesized granules reflects the earlier peak of insulin elevation

after stimulation (first phase). The second phase represented by lower but more prolonged

insulin secretion and that requires the recruitment of newly manufactured granules (Meier, 2016;

Campbell and Newgard, 2021).

Given the pivotal role of β-cell in insulin secretion, their destruction by the immune system leads

to the lack of such vital function of insulin secretion and the following loss of blood glucose control.
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The trigger that stands behind the initiation of a β-cell attack by immune cells and, thus, the onset

of type 1 diabetes is not determined yet.

Genetic predisposition plays an essential role in the development of type 1 diabetes. Certain

HLA (human leukocyte antigen) class II gene loci on chromosome 6 correlated with type 1

diabetes, particularly the alleles HLA-DRB1, and HLA-DQB1/DQA1 (Noble et al., 2010). Other

genomic sites have been implicated in type 1 diabetes. A number of SNPs (Single-nucleotide

polymorphism) were identified that could increase type 1 diabetes prediction when used in

combination with HLA genotypes (Winkler et al., 2014). Environmental factors (Forlenza and

Rewers, 2011) and certain infections (Hyöty and Taylor, 2002) were investigated as potential

triggers but as of today no conclusions have been reached.

The typical clinical manifestations of type 1 diabetes include frequent urination, excessive thirst,

excessive appetite, weight loss and fatigue. The diagnosis of type 1 diabetes is made when

fasting blood glucose is ≥126 mg/dl, random blood glucose or after 2 hours in OGTT (oral glucose

tolerance test) ≥200 mg/dl or (Hemoglobin A1c) HbA1c ≥6.5% (American Diabetes Association,

2016).

The cornerstones in type 1 diabetes management are exogenous insulin replacement and close

blood glucose monitoring. The aim is to keep HbA1c below 7% and blood glucose below 154

mg/dl (American Diabetes Association, 2016). The insulin replacement therapy has turned type

1 diabetes from a fatal into a relatively manageable condition and when combined with tight

blood glucose control, the development of type 1 diabetes complications can be reduced in the

long run. Different insulin types (e.g. rapid-, short-, intermediate-, and long-acting) in addition to

the revolution in blood glucose monitoring technology (i.e. continues blood glucose monitoring)

offer numerous options for individualized diabetic patient care. The insulin pump is one of these

advanced technologies that allows continuous, live blood glucose monitoring and releases insulin

according to the momentary needs of the patient.

Although the above-mentioned strategies offer optimal blood glucose control to many patients,

such devices and compounds constitute a financial burden. Furthermore, devices have an

error range, which could be problematic; for instance, if the device measures blood glucose

inaccurately, this will induces the release of inaccurate dose of insulin. The establishment of a

system that mimics the physiological insulin dynamics is far from being achieved.
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A fraction of individuals with type 1 diabetes experience severe blood glucose control-related

issues. In those individuals, it becomes difficult to control hypoglycemia/hyperglycemia, in spite

of recruiting intensive conventional strategies such as insulin administration, to the extent of

limiting their daily activities. Beside the life-threatening hypoglycemia unawareness; the stress,

dizziness, and blurred vision could be devastating in situations such as driving. Such condition

is referred to as brittle or labile type 1 diabetes. This condition raised the need for alternative

management strategies.

Indeed, newer approaches for type 1 diabetes management are evolving. A huge amount of

research is focused on the potential of other islet cells to replace the destructed β-cells, and the

possibility of using stem cells to produce cells that are as close as possible to the insulin-producing

β-cells.

Moreover, the substitution of destructed islets by healthy islets obtained from donors is showing

great promise in this regard, especially for patients suffering from the brittle type 1 diabetes.

1.2 Pancreatic Islet transplantation

The principle of islet transplantation is to replace islets of a patient either by the patient’s own islets

(autotransplant) or by islets obtained from a deceased donor (allotransplant). Adequate quantity

and quality of isolated human islets are required; therefore, several protocols were developed

and shown to succeed to secure islets demand for transplantation (Paget et al., 2007). In 1967,

the first method to isolate islets based on collagenase dissociation was introduced (Naftanel and

Harlan, 2004), followed by the establishment of density gradient to purify islets in 1969 and the

islet isolation protocol in 1981 (Horaguchi and Merrell, 1981). The eighties witnessed even more

improvements in the isolation process culminating in the automated method for islet isolation

described in 1988 (Ricordi et al., 1988).

The first clinical trial of islet transplantation took place in 1985 and in the beginning of 1990s the

first insulin-independence cases after transplantation were reported (Scharp et al., 1990).

However, a 100% insulin independence was only reported in 2000 thanks to Edmonton protocol

established by James Shapiro et al. (Shapiro et al., 2000). The protocol comprised infusing around

11500 IE/Kg (Islets equivalent/body weight) and the use of immunosuppressants (daclizumab,

tacrolimus, and sirolimus) without the use of glucocorticoids. Enormous progress in the field of
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islet transplantation was achieved following the initiation of Edmonton protocol. In 2016, an eight

center clinical trial by the NIH (National Institutes of Health) reported HbA1c ≤7% in 87.5% and

71% of patients after 1 and 2 years post transplantation, respectively (Hering et al., 2016).

Islet allotransplantation is usually applied in the context of type 1 diabetes treatment while auto-

transplantation is performed as part of pancreatitis management and will here not be discussed

further (Rickels and Robertson, 2019).

In allotransplantation, tissue compatibility between the donor and the recipient needs to be tested

beforehand in terms of blood group, HLA antibodies (in the recipient), and T and B lymphocyte

crossmatching (to test the presence of antibodies in the recipient blood against the donor’s

lymphocytes). The pancreas obtained from a deceased donor is digested by collagenase injected

through the pancreatic duct cannulation and by placing the pancreas into a Ricordi chamber.

The digestion product is then loaded on an osmotic gradient for islets separation and purification

(Rickels and Robertson, 2019). The isolated islets are then cultured for 24-72H (Shapiro et al.,

2017) before transferring them to a recipient with type 1 diabetes. To do so, the portal vein

of the patient is catheterized percutaneously with guidance of ultrasound and the islets are

infused. After transplantation, the recipients are subjected to an immunosuppressant regimen

such as daclizumab and alemtuzumab or tacrolimus to keep the islets from being destroyed by

the immune system (Shapiro et al., 2017).

Not all individuals with type 1 diabetes are eligible for islet transplantation. The inclusion criteria

are: type 1 diabetes for more than 5 years with non-measureable C-peptide associated with severe

hypoglycemia (≥2 event/year) or one event of hypoglycemia unawareness and/or glycemic lability

and that despite the use of all possible conventional insulin therapy and blood glucose monitoring

utilities. The age should be more than 18 to avoid the side effects of the immunosuppressants in

younger patients (Shapiro et al., 2017; Rickels and Robertson, 2019).

The outcomes of islet transplantation are promising for a number of patients, sometimes for

limited time, but still, many patients that undergo transplantation relinquish the insulin injections

and thus improve their quality of life. Figure 1.1. Data of 864 islet transplantation cases showed

that 80% demonstrated insulin independence after ≥2 weeks and 50% after 5 years (Collaborative

Islet Transplantation Registry, annual report 2014). In the Edmonton protocol, 73% of patients

had HbA1c less than 6.5% after 10 years. The hypoglycemic episodes decreased significantly
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as well (Shapiro et al., 2017). Some parameters, such as the number of islet infusions and the

period of islet culture before infusion seem to influence the capacity of patients to reach insulin

independence (Gaber et al., 2001; Markmann et al., 2003). When comparing the outcomes

of islet transplantation with conventional approaches in type 1 diabetes management such as

insulin therapy, it has been shown that patients with problematic hypoglycemia that underwent

islet transplantation had a significant decrease in HbA1c after six months (HbA1c decreased

from 8.1% to 5.6%) while no improvement in HbA1c was reported with intensive insulin therapy

(HbA1c was 8.2% after six months and baseline: 8.1%) (Lablanche et al., 2018).

Although islet transplantation offers a promising option in type 1 diabetes management, the

procedure faces limitations that I will discuss here.

The scarcity of islets is an important aspect since the demand is much higher than the supply; for

instance, in the US there is no less than 1 million people with type 1 diabetes and hardly few

thousand donors yearly (Naftanel and Harlan, 2004). Additionally, most patients will need more

than one infusion to establish good blood glucose control; as required per Edmonton protocol

>9000 IE/kg are needed per patient to reach insulin independency, and for that more than two

donors are needed for one patient.

Poor islet engraftment is another important factor impeding full and long-term success of islet

transplantation. One of the major mechanisms behind the insufficient engraftment is the inflam-

matory stress (Bennet et al., 2000), which eventually leads to cell death and important decrease

in the number of transplanted islets and subsequent decrease in insulin secretion. The addition of

antibodies against certain inflammatory cytokine receptors or the inhibition of their action during

the islet transplantation protocol improve islet survival and function (Rickels et al., 2013). For

example Etanercept, a TNF-α receptor antibody, and Anakinra, an IL-1β receptor antagonist,

were used successfully in the protocol of islet transplantation (Hering, 2005; Matsumoto et al.,

2011). Blocking the secretion of IFN-γ by NKT cells (natural killer T cells) is another way to

improve islet survival, either by using an α-galactosylceramide- or HMGB1 (high-mobility group

box 1) antibody (Yasunami et al., 2005; Matsuoka et al., 2010).
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Figure 1.1: Blood glucose profile before (A) and after (B) islet transplantation. An exemplary

blood glucose measurement in 24H for one patient during one month. Median values are

presented. The two dotted lines indicate blood glucose range between 60 and 140 mg/dl. The

figure adapted from (Shapiro et al., 2000).
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Oxygen limitation is another factor leading to islet loss. In the healthy situation, islets are located

in a high-oxygen supply environment due to the abundance of vascularization in the pancreas.

When transferring the islets alone without its network of blood vesicles into the liver they will

experience a detrimental lack of oxygen negatively affecting their viability as well as functionality,

at least until new vesicles are built up around them (Komatsu et al., 2018).

Next, chronic or acute islet loss could be caused by alloimmunity, which is characterized by

chronic or acute rejection of islet transplant. The use of islets from multiple donors increases the

risk of formation of antibodies towards the HLA of the donor and thus risking islet survival.

And last, another reason for islet loss is recurrence of type 1 diabetes autoimmunity, and as for

alloimmunity, this can occur in the short- or long-term.

The limiting factors discussed above eventually lead to islet stress and death and this clearly

hinders the islets transplantation from being an optimal treatment choice particularly in the long-

term. The islet stress and death results in insufficient insulin secretion and the patient will need

insulin shots again, alone or with additional islet infusions. This situation demanded a tool that

helps identify stress or cell death in timely manner. Such tools confer early intervention before

massive loss in islets takes place. An indicator that could be characteristic of islets loss is vital in

monitoring islet status after transplantation.

1.3 What is a biomarker?

A biomarker is a substance that provides valuable information about a physiological process,

disease or condition. Biomarkers can serve to diagnose, classify and provide a prognosis of a

disease. Biomarkers are also in use to evaluate the response to a drug or to a medical procedure

(Biomarkers Definitions Working Group, 2001).

Biomarkers are used widely in daily medical routine. For instance, in the context of diabetes

the measurement of blood glucose and HbA1c are the main criteria for diagnosis and are the

essential parameters to monitor the response to treatment. Another example is carcinoembryonic

antigen (CEA), an important biomarker used for the detection of recurrence in colorectal cancer

in the absence of symptoms (Duffy, 2001).

One problem with the usage of biomarkers in the course of a disease is the possible false positivity
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and/or false negativity of the biomarker measurements. Other parameters are used to determine

if the measured value is indeed false positive or negative – that is, to achieve a correct evaluation

of the patient‘s state. These parameters could be for instance clinical findings, or other biological

measurements. An optimal laboratory test does not exist; any test can give positive outcome

although the patient (sample) is negative for the tested condition or molecule and vice versa.

To which extent a test is powerful in establishing a separation between ‘normal’ and ‘abnormal,’

certain statistical measures need to be considered, namely, the specificity and sensitivity of

the tested biomarker and the positive and negative predictive values, which are a function of

specificity, sensitivity and the prevalence of the condition in the tested population. The sensitivity

is used to assess the power of a test to identify positive ‘subjects.’ Specificity is the capability of a

test to exclude a condition (identify negative subjects). However, the recent advances allow the

measurement of many potential markers for example genes or proteins at once in a sample set to

identify disease/condition signatures. It is well established that when the measured compounds

show different patterns as a response to a disease/condition, this will enhance the specificity and

sensitivity of the test (LaBaer, 2005).

Practically, the biomarker detection in a relatively easy-accessible sample such as blood or urine

represents a very attractive tool in the field of disease/condition monitoring or diagnosis. One

of the principles that such a procedure is based on is the notion that these markers are not

present in the circulation in the “healthy” situation and once the tissue experiences distress, those

markers appear in the circulation as a result of e.g. tissue damage. On the cellular level, if the

cell is exposed to harmful factors (for example inflammation, infection, and metabolic stress) it

tries to adapt to the new situation in order to survive. This adaptation triggers the recruitment of

pathways involved in cell stress and death and the related molecules (proteins, nucleic acids,

etc.). In β-cells, it was shown that inflammatory mediators can induce ER (endoplasmic reticulum)

stress and NF-𝜅B pathway, which was evidenced by pronounced changes in gene expression

such as the decrease of Pdx1 and the increase of Nos2 (Tersey et al., 2012). This indicates that

stressors affect molecules expressed inside β-cells and those affected molecules can break out

of the cell and be therefore expressive of cell-stress. For instance, nucleic acids and proteins

can find their way to extra-cellular space and their detection could be suggestive of cell stress or

dysfunction. However, the exact mechanism for how the stress cascades lead to such release of

molecules is not fully understood. The potential ways through which stress-indicators can leave
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out to the extra-cellular space are the secretory machinery of the endoplasmic reticulum/Golgi

apparatus, vesicles such as apoptotic bodies or microvesicles, and cell necrosis (Sims et al.,

2018).

Through these ways somemolecules have been studied asmarkers of β-cells stress or dysfunction

and some are still being investigated. In the next chapter, I will discuss some of these molecules

in more details.

1.4 Proposed markers for β-cell stress and death detection after islet transplan-

tation

The monitoring of islet function and viability is an important aspect when it comes to establishing

islet transplantation as a treatment for brittle type 1 diabetes. Such monitoring would provide a

precious opportunity to rescue the islet graft on time, before a significant amount of islets are

destroyed and subsequently becoming clinically overt. Several indicators are used so far and

new indicators are emerging and still in development.

1.4.1 Metabolic tests

After transplantation, the monitoring of blood glucose, HbA1c, and C-peptide offers a handy way

to assess islets function. Individuals with type 1 diabetes who are eligible for islet transplan-

tation normally do not have detectable C-peptide and hence the detection of C-peptide after

transplantation informs about islet function such as the conversion of C-peptide from positive to

negative. Another advantage of the C-peptide monitoring is that C-peptide level is not affected

when administrating exogenous insulin since it is frequent that patients who underwent islet

transplantation need insulin therapy (Palmer et al., 2004).

In 2018, the IPITA (International Pancreas and Islet Transplant Association) and EPITA (European

Pancreas and Islet Transplantation Association) established parameters that should be used

to assess the islet graft function. Optimal graft function in patients is defined by the presence

of C-peptide >0.5 ng/ml, HbA1c ≤6.5% and by the absence of severe hypoglycemia and the

need of insulin therapy or OHA (oral hypoglycemic agents). Good graft function is defined by the

presence of C-peptide >0.5 ng/ml, HbA1c <7%, and by the absence of severe hypoglycemia

and by a >50% decrease in insulin need. Marginal graft function is defined by the presence of
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C-peptide >0.5 ng/ml, HbA1c >7%, by the presence of severe hypoglycemia and by a <50%

decrease in insulin need (Rickels et al., 2018).

Although these metabolic markers allow to assess the glycemic control after transplantation,

they do not reflect advancing cell death of the transplanted islets and minor changes in the islet

mass. C-peptide for example can be considered an important marker when massive loss of islets

occurs, but does not allow to detect the gradual onset of islet stress and death (AlRashidi and

Gillespie, 2018). The C-peptide level is also affected by other characteristics such as insulin

sensitivity (Saisho, 2016).

1.4.2 Circulating proteins

Autoantibodies, such as antibodies against GAD65, islet antigen insulinoma-associated protein-

2 (IA-2), and zinc transporter type 8 antigen (ZnT8) autoantibodies are considered potential

indicators to predict islet graft status after islet transplantation. Autoantibodies are used intensively

in type 1 diabetes trials and they could be useful in the context of islet transplantation as well.

If autoantibodies are negative before transplantation, and convert to positive after transplantation

this conversion indicates recurrence of autoimmunity. However, if autoantibodies were positive

before transplantation and a new elevation is detected after transplantation, the relation between

this increase and the graft status is not clarified yet (Monti et al., 2015).

The use of multiple autoantibodies was shown to be useful for assessing the outcome of pancreas

transplantation (Vendrame et al., 2010). In a study with 59 islet transplant recipients, 20.3% of

patients showed autoantibodies (GADA, IA-2A, or ZnT8A) elevation which correlated with islet

graft survival (Piemonti et al., 2013). Perhaps the major drawback in the use of autoantibodies to

predict the graft status after transplantation is that the administration of immunosuppressants

potentially highly affects the production of such autoantibodies after transplantation. Further,

patients undergoing transplantation mostly already have increased type 1 diabetes specific

autoantibodies. Therefore, only if a clear increase in the measured autoantibodies is detected,

can one use them as a measure of poor implant status.

Some β-cell compounds, as for example GAD65, have attracted interest. Because β-cell release

their content to the circulation when they die, the ability to measure β-cell proteins in the circulation

should be reflective of cell death. Using highly sensitive assays, a study showed an acute
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elevation of GAD65 after islet transplantation during the first 24H (Costa et al., 2015). The use of

GAD65 as marker of islet death is hampered by several factors. Specificity is a concern since

GAD65 is expressed predominantly in β-cell but also in the central nervous system (CNS). It

might be indicative of not only autoimmunity affecting β-cells but also autoimmune disorders that

affect the CNS as well. Therefore, the positivity of GAD65 should be interpreted carefully when

several autoimmune disorders are present (McKeon and Tracy, 2017). Another issue is the short

presence of GAD65 in the circulation since its half-life is around 180min (Darden et al., 2020),

that means the need of frequent sampling to follow its detection capacity making it less attractive

especially in relatively long-time interval monitoring.

1.4.3 Nucleic acid

Detecting the DNA in the circulation is a possible method to predict β-cell death since the cells

release their DNA after cell death. The principle in DNA biomarkers is to investigate certain

changes in the released DNA. To look for changes that are specific to β-cells that are dying,

one can search for de-methylation of genes that are specifically expressed in β-cells, since the

methylation is present on genes that are suppressed, while the methylation is absent in highly

expressed genes.

One possible candidate for a DNAmarker of β-cell death is the gene encoding for insulin (INS).

Cytosine methylation was studied for INS. Since the gene is highly expressed in β-cells, one

can assume that INS DNA that has been released from dying β-cells lacks cytosine methylation.

It was therefore hypothesized that increased level of unmethylated INS in the circulation could

be an indicator of β-cell death. Studies showed indeed an increase in unmethylated INS in a

diabetic mouse model (diabetes induced by streptozotocin) and in non-obese diabetic mice (NOD

mice) (Husseiny et al., 2014) and after islet transplantation in human (Bellin et al., 2017).

Although these findings are encouraging, tissue specificity remains an issue. Some other

genes that are expressed in β-cells also showed similar pattern of unmethylation in α-cells as

well (Neiman et al., 2017). Additionally, unmethylated INS gene was detected in other tissues

(Husseiny et al., 2014) and this is problematic when it comes to tissue mass if comparing the

islets mass to relatively larger tissues such as spleen. The elevation of unmethylated INS in the

circulation could therefore not be exclusively attributed to β-cells injury but can originate as a
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result of minor cell death in larger organs that express such unmethylation.

Some RNAmolecules (miRNAs, circular RNAs, and small nucleolar RNAs) were proposed as

markers of β-cells stress and death. MiRNAs can be accessed non-invasively as they are present

in most biofluids and can be measured with relatively cost-effective methods. Adding the fact that

more than 60% of the genes encoding proteins in human can be regulated by miRNAs (Friedman

et al., 2008), miRNAs could mirror the status of the cell either on the physiological or on the

pathological level.

The easy accessibility of miRNAs, their cost-effective quantification, implication in several phys-

iological processes in the cell, and other characteristics (see below), created the proposition

that these molecules could constitute a brand-new class of biomarkers. Some miRNAs were

already extensively studied in this regard. miR-375 for example was proposed as a biomarker

in the context of β-cell death and diabetes (Erener et al., 2013; Kanak et al., 2015; Latreille et

al., 2015; Marchand et al., 2016; Patoulias, 2018; Sedgeman et al., 2019; Vasu et al., 2019).

More miRNAs are emerging and showing promise as markers for type 1 diabetes, for example

circulating miR-21, miR-25, miR-146a, and miR-181a (Liu et al., 2019).

To shed some light on these small RNA molecules I will discuss in the following chapter in detail

their synthesis, biological roles and their presence in the circulation.

1.5 miRNAs

miRNAs are short (21–25 nucleotides in length) single-stranded RNA molecules, originated from

a hairpin-like structure. miRNAs are considered as gene silencers post-transcriptionally.

In 1993 the first miRNA, lin-4, was discovered in Caenorhabditis elegans (Lee et al., 1993. In

2000). The door was opened widely to the miRNA research when the miRNA let-7 was detected

in Caenorhabditis elegans and in humans (Pasquinelli et al., 2000). Today, thanks to advances

in next generation sequencing technologies numerous miRNAs have been identified and more

than 1900 human miRNAs are stored in miRBase (version 22.1). Bioinformatic studies even

predict 2300 miRNAs to exist in human (Alles et al., 2019).
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1.5.1 Biogenesis

Starting from a miRNA gene, the transcription can be initiated by RNA polymerase II or RNA

polymerase III (Pol II/ III), but in most of the cases Pol II is responsible for this process (Lee

et al., 2004). The products of transcription are referred to as pri-miRNAs (primary miRNAs).

pri-miRNAs have one or more hairpins and the mature miRNA sits within the double stranded

structure. Fig.1.2. At the end of the hairpin structure of pri-miRNA there are two flanking segments,

that, via interaction with DGCR8, guide Drosha in the cutting process of the pri-miRNA (Wahid et

al., 2010).

In the nucleus, a complex comprising Drosha (RNase III enzyme) and DiGeorge critical region 8

protein (DGCR8) and termed microprocessor complex, splits the pri-miRNA into the pre-miRNA

(precursor miRNA) which is around 70 nucleotide in length and still has the hairpin structure (Lee,

2002).

The pre-miRNA is then transferred from the nucleus to the cytoplasm via Exportin-5 with assistance

of Ran-GTP (guanosine triphosphate-binding Ran (RAs-related Nuclear protein)) (Yi, 2003).

Exportin-5 identifies the pre-miRNAby length. By exporting the pre-miRNA, Exportin-5 safeguards

it from degradation in the nucleus (Zeng, 2004).

The pre-miRNA is then further processed in the cytoplasm. An RNase III enzyme, Dicer, leads the

cleavage process which results in the production of the mature miRNA. Dicer acts with the help of

two proteins, TRBP (trans-activation response RNA-binding protein) and PACT (protein activator

of PKR) (Chendrimada et al., 2005; Lee et al., 2006). Dicer cuts the pre-miRNA loop in a miRNA

duplex of around 22 nucleotides. Dicer is vital for miRNA synthesis and is an essential protein.

In mouse, the knockout of Dicer leads to death in the early stages of development (Bernstein et

al., 2003).

The next step is the separation of the two strands of the miRNA duplex which results in two

strands. One strand is called “guide strand,” the actual effector miRNA which is loaded into RISC

(RNA-induced silencing complex consisting of four types of Argonaute proteins (Ago) Ago 1-4 in

human) (MacRae et al., 2008). Subsequently, the complex miRISC (minimal miRNA-induced

silencing complex) is formed (Kawamata and Tomari, 2010).

The second strand is called “passenger strand” (referred to previously with an asterisk miRNA*)
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which typically degrades. Some studies showed that this is not always the case and sometimes

the passenger strand can act as the guide strand and can be biologically active (Guo and Lu,

2010). The nomenclature of the mature miRNA strand refers to the end of the hairpin structure

from which the miRNA was produced. It is called -5p if the miRNA results from the 5′ end of the

pre-miRNA and -3p if the miRNA results from the 3’ end. This new, more precise nomenclature

made the asterisk used for the “passenger strand” obsolete.

The mechanism of nomination of the strand to be chosen (5p or 3p) to be incorporated with

Ago proteins is not fully understood. However, it has been suggested that the thermodynamic

characteristics of the miRNA duplex, the physiological and pathophysiological status of the cell

and the cell type could be important determinants of this process (Khvorova et al., 2003; Meijer

et al., 2014).

The pathway described above is the canonical pathway of miRNA synthesis. Non-canonical

pathways were also identified. For instance, the pre-miRNAs can originate in mirtrons (short

introns) without the need of the complex Drosha/DGCR8 as described above. However, they

are transferred with Exportin-5 to the cytoplasm and further processed by Dicer same as for the

canonical pathway (Ruby et al., 2007).
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Figure 1.2: The canonical pathway of miRNA synthesis. In the nucleus, pri-miRNAs (primary

miRNAS) are produced through the transcription of miRNA genes by RNA polymerase II or RNA

polymerase III (Pol II/ III). The Drosha-DGCR8 complex cuts the pri-miRNA into the pre-miRNA

(precursor miRNA) which is transferred to the cytoplasm by Exportin-5 where it is cleaved by

Dicer-TRPB. The latter cleavage produces the guide strand (the functional mature miRNA) which

is incorporated into the RISC. The other strand is degraded (referred to as passenger strand).

The figure is adapted from (Winter et al., 2009).
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1.5.2 Function

In general, miRNAs suppress gene expression, but some studies revealed also roles in expression

induction.

In principle, miRNAs loaded within RISC associated with one of the Ago family (Ago1-4), need

to bind to the mRNA (messenger RNA) target so they can exert their role. This binding occurs

by means of Watson-Crick base-pairing between the miRNA seed (2-8 nucleotides), which is

located at the 5′ end, and the 3’UTR (Three prime untranslated region) on the target mRNA side

(Kim et al., 2017).

The extent of complementarity between the two sites (miRNA seed and 3’UTR) is essential in

determining the mechanism through which the miRNA suppresses gene expression. In the case

of perfect matching, the result is a cleavage of the mRNA target – and this cleavage exclusively

carried out by Ago2 among the four types of Ago proteins (Kawamata and Tomari, 2010). In the

case of imperfect matching, inhibition of translation is the dominant mechanism by which the

gene expression is suppressed (Bartel, 2004). The inhibition of translation can occur by two

mechanisms: the deadenylation and decapping of mRNA followed by mRNA degradation.

Deadenylation: The binding between miRISC and the mRNA target induces the engagement

of GW182 proteins (named due to their content of glycine-tryptophan “GW” repeats and their

molecular weight 182kDa (Eystathioy et al., 2002) which transact with Ago proteins of miRISC

(Huntzinger and Izaurralde, 2011). The deadenylation is carried out by the interaction between

GW182 and PABP C (poly(A)-binding protein). The latter engage PAN2–PAN3 and CCR4–NOT,

which take over the deadenylation process (Wahle and Winkler, 2013). GW182 are 182 kDa

proteins which have glycine-tryptophan repeats (GW) (Fabian and Sonenberg, 2012). It has be

shown that optimal deadenylation requires interplay between the W-repeats and PABP C (Jonas

and Izaurralde, 2015).

Decapping: the decapping is accomplished by DCP2 (decapping protein 2). This protein acts

with the help of other proteins such as EDC3 and 4 (enhancer of decapping 3 and 4), DCP1,

and DDX6 (DEAD box protein 6) (Jonas and Izaurralde, 2013). The mRNA 5’ end to 3’ end

degradation is carried out by 5’-3’ exoribonuclease 1 (XRN1) (Braun et al., 2012).

Most studies reported the downregulation effect on gene expression. However, it has been
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shown that some miRNAs in particular circumstances can cause upregulation. For instance,

miR-10a has been shown to promote translation of mRNA encoding ribosomal proteins in the

situation of amino acid starvation (Ørom et al., 2008).

1.5.3 miRNAs in the circulation

miRNAs are measureable in the circulation in almost all bodily fluids; for example in serum (Chen

et al., 2008), urine (Pospisilova et al., 2016), breast milk (Alsaweed et al., 2015), saliva (Park et

al., 2009) and seminal fluid (Barceló et al., 2018). Regarding the origin of miRNAs in the cell-free

space, it was proposed that miRNAs exist in the circulation as a result of cell death (Turchinovich

et al., 2011). However, other studies indicated more sophisticated fashion of miRNA release. For

example, a study showed that IL-4 (secreted by CD4+ T cells) could induce the release of certain

miRNA-loaded exosomes (miR-223) from the so-called TAMs (Tumor-associated macrophages)

which in turn enhance the invading capabilities of tumor cells in breast cancer (Yang et al., 2011).

miRNAs are stable under harsh circumstances such as boiling, high (13) or low (1) pH, lengthy

storage time, freeze-thaw cycles, and they survive RNase degradation. (Chen et al., 2008; Nagy

and Igaz, 2015).

It is established that there are two possible ways for miRNAs to exist in the cell-free space: first,

within vesicles and second, in complex with proteins. However, the actual distribution of miRNAs

between the two forms is still a matter of controversy. Some studies suggested that most miRNAs

are being carried within vesicles such as exosomes (Gallo et al., 2012) while others claim that

most miRNAs associate with proteins such as Ago2 (Arroyo et al., 2011).

Extra-cellular vesicles that carry miRNA include microvesicles, exosomes, and membrane-bound

structures such as apoptotic bodies. The loading of miRNAs into such extra-cellular vesicles

relies on compounds involved in the synthesis of those vesicles such as nSMase2 (neutral

sphingomyelinase) (Kosaka et al., 2010).

Interestingly, miRNA carried within extra-cellular vesicles can communicate with and target other

distant cells, thus causing changes in gene expression of these cells, which could be translated

to functional commands (O’Brien et al., 2020). One example is the potential role of miRNAs

in the interplay between T-cells and antigen-presenting cells (APCs) in the context of antigen

identification. Over immune interactions, it has been shown that T cells communicate with APCs
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via specific miRNAs carried within exosomes. Moreover, those miRNAs exert their roles in the

recipient cells (APCs) by targeting specific genes (Mittelbrunn et al., 2011).

The miRNA content of the extra-cellular vesicles is a determinant of the changes that occur in the

cell releasing those vesicles. This can be true in physiological as well as in pathological situations

(Mori et al., 2019). Therefore, the changes in miRNA content of vesicles could be an indicator of

changes in the status of some cells and hereby a marker for a disease or for a condition.

There are numerous examples describing the use of miRNAs-loaded vesicles as biomarkers. For

example, changes in Exosomes-loaded miRNAs were detected in breast cancer patients (Wu et

al., 2020), exosomal miR-20b-5p was found to be increased in Type-2 diabetes (Katayama et

al., 2019). As another example, miR-15b, miR-34a, and miR-636 were found to be increased in

urine-derived exosomes in patients with type-2 diabetic kidney disease (Eissa et al., 2016).

Protein complexes allow the extracellular transportation and stabilization of miRNA. Important

are lipoproteins or proteins such as NPM1 (Nucleophosmin1) and Ago2. Lipoproteins (HDL; high

density lipoproteins and LDL; low density lipoproteins) were not only found to form complexes

with miRNAs but also the miRNA inside them could be informative of some conditions related to

the HDL kinetics and metabolism (Vickers et al., 2011; Churov et al., 2019; Scicali et al., 2019).

NPM1 and Ago2 are capable of complexing with miRNAs in the circulation. This was proven

by showing that those proteins confer protection to the miRNAs and that their absence has

degrading effects on the miRNAs (Cui et al., 2019). For instance, NPM1 safeguarded a synthetic

miRNA in spite of the presence of RNase (Wang et al., 2010).

Although the actual role of miRNAs in the circulation is not fully understood, many studies reported

alterations in miRNA profile in the circulation in various diseases. For example in cancer, miR-10b

has been found in breast cancer patient’s circulation, (Iorio et al., 2005), and miR-506 in ovarian

cancer patient’s circulation (Yang et al., 2013). Circulating miRNAs were proposed as biomarkers

for autoimmune diseases (miR-551b, miR-448, and miR-124) for individuals with rheumatoid

arthritis, systemic lupus erythematosus, Sjogren’s syndrome and ulcerative colitis (Jin et al.,

2018). In type 1 diabetes several studies revealed roles of miRNAs in the pathogenesis and

reported changes in the miRNA profile of the circulation in individuals with affected by this disease

(Erener et al., 2017; LaPierre and Stoffel, 2017).
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1.5.4 miRNAs quantification and profiling

To investigate the potential of miRNA as biomarkers by detecting their alterations in the circulation

or their profile in tissue, it is essential to quantify these molecules. Several methods have been

developed that allow quantification of miRNAs in tissue samples or in the cell-free samples. Here,

I will discuss two widespread methods RT-qPCR and NGS.

RT-qPCR (Real time quantitative polymerase chain reaction) is considered a very sensitive and

specific method for gene expression analysis. RT-qPCR is relatively inexpensive, easy to conduct,

and capable of detecting miRNA targets reliably and reproducibly. It allows quantification of

large numbers of specific targets using already designed primers. There are many methods that

employ RT-qPCR to quantify miRNA. An important and widely used method uses the principle of

polyadenylation of the miRNA to allow reverse transcription. A poly(A) tail is added to the miRNA

and reverse transcription is carried out with reverse transcriptase and with an oligonucleotide

containing a poly(T) as well as a primer- binding site a; this process produces complementary

DNA (cDNA). Next, using a sequence-specific primer that targets the miRNA of interest and a

primer that binds the primer- binding site introduced by the reverse transcription primer, the cDNA

can be quantified by RT-qPCR (Shi and Chiang, 2005).

In the RT-qPCR reaction, a DNA binding dye binds to the double stranded DNA producing a

florescence signal recorded by the qPCR machine and this signal diminishes when the two

strands are dissociated at the end of a PCR cycle. At the end of each PCR cycle the florescence

emission is reported and plotted against the number of cycles as ΔRn (Rnf - Rnb); (the emission

at any cycle – baseline emission). The quantification cycle (Cq) is the cycle number at which the

ΔRn exceeds a threshold value. The Cq is conversely correlated with the target concentration in

the sample (the amplicon): high Cq indicates low amount of cDNA, while low Cq indicates high

amount of cDNA in the sample.

The Cq values obtained from the RT-qPCR are the core of the RT-qPCR data analysis. One of

the analysis strategies is to normalize Cq values of target miRNAs to Cq of a reference miRNA,

which ideally has a stable expression in the samples set, in control- and sample of interest. A

ratio (or referred to as fold change) is then calculated of the target miRNA in the test sample

as compared to control sample. This method is referred to as relative quantification (Pfaffl,

2001). One of the important challenges of relative quantification for miRNA analysis is the lack of
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universal housekeeping miRNAs (reference genes). To overcome this issue, it was proposed to

use suitable reference miRNAs in the samples and conditions of interest. This can be achieved

by testing a set of reference candidates in the samples and selecting afterwards the stably

expressed ones (Schwarzenbach et al., 2015; Shen et al., 2015). Additionally, the development

of mathematical algorithms such as NormFinder (Andersen et al., 2004), RefFinder (Xie et al.,

2012), and geNorm (Vandesompele et al., 2002), eased this process.

Data correction using external reference was also introduced. The use of exogenous miRNA is

helpful when it comes to technical variation, for instance during the RNA isolation and reverse

transcription. C. elegans-miR-39 (Xu et al., 2014) and C. elegans-miR-54 (Niu et al., 2016) were

previously used for data normalization.

Next-generation sequencing (NGS) allows profiling of far larger number of miRNAs starting from

relatively small amount of isolated RNA. In addition, it gives the opportunity to discover new

miRNAs. The small size of miRNAs (21–25 nucleotides) and the existence of many miRNAs,

which differ from each other by only one nucleotide, can now be tackled with high resolution and

precision of the NGS techniques (Hu et al., 2017).

In the context of biomarker discovery, NGS is very attractive since it confers the possibility to

profile hundreds of miRNAs at once in a set of samples from disease or pathologic conditions

and to compare the profiles to control samples.
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2 Scientific Aim

Replacement of β-cells via islet transplantation is a potential therapeutic approach for individuals

with type 1 diabetes that is hard-to-control with conventional approaches. In this procedure, the

islets are infused through the portal vein into the liver. If islets successfully engraft, they secrete

insulin and glycemic control may be restored. The transplanted islets are exposed to several

types of stress such as hypoxia and inflammation (Biarnes et al., 2002; Shahbazov et al., 2016)

potentially negatively affecting the outcomes of the procedure. To address this issue through

early medical intervention, biomarkers for monitoring β-cell function and detection of their stress

and death post-transplantation are required. Such biomarkers would be highly valuable to enable

early intervention before the majority of islets are destroyed. The currently utilized biomarkers

such as the levels of blood glucose, haemoglobin A1C (HbA1C), stimulated C-peptide and daily

insulin measurement (Piemonti, 2000), do not mirror the actual rate of β-cell loss and are only

useful to monitor massive changes in β-cell function.

MicroRNAs (miRNA) are short (21–25 nucleotides in length) single-stranded RNA molecules,

originated from a hairpin-like structure. miRNAs are considered as gene silencers post-

transcriptionally. They have been extensively studied in the last years and proposed as very

promising biomarkers for diseases such as cancer and autoimmune disorders. Studies have

reported alteration in circulating miRNAs in T1D and their implication in the pathogenesis of

this disease (Erener et al., 2017; LaPierre and Stoffel, 2017). Such miRNAs could serve as

circulating biomarkers for β-cell stress and death. After human islet transplantation, islets

exposed to stress release miRNAs potentially detectable in the circulation and reflecting the rate

of islets stress or death.

The aim of my project was to identify and validate miRNAs as indicators of islets stress and death.

To attain this aim I conducted extensive in vitro and in vivo studies:

1. The identification of miRNAs highly expressed in islets and validate their exclusive expres-

sion in islets as compared to the circulation.

2. The validation of identified miRNAs in an in vivo mouse islet stress model.

3. The validation of miRNAs identified above in an in vitro mouse or human islet stress model.

4. The assessment of islets viability and function and a potential relation with miRNAs release.

5. The investigation of biological relevance of validated miRNAs.
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3 Materials and methods

3.1 Materials

3.1.1 Chemicals and reagents

Chemicals and reagents used for assays reconstitution, buffer preparation and mouse work are

shown in table 1.

Preparation of STZ (Streptozotocin): The working solution was prepared by diluting autoclaved

0.1 M citrate buffer (0.1 M citric acid, 0.1 M sodium citrate, pH 4.4 ) 1:10 in PBS. Depending on

the number of mice, an amount of STZ was dissolved in the working solution to obtain 30 mg/ml

concentration of STZ-solution. The dose of STZ was 225 mg/kg and the volume of STZ-solution

to be administrated per mouse was calculated as follows:

Volume (ul) = Dose (mg/kg) x Weight (g) / Concentration of STZ-solution (mg/ml)

For example: a mouse weighing 20 g was injected with 150 ul STZ-solution.

Table 1: Chemicals and reagents

Chemical name Supplier

1x PBS In house prepared by media kitchen, CRTD

DEPC-Treated Water Life Technology

Nuclease-free water Qiagen

Bovine serum albumin (BSA) Sigma-Aldrich

DNAZap™ Solutions Life Technologies

EDTA solution for molecular biology pH 8 Sigma-Aldrich

Ethanol Carl Roth

Ethanol absolute Carl Roth GmbH + Co.KG

Formalin (37%, acid free) Merck

Histopaque-1077 Hybri-Max Sigma-Aldrich

Nuclease-free water Qiagen

RNaseZap® spray Ambion Inc.

Trichlormethan/Chloroform, >99%, p.a. Carl Roth GmbH + Co.KG
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Table 1: Chemicals and reagents (continued)

Chemical name Supplier

Tween 20 Sigma-Aldrich

Dithizone Sigma-Aldrich

Tris, 1M, pH 8.0 Life Technology

Ketamine hydrochloride Sigma-Aldrich

Xylazine hydrochloride Sigma-Aldrich

Mounting medium Vector Laboratories

Streptozocin Sigma-Aldrich

Xylol/Xylene Roth

Citric Acid Monohydrate Roth

Trisodium citrate-Dihydrat Roth

Collagenase from Clostridium Histolyticum Type 5 Sigma-Aldrich

Ficoll® 400 Sigma-Aldrich

3.1.2 Media and supplements

Media and supplements are listed in table 2. Serum supplements were filtered and stored in

aliquots in -20°C and thawed in waterbath before use. Before use in mouse islet culture, RPMI

was supplemented with 10% FBS or NCS, 1% P/S and 1% L-glutamine.

Table 2: Media and supplements

Name Manufacturer

MEM 0.9 - 1.1/l glucose w/o L-Glutamine Sigma-Aldrich

CMRL 1066, w/o: L-Glutamine, w/o: Phenol PAN-Biotech

RPMI 1640 medium, w L-Glutamine Sigma-Aldrich

Fetal bovine serum (FBS) Invitrogen Ltd.

L-Glutamine 200 mM (L-Glu) Lonza

Penicillin - Streptomycin (P/S) Lonza

23



3 MATERIALS AND METHODS

Table 2: Media and supplements (continued)

Name Manufacturer

Fetal calf serum (FCS) HyClone

Normal goat serum Life Technology

Newborn calf serum (NCS) Sigma-Aldrich

3.1.3 Human samples

Human islets were obtained from King’s college London, KCL-Human Islet Research Tissue

Bank (KCL HI-RTB); Reference 20/SW/0074 approved by South West - Central Bristol Research

Ethics Committee. Human blood was collected from healthy individuals. The use of serum was

approved by ethic committee and informed consent of the donors.

3.1.4 Cytokines and antibodies

Cytokines and antibodies are listed in table 3. Cytokines were reconstituted with RPMI (supple-

mented with 2% FBS, 1% P/S and 1% L-glutamine) and stored in aliquots in -20°C. Antibodies

for immunofluorescence staining were diluted properly in antibody diluent before use.

Table 3: Cytokines and antibodies

Cytokine/Antibody Manufacturer

recombinant murine IL-1β Peprotech

recombinant murine TNF-α Peprotech

recombinant murine IFN-γ Peprotech

Anti-Insulin antibody Abcam

Polyclonal rabbit anti-human Glucagon Dako

Cleaved Caspase-3 Antibody Cell Signaling

DAPI (4’,6-diamidino-2-phenylindole) Roche

Goat anti-guinea pig IgG (H+L), alexa fluor 488 Thermo Fisher Scientific

Goat anti-guinea pig IgG (H+L), alexa fluor 568 Thermo Fisher Scientific
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Table 3: Cytokines and antibodies (continued)

Cytokine/Antibody Manufacturer

Antibody diluent Dako REAL

3.1.5 Kits

Commercial kits and their suppliers are listed in table 4.

Table 4: Commercial kits

Name Catalog number Manufacturer

miRNeasy Micro Kit 217084 Qiagen

Agilent RNA 6000 Pico Kit 5067-1513 Agilent Technologies

miRNeasy Serum/Plasma Kit 217184 Qiagen

Qubit ™ RNA HS Assay Kit Q32852 Quant-iT ™, Qubit ™

Agilent Small RNA kit 5067-1548 Agilent Technologies

miScript II RT Kit 218160 Qiagen

TaKaRa Ex Taq® Hot start version kit RR006B Takara Bio

TATAA PreAmp GrandMaster® Mix TA05-50 TATAA Biocenter

Caspase-Glo® 3/7 Assay G8090 Promega

Insulin Mouse ELISA Kit EMINS Thermo Fisher Scientific

3.1.6 Consumables

Consumables and suppliers are listed in table 5.

Table 5: Consumables

Name Supplier

Tips for Multipette Eppendorf

Pasteur pipettes 3 ml VWR
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Table 5: Consumables (continued)

Name Supplier

PCR tubes 0.2 ml VWR

Safelock reaction tubes 0.5 ml, 1.5 ml, 2.0 ml Eppendorf

Conical tubes 15, 50 ml Greiner bio-one

Cell culture plates 96-well Greiner bio-one

96 well plate seals Thermo Fisher Scientific

Needles 23, 28, 29, 30g BD Microlance 3

Syringes 2.5ml 5ml Omnifix® Solo

Cell dissociation sieve Sigma-Aldrich

Cell culture dishes 94x16 mm and 35x15 mm Greiner bio-one

Serum-Gel 9 ml tubes Sarstedt S-Monovette®

BD Vacutainer SST™ II Advance tubes 3.5 ml BD Vacutainer SST™

384 Tips, Sterile, Filter 12.5µl Integra biosciences

MicroAmp™ Optical 384-Well Reaction Plate with Barcode Fisher

384 Well PCR Microplate for Roche Lightcycler Axygen®

96 Well Semi-Skirted PCR Plate, Roche Style FrameStar®

8-Strip Tubes Sarstedt

QIAshredder (disposable cell-lysate homogenizers ) Qiagen

Micro tube 2.0ml SafeSeal Sarstedt

Pipette tips ART 10 Reach 0,1-10ul lange Spitze Thermo Scientific

Pipette tips Art Barrier Tips Art 20P (20ul) Thermo Scientific

Pipette tips ART 200 1-200ul Thermo Scientific

Pipette tips ART 1000 Reach lange Spitze Thermo Scientific

S-Monovette 1.1 ml Z-Gel Sarstedt

0.2-micron filter Millipore

3.1.7 Instruments

Technical equipment used in this study are listed in table 6.
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Table 6: Instruments

Device Manufacturer

2-1000 µl Pipettes Eppendorf

Electronic dispenser Eppendorf

Pipetter Thermo Fisher Scientific

Tecan Infinite® 200 PRO Tecan Group Ltd.

Bioanalyzer Agilent 2100 Bioanalyzer

Heating block Eppendorf

Micro centrifuge Eppendorf

Waterbath LAUDA DR. R. WOBSER GmbH and Co.

Plate shaker Barnstedt Thermo Fisher Scientific

Microscope MZ9.5 Leica

Qubit® 3.0 Fluorometer Thermo Fisher Scientific

PCR cycler Eppendorf

LightCycler® 480 Roche

ViiA 7 Thermo Fisher Scientific

Confocal microscope Leica

Luminometer GloMax-96 Promega

Incubator Binder

Centrifuge (cell culture) Beckman Coulter

Biomark Fluidigm
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3.2 Methods

3.2.1 Preparation of mouse and human material

3.2.1.1 Preparation of islets, other tissues and serum from healthy mice

3.2.1.1.1 Isolation of Pancreata

Pancreatic islets and blood were collected from 8-weeks old C57BL/6JRj mice. The mice were

purchased from Janvier (Le Genest-Saint-Isle, France) and housed at the animal facility of CRTD

(Center for Regenerative Therapies TU Dresden). The mice were kept in an open cage system

without IVC (individually ventilated cages) and cages were only opened under sterile conditions.

The animal experiments were approved by the Landesdirektion Sachsen (Dr. Barbara Langen).

The pancreata were isolated as follows: 5 ml collagenase solution per pancreas was prepared

(0.7 mg/ml collagenase in RPMI medium (5.5mM Glucose, 10% FCS, 1% P/S & 1% L-glut) and

placed on ice. The mice were euthanized by cervical dislocation. 70% ethanol was sprayed on

the abdomen to prevent contamination. A vertical abdominal cut starting from the lower abdomen

was made to the diaphragm to reveal all abdominal organs. The liver was flipped over to reveal

the hepatic duct, the cystic duct (the duct which originates from the gallbladder) and the common

bile duct. The ampulla of Vater was clamped with a Bulldog clamp (the ampulla appears as

a white spot where the common bile duct meets the duodenum), to prevent the collagenase

solution from leaking into the small intestine and to ensure a full perfusion of the pancreas. A

5 ml syringe with a 30 gauge needle was filled with collagenase solution and under dissecting

microscope, the needle was inserted gently at the point where the hepatic duct and cystic duct

connect to form the common bile duct and 4-5 ml of collagenase solution were injected. After

injection, the pancreas was detached from the surrounding organs with forceps and scissors

and removed carefully to avoid any contamination with intestinal bacteria. The pancreata were

placed in 50 ml tubes on ice until further processing.

3.2.1.1.2 Isolation of islets

The ficoll density gradient was used to isolate the islets from the collected pancreata as described

previously (Borg et al., 2014).
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Briefly, the pancreata were digested in water bath at 37 °C for 8.5 min. The digestion was

stopped by adding RPMI medium (5.5mM Glucose, 10% FCS, 1% P/S & 1% L-glut) and shaking.

The digested pancreas in RPMI was centrifuged for 2 min at 900 rpm (190 rcf) and 4 °C. The

supernatant was discarded and the pellet was resuspended in RPMI and passed through a sterile

metal strainer (Cell dissociation sieve CD1-1KT; Sigma). The resulting solution containing the

islets was centrifuged for 2 min 900 rpm (190 rcf) at 4 °C and the pellet was resuspended gently

in 23 ml of ficoll gradient with a density of 1108, and 12 ml of ficoll gradient with a density of

1096 was added slowly, followed by addition of 12 ml of ficoll gradient with a density of 1037

on top. Gradient centrifugation was performed for 18 min 1900 rpm (850 rcf) at 4 °C. The pure

islets, found between the 1096 and 1037 density layers, were collected and washed with RPMI

by centrifugation for 2 min 1000 rpm (230 rcf) at 4 °C. The islets were re-suspended in 10 ml

RPMI, transferred into petri dishes and incubated overnight at 37 °C, 5% CO2; islets were then

counted, IEQ was calculated as described below and the islets were snap-frozen after removing

any remaining supernatant and stored at – 80 °C until further processing.

Islet counting:

All islets with media were transferred from the petri dishes to 50 ml tubes and spun for 2 min at

800 rpm at room temperature. The supernatant was removed and the islets were resuspended

in 20 ml RPMI. 50 ul of the cell suspension was transferred to a new petri dish with gridlines

and an equal volume of Dithizone (Sigma-Aldrich) was added to the sample. Under a light

microscope, the islets were counted from triplicates of each sample and the absolute islet number

was calculated using the formula:

Absolute islet number = Average counted islets number x Dilution factor

Where Dilution factor = total volume/sample volume (here the dilution factor was: 20ml/0.05ml =

400)

Measurement of the islet volume:

The maximal and minimal diameter of each islet in sample triplicates was measured with a ruler

using a Leica microscope MZ9.5 with 5x magnification. These measurements were used to

calculate the islet volume according to the formula:

Islet volume = 4/3𝜋 x maximal diameter x 2(minimal diameter) (Where 4/3𝜋 = 4.188786667)
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The average islet volume was calculated in each replicate and the average of the triplicates was

calculated.

Isolation index:

The isolation index was determined with the formula:

Isolation index = Average islet volume of the triplicates/the volume of an islet with a 150 um

diameter

(The volume of an islet with a 150 um diameter = 4/3𝜋 x 150 x 2 x 150)

Islet equivalents:

Islet Equivalents (IEQ) were calculated as follows:

IEQ =
Isolation index

Absolute islets number

3.2.1.1.3 Blood isolation

Before collection of the blood through cardiac puncture the mice were anesthetized using a

ketamine/xylazine cocktail in PBS (at 80-100 mg/kg and 10-12.5 mg/kg, respectively). To prepare

1 ml ketamine/xylazine cocktail, 1 mg xylazine and 10 mg ketamine were dissolved in 1 ml PBS

and 300-400 ul were administrated intraperitoneally with a 29G needle.

The blood was collected through cardiac puncture in Sarstedt S-Monovette® Serum-Gel 9 ml

tubes containing clot activator. To allow full clotting, the tubes were left at room temperature

(15–25°C) for 30 min and then centrifuged for 10 min at 3000 rpm (1900 rcf) at 4°C. The serum

(upper yellow layer) was transferred to new tubes and centrifuged for 10 min at 16000 rcf to

remove any remaining cell debris. After centrifugation, the supernatant was transferred to new

tubes and stored in 200 ul aliquots at – 80 °C.

3.2.1.1.4 Other tissues

After euthanizing the mice as described above, an anatomical cut was made along the abdomen.

The liver and the pancreas were revealed and separated from the surrounding organs with
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scissors and forceps. The organs were snap-frozen in liquid nitrogen and stored at – 80 °C for

later use.

3.2.1.2 miRNA extraction from mouse tissue

For miRNA extraction from purified islets and pancreas the miRNeasy Micro Kit (Qiagen) was

used following the manufacturer’s instructions. Briefly, 5mg of tissue was placed in 700 µl QIAzol

Lysis reagent. For homogenization, the lysate was transferred to a QIAshredder spin column

and centrifuged for 2 min at maximum speed at room temperature.

After centrifugation, the homogenate was left at room temperature for 5 min before adding 140 ul

chloroform followed by vigorous shaking for 15 second. The tube was incubated for 3 min at room

temperature and centrifuged for 15 min 12000 rcf at 4 °C. After centrifugation the upper aqueous

phase (around 350 ul) was transferred to new tube containing 100% ethanol and vigorously

mixed by pipetting. 700 ul of the resulted solution was transferred to RNeasy MinElute spin

column in a 2 ml collection tube and centrifuged for 15 second at 12000 rpm at room temperature.

The same procedure was performed with the rest of the sample.

After discarding the flow-through 700 ul buffer RWT were added, followed by centrifugation for

15 second at 12000 rpm at room temperature. The same step was repeated with 700 ul buffer

RPE. After discarding the flow-through, 500 ul of 80% ethanol were added and the column was

centrifuged for 2 min at 12000 rpm at room temperature. The RNeasy MinElute spin column was

transferred to a new collection tube and centrifuged for 5 min at maximum speed with keeping

the lid of the column open. To elute the RNA, the spin column was placed in a new tube and

14 ul of RNase-free water were added and the column was centrifuged for 1 min at maximum

speed. The eluted RNA was snap-frozen and stored at – 80 °C for later use.

For miRNA extraction from serum, the miRNeasy Serum/Plasma Kit (Qiagen) was used following

the provided protocol. Before starting, a working solution of the spike-In control, which is a

C. elegans miR-39 miRNA mimic (Qiagen 219610), was prepared as recommended by the

manufacturer to obtain a concentration of 1.6 x 108 copies/ul, by adding 300 ul RNase-free water

to the spike-in vial to obtain a stock solution of 2 x 1010 copies/ul which was then further diluted

with RNase-free water to obtain the working solution.

200 ul of serum were used. Frozen samples were thawed at room temperature. 1000 ul of

31



3 MATERIALS AND METHODS

QIAzol Lysis Reagent were added to the samples, mixed thoroughly and left for 5 min at room

temperature. 3.5 ul of the spike-In control working solution were added to each sample. 200

ul chloroform was added and the tube and was shaken vigorously for 15 seconds. From here

the steps described above for the tissue miRNA extraction were followed until the end of the

procedure and RNA elution and storage.

3.2.1.3 Preparation of human islets and blood

Islets

Human islets were obtained from King’s college London, KCL-Human Islet Research Tissue

Bank (KCL HI-RTB); Reference 20/SW/0074 approved by South West - Central Bristol Research

Ethics Committee.

After arrival, the tubes containing the islets in medium were either spun for 2 min at 150 rcf at room

temperature, the supernatant was removed and islets were snap-frozen and stored in aliquots

at – 80 °C for later use or the tubes content was transferred into petri dishes, each 200-500

islets were handpicked in new petri dish containing 10 ml CMRL-1066 medium (PAN-Biotech

P04-84600) and incubated at 37 °C for next day use.

Blood

Blood samples were collected in BD Vacutainer SST™ II Advance tubes. The blood was left to

clot at room temperature for 30 min and then centrifuged for 10 min at 3000 rpm (1900 rcf) at 4°C.

The serum (upper yellow layer) was transferred to new tubes and centrifuged for 10 min at 16000

rcf to remove any remaining cell debris. After centrifugation, the supernatant was transferred to

new tubes and stored in 200 ul aliquots at – 80 °C.

3.2.1.4 miRNA extraction from human tissue

For miRNA extraction from islets, an input of 1000 IEQ was used as a starting material. The steps

described in 3.2.1.2 for miRNA extraction from mouse islets were followed here. For miRNA

extraction from human serum, the steps described in 3.2.1.2 for miRNA extraction from mouse

serum were followed.

3.2.1.5 Quantitative and qualitative RNA analysis

32



3 MATERIALS AND METHODS

Qubit

To determine the total RNA concentration in the samples, the Qubit® RNA HS Assay was used

according to the manufacturer recommendations. Briefly, before starting, the Qubit® RNA HS

Reagent was diluted 1:200 in Qubit® RNA HS Buffer to obtain the Qubit® working solution. To

calibrate the Qubit® Fluorometer, the standards were prepared by adding 10 ul of each Qubit®

standard to 190 ul of the working solution. The samples were prepared by adding 1 ul of 1:10

diluted samples (or of a higher dilution for samples which is expected to contain very high RNA

concentration) to 199 ul working solution. The standard and sample tubes were left at room

temperature for 2 min.

The Qubit® 3.0 Fluorometer instrument was used. To calibrate the instrument, the standards

were run first. After running the standards, the samples were run and the RNA concentration was

determined after multiplying the resulting concentration determined by the Fluorometer by the

dilution factor.

Bioanalyzer

To quantitatively analyze the miRNAs in the cell free samples, the small RNA kit (Agilent) for the

2100 Bioanalyzer System was used according to the manufacturer recommendations. Before

starting, the reagents were prepared as follows: the small RNA ladder was heated for 2 min at 70

°C and stored in aliquots at – 80 °C. The small RNA gel matrix was filtered using a spin column

filter and centrifugation for 15 min at 10000 rcf and stored at 4 °C. The gel-dye mix was prepared

by adding 40 ul of filtered gel to 2 ul of small RNA dye, mixing the solution and with centrifugation

for 10 min 13000 rcf at room temperature.

All reagents were brought to room temperature 30 min before starting the procedure. While the

small RNA chip was placed on the priming station, the gel-dye mix was pipetted into the relevant

well. The priming station was closed by pulling out the plunger 1 ml for 60 seconds and then

releasing it, and allowing it to set back to 0.3 ml. After opening the priming station, 9.0 µl of the

gel-dye mix were pipetted into the wells marked G. 9 ul of the conditioning solution was pipetted

into the corresponding well and 5 ul of the small RNA marker was added to all sample wells and

to the ladder well. The RNA samples were heated for 2 min at 70 °C and 1 ul was pipetted into

the sample wells. 1 ul of thawed ladder was pipetted into the ladder well. The chip was vortexed

for 60 seconds at 2400 rpm and placed into Agilent 2100 Bioanalyzer for analysis.
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3 MATERIALS AND METHODS

3.2.2 miRNA quantification by RT-qPCR

3.2.2.1 Reverse transcription and multiplex pre-amplification

Reverse transcription

The miScript II RT Kit (Qiagen) was used for the cDNA synthesis according the manufacturer’s

recommendations. Briefly, the reaction master mix was prepared by mixing 4 ul miScript HiSpec

buffer, 2 ul miScript nucleics mix, 2 ul miScript reverse transcriptase mix and 7 ul RNase-free

water. 1 ug RNA, in a volume of 5 ul, isolated from islets or pancreatic tissue was added to

the reaction mix. For cell free samples, 5 ul of the total RNA volume was used. The reaction

components were mixed by short spinning and incubated in a thermal cycler for 60 min at 37 °C

followed by 5 min at 95 °C. cDNA was stored at 4 °C for short term or – 20 °C for later use.

Multiplex pre-amplification

The TaKaRa Ex Taq® Hot start version kit (Takara Bio) was used to amplify the panel of miRNA

targets. Briefly, the reaction mixture was comprised of 1X (2 mM) Ex Taq Buffer (Mg2+plus), 5

U/μl TaKaRa Ex Taq HS and a final concentration of 0.2 uM universal primer (backward primer)

and 200 uM of dATP, dGTP, and dCTP. Equal volumes and concentrations of the target primers

(forward primers) were mixed to obtain a primer pool which was added to the 20 ul reaction to

obtain a final concentration of 0.2 uM for each primer. The cDNA template was diluted 1:5 in

distilled water and 3 ul were added to 20 ul reaction mixture.

The reaction mixture was incubated in a thermal cycler for 1 min at 94 °C, 40 seconds at 55 °C

and 30 seconds at 72 °C for 16 cycles. After the final cycle the tubes were incubated for 6 min at

72 °C and stored at 4 °C or – 20 °C for later use.

3.2.2.2 qPCR

qPCR master mix contained 1X TB Green Premix Ex Taq II (Takara Bio), 0.5 uM miScript primer

assay (for each miRNA target of interest) and 0.5 uM universal primer final concentration. 20

ul master mix was prelaid into 384- or 96-well plates and 1.2 ul of 1:10 diluted cDNA template

were added in triplicates. The plate was sealed and spun for 1 min at 1000 rpm. The qPCR was

carried out in LightCycler® 480 (Roche) or ViiA 7 (Thermo Fisher Scientific). The adapted qPCR

conditions for LightCycler are described in table 7 and for ViiA 7 in table 8. When using the ViiA
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7 instrument, ROX reference dye was added to the master mix to constitute 1/250 of reaction

volume.

Table 7: Cycling conditions used for qPCR with miScript assays (LightCycler)

Step Time Temperature °C Ramp rate °C/s

Initial incubation 30 sec 95°C 4.40

Amplification (x40) 5 sec 95°C 4.40

30 sec 55°C 2.20

20 sec 72°C 4.40

Melting curve 5 sec 95°C 4.40

1 min 60°C 2.20

- 95°C 0.11

Cooling 30 sec 50°C 2.20

Table 8: Cycling conditions used for qPCR with miscript assays (ViiA 7)

Step Time Temperature °C Ramp rate °C/s

Hold stage 30 sec 95°C 1.60

PCR stage (x40) 5 sec 95°C 1.60

34 sec 60°C 1.60

Melt curve stage 15 sec 95°C 1.60

1 min 60°C 1.60

15 sec 95°C 0.11

After the run was complete, the primer melting temperature (Tm) and the quantification cycle

(Cq) values were extracted for analysis.
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3 MATERIALS AND METHODS

3.2.2.3 qPCR Assays

3.2.2.3.1 Design

miScript primer assays that target miRNAof interest were purchased from Qiagen. The name and

sequence of the mature miRNA targets were retrieved from the microRNA database (miRBase

version 22.1) and are listed in table 9 and 10. The miScript primer assays were reconstituted in

550 ul TE buffer (1 mM EDTA, 10 mM Tris/HCL, pH 8) by vortexing and were stored in aliquots at

– 20 °C. The universal primer (GAATCGAGCACCAGTTACGC) was purchased from Metabion

and was reconstituted to obtain a final concentration of 10 uM. The housekeeping genes for

tissue and cell-free samples in human and mouse are listed in table 11.

Table 9: Mouse assays

miRNA Sequence Reference

mmu-miR-98-5p UGAGGUAGUAAGUUGUAUUGUU (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-200b-3p UAAUACUGCCUGGUAAUGAUGA (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-30c-5p UGUAAACAUCCUACACUCUCAGC (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-23b-3p AUCACAUUGCCAGGGAUUACC (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-182-5p UUUGGCAAUGGUAGAACUCACACCG (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)
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Table 9: Mouse assays (continued)

miRNA Sequence Reference

mmu-miR-411-5p UAGUAGACCGUAUAGCGUACG (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-183-5p UAUGGCACUGGUAGAAUUCACU (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-141-3p UAACACUGUCUGGUAAAGAUGG (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-27b-3p UUCACAGUGGCUAAGUUCUGC (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-148a-3p UCAGUGCACUACAGAACUUUGU (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-30a-5p UGUAAACAUCCUCGACUGGAAG (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-200c-3p UAAUACUGCCGGGUAAUGAUGGA (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-143-3p UGAGAUGAAGCACUGUAGCUC (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-29a-3p UAGCACCAUCUGAAAUCGGUUA (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)
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Table 9: Mouse assays (continued)

miRNA Sequence Reference

mmu-miR-30e-5p UGUAAACAUCCUUGACUGGAAG (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-30d-5p UGUAAACAUCCCCGACUGGAAG (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-99b-5p CACCCGUAGAACCGACCUUGCG (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-26a-5p UUCAAGUAAUCCAGGAUAGGCU (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-let-7f-5p UGAGGUAGUAGAUUGUAUAGUU (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-22-3p AAGCUGCCAGUUGAAGAACUGU (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-191-5p CAACGGAAUCCCAAAAGCAGCUG (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-let-7b-5p UGAGGUAGUAGGUUGUGUGGUU (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-let-7a-5p UGAGGUAGUAGGUUGUAUAGUU (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)
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3 MATERIALS AND METHODS

Table 9: Mouse assays (continued)

miRNA Sequence Reference

mmu-miR-151-3p CUAGACUGAGGCUCCUUGAGG (Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-434-3p UUUGAACCAUCACUCGACUCCU (Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-434-5p GCUCGACUCAUGGUUUGAACCA (Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-423-5p UGAGGGGCAGAGAGCGAGACUUU (Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-375-3p UUUGUUCGUUCGGCUCGCGUGA (Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-7a-5p UGGAAGACUAGUGAUUUUGUUGU (Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-184-3p UGGAAGACUAGUGAUUUUGUUGU (Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-127-3p UCGGAUCCGUCUGAGCUUGGCU (Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-101a-3p UACAGUACUGUGAUAACUGAA (Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-30b-5p UGUAAACAUCCUACACUCAGCU (Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-let-7c-5p UGAGGUAGUAGGUUGUAUGGUU (Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-132-3p UAACAGUCUACAGCCAUGGUCG (Bunt et al., 2013)

mmu-miR-222-3p AGCUACAUCUGGCUACUGGGU (Bunt et al., 2013)

mmu-miR-200a-5p CAUCUUACCGGACAGUGCUGGA (Bunt et al., 2013)

mmu-miR-29c-3p UAGCACCAUUUGAAAUCGGUUA (Bunt et al., 2013)

mmu-miR-127-5p CUGAAGCUCAGAGGGCUCUGAU (Bunt et al., 2013)

39



3 MATERIALS AND METHODS

Table 9: Mouse assays (continued)

miRNA Sequence Reference

mmu-miR-212-3p UAACAGUCUCCAGUCACGGCCA (Bunt et al., 2013)

mmu-miR-125b-1-3p ACGGGUUAGGCUCUUGGGAGCU (Bunt et al., 2013)

mmu-miR-582-5p AUACAGUUGUUCAACCAGUUAC (Bunt et al., 2013)

mmu-miR-141-5p CAUCUUCCAGUGCAGUGUUGGA (Bunt et al., 2013)

mmu-miR-493-3p UGAAGGUCCUACUGUGUGCCAGG (Bunt et al., 2013)

mmu-miR-668-3p UGUCACUCGGCUCGGCCCACUACC (Bunt et al., 2013)

mmu-miR-216a-3p CACAGUGGUCUCUGGGAUUAUG (Bunt et al., 2013)

mmu-miR-652-3p AAUGGCGCCACUAGGGUUGUG (Tattikota et al., 2014)

mmu-miR-320-3p AAAAGCUGGGUUGAGAGGGCGA (Tattikota et al., 2014)

mmu-miR-382-5p GAAGUUGUUCGUGGUGGAUUCG (Tattikota et al., 2014)

mmu-miR-152-3p UCAGUGCAUGACAGAACUUGG (Tattikota et al., 2014)

mmu-let-7d-5p AGAGGUAGUAGGUUGCAUAGUU (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-129-5p CUUUUUGCGGUCUGGGCUUGC (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-24-3p UGGCUCAGUUCAGCAGGAACAG (Bunt et al., 2013;

Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-204-5p UUCCCUUUGUCAUCCUAUGCCU (Bunt et al., 2013;

Tattikota et al., 2013)

mmu-miR-148a-5p AAAGUUCUGAGACACUCCGACU (Bunt et al., 2013;

Tattikota et al., 2013)

mmu-miR-181c-5p AACAUUCAACCUGUCGGUGAGU (Bunt et al., 2013;

Tattikota et al., 2013)

mmu-miR-410-3p AAUAUAACACAGAUGGCCUGU (Tattikota et al., 2013)
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Table 9: Mouse assays (continued)

miRNA Sequence Reference

mmu-miR-409-3p GAAUGUUGCUCGGUGAACCCCU (Tattikota et al., 2013)

mmu-miR-25-3p CAUUGCACUUGUCUCGGUCUGA (Tattikota et al., 2013)

mmu-miR-379-5p UGGUAGACUAUGGAACGUAGG (Bunt et al., 2013;

Tattikota et al., 2014)

mmu-miR-7b-5p UGGAAGACUUGUGAUUUUGUUGU (Tattikota et al., 2013;

Tattikota et al., 2014)

mmu-miR-153-5p UUUGUGACGUUGCAGCU (Zhao et al., 2009)

mmu-miR-29b-3p UAGCACCAUUUGAAAUCAGUGUU (Zhao et al., 2009)

mmu-miR-211-5p UUCCCUUUGUCAUCCUUUGCCU (Zhao et al., 2009)

mmu-miR-136-5p ACUCCAUUUGUUUUGAUGAUGG (Zhao et al., 2009)

mmu-miR-423-3p AGCUCGGUCUGAGGCCCCUCAGU (Kameswaran et al.,

2014)

mmu-miR-184-5p CCUUAUCACUUUUCCAGCCAGC (Bunt et al., 2013;

Kameswaran et al.,

2014)

mmu-miR-381-5p AGCGAGGUUGCCCUUUGUAUAUU (Bunt et al., 2013;

Nesca et al., 2013)

mmu-miR-323-3p CACAUUACACGGUCGACCUCU (Vasu et al., 2019)

mmu-miR-543-3p AAACAUUCGCGGUGCACUUCUU (Kim and Zhang, 2019)

mmu-miR-770-3p CGUGGGCCUGACGUGGAGCUGG (NGS)

mmu-let-7k UGAGGUAGGAGGUUGUGUG (NGS)

mmu-miR-487b-3p AAUCGUACAGGGUCAUCCACUU (NGS)

mmu-miR-5099 UUAGAUCGAUGUGGUGCUCC (NGS)
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Table 10: Human assays

miRNA Sequence Reference

hsa-miR-4454 GGAUCCGAGUCACGGCACCA (Roat et al., 2017)

hsa-miR-125b-5p UCCCUGAGACCCUAACUUGUGA (Roat et al., 2017)

hsa-let-7g-5p UGAGGUAGUAGUUUGUACAGUU (Roat et al., 2017)

hsa-miR-29b-3p UAGCACCAUUUGAAAUCAGUGUU (Roat et al., 2017)

hsa-miR-720 UCUCGCUGGGGCCUCCA (Roat et al., 2017)

hsa-miR-200c-3p UAAUACUGCCGGGUAAUGAUGGA (Roat et al., 2017)

hsa-miR-23b-3p AUCACAUUGCCAGGGAUUACC (Roat et al., 2017)

hsa-miR-199a-5p CCCAGUGUUCAGACUACCUGUUC (Roat et al., 2017)

hsa-let-7b-5p UGAGGUAGUAGGUUGUGUGGUU (Bunt et al., 2013; Roat

et al., 2017)

hsa-miR-148a-3p UCAGUGCACUACAGAACUUUGU (Bunt et al., 2013; Roat

et al., 2017)

hsa-miR-7-5p UGGAAGACUAGUGAUUUUGUUGU (Bunt et al., 2013; Roat

et al., 2017)

hsa-let-7a-5p UGAGGUAGUAGGUUGUAUAGUU (Bunt et al., 2013; Roat

et al., 2017)

hsa-miR-375 UUUGUUCGUUCGGCUCGCGUGA (Bunt et al., 2013; Bunt

et al., 2013; Roat et al.,

2017)

hsa-miR-184 UGGACGGAGAACUGAUAAGGGU (Bunt et al., 2013)

hsa-miR-409-5p AGGUUACCCGAGCAACUUUGCAU (Bunt et al., 2013)

hsa-miR-182-5p UUUGGCAAUGGUAGAACUCACACU (Bunt et al., 2013)

hsa-miR-1468-5p CUCCGUUUGCCUGUUUCGCUG (Bunt et al., 2013)

hsa-miR-183-5p UAUGGCACUGGUAGAAUUCACU (Bunt et al., 2013)

hsa-miR-136-3p CAUCAUCGUCUCAAAUGAGUCU (Bunt et al., 2013)

hsa-miR-127-5p CUGAAGCUCAGAGGGCUCUGAU (Bunt et al., 2013)

hsa-miR-153-3p UUGCAUAGUCACAAAAGUGAUC (Bunt et al., 2013)
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Table 10: Human assays (continued)

miRNA Sequence Reference

hsa-miR-143-3p UGAGAUGAAGCACUGUAGCUC (Bunt et al., 2013)

hsa-let-7f-5p UGAGGUAGUAGAUUGUAUAGUU (Bunt et al., 2013)

hsa-miR-27b-3p UUCACAGUGGCUAAGUUCUGC (Bunt et al., 2013)

hsa-miR-192-5p CUGACCUAUGAAUUGACAGCC (Bunt et al., 2013)

hsa-miR-30a-5p UGUAAACAUCCUCGACUGGAAG (Bunt et al., 2013)

hsa-miR-30d-5p UGUAAACAUCCCCGACUGGAAG (Bunt et al., 2013)

hsa-miR-26a-5p UUCAAGUAAUCCAGGAUAGGCU (Bunt et al., 2013)

hsa-miR-21-5p UAGCUUAUCAGACUGAUGUUGA (Bunt et al., 2013)

hsa-miR-370-3p GCCUGCUGGGGUGGAACCUGGU (Bunt et al., 2013)

Table 11: Housekeeping genes

miRNA Sequence Reference

hsa-miR-23a-3p AUCACAUUGCCAGGGAUUUCC (Blondal et al.,

2013),Qiagen

hsa-miR-146a-5p UGAGAACUGAAUUCCAUGGGUU (Blondal et al.,

2013),Qiagen

hsa-miR-145-5p GUCCAGUUUUCCCAGGAAUCCCU (Blondal et al.,

2013),Qiagen

hsa-miR-126-3p UCGUACCGUGAGUAAUAAUGCG (Blondal et al.,

2013),Qiagen

hsa-miR-26b-5p UUCAAGUAAUUCAGGAUAGGU (Blondal et al.,

2013),Qiagen

hsa-miR-22-3p AAGCUGCCAGUUGAAGAACUGU (Blondal et al.,

2013),Qiagen
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Table 11: Housekeeping genes (continued)

miRNA Sequence Reference

hsa-miR-103a-3p AGCAGCAUUGUACAGGGCUAUGA (Blondal et al., 2013;

Gharbi et al.,

2018),Qiagen

hsa-let-7a-5p UGAGGUAGUAGGUUGUAUAGUU (Wang et al., 2012;

Blondal et al.,

2013),Qiagen

hsa-miR-92a-3p UAUUGCACUUGUCCCGGCCUGU (Wang et al., 2012;

Blondal et al.,

2013),Qiagen

hsa-miR-26a-5p UUCAAGUAAUCCAGGAUAGGCU (Donati et al.,

2019),Qiagen

hsa-miR-423-5p UGAGGGGCAGAGAGCGAGACUUU (Blondal et al., 2013;

Donati et al.,

2019),Qiagen

hsa-miR-21-5p UAGCUUAUCAGACUGAUGUUGA (Blondal et al., 2013;

Donati et al.,

2019),Qiagen

hsa-miR-191-5p CAACGGAAUCCCAAAAGCAGCUG (Blondal et al., 2013;

Donati et al.,

2019),Qiagen

hsa-miR-222-3p AGCUACAUCUGGCUACUGGGU (Blondal et al., 2013;

Tay et al., 2017),Qiagen

hsa-miR-24-3p UGGCUCAGUUCAGCAGGAACAG (Blondal et al., 2013;

Tan et al., 2014),Qiagen

hsa-miR-93-5p CAAAGUGCUGUUCGUGCAGGUAG (Blondal et al., 2013;

Niu et al., 2016),Qiagen
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Table 11: Housekeeping genes (continued)

miRNA Sequence Reference

hsa-miR-25-3p CAUUGCACUUGUCUCGGUCUGA (Blondal et al., 2013;

Niu et al., 2016),Qiagen

mmu-miR-16-5p UAGCAGCACGUAAAUAUUGGCG (Mi et al., 2012)

mmu-miR-195a-5p UAGCAGCACAGAAAUAUUGGC (Mi et al., 2012)

mmu-miR-146a-5p UGAGAACUGAAUUCCAUGGGUU (Mi et al., 2012)

cel-miR-39-3p UCACCGGGUGUAAAUCAGCUUG (Schwarzenbach et al.,

2015; Chen et al., 2018;

Fauth et al., 2019)

hsa-let-7c-5p UGAGGUAGUAGGUUGUAUGGUU Qiagen

SNORD68 CGCGTGATGACATTCTCCG-

GAATCGCTGTACGGCCTTGATGAAAG-

CACATTTGAACCCTTTTCCATCTGATT

Qiagen

SNORD95 GCGGTGATGACCCCAACATGCCATCT-

GAGTGTCGGTGCTGAAATCCAGAG-

GCTGTTTCTGAGC

Qiagen

SNORD72 AGCTTATCAGTGATGTTG-

TAAAAATAAATGTCTGAACATATGAAT-

GCAGTATTGATTTCAGCATTTAACTGA-

GATAAGCG

Qiagen

SNORD61 GCTATGATGAATTTGATTG-

CATTGATCGTCTGACATGATAATG-

TATTTTTGTCCTCTAAGAAGTTCT-

GAGCTT

Qiagen

SNORD96A CCTGGTGATGACAGATG-

GCATTGTCAGCCAATCCC-

CAAGTGGGAGTGAGGACATGTCCTG-

CAATTCTGAAGG

Qiagen
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Table 11: Housekeeping genes (continued)

miRNA Sequence Reference

RNU6-6P GTGCTCGCTTCGGCAGCACATATAC-

TAAAATTGGAACGATACAGAGAA-

GATTAGCATGGCCCCTGCGCAAGGAT-

GACACGCAAATTCGTGAAGCGTTC-

CATATTTTT

Qiagen

3.2.2.3.2 Efficiency

The amplification efficiency of each miScript assay was calculated by generating a standard

curve of the Cq values obtained by qPCR from a dilution series containing the target sequence.

The slope of the regression line was calculated and the amplification efficiency was determined:

E = -1 + 10-1/Slope. To evaluate the efficiency of each miscript qPCR assay, human or mouse

RNA was reverse transcribed into cDNA, preamplified in order to obtain sufficient amounts of

template to be detected, and then serially diluted and measured by qPCR.

Reverse transcription and Multiplex pre-amplification The cDNA synthesis and multiplex

pre-amplification were performed as described in 3.2.2.1.

qPCR The qPCR master mix was prepared as described in 3.2.2.2.

Preparation of dilution series: starting from a 1:1 diluted cDNA, 6 dilutions were prepared to

obtain 2x10-1 , 4x10-2 , 8x10-3, 16x10-4 , 32x10-5 and 64x10-6 dilutions , respectively, in dilution

buffer (1 mM EDTA, 0.05% Tween 20, 10 mM Tris HCl, pH 8.0). 1.2 ul of the 6 cDNA dilutions

were added to the qPCR master mix and the qPCR was performed in triplicates for each dilution

step.

The mean Cq values for the triplicates were calculated. A standard curve for each primer assay

was generated by plotting the average Cq values against the log base 10 of the concentrations

of the dilution series. The slope of the linear regression was determined and the amplification

efficiency was calculated using the equation:

46



3 MATERIALS AND METHODS

𝐸 = −1 + 10−1/𝑆𝑙𝑜𝑝𝑒

3.2.2.3.3 Inhibition

For each experiment involving the quantification of a set of numerous miRNA targets in parallel

(multiplex PCR), an inhibition test was performed, to ensure that the multiplexed miScript assays

were not inhibiting each other. cDNAsynthesis and pre-amplification for 12 cycles were conducted

as described in section in 3.2.2.1, with some differences in the pre-amplification (another kit

was used (TATAA PreAmp GrandMaster® Mix) with final concentrations of 0.025 uM universal

primer, 0.025 uM of each of the primer assays and 1X ul TATAA PreAmp GrandMaster® Mix.

5 ul cDNA template was added to make up a 50 ul reaction volume and triplicates for each

sample were prepared. The cycling conditions were: 60 seconds at 95 °C, followed by 12 cycles

of 15 seconds at 95 °C, 2 min at 60 °C, 1 min at 72 °C and a final elongation phase at 72 °C

for 1 min. The pre-amplified cDNA was then used as a template cDNA in the qPCR directly

(non-pre-amplified sample) or underwent an additional pre-amplification step before qPCR (pre-

amplified sample). The pre-amplified samples (obtained in the 1st PCR) were run in duplicates

and the none-pre-amplified samples were diluted 1:10 and run in quadruplicates. The qPCR was

performed as described in 3.2.2.2. To evaluate whether the assays were inhibiting each other’s

amplification, the difference in Cq (ΔCq) between each sample of the pre-amplified samples and

the non-pre-amplified samples was determined, and the resulting values were averaged (mean

ΔCq). In theory, for an uninhibited assay, the mean ΔCq = cycle number. The absolute Cq value

of 80% of the cycle numbers preformed in the 1st PCR was determined as follows:

80% of the cycle numbers = (Cycles number x 0.8 x E)/100

Where E: primer amplification efficiency

An assay was considered uninhibited when mean ΔCq ≥ 80% of the cycle numbers.
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3.2.3 Animal experiments

3.2.3.1 Establishment of STZ-treatment protocol in mouse

14 of C57BL/6JRj 7-weeks old mice were purchased from Janvier (Le Genest-Saint-Isle, France)

and housed at the animal facility of the CRTD. All procedures were performed in sterile conditions.

At 10-weeks age, 10 mice were injected with STZ using a 29G needle intraperitoneally and 4

control mice were injected with PBS. Body weight and blood glucose were monitored 14 days

before the day of the STZ treatment, at the day of STZ treatment and daily after the treatment

over 7 days experimental time course. The weight loss and blood glucose level measurements

were given points based on their daily observations and scoring points were calculated. A loss of

body weight of <5% was given 1 point, 5-10%: 5 points, 11-20%: 10 points, and >20%: 20 points.

A blood glucose level between 151-300mg/dl was given 1 point, 301-500mg/dl: 10 points, and

>500mg/dl: 15 points. The STZ-treated mice were sacrificed when a total score of ≥20 points

was reached, otherwise all mice were sacrificed at day 7. Diabetes was diagnosed if the blood

glucose level exceeds 300mg/dl. The blood glucose level was measured by puncturing the tail

vein with a 30G needle and allowing around 5 ul blood to spill onto a test strip (Breeze 2, Bayer

Vital GmbH, Leverkusen) and inserting the strip in blood glucose monitoring device (Breeze 2,

Bayer).

Blood samples were collected before the STZ treatment (-14 day) from the leg vein from which

around 70 ul blood were obtained. The blood was collected before sacrificing the animal through

cardiac puncture after anesthesia, around 600 – 700 ul were obtained. The blood collection and

serum separation and storage were performed as described in 3.2.1.1.3. After sacrificing the

animals, the pancreata were isolated and placed in formaldehyde overnight. The pancreata were

embedded in paraffin blocks and kept at room temperature for later use. The liver, spleen, one

kidney, brain, one lung, heart, and one leg muscle were isolated from the mice, snap-frozen in

liquid nitrogen and stored at - 80 °C.

3.2.3.2 Diabetic mouse model

Type 1 diabetes was induced in 10-weeks age C57BL/6JRj mice using Streptozotocin (STZ).

The mice were purchased from Janvier (Le Genest-Saint-Isle, France) and housed at the animal

facility of the CRTD. The animal experiments were approved by the Landesdirektion Sachsen
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(TVV 6/2018, Dr. Barbara Langen). The STZ solution was prepared as described in 3.1.1 and

placed on ice. In sterile conditions and using a 29G needle and insulin syringes, 57 mice were

injected with STZ and 45 control mice were injected with the same volume of PBS (Phosphate-

Buffered Saline) intraperitoneally. The body weight and blood glucose of the mice were measured

14 days before the treatment, before the injection at the day of the treatment, and daily after the

treatment until day 4. Except the day of the treatment the experiment lasted for 4 days and all

animals where sacrificed at day 4 through cervical dislocation. Blood samples were collected

before the STZ treatment (-14 day), day 1, day 3, and day 4. The sampling was performed from

the retro-orbital plexus except at day 4 through cardiac puncture after the mice were anesthetized

with ketamine/xylazine cocktail as described in 3.2.1.1.3. Around 70 ul blood were collected

day-14, day 1 and day 3. At day 4 600-700 ul were collected. The blood was collected in

S-Monovette 1.1 ml Z-Gel (Sarstedt) and serum was immediately separated as described in

3.2.1.1.3.

Due to the relatively small volume of serum obtained from each mouse at day -14, day 1 or day

3, serum samples from several animals from the same group were pooled to make up a total of

200 ul sample suitable for miRNA isolation. This produced 3 samples from PBS-treated animals

(control), 3 sample from diabetic STZ-treated and 2 samples from non-diabetic STZ-treated

animals at each time point. Table 12 illustrates the number of mice used for each sample pool.

Table 12: Number of mice used in sample preparation at day -14, day 1, day 3, and day 4.

Animal group Sample 1 Sample 2 Sample 3 Total animals

Control 15 15 15 45

Diabetic STZ-treated 19 12 10

Non-diabetic STZ-treated 0 7 9

57

3.2.3.3 Immunofluorescence staining to assess β-cell death

Tissue slices were obtained from the paraffin embedded pancreata and placed onto histology

slides for staining. The slides were kept in suitable boxes at room temperature for later use. Two

sections were prepared on each slide.
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Preparing buffer, Xylene and ethanol gradient

10 mM citrate buffer (0.1 M citric acid + 0.1 M sodium citrate, pH 6) was freshly prepared. Two

chambers filled with 200 ml Xylene each were prepared. Two chambers for 100% and two

chambers for 96% ethanol were prepared. One chamber for 80%, 70% ethanol and water were

prepared.

Deparaffinization and staining

The slides were placed into a slide holder and soaked in each of the Xylene chamber for 10 min.

The slides were placed shortly into each of the ethanol chambers starting from 100%, 96%, 80%,

and 70% and at the end into the water chamber. The slides were placed into a cuvette filled with

citrate buffer and the cuvette was placed in already heated steamer for 10 min. The cuvette was

taken out and allowed to cool down for 20 min. The buffer was discarded and the slides were

washed by filling the cuvette with water and discarding it 3 times. The sections were washed

with PBS + 0.1% Tween. Antibody diluent solution was prepared (antibody diluent + 10% goat

serum). Each section was incubated in 50 ul of the antibody diluent solution for 30 min in the

dark. The sections were washed 2 times with PBS + 0.1% Tween. The primary antibody for

insulin (Abcam-ab7842) was diluted 1:200 in antibody diluent and 50 ul was pipetted onto each

section. The sections were incubated at 4 °C overnight in the dark, and then washed 3 times with

PBS + 0.1% Tween. The secondary antibody (Goat anti-guinea pig IgG (H+L), alexa fluor 488

Thermo Fisher Scientific A-11073) was diluted 1:600 in antibody diluent and 50 ul were added

to each section and incubated for 30 min at room temperature. The sections were washed 3

times with PBS + 0.1% Tween. The primary antibody for glucagon (Dako-A0565) and cleaved

caspase-3 (Cell Signaling-9661L) were diluted 1:100 and 1:300 in antibody diluent, respectively.

On the same slide, 50 ul glucagon antibody was added to one section, 50 ul cleaved caspase-3

antibody was added to the other section and the slides were incubated at room temperature for 1

hour in the dark, and then washed 3 times with PBS + 0.1% Tween. The secondary antibody

(Goat anti-guinea pig IgG (H+L), alexa fluor 568 Thermo Fisher Scientific A-11075) was mixed

with DAPI (4′,6-diamidino-2-phenylindole, Roche 10236276001) in antibody diluent to obtain

dilutions of 1:600 and 1:6 respectively, and the sections were incubated with the mixture for 30

min at room temperature in the dark and then washed 3 times with PBS + 0.1% Tween. The

slides were placed in a chamber filled with distilled water for 5 min. A drop of mounting solution
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(VECTASHIELD H-1000) was added to each section and covered with a coverslip. The slides

were kept at 4 °C for later examination under florescence microscope. The images were captured

using HCX APO U-V-I 40.0x0.75 Dry UV or HCX PL APO lambda blue 63.0x1.20 Water UV

objectives on a SP5 I laser scanning confocal microscope (Leica microsystems) provided with a

transmission channel and 5 spectral detectors.

3.2.4 In vitro mouse islets stress model

3.2.4.1 Mouse islets isolation for in vitro islets stress model

Pancreata were from 6- to 8-weeks old male CD-1 mice. The mice were purchased from Charles

River Laboratories and bred in-house as a core colony at the BSU (biological service unit) at

King’s college London, Guy’s campus. The animal experiments were approved (PBCFBE464).

The pancreata were isolated as described in 3.2.1.1.1 and placed in 50 ml tubes on ice. The

tubes were then incubated in a water bath at 37 °C for 10 min. 25 ml MEM (Minimum essential

medium, Sigma-M2279, 10% NCS (Newborn calf serum), 1% P/S and 1% L-glut) were added

and the tubes were shaken vigorously and spun for 1.5 min 1400 rpm at 10 °C. The supernatant

was discarded and 25 ml MEM were added. The tubes were vortexed and spun for 1.5 min

1400 rpm at 10 °C and washing was repeated 3 times. After the last wash the supernatant was

discarded and 25 ml MEM were added and vortexed. The tubes’ content was poured through a

sterile metal strainer into new 50 ml tubes. 25-35 ml MEM were added to the new tubes and

spun for 1.5 min 1500 rpm at 10°C. The supernatant was discarded and tubes were inverted

on a paper towel to dry out. The pellet of islets was resuspended in 15 ml Histopaque®-1077

(Sigma-H8889) and vortexed. 10 ml MEM were added slowly so that an interface is created

between the Histopaque and the MEM. The tubes were centrifuged for 24 min 3510 rpm at 10

°C. After centrifugation the islets were floating between the Histopaque and MEM. The islets

were collected by aspirating the islets and transferring them to new 50 ml tubes. The tubes were

filled with MEM and spun for 1.5 min 1500 rpm at 10 °C. The islets were washed 3 times with

MEM and the supernatant was kept each time to be examined by microscopy and to collect any

present islets. After the last wash the islets were suspended in 10 ml MEM and transferred into

petri dishes. The dishes were examined under light microscope. The islets were hand picked

with a 50 ul pipette to new petri dishes containing 10 ml RPMI (Sigma-R8758, added 10% FCS,

1% P/S and 1% L-glut). Around 200-500 islets were transferred into each dish. The islets were
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kept overnight in a cell culture incubator at 37 °C, 5% CO2, and 20% O2.

3.2.4.2 Cytokine cocktail and hypoxia conditions

Proinflammatory cytokines cocktails of recombinant murine IL-1β, TNF-α, and IFN-γ (Peprotech

211-11B, 315-01A, 315-05) were prepared. Mild cytokine cocktail contained 1 ng/ml IL-1β, 5

ng/ml TNF-α and 5 ng/ml IFN-γ and aggressive cytokine cocktail 20 ng/ml IL-1β, 100 ng/ml TNF-α

and 100 ng/ml IFN-γ. For Hypoxia conditions, the cell culture incubators were adjusted at 1%

O2, 5% CO2 and 94% N2.

3.2.4.3 Islets culture

After an overnight culture, the petri dishes containing the islets were taken out of the incubator.

RPMI medium (10% FBS, 1% P/S & 1% L-glut) containing mild cytokine cocktail, aggressive

cytokine cocktail or without cytokines was prepared. For each condition, 120 islets were hand

picked under light microscope and under islet culture hood in sterile conditions and placed into

petri dish (ø x h = 35 x 15 mm) containing 2.5 ml RPMI medium. The non-hypoxic condition were

5% CO2, and 20% O2 and the hypoxic condition 1% O2, 5% CO2 and 94% N2. The islets were

cultured in the presence of aggressive cytokines cocktail with or without hypoxic condition, mild

cytokines cocktail with or without hypoxic condition, hypoxic condition only, and without cytokines

cocktail in non-hypoxic condition as a control. The incubation time for each condition was 3,

6, 24, 48, or 72 H. Each condition was at least in duplicates. After incubation, the petri dishes

were taken out of the incubators and placed under the microscope in the islets culture hood. The

supernatant (culture medium) was aspirated with a 23G needle connected to 2.5 ml syringe. The

aspiration was performed carefully so none of the islets were allowed to be aspirated. Around

1.5 ml supernatant were transferred to 2 ml tubes (Eppendorf). The tubes were centrifuged for

10 min full speed at 4 °C. The supernatant was transferred to 2.5 ml syringe and filtered with

0.2-micron filter in new tubes. The samples were snap-frozen and stored at – 80 °C for later use.

The islets were transferred with the remaining medium to 1.5 ml tubes and centrifuged for 2 min

150 rcf at room temperature. The islets were snap-frozen and stored at – 80 °C for later use.

3.2.4.4 Assessment of miRNA content in supernatant
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The supernatant samples were thawed and the miRNA isolation was performed. The quality of

the RNA samples was analyzed using small RNA Bioanalyzer kit.

3.2.4.5 Apoptosis assay

Islets were isolated and incubated over night at 37 °C, 5% CO2, and 20% O2. The islets were

transferred to cell culture plates (Greiner Bio-One 655083). 3 islets in 50 ul RPMI (containing

mild, aggressive or no cytokines cocktail) were pipetted into each well. The plates were incubated

in hypoxic or non-hypoxic conditions for 3, 6, and 24H. At least 12 replicates were performed

for each condition and incubation time. At the end of an incubation time, the Caspase-Glo®

3/7 assay (Promega) was used to quantify the caspase activity in the wells according to the

manufacturer recommendations. Briefly, the reagents were brought to room temperature 2 hours

before use. The Caspase-Glo® 3/7 buffer was added to the Caspase-Glo® 3/7 Substrate and

mixed. 50 ul of the Caspase-Glo® 3/7 Reagent were added to each well. The plate was covered

with a lid, shaken on a plate shaker for 30 seconds 400 rpm and incubated for 1.5H in the dark at

room temperature. The plate was analyzed in a luminometer (GloMax-96 Promega) and the data

were extracted for analysis.

3.2.4.6 Glucose stimulated insulin secretion assay

After each treatment condition the islets were washed with 2 uM glucose solution by aspirating

the culture media with 23G needle connected to 5 ml syringe, the washing repeated 3 times. After

the final wash, the glucose solution was kept and the islets were incubated at 37 °C, 5% CO2

and 20% O2 for 1-2H. After incubation, 5 islets were transferred into one 1.5 ml tubes containing

500 ul of 2 uM or 20 uM glucose. The tubes were incubated at 37 °C for 1H and centrifuged for

2 min 2000 rpm at 4 °C. 200-300 ul of the supernatant were transferred to new 1.5 ml tubes,

snap-frozen and stored at – 80 °C for later processing.

Secreted insulin was quantified in the samples using a mouse insulin ELISA kit (Thermo scientific)

according to the manufacturer recommendations. Briefly, a dilution series of inulin was prepared

to obtain 400, 200, 100, 50, 25, 12.5, 6.25 uIU/ml concentrations. 100 ul of each sample (diluted

1:10 when high insulin content is expected) and 100 ul standards were pipetted into a 96-well

plate coated with an anti-insulin AB (provided). The plate was covered and incubated at room

temperature for 2.5H with shaking. The solution was discarded and the wells were washed 4
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times with 1X wash buffer. 100 ul biotinylated antibody was added to each well and the plate was

incubated for 1H at room temperature with shaking. After washing 4 times, 100 ul Streptavidin-

HRP solution were added and the plate was incubated for 45 min and the washing repeated

4 times. 100 ul TMB substrate were added and incubated 30 min in the dark. The plate was

analyzed in ELISA plate reader (Infinite® 200 PRO, TECAN) at 450 nm and 550 nm.

3.2.5 miRNA profiling using Next generation sequencing

50 ng total RNA of tissue samples or 10.5 ul total RNA of cell free samples were used for small

RNA sequencing at the NGS facility of the CRTD (Dr. Andreas Dahl). Library preparation was

done with the NEXTflex Small RNA-Seq kit V3 (Bioo Scientific/PerkinElmer) and sequencing

was conducted on Illumina NextSeq 550. The raw data (fastq files) were obtained from the NGS

facility and the analysis was carried out in cooperation with Virag Sharma.

3.2.6 Data Analysis

All analysis was done in R (version 3.6.3) or Spyder (version 4.1.1).

TheΔΔCqmethod (Pfaffl, 2001) was used for RT-qPCR data analysis with the use of endogenous

or exogenous reference miRNAs for data normalization. The following miRNAs were used as

normalizers; mmu-miR-195a-5p and mmu-miR-16-5p for mouse serum, hsa-miR-22-3p, hsa-miR-

93-5p, hsa-miR-191-5p, and hsa-miR-146a-5p and hsa-miR-23a-3p for human serum, SNORD61,

SNORD68, SNORD72, SNORD95, and SNORD96A and RNU6B for human and mouse islets,

and cel-miR-39 (synthetic miRNA) for supernatant samples in the in vitro islet stress model.

Statistical analysis was performed with one- or two-way ANOVA method and statistical sig-

nificance was established at a p-value of 0.05. Multiple comparisons tested by Tukey’s HSD

(honestly significant difference) post-hoc test. Student’s t-test was used when analyzing two

groups. Pearson correlation coefficient (Pearson’s r) was used to determine the association

between miRNA level and blood glucose level in mice and apoptosis activation in the in cultured

islets. Receiver-operating characteristic (ROC) curves were established, and the areas under

the ROC curves (AUC) were calculated using the plotROC package.

Next generation sequencing data analysis: The raw reads were trimmed using Cutadapt

(Kechin et al., 2017) and the primer specific for smRNAseq “TGGAATTCTCGGGTGCCAAGG”
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was removed. Only reads with a minimum length of 15 bp were kept for downstream analysis

(quality-cutoff set to 20). Subsequent analysis was performed using the QuickMIRSeq pipeline

(Zhao et al., 2017).

Briefly, the QuickMIRSeq pipeline first created a database of small RNAmolecules for the species

of interest (mouse). The second step involved the mapping of the raw reads to the database of

interest. Identical reads were collapsed into unique reads within and across samples, thereby

reducing computational time. Reads that were mapped to miRNAmolecules with mismatches

were remapped to the reference genome to remove spurious hits to miRNA molecules and

thereby reducing false positive matches. Lastly, the strand information was also taken into

account. QuickMIRSeq pipeline was used for expression quantification and the resulting count

matrix was then used to identify differentially expressed miRNAs using the DESeq2 (Love et al.,

2014).

GSIS data analysis: The absorbance difference between 450 nm and 550 nm was determined

for each concentration of the insulin dilution series. Afterwards, the difference was plotted against

insulin concentrations to create a standard curve. Figure 3.1 shows an example of such curve

obtained in one of the plates. Using the absorbance data obtained from ELISA plate reader and

based on the generated standard curve, the insulin concentration was calculated in the samples

using Dose-Response Analysis package (Ritz et al., 2015). The insulin concentrations in the

diluted samples were multiplied by the dilution factor.

Pathway analysis: In mouse, target genes of miRNAs were identified using miRNAtap and

org.Mm.eg.db packages. In human, target genes were identified from mirDIP (microRNA Data

Integration Portal) (Tokar et al., 2018). KEGG analysis was performed on the identified targets of

each miRNA using clusterProfiler package (Yu et al., 2012). The enriched pathways were filtered

with a cut-off p value 0.05.
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Figure 3.1: An exemplary standard curve generated in one of the analyzed ELISA plates.

Fitting linear model was conducted. Reported are adjusted R-squared (r 2) and p-value .

3.2.7 Panels selection

The flowchart (Figure 3.2) describes the panel selection and generation of miRNA panels. The

initial analysis of NGS data evolved and resulted in analysis 2 (Panel B). Through literature

review, a panel of 70 miRNAs was identified. This panel was extended up to 74 by adding 4

miRNAs from the NGS data (Analysis 1). All miRNA panels mentioned in the flowchart are listed

below.
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Figure 3.2: Panels selection.

Panel A comprised of 60 miRNAs (Table 13); from NGS data: 25 miRNAs top upregulated in

islets as compared to serum, from qPCR: 29 miRNA significant (Figure 4.1B) + 6 miRNAs not

significant, selected based on fold change or Cq values (Figure 3.3).

Table 13: Panel A (60 miRNAs). Tm: Melting Temperature, E: Amplification Efficiency

miRNA Sequence Tm E

mmu-miR-770-3p CGUGGGCCUGACGUGGAGCUGG 79.9 1.95

mmu-let-7k UGAGGUAGGAGGUUGUGUG 79.3 1.98

mmu-miR-323-3p CACAUUACACGGUCGACCUCU 78.3 1.63

mmu-miR-98-5p UGAGGUAGUAAGUUGUAUUGUU 79.1 2.00

mmu-miR-487b-3p AAUCGUACAGGGUCAUCCACUU 79.6 1.97

mmu-miR-434-3p UUUGAACCAUCACUCGACUCCU 79.4 1.98

mmu-miR-434-5p GCUCGACUCAUGGUUUGAACCA 79.6 2.00

mmu-miR-200b-3p UAAUACUGCCUGGUAAUGAUGA 78.9 1.91
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Table 13: (continued)

miRNA Sequence Tm E

mmu-miR-132-3p UAACAGUCUACAGCCAUGGUCG 79.6 1.96

mmu-miR-652-3p AAUGGCGCCACUAGGGUUGUG 79.4 1.93

mmu-miR-30c-5p UGUAAACAUCCUACACUCUCAGC 79.2 1.88

mmu-miR-23b-3p AUCACAUUGCCAGGGAUUACC 79.3 1.93

mmu-miR-423-3p AGCUCGGUCUGAGGCCCCUCAGU 80.0 1.99

mmu-miR-320-3p AAAAGCUGGGUUGAGAGGGCGA 80.5 1.91

mmu-let-7d-5p AGAGGUAGUAGGUUGCAUAGUU 79.3 1.98

mmu-miR-543-3p AAACAUUCGCGGUGCACUUCUU 79.3 1.97

mmu-miR-375-3p UUUGUUCGUUCGGCUCGCGUGA 81.1 1.98

mmu-miR-7a-5p UGGAAGACUAGUGAUUUUGUUGU 79.4 1.94

mmu-miR-411-5p UAGUAGACCGUAUAGCGUACG 80.0 1.91

mmu-miR-141-3p UAACACUGUCUGGUAAAGAUGG 79.5 1.99

mmu-miR-148a-3p UCAGUGCACUACAGAACUUUGU 79.5 1.91

mmu-miR-200c-3p UAAUACUGCCGGGUAAUGAUGGA 79.7 1.92

mmu-miR-379-5p UGGUAGACUAUGGAACGUAGG 79.2 1.90

mmu-miR-101a-3p UACAGUACUGUGAUAACUGAA 79.3 1.92

mmu-miR-29b-3p UAGCACCAUUUGAAAUCAGUGUU 79.2 1.90

mmu-miR-26a-5p UUCAAGUAAUCCAGGAUAGGCU 79.3 1.97

mmu-let-7f-5p UGAGGUAGUAGAUUGUAUAGUU 79.3 1.92

mmu-miR-136-5p ACUCCAUUUGUUUUGAUGAUGG 79.4 1.97

mmu-miR-7b-5p UGGAAGACUUGUGAUUUUGUUGU 79.5 1.95

mmu-miR-129-5p CUUUUUGCGGUCUGGGCUUGC 80.0 1.98

mmu-miR-184-3p UGGAAGACUAGUGAUUUUGUUGU 79.4 1.92

mmu-miR-141-5p CAUCUUCCAGUGCAGUGUUGGA 80.9 2.00

mmu-miR-127-3p UCGGAUCCGUCUGAGCUUGGCU 80.2 1.94

mmu-let-7c-5p UGAGGUAGUAGGUUGUAUGGUU 79.4 1.95

mmu-miR-99b-5p CACCCGUAGAACCGACCUUGCG 80.5 1.90
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Table 13: (continued)

miRNA Sequence Tm E

mmu-let-7b-5p UGAGGUAGUAGGUUGUGUGGUU 79.5 1.96

mmu-miR-668-3p UGUCACUCGGCUCGGCCCACUACC 80.7 1.98

mmu-miR-770-5p AGCACCACGUGUCUGGGCCACG 81.1 1.94

mmu-miR-151-3p CUAGACUGAGGCUCCUUGAGG 79.5 1.95

mmu-miR-5099 UUAGAUCGAUGUGGUGCUCC 79.6 1.92

mmu-miR-222-3p AGCUACAUCUGGCUACUGGGU 79.2 1.99

mmu-miR-423-5p UGAGGGGCAGAGAGCGAGACUUU 79.4 1.89

mmu-miR-125a-5p UCCCUGAGACCCUUUAACCUGUGA 79.3 1.99

mmu-miR-541-5p AAGGGAUUCUGAUGUUGGUCACACU 80.0 1.99

mmu-miR-485-5p AGAGGCUGGCCGUGAUGAAUUC 80.2 1.92

mmu-miR-384-3p AUUCCUAGAAAUUGUUCACAAU 78.5 1.90

mmu-miR-598-3p UACGUCAUCGUCGUCAUCGUUA 79.2 1.86

mmu-miR-340-3p UCCGUCUCAGUUACUUUAUAGC 78.8 1.99

mmu-miR-433-3p AUCAUGAUGGGCUCCUCGGUGU 81.4 1.93

mmu-miR-92b-3p UAUUGCACUCGUCCCGGCCUCC 81.4 1.92

mmu-miR-369-3p AAUAAUACAUGGUUGAUCUUU 79.3 1.91

mmu-miR-369-5p AGAUCGACCGUGUUAUAUUCGC 79.1 1.83

mmu-miR-26b-5p UUCAAGUAAUUCAGGAUAGGU 79.0 1.88

mmu-miR-429-3p UAAUACUGUCUGGUAAUGCCGU 79.3 1.92

mmu-miR-204-5p UUCCCUUUGUCAUCCUAUGCCU 79.9 1.99

mmu-miR-127-5p CUGAAGCUCAGAGGGCUCUGAU 79.7 1.88

mmu-miR-381-5p AGCGAGGUUGCCCUUUGUAUAUU 79.9 1.91

mmu-miR-582-5p AUACAGUUGUUCAACCAGUUAC 79.5 1.90

mmu-miR-409-3p GAAUGUUGCUCGGUGAACCCCU 80.0 1.99

mmu-miR-27b-3p UUCACAGUGGCUAAGUUCUGC 80.1 1.97
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Figure 3.3: 6 miRNAs added to Panel A. Presented their Cq values in islets and serum

miRNAs of Panel A1 are listed in table 14.

Table 14: Panel A2 (39 miRNAs). Tm: Melting Temperature, E: Amplification Efficiency

miRNA Sequence Tm E

mmu-miR-375-3p UUUGUUCGUUCGGCUCGCGUGA 81.1 1.98

mmu-miR-132-3p UAACAGUCUACAGCCAUGGUCG 79.6 1.96

mmu-let-7c-5p UGAGGUAGUAGGUUGUAUGGUU 79.4 1.95

mmu-miR-184-3p UGGAAGACUAGUGAUUUUGUUGU 79.4 1.92

mmu-miR-141-3p UAACACUGUCUGGUAAAGAUGG 79.5 1.99

mmu-let-7b-5p UGAGGUAGUAGGUUGUGUGGUU 79.5 1.96

mmu-miR-136-5p ACUCCAUUUGUUUUGAUGAUGG 79.4 1.97

mmu-miR-652-3p AAUGGCGCCACUAGGGUUGUG 79.4 1.93

mmu-miR-148a-3p UCAGUGCACUACAGAACUUUGU 79.5 1.91

mmu-miR-30c-5p UGUAAACAUCCUACACUCUCAGC 79.2 1.88

mmu-miR-127-5p CUGAAGCUCAGAGGGCUCUGAU 79.7 1.88
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Table 14: (continued)

miRNA Sequence Tm E

mmu-miR-543-3p AAACAUUCGCGGUGCACUUCUU 79.3 1.97

mmu-miR-222-3p AGCUACAUCUGGCUACUGGGU 79.2 1.99

mmu-miR-200c-3p UAAUACUGCCGGGUAAUGAUGGA 79.7 1.92

mmu-miR-770-3p CGUGGGCCUGACGUGGAGCUGG 79.9 1.95

mmu-miR-23b-3p AUCACAUUGCCAGGGAUUACC 79.3 1.93

mmu-miR-770-5p AGCACCACGUGUCUGGGCCACG 81.1 1.94

mmu-miR-320-3p AAAAGCUGGGUUGAGAGGGCGA 80.5 1.91

mmu-miR-127-3p UCGGAUCCGUCUGAGCUUGGCU 80.2 1.94

mmu-miR-423-3p AGCUCGGUCUGAGGCCCCUCAGU 80.0 1.99

mmu-miR-379-5p UGGUAGACUAUGGAACGUAGG 79.2 1.90

mmu-miR-423-5p UGAGGGGCAGAGAGCGAGACUUU 79.4 1.89

mmu-let-7k UGAGGUAGGAGGUUGUGUG 79.3 1.98

mmu-let-7d-5p AGAGGUAGUAGGUUGCAUAGUU 79.3 1.98

mmu-miR-323-3p CACAUUACACGGUCGACCUCU 78.3 1.63

mmu-miR-99b-5p CACCCGUAGAACCGACCUUGCG 80.5 1.90

mmu-miR-98-5p UGAGGUAGUAAGUUGUAUUGUU 79.1 2.00

mmu-miR-487b-3p AAUCGUACAGGGUCAUCCACUU 79.6 1.97

mmu-miR-151-3p CUAGACUGAGGCUCCUUGAGG 79.5 1.95

mmu-miR-29b-3p UAGCACCAUUUGAAAUCAGUGUU 79.2 1.90

mmu-miR-434-3p UUUGAACCAUCACUCGACUCCU 79.4 1.98

mmu-miR-411-5p UAGUAGACCGUAUAGCGUACG 80.0 1.91

mmu-miR-434-5p GCUCGACUCAUGGUUUGAACCA 79.6 2.00

mmu-miR-200b-3p UAAUACUGCCUGGUAAUGAUGA 78.9 1.91

mmu-miR-141-5p CAUCUUCCAGUGCAGUGUUGGA 80.9 2.00

mmu-miR-129-5p CUUUUUGCGGUCUGGGCUUGC 80.0 1.98

mmu-miR-5099 UUAGAUCGAUGUGGUGCUCC 79.6 1.92

mmu-miR-204-5p UUCCCUUUGUCAUCCUAUGCCU 79.9 1.99
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Table 14: (continued)

miRNA Sequence Tm E

mmu-miR-101a-3p UACAGUACUGUGAUAACUGAA 79.3 1.92

Table 15: Panel B. NGS reads of 49 miRNAs in 3 islet samples and 3 serum samples.

Islets Serum

miRNA 1 2 3 1 2 3

mmu-miR-375-3p 2529539 2195561 2508657 130 288 184

mmu-miR-7a-5p 763042 680781 702778 141 282 565

mmu-miR-7b-5p 184333 147563 149353 2 17 14

mmu-miR-200c-3p 122089 113165 98767 27 47 87

mmu-let-7e-5p 67221 53005 92333 43 72 58

mmu-miR-541-5p 43687 34272 38119 69 35 42

mmu-miR-129-5p 15383 16758 13081 2 3 3

mmu-miR-129-2-3p 12254 9551 4692 0 0 0

mmu-miR-129-1-3p 12038 8744 4299 0 3 1

mmu-miR-3968 11247 5219 18697 11 11 11

mmu-miR-433-3p 7278 6478 6190 2 1 5

mmu-miR-7a-2-3p 6443 4992 5607 1 0 1

mmu-miR-129b-3p 6329 7280 5479 0 1 0

mmu-miR-487b-3p 4856 5109 4449 13 2 11

mmu-miR-485-5p 3167 2705 3552 1 2 0

mmu-miR-384-5p 2735 3376 1693 0 0 3

mmu-miR-200b-5p 2667 2575 2685 3 9 3

mmu-miR-668-3p 2491 2087 1945 4 1 0

mmu-miR-485-3p 2397 1212 2676 3 0 1

mmu-miR-340-3p 2106 1501 1812 1 3 1

mmu-miR-323-3p 2008 1596 1194 0 0 0
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Table 15: (continued)

Islets Serum

miRNA 1 2 3 1 2 3

mmu-miR-409-5p 1442 960 771 0 0 5

mmu-miR-667-3p 1379 1173 1094 1 4 2

mmu-miR-543-3p 1308 1322 1465 1 0 0

mmu-miR-383-5p 1052 844 738 0 0 0

mmu-miR-673-5p 919 810 618 0 0 0

mmu-miR-3099-3p 817 1441 826 0 0 0

mmu-miR-666-5p 774 812 614 0 1 1

mmu-miR-1224-5p 596 968 973 0 0 0

mmu-miR-384-3p 577 687 446 0 0 0

mmu-miR-770-5p 543 637 558 0 0 0

mmu-miR-325-3p 535 435 182 0 0 0

mmu-miR-370-3p 531 391 410 0 0 0

mmu-miR-130b-5p 524 335 759 1 0 2

mmu-miR-325-5p 313 249 102 0 0 0

mmu-miR-34c-3p 302 279 118 1 0 0

mmu-miR-23b-5p 283 277 380 0 0 0

mmu-miR-770-3p 267 329 184 0 0 0

mmu-miR-666-3p 238 191 197 0 0 0

mmu-miR-412-5p 232 155 144 1 0 0

mmu-miR-141-5p 197 277 136 0 0 0

mmu-miR-3072-3p 193 325 111 0 0 1

mmu-miR-153-3p 190 296 198 0 0 0

mmu-miR-154-3p 154 149 143 0 0 0

mmu-miR-1193-3p 143 126 106 0 0 0

mmu-miR-3547-3p 134 132 50 0 0 0

mmu-miR-370-5p 131 59 71 0 0 0
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Table 15: (continued)

Islets Serum

miRNA 1 2 3 1 2 3

mmu-miR-216b-5p 54 238 12 0 0 0

mmu-miR-6238 43 33 194 0 0 0

Table 16: Panel BC

miRNA Panel miRNA Panel

mmu-miR-375-3p B mmu-miR-130b-5p B

mmu-miR-7a-5p B mmu-miR-325-5p B

mmu-miR-7b-5p B mmu-miR-34c-3p B

mmu-miR-200c-3p B mmu-miR-23b-5p B

mmu-let-7e-5p B mmu-miR-666-3p B

mmu-miR-541-5p B mmu-miR-412-5p B

mmu-miR-129-5p B mmu-miR-3072-3p B

mmu-miR-433-3p B mmu-miR-153-3p B

mmu-miR-487b-3p B mmu-miR-154-3p B

mmu-miR-485-5p B mmu-miR-1193-3p B

mmu-miR-340-3p B mmu-miR-3547-3p B

mmu-miR-323-3p B mmu-miR-370-5p B

mmu-miR-543-3p B mmu-miR-216b-5p B

mmu-miR-384-3p B mmu-miR-6238 B

mmu-miR-770-5p B mmu-miR-375-3p C

mmu-miR-770-3p B mmu-miR-129-5p C

mmu-miR-141-5p B mmu-miR-487b-3p C

mmu-miR-129-2-3p B mmu-miR-323-3p C

mmu-miR-129-1-3p B mmu-miR-543-3p C

mmu-miR-3968 B mmu-miR-770-5p C
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Table 16: Panel BC (continued)

miRNA Panel miRNA Panel

mmu-miR-7a-2-3p B mmu-miR-770-3p C

mmu-miR-129b-3p B mmu-miR-127-5p C

mmu-miR-384-5p B mmu-let-7d-5p C

mmu-miR-200b-5p B mmu-miR-132-3p C

mmu-miR-668-3p B mmu-miR-411-5p C

mmu-miR-485-3p B mmu-miR-434-3p C

mmu-miR-409-5p B mmu-miR-222-3p C

mmu-miR-667-3p B mmu-miR-320-3p C

mmu-miR-383-5p B mmu-miR-423-3p C

mmu-miR-673-5p B mmu-miR-423-5p C

mmu-miR-3099-3p B mmu-miR-99b-5p C

mmu-miR-666-5p B mmu-miR-101a-3p C

mmu-miR-1224-5p B mmu-miR-29b-3p C

mmu-miR-325-3p B mmu-miR-5099 C

mmu-miR-370-3p B

Panel A2 comprised of 18 miRNAs which had FC>1 at least at two time points after STZ treatment

(Figure 3.4).
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Figure 3.4: Panel A2
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Table 17: Panel D (80 miRNAs). Tm: Melting Temperature, E: Amplification Efficiency

miRNA Sequence Tm E

mmu-miR-375-3p UUUGUUCGUUCGGCUCGCGUGA 80.4 1.97

mmu-miR-7a-5p UGGAAGACUAGUGAUUUUGUUGU 78.0 1.93

mmu-miR-7b-5p UGGAAGACUUGUGAUUUUGUUGUU 78.0 1.93

mmu-miR-200c-3p UAAUACUGCCGGGUAAUGAUGGA 78.8 1.90

mmu-let-7e-5p UGAGGUAGGAGGUUGUAUAGUU 78.2 1.99

mmu-miR-541-5p AAGGGAUUCUGAUGUUGGUCACACU 80.0 1.95

mmu-miR-129-5p CUUUUUGCGGUCUGGGCUUGC 77.7 1.96

mmu-miR-433-3p AUCAUGAUGGGCUCCUCGGUGU 77.6 1.95

mmu-miR-487b-3p AAUCGUACAGGGUCAUCCACUU 79.4 1.98

mmu-miR-485-5p AGAGGCUGGCCGUGAUGAAUUC 80.3 2.00

mmu-miR-340-3p UCCGUCUCAGUUACUUUAUAGC 77.6 1.94

mmu-miR-323-3p CACAUUACACGGUCGACCUCU 76.6 1.70

mmu-miR-543-3p AAACAUUCGCGGUGCACUUCUU 78.3 1.98

mmu-miR-384-3p AUUCCUAGAAAUUGUUCACAAU 77.7 1.82

mmu-miR-770-5p AGCACCACGUGUCUGGGCCACG 81.1 1.92

mmu-miR-770-3p CGUGGGCCUGACGUGGAGCUGG 79.2 1.97

mmu-miR-141-5p CAUCUUCCAGUGCAGUGUUGGA 80.3 1.91

mmu-miR-141-3p UAACACUGUCUGGUAAAGAUGG 78.1 1.86

mmu-miR-582-5p AUACAGUUGUUCAACCAGUUAC 77.9 1.91

mmu-miR-200b-3p UAAUACUGCCUGGUAAUGAUGA 78.2 1.98

mmu-miR-98-5p UGAGGUAGUAAGUUGUAUUGUU 77.6 1.95

mmu-miR-184-3p UGGACGGAGAACUGAUAAGGGU 78.4 1.96

mmu-miR-381-5p AGCGAGGUUGCCCUUUGUAUAUU 78.8 1.92

mmu-miR-434-5p GCUCGACUCAUGGUUUGAACCA 79.8 1.97

mmu-miR-23b-3p AUCACAUUGCCAGGGAUUACC 78.8 1.97

mmu-miR-127-5p CUGAAGCUCAGAGGGCUCUGAU 78.3 2.00

mmu-let-7d-5p AGAGGUAGUAGGUUGCAUAGUU 77.9 1.96
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Table 17: (continued)

miRNA Sequence Tm E

mmu-miR-136-5p ACUCCAUUUGUUUUGAUGAUGG 77.7 1.94

mmu-miR-132-3p UAACAGUCUACAGCCAUGGUCG 79.4 1.99

mmu-miR-411-5p UAGUAGACCGUAUAGCGUACG 79.1 1.94

mmu-let-7k UGAGGUAGGAGGUUGUGUG 78.4 1.93

mmu-miR-409-3p GAAUGUUGCUCGGUGAACCCCU 78.7 1.96

mmu-miR-652-3p AAUGGCGCCACUAGGGUUGUG 79.1 1.95

mmu-miR-434-3p UUUGAACCAUCACUCGACUCCU 79.3 1.91

mmu-miR-379-5p UGGUAGACUAUGGAACGUAGG 78.1 1.93

mmu-miR-148a-3p UCAGUGCACUACAGAACUUUGU 78.0 1.95

mmu-miR-30c-5p UGUAAACAUCCUACACUCUCAGC 78.4 1.89

mmu-miR-222-3p AGCUACAUCUGGCUACUGGGUCU 84.2 1.94

mmu-miR-320-3p AAAAGCUGGGUUGAGAGGGCGA 80.0 1.94

mmu-miR-423-3p AGCUCGGUCUGAGGCCCCUCAGU 79.2 1.99

mmu-miR-423-5p UGAGGGGCAGAGAGCGAGACUUU 78.3 1.99

mmu-miR-99b-5p CACCCGUAGAACCGACCUUGCG 80.0 1.97

mmu-miR-101a-3p UACAGUACUGUGAUAACUGAA 77.6 1.99

mmu-miR-29b-3p UAGCACCAUUUGAAAUCAGUGUU 78.2 1.97

mmu-miR-5099 UUAGAUCGAUGUGGUGCUCC 79.1 1.91

mmu-let-7c-5p UGAGGUAGUAGGUUGUAUGGUU 77.8 2.00

mmu-let-7b-5p UGAGGUAGUAGGUUGUGUGGUU 78.0 1.97

mmu-miR-151-3p CUAGACUGAGGCUCCUUGAGG 79.5 1.98

mmu-miR-129-2-3p AAGCCCUUACCCCAAAAAGCAU 78.5 1.96

mmu-miR-129-1-3p AAGCCCUUACCCCAAAAAGUAU 78.2 1.99

mmu-miR-3968 CGAAUCCCACUCCAGACACCA 79.3 1.98

mmu-miR-7a-2-3p CAACAAGUCCCAGUCUGCCACA 80.2 1.95

mmu-miR-129b-3p CAAGCCCAGACCGCAAAAAGAUU 80.2 1.99

mmu-miR-384-5p UGUAAACAAUUCCUAGGCAAUGU 78.3 1.75
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Table 17: (continued)

miRNA Sequence Tm E

mmu-miR-200b-5p CAUCUUACUGGGCAGCAUUGGA 79.0 1.98

mmu-miR-668-3p UGUCACUCGGCUCGGCCCACUACC 80.5 1.91

mmu-miR-485-3p AGUCAUACACGGCUCUCCUCUC 79.2 1.99

mmu-miR-409-5p AGGUUACCCGAGCAACUUUGCAU 79.2 1.92

mmu-miR-667-3p UGACACCUGCCACCCAGCCCAAG 81.4 1.92

mmu-miR-383-5p AGAUCAGAAGGUGACUGUGGCU 77.6 1.96

mmu-miR-673-5p CUCACAGCUCUGGUCCUUGGAG 79.1 1.96

mmu-miR-3099-3p UAGGCUAGAGAGAGGUUGGGGA 78.3 1.97

mmu-miR-666-5p AGCGGGCACAGCUGUGAGAGCC 79.0 1.98

mmu-miR-1224-5p GUGAGGACUGGGGAGGUGGAG 78.5 1.97

mmu-miR-325-3p UUUAUUGAGCACCUCCUAUCAA 78.7 1.93

mmu-miR-370-3p GCCUGCUGGGGUGGAACCUGGU 79.4 1.99

mmu-miR-130b-5p ACUCUUUCCCUGUUGCACUACU 78.5 1.92

mmu-miR-325-5p CCUAGUAGGUGCUCAGUAAGUGU 79.8 1.99

mmu-miR-34c-3p AAUCACUAACCACACAGCCAGG 79.7 2.00

mmu-miR-23b-5p GGGUUCCUGGCAUGCUGAUUU 78.4 1.89

mmu-miR-666-3p GGCUGCAGCGUGAUCGCCUGCU 80.0 1.97

mmu-miR-412-5p UGGUCGACCAGCUGGAAAGUAAU 79.0 2.00

mmu-miR-3072-3p UGCCCCCUCCAGGAAGCCUUCU 78.5 1.98

mmu-miR-153-3p UUGCAUAGUCACAAAAGUGAUC 77.8 1.95

mmu-miR-154-3p AAUCAUACACGGUUGACCUAUU 79.3 1.96

mmu-miR-1193-3p UAGGUCACCCGUUUUACUAUC 78.1 1.94

mmu-miR-3547-3p UGAGCACCACCCCUCUCUCAG 79.8 1.99

mmu-miR-370-5p CAGGUCACGUCUCUGCAGUU 78.0 2.00

mmu-miR-216b-5p AAAUCUCUGCAGGCAAAUGUGA 78.7 1.93

mmu-miR-6238 UUAUUAGUCAGUGGAGGAAAUG 78.2 1.98
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Panel P: miRNAs selected to be tested in the pilot experiment of in vitro mouse islet stress. The

panel P contains 15 miRNAs, selected from Panel B (7 miRNAs), Panel A2 (4 miRNAs), and

Panel C (4 miRNAs). Table 18.

The human miRNAs with identical sequence to their peers in mouse species were tested in in

vitro human islet stress model. The miRNA ID and sequence obtained from miRbase version

22.1.

Table 18: Panel P

Panel Mouse ID Human ID Sequence homology

A2 mmu-miR-141-3p hsa-miR-141-3p Identical

A2 mmu-miR-30c-5p hsa-miR-30c-5p Identical

A2 mmu-miR-148a-3p hsa-miR-148a-3p Identical

A2 mmu-miR-582-5p NA NA

B mmu-miR-129-5p hsa-miR-129-5p Identical

B mmu-let-7e-5p hsa-let-7e-5p Identical

B mmu-miR-200c-3p hsa-miR-200c-3p Identical

B mmu-miR-7a-5p NA NA

B mmu-miR-7b-5p NA NA

B mmu-miR-375-3p hsa-miR-375-3p Identical

B mmu-miR-541-5p NA NA

C mmu-miR-127-5p hsa-miR-127-5p Identical

C mmu-miR-132-3p hsa-miR-132-3p Identical

C mmu-miR-543-3p NA NA

C mmu-miR-770-5p NA NA

70



4 RESULTS

4 Results

4.1 Identification of islet specific miRNAs

4.1.1 Identification of mouse islet specific miRNAs

To identify miRNAs that are highly expressed in islets, I reviewed profiling studies from the

literature and collected miRNAs that have been reported to be highly expressed in β-cells or

in islets. The thus selected 74 miRNAs (Table 9 in methods) were filtered by measuring their

expression levels in islets and serum isolated from three BL6 mice by RT-qPCR. Only miRNAs

with significantly higher expression in islets relative to serum were selected. A panel comprising

29 miRNAs was thus established (Figure 4.1A and B).

Next-generation sequencing to identify mouse islets specific miRNAs

To expand the panel of potentially islets specific miRNA, small RNA sequencing was performed

on 3 islet- and 3 serum-samples isolated from 3 BL6 mice. 345 miRNAs were differentially

expressed, with 194 upregulated and 151 downregulated in islets as compared to serum (Figure

4.2A). The top 50 upregulated miRNAs are presented in the heatmap (Figure 4.2B).
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Figure 4.1: Identification of mouse miRNAs with higher expression in islets as compared

to serum. A: Volcano plot shows the 74 tested miRNAs. Their significance as -log10 p-value is

presented against their expression level, as log2 fold change, in islets (N=3) relative to serum

(N=3). Each sample was tested in triplicate. The vertical line indicates a fold change of 1 and

the horizontal line a p-vale of 0.05. The black dots represent 29 miRNA with fold change >1

and p-value <0.05, also presented in the bar plot (B) which shows the log2 fold change of their

expression level in islets relative to serum and their significance. t-test was performed on ΔCq

values (CqTarget - CqReference).*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001
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A

B

Figure 4.2: Small RNA-seq on serum and islets in BL6 mice. A: Volcano plot shows 571

miRNAs identified in total with 194 upregulated and 151 downregulated ones in islets as compared

to serum. The log2 fold change is presented against the -log10 p-value. B: Heatmap shows

the top 50 upregulated miRNAs in islets in comparison to serum. Log2 of the normalized reads

is presented. Each column indicates an islet or serum sample. The heatmap is clustered by

euclidean distance and scaled by rows.
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A panel of 60 miRNA (Figure 4.3) were selected from the NGS panel (25 miRNAs) and the PCR

panel (35 miRNAs) to be tested in the in vivo animal model. (Table 13 in methods).

Figure 4.3: Panel of 60 miRNAs selected from NGS- and qPCR data for testing in the in vivo

mouse model. Log2 fold change (enrichment in islets as compared to serum) is presented.*p <

0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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4.1.2 Identification of human islet specific miRNAs

A panel of 30 human and potentially islet specific miRNAs (Table 10 in methods) was established

by reviewing miRNA profiling data from the literature (Bunt et al., 2013; Roat et al., 2017). Using

RT-qPCR, islet-specific expression of the miRNAs of this panel were measured in five human

islets samples obtained from deceased donors and six human serum samples obtained from six

healthy individuals. 15 miRNAs had significantly higher concentrations in islets as compared to

serum and were therefore selected as islet specific (Figure 4.4).
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Figure 4.4: Identification of human miRNAs with significantly higher expression in islets

as compared to serum. A: Volcano plot shows the 30 tested miRNAs. Their significance as

–log10 p-value is presented against their expression level as log2 fold change in islets (N=5)

relative to serum (N=6). The vertical line indicates a fold change of 1 and the horizontal line

a p-vale of 0.05. The black dots in the right upper quarter represent miRNA with fold change

>1 and p-vale <0.05 that are presented in the bar plot (B) which shows the log2 fold of their

expression level in islets relative to serum and their significance. t-test was performed on ΔCq

values (CqTarget - CqReference).*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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4.2 Identification of reference miRNAs

As qPCR and relative quantification were the main methods used in this study to quantify target

miRNAs in serum and tissue, housekeeping- or reference genes needed to be selected for

normalization. Reference genes should be stably expressed across the samples of interest and

their expression should not be affected by a treatment or a condition and, ideally, they should

have high expression levels (Schwarzenbach et al., 2015).

To normalize the measurements of human and mouse islet miRNAs, a commercially available

panel of small nucleolar RNAs (snoRNAs) (SNORD61, SNORD68, SNORD72, SNORD95, and

SNORD96A and the small nuclear RNA (snRNA) RNU6B) was used for data normalization, as

recommended to be used for tissue material by Qiagen. References to normalize serum miRNA

expression needed to be selected for human as well as for mouse samples.

4.2.1 Reference miRNAs for mouse serum

As we planned to use STZ (Streptozotocin) to induce diabetes in mice, I aimed to pick miRNAs with

a stable expression in mouse serum after STZ treatment. Using RT-qPCR and serum samples I

therefore assessed, in STZ treated- and control- mice, the stability of three endogenous miRNAs,

miR-195a-5p, miR-16-5p and miR-146a-5p that had been previously used as references (Mi et

al., 2012).

The candidate miRNAs were measured on serum collected in the context of the establishment of

the STZ-treatment protocol in mouse (see 3.2.3.1 for more details). Seven serum samples from

the STZ-treated mice and 4 control samples were chosen for the reference miRNAs assessment.

The raw Cq values of the four candidate reference genes are presented in (Figure 4.5A). The

analysis in Normfinder (Andersen et al., 2004) revealed that the best combination of reference

genes to be used in the two tested groups (STZ- and control mice) was miR-195a-5p with

miR-16-5p (Figure 4.5B).
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Figure 4.5: Stability in the expression levels of candidate reference mouse miRNAs in

STZ- treated and control-mice. A: Boxplots of raw Cq values of 3 candidate reference miRNAs

tested in healthy and STZ- treated mouse sera. Each dot represents the average of triplicate

qPCR measurements of one serum sample from a mouse. N=4 for control and N=7 for STZ. B:

Ranking according to NormFinder; the smaller the value, the higher the stability. miR-195a-5p

and miR-16-5p were found to be the most stably expressed miRNA in STZ treated- and control

mice (highlighted in blue).
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4.2.2 Reference miRNAs for human serum

The stability of expression of 18 candidate human reference miRNAs (hsa-miR-22-3p, hsa-miR-

93-5p, hsa-miR-191-5p, hsa-miR-21-5p, hsa-miR-146a-5p, hsa-miR-222-3p, hsa-miR-23a-3p,

hsa-miR-103a-3p, hsa-miR-126-3p, hsa-let-7c-5p, hsa-miR-24-3p, hsa-miR-26b-5p, hsa-let-7a-

5p, hsa-miR-26a-5p, hsa-miR-423-5p, hsa-miR-92a-3p, hsa-miR-25-3p, and hsa-miR-145-5p),

selected by literature search, was tested using RT-qPCR in six human serum samples collected

in triplicate from healthy individuals. The Cq values are shown in (Figure 4.6A). The NormFinder

algorithm and the RefFinder web-based tool (Xie et al., 2012) were used and the reference

miRNAs were ranked according to their stability values. The lower the value the higher the

stability of the reference gene (Figure 4.6B). Based on NormFinder and RefFinder ranking, 5

miRNAs (hsa-miR-23a-3p, hsa-miR-191-5p, hsa-miR-146a-5p, hsa-miR-93-5p, hsa-miR-22-

3p) were selected to be used for data normalization. This selection based on the five most

stable reference miRNA candidates (top lowest stability value) in each method (NormFinder and

RefFinder). Shared miRNAs and unique ones in each selection were considered for use as

reference miRNAs. miR-21-5p was excluded because it had significantly higher expression in

islets as compared to serum (Figure 4.4).

Table 19 shows miRNAs selected in NormFinder and RefFinder (in bold). Shared miRNAs:

hsa-miR-22-3p, hsa-miR-93-5p, hsa-miR-191-5p, and hsa-miR-146a-5p and unique in each

selection: hsa-miR-21-5p (Ranked 4 in Normfinder) and hsa-miR-23a-3p (Ranked 5 in RefFinder)

were selected.
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Figure 4.6: Expression levels of candidate reference miRNAs and their stability values.

A: 18 human miRNAs were measured by RT-qPCR; the average Cq values for each putative

reference miRNAacross 6 healthy individuals from triplicate samples are shown. B: The reference

miRNAs ranked according to their stability as found by NormFinder and RefFinder. The lower

the stability value, the higher the stability. 5 miRNAs (in bold) were selected.
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Table 19: Ranking of candidate reference miRNAs in human serum

Ranking NormFinder Stability value RefFinder Stability value

1 hsa-miR-22-3p 0.067 hsa-miR-93-5p 3.15

2 hsa-miR-93-5p 0.068 hsa-miR-146a-5p 3.50

3 hsa-miR-191-5p 0.128 hsa-miR-191-5p 3.66

4 hsa-miR-21-5p 0.145 hsa-miR-22-3p 3.94

5 hsa-miR-146a-5p 0.154 hsa-miR-23a-3p 5.45

6 hsa-miR-222-3p 0.161 hsa-miR-21-5p 5.47

7 hsa-miR-23a-3p 0.176 hsa-miR-26b-5p 6.44

8 hsa-miR-103a-3p 0.182 hsa-miR-24-3p 6.82

9 hsa-miR-126-3p 0.195 hsa-miR-26a-5p 6.96

10 hsa-let-7c-5p 0.199 hsa-miR-126-3p 7.71

11 hsa-miR-24-3p 0.201 hsa-miR-103a-3p 8.11

12 hsa-miR-26b-5p 0.242 hsa-miR-222-3p 8.56

13 hsa-let-7a-5p 0.242 hsa-let-7a-5p 9.34

14 hsa-miR-26a-5p 0.259 hsa-let-7c-5p 10.94

15 hsa-miR-423-5p 0.357 hsa-miR-423-5p 14.78

16 hsa-miR-92a-3p 0.366 hsa-miR-92a-3p 15.49

17 hsa-miR-25-3p 0.380 hsa-miR-25-3p 16.49

18 hsa-miR-145-5p 0.667 hsa-miR-145-5p 18.00

4.2.3 Reference for in vitro islet stress model

As I planned to treat the islets in vitro with cytokines and hypoxia and collect the supernatant

to analyze miRNAs level at 3 time points, I added spike-in control (cel-miR-39 mimic) to the

supernatant samples for data normalization. An exemplary analysis of cel-miR-39 in in vitro

mouse islets stress model is shown in figure 4.7.

The presence of the spike-in was analyzed to ensure that the measured quantity did not vary

over the time points. There was no significant difference in the detected quantity of the spike-in

between the time points.
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Figure 4.7: Quantity of the spike-in control in supernatant samples. The cel-miR-39 mimic

was added to the supernatant samples and used as normalizer. The quantity relative to the first

time point was presented as 2-ΔCq (where ΔCq= Cq time point x - Cq time point 0). Two-way ANOVA

followed by Tukey’s HSD multiple comparison test was performed for statistical analysis.

4.3 In vivo islet stress model

4.3.1 Diabetes induction in mice using STZ

STZ was used to induce the destruction of insulin-secreting β-cells in BL6 mice. In a pilot

experiment, I tested a protocol for the STZ- treatment and the monitoring of diabetes development.

A small cohort of mice was used in the pilot experiment: 10 mice were treated with STZ and

4 mice were treated with PBS as controls. Blood glucose and body weight of the mice were

monitored 14 days before the treatment, at the day of the treatment, and daily after the treatment

until day 7 (Figure 4.8A and B). Using the blood glucose and body weight measurements, scoring

points were calculated and the mice were sacrificed when a score of ≥20 points was reached

(3.2.3.1). According to this criterion, 60% of STZ-treated mice (6 mice) developed diabetes

(blood glucose >16.7 mmol/L with 5-10% weight loss) between day 3 and 7. The remaining 4

STZ-treated mice remained euglycemic and had no significant change in their body weight and
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were sacrificed at day 7. As most of the diabetic STZ-treated mice (4 mice out of 6; 66.6%)

developed diabetes by day 4, I selected this time point as the final time point, when mice would

be sacrificed in the subsequent experiment.

After successful completion of the pilot study and after consultation with Konrad Schubert (Institut

für Medizinische Informatik und Biometrie), the number of BL6 mice to be treated with STZ and

PBS was determined to be 57 and 45, respectively. The blood glucose and body weight were

monitored 14 days before treatment, at the day of the treatment and daily over 4 days (Figure

4.9A and B). By day four, 71.9% (41) of the STZ-treated mice had developed diabetes (blood

glucose >16.7 mmol/L with 5-10% weight loss) and 28.1% (16 mice) remained euglycemic (blood

glucose <16.7 mmol/L without significant change in body weight).

The diabetic STZ-treated mice showed significant elevation of blood glucose at the first day after

treatment (12.43 mmol/L ± 4.0) as compared to day 0 (8.94 mmol/L ± 1.3), the PBS-treated mice

(8.55 mmol/L ± 1.2) and to the non-diabetic STZ-treated mice (7.63 mmol/L ± 1.6; median ± SD)

ANOVA p = 7.9e-11, and their blood glucose continued to increase significantly until day 4 after

treatment (33.30 mmol/L ± 6.3) versus 10.60 mmol/L ± 1.7 and 9.52 mmol/L ± 1.4 (median ± SD)

for the control- and non-diabetic STZ-treated mice, respectively, (ANOVA p = 6.4e-41). Figure

4.9A.

The body weight of the diabetic STZ-treated mice started to decrease significantly at the second

day after the treatment (23.3 ± 1.3 g versus 25.2 ± 1.3 g at day 0) and continued to decline

gradually until day 4 (21.8 G ± 1.5). Figure 4.9B.

83



4 RESULTS

Figure 4.8: Line plots illustrate the blood glucose- and body weight measurements of

STZ-treated and control mice. A: Blood glucose values (mmol/L) in STZ- (N=10) and PBS-

treated (N=4) mice observed over maximally 7 days after treatment and 14 days before. Each

line represents the measurements in one mouse, the last point of a line indicates the day at which

the mouse was sacrificed. The yellow shaded vertical area indicates the time point at which

most STZ-treated mice developed diabetes. The dotted horizontal line indicates the threshold for

diabetes (16.7 mmol/L). B: Body weight values (g) in the STZ- (N=10) and PBS-treated (N=4)

mice.
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Figure 4.9: Induction of diabetes in BL6 mice. Boxplots show A: blood glucose- and B body

weight measurements of 102 BL6 mice at Day -14, at the treatment day and daily over 4 days

after STZ/PBS treatment. Three groups of mice are presented: PBS-treated mice (Control)

(N=45; in grey), diabetic STZ-treated mice (N=41; in red), and non-diabetic STZ-treated mice

(N=16; in blue). One-way ANOVA at each time point was performed (*p < 0.05, **p < 0.01, ***p <

0.001 and ****p < 0.0001.) The dotted line represents the diabetic threshold (16.7 mmol/L).
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4.3.2 Serum miRNAs after STZ treatment

60 selected islet specific miRNAs (Panel A Figure 4.3) were quantified by qPCR in the serum of

all mice before STZ/PBS treatment (day -14) and after STZ/PBS treatment at day 1, 3, and 4.

Due to the relatively small amount of serum obtained by venous puncture at the tail at day -14, 1

and 3 from the living mice, I pooled samples from each treatment group (STZ- and PBS-treated

animals) to obtain 3 sample pools for each of these time points and for each condition (Table 12).

Six miRNAs were significantly increased in at least one time point after STZ-treatment in mice that

developed diabetes (Figure 4.10). Four miRNAs thereof (mmu-miR-99b-5p, mmu-miR-381-5p,

mmu-miR-127-3p, and mmu-miR-411-5p) increased significantly only in the diabetic STZ-treated

mice at day 3 as compared to the control mice (STZ-treated non diabetic- and PBS control mice).

mmu-miR-375-3p increased significantly in the diabetic STZ-treated mice at day 1 after treatment,

its level declined at day 3 but remained significantly higher as compared to the control mice

(ANOVA p=0.0046). The dynamic pattern of mmu-miR-101a-3p in serum over the four day time

course was significantly different in diabetic mice as compared to controls (ANOVA p=0.0098).

mmu-miR-381-5p was not further tested in the in vivo model and was moved to be tested in the

in vitro model.

At day 4, when the mice were sacrificed, blood was collected through cardiac puncture instead

of tail-vein blood draw as done at the time points before. Therefore, sufficient material for miRNA

measurement by qPCR was available from each mouse. After excluding mice with insufficient

volume of serum or serum with haemolysis, the quantity of the 39 selected miRNAs (Figure

3.2) could be analyzed at day 4 from 30 diabetic, 11 non-diabetic and 28 control mice. The

sensitivity and specificity of the measured miRNAs to classify STZ-treated-diabetic, non-diabetic

and control mice were then analyzed by generating receiver-operating characteristic (ROC)

curves. The area under the ROC curve (AUC) was determined against the control mice for the

diabetic STZ-treated (AUC-dSTZ) and non-diabetic STZ-treated mice (AUC-ndSTZ). An AUC of

more than 0.5 indicates a separation between tested groups.

I found 18 miRNAs (miRNAs in bold in table 20) with significant increases in the STZ-treated

(diabetic- and non-diabetic) mice as compared to the control mice, including 15 miRNAs (high-

lighted in yellow in table 20) increased significantly in the diabetic STZ-treated mice only as

compared to control mice and three miRNAs in both, diabetic- and non-diabetic STZ-treated
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mice (highlighted in green in table 20).

Figure 4.10: Measurements of miRNAs after STZ treatment over 4 days after treatment

from the pooled samples. The serum level of mmu-miR-101a-3p, mmu-miR-127-3p, mmu-miR-

375-3p, mmu-miR-381-5p, mmu-miR-411-5p, and mmu-miR-99b-5p in diabetic and non-diabetic

STZ-treated mice. Presented is fold change as compared to control mice at each time point.

Data are presented as mean ± SEM (N=3 per condition). Two-way ANOVA followed by Tukey’s

HSD multiple comparison test was performed for statistical analysis. (*p < 0.05, **p < 0.01, ***p

< 0.001 and ****p < 0.0001.) Diabetic mice are in red and non–diabetic in blue.

Table 20: miRNAmeasurement at day 4 (Individual mice)

Fold change p-valaue AUC

miRNA dSTZ ndSTZ dSTZ vs CTRL ndSTZ vs CTRL dSTZ ndSTZ

mmu-miR-487b-3p 1.75 0.74 2.4e-03 3.6e-01 0.73 0.34

mmu-miR-222-3p 1.44 1.10 9.2e-05 6.4e-01 0.80 0.60

mmu-miR-411-5p 3.76 2.75 2.5e-04 5.4e-02 0.75 0.74

mmu-miR-127-5p 1.90 1.00 9.6e-04 1.0e+00 0.74 0.51
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Table 20: miRNAmeasurement at day 4 (Individual mice) (continued)

Fold change p-valaue AUC

miRNA dSTZ ndSTZ dSTZ vs CTRL ndSTZ vs CTRL dSTZ ndSTZ

mmu-miR-434-3p 2.37 2.07 7.9e-04 5.1e-02 0.76 0.73

mmu-miR-29b-3p 1.38 0.75 3.5e-02 2.4e-01 0.68 0.31

mmu-miR-99b-5p 1.68 1.07 8.3e-03 9.6e-01 0.72 0.51

mmu-miR-770-3p 1.79 1.35 5.5e-03 4.3e-01 0.74 0.67

mmu-miR-423-5p 1.51 0.89 2.3e-02 8.5e-01 0.69 0.43

mmu-miR-5099 1.80 1.00 2.1e-02 1.0e+00 0.71 0.47

mmu-miR-543-3p 1.94 1.53 1.9e-02 4.1e-01 0.71 0.65

mmu-miR-129-5p 1.67 1.18 2.1e-02 8.0e-01 0.70 0.58

mmu-miR-132-3p 1.31 1.12 2.4e-02 6.9e-01 0.70 0.58

mmu-miR-320-3p 1.39 1.25 3.0e-02 3.9e-01 0.69 0.63

mmu-miR-30c-5p 1.21 1.17 5.0e-02 3.3e-01 0.69 0.65

mmu-miR-423-3p 2.29 2.37 2.5e-04 5.6e-03 0.82 0.82

mmu-miR-770-5p 2.49 2.31 4.8e-04 2.3e-02 0.81 0.78

mmu-miR-101a-3p 2.35 2.76 1.3e-02 3.4e-02 0.75 0.68

mmu-let-7d-5p 1.18 0.63 4.3e-01 3.2e-02 0.59 0.28

mmu-miR-375-3p 1.51 0.43 3.0e-01 6.9e-02 0.62 0.29

mmu-miR-323-3p 1.24 0.36 7.7e-01 4.5e-02 0.55 0.31

mmu-miR-204-5p 1.79 0.69 1.6e-01 6.5e-01 0.64 0.47

mmu-miR-127-3p 1.38 0.70 3.4e-01 4.6e-01 0.60 0.36

mmu-miR-200b-3p 0.69 1.02 9.1e-02 9.9e-01 0.34 0.56

mmu-miR-23b-3p 1.29 1.12 5.6e-02 7.2e-01 0.70 0.56

mmu-miR-379-5p 1.68 1.09 8.6e-02 9.7e-01 0.72 0.54

mmu-miR-98-5p 1.20 0.71 5.5e-01 3.4e-01 0.57 0.33

mmu-miR-200c-3p 0.77 0.91 1.6e-01 8.8e-01 0.39 0.55

mmu-miR-136-5p 1.57 0.91 3.1e-01 9.6e-01 0.74 0.43

mmu-miR-434-5p 1.45 1.71 3.4e-01 2.9e-01 0.63 0.69
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Table 20: miRNAmeasurement at day 4 (Individual mice) (continued)

Fold change p-valaue AUC

miRNA dSTZ ndSTZ dSTZ vs CTRL ndSTZ vs CTRL dSTZ ndSTZ

mmu-miR-141-5p 1.54 1.01 2.4e-01 1.0e+00 0.62 0.53

mmu-let-7b-5p 0.86 0.82 3.6e-01 3.5e-01 0.39 0.33

mmu-miR-148a-3p 1.39 1.23 2.3e-01 7.3e-01 0.65 0.51

mmu-miR-151-3p 1.16 0.97 4.7e-01 9.8e-01 0.57 0.50

mmu-let-7c-5p 0.89 0.86 4.7e-01 5.2e-01 0.40 0.37

mmu-let-7k 1.04 0.87 9.2e-01 6.2e-01 0.52 0.37

mmu-miR-184-3p 1.00 0.78 1.0e+00 6.6e-01 0.49 0.35

mmu-miR-141-3p 1.27 0.95 7.0e-01 9.9e-01 0.52 0.40

mmu-miR-652-3p 0.98 1.04 9.8e-01 9.5e-01 0.46 0.47

Abbreviations:

AUC: Area under the curve; dSTZ: Diabetic STZ-treated; ndSTZ: Non-diabetic STZ-treated

AUC-dSTZ value for the 15 miRNAs, which increased only in the diabetic STZ-treated mice,

ranged from 0.68 for mmu-miR-29b-3p to 0.8 for mmu-miR-222-3p (Figure 4.11A). miR-770-5p,

miR-423-3p (Figure 4.11B) and miR-101a-3p allowed to discriminate STZ-treated from non- STZ-

treated mice as they showed significant increase in their level after STZ-treatment (AUC-ndSTZ:

0.78, 0.82, and 0.68 respectively, and for diabetic STZ-treated mice (AUC-dSTZ: 0.81, 0.82, and

0.75 respectively). The analysis of all measured miRNAs is summarized in a heatmap (Figure

4.12).
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Figure 4.11: Representative miRNA measurements at day 4. The level of two representative

miRNAs A: miR-222-3p and B: miR-423-3p quantified at the end of the study in STZ-treated

diabetic (red), STZ-treated non-diabetic (blue) and control mice (grey). miR-423-3p is an exem-

plary miRNA that increases upon STZ-treatment (in treated diabetic and non-diabetic mice) and

miR-222-3p is an exemplary miRNA that can be measured upon diabetes after STZ-treatment.

Receiver-operating characteristic curves for discriminatory performance of C: miR-222-3p and

D: miR-434-3p in distinguishing diabetic STZ- and non-diabetic STZ-treated from control mice.

One-way ANOVA followed by Tukey’s HSD multiple comparison test was performed for statistical

analysis *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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Figure 4.12: Profile of 39 miRNAs measured in serum after 4 days of STZ-treatment.

Presented are ΔΔCq values (ΔCq control - ΔCq condition). N=30 diabetic STZ, N=11 non-diabetic

STZ, and N=28 control. One-way ANOVA followed by Tukey’s HSD multiple comparison test

was performed for statistical analysis. ANOVA p-value is presented in the left column annotation

(black: p>0.05, brown: p<0.05). p-values of multiple comparisons against control are indicated

inside cells (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.) Area under the curve (AUC)

is presented in the right column annotation (green). The heatmap is clustered by Euclidean

distance and scaled by rows. Highlighted in red are 5 of the miRNAs presented in figure 4.10

and found significant in the earlier time points.
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Comparing the miRNA measurements obtained from pooling samples of figure 4.10 with the day

4 measurements from individual mice (miRNAs highlighted in red in the heatmap Figure 4.12),

revealed that mmu-miR-101a-3p, mmu-miR-99b-5p, and mmu-miR-411-5p showed a significant

increase in the diabetic STZ-treated mice as compared to the control at day 4 (AUC-dSTZ: 0.75,

0.72, 0.75 respectively), while those miRNAs didn’t show significant changes at day 4 in the time

points measurements using pooled samples (Figure 4.10).

Interestingly, mmu-miR-127-3p, picked up from the pooled samples, did not show any significant

changes at day 4 and mmu-miR-375-3p showed significant global One-way ANOVA p<0.05 but

didn’t pass the multiple comparisons (AUC-dSTZ=0.62).

4.3.3 Assessment of β-cell destruction using Immunofluorescence staining

At the end of the time course after STZ treatment (day 4), we stained pancreatic sections of STZ-

and PBS-treated mice for insulin, glucagon (Figure 4.13), and cleaved caspase-3 (Figure 4.14)

to assess islets destruction.

Image analysis showed that in the diabetic STZ-treated mice (6 mice), there was a significant

loss of insulin positive cells (Percentage of insulin positive cells: 30% ± 5.8; mean ± SEM)

as compared to both, the PBS-treated (8 mice) and non-diabetic STZ-treated mice (10 mice)

(Percentage of insulin positive cells: 89 ± 3.5% and 83 ± 4.4%, respectively). Figure 4.15A.

In the diabetic STZ-treated mice (3 mice), there was a pronounced apoptosis activity, revealed

by staining for cleaved caspase-3. The difference between cells with apoptosis activity in these

mice (percentage of cleaved caspase-3 positive cells 59 ± 2.0%) and the cells with apoptosis

activity in PBS- treated (3 mice) and non-diabetic STZ-treated mice (4 mice) was significant (4 ±

3.6% and 12 ± 4.4% respectively, mean ± SEM). Figure 4.15B.

We noticed that the percentage of glucagon-secreting α-cells was significantly higher in diabetic

STZ-treated mice (3 mice, 80 ± 7.5%) as compared to the PBS-treated (4 mice, 14 ± 4.7%) and

non-diabetic STZ-treated mice (6 mice, 20 ± 6.7% mean ± SEM). Figure 4.15C.
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Figure 4.13: Assessment of β-cell death after STZ-treatment. Exemplary immunofluores-

cence staining of β-cells in the PBS-treated (control; top row) and STZ-treated mice (diabetic:

middle row, non-diabetic: bottom row) after 4 days of PBS- and STZ treatment. Images in each

row are taken for one pancreatic section of one mouse. Insulin (green), DAPI (blue), glucagon

(red). (Scale bar: 100 um). DAPI; 4´,6-diamidino-2-phenylindole.

93



4 RESULTS

Figure 4.14: Assessment of β-cell death after STZ-treatment. Exemplary immunofluores-

cence staining of β-cells in the PBS-treated mice (control: top row) and STZ-treated mice (diabetic:

middle row, non-diabetic: bottom row) after 4 days of PBS- and STZ-treatment. Images in each

row are taken for one pancreatic section from one mouse. Insulin (green), DAPI (blue), cleaved

caspase-3 (red). (Scale bar: 100 um). cCas-3; cleaved caspase-3.
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Figure 4.15: Analysis of immunofluorescent images after STZ treatment. The percentage of

A: insulin positive β-cells in the PBS-treated (N=8), diabetic (N=6), and non-diabetic STZ-treated

mice (N= 10) B: Glucagon positive α-cells in the PBS-treated (N=4), diabetic (N=3), and non-

diabetic STZ-treated mice (N= 6) and C: Cleaved caspase-3 positive cells in the PBS-treated

(N=3), diabetic (N=3), and non-diabetic STZ-treated mice (N= 4). Control (grey), diabetic (red),

and non-diabetic STZ-treated mice (blue). Data are presented as mean ± SEM. One-way ANOVA

followed by Tukey’s HSD multiple comparison test was performed for statistical analysis. (*p <

0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.)
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In conclusion, upon β-cells death islet specific miRNAs increased in the circulation of STZ-treated

mice. Some miRNAs increased rapidly after STZ treatment and some increased at later time

points. 18 miRNAs increased in the diabetic STZ-treated animals and 3 miRNAs were persistent

in diabetic- and non-diabetic STZ-treated animals.

4.4 In vitro islet stress model

4.4.1 Mouse islets

To confirm our findings from the in vivo STZ-mouse model by an in vitro model, I exposed in vitro

cultured islets to hypoxic and inflammatory stress to assess whether these treatments induce

the release of selected miRNA into the culture medium in a measurable way. Simultaneously,

I wanted to assess islet viability after these treatments by quantifying the apoptosis activity in

the islets as well as their capability to secrete insulin and correlate these measures with miRNA

release.

I isolated the islets from 6- to 8-weeks old CD-1 mice and incubated them under hypoxic condition

and/or with the addition of mild cytokine (a mix of recombinant mouse TNF-α, IFN-γ, and IL-1β) or

aggressive cytokine addition (20 times the concentration of the mild cytokine addition). A panel of

80 miRNAs was assembled to be tested in the in vitro model. This panel comprised 49 miRNAs

found to be significantly enriched in islets by NGS (top 49 upregulated in islets as compared to

serum in NGS) and 38 miRNAs found to be significant in the in vivo model (20 miRNAs found

be significant at day 4 measurements and 18 miRNAs that were selected from the day 1 and 3

measurements. 7 miRNAs were found in both pools and therefore the final poll comprised 80

miRNAs (Flowchart 3.2 in methods).

4.4.1.1 Inflammatory- and hypoxic stress induces the release of different miRNAs

In a small pilot experiment, I first aimed to assess the whole miRNA content of the supernatant

after exposure to hypoxia and inflammatory cytokines and to determine the optimal time points of

treatment before planning a larger experiment. Islets were isolated from 6 CD-1 mice and treated

with aggressive cytokine mix and hypoxia for 6, 24, 48, and 72 hours. For each time point and

for each condition (non-treated islets: control; treated islets: hypoxia + aggressive cytokine), I

hand-picked 120 islets to be assembled into a sample and cultivated them in a small size petri
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dish.

After treatment, the supernatant was collected, RNA isolated and analyzed using the bioanalyzer.

Figure 4.16 shows exemplary electropherograms where the small RNA (RNA sized <200nt) and

miRNA (4 - 40 nt) fractions are revealed. The large, flat peaks in the miRNA area observed in

the supernatant of treated islets indicate the abundance of miRNA molecules found at each time

point after treatment. The concentrations of small RNA and miRNA and the fraction of miRNA

fraction in each sample were also determined (Figure 4.17). The maximum miRNA concentration

was measured at 6H time point (1509.1 pg/ul) and the miRNA concentration declined after 24H

(1398.5 pg/ul) of treatment until 48H (533.1 pg/ul). The miRNA concentrations in the supernatant

of non-treated islets remained stable over time.

After confirming that whole miRNA could be measured and quantified in supernatant of islets

in culture, a small panel of 15 miRNA (Panel P; Table 18 in methods) was quantified in the

supernatant samples of treated and non-treated islets. The measured miRNAs revealed variable

patterns over the time course. Some miRNAs, such as mmu-let-7e-5p, mmu-miR-132-3p, and

mmu-miR-200c-3p, showed a maximum concentration at 6H and 24H and declined thereafter.

Other miRNAs, such as mmu-miR-30c-5p, mmu-miR-375-3p, and mmu-miR-770-5p showed

maximum a concentration only at 24H and declined afterwards (Figure 4.18).
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A

B

C

Figure 4.16: Electrophergram of the small RNA/miRNA distribution in the supernatant of

islets treated with aggressive cytokine mix and hypoxia. One replicate was performed per

condition at each time point A: 6, 24H; B: 48, 72H. The electropherograms were generated by

Agilent 2100 RNA bioanalyzer. The condition, time point, and concentrations of miRNA/small

RNA are indicated. C: The ladder illustrates the size distribution of RNA fragments.
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Figure 4.17: small RNA (turquoise) and miRNA (red) concentrations in the supernatant of

control (ctrl) and treated islets (tx). The islets were treated with aggressive cytokine mix and

hypoxia (1% O2) and supernatants collected after 6, 24, 48, and 72H for bioanalyzer analysis. At

each time point one sample per condition was analyzed.
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Figure 4.18: miRNA measurements in the supernatant as part of the pilot experiment. 15

miRNAs were measured in the supernatant from control- versus treated islet cultures. The islets

were treated with aggressive cytokine mix and incubated under hypoxic condition for 6, 24, 48,

and 72H. One sample per condition at each time point was analyzed. Data is presented as fold

change over control. The horizontal broken line indicates a fold change of 1.

Based on these measurements and on the whole miRNA concentrations detected by Bioanalyzer,

both suggesting that the abundance of miRNAwas at its highest at the earlier time points, I added

an even earlier time point (3H) for the measurement of miRNA in a larger scale experiment.

In order to mimic different scenarios of stress exposure, I planned five treatment conditions:

aggressive cytokine mix with and without hypoxia, mild cytokine mix with and without hypoxia, and

hypoxic condition alone. Untreated islets were used as control. The islets were cultured under

the above-mentioned conditions for 3, 6, and 24H and quadruplicate samples were collected at
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each time point. qPCR to measure 80 miRNAs was then run in triplicates.

The miRNA measurements showed various patterns after exposure to the various stressors. For

example, mmu-miR-7a-5p showed the highest significant increase at 6H and 24H induced by

hypoxia and mild cytokines. At 6H, hypoxia alone or with aggressive cytokine mix, and mild or

aggressive cytokine mix alone induced a significant increase as well. The level of this miRNA

was also highly affected by hypoxia alone at 24H. The level of mmu-miR-375-3p showed a similar

pattern (Figure 4.19). miR-7a-2-3p and miR-99b-5p increased significantly in response to the

aggressive cytokine mix at 24H and 6H respectively (Figure 4.19).
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Figure 4.19: Exemplarymeasurements of miRNA levels in supernatant of treated islets. The

islets were treated with aggressive or mild cytokine mix and/or hypoxia (1% O2) and supernatant

was collected after 3, 6, and 24H. Data are presented as fold change in treated islets as compared

to control (untreated islets). Quadruplicates for each sample at each time point were collected

and triplicates in qPCR were performed. One-way ANOVA followed by Tukey’s HSD multiple

comparison test was performed for statistical analysis. (*p < 0.05, **p < 0.01, ***p < 0.001 and

****p < 0.0001.) Mild cytokines: light blue; aggressive cytokines: dark blue; Hypoxia + mild

cytokines: light green; Hypoxia + aggressive cytokines: dark green; Hypoxia alone: grey. L: low

and H: high.
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The 80 miRNAs were quantified in the supernatant of treated and untreated islets using the

Biomark. After data pre-processing and analysis, several assays revealed the amplification of

unspecific products leading to the exclusion of 16 miRNAs, with 64 miRNAs left for the final

analysis. The analysis of 64 miRNAs is summarized in a heatmap (Figure 4.20).

At 3H, 6H, or 24H; 45 miRNAs had significant increase in the supernatant of treated islets as

compared to untreated islets, as indicated by One-way ANOVA (p<0.05) (Figure 4.21). The 45

miRNAs were plotted using a Venn diagram to find shared miRNAs between treatment conditions,

cytokines, hypoxia, and the combination of hypoxia and cytokines (Figure 4.22).

At 3H time point, 9 miRNAs were found to be uniquely measureable after cytokine treatment and

3 miRNAs were found after cytokine- and the combination treatment (Figure 4.22A).

At 6H, 3 miRNAs were found to be unique for cytokine treatment, 4 miRNAs shared between

cytokine- and the combination treatment, and 18 miRNAs were measurable after all treatment

conditions (Figure 4.22B).

At 24H, 3 miRNAs were found to be shared between hypoxia and the combination treatment and

38 miRNAs were measurable after all treatment conditions (Figure 4.22C).
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Figure 4.20: miRNA analysis in supernatant of treated and untreated islets. The level of 64

miRNAs in the supernatant of treated islets relative to untreated islets is presented as ΔΔCq

values (ΔCq control - ΔCq condition) at 3H, 6H, and 24H. At each time point four replicate samples

were collected (N=4 petri dishes) and triplicates in qPCR were performed. The heatmap is

clustered by Euclidean distance and scaled by rows. Grey cells indicate not available value (NA).

Symbols: L: low cytokines concentration, H: high cytokines concentration, (-) and (+): indicate

eliminating or the addition of the specified treatment respectively.
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Figure 4.21: Significant 45 miRNAs measured in the supernatant of treated islets. The

level of 45 miRNAs presented as Log2 fold change in supernatants of treated islets as compared

to untreated islets. The dot size scaled by Log2FC values and miRNAs filtered based on FC>1.

p-value Tukey: the p values of multiple comparisons testing conducted by Tukey HSD (Blue:

p>0.05, Red: p<0.05). All presented miRNAs showed significance by One-way ANOVA testing

(p<0.05) across all time points 3H, 6H, and 24H. One-way ANOVA followed by Tukey’s HSD

multiple comparison test was performed for statistical analysis.
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A

B

C

Figure 4.22: Venn diagrams of 45 miRNAs between treatment conditions. The analyzed

miRNAs in figure 4.21 are plotted in Venn diagrams at A: 3H, B: 6H, and C: 24H. The shared

miRNAs and their number are indicated on the figure. The miRNAs affected by aggressive and

mild cytokines are merged under one condition indicated as cytokines in the figure.
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4.4.1.2 Quantification of apoptosis in stressed islets

In a separate experiment, the islets were treated with mild and/or aggressive cytokines mix with or

without hypoxia for 3, 6, and 24H. After treatment an apoptosis assay was performed to quantify

cleaved caspase-3 activity in the islets.

The mild or aggressive cytokines mix did not cause significant increase in cleaved caspase-3

activity at 3H or 6H, but at 24H both cytokine concentrations caused significant increase as

compared to control (Figure 4.23). There was no significant difference in cleaved caspase-3

activity between aggressive and mild cytokines in the three time points.

The combination of cytokines and hypoxia led to significant increase in cleaved caspase-3 at 3H

as compared to control when the aggressive cytokines mix was used and the aggressive mix

showed significant higher effect when compared to the mild mix at 3H (Figure 4.24A).

At 6H and 24H the combination treatment led to significant increase in cleaved caspase-3 as

compared to control without significant difference when comparing the aggressive to mild mix at

those two time points (Figure 4.24B and C).

The islets exposed to hypoxic stress alone and the untreated islets did not show significant

changes in cleaved caspase-3 activity at 3H, 6H, and 24H (Figure 4.23).
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Figure 4.23: Apoptosis assay in the in vitro islet stress model. Mouse islets were incubated

in mild and/or aggressive cytokine mix with or without hypoxia for 3, 6, and 24H. Three islets per

well were used for apoptosis assay. At least 12 replicates for each condition were performed.

The plates were analyzed in a luminometer and the obtained readings presented as relative light

units (RLU). One-way ANOVA followed by Tukey’s HSD multiple comparison test was performed

for statistical analysis. The multiple comparisons between time points in each treatment condition

presented below each line, and the ANOVA p value indicated on top. Asterisks in red represent

the significance as compared to control (untreated islets) at the specified time point. (*p < 0.05,

**p < 0.01, ***p < 0.001 and ****p < 0.0001.)
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Figure 4.24: Multiple comparisons test between treatment conditions at (A): 3H, (B): 6H,

and (C): 24H.One-wayANOVA followed by Tukey’s HSD multiple comparison test was performed

for statistical analysis. Presented are p-values by Tukey’s HSD multiple comparison test between

treatment conditions at each time point. Symbols are indicated in the table (D). Grey colour

indicates values higher than the scale limit (0.1).

To investigate a potential relation between the measurable level of miRNAs (64 miRNAs Figure

4.20) in the supernatant and the stress-induced cleaved caspase-3 activity in islets, pearson’s

correlation analysis was performed between miRNA level at each time point and the caspase-3

level. The pearson’s r was determined for each miRNA and presented in heatmap (Figure 4.25).

Three miRNAs (mmu-miR-541-5p, mmu-miR-582-5p, and mmu-miR-381-5p) showed positive

significant correlation with caspase-3 at 24H (r : 0.88, 0.94, and 0.83 respectively). One miRNA

(mmu-miR-423-3p) correlated significantly at 3H (r : 0.83). mmu-miR-200b-3p showed negative

significant correlation with caspase-3 at 3H (r : -0.85). Figure 4.26 and highlighted in bold in

heatmap (Figure 4.25).
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Figure 4.25: Correlation analysis between miRNA level and apoptosis. The correlation

between the presence of 64 miRNAs and islet cell apoptosis was analyzed at 3H, 6H, and 24H.

The pearson’s r values was used in the heatmap. Presented are 63 miRNAs (mmu-miR-34c-3p

was excluded because of insufficient values for correlation at 3H; r at 6H, and 24H: 0.09 and

0.71 respectively). The heatmap is clustered by pearson’s distance and scaled by rows. miRNAs

labelled in bold with an asterisk indicate showed significant correlation (p<0.05) with apoptosis in

at least one time point.
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Figure 4.26: miRNAs correlated significantly with apoptosis. mmu-miR-541-5p, mmu-miR-

582-5p, and mmu-miR-381-5p showed positive significant correlation with caspase-3 at 24H,

mmu-miR-423-3p showed positive significant correlation with caspase-3 at 3H. mmu-miR-200b-

3p showed negative significant correlation with caspase-3 at 3H. Presented on Y axis: caspase-3

activity as measured by luminometer relative light units (RLU); X axis: miRNA level (ΔCq= Cq

Reference - Cq Target). The p values and pearson’s r indicated on the figures.
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4.4.1.3 Impairment of Insulin secretion in stressed islets

To assess the islet’s ability to secrete insulin after stress exposure, the glucose-stimulated insulin

secretion (GSIS) assay was performed. The insulin secretion from stressed islets was quantified

after exposure to mild and/or aggressive cytokines mix with or without hypoxia after 3, 6, and

24H, in response to two glucose concentrations, 2mM and 20mM.

After 3H of cytokine- or hypoxia only treatment, the islets maintained a pronounced glucose-

stimulated insulin secretion indicated by the significant difference between the basal (2mM) and

stimulated (20mM) glucose concentration. The combination of hypoxia and cytokines (at either

concentration) has led to elevated basal (2mM) secretion and no further response to 20mM

glucose.

At 6h, after treatment with low dose of cytokines, the islets remained responsive to 20mM

glucose with significant difference to 2mM. High dose of cytokines, hypoxia alone, and the

combination treatment increased the basal secretion and there was no further response to 20mM

concentration.

At 24H, the basal rates of secretion increased generally after treatment with any of the stressors,

and there was no further increase in the stimulated (20mM) insulin secretion indicating major

impairment in GSIS at this time point (Figure 4.27).
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Figure 4.27: Glucose-stimulated insulin secretion assay (GSIS) in the in vitro islets stress

model. The islets were incubated in mild and/or aggressive cytokines mix with or without hypoxia

for 3, 6, and 24H. After treatment, the islets were incubated in 2mM or 20mM for 1H at 37°C. The

supernatant was collected and secreted insulin was measure by ELISA secretion. Presented is

the insulin concentration (uIU) per islet per hour. Student’s t-test was performed for statistical

analysis between 2mM and 20mM at each time point. *p < 0.05, **p < 0.01 ***p < 0.001.

4.4.1.4 Pathway analysis

KEGG pathway enrichment analysis was performed to find pathways affected by the miRNAs

(shown in figure 4.22) induced by treatment with cytokines (at either concentration) or with the

combination. To do so, the targets of the miRNAs were identified in silico and KEGG enrichment

analysis was performed.
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The cytokines-induced miRNAs comprised 11 miRNAs (induced after 3H and/or 6H) that had

2559 mRNA targets in total. (number of targets: mmu-miR-99b-5p: 80, mmu-miR-673-5p: 679,

mmu-miR-668-3p: 186, mmu-miR-411-5p: 244, mmu-miR-770-5p: 421, mmu-miR-5099: 22,

mmu-miR-184-3p: 51, mmu-miR-370-3p: 285, mmu-miR-3099-3p: 115, mmu-miR-487b-3p: 15,

and for mmu-miR-543-3p: 461 targets). After KEGG analysis on the identified targets and filtering

the enriched pathways with a p value 0.05, seven miRNAs and their targets remained, presented

in (Figure 4.28). The top significant enriched pathways, the number of the targets involved in

each pathway, and the number of involved miRNAs found here are shown in (Figure 4.29). The

highest number of target genes are involved in the MAPK signalling pathway (65 genes; p=

5.43e-07) targeted by three miRNAs found in our analysis (mmu-miR-411-5p, mmu-miR-370-3p,

and mmu-miR-487b-3p).
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Figure 4.28: KEGG enrichment analysis for cytokines-induced miRNAs. The significant

pathways are presented (p<0.05). The number of target genes significantly involved in a pathway

is indicated between brackets beside each miRNA name. The dot size indicates the gene ratio:

the ratio of the genes from the pathway to the input target of genes.
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Figure 4.29: The top significant pathways targeted by cytokines-induced miRNAs. The

number of target genes and the number of involved miRNAs found here for each pathway are

indicated. The target genes of the analyzed miRNAs were pooled and only the unique targets

were further analyzed to identify enriched pathways. The dot size indicates the gene ratio: the

ratio of the genes from the pathway to the input target genes. The dot color shows the p value.

The 40 combination-treatment-induced miRNAs found after 3, 6 and 24H targeted 15017 genes

(7092 after excluding shared targets between miRNAs). Table 21.

KEGG analysis was performed on the identified targets of each miRNAand the enriched pathways

were filtered with a p value 0.05. 26 miRNAs and their targets survived the cut-off for significance

and are presented in figure 4.30. The top 20 most significant pathways are shown in figure 4.31.

173 target genes significantly targeted (p= 8.85e-10) PI3K-Akt signalling pathway with 7 miRNAs

involved (mmu-miR-200c-3p, mmu-miR-200b-3p, mmu-miR-29b-3p, mmu-miR-384-5p, mmu-

miR-148a-3p, mmu-miR-320-3p, and mmu-miR-222-3p). 164 genes significantly targeted MAPK

signalling pathway (p= 9.42e-16) with 13 miRNAs involved (mmu-miR-200c-3p, mmu-miR-200b-

3p, mmu-miR-132-3p, mmu-miR-98-5p, mmu-miR-29b-3p, mmu-miR-384-5p, mmu-miR-30c-5p,

mmu-miR-370-3p, mmu-miR-148a-3p, mmu-miR-320-3p, mmu-miR-222-3p, mmu-miR-423-5p,

and mmu-miR-325-3p). PI3K-Akt signalling pathway and MAPK signalling pathway are pointed

to with arrows in figure 4.30.
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Table 21: Number of target genes

miRNA Target genes No. miRNA Target genes No.

mmu-miR-3072-3p 137 mmu-miR-379-5p 234

mmu-miR-340-3p 88 mmu-miR-409-5p 158

mmu-miR-200c-3p 736 mmu-miR-3968 95

mmu-miR-7a-5p 552 mmu-miR-667-3p 120

mmu-miR-668-3p 186 mmu-miR-433-3p 221

mmu-miR-7b-5p 548 mmu-miR-434-3p 127

mmu-miR-200b-3p 739 mmu-miR-129-5p 257

mmu-miR-132-3p 360 mmu-miR-320-3p 448

mmu-miR-485-5p 517 mmu-miR-222-3p 270

mmu-miR-98-5p 848 mmu-miR-652-3p 12

mmu-miR-184-3p 51 mmu-miR-7a-2-3p 184

mmu-miR-29b-3p 814 mmu-miR-423-5p 592

mmu-miR-99b-5p 80 mmu-miR-485-3p 78

mmu-miR-384-5p 1097 mmu-miR-151-3p 187

mmu-miR-30c-5p 1094 mmu-miR-543-3p 461

mmu-miR-375-3p 210 mmu-miR-325-3p 1354

mmu-miR-23b-3p 654 mmu-miR-200b-5p 158

mmu-miR-370-3p 285 mmu-miR-3547-3p 153

mmu-miR-409-3p 126 mmu-miR-423-3p 84

mmu-miR-148a-3p 587 mmu-miR-3099-3p 115
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Figure 4.30: KEGG enrichment analysis of miRNAs effected by the combination treatment.

The significant pathways are presented (p<0.05). The number of target genes significantly

involved in a pathway is indicated between brackets beside each miRNA name. The dot size

indicates the gene ratio: the ratio of the genes from the pathway to the input target genes. The

dot color shows the p value.
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Figure 4.31: The top significant pathways targeted by combination treatment-induced

miRNAs. The number of target genes and number of involved miRNAs for each pathway are

indicated. The target genes of the analyzed miRNAs were pooled and only the unique targets

were further analyzed to identify enriched pathways. The dot size indicates the gene ratio: the

ratio of the genes from the pathway to the input target genes. The dot color shows the p value.

The top 20 most significant pathways targeted by the combination treatment-induced miRNAs

and cytokines-induced miRNAs were combined and shared pathways were identified: Axon

guidance, MAPK signalling pathway, Proteoglycans in cancer, Signalling pathways regulating

pluripotency of stem cells, Colorectal cancer, mTOR signalling pathway, Breast cancer, ErbB

signalling pathway, and T cell receptor signalling pathway (Figure 4.32).
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Figure 4.32: Shared pathways. Nine pathways were found in common between the combination

treatment-induced miRNAs and cytokines-induced miRNAs. Top 20 pathways were selected

from each treatment. Count: target genes number.

4.4.2 Human islets

To test whether somemiRNAs that were induced in the in vitromouse model could also be induced

in a comparable human in vitro model, and to compare their dynamics between mouse and

human, I treated human islets with aggressive cytokines mix and hypoxia. The same procedure

that was used in the in vitromouse islet model was performed using human islet. The supernatant

of treated human islet was assessed for miRNA content as compared to untreated islet. miRNAs

were quantified in the supernatant of treated human islets and untreated islets.

4.4.2.1 miRNA content in the supernatant of stressed islets

Human islets were treated with aggressive cytokines mix and hypoxia and their supernatant was

collected after 24H and 48H. RNA was isolated from the supernatant samples and analyzed
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using bioanalyzer to assess the miRNA content, as described for the mouse islets. The large

peak in the miRNA area (4-40nt) (Figure 4.33) indicated high miRNA content in the supernatant

of treated islets as compared to control (untreated islets). At 24H, the miRNA concentration in

the supernatant of treated islets was 194771.8 ± 21413 pg/ul as compared to 2260.833 ± 585.7

pg/ul in the supernatant of untreated islets. The miRNA concentrations declined after 24H in

the supernatant of treated islets to 56879.967 ± 54037.1 pg/ul as well as in the supernatant of

untreated islets 719.367 ± 205.4 pg/ul (mean ± SEM) (Figure 4.34).

4.4.2.2 Inflammatory- and hypoxic stress induces the release of miRNAs from human

islets

Nine miRNAs (Panel P; Table 18 in methods ) were quantified in the supernatant of islets treated

with aggressive cytokines mix and hypoxia after 24H and 48H. Five miRNAs (hsa-let-7e-5p, hsa-

miR-141-3p, hsa-miR-148a-3p, hsa-miR-200c-3p and hsa-miR-30c-5p) increased significantly in

the supernatant of treated islets as compared to control after both, 24H and 48H. hsa-miR-127-5p,

hsa-miR-129-5p, and hsa-miR-375-3p showed significant increase in the supernatant of treated

islets at 24H only. hsa-miR-132-3p did not significantly changed after 24H or 48H of treatment

(Figure 4.35).

Pathway analysis was performed on the miRNAs that were significantly induced by treatment

(all 9 except hsa-miR-132-3p). Figure 4.36. A total of 11496 target genes (thereof 6407 unique

ones) were identified (Table 22).
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A

B

Figure 4.33: Exemplary electropherograms of the small RNA/miRNA distribution in the

supernatant of islets treated with aggressive cytokine mix and hypoxia (1% O2) or un-

treated. Triplicates of each sample at each time point (A: 24H and 48H) were performed. The

electropherograms were generated by Agilent 2100 RNA bioanalyzer. The condition and time

point as indicated. B: The ladder illustrates the size distribution of RNA fragments.
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Figure 4.34: Small RNA- and miRNA concentrations in the supernatant of control and

treated islets. The islets were treated with aggressive cytokine mix and hypoxia (1% O2) and the

supernatant collected after 24, 48H and used in bioanalyzer analysis. Triplicates were performed

for each sample at each time point. Shown is the concentration in pg/ul. Data are presented as

mean ± SEM. Small RNA concentration (blue), miRNA concentration (red).
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Figure 4.35: miRNA measurements in supernatant of treated human islets. Nine miRNAs

were quantified in the supernatant of human islets treated with aggressive cytokine mix and

hypoxia after 24H (red) and 48H (blue). Presented is fold change (± SEM) relative to supernatant

of untreated islets (control). Two-way ANOVA followed by Tukey’s HSD multiple comparison test

was performed for statistical analysis. *p < 0.05, **p < 0.01, and ***p < 0.001 . Each sample =120

islets; control: N=3, treated islets: N=3. Triplicates were performed in qPCR. The red broken line

indicates fold change of 1.
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Figure 4.36: KEGG enrichment analysis of human miRNAs affected by aggressive cy-

tokines and hypoxia. KEGG enrichment analysis of human miRNAs affected by aggressive

cytokines and hypoxia. The target genes were identified using mirDIP database (microRNA Data

Integration Portal (Tokar et al., 2018)) and then analyzed using KEGG enrichment analysis. The

significant pathways are presented (p<0.05). The number of target genes significantly involved

in a pathway is indicated between brackets beside each miRNA name. The dot size indicates

the gene ratio: the ratio of the genes pathway to input target genes. The dot colour scaled by p

value.
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Table 22: Number of target genes

miRNA Target genes No.

hsa-miR-30c-5p 1629

hsa-miR-200c-3p 1702

hsa-let-7e-5p 1387

hsa-miR-148a-3p 1279

hsa-miR-141-3p 1891

hsa-miR-129-5p 2475

hsa-miR-375 645

hsa-miR-127-5p 488

Two of the main pathways discovered to be targeted by miRNAs released upon cytokine- and

/or Hypoxia treatment in the mouse islet assays were also found to be targeted by miRNAs

released in the human assays. The MAPK signalling pathway contained 150 genes targeted by

6 miRNAs (hsa-miR-375, hsa-miR-200c-3p, hsa-let-7e-5p, hsa-miR-129-5p, hsa-miR-141-3p,

hsa-miR-148a-3p) and the PI3K-Akt signalling pathway contained 177 genes targeted by 5

miRNAs (hsa-miR-200c-3p, hsa-let-7e-5p, hsa-miR-129-5p, hsa-miR-141-3p, hsa-miR-148a-3p).

Figure 4.37.
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Figure 4.37: The top significant pathways targeted by 8 human miRNAs induced by

aggressive cytokines mix and hypoxia. The number of target genes and number of involved

miRNAs for each pathway are indicated. The target genes of the analyzed miRNAs were pooled

and only the unique targets were further analyzed to identify enriched pathways. The dot size

indicates the gene ratio: the ratio of the genes from the pathway to the input target genes. The

dot color shows the p value.

4.4.3 Comparing miRNAs induced in human and mouse islet stress model

From the nine human miRNA measured in the in vitro model, miR-375-3p, miR-30c-5p, miR-

200c-3p, and miR-129-5p, that showed significant increase in the supernatant, had also been

found significantly increased in mouse islets treated with aggressive cytokines mix and hypoxia

after 24H (Figure 4.38A). miR-148a-3p and miR-141-3p showed significant increase only in the

supernatant of treated human islets and not in mouse islets (Figure 4.38B). miR-132-3p showed

significant increase only in the supernatant of treated mouse islets and not in human islets (Figure

4.38B). let-7e-5p and miR-127-5p were also measured in the human and the mouse model, but

they were excluded during data analysis and processing in the mouse model.
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Figure 4.38: The measurements of 7 miRNAs in human and mouse islet stress model. A:

miR-375-3p, miR-30c-5p, miR-200c-3p, and miR-129-5p showed significant increase in both

species or B: only in one; miR-148a-3p and miR-141-3p (human), miR-132-3p (mouse). Human

and mouse islets were treated with aggressive cytokines mix and hypoxia for 24H, and 48H

for human islets, 3H, 6H, and 24H for mouse islets. The data are presented as fold change

relative to untreated islets (control) in each model (FC ± SEM). For human: control: N=3, treated

islets: N=3. For mouse: control: N=4, treated islets: N=4. Triplicates were performed in qPCR.

Horizontal dotted line in red indicates FC=1. The sequence of presented miRNAs is identical

between human and mouse. Two-way ANOVA followed by Tukey’s HSD multiple comparison

test was performed for statistical analysis. *p < 0.05, **p < 0.01 and ***p < 0.001.
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4.4.4 Human Panel

A Final human miRNA panel which contains potential human miRNA biomarkers was assembled

as follows (Figure 4.39):

From 64 Mouse miRNAs presented in figure 4.20, peers in human species were searched for

in miRBase version 22.1 by mature ID or by sequence (Table 23). 51 miRNAs were identified

and selected for the human panel. 31 with and 20 without identical sequence. One miRNA

(miR-204-5p) was added from the day 4 measurements (Panel A1) to this panel.

The 16 mouse miRNAs excluded during the data analysis and processing were re-considered for

further testing and included in the human panel if a human homolog was found (as described

above). (Table 24). 9 were included with and 3 without identical sequence.

2 additional human miRNAs, recently described as potential islet specific miRNAs, were added

to the panel (Table 25).

15 miRNAs (Figure 4.4B), initially discovered by literature search and confirmed by qPCR were

added to the human panel (Table 26).

18 miRNAs were tested and confirmed previously (Figure 4.6) as reference miRNAs in healthy

human serum and were added to the human panel to be tested and selected in the context of

islet transplantation and hence can be used as reference genes for data normalization (Table 27).
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Figure 4.39: Illustration of human panel selection

Table 23: 64 Mouse miRNAs of which 51 miRNAs found in human. Last column indicates

whether the sequence of a miRNA is identical between the two species or not. The ID in mouse

and human is presented.

Mouse ID Human ID Human seq Seq homology

mmu-miR-541-5p hsa-miR-541-5p AAAGGAUUCUGCUGUCGGUCCCACU no

mmu-miR-384-3p hsa-miR-384 AUUCCUAGAAAUUGUUCAUA no

mmu-miR-770-5p hsa-miR-770-5p UCCAGUACCACGUGUCAGGGCCA no

mmu-miR-582-5p hsa-miR-582-5p UUACAGUUGUUCAACCAGUUACU no

mmu-miR-381-5p hsa-miR-381-5p AGCGAGGUUGCCCUUUGUAUAU no

mmu-miR-136-5p hsa-miR-136-5p ACUCCAUUUGUUUUGAUGAUGGA no

mmu-miR-222-3p hsa-miR-222-3p AGCUACAUCUGGCUACUGGGU no

mmu-miR-151-3p hsa-miR-151a-3p CUAGACUGAAGCUCCUUGAGG no

mmu-miR-7a-2-3p hsa-miR-7-1-3p CAACAAAUCACAGUCUGCCAUA no

mmu-miR-7a-2-3p hsa-miR-7-2-3p CAACAAAUCCCAGUCUACCUAA no

mmu-miR-384-5p hsa-miR-384 AUUCCUAGAAAUUGUUCAUA no

mmu-miR-668-3p hsa-miR-668-3p UGUCACUCGGCUCGGCCCACUAC no

mmu-miR-485-3p hsa-miR-485-3p GUCAUACACGGCUCUCCUCUCU no
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Table 23: (continued)

Mouse ID Human ID Human seq Seq homology

mmu-miR-383-5p hsa-miR-383-5p AGAUCAGAAGGUGAUUGUGGCU no

mmu-miR-325-3p hsa-miR-325 CCUAGUAGGUGUCCAGUAAGUGU no

mmu-miR-130b-5p hsa-miR-130b-5p ACUCUUUCCCUGUUGCACUAC no

mmu-miR-34c-3p hsa-miR-34c-3p AAUCACUAACCACACGGCCAGG no

mmu-miR-412-5p hsa-miR-412-5p UGGUCGACCAGUUGGAAAGUAAU no

mmu-miR-1193-3p hsa-miR-1193 GGGAUGGUAGACCGGUGACGUGC no

mmu-miR-370-5p hsa-miR-370-5p CAGGUCACGUCUCUGCAGUUAC no

mmu-miR-375-3p hsa-miR-375 UUUGUUCGUUCGGCUCGCGUGA yes

mmu-miR-7a-5p hsa-miR-7-5p UGGAAGACUAGUGAUUUUGUUGU yes

mmu-miR-200c-3p hsa-miR-200c-3p UAAUACUGCCGGGUAAUGAUGGA yes

mmu-miR-129-5p hsa-miR-129-5p CUUUUUGCGGUCUGGGCUUGC yes

mmu-miR-433-3p hsa-miR-433-3p AUCAUGAUGGGCUCCUCGGUGU yes

mmu-miR-487b-3p hsa-miR-487b-3p AAUCGUACAGGGUCAUCCACUU yes

mmu-miR-485-5p hsa-miR-485-5p AGAGGCUGGCCGUGAUGAAUUC yes

mmu-miR-340-3p hsa-miR-340-3p UCCGUCUCAGUUACUUUAUAGC yes

mmu-miR-323-3p hsa-miR-323a-3p CACAUUACACGGUCGACCUCU yes

mmu-miR-543-3p hsa-miR-543 AAACAUUCGCGGUGCACUUCUU yes

mmu-miR-141-3p hsa-miR-141-3p UAACACUGUCUGGUAAAGAUGG yes

mmu-miR-200b-3p hsa-miR-200b-3p UAAUACUGCCUGGUAAUGAUGA yes

mmu-miR-98-5p hsa-miR-98-5p UGAGGUAGUAAGUUGUAUUGUU yes

mmu-miR-184-3p hsa-miR-184 UGGACGGAGAACUGAUAAGGGU yes

mmu-miR-23b-3p hsa-miR-23b-3p AUCACAUUGCCAGGGAUUACC yes

mmu-miR-132-3p hsa-miR-132-3p UAACAGUCUACAGCCAUGGUCG yes

mmu-miR-411-5p hsa-miR-411-5p UAGUAGACCGUAUAGCGUACG yes

mmu-miR-409-3p hsa-miR-409-3p GAAUGUUGCUCGGUGAACCCCU yes

mmu-miR-652-3p hsa-miR-652-3p AAUGGCGCCACUAGGGUUGUG yes

mmu-miR-379-5p hsa-miR-379-5p UGGUAGACUAUGGAACGUAGG yes

mmu-miR-148a-3p hsa-miR-148a-3p UCAGUGCACUACAGAACUUUGU yes

mmu-miR-30c-5p hsa-miR-30c-5p UGUAAACAUCCUACACUCUCAGC yes

mmu-miR-423-3p hsa-miR-423-3p AGCUCGGUCUGAGGCCCCUCAGU yes

mmu-miR-423-5p hsa-miR-423-5p UGAGGGGCAGAGAGCGAGACUUU yes
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Table 23: (continued)

Mouse ID Human ID Human seq Seq homology

mmu-miR-99b-5p hsa-miR-99b-5p CACCCGUAGAACCGACCUUGCG yes

mmu-miR-29b-3p hsa-miR-29b-3p UAGCACCAUUUGAAAUCAGUGUU yes

mmu-miR-200b-5p hsa-miR-200b-5p CAUCUUACUGGGCAGCAUUGGA yes

mmu-miR-409-5p hsa-miR-409-5p AGGUUACCCGAGCAACUUUGCAU yes

mmu-miR-370-3p hsa-miR-370-3p GCCUGCUGGGGUGGAACCUGGU yes

mmu-miR-153-3p hsa-miR-153-3p UUGCAUAGUCACAAAAGUGAUC yes

mmu-miR-216b-5p hsa-miR-216b-5p AAAUCUCUGCAGGCAAAUGUGA yes

mmu-miR-7b-5p NA NA NA

mmu-miR-434-5p NA NA NA

mmu-miR-434-3p NA NA NA

mmu-miR-320-3p NA NA NA

mmu-miR-5099 NA NA NA

mmu-miR-3968 NA NA NA

mmu-miR-667-3p NA NA NA

mmu-miR-673-5p NA NA NA

mmu-miR-3099-3p NA NA NA

mmu-miR-666-5p NA NA NA

mmu-miR-325-5p NA NA NA

mmu-miR-666-3p NA NA NA

mmu-miR-3072-3p NA NA NA

mmu-miR-3547-3p NA NA NA

mmu-miR-204-5p hsa-miR-204-5p UUCCCUUUGUCAUCCUAUGCCU yes

Table 24: 16 mouse miRNAs of which 12 found in human (9 with- and 3 without identical

sequence). The ID in human and mouse is presented.

Mouse ID Human ID Human seq Seq homology

mmu-let-7e-5p hsa-let-7e-5p UGAGGUAGGAGGUUGUAUAGUU yes

mmu-miR-141-5p hsa-miR-141-5p CAUCUUCCAGUACAGUGUUGGA no

mmu-miR-127-5p hsa-miR-127-5p CUGAAGCUCAGAGGGCUCUGAU yes

mmu-let-7d-5p hsa-let-7d-5p AGAGGUAGUAGGUUGCAUAGUU yes
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Table 24: (continued)

Mouse ID Human ID Human seq Seq homology

mmu-let-7c-5p hsa-let-7c-5p UGAGGUAGUAGGUUGUAUGGUU yes

mmu-let-7b-5p hsa-let-7b-5p UGAGGUAGUAGGUUGUGUGGUU yes

mmu-miR-129-2-3p hsa-miR-129-2-3p AAGCCCUUACCCCAAAAAGCAU yes

mmu-miR-129-1-3p hsa-miR-129-1-3p AAGCCCUUACCCCAAAAAGUAU yes

mmu-miR-1224-5p hsa-miR-1224-5p GUGAGGACUCGGGAGGUGG no

mmu-miR-23b-5p hsa-miR-23b-5p UGGGUUCCUGGCAUGCUGAUUU no

mmu-miR-101a-3p hsa-miR-101-3p UACAGUACUGUGAUAACUGAA yes

mmu-miR-154-3p hsa-miR-154-3p AAUCAUACACGGUUGACCUAUU yes

mmu-miR-770-3p NA NA NA

mmu-let-7k NA NA NA

mmu-miR-129b-3p NA NA NA

mmu-miR-6238 NA NA NA

Table 25: 2 human miRNAs were added to the human panel from literature.

Mouse ID Human ID Human seq Reference

Not tested hsa-miR-181a-5p AACAUUCAACGCUGUCGGUGAGU (Liu et al., 2019)

Not tested hsa-miR-216a-5p UAAUCUCAGCUGGCAACUGUGA (Saravanan et al., 2019)

Table 26: 15 miRNAs initially discovered by literature search and confirmed by qPCR. The ID,

sequence, Tm (melting temperature) and E (primer amplification efficiency) are indicated.

miRNA Sequence Tm E

hsa-miR-21-5p UAGCUUAUCAGACUGAUGUUGA 79.42 1.96

hsa-miR-125b-5p UCCCUGAGACCCUAACUUGUGA 79.29 1.91

hsa-miR-29b-3p UAGCACCAUUUGAAAUCAGUGUU 78.97 1.93

hsa-miR-148a-3p UCAGUGCACUACAGAACUUUGU 79.14 1.92

hsa-miR-7-5p UGGAAGACUAGUGAUUUUGUUGU 79.08 1.92

hsa-miR-375 UUUGUUCGUUCGGCUCGCGUGA 80.81 1.95
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Table 26: (continued)

miRNA Sequence Tm E

hsa-miR-200c-3p UAAUACUGCCGGGUAAUGAUGGA 79.48 1.90

hsa-miR-23b-3p AUCACAUUGCCAGGGAUUACC 79.22 1.94

hsa-miR-199a-5p CCCAGUGUUCAGACUACCUGUUC 79.18 1.93

hsa-miR-136-3p CAUCAUCGUCUCAAAUGAGUCU 78.92 1.94

hsa-miR-153-3p UUGCAUAGUCACAAAAGUGAUC 78.70 1.93

hsa-miR-143-3p UGAGAUGAAGCACUGUAGCUC 79.08 1.95

hsa-miR-27b-3p UUCACAGUGGCUAAGUUCUGC 79.20 1.93

hsa-miR-192-5p CUGACCUAUGAAUUGACAGCC 79.30 1.93

hsa-miR-30a-5p UGUAAACAUCCUCGACUGGAAG 79.55 1.93

Table 27: 18 miRNAs were added to the human panel to be tested and selected in the context of

islet transplantation and hence can be used as reference genes for data normalization. The ID,

sequence, Tm (melting temperature) and E (primer amplification efficiency) are indicated.

miRNA Sequence Tm E

hsa-miR-23a-3p AUCACAUUGCCAGGGAUUUCC 79.50 1.91

hsa-miR-103a-3p AGCAGCAUUGUACAGGGCUAUGA 79.67 1.94

hsa-let-7a-5p UGAGGUAGUAGGUUGUAUAGUU 79.18 1.90

hsa-miR-26a-5p UUCAAGUAAUCCAGGAUAGGCU 79.22 1.94

hsa-miR-423-5p UGAGGGGCAGAGAGCGAGACUUU 79.51 1.92

hsa-miR-21-5p UAGCUUAUCAGACUGAUGUUGA 79.42 1.96

hsa-miR-222-3p AGCUACAUCUGGCUACUGGGU 79.61 1.93

hsa-miR-92a-3p UAUUGCACUUGUCCCGGCCUGU 80.17 1.93

hsa-miR-24-3p UGGCUCAGUUCAGCAGGAACAG 79.97 1.94

hsa-miR-191-5p CAACGGAAUCCCAAAAGCAGCUG 79.58 1.93

hsa-miR-146a-5p UGAGAACUGAAUUCCAUGGGUU 79.33 1.95

hsa-miR-145-5p GUCCAGUUUUCCCAGGAAUCCCU 80.02 1.94

hsa-miR-126-3p UCGUACCGUGAGUAAUAAUGCG 79.17 1.93
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Table 27: (continued)

miRNA Sequence Tm E

hsa-miR-93-5p CAAAGUGCUGUUCGUGCAGGUAG 80.05 1.95

hsa-miR-26b-5p UUCAAGUAAUUCAGGAUAGGU 79.18 1.94

hsa-miR-25-3p CAUUGCACUUGUCUCGGUCUGA 79.85 1.95

hsa-miR-22-3p AAGCUGCCAGUUGAAGAACUGU 79.71 1.94

hsa-let-7c-5p UGAGGUAGUAGGUUGUAUGGUU 79.40 1.93
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5 Discussion

Islet transplantation is a promising strategy to manage difficult-to-control type 1 diabetes patients.

It confers the opportunity to relinquish insulin injections and improve quality of life. The procedure

is hindered by islet loss which is triggered by harmful stressors such as hypoxia and inflammation.

The detection of islet loss is of great importance to improve the transplantation outcomes. Current

tools do not detect islet destruction before massive loss already occurred. Therefore, an indicator

that can detect early islet loss could facilitate early intervention before a great mass of islets is

destroyed. Many efforts have been given to research the potential of miRNAs as biomarkers

of various diseases, among them type 1 diabetes. Their roles as markers of islet stress and

death in the context of islet transplantation are emerging. Here, I identified miRNAs, which

are released from islets in response to stressors or after cell death and therefore are reflective

of islets stress and death. My in vitro and in vivo experiments demonstrated a direct relation

between miRNA release and the stressor types as indicated by the pathway analysis of miRNA

target genes. My results indicate that miRNAs could be detected after stress exposure before

gross islet dysfunction takes place in vitro. Lastly, my experiments on mouse- and human islets

showed that transferring findings from a mouse to a human model is possible.

In theory, miRNAs which are highly expressed in islets and are absent in the circulation, appear

in the circulation after islet destruction or injury due to exposure to stressors or after cell death.

Therefore, they represent potential candidate biomarkers indicating that islets are subjected

to stressors. In line with this theory, I established a panel of miRNAs with high expression in

islets as compared to serum. In the process of assembling the panel, I identified limitations and

advantages to my approach. A considerable number of miRNAs were identified through literature

search. Many of them were confirmed to have high expression in islets as compared to serum

but some were not confirmed. MiRNA profiling using small RNA sequencing revealed a large

number of miRNAs significantly differed between islets and serum. The profiling data on one

hand showed that the top highly expressed miRNAs in islets were consistent with previously

reported studies (Tattikota et al., 2014), and on the other hand extended the available data of the

islet-miRNome. In the mouse, I showed that the measurement of miRNAs in islets and serum

could be greatly exploited to identify miRNAs with higher expression in islets as compared to

serum since I obtained samples from both tissues from the same animal. However, in human,
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it was not possible to obtain islets and blood samples from the same donor. The islets were

obtained from healthy deceased donors while the blood samples stemmed from other, healthy

living donors and this could be a limitation since it is not clear whether the miRNome in islets as

compared to serum could differ significantly between individuals.

To quantify a target miRNA, a reference miRNA is required for the normalization of RT-qPCR data.

Unfortunately, reference miRNA that is stably expressed in all tissue types does not exist yet.

Therefore, I needed to assess the stability of potential reference miRNAs in my various sample

types, respecting the treatment conditions I applied. The use of multiple reference miRNAs is a

gold standard ensuring the robustness of the analysis. The utility of stable endogenous miRNA

corrects for variations related to the samples such as sampling and samples quality and reveals

true alterations in target miRNA level. I found reference miRNAs for my RT-qPCR analysis in

mouse and human.

My data revealed miRNAs, which could be stably expressed in serum of mice treated with STZ as

well as in untreated animals. STZ created a hyperglycemic milieu and induced islet destruction.

Stable miRNAs in such conditions are essential to detect real alterations in circulating miRNAs. I

confirmed the stable expression patterns of the tested miRNAs using NormFinder algorithm. The

algorithm takes Cq values as input data and it is capable of analyzing more than one treatment

condition. The output of such algorithm is stability values; lower values indicate higher stability.

Using these tools, I identified miRNAs stably expressed in the circulation of control-mice that

therefore could be used to normalize target miRNAs level in the presence of STZ.

My findings were supported by another study done in similar conditions which showed stable

expression patterns of the tested miRNAs in NOD mice (Mi et al., 2012). However, another

study showed unstable patterns, but it was done using a different disease model (Chen et al.,

2016). This supports the notion that individualized assessment of miRNAs in each experimental

condition of interest is needed.

I also tested the stability of a group of miRNAs in healthy human serum samples. Here I used

RefFinder in addition to NormFinder and both methods revealed comparable stability of the tested

miRNAs. The advantage of using RefFinder is that the algorithm incorporates the other known

algorithms (comparative Delta-Ct method, BestKeeper, geNorm, and NormFinder) to generate a

comprehensive ranking of reference genes. Nevertheless, NormFinder is superior to RefFinder
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because it offers the possibility to assess genes’ stability in different sample groups (treated or

untreated), the reason why I chose to use it in the STZ- model. The limitation of those algorithms

is that they are not capable of identifying a cut-off stability value of the tested reference genes.

However, the ranking provided by those algorithms gives valuable information that guided me

in my selection of the most stable genes. Of note, two highly stable miRNAs I found in human

serum had been reported previously to be stably expressed in human plasma in health and

disease condition (Barry et al., 2015; Korma et al., 2020).

Because the supernatant of cultured islets is an artificial environment and does not contain miRNA

profiles of body fluids such as serum, a search for miRNAs stably expressed in the supernatant

is obsolete. I showed that the addition of a synthetic miRNA to the supernatant samples could be

an alternative to the missing endogenous miRNAs. My results showed that the concentration of

the spike-in miRNA did not vary across supernatant samples and thus can be used for miRNA

normalization in the supernatant samples. The disadvantage of the use of a spike-in is that it does

not correct for variations occurring before the RNA isolation process such as sample collection.

However, the normalization to a synthetic miRNA is still used in the literature (Turchinovich et

al., 2011; Geekiyanage et al., 2020). In our in vitro model, miRNAs released from islets were

measured. Therefore, ideally, miRNA normalization should be performed using a stably released

miRNA. However, the identification of such miRNA released from islets into the supernatant in a

stable manner, without being affected by treatment conditions, would require further investigation.

To assemble my miRNA panels and to select normalizers, I analyzed the release of hypothetically

islet specific miRNA during islet stress and after islet death. I showed that miRNAs could

be detected, in vivo, in the circulation following the administration of STZ to the mice. The

experimental design allowed me to explore the dynamics of miRNAs release throughout 4 days

after treatment. In my experiment, the monitoring of blood glucose and body weight before

and after STZ injection showed that the majority of the mice were diabetic by day 4 and only a

fraction of the animals did not develop diabetes by day 4. The development of severe diabetes

in STZ-treated mice is time dependent and it is known that more than 90% of mice develop

diabetes eventually, after more than 5 days of treatment (Deeds et al., 2011). This implies that

even most euglycemic STZ-treated mice could have a degree of islet stress/death after 4 days of

treatment. Therefore, I exploited these animals to serve as a model of minimally injured islets.

All samples from diabetic and non-diabetic STZ-treated animals were therefore used for miRNA
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quantification.

The data obtained one day after treatment demonstrated that all STZ-treated animals were still

euglycemic. MiR-375 increased immediately at the first day after acute islet destruction caused

by STZ and remained detectable after 72H of treatment. This suggests that miR-375 could be an

indicator of early islet loss without overt hyperglycemia. A study found a comparable pattern of

this miRNA, an elevation after 2H and after 1 day of STZ treatment was detected as well as at

day 7 (Erener et al., 2013). No other miRNA showed an elevation until 3 days after treatment. I

can speculate that a higher mass of islets needs to be destroyed for those miRNAs to be detected

in the circulation. The correlation between islets mass and the level of detected miRNAs requires

further study. Unfortunately, little is known about miRNA kinetics in vivo. A study proposed that

the miRNA stability and thus their half-life in the circulation relies on their GC content. It showed

that for some miRNAs the half-life varies from few- up to 12 hours (Coenen-Stass et al., 2019).

This sequence-dependent stability could contribute to the heterogeneous patterns I observed for

various miRNAs in the STZ mouse model.

STZ induces DNA damage and β-cell necrosis (Lenzen, 2008). The release of miRNAs after cell

death caused by necrosis was proposed to be in the shape of free nucleic acid (naked miRNA)

(Sims et al., 2018). While the striking stability of miRNAs is well established, whether this stability

is attributed to the fact that the major fraction of circulating miRNAs is loaded into vesicles for

export or bound to Ago proteins is still controversial. It could be speculated that even non-binding

miRNAs (not loaded within vesicles and not bound to Ago) are resistant to degradation in the

harsh environment of the serum and thus could explain the stability of STZ-induced miRNAs.

A limitation of using the STZ model is that the compound is not completely specific to β-cell. STZ

acts by entering a cell through GLUT2 which is also present in liver, kidney, and intestine cells

(Thorens, 2015). It remains unclear to which degree those tissues are affected by STZ in our

model. The measurement of tissue-injury markers (for example AST/ALT for the liver) could

provide a tool to assess STZ effect to other tissues.

The day 4 analysis revealed 15 miRNAs significantly elevated in diabetic, STZ-treated animals

and 3 miRNAs in diabetic and non- diabetic STZ-treated animals. Importantly, those miRNAs were

detected after relatively long time of islet injury broadening the detection-window of such potential

markers. The longer life-span of those miRNAs could be explained by a study which showed that
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miRNAs could be divided into two major groups, one short-living with a half-life up to 14H and

another with half-life more than 24H (Marzi et al., 2016). Simultaneously, I showed that significant

loss of β-cells had occurred already by day 4 after treatment. The immunofluorescence analysis

of the pancreatic sections from diabetic mice indicated a significant decrease in insulin-positive

cells compared to control animals. These findings, together with the presence of apoptotic β-cells,

as indicated by the cleaved caspase 3 staining, provided evidence that the miRNAs detected

in the circulation at this time point or before could be indicators of β-cell death. These markers

were either accumulating in the circulation over time and their measurement became possible at

day 4 and was only a snapshot, or they were indeed released only at day 4. Such hypotheses

require further investigations in longer time course experiments.

Some miRNAs increased in the circulation of non-diabetic STZ-treated animals. These miRNAs

could have the potential of detecting early islet death since they were elevated in euglycemic mice

that had minimally destructed islets as indicated by immunofluorescence staining. The image

analysis showed that the islets of this group of mice had no apoptosis activity and that there was

no significant loss of insulin-positive cells in these animals. Mmu-miR-423-3p was particularly

striking; it had high AUC values in diabetic STZ-treated and non-diabetic STZ-treated mice (0.82

in both). This miRNA increased significantly in diabetic- and non-diabetic STZ-treated mice after

4 days of treatment. This indicates that this miRNA could be sensitive to minor changes in β-cell

mass rather than to β-cell dysfunction as it was increased in euglycemic animals as well as in

hyperglycemic ones. This miRNA was also reported to be correlated with type 1 diabetes onset

in humans (Garavelli et al., 2020).

Contrary to what I have found, a report showed that STZ was acting more on islet function rather

than on mass since it shed more light on the STZ effects on the cellular- and whole pancreas level.

It was shown that the β-cell mass was not hugely affected due to STZ treatment as indicated

by the whole organ imaging. It was proposed that the deterioration in β-cell function holds

more responsibility for hyperglycemia in the STZ-treated animals than the loss in their overall

mass. The β-cell dysfunction was indicated by downregulation of GLUT2 and other important

genes for β-cell function such as Ins1 and Ins2 (Hahn et al., 2020). Applied to our findings,

we could speculate that the STZ-induced stress led to responses on the cellular level and that

these responses could represent an attempt of β-cells to escape stress. The induction of these

mechanisms could implicate several molecules, including miRNAs. Such molecules could be
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upregulated in the earlier stages of stress response and then released passively when cells die.

Further studies are needed to elucidate the mechanisms of STZ effect on β-cells prior to cell

death.

I aimed to further investigate the release of miRNAs (panel D) from islets in response to clearly

defined stressors. Inflammatory mediators and hypoxia were reported to be implicated in islet

stress and death in the context of type 1 diabetes and islet transplantation (Maedler et al., 2002;

Kim et al., 2007; Donath et al., 2010; Olsson et al., 2011; Yoshimatsu et al., 2017; Komatsu et

al., 2018). I showed that indeed, miRNAs could be detected in the supernatant of cultured islets

exposed to low oxygen culture environment (hypoxia) and/or cytokine cocktail (TNF-α, IFN-γ,

and IL-1β). The results revealed that miRNA dynamics are stressor- and time-dependent. The

stressors induced apoptosis in islets and impaired their ability to secrete insulin as indicated by

cleaved-caspase-3 and GSIS assays.

Prior to miRNAmeasurements, it was not clear to which extent the stressed/destroyed islets would

release RNAmolecules such as miRNAs into their surrounding culture medium and therefore I

first studied the small RNA quantity and size distribution in the supernatant of the samples after

exposure to stress. In mouse, after the treatment with high dose cytokines and hypoxia, I showed

that the small RNA/miRNA quantities in the culture medium were high early after exposure (6H)

and started to decline over 24H and 48H (with a slight increase at 72H as compared to 48H). I

hypothesized and showed that the decline in miRNA concentrations was due to their degradation.

The analysis of miRNA quantity and distribution in the supernatant of islet culture was not

previously reported. The decline in miRNA concentration over time could be attributed to limited

half-lives of miRNAs released from stressed islets. It was proposed that miRNA half-life in vitro

varies for different miRNA-species, as some miRNAs showed less stability than others (Bail et

al., 2010). In contrast, the authors of another study suggested that most miRNAs are complexed

with Ago2 when released from cells and thus confer them high stability (Turchinovich et al., 2011).

Similarly, in human islets treated with high dose cytokines and hypoxia, I measured lower

supernatant-miRNA concentration after 48H than after 24H. The concentrations of miRNA re-

leased from human islets to the culture medium were strikingly higher than those observed in the

mouse. The distribution of supernatant-small RNA from human islet cultures showed a peak at

60nt after treatment which was absent without treatment. This peak was more pronounced at
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24H than at 48H. It is not clear whether the 60nt-peak represents other RNA species released in

response to stressors. Two small RNA families, transfer RNA (tRNA) and small nucleolar RNA

(snoRNA) could be the species observed. However, tRNA are 73–90nt (Arroyo et al., 2021) and

snoRNA are 60–300nt length (Malik et al., 2019). Further electrophoresis studies are needed to

investigate the nature of this peak. I exposed mouse islets to five different treatment conditions

to simulate different stress-exposure situations (Hypoxia +/- aggressive cytokines, Hypoxia +/-

mild cytokines, and hypoxia alone). 80 miRNAs were quantified in the supernatant of treated

islets after 3H, 6H, and 24H. The results revealed again that miRNA release occurred in various

patterns. A series of miRNAs seemed to be affected by high dose cytokines earlier, after 3H.

Another series was strikingly high after 6H in response to low dose cytokines and hypoxia. At

24H, more miRNAs were measured in response to all treatment conditions (Figure 4.20).

Some miRNAs showed comparable dynamics. For instance, cytokines induced the release both

miR-7a-5p and miR-375 in a dose-dependent manner at 6H. However, this was not the case at

24H where low dose cytokines had stronger effect than the high dose. The measurements at all

time points showed that the combination treatment with low dose cytokines and hypoxia led to

higher miRNA release compared to high dose cytokines and hypoxia. Other miRNAs, such as

miR-7a-2-3p and miR-99b-5p, showed high association with a high-dose cytokine treatment.

Cytokines and hypoxia were shown previously to induce miRNA release in vitro (Erener et

al., 2013; Saravanan et al., 2019). My data showed that low-dose cytokines combined with

hypoxia had a more pronounced effect on miRNA release quantitatively and qualitatively as

compared to high-dose cytokines combined with hypoxia. After 6H, for example, 14 miRNAs

were induced in the presence of low-dose cytokines combined with hypoxia while only 7 in the

presence of high-dose cytokines combined with hypoxia, and at 24H, 33 and 29 miRNAs were

induced, respectively. It seems that the cytokines alone had a dose-dependent effect, while in

the combination treatment this was not present. The immense heterogeneity of miRNA release

observed after the various treatment conditions suggests that miRNA release from stressed islets

is a regulated process and not only a result of end-stage cell death. If miRNAs were released

uniquely because of cell death, their levels and their nature would be comparable between all

treatment conditions.

If miRNA release was indeed a regulated process, it could explain why a low dose of cytokines
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induced a higher release of miRNAs as compared to a high dose of cytokines, in combination

with hypoxia. High doses could be damaging to the islets to the extent of impairing mechanisms

important for the regulated miRNA release while the low dose cytokines combined with hypoxia

allowed the maintenance of such mechanisms. The induction of apoptosis starting after 3H

of high dose cytokines combined with hypoxia and not of low dose cytokines combined with

hypoxia would be consistent with a higher detrimental effect of the high dose cytokine/hypoxia

combination. However, the regulated release of miRNA would be circumvented at the later time

points (24H) because of cell death as indicated the elevation of caspase-3 activity. Thus, the high

number of miRNAs detected here could rather be attributed to cell death and passive release of

miRNAs.

Importantly, some miRNAs were detected even before the onset of apoptosis. These include,

for example, the increase of miR-3968 at 3H and miR-184-3p at 6H in response to high dose

cytokines. This observation suggests again, that these miRNAs are secreted in a regulated

fashion. These miRNAs could serve as markers of early β-cell stress.

My data showed that cleaved caspase-3 was activated in the course of cytokine treatment but

was absent in hypoxia treatment regardless of the time of exposure. There is controversy about

this: a study found an elevation of cleaved caspase-3 protein in MIN6 cells (Bensellam et al.,

2016) while another study reported a decrease in cleaved caspase-3 expression in response to

hypoxia (Sato et al., 2014).

It was shown previously that apoptosis of β-cells induced by inflammatory cytokines occurs

through a cascade of events. One of those events is the activation of caspase-3 which I was

able to detect after the treatment with both doses. This activation was time-dependent and this

was also observed in other studies (Demine et al., 2020). Interestingly, it seems that the dose of

cytokines could determine the mechanism of β-cell death. High doses of cytokines promoted

β-cell death through NO (nitric oxide) (Collier et al., 2006) while lower doses of cytokines acted

through Bad (Bcl-2-associated death promoter (Phospho-Ser136)), caspases activation and

others (Grunnet et al., 2009). This dose-dependent induction of β-cell death mechanisms could

also explain the heterogeneous miRNA profiles found in this study. It is established that gene

expression dysregulation in β-cells occurs in the context of cytokine exposure (Cardozo et al.,

2001). Since miRNAare prime gene regulators, they could contribute to this dysregulation caused
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by inflammatory cytokines. Some miRNAs elevated in islets in response to cytokine treatment

and their blockage led to protection against apoptosis (Roggli et al., 2010).

Gene expression alterations after hypoxia treatment of islet cells were reported previously. It

was proposed that hypoxic stress promotes apoptosis in islets cell by inducing expression of the

transcription factor NFκB and the subsequent upregulation of genes implicated in apoptosis (Lai

et al., 2009). However, other genes were downregulated (Sato et al., 2014). The downregulation

effect could be regulated by the induction of certain miRNAs in response to hypoxia.

The combination between hypoxia and cytokines led to the detection of more miRNAs in the

culture medium as compared to the single treatments. There are several points that require

more attention and some additional experiments. First, it is not clear whether cross-talk between

components of biological pathways induced by each treatment occur and contribute to the

involvement of other miRNAs. The cytokine dose-effect I observe on miRNA release also

requires further studies to be understood. Exposing the islets to a dilution series of cytokines

and/or different O2 concentrations and analyzing the miRNA profiles in the culture supernatant

could provide more information in this regard. To also better understand the relationship between

miRNA secretion and a certain stressor, it could be useful to quantify miRNAs in islets and

supernatant simultaneously. And last, exposure to strong stressors such as aggressive cytokines

and hypoxia induced massive morphological changes in the islets and sometimes the islets were

even completely destroyed, as shown by microscopy. Such islets were technically difficult to

collect for miRNA quantification and this is a limitation to this study.

In parallel with quantification of miRNA in the culture supernatant, I studied the effect of the

various treatment conditions on islet function. A major indicator of β-cell function is the ability

to react to glucose concentration changes by secreting insulin. The glucose-stimulated insulin

secretion assay (GSIS) is widely used to assess responsiveness to glucose. I assessed GSIS

of the treated islets in the presence of two different glucose concentrations (2uM and 20uM) to

document conditions that impair this function and synchronously identify miRNAs released. I

showed that some miRNAs can be detected in the supernatant of treated islets before major

changes in GSIS take place. The data show that the number of induced miRNAs increased

drastically in parallel with the impairment of GSIS over time.

After 3H, cytokine or hypoxia treatment alone did not appear to be very damaging to the islet
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function, with a minor increase in basal secretion and a slightly decreased stimulated secretion.

However, the combination of hypoxia and cytokines (at either concentration was very damaging

to islet function, with greatly elevated basal (2mM) secretion and no further response to 20mM

glucose, suggestive of non-specific leakage of insulin, rather than regulated exocytosis. The

findings at 6H were largely consistent with those at 3H but more pronounced, in accordance with

the more prolonged incubation time. Low dose cytokines did not seem to be very damaging to

the islets, with a small increase in basal secretion. However, high dose cytokines was clearly

detrimental, as was hypoxia alone or in combination. With a combinational treatment, the

secretory function appeared to be equally compromised at both time points (3H and 6H). The

24h data were consistent with the 3H and 6H data with basal rates of secretion increasing with

time of exposure to the stressors.

It is well established that hypoxia induces Hypoxia-inducible factor-1α (HIF-1α), a transcription

factor that regulates genes implicated in glucose metabolism and insulin secretion. For example,

GLUT1 is up- and GLUT2 is downregulated in response to HIF-1α (Cantley et al., 2010).

It has been proposed that these hypoxia-induced

changes result in impairment of glucose control and

GSIS in vivo and in vitro (Cantley et al., 2013). An in-

teraction between miRNAs and HIF-1α was previously

reported in several cells types (Spinello et al., 2015;

Wang et al., 2016; Serocki et al., 2018). However, after

13 days, decreased levels of HIF-1α and elevated lev-

els of miRNAs were detected in an islet transplantation

model (Pileggi et al., 2013). Thus, the relation between

HIF-1α and miRNA expression in β-cells is not fully un-

derstood. The investigation of roles of those miRNAs in the axis linking hypoxia to HIF-1α and to

GSIS could potentially reveal therapeutic avenues.

Similar to hypoxic stress, cytokines are known to impair insulin secretion. IL-1β for example

was found to reduce the presence of important proteins such as insulin in β-cells, proposedly

through the induction of NF-κB (Papaccio et al., 2005). Upon exposure to cytokines, NF-κB was

induced and a changed expression of several genes could be detected (Sarkar et al., 2009). It
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was proposed that during GSIS, NF-κB plays a role in transferring the Ca+2 signal to the nucleus

and so maintains GSIS (Norlin et al., 2005). NF-κB could be a target of several miRNAs and

conversely, NF-κB could promote or inhibit the expression of miRNAs (Ma et al., 2011). Based

on these findings, cytokine-induced impairment of GSIS could be a result of interactions between

miRNAs and NF-κB. Our data demonstrated that apoptosis occurred particularly in later time

points after cytokine treatment and thus GSIS could be simply affected due to cell death at these

time points. Therefore, miRNAs detected earlier could be more reflective of islet dysfunction.

Collectively, the information obtained through GSIS, the apoptosis dynamics and the miRNA

release changes I measured allowed to build a model of stress. As an example, insulin secretion

and caspase-3 activity in the presence of low dose cytokines revealed the following: after 3H

islet function was maintained, islets did not show cell death and the secretion of miRNAs was

unchanged. After 6H, islet function and viability remained unchanged, but the release of 2

miRNAs was induced. After 24H islet function was moderately compromised, cell death could be

measured and the number of secreted miRNA increased simultaneously (Figure 5.1).

Motivated by the data obtained with the mouse model, I performed similar experiment using

human islets. In the mouse experiments, islets were cultured for 3H, 6H and 24H, while in human

experiments for 24H and 48H. Seven conserved miRNAs (with identical sequence in mouse

and human; panel P) were measured in the supernatant of human islets treated with high dose

cytokines with hypoxia. I compared the measurements of those miRNAs with their peers in the

mouse experiment and found that four miRNAs showed a comparable induction in the mouse

and human islet stress model. Two others were induced only in human and one was induced

only in the mouse. These findings are encouraging and suggest that we can transfer the data

gained in the in vitro mouse study to human.

The magnitude of miRNA release induction in the mouse was relatively higher than the one in

human (Figure 4.38A). I found higher fold change of miRNA measurement in the islet culture

supernatant induced by treatment in mouse than in human. However, it was reported previously

that mouse islets are more vulnerable to stressors such as cytokines than human islets (Kawahara

and Kenney, 1991) and our findings could well reflect this.
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Figure 5.1: Schematic figure showing mild cytokine effects on mouse islets viability,

function, and the presence in the culture supernatant of miRNAs after 3H, 6H, and 24H. A:

miRNAs released into the supernatant of islets treated with mild cytokines (red: non-significant,

blue: significant as indicated by Tukey HSD multiple comparisons to control untreated islets).

B: Caspase activity in treated and untreated islets. C: GSIS assay in response to basic (2mM)

and stimulated (20mM) glucose concentrations. Bottom annotation: exemplary images showing

morphological changes in islets.
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Performing a larger scale experiment in human islets, as performed in mouse with different

treatment conditions and time points, was limited by some factors. First, human islets are not

easily accessible particularly as compared to mouse islets due to scarcity of donors. Second,

human islets function and quality differ between preparations (Kayton et al., 2015) and this could

result in heterogeneity in response to stressors and thus has an impact on the measured miRNA

dynamics.

The in vitro islet stress model allowed me to identify 64 potential miRNA biomarkers, which were

induced by inflammatory and/or hypoxic stress over 3 time points. I aimed to find biological

functions for the induced miRNAs. I therefore performed pathway analysis of mRNA targeted by

those miRNAs. To do so I first identified the target genes of the miRNAs in silico.

In mouse, 3 cytokine-induced miRNAs were targeting genes primarily involved in MAPK sig-

naling pathway while 7 and 13 miRNAs induced by the combinational treatment were targeting

genes primarily involved in the PI3K-Akt signaling pathway and the MAPK signaling pathway,

respectively.

The implication of the MAPK signaling pathway in islet cell death has been reported previously.

The stimulation of MAPKs (mitogen-activated protein kinases) has

been reported in the context of cytokine-induced stress in β-cells and

consecutive cell death (Abdelli et al., 2004). However, the mecha-

nism by which MAPK are stimulated is not fully understood. A study

suggested an important role for MEKK-1 (mitogen-activated protein

kinase kinase-1) in the phosphorylation of JNK (c-Jun N-terminal ki-

nase), which is a MAPK and induces the events leading to cell death

by apoptosis (Mokhtari et al., 2008).

PI3K (Phosphatidylinositol 3-Kinase) has been found to be implicated

in β-cell function (Eto et al., 2002) and dysfunction as a response to stress (Chen et al., 2006).

I found that the addition of hypoxia to cytokine treatment triggered the release of miRNAs

controlling the PI3K pathway. Indeed, the interaction between miRNAs and components of

PI3K-Akt signaling pathway in the course of islet damage caused by hypoxic conditions was also

reported previously (Zhang et al., 2017).
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Interestingly, the two main pathways targeted by combination treatment-induced mouse miRNAs

were also found to be the targets of miRNA induced under the same conditions in human islets.

Here the PI3K-Akt signaling pathway (177 genes) is targeted by 5 miRNAs, while the MAPK

signaling pathway (150 genes) is targeted by 6 miRNAs. It remains to be investigated whether

those miRNAs have regulatory roles in vital β-cell function and in β-cell death and whether,

therefore, they were upregulated in the presence of cell death and dysfunction, or whether they

are final products of pathway/s cascade. It was suggested that the induction of a pathway network

by a stimulus could control miRNA level through targeting their biogenesis. This control aims to

execute or suppress biological functions of those miRNAs (Nikolov, 2013).

Importantly, our data show that the detection of certain miRNAs could allow us to retrospectively

identify the initial stimulus that leads to β-cell defects or death (i.e. hypoxia or cytokines) through

the identification of the targeted pathways. This could be of great value to monitor islet graft after

transplantation. It would allow to select the appropriate medical intervention, reacting either to

inflammatory or hypoxic stress.

In summary, I assembled a final panel of potential 87 miRNA candidate biomarkers, based on

extensive in vitro and in vivo models. This panel is largely composed of miRNAs discovered in

the in vitro and in vivo mouse model, but some human miRNAs were also added. Reference

miRNAs for human serum miRNA quantification and normalization are also present in the panel.

The human panel will be validated in the context of clinical islet transplantation in the future.

miRNAs will be measured in samples from patients, collected before and after transplantation.

The metabolic data of the patients will be analyzed as well, allowing to find potential association

with miRNAs level.
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Future Outlook

The identified islet specific miRNAs that are released after β-cell death or stress could represent

a very valuable clinical tool to detect islet stress and death at a very early stage, before a great

mass of islets is lost. In this study, I found miRNAs increased in the circulation or the outer milieu

during the earlier stages of stress. The advantage of using these miRNAs as biomarkers is that

they potentially provide a timely alarm of ongoing islet stress.

In clinical settings, combining the detection potential of miRNA biomarkers, metabolites, and

pathway analysis could be a cornerstone of close monitoring of islet graft. The flow chart (Figure

5.2) summarizes a strategy to be followed after islet transplantation. The presence of some

miRNAs in the circulation could predict future or onset islet graft dysfunction. The correlation

between miRNA level in the circulation and metabolites could provide even more information.

Pathway analysis has allowed us to uncover mechanisms induced by the stressors and hence

potentially will allow to plan interventions for example using compounds protecting the engrafted

islets against hypoxic and/or inflammatory stress. These compounds could target components of

the vital pathways identified, inducing or inhibiting them in a way that potentially modifies cell

response to a stressor from dysfunction/death into adaptation. The development of miRNA-based

therapeutics is emerging. It is of utmost importance to elucidate the interaction between miRNAs

and molecules involved in stress pathways for miRNA targeting to be studied in this regard.

This thesis could be seen as a working pipeline to identify and validate multi-miRNA biomarkers

that could finally find their way into clinical applications, not only in the context of islet transplan-

tation but also in type 1 diabetes early-onset prediction.
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Figure 5.2: Future prospects of multi-miRNA biomarkers utility. After islet transplantation,

quantification of a miRNA-biomarker set could provide precious information on “live” islet cell

state as shown in images: healthy or damaged islets. The analysis of the relation between

measured miRNAs and metabolites (conventional metabolites such as BG, HbA1c or stimulation

tests such as MTT) would be valuable in sooner prediction of islet function deterioration. Jointly,

the information provided would help to establish an intervention strategy. Human islets images

were captured under light microscope.
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6 Summary

Background

Replacement of β-cells via islet transplantation is a potential therapeutic approach for individuals

with type 1 diabetes that is hard-to-control with conventional approaches. Post-transplantation,

islets are prone to stress such as hypoxia and inflammation (Biarnes et al., 2002; Shahbazov et

al., 2016). It is of utmost importance to diagnose β-cell insults before massive cell loss occur

and hence rapid intervention can be taken. Currently utilized markers often fail to detect β-cell

stress and death in timely manner and only indicate massive changes in β-cell function. Thus,

biomarkers reflecting the actual rate of β-cell stress and death are required.

MiRNAs are short (21–25 nucleotides in length) single-stranded RNA molecules, originated from

a hairpin-like structure. miRNAs are considered as post-transcriptional gene silencers. Studies

have reported alteration in circulating miRNAs in type 1 diabetes and their implication in the

pathogenesis of this disease (Erener et al., 2017; LaPierre and Stoffel, 2017). Such miRNAs

could serve as circulating biomarkers for β-cell stress and death. After human islet transplantation,

islets exposed to stresses release miRNAs potentially detectable in the circulation and reflecting

the rate of islets stress or death.

Scientific aim

I aimed to identify circulating miRNAs that could be reflective of β-cell stress and death. To

achieve this, I analyzed potential miRNA biomarkers in the circulation of diabetic animal model

as well as in the context in vitro islet stress model.

Material and methods

To establish a panel of potential islet specific miRNAs I reviewed profiling studies in the literature

and validated them using RT-qPCR on human/mouse islets and serum. For miRNA profiling, I

used small RNA sequencing in mouse islets and serum. Previously used circulating reference

miRNAs were identified through the literature and tested in healthy human serum samples as

well as in control- and STZ-treated mice. Reference miRNAs were analyzed using NormFinder

and/or RefFinder algorithms to identify stably expressed miRNAs.

For diabetes induction in vivo, BL6 mice were treated with STZ. MiRNAs were quantified in the
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circulation before and after STZ treatment using RT-qPCR.

In the in vitro islet stress model, human or mouse islets were treated with a cocktail of recombinant

IL-1β, TNF-α, and IFN-γ and/or hypoxia (1% O2). MiRNAs were quantified in the supernatant 3H,

6H, and 24H after cytokine and/or hypoxia treatment. Caspase-3 activity was measured in the

islets to assess apoptosis in parallel with miRNA induction. Basal (2mM) and stimulated insulin

secretion was quantified using ELISA in the supernatant of islets treated as described above.

KEGG enrichment analysis was performed on significantly induced miRNAs in order to identify

targeted pathways.

Results

In mouse, a panel of 60 miRNAs was established through the validation of literature-selected

miRNAs and NGS. Reference miRNAs for RT-qPCR data normalization of circulating miRNAs

were analyzed and 2 miRNAs were selected as normalizers using NormFinder. In human 15

miRNAs were identified after validation of literature- selected miRNAs. 5 miRNAs were identified

as reference miRNAs after confirmation of RefFinder and NormFinder analysis.

STZ treatment of mice led to increased serum concentrations of 24 of the 60 islet enriched

miRNAs between 1 and 4 days post-treatment. Of these, 3 were also increased in treated mice

that did not develop diabetes. Using this information, a panel of 80 miRNAs was assembled and

used to measure miRNA release in relation to apoptosis and glucose stimulated insulin release

in mouse and human islets exposed to cytokine and/or hypoxia induced stress in vitro. In total,

64 of the miRNAs increased in the supernatant of islets, treated with high or low dose cytokines

and/or hypoxia, as compared to untreated islets over 3H, 6H, and 24H. A pathway analysis

revealed that cytokine-induced miRNAs targeted genes primarily involved in MAPK signaling

pathway, and that the cytokine plus hypoxia-induced miRNAs targeted genes primarily involved

in PI3K-Akt and MAPK signaling pathway. Based on all the findings, a panel of 87 miRNAs was

finally established and an assay to screen for these miRNAs was developed that can now be

used for further validation in pre- and post-transplantation samples.

Conclusion

The work in the in vivo and in vitromodels allowed the identification of potential miRNAbiomarkers

of islet stress and death that reflect the mode of induced stress. Those miRNAs could be used
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to monitor islet graft post-transplantation. Further validation of those miRNAs is required in the

context of islet transplantation in human samples.
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7 Zusammenfassung

Hintergrund

β-Zell-Ersatz durch eine Inselzell-Transplantation ist ein potentieller Ansatz, um Typ 1 Diabetes

Patienten zu behandeln, welche mit konventioneller Therapie schwierig zu kontrollieren sind.

Nach einer Transplantation sind Inselzellen aber oft Hypoxie- und Entzündungs-Stress ausgesetzt

(Biarnes et al., 2002; Shahbazov et al., 2016). Es ist sehr wichtig, solche Stressfaktoren so

früh wie möglich zu erkennen, um noch klinisch intervenieren zu können, bevor die Inselzellen

Schaden nehmen und massiver Zellverlust einsetzt. Die zurzeit bekannten Marker erlauben es

aber nicht, β-Zell–Stress rechtzeitig zu erkennen, lediglich schon massive Veränderungen der

β-Zell-Funktion können detektiert werden. Deshalb sind Biomarker nötig, welche eine frühzeitige

Erkennung von β-Zell-Stress und Zerstörung erlauben.

miRNA sind kurze, einzel-strängige RNAs, welche aus einer Haarnadelstruktur entstehen und als

post-transkriptionelle „Gen-Silencer“ bekannt sind. Studien berichten, dass im Serum von Typ 1

Diabetes Patienten Veränderungen in der Konzentration einiger miRNAs gemessen wurden; man

vermutet daher, dass diese miRNAs an der Pathogenese der Krankheit beteiligt sind (Erener et

al., 2017; LaPierre and Stoffel, 2017). Diese miRNAs könnten auch als zirkulierende Biomarker

für Inselzell-Stress dienen. Nach einer Inselzell–Transplantation setzen Inselzellen miRNAs

frei, welche man potentiell in der Zirkulation detektieren kann, und welche voranschreitenden

β-Zell-Stress und Zerstörung reflektieren könnten.

Wissenschaftliche Zielstellung

Mein Ziel war es, zirkulierende miRNAs zu finden, welche β-Zell-Stress und Zerstörung reflek-

tieren, und potentiell bei einer Insellzell-Transplantation zum Einsatz kommen könnten. Um

dies zu erreichen, habe ich in einem Mausmodell und in einem in vitro Inselzell-Stress Modell

Inselzell-spezifische, potentielle Biomarker untersucht.

Materialien und Methoden

Um eine Sammlung von Inselzell-spezifischen miRNAs zusammenzustellen, habe ich die Liter-

atur durchsucht und zur Validierung der ausgewählten miRNAs habe ich qPCR und humanes-

und Maus-Serum sowie Inselzellmaterial verwendet. Um weitere Inselzell-spezifische miRNAs zu

entdecken, habe ich „small RNA Sequencing“ von Maus-Serum- und Inselzellmaterial angewen-
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det. Zirkulierende Referenz-miRNAs habe ich in der Literatur entdeckt, und mittels qPCR mit

humanem Serum und mit Serum von STZ-behandelten Mäusen und entsprechenden Kontrollen

validiert. Um die stabilsten Referenz miRNAs zu finden, habe ich die Algorithmen „NormFinder

und RefFinder“ benutzt.

Um Diabetes in vivo zu induzieren, habe ich BL6 Mäuse mit STZ behandelt. miRNAs in der

Zirkulation wurden vor und nach der Behandlung mittels qPCR quantifiziert.

Im in vitro Stress-Modell wurden humane oder Maus-Inselzellen mit einem Cocktail aus rekombi-

nantem IL-1β, TNF-α und IFN-γ und/oder mit Hypoxia (1% O2) behandelt. miRNAs wurden 3H,

6H und 24H nach der Behandlung im Kulturüberstand gemessen.

Um Apoptose zu messen, wurde parallel zu der miRNA-Induktion die Caspase-3 Aktivität in den

Inselzellen gemessen. Basale- und stimulierte Insulin-Sekretion wurde mittels ELISA aus dem

Kulturüberstand der behandelten Inselzellen gemessen. Um relevante Signalwege zu finden,

wurden die signifikant induzierten miRNAs mittels „KEGG enrichment“ analysiert.

Resultate

Ich habe 60 potentielle Inselzell-spezifische Maus-miRNAs validiert, indem ich eine Literatur-

Recherche sowie „small RNA Sequencing“ durchgeführt habe. Ich habe zirkulierende Referenz-

miRNAs für die qPCR Analyse identifiziert und 2 davon wurden mit „NormFinder und RefFinder“

als die am besten geeigneten Referenzen ausgewählt. 15 humane, in der Literatur gefundene

und potentielle Inselzell-spezifische miRNAs, sowie 5 Referenz-miRNAs für die qPCR Analyse

wurden experimentell validiert.

Die STZ-Behandlung der Mäuse führte zu einer im Serum messbaren Erhöhung von 24 der 60

ausgewählten miRNAs, von Tag 1 auf Tag 4 nach der Behandlung. 3 dieser miRNAs waren

auch im Serum von Mäusen, welche nach der Behandlung nicht diabetisch wurden, erhöht.

Die aus der Literatur-Recherche und den in vivo Experimenten gewonnene Information wurde

genutzt, um eine Sammlung von 80 miRNAs zusammen zu stellen, welche in vitro eingesetzt

wurde. miRNA-Freisetzung wurde dazu im Zusammenhang mit Apoptose und stimulierter Insulin-

Sekretion in humanen- und Maus-Inselzellen, welche Zytokin- und/oder Hypoxia-induziertem

Stress ausgesetzt waren, gemessen. Im Ganzen konnte eineAnreicherung von 64 der getesteten

miRNAs im Überstand von mit Zytokinen oder mit Hypoxia behandelten Inselzellen im Vergleich
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zu unbehandelten Inselzellen nach 3H, 6H und 12H gemessen werden. Eine Signalweg Analyse

zeigte, dass die Zytokin-induzierten miRNAs primär solche Gene, welche im MAPK-Signalweg

involviert sind, und die Zytokin- und Hypoxia-induzierten miRNAs Gene des PI3K- und MAPK-

Signalweges anvisieren.

Aufgrund all dieser Erkenntnisse konnte schlussendlich eine Sammlung von 87 potentiellen

Biomarkern zusammengestellt und qPCR-„Assays“, um sie zu messen, etabliert werden. Diese

können nun auf prä- und post-Transplantations-Serumproben validiert werden.

Schlussfolgerung

Meine Arbeit mit den in vivo und in vitro Modellen erlaubte mir, potentielle Biomarker für Inselzell-

Stress und Tod zu identifizieren. Diese Biomarker erlauben auch Rückschlüsse auf den Stress,

welcher auf die Inselzellen einwirkte. Diese Biomarker könnte man nun einsetzten, um Inselzell-

Transplantate zu überwachen. Davor werden aber weitere Validierungsexperimente benötigt,

welche diese Biomarker im Kontext einer Inselzell-Transplantation untersuchen.
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