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Abstract

Obesity has become a major health problem and a global burden for society. Its
etiology is multifactorial and involves complex interactions while the fundamental
cause is a dysbalance in energy homeostasis, with energy uptake exceeding
energy expenditure. With the discovery of brown adipose tissue (BAT) a
counterpart for white adipose tissue (WAT) was found. BAT is known for energy
dissipation by thermogenesis in case of cold stress. Uncoupling protein 1 (Ucp1) is
considered as hallmark of brown adipocytes as it is responsible for heat production
by uncoupling the electron transport chain from ATP production. White and brown
adipocytes are found together in visceral and subcutaneous fat depots and
transdifferentiation between types of adipocytes is of utmost medical interest to
specifically act on energy metabolism. MicroRNAs (miRNAs) are a novel class of
non-coding RNAs and have emerged as key post-transcriptional regulators of
gene expression.

Aim of this study is to identify and characterize endogenous miRNAs in
adipocytes, which are relevant in lipid metabolism and thus pose potential targets
for the prevention and treatment of obesity.

miR-26a, a candidate from an earlier screening performed within the "RNA Biology
Group" at the Institute for Genomics and Bioinformatics, Graz University of
Technology, has already been shown to modulate human brown adipogenesis.
Experiments in murine in vitro model systems confirmed ‘browning’ effects of miR-
26a in brown iBACs, but not in white 3T3-L1 adipocytes. Levels of miR-26a
increased during murine brown adipogenesis and was found to be even more
elevated upon R-adrenergic stimulation.

Furthermore, white 3T3-L1 cells and their ability to perform brown adipogenesis
was tested. Enhancement of Ucp1 mRNA by chronic peroxisome proliferator-
activated receptor gamma (Ppary) activation and upon longterm [-adrenergic
stimulation can be reported and was even stronger when dexamethasone and
IBMX for induction of adipogenesis were omitted.

Finally, a global screening for miRNAs in different biological conditions (WAT, BAT
and cold exposed WAT) was performed by miRNA microarray analysis, in order to
identify candidates with differential expression.
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Kurzfassung

Fettleibigkeit ist mittlerweile ein massives Gesundheitsproblem und eine globale
gesellschaftliche Herausforderung. Die Atiologie ist multifaktoriell und beinhaltet
komplexe Wechselwirkungen, die Ursache ist jedoch ein Ungleichgewicht im
Energiehaushalt zugunsten der Energieaufnahme. Mit der Entdeckung von
braunem Fettgewebe (BAT) wurde ein Gegenspieler zum weillen Fettgewebe
(WAT) gefunden. BAT bildet Warme (Thermogenese) bei Kalte. Uncoupling
Protein 1 (Ucp1) ist der Marker brauner Fettzellen und die funktionelle Einheit, die
Warme durch die Entkopplung der Elektronentransportkette von der ATP
Produktion erzeugt. WeiRe und braune Adipozyten findet man gemeinsam in
viszeralen und subkutanen Fettdepots, und die Transformation zwischen beiden
Fettzelltypen ist die Beeinflussung des Energiestoffwechsels von hochstem
medizinischen Interesse. MikroRNAs sind nicht kodierende RNAs und sind als
posttranskriptionale Schlusselregulatoren etabliert.

Das Ziel dieser Studie sind die ldentifizierung und Charakterisierung endogener
MikroRNAs, welche im Fettmetabolismus von Adipozyten relevant sind, um
Ansatze zur Pravention und Behandlung von Fettleibigkeit zu finden.

FUr miR-26a, einem Kandidat aus einer friheren Studie der "RNA Biology Group"
am Institut fur Genomik und Bioinformatik, Technische Universitat Graz, konnte
bereits eine Wirkung auf die humanen braune Adipogenese gezeigt werden.
Experimente mit miR-26a in einem murinen in vitro Modell bestatigten diese
Effekte in braunen iBACs, aber nicht in weillen 3T3-L1 Adipozyten. Die endogene
miR-26a Expression nahm wahrend der braunen Adipogenese zu und wurde
durch -adrenerge Stimulation noch verstarkt. Tests an 3T3-L1 Zellen, braune
Adipogenese zu vollziehen, zeigten eine Erhohung der Ucp? mRNA Expression
durch chronische Aktivierung von Ppary. Einen solcher Effekt konnte auch durch
langfristige B-adrenerge Stimulierung erreicht werden, der ohne Verwendung von
Dexamethason und IBMX fur die Induktion der Adipogenese noch verstarkt wurde.
AbschlieBRend wurde eine genomweite MikroRNA-Expressionsstudie mittels
Microarrays in WAT, BAT und Kalte exponiertem WAT durchgefuhrt, in der
mehrere MikroRNA-Kandidaten mit differenzieller Expression identifiziert werden

konnten.
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Aim of this thesis

The aim of this study is to show conserved microRNA-26a (miR-26a) effects in
murine brown adipogenesis. Therefore, isolated and immortalized cells from brown
adipose tissue (iIBACs), white 3T3-L1 and 3T3-F442A cells are characterized for
their ability to express Uncouplig protein 1 (Ucp1), the hallmark of brown
adipogenesis during adipogenesis and upon B-adrenergic stimulation. A valid
brown cell model is investigated for endogenous miR-26a levels, and effects of
overexpression and inhibition of miR-26a. White cell models are investigated for
enhancement of Ucp1 levels by chronic peroxisome proliferator-activated receptor
gamma (Ppary) activation, by different induction cocktails (with or without
dexamethasone and 1-methyl-3-isobutylxanthine(IBMX)), upon [(-adrenergic
stimulation and overexpression of miR-26a.

Furthermore, a global miRNA profiling of murine brown adipose tissue is
performed, where two biological conditions are examined : WAT vs. BAT and WAT
vs. cold exposed WAT (WATce). The aim is to reveal differential expression in
both setups, leading to novel miRNA candidates with potential involvement in the
distinction between white and brown adipocytes.
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1 Introduction

1.1 Obesity

Obesity can be defined as abnormal or excessive fat accumulation, possibly
impairing health'. Several approaches for scaling obesity are used: body fat
percentage, Body Mass Index (BMI), waist-to-hip-ratio, waist circumference and
waist-to-height ratio. Although there is no agreement which index should be
used?**° BMI is the most considered® scale for obesity and calculated, for both
sexes and for all ages of adults, as (weight / height?). WHO defined obesity as BMI
equal or greater than 30. Obviously this is a simple classification regarding tools
but also for diagnostic conclusions BMI should be only a rough guide’. In addition,
fat distribution plays an important role, as it is established that increased intra-
abdominal/visceral fat (central or apple-shaped obesity) promotes a high risk of
metabolic disease, whereas increased subcutaneous fat in the thighs and hips

(peripheral or pear-shaped obesity) exerts little or no risk’.

Pear-shaped
obesity

/ \ (Increased

e subcutaneous fat)
/ Low risk of
diabetes and

Lean Fat metabolic
BMI < 25 accumulation 58 syndrome
BMI =230

-
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obesity
(Increased visceral fat)
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Figure 1. Obesity is the consequence of an excess in fat accumulation® and is defined by a
body mass index of 2 30. Fat distribution can be estimated by measurements of the ratio of waist
to the hip circumference (WHR). Obese individuals with low WHR, (subcutaneous or pear-shaped
obesity) are at low risk for metabolic complications of obesity, whereas individuals with a high WHR

(visceral or apple-shaped obesity) are at high risk for these complications®.



The fundamental cause of Obesity is a disbalance of energy uptake and
expenditure. Further etiology is multifactorial and involves complex interactions
among the genetic background, hormones and social environmental factors®.
Several key factors are listed by the WHO (Table 1) and might be a result of
societal changes, lack of supportive policies in sectors such as health, agriculture,
transport, urban planning, environment, food processing, distribution, marketing

and education”.

Table 1. Summary of strength of evidence on factors that might promote or protect against
weight gain and obesity (WHO, 2003)10.

Strength Decreased risk Increased risk
of evidence
Convincing Regular physical activity Sedentary lifestyle
High dietary intake of fiber High intake of energy-dense foods
Probable Home and school Adverse socioeconomic conditions
environments that support in developed countries
healthy food choices for
children
Breastfeeding
Possible Low glycemic index foods Large portion sizes

High proportion of food prepared
outside the home (developed
countries)
Rigid restraint/periodic disinhibition
eating patterns

Insufficient Increased eating frequency Alcohol

Globally, the World Health Organization reports that obesity has more than
doubled since 1980. 1.5 billion adults were estimated to be overweighed in 2008,
where 500 million corresponded to obesity and nearly 43 million children (age < 5
years) were overweight in 2010." Although obesity is preventable, 65% of the
world's population lives in countries where overweight and obesity kills more
people than underweight1 and 2 to 7% of total health care costs are attributable to
obesity".
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Figure 2. Worlwide obesity distribution (most recent data from 2012)."> An obese adult is

classified as having a Body Mass Index equal or greater than 30.

Obesity is classified as a disease (code E66 of the International Statistical
Classification of Diseases and Related Health Problems, 10th revision (ICD-10))
and is associated with many other diseases. Epidemiological studies show the
relationship between excess weight, abdominal fatness and risk of a wide range of

illnesses™>141%16,

Table 2. Approximate relative risk of physical health problems associated with obesity".

Relative risk >3 Relative risk 2-3 Relative risk 1-2

Type II diabetes Coronary heart disease Cancer Reproductive
Gallbladder disease Hypertension hormone abnormalities
Dyslipidemia Osteoarthritis Polycystic ovary
Insulin resistance Hyperuricemia and gout syndrome Impaired
Breathlessness fertility Low back pain
Sleep apnea Increased risk of

anesthesia complications
Fetal defects (associated
with maternal obesity)

Obesity predispose to many follow-up diseases, also due to the fact that the
adipose organ is the body's largest endocrine organ revealing broad influence®.

Minding the fundamental cause of obesity (disbalance of energy uptake and
expenditure) two imperative therapeutic ways rise: Either energy uptake is lowered
or energy expenditure is increased. There are several approaches differing in



efficiency and side effects. So far, bariatric surgery is the only effective treatment
for morbidly obese patients and currently remains the only option for achieving and
maintaining weight loss. Bariatric surgical procedures help reducing the caloric
intake by modifying the anatomy of the gastrointestinal tract, which, of course,
carries inherent risks'. Usual current treatment modalities include lifestyle
modification (e.g. increased physical activity), diet and pharmacological agents.
Unfortunately, non-surgical pharmacological interventions have displayed limited
efficacy and unpleasant side effects'®?. Hence, a better understanding of the
molecular mechanisms linking adipose tissue development, function and
expansion is indispensable in order to find and develop novel and valid therapeutic
strategies?’.

1.2 Adipose tissue

Adipose tissue in human is located in many regions of the body. Moreover, two
major types of adipose tissue, with opposing functions in energy balance, are
established: white and brown adipose tissue.

Brown adipose depots White adipose depots
\Y Subcutaneous
. [ N\ — .
Cervica \_\\ N Cranial
e W_L\S — Facial

Other sites

Paravertebral-{—

Retro-orbital

=\ —Periarticular regions
| Bone marrow
Intramuscular

T~ Pericardial

Interscapular Intra-abdominal

Omental
Retroperitoneal
Visceral

Abdominal
Gluteal

Figure 3. In humans, depots of white and brown adipose tissue are found in areas all over
the body,8 with subcutaneous and intra-abdominal depots representing the main compartments for
fat storage. Brown adipose tissue is abundant at birth and still present in adulthood but to a lesser

extent.



1.2.1 Function and mechanism

White adipose tissue (WAT)

The smallest-sized molecules having the greatest energy content are fatty acids,
and the cells specializing in their accumulation are white adipocytes?. Classic
white fat is known for providing insulation, mechanical support and storage of
surplus fuels?®. White adipocytes are highly specialized cells that store large
amounts of triglycerides during periods of energy excess. The lipid store of WAT in
human is capable to provide energy in form of triglycerides (TG) for several days,
while liver's glycogen store (short-term-energy-buffer) is depleted in several hours.
When energy uptake by nutrition is higher than energy expenditure, white
adipocytes are able to mediate uptake of food-derived free fatty acids (FFA) from
the bloodstream by key lipogenic enzymes (lipoprotein lipase (LPL), FA
transporters and FA binding proteins). FFA are reesterified and stored in form of
neutral TG. In addition to FFA uptake, glucose can be imported via glucose
transporters (GLUT4), transformed to acetyl-CoA (via glycolysis and pyruvate
dehydrogenase) and subsequently used for de novo FA synthesis (via fatty acid
synthase (FASN)). In case of scarce food, a protein cascade (lipases) breaks
down TG into glycerol and FFA, to be released into the blood.

Glucose

Chylomicron-TG Glycerol
VLDL-TG FFA‘ (for gluconeogenesis
. In Liver)
-~ 8 Glucose R
LPL 8 . cAMP N 4
v aF2 :’rl\ AQP7
FFA P
1 <----Acetyl COA  Gucerpl3-p b PKA /[
ACS A

L
| " e
Triglyceride _ 5//‘

Pool \'

acyl-CoA™ == == =—

FFA
(for p-oxidation In
muscle & Liver)

Figure 4. Lipid metabolism in adipoc tes.? Adipocytes are equipped with the biochemical
9 y

machinery to function effectively as the body's fuel store. To do this, it must mediate lipogenesis



[conversion of FFA to triglycerides (TG) for storage] and lipolysis (breakdown of triglycerides to
FFA and glycerol). It is also sensitive to changing nutritional cues. For example, it is insulin-
sensitive [insulin stimulates glucose uptake and lipogenesis and inhibits lipolysis] and subject to
adrenergic regulation [stimulates lipolysis and adaptive thermogenesis (brown adipose tissue)]. AC,
adenylate cyclase; ACS, acyl-CoA synthase; AKT, AKR mouse thymoma viral proto-oncogene; AR,
adrenergic receptor; HSL, hormone sensitive lipase; IR, insulin receptor; PI3K, phosphatidylinositol

3-kinase; PKA, protein kinase A.

Brown adipose tissue (BAT)

Brown adipose tissue in human adults is present to a low extent and abundant at
birth. It plays an important role in all ages for energy storage and body heating.
Brown adipocytes store less lipids and have more mitochondria than white
adipocytes. Almost all genes expressed in white adipocytes are expressed in
brown adipocytes, but they also express some distinct genes, including uncoupling
protein-1 (Ucp1)21. Both types of adipocytes are involved in energy metabolism,
although with reverse effects. Brown adipocytes are known for energy dissipation
by thermogenesis in case of cold or abundance of energy (free fatty acids). Ucp1
is the functional core-element of thermogenesis and therefore the hallmark of
brown adipocytes.?* Thermogenesis is guided by the sympathetic nervous

25,26,27

system and release of Norepinephrine onto beta adrenergic receptors to

initiate degradation of triglycerides from lipid droplets?®230"

32,33,34

, leading into free

fatty acids, activating Ucp1 for thermogenesis

Ucp1 is a member of the mitochondrial carrier protein family uncoupling the
respiratory chain by increasing the permeability of the inner mitochondrial
membrane®. Protons that have been pumped out to the intermembrane space,
usually serving ATP synthase for energy production, are now able to shorten the
respiratory chain by channeling through Ucp? into the mitochondrial matrix*®%’.
Electron pumping complexes of the mitochondria are functionally unaffected but
continuous loaded performing fast substrate oxidation (but at low rate of ATP
production), hence an increased fraction of the food and the oxygen available in
the blood is taken up by the tissue and combusted therein, collectively leading to
an increased heat production.*® Recent studies may distinguish brown adipocytes

in origin (brown vs. brite) or represent an intermediate state of brown adipogenesis



(see views of transdifferentiation, chapter 1.2.3), where function is obviously

related to brown by the presence of Ucp7 protein®.

Food and/or energy stores Cold

Activation

MITOCHONDRION

Figure 5. Regulation of the activity and recruitment of brown adipose tissue.* In the resting
state, the protonophoric activity of Ucp7 in the inner mitochondrial membrane is inhibited by
cytosolic purine nucleotides, notably ATP. When brown adipose tissue is activated from centers in
the brain affected by environmental temperature or acute food intake (or body energy stores),
norepinephrine (NE) is released from the sympathetic nerves innervating the tissue. In the mature
brown adipocytes, this leads to hydrolysis of the triglycerides stored in the lipid droplets, and the
released fatty acids (FFA) in some way activate Ucp1, overcoming the inhibition. Due to the
uncoupling activity of Ucp1, the combustion of different substrates may now proceed: fatty acids
released from triglycerides (fat droplets) in the tissue are initially the main source, but successively
the main substrates for heat production are delivered from the circulation. NE induces release of
lipoprotein lipase (LPL) that degrades chylomicrons and VLDL in the circulation, and the released
fatty acids are combusted, and there is also stimulated glucose uptake into the cells (making active
brown adipose tissue visible in fluorodeoxyglucose PET scanning). The combustion of all these
substrates demands high oxygen uptake, and the blood leaving the tissue is heated but extremely
oxygen depleted. During chronic stimulation, NE also stimulates the progenitor cells in the tissue to
proliferate and the brown preadipocytes to differentiate (a process that can also be stimulated by
Ppary ligands). NE has also an antiapoptotic effect on the cells. Thus, chronic stimulation will

increase the total capacity of the tissue, a process referred to as recruitment.



In general the functional activity of brown adipose tissue in any given physiological
condition is determined by two factors:

1. The acute effects of norepinephrine, resulting in stimulation of thermogenesis,
through utilization of different degrees of the maximal capacity (“activity state”)

2. The total thermogenic capacity found at that particular time in the tissue

(“recruitment state”)*

0%
Ao
%(\ 06 6 fully
W X5$\) activated
W e\
N 2@5‘?0
O activity
state

inactive

atrophied recruited

A e—

recruitment state

Figure 6. Activity state and recruitment state.*’ Thermogenesis (here illustrated as gray scale
intensity) in brown adipose tissue at a given moment (here illustrated by X) is determined by the
degree of activation at that moment (y-axis) and can alter within seconds, but the capacity for
thermogenesis is determined by the degree of recruitment of the tissue (x-axis) and needs days or
weeks to be significantly altered. The degree of activity is determined by the acute rate of
sympathetic stimulation (norepinephrine release) in the tissue, and the recruitment state is mainly

determined by the chronic level of sympathetic stimulation.

The capacity is determined in its turn by the total number of brown adipocytes in
the tissue plus the degree of differentiation of the tissue, including the
mitochondrial density and amount of Ucp7®® (also see Stages in adipocyte
differentiation, chapter 1.2.4 1.2.4 below).

1.2.2 Morphology

From a original sight adipocytes are divided in three groups (also see Original view
of transdifferentiation of WAT and BAT, chapter 1.2.3), while morphologically it is a

"It is composed of two main

multi-depot organ called the "adipose organ
subcutaneous depots (anterior and posterior) and several visceral depots and all

depots are composed of two cytotypes such as white and brown adipocytes*?, with



the possibility of physiologically reversible transdifferentiation®. Morphologically,
brite (brown in white) adipocytes are suggested to correspond to a intermediate
state?” but are probably not distinguishable by cytotype. At least brown, brite and
white adipocytes have a lot in common morphologically with varying degrees of
severity. Although the ability to contain triglycerides is uncommon in mammalian

cells, adipocytes share it with hepatocytes and striated muscle cells®.

Figure 7. Mouse adipose organ (A)zz. Anterior subcutaneous depot, interscapular area. Light
microscopy of a section where the transition between brown (BAT) and white adipose tissue (WAT)
is visible. Note the different cytoplasmic lipid accumulation: mostly unilocular in WAT and
multilocular in BAT. Only BAT is intensely stained by Ucp1 antibodies (immunohistochemistry ABC
method, primary antibody: anti-sheep Ucp? dilution 1:4000, Bar = 25 pym. Scanning electron

microscope image of brown (B) and white (C) adipocytes‘"’.

White adipose tissue (WAT)

A crucial feature of WAT subserving accumulation, storage and rapid release of
fatty acids is its capacity to expand. Indeed, adipocytes can grow in volume by 6—7
times. From the morphological standpoint, more than 90% of the white fat cell
volume is made up of a single, spherical, lipid vacuole separated from the rest of
the cytoplasm by a non-membranous electron-dense barrier containing
functionally important proteins such as perilipin*. The thin cytoplasm contains the
nucleus, characteristically squeezed by the large lipid vacuole, a usually under-
developed Golgi apparatus, rough endoplasmic reticulum made up of short,
isolated cisternae, rare lysosomes, and thin, elongated mitochondria with short,

randomly arranged cristae. Numerous pinocytotic vesicles are found at the level of
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the outer cytoplasmic membrane, where a distinct basal membrane is also
present.”? Several of these features can also be seen during the development of
adipocyte precursors, or preadipocytes**®. The least differentiated preadipocyte
stage seems to be the one where the cell is integrated into the wall of WAT
capillaries*” and even there small adipocytes (measuring 5-10 microns in
diameter, roughly one-tenth of the adult diameter) are easily distinguished from
any other poorly differentiated cell element by its early displayed morphological
features and a high nucleus—cytoplasm ratio since the basal membrane®. A white
adipocyte undergoing intense lipolysis acquires a distinctive morphology, with cell
projections characterized by the presence of several microvilli-like structures that
can be seen since the early phase of lipolysis, when the lipid vacuole is still quite
large*'. Cells in a more advanced stage of delipidization may exhibit numerous
projections, and the lipid vacuole progressively shrinks. Smooth endoplasmic
reticulum becomes abundant and is characteristically arranged around the lipid

vacuoles*'.

Figure 8. Rat adipose organ: epididymal depot.22 Electron microscopy of the peripheral part of a
white adipocyte. Elongated mitochondria with randomly oriented cristae are visible (arrows). N =
nucleus; RER = rough endoplasmic reticulum; large L = main lipid droplet; small L = peripheral lipid
droplet; BM = basal membrane. Bar = 0.7 ym.
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Brown adipose tissue (BAT)

Long before the discovery of BAT's role, the name adipocyte has been given to
this cell type because it contains large amounts of lipids but in contrast to WAT,
triglycerides usually serve as an essential substrate for the fundamental function of
brown adipocyteszz. In fact the purpose of these cells is to perform thermogenesis
(see Function and mechanism of BAT, chapter 1.2.1).

Morphologically, brown adipocytes differ from white fat cells essentially in their
multilocular cytoplasmic lipids and the numerous special mitochondria. These
have a spherical or ovoid shape and are rich in laminar cristae, which contain a
protein, Ucp1, subserving their thermogenic activity*®*°. Exposure to temperatures
below thermoneutrality activates BAT directly, through adrenergic fibers that
stimulate thermogenesis via neuro-adipose junctions. Noradrenaline acts via 33
receptors®’. B3 agonists have similar pharmacological effects as cold exposure®'.
The numerous mitochondria and rich vascularity of the tissue are the main
reasons for the brown color of BAT, setting it apart from WAT even on gross
inspection. The other organelles of brown adipocytes have similar characteristics
as those of white adipocytes, including a distinct basal membrane on the outer
side of the plasma membrane. The spherical central nucleus of brown adipocytes
is not usually squeezed by the lipid vacuoles in the cytoplasm. Mature brown
adipocytes are approximately half the size of white adipocytes. Their nucleus and
size therefore denote a lower degree of elasticity and expansibility compared with
white fat cells. However, both cell types are characterized by a fairly variable
morphology depending on functional status*'*2. Brown preadipocytes of classic
interscapular BAT are characterized by a structural marker that is almost not found
in white preadipocytes, i.e. large mitochondria whose morphology foreshadows
that of mature cell mitochondria (pretypical mitochondria)53. Other characteristics
are the presence of glycogen granules and the basal membrane. Therefore, these
cells are not only clearly distinguishable morphologically from the other cell types
in the adipose tissue, but they are also easily discerned from white preadipocytes
based on their characteristic pretypical mitochondria.



Figure 9. Transmission electron microscopic appearance of BAT.** Brown adipocytes with the
cytoplasm filled with large mitochondria (some indicated as “m”) and small lipid droplets (L). A

parenchymal nerve can be seen among the adipocytes. N, nucleus; Cap, capillary.

1.2.3 Transdifferentiation between WAT and BAT

The adipose organ already offers one example of physiological and reversible
transdifferentiation beside the transdifferentiation of WAT and BAT, namely the
female mammary gland. White-to-brown transdifferentiation is of medical interest,
because the brown phenotype of the adipose organ is associated to obesity
resistance, and drugs inducing this phenotype curb murine obesity and related
disorders.?

Transdifferentiation as a process is not completely investigated. Morphologists
distinguish by function (thermogenic activity) leading to 2 types of adipocytes
(brown and white) and suggest further distinction in development, thereby adding
an intermediate state of paucilocular lipid droplets (see also figure in chapter
Morphological view of Transdifferentiation between WAT and BAT, chapter 1.2.3),
probably corresponding to brite or brown adipocytes. Other studies looked at

adipocytes by origin, suggesting 3 types of adipocytes (white, brite, brown)>*°>°¢:%7
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corresponding to marker genes (see also figure in chapter Original view of
Transdifferentiation between WAT and BAT, chapter 1.2.3).

Morphological view

In all mammals including humans, most white and brown adipocytes are found
together in visceral and subcutaneous depots (adipose organ) despite, or probably
because, their reverse function in energy metabolism. Indeed, they share the
same progenitor niche and starting point for white and brown adipogenesis in
vivo®. A growing body of evidence suggests that the reason for such anatomical
arrangement is their plasticity, which under appropriate stimulation allows direct
conversion of one cell type into the other according to requirements.
© Classic white mitochondria

@ Intermediate mitochondria
© Classic brown mitochondria

O Lipid droplet
White adipocyte

PL UCP1+ brown adipocyte Classic UCP1+ brown adipocyte

Figure 10. Stages of white to brown transdifferentiation.”® Schematic showing the transitional
steps of transdifferentiation from white into brown adipocytes. Adipocytes were identified as
unilocular (UL; containing a single large vacuole), paucilocular (PL; exhibiting a large vacuole
surrounded by at least 5 small lipid droplets), or multilocular (ML; containing more than 5 small

homogenous lipid droplets).
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Whether transdifferentiation describes direct transformation®® of a differentiated
cell into another mature cell with different morphological and functional
characteristics in physiological conditions or via an additional step of de-
differentiation® is unclear.

Anyway, thermogenically active cells are characterized by numerous, small lipid
vacuoles and plentiful spherical mitochondria rich in laminar cristae containing
abundant Ucp1. The closer the temperature to thermoneutrality, the larger and
less numerous the lipid vacuoles; at the same time mitochondria shrink and cristae
numbers decrease in parallel with the decreased synthesis of Ucp7 and its
immunoreactivity*"*®. The morphology of the under-stimulated brown adipocyte is
therefore more akin to that of the white adipocyte. Additionally, quantitative studies
have shown that the BAT increase seen in cold-exposed animals corresponds to a
reduction in WAT that is unrelated to apoptosis.??

In animals treated with B3 agonists, 80%—-95% of newly formed brown adipocytes
do not display proliferation markers and present all the morphological stages of

white-to-brown transition®®-®’

, Which would be a supplement of brite adipocytes
idea from morphologists view.

BAT is activated through adrenergic fibers that stimulate thermogenesis, obviously
related to the activity of the sympathetic nervous system. The number of such
fibers in the adipose organ is proportional to the overall amount of brown
adipocytes and hence increases upon cold exposure together, suggesting a role of
the sympathetic nervous system playing a role in the phenotypic differentiation of
preadipocytes and transdifferentiation of mature adipocyte. Whereby, data suggest
that development of new brown adipocytes from preadipocytes appears to be a
minor phenomenon®®.

Immunohistochemically, only in the morphological condition after
transdifferentiation from brown to white, the once brown adipocyte is
immunoreactive for protein S-100%?, a protein used to detect white adipocytes®.
Conversely, leptin cannot be detected in brown adipocytes of cold-exposed

63,64,65

animals, but after transdifferentiation to white , implying a unidirectional

transdifferentiation.*’



15

Figure 11. Gross anatomy of mouse adipose organ (adult female Sv129 mice)zz. Middle:
mouse kept at warm temperature (28°C for 10 days). Right: mouse kept at cold temperature (6°C
for 10 days). Note the different colour of the organ, due to the increase of brown adipose tissue and
decrease of white adipose tissue contained in the organ. The organ is made up of two
subcutaneous depots (A and F): anterior (A) (composed of: deep cervical, superficial cervical,
interscapular, subscapular, axillothoracic) and posterior (F) (composed of: dorsolumbar, inguinal,
gluteal); and of several visceral depots: mediastinal (B), mesenteric (C), retroperitoneal (D), and
abdominopelvic (composed of: perirenal, periovarian, parametrial, perivesical) (E); Bar = 1 cm.

Original view

Brown adipocytes express almost all the genes that are expressed in white
adipocytes?'. Because of their shared ability to accumulate lipids, brown and white
adipocytes have classically been considered to be closely related cell types.
Interestingly, brown adipocytes and muscle cells share a common origin and in
this respect are distinct from white adipocytes. Additionally to classical brown and
white adipocytes, brite (brown in white) adipocytes were observed and

charcterized®®.%*



16

mesenchymal
stem cell

Engrailed

”adipomyocyte”
and myocyte
commeon precursor

white adipocyte and
” brite” adipocyte
€ommon precursor

Hoxc9

PRDM16
Hoxc9 Hoxc9 miR-206 miR-206
Tef21 UCP1 UCP1
white adipocyte brite” adipocyte ”adipomyocyte” - myocyte

classical brown adipocyte

55,56,67

Figure 12. Subtypes of adipocytes and their origins.54 Based on literature , (at least) three

types of adipocytes should be distinguished: the classical brown adipocytes (the “adipomyocytes”),
the “brite” adipocytes (i.e. the brown-adipocyte- like adipocytes induced in white adipocyte
cultures), and the genuine white adipocytes. The “adipomyocytes” share their origin with myocytes,

while “brite” and white adipocytes have a different origin.

In 2006, Atit and colleagues® observed that cells deriving from the central
dermomyotome, molecularly defined as cells that at some time in their
development had expressed the homeobox transcription factor Engrailed 1 (En1),
developed into three types of tissue: dermis, muscle and brown adipose tissue
(WAT was not developed at that time), thus implying a close developmental
relationship between brown adipocytes and myocytes. Additionally, in 2007 cell

cultures of precursors from BAT - but not cultures of WAT precursors - initially
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demonstrated a remarkable expression of genes that had always been considered
to be muscle specific; thus these brown adipocytes expressed a myogenic
signature that was not shared by the white adipocytes, clearly indicating different
origins of WAT and BAT®®. Also muscle specific microRNAs (myomirs) were
expressed and maintained in brown adipocytes but not in white adipocytes®®.
Further it was demonstrated that cells expressing the myogenic transcription factor
Myf5 during development could develop into muscle or BAT, but never into WAT®’.
At least, a clear distinction between brown adipocyte and myocyte could be done
by expression of PRDM1667:%%7°.

However, a not insignificant expression of the "brown-fat specific" uncoupling
protein-1 (Ucp7) can be found in vivo depots considered to be WAT, in response

to chronic B-adrenergic stimulation®’"""26".73

74,75,76,77,78,

or in response to chronic Ppary-
agonist stimulation _In situ, the adipocyte is exposed to distinctive but
different external agents (neuronal transmitter substances, hormones, cytokines,
etc.) giving rise to the idea that there is a second origin of brown like adipocyte,
finally proven by primary cultures of white- and brown-fat precursor cells. Primary
cultures of the most “pure” white-fat depot, those obtained from epididymal
WAT'?# treated with the potent Ppary ligand rosiglitazone, promoted Ucp? gene
expression®®. A subset of white adipocytes was initiated to express a broad but
nonetheless incomplete array of classical brown-adipocyte marker genes, able to
perform norepinephrine-induced thermogenesis. Obviously, brite (brown in white)
adipocytes distinguish molecularly and developmentally from classical brown

adipocytes but demonstrating thermogenesis.>

1.2.4 Stages in adipocyte differentiation

The least differentiated preadipocyte stage seems to be the one where the cell is
integrated into the wall of adipose capillaries. Tang et al.*” demonstrated that the
majority of adipocytes descend from a pool of proliferating progenitors that are
already committed, either prenatally or early in postnatal life. These progenitors
reside in the mural cell compartment of the adipose vasculature®® and show
specific molecular markers®'. Thus, the adipose vasculature appears to function as
a progenitor niche and starting point for white and brown adipogenesis in vivo.??

Generally assuming a unidirectional process of a less specialized cell becoming
committed, several stages, from the earliest steps of cellular differentiation in
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mesodermal germ layer of stem cells to mature adipocytes, are passed. During
adipocyte differentiation, acquisition of the adipocyte phenotype is characterized
by chronological changes in the expression of numerous genes, primarily taking
place at the transcriptional level®. Viewed in a simple way, genes contributing to
adipogenesis are activated and inhibitory genes to adipogenesis or simply
unnecessary for adipose cell function are repressed, involving a highly regulated
and coordinated cascade of transcription factors®® and microRNAs®*. Several cell
lines in human and murine adipogenesis are established to study adipocyte
differentiation®”.

Overview of stages

There are two major phases of adipogenesis?":

1. Determination involves the commitment of the pluripotent stem cell to a
preadipocyte. Although morphologically there is no difference, the cell has lost its
potential to differentiate into other cell types after this phase.

2. During differentiation the preadipocyte acquires the machinery to become a
mature adipocyte. Lipid transport and synthesis, insulin sensitivity and secretion of
adipocyte specific proteins has to be ensured during early changes of gene

expressions, late events and terminal differentiation.



19

Cell Type

Molecular Events

Characteristics

?
Pluripotential / Stem Cell
Twist
Scleraxis
Other ?
Multipotential ‘/Mesenchymal Precursor
O Chondroblast
O Osteoblast
© Myoblast
Pref-1
. » ‘r ECM Alterations
Determined Preadipocyte
O Growth Arrest '
o Post-confluent Mitoses ! and
© Clonal Expansion : C/EBPB
) Early
Committed Y ‘r PPARy Cytoskeletal
! Remodeling
: e C/EBPa
[ ] .
Adipocyte
i ? Gehes’
v Late Lipogenic
Terminal Differentiation Enzymes
FA Binding
Proteins
Secreted
Factors
Other

Mature Adipocyte

Figure 13. Overview of stages in adipocyte differentiation®. Our current understanding of
adipocyte differentiation indicates that a pluripotent stem cell precursor gives rise to a
mesenchymal precursor cell with the potential to differentiate along mesodermal lineages of
myoblast, chondroblast, osteoblast, and adipocyte. As discussed in text, given appropriate
environmental and gene expression cues, preadipocytes undergo clonal expansion and
subsequent terminal differentiation. Selected molecular events accompanying this process are
indicated to right, with their approximate duration reflected by the solid line. Ppary, peroxisome
proliferator activated receptor-y; C/ebp, CCAAT/enhancer binding protein; pref-1, preadipocyte

factor- 1; ECM, extracellular matrix; FA, fatty acid.

Although both phases are crucial, molecular regulation of terminal differentiation is
more extensively characterized than commitment because most studies have used

cell lines that have a restricted potential to differentiate into other cell types.
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One major characteristic of preadipose cell lines, as well as primary preadipocytes
during differentiation, is growth arrest, termed "day zero". Interestingly not cell
confluence or cell-cell contact per se appears to be required® but mainly two
transcription factors acting cooperatively (C/ebpa and Ppary described in detail in
chapter 1.2.6 Transcriptional control). Induction cocktails containing Insulin,
dexamethasone and 1-methyl-3-isobutylxanthine (IBMX) at day zero are used to
shift cells to the next step of commitment: one or two post confluent population
doublings, to amplify the population of committed cells (clones)®®. Although some
of the checkpoint proteins for mitosis also regulate aspects of adipogenesis?',
mitotic clonal expansion is not performed by all cell lines (e.g. primary
preadipocytes derived from human adipose tissue) and its must for differentiation
is controversal®”. Although it is helpful to schematize the stages of adipocyte
differentiation into a hierarchy of molecular events, an accurate chronology of the
earliest steps in adipocyte differentiation has not been elucidated. Growth
arrest and clonal expansion are accompanied by complex changes in the pattern
of gene expression that can differ with the cell culture models and the specific
differentiation protocols employed.®? Expression of lipoprotein lipase (LPL) mRNA
has often been cited as an early sign of adipocyte differentiation®®%99°" | P is
secreted by mature adipocytes and plays a central role in controlling lipid
accumulation®*®®. However, LPL expression occurs spontaneously at confluence
and is independent of the addition of agents required for adipocyte
differentiation®"*°. During adipocyte differentiation cells convert from a fibroblastic
to a spherical shape (not associated with lipid accumulation), beside a switch of

collagen gene expression®?’

, it is likely that these morphological changes also
influence the expression of two families of transcription factors, C/ebp and Ppar,
increasing their expression levels since this event and remaining high during
lifetime (see Transcriptional control)

Another transcription factor induced very early during adipocyte differentiation is
sterol regulatory element binding protein-1c (Srebp-1c)/adipocyte determination
and differentiation factor 1 (ADD1), a bHLH-leucine zipper protein that is involved
in cholesterol metabolism®.

Late events during terminal differentiation of adipocytes are accompanied by
increased de novo lipogenesis and acquired sensitivity to insulin. The activity,

protein, and mRNA levels for enzymes involved in triacylglycerol metabolism
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increase 10- to 100-fold®*'%%"1%" Glucose transporters'®?, insulin receptor number,
and insulin sensitivity increase. During adipocyte differentiation, there is a loss of
B1-adrenergic receptors and an increase in the B2- and the B3-subtypes; this
results in an increase in total adrenergic receptor number'%3104105106 = Ag
mentioned in early steps in adipocyte differentiation, Ppary and C/ebpa remain at
high levels all time as increasing and activating several genes during terminal
differentiation (see also chapter "Transcriptional Control")

Finally, experiments with BALB/c 3T3 mesenchymal stem cells indicate that cells
that have progressed beyond a specific stage in the differentiation process are
committed to subsequent terminal differentiation and can neither dedifferentiate
nor reenter mitosis'®"'%®. However, recent evidence indicates that the precise
stage beyond which adipocytes can be considered terminally differentiated is not
clearly defined and at least partially differentiated human preadipocytes are still

capable of cell division as assessed histologically and by flow cytometry'®.

As described above (events of terminal differentiation), B-adrenergic receptors in
general increase during differentiation, where stimulation of BAT affects
proliferation and differentiation (e.g. quantity of Ucp71 protein and mitochondria)40

resulting in brown adipogenesis as shown in the figure below.
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Figure 14. The composite effects of chronic adrenergic stimulation in brown adipose
tissue.*® In a cell culture system (A), the effects of a recruitment modifier (here norepinephrine)
can be dissected into effects on, e.g., cell proliferation (left) and differentiation (right) and
distinguished from “spontaneous” cell differentiation. However, in the tissue (B), the starting
material is a composite of cells in different degrees of development, and it also includes different
cell types, e.g., endothelial cells, in addition to the brown precursors, preadipocytes, and
adipocytes. The small black dots in the hatched mitochondrial structures symbolize Ucp1.
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1.2.5 Cell models

To assess mechanisms of cell function in general and, more specifically, molecular
mechanisms of disease, cell lines are of pivotal significance and considered an

integral part of biomedical research.'

In endocrine research, attention has
recently focused on fat cell metabolism and function, as adipose tissue appears to
be of crucial importance for the development of different components of the insulin
resistance syndrome.”""""? To date, a variety of different adipocyte cell lines are in
common use. Four main approaches have been employed to generate these lines:
1) cloning cells susceptible to adipogenic conversion by serial passage of
embryonic fibroblasts, 2) treating embryonic fibroblasts with a DNA methylation
inhibitor, 3) isolation of precursor cells from bone marrow, and 4) isolation and
subcloning of adipogenic cells from various tumors including those from transgenic
mice carrying simian virus 40 (SV40) transforming genes. A similar fifth way of cell
immortalization by direct infection of proliferating primary cells with the SV40 large
T antigen is part of an advanced technique to create novel adipocyte cell lines

from different mouse models."°

@ 3T3-L1, 3T3-F442A

Disaggragate mouse embryo \ Immartalization by
and culture fibroblasts serial passage of cells and selection of clones susceptible to adipogenic conversion

QE Q Qﬁ @ iBAC
L

|solate preadipocytes from one

REWDIM aramed Imrnortalrzatlun by Infection of cultured cells with Sv40 transforming genes
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preadipocytes aying cell differentiated biochemical indicates
and other adipocyte immortalization passage
precursor cells step of cells

oy o

F|gure 15 Schematic illustration of immortalization methods for the generation of adipose

cell lines'"®
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3T3-L1 and 3T3-F442A, cell models for white adipogenesis

3T3-L1 and 3T3-F442A cells have derived from fibroblasts isolated from
disaggregated Swiss mouse embryos, immortalized by continuous passaging and
subcloned according to their differentiation capacity''®''*, while 3T3-F442 cells
have a higher susceptibility to adipose conversion. These cell lines can be
differentiated over a period of 10 to 15 days. Clonal expansion was validated as a

prerequisite for differentiation (at least for 3T3-L1 cells)'"®

and many of the key
players in mitotic clonal expansion and the adipocyte terminal differentiation
program have been extensively characterized by utilization of both preadipocyte

cell lines®®:116.117.21

. Adipose conversion of 3T3-L1 and 3T3-F442 cells is also
reviewed in detail by Max Lafontan® but remains typical as described in chapter
"Morphology". Although these cell lines are aneuploid®, triglyceride storage, a
good responsiveness to lipogenic and lipolytic factors as well as increase in the
basal rate of oxygen consumption were observed''®. 3T3-L1 and 3T3-F442A cells
are considered to be valid models for white adipose tissue although, when fully
differentiated, they do not display unilocular intracellular fat stores but multilocular

fat droplets typical of brown fat cells'*°.

Immortalized brown adipocyte cell lines (iBAC)

Fibrostromal fraction of interscapular brown fat from newborn or late fetal mouse is
used for cell isolation. This tissue can easily be localized at this developmental
stage exhibiting its maximum growth''®. Immortalization is performed during first
proliferation in culture with the retroviral vector pBabe encoding the SV 40 T
antigen, probably resulting in a closer approach to in vivo than cloning cells from
mice by serial selection, a process of immortalization whose biology is poorly
understood, extending over several months. Differentiation procedure is similar to
the standard differentiation of 3T3-L1 cells and full differentiation is reached after
8-10 days.""® Mature iBACs develop high Ucp? mRNA levels (approximately 70%
of in vivo) and are sensitive upon [(3-adrenergic stimulation (induction of mRNA and

protein)'’®. Insulin stimulation of the major signaling components is

119,120,121,122

provide and results in a robust and diverse metabolic response'®

providing a valid cell model for brown adipogenesis.
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1.2.6 Transcriptional Control

Brown adipogenesis is in many cases similar to white adipogenesis, both requiring
the key actors peroxisome proliferator-activated receptor y (Ppary) and CCAAT-
enhancer-binding proteins (C/ebps), although there are different necessities and
sufficiencies for C/ebps in each tissue.?' Detailed review of molecular regulation of

white versus brown adipogenesis can be found in the literature®
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Figure 16. A complex transcriptional cascade regulates adipogenesis.21 Peroxisome
proliferator-activated receptor y (Ppary) lies at the core of the transcriptional cascade that regulates
adipogenesis. The expression of Ppary is regulated by several pro-adipogenic (green) and anti-
adipogenic (orange) factors. Ppary itself is activated by an as-yet-uncharacterized ligand. CCAAT-
enhancer-binding protein a (C/ebpa) is regulated through a series of inhibitory protein—protein
interactions. Some transcription-factor families have several members that participate in
adipogenesis, such as the Kruppel-like factors (KLFs). Black lines indicate effects on gene

expression, whereas blue lines represent effects on protein activity.

Ppar y and ligands

Peroxisome proliferator- activated receptor y (Ppary), the "master regulator" of
adipogenesis, is a member of the nuclear-receptor superfamily, and is both
necessary and sufficient for adipogenesis''”'2412°
formation of both WAT and BAT in vivo'?17:128129 T7Dg (thiazolidinediones) are

ligands for Ppary, and powerfully promote white and brown adipogenesis in
130,131 131,132,133

Ppary is required for the

vitro . Moreover, they increase expression of Ucp7 in cultured brown
and partially in white (brite)**"**'%* adipocytes. TZD as well as non TZD Ppary
ligands can induce Ucp? expression in BAT'*13.77 BAT hyperplasia’®''*® as well

as the appearance of brown adipocytes and Ucp?7 expression in WAT
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depots’” >3 Strikingly, TZD treatment induces mitochondrial biogenesis in white
adipocytes in vitro and in vivo and results in mitochondrial remodeling to a cristae-
rich morphology'*”'38. This effect is possibly due to the ability of TZDs to induce
expression of PGC-1a in white and brown adipocytes in vitro and in vivo’”"139.140,
Beside PGC-1a a number of SPPARMSs (selective Ppary modulators) have been

developed recent|y141,142,143,144_

C/EBP family

C/ebps, a family of transcription factors interacting with CCAAT motifs (CCAAT-
enhancer-binding proteins), containing a basic transcriptional activation domain
and adjoining leucine zipper domains for dimerization. The different members of
C/ebp family can form homo- and hetero-dimers. Members of this family were the
first transcription factors demonstrated to play a major role in adipocyte

differentiation® also interacting very close® with Ppary, the indispensable’?®

major
transcription factor in adipogenesis.

C/ebpa and Ppary are involved in growth arrest after clonal expansion of
preadipocytes, necessary for adipocyte differentiation™®. Crebpa itself is
autoregulated'*® and acts in a "feed-forward" fashion® (also see Figure 16) with
Ppary, inducing each other and promoting downstream gene expression
cooperatively (e.g. adipocyte fatty acid binding protein aP2 (Fabp4)'*’). Low levels
of these two transcription factors during clonal expansion of preadipocytes may be
sufficient to mediate growth arrest®, increasing dramatically during adipocyte

differentiation and remain high for the whole life of the mature adipocyte®.



27

C/EBPB

C/EBP3

C/EBPu

PPARS

PPARYy

exponential —sconfluence —»clonal - growth —# acquire adipocyte phenotype
growth expansion arrest

Figure 17. Expression of C/EBP and Ppar family members during differentiation of 3T3-L1

116

preadipocytes. ~ The magnitude of expression is indicated by the intensity of the horizontal band

corresponding to each transcription factor.

C/ebpa is highly expressed in adipose tissue'*®, slightly before the expression of
adipocyte specific genes **1°%""® |n some instances, constitutive expression of
C/ebpa is sufficient to induce differentiation of 3T3-L1 cells in the absence of
hormonal agents, and expression of antisense C/ebpa mRNA in 3T3-L1

preadipocytes prevents differentiation’"1%2

. Moreover, C/ebpa can efficiently
promote adipogenesis in a variety of mouse fibroblastic cells, including those that
have little or no spontaneous capacity to develop into adipocytes'®>. Inhibition of
C/ebpa in 3T3-L1 cells impairs adipocyte differentiation’'. A global knockout of
Clebpa in vivo resulted in perinatal lethality in mice'*. Mutation of C/ebp binding
site in several adipocyte genes abolishes transactivation''%%1%7.147  Together,
these findings provide evidence that C/ebpa is both, required and sufficient to
induce adipocyte differentiation.

C/ebpa plays an important role in differentiation since final growth arrest, its
protein is not detectable in undifferentiated preadipocytes158 and not responsible
for converting preadipocytes into adipocytes'*®. Two other isoforms C/ebpB and
C/ebpd seem to be involved in earlier stages of adipocyte differentiation. C/ebp
and C/ebpd are expressed at high levels in actively dividing preadipocytes®!, and
upon achieving first growth arrest at confluence, expression of both decreases.
Interestingly, expression levels of these two C/ebp isoforms increase a second

time, after induction of differentiation by treating confluent preadipocytes with
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induction cocktail®', subsequently entering post confluent mitosis leading to
second (final) growth arrest (mediated by C/ebpa). Particularly, levels of C/ebpf
are influenced by IBMX (also termed MIX) and C/ebpd by Dexamethason'®®, two
components of standard differentiation cocktail. The temporal expression indicates
a cascade whereby early induction of C/ebpB and d leads to induction of C/Ebpo?’,
but also Ppary by heterodimerization'®, additionally confirmed by C/ebpB- and
C/ebpd deficient MEFs which do not express C/ebpa and Ppary?'.

Interactions and temporally changing levels of C/EBPs during proliferation and
determination of adipocytes reveals involvement in commitment. Indeed, ablation
of C/ebpa blocks development of most white adipose tissue'* and conversely
mice lacking either C/ebpB or & have normal WAT, although their BAT shows
reductions in lipid accumulation and Ucp? expression'. ClebpB is a
transcriptional regulator of Ucp1'®! (also suggested for C/ebpd'®’), responsive to
B-adrenergic stimulation'®® (also true for C/ebpd'®') and plays a major role in
development of BAT'®. Actually overexpression of C/ebpf is able to reprogram
white 3T3-L1 cells, expressing brown marker genes'®.
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1.3 MicroRNAs

MicroRNAs (miRNAs) comprise a large family of ~21 nucleotide long RNAs that
have emerged as key post-transcriptional regulators of gene expression in
metazoans and plants, and have revolutionized our comprehension of the post-

1951% " In mammals, miRNAs are

transcriptional regulation of gene expression
predicted to control the activity of ~50% of all protein-coding genes. Functional
studies indicate that miRNAs participate in the regulation of almost every cellular
process investigated so far and that changes in their expression are associated

with many human pathologies."®’

1.3.1 Biogenesis

miRNAs are processed from precursor molecules (pri-miRNAs), which are either
transcribed by RNA polymerase |l from independent genes or represent introns of
protein-coding genes. The pri-miRNAs fold into hairpins, which act as substrates
for two members of the RNase Il family of enzymes, Drosha and Dicer. The
product of Drosha cleavage, an ~70-nucleotide pre-miRNA, is exported to the
cytoplasm where Dicer processes it to an ~20-bp miRNA/miRNA* duplex. One
strand of this duplex, representing a mature miRNA, is then incorporated into the
miRNA-induced silencing complex (miRISC). As part of miRISC, miRNAs basepair
to target MRNAs and induce their translational repression or deadenylation and
degradation. Argonaute (AGO) proteins, which directly interact with miRNAs, and
glycine-tryptophan protein of 182 kDa (GW182) proteins, which act as downstream
effectors in the repression, are key factors in the assembly and function of
miRISCs. In their role in miRNA maturation both Drosha and Dicer are assisted by
a number of cofactors or accessory proteins, with some playing an important

regulatory function.'®’
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Figure 18. MicroRNA biogenesis.167 MicroRNAs (miRNAs) are processed from RNA polymerase

II (RNAPII)-specific transcripts of independent genes or from introns of protein-coding genes166’168.
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Primary precursor (pri-miRNA) processing occurs in two steps, catalyzed by two members of the
RNase Il family of enzymes, Drosha and Dicer, operating in complexes with dsRNA-binding
proteins (dsRBPs), for example DGCRS8 and transactivation-responsive (TAR) RNA-binding protein
(TRBP) in mammals. In the first nuclear step, the Drosha—DGCR8 complex processes pri-miRNA
into an ~70-nucleotide precursor hairpin (pre-miRNA), which is exported to the cytoplasm. Some
pre-miRNAs are produced from very short introns (mirtrons) as a result of splicing and
debranching, thereby bypassing the Drosha— DGCRS8 step. In either case, cleavage by Dicer,
assisted by TRBP,inthecytoplasmyieldsan ~20-bp miRNA/miRNA* duplex. In mammals, argonaute
2 (AGO2), which has robust RNaseH-like endonuclease activity, can support Dicer processing by
cleaving the 3' arm of some pre-miRNAs, thus forming an additional processing intermediate called

169

AGO2-cleaved precursor miRNA (ac-pre-miRNA) ™. Processing of pre-miR-451 also requires

cleavage by AGOZ2, but is independent of Dicer and the 3' end is generated by exonucleolytic

170,171

trimming . Following processing, one strand of the miRNA/miRNA* duplex (the guide strand) is

preferentially incorporated into an miRNA-induced silencing complex (miRISC), whereas the other
strand (passenger or miRNA*) is released and degraded Generally, the retained strand is the one
that has the less stably base-paired 5' end in the miRNA/miRNA* duplex. miRNA* strands are not
always by-products of miRNA biogenesis and can also be loaded into miRISC to function as

miRNAS172'173’174’175.

1.3.2 Mode of action

Post-transcriptional regulation by miRNAs is done either by directing target
transcript cleavage or by translational inhibition'®'"” (see Figure 19a). 21643
mature miRNA products, in 168 species have now been identified in the microRNA
database'’®, implying that miRNAs mediate a vast network of unappreciated
regulatory interactions in species. However, the in vivo functions and biologically
relevant target genes are thus far known only for a few miRNAs.

Target recognition

It was reported that putative targets of most plant miRNAs were found simply by
searching for highly complementary sequences in mRNA coding sequences or
untranslated regions'”®. Highly complementary miRNA-binding sites mediate
biologically relevant negative regulation and limited G:U pairing, bulged
nucleotides, and/or mismatches between miRNA and target are tolerated.® It is
now believed that most plant miRNA targets, or at least those with extensive
complementarity to miRNAs, have been identified'®''82.

Animal miRNAs do not generally exhibit extensive complementarity to endogenous

transcripts (see Figure 19b) and it is much more challenging to find target genes.
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Loss-of-function phenotypes showed that miRNA candidates obviously regulate
the timing of developmental transitions, and genetic interactions although this
implicates a coherent set of genes as regulatory targets. A study in flies'®® was the
first “informatic” determination of animal miRNA targets and made two vital
observations. First, it was invariably the &' end of the miRNA that is
complementary to the 3' UTR regulatory motif, with a stretch of more than seven
nucleotides of contiguous pairing in each case (see Figure 19b). Second, base-
pairing within this region is canonical, with no G:U base-pairs seen. The
importance of the 5' miRNA end for target recognition was further suggested by
the finding that, in many cases, miRNAs could be grouped according to their
homologous 5' ends.'®°

(a)
miRNA Target
\ / Target cleavage 5
L [TRTITIT
Extensive Limited
complementarity complementarity
(plants) Translational inhibition (animals)
(b) ___RISC/MIRNP
, A
STT S’ S TS , o ,
5/ 3/ 5/ 3/ 5 —————————————————
5’ pairing strong 5’ pairing broken 5’ pairing weak
3’ pairing weak 3’ pairing strong 3’ pairing strong
(c) /
S —_—_ _N_
L [ TV I T T T
One 'near-perfect' site Multiple 'modest' sites
for one miRNA for one miRNA
—_— / I o W
L [
One 'strong' site Multiple 'modest' sites
for one miRNA for different miRNAs

180

Figure 19. Complementarity of miRNAs and their targets. = (a) Two classes of miRNA-binding

site. Some miRNA-binding sites have extensive, near-perfect complementarity to miRNAs (left),
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whereas other miRNA-binding sites display only limited pairing to a miRNA (right). In many cases,
the former leads to target cleavage while the latter causes translational inhibition (black arrows),
although converse examples have also been described (gray arrows). Plant miRNAs commonly
show extensive pairing to targets, whereas this is exceedingly uncommon for animal miRNAs. (b)
Strong canonical base-pairing to the 5' end of a miRNA (nucleotides 2-8) is important for regulation
of sites with limited complementarity. This is presumably due to specific recognition of the 5' end of
the miRNA-target duplex by components of the RISC/miRNP complex (oval). It should be noted
that RISC/miRNP may have physical contact along the entire miRNA:target duplex. An
approximately seven-nucleotide duplex with the 5' end of a miRNA may in fact be sufficient for
target recognition (left). Imperfect 5' pairing renders most sites nonfunctional, although in some
cases, site functionality is ‘rescued’ by sufficiently extensive 3' pairing (middle). Sites that lack
strong 5' pairing are nonfunctional, regardless of the degree of 3' pairing (right). (c) Examples of
different configurations of miRNA-binding sites. Individual sites need to be considered within the
milieu of other miRNA-binding sites present on a given transcript. Single sites can suffice for target
cleavage (upper left) or strong translational inhibition (lower left), but these are typically ‘near-
perfect’ or ‘strong’ sites that present extended complementarity to the miRNA. Multiple ‘modest’
sites that maintain 5' pairing to the miRNA can act synergistically and together confer strong
regulation (upper right). Some transcripts contain multiple binding sites for different miRNAs

(designated in different shades), which might also function synergistically (lower right).

Gene silencing

To perform their regulatory functions miRNAs assemble together with argonaute
family proteins into miRNA-induced silencing complexes (miRISCs). Within these
complexes, miRNAs guide Argonaute proteins to fully or partially complementary
mRNA targets, which are then silenced posttranscriptionally'.

Despite remarkable progress in our understanding of miRNA biogenesis and
function, the mechanisms used by miRNAs to regulate gene expression remain
under debate. Published studies indicate that miRNAs repress protein expression
in four distinct ways: (1) cotranslational protein degradation; (2) inhibition of
translation elongation; (3) premature termination of translation (ribosome drop-off);

and (4) inhibition of translation initiation (see Figure 20).'%
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A Inhibition of translation elongation B Co-translational protein degradation

elF4G

PABPC1

Proteolysis RISC

C Competition for the cap structure D Inhibition of ribosomal subunit joining

eIF4E

T
( eIF4C‘

PABPC1

E Inhibition of mRNA circularization
through deadenylation

RISC Deadenylation

Figure 20. Mechanisms of miRNA-Mediated Gene Silencing'®

. (A) Postinitiation mechanisms.
MicroRNAs (miRNAs; red) repress translation of target mRNAs by blocking translation elongation
or by promoting premature dissociation of ribosomes (ribosome drop-off). (B) Cotranslational
protein degradation. This model proposes that translation is not inhibited, but rather the nascent
polypeptide chain is degraded cotranslationally. The putative protease is unknown.

(C-E) Initiation mechanisms. MicroRNAs interfere with a very early step of translation, prior to
elongation. (C) Argonaute proteins compete with elF4E for binding to the cap structure (cyan dot).
(D) Argonaute proteins recruit elF6, which prevents the large ribosomal subunit from joining the
small subunit. (E) Argonaute proteins prevent the formation of the closed loop mRNA configuration
by an ill-defined mechanism that includes deadenylation.

(F) MicroRNA-mediated mRNA decay. MicroRNAs trigger deadenylation and subsequent
decapping of the mRNA target. Proteins required for this process are shown including components
of the major deadenylase complex (CAF1, CCR4, and the NOT complex), the decapping enzyme
DCP2, and several decapping activators (dark blue circles). (Note that mRNA decay could be an

independent mechanism of silencing, or a consequence of translational repression, irrespective of
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whether repression occurs at the initiation or postinitiation levels of translation.) RISC is shown as a
minimal complex including an Argonaute protein (yellow) and GW182 (green). The mRNA is
represented in a closed loop configuration achieved through interactions between the cytoplasmic
poly(A) binding protein (PABPC1; bound to the 3' poly(A) tail) and elF4G (bound to the
cytoplasmic cap-binding protein elF4E).

Literature reveals many mechanisms and it is hard to reconcile the different
reported modes of miRNA regulation of gene expression. Perhaps these different
modes reflect different interpretations and experimental approaches. Another
possibility is that miRNAs do indeed silence gene expression via multiple
mechanisms. Finally, miRNAs might silence gene expression by a common and
unique mechanism; and the multiple modes of action represent secondary effects

of this primary event.'®®

1.3.3 Target Prediction

The common initial step for target prediction algorithms is to assess and rank-
order target 3' UTR complementarity to a miRNA by either duplex free energy
and/or number of paired nucleotides, typically with some requirement or reward
given to pairing to the 5' portion of the miRNA. The output of independent analyses
of common datasets varies significantly, as the various algorithms perform and
evaluate RNA foldings in different ways, make different allowances for bulges and
loops in the duplexes, and promote 5' pairing to different extents. Simple
‘matching’ of miRNAs to mRNAs in a single genome is ineffectual, since individual,
genuine animal miRNA regulatory sites do not display a statistically significant
amount of complementarity’®®. Confidence in a given target increases if it is
conserved between species. Another strategy is to concern oneself primarily with
targets that contain multiple sites, which can be factored in as a cumulative score
for a given 3' UTR."®°

Several computational prediction tools for miRNA-target interactions exist, e.g.
miRBase Targets, miRanda, PicTar, PITA and TargetScan. Considering that
miRNAs are able to act in concert, capable of molecular pathway modulation'®’,
DIANA-mirPath is a useful tool. This software performs an enrichment analysis of
multiple miRNA target genes comparing each set of miRNA targets to all known
KEGG pathways.'®®
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1.3.4 MicroRNAs in obesity

miRNAs appear to play regulatory roles in many biological processes associated
with obesity, including adipocyte differentiation, insulin action and fat metabolism.
Recent studies show miRNAs are dysregulated in obese adipose tissue. During
adipogenesis miRNAs can accelerate or inhibit adipocyte differentiation and hence
regulate fat cell development. In addition miRNAs may regulate adipogenic lineage
commitment in multipotent stem cells and hence govern fat cell numbers. The
potential of miRNA based therapeutics targeting obesity is reviewed in literature®
as well as recommendations for future research which could lead to a

breakthrough in the treatment of obesity.

miRNAs and adipocyte differentiation

To date studies have profiled miRNA expression during adipogenic differentiation
predominantly in the mouse 3T3-L1 cell-line'819%191.192193 'yt 31s0 in human
multipotent adipose-derived stem cells'®*'9"% Studies have used miRNA arrays
in combination with validation by Northern blot or RT-gPCR, but with no universally
accepted miRNA array platform there is little agreement between studies on
candidate miRNAs'®”. Some miRNAs appear to be negative regulators of
adipocyte differentiation while some miRNAs are capable of accelerating

adipocyte differentiation’®"?°.

miRNAs and multipotent mesenchymal stem cells during
adipogenesis

Studies in mouse and human in the last years have reported miRNA expression is
altered during adipogenic lineage commitment of multipotent mesenchymal stem
cells (MSC)'90.198199.200.201,202,203.204.1% - psitive modulation of adipogenic lineage
commitment in the multipotent MSC population could contribute to adipocyte

hyperplasia in obesity. However to date the contribution of multipotent MSCs to
increased adipose tissue mass in obesity is largely unknown.

miRNAs in brown adipogenesis

All studies to date agree that the absence of brown adipose tissue is correlated

with obesity?®. Recent findings suggest brown adipocytes to be derived from
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distinct precursors (also see original view of transdifferentiation), although these
findings are discussed. miR-455 which is expressed at low levels in white
preadipocytes and white mature adipocytes is reported to be upregulated during
brown pre-adipocyte differentiation®. In addition, miR-1, miR-133a and miR-206

which are highly expressed in skeletal muscle®®

are reported to be absent from
white adipocytes but are expressed in brown pre-adipocytes and mature
adipocytes®. Recently miR-193b-365 (a brown fat enriched microRNA cluster)
was reported to be essential for brown fat differentiation®®’, where miR-26a
induces brown adipogenesis in hMADS cells (human multipotent adipose-derived
stem cells) leading to a brite phenotype'®°.

Further studies in miRNAs, differentially regulated in brown, white and brite
adipocytes and upon [(-adrenergic stimulation could identify useful therapeutic
targets to treat obesity. Understanding brown adipogenesis and miRNAs
interaction, energy expenditure could be increased by enhanced recruitment and

further activation of brown and brite adipocytes.
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2 Materials and Methods

2.1 Materials

2.1.1 Standard laboratory equipment

product name

company / product number

PIPETMAN Neo P2N

PIPETMAN Neo P10N

PIPETMAN Neo P20N

PIPETMAN Neo P100N

PIPETMAN Neo P200

PIPETMAN Neo P1000

PIPETBOY acu

0.2mL PCR Tubes

1.5mL Microcentrifuge Tubes

2mL Microcentrifuge Tubes

1.5mL Safe-Lock Tubes

15mL PP Centrifuge Tubes

50mL PP Centrifuge Tubes

10 pLPipette Tips

100 uLPipette Tips

1000 uLPipette Tips

10 pLFilter Tips

100 pLFilter Tips

4050

1mL SafeSeal-Tips

CELL STARR Serological Pipette,5mL
CELL STARR Serological Pipette,10mL
CELL STARR Serological Pipette,25mL
Pasteur Pipettes without swab L=150mm

Gilson / F144561

Gilson / F144562

Gilson / F144563

Gilson / F144564

Gilson / F123601

Gilson / F123602

VWR /612-0928

Biozym / 710980
Sarstedt / 72.690.001
Biozym / 710190
Eppendorf / 0030 123.328
Corning / 430791

Greiner Bio-One / 227261
Biozym / 720031

Greiner Bio-One / 685290
Corning / 4868

Biozym / 693010
Biopointescientific / 342-

Biozym / 691000

Greiner Bio-One / 606107
Greiner Bio-One / 607180
Greiner Bio-One / 760107
ROTH/4518.1

Pasteur Pipettes without swab L=230mm ROTH/4522
2.1.2 Instruments

product name company
Microcentrifuge 5415R Eppendorf
CR 4 22 Centrifuge Jouan

6K16 High Volume Refrigerated Centrifuge Sigma

MS1 Minishaker IKA Works
MR2001K Magnetic Stirrer & Hotplate Heidolph
Explorer Analytical Balance OHAUS
DNA120 SpeedVac R ThermoSavant
Thermomixer Compact Eppendorf
Water Bath GFL
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Transsonic 420

CO2-Incubator CB210

Safeflow 1.2

0T340 Hotplate

CKX41 Inverted Light Microscope
C-4040Z00M Digital Camera
NanoDrop ND-1000

PTC-225 PCR Cycler

ABI PRISM 7000 Sequence Detection System
Mini Orbital Shaker SSM1

Tecan HS 400 Hybridization Station
GenePix 4000B Scanner

Arpege40 liquid N2 tank

Elma

Binder

BIOAIR

medite

Olympus
Olympus

Thermo Scientific
MS Research
Applied Biosystems
Stuart

Tecan

Axon Instruments

Air Liquide

2.1.3 Microarrays

product name

company / product number

MiRCURYTM LNA microRNA Array ready-to
spot probe set

Nexterion HiSens E slides

DEPC-treated H20

mMiRCURY LNATM microRNA Hy3/Hy5 Power
Labeling Kit

miRCURY LNATM microRNA Hy3/Hy5 Hi-Power

Labeling Kit

Bovine Serum Albumin

Sodium Citrate Tribasic Dihydrate
NaCl

Sodium Dodecyl Sulfate

miRCURY LNATM Array, 2x Hybridisation Buffer

Exiqon / 208010-A
Schott / 1125813
Roth / T143.3

Exiqon/ 208032

Exiqon/ 208035
PAA / K45-001
Sigma / C7254
Roth / 3957.2
Sigma / 4360.2

Exiqon / 208020

2.1.4 Analysis of triglyceride accumulation

product name

company / product number

Formaledhyde Solution 36.5%
Phosphate Buffered Saline (PBS)
Oil Red O ICN

2-Propanol

Aqua Bidestillata Sterilis (ddH20)
0698961/01A

Triglycerides Kit

Glyerol 298%

Sigma / F8775
Invitrogen / 10010015
Biomedicals / 1155984
Roth / 7343.1
Fresenius Kabi /

Thermo Scientific / TR22203

Roth / 7530.1

2.1.5 RNA isolation

product name

company / product number

TRIzol Reagent
Chloroform 299%

Invitrogen / 15596018
Sigma / C2432
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2-propanol
Ethanol absolute
DEPC-treated H20

Roth / 7343.1
AustrAlco / UN1770

Roth / T143.3

2.1.6 Cell culture

product name

company / product number

Phosphate Buffered Saline (PBS)
Dulbecco’s Modified Eagle Medium
(DMEM) 19/l Glucose

Dulbecco’s Modified Eagle Medium
(DMEM) 4.5 g/l Glucose

Fetal Bovine Serum Pan
L-Glutamine (200mm)

HEPES Buffer Solution (1M)
Trypsin, 0.5% (10x) with EDTA
Normocin

Penicillin-Streptomycin
3-Isobutyl-1-methylxanthine (IBMX
3,3',5-Triiodo-L-thyronine sodium salt (T3)
Dexamethasone

Trypan Blue Solution — 0.4%
Insulin solution human

Rosiglitazone

Hemocytometer

Cell culture 6-well Multiwell Plates
Cell culture 12-well Multiwell Plates
Dimethylsulfoxide (DMSO)

2mL Cryotubes

Nuclease-free H20

Aqua Bidestillata Sterilis (ddH20)
0698961/01A

HiPerFect Transfection Reagent
miRIDIAN Mimic hsa-miR-26a

0005

miRIDIAN Mimic Negative Control #1
01-20

anti-hsa-miR-26a antisense oligonucleotide

non-targeting control antisense oligonucleotide

0.22 pym Syringe Filters
20mL Sterile Syringes

Invitrogen / 10010015
Lonza / BE12-707F

Invitrogen / 41966029
Biotech / P30-3300
Invitrogen / 25030024
Invitrogen / 15630-122
Invitrogen / 15400054
Invivogen / ant-nr-2
Invitrogen / 15140122
Sigma [-7018

Sigma T-6397

Sigma D-4902

Sigma / T8154
Sigma 1-9278

Beecham Laboratory

Research, Contact at GSK: Jo
Forsythe  Dole, PhD/
(BRL49653)

Neubauer / T728.1
Greiner Bio-One / 657160
Greiner Bio-One / 665180
Sigma / 472301

Lactan / E3091

Exigon / 203400-02
Fresenius Kabi /

QIAGEN / 301707
Dharmacon / C-300499-05-

Dharmacon / CN-001000-

Exigon / 138463- 00
Exigon / EQ 866923
Biochrom / P99722

Lactan / RC539.1

2.1.7 quantitative real-time RT-PCR

product name

company / product number
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RQ RNase-Free DNase
100mm dNTP Set

Promega / M6101
Invitrogen / 10297018
Random Hexamer Primers Invitrogen / 48190011
Oligo dT(12-18) Primers Invitrogen / 18418012
RNase OUTTM Recombinant Ribonuclease Inhibitor Invitrogen / 10777019
SuperScript || Reverse Transcriptase Kit Invitrogen / 18064014
Aqua Bidestillata Sterilis (ddH20) Fresenius Kabi /
0698961/01A

Platinum SYBR Green gPCR
SuperMix-UDG w/ROX

1 kb Plus DNA Ladder

100 bp DNA Ladder

6x DNA Loading Dye

Invitrogen / 11744500
Invitrogen / 11744500
Invitrogen / 10787-018
Invitrogen / 15628-019
Fermentas / R0O611

PCR SingleCap 8-SoftStrips 0.2 ml Biozym / 710980

hsa-miR-26a, LNATM PCR Primer Set Exigon / 204724

5S rRNA (hsa, mmu) PCR Primer Set, UniRT Exigon / 203906

Universal cDNA Synthesis Kit Exiqon / 203300

SYBR Green Master Mix, Universal RT Exigon / 203400

ROX Reference Dye, 1mm Roche / 04673549001

MicroAmp Optical 96-Well Reaction Plates Applied Biosystems / N801-

0560
MicroAmp Optical Adhesive Film Applied Biosystems /
4311971

Primer

gene / RefSeq ID forward primer reverse primer amplicon
(5>3) (5>3) (bp)

FABP4 / NM_001442 TGTGCAGAAATGGGATGGAAA CAACGTCCCTTGGCTTATGCT 132

FASN / NM_004104 TGAACTCCTTGGCGGAAGAGA GTAGGACCCCGTGGAATGTCA 153

GLUT4 /NM_001042 CGTCGGGCTTCCAACAGATA CACCGCAGAGAACACAGCAA 92

PGC1a/NM_013261 ACAACACTTACAAGCCAAACCA GCCTGCAGTTCCAGAGAGTT 136

PPARy / NM_138712 AGCCTCATGAAGAGCCTTCCA TCCGGAAGAAACCCTTGCA 120

RB1/NM_000321 TGGACTTCCAGAGGTTGAAAAT CGTGGTGTTCTCTGTGTTTCA 147

RIP140 / NM_003489 TTGGAGACAGACGAACACTGA TCTACGCAAGGAGGAGGAGA 143

S6K1/NM_003161 CCATATGAACTTGGCATGGA TTTCCATAGCCCCCTTTACC 131

UCP1/NM_021833 GTGTGCCCAACTGTGCAATG CCAGGATCCAAGTCGCAAGA 95

mRb1/ NM_009029
mRip140 / NM_173440
mS6K1 / NM_028259
mUcp1 / NM_009463

TGAGAGACCGACATTTGGACCAGA

TCAGGCTGAGGCAGACGATAC

TGGACCATGGGGGAGTTGGACC

TGAACCCGACAACTTCCGAA

AACACGTTTAAAGGTCTCCTGGGC

CCTCGCAACTTCCTTAGCACA

AGCCCCCTTTACCAAGTACCCGA

GGCCTTCACCTTGGATCTGAA

143
125
144
138

2.1.8 Software and web tools

ABI Prism 7000, Version 1.1, Applied Biosystems

QPCR 1.0
ArrayNorm 1.7.6b
Genesis 1.7.6
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2.2 Methods

2.2.1 Cell culture

Cultivation and passaging of cells

For experiments 3T3-L1, 3T3-F442A and BAT-cells were used. Proliferation
medium (PM) was adapted to each cell line (see Table 3) and stored at 4 °C. Cells
were proliferated in T75 cell culture flasks and incubated at 37 °C in humidified
atmosphere with 5% COZ2. At cell densities between 50-80% cells were split,
considering the regarded maximum of passages for valid experiments.

For passaging old medium was aspired, cells were washed with PBS and
incubated with trypsin. After 3-5 minutes, controlling detachment via microscope,
trypsin was inactivated by adding at least 5 ml PM. Obtained cell suspension was
split and completed with PM to a final volume of 10 ml for each T75 flask. Finally
each flask was pivoted to reach a good distribution of proliferating cells.

All procedures outside the incubator were kept as short as possible, cells were
temporarily storedat at a hotplate and reagents were preheated in a waterbath
(37°C).
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Table 3. Overview of cell models and treatment during cultivation

Used Proliferation- Split ratio Seeding Days to Induction- Maintenance-
Passages medium during density confluence medium medium
(PM) proliferation since
seeding
3T3-L1 | P22-P24 high glucose, 1:2-1:10 20.000 c/w 2-3 PM and PM and
10 % FBS or 1 T75 for
(07F0483K), 50 wells (12- 0,5mM IBMX  +/- 2ug/ml
5ml L-Glut, well plate) insulin
5ml P/Strp,
1ml Normo, +/- TmM dex
10 mM Hepes
Buffer +/- 2ug/ml
insulin
+/- +/-
rosiglitazone rosiglitazone
(1uM) (1uM)
3T3- P18-P24 s. 3T3-L1 PM 1:5-1:30 70.000 c/w 2 PM and PM and
F442A or 1 T75 for
18 wells (12- - -
well plate) rosiglitazone rosiglitazone
(100nM) (100nM)
iBAC P3,P9-P13  3T3-L1 PM 1:10-1:16 20.000 c/w 4 PM and PM and
but 20 mM or 1 T75 for 1nM T3 1nM T3
Hepes Buffer 72 wells (12- 500 nM dex
well plate) 0.5 mM IBMX
125 uM
indomethacin
dex ... dexamethasone

IBMX ...1-methyl-3-isobutylxanthine

Normo ... normocin

P/Strp ... penicillin/streptomycin
FBS ... fetal bovine serum
L-Glut ... L-glutamin

Determination of cell concentration and viability

50 pl of cell suspension and 10 pl Trypan Blue were mixed by pipetting and
transferred to the interspace of a hemocytometer. The concentration was
determined by counting n unstained cells in f determined fields, indicating a certain

volume V with n viable cells.

c= *12000  [cells/ml]

~ |3

n...viable cells in f fields (each 1 mm?)
f...counted fields
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12000 is a scaling factor including the geometry of the interspace to calculate the
volume, the dilution factor due to mixing with Trypan Blue (6:5) and the
conversion of units (1000 mm3 =1 cm3 = 1 ml).

Transfection and adipocyte differentiation

Cells were seeded in 12-well plates with PM to reach confluence in about 2-4 days
(depending on cell line, see Table 3). At confluence cells were transfected and at
least 24h later the adipogenic differentiation program was started by adding the
induction cocktail to medium (Induction Medium). Medium was regularly changed
every other day or earlier due to an obvious drop in pH. For details see figures of
experimental setups in iBACs (Figure 21), 3T3-L1 (Figure 22) or 3T3-F442A
(Figure 23) cells.

Transient Transfection of cells was performed using HiPerFect Transfection
Reagent according to manufacturer's instruction. At confluence medium was
changed and 1h later the transfection mixture was added dropwise while swaying
the plate. The medium was not changed for at least 1 day.

For the transfection mixture stock solutions of oligonucleotides (20 yM) were
thawed on ice and diluted with nuclease-free H20 to 2 yM working solutions.
Working solutions were mixed with DMEM and HiPerFect by vortexing and
incubated at room temperature for 10 min.. For the transfection procedure pipettes

with filter tips were used and RNase-away was used to clean all working materials.

seed 70.000 c/w
P3,P9-13 (12 wells)

| | 1 | | | |
I T T T T T 1
day: -4 -1 0 2 4 6 7
DMEM high glucose
FBS 10%
Insulin [20 nM] 1ml 1ml iml 4ml 4ml 4ml
HEPES Buffer [20 mM]
pen/strep
) L RNA isolation
OE/SIL: * hadrenergic CcDNA (superScript Il RT)
miR-26a = stimulation: =
. [25nM] * lsoprot. [10 uM] gRT-PCR
+ cocktails: : 24,260 : T
- me | e :
Dex [500 nM] \nx3
IBMX [0.5 mM] v
Indomethacin [125 pM]
NTC=1

2 sided, paired,
1 sample t-test

(HO: no difference in samples)

Figure 21. Experimental setups in iBACs
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seed 20.000 c/w
(12 wells)
l 100%
—
day: -3 -2
DMEM high glucose A
FBS 10%
L-Glut [4mM]
Insulin [2pg/ml)
HEPES Buffer [10 mM]
Pen/Strep/Normo

+/- Rosiglitazon [1 pM]

+ cocktails: R — :

ml 2ml 2ml

s

R-adrenergic stimulation: Norepinephrine. [1 uM]

: 8days, 40h

Figure 22. Experimental Setups in 3T3-L1 cells

seed 20.000 c/w
(12 wells)
l 100%
I |
f r
day: -3 -2
DMEM high glucose A
FBS 10%
L-Glut [4mM]
Insulin [10 nM]
HEPES Buffer [10 mM]

Pen/Strep/Normo

+/- Rosiglitazon [100 nM]

+ cocktails:

1ml 2ml

Figure 23.Experimental setup in 3T3-F442A cells
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2.2.2 Molecular biology and biochemistry

Oil Red O staining

Medium was aspirated from all wells (12-well plate) and cells were washed
immediately with 1 mL PBS per well, fixed in 3.6% formaldehyde (in PBS) for 15
min., again washed with PBS and stained by incubation with Oil Red O (30 min.).
The Oil Red O working solution was prepared by diluting 0,5 g Oil Red O (Sigma)
in 100 mL isopropanol (diluted with water (3:2) and filtrated). 1 mL Oil Red O
solution per well was added. After incubation fixed cells were washed with PBS
and prevented from drying with either water or 50% glycerol solution.

RNA isolation
RNA-isolation was performed according to SOP MET023_03 (adjusted to used

materials).

Briefly medium was aspirated, cells were washed with PBS and 0,4 ml Trizol was
added per well of a 12-well plate. Trizol-samples were stored at -80 °C.

For RNA-isolation frozen samples were thawed at room temperature for about 30
minutes. Meanwhile, the centrifuge was cooled to 4°C and the air hood was
cleaned with RNase away.

80 pl Chloroform was added to the samples, the mixture was shaken vigorously
and incubated for 3 minutes at room temperature. Samples were centrifuged (17
min., 4°C, 12000*g) splitting the conglomerate into phases.

The aqueous phase was pipetted into fresh 1,5 ml Safe-Lock tubes and 200 pl 2-
propanol. After vortexing and incubating samples were centrifuged (20 min., 4°C)
resulting in pellets at the bottom of the tubes. After removing the supernatant 400
pl ethanol was added to wash the RNA-pellet by centrifugation (8 min., 4°C,
7600*g). Again there should be a pellet, depending on the amount of RNA, at the
bottom of the tube. After removing the ethanol-supernatant the RNA was air dried
until only the borders of the pellet became invisible. By adding 20-60 ml of DEPC-
treated H20 (depending on pellet size), pipetting and incubating at 55 °C for 10
min, RNA-strands were well distributed. Purity (260/280 ratio at 1.8 - 2.0) and
concentration (300 ng/pl < ¢ < 1000 ng/ul) were determined by spectrophotometry
using NanoDrop ND1000. Isolated and measured samples were stored at -80 °C.
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For validation RNA was once checked on an Agilent Bioanalyzer 2100 according

to manual.

MicroRNA expression profiling

Microarrays were generated by an in-hose established microarray production
platform and kindly provided by Dr. Marcel Scheideler. EXIQON Labeling kits (see
Materials) were used according to manufacturer's recommendations, hybridization
was performed on a Tecan HS400 hybridization station according to SOP
METO030_01.

Prearrangements

Hybridization station chambers were controlled and cleaned with compressed air.
Seals were stored in ddH20 for 24 h to soak, or changed if fragile. Nitrogen bottle
for hybridization station was checked for filling level and pressure was adjusted to
2.85 bar. Buffers were prepared, ultrasonicated and preheated if necessary (s.
Table in SOP METO030_01). Labeling kit components (except enzymes) were
thawed, Cy3/5 additionally light protected. RNA samples were thawed on ice and
aliquoted to 1 pg total RNA per condition (2 conditions per chamber) plus 1ug for
dye swaps.

Labeling

Labeling was arranged in two steps: First, removal of &' phosphates from the
terminal of the miRNAs for cleavage on spotted probe. Second, enzymatically
labeling of a single fluorophor per RNA-molecule for detection.

Step one: Mastermix | (0,5 uyl CIP Buffer/sample, 0,5 ul CIP enzyme/sample, 1 pl
nuclease-free H20) was prepared, added to each sample and all samples were
incubated in 2 steps (30 min. at 37 °C, 5 min. at 95 °C), followed by snap cooling
(2-15 min. on ice).

Step two: 1,5 pl of Cy3- or Cy5-fluorescent dye and mastermix Il (3 pl labeling
buffer/sample, 2 yl DMSO/sample, 1 pl labeling enzyme/sample) were added to
each sample and incubated in two steps (2 h at 16 °C, 15 min. at 65 °C). Labeled
RNA-samples were spinned down and ready for hybridization (max. stored for 1,5
h at 4 °C).

Hybridization

Hybridization was started with rinsing the system with ddH20 and connecting the
degassed buffers to the right channels, followed by the "Prime" routine. miRNA
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microarray slides were placed into the provided chambers and the hybridization
protocol was started.

Preprocessing

After hybridization miRNA microarray chips were scanned with a GenePix 4000B
microarray scanner, images were analyzed and preprocessed with GenePix Pro
4.1 software. Data was normalized with ArrayNorm and displayed in heat maps

using Genesis software.

Quantitative real-time RT-PCR

For quantification of mMRNA levels, RNA samples were thawed on ice, DNase
digested and cDNA synthesis was performed. RNASE-Free DNase Kit and
Superscript || Reverse Transcriptase Kit were used according to manufacturer's
recommendations.

RNA samples were diluted to equal levels of 0,1-1 ug total RNA in 6.2 yl DNase
free H20. For DNase digestion mastermix | (0.8 pl 10x reaction buffer/sample, 1yl
DNase enzyme/sample) was added and incubated at 30 °C for 30 min., followed
by adding 1 yul DNase Stop solution.

For cDNA synthesis mastermix Il (1 pl dNTP mix(10mM)/sample, 1 pl Oligo(dT)12-
18 primers (500 ng/ul)/sample, 1 pyl random hexamer primers (250 ng/ul)/per
sample) was added and incubated at 65 °C for 5 min. Subsequently mastermix I
(4 ul 5x FS buffer/sample, 2 yl 0.1 M DTT/sample, 1 yl Rnase OUT/sample) was
added and incubated (42 °C, 2 min), followed by adding 1 upl Superscript |
Reverse Transcriptase. 3 steps of incubation were performed (10 min at 25 °C, 50
min at 42 °C, 15 min at 70 °C) and cDNA samples were ready to be stored at -20
or quantitative real-time reverse transcriptase PCR (qQRT-PCR).

For qRT-PCR, cDNA stocks were diluted to 1 ng/pl (8 ng/pl for weak mRNA-levels)
final RNA concentration. Forward and reverse primers were combined to 800 nM
primer mix working solutions. Technical triplicates were performed by pipetting 4,5
Ml primer mix working solution, 4,5 pyl cDNA working solution and 9 ul of SYBR
Green gqPCR Super Mix-UDG w/ROX into Optical 96-well Reaction Plates.
Amplification and measurement was done with an ABlI PRISM 7000 Sequence
Detection System using the following program: 2 min at 50 °C, 10 min at 95 °C, 40
cycles of 2 min at 60 °C and 15 s at 95 °C; followed by a dissociation protocol (60-
95 °C)
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Quantification of miRNA-26a was performed by using miRCURY LNA Universal
RT microRNA PCR system according to manufacturer's recommendations. For
determination of precise amounts of total RNA, samples were diluted to about 50
ng/ul, measured by spectrophotometry using NanoDrop ND1000 and diluted in
DEPC-H20 to 20 ng/pul to a final volume of 14 pl. After adding the RT-mastermix (4
Ml 5x reaction buffer/sample and 2 yl Enzyme Mix/sample) all samples were
incubated in 2 steps (42 °C at 60 min, 95 °C at 5 min) using the PTC-225 PCR
cycler. RT results were diluted 1:80 in a solution of 381 nM ROX reference dye
and nuclease free H20. 1.8 pul of prepared primer mastermixes (forward and
reverse primers in 220 yl DEPC-H20) for miRNA-26a or 5S-rRNNA plus 9 ul
SYBR Green Master Mix and 7.2 pl of diluted cDNA sample (ROX and nuclease
free H20) were used for each qRT-PCR reaction pipetted in an Optical 96-well
Reaction Plate. Setup for qRT-PCR run at the ABI PRISM 7000 Sequence
Detection System was identical as for the conventional SYBR Green method
described above.

All gqRT-PCR raw data was stored and analyzed using the QPCR application with
Analyzer Miner Cq and efficiency calculation algorithms

2.2.3 Statistical analysis

Cell culture of one experiment was performed with non-targeting control (NTC) and
target (e.g. miR-26a) in different wells (equally processed) of one plate with cells
from the same passage. RNA isolation and cDNA synthesis of target and NTC
were performed in concert. Three technical replicates of target and NTC (cDNA)
were used for one quantitative real-time RT-PCR run, results represent means of
valid technical replicates with error bars denoting standard errors of the mean
(SEM).

Two experiments where cells differ at least in one passage denote two biological
replicates. Two sided paired one sample Students t-tests (referenced to NTC)
were performed to disproof HO (HO: no difference in samples), when 3 biological
replicates were available. Results of t-tests represent means of quantitative real-
time RT-PCR results with error bars denoting SEM. HO was rejected when

calculated p-values were below 0.05 and marked with a star.
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3 Results

3.1 Murine cell model characterization in brown
adipogenesis

To test miR-26a effects in murine brown adipogenesis and upon beta-adrenergic
stimulation a prior quantification had to be done. As there is a large variety of
murine cell models, and miR-26a has effect in transdifferentiation'®, two cell lines
have been characterized in the context of brown adipocyte differentiation. One cell
line is the classical white adipocyte model system, 3T3-L1, while the other is a cell
line isolated from brown adipose tissue of newborn mice, called iBAC''’. The
expression of uncoupling protein 1 (Ucp?) is one of the most prevalent
characteristics of brown adipocytes''®. As Ucp1 is known to be the key functional
element of brown adipogenesis, it serves as marker gene for brown

adipogenesis?®®.

3.1.1 iBACs as appropriate cell model for murine brown
adipogenesis

iBACs are cells isolated from brown adipose tissue of newborn mice, kindly
provided by Patrick Seale. They were proliferated and immortalized by infection
with the simian virus 40 (SV40) large T antigen. iBACs'"® are known to express all
subtypes of adrenergic receptors and have potency to enhance Ucp? levels. In
order to confirm that iBACs differentiate into brown and not white adipocytes, the
Ucp1 mRNA levels during 11 days of adipocyte differentiation were determined
using an adipogenic cocktail including insulin, dex, IBMX, T3 and indomethacin.

Indeed, Ucp7 mRNA levels were dramatically induced in iBACs during adipogenic
differentiation, with an almost 1000-fold increase between day 0 and day 7 (Figure
24). Maximum Ucp1 mRNA levels with a 1250-fold increase were reached at day

10 compared to day 0 as reference time point.
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Figure 24. Ucp1 mRNA levels during adipogenesis of iBACs. iBACs were seeded in 12-well
plates (20.000 cells/well), induction cocktail (final solution: 1 nM T3, 500 nM dex, 0.5 mM IBMX,
125 pM Indomethacin) was added to 1 ml medium (10% FBS, 20nM insulin, 20 nM HEPES buffer,
pen/strep) at confluence of cells. Medium (4 ml) was changed every second day. Cells were
harvested at indicated timepoints, total RNA was prepared and RT-PCR was performed. Ucp1
mRNA was normalized to Hmbs. Number of independent replicates n=1. Error bars denote

standard error of the mean (technical replicates).

Another characteristic of brown adipocytes is the responsiveness of Ucp1
expression to R-adrenergic stimulation?® which can be performed using
isoproterenol. As expected, [3-adrenergic stimulation of differentiated iBACs via
isoproterenol for 2 h induced Ucp1 expression at day 7, moreover 4 h stimulation
even enforced Ucp1 expression (Figure 25A). The same effect could be observed
upon 4 to 4.75 h isoproterenol treatment of iBACs at day 10 and 11 (Figure 25B).
No increase in Ucp1 levels could be observed in differentiated iBACs when
stimulated with isoproterenol at day 9 and harvested 26h later. As it is not
expected that these cells do not react on isoproterenol treatment specifically on
day 9, these results suggest that Ucp7 mRNA levels are rapidly induced within a

few hours by isoproterenol treatment but also decrease to basal levels within 26h.
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Figure 25. Ucp1 mRNA levels upon B-adrenergic stimulation of iBACs adipocytes. iBACs
were differentiated until day 7/9/10/11, 10 uM isoproterenol was added to standard medium and a
change of medium was performed 2/4/4.75/26 h before harvest. Total RNA was prepared and RT-
PCR was performed. Ucp1 mRNA was normalized to Hmbs. Number of independent replicates

n=1. Error bars denote standard error of the mean (technical replicates).

Furthermore, comparing iBACs in vitro with brown adipose tissue in vivo revealed
that R-adrenergic stimulated iBACs reached Ucp17 levels similar to the in vivo

situation (Figure 26).



53

14000 ycp1
13000 — iBACs —888 BAT
12000
11000
10000
9000
8000
7000
6000
5000
4000
3000
2000
1000 s
0

rel. mRNA levels

day 0 day 7 day 7 -

Isoprot.: - - 4 h -
Figure 26. Comparison of Ucp7T mRNA levels between iBACs in vitro and BAT in vivo. iBACs
were differentiated until day 7, medium was changed at day 2, 4 and 6; For B-adrenergic
stimulation, an additional medium change was performed, isoproterenol (10 uM) was added, and
cells were harvested 4 h later. Total RNA was prepared and RT-PCR was performed. Ucp?T mRNA
was normalized to Hmbs. Number of independent replicates n=1. Error bars denote standard error

of the mean (technical replicates).

Altogether, IBACs massively induce Ucp? mRNA levels during adipocyte
differentiation, and R-adrenergic stimulation can even enforce this Ucp7 induction
to in vivo levels. Thus, iIBACs have been considered as murine model for brown

adipogenesis.

3.1.2 3T3-L1 cells and their ability to express Ucp1

It has been shown in human'* and mouse® that white preadipocytes have the
ability to develop a brown phenotype known as brite (brown-in-white) adipocytes.
However, this has not been shown for 3T3-L1 cells so far. However, we were
interested to quantify Ucp7 levels in 3T3-L1 cells under various experimental
conditions due to previous results by others:

1. Literature shows, chronic treatment of precursors from the pure white
(epididymal) adipose tissue depot™ with the Ppary agonist rosiglitazone were not
only able to promote Pgcla expression and mitochondriogenesis but also
demonstrated a norepinephrine-augmentable Ucp? gene expression®. Indeed,
chronic rosiglitazone treatment of differentiating 3T3-L1 cells led to enhanced
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Ucp1 mRNA levels. 5 biological replicates demonstrated an increase (3-fold,
p=0.0528) in Ucp? mRNA levels during permanent PPARy activation by
rosiglitazone (Figure 27, first two bars).

2. It was shown in literature that Ucp7 mRNA levels of BAT in cold-exposed (4 °C)
C/ebpB* mice were significantly higher than in wild type mice'®'. C/ebpB levels
were known to be enhanced by IBMX'®®, a component of the differentiation
cocktail for starting adipogenesis (induction cocktail). To affect C/ebpf levels of
3T3-L1 of in vitro modell, cells were differentiated without dexamethasone (dex)
and IBMX. Permanent PPARy activation by rosiglitazone was performed like
before (1). Compared to standard differentiation conditions (with dex and IBMX),
the absence of dex and IBMX showed decreased lipid accumulation (see Figure
22), increased Ucp1 mRNA levels (see Figure 27, compare left and right group),
and rosiglitazone treatment could even enforce effect on Ucp1 (14-fold, p<0.05)
(Figure 27, first two bars in the right group).

3. B-adrenergic stimulation in brown and brite adipocytes led to an increase in
Ucp1 expression?’®. For continuous and long-term R-adrenergic stimulation,
norepinephrine was applied during the whole differentiation process, while for
short-term stimulation only once, 40 h before harvest. As short or long B-
adrenergic stimulation alone had no potent effect on Ucp? induction, there was
indeed an induction in Ucp7T mRNA levels upon combined long-term treatment with

the PPARYy activating ligand rosiglitazone (Figure 27, right and left group of bars).
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Figure 27. Ucp1 mRNA levels in 3T3-L1 adipocytes at day 8 upon treatment with
norepinephrine, rosiglitazone, or both (day 8). Cells were seeded in 12-well plates (20.000
cells/well), cocktails were added to medium as described below the bars. Induction cocktail was
added at confluence (day 0), medium changes were performed at day 3, 5 and additional (only for
+40 h NE cells) at day 6. Cells were differentiated until day 8. Optionally, for permanent
norepinephrine treatment, norepinephrine was added to standard medium at every medium
change, while for a single stimulation, 1 uM norepinephrine was added 40 h before cell harvest.
Total RNA was prepared and RT-PCR was performed. Ucp? mRNA was normalized to TF/IS. Error
bars denote standard error of the mean. Two sided, paired, one sample Student’s t-tests were
performed for biological replicates (n>1), p < 0.05 indicated by *.

3.2 Endogenous miR-26a levels in murine brown
adipogenesis

Based on previous work within the RNA Biology Group at the Institute for
Genomics and Bioinformatics, Graz University of Technology, miR-26a -
conserved between mouse and human - has been identified to induce human
brown adipogenesis'® and to be induced in WAT upon R-adrenergic stimulation in

mice"%.
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3.2.1 Endogenous miR-26a levels in iBACs

Therefore, we were interested in whether miR-26a is also present and differentially
expressed in iBACs as a murine brown adipocyte model system (see chapter
3.1.1. iBACs as appropriate cell model for murine brown adipogenesis). Using
miRNA gRT-PCR, relative miR-26a levels could be determined. Interestingly, miR-
26a levels significantly increased during differentiation between day 0 and day 7
(Figure 28).

3.2.2 Beta-adrenergic stimulation of miR-26a levels in
iBACs

Further, we were interested in whether miR-26a was responsive to 3-adrenergic
stimulation. Indeed, isoproterenol mediated [3-adrenergic stimulation of mature
brown iBACs adipocytes for 4 h (evidence for 2h) resulted in a further significant
increase of miR-26a levels compared to controls (4 biological replicates). These
results suggest a functional role for miR-26a in murine brown adipogenesis (Figure
28).
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Figure 28. miR-26a level increase during brown adipogenesis and responsiveness to RB-
adrenergic stimulation in iBACs. Cells were stimulated to undergo adipocyte differentiation at
day of confluence (day 0); adipogenesis was performed until day 7. For -adrenergic stimulation, a
medium change was performed with adding 10 pM isoproterenol 4h (2h) before harvesting. After
preparing total RNA, RT-PCR was performed and miR-26a abundance was normalized to RNU5G.
Two sided, paired, one sample Student’s t-tests were performed for biological replicates (n>1), p <

0.05 indicated by *.

3.2.3 Beta-adrenergic stimulation of miR-26a levels in

3T3-L1 cells

In 3T3-L1 adipocytes, permanent PPARy stimulation (see chapter 3.1.2.)
enhanced Ucp? mRNA levels (even stronger during differentiation without
dexamethasone and IBMX) and enabled [3-adrenergic sensitivity. Consequently,
we were interested in whether miR-26a levels were also responsive to [3-
adrenergic stimulation in 3T3-L1 cells. Therefore, 3T3-L1 cells were differentiated
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with an induction cocktail containing insulin but without dex and IBMX, and treated
permanently with rosiglitazone until day 7. Interstingly, 40h norepinephrine
treatment stimulated miR-26a levels to a 3.5 fold increase (Figure 29). However,
long-term R-adrenergic stimulation could not enforce this stimulation. (for further

remarks see discussion of results chapter 5.2)
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Figure 29. miR-26a responsiveness to B-adrenergic stimulation in one biological replicate of
3T3-L1 cells. Cells were seeded in 12-well plates (20.000 cells/well), cocktails were added to
medium as described below bars of panel B. Induction cocktail was added at confluence (day 0),
changes of medium were performed at day 3 and 5. Cells were differentiated until day 7 and Trizol
harvested. Total RNA was prepared and RT-PCR was performed where miR-26a abundance was
normalized to RNU5G and Ucp? mRNA was normalized to TFIIB. Error bars denote standard error

of the mean (3 technical replicates).
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3.3 Exogenous modulation of miR-26a levels in

murine adipogenesis

Knowing about the involvement of miR-26a in murine brown adipogenesis (as
described above) there was interest in the effect on genes. Transient transfections
of miR-26a (overexpression) and anti-miR-26a antisense oligonucleotides
(silencing) were performed at day O, mRNA of brown marker genes were

measured in mature adipocytes (day 7).

3.3.1 Overexpression of miR-26a in iBACs

Increasing levels of miR-26a in iIBACs during brown adipogenesis and [3-
adrenergic stimulation (iBACs as appropriate cell model for murine brown
adipogenesis) implies the role of miR-26a in murine brown adipocytes. It has
already been shown in hMADs, a human "brite" cell model'**, that overexpression
of miR-26a leads to a more brown phenotype'®®. Postulating miR-26a as an
accelerator of brown adipogenesis'®, there was interest in its effect on higher
basal Ucp71>* levels of brown adipocytes. Transient overexpression of miR- 26a in
iBACs (Figure 30C) showed significant increase of Ucp?T mRNA levels at day 7
(Figure 30A), meaning miR-26a is able to increase Ucp? levels of brown
adipocytes to an even higher level.

Further effects of miR-26a in murine adipocytes on PGC-1a, another brown
marker gene, could not be confirmed (Figure 30B).
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Figure 30. miR-26a initiates increase of Ucp7 mRNA levels during adipogenesis (no or weak
effect on PGC-1a). Cells were seeded in 12-well plates (20.000 cells/well). Transient transfection
of miR-26a or non-targeting control mimics (25 nM) were performed 1 day before confluence.
Differentiation of cells was performed until day 7. Total RNA was prepared and RT-PCR was
performed. Ucp1 (panel A) and PGC-1a (panel B) were normalized to HMBS. miR-26a abundance
(panel C) 3 days after transient transfection (day 2) was normalized to RNU5G,

Error bars denote standard error of the mean. Two sided, paired, one sample Student’s t-tests

were performed for biological replicates (n>1), p< 0.05 indicated by *.

3.3.2 Overexpression of miR-26a in 3T3-L1 and -F442A
cells

Transient overexpression of miR-26a (5nM) in white adipocytes (3T3-L1 and 3T3-
F442A cells) had no measurable effect on Ucp1, neither during differentiation with
dexamethasone and IBMX (3 biological replicates in 3T3-L1 cells) nor without (3
biological replicates in 3T3-L1, 7 biological replicates in 3T3-F442A cells).
Transient transfection of miR-26a in 3T3-L1 cells showed nearly 30-fold changes
in miR-26a levels (Figure 31) compared to non-targeting control cells at day 0, and
2-fold changes in 3T3-F442A cells at day 2 (Figure 32).
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Figure 31. miR-26a levels 2 days after transient transfection (5nM). 3T3-L1 cells were seeded
in 12-well plates (20.000 cells/well). Transient transfection of miR-26a or non-targeting control
mimics (5 nM) were performed 2 days before confluence. Cells were harvested at confluence (day
0). Total RNA was prepared and RT-PCR was performed where miR-26 abundance was
normalized to RNU5G. Error bars denote standard error of the mean.
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Figure 32. miR-26a levels 4 days after transient transfection (5nM) and permanent PPARy
activation. 3T3-F442A cells were seeded in 12-well plates (20.000 cells/well). Transient
transfection of miR-26a or non-targeting control mimics (5 nM) were performed 2 days before
confluence. Induction cocktail was added at confluence (day 0). Medium was changed at day 2, 4
and 6; rosiglitazone was added to medium (100 nM) since day 0. Cells were differentiated until day
2 and harvested. Total RNA was prepared and RT-PCR was performed where miR-26 abundance
was normalized to RNU5G. Error bars denote standard error of the mean.
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3.3.3 Inhibition of miR-26a

Based on previous work within the RNA Biology Group at the Institute for
Genomics and Bioinformatics, Graz University of Technology, establishment of
miR-26a dependence in brown adipocyte gene expression programing of hMADs

cells'%

, initiated interest in further silencing experiments in murine cells. Inhibiting
endogenous miR-26a levels by transient transfection of antisense oligonucleotides
before induction of adipogenesis showed a weak decrease of Ucp7 mRNA levels
(0.8-fold) at day 7 (Figure 33A).

Experiments in iBACs and hMADs showed that silencing of miR-26a shifts cells to
a more white phenotype. Silencing of miR-26a in 3T3-L1 (and -F442A) cells,

models for white adipogenesis and therefore weak Ucp?7 mRNA levels, were not

performed.
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Figure 33. Ucp1 expression mediated by silencing miR-26a at day 7. Cells were seeded in 12-
well plates (20.000 cells/well). Transient transfection of anti-miR-26a antisense oligonucleotide or
the respective non-targeting control at identical concentrations (25 nM) were performed 1 day
before confluence. Differentiation of cells was performed until day 7. After harvest, total RNA was
prepared and RT-PCR was performed (Ucp1 mRNA normalized to HMBS and miR-26a abundance
normalized to RNUSG). Error bars denote standard error of the mean. Two sided, paired, one
sample Student’s t-tests were performed for biological replicates (n>1), p < 0.05 indicated by *. (A)
all biological replicates merged (n=4). (B): miR-26a abundance, 3 days after transient transfection

(day 2). (C) 3 biological replicates (n-1) merged (also see discussion of results chapter 5.3).
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3.4 Global miRNA profiling in murine adipose

tissue

Differentially expressed genes during adipocyte and osteoblast differentiation in
hMADs were observed?'" and recently miRNAs with differential expression during
adipocyte differentiation of hMADs and MEFs'®. Further interest for differential
expressed miRNAs in murine adipose tissue in BAT and cold exposed WAT (each
referenced to WAT at room temperature) led to a new setup for hybridization
(Figure 34).
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Figure 34. Setups for hybridization. Two principal setups for hybridization (WAT versus BAT and
WAT versus cold exposed WAT (WATce)) were performed twice. One biological replicate of WAT
versus BAT (BR 1) was already performed by Michael Karbiener. BR 2 was performed with the
recent probe set (MRC20_miRBase_v16.0) and a more sensitive labeling kit (Hi-Power labeling).
WAT (23 °C) versus cold exposed WAT (5 °C), was also hybridized twice but in 3 biological
replicates. For control of experiment clustering different merging strategies of reference mice were
done, paired (BR 1-3a) and merged (BR 1-3b). Average of WAT-BAT was filtered for differential
expression of 10.378] and present values of WAT-WATce hybridizations were adapted. Finally,

filtering for co expression of principal setups was performed.
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Filtering the averages of biological replicate 1 (BR1) and BR2 for differential

expressions greater than 10.3781?"2

revealed 63 differentially expressed miRNAs in
one principal setup (not shown). Final merging and filtering for co expression in the
two principal setups resulted in 36 differentially expressed miRNAs (Figure 35),
detecting weaker average differential expressions in WAT-WATce. Further
investigations, using DIANA mirPath for analysis of multiple microRNAs, revealed

a list of pathways interacting with differentially expressed miRNAs (Table 4 , Table

5).
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145820 hsa-let-7c/mmu-let-7¢/rno-let-7c¢

29872 hsa-miR-340/mmu-miR-340-5p/rno-miR-340-5p
148473 mmu-miR-3473
10928 hsa-miR-125a-5p/mmu-miR-125a-5p/rno-miR-125a-5p

145943 hsa-miR-100/mmu-miR-100/rno-miR-100
13485 hsa-miR-10a/mmu-miR-10a/rno-miR-10a-5p
17669 mmu-miR-690

145677 hsa-miR-139-5p/mmu-miR-139-5p/rno-miR-139-5p
146041 mmu-miR-1944

10925 hsa-miR-10b/mmu-miR-10b/rno-miR-10b
11183 mmu-miR-99a

147920 hsa-miR-4290

148433 mmu-miR-466i-5p

148481 hsa-miR-3646

147767 hsa-miR-4279

42641 hsa-miR-145/mmu-miR-145/rno-miR-145
16528 mmu-miR-706
42591 hsa-miR-634

147771 hsa-miR-4328

30787 hsa-miR-125b/mmu-miR-125b-5p/rno-miR-125b-5p
148682 hsa-miR-483-3p

147790 hsv2-miR-H7-3p

10138 hsa-miR-130a/mmu-miR-130a/rno-miR-130a

Figure 35. Differential expressed microRNAs in BAT and cold exposed WAT (referenced to
WAT). BAT was isolated from 30 mice (kindly provided by Ez-Zoubir Amri). For WATce, 6 mice
were exposed to 5 °C, after 10 days WAT was isolated (kindly provided by Stefan Herzig). WAT
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from mice kept at room temperature were used for reference in the same amounts as target

conditions.

Table 4. Pathways interacted by upregulated miRNAs in BAT and cold exposed WAT

(referenced to WAT at roomtemperature). Differentially upregulated (and co expressed in 2

principal setups) miRNAs were fed to DIANA mirPath for interpretation of the involvement in

biological processes. 6 of 13 candidates were available in DIANA mirPath database, showing

pathways of involvement (filtered for Union p-value < 0.05).

Union miR-378 miR-30e miR-193 miR-29b miR-30c miR-30b
#of #of #of #of #of #of #of
KEGG Pathway Genes p-value |Genes p-value |Genes p-value |Genes p-value | Genes p-value | Genes p-value | Genes p-value
Axon guidance 37 2.7904E-14 2 0.46766643 18 7.1386E-06 8 1.9168E-08 16 3.5633E-08 18 6.395E-06 18 7.9686E-06
Focal adhesion 47 3.0453E-13 1 0.83527021 16 0.05447573 8 3.3298E-05 27 4.3118E-16 16 0.05181892 16 0.05669893
Glioma 21 1.5006E-10 0 - 9 0.00222055 3 0.01690747 1 5.0696E-09 9 0.00211225 9 0.0023344
Regulation of actin cytoskeleton 46 1.9657E-10 0 - 26 1.625E-06 8 0.00011279| 15  0.00400585| 26 1.4269E-06| 26 1.8692E-06
ErbB signaling pathway 25 6.861E-10 0 - 12 0.00043944 6 3.9279E-07 9 0.00086741 12 0.00040973 12 0.00047131
Renal cell carcinoma 21 6.5749E-09 0 - 7 0.10860911 4 0.00069611| 10 2.3526E-06 7 0.10539922 7 0.11080316
Prostate cancer 24 2.2271E-08 2 0.22763769 9 0.05502322 3 0.08458486 12 6.3477E-07 9 0.05286573 9 0.05669893
T cell receptor signaling pathway 24 1.3339E-07 1 0.87809543| 12  0.00153381 3 0.10331218 " 2.983E-05 12 0.00144449 12 0.00162866
Colorectal cancer 20 1.327E-05 0 - 8 0.11648416 5 6.007E-05 9 0.00075409 8 0.11304153 8 0.12003163
Small cell lung cancer 20 2.2772E-05 1 0.92311635 7 0.31348618 2 0.4965853 12 3.8118E-07 7 0.30727874 7 0.31981902
VEGEF signaling pathway 17 4.6317E-05 0 - 9 0.00790705 1 0.8025188 9 6.1899E-05 9 0.00752142 9 0.00831246
Melanoma 17 4.6317E-05 0 - 7 0.11765484 2 0.34300852 10 3.0818E-06 7 0.11417762 7 0.12003163
Long-term potentiation 16 4.7253E-05 0 - 12 3.1756E-06 1 0.85214379 3 0.85214379 12 2.8734E-06 12 3.4747E-06
Pancreatic cancer 17 8.1086E-05 1 0.98019867 6 0.34300852 3 0.03579311 8 0.00113627 6 0.33621649 6 0.34645581
Chronic myeloid leukemia 17 0.00017689 1 1 9 0.01499558 2 0.39062784 5 0.22537266 9 0.01440759 9 0.01576442
Heparan sulfate biosynthesis 7 0.00021822 1 0.29229258 2 0.59452055 0 - 4 0.00035266 2 0.58860497 2 0.60049558
Huntington's disease 9 0.0002436 1 0.48675226 3 0.40252422 1 0.70468809 4 0.01099846 3 0.39851904 3 0.40656966
Phosphatidylinositol signaling system 16 0.00025101 0 - 10 0.00137404 3 0.03142976 4 0.48190899 10 0.00129402 10 0.00145901
Acute myeloid leukemia 14 0.00028874 1 0.86070798 5 0.37157669 4 0.00012218 4 0.28083162 5 0.36787944 5 0.37908304
Endometrial cancer 13 0.00029753 0 - 5 0.25410696 3 0.00603608 7 0.00033546 5 0.25157855 5 0.25924026
Non-small cell lung cancer 13 0.00029753 0 - 8 0.00242967 1 0.97044553 6 0.00479587 8 0.00231117 8 0.00255424
MAPK signaling pathway 40 0.00043944 2 0.89583414 22 0.01215518 7 0.01015286 13 0.1755204 22 0.01144732 22 0.01303653
GnRH signaling pathway 19 0.0007318 1 0.86935824 8 0.22537266 4 0.0086517 8 0.01690747 8 0.22090998 8 0.23223627
Inositol phosphate metabolism 12 0.00073916 0 - 9 0.00010837 2 0.15107181 2 0.87809543 9 0.00010104 9 0.00011622
ECM-receptor interaction 17 0.00103848 0 - 5 0.92311635 1 0.71177032 13 5.3295E-09 5 0.91393119 5 0.93239382
Gap junction 18  0.00104891 0 - 8 0.17204486 1 0.66365025| 10  0.00019944 8 0.16696017 8 0.1755204
B cell receptor signaling pathway 14 0.00105946 1 0.90483742 7 0.06329177 0 - 8 0.00022263 7 0.06142121 7 0.06521929
Ubiquitin mediated proteolysis 22 0.00388746 1 0.69767633| 17 6.1283E-05 1 0.86070798 4 0.98019867 17 5.6009E-05 17 6.7729E-05
Oxidative phosphorylation 2 0.00609675 0 - 1 0.05393369 1 0.77105159 0 - 1 0.05502322 1 0.05339704
Leukocyte transendothelial migration 19 0.00744658 0 - 10  0.09632764 1 0.71177032 8 0.05130331 10 0.09348073 10 0.09926125
Type Il diabetes mellitus 10 0.00900478 0 - 6 0.03688317 2 0.12745397 3 0.46301307 6 0.03579311 6 0.03800643
Insulin signaling pathway 22 0.00995182 0 - 10 0.33287108 5 0.00660453 8 0.18451952 10 0.32627979 10 0.33959553
Long-term depression 14 0.01067341 0 - 9 0.01499558 1 0.76337949 5 0.22537266 9 0.01440759 9 0.01576442
Tight junction 21 0.011109 3 0.07207846 12 0.05130331 1 0.86935824 9 0.04880122 12 0.04929168 12 0.05339704
Fc epsilon RI signaling pathway 14 0.01240073 0 - 7 0.17906615 3 0.04595926 7 0.01440759 7 0.1755204 7 0.18451952
Calcium signaling pathway 26 0.01795296 1 0.75578374 19 0.000978 2 0.83527021 6 0.86070798 19 0.00090281 19 0.00105946
Purine metabolism 5 0.02305206 0 - 2 0.06587475 1 0.95122942 2 0.26982006 2 0.06720551 2 0.06457035
Melanogenesis 16 0.02625234 1 0.85214379 7 0.4916442 4 0.00995182 5 0.52204578 7 0.48675226 7 0.50157607
Natural killer cell mediated cytotoxicity 18 0.02625234 0 - 12 0.01484637 1 0.74081822 8 0.06142121 12 0.0141223 12 0.01560756
mTOR signaling pathway 10 0.02872464 0 - 5 0.25410696 0 - 5 0.0395575 5 0.25157855 5 0.25924026
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Table 5. Pathways interacted by downregulated miRNAs in BAT and cold exposed WAT
(referenced to WAT at room temperature). Differentially downregulated (and co expressed in 2
principal setups) miRNAs were fed to DIANA mirPath for interpretation of the involvement in
biological processes. 14 of 23 candidates were available in DIANA mirPath database, showing

pathways of involvement (filtered for Union p-value < 0.05).

Union let-7c miR-340 miR-125a miR-100 miR-10a miR-690
#of #of #of #of #of #of #of
KEGG Pathway Genes  p-value | Genes p-value |Genes p-value |Genes p-value |Genes p-value |Genes p-value | Genes p-value
MAPK signaling pathway 75 7.6614E-14| 24  1.4557E-06 0 - 18  1.5887E-05 1 0.87809543 4 0.2671353 5 0.62500227
Axon guidance 44 9.7867E-12| 10 0.02351775 1 0.07502004 5 0.54335087 0 - 5 0.00034915 8 1.4813E-05
O-Glycan biosynthesis 13 4.2127€-07 4 0.00909528 [ - 4 0.00067554 0 - 1 0.51685133 0 -
Focal adhesion 49 1.6088E-06| 16 0.00101791 1 0.17377394 5 0.86070798 1 0.97044553 3 0.40252422 6 0.08126824
Colorectal cancer 27 2.2156E-06 7 0.05286573 0 - 3 0.87809543 2 0.00416933 0 - 4 0.03370868
Glioma 21 1.0757E-05 7 0.00504176 0 - 2 0.89583414 2 0.00052611 2 0.1451482 0 -
Renal cell carcinoma 22 2.8375E-05 5 0.22537266 0 - 3 0.63762815 0 - 3 0.00744658 2 0.60653066
TGF-beta signaling pathway 26 3.4657E-05 8 0.01759747 [ - 4 0.4538448 0 - 3 0.02843882 0 -
Regulation of actin cytoskeleton 49 3.8302E-05 13 0.07427358 1 0.20189652 6 0.99004983 0 - 3 0.48675226 6 0.12618578
Chronic myeloid leukemia 23 4.5856E-05 8 0.00416933 0 - 3 0.73344696 0 - 2 0.23457029 1 0.68386141
ErbB signaling pathway 25  5.6572E-05 5 0.4538448 0 - 3 0.89583414 1 0.52729242 3 0.02399284 3 0.23930892
GnRH signaling pathway 26 0.00021822 5 0.61878339 0 - 5 0.2143811 1 0.58274825 1 0.77105159 2 0.91393119
Oxidative phosphorylation 3 0.00054758 0 - 0 - 1 0.33959553 0 - 0 - 1 0.89583414
Wnt signaling pathway 34 0.00065557 10 0.06203851 0 - 4 0.86935824 1 0.8025188 5 0.00114769 5 0.07730474
Prostate cancer 23 0.00134683 6 0.21653567 0 - 4 0.4538448 2 0.00540733 2 0.32955896 2 0.83527021
Adherens junction 20 0.00137404 7 0.01984109 0 - 4 0.26447726 1 0.44932896 1 0.92311635 2 0.65704682
Long-term potentiation 18  0.00169512 2 0.95122942 1 0.00798652 4 0.16863815 1 0.38674102 1 1 2 0.53794444
Glycan structures - biosynthesis 1 27 0.00240549 9 0.03080741 0 - 7 0.0395575 2 0.01849971 1 0.67705687 1 0.93239382
mTOR signaling pathway 15  0.00331267 4 0.25924026 0 - 4 0.07136127 1 0.29819728 0 - 3 0.0395575
Pancreatic cancer 19  0.00344787 8 0.00273944 0 - 4 0.25410696 0 - 0 - 2 0.64403642
Acute myeloid leukemia 16 0.0043831 4 0.36059494 0 - 3 0.44485807 1 0.34300852 0 - 1 0.71177032
Neuroactive ligand-receptor interaction 20  0.00568457 5 0.16863815 0 - 2 0.082085 1 0.86935824 2 0.72614904 2 0.53794444
Melanoma 18 0.0066709 8 0.00204983 0 - 2 0.77880078 1 0.43171052 1 0.94176453 0 -
Autoimmune thyroid disease 1 0.00856561 1 057694981 O - 0 - 0 - 0 - [ -
T cell receptor signaling pathway 22 0.00918669 4 1 0 - 1 0.51685133 0 - 2 0.36787944 3 0.30422126
Non-small cell lung cancer 14  0.01122064 4 0.25924026 0 - 2 0.94176453 0 - 0 - 0 -
Arachidonic acid metabolism 2 0.01191449| O - 0 - 1 0.77880078| O - 0 - 0 -
Insulin signaling pathway 29 0.01529851 6 0.86070798 1 0.08981529 6 0.32627979 1 0.77880078 2 0.67705687 0 -
Adipocytokine signaling pathway 17 0.0181334 6 0.06925223 0 - 2 0.77880078 1 0.43171052 1 0.94176453 4 0.01144732
Tryptophan metabolism 1 0.021068 0 - 0 - 1 0.94176453 0 - 0 - 0 -
Ubiquitin mediated proteolysis 27 0.02328374 6 0.74826357 0 - 9 0.00514361 0 - 0 - 3 0.61878339
Complement and coagulation cascades 3 0.03019738 0 - [ - 1 0.77880078| O - ] - 0 -
Melanogenesis 21 0.03651617 5 0.65050909 0 - 3 0.94176453 2 0.00918669 3 0.04460096 3 0.33959553
Type | diabetes mellitus 2 0.03688317 0 - 0 - 0 - 0 - 0 - 1 0.72614904
Basal transcription factors 9 0.03725385| 3  0.22763769| O - 2 048675226 0 - 1 0.62500227| 1  0.96078944
Fc epsilon Rl signaling pathway 17 0.04642115| 4  0.69767633| 0 - 4 030119421 © - 0 - 1 0.69073433
Nucleotide sugars metabolism 3 0.04929168 2 0.00621991 0 - [ - 0 - 0 - 0 -
miR-139 miR-10b miR-99a miR-145 miR-706 miR-125b miR-130a
#of #of #of #of #of #of #of
KEGG Pathway Genes  p-value | Genes  p-value | Genes p-value | Genes p-value | Genes p-value |Genes p-value | Genes  p-value
MAPK signaling pathway 4 0.60049558 3 0.03579311 1 0.82695913| 14 0.00015532( 11 0.0141223 18  1.5887E-05 13 0.18451952
Axon guidance 3 0.30727874 2 0.06142121 0 - 12 1.7519E-08 3 0.96078944 5 0.54335087 10 0.01191449
0O-Glycan biosynthesis 1 0.67032005 0 - 0 - 0 - 2 0.18086579 4 0.00067554 2 0.52729242
Focal adhesion 7  0.00111378 1 094176453 1  0.99004983| 8 0.062662 3 084366482 6 0.86070798| 13  0.01657268
Colorectal cancer 5 0.00010622( © - 2 0.0071546 6  0.00373503| 3  0.54881164| 3  0.87809543| 9 0.0008251
Glioma 1 0.84366482 0 - 2 0.00108086 3 0.2780373 0 - 2 0.89583414| 11  6.0694E-09
Renal cell carcinoma 3 0.03688317 0 - [ - 3 0.36421898 0 - 3 0.63762815 8 0.00075409
TGF-beta signaling pathway 2 0.55432728 0 - 0 - 9 4.6557E-07 1 0.81873075 4 0.4538448 14 8.9876E-10
Regulation of actin cytoskeleton 1 0.63128365 1 0.88692044 0 - 8 0.10752843 8 0.09926125 6 0.99004983( 15 0.0043831
Chronic myeloid leukemia 0 - 0 - 0 - 5 0.01640777 1 0.98019867 3 0.73344696 10  1.2373E-05
ErbB signaling pathway 2 0.52729242 1 0.61878339 1 0.57694981 3 0.57694981 2 0.85214379 3 0.89583414 9 0.0009491
GnRH signaling pathway 2 0.62500227 1 0.68386141 1 0.63128365 4 0.2671353 5 0.06203851 5 0.2143811 9 0.00334597
Oxidative phosphorylation 0 - 0 - 0 - 0 - 1 0.55432728 1 0.33959553 0 -
Wnt signaling pathway 3 0.41065575 0 - 1 0.86070798 8 0.00647375 4 0.72614904 4 0.86935824 9 0.09926125
Prostate cancer 3 0.10126646 0 - 2 0.00918669 4 0.20804518 2 0.81873075 4 0.4538448 11 1.275E-05
Adherens junction 4 0.00172937 0 - 1 0.4965853 11 1.0342E-13 2 1 4 0.26447726 5 0.21013607
Long-term potentiation 2 0.31663677 0 - 1 0.43171052 3 0.30422126 1 0.86935824 4 0.16863815 7 0.00341356
Glycan structures - biosynthesis 1 2 0.77880078 0 - 2 0.02815585 1 0.58274825 5 0.13806924 7 0.0395575 4 0.83527021
mTOR signaling pathway 1 0.95122942 0 - 1 0.33959553 3 0.16529889 2 0.67705687 4 0.07136127 8 1.5264E-05
Pancreatic cancer 0 - 0 - 0 - 4 0.09536916 0 - 4 0.25410696 8 0.00123091
Acute myeloid leukemia 0 - 1 0.42741493 1 0.38674102 2 0.78662786 2 0.77880078 3 0.44485807 7 0.00125578
Neuroactive ligand-receptor interaction 3 0.90483742 2 0.3753111 1 0.81873075 2 0.20804518 5 0.90483742 2 0.082085 2 0.02472353
Melanoma 1 0.77880078 1 0.52204578 1 0.47711392 3 0.37908304 2 0.96078944 2 0.77880078 7 0.00767337
Autoimmune thyroid disease 0 - 0 - 0 - 0 - 0 - ] - [} -
T cell receptor signaling pathway 3 0.12245643 1 0.67032005 0 - 3 0.67705687 1 0.76337949 1 0.51685133 8 0.01499558
Non-small cell lung cancer 0 - 0 - 0 - 3 0.16529889 0 - 2 0.94176453 8 1.5264E-05
Arachidonic acid metabolism 0 - 0 - 0 - 0 - 1 0.96078944 1 0.77880078 0 -
Insulin signaling pathway 3 037157669 O - 1 0.83527021f 6 0.10228421| 2  0.86070798| 6  0.32627979| 11  0.00621991
Adipocytokine signaling pathway 0 - 0 - 1 0.47711392 1 0.97044553 1 0.96078944 2 0.77880078 7 0.00767337
Tryptophan metabolism 0 - 0 - 0 - 0 - 0 - 1 0.94176453 0 -
Ubiquitin mediated proteolysis 3 0.31981902 2 0.06457035 0 - 2 0.92311635 1 0.47711392 9 0.00514361 8 0.13806924
Complement and coagulation cascades 1 0.77880078 0 - 0 - 1 0.97044553 0 - 1 0.77880078 1 0.53794444
Melanogenesis 2 0.64403642 0 - 2 0.01484637 3 0.73344696 5 0.06925223 3 0.94176453 9 0.00416933
Type | diabetes mellitus 0 - 0 - 0 - 0 - 0 - 0 - 1 0.72614904
Basal transcription factors 1 0.78662786 0 - 0 - 2 0.30119421 1 0.85214379 2 0.48675226 1 0.71177032
Fc epsilon RI signaling pathway 0 - 0 - 0 - 2 0.95122942 2 0.96078944 4 0.30119421 6 0.07280286
Nucleotide sugars metabolism 0 - 0 - 0 - 1 0.28365403 0 - 0 - 1 0.52204578
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4 Discussion of Methods

4.1 Cell culture experiments

To observe murine brown adipogenesis in vitro, different cell models with different

characteristics were chosen.

4.1.1 Cell models

iBACs (kindly provided by Patrick Seale) were chosen to represent brown
adipogenesis, known for a strong induction of Ucp? mRNA levels during
adipogenesis and the ability of further B-adrenergic stimulation, functionally
comparable to brown adipose tissue with slight restriction in mMRNA amounts and

"0 (see details in discussion of

fold changes during B-adrenergic stimulation
results). Experiments with iBACs were focused on Ucp7 mRNA as the classical
brown marker gene, endogenous miR-26a levels and exogenous modulation of
miR-26a (overexpression and inhibition).

For observations of possible brown adipogenesis in white adipocytes the classical
cell lines 3T3-L1 and 3T3-F442A were chosen. Despite their popularity and
establishment in white adipogenesis research, function and comparability to in vivo
has to be challenged in respect of karyotype® and other consequences arising
from the applied method of immortalization (serial passaging and selection of

susceptible clones)'™

. Experiments were focused on enhancement of Ucp1
mRNA upon different treatments during differentiation of 3T3-L1 cells (see
discussion of differentiation) and upon overexpression of miR-26a in both white

cell lines.

4.1.2 Differentiation of cells

iBACs were proliferated and differentiated according to provider’s protocols
estimating intervals for change of medium (as well as amount) and the percentage
of confluence for applying the induction cocktails (day 0). Obviously definition of
day 0 has an effect on fold changes of Ucp7 mRNA levels during differentiation.
Differentiation of cells in experiments was accompanied by fast changes of pH-
levels (color of medium) compared to 3T3-L1 cell lines, indicating a faster cell
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metabolism demanding higher volume of media. Certain quantities of media
require distinct intervals of renewal (pH levels, nutrients) and affect the application
time of segregated hormones, thereby having effect on adipocyte differentiation.
For experiments in white adipocytes (3T3-L1 cells), the effect of two induction
cocktail components (dexamethasone and IBMX), known for their effects on
C/ebps'® and in further consequence on brown adipogenesis®, were tested due
to Ucp1 mRNA's inducibility. For examination of possible further effects on Ucp1,
permanent Ppazr\/54 activation with rosiglitazone and B-adrenergic stimulations
(permanent or once) with norepinephrine was investigated38. Effect of
norepinephrine was not tested in 3T3-F442A cells but could lead to further
insights, considering these cells as a fast proliferating cell model (where
metabolism is faster than in 3T3-L1 cells) — what rather resembles the behavior of
brown adipocytes.

4.1.3 Transfection of adipocytes

Consequently a Standard Operation Protocol (SOP) for "Transfection", established
by the "RNA Biology Group" in hMADS cells'®® was adapted to new murine cell
lines. Transfection was always performed before 100% confluence (at least 24 h)
with an established transfection reagent in two distinct concentrations following the
established SOP. Another SOP for transfection by electroporation (procedure was
kindly guided by Ariane Klatzer), was tested but did not improve efficiency of
established procedure.

Two distinct concentrations (5 nM and 25 nM) of oligonucleotides for
overexpression or inhibition of miR-26a were used in iBACs. High (25 nM)
concentrations of oligonucleotides resulted in a 60-fold overexpression and a 0.2-
fold (20% of NTC) down regulation of miR-26a levels at day 2 of differentiation (3
days after transfection). The low (5 nM) concentration transfection protocol was
not tested upon miR-26a levels at day 2. The transfection reagent solely was
tested on iBACs and did not have an effect on mortality rate in all used
concentrations, while the confluence states at the time of transfection seemed to
have an effect. Increased mortality rates were observed at earlier time points of
transfection (the lower confluence, the higher mortality).

For transfection of 3T3-L1 and -F442A cells only the low concentration protocol (5
nM) was used leading to an 28-fold overexpression of miR-26a in 3T3-L1 cells at
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day O (2 days after transfection) and in 3T3-F442A only 2-fold at day 2 (4 days
after transfection). In comparison to iBACs miR-26a levels (after overexpression)
are rather low in 3T3-L1 cells but very low in -F442As, although levels are from
different days of differentiation. A higher oligonucleotides transfection efficiency for
further experiments could possibly increase miR-26a levels without effecting
mortality rate significantly, thereby increasing the effect of inhibition or
overexpression of miR-26a. 3T3-F442As represented a cell line that allowed to
observe the action of miR-26a effects independent from rosiglitazone.

4.1.4 Quantitative real time RT-PCR

Each experiment (both cell lines) was measured on one plate in 3 technical
replicates.

For iBACs several housekeeping genes were tested, Hmbs showed most
constant behavior in all conditions and was used in all experiments. All observed
MRNA levels of genes were in trustable measuring range and results were fed to
statistical analysis.

As known from literature Ucp1 mRNA levels in white adipocytes (in vivo) are rather
low?®®, often followed by big error bars. In vitro research of Ucp? mRNA levels in
white 3T3-L1 or -F442A cells was not found in literature and observed Ucp1
MRNA levels in experiments showed a "tipping behavior" at the limit of detection.
To solve this detection limit problem, 8-fold amounts of cDNA were used for
quantitative real time RT-PCR leading signal raise during quantification, thereby
reaching a more confident detection range, indicated by values and graphs of
technical triplicates (smaller variances).

Finally, for normalization of target genes TF/IB and in some rare cases Hmbs were
used.

4.1.5 Statistics to analyze biological replicates

In case of 3 biological replicates t-tests were performed for experiments. Means of
technical replicates of each biological replicate were used for determination of p-
values (all used cell lines).

Usually, two sided, paired, two sample t-tests are used to determine significance
of biological replicates, which did not lead to significant p-values in experiments.
Observing biological replicates in detail, fold changes (target to non targeting
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control) were conserved but amounts of mMRNA levels distinguished in biological
replicates (offset). This leaded to the idea to feed statistic post processing (t-
testing) with fold changes instead of two values (target and non targeting control).
Nevertheless, two sided, paired, one sample t-tests are uncommon but used®'®
and under given circumstances it was possible to show effects of micro RNAs,
which are known by nature to be less effective and probably shifted by effects
during transfection and differentiation (also see discussion above) leading to

different offsets (bias) in biological replicates'®°.

4.2 Microarray

The setup for microRNA microarrays analysis is multifunctional and could be post
processed in many ways. Some properties and following effects are described
below:

1. Two biological conditions were compared (WAT vs. BAT and WAT vs. cold
exposed WAT) in order to explore simultaneous differential expressions of BAT
and cold exposed WAT (referenced to WAT).

2. Each condition was labeled twice (plus dye swap) with labeling kits of different
sensitivities. By choice of filtering, a wide (union of sets) or small (intersection of
sets) range of intensities could be chosen, while a small range is considered as
conservative.

3. Six samples for each group were available in the WAT vs. cold exposed WAT
(WATce) condition Pooling of control samples was done in two ways, testing
reproducibility of results and improving confidence of a rather small sample size
compared to WAT-BAT hybridization (30 samples per group).

4. One setup was performed by Michael Karbiener using an older version of the
established miRNA chip, composing less miRNA candidates. For this reason
filtering for one present value was performed in the WAT-BAT setup.

Obviously there are many possibilities for filtering, receiving different results
related to the chosen focus. In this approach the aim was to reveal differential
expression in WAT-BAT, and WAT-WATce, leading to novel miRNA candidates
with potential involvement in the distinction between white and brown adipocytes.
Performing different setups in different ways may result in a lower number but

higher confidence of candidates. Finally results were transferred to an online
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prediction tool (DIANA-miRPath)'® to find putative pathways and targets effected

by differential expressed miRNA candidates.
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5 Discussion of Results

5.1 Murine cell models in brown adipogenesis

As shown in literature, isolated brown adipocytes, immortalized by SV40 large T
antigen is a valid in vitro model for brown adipogenesis''®, functionally also
reflected by increasing Ucp? mRNA levels during adipogenesis and upon [-
adrenergic stimulation of in iBACs adipocytes. Fold changes of mRNA levels
during adipogenesis and upon [(-adrenergic stimulation are related to samples of
different individuals and procedures (also see discussion of methods and
differentiation) during whole processing. Experiments show stronger induction of
Ucp1 mRNA levels upon [(-adrenergic stimulation (8 fold) than described in
literature (3-5 fold). Levels of Ucp? mRNA from mature iBACs adipocytes were
described to reach 70 % of levels in BAT in vivo samples, while mature iBACs
from experiments reached 14% of BAT in vivo values.

3T3-L1 and -F442A cells are not published to express Ucp7, probably because of
low values of mMRNA, close to detection limits and the expectation to have no
brown adipogenesis in white adipocytes. Nevertheless there are published
experiments in primary cultures from the purest white depot (epididymal)
demonstrating to promote Pgc-7a, mitochondriogenesis and also a norepinephrine
augmentable Ucp1 expression under chronic treatment with rosiglitazone during
differentiation®®. In experiments with 3T3-L1 cells, induction of Ucp? mRNA was
close to significance (p=0.0528) with chronic treatment with the Ppary agonist
rosiglitazone, while 40 h B-adrenergic stimulation showed no significant effect in
any case. Interestingly, chronic rosiglitazone treatment upon long B-adrenergic
stimulation with norepinephrine showed an effect in one biological replicate.
Although results are not significant some are promising or are almost significant,
initializing further investigations for brown adipogenesis in white 3T3-L1 cells.
Further experiments were motivated by published observations of other groups as
well as established knowledge:

1. Mitochondrial biogenesis in 3T3-L1 cells upon 24 and 48 h of rosiglitazone

indicating vital plasticity (at least) of mitochondria in 3T3-L1 cells'®.
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2. The involvement of C/ebps in brown adipogenesis®* and their activation by
Dexamethasone and IBMX', two typical components of induction cocktails for
3T3-L1 cells.

3. Ucp1 mRNA levels of BAT from cold-exposed (4 °C) C/ebpB mice are
significantly higher than in wild type mice'®', confirming (2)

4. C/ebppB is able to reprogram white 3T3-L1 cells, expressing brown marker
genes'®.

5. Experiments with primary cultures from the purest white depot (epididymal)
showed promotion of Pgc-1a, mitochondriogenesis and also a norepinephrine
augmentable Ucp? expression under chronic treatment of rosiglitazone during
differentiation®* (mentioned for initial experiments).

This led to repetition of initial experiments where dexamethasone and IBMX were
omitted for differentiation. As these two components are involved in brown
adipogenesis but also in general effects during adipogenesis, a weaker state of
differentiation was observed via microscopy, nevertheless Ucp? mRNA was
measurable with quantitative real time RT-PCR (also see discussion of methods).
Retrospectively it would have been interesting not to omit both components and to
observe discrete effects of each component. Nevertheless, results revealed
significant increase of Ucp7 mRNA upon chronic Ppary activation by rosiglitazone,
no effect upon 40h of B-adrenergic stimulation (in any case) but strong effects
upon long B-adrenergic stimulation. Obviously, B-adrenergic stimulation in white
3T3-L1 cells is rather to recruit brown in white (brite) adipocytes during days. Fast
recruitment upon short stimulation is probably not detectable because of low (or
probably lack of) endogenous basal population of brite adipocytes in 3T3-L1

cells®?,.

5.2 Endogenous miR-26a levels in murine brown
adipogenesis

To observe a correlation of brown adipogenesis and miR-26a, endogenous miR-
26a levels were observed during brown adipogenesis of iBACs. As expected from

another study'®®

on brite (brown in white) adipocytes performed by Michael
Karbiener from the "RNA Biology Group", an increase in miR-26a levels during

adipogenesis should occur. Endogenous levels of brown adipocytes (iBACs)
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fulfilled expectations in three biological replicates and even reached higher fold
changes during adipogenesis in brown (iBACs) compared to brite (hMADS)
adipocytes. B-adrenergic stimulation, the typical activation and recruitment signal
for brown adipocytes, also significantly increased endogenous miR-26a levels, as
expected from experiments in vitro (nMADS) and in vivo upon CL treatment and
cold exposure of mice'®®. Obviously miR-26a is involved in brown adipogenesis of
brite and brown adipocytes and B-adrenergic stimulation, conserved in human and
mouse.

Finally, two interesting effects concerning latency were made:

1. Levels of miR-26a seem to increase already after 2 h (standard was 4 h) of B-
adrenergic stimulation.

2. At least 26 h after B-adrenergic stimulation, levels of miR-26a had returned to
basal.

To investigate endogenous miR-26a levels in white adipocytes, one biological
replicate of 3T3-L1 cells was exposed upon long term (8 days) or short term (40h)
B-adrenergic stimulation. For the assessment of brown adipogenesis, Ucp?1 was
analyzed. Short term stimulation showed an increase of endogenous miR-26a
levels while long term stimulation did not. This result is contradictory in comparison
of Ucp1 controls which showed large variance, probably a consequence of
unintended [(-adrenergic stimulation of control cells (long term B-adrenergic
stimulation). Two points strengthen this suspect:

1. Controls of both experiments were performed in one 12-well and should
reproduce similar levels of Ucp? and miR-26a. Controls showed 3-fold changes in
Ucp1 mRNA and 3.5-fold changes in miR-26 levels in two technical replicates.

2. Ucp1 mRNA level of control sample (long term stimulation) is nearly equal to
short term stimulation sample, indicating an unintended short stimulation in
controls of long term stimulation.

Assuming equal levels in both controls, further interpretations of effect could be
done by statistical analysis or crossing out one control. Best would be to perform
further biological replicates to be able to compare experiments and probably

calculate significance.
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5.3 Exogenous modulation of miR-26a levels in

murine adipogenesis

For exogenous miR-26a modulation, overexpression was performed in iBACs,
3T3-L1 and -F442A. Inhibition of miR-26a was performed only in iBACs because
experiments in white adipocytes were expected to show no effect. To quantify
effect of modulation, Ucp7 mRNA was measured.

Overexpression of miR-26a showed no effect in white 3T3-L1 and -F442A
adipocytes (probably because of weak transfection, see discussion of methods),
while an effect of miR-26a on Ucp1 levels was shown in brown iBAC adipocytes.
Obviously, miR-26a is not only able to elevate Ucp? mRNA levels in brite human
adipocytes'®, but also to enforce its high levels in brown murine adipocytes. An
effect on Pgc-1a could not be shown.

Inhibition of miR-26a in iIBACs showed neither significance on Ucp7 nor on Pgc-
1a levels. At least there are three of four biological replicates showing significance
(Ucp1 mRNA), while one replicate showed completely opposite effects, as if NTC
and target sample were switched.

5.4 Global miRNA signatures in murine adipose

tissue

So far it was shown that the miR-193b-365 cluster®’® is important for lineage
determination of brown adipocytes. 37 miRNAs were found to be differentially
expressed by global miRNA profiling, and miR-193 was one of them showing
upregulation in both setups (WAT-BAT and WAT-WATce). Although miR-26a is
known for promoting brown adipogenesis'®, micro array showed a very weak
down regulation in BAT (0.85 fold) and cold exposed WAT (0.96 fold) compared to
WAT. Finally, 6 of 13 (up-regulated) and 14 of 23 (down-regulated) candidates

were available in databases of DIANA miRPath'e®

resulting in putative miR-26a
targeted pathways, some also known to be related to brown adipogenesis
(oxidative phosphorylation, Wnt-signaling, insulin signaling pathway) or [-
adrenergic stimulation (axon guidance, MAPK signaling pathway, oxidative

phosphorylation, insulin signaling pathway)®®.
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