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1. Introduction 

1.1 Obesity 

In the steady state, the energy input of the human body balances the total energy 

output. However, when energy intake exceeds energy expenditure, 60-80% of the 

excess energy will be stored in the form of fat[89]. Overweight and obesity are 

characterized by excess body fat, mostly caused by a combination of excessive food 

intake, lack of physical activity, and genetic susceptibility; a few cases are caused 

primarily by genes, endocrine disorders, medications, or mental disorder[15]. 

Body mass index (BMI) is a value defined as the body mass divided by the square 

of the body height, with a healthy weight is range of 18.5~25 kg/m2. For adults, a 

BMI of ≥25 kg/m2 is defined as overweight and a BMI of ≥30 kg/m2  is defined as 

obesity by the world health organization (WHO)[131]. The worldwide prevalence of 

obesity has tripled since 1975 and nearly a half of the world population is now 

classified as overweight or obese[131]. Obesity has become epidemic globally, 

causing the death of at least 2.8 million people annually. Large-scale studies point 

out that non-smokers without chronic diseases whose BMI was between 20 and 25 

kg/m2 had the lowest all-cause mortality. Mortality increased when BMI was below 

or beyond this range, and this was consistent in four continents[3]. Generally, 

obesity will reduce 6-7 years of the remaining life[92], and severe obesity (BMI≥ 40 

kg/m2) will reduce ten years of the remaining life[96]. Obesity is the main risk factor 

for the occurrence of various metabolic diseases, cardiovascular diseases, digestive 

problems, and some types of cancer[16]. The expense for curing the complications 

of obesity results in huge burden for the society. In 2019, the Lancet Commission 

https://en.wikipedia.org/wiki/Gluttony
https://en.wikipedia.org/wiki/Gluttony
https://en.wikipedia.org/wiki/Quantitative_trait_locus
https://en.wikipedia.org/wiki/Gene
https://en.wikipedia.org/wiki/Endocrine_disease
https://en.wikipedia.org/wiki/Medications
https://en.wikipedia.org/wiki/Mental_disorder
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on Obesity estimated that the global annual loss due to obesity is about $ 2 trillion, 

accounting for about 2.8% of world Gross domestic product (GDP)[145]. Obesity 

can also lead to reduced quality of life, lower work achievement, less productivity 

and social isolation, which to a certain extent reduces the source of income and 

increases in the consumption of fortune[16].  

It is therefore all the more important to investigate the causes of overweight and 

obesity in order to develop new treatment strategies. 

1.2 Adipose tissue 

At first, adipose tissue (AT) is a complex organ involved in physiology and 

pathophysiology. Since1940s, adipose tissue was considered as a connective tissue 

containing lipid droplets and to play a major role in energy homeostasis[105]. Since 

1994 leptin was identified and characterized as secretion product of adipocytes, AT 

was also regarded as an endocrine organ[62]. AT is comprised of adipocytes which 

are filled with lipid and surrounded by a matrix of collagen fibers, blood vessels, 

(myo)fibroblasts, and a complex array of other immune cells[1]. It can be divided 

into three different types, i.e. white adipose tissue (WAT), brown adipose tissue 

(BAT), and beige adipose tissue (Figure 1): [44]. They have different origins, 

morphologies, and functions. 
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Figure 1 Three types of adipose tissues.  Adipose tissue can be classified into three types in 
rodents and humans. White adipocytes have few mitochondria and high lipid content which can 
preserve energy as triglyceride. Brown adipocytes contain a high amount of uncoupling protein 1 
(UCP1) and high mitochondrial activity, thus dissipates energy as heat. Beige adipocytes contain 
rather high mitochondrial activity and UCP1 and thus contribute to thermogenesis. Beige 
adipocytes can be exchanged with white adipocyets under specific circumstance. CKD, chronic 
kidney disease. Reprinted with permission from:Zhu Q, Scherer PE. Immunologic and endocrine 
functions of adipose tissue: implications for kidney disease. Nat Rev Nephrol. 2018;14(2):105‐120.  
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1.2.1 White adipose tissue  

WAT is also called unilocular adipose tissue and is composed of many cell types, of 

course adipocytes account for the majority, other cells can be collectively referred 

to as stromal vascular fraction (SVF), which are a heterogeneous population of 

mesenchymal and endothelial progenitor cells, lymphatic cells, pericytes, 

macrophages, fibroblasts and stem cells[1]. Mature white adipocytes have variable 

size ranging from 25 to 200 μm and display unilocular morphology, i.e. they have 

only one lipid droplet, which almost completely fills up the cell [55]. White adipocytes 

can be derived from MYF5- (myogenic factor 5) progenitors and MYF5+ lineages[123] 

and have few mitochondria and a low oxidative rate, and store energy in the form of 

triglycerides[82]. WAT is the main form of adult human AT and constitutes 20% of a 

lean subject[123]. According to its distribution, it can be classified into two 

anatomical depots: subcutaneous WAT (sWAT) and visceral WAT (vWAT)[123]. 

sWAT can be found underneath the skin and inter-spersed among skeletal muscles, 

while vWAT is located inside the peritoneum and surrounding internal 

organs[123][70]. Fat pads derived from distinct developmental origins exert different 

roles. For example, rodents study claimed that subcutaneous WAT is protective in 

the development of obesity and related metabolic disease[111] while visceral fat is 

deleterious for insulin sensitivity and glucose metabolism[38]. Transplantation of 

sWAT but not vWAT in high-fat-diet mice improves glucose tolerance and insulin 

sensitivity while removal autennuates it[39]. In humans, accumulation of vWAT will 

lead to metabolic impairments such as dyslipidemia, hypertension, insulin 

resistance, and type-2-diabetes[39][45]. However the specific mechanisms for 

metabolic differences among fat pads are not known. WAT are mainly described as 

storing energy in the form of triglyceride through the lipogenesis and releasing fatty 
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acids through lipolyis when fasting[123][82]. As an endocrine organ, WAT releases 

adipokines (the proteins secreted by adipocytes) that includes several hundreds of 

different factors including cytokines, hormone-like factors, and other mediators. 

They work as a network to regulate appetite and satiety, glucose and lipid 

metabolism, blood pressure, inflammation, and immune functions[123] by secreting 

specific patterns of adipokines(leptin, adiponectin and etc) [119]. The macrophages 

and immune cells in WAT (such as dendritic cells, neutrophils, B cells, and T cells) 

can secrete a variety of inflammatory cytokines (such as TNF-α, IL-6), leading to 

local and systemic inflammation and insulin resistance[80]. The low-grade 

inflammation of WAT reduces the ability of adipocytes of storing and stimulates the 

release of non-esterified fatty acids, which may lead to ectopic lipid deposition and 

lipotoxicity of central metabolic organs (such as liver and skeletal muscle)[82]. 

1.2.2 Brown adipose tissue 

BAT is also called multilocular adipose tissue and consists of brown adipocytes. 

These cells  are smaller (15–60 μm) than white adipocytes and have a multilocular 

morphology[55]. BAT mainly locates in the supraclavicular and neck regions, with 

additional depots in paravertebral, mediastinal, paraaortic, and suprarenal areas [9]. 

Human babies have a large storage of brown fat, to generate heat when exposed 

to cold environment at birth, however it decreased during growth to adults[105]. 

Different with WAT which is important for lipid storage and meeting energy 

requirements, BAT contain high amount of mitochondria and uncoupling protein 1 

(UCP1), which uncouples ATP generation and thus dissipates energy as heat[143]. 

This is non-shivering thermogenesis can be induced by β3-adrenergic stimuli, e.g. 

cold exposure[18]. Studies conducted in humans and rodents have proved that BAT 

contributes to whole-body energy expenditure and improves metabolic health[8][94].  
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1.2.3 Beige adipose tissue 

In 1992, Cousin et al. found that in rats cold or treatment with a β-adrenoceptor 

agonist increased UCP1 expression in rat subcutanous WAT as in typical brown fat, 

however they were derived from Myf5− progenitor cells as white adipocytes[27]. 

Later, Seale et al. defined it as a specific adipose tissues and named as brite/beige 

adipose tissue[110]. Beige adipocytes have multilocular morphology and UCP1 

expression[133], thus contributing to thermogenesis. It is currently discussed if it is 

induced by cold exposure or β-adrenergic stimuli either from de novo adipogenesis 

or transdifferentiation of white adipocytes (which is called ‘beiging’)[143]. In addition, 

beige adipocytes can reversely convert to white adipocytes under obesogenic 

conditions, which is called ‘whitening’ [143] as shown in Figure 1. 

1.3 Adipogenic Differentiation  

At the cellular level, obesity is considered as adipose tissue expansion from 

increasing in adipocyte number (hyperplasia) and the size of individual adipocytes 

(hypertrophy)[118]. Actually, “healthy” WAT expansion in obesity is achieved by 

adipose precursor cells recruitment and differentiation [80]. If calorie overload is 

exceeded than the storage capacity of WAT, ectopic fat accumulation would happen 

in liver, skeletal muscle, and heart[80]. Adipocyte differentiation has been 

extensively studied for decades and described as a highly controlled process.  

1.3.1 Adipogenic differentiation 

Adipogenesis is a process of adipocyte proliferation and maturation and describes 

the underling mechanism of adipose tissue development. Adipogenesis can be 
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subdivided into two stages: determination phase and terminal differentiation phase. 

In the first phase, a fibroblast-like cell such as a mesenchymal precursor serves as 

adipocyte precursor by restricting itself to the adipocyte lineage without changing 

morphology[43]. Preadipocytes spontaneously proliferate into cell clusters in the 

presence of fetal bovine serum[86]. After growth arrest the terminal phase starts. 

There are different kinds of protocols for in vitro differentiation of preadipocytes to 

adipocytes[47]. A differentiation cocktail can be added to convert the cells into a 

spherical shaped cell accumulating lipid droplets and acquiring the morphological 

and biochemical characteristics of mature adipocytes[86]. Differentiation can be 

enhanced by the reagents in the cocktail. With high concentrations of insulin, cells 

can accumulate lipid droplets and express lipoprotein lipase and glycerol-3-

phosphate dehydrogenase (GPDH) activities[50]. Glucocorticoid like 

dexamethasone stimulates the glucocorticoid receptor, and 3-isobutyl-1-

methylxantine (IBMX) (or 1-methyl-3-isobutylxanthine, MIX) for activating the cAMP-

dependent protein kinase pathway[86]. 

Lipid accumulation impels expression of fatty acid binding protein (AP2) and insulin 

sensitive transporter GLUT4 in adipocytes, then mature adipocytes express all the 

adipogenic markers as well as the peptide hormones adiponectin and leptin, high 

levels of the lipid-droplet-associated protein perilipin[43]. These processes include 

several signaling pathways, transcription factor cascades and gene expression. 

Thus, not only endogenous factors play a role in but also exogenous signaling 

molecules and hormones can affect. CCAAT/enhancer binding protein α (C/EBPα) 

and peroxisome proliferator-activated receptor γ (PPARγ) are two of the most 

important transcription factors. The CCAAT/ enhancer-binding proteins (C/EBPs) 

have a highly conserved bZIP domain at the C-terminus and consists of 6 members: 

α, β, γ, δ, ε, and ζ[126]. C/EBPβ can bind to DNA as homodimers or as heterodimers 
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with other C/EBPs, while C/EBPγ is an anti-adipogenic factor[29]. C/EBPβ is 

induced by CREB which is activated by IBMX. C/EBPδ is induced by DEX at an 

early stage during adipogenesis and then stimulates the expression of both PPARγ 

and C/EBPα (Figure 2). The feedback loop between PPARγ and C/EBPα leads to 

differentiation and the feedback loop between PPARγ and C/EBPβ strengthens the 

decision to differentiate[105]. PPARγ belongs to the nuclear hormone receptor 

superfamily and is a ligand- dependent transcription factor which has two forms, 

PPARγ1 and PPARγ2[107]. PPARγ1 can be expressed in multiple cell types but is 

highest expressed in adipocyte, while PPARγ2 is exclusively expressed in 

adipocytes[21][122]. The principal role of PPARγ promoting adipogenesis was 

initially proved by gain- or loss-of-function experiments[107][35]. Activated PPARγ 

terminates the cell cycle and triggers the expression of adipocyte-specific genes like 

adiponectin[34] [47]. The expression of PPARγ can be regulated by several pro-

adipogenic (like C/EBPs) and anti-adipogenic (like GATA2/3) factors[104]. PPARγ 

can induce adipogenesis in mouse embryonic fibroblasts in the absence of C/EBPα, 

while C/EBPα can’t rescue adipogenesis when PPARγ is missing[103], which 

demonstrates that PPARγ is the master regulator of adipogenesis.  

Perilipin is a lipid droplet coating protein which regulates lipid metabolism in 

adipocytes by acting as a physical barrier and a recruitment site for lipases to lipid 

droplets[49]. It has 5 isoforms (perilipin1-5), perilipin 1 is abundantly expressed in 

adipocytes[113] and is a key regulator which can protect lipid droplets lipolysis in 

human adipocytes[56]. Perilipin is closely correlated to the expression and activation 

of PPARγ in adipocytes and can be directly regulated by the RXRα/PPARγ 

heterodimer [28]. 
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Figure 2 Transcription factors and signaling pathway during adipogenesis. In the early phase 
of adipogenesis, CREB activated by IBMX induces the expression of C/EBPβ, and C/EBPδ is 
induced by DEX. These transcription factors induce PPARγ and C/EBPα expression. PPARγ and 
C/EBPα can regulate their own expression by a positive feedback loop and activate numbers of 
downstream target genes determining the adipocyte, like aP2, perilipin and adiponectin. Modified 
and reprinted from Sugimoto R, Ishibashi-Ohgo N, Atsuji K, Miwa Y, Iwata O, et al. (2018) Euglena 
extract suppresses adipocyte-differentiation in human adipose-derived stem cells. PLOS ONE 13(2): 
e0192404. https://doi.org/10.1371/journal.pone.0192404 under CC-BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). 

1.3.2 Cell models 

There are three main types of model systems used to study adipocyte biology in 

vitro,i.e. multipotent stem cell lines, preadipocytes cell lines, and primary 

preadipocytes.  

Multipotent stem cell lines are able to commit to different lineages including adipose, 

bone and muscle lineage, and used for researches concerned about regulation of 

cell differentiation. It includes mouse embryos isolated C3H10T1 /2 cells and 

embryonic stem cells (embryo stem cells, ESCs)[4].  

Preadipocyte lines are currently the most widely used models since they are easier 

to culture and less costly than freshly isolated cells, mainly including 3T3-L1, 3T3-

F442A and ob17 cells[106].  

https://doi.org/10.1371/journal.pone.0192404
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Primary cells are derived from living tissues of humans and cultured in vitro after 

dissociation[4][106]. They are excellent models for studying the adipocyte-related 

biology and obesity-related alterations because they still retain the main 

characteristics of donors and depots, which is useful for assessing differences in 

adipose tissue's ability to proliferate or differentiate[106]. 

Wabitsch et al. introduced the human Simpson-Golabi-Behmel syndrome (SGBS) 

preadipocyte cell strain with a high capacity for adipogenic differentiation in 

2001[127]. SGBS is an X-linked congenital overgrowth disease which is 

characterized by macroglossia, macrosomia, renal and skeletal abnormalities, and 

an increased risk of embryonal cancer[12]. Most cases of SGBS appear to arise as 

a result of either deletions or point mutations within the glypican-3 (GPC3) gene at 

Xq26 which is a member of a multigene family encoding for at least 6 distinct 

glycosylphophatidylinositol-linked cell surface heparan sulfate proteoglycans[31]. 

However, the GPC3 gene is not altered in this cell strain [37].  

SGBS cells were obtained from subcutaneous adipose tissue of a patient suffering 

from SGBS and are widely used as a model system to study white adipocytes. They 

show a stable expression of adipocyte-specific genes as well as functional 

characteristics of adipocytes during generation passage[127]. They can achieve an 

adipogenic differentiation rate of > 90% over at least 50 generations, while primary 

human preadipocytes will lose their differentiation ability quickly when multiplied in 

vitro[37]. Therefore, the SGBS cell strain is an excellent model for studies of human 

adipocyte biology in vitro. 
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1.4 MicroRNA  

MicroRNAs (miRNAs) are small non-coding RNA molecules (about 22 nucleotides) 

found in animals, plants and some viruses, which can regulate protein expression 

by binding to complementary sequences in the 3’ untranslated region (UTR) of the 

target messenger RNAs (mRNA)[46]. Recently scientists also found that the 5’UTR 

and coding sequences of the mRNA might be targeted by a miRNA[68]. They modify 

gene expression through translational repression or degradation of the mRNA[7]. 

MiRNAs were first discovered in Caenorhabditis elegans in 1993 and, later on, in 

vertebrates and plants[71]. According to the classification of miRBase, thousands of 

miRNA genes have been identified in the human genome and been involved in 

numerous physiological processes and pathological processes[46][91], including 

heart and brain development, tumorigenesis or tumor apoptosis, differentiation of 

hematopoietic cells and pancreatic islet-cell development[72]. 

1.4.1 MiRNA biogenesis 

miRNAs ( ) are transcribed by RNA polymerase II generating long primary transcripts 

(pri-miRNAs)[88]. In the nucleus, pri-miRNAs are recognized by DGCR8 and 

cleaved by the endonuclease Drosha, to liberate a hairpin structured precursor 

miRNA (pre-miRNA), of ~60–70 nucleotides (nt)[88]. The pre-miRNA, which 

contains a 2-nt 3’ overhang, is exported to the cytoplasm by a complex formed by 

exportin-5, Ran and GTP[88]. In the cytoplasm it is cleaved by another RNase, Dicer, 

resulting in a miRNA duplex with a 5p strand arising from the 5′ end of the pre-

miRNA hairpin and a 3p strand originating from the 3′ end[88]. The determination of 

retaining 5p or 3p strand is dependent on the relative thermodynamic stability of the 

two ends of the duplex intermediate[88]. Argonaute (AGO) protein preferentially 
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incorporates with the guide strand (mature miRNA), which has lower 5′ stability or 5′ 

uracil[88]. The guide strand is loaded into the RNA-induced silencing complex 

(RISC), while the other strand in the original duplex will normally be discarded[88]. 

Depending on the degree of sequence complementary between the miRNAs and its 

target mRNA, the RISC complex either represses translation or induces a cleavage 

of the target mRNA[46]. 

Figure 3 The miRNA biogenesis pathway. miRNAs are transcribed by RNA polymerase II (Pol II) 
to generate the primary miRNA transcripts (pri- miRNAs). This primary transcript is cleaved by the 
complex containing the RNase III-type enzyme Drosha and the DGCR8 protein yielding pre-miRNA. 
The Pre-miRNAs are then exported from the nucleus to the cytoplasm in an Exportin5/RanGTP-
dependent manner to produce the mature miRNA duplex. Finally, either the 5p or 3p strands of the 
mature miRNA duplex binds to an Argonaute (Ago) protein and is integrated into the RNA-induced 
silencing complex (RISC). And then mature miRNA in miRISC exerts function by repressing 
translation or cleaving the target mRNA. 

1.4.2 Secretion and Transport of Extracellular miRNAs 

MiRNAs have been detected in several subcellular locations[88] and are critical 

mediators in physiologic and pathophysiologic process[85]. More evidence 

suggested miRNAs exist in bodily fluids such as plasma, pleural fluid, saliva, tears 

and urine and are associated to disease progression[130]. Some circulating 
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miRNAs have been proposed as biomarkers for some diseases like Alzheimer’s and 

Parkinson’s diseases and cancer[87]. It was Valadi et al that first described cell lines 

can secrete extracellular vesicles(EVs) containing mRNAs and miRNAs, which can 

be taken up by other cells and release their cargo into these target cells[125], 

suggesting miRNAs can be exported and imported by cells to build the 

communication between tissues and cells[87]. So far it is well-known that miRNAs 

export from extracellular in two ways: via EVs or protein carriers.  

In addition, miRNAs may leak out from ruptured or damaged cells[87]. miR-126-3p 

and the other miRNAs can be released from endothelium inducing by 

atheroprotective laminar shear stress and regulate the activity of smooth muscle 

cells[88]. Several miRNAs were altered in the circulation of obese patients or 

animals accompanied by an increase in the levels of circulating EVs, for example 

miR-221, which is downregulated and miR-122 which is upregulated, suggesting 

these miRNAs secreted in part via an increase in EV[87]. Through vesicle fusion, 

miRNAs are released by exocytosis from large dense-core vesicles (LDCVs) in 

neuroendocrine cells[88]. This process can be mediated by the SNARE complex 

and signaling molecules like interleukin-4 (IL4) and Docosahexaenoic acid (DHA), 

and accelerated by Ca2+ stimulus[88]. 

1.4.3 MiRNAs in human adipose tissue and obesity 

MiRNAs appear to play regulatory roles in many biological processes associated 

with obesity, including adipocyte differentiation, insulin sensitivity and lipid 

metabolism[84]. Several miRNAs are differentially expressed in WAT of obese 

subjects compared to non-obese human individuals, subcutaneous and visceral 

WAT also have different expression of miRNAs[68]. The group of J.W. Helge found 

that a 15-week weight loss intervention can lead to the up-regulation of miR-29a-3p 
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and -5p and down-regulation of miR-20b-5p in subcutaneous WAT among people 

with severe obesity (10 women and 9 men) [64]. Keller et al. found miR-21 is up-

regulated in subcutaneous adipose tissue in human obesity and positively correlated 

with BMI[61]. The expression of miR-103/107 and miR-143 is up-regulated in obese 

mice and reduces glucose homeostasis as well as insulin sensitivity by targeting 

caveolin-1 or downregulation of oxysterol-binding-protein-related protein (ORP) 8 

respectively[58][124].  

MiRNAs can regulate adipogenesis by targeting some transcription factors involved 

in adipocyte differentiation. For instance, miR-130a inhibits adipogenesis in human 

primary cells via targeting PPARγ[69]. miR-375 promotes 3T3-L1 adipocyte 

differentiation by modulating the ERK-PPARγ2-aP2 pathway[78]. MiRNAs can act 

as regulators of inflammatory markers. For example, induction of miR-132 

decreases transcription of interleukin-8 and monocyte chemoattractant protein-1 

(MCP1) in primary human adipocytes by binding silent information regulator 1 

(Sirt1)[116]. Lorente-Cebrian et al. observed that miR-145 stimulates the expression 

of TNF-α in the human adipose tissue-derived adipocyte progenitor cells through 

the activation of the nuclear transcription factor kappa-B (NF-κB) pathway[81]. 

MiRNAs also regulate insulin signaling. The increase in miR-29 level caused insulin 

resistance in 3T3-L1 adipocytes via indirectly inhibiting the AKT pathway[51]. miR-

103 and miR-107 were involved in glucose homeostasis and insulin sensitivity in 

obese mice by directly targeting the caveolin-1 gene[124].  

1.4.4 MiR-27a-5p and miR-27a-3p 

MiRNA-27 family consists of miR-27a and miR-27b which transcribed from different 

chromosomes with different nucleotides at the 3' end, mature sequence of miR-27a 
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is different from its paralogs miR-27b by just one nucleotide[75][25]. It belongs to a 

cluster of miR-23~27~24, intergenic miR-23a~27a~24-2 cluster is located on 

chromosome 9q22, while its paralog miR-23b~27b~24-1 cluster which is located in 

an intronic region on chromosome 19p13[25].  

miR-27a was reported to play an important role in tumor biology, including 

tumorigenesis, proliferation, apoptosis, invasion, migration and angiogenesis[75], 

by regulating AKT signaling pathways, Wnt/β-catenin signaling pathways, 

Ras/MEK/ERK signaling pathway and TGF-βsignaling pathways[141]. It has 2 

strands—miR-27a-5p (passenger strand) and -3p (guide strand) and has variable 

distribution and expression features in tissues and cell lines. For instance, they were 

both frequently overexpressed in cancer tissues and cancer cell lines. MiR-27a-3p, 

as a guide strand, demonstrated higher expression level than that of miR-27a-

5p[142]. According to the database from mimiRNA, miR-27a-3p expresses the 

highest level in fibroblast and lowest in HEK-293 cells[100]. It also expresses in 

various other tissues, like adipose tissues, skeletal muscles, breast and spleen and 

etc[100]. miR-27a-5p was only detected in some tumors like hepatoma and 

neuroblastoma, and cells like fibroblast and monocyte[100]. miRNAmap gives a 

view that miR-27a is highly expressed in bladder, prostate and placenta[52]. 

Both strands exerted different functions: miR-27a-3p promoted gastric cancer cell 

proliferation and tumor growth in vivo while the other strand, miR-27a-5p, did not 

[142]. However, whether two strands of one miRNA always exert the same function 

remains unclear. For example, both the guide and the passenger strands of miR-33, 

a key lipid metabolism miRNA in liver, can reduce cellular cholesterol output and 

fatty acid oxidation by inhibiting the translation of the cholesterol output pump 

ABCA1[42].  
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1.5 Aim of study 

Obesity is a situation of chronic low-grade inflammation in WAT. The low-grade 

inflammation of WAT reduces the storage ability of adipocytes and stimulates the 

release of non-esterified fatty acids, which may lead to ectopic lipid deposition and 

lipotoxicity of central metabolic organs (such as liver and skeletal muscle)[82]. A 

number of miRNAs are involved in inflammation and obesity, such as miR-34a which 

promotes inflammation in WAT of obese mice[90][83].  

To investigate the effect of pro-inflammatory stimulation on miRNA expression 

profile in human SGBS adipocytes, our lab used SGBS adipocytes as in vitro model 

of adipose tissue. On day 14, SGBS cells were treated with 10% MacCM or the 

corresponding vehicle control to mimic WAT inflammation[102]. After 48 h 

stimulation, total RNA was isolated and used to investigate the miRNA expression 

profile using an Affimetrix-based miRNA array. As shown in Figure 4, the heatmap 

analysis revealed 24 miRNAs which were differentially regulated between MacCM- 

and vehicle-treated adipocytes.  

Among the miRNAs that were upregulated after stimulation, miR-27a raised our 

interest. So far, there is no evidence of a shared expression profile or functional 

relationship between miR-27a-5p and miR-27a-3p in human adipocyte 

biology.Hence, the aim of this study is to perform the basal characterization of the 

effect of miR-27a (miR-27a-5p and -3p) on SGBS cells. For this, qPCR analysis was 

used to identify different expression of these two miRNAs, not only in mouse WAT 

samples but as well in human cell culture models. Subsequently the functional 
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impact of these two miRNA strands on adipogenesis was tested by a loss-of-function 

and gain-of-function approach. 

 

Figure 4 24 miRNAs were differentially regulated in SGBS cells under inflammatory 
conditions. SGBS adipocytes on day14 were treated with 10% of human THP-1 macrophage-
conditioned media (MacCM) or the corresponding vehicle control. Total RNA was isolated after 
48 h. Reprinted from Roos, J. et al. miR-146a-mediated suppression of the inflammatory 
response in human adipocytes. Sci. Rep. 6, 38339; doi: 10.1038/srep38339 (2016) under CC-
BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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2 Materials and Methods 

2.1 Materials 

2.1.1 Cell Strain 

All experiments were performed with the Simpson-Golabi-Behmel syndrome 

(SGBS) preadipocyte cell strain. SGBS preadipocytes were obtained from 

subcutaneous adipose tissue of SGBS patients and cultured in vitro[127].  

Human primary cells were isolated from mammary WAT samples by 

collagenase digestion, which were obtained from 9 female subjects undergoing 

plastic surgery, and cultured according to established protocols[17]. All 

procedures were authorized by the ethics committee of Ulm University (entry 

number 368/13). Written informed consent was obtained from all patients in 

advance. All the information and RNA samples were kindly provided by our lab. 

2.1.2 Animals and diets  

All animal studies were approved by the Regierungspräsidium Tübingen, 

Germany (entry number 1154). 7-week old female C57BL/6J obtained from the 

Jackson Laboratory (Bar Harbor, USA). Control diet D12450B mod. LS – 13 kJ% 

fat [vegetable oil] (#E15748-04) and high fat diet D12492n(I) mod 60 kJ% fat 

[lard] (#E15742-34) were obtained from Ssniff (Soest, Germany). After delivery, 

mice were given two weeks of adjustment at the animal facility. They were 

maintained on a 14/10 hours light/dark cycle in groups of 5 in individually 

ventilated cages with a temperature of 24°C and ad libitum access to food and 

water. At an age of 10 weeks chow diet was changed to either normal diet (ND) 



Materials 

 

 19 

or high fat diet (HFD). After 10 weeks of animals were sacrificed by cervical 

dislocation and then inguinal white adipose tissue (iWAT) and gonadal white 

adipose tissue (gWAT) were dissected for further study. All the Information and 

RNA samples were kindly provided by Julian Roos. 

2.1.3 Instruments 

Instrument  Supplier  

BIO-RAD Trans-Blot Turbo BioRad 

Bolt Mini Gel Tank electrophoresis 
chamber  

ThermoFisher Scientific  

BZ-9000 fluorescence microscope  Keyence  

CFX Connect Real-Time PCR Detection 
System  

BioRad  

ChemiDocTM MP Imaging System BioRad 

Concentrator 5301 Eppendorf 

DMi1 light microscope  Leica  

Elx800 microplate reader  BioTek Instruments  

Electrophoresis Power Supply-EPS 600 Pharmacia Biotech 

Electrophoresis Power Supply-EPS 300 Pharmacia Biotech 

Entris® precision balance artorius 

Heidolph Unimax 2010 Heidolph 

Heracell 240 CO2 incubator ThermoFisher Scientific 
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Heraeus Multifμge X3 FR ThermoFisher Scientific 

Heratherm IMC 18 ThermoFisher Scientific 

Infinite M Plex Tecan Trading AG 

Julabo 19 Circulating Heated Water Bath Julabo 

Microcentrifuges Micro Star 17 VWR 

Mikro 220R Refrigerated Centrifuge Hettich 

NanoDrop 2000 spectrophotometer  ThermoFisher Scientific  

PeqStar 2X Universal Gradient 
thermocycler  

Peqlab  

pHenomenal® pH 1100L VWR collection 

2.1.4 Equipments 

Equipment  Supplier  Order number  

cell culture dishes, 6 cm  Corning #353004 

cell culture flasks, 175 cm²  Sarstedt  #83.3912.002  

cell culture plates, 12 well  Corning  #353043  

cell culture plates, 96 well  Sarstedt #83.3924.300 

cell scrapers  Sarstedt  #83.1830  

glass pipettes  VWR  #612-1701  

glass slides  VWR  #631-1551  
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PCR plates, 96-well, white 
shell/clear well  

BioRad  #HSP9601  

plate sealing films  BioRad  #MSB1001  

reaction tubes, 0.5 ml  Sarstedt  #72.704.400  

reaction tubes, 1.5 ml  Sarstedt  #72.706.400  

reaction tubes, 2 ml  Sarstedt  #72.695.400  

reaction tubes, 5 ml Sarstedt  #72.701.400 

Mini-Sub cell GT system,7x10 cm 
Tray 

BioRad  #1704466 

Gel Tray, Sub-cell GT, 7x10 cm BioRad #1704435 

GT mini comb, 15 well, 1.5 mm BioRad #1704465 

serological pipettes, 1 ml  Corning  #357521  

serological pipettes, 10 ml  Corning  #4488  

serological pipettes, 25 ml  Corning  #4489  

serological pipettes, 5 ml  Corning  #4487  

Combitips advanced® tips, 0.5 ml  Eppendorf  #0030089634  

Combitips advanced® tips, 0.5 ml, 
non-sterile  

Eppendorf  #0030089421  

Combitips advanced® tips, 10 ml, Eppendorf  #0030089464 

Combitips advanced® tips, 10 ml, 
non-sterile  

Eppendorf  #0030089820  



Materials 

 

 

 

22 

Combitips advanced® tips, 2.5 ml  Eppendorf  #0030089650  

Combitips advanced® tips, 5 ml  Eppendorf  #0030089669  

Combitips advanced® tips, 5 ml, 
non-sterile  

Eppendorf  #0030089456  

sterile filter units, 0.2 μM, 250 ml  ThermoFisher 
Scientific  #568-0020  

sterile filter units, 0.2 μM, 500 ml  ThermoFisher 
Scientific  #569-0020  

sterile filters for syringes, 0.2 μM  GE Healthcare  #10462200  

syringes, 1 ml  BD  #303172  

syringes, 20 ml  BD  #300629  

syringes, 50 ml  BD  #300863  

Trans-Blot Turbo RTA Mini 0.2 µm 
Nitrocellulose Transfer Kit 

BioRad #1704270 

2.1.5 Kits and reagents 

Name  Supplier  Order number  

Acetic acid 100% VWR #20104.298 

agarose  Sigma-Aldrich  #A9539  

ampicillin  AppiChem  #A0839  

blasticidin  ThermoFisher 
Scientific  #R21001  
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Biotin Sigma-Aldrich #B-4639 

Bolt 4-12% Bis-Tris Plus gels, 10 
well 

ThermoFisher 
Scientific #NW04120BOX 

Bolt 4-12% Bis-Tris Plus gels, 15 
well  

ThermoFisher 
Scientific  #NW04125BOX  

Bolt 4-12% Bis-Tris Plus gels, 17 
well 

ThermoFisher 
Scientific #NW04127BOX 

Bolt LDS sample buffer, 4X  ThermoFisher 
Scientific  #B0007  

Bolt MES SDS running buffer, 20X  ThermoFisher 
Scientific  #B000202  

Bolt sample reducing agent, 10X  ThermoFisher 
Scientific  #B0009  

Bradford protein assay concentrate  BioRad  #5000006  

BSA  Sigma-Aldrich  #A7906  

BSA protein assay standard  ThermoFisher 
Scientific  #23209  

CaCl2  Sigma-Aldrich  #C1016  

CaCl2 ∙ 2 H2O  Merck Millipore  #1023821000  

complete protease inhibitor cocktail 
tablets  

Roche  #04693116001  

cortisol  Sigma-Aldrich  #H-0888  

dexamethasone  Sigma-Aldrich  #D-1756  
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dextrose (D-glucose)  Invitrogen  #Q100-37  

Direct-zol RNA Miniprep Kit  Zymo Research  #R2052  

DMEM  ThermoFisher 
Scientific  #41966029  

DMEM medium     Sigma-Aldrich  #D5648 

DMEM/F12  ThermoFisher 
Scientific  #31330-038  

DMSO  Honeywell  #41641  

dNTP mix, 20 mM  Amersham  #27-2094-01  

DTT solution, 100 mM  ThermoFisher 
Scientific  #Y00147  

EDTA  Carl Roth  #8043  

Ethanol  Honeywell  #32205  

Ethanol 99.8%,Vergaellt 642 VWR #64-17-5 

FBS  ThermoFisher 
Scientific  #10270106  

formaldehyde, 37-38 %(w/v)  AppliChem  #131328  

Free Glycerol Reagent Sigma-Aldrich #F6428 

Gateway BP Clonase II enzyme mix  ThermoFisher 
Scientific  #11789020  

Gateway LR Clonase II enzyme mix  ThermoFisher 
Scientific  #11791020  



Materials 

 

 25 

Glucose, 2.5 M  Sigma-Aldrich  #G8769 

Glutamine, 200 mM  Sigma-Aldrich  #G8540 

Glycerol Standard solution Sigma-Aldrich  #G7793 

HCl solution, 1 M  Honeywell  #35328  

HEPES, 1 M  BioChrome  #L1613  

hexan  Sigma-Aldrich  #296090  

IBMX  Sigma-Aldich  #I-5879  

insulin  Sigma-Aldrich  #I-1507  

insulin human, Actrapid Penfill 100 
IU/ml  

Novo Nordisk  #0536427  

Isopropanol VWR #20842 

kanamycin ThermoFisher 
Scientific #11815024 

KCl Merck #104935 

L-glutamine solution, 200 mM, 100X ThermoFisher 
Scientific #25030024 

Lipofectamine 2000 ThermoFisher 
Scientific #11668019 

MEM non-essential amino acids 
solution, 100X  

ThermoFisher 
Scientific  #11140035  

MgSO4 ∙ 7 H2O  Sigma-Aldrich  #230391  

miScript II RT Kit  Qiagen  #218161  
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miScript SYBR Green PCR Kit  Qiagen  #218073  

Na2HPO4  AppliChem  #A3567  

NAH2PO4 ∙ H2O  Merck Millipore  #106349  

NaN3  Sigma-Aldrich  #S2002  

Opti-MEM I  ThermoFisher 
Scientific  #31985047  

Panthotenat Sigma-Aldrich #P-5155 

PBS  ThermoFisher 
Scientific  #14190094  

Penicillin/streptomycin solution, 
100X  

ThermoFisher 
Scientific  #15140122  

peqGOLD DNA ladder mix  VWR  #25-2040  

phosSTOP phosphatase inhibitor 
cocktail tablets  

Roche  #04906845001  

Phusion high-fidelity DNA 
polymerase  

NewEngland 
Biolabs  #M0530S  

Ponceau S solution  Sigma-Aldrich #SLBR3445V 

Pyruvate, 100 mM  Sigma-Aldrich #S8636  

Q5 HF DNA Polymerase (2 U/μl)  NEB  #M0491S  

Random primers  ThermoFisher 
Scientific 

#48190011  

rosiglitazone  Cayman  #71740  
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SeeBlue Plus2 pre-stained protein 
standard  

ThermoFisher 
Scientific  #LC5925  

skim milk powder  Sigma-Aldrich  #70166  

Sodium pyruvate solution, 100 mM  ThermoFisher 
Scientific  #11360039  

SsoAdvanced Universal Probes 
Supermix  

BioRad  #1725281  

SuperScript II Reverse 
Transcriptase  

Invitrogen  #18064014  

TE buffer Invitrogen  #12090015 

transferrin  
Sigma-Aldrich  

#T-2252 

Triglyceride Reagent  Sigma-Aldrich  #T2449 

triglycerides assay  Randox  #TR210  

triiodothyronine  Sigma-Aldrich  #T-6397  

Tris base Sigma-Aldrich #T1503-1kg 

Tris HCl  Sigma-Aldrich  #10812846001  

triton X-100  Serva  #37240  

trypsin/EDTA solution, 
0.05 %/0.02%  Merck  #L2143  

tween 20  AppliChem  #A1389  
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2.1.6 Buffers and solutions  

Bradford working solution Bradford protein assay concentrate 
40 ml 

+ 10 ml dH2O 

Hexan/isopropanol Hexan 3 parts 

+ isopropanol 2 parts 

Isopropanol 60% 100% isopropanol 60 mL  

+ PBS 40 mL 

Oil red O staining, stock solution, 
sterile filtered 

100% isopropanol 200 mL  

+ 0.7 g oil red O dry powder 

Oil red O staining, working solution, 
sterile filtered 

Oil red O staining, stock solution 30ml 

+dH2O 20ml 

Protein lysis buffer, pH 7.5  dH2O  

+ 10 mM Tris  

+ 150 mM NaCl  

+ 2 mM EDTA  

+ 1% Triton X-100  

+ 10% glycerol  

freshly added:  
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+ 1 mM DTT  

+ 1X protease inhibitor  

+ 1X phosphatase inhibitor cocktail  

TAE buffer,50X,1L dH2O 

+ 242 g Tris base 

+ 18.61 g EDTA  

+ 57.1 ml Acetic acid 

TBS 10X, pH 7.6  dH2O  

+ 200 mM Tris base  

+ 1.5 M NaCl  

TBST   dH2O  

+ 1X TBS  

+ 0.1% Tween 20  

TBST-BSAzide TBST 

+ 2.0% (w/v) BSA 

+ 0.02% (v/v) NaN3 

Transfer buffer, 1X  5x transfer buffer 200 ml 
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+ 600 ml H2O 

+ 200 ml ethanol 

Tryglycerol working solution Free Glycerol Reagent 4 parts 

+Triglyceride Reagent 1 part  

Western blot blocking buffer   1x TBST 

+ 5.0 % (w/v) milk powder  

2.1.7 SGBS cell culture medium  

SGBS basal medium (serum free) DMEM:F12 (1:1) 

 + 100 U/ml Penicillin/streptomycin 

+ 17 μM Pantothenat 

+ 33 μM Biotin 

SGBS growth medium     SGBS basal medium 

 + 10 % (v/v) FBS 

Differentiation medium I     SGBS basal medium 

(day 0 – day 4)  + 0.01 mg/ml Transferrin 

 + 20 nM Insulin 

+ 100 nM Cortisol 

+ 0.2 nM Triiodthyronin (T3) 
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+ 25 nM Dexamethason 

+ 250 μM IBMX 

+ 2 μM Rosiglitazone 

Differentiation medium II  Basal medium 

(day 4 onwards)  + 0.01 mg/ml Transferrin 

 + 20 nM Insulin 

+ 100 nM Cortisol 

+ 0.2 nM Triiodthyronin (T3) 

2.1.8 Primers and Primer assays for quantitative real-time PCR  

All used primers for quantitative real-time PCR (qPCR) are given in Table 1 

(human). 

The concentration of all forward and reverse primer working mixes are 5 μM. 

Primer assays for miRNA quantification are given in Table 2.  

Table 1:Human primer pairs (all produced by Biomers, Ulm, Germany) 

target gene  primer  sequence 5’ -> 3’  

Adiponectin forward  

reverse 

GGCCGTGATGGCAGAGAT 

CCTTCAGCCCGGGTACT 

CELF1 forward  

reverse 

TGGAGGGTTGCTCATCACC 

GCGCTGATTTGCTGCATCTG 
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FOXO1 forward  

reverse 

AAGAGCGTGCCCTACTTCAA 

GCACACGAATGAACTTGCTG 

GATA2 forward  

reverse 

GAATGGGCAGAACCGACCACTCATCAAGC 

GGTCAGTGGCCTGTTAACATTGTGCAGC 

HPRT  forward  

reverse  

GAGATGGGAGGCCATCACATTGTAGCCCTC  

CTCCACCAATTACTTTTATGTCCCCTGTTGAC
TGGTC  

IGF1 forward  

reverse 

ACACCATGTCCTCCTCGCATCTCTTCTACC 

AATACATCTCCAGCCTCCTTAGATCACAGCTC 

LIFR forward  

reverse 

GTGACCCACAACACAACTCTG 

CACATTCCAAGGGCATATCTGAG 

LPIN1 forward  

reverse 

GAAGTTATCCCTATGCACCTGGC 

GCTGGGAGCGATCACTTGG 

Perilipin forward  

reverse 

GAAGTTGAAGCTTGAGGAGCGAGGATGG 

GGCTTCCTTAGTGCTGGTGTAGGTCTTCTG 

PPARγ  forward  

reverse  

GACCACTCGCATTCCTTTGACATCAAGCC  

TGATCGCACTTTGGTATTCTTGGAGCTTCAG  

RARA forward 

reverse 

GGGCAAATACACTACGAACAACA 

CTCCACAGTCTTAATGATGCACT 
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SP1 forward  

reverse 

GTGGAGGCAACATCATTGCTG 

GCCACTGGTACATTGGTCACAT 

Table 2: QIAGEN miScript Primer assays 

primer assay  target ncRNA  order number  

Hs_SNORD68_11  SNO68 snoRNA  MS00033712  

Hs_miR-27a*_1  hsa-miR-27a-5p  MS00009240  

Hs_miR-27a_1  hsa-miR-27a-3p  MS00003241  

2.1.9 Synthetic non-coding RNAs  

Table 3: Human QIAGEN miScript miRNA mimics, inhibitors and non-specific controls 

Name  Order number  

AllStars Negative Control siRNA  1027280  

miScript Inhibitor Negative Control  1027271  

Syn-hsa-miR-27a-5p miScript miRNA Mimic  MSY0004501  

Syn-hsa-miR-27a-3p miScript miRNA Mimic MSY0000084 

Anti-hsa-miR-27a-5p miScript miRNA Inhibitor  MIN0004501 

Anti-hsa-miR-27a-3p miScript miRNA Inhibitor MIN0000084 

2.1.10 Antibodies for Western blot 
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Table 4: Antibodies for Western blot 
antigen clone order # company host dilution diluent 

Adiponec
tin polyclonal 

GTX1127
77 

GeneTex rabbit 1:1000 
TBST-
BSAzide 

Perilipin polyclonal ab3526 abcam rabbit 1:1000 
TBST-
BSAzide 

PPARγ monoclona
l 

2443 
cell 
signaling 

rabbit 1:1000 
TBST-
BSAzide 

Tubulin DM1A CP06 
Calbioche
m 

mouse 1:5000 
TBST-
BSAzide 

mouse 
IgG polyclonal 12005867 BioRad 

Star 
Bright 
Blue 
520 

1:5000 
Blocking 
buffer 

mouse 
IgG polyclonal 12004159 BioRad 

Star 
Bright 
Blue 
700 

1:5000 
Blocking 
buffer 

rabbit IgG polyclonal 12005870 BioRad 

Star 
Bright 
Blue 
520 

1:5000 
Blocking 
buffer 

rabbit IgG polyclonal 12004162 BioRad 

Star 
Bright 
Blue 
700 

1:5000 
Blocking 
buffer 

2.1.11 Software  

 

https://www.bio-rad.com/en-de/sku/12005867-starbright-blue-520-goat-anti-mouse-igg-80-ul?ID=12005867
https://www.bio-rad.com/en-de/sku/12004159-starbright-blue-700-goat-anti-mouse-igg-80-ul?ID=12004159
https://www.bio-rad.com/en-de/sku/12005870-starbright-blue-520-goat-anti-rabbit-igg-80-ul?ID=12005870
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name supplier 

BZII Viewer and Analyzer Keyence 

CFX Maestro Software for CFX Real-Time 
PCR 

BioRad 

Gen5 data analysis software BioTek 

Illustrator CS6 Adobe 

Image Lab BioRad 

NanoDrop 2000/2000c software ThermoFisher Scientific 

Office 365 Microsoft 

Prism GraphPad Software 
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2.2 Methods 

2.2.1 SGBS Cell Biology 

2.2.1.1 General SGBS cell culture 

SGSB cells were seeded in T175 flasks and incubated at 37oC with 5% CO2  

under water vapor saturated atmosphere for expansion. When confluent 

(normally for one week), cells were washed with warmed PBS after removing 

the medium. Then trypsin was added and incubated around 5min in 37°C to let 

cells detached. SGBS growth medium were added to suspend cells and 

centrifuged for 10 min at 1100 rpm to get the cell lysate. The cells were 

resuspended by SGBS growth medium, counted and seeded in optimal density 

for further application as shown in table below. 

cell culture dish  cell number  application  

175 cm2 flask  100,000  expansion  

6 cm dish  150,000  adipogenic differentiation  

protein extraction  

12-well plate  22,500/well  adipogenic differentiation  

RNA extraction  

triglyceride extraction  

2.2.1.2 Adipogenic differentiation 

SGSB cells were cultured in 6cm dishes or 12-well plate and incubated at 37oC 

with 5% CO2 under water vapor saturated atmosphere. After 2 days, SGBS 

preadipocytes became confluent and were then washed with warmed PBS for 

three times and cultured in Differentiation medium I. 4 days later, the medium I 

was removed and Differentiation medium II was added for further differentiation. 
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2.2.1.3 Determination of differentiation rate 

A net micrometer was used to determine the number of preadipocytes and 

mature adipocytes under microscope, and the adipogenic differentiation rate 

was the quotient of mature adipocytes to total cells. Preadipocytes were 

morphologically broblast-like. Mature adipocyte is defined as a round-shape 

cell which has at least 5 clearly visible lipid droplets. 

2.2.1.4 Transfection of SGBS cells 

One day after seeding in 12-well plates or 6cm dishes, the transfection with 

miRNAs (listed in Table 3) was performed. First, the oligonucleotides were 

diluted in Opti-MEM I. Then Lipofectamine 2000 was diluted with Opti-MEM I 

and mixed gently and incubate for 5 minutes at room temperature. After 

incubation, the diluted oligonucleotides were gently mixed with the diluted 

Lipofectamine 2000, and incubated for 20 minutes at room temperature to allow 

complex formation. At last, the mixture was added to the cells drop by drop. 

The final concentration of miRNAs was 20 nM in each well or dish. 

SGBS preadipocyte transfection with miRNA inhibitor or inhibitor negative 

control listed in Table 3 were conducted with the same procedure, while the 

final concentration of miRNA inhibitor or inhibitor negative was 50 nM.  

2.2.1.5 Oil Red O staining 

For Oil red O staining, the cells were fixed with 1 ml 4% PFA and washed with 

1 ml 60% Isopropanol for 5 min. Afterwards , 0.5 ml Oil red O working solution 

was added to each well. After 10 min, cells were rinsed with dH2O and then 

visualized and photographed using a BZ-9000 fluorescence microscope. 
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2.2.2 Molecular Biology 

2.2.2.1 Triglyceride-based methods 

2.2.2.1.1 Triglyceride Isolation 

To isolate triglycerides, medium was removed and each well of the 12-well plate 

was rinsed twice with 500 μl mixed Hexan/Isopropanol (3:2). The solved 

triglycerides were transferred to a reaction tube and centrifuged in a vacuum 

centrifuge Concentrator 5301 at 30°C for 30-45 min to purify the isolated 

triglycerides. Then they were stored at -20°C.  

2.2.2.1.2 Determination of Triglyceride Concentration 

The isolated triglycerides were resuspended in 100 μl pure Isopropanol. The 

samples were diluted 1:5 to stay in the measurable range of the assay. To 

achieve a linear standard curve (𝑦=𝑚∙𝑥+𝑏), glycerol standard solution was 

serially diluted in 100 % Isopropanol to 1250 μg/ml, 625 μg/ml, 312.5 μg/ml, 

156.3 μg/ml, 78 μg/ml, 39 μg/ml and 0 μg/ml. Then 200 μl triglyceride working 

solution was added to each well containing either standards or samples and 

incubated at room temperature for 20 min. The absorption at 550 nm was 

measured with a Tecan Infinite 200 PRO M-Plex plate reader. The arithmetic 

average of each condition was used for further calculations. 

2.2.2.2 RNA-based methods 

2.2.2.2.1 RNA isolation 

For mRNA expression analysis, total RNA was isolated using the Direct-zol 

RNA mini Prep Kit.  
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To obtain whole cell lysates from cells which were cultured in 12-well plates, 

the medium was removed, and appropriate volume of Tri-Reagent was added 

into the wells and incubated for 5 min at room temperature. The cell lysates 

were collected and stored at -80°C. After collection of all samples from different 

time points in one experiment, all cell lysates were thawed and total RNA, 

including miRNA, were purified according to the manufacturer’s protocol.  

Whole adipose tissue samples were thawed on ice and then homogenized in 

TRI Reagent using tissue homogenizing CKMix tubes (Bertin Technologies, 

France) and a TissueLyser LT (Qiagen, Germany) homogenizer. Chloroform 

(Carl Roth, Germany) was added to 20%v/v, the homogenates were shaken 

vigorously and centrifuged at high speed. The upper, colorless phase was 

separated and used for actual isolation. All the information was kindly provided 

by Julian Roos. 

RNA from whole cell lysates was eluted with 40 μl RNase-free water and the 

RNA concentration was determined by NanoDrop 2000 spectrophotometer. 

Purified RNA was always handled on ice and stored at -80°C. 

2.2.2.2.2 Reverse transcription  

Reverse transcription was performed with SuperScript II Reverse 

Transcriptase.1 μg RNA was diluted to a final volume of 11 μl with RNase-free 

H2O and denaturized at 85°C for 3 min in the presence of 1 μl random primer. 

Then 11 μl of the master mix given below was added to each RNA/random 

primer mix resulting in a final volume of 23 μl.  

Master mix for one reaction:  

5X first strand buffer 5.0 μl 
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RNase-free water 1.5 ul 

DTT (100 mM) 2.5 ul 

dNTPs (10 mM) 1.0 ul 

SuperScript II Reverse Transcriptase 1.0 ul 

The reverse transcriptase reaction was performed in a peqStar 2X Universal 

Gradient thermocycler with following conditions: 

Afterwards cDNA was diluted with H2O to a final concentration of 5 ng/μl and 

stored at -20°C or used directly for quantitative real time PCR. 

25°C for 15 min 

42°C for 50 min 

70°C for 15 min 

4°C forever 

2.2.2.2.3 Quantitative real-time PCR (qPCR) 

For gene expression analysis, qPCR was performed with the Sso Advanced 

Universal Probes Supermix (SYBR green mix). qPCR was performed in 10 μl 

reaction system given below in 96-well PCR plates: 

SYBR green mix 5.0 μl 

PCR-grade water 3.0 μl 

primer mix (forward and reverse) 1.0 μl 

cDNA 1.0 μl 

A BioRad CFX Connect Real-Time PCR Detection System was used for 

quantification with the following conditions: 

polymerase activation:  30 s at 95°C 
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40 cycles of  

denaturation: 5 s at 95°C 

annealing and elongation: 30 s at 60°C 

A subsequent melting curve analysis with decreasing temperature from 95°C to 

60°C by 0.2°C/s verified the amplification specificity. All results were normalized 

to Hypoxanthine-Guanin-Phosphoribosyltransferase (HPRT) using the 2-ΔCt 

method[79] .  

2.2.2.2.4 miScript II reverse transcription   

For the reverse transcription of miRNAs, the QIAGEN miScript II RT Kit was 

used. Since miRNAs are not polyadenylated, they are polyadenylated by poly 

(A) polymerase and reverse-transcribed into cDNA in parallel, using oligo-dT 

primers. 1 μg RNA was diluted to a final volume of 11 μl with RNase-free water. 

Then 9 μl of the master mix given below were added to the reaction tube and 

resulted in a total volume of 20 μl. 

Master mix for one reaction: 

5X HiSpec Buffer 4.0 μl 

10X Nucleics Mix 2.0 μl 

RNase-free water 1.0 μl 

Reverse Transcriptase Mix 2.0 μl 

The reverse transcriptase reaction was carried out with peqStar 2X Universal 

Gradient thermocycler with following protocol: 

37°C for 60 min 

95°C for 5 min 

4°C for ever 
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Afterwards cDNA was diluted with H2O to a final concentration of 5 ng/μl and 

stored at -20°C or used directly for quantitative real time PCR. 

2.2.2.2.5 miScript SYBR Green qPCR   

The oligo-dT primers used in the RT-PCR carry a 3'degenerate anchor and a 

universal tag sequence at the 5' end, allowing the mature miRNAs to be 

amplified in the qPCR step. miScript Primer Assays given in table 2 were used 

with the miScript SYBR Green PCR Kit to enable the quantification of specific 

mature miRNAs. qPCR was performed in 10 μl reactions as given below in 96-

well PCR plates: 

2X QuantiTect SYBR Green PCR Master Mix 5.0 μl 

10X Universal Primer 1.0 μl 

10X Primer Assay 1.0 μl 

RNase-free water 2.0 μl 

cDNA 1.0 μl 

The qPCR was performed with BioRad CFX Connect Real-Time PCR Detection 

System with following amplification protocol:  

initial activation step:  15 min at 95°C. 

40 cycles of  

denaturation: 1 s at 94°C 

annealing: 30 s at 55°C 

elongation: 30 s at 70°C 

A subsequent melting curve analysis was performed as described in 2.2.2.1.3. 

All results were normalized to SNO68 using the 2-ΔCt method[79].  
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2.2.2.3 Protein-based methods 

2.2.2.3.1 Protein isolation 

To obtain whole cell lysates, cell culture medium was removed and washed 

once with cold DPBS and lysis buffer was added directly to the cell layer. Cells 

were harvested with a cell scraper and the lysate was incubated in a reaction 

tube for 30 min on ice. Afterwards the cell lysate was centrifuged with 14000 

rpm for 30 min on 4°C. Finally, the protein containing supernatants were 

transferred to a new reaction tube and stored at -20°C for short term storage 

and at -80°C for long term storage.  

2.2.2.3.2 Determination of protein concentration 

Cell lysates were thawed on ice and the protein concentration was determined 

using Bradford protein assay according to the manufacturer’s 

recommendations in 96-well plates. Cell lysates were diluted 1:10 to stay in the 

measurable range of the assay. To achieve a linear standard curve (𝑦=𝑚∙𝑥+𝑏), 

BSA protein assay standard was serially diluted in dH2O to 500 μg/ml, 300 

μg/ml, 200 μg/ml, 100 μg/ml, 50 μg/ml and 0 μg/ml. Then 200 μl Bradford 

working solution were added to each well and incubated at room temperature 

for 5 min. The absorbance at 550 nm was measured with a Tecan Infinite 200 

PRO M-Plex plate reader. Each sample was measured in duplicates and the 

arithmetic average of both samples was used for further calculations. 

2.2.2.3.3 Western Blot 

For SDS Page, Bolt Mini Gel Tank electrophoresis chamber and precast Bolt® 

4%-12% Bis-Tris Plus gels were applied. For western blot analysis, BioRad 

Trans-Blot Turbo Transfer System was applied, 15 μg protein lysates  were 
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mixed with 4X Bolt LDS sample buffer, 10X Bolt sample reducing agent and 

dH2O and denaturized for 10 min at 70°C. Then proteins were separated by 

electrophoresis with 200 V (constant), 400 mA and 100 W for 25 min using 4-

12% Bis-Tris Plus gels in 1X Bolt MES SDS running buffer while SeeBlue Plus2 

pre-stained protein standard was served as a protein weight reference. 

Afterwards the proteins were blotted to a nitrocellulose membrane using the 

transfer stacks and BIO-RAD Trans-Blot Turbo transfer system (7 minutes at 

25 V 1.3A or 10 minutes at 25 V 2.5A). The blotting membrane was incubated 

in Ponceau S solution for 3 min to stain all proteins and washed with water. This 

step was followed by a 1 h blocking step in western blot blocking buffer at room 

temperature to prevent unspecific protein binding. After washing once for 10 

min with TBST, the membrane was incubated overnight at 4°C with a primary 

antibody. On the next day the membrane was washed three times for 10 min 

with TBST and then incubated with the corresponding secondary antibody for 

1 h at room temperature. After washed again for 3 times with TBST, images 

were captured with a ChemidocTM MP imaging system in the corresponding 

Channels. The expression of α-tubulin was used as loading control. The protein 

expression was quantified using ImageLab-software. For that purpose, the 

quotient of the intensity of the protein of interest and intensity of α-tubulin was 

calculated. 

2.2.3 MicroRNA target prediction and pathway analysis  

For target prediction of the selected microRNAs, the web tool miRWalk, 

miRTarbase and TargetScan were used on default settings, each one premises 

different properties among miRNA-mRNA targeting.  
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Predicted microRNA targets from these three algorithms were used for pathway 

analysis using the web tool EnrichR (https://amp.pharm.mssm.edu/Enrichr/). 

The enrichment analysis for WIKI pathways was performed on default settings. 

2.2.4 Statistics  

For statistical analysis GraphPad Prism (version 8.01) software was used. For 

comparison between two groups, t-test was used, and for three or more groups, 

one-way ANOVA (for one independent variable) or two-way ANOVA (for two 

independent variables) was used. Multiple comparisons were corrected using 

Tukey or Bonferroni posttest. P-value <0.05 was considered statistically 

significant. 
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3 Results 

3.1 Expression levels of miR-27a-5p and -3p in 

murine white adipose tissue  

To assess if miR-27a plays a functional role in adipocytes, the expression of 

both strands, i.e. miR-27a-3p and miR-27a-5p was measured in adipose tissue 

of C57/BL6 mice, which had been fed either a high fat (HFD) or normal diet (ND) 

for 10 weeks.  

In both WAT depots, the 3p-strand was higher expressed than the 5p-strand as 

concluded from the relative expression levels related to SNO68 (miR-27a-

3p/SNO68: ~0.96 in gWAT and ~0.097 in iWAT; miR-27a-5p/SNO68: ~0.001in 

gWAT and ~0.0002 in iWAT)(Figure 5 A, B). MiR-27a-5p was significantly higher 

expressed in gonadal WAT (gWAT) after HFD compared to ND, whereas 

expression was comparable between diets in inguinal WAT (iWAT). MiR-27a-

3p expression appeared to be increased by approximately 4-fold increase 

(p=0.06) in gWAT and 2-fold (p=0.14) in iWAT after HFD, yet not reaching 

statistical significance (Figure 5A, B).  

These results suggest that miR-27a-5p and -3p might play a role in adipose 

tissue or adipocyte function.  
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Figure 5 Expression levels of miR-27a-5p and -3p in murine white adipose tissue (WAT). 
The expression of miR-27a-5p and -3p was assessed in gonadal and inguinal white adipose 
tissues (gWAT and iWAT) of female C57BL/6J mice fed normal (ND) or high fat diet (HFD) for 
10 weeks. WAT samples were processed for qPCR analysis and relative miRNA expression 
was quantified by qPCR in relation to SNO68. Statistics: Results are displayed as mean and 
SEM of 5 mice per group. T-test; *p<0.05. SNO68: SNORD68. Data used to generate this figure 
were published in [132] under CC-BY 4.0 (https://creativecommons.org/licenses/by/4.0/) 

3.2 Differentiation of SGBS cell strain 

To determine the expression of miR-27a-5p and -3p during adipogenesis, 

SGSB cells were differentiated and RNA, protein and triglyceride samples were 

collected.  

To visualize adipogenesis, the de novo incorporated lipid droplets were stained 

in red with Oil Red O on day 0, 2, 4, 7, 11, and 14 of adipogenic 

differentiation(A). The first small lipid droplets were visible on day 4. On day 14, 

nearly all cells were filled with several big lipid droplets. The differentiation rate 

and the triglyceride content gradually increased over time and reached a peak 

on day 14(B). On day 14 adipogenic differentiation rate was higher than 90%. 
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The expression of adipogenic markers genes such as perilipin, PPARγ, and 

adiponectin was assessed. As these factors are specifically expressed in 

adipocytes, they were not detectable in preadipocytes on day 0 and then 

upregulated during the course of adipogenesis on both mRNA and protein level 

Figure 6 Adipogenic differentiation of SGBS cells. Adipogenic differentiation of SGBS cells 
was induced by stimulation with an adipogenic differentiation cocktail as described in Methods. 
Cells were analyzed on day (d) 0, 2, 4, 7, 10 and 14. To illustrate the adipogenic differentiation 
potential of SGBS cells, the cells were stained with the lipophilic staining Oil-Red O, 
differentiation rates were counted and triglycerides were isolated. (A) Micrographs of Oil-Red O 
stained SGBS cells during differentiation at indicated time points. Lipid droplets were stained in 
red. (B) Differentiation rate and triglyceride content during the differentiation process. Statistics: 
results are displayed as mean and SEM of 4 independent experiments. One-way ANOVA 
related to day 0; *p<0.05; **p<0.01. Contents of this figure were published in [132] under CC-
BY 4.0 (https://creativecommons.org/licenses/by/4.0/) 
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(Figure 7 A-C). Adiponectin decreased on day 14 compared to day 11 both on 

mRNA level and protein level, and PPARγ protein expression reached its peak 

on day 7 (Figure 7 C). Taken together, the morphological data along with 

expression data confirmed the successful differentiation of SGBS 

preadipocytes to adipocytes. 

 

Figure 7 Expression of adipogenic marker genes in SGBS cells. Adipogenic differentiation 
of SGBS cells was induced by stimulation with an adipogenic differentiation cocktail as 
described in Methods. On day (d) 0, 2, 4, 7, 10 and 14, RNA and protein were extracted. (A) 
RNA was reversely transcripted and relative mRNA expression of adipogenic marker genes 
quantified by qPCR in relation to HPRT. (B) Representative Western blots for adipogenic 
marker genes with Tubulin as loading control. (C) Densitometric analysis of all experiments. 
Statistics: Results were displayed as mean and SEM of 4 independent experiments. One-way 
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ANOVA related to day 0; *p<0.05; **p<0.01; ***p<0,001. HPRT: Hypoxanthine-Guanin-
Phosphoribosyltransferase, PPARγ:peroxisome proliferator-activated receptors γ. Contents of 
this figure were published in [132] under CC-BY 4.0 
(https://creativecommons.org/licenses/by/4.0/) 

Therefore, the expression levels of miR-27a-5p and -3p were assessed during 

the course(Figure 8 A). Both miRNAs were higher expressed in preadipocytes 

(day 0) than in adipocytes (day 14) Figure 8A. The expression levels attenuated 

on day 2 and remained at a low level. To corroborate the results of the SGBS 

cell strain, the expression levels were assessed in human primary cells isolated 

from WAT of subjects undergoing plastic surgery. Figure 8B summarizes 

information on age, height, weight, and body mass index (BMI) of 9 female 

subjects used in the present study. MiR-27a-5p and miR-27a-3p levels 

decreased by ~82% and ~66% comparing adipocytes (day 14) with pre-

adipocytes (day 0) (Figure 8C). The regulation of the two miRNAs in SGBS 

cells and human primary cells led to the hypothesis, that miR-27a-3p/-5p are 

regulators of human adipogenesis.  
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Figure 8 Downregulation of miR-27a-5p and -3p during adipogenic differentiation. The 
expression of miR-27a-5p and -3p was assessed during adipogenic differentiation in SGBS 
cells and human primary cells. Human primary cells were isolated from mammary WAT of 9 
female subjects and cultured in vitro for 14 days. (A) miRNA expression in SGBS cells, 
quantified by real-time PCR and related to SNO68. (B) Characteristics of 9 female subjects. (C) 
miRNA expression in human pre-adipocytes (d0) and adipocytes (d14), quantified by real-time 
PCR and related to SNO68. Statistics: Results are displayed as mean and SEM of 4 (A) and 9 
(B C) independent experiments, respectively. One-way ANOVA (A) and T-test (C) related to day 
0; *p<0.05; ***p<0.001; ****p<0.0001. SNO68: SNORD68. Contents of this figure were 
published in [132] under CC-BY 4.0 (https://creativecommons.org/licenses/by/4.0/) 

3.3 Loss-of-function of miR-27a-5p and -3p in SGBS 

cells 

To investigate whether miR-27a-5p and -3p regulate adipogenesis of SGBS 

cells, we inhibited their function in SGBS preadipocytes using miRNA inhibitors 

(anti-miR-27a-5p, anti-miR-27a-3p). Transfection of SGBS preadipocytes with 

50 nM miR-27a-5p inhibitor for 48h resulted in a ~99% decrease of detectable 



Results 

 

 

 

52 

miR-27a-5p compared with NTi (non-target inhibitor) while expression of miR-

27a-3p was unaffected (Figure 9). Similarly, transfection with miR-27a-3p 

inhibitor for 48h resulted in a ~98% decrease of miR-27a-3p compared to NTi 

without affecting expression of miR-27a-5p (Figure 9). These results 

demonstrated that inhibitor transfection of miR-27a-5p or -3p was effective and 

specific. 

Figure 9 Expression of miR-27a-5p and -3p after miRNA inhibitor transfection. To study 
the role of miR-27a-5p and -3p in SGBS cells, miR-27a-5p or -3p was depleted in SGBS pre-
adipocytes using miRNA inhibitors (50nM, anti-miRNA) transfected with Lipofectamine 2000. 
MiRNA expression was assessed 48h post transfection, quantified by real-time PCR and 
related to SNO68. Statistics: results are displayed as mean and SEM of 3 independent 
experiments. One-way ANOVA related to NTi; *p<0.05; ***p<0.001. SNO68: SNORD68. NTi = 
non-target inhibitor. 

48 h after inhibitor transfection adipogenic differentiation was induced. On day 

0, 4, 8, 11 and 14 cells were analysed. The amount of lipid droplets was 

comparable between NTi and anti-miR-27a-3p among all the time points as 

shown by Oil red O staining (Figure 10). On day 11 and day 14, less lipid 
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droplets were visible in the anti-miR-27a-5p group compared to NTi. 

 

Figure 10 Micrographs of miR-27a-5p and -3p loss-of-function in SGBS cells. To study the 
role of miR-27a-5p and -3p in SGBS cells, miR-27a-5p or -3p was depleted in SGBS pre-
adipocytes using miRNA inhibitors (50nM, anti-miRNA) transfected with Lipofectamine 2000. 
To illustrate the adipogenic potential of miR-27a-5p and -3p loss-of-function in SGBS cells, the 
cells were stained by Oil-Red on day (d) 0, 4, 8, 11, 14 of the differentiation process. Lipid 
droplets were stained in red. NTi = non-target inhibitor.  
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During the differentiation process, the differentiation rate increased, but showed 

no obvious difference among the three groups, except on day 14, where miR-

27a-5p loss-of-function led to a significant downregulation ( Figure 11A). The 

triglyceride content increased along with differentiation rate during 

differentiation. Inhibition of both strands led to a 10% and 17% increase of 

triglyceride production on day 14 compared to the control cells respectively ( 

Figure 11A). The adipogenic marker genes perilipin, PPARγ and adiponectin ( 

Figure 11B) were upregulated during adipogenic differentiation as expected, 

but showed no difference between the groups. This results were reflected on 

protein level for perilipin and adiponectin ( Figure 11C). Taken together, miR-

27a-5p and -3p inhibition led to a slight but significant increase in the triglyceride 

content of the cells, but did not affect differentiation rate and selected 

adipogenic marker genes.  
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Figure 11 Inhibition of miR-27a-5p and -3p does not alter adipogenic differentiation.  To 
study the role of miR-27a-5p and -3p in SGBS cells, miR-27a-5p or -3p was depleted in SGBS 
pre-adipocytes using miRNA inhibitors (50nM, anti-miRNA) transfected with Lipofectamine 
2000. Triglyceride, RNA and protein samples were collected on day (d) 0, 4, 8, 11, 14 of the 
differentiation process. (A) Differentiation rate and triglyceride content during the differentiation 
process. (B) mRNA expression of adipogenic factors quantified by qPCR in relation to HPRT. 
(C) Representative Western Blots for perilipin and adiponectin with tubulin as loading control. 
Statistics: results are displayed as mean and SEM of 3(A,B)/2(C) independent experiments, 
two-way ANOVA related to NTi of the same time point ;  *p<0.05; **p<0.01; ***p<0.001; 
****p<0.0001. HPRT: Hypoxanthine-Guanin-Phosphoribosyltransferase, PPARγ:peroxisome 
proliferator-activated receptors γ. NTi = non-target inhibitor. 

3.4 Gain-of-function of miR-27a-5p and -3p in SGSB 

cells 

miRNA gain-of-function by mimic transfection is a commonly used method to 

study the function of a specific miRNA. As shown inFigure 12, 48 hours post-
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transfection, the intracellular level of miR-27a-5p was significantly increased by 

~300-fold compared to cells transfected with a control oligonucleotide while 

miR-27a-3p expression was not upregulated. Likewise, transfection of SGBS 

preadipocytes with 20 nM miR-27a-3p mimic or non-target control (NT) resulted 

in a ~105- fold elevation while miR-27a-5p expression was comparable. These 

results demonstrated that mimic transfection of miR-27a-5p or -3p is effective 

and specific. 

Figure 12 Expression of miR-27a-5p and -3p after miRNA mimic transfection. To study the 
role of miR-27a-5p and -3p in SGBS cells, miR-27a-5p or -3p was elevated in SGBS pre-
adipocytes using miRNA mimic (20nM) transfected with Lipofectamine 2000. MiRNA 
expression was assessed 48h post transfection, quantified by real-time PCR and related to 
SNO68. Statistics: results are displayed as mean and SEM of 5 independent experiments. One-
way ANOVA related to NT; *p<0.05. SNO68: SNORD68. NT = non-target. Contents of this figure 
were published in [132] under CC-BY 4.0 (https://creativecommons.org/licenses/by/4.0/) 

Therefore SGBS pre-adipocytes were transfected with miRNA mimics and 

adipogenic differentiation was induced 48h later. On day 0, 4, 8, 11 and 14 cells 

were stained with Oil red O, differentiation rate was counted, triglyceride 

content was assessed and adipogenic marker genes were analysed on RNA 

and protein level. First, the cell morphology was checked using light 

microscopy. The cells started to accumulate small lipid droplets on day 4 

(Figure 13). The miR-27a-5p mimic transfection led to earlier visible lipid 
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accumulations compared to the control cells (NT). On later time points no 

obvious difference was visible. The upregulation of miR-27a-3p showed less 

lipid accumulation and a markedly lower number of fat cells compared to NT 

under light microscopy at all timepoints. 

Figure 13 Micrographs of miR-27a-5p and -3p gain-of-function in SGBS cells. To study the 
role of miR-27a-5p and -3p in SGBS cells, miR-27a-5p or -3p was elevated in SGBS pre-
adipocytes using miRNA mimics (20nM) transfected with Lipofectamine 2000. To illustrate the 
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adipogenic potential of miR-27a-5p and -3p gain-of-function in SGBS cells, the cells were 
stained by Oil-Red on day (d) 0, 4, 8, 11, 14 of the differentiation process. Lipid droplets were 
stained in red. NT = non-target control. Parts of this figure were published in [132] under CC-
BY 4.0  (https://creativecommons.org/licenses/by/4.0/) 

Differentiation rate and triglyceride content (Figure 14A) raised up in all groups 

during differentiation. Consistent with the reduced lipid droplets, differentiation 

rate and triglyceride content were decreased by 30% and 50% on day 14 after 

miR-27a-3p mimic transfection, respectively. There was no such difference 

between miR-27a-5p mimic transfection cells and control cells. The RNA 

expression of adipogenic genes including perilipin, PPARγ and adiponectin was 

determined by RT-PCR during differentiation. As shown in Figure 14B, the 

induction of adipogenic genes was significantly suppressed in miR-27a-3p 

gain-of-function cells. On day 14, the expression of perlipin was down-regulated 

by 40% and PPARγ and adiponectin by at least 30% in miR-27a-3p gain-of-

function cells compared to NT cells. This was also confirmed by Western blot 

(Figure 14C). Densitometry analysis (Figure 14D) even showed a stronger 

downregulation (up to 70%) of all three adipogenic markers on day 14 

compared to mRNA level.  

Together, these results demonstrated that miR-27a-3p inhibits adipocyte 

differentiation. 
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Figure 14 Reduced adipogenesis in SGBS cells by miR-27a-3p gain-of-function. To study 
the role of miR-27a-5p and -3p in SGBS cells, miR-27a-5p or -3p was elevated in SGBS pre-
adipocytes using miRNA mimics (20nM) transfected with Lipofectamine 2000. Triglyceride, 
RNA and protein samples were collected on day (d) 0, 4, 8, 11, 14 of the differentiation process. 
(A) Differentiation rate and triglyceride content during the differentiation process. (B) mRNA 
expression of adipogenic factors quantified by qPCR in relation to HPRT. (C) Representative 
Western Blots for perilipin, PPARγ and adiponectin with tubulin as loading control. (D) 
Densitometric analysis of all experiments. Statistics: results are displayed as mean and SEM 
of 5(A,B) and 3(C,D) independent experiments. Two-way ANOVA related to NT of the same 
time point; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. HPRT: Hypoxanthine-Guanin-
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Phosphoribosyltransferase, PPARγ:peroxisome proliferator-activated receptors γ. NT = non-
target control. Contents of this figure were published in [132] under CC-BY 4.0  
(https://creativecommons.org/licenses/by/4.0/) 

3.5 Possible targets of miR-27a-3p regulating 

adipogenesis 

To identify putative miR-27a-3p target genes, an in silico miRNA target 

prediction analysis was performed exploiting 3 different databases, i.e. 

miRTarBase, miRWalk and TargetScan. miRTarBase predicted 623 genes, 

miRWalk predicted 25.367 genes while TargetScan predicted 1.301 genes. An 

intersection analysis of the potential target genes predicted by the 3 databases 

retrieved 128 genes represented in all databases (Figure 15 A). To evaluate 

the specific pathways or processes that are targeted by the miR-27a-3p, the list 

of 128 overlapping potential target genes was subjected to a pathway 

enrichment analysis using the web server EnrichR as described in Methods. 

The WIKI pathway analysis was chosen for analysis and revealed several 

signaling pathways as the enriched categories of miR-27a-3p (Figure 15B). 

Interestingly, “adipogenesis” was within the top 10 (adjusted p-value < 0.01). 

Adipogenesis is a process defined as fat cells differentiate from preadipocytes 

to adipocytes. Eight transcriptional and hormonal regulators of adipocyte 

formation including SP1, CELF1, RARA, LIFR, IGF1, GATA2, LPIN1, FOXO1 

were indicated as predicted targets of miR-27a-3p. 
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Figure 15 Predicted targets for miR-27a-3p regulating adipogenesis in silico. To identify 
possible targets of miR-27a-3p regulating adipogenesis, 3 predicted target databases were 
applied. (A) Intersection analysis with predicted targets of miRTarbase, miRWalk and 
Targetscan. (B) Pathway enrichment analysis with WIKIpathway from EnrichR, generated on 
18,June.2020. 

By qPCR analysis, the expression levels these 8 potential target genes listed 

in the category “adipogenesis” were assessed. Most genes except GATA2 and 

FOXO1 showed an upregulation during adipogenesis. CELF1 (Figure 16A), 
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FOXO1 (Figure 16C), LIFR (Figure 16E), SP1 (Figure 16H) showed no 

difference between NT and miR-27a-3p gain-of-function. GATA2 (Figure 16B) 

and RARA (Figure 16G) were even upregulated in miR-27a-3p gain-of-function. 

The expression level of IGF1 (Figure 16D) decreased slightly in miR-27a-3p 

compared to control, and on day 14 this reduction was up to 40%. As IGF-1 

mRNA expression was comparable to control at early timepoints of 

differentiation, IGF-1 is most likely not the mediator of the anti-adipogenic effect 

of miR-27a-3p. It is conceivable that the lower expression of IGF-1 in mimic-

transfected cells is rather a consequence of the decrease in adipogenesis. 

LPIN1 (Figure 16F) was downregulated in miR-27a-3p group compared to 

control at an early stage of differentiation process. On day 4 LPIN1 expression 

level was dropped by 44% in cells transfected with miR-27a-3p mimic 

compared to control transfected cells. Therefore, LPIN1 represents a potential 

target of miR-27a-3p and possibly mediates its anti-adipogenic effect. 
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Figure 16 LPIN1 might be regulated by miR-27a-3p. Validation of the predicted target genes 
by qPCR with miR-27a-3p mimic transfected SGBS samples. (A) CELF1, elav-like family 
member 1. (B) GATA2, GATA-binding factor 2 (C) FOXO1, Forkhead box protein O1. (D) IGF1, 
Insulin-like growth factor 1. (E) LIFR, leukemia inhibitory factor receptor alpha (F) LPIN1, lipin 
1 (G) RARA, retinoic acid receptor, alpha (H) SP1, Sp1 transcription factor. Statistics: Results 
were displayed as mean and SEM of 3-5 independent experiments, two-way ANOVA related to 
NT of the same time point; *p<0.05;**p<0.01;****p<0.0001. HPRT: Hypoxanthine-Guanin-
Phosphoribosyltransferase, NT = non-target control.
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4 Discussion 

Obesity is characterized by expansion of white adipose tissue (WAT) and has 

been associated with metabolic diseases and cancer which contributes to a 

public health problem[43]. WAT is an important organ that stores energy in the 

form of triglycerides to maintain energy homeostasis[19]. It expands either by 

increasing the adipocyte number (hyperplasia) or the size of individual 

adipocytes (hypertrophy)[118]. Understanding how adipose tissue expands in 

obesity is required for the development of therapeutic approaches in obesity 

and its comorbidities. In the past few years, a lot of research has been done on 

how adipocyte fate is determined and how adipogenesis is regulated by 

different signalling factors and pathways[43].  

Recently, miRNAs as highly conserved small noncoding RNAs have attracted 

an increasing attention as potential regulators of adipogenesis[138]. The aim of 

this thesis was to assess the expression level of miR-27a-5p and-3p in 

adipocytes and to investigate the role of them in adipogenesis. 

4.1 Upregulation of miR-27a-5p and -3p in obese 

murine white adipose tissue  

The first step was to investigate if miR-27a-5p and -3p are regulated in gonadal 

and inguinal white adipose tissues (gWAT and iWAT) upon high fat diet (HFD). 

As mentioned before, there are several depots of adipose tissues which have 

different functions. gWAT is a visceral white adipose tissue that can be 

specifically increased by a cafeteria diet[14] and is most widely used to study 
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adipose tissue biology in rodents[26]. The iWAT is a posterior subcutaneous fat 

pad which has the capacity to express features of brown adipose tissue upon 

cold exposure or beta-adrenergic stimulation[93]. 

HFD resulted in an increase in the expression of miR-27a-5p and -3p both in 

gWAT and iWAT of mice. Both miRNAs were higher expressed in iWAT than 

in gWAT. Moreover, miR-27a-3p as the guide strand was expressed higher 

than miR-27a-5p in gWAT and iWAT.  

These results are in line with already published research. Chen et al. found that 

miR-27a expression was significantly upregulated in male C57BL/6 mice in a 

variety of tissues like pancreas, liver, and WAT upon HFD[24]. Lin et al showed 

that miR-27a was significantly increased in the epididymal WAT of ob/ob mice 

compared to control mice[77]. Sun et al also found miR-27a was lower in 

subcutaneous adipose tissue (SAT) than visceral adipose tissue (VAT) in 

C57Bl/6 N mice[117].  

However, there are also publications showing the opposite. According to Yu et 

al, miR-27a expression in murine visceral adipose tissue was initially increased 

after 2 weeks of high-fat diet feeding, then reduced after 4 weeks[140]. Yao et 

al demonstrated miR-27a expression in VAT was lower in HFD mice compared 

to low-fat-diet (LFD) mice after 4 weeks, 8 weeks and 12 weeks feeding[136]. 

Castaño et al described miR-27a-3p in eWAT was lower in HFD mice after 15-

week feeding compared with control mice[20]. Chen et al demonstrated that 

expression level of miR-27a decreased in iWAT and eWAT from C57BL/6 mice 

on a HFD for 6 months compared with control mice[23]. The publications used 

male C57BL/6 mice aged around 6 weeks and fed with 60% or 51% kcal. The 

duration for the diet ranged from 2 weeks to 6 months while my samples were 

obtained from mice fed normal or HFD for 10 weeks. According to all these 
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publications and my own results, the different durations of the HFD seems not 

to be the factor leading to the contrasting results. One possibility for the 

distinction between my results and the publications could be the gender of the 

mice. Most studies preferred to use male animals than females because they 

think biological and behavioural sciences in females can be disturbed by the 

cyclic hormonal changes across the ovulatory cycle[115][11]. Some 

publications declared that males had more diumal variability than females and 

exhibited higher intra-individual daily range[115]. It still remains elusive which 

gender is better to apply, NIH recommended to use both genders[11] and it is 

a limitation of my experiments to only use females. Another explanation of the 

varying results in different publications is a possible difference in the gut 

microbiota of the animals. Gut microbiota is considered as a factor leading to 

lack of reproducibility in animal model-based research[40]. Ley et al. defined 

the differences of gut microbiota between obese and lean mice, suggesting the 

gut microbiota contributes to energy extraction and fat deposition[74]. Rabot et 

al showed lack of gut microbiota in mice can lead to a resistance to diet-induced 

obesity[97]. Since gut microbiota can be affected by several processes, like 

transferring mice from one facilities to the other, different water 

decontamination methods, the composition of diet and the way of it be 

autoclaved and irradiated and experimental or therapeutic procedures[40], it’s 

hard to validate. 

In this study, we can show that miR-27a-5p and -3p was upregulated in mice 

WAT after HFD treatment, and miR-27a-5p and -3p may be related to the 

regulation of adipose tissue biology.  
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4.2 Downregulation of miR-27a-5p and -3p during 

human adipocyte differentiation 

In the next step I wanted to assess the expression of both miRNAs during the 

adipogenic differentiation process. To study this, the Simpson-Golabi-Behmel 

syndrome (SGBS) preadipocyte strain was used[127].  

SGSB cells were differentiated to adipocytes to assess the expression of 

miRNAs. qPCR analysis revealed miR-27a-5p and -3p to be downregulated 

during adipogenesis of SGBS cells.  

In order to ascertain that miR-27a-5p and -3p were downregulated in general 

and not limited to the SGSB cells, we used the human primary cell line as an 

independent model of adipogenesis. They were directly derived from living 

tissues of humans and cultured in vitro after dissociation, thus retained the main 

characteristics of the original tissues[4], which is also an excellent model for the 

study of adipocyte biology. Consistent with the findings in SGBS cells, miR-

27a-5p was expressed at lower levels than miR-27a-3p, and both miRNAs were 

downregulated during differentiation.  

Kulyté et al measured miR-27a-3p in human adipose-derived stem cells 

(hASCs) and found it downregulated during adipogenesis[67]. You et al 

confirmed a significant decrease in expression level of miR-27a in human 

mesenchymal stem cells(hMSC) undergoing adipocyte induction[139]. This 

reduction was also proven in 3T3-L1 cells[77] and in ovine adipocytes in 

vitro[32]. By Northern blot analyses, Kim et al determined the expression of 

miR-27a was decreased during adipogenesis with 3T3-L1 cells[63].  
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The publications do not clearly state which strand of miR-27a was assessed, I 

assume the assessed strand is miR-27a-3p since it is the guide strand. In my 

results, both two strands were downregulated. This is in line with the current 

literature, and suggests that miR-27a-5p and -3p are related to adipocyte 

biology. 

4.3 Gain-of-function of miR-27a-3p dampens 

adipogenesis in SGBS cells 

Assuming that the downregulation of miR-27a-5p and -3p is a prerequisite to 

allow adipogenesis in human adipocytes, miR-27a-5p and -3p loss-of-function 

or gain-of-function should regulate adipogenic differentiation. Transfection of 

miR-27a-5p and -3p inhibitor for 48h resulted in a ~99% and a ~98% decrease 

compared with NTi, respectively, while expression of the other strand was 

unaffected. The mimic transfection of miR-27a-5p and -3p leads to a fold 

increase of ~300 and ~105, respectively, while the other strand wasn’t altered. 

This effective and specific reduction or elevation of miRNAs enabled the further 

study. 

Expression analysis of adipogenic marker genes revealed perilipin, PPARγ, 

and adiponectin to be comparable between miRNAs inhibitor and NTi cells. 

Different from inhibition experiments, miR-27a-3p gain-of-function led to a 

decrease of adipogenesis compared to control cells. This was characterized by 

significant downregulation of differentiation markers as well as the decreased 

lipid droplets as shown by Oil Red O staining. This result is in line with 

publications. As reported, miR-27a/b inhibits adipogenesis in 3T3-L1 

preadipocytes and OP9 cells by blocking the transcription of PPARγ and 



Discussion 

 

 69 

C/EBPα mRNA[77]. miR-27a can repress adipogenic lineage commitment by 

targeting Lox in BMP4-treated C3H10T1/2 cells[23]. CREB is a direct target of 

miR-27a/b inhibiting 3T3-L1 cell differentiation, and TNF-α can induce miR-

27a/b expression through the NF-kB pathway [144]. Kim et al claimed that miR-

27a would impairs adipocyte differentiation and involves in pathophysiology of 

mice obesity via binding to 3’UTR of PPARγ mRNA[63], this effect was also 

confirmed in human bone marrow mesenchymal stem cells (BMSCs)[48]. 

SCAMP3 is a novel target for miR-27a-3p with anti-adipogenic function in 

human adipose-derived stem cells (hASCs)[67]. PHB is also a direct target of 

miR-27a regulating hASC differentiation[59].In my experiments, PPARγ was 

lower in miR-27a-3p mimic transfected cells. This downregulation could either 

represent an indirect effect because the cells were less differentiation or it is a 

direct target of miR-27a-3p in SGBS cells, however the latter needs to be 

confirmed by experiments. 

In contrast to the miRNA mimic transfection, inhibition of miR-27a-5p and -3p 

didn’t lead to obvious alterations in the process of adipogenesis. One 

explanation could be that expression of miR-27a can be linked to inability to 

increase adipocyte number, since differentiation rate in control cultures 

was >90%, which is close to the maximum of 100% and therefore difficult to 

further increase. Another interpretation of miR-27a loss-of-function not affecting 

adipogenesis may be explained by a potential interaction of miR-27a with other 

microRNAs or a compensatory effect by other microRNAs. MiRNAs can amplify 

signal in an additive or synergistic manner in cancer and adipose tissue[66]. 

Also a single miRNA can bind to many mRNA targets, and different miRNAs 

can regulate the same mRNA[25], which can cause a compensatory role if one 

miRNA was inhibited the other miRNAs can bind to the same mRNA. If miR-

27a should be active in presence of another microRNA, a selective inhibition of 
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miR-27a will not result in a clear alteration in adipocyte differentiation. This 

would also be possible if miR-27a loss was compensated by other microRNAs. 

For example, possible candidate microRNAs like miR-23a and miR-24 might 

act synergistically or compensatory. The three miRNAs in the cluster of miR-

23a~27a~24-2 are derived from a single primary transcript and can produce 

contrasting phenotypes in different cell types, like human hepatocellular 

carcinoma cells, human embryonic kidney cells[25]. Nevertheless, due to time 

limitation the effects of miR-23a and miR-24-2 were not studied in this work.  

However, triglycerides were elevated during differentiation miR-27a -3p 

inhibitor cells and upregulated in mimic transfection.The increased triglyceride 

might indicate that miR-27a-5p and -3p are directly inhibiting lipid synthesis 

instead of regulating the differentiation process. miR-27a was reported to 

suppress triglyceride accumulation in human hepatoma cells[114], bovine 

mammary epithelial cells (BMEC)[120], and primary cell from porcine 

subcutaneous adipose tissue[129]. It can down-regulate plasma cholesterol 

levels in apoE KO mice[134]. It also can regulate lipid metabolism in porcine 

adipocytes by releasing glycerol and free fatty acids to the medium[129]. Down-

regulation of miR-27a/b allows rat hepatic stellate cell(HSCs) to restore their 

ability to accumulate cytoplasmic lipid droplets and decreased cell proliferation 

by targeting retinoid X receptor alpha (RXRα)[57]. The triglyceride content can 

be regulated by the balance between anabolic and catabolic reactions[137], 

including uptake/esterification of fatty acid (FA), de novo lipogenesis (DNL), 

and cytosolic lipolysis. So the increase in triglycerides may relate to lipogenesis 

or the uptake of FA. Several key genes known to regulate fatty-acid synthesis 

and oxidation including FASN, ACC2, SCD1, and ACLY can be detected to 

validate this hypothesis.  
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The differentiation rate and triglyceride content were comparable between miR-

27a-5p mimic-transfected cells and control transfected cells (NT), while 

triglyceride content was higher in miR-27a-5p inhibitor-transfected cells 

compared to NTi. Perilipin and adiponectin mRNA expression was slightly 

increased in miR-27a-5p mimic-transfected cells. However, as protein 

expression did not confirm this expression pattern, this trend was not regarded 

as relevant. And in loss-of-function experiments, adipogenic marker genes 

were not regulated by miR-27a-5p inhibition. Since the intermediate and late 

adipogenesis markers and the triglyceride content are not consistently altered 

by miR-27a-5p gain-of-function or loss-of-function, an inhibitory role of miR-

27a-5p on adipocyte differentiation appears unlikely. Though miR-27a-5p 

doesn’t have effect on SGSB cell differentiation, publications declared it is a 

modulator of NF- kB signalling in human ECs[101] and related to fat deposition 

by targeting CASR in steers liver[135], an anti-proliferative role in prostate 

cancer cells[6].  

All in all, my experiments confirmed the inhibitory role of miR-27a-3p on 

adipogenesis while miR-27a-5p did not affect adipogenesis. 

4.4 LPIN1 could be a possible target of miR-27a-3p 

regulating adipogenesis 

Due to the lack of high-throughput target verification methods, the overall 

cellular functions and pathways regulated by miR-27a-3p have not yet been 

discovered. Such studies mainly rely on in silico analysis of potential mRNA 

targets[25]. In this study, three databases (miRwalk, Targetscan and 

miRtarbase) with different algorithms were used to achieve a reliable prediction. 

Each one premises different properties among miRNA-mRNA targeting, e.g. 
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the complementarity of miRNA and its target site; the thermal stability between 

miRNA-mRNA duplexes, the conservation of miRNA target sites among 

different species or how many mismatches are allowed and where they are. 

miRWalk (http://mirwalk.umm.uni-heidelberg.de/) is a comprehensive archive 

providing the largest collection of predictable miRNA-target interactions, with 

various novel and unique functions, which greatly assist current miRNA 

research. It not only hosts miRNA binding sites (CDS, 5’-UTR and 3’-UTR), but 

also documents experimentally verified miRNA-target interaction 

information[33].  

TargetScan (http://targetscan.org) was developed by Benjamin Lewis et al.[73] 

at the MIT in 2003, and it predicts miRNA target genes by searching for 

conserved sites that match the seed region of each miRNA. Non- or poorly- 

conservative sites are also predictable. Unlike other target prediction tools, 

TargetScan provides accurate ranking of each miRNA prediction target which 

are based on the evolutionarily conservative target probability (PCT score) or 

the predicted effect of inhibition (background + score)[2]. 

miRtarbase (http://miRTarBase.cuhk.edu.cn/.) accumulated the largest amount 

of validated miRNA-target interactions (MTIs) which are validated 

experimentally by reporter assay, western blot, microarray and next-generation 

sequencing experiments. It not only provides targets of miRNAs but also 

regulators of miRNAs for studying the up- and downstream regulations of 

miRNAs[54]. 

Only microRNA targets predicted by all three algorithms were used for pathway 

analysis. The intersection analysis of the three databases retrieved 128 genes 
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that were represented in all databases. Performing Gene Set enrichment with  

EnrichR[65][53](https://amp.pharm.mssm.edu/Enrichr/) led to a summary of the 

most enriched and relevant pathways or processes regulated by the predicted 

target genes. The WIKI pathway analysis revealed many signalling pathways 

as the enriched categories of miR-27a-3p, and “adipogenesis” was within the 

top 10 enriched categories (adjusted p-value < 0.01). Here, only WIKI pathway 

prediction analysis was applied which might lead to an incomplete picture of 

involved pathways. For instance, also other pathways like mTOR signalling, 

TGFβ signalling, PI3 kinase pathway might be prone to explain the miR-27a-3p 

effects on SGBS differentiation. Target prediction is only helpful to generate 

ideas about a potential target but is never sufficient to draw conclusions. 

Eight genes including SP1, CELF1, RARA, LIFR, IGF1, GATA2, LPIN1, 

FOXO1 were identified as involved in the “adipogenesis” category. To validate 

these candidates as targets genes of miR-27a-3p, I confirmed their expression 

in miR-27a-3p mimic transfected SGSB cells.  

CELF1 can encode the protein expression of CUGBP Elav-Like Family Member 

1 which can bind to RNA sequences(known as GU-rich elements) to regulate 

posttranscriptional gene expression[13]. Publications found that CUGBP1 

(CELF1) overexpression in murine preadipocytes reduced Pgc1α levels[5] and 

decreased the ability to accumulate lipid and C/EBPα expression[60]. Forkhead 

box-O1 (FOXO1) belongs to transcription factor FOXO family and is a 

downstream target of AKT which plays a crucial role in cell cycle control, 

apoptosis, metabolism, and adipocyte differentiation[22]. Leukemia inhibitory 

factor receptor (LIFR) is a heterodimeric receptor comprised of LIFRβ and 

gp130 subunits[30]. Some publications demonstrated that LIFR was increased 

during adipogenic differentiation of human bone marrow mesenchymal stem 

cells (hBMSC), and promoted adipogenic differentiation[128][76]. RARA is a 
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receptor of Retinoic acid to activate downstream pathways, which can prevent 

differentiation of murine preadipocytes[109]. In my experiments, the expression 

levels of CELF1, FOXO1, LIFR and RARA were raised up during differentiation. 

However, the difference between miR-27a-3p mimic transfection and NT is 

comparable, which suggested they may be involved in SGSB cells 

differentiation but not a putative target of miR-27a-3p. 

GATA-binding factor 2(GATA2) is a transcript factor belonging to the GATA 

family, it is expressed in preadipocytes and downregulated after 

maturation[118]. GATA2 suppresses adipogenesis by binding to PPARγ 

promoter or interference with C/EBP function through protein-protein 

interaction[121]. However GATA2 was upregulated during SGBS cell 

differentiation in miR-27a-3p gain-of-function cells but downregulated in NT 

cells. Thus, GATA2 can be excluded as a possible target of miR-27a-3p 

regulating SGBS adipogenesis. 

Insulin-like growth factor 1(IGF1) is an anabolic growth hormone which leads 

to many different biological effects by propagated with the IGF-1R [98]. IGF1 

plays a critical role in cell growth and lipogenesis of human mesenchymal stem 

cells[108]. It can also regulate cell cycle by activation of the PI3-kinase/AKT 

pathway[112], by reduction of IRS-2–associated PI3-kinase activity it inhibits 

insulin-stimulated glucose uptake without affecting GLUT4 translocation[41]. 

IGF1 stimulates proliferation of 3T3-L1 preadipocytes through mitogen-

activated protein kinase (MAPK) pathway mediated through the Src family of 

nonreceptor tyrosine kinases[41]. Lipin 1 (LPIN1) is a member of LPIN gene 

family which also include LPIN2 and LPIN3[99]. Lipin1 is predominantly 

expressed in adipose tissue, skeletal muscle and testis[99]. It is an enzyme 
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necessary for triglyceride and phospholipid synthesis[99] and acts as a 

transcriptional coregulator interacting with PGC-1α/PPARα[36], modulating 

their transcriptional activity and regulating adipogenesis, both in early stage of 

adipogenesis as well as the mature stage[95]. As overexpression of miR-27a-

3p is expected to result in downregulation of its direct targets, both IGF1 and 

LPIN1 were downregulated in miR-27a-3p gain-of-function cells. Since miR-

27a-3p gain-of-function suppresses adipogenic differentiation, it’s hard to 

distinguish if the reduction of IGF1 on day 14 is the effect of miR-27a-3p binding 

to IGF1 or due to the decreased differentiation. LPIN1 was reduced at an early 

stage (day 4), so I conclude that LPIN1 might be directly regulated by miR-27a-

3p. 

Since there are several processes involved in transcription, mRNA level cannot 

represent what exactly the protein level. So expression of LPIN1 in protein level 

is necessary to be assessed. If the protein level of LPIN1 is also downregulated, 

further characterization of the functional interaction between adipogenesis and 

LPIN1 will be required in SGSB cells. This can be achieved by knockdown the 

LPIN1 with siRNA. To experimentally validate whether LPIN1 is a direct target 

of miR-27a-3p, the mostly used method is the luciferase reporter gene 

assay[10]. 
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5 Summary  

White adipose tissue (WAT) is not only an organ to maintain energy 

homeostasis but also an endocrine organ secreting adipokines and pro-

inflammatory factors. The expansion of WAT via either hypertrophy or 

hyperplasia of adipocytes leads to obesity and its complications, like type 2 

diabetes mellitus and cardiovascular diseases. So it is necessary to understand 

how adipose tissue expands in obesity, thus to develop therapeutic approaches 

in obesity and its comorbidities. MicroRNAs (miRNAs) are small noncoding 

RNAs that regulate gene expression at the post-transcriptional level. More and 

more evidence of miRNA has been reported in regulating physiological and 

pathophysiological conditions, like mediating cell differentiation and cancer 

developments.  

From our point of view, this study investigated the role of miRNAs in WAT tissue 

of mice either fed with normal diet (ND) or high fat diet (HFD). The expression 

of the miR-27a genes (miR-27a-5p and -3p) was up-regulated both in gonadal 

and inguinal WAT after HFD. In SGBS cell and human primary cell, the 

expression of miR-27a-5p and -3p was down-regulated upon adipogenic 

differentiation. This data suggests that the miR-27a-3p is potentially an 

important class of negative regulators of adipogenesis and may play a role in 

the regulation of adipose functions associated with obesity. This was confirmed 

by gain-of-function experiments, in which miR-27a-3p led to a robust and 

specific inhibition of adipogenic differentiation with the blockade of PPARγ, 

perilipin, and adiponectin expression, as well as reduced triglyceride and lipid 

droplets. miR-27a-5p did not show these effects. An in silico miRNA target 
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prediction approach followed by an EnrichR analysis revealed an enrichment 

of 8 predicted target genes in the “Adipogenesis” category, among them LPIN1. 

In general, LPIN1 expression was upregulated during differentiation and this 

upregulation was blocked in miR-27a-3p mimic-transfection cells. This set of in 

silico and in in vitro data suggests that LPIN1 could be a possible target gene 

of miR-27a-3p and mediate the anti-adipogenic effects of this miRNA on 

adipogenic differentiation.  

 



Reference 

 

 

 

78 

6 Reference    

[1] Achari, A.E., Jain, S.K.: Adiponectin, a Therapeutic Target for Obesity, 
Diabetes, and Endothelial Dysfunction. Int. J. Mol. Sci. 18: 1321 
(2017). 

[2] Agarwal, V., Bell, G.W., Nam, J.-W., Bartel, D.P.: Predicting effective 
microRNA target sites in mammalian mRNAs. Elife. 4: e05005 (2015). 

[3] Di Angelantonio, E., Bhupathiraju, S.N., Wormser, D., Gao, P., 
Kaptoge, S., de Gonzalez, A.B., Cairns, B.J., Huxley, R., Jackson, 
C.L., Joshy, G., Lewington, S., Manson, J.E., Murphy, N., Patel, A. V, 
Samet, J.M., Woodward, M., Zheng, W., Zhou, M., Bansal, N., et al.: 
Body-mass index and all-cause mortality: individual-participant-data 
meta-analysis of 239 prospective studies in four continents. Lancet. 
388: 776–786 (2016). 

[4] Armani, A., Mammi, C., Marzolla, V., Calanchini, M., Antelmi, A., 
Rosano, G.M.C., Fabbri, A., Caprio, M.: Cellular models for 
understanding adipogenesis, adipose dysfunction, and obesity. J. Cell. 
Biochem. 110: 564–572 (2010). 

[5] Bai, Z., Chai, X., Yoon, M.J., Kim, H., LO, K.A., Zhang, Z., Xu, D., 
Siang, D.T.C., Walet, A.C.E., Xu, S., Chia, S., Chen, P., Yang, H., 
Ghosh, S., Sun, L.: Dynamic transcriptome changes during adipose 
tissue energy expenditure reveal critical roles for long noncoding RNA 
regulators. PLOS Biol. 15: e2002176 (2017). 

[6] Barros-Silva, D., Costa-Pinheiro, P., Duarte, H., Sousa, E.J., 
Evangelista, A.F., Graça, I., Carneiro, I., Martins, A.T., Oliveira, J., 
Carvalho, A.L., Marques, M.M., Henrique, R., Jerónimo, C.: MicroRNA-
27a-5p regulation by promoter methylation and MYC signaling in 
prostate carcinogenesis. Cell Death Dis. 9: 167 (2018). 

[7] Bartel, D.P.: MicroRNAs: Genomics, Biogenesis, Mechanism, and 
Function. Cell. 116: 281–297 (2004). 

[8] Bartelt, A., Heeren, J.: Adipose tissue browning and metabolic health. 
Nat. Rev. Endocrinol. 10: 24–36 (2014). 

[9] Bartness, T.J., Vaughan, C.H., Song, C.K.: Sympathetic and sensory 
innervation of brown adipose tissue. Int. J. Obes. 34: S36–S42 (2010). 



Reference 

 

 79 

[10] Bauer, P.: Encyclopedia of Cancer. Springer Berlin Heidelberg, Berlin, 
Heidelberg (2011). 

[11] Beery, A.K., Zucker, I.: Sex bias in neuroscience and biomedical 
research. Neurosci. Biobehav. Rev. 35: 565–572 (2011). 

[12] Behmel, A., Plöchl, E., Rosenkranz, W.: A new X-linked dysplasia 
gigantism syndrome: identical with the Simpson dysplasia  syndrome? 
Hum. Genet. 67: 409–413 (1984). 

[13] Beisang, D., R., P., Vlasova-St. Louis, I.A.: CELF1, a Multifunctional 
Regulator of Posttranscriptional Networks. In: Binding Protein. InTech 
(2012). 

[14] Bjørndal, B., Burri, L., Staalesen, V., Skorve, J., Berge, R.K.: Different 
Adipose Depots: Their Role in the Development of Metabolic 
Syndrome and Mitochondrial Response to Hypolipidemic Agents. J. 
Obes. 2011: 1–15 (2011). 

[15] Bleich, S.N., Cutler, D., Murray, C., Adams, A.: Why Is the Developed 
World Obese? Annu. Rev. Public Health. 29: 273–295 (2008). 

[16] Blüher, M.: Obesity: global epidemiology and pathogenesis. Nat. Rev. 
Endocrinol. 15: 288–298 (2019). 

[17] Boquest, A.C., Collas, P.: Obtaining freshly isolated and cultured 
mesenchymal stem cells from human adipose  tissue. Methods Mol. 
Biol. 879: 269–278 (2012). 

[18] Cannon, B., Nedergaard, J.A.N.: Brown adipose tissue: function and 
physiological significance. Physiol. Rev. 84: 277–359 (2004). 

[19] Carobbio, S., Pellegrinelli, V., Vidal-Puig, A.: Adipose Tissue Function 
and Expandability as Determinants of Lipotoxicity and the Metabolic 
Syndrome. Adv. Exp. Med. Biol. 960: 161–196 (2017). 

[20] Castaño, C., Kalko, S., Novials, A., Párrizas, M.: Obesity-associated 
exosomal miRNAs modulate glucose and lipid metabolism in mice. 
Proc. Natl. Acad. Sci. U. S. A. 115: 12158–12163 (2018). 

[21] Chawla, A., Schwarz, E.J., Dimaculangan, D.D., Lazar, M.A.: 
Peroxisome proliferator-activated receptor (PPAR) gamma: adipose-
predominant  expression and induction early in adipocyte 
differentiation. Endocrinology. 135: 798–800 (1994). 



Reference 

 

 

 

80 

[22] Chen, J., Lu, Y., Tian, M., Huang, Q.: Molecular mechanisms of 
FOXO1 in adipocyte differentiation. J. Mol. Endocrinol. 62: R239–R253 
(2019). 

[23] Chen, S.Z., Xu, X., Ning, L.F., Jiang, W.Y., Xing, C., Tang, Q.Q., 
Huang, H.Y.: MiR-27 impairs the adipogenic lineage commitment via 
targeting lysyl oxidase. Obesity. 23: 2445–2453 (2015). 

[24] Chen, T., Zhang, Y., Liu, Y., Zhu, D., Yu, J., Li, G., Sun, Z., Wang, W., 
Jiang, H., Hong, Z.: miR-27a promotes insulin resistance and mediates 
glucose metabolism by targeting PPAR-γ-mediated PI3K/AKT 
signaling. Aging (Albany. NY). 11: 7510–7524 (2019). 

[25] Chhabra, R., Dubey, R., Saini, N.: Cooperative and individualistic 
functions of the microRNAs in the miR-23a~27a~24-2 cluster and its 
implication in human diseases. Mol. Cancer. 9: 1–16 (2010). 

[26] Chusyd, D.E., Wang, D., Huffman, D.M., Nagy, T.R.: Relationships 
between Rodent White Adipose Fat Pads and Human White Adipose 
Fat Depots. Front. Nutr. 3: (2016). 

[27] Cousin, B., Cinti, S., Morroni, M., Raimbault, S., Ricquier, D., 
Pénicaud, L., Casteilla, L.: Occurrence of brown adipocytes in rat white 
adipose tissue: molecular and morphological characterization. J. Cell 
Sci. 103 ( Pt 4: 931–42 (1992). 

[28] Dalen, K.T., Schoonjans, K., Ulven, S.M., Weedon-Fekjaer, M.S., 
Bentzen, T.G., Kontnikova, H., Auwerx, J., Nebb, H.I.: Adipose Tissue 
Expression of the Lipid Droplet-Associating Proteins S3-12 and 
Perilipin Is Controlled by Peroxisome Proliferator-Activated Receptor-γ. 
Diabetes. 53: 1243–1252 (2004). 

[29] Darlington, G.J., Ross, S.E., MacDougald, O.A.: The role of C/EBP 
genes in adipocyte differentiation. J. Biol. Chem. 273: 30057–30060 
(1998). 

[30] Davis, S.M., Pennypacker, K.R.: The role of the leukemia inhibitory 
factor receptor in neuroprotective signaling. Pharmacol. Ther. 183: 50–
57 (2018). 

[31] DeBaun, M.R., Ess, J., Saunders, S.: Simpson Golabi Behmel 
syndrome: progress toward understanding the molecular basis  for 



Reference 

 

 81 

overgrowth, malformation, and cancer predisposition. Mol. Genet. 
Metab. 72: 279–286 (2001). 

[32] Deng, K., Ren, C., Fan, Y., Liu, Z., Zhang, G., Zhang, Y., You, P., 
Wang, F.: miR-27a is an important adipogenesis regulator associated 
with differential lipid accumulation between intramuscular and 
subcutaneous adipose tissues of sheep. Domest. Anim. Endocrinol. 71: 
106393 (2020). 

[33] Dweep, H., Gretz, N.: miRWalk2.0: a comprehensive atlas of 
microRNA-target interactions. Nat. Methods. 12: 697–697 (2015). 

[34] Fajas, L., Fruchart, J.C., Auwerx, J.: Transcriptional control of 
adipogenesis. Curr. Opin. Cell Biol. 10: 165–173 (1998). 

[35] Farmer, S.R.: Transcriptional control of adipocyte formation. Cell 
Metab. 4: 263–273 (2006). 

[36] Finck, B.N., Gropler, M.C., Chen, Z., Leone, T.C., Croce, M.A., Harris, 
T.E., Lawrence, J.C., Kelly, D.P.: Lipin 1 is an inducible amplifier of the 
hepatic PGC-1α/PPARα regulatory pathway. Cell Metab. 4: 199–210 
(2006). 

[37] Fischer-Posovszky, P., Newell, F.S., Wabitsch, M., Tornqvist, H.E.: 
Human SGBS Cells &amp;ndash; a Unique Tool for Studies of Human 
Fat Cell Biology. Obes. Facts. 1: 184–189 (2008). 

[38] Foster, M.T., Shi, H., Seeley, R.J., Woods, S.C.: Removal of intra-
abdominal visceral adipose tissue improves glucose tolerance in rats: 
Role of hepatic triglyceride storage. Physiol. Behav. 104: 845–854 
(2011). 

[39] Foster, M.T., Softic, S., Caldwell, J., Kohli, R., DeKloet, A.D., Seeley, 
R.J.: Subcutaneous adipose tissue transplantation in diet-induced 
obese mice attenuates metabolic dysregulation while removal 
exacerbates it. Physiol. Rep. 1: 1–12 (2013). 

[40] Franklin, C.L., Ericsson, A.C.: Microbiota and reproducibility of rodent 
models. Lab Anim. (NY). 46: 114–122 (2017). 

[41] Garten, A., Schuster, S., Kiess, W.: The Insulin-Like Growth Factors in 
Adipogenesis and Obesity. Endocrinol. Metab. Clin. North Am. 41: 
283–295 (2012). 

[42] Gerin, I., Clerbaux, L., Haumont, O., Lanthier, N., Das, A.K., Burant, 
C.F., Leclercq, I.A., MacDougald, O.A., Bommer, G.T.: Expression of 



Reference 

 

 

 

82 

miR-33 from an SREBP2 Intron Inhibits Cholesterol Export and Fatty 
Acid Oxidation. J. Biol. Chem. 285: 33652–33661 (2010). 

[43] Ghaben, A.L., Scherer, P.E.: Adipogenesis and metabolic health. Nat. 
Rev. Mol. Cell Biol. 20: 242–258 (2019). 

[44] Giordano, A., Smorlesi, A., Frontini, A., Barbatelli, G., Cint, S.: White, 
brown and pink adipocytes: The extraordinary plasticity of the adipose 
organ. Eur. J. Endocrinol. 170: (2014). 

[45] Goossens, G.H.: The Metabolic Phenotype in Obesity: Fat Mass, Body 
Fat Distribution, and Adipose Tissue Function. Obes. Facts. 10: 207–
215 (2017). 

[46] Graves, P., Zeng, Y.: Biogenesis of Mammalian MicroRNAs: A Global 
View. Genomics, Proteomics Bioinforma. 10: 239–245 (2012). 

[47] Gregoire, F.M., Smas, C.M., Sul, H.S.: Understanding adipocyte 
differentiation. Physiol. Rev. 78: 783–809 (1998). 

[48] Gu, C., Xu, Y., Zhang, S., Guan, H., Song, S., Wang, X., Wang, Y., Li, 
Y., Zhao, G.: miR-27a attenuates adipogenesis and promotes 
osteogenesis in steroid-induced rat BMSCs by targeting PPARγ and 
GREM1. Sci. Rep. 6: 38491 (2016). 

[49] Hansen, J.S., De Maré, S., Jones, H.A., Göransson, O., Lindkvist-
Petersson, K.: Visualization of lipid directed dynamics of perilipin 1 in 
human primary adipocytes. Sci. Rep. 7: 1–14 (2017). 

[50] Hauner, H., Entenmann, G., Wabitsch, M., Gaillard, D., Ailhaud, G., 
Negrel, R., Pfeiffer, E.F.: Promoting effect of glucocorticoids on the 
differentiation of human adipocyte precursor cells cultured in a 
chemically defined medium. J. Clin. Invest. 84: 1663–1670 (1989). 

[51] He, A., Zhu, L., Gupta, N., Chang, Y., Fang, F.: Overexpression of 
micro ribonucleic acid 29, highly up-regulated in diabetic rats,  leads to 
insulin resistance in 3T3-L1 adipocytes. Mol. Endocrinol. 21: 2785–
2794 (2007). 

[52] Hsu, S.-D., Chu, C.-H., Tsou, A.-P., Chen, S.-J., Chen, H.-C., Hsu, 
P.W.-C., Wong, Y.-H., Chen, Y.-H., Chen, G.-H., Huang, H.-D.: 
miRNAMap 2.0: genomic maps of microRNAs in metazoan genomes. 
Nucleic Acids Res. 36: D165-9 (2008). 



Reference 

 

 83 

[53] Huang, D.W., Sherman, B.T., Lempicki, R.A.: Bioinformatics 
enrichment tools: Paths toward the comprehensive functional analysis 
of large gene lists. Nucleic Acids Res. 37: 1–13 (2009). 

[54] Huang, H.-Y., Lin, Y.-C.-D., Li, J., Huang, K.-Y., Shrestha, S., Hong, 
H.-C., Tang, Y., Chen, Y.-G., Jin, C.-N., Yu, Y., Xu, J.-T., Li, Y.-M., Cai, 
X.-X., Zhou, Z.-Y., Chen, X.-H., Pei, Y.-Y., Hu, L., Su, J.-J., Cui, S.-D., 
et al.: miRTarBase 2020: updates to the experimentally validated 
microRNA-target interaction  database. Nucleic Acids Res. 48: D148–
D154 (2020). 

[55] Jeanson, Y., Carrière, A., Casteilla, L.: A New Role for Browning as a 
Redox and Stress Adaptive Mechanism? Front. Endocrinol. 
(Lausanne). 6: 158 (2015). 

[56] Jensen, D.M.: The perilipin family of lipid droplet proteins: Gatekeepers 
of intracellular lipolysis. Physiol. Behav. 176: 1570–1573 (2018). 

[57] Ji, J., Zhang, J., Huang, G., Qian, J., Wang, X., Mei, S.: Over-
expressed microRNA-27a and 27b influence fat accumulation and cell 
proliferation during rat hepatic stellate cell activation. FEBS Lett. 583: 
759–766 (2009). 

[58] Jordan, S.D., Krüger, M., Willmes, D.M., Redemann, N., Wunderlich, 
F.T., Brönneke, H.S., Merkwirth, C., Kashkar, H., Olkkonen, V.M., 
Böttger, T., Braun, T., Seibler, J., Brüning, J.C.: Obesity-induced 
overexpression of miRNA-143 inhibits insulin-stimulated AKT  
activation and impairs glucose metabolism. Nat. Cell Biol. 13: 434–446 
(2011). 

[59] Kang, T., Lu, W., Xu, W., Anderson, L., Bacanamwo, M., Thompson, 
W., Chen, Y.E., Liu, D.: MicroRNA-27 (miR-27) targets prohibitin and 
impairs adipocyte differentiation and mitochondrial function in human 
adipose-derived stem cells. J. Biol. Chem. 288: 34394–34402 (2013). 

[60] Karagiannides, I., Thomou, T., Tchkonia, T., Pirtskhalava, T., Kypreos, 
K.E., Cartwright, A., Dalagiorgou, G., Lash, T.L., Stephen, R., 
Timchenko, N.A., Kirkland, J.L.: Increased CUG triplet repeat-binding 
protein-1 predisposes to impaired adipogenesis with aging. J. Biol. 
Chem. 281: 23025–23033 (2006). 

[61] Keller, P., Gburcik, V., Petrovic, N., Gallagher, I.J., Nedergaard, J., 
Cannon, B., Timmons, J.A.: Gene-chip studies of adipogenesis-
regulated microRNAs in mouse primary adipocytes  and human 
obesity. BMC Endocr. Disord. 11: 7 (2011). 



Reference 

 

 

 

84 

[62] Kershaw, E.E., Flier, J.S.: Adipose tissue as an endocrine organ. J. 
Clin. Endocrinol. Metab. 89: 2548–2556 (2004). 

[63] Kim, S.Y., Kim, A.Y., Lee, H.W., Son, Y.H., Lee, G.Y., Lee, J.W., Lee, 
Y.S., Kim, J.B.: miR-27a is a negative regulator of adipocyte 
differentiation via suppressing PPARγ expression. Biochem. Biophys. 
Res. Commun. 392: 323–328 (2010). 

[64] Kristensen, M.M., Davidsen, P.K., Vigelsø, A., Hansen, C.N., Jensen, 
L.J., Jessen, N., Bruun, J.M., Dela, F., Helge, J.W.: miRNAs in human 
subcutaneous adipose tissue: Effects of weight loss induced by 
hypocaloric diet and exercise. Obesity. 25: 572–580 (2017). 

[65] Kuleshov, M. V, Jones, M.R., Rouillard, A.D., Fernandez, N.F., Duan, 
Q., Wang, Z., Koplev, S., Jenkins, S.L., Jagodnik, K.M., Lachmann, A., 
McDermott, M.G., Monteiro, C.D., Gundersen, G.W., Ma’ayan, A.: 
Enrichr: a comprehensive gene set enrichment analysis web server 
2016 update. Nucleic Acids Res. 44: W90-7 (2016). 

[66] Kulyté, A., Belarbi, Y., Lorente-Cebrián, S., Bambace, C., Arner, E., 
Daub, C.O., Hedén, P., Rydén, M., Mejhert, N., Arner, P.: Additive 
effects of microRNAs and transcription factors on CCL2 production in 
human white adipose tissue. Diabetes. 63: 1248–1258 (2014). 

[67] Kulyté, A., Kwok, K.H.M., de Hoon, M., Carninci, P., Hayashizaki, Y., 
Arner, P., Arner, E.: MicroRNA-27a/b-3p and PPARG regulate 
SCAMP3 through a feed-forward loop during adipogenesis. Sci. Rep. 
9: 1–9 (2019). 

[68] Landrier, J.-F., Derghal, A., Mounien, L.: MicroRNAs in Obesity and 
Related Metabolic Disorders. Cells. 8: 859 (2019). 

[69] Lee, E.K., Lee, M.J., Abdelmohsen, K., Kim, W., Kim, M.M., Srikantan, 
S., Martindale, J.L., Hutchison, E.R., Kim, H.H., Marasa, B.S., 
Selimyan, R., Egan, J.M., Smith, S.R., Fried, S.K., Gorospe, M.: miR-
130 suppresses adipogenesis by inhibiting peroxisome proliferator-
activated  receptor gamma expression. Mol. Cell. Biol. 31: 626–638 
(2011). 

[70] Lee, M.J., Wu, Y., Fried, S.K.: Adipose tissue heterogeneity: 
Implication of depot differences in adipose tissue for obesity 
complications. Mol. Aspects Med. 34: 1–11 (2013). 



Reference 

 

 85 

[71] Lee, R.C., Feinbaum, R.L., Ambros, V.: The C. elegans heterochronic 
gene lin-4 encodes small RNAs with antisense complementarity to lin-
14. Cell. 75: 843–854 (1993). 

[72] Di Leva, G., Croce, C.M.: The Role of microRNAs in Cancer. Target. 
Ther. Transl. Cancer Res. 79: 80–88 (2015). 

[73] Lewis, B.P., Burge, C.B., Bartel, D.P.: Conserved Seed Pairing, Often 
Flanked by Adenosines, Indicates that Thousands of Human Genes 
are MicroRNA Targets. Cell. 120: 15–20 (2005). 

[74] Ley, R.E., Bäckhed, F., Turnbaugh, P., Lozupone, C.A., Knight, R.D., 
Gordon, J.I.: Obesity alters gut microbial ecology. Proc. Natl. Acad. Sci. 
U. S. A. 102: 11070–11075 (2005). 

[75] Li, X., Xu, M., Ding, L., Tang, J.: MiR-27a: A novel biomarker and 
potential therapeutic target in tumors. J. Cancer. 10: 2836–2848 
(2019). 

[76] Li, X., Yang, Y., Yan, R., Xu, X., Gao, L., Mei, J., Liu, J., Wang, X., 
Zhang, J., Wu, P., Li, W., Zhao, Z., Xiong, J., Wang, T.: miR-377-3p 
regulates adipogenic differentiation of human bone marrow 
mesenchymal stem cells by regulating LIFR. Mol. Cell. Biochem. 449: 
295–303 (2018). 

[77] Lin, Q., Gao, Z., Alarcon, R.M., Ye, J., Yun, Z.: A role of miR-27 in the 
regulation of adipogenesis. FEBS J. 276: 2348–2358 (2009). 

[78] Ling, H.-Y., Wen, G.-B., Feng, S.-D., Tuo, Q.-H., Ou, H.-S., Yao, C.H., 
Zhu, B.-Y., Gao, Z.-P., Zhang, L., Liao, D.-F.: MicroRNA-375 promotes 
3T3-L1 adipocyte differentiation through modulation of  extracellular 
signal-regulated kinase signalling. Clin. Exp. Pharmacol. Physiol. 38: 
239–246 (2011). 

[79] Livak, K.J., Schmittgen, T.D.: Analysis of relative gene expression data 
using real-time quantitative PCR and the 2-ΔΔCT method. Methods. 
25: 402–408 (2001). 

[80] Longo, M., Zatterale, F., Naderi, J., Parrillo, L., Formisano, P., Raciti, 
G.A., Beguinot, F., Miele, C.: Adipose tissue dysfunction as 
determinant of obesity-associated metabolic complications. Int. J. Mol. 
Sci. 20: 2358 (2019). 

[81] Lorente-Cebrián, S., Mejhert, N., Kulyté, A., Laurencikiene, J., Åström, 
G., Hedén, P., Rydén, M., Arner, P.: MicroRNAs regulate human 



Reference 

 

 

 

86 

adipocyte lipolysis: effects of miR-145 are linked to  TNF-α. PLoS 
One. 9: e86800 (2014). 

[82] Luo, L., Liu, M.: Adipose tissue in control of metabolism. J. Endocrinol. 
231: R77–R99 (2016). 

[83] Manoel Alves, J., Handerson Gomes Teles, R., do Valle Gomes Gatto, 
C., Muñoz, V.R., Regina Cominetti, M., Garcia de Oliveira Duarte, A.C.: 
Mapping Research in the Obesity, Adipose Tissue, and MicroRNA 
Field: A Bibliometric Analysis. Cells. 8: 1581 (2019). 

[84] McGregor, R.A., Choi, M.S.: microRNAs in the regulation of 
adipogenesis and obesity. Curr. Mol. Med. 11: 304–16 (2011). 

[85] Mendell, J.T., Olson, E.N.: MicroRNAs in Stress Signaling and Human 
Disease. Cell. 148: 1172–1187 (2012). 

[86] Miettinen, S., Sarkanen, J.R., Ashammakhi, N.: Adipose Tissue and 
Adipocyte Differentiation: Molecular and Cellular Aspects and Tissue 
Engineering Applications. Top. Tissue Eng. 4: 1–26 (2008). 

[87] Mori, M.A., Ludwig, R.G., Garcia-Martin, R., Brandão, B.B., Kahn, C.R.: 
Extracellular miRNAs: From Biomarkers to Mediators of Physiology 
and Disease. Cell Metab. 30: 656–673 (2019). 

[88] O’Brien, J., Hayder, H., Zayed, Y., Peng, C.: Overview of MicroRNA 
Biogenesis, Mechanisms of Actions, and Circulation. Front. Endocrinol. 
(Lausanne). 9: 1–12 (2018). 

[89] Oussaada, S.M., van Galen, K.A., Cooiman, M.I., Kleinendorst, L., 
Hazebroek, E.J., van Haelst, M.M., ter Horst, K.W., Serlie, M.J.: The 
pathogenesis of obesity. Metabolism. 92: 26–36 (2019). 

[90] Pan, Y., Hui, X., Chong Hoo, R.L., Ye, D., Cheung Chan, C.Y., Feng, 
T., Wang, Y., Ling Lam, K.S., Xu, A.: Adipocyte-secreted exosomal 
microRNA-34a inhibits M2 macrophage polarization to promote 
obesity-induced adipose inflammation. J. Clin. Invest. 129: 834–849 
(2019). 

[91] Parodi, F., Carosio, R., Ragusa, M., Di Pietro, C., Maugeri, M., 
Barbagallo, D., Sallustio, F., Allemanni, G., Pistillo, M.P., Casciano, I., 
Forlani, A., Schena, F.P., Purrello, M., Romani, M., Banelli, B.: 
Epigenetic dysregulation in neuroblastoma: A tale of miRNAs and DNA 
methylation. Biochim. Biophys. Acta. 1859: 1502–1514 (2016). 



Reference 

 

 87 

[92] Peeters, A., Barendregt, J.J., Willekens, F., Mackenbach, J.P., Mamun, 
A. Al, Bonneux, L.: Obesity in Adulthood and Its Consequences for Life 
Expectancy: A Life-Table Analysis. Ann. Intern. Med. 138: 24–32 
(2003). 

[93] Peppler, W.T., Townsend, L.K., Knuth, C.M., Foster, M.T., Wright, 
D.C.: Subcutaneous inguinal white adipose tissue is responsive to, but 
dispensable for, the metabolic health benefits of exercise. Am. J. 
Physiol. Metab. 314: E66–E77 (2018). 

[94] Pfeifer, A., Hoffmann, L.S.: Brown, beige, and white: the new color 
code of fat and its pharmacological  implications. Annu. Rev. 
Pharmacol. Toxicol. 55: 207–227 (2015). 

[95] Phan, J., Péterfy, M., Reue, K.: Lipin expression preceding peroxisome 
proliferator-activated receptor-γ is critical for adipogenesis in vivo and 
in vitro. J. Biol. Chem. 279: 29558–29564 (2004). 

[96] Pischon, T., Boeing, H., Hoffmann, K., Bergmann, M., Schulze, M.B., 
Overvad, K., van der Schouw, Y.T., Spencer, E., Moons, K.G.M., 
Tjønneland, A., Halkjaer, J., Jensen, M.K., Stegger, J., Clavel-
Chapelon, F., Boutron-Ruault, M.-C., Chajes, V., Linseisen, J., Kaaks, 
R., Trichopoulou, A., et al.: General and Abdominal Adiposity and Risk 
of Death in Europe. N. Engl. J. Med. 359: 2105–2120 (2008). 

[97] Rabot, S., Membrez, M., Bruneau, A., Gérard, P., Harach, T., Moser, 
M., Raymond, F., Mansourian, R., Chou, C.J.: Germ‐free C57BL/6J 
mice are resistant to high‐fat‐diet‐induced insulin resistance and have 
altered cholesterol metabolism. FASEB J. 24: 4948–4959 (2010). 

[98] Ren, J., Anversa, P.: The insulin-like growth factor i system: 
Physiological and pathophysiological implication in cardiovascular 
diseases associated with metabolic syndrome. Biochem. Pharmacol. 
93: 409–417 (2015). 

[99] Reue, K., Brindley, D.N.: Multiple roles for lipins/phosphatidate 
phosphatase enzymes in lipid metabolism. J. Lipid Res. 49: 2493–2503 
(2008). 

[100] Ritchie, W., Flamant, S., Rasko, J.E.J.: mimiRNA: a microRNA 
expression profiler and classification resource designed to  identify 
functional correlations between microRNAs and their targets. 
Bioinformatics. 26: 223–227 (2010). 



Reference 

 

 

 

88 

[101] Romay, M.C., Che, N., Becker, S.N., Pouldar, D., Hagopian, R., Xiao, 
X., Lusis, A.J., Berliner, J.A., Civelek, M.: Regulation of NF-κB 
signaling by oxidized glycerophospholipid and IL-1β induced miRs-21-
3p and -27a-5p in human aortic endothelial cells. J. Lipid Res. 56: 38–
50 (2015). 

[102] Roos, J., Enlund, E., Funcke, J.-B., Tews, D., Holzmann, K., Debatin, 
K.-M., Wabitsch, M., Fischer-Posovszky, P.: miR-146a-mediated 
suppression of the inflammatory response in human adipocytes. Sci. 
Rep. 6: 38339 (2016). 

[103] Rosen, E.D., Hsu, C.-H., Wang, X., Sakai, S., Freeman, M.W., 
Gonzalez, F.J., Spiegelman, B.M.: C/EBPalpha induces adipogenesis 
through PPARgamma: a unified pathway. Genes Dev. 16: 22–26 
(2002). 

[104] Rosen, E.D., MacDougald, O.A.: Adipocyte differentiation from the 
inside out. Nat. Rev. Mol. Cell Biol. 7: 885–896 (2006). 

[105] Rosen, E.D., Spiegelman, B.M.: What we talk about when we talk 
about fat. Cell. 156: 20–44 (2014). 

[106] Ruiz-Ojeda, F., Rupérez, A., Gomez-Llorente, C., Gil, A., Aguilera, C.: 
Cell Models and Their Application for Studying Adipogenic 
Differentiation in Relation to Obesity: A Review. Int. J. Mol. Sci. 17: 
1040 (2016). 

[107] de sá, P.M., Richard, A.J., Hang, H., Stephens, J.M.: Transcriptional 
regulation of adipogenesis. Compr. Physiol. 7: 635–674 (2017). 

[108] Scavo, L.M., Karas, M., Murray, M., Leroith, D.: Insulin-like growth 
factor-I stimulates both cell growth and lipogenesis during  
differentiation of human mesenchymal stem cells into adipocytes. J. 
Clin. Endocrinol. Metab. 89: 3543–3553 (2004). 

[109] Schupp, M., Curtin, J.C., Kim, R.J., Billin, A.N., Lazar, M.A.: A widely 
used retinoic acid receptor antagonist induces peroxisome proliferator-
activated receptor-γ activity. Mol. Pharmacol. 71: 1251–1257 (2007). 

[110] Seale, P., Bjork, B., Yang, W., Kajimura, S., Chin, S., Kuang, S., 
Scimè, A., Devarakonda, S., Conroe, H.M., Erdjument-Bromage, H., 
Tempst, P., Rudnicki, M.A., Beier, D.R., Spiegelman, B.M.: PRDM16 



Reference 

 

 89 

controls a brown fat/skeletal muscle switch. Nature. 454: 961–967 
(2008). 

[111] Seale, P., Conroe, H.M., Estall, J., Kajimura, S., Frontini, A., Ishibashi, 
J., Cohen, P., Cinti, S., Spiegelman, B.M.: Prdm16 determines the 
thermogenic program of subcutaneous white adipose tissue in mice. J. 
Clin. Invest. 121: 96–105 (2011). 

[112] Sekimoto, H., Boney, C.M.: C-terminal Src kinase (CSK) modulates 
insulin-like growth factor-I signaling through  Src in 3T3-L1 
differentiation. Endocrinology. 144: 2546–2552 (2003). 

[113] Servetnick, D.A., Brasaemle, D.L., Gruia-Gray, J., Kimmel, A.R., Wolff, 
J., Londos, C.: Perilipins are associated with cholesteryl ester droplets 
in steroidogenic adrenal  cortical and Leydig cells. J. Biol. Chem. 270: 
16970–16973 (1995). 

[114] Shirasaki, T., Honda, M., Shimakami, T., Horii, R., Yamashita, T., 
Sakai, Y., Sakai, A., Okada, H., Watanabe, R., Murakami, S., Yi, M., 
Lemon, S.M., Kaneko, S.: MicroRNA-27a Regulates Lipid Metabolism 
and Inhibits Hepatitis C Virus Replication in Human Hepatoma Cells. J. 
Virol. 87: 5270–5286 (2013). 

[115] Smarr, B.L., Grant, A.D., Zucker, I., Prendergast, B.J., Kriegsfeld, L.J.: 
Sex differences in variability across timescales in BALB/c mice. Biol. 
Sex Differ. 8: 1–7 (2017). 

[116] Strum, J.C., Johnson, J.H., Ward, J., Xie, H., Feild, J., Hester, A., 
Alford, A., Waters, K.M.: MicroRNA 132 regulates nutritional stress-
induced chemokine production through  repression of SirT1. Mol. 
Endocrinol. 23: 1876–1884 (2009). 

[117] Sun, L., Trajkovski, M.: MiR-27 orchestrates the transcriptional 
regulation of brown adipogenesis. Metabolism. 63: 272–282 (2014). 

[118] Symonds, M.E.: Adipose tissue biology. Adipose Tissue Biol. 1–413 
(2012). 

[119] Tan, C.Y., Vidal-Puig, A.: Adipose tissue expandability: the metabolic 
problems of obesity may arise from the inability to become more 
obese. Biochem. Soc. Trans. 36: 935–940 (2008). 

[120] Tang, K.Q., Wang, Y.N., Zan, L.S., Yang, W.C.: miR-27a controls 
triacylglycerol synthesis in bovine mammary epithelial cells by targeting 
peroxisome proliferator-activated receptor gamma. J. Dairy Sci. 100: 
4102–4112 (2017). 



Reference 

 

 

 

90 

[121] Tong, Q., Tsai, J., Tan, G., Dalgin, G., Hotamisligil, G.S.: Interaction 
between GATA and the C/EBP Family of Transcription Factors Is 
Critical in GATA-Mediated Suppression of Adipocyte Differentiation. 
Mol. Cell. Biol. 25: 706–715 (2005). 

[122] Tontonoz, P., Hu, E., Graves, R.A., Budavari, A.I., Spiegelman, B.M.: 
mPPAR gamma 2: tissue-specific regulator of an adipocyte enhancer. 
Genes Dev. 8: 1224–1234 (1994). 

[123] Torres, N., Vargas-Castillo, A.E., Tovar, A.R.: Adipose Tissue: White 
Adipose Tissue Structure and Function. In: Encyclopedia of Food and 
Health. pp. 35–42 Elsevier (2016). 

[124] Trajkovski, M., Hausser, J., Soutschek, J., Bhat, B., Akin, A., Zavolan, 
M., Heim, M.H., Stoffel, M.: MicroRNAs 103 and 107 regulate insulin 
sensitivity. Nature. 474: 649–653 (2011). 

[125] Valadi, H., Ekström, K., Bossios, A., Sjöstrand, M., Lee, J.J., Lötvall, 
J.O.: Exosome-mediated transfer of mRNAs and microRNAs is a novel 
mechanism of genetic  exchange between cells. Nat. Cell Biol. 9: 
654–659 (2007). 

[126] Vinson, C.R., Sigler, P.B., McKnight, S.L.: Scissors-grip model for DNA 
recognition by a family of leucine zipper proteins. Science. 246: 911–
916 (1989). 

[127] Wabitsch, M., Brenner, R.E., Melzner, I., Braun, M., Möller, P., Heinze, 
E., Debatin, K.M., Hauner, H.: Characterization of a human 
preadipocyte cell strain with high capacity for adipose differentiation. 
Int. J. Obes. 25: 8–15 (2001). 

[128] Wang, T., Yan, R., Xu, X., Yu, H., Wu, J., Yang, Y., Li, W.: Effects of 
leukemia inhibitory factor receptor on the adipogenic differentiation of 
human bone marrow mesenchymal stem cells. Mol. Med. Rep. 19: 
4719–4726 (2019). 

[129] Wang, T., Li, M., Guan, J., Li, P., Wang, H., Guo, Y., Shuai, S., Li, X.: 
MicroRNAs miR-27a and miR-143 regulate porcine adipocyte lipid 
metabolism. Int. J. Mol. Sci. 12: 7950–7959 (2011). 

[130] Weber, J.A., Baxter, D.H., Zhang, S., Huang, D.Y., Huang, K.H., Lee, 
M.J., Galas, D.J., Wang, K.: The microRNA spectrum in 12 body fluids. 
Clin. Chem. 56: 1733–1741 (2010). 



Reference 

 

 91 

[131] World Health Organization.: Obesity and overweight. WHO. (2016). 

[132] Wu, H., Pula, T., Tews, D., Amri, E.-Z., Debatin, K.-M., Wabitsch, M., 
Fischer-Posovszky, P., Roos, J.: microRNA-27a-3p but Not -5p Is a 
Crucial Mediator of Human Adipogenesis. Cells. 10: 3205 (2021). 

[133] Wu, J., Boström, P., Sparks, L.M., Ye, L., Choi, J.H., Giang, A.-H., 
Khandekar, M., Virtanen, K.A., Nuutila, P., Schaart, G., Huang, K., Tu, 
H., van Marken Lichtenbelt, W.D., Hoeks, J., Enerbäck, S., Schrauwen, 
P., Spiegelman, B.M.: Beige adipocytes are a distinct type of 
thermogenic fat cell in mouse and human. Cell. 150: 366–376 (2012). 

[134] Xie, W., Li, L., Zhang, M., Cheng, H.-P., Gong, D., Lv, Y.-C., Yao, F., 
He, P.-P., Ouyang, X.-P., Lan, G., Liu, D., Zhao, Z.-W., Tan, Y.-L., 
Zheng, X.-L., Yin, W.-D., Tang, C.-K.: MicroRNA-27 Prevents 
Atherosclerosis by Suppressing Lipoprotein Lipase-Induced Lipid 
Accumulation and Inflammatory Response in Apolipoprotein E 
Knockout Mice. PLoS One. 11: e0157085 (2016). 

[135] Yang, W., Tang, K., Wang, Y., Zan, L.: MiR-27a-5p Increases Steer Fat 
Deposition Partly by Targeting Calcium-sensing Receptor (CASR). Sci. 
Rep. 8: 3012 (2018). 

[136] Yao, F., Yu, Y., Feng, L., Li, J., Zhang, M., Lan, X., Yan, X., Liu, Y., 
Guan, F., Zhang, M., Chen, L.: Adipogenic miR-27a in adipose tissue 
upregulates macrophage activation via inhibiting PPARγ of insulin 
resistance induced by high-fat diet-associated obesity. Exp. Cell Res. 
355: 105–112 (2017). 

[137] Yiew, N.K.H., Greenway, C., Zarzour, A., Ahmadieh, S., Goo, B., Kim, 
D., Benson, T.W., Ogbi, M., Tang, Y.L., Chen, W., Stepp, D., Patel, V., 
Hilton, R., Lu, X.Y., Hui, D.Y., Kim, H.W., Weintraub, N.L.: Enhancer of 
zeste homolog 2 (EZH2) regulates adipocyte lipid metabolism 
independent of adipogenic differentiation: Role of apolipoprotein e. J. 
Biol. Chem. 294: 8577–8591 (2019). 

[138] Ying, W., Riopel, M., Bandyopadhyay, G., Dong, Y., Birmingham, A., 
Seo, J.B., Ofrecio, J.M., Wollam, J., Hernandez-Carretero, A., Fu, W., 
Li, P., Olefsky, J.M.: Adipose Tissue Macrophage-Derived Exosomal 
miRNAs Can Modulate In Vivo and In Vitro Insulin Sensitivity. Cell. 
171: 372–384 (2017). 

[139] You, L., Pan, L., Chen, L., Gu, W., Chen, J.: MiR-27a is Essential for 
the Shift from Osteogenic Differentiation to Adipogenic Differentiation 



Reference 

 

 

 

92 

of Mesenchymal Stem Cells in Postmenopausal Osteoporosis. Cell. 
Physiol. Biochem. 39: 253–265 (2016). 

[140] Yu, Y., Du, H., Wei, S., Feng, L., Li, J., Yao, F., Zhang, M., Hatch, 
G.M., Chen, L.: Adipocyte-derived exosomal MiR-27a induces insulin 
resistance in skeletal muscle through repression of PPARγ. 
Theranostics. 8: 2171–2188 (2018). 

[141] Zhang, J., Cao, Z., Yang, G., You, L., Zhang, T., Zhao, Y.: MicroRNA-
27a (miR-27a) in Solid Tumors: A Review Based on Mechanisms and 
Clinical Observations. Front. Oncol. 9: 1–12 (2019). 

[142] Zhou, L., Liang, X., Zhang, L., Yang, L., Nagao, N., Wu, H., Liu, C., Lin, 
S., Cai, G., Liu, J.: MiR-27a-3p functions as an oncogene in gastric 
cancer by targeting BTG2. Oncotarget. 7: 51943–51954 (2016). 

[143] Zhu, Q., Scherer, P.E.: Immunologic and endocrine functions of 
adipose tissue: implications for kidney disease. Nat. Rev. Nephrol. 14: 
105–120 (2018). 

[144] Zhu, Y., Zhang, X., Ding, X., Wang, H., Chen, X., Zhao, H., Jia, Y., Liu, 
S., Liu, Y.: MiR-27 inhibits adipocyte differentiation via suppressing 
CREB expression. Acta Biochim. Biophys. Sin. (Shanghai). 46: 590–
596 (2014). 

[145] Public health experts call for global food treaty, 
https://www.ft.com/content/e32dfada-1ffa-11e9-b126-46fc3ad87c65. 



Acknowledgement 

 

 93 

7 Acknowledgement 

During my study in Ulm and my research for MD degree, I would like to 

appreciate a lot of people who have helped me, their support and 

understanding are the bases of my work here. Though four years are a long 

time, the most important things are who I met, what I did and what I have 

learnt.  

First of all, I would like to show thanks to my supervisor Prof. Dr. Pamela who 

offers me the opportunity to do research and finish my MD thesis in her lab. 

With the opportunity, I was able to learn a lot of things including human 

adipocyte biology and miRNAs. Her wisdom and knowledge inspired me in 

the study also in my life during this period. Living in a foreign country for me is 

not easy especially when I am also unfamiliar with the local language. She 

helped me a lot in life like helping me with letters I received or contacting 

corresponding offices for formal affairs. When I was facing some obstacles or 

problems, she can always help me with patience which made me grateful. All 

these qualities of her made her an outstanding professor and a great 

supervisor.  

Subsequently, I would really want to say thanks to Dr. Julian Roos, who gave 

me lots of assistance and guidance in my life and my work. He taught me how 

to perform experiments and make plans as well as elucidating my results and 

a lot of other things. And with his knowledge, I was able to be more 

understandable in my project. All these make me believe that he is a great 

teacher and a scientist with giant potential.  



Acknowledgement 

 

 

 

94 

In addition, thanks to my lab members who offered me a lot of help.Whenever 

I was in trouble, I can always find someone who are willing to help me and 

solve my questions. I am very sorry that I could not mention all of your names 

in person. But thanks to all of you, for all your support and comments, for your 

patience, for your understanding.  

Thanks China Scholarship Council for offering me the scholarships to support 

my work.  

Finally, thanks to my family, my beloved, my friends, they gave me a lot of 

power and we have great time in Germany.  

All of you who helped me in life, in work, deserve me appreciation, thank you!



Curriculum vitae 

 

 95 

8 Curriculum vitae  

Note: due to privacy protection, this part will not be shown here. 

 

 


	Abbreviations
	List of Figures
	List of Tables
	1. Introduction
	1.1 Obesity
	1.2 Adipose tissue
	1.2.1 White adipose tissue
	1.2.2 Brown adipose tissue
	1.2.3 Beige adipose tissue

	1.3 Adipogenic Differentiation
	1.3.1 Adipogenic differentiation
	1.3.2 Cell models

	1.4 MicroRNA
	1.4.1 MiRNA biogenesis
	1.4.2 Secretion and Transport of Extracellular miRNAs
	1.4.3 MiRNAs in human adipose tissue and obesity
	1.4.4 MiR-27a-5p and miR-27a-3p

	1.5 Aim of study

	2 Materials and Methods
	2.1 Materials
	2.1.1 Cell Strain
	2.1.2 Animals and diets
	2.1.3 Instruments
	2.1.4 Equipments
	2.1.5 Kits and reagents
	2.1.6 Buffers and solutions
	2.1.7 SGBS cell culture medium
	2.1.8 Primers and Primer assays for quantitative real-time PCR
	2.1.9 Synthetic non-coding RNAs
	2.1.10 Antibodies for Western blot
	2.1.11 Software

	2.2 Methods
	2.2.1 SGBS Cell Biology
	2.2.1.1 General SGBS cell culture
	2.2.1.2 Adipogenic differentiation
	2.2.1.3 Determination of differentiation rate
	2.2.1.4 Transfection of SGBS cells
	2.2.1.5 Oil Red O staining

	2.2.2 Molecular Biology
	2.2.2.1 Triglyceride-based methods
	2.2.2.1.1 Triglyceride Isolation
	2.2.2.1.2 Determination of Triglyceride Concentration

	2.2.2.2 RNA-based methods
	2.2.2.2.1 RNA isolation
	2.2.2.2.2 Reverse transcription
	2.2.2.2.3 Quantitative real-time PCR (qPCR)
	2.2.2.2.4 miScript II reverse transcription
	2.2.2.2.5 miScript SYBR Green qPCR

	2.2.2.3 Protein-based methods
	2.2.2.3.1 Protein isolation
	2.2.2.3.2 Determination of protein concentration
	2.2.2.3.3 Western Blot


	2.2.3 MicroRNA target prediction and pathway analysis
	2.2.4 Statistics


	3 Results
	3.1 Expression levels of miR-27a-5p and -3p in murine white adipose tissue
	3.2 Differentiation of SGBS cell strain
	3.3 Loss-of-function of miR-27a-5p and -3p in SGBS cells
	3.4 Gain-of-function of miR-27a-5p and -3p in SGSB cells
	3.5 Possible targets of miR-27a-3p regulating adipogenesis

	4 Discussion
	4.1 Upregulation of miR-27a-5p and -3p in obese murine white adipose tissue
	4.2 Downregulation of miR-27a-5p and -3p during human adipocyte differentiation
	4.3 Gain-of-function of miR-27a-3p dampens adipogenesis in SGBS cells
	4.4 LPIN1 could be a possible target of miR-27a-3p regulating adipogenesis

	5 Summary
	6 Reference
	7 Acknowledgement
	8 Curriculum vitae

