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Summary 

In Germany, around 5.7 million people suffer from osteoporosis. Osteoporosis is 

characterised by a reduced bone mineral density that leads to an increased risk of fractures. The 11β-hydroxysteroid dehydrogenase 1 (11β-HSD1) is an important regulator of local 

cortisol metabolism. It converts biologically inactive cortisone to biologically active cortisol, but can also catalyse the reverse reaction. 11β-HSD1 is strongly expressed in liver, but 11β-

HSD1 expression and activity were also reported in bone. Moreover, polymorphisms in intron 

5 of HSD11B1 (the gene encoding for 11β-HSD1) are associated with bone mineral density 

(BMD) and risk of fractures.  

This work aimed to confirm and refine the associations between polymorphisms in intron 5 

of HSD11B1 and BMD, and to identify the underlying molecular and cellular mechanisms. To 

this end, analyses were performed on three different levels:  

i) studies in humans, to confirm and refine the association of polymorphisms in 

intron 5 of HSD11B1 with BMD, suppressed cortisol levels (PDC) and stiffness 

index, 

ii) cellular analyses, to identify the role of 11β-HSD1 in differentiation of the 

immortalised human mesenchymal stem cell line SCP-1, 

iii) molecular genetic analyses, to reveal the effect of intron 5 polymorphisms on 

transcriptional regulation.  

Fine-mapping analyses of already existing clinical data from 452 osteoporosis patients (HSD 

study) did not point to another intron 5 SNP as being causative for the observed clinical 

association. A second prospective clinical study (OsteoGene) was performed to confirm the 

association of rs11811440 and rs932335 with PDC levels and BMD. A trend to decreased PDC 

levels and increased BMD was observed in homozygous carriers of the minor A-allele of 

rs11811440 in patients above the age of 65 years. Pooled analyses of the HSD and the 

OsteoGene studies revealed a significant association of the minor A-allele with increased Z-

scores of the left femoral neck. No associations of rs11811440 and rs932335 with stiffness 

index, BMI and fat depots were detected the general population using data from the SHIP 

study.  To analyse the effect of 11β-HSD1 on differentiation of mesenchymal stem cells, HSD11B1 

overexpressing and HSD11B1 knockout SCP-1 cells were generated. HSD11B1 was stably 

overexpressed in SCP-1 cells using targeted chromosomal integration. The successful 

overexpression was shown by 243-fold increased HSD11B1 mRNA expression levels and a 
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9-fold increased 11β-HSD1 activity, compared to the wildtype cells. Knockout cells were 

generated by CRISPR-Cas9 mediated gene editing targeting exon 2 and exon 5 of HSD11B1. 

Using next generation sequencing, the clones 1C4 and 2D10 were confirmed to carry two 

inactive HSD11B1 alleles and were chosen for further analyses. mRNA expression was 

unchanged in both knockout clones. However, a clear enzyme activity was detected in the 

2D10 clone, whereas no cortisol production was detected in the 1C4 clone. SNaPshot analyses 

revealed the presence of wildtype cells in the 2D10 clone that became predominant with 

increased passages. Therefore, further analyses were focused on the 1C4 clone only. The 

protein expression in the 1C4 clone decreased to 30% of the expression of the wildtype cells.  

HSD11B1 expression and cortisol production were compared between wildtype, knockout 

and overexpressing SCP-1 cells under three differentiation conditions: adipogenic, osteogenic 

with 1α,25-dihydroxyvitamin D3 and osteogenic with dexamethasone. HSD11B1 expression 

increased upon adipogenic differentiation and in the presence of cortisone in the wildtype 

and the overexpressing, but not in the knockout cells. Also, the cortisol production from 

cortisone increased over time in the overexpressing and the wildtype cells, but not in the 

knockout cells. The increase was dependent on the differentiation used between 3-fold and 

9-fold higher in the overexpressing than in the wildtype cells. 

The generated and validated overexpressing and knockout cell lines were used to analyse the influence of 11β-HSD1 on adipogenic and osteogenic differentiation. Upon adipogenic 

differentiation, the overexpressing cells accumulated significantly more lipid droplets than 

the wildtype cells. The accumulation of lipid droplets was not abolished in the knockout. 

However, when dexamethasone was substituted by cortisone, the knockout cells accumulated 

less lipid droplets than in the presence of dexamethasone, supporting the involvement of 11β-

HSD1 in adipogenic differentiation. Expression of the adipogenic markers FABP4 and LPL 

increased upon adipogenic differentiation, but a distinct influence of the presence or absence 

of HSD11B1 on the FABP4 and LPL expression was not detected. Upon osteogenic 

differentiation with 1α,25-dihydroxyvitamin D3, ALP activity increased only in the knockout 

cells (more than 5-fold). Accordingly, the strongest increase in ALPL expression was detected 

also in the knockout cells. Both, ALP activity and gene expression were independent of 

cortisone. Addtionally, BGLAP expression was increased upon osteogenic differentiation. 

Unexpectedly, in the presence of cortisone, BGLAP expression increased in the overexpressing 

cells. Expression of the Wnt inhibitor DKK1 also increased in the overexpressing cells in the 

presence of cortisone indicating a decreased osteogenic differentiation. Moreover, expression 

of the adipogenic markers FABP4 and LPL increased in the overexpressing cells in the 

presence of cortisone indicating a switch from osteogenic to adipogenic differentiation. Upon 
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osteogenic differentiation with dexamethasone, ALP activity and matrix mineralisation was 

lowest in the overexpressing cells. 

Finally, the effects of the SNPs rs11811440, rs11119328, rs1000283 and rs932335 in intron 5 

of HSD11B1 on transcriptional regulation were analysed by reporter gene assays and 

electrophoretic mobility shift assays. All four SNPs are genetically linked and are localized 

within evolutionary conserved regions. The minor C-allele of rs932335 significantly 

increased luciferase activity. In contrast, the major G-allele of rs932335 showed strong 

protein binding. However, no transcription factor binding sites were identified at the SNP 

sites. Additionally, bioinformatics analyses of publicly available RNA-Seq data of adipose 

tissue and liver confirmed the absence of alternative splicing. Alignment of HSD11B1 intron 5 

to the Rfam database predicted the presence of non-coding RNAs (ncRNAs) in intron 5. 

However, none of the ncRNAs overlapped with the SNP sites. In conclusion, 11β-HSD1 was shown to be involved in adipogenic differentiation and peripheral cortisol production by 11β-HSD1 promotes a switch from osteogenic to adipogenic 

differentiation. Moreover, among osteoporosis patients, homozygous carriers of the minor A-

allele of rs11811440 have increased Z-scores of the femoral neck. Furthermore, HSD11B1 

knockout and overexpressing cell lines were successfully generated and validated. These cell 

lines could be a useful tool in future analyses of the role of peripheral cortisol activation by 11β-HSD1 in differentiation of mesenchymal stem cells. 
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1 Introduction 

1.1 Osteoporosis 

Osteoporosis is characterised by reduced bone density leading to an increased risk of 

fractures that result in an elevated morbidity and mortality [1,2]. Every year, osteoporosis 

accounts for 8.9 million fractures worldwide. In developed countries, the lifetime risk of an 

osteoporotic wrist, hip or spinal fracture was approximated to 30-40%. These fractures 

account for 2.8 million disability-adjusted life years (DALYs), thereby exceeding the disease 

burden of hypertension or breast cancer, in Europe and the Americas [3,4]. The reduction of 

life quality by osteoporosis-related fractures was documented by several studies [5–7]. In the 

European population, 32 million individuals had osteoporosis in 2019 [8]. Women were 

affected four times more often than men. Osteoporosis occurred in 22.1% of the women and 

in 6.6% of the men aged 50 or older. Among all member states of the EU, the highest number 

of individuals with osteoporosis was estimated for Germany, with 4.5 million afflicted women 

and 1.2 million afflicted men. In the telephone survey German Health Update (GEDA) 2012, 

12.2% of the women and 4.7% of the men aged 50 years or older self-reported to have 

osteoporosis [9]. Similar results were obtained in the population-based Study of Health in 

Pomerania (SHIP) conducted in Northeast Germany. Elevated fracture risk was identified for 

10.6% of the women and 4.6% of the men in the two studies SHIP-Start-2 and SHIP-Trend 

[10]. The fracture risk increased with age (28.2% for women and 8.8% for men aged 65 or 

older). The Bone Evaluation Study (BEST) estimated an increase by 885,000 newly diagnosed 

osteoporosis cases every year [11]. All these data underline the relevance of early diagnosis 

and treatment of osteoporosis to improve health and life quality.  

Diagnosis of osteoporosis is performed by determination of bone mineral density (BMD). Two 

scores, the T-score and the Z-score, are used for diagnosis. The T-score is determined by 

comparing the measured BMD with the average BMD of a sex-matched young population with 

peak bone mass. The Z-score is determined by comparing the measured BMD with the 

average BMD of a sex- and age-matched reference population. Both scores describe the 

number of standard deviations below the average. According to the World Health 

Organisation (WHO), osteoporosis is described by a T-score of ≤ -2.5.   

Osteoporosis can be divided into primary and secondary osteoporosis [12]. Primary 

osteoporosis is idiopathic and develops after menopause (type I osteoporosis), with age (type 

II osteoporosis) or, in rare cases, already in the young. In 20% to 30% of postmenopausal 
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women and 60% of men with osteoporosis, a secondary cause was identified. Secondary 

osteoporosis develops as a consequence of a variety of medical conditions. This includes 

endocrine disorders, gastrointestinal diseases, cancer, genetic disorders, immobilisation and 

adverse effects of certain medication.  

 

1.1.1 Bone homeostasis 

Our bones allow locomotion and support and protect organs. However, bones fulfil versatile 

functions and are also involved in regulation of mineral homeostasis [13].  

Bone tissue is made of different cell types: osteoclast, osteoblast and osteocytes [14,15]. 

Osteoclasts are the bone resorbing cells, osteoblasts are the bone forming cells and osteocytes 

are terminally differentiated osteoblasts that act as mechanosensors translating mechanical 

strain into biological signals.  

Osteoclasts are terminally differentiated myeloid cells. A major regulatory mechanism of 

osteoclastogenesis is the receptor activator of nuclear factor-κB/receptor activator of nuclear 

factor-κB ligand/osteoprotegerin (RANK/RANKL/OPG) signalling [16–21]. Binding of RANKL 

to RANK promotes osteoclastogenesis. OPG is the decoy receptor for RANK preventing 

binding of RANKL to RANK. RANK is expressed by osteoclasts, whereas RANKL and OPG are 

expressed by osteoblast. Thereby, osteoblasts regulate the differentiation of osteoclasts. To 

date, osteoclastogenesis is thought to be regulated by the RANKL/OPG expression ratio [22]. 

Osteoblasts arise from pluripotent bone marrow mesenchymal stem cells (MSCs) that are also 

progenitors of adipocytes and chondrocytes [23]. A switch in the intrinsic differentiation 

potential towards the adipogenic lineage that occurs with glucocorticoid excess or age is 

disadvantageous for a healthy bone homeostasis and results in decreased BMD (see chapters 

1.1.2, 1.1.4) [24,25]. The master transcription factor for osteoblastic differentiation is Runt-

related transcription factor 2 (RUNX2). Mutations in Runx2 result in severe bone phenotypes 

in mice and humans [26–29]. Critical for osteoblast differentiation from MSCs is the canonical 

Wnt signalling pathway. Wnt signalling is inhibited by Sclerostin (SOST) [30,31] and 

members of the Dickkopf (DKK) family [32–34]. Mature osteoblasts are thought to be 

maintained by osteomacs, bone-resident macrophages [35]. Some osteoblasts further 

differentiate into bone-lining cells that cover the bone surface [36]. Another subpopulation 

terminally differentiates into osteocytes that are enclosed in a mineralised bone matrix [37]. 

Osteocytes interact through dendrite-like processes with osteoblasts on the bone surface and 

play an essential role in the detection of mechanical strain [14]. Osteocytes are by far the most 
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abundant cells in bone. They account for 90-95% of all bone cells [38]. Osteocytes express 

parathyroid hormone (PTH) receptors and regulate osteoclast differentiation via the RANK-

RANKL signalling pathway in response to PTH binding [39,40]. 

In addition to the three types of bone cells described above, also immune cells play an 

essential role in the maintenance of bone homeostasis. T cells and B cells of the adaptive 

immune system are involved in both osteoblast and osteoclast differentiation e.g. through 

secretion of cytokines [14,41]. Macrophages were shown to enhance proliferation of bone-

marrow-derived hMSCs [42], and to regulate osteoblast differentiation and mineralisation 

[35,43] by secretion of BMP-2 [42,44]. Osteomacs are bone-resident macrophages that are 

directly located within the endosteum and periosteum of the bone [35]. 

 

Bone undergoes continuous remodelling to preserve its structural integrity [14,15]. Bone 

remodelling is a strictly regulated process where bone resorption is coupled to bone 

formation to ensure that there is no net change in bone loss [15]. Uncoupling of bone 

resorption and formation results in the development of metabolic bone diseases, one of which 

is osteoporosis (see chapters 1.1.2-1.1.4).  

Bone remodelling is processed over several weeks in distinct anatomical structures, the basic 

multicellular units (BMUs) that consist of osteoclasts and cells of the osteoblast lineage [45]. 

BMUs are covered by a canopy of flattened cells [46]. Cells of different identities were found 

in this canopy. In human tissue, the canopy cells expressed osteoblastic markers and were 

thought to be bone-lining cells [46], whereas in murine tissue, the canopy cells were identified 

as osteomacs [35]. Bone remodelling comprises five phases: activation, resorption, reversal, 

formation and termination (Figure 1). It is initiated either to remove damaged or old bone, or 

in response to a systemic stimulus [15,47]. Targeted bone remodelling is initiated by 

microdamage that is sensed by the osteocytes [47,48]. Osteocyte apoptosis increases 

osteoclastogenesis [47,49]. In contrast, reduced serum calcium concentrations result in a 

non-targeted remodelling [15]. In order to maintain calcium homeostasis, PTH is released. 

Upon PTH binding to osteoblastic cells, osteoclastogenesis is induced by recruiting osteoclast 

precursors from the circulation [14,15]. In the resorption phase, osteoclast precursors 

proliferate and differentiate. Osteoblasts prepare the bone surface by secretion of matrix 

metalloproteases to allow osteoclast attachment [14,50,51]. Following osteoclast attachment, a “sealed zone” is formed beneath the osteoclasts. Then, osteoclasts pump hydrogen ions into the “sealed zone” to dissolve the bone mineral [52]. Subsequently, secreted proteases degrade 

the remaining bone matrix [53]. This phase is terminated by apoptosis of osteoclasts 

preventing bone from excess resorption [54,55]. The detailed steps of the following reversal 
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phase are not yet fully understood. In the reversal phase, osteoblastic cells remove 

unmineralised collagen and form a non-collagenous mineralised matrix, the “cement-line” 

[56]. In the following formation phase, osteoblasts attach to this matrix and form new bone 

by secretion of type I collagen-rich osteoid matrix and partly by regulation of the subsequent 

mineralisation [15]. The osteoid is mineralised by deposition of hydroxyapatite crystals. 

When an equal amount of resorbed bone is replaced by new bone, the remodelling process is 

terminated. Then, the osteoblasts die of programmed cell death, become bone-lining cells or 

are enclosed in the mineralised matrix and differentiate into osteocytes [14,15]. 

 

 

Figure 1. Schematic overview of the bone remodelling process which is divided into five 
phases: activation, resorption, reversal, formation and termination. HSCs, haematopoietic 
stem cells; MSCs, mesenchymal stem cells (modified from [15]). 

 

Bone remodelling is regulated by multiple endocrine and paracrine factors [15,57]. Not all of 

them will be described in detail here. As already mentioned, PTH plays an essential role. It 

maintains calcium homeostasis by initiation of bone resorption. However, excess PTH 

stimulation results in bone loss and increased fracture risk. Whereas continuous PTH 

stimulation promotes osteoclastogenesis by increasing RANKL and inhibiting OPG [58,59], 

intermittent PTH stimulation increases bone formation by decreasing expression of the Wnt 

inhibitors SOST and DKK1 [60,61] and thereby increasing osteoblastogenesis. 1α,25-

Dihydroxyvitamin D3 plays an essential role for bone mineralisation. It regulates calcium and 

phosphate absorption in the intestine [15]. Additionally, vitamin D was reported to have a 

direct effect on osteoblasts and other bone cells, but the mechanisms are not yet fully 

understood [15]. Calcitonin reduces osteoclast number and activity and may have direct 

effects on osteoblasts [62]. The sex hormones oestrogen and androgen stimulate bone 

formation and suppress resorption. Oestrogen mitigates osteoclast differentiation by 

inhibition of the RANKL/RANK pathway and stimulates osteoclast apoptosis [63–65]. In 

contrast, oestrogen promotes osteoblast differentiation, inhibits apoptosis of osteoblasts and 
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prolongs their lifespan [15,66,67]. Androgen negatively affects osteoclast activity in an 

indirect manner through actions on osteoblastic cells and the RANKL/RANK/OPG signalling 

[68]. However, androgen also directly affect osteoblasts increasing their differentiation and 

bone mineralisation. Other factors are thyroid hormone (TH) and growth hormone (GH) [15]. 

Endogenous glucocorticoids also play an important role in bone homeostasis. Endogenous 

glucocorticoids affect the differentiation of MSCs towards the osteogenic or adipogenic 

lineage. The direction of differentiation is dose dependent with higher glucocorticoid 

concentrations directing the differentiation towards the adipogenic lineage [24,69]. However, 

the presence of glucocorticoids is also essential for osteoblast differentiation [69]. Paracrine 

factors influencing bone remodelling are growth factors present in the bone matrix, e.g. 

transforming growth factor-beta (TGF-β), bone morphogenetic proteins (BMPs) and the 

highly abundant insulin-like growth factor-1 (IGF-1) [15,57]. Especially BMP-2 was described 

as a strong inductor of osteogenensis [70–72]. Further paracrine factors are prostaglandins 

and cytokines [15]. Moreover, bone itself is an endocrine organ with osteocalcin being 

secreted only from osteoblasts [73]. 

 

1.1.2 Glucocorticoid-induced osteoporosis 

In contrast to the essential role of endogenous glucocorticoids on bone homeostasis, excess 

glucocorticoids can have detrimental effects on bone health [22]. Most commonly 

glucocorticoid excess is caused by exogenous supply, e.g. when glucocorticoids are given as 

drugs. Glucocorticoids act immunomodulatory and are therefore prescribed to treat immune-

related diseases like rheumatoid arthritis and severe asthma.      

Glucocorticoid-induced osteoporosis is the most common form of secondary osteoporosis. It 

is characterised by a preferential loss of trabecular bone with the largest decline in BMD 

occurring in the first year of glucocorticoid treatment [15,74]. Excess glucocorticoids affect 

different components and regulators of the musculoskeletal system. Glucocorticoids decrease 

osteoblast differentiation, increase osteoblast and osteocyte apoptosis and impair their 

function. Additionally, glucocorticoids increase osteoclast differentiation and lifespan. 

Furthermore, glucocorticoids impair calcium metabolism and downregulate growth factors 

and sex hormones. As a consequence, bone mass and bone quality are reduced. Additionally, 

glucocorticoids weaken muscles, thereby increasing the risk of falls. All these effects of excess 

glucocorticoids increase the risk of fractures [75]. Glucocorticoids act on different signalling 

pathways. They decrease osteoblast differentiation by inhibition of growth factors and the 

canonical Wnt signalling [75,76]. Wnt signalling is impaired by glucocorticoid mediated 
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activation of GSK-3β, reduction of β-catenin levels and increase of DKK1 expression [24,77]. 

Additionally, glucocorticoids stimulate expression of the adipogenic transcription factors 

peroxisome proliferator-activated receptor gamma (PPARγ) [78] and CCAAT-enhancer-

binding protein alpha (C/EBPα) [24]. This promotes differentiation of MSCs into adipocytes 

and reduces BMD.  

 

1.1.3 Postmenopausal osteoporosis 

In women, postmenopausal osteoporosis is the most common form of osteoporosis [79]. In 

postmenopausal women, oestrogen deficiency develops due to a lack of gonadal oestrogen 

production [80]. The reduction of oestrogen levels result in an increased bone remodelling 

but with resorption exceeding formation. Thereby, production of the cytokines interleukin 1 

(IL-1), tumour necrosis factor alpha (TNFα) and IL-6 increases in monocytes, osteoblasts and 

stromal cells. These cytokines increase osteoclastogenesis and osteoclast activity caused by 

decreased OPG expression but enhanced RANKL expression. Additionally, osteoblast and 

osteocyte apoptosis is increased. Moreover, oestrogen deficiency impairs intestinal calcium 

absorption [15,81]. It was further reported that adipogenic differentiation is increased in 

MSCs of postmenopausal osteoporotic women [82]. 

 

1.1.4 Age-related osteoporosis 

In women, age-related osteoporosis develops due to a combination of postmenopausal- and 

age-related mechanisms, whereas in men only age-related mechanisms play a role [15,81]. 

Postmenopausal factors are described in the previous chapter. With ageing bone formation is 

decreased by detrimental effects on the osteoblasts. One supposed mechanism involves 

effects of reactive oxygen species (ROS). ROS levels increase with age [83–88]. ROS interfere 

with the canonical Wnt signalling, thereby impairing osteoblast differentiation [89]. Another 

mechanism is the decline in serum levels of IGF-1 with age [90,91]. Accordingly, 

differentiation and function of osteoblasts that is also controlled by the GH/IGF-1 regulatory 

axis decreases. In contrast, PTH levels increase with age, presumably due to calcium 

malabsorption caused by vitamin D deficiency or oestrogen deficiency [81].  

Similarly to women, but in less extend, also in men levels of sex hormones change with age 

and thus contribute to the development of osteoporosis. Bioavailable androgen and oestrogen 
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levels decline gradually with age. Bone resorption increases due to increased 

osteoclastogenesis and function [15,81].  

Additionally, with age, apoptosis of MSCs increases [92] and differentiation into osteoblasts 

decreases in favour of differentiation into adipocytes [25,92]. Furthermore, bone marrow 

adipocytes inhibited osteoblast differentiation of MSCs by inhibiting BMP-2 signalling and 

activating NF-kB signalling [93]. 

In multiple studies, it was observed that evening cortisol levels increase with age. The 

negative feedback mechanism on the HPA axis regulating systemic cortisol levels weakens 

age dependently with a larger effect in women than in men [94]. In elderly subjects increased 

evening salivary cortisol levels were detected when compared to young subjects [95]. These 

were associated with decreased spinal BMD. Increased overnight urinary free cortisol in 

elderly subjects was associated with the risk of fractures [96]. In addition, variations in bone 

mineral density can be ascribed to genetic factors. The heritability varies from 40% to 90% 

[97]. 
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1.2 11β-hydroxysteroid dehydrogenase 1 (11β-HSD1) – 

regulator of local cortisol metabolism 

In the human body, the major glucocorticoid hormone is cortisol. Cortisol is an important 

regulator of basal metabolism, salt and water balance [98]. It is synthesised from cholesterol 

in the zona fasciculata of the adrenal cortex in the adrenal gland. Systemic cortisol levels are 

regulated centrally by the hypothalamic–pituitary–adrenal (HPA) axis (Figure 2). The 

hypothalamus releases corticotropin-releasing hormone (CRH). Then, CRH stimulates the 

pituitary gland to secrete adrenocorticotropic hormone (ACTH) which in turn stimulates 

cortisol production in the adrenal cortex [99]. Upon synthesis and relase from the adrenal 

gland, the majority of cortisol is bound by the high-affinity transport protein corticosteroid 

binding globulin (CBG), a smaller part is bound by albumin. Around 5% of secreted cortisol 

remain unbound and freely diffuse across cell membranes [100,101]. Cortisol is able to 

regulate its own production by a negative feedback mechanism inhibiting both the 

hypothalamus and the pituitary gland. CRH secretion is also regulated by the circadian 

rhythm. Its secretion increases overnight reaching the peak in the morning. By this, the 

cortisol secretion is also highest in the morning [99]. Additionally, the HPA-axis is activated 

in response to stress. Therefore cortisol is also known as the stress hormone.  
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Figure 2. Overview of the different levels of regulation of cortisol synthesis Cortisol 
levels are regulated both centrally by the HPA axis and locally in the peripheral organs by 11β-HSD1 and 11β-HSD2. The HPA axis stimulates production of cortisol from cholesterol in 
the Zona fasciculata of the adrenal cortex. Cortisol is secreted and the majority will be 
transported by the circulation to peripheral organs like liver, adipose tissue and bone. A minor part of the cortisol is inactivated to cortisone in the kidney or the adrenal gland by 11β-
HSD2. Cortisone is released into the circulation. In peripheral organs cortisone can be reactivated to cortisol by 11β-HSD1. 11β HSD1/2, 11β-hydroxysteroid dehydrogenase 1/2; 
ACTH, adrenocorticotropic hormone; CRH, corticotropin-releasing hormone; HPA axis, 
hypothalamic–pituitary–adrenal axis 
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1.2.1 11β-HSD1 as a regulator of cortisol level in peripheral organs 

On target sites, the versatile functions of glucocorticoids are facilitated by binding to two 

types of corticosteroid receptors, glucocorticoid receptors (GR) and mineralcorticoid 

receptors (MR) (Figure 3) [101]. While MR have a high affinity for glucocorticoids, GR have 

an only low affinity. Upon binding, the corticosteroid-receptor complexes translocate into the 

nucleus and activate transcription of target genes.  

Peripheral availability of active glucocorticoids is regulated by two isoenzymes: 11β-

hydroxysteroid dehydrogenase 1 (11β-HSD1) and 11β-HSD2 (Figure 2, Figure 4). 11β-HSD2 

is predominantly active in tissues that highly express MR, e.g. in the kidney. As circulating 

cortisol levels exceed aldosterone levels, inactivation of cortisol is crucial to allow binding of 

aldosterone to MR, thereby facilitating aldosterone specific effects [101]. The inactivation is 

performed by 11β-HSD2. 11β-HSD2 oxidises the biologically active cortisol to inactive 

cortisone (Figure 4). 11β-HSD2 inactivates around 10% of cortisol in a single pass through 

the kidney [98,102]. This makes the kidney to the major source of circulating cortisone [103]. 

A minor part of cortisone is secreted from the adrenal gland [98]. The inactive cortisone is 

released into circulation. In contrast to cortisol, cortisone is not protein bound and not 

regulated by the circadian rhythm. So, although plasma levels of cortisol exceed plasma levels 

of cortisone (approx. 500 nM morning cortisol/ 100 nM evening cortisol vs. 70 nM cortisone), 

the plasma levels of free cortisone are higher than the plasma levels of free cortisol [98]. 

Cortisone can be locally  reactivated to cortisol by 11β-HSD1. About 30-40% of daily produced 

cortisol originates from the visceral organs [101,104,105]. 11β-HSD1 is most strongly 

expressed in liver. Other relevant tissues include the adipose tissues, vasculature, ovary, 

brain, skeletal muscle and bone [101]. 11β-HSD1 is a protein of 292 amino acids and a 

predicted molecular weight of 34 kDa. It is localised in the membrane of the endoplasmic 

reticulum (ER) with luminal orientation. It is anchored in the ER membrane by a single 

transmembrane helix in the NH2 terminus [101,106]. It forms functional dimers. 11β-HSD1 

can act both as a reductase, reducing cortisone to cortisol, and as a dehydrogenase, oxidising 

cortisol to cortisone (Figure 4). Catalysation of the reductase reaction is dependent on the 

presence of its cofactor NADPH [101]. By oxidisation of glucose-6-phosphate to 6-

phosphogluconolactone, NADPH is generated from NADP+ by the enzyme hectose-6-

phosphate dehydrogenase (H6PDH) that co-localises and interacts with 11β-HSD1 [107]. In 

H6PDH knockout mice, a switch to inactivation of cortisol to cortisone was shown [108]. 
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Figure 3. Schematic representation of intracellular interactions involving the 11β-

HSDs (a) 11β-HSD1 co-localises with H6PDH which provides the essential cofactor NADPH 
in the ER membrane. Cortisol binds the GR and the complex translocates into the nucleus to 
activate GC target genes. MR have a higher affinity for GC than for MC. (b) In aldosterone 
target tissues, binding of GC to MR is prevented by inactivation of cortisol by 11β-HSD2. 11β-HSD1/2, 11β-hydroxysteroid dehydrogenase 1/2; GC, glucocorticoid; GR, glucocorticoid 
receptor; H6PDH, hectose-6-phosphate dehydrogenase; MC, mineralcorticoid; MR, 
mineralcorticoid receptor 
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The importance of peripheral cortisol production by 11β-HSD1 becomes even clearer when 

regarding patients with cortisone reductase deficiency [109–112]. Due to reduced circulating 

cortisol, the activity of the HPA axis is increased, resulting in elevated ACTH levels. Thereby, 

cortisol synthesis is increased in the adrenal gland. However, also androgen synthesis is 

induced by ACTH resulting in hyperandrogenism [103]. Recently, the critical role of 11β-

HSD1 in the local reactivation of therapeutic glucocorticoids at sites of inflammation was 

identified [113].  

 

 

Figure 4. Reactions catalysed by the isoenzymes 11β-HSD1 and 11β-HSD2 11β-HSD1 
predominantly converts the biologically inactive cortisone to active cortisol in presence of the 
cofactor NADPH. It can also catalyse the reverse reaction. 11β-HSD2 inactivates cortisol to 
cortisone in presence of the cofactor NAD. 11β HSD1/2, 11β-hydroxysteroid dehydrogenase 
1/2; NAD(H), nicotinamide adenine dinucleotide; NADP(H), nicotinamide adenine 
dinucleotide phosphate 

 

1.2.2 The role of 11β-HSD1 in bone 

In bone, 11β-HSD1 is the predominant isozyme [114]. Its expression was detected in in 

osteoblast cultures [115] and adult human bone [114]. In adult human bone, both reductase 

and dehydrogenase activity were determined [114]. The expression of 11β-HSD1 in 

osteoblasts was also inferred from clinical analyses. In the Hertfordshire cohort study, 

circulating cortisone levels were associated with BMD of the spine and osteocalcin levels (a 

bone formation marker) with high cortisol levels predicting low BMD and low osteocalcin 

levels [116]. This association was cortisol-independent indicating a local, bone-specific 

conversion of cortisone to cortisol. When 11β-HSD1 was inhibited in humans by ingestion of 

carbenoxolone for seven days, bone resorption markers decreased [114]. Additionally, 11β-
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HSD1 plays an important role in osteoblast differentiation by providing the necessary 

glucocorticoid stimulus [69].  

In addition to the age-related changes in systemic cortisol levels described above, age 

dependent effects were also observed in peripheral tissues. HSD11B1 expression increased 

with age in human skin tissue [117] and human osteoblasts [118]. Moreover, studies that 

analysed the association of HSD11B1 polymorphisms with osteoporosis underline the role of 

11β-HSD1 in age-related bone loss [119–121]. 

With the help of knockout mouse models, the important role of 11β-HSD1 in bone 

homeostasis was emphasised. 11β-HSD1 knockout mice lack bone marrow adipocytes [122] 

and are protected from trabecular bone loss induced by excess glucocorticoids [123].  

 

1.2.3 HSD11B1 gene structure and polymorphisms 

 

 

Figure 5. HSD11B1 gene structure HSD11B1 is encoded on chromosome 1 and comprises 
seven exons. Approximate positions of the two alternative promoters P1 and P2, and the two 
intron 5 SNPs rs11811440 and rs932335 that were associated with parameters of 
osteoporosis [119,121] are depicted. White boxes represent the 5’ and 3’ UTR, black boxes 
represent exons.  

 

HSD11B1, the gene encoding for 11β-HSD1, is localized in chromosome 1 of the human 

genome. The HSD11B1 gene spans approximately 30 kb and comprises seven exons 

(Figure 5). Interestingly, the large intron 5 represents approximately 80% of the whole gene 

length (25 kb). 

Three alternative promoters have been suggested to regulate HSD11B1 transcription. The 

three promoters are located upstream of exon 1, exon 2 and exon 3, and are named P1, P2 

and P3, respectively. Transcription from P3 results in a truncated protein without enzymatic 

activity [124–126]. The transcripts from P1 and P2 differ only in their 5’ UTR. Thus, different 

promoter usage results in translation of the same protein sequence [127]. The P2 promoter 

was the first one to be described and is predominantly involved in the regulation of HSD11B1 

in most human tissues [124]. It is active in liver, adipose tissue and brain, and in human cell 

lines like A459, Caco-2 and 3T3-L1 [127,128]. Its activation is regulated by the CCAAT-



 

18 
 

enhancer-binding protein (C/EBP) transcription factor family as it was shown in hepatic and 

adipocytic cell lines [129,130] with C/EBPα being a strong and C/EBPβ being a weak 
activator. Two conserved C/EBP-binding elements are located between -112 and -160 of the 

P2 promoter [101]. Expression of C/EBP transcription factors themselves is positively 

regulated by cortisol [131,132]. Additionally, a putative glucocorticoid response element 

(GRE) was reported [133]. The alternative P1 promoter was identified in 2006 [128]. It is 

located approximately 23 kb upstream of the translation start codon. It was shown to 

contribute significantly to HSD11B1 expression in human lung, but without reaching 

transcript levels of P2 [127]. Also, P1 was identified as active in the human tumour cell lines 

A431 and HT-29 [127]. In contrast to P2, P1 is C/EBPα independent [128].   

Besides regulation of expression by promoter activity, other factors were identified to be 

involved in regulation of HSD11B1 transcription. The pro-inflammatory cytokines IL-1β and 
TNF-α were shown to activate 11β-HSD1 mRNA expression and activity in human osteoblasts 

[134]. Additionally, IGF-1 positively regulates HSD11B1 expression, at least in liver [135]. 

Micro-RNAs were identified as potential negative regulators of HSD11B1 transcription [136]. 

Other influencing factors are genetic polymorphisms. Genetic polymorphisms are variations 

in the genetic code that occur with a frequency of more than 1% in the population. When this 

variation is limited to a single nucleotide, it is called a single nucleotide polymorphism (SNP). 

An increasing number of SNPs is being identified to play a role in metabolic processes in the 

human body. Also, in HSD11B1 SNPs were analysed in different health conditions. Siggelkow 

et al. (2014) [121] analysed retrospectively HSD11B1 SNPs in 452 patients evaluated for 

osteoporosis. In a subgroup of 287 patients, post dexamethasone cortisol (PDC) levels were 

determined which correlated with BMD. The intron 5 SNPs rs11811440 and rs932335 were 

significantly associated with BMD. The strongest association was shown for the minor A-allele 

of rs11811440 which was associated with increased spinal BMD and lower PDC levels. A 

study on postmenopausal women also observed an association of rs932335 with BMD [119]. 

A SNP in the HSD11B1 P2 promoter region (rs4844880) was associated with BMD in healthy 

and postmenopausal osteoporotic women [120]. Besides osteoporosis also the influence of 

HSD11B1 SNPs on other medical conditions was analysed. The SNP rs4844880 was also 

associated with body mass index [137] and non-alcoholic fatty liver disease [138]. The intron 

5 SNP rs932335 was also associated with colorectal cancer [139]. Other SNPs in intron 1 and 

intron 4 were associated with Type 2 Diabetes [140,141], metabolic syndrome [141,142], 

polycystic ovary syndrome [143] and non-alcoholic fatty liver disease [138]. In total, these 

studies indicate an important role of 11β-HSD1 in the development of different diseases 

including osteoporosis.   
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1.3 Aims of this work 

The aims of this work were, first, to confirm and refine the clinical association of HSD11B1 

polymorphisms with the risk of osteoporosis leading to the observed clinical association 

between HSD11B1 polymorphisms and osteoporosis and, second, to reveal the underlying 

mechanisms. 

To confirm and refine the clinical association, the following steps were performed:  

1) Fine-mapping based on the existing clinical data was conducted to identify the causal 

SNPs involved. 

2) A confirmatory study (OsteoGene) was conducted in a prospective manner on 

patients evaluated for osteoporosis.  

3) The relevant HSD11B1 polymorphisms were analysed for association with a surrogate 

marker for BMD in the large population-based SHIP cohort study.  

To reveal the underlying mechanisms both molecular and cellular analyses were performed:  

1) Molecular biological analyses of the effect of the associated polymorphisms on 

HSD11B1 expression were conducted.  

Potential binding of regulatory proteins, e.g. transcription factors, to the SNP sites was 

analysed by EMSA. Reporter gene assays served to identify potential influences of SNP 

sites on transcriptional regulation. For both approaches the model cell lines SCP-1, an 

immortalised human mesenchymal stem cell line, and HepG2, a human hepatocellular 

carcinoma cell line, were applied. 

2) Bioinformatics analyses of the SNP sites within intron 5 and the 3’ UTR were 

performed to identify regulatory factors beyond direct transcriptional regulation. 

3) Cell biological analyses of the influence of 11β-HSD1 on differentiation of SCP-1 cells 

were conducted.  

HSD11B1 overexpression and knockout cells were generated and the differentiation 

potential towards the adipogenic or osteogenic lineage was examined. 
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2 Material 

All standard chemicals were obtained from Carl Roth (Karlsruhe, Germany), Sigma-Aldrich 

(Taufkirchen, Germany), AppliChem GmbH (Darmstadt, Germany), ChemSolute (Renningen, 

Germany) or Merck KGaA (Darmstadt, Germany). Primers and oligonucleotides were 

purchased from Sigma-Aldrich (Taufkirchen, Germany) or Eurofins Genomics Germany 

GmbH (Ebersberg, Germany) unless otherwise stated.  

2.1 Reagents 

Reagent Manufacturer [α-32P]dCTP Hartmann Analytic, Braunschweig, Germany 1α,25-Dihydroxyvitamin D3 Sigma-Aldrich, St. Louis, MO, USA 

2-mercaptoethanol 
SERVA Electrophoresis GmbH, Heidelberg, 
Germany  

3-Isobutyl-1-methylxanthine (IBMX) Sigma-Aldrich, St. Louis, MO, USA 4′,6-Diamidino-2-phenyl-indol -
dihydrochlorid (DAPI) 

Sigma-Aldrich, St. Louis, MO, USA 

Agarose Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
Agencourt® AMPure® XP Reagent Beckman Coulter, Brea, CA, USA 
Alizarin-Red Staining Solution Merck Millipore, Burlington, MA, USA 
Alt-R® CRISPR-Cas9 tracrRNA, ATTO™ 550 

Integrated DNA Technologies, Carolville, IA, USA 

Alt-R® S.p. HiFi Cas9 Nuclease V3 Integrated DNA Technologies, Carolville, IA, USA 
Ampicillin Sodium Salt Sigma-Aldrich, St. Louis, MO, USA 
Aquasafe 500 Plus liquid scintillator Zinsser Analytics, Frankfurt/Main, Germany 
Bovine Serum Albumine (BSA) Thermo Fisher Scientific, Waltham, MA, USA 
CASY®ton OLS OMNI Life Science, Bremen, Germany 
Cetylpyridinium chloride Sigma-Aldrich, St. Louis, MO, USA 
Cortisol Sigma-Aldrich, St. Louis, MO, USA 
Cortisol-D4 solution (100µg/ml in 
MeOH) 

Sigma-Aldrich, St. Louis, MO, USA 

Cortisone Sigma-Aldrich, St. Louis, MO, USA 
dATP Solution Invitrogen, Carlsbad, CA, USA 
Dexamethasone Sigma-Aldrich, St. Louis, MO, USA 
Dexamethasone-Water Soluble Sigma-Aldrich, St. Louis, MO, USA 
DMEM, high glucose Thermo Fisher Scientific, Waltham, MA, USA 
DMEM, high glucose, pyruvate Thermo Fisher Scientific, Waltham, MA, USA 
DMEM, low glucose PAN-Biotech GmbH, Aidenbach, Germany 
DNA ladder peqGold 100 bp VWR International, Radnor, PA, USA 
DNA ladder peqGold 1kb VWR International, Radnor, PA, USA 
DPBS PAN-Biotech GmbH, Aidenbach, Germany 
Ethidium bromide Sigma-Aldrich, St. Louis, MO, USA 
Fast SYBR™ Green Master Mix Thermo Fisher Scientific, Waltham, MA, USA 
Fetal Calf Serum (FCS) Thermo Fisher Scientific, Waltham, MA, USA 
GeneScan™-120 LIZ™ Size Standard Thermo Fisher Scientific, Waltham, MA, USA GlutaMAX™ Thermo Fisher Scientific, Waltham, MA, USA 
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HiDi™ Formamide Thermo Fisher Scientific, Waltham, MA, USA 
HT1 Buffer Illumina, Inc., San Diego,USA  
Human Platelet Lysate (HPL) PAN-Biotech GmbH, Aidenbach, Germany 
Hygromycin B Thermo Fisher Scientific, Waltham, MA, USA 
Indomethacin Sigma-Aldrich, St. Louis, MO, USA 
Insulin Insuman® Rapid 100 I.E./ml Sanofi, Paris, France 
Kanamycin Sigma-Aldrich, St. Louis, MO, USA 
KAPA HiFi HotStart Ready Mix Hoffman-La Roche AG, Basel, Switzerland 
L-Ascorbic acid 2-phosphate 
sesquimagnesium salt hydrate 

Sigma-Aldrich, St. Louis, MO, USA 

Lipofectamine®2000 Thermo Fisher Scientific, Waltham, MA, USA 
Lipofectamine™ RNAiMAX 
Transfection Reagent 

Thermo Fisher Scientific, Waltham, MA, USA 

Nile Red Sigma-Aldrich, St. Louis, MO, USA 
Nuclease-Free Duplex Buffer Integrated DNA Technologies, Coralville, IA, USA 
Nuclease-Free IDTE pH 7.5 Integrated DNA Technologies, Coralville, IA, USA 
Nuclease-Free Water Integrated DNA Technologies, Coralville, IA, USA 
OneTaq Hot Start DNA Polymerase New England Biolabs, Ipswich, MA, USA 
OneTaq Standard Reaction Buffer New England Biolabs, Ipswich, MA, USA 
Opti-MEM™ Thermo Fisher Scientific, Waltham, MA, USA 
ortho-Nitrophenyl-β-galactoside 
(ONPG) 

Sigma-Aldrich, St. Louis, MO, USA PageRuler™ Prestained Protein 
Ladder, 10 to 180 kDa 

Thermo Fisher Scientific, Waltham, MA, USA 

Penicillin (10,000 U/ml)/ 
Streptomycin (10 mg/ml) 

PAN-Biotech GmbH, Aidenbach, Germany 

PhiX Control v3 Illumina, Inc., San Diego,USA  
p-nitrophenyl phosphate (PNP) Sigma-Aldrich, St. Louis, MO, USA 
Poly-D-lysine hydrobromide Sigma-Aldrich, St. Louis, MO, USA 
Ponceau S Solution Sigma-Aldrich, St. Louis, MO, USA POP7™ Polymer Thermo Fisher Scientific, Waltham, MA, USA 
Predesigned Alt-R® CRISPR-Cas9 
guide RNA 

Integrated DNA Technologies, Coralville, IA, USA 

PrestoBlue™ Cell Viability Reagent Thermo Fisher Scientific, Waltham, MA, USA 
Q-Solution Qiagen, Hilden, Germany 
QuickExtract™ DNA Extraction 
Solution 

Epicentre/Lucigen Corporation, Middleton, WI, 
USA 

rhAmp® Genotyping Master Mix Integrated DNA Technologies, Carolville, IA, USA 
rhAmp® Reporter Mix w/Reference Integrated DNA Technologies, Carolville, IA, USA 
RNaseZAP™ Sigma-Aldrich, St. Louis, MO, USA 
RPMI Medium 1640, GlutaMAX™ Thermo Fisher Scientific, Waltham, MA, USA 
Select Agar Sigma-Aldrich, St. Louis, MO, USA 
Sephadex™ G-50 Superfine GE Healthcare 
Skimmed milk powder Krüger GmbH, Bergisch Gladbach, Germany 
TaqMan® Gene Expression Master 
Mix 

Thermo Fisher Scientific, Waltham, MA, USA TRIzol™ Reagent Thermo Fisher Scientific, Waltham, MA, USA 
TrypLE™ Express (1x) Thermo Fisher Scientific, Waltham, MA, USA 
Yeast extract Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
Zeocin™ Selection Reagent Invitrogen, Carlsbad, CA, USA β-Glycerophosphate disodium salt 
hydrate 

Sigma-Aldrich, St. Louis, MO, USA 
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2.2 Kits 

Kit Manufacturer 

Alt-R® CRISPR-Cas9 Control Kit, Human 
Integrated DNA Technologies, Carolville, IA, 
USA 

BigDye™ Terminator v1.1 Cycle Sequencing 
Kit 

Thermo Fisher Scientific, Waltham, MA, 
USA 

DNeasy® Blood & Tissue Kit Qiagen, Hilden, Germany 
Dual-Luciferase® Reporter Assay System Promega, Madison, WI, USA 
Expand Long Template PCR System Hoffman-La Roche AG, Basel, Switzerland 
Flp-In™ System Invitrogen, Carlsbad, CA, USA 
High Capacity cDNA Reverse Transcription 
Kit 

Thermo Fisher Scientific, Waltham, MA, 
USA 

Hot Start KOD Polymerase Kit Merck Millipore, Burlington, MA, USA 
MiSeq Reagent Nano Kit v2 (500-cycles) Illumina, Inc., San Diego,USA 
Nextera® XT Index Kit v2 Set A  Illumina, Inc., San Diego,USA  Pierce™ BCA Protein Assay Kit  Thermo Fisher Scientific, Waltham, MA, 

USA 
Plasmid Plus Midi Kit  Qiagen, Hilden, Germany  
ProteoExtract® Native Membrane 
Extraction Kit 

Merck KGaA, Darmstadt, Germany 

QIAamp DNA Blood Mini Kit Qiagen, Hilden, Germany 

QIAGEN Multiplex PCR Kit® Qiagen, Hilden, Germany  
QIAquick® Gel Extraction Kit  Qiagen, Hilden, Germany  

Qubit™ dsDNA BR assay Kit  
Thermo Fisher Scientific, Waltham, MA, 
USA 

Rapid DNA Ligation Kit 
Thermo Fisher Scientific, Waltham, MA, 
USA 

RNeasy® Plus Mini Kit  Qiagen, Hilden, Germany  
SNaPshot™ Multiplex Kit  Applied Biosystem, Darmstadt, Germany  
TOPO TA Cloning® Kit  Invitrogen, Darmstadt, Germany  β-Gal Assay Kit Invitrogen, Carlsbad, CA, USA 

 

2.3 Consumables 

Consumable Manufacturer 

Adhesive Clear qPCR Seal 
Biozym Scientific GmbH, Hessisch 
Oldendorf, Germany 

Adhesive Sealing Sheets 
Thermo Fisher Scientific, Waltham, MA, 
USA 

Autosampler Vial, clear, 2 ml volume Wicom, Heppenheim, Germany 

BD Microlance 3 27G  
Becton Dickinson (BD), Franklin Lakes, NJ, 
USA 

CASY®cup OLS OMNI Life Science, Bremen, Germany 
Cell culture flask (25 cm², 75 cm²) Sarstedt AG & Co. KG, Nürnbrecht, Germany 
Combitips advanced® Eppendorf, Hamburg, Germany 
Conical tube (15 ml, 50 ml) Corning, Inc., Corning, NY, USA Cryo.s™ Greiner Bio-One, Kremsmünster, Austria 
DNA LoBind tubes Eppendorf, Hamburg, Germany 
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Electroporation cuvette, 2 mm VWR International, Radnor, PA, USA 
Falcon® 100 mm TC-treated Cell Culture 
Dish 

Corning, Inc., Corning, NY, USA 

Filter paper, No. 2668  
Schleicher und Schuell GmbH, Keene, NH, 
USA 

Filter pipette tips, sterile (100 µl, 1000 µl) 
Biozym Scientific GmbH, Hessisch 
Oldendorf, Germany 

Filter pipette tips, sterile, TipOne® (10 µl) Starlab GmbH, Hamburg, Germany 
MF-Millipore™ Membrane Filter, 0.025 µM, 
mixed cellulose esters, 13 mm 

Merck Millipore, Burlington, MA, USA 

Micro inserts (250 µl) Wicom, Heppenheim, Germany 

Microplate 96-well, Nunc™ MicroWell™ 
Thermo Fisher Scientific, Waltham, MA, 
USA 

mini Quick Spin Oligo Columns Hoffmann-La Roche, Basel, Switzerland 
MiSeq® v3 Reagent Tray Illumina, Inc., San Diego,USA 
MultiScreen-HV Filter Plate, 0.45 µM Merck Millipore, Burlington, MA, USA 
Multiwell plate with lid, CytoOne® (12-
well) 

Starlab GmbH, Hamburg, Germany 

Multiwell plate with lid, Falcon® (6-well, 
24-well) 

Corning, Inc., Corning, NY, USA 

Nitrocellulose Blotting Membrane, 0.45 µM GE Healthcare, Chicago, IL, USA 
Parafilm M Bemis Company, Inc., Oshkosh, WI, USA 
Pasteur pipettes, non-plugged (150 mm, 
230 mm) 

VWR International, Radnor, PA, USA 

PCR Plate, 384-well 
Thermo Fisher Scientific, Waltham, MA, 
USA 

PCR Plate, 96-well Starlab GmbH, Hamburg, Germany 
Petridish, 92 x 16 mm Sarstedt AG & Co. KG, Nürnbrecht, Germany 
Pipette tips (100 µl) Sarstedt AG & Co. KG, Nürnbrecht, Germany 
Pipette tips, TipOne® (10 µl, 1000 µl) Starlab GmbH, Hamburg, Germany 
Protein LoBind Tubes Eppendorf, Hamburg, Germany Radiographic film, Amersham™ Hyperfilm™ 
MP (18 × 24 cm) 

GE Healthcare, Chicago, IL, USA 

Reaction tubes (0.5 ml, 1.5 ml, 2 ml) Sarstedt AG & Co. KG, Nürnbrecht, Germany 
Rotor Adapters Qiagen, Hilden, Germany 
Screw cap micro tubes (2 ml) Sarstedt AG & Co. KG, Nürnbrecht, Germany 
Serological Pipette (2 ml) Corning, Inc., Corning, NY, USA 
Serological Pipette (5 ml, 10 ml, 25 ml) Sarstedt AG & Co. KG, Nürnbrecht, Germany 

 

2.4 Primers  

Upon arrival, lyophilised primers were resuspended in sterile ddH2O to a final concentration 

of 100 µM and stored at -20°C. 

Amplification of HSD11B1 mRNA 

Primer Sequence 5’-3’ 
HSD11B1_mRNA_fw GTCTTCAAGCTTGCTCCCTGTCGGATGGCTTTTA 
HSD11B1_mRNA_rv TCCCTCAGATATCCCAGCCCTCAGGGAGTTCCTA 

The introduced restriction sites are underlined. 
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Amplification of HSD11B1 promoters  

Primer Sequence 5’-3’ Purpose 

HSD11B1_Promoter1_fw 
TAGTTTGGTACCACACTGGGGTGAAAG
ATTTTGTCAG 

Amplification 
of promoter 1 
or 2 sequence 
from a DNA 
pool 

HSD11B1_Promoter1_rv 
CCTACTAGATCTGTACTAGGCCCTGAT
ACAAATGGTG 

HSD11B1_Promoter2_fw 
AGCTGGAGCTCGGGCGTCCCCAGCTAG
TTTCACTTG 

HSD11B1_Promoter2_rv 
TCCGACTCGAGGGAGCTGGCCTGAAGA
CTCCTGTAG 

HSD11B1_Promoter1_SNP_fw 
TTAGTTAGATCTACACTGGGGTGAAAG
ATTTTGTCAG 

Generation of 
BglII and 
HindIII 
restriction sites  HSD11B1_Promoter1_SNP_rv 

CCTACTAAGCTTGTACTAGGCCCTGAT
ACAAATGGTG 

The restriction sites are underlined. 

 

Capillary Sanger Sequencing 

Primer Sequence 5’-3’ Applied to 
Seq_pGL3prom_f GAATCGATAGTACTAACATA 

Plasmids for 
Luciferase Assays 

Seq_pGL3basic_fw CATACGCTCTCCATCAAAACAAAACG 
Seq_pGL3basic_rv GAATGGCGCCGGGCCTTTCTTTATGT 
Seq_HSD11B1_P1_fw_1 CTGGATTAAACATCTGTACCAAATGATTC 

pGL3-
Basic::HSD11B1-
Promoter1 

Seq_HSD11B1_P1_rv_1 CTTGTCCACTTAAGGCGTTTGTTTTTC 
Seq_HSD11B1_P1_fw_2 TAGCCCAGTGCCTAGCATAGAGTAG 
Seq_HSD11B1_P1_rv_2 CTTGCCGATTAATGACAGAGAGAGT 

Seq_P2-SNP_rv GCTAGGAAGAGGCGACCTGATGTAG 
pGL3-
Promoter::SNP::HS
D11B1-Promoter2  

pcDNA5_for GCGTGTACGGTGGGAGGTCTATATA HSD11B1-
overexpression 
plasmids 

pcDNA5_rev ACGGGGGAGGGGCAAACAACAGATG 

Ex2_T7EI_PCR_f CCGTCCCTGATGTCACAATTCAGAG 

T7EI amplicons 
Ex2_T7EI_PCR_r_neu AGCCCAATTAGCTGCTGAGTTGTGA 
Ex5_T7EI_PCR_f TACCCCCCAAAAATCTGCAGCTAAG 
Ex5_T7EI_PCR_r_neu CAGCCCCTCAAGTCCCTTTGACCTT 
Seq_ATRNL1_fw ACACCCAATAGGCATATGTAAAGGA 

CRISPR-Cas9 off-
targets 

Seq_ATRNL1_rv CTGACGGGCATTTTGAGTAATACCA 
Seq_C1orf35_fw CGGGTGGCCTGCCCTACTTTACTTC 
Seq_C1orf35_rv GCAGGCCCCATCCAGATGAAGCCAC 
Seq_FMNL3_fw CTTCCCCTTTTCCTCACATCTCCTA 
Seq_FMNL3_rv CCCCAAGCTCCAGCATTCTCAGAAG 
Seq_LTBP1_fw GCTGACGCTCAAGCTAATTAACACT 
Seq_LTBP1_rv CGGGCATAAGATAAATTATGAAGAC 
Seq_ZRANB1_fw CTTGGGGTGGTGAGGATGAACATTT 
Seq_ZRANB1_rv GGGTGGTGTCACAAGTAACTTTACA 
Ex2_T7EI_PCR_f CCGTCCCTGATGTCACAATTCAGAG 

T7EI amplicons 
Ex2_T7EI_PCR_r_neu AGCCCAATTAGCTGCTGAGTTGTGA 
Ex5_T7EI_PCR_f TACCCCCCAAAAATCTGCAGCTAAG 
Ex5_T7EI_PCR_r_neu CAGCCCCTCAAGTCCCTTTGACCTT 
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Next Generation Sequencing 

Primer Sequence 5’-3’ 

Ex2_NG_I_f 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCTCCCTGTCGG
ATGGCTTTTATGA 

Ex2_T7EI_PCR_I_r_neu 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAGCCCAATTAG
CTGCTGAGTTGTGA 

Ex5_NG_I_f 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGTATCAACCCC
AGATGATTTCTTA 

Ex5_T7EI_PCR_I_r_neu 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCAGCCCCTCAA
GTCCCTTTGACCTT 

 

Site-directed fragment integration 

Primer Sequence 5’-3’ 

HSD11B1_P2_440C_SDM_fw 
TCTCACACAAAACACCCTGGAAAGGCAGTCCGGGCGTCCCC
AGCTAGTTTCACTTG 

HSD11B1_P2_440C_SDM_rv 
GGACTGCCTTTCCAGGGTGTTTTGTGTGAGAGAGCTCGGTA
CCTATCGATAGAGAA 

HSD11B1_P2_440A_SDM_fw 
TCTCACACAAAACACACTGGAAAGGCAGTCCGGGCGTCCCC
AGCTAGTTTCACTTG 

HSD11B1_P2_440A_SDM_rv 
GGACTGCCTTTCCAGTGTGTTTTGTGTGAGAGAGCTCGGTA
CCTATCGATAGAGAA 

HSD11B1_P2_328C_SDM_fw 
TTTTCTGGAAAGGCTCGGCTGAACTTAGGTAGGGCGTCCCC
AGCTAGTTTCACTTG 

HSD11B1_P2_328C_SDM_rv 
TACCTAAGTTCAGCCGAGCCTTTCCAGAAAAGAGCTCGGTA
CCTATCGATAGAGAA 

HSD11B1_P2_328A_SDM_fw 
TTTTCTGGAAAGGCTAGGCTGAACTTAGGTAGGGCGTCCCC
AGCTAGTTTCACTTG 

HSD11B1_P2_328A_SDM_rv 
TACCTAAGTTCAGCCTAGCCTTTCCAGAAAAGAGCTCGGTA
CCTATCGATAGAGAA 

HSD11B1_P2_283C_SDM_fw 
ACTTAGTGTTCATTTCTTACACAGAGGGACAGGGCGTCCCC
AGCTAGTTTCACTTG 

HSD11B1_P2_283C_SDM_rv 
TGTCCCTCTGTGTAAGAAATGAACACTAAGTGAGCTCGGTA
CCTATCGATAGAGAA 

HSD11B1_P2_283T_SDM_fw 
ACTTAGTGTTCATTTTTTACACAGAGGGACAGGGCGTCCCC
AGCTAGTTTCACTTG 

HSD11B1_P2_283T_SDM_rv 
TGTCCCTCTGTGTAAAAAATGAACACTAAGTGAGCTCGGTA
CCTATCGATAGAGAA 

HSD11B1_P2_335G_SDM_fw 
CAGCTCTGTAAGAAGGTGAAATGGGCAGCCTGGGCGTCCCC
AGCTAGTTTCACTTG 

HSD11B1_P2_335G_SDM_rv 
AGGCTGCCCATTTCACCTTCTTACAGAGCTGGAGCTCGGTA
CCTATCGATAGAGAA 

HSD11B1_P2_335C_SDM_fw 
CAGCTCTGTAAGAAGCTGAAATGGGCAGCCTGGGCGTCCCC
AGCTAGTTTCACTTG 

HSD11B1_P2_335C_SDM_rv 
AGGCTGCCCATTTCAGCTTCTTACAGAGCTGGAGCTCGGTA
CCTATCGATAGAGAA 

The sequence of the SNP probe is underlined, the SNP is printed in bold. 
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SNP genotyping via SNaPshot Multiplex System 

Primer Sequence 5’-3’ Applied to 
Pre-PCR 

11H1_6_f CTTGGCACCTATTGAGCAAGTTTCT 

OsteoGene study 
11H1_6_r GAAGGCCTCCTGGACAGCCTCATAG 
11H1_10_f CAAAGGGGTAAAAGGACACCATAGG 
11H1_10_r GAATAGGCAGCAACCATTGGATAAG 
rs2282738_PCR_f CAGGGCATTGGACAAAATCCTCACA 

HSD study 

rs2282738_PCR_r CGTCCTTGGGCTCAACAGTAATTCT 
rs2282739_PCR_f CCAGGAGGCCTTCTATCTCAGAACC 
rs2282739_PCR_r TAGCATGGGTGATGTGGGAGAGATT 
rs6672256_PCR_f CAGTGCCAAGGTCATGAAAATAAAG 
rs6672256_PCR_r TGCAAGGACCCTTTGTCCAAATAAG 
rs4844488_PCR_f AAGGCTCGGCTGAACTTAGGTAGTT 
rs4844488_PCR_r GTGCTGGCTGTACACTGATCTTGTC 
rs2298930_PCR_f TGCCTGGGGTTGCTCTAAAAGTGTG 
rs2298930_PCR_r GATGAAGGCAGACATGATGATAGGT 
rs11487867_PCR_f AATGGGCAAAGGACTTGAATAAACA 
rs11487867_PCR_r ATTGGCCAGGCTGGTCTCAAACTCC 
rs11808690_PCR_f ACTTGGGAGGCTGAGACAGGAGAAT 
rs11808690_PCR_r CACTGGCCACTTGTTTGTCTTCTTT 
SNaPshot reaction 

SNaPshot_rs932335 GGTTAATAAGGCTGCCCATTTCA 
OsteoGene Study 

SNaPshot_rs11811440 gaATCTAAATTTATTTATCTCACACAAAACAC 

Gender_HSD 
gatcgatcgatcgatcGGGCTCGTAACCATAGGAA
G 

OsteoGene 
study, HSD study 

   
SNaPshot_rs4844488 gatcgatTTTGGGCACATTTATATTCTCCTTT 

HSD study 

SNaPshot_rs2282738 
gatcgatcgatcgatcgaGTAGGTGGCTTTAATGAT
TTCAG 

SNaPshot_rs2282739 
gatcgatcgatcgatcgatcgatcGAGCCATCTTGGAC
ATGCAG 

SNaPshot_rs2298930 
gatcgatcgatcgatcgaGCAATCAATTAAAGCAGT
CTAAAATCCAT 

SNaPshot_rs6672256 
gatcgatcgatcgatcgatcgatcgaGCAAAAGGATCC
AATTGAGGATCATG 

SNaPshot_rs11808690 
gatcgatcgatcgatcgatcgatcgatcgatcgatcTGGGA
AGAATGTCAGCGTGT 

SNaPshot_rs11487867 
gatcgatcgatcgatcgatcgatcgatcgatcgatcGTGAT
CCAGCCATTCTATTTCTGG 

SNaPshot_Ex5_2D10 AAGCATGGAAGTCAACTTCCTCAGTT 2D10 
Capital letters depict the specific, lowercases depict the unspecific sequence. 

 

T7EI Assay 
Primer Sequence 5’-3’ 
Ex2_T7EI_PCR_f CCGTCCCTGATGTCACAATTCAGAG 
Ex2_T7EI_PCR_r TGCTGGCCCCTGTGACAATCACTTT 
Ex5_T7EI_PCR_f TACCCCCCAAAAATCTGCAGCTAAG 
Ex5_T7EI_PCR_r TAGCCCACTTATCAGACACCTGTGT 

 



 

28 
 

Validation PCR 

Primer Sequence 5’-3’ Applied to 
PSV40 AGCTGTGGAATGTGTGTCAGTTAGG PCR 1 
Hyg_r2 ACGCCCTCCTACATCGAAGCTGAAA PCR 1, PCR 3 
LacZ CCTTCCTGTAGCCAGCTTTCATCAA PCR 2 
PCMV CCATGGTGATGCGGTTTTGGCAGTA PCR 2 
PFRT_f AATCGGGGGCTCCCTTTAGGGTTCC PCR 3 

 

2.5 SNP probes 

As with primers, the lyophilised oligonucleotides were resuspended in sterile ddH2O to a final 

concentration of 100 µM and stored at -20°C. Forward and reverse probes were hybridised 

(chapter 3.1.1). The SNP probes were used for both reporter gene assays and electrophoretic 

mobility shift assays. 

SNP probes 

SNP ID Probe Sequence 5'-3' 

rs11811440 

rs11811440_C_f TCTCACACAAAACACCCTGGAAAGGCAGTCCa 

rs11811440_C_r gatctGGACTGCCTTTCCAGGGTGTTTTGTGTGAGAgtac 

rs11811440_A_f TCTCACACAAAACACACTGGAAAGGCAGTCCa 

rs11811440_A_r gatctGGACTGCCTTTCCAGTGTGTTTTGTGTGAGAgtac 

rs11119328 

rs11119328_C_f TTTTCTGGAAAGGCTCGGCTGAACTTAGGTAa 

rs11119328_C_r gatctTACCTAAGTTCAGCCGAGCCTTTCCAGAAAAgtac 

rs11119328_A_f TTTTCTGGAAAGGCTAGGCTGAACTTAGGTAa 

rs11119328_A_r gatctTACCTAAGTTCAGCCTAGCCTTTCCAGAAAAgtac 

rs1000283 

rs1000283_C_f ACTTAGTGTTCATTTCTTACACAGAGGGACAa 

rs1000283_C_r gatctTGTCCCTCTGTGTAAGAAATGAACACTAAGTgtac 

rs1000283_T_f ACTTAGTGTTCATTTTTTACACAGAGGGACAa 

rs1000283_T_r gatctTGTCCCTCTGTGTAAAAAATGAACACTAAGTgtac 

rs932335 

rs932335_G_f AGCTCTGTAAGAAGGTGAAATGGGCAGCCTa 

rs932335_G_r gatctAGGCTGCCCATTTCACCTTCTTACAGAGCTgtac 

rs932335_C_f AGCTCTGTAAGAAGCTGAAATGGGCAGCCTa 

rs932335_C_r gatctAGGCTGCCCATTTCAGCTTCTTACAGAGCTgtac 

Control probes 

CRE 
CRE2_f actggTCCTTGGCTGACGTCAGAGAGAGAG 

CRE_r taCTCTCTCTCTGACGTCAGCCAAGGAgg 

HNF1 

GS-HNF1_cons GS-
HNF1_cons (f) 

gatcCCAGGTTAATGATTAACCCA 

GS-HNF1_cons GS-
HNF1_cons (r) 

gatcTGGGTTAATCATTAACCTGG 

SNP nucleotides are printed in bold. Capital letters depict the specific, lowercases depict the 
unspecific sequence. 
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2.6 Enzymes 

The reactions were performed with the respective enzyme buffers. 

Enzyme Manufacturer 

ApaI New England Biolabs, Ipswich, MA, USA 
AvaI New England Biolabs, Ipswich, MA, USA 
BglII Thermo Fisher Scientific, Waltham, MA, USA 
FastDigest BpiI Thermo Fisher Scientific, Waltham, MA, USA 
ClaI New England Biolabs, Ipswich, MA, USA 
DpnI New England Biolabs, Ipswich, MA, USA 
EcoRI Thermo Fisher Scientific, Waltham, MA, USA 
EcoRV Thermo Fisher Scientific, Waltham, MA, USA 
Exonuclease I Thermo Fisher Scientific, Waltham, MA, USA 
Fast AP Thermosensitive Alkaline 
Phosphatase 

Thermo Fisher Scientific, Waltham, MA, USA 

HindIII Thermo Fisher Scientific, Waltham, MA, USA 
Klenow Fragment Thermo Fisher Scientific, Waltham, MA, USA 
KpnI Thermo Fisher Scientific, Waltham, MA, USA 
NcoI New England Biolabs, Ipswich, MA, USA 
OneTaq® Hot Start DNA Polymerase New England Biolabs, Ipswich, MA, USA 
SacI Thermo Fisher Scientific, Waltham, MA, USA 
ScaI Thermo Fisher Scientific, Waltham, MA, USA 
Shrimp Alkaline Phosphatase Thermo Fisher Scientific, Waltham, MA, USA 
T7 Endonuclease I New England Biolabs, Ipswich, MA, USA 
XhoI New England Biolabs, Ipswich, MA, USA 

 

2.7 Plasmids 

Plasmid Provider 
pGL3-Promoter 

Promega, Madison, WI, USA pGL3-Basic 
pRL-CMV 
pGL3-Promoter::rs11811440C 

generated in this work 

pGL3-Promoter::rs11811440A 
pGL3-Promoter::rs11119328C 
pGL3-Promoter::rs11119328A 
pGL3-Promoter::rs1000283C 
pGL3-Promoter::rs1000283T 
pGL3-Promoter::rs932335G 
pGL3-Promoter::rs932335C 
pGL3-Basic::HSD11B1-Promoter1 
pGL3-Basic::HSD11B1-Promoter2 
pGL3-Promoter::rs11811440C::HSD11B1-Promoter1 
pGL3-Promoter::rs11811440A::HSD11B1-Promoter1 
pGL3-Promoter::rs11119328C::HSD11B1-Promoter1 
pGL3-Promoter::rs11119328A::HSD11B1-Promoter1 
pGL3-Promoter::rs1000283C::HSD11B1-Promoter1 
pGL3-Promoter::rs1000283T::HSD11B1-Promoter1 
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pGL3-Promoter::rs932335G::HSD11B1-Promoter1 
pGL3-Promoter::rs932335C::HSD11B1-Promoter1 
pGL3-Basic::HSD11B1-Promoter2::rs11811440C 
pGL3-Basic::HSD11B1-Promoter2::rs11811440A 
pGL3-Basic::HSD11B1-Promoter2:: rs11119328C 
pGL3-Basic::HSD11B1-Promoter2::rs11119328A 
pGL3-Basic::HSD11B1-Promoter2:: rs1000283C 
pGL3-Basic::HSD11B1-Promoter2:: rs1000283T 
pGL3-Basic::HSD11B1-Promoter2::rs932335G 
pGL3-Basic::HSD11B1-Promoter2::rs932335C pMSV::C/EBPα 

gift from S. L. McKnight & K. E. 
Chapman [128,144,145] 

pMSV Control generated in this work 
pFRT/lacZeo 

Thermo Fisher Scientific, 
Waltham, MA, USA 

pOG44 
pcDNA5/FRT 
pcDNA5/FRT::HSD11B1 generated in this work 

 

2.8 rhAmp Genotyping Assays 

The rhAmp™ SNP Genotyping Assays were purchased from Integrated DNA technologies 

(IDT) (Carolville, IA, USA).  

Assay ID Target Application 

Hs.GT.rs11811440.A.1 rs11811440 SNP genotyping 
Hs.GT.rs932335.C.1 rs932335 SNP genotyping 
CD.GT.BWKC7802.1 AMELX/AMELY Sex determination 

 

2.9 TaqMan Gene Expression Assays 

The TaqMan® Gene Expression Assays were purchased from Thermo Fisher Scientific 

(Waltham, MA, USA). 

Assay ID Gene Exon boundary RefSeq 

Hs01060665_g1 ACTB 2-3 NM_001101.3 
Hs01029144_m1 ALPL 7-8 NM_000478.5 
Hs01587814_g1 BGLAP 2-3 NM_199173.5 
Hs00269972_s1 CEBPA 1-1 NM_001285829.1 
Hs00183740_m1 DKK1 2-3 NM_012242.2 
Hs01086177_m1 FABP4 2-3 NM_001442.2 
Hs00194153_m1 HSD11B1 5-6 NM_001206741.1 
Hs00173425_m1 LPL 6-7 NM_000237.2 
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2.10 Tissue RNA 

Human liver total RNA was obtained from Ambion (Thermo Fisher Scientific, Waltham, MA, 

USA). 

 

2.11 Antibodies 

The following antibodies were applied for Western Blot analyses.  

Antibody Manufacturer 

Recombinant Anti-HSD11B1 antibody 
[EPR9407(2)] (ab157223) 

Abcam, Cambridge, United Kingdom 

Recombinant Anti-Sodium Potassium ATPase 
antibody [EP1845Y] - Plasma Membrane Loading 
Control (ab76020) 

Abcam, Cambridge, United Kingdom 

 

2.12 Peptides 

Peptides (SpikeTides™) for targeted proteomics were obtained from JPT Peptide 

Technologies GmbH (Berlin, Germany). 

 

2.13 Bacteria One Shot™ TOP10 Electrocomp™ E. coli were obtained from Thermo Fisher Scientific 

(Waltham, MA, USA). The bacteria were used for cloning and amplification of plasmids. 

Transformed bacteria were preserved in glycerol stocks (chapter 3.3.2). 
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2.14 Mammalian cell lines 

Cell line Description Provider 

HepG2 
human hepatocellular carcinoma cell 
line 

American Type Culture 
Collection (ATCC) 

SCP-1 

human mesenchymal stem cell line 
(isolated from bone marrow), 
immortalized by lentiviral gene 
transfer of hTERT 

Matthias Schieker, 
Department of Surgery, 
Ludwig Maximilians 
University (LMU), 
Munich [146] 

Flp-In™ T-REx™ 293* 

human embryonic kidney 293 cell 
line with stably integrated 
pFRT/lacZeo for targeted integration 
of genes   

Thermo Fisher Scientific, 
Waltham, MA, USA 

HEK293-pcDNA5 
Flp-In™ T-REx™ 293 stably 
transfected with pcDNA5 vector 

Ali Reeza Saadatmand 
[147] 

HEK293-HSD 
Flp-In™ T-REx™ 293 stably 
transfected with pcDNA5::HSD11B1 

generated in this work 

SCP-1-pFRT/lacZeo 
SCP-1 cell line with stably integrated 
pFRT/lacZeo 

SCP-1-HSD 
SCP-1-pFRT/lacZeo cells stably 
transfected with pcDNA5::HSD11B1 

1C4 HSD11B1 knockout clones generated 
by CRISPR-Cas9 mediated gene 
editing 2D10 

* further referred to as HEK293 cells 

 

2.15 Equipment 

Instrument Manufacturer 

Agarose gel electrophorese chamber PeqLab (VWR International, Radnor, PA, USA) 
CASY cell counter Innovatis, Bielefeld, Germany  
Centrifuges 
Biofuge 15 R Heraeus, Hanau, Germany 
Centrifuge 5430 R Eppendorf, Hamburg, Germany 
Heraeus™ Multifuge™ 3S-R Thermo Fisher Scientific, Waltham, MA, USA 
Heraeus™ Multifuge™ 3XR Thermo Fisher Scientific, Waltham, MA, USA 
Heraeus™ Pico™ 21 Thermo Fisher Scientific, Waltham, MA, USA 
himac CT 15RE Koki Holdings Co., Ltd., Tokyo, Japan  
CO2 Incubators 
INCO 246  Memmert GmbH, Schwabach, Germany  
Heraeus® BBD6220 Thermo Fisher Scientific, Waltham, MA, USA 
Concentrator plus Eppendorf, Hamburg, Germany 
Electroporation Systems 
Gene Pulser II Bio-Rad Laboratories, Inc., Hercules, CA, USA 
Gene Pulser Xcell Bio-Rad Laboratories, Inc., Hercules, CA, USA 
Fujifilm BAS1500 storage phosphor 
screen  

Raytest Isotopenmessgeräte GmbH, 
Sprockhövel, Germany 
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Gel chamber for native gel 
electrophoresis 

Biometra, Göttingen, Germany  

Gel dryer DRYgelSR SE1160 Hoefer, San Francisco, CA, USA 
Imaging Systems 
BioRad ChemiDoc™ XRS Bio-Rad Laboratories, Inc., Hercules, CA, USA 
Gel Logic 200 Imaging  Kodak, Rochester, NY, USA  
Odyssey® CLx LI-COR, Inc., Lincoln, NE, USA 
Incubator UFE 400 Memmert GmbH, Schwabach, Germany 
Konica SRX-101A Konica Minolta, Chiyoda, Japan 
LC-MS/MS 
Nexera X2 series  Shimadzu, Kyoto, Japan 
Brownlee SPP RP-Amide (4.6x100nm, 2.7 
µm) 

Perkin Elmer, Waltham, MA, USA 

API 4000 QTRAP® LC-MS/MS AB Sciex Ontario, Canada 
1260 Infinity LC system Agilent Technlogies, Santa Clara, CA, USA 
Kinetex® C18 column (100×2.1mm, 
2.6um) 

Phenomenex, Torrance, CA, USA 

API 5500 QTRAP® LC-MS/MS AB Sciex Ontario, Canada 
Membrane vaccum pump Vacuubrand, Wertheim, Germany 
Microscopes 
AxioObserver.D1 Carl Zeiss Microscopy GmbH, Oberkochen, 

Germany 
AxioObserver.Z1 Carl Zeiss Microscopy GmbH, Oberkochen, 

Germany 
LSM 780 Carl Zeiss Microscopy GmbH, Oberkochen, 

Germany 
Rebel ECHO, San Diego, CA, USA 
MultiScreen® Column Loader Merck Millipore, Burlington, MA, USA 
PhosphorImager Fujifilm BAS-1800 II Raytest Isotopenmessgeräte GmbH, 

Sprockhövel, Germany 
Photometers 
NanoDrop® 1000 Spectrophotometer Thermo Fisher Scientific, Waltham, MA, USA 
Qubit® 2.0 fluorometer Thermo Fisher Scientific, Waltham, MA, USA 
Ultra Tecan Group Ltd, Männedorf, Switzerland 
infinite® m200 Tecan Group Ltd, Männedorf, Switzerland 
Pipettes Eppendorf Research® plus Eppendorf, Hamburg, Germany 
QIAcube/ QIAcube Connect Qiagen, Hilden, Germany 
QuantStudio™ 12k Flex Thermo Fisher Scientific, Waltham, MA, USA 
Scintillation Counter LS5000TD Beckman Coulter, Brea, CA, USA  
Sequencers 
Applied Biosystems™ 3100 Series Genetic 
Analyzer 

Thermo Fisher Scientific, Waltham, MA, USA 

Applied Biosystems™ 3500 Series Genetic 
Analyzer 

Thermo Fisher Scientific, Waltham, MA, USA 

MiSeq® System Illumina, San Diego, CA, USA 
Thermal Cycler T100™ Thermal Cycler Bio-Rad Laboratories, Inc., Hercules, CA, USA 
Veriti™ 96-Well Fast Thermal Cycler Thermo Fisher Scientific, Waltham, MA, USA 
Western blot  
Biometra Minigel-Twin Biometra GmbH, Göttingen, Germany 
Mini Trans-Blot® Cell Bio-Rad Laboratories, Inc., Hercules, CA, USA 
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2.16 Software and tools 

Software Provider 

ABI Data Collection Software Thermo Fisher Scientific, Waltham, MA, USA 
AIDA Image Analyzer v. 4.15 Raytest Isotopenmessgeräte GmbH, Sprockhövel, 

Germany 
BASReader 3.14 Raytest Isotopenmessgeräte GmbH, Sprockhövel, 

Germany 
Bioedit v.7.2 https://bioedit.software.informer.com/ [148] 
Clone manager 9 Professional Sci Ed Software LLC, Westminster, CO, USA 
CorelDraw 2019 Corel Corporation, Ottawa, Canada 
Fiji National Institutes of Health, Bethesda, MD, USA 

https://imagej.net/software/fiji/ [149] 
GeneMapper v.6 Software® Thermo Fisher Scientific, Waltham, MA, USA 
GraphPad PRISM 5.01 GraphPad Software, Inc., San Diego, CA, USA 
Haploview 4.2 Broad Institute, Cambridge, MA, USA 

https://www.broadinstitute.org/haploview/haplovie
w [150]   

IBM SPSS Statistics 26 
PROCESS v3.5 (macro for SPSS) 

IBM, Armonk, NY, USA 
https://www.afhayes.com/ [151] 

Image Studio™ LI-COR, Inc., Lincoln, NE, USA 
Integrative Genome Viewer (IGV) Broad Institute, Cambridge, MA, USA [152] 
Microsoft Office Microsoft, Redmond, WA, USA 
Mi Se v.4.5.1 Kodak, Rochester, NY, USA 
MiSeq Control Software Illumina, San Diego, CA, USA 
Oligo® Primer Analysis Software 
V. 6.58 

Molecular Biology Insights, Inc., CO, USA 

Quantity One Bio-Rad Laboratories, Inc., Hercules, CA, USA 
QuantStudio™ 12k Flex Software 
v.1.2.2 

Thermo Fisher Scientific, Waltham, MA, USA 

Staden package http://staden.sourceforge.net/ 
Tecan i-control , 1.12.4.0 Tecan Group Ltd, Männedorf, Switzerland 

 

Tool Source Reference 

HISAT2  http://daehwankimlab.github.io/hisat2/  [153,154] 
Infernal http://eddylab.org/infernal/  [155] 
NextGenMap https://cibiv.github.io/NextGenMap/  [156] 
nhmmer  [157] 
Picard https://github.com/broadinstitute/picard  Broad Institute, Cambridge, 

MA, USA 
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2.17 Databases and online-tools 

Database/ Tool Website Reference 

ArrayExpress https://www.ebi.ac.uk/arrayexpress [158] 
CCTop https://crispr.cos.uni-heidelberg.de/ [159] 
ChIP-Atlas – Peak 
Browser 

https://chip-atlas.org/peak_browser [160] 

dbSNP https://www.ncbi.nlm.nih.gov/snp/ [161] 
ENCODE at UCSC https://www.encodeproject.org/ [162–164] 

Ensembl 
https://www.ensembl.org/Homo_sap
iens/Info/Index 

[165] 

footprintDB 
http://floresta.eead.csic.es/footprintd
b/ 

[166] 

Gene https://www.ncbi.nlm.nih.gov/gene 
National Center for 
Biotechnology Information, 
Rockville Pike, MD, USA 

GeneCards https://www.genecards.org/ 
Weizmann Institute of 
Science, Rehovot, Israel 

Gene Expression 
Omnibus 

https://www.ncbi.nlm.nih.gov/geo/ [167,168] 

GTEx Portal 
GTEx IGV Browser 
 

https://gtexportal.org/home/ 
https://www.gtexportal.org/home/br
owseEqtls 

[169] 

RepeatMasker 
Web Server v4.0.9 

https://www.repeatmasker.org/cgi-
bin/WEBRepeatMasker 

A.F.A. Smit, R. Hubley & P. 
Green, unpublished data.  

Rfam https://rfam.xfam.org/ [170,171] 

RNAcentral v18 https://rnacentral.org/ 
EMBL-EBI, Hinxtion, 
Cambridgeshire, UK 

SNiPA http://www.snipa.org [172] 
TFBIND https://tfbind.hgc.jp/ [173]  
UCSC Genome 
Browser 

https://genome-euro.ucsc.edu/ [174] 
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3 Methods 

3.1 DNA analyses 

3.1.1 Hybridisation of oligonucleotides 

For downstream analyses, forward and reverse strand probes were hybridized to final 

concentrations of 2 µM (EMSA) or 20 µM (Luciferase assay). In a 50-µl reaction mixture, the 

oligonucleotides were mixed with ddH2O supplemented with 10 mM NaCl in a 1.5 ml reaction 

tube. The reaction tube was placed in a 95°C hot water bath and allowed to cool to room 

temperature overnight by gentle stirring with a magnetic stirrer at 100 rpm to facilitate 

hybridisation.  

 

3.1.2 Quantification of nucleic acids 

DNA and RNA were quantified with the help of a spectrophotometer. Depending on the 

photometer, 3 µl sample were loaded onto a cuvette (Implen) or 1 µl was pipetted onto the 

measurement pedestal, when using the Eppendorf BioPhotometer with the BioPhotometer 

Online v1.01 software or the NanoDrop® 1000 Spectrophotometer and the NanoDrop 1000 

v3.8.1 software, respectively. The absorbance of the sample was measured at 260 nm and the 

concentration was automatically determined according to the modified Beer-Lambert 

equation: 

𝑐 =  𝐴𝑒 × 𝑑 

where c is the concentration (ng/µl), A is the absorbance (AU), e is the extinction coefficient 

(ds-DNA: 55 ng-cm/µl, RNA: 40 ng-cm/µl) and d is the path length (cm). 

The quality of the samples was assessed with the help of the ratio of absorbance at 260 nm 

and 280 nm (260/280). While nucleic acids absorb at 260 nm, proteins, phenol or other 

contaminants absorb at or near 280 nm. Pure DNA samples show a 280/260 ratio of ∼1.8, pure RNA samples a ratio of ∼2.0. 
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3.1.3 Primer design 

For the different molecular genetic approaches used in this work, different aspects were 

crucial for primer design which are pointed out below. The sequences of the primers are listed 

in chapter 2.4.  

 

3.1.3.1 PCR primers 

Standardly, PCR primers were generated applying the Oligo® Primer Analysis Software. To 

ascertain stable and specific binding of the primers to their target sequence, the following 

features were considered: 25 bp length, low internal stability at the 3’ end, a melting 
temperature higher than 70°C and a GC content ranging between 35-55%. 

 

3.1.3.2 Restriction site introducing PCR primers 

If a PCR product was to be ligated into a vector, restriction sites had to be added 5’ and 3’ to 
the primers that were generated as described above (chapter 3.1.3.1). To this end, the respective recognition sites were added to the 5’ end of the forward and reverse primer. 
 

3.1.3.3 Primers for site-directed fragment integration 

The primers for site-directed fragment integration (chapter 3.1.9.2) were composed of two 

parts. The 3’ end was complementary to the 25 bases downstream of the insertion site. The 5’ end was expanded by the sequence that should be inserted. 

 

3.1.3.4 Primers for capillary Sanger sequencing 

When PCR primers could not be used for sequencing (chapter 3.1.17), respective primers 

were manually designed. Critical features were a length of at least 25 bp and a GC content of 

approximately 50%. Per primer, an average read length of approximately 450 bp was taken 

as a basis. Hence, depending on the length of the sequence of interest, one, two or multiple 

primers were generated.  

 

3.1.3.5 Primers for Next Generation Sequencing 

For Next Generation Sequencing (chapter 3.1.18), primers were generated as described above 

(chapter 3.1.3.1). As the distance between the primer and the CRISPR-Cas9 target site had to 
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be as short as possible, forward primers were chosen that end 53 (exon 2) or 110 bp (exon 5) 

upstream of the crRNA. The sequence of the reverse primers was identical to that of the 

reverse primers used for the T7EI assay. Both forward and reverse primers were modified to contain a specific 5’ overhang that is needed for binding of the indices.  
 

3.1.3.6 Primers for SNaPshot™ genotyping 

For SNP genotyping with the SNaPshot™ Multiplex System (chapter 3.1.19.1), primers for two 

consecutive steps had to be designed. During the first step, the region of interest is amplified. 

For this purpose, primers were designed with the help of the Oligo® Primer Analysis 

Software. Primers were designed as described above (chapter 3.1.3.1). To allow amplification 

of all regions of interest in one reaction, the amplicon lengths were chosen carefully to allow 

proper separation of PCR products by agarose gel electrophoresis for evaluation of PCR 

success. In the second step, the single-base primer extension takes place. That means that the 

primers were designed to end at the base downstream of the SNP. As minimum specific 

sequence, a length of 20 bp was defined and primers were allowed to bind either in forward 

or reverse direction. To allow assignment of detected signals to the respective SNPs, the 

length of the primers was adjusted by adding an unspecific sequence at the 5’ end. In the end, 

the primers differed in length by 3-6 bp. When defining the order of the primers, the alleles 

to be sequenced were also considered. As far as possible, not the same alleles followed one 

another.  

The primers for genotyping rs11811440 and rs932335 were previously designed according 

to the above-mentioned criteria by M. Etmanski [121]. Primers for the fine-mapping analysis 

of the HSD study were generated in this work. 

 

3.1.4 Gradient polymerase chain reaction (PCR) 

The first step when creating a new amplification method was to perform a gradient PCR. This 

PCR serves to find the optimal primer annealing temperature resulting in a high amount of 

PCR product. To this end, the following reaction mix was prepared and 20 µl (standard 

protocol) or 10 µl (site-directed fragment integration) were pipetted into a well in the rows 

1, 3, 5, 7 and 9 of a 96-well plate. One mix was prepared with and one without Q-Solution 

which can act supportive on amplification. For primer annealing, a temperature gradient 

across the heating block of the thermal cycler was defined that encompasses the 

temperatures 50°C, 55°C, 60°C, 65°C and 70°C. 
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Reaction mix per sample – gradient PCR 

 Standard 

Site-directed 

fragment 

integration 

5x Q-Solution* 0.00 µl or 25.00 µl  0.00 µl or 10.00 µl 

10x Buffer 12.50 µl 5.00 µl 

dNTPs (2 mM) 12.50 µl 5.00 µl 

MgSO4 (25 mM) 5.00 µl 2.00 µl 

Primer_for (10 µM) 3.25 µl 1.30 µl 

Primer_rev (10 µM) 3.25 µl 1.30 µl 

Template DNA** 5.00 µl 2.00 µl 

HotStart KOD Polymerase  2.50 µl 1.00 µl 

ddH2O to 125.00 µl to 50.00 µl 

* for gradient PCR two volumes were used to choose the best of them; ** for site-directed 
fragment integration template DNA was diluted to 50 ng/µl 

 

Reaction conditions – gradient PCR 

 Standard 
Site-directed fragment 

integration 

Phase Temperature Time Cycles Time Cycles 

Initial denaturation 95°C 02:00 min 1 3:00 min 1 

Denaturation 95°C 00:30 min 

35 

0:30 min  
19 

 
Primer annealing 50-70°C 00:30 min 0:30 min 

Elongation 72°C 02:00 min 4:00 min 

Final elongation 72°C 10:00 min 1   

Cooling 8°C ∞ 
 

Proper amplification of the CRISPR-Cas9 control HPRT region, i.e. a single amplicon with high 

signal intensity, was not possible with the above-mentioned mix and conditions. Hence, 

different parameters were varied to find the optimal composition of the reaction mix and 

reactions conditions (Table 1).  

The success of amplification was evaluated by agarose gel electrophoresis. Finally applied 

reaction mixes and conditions are primer-specific and can be found in the respective 

methods’ chapter.  

If not otherwise stated, PCRs were performed with the Hot Start KOD Polymerase Kit.  
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Table 1. Parameters varied to find optimal reaction mix composition and reaction 

conditions for the HPRT PCR 

Parameter Variations 

MgSO4 (25 mM) 1.0 µl, 0.8 µl, 0.6 µl 
Primer Mix (10 µM) 0.65 µl, 2.0 µl 
DNA 1.0 µl, 0.5 µl 
Annealing temperature gradient 50°C, 55°C, 60°C, 65°C, 70°C;  

58°C, 60°C, 62°C, 66°C, 68°C, 70°C;  
62°C, 65°C, 68°C, 70°C 

Elongation time + Final elongation time 2 min + 10 min, 1 min + 10 min,  
20 sec + 10 min, 20 sec + 5 min,  
30 sec + 10 min  

 

3.1.5 Analytical restriction digest 

After isolation of plasmid DNA, the first step in evaluation of cloning success was to digest the 

plasmid. Restriction enzymes were chosen based on the number of recognition sites and 

length of emerging fragments. Digestion with restriction enzymes should result in an easy 

distinction of empty plasmids and those with the desired insertion. The following reaction 

mixes were applied: 

Reaction mix per sample – analytical restriction digest 

 Single digest Double digest 

  
Enzyme 1: HindIII 
Enzyme 2: BglII 

Enzyme 1: HindIII 
Enzyme 2: EcoRV 

Plasmid 1 µl 1 µl 1 µl 

Buffer 1 µl 1 µl 1 µl 

Enzyme 1 1 µl 1 µl 1 µl 

Enzyme 2 - 2 µl 1 µl 

ddH2O to 10 µl to 10 µl to 10 µl 

 

The reaction mixes were incubated at 37°C for 1 h and analysed by agarose gel 

electrophoresis (0.8% agarose gel). The expected fragment sizes can be found in Table 2. 
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Table 2. Applied restriction enzymes and expected fragment sizes 

Enzyme Buffer Plasmid 
Fragment size 

(bp) 

BglII Buffer O 
pGL3-Promoter 5010 
pGL3-Promoter::SNP 5011 

KpnI 
Buffer 
KpnI 

pGL3-Promoter 5010 
pGL3-Promoter::SNP - 

ClaI 
Cutsmart 
Buffer 

pGL3-Basic 
2712 
2002 
104 

pGL3-Basic::HSD11B1-Promoter 1 
4525 
2712 
104 

pGL3-Basic::HSD11B1-Promoter 2 
2885  
2712 
104  

HindIII Buffer R 
pGL3-Basic 4818 

pGL3-Basic::HSD11B1-Promoter 2 
5147 
554  

ScaI FD 
FastDigest 
Buffer 

pGL3-Promoter::SNP 
3380 
1083 
548 

pGL3-Promoter::SNP::Promoter 1 

3380 
2269 
1083 
628 

XhoI 
Cutsmart 
Buffer 

pGL3-Promoter::SNP - 
pGL3-Promoter::SNP::Promoter 1 7360 

HindIII+ 

BglII 
Buffer R 

pGL3-Promoter::SNP 
4802 
209 

pGL3-Promoter::SNP::Promoter 1 
4802 
2558 

AvaI 
Cutsmart 
Buffer 

pGL3-Basic::HSD11B1-Promoter 2 

3684 
1112 
592 
313 

pGL3-Basic::HSD11B1-Promoter 2::SNP 
4307 
1112 
313 

HindIII+ 
EcoRV 

Buffer R 
pcDNA5/FRT 

5017 
53 

pcDNA5/FRT::HSD11B1 
5017 
917 

EcoRI 
Buffer 
EcoRI 

pcDNA5/FRT 5070 

pcDNA5/FRT::HSD11B1 
4240 
1690 

TOPO clones (CRISPR-Cas9 validation, 
exon 5) 

3913 
1264 

NcoI 
Cutsmart 
Buffer 

TOPO clones (CRISPR-Cas9 validation, 
exon 2) 

3089 |2622 
1865 | 2332 
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3.1.6 Preparative restriction digest 

If vectors or PCR products needed to be cut for cloning purposes, a preparative restriction 

digest was performed. This was either performed in two subsequent digests, each with a 

different enzyme, or as a double digest with both enzymes needed. One of the following 

reaction mixes was prepared and incubated at 37°C for 2 h: 

Reaction mix per sample – preparative restriction digest 

 Single digest Double digest 

  
Enzyme 1: HindIII 
Enzyme 2: BglII 

Enzyme 1: HindIII 
Enzyme 2: EcoRV 

Plasmid/ 
PCR product 

10 µl/ 
30 µl 

10 µl/ 
30 µl 

10 µl/ 
15 µl 

Buffer 5 µl 5 µl 5 µl 

Enzyme 1 5 µl 3 µl 3 µl 

Enzyme 2 - 6 µl 3 µl 

ddH2O to 50 µl to 50 µl to 50 µl 

 

Then, fresh enzyme solution was added and the mixture was incubated for another hour. 

Standardly, 2 µl of enzyme were added. With HindIII and BglII double digest, 2 µl HindIII and 

4 µl BglII were added. The reaction mixture was run on a 0.8% agarose gel and the DNA was 

extracted (chapter 3.1.8). In case of a single digest, 20-40 µl of the product were used for 

digest with the second enzyme. 

Double digest with HindIII and BglII was performed for generation of pGL3-Promoter::SNP:: 

HSD11B1-Promoter 1 plasmids and double digest with HindIII and EcoRV was used to 

generate the pcDNA5/FRT:: HSD11B1 plasmid. 

To linearise the pFRT/lacZeo plasmid for generation of a SCP-1 Flp-In host cell line, the 

plasmid was digested with ApaI in a single digest in four replicates. Success of the digest was 

controlled by submitting 2 µl to agarose gel electrophoresis. Subsequently, the digests were 

cleaned-up with chloroform/isoamyl alcohol and isopropanol as described in chapter 3.3.4, 

but with adjusted volumes (50 µl chloroform/isoamyl alcohol (24+1), 35 µl isopropanol, 

100 µl EtOH). After the addition of isopropanol, the digests were incubated at -20°C for 

10 min. Finally, the eluates were pooled, sterile filtered and the filter was rinsed with 600 µl 

water. 
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3.1.7 Agarose gel electrophoresis 

By agarose gel electrophoresis, DNA fragments were separated according to their size. Due to 

the negative charge of DNA, it migrates towards the anode. The speed of migration through 

the porous gel depends on the length or conformation of the DNA. Linear DNA is solely 

separated by length with the longer fragments migrating slower than the short whereas 

supercoiled plasmid DNA migrates faster than a linear DNA of the same size. Depending on 

the expected fragment size, agarose concentrations varied between 0.8 and 2.5% (w/v). 

Agarose was dissolved in 1x TBE (100 mM Tris Base, 100 mM boric acid, 3 mM EDTA-sodium, 

pH 8.3) by heating in a microwave until boiling. Under constant stirring using a magnetic 

stirrer, the agarose solution was allowed to cool to approximately 70°C. Then, 5 µl of 1% 

ethidium bromide were added per 100 ml agarose solution. Ethidium bromide intercalates 

DNA, making it visible under UV light. Subsequently, the solution was poured into a gel casting 

chamber with inserted combs. After the gel was fully polymerised, it was transferred into a 

gel chamber filled with 1x TBE. The samples were mixed with the respective volumes of 

5x Loading Buffer (30% (v/v) glycerol, 50 mM EDTA, 0.25% (w/v) bromophenol blue) and 

loaded onto the gel. To allow size determination of the DNA fragments, a 100 bp or 1 kb DNA 

ladder was also loaded. A voltage of 100-120 V was applied. When the fragments were 

sufficiently separated, they were visualized under UV light with the help of the Fluor-S™ 

MultiImager and the Quantity One v4.2.3 software or the Gel logic 200 imaging system and 

the Mi Se v.4.5.1 software. 

 

3.1.8 Agarose gel extraction 

For cloning purposes, PCR products and digested plasmids or PCR products were cleaned up 

by agarose gel electrophoresis with subsequent DNA extraction. DNA fragments were excised 

from the gel with a scalpel while they were visualized by UV light. The gel slice was 

transferred into a 2 ml reaction tube. DNA was extracted from the gel slice using the QIAquick 

Gel Extraction Kit and the QIAcube robot according to the manufacturer’s protocol. The DNA 

was eluted in 50 µl EB buffer and stored at -20°C.  
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3.1.9 Generation of DNA constructs  

In this work, DNA constructs were generated for dual luciferase assays, stable transfections 

and validation of CRISPR-Cas9 treated cells. To achieve this, different methods were applied. 

An overview can be found in Table 3. Cloning experiments were planned with the help of the 

Clone Manager 9 Professional software. The pMSV::C/EBPα plasmid was a kind gift from S. L. McKnight (Department of Biochemistry, 

UT Southwestern Medical Center, Dallas) & K. E. Chapman (Centre for Cardiovascular Science, 

The Queen's Medical Research Institute, University of Edinburgh). As described by Brenner 

et al. (2002, JBC) a pMSV control plasmid was generated by digesting pMSV::C/EBPα with 
NcoI (chapter 3.1.6), followed by recircularization (chapter 3.1.10). 

 

Table 3. Overview of generated DNA constructs and methods used for generation 

Construct Backbone Insert Method 

pGL3-Promoter::SNP pGL3-Promoter Vector SNP probes 
Classical cloning 
(BglII, KpnI) 

pGL3-Basic::HSD11B1-
Promoter 

pGL3-Basic Vector 
HSD11B1 Promoter 1  

Classical cloning  
(BglII, KpnI)  

HSD11B1 Promoter 2  
Classical cloning 
(SacI, XhoI) 

pGL3-Promoter::SNP:: 
HSD11B1-Promoter 1 

pGL3-Promoter::SNP HSD11B1 Promoter 1 
Classical cloning 
(double digest) 
(BglII, HindIII)  

pGL3-Basic::HSD11B1-
Promoter 2::SNP 

pGL3-Basic::HSD11B1-
Promoter 2 

SNP probes 
Site-directed 
fragment 
integration pMSV::C/EBPα - - 

gift from S. L. 
McKnight & K. E. 
Chapman 

pMSV control pMSV::C/EBPα - 
digestion with 
NcoI and 
religation 

pcDNA5/FRT:: 
HSD11B1 

pcDNA5/FRT 
Expression Vector 

HSD11B1 cDNA 

Classical cloning 
(double digest) 
(EcoRV, HindIII) 

pCR2.1::HSD-Crispr-
Ex2 / Ex5 

pCR™2.1-TOPO® 
vector 

CRISPR-Cas9 target 
region 

TOPO cloning 

 

3.1.9.1 Classical cloning approach 

The classical cloning approach encompasses digestion of a vector (backbone) and an insert 

with restriction enzymes (chapter 3.1.6), ligation of the matching ends (chapter 3.1.9) and 

transformation of E. coli with this construct (chapter 3.3.3).  
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For SNP constructs, oligonucleotides were designed to contain one of the SNPs of interest 

(rs11811440, rs11119328, rs1000283 or rs932335) and 14 to 15 adjacent nucleotides that 

are known from the genomic sequence. To facilitate cloning of these into a vector without prior restriction digest, the 5’ and 3’ end were modified to mirror sticky ends which are 
normally formed by restriction digest with KpnI and BglII (chapter 2.4). However, a G was 

removed from the KpnI restriction site, thereby preventing recognition (Figure 6). By this, an 

easy screening method was established to distinguish positive, i.e. clones with a successful 

integration of a SNP site, from negative clones as the enzyme would not cut positive clones.  

 

 

Figure 6. Modification of KpnI restriction site in 5’ overhangs of the SNP oligos As the 
vector was cut with KpnI and BglII, the SNP oligos needed to mirror sticky ends that would be 
formed by these enzymes. To allow an easy distinction of positive and negative clones, the 
KpnI restriction site was modified in the SNP oligos so as to prevent recognition. 

 

The cloning for luciferase reporter gene assays was performed with the two commercial 

vectors pGL3-Promoter and pGL3-Basic (Figure 7). Both vectors encode β-lactamase for 

ampicillin resistance and firefly luciferase. To assess the influence of the different SNPs on 

promoter activity, the oligonucleotides mentioned above were inserted into the pGL3-

Promoter Vector (pGL3-Promoter::SNP) upstream of the SV40 promoter. To this end, the 

vector was cut in the multiple cloning site (MCS) with the restriction enzymes KpnI and BglII 

and ligation with the oligonucleotides was performed. To identify the native promoter in 

SCP-1 cells, the sequences of the HSD11B1 promoters P1 (-2384/+168) and P2 (-812/+90) 

were amplified by PCR from a pool of five DNA samples of healthy individuals. The respective primers were designed to specifically bind the promoter sequence (3’ end) and to insert 
restriction sites for KpnI and BglII (P1), and SacI and XhoI (P2; 5’ end; chapter 2.4). The 

promoter sequences as well as the pGL3-Basic Vector were cut with these enzymes. 

Subsequently, the promoters were inserted into the vector by ligation (pGL3-Basic::HSD11B1-

Promoter). 
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Reaction mix per sample – amplification 

of HSD11B1 promoters 

10x Buffer 5.0 µl 

dNTPs (2 mM) 5.0 µl 

MgSO4 (25 mM) 2.0 µl 

Primer_for (10 µM) 1.3 µl 

Primer_rev (10 µM) 1.3 µl 

Template DNA 1.0 µl 

HotStart KOD Polymerase  1.0 µl 

ddH2O to 50.0 µl 
 

Reaction conditions – amplification of HSD11B1 promoters 

Phase Temperature Time Cycles 

Initial denaturation 95°C 02:00 min 1 

Denaturation 95°C 00:30 min  
35 

 
Primer annealing x 00:30 min 

Elongation 72°C 02:00 min 

Final elongation 72°C 10:00 min 1 

Cooling 8°C ∞  

x = 64°C (P1) or 70°C (P2) 

To analyse the influence of the SNPs on transcriptional regulation in presence of the native 

HSD11B1 promoter P1, both generated pGL3-Promoter::SNP plasmids and the amplified P1 

were cut with the restriction enzymes BglII and HindIII. P1 was then inserted into the vector 

by ligation (pGL3-Promoter::SNP:: HSD11B1-Promoter 1). 

The pRL-CMV Vector encodes the Renilla luciferase and was not modified. It serves as a 

transfection control and was used for normalisation. 
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Figure 7. Commercial vectors used for generation of luciferase reporter gene 

constructs Depicted are the simplified maps of the vectors and cloning sites. The pGL3-
Promoter Vector was used to assess the influence of the SNP sites on transcriptional 
regulation. The SNP sites were integrated upstream of the SV40 promoter into the cloning 
site. Into the pGL3-Basic Vector, promoters P1 and P2 were integrated upstream of the 
luciferase gene (luc+) to analyse promoter usage. The pRL-CMV vector expresses the Renilla 
luciferase and was applied as a transfection control. It was not modified. AmpR, ampicillin 
resistance 

 

For stable transfection of HEK293 and SCP-1 cells, HSD11B1 cDNA was cloned into the 

pcDNA5/FRT Expression Vector (Figure 12). At first, the cDNA was amplified from the 

plasmid pcDNA3.1-HSD11B1 which was a kind gift from H. Siggelkow (Clinic of 

Gastroenterology and Gastrointestinal Oncology, University Medical Center Göttingen). The 

applied primers introduced restriction sites for EcoRV and HindIII (chapter 2.4). Then, a 

gradient PCR was performed (chapter 3.1.4). Gel electrophoresis showed one strong 

amplification product for every condition. Hence, the DNA was directly extracted from this 

gel (chapter 3.1.8).  

The pcDNA5/FRT Expression Vector and the HSD11B1 cDNA were cut with EcoRV and HindIII, 

ligated and transformed into E. coli (chapter 3.3.3). 

 

3.1.9.2 Site-directed fragment integration 

By site-directed fragment integration, sequences can be modified specifically. Insertions and 

deletions can be introduced. Here, this method was applied to insert the SNP sites into pGL3-

Basic::HSD11B1-Promoter 2 plasmids (pGL3-Basic::HSD11B1-Promoter 2::SNP). To this end, primers were designed that were complementary to the plasmid sequence at their 3’ ends and had the SNP site at their 5’ ends (chapter 2.4, Figure 8). 
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Figure 8. pGL3-Basic::HSD11B1-Promoter 2::SNP constructs were generated by site-

directed fragment integration (a) The SNP sites were integrated into the pGL3-
Basic::HSD11B1-Promoter 2 vector. (b) The integration was performed by PCR applying 
primers with sequences complementary to the vector and P2 at their 3’ ends and to the SNP sites at their 5’ ends. AmpR, ampicillin resistance; luc+, luciferase gene 

 

The integration was performed by the following PCR: 

Reaction mix per sample – site-directed 

fragment integration 

Q-Solution 5.00 µl 

10x buffer 2.50 µl 

dNTPs (2 mM) 2.50 µl 

MgSO4 (25 mM) 1.00 µl 

Primer_for (10 µM) 0.65 µl 

Primer_rev (10 µM) 0.65 µl 

Template DNA (50 ng/µl) 1.00 µl 

HotStart KOD Polymerase  0.50 µl 

ddH2O to 25.00 µl 
 

Reaction conditions – site-directed fragment integration 

Phase Temperature Time Cycles 

Initial denaturation 95°C 3:00 min 1 

Denaturation 95°C 0:30 min  
19 

 
Primer annealing 60°C 0:30 min 

Elongation 72°C 4:00 min 

Cooling 8°C ∞  

 

Subsequently, the PCR product was digested with 2 µl DpnI at 37°C. After one hour, 1 µl DpnI 

was added and the solution was incubated for another hour. Alternatively, the PCR product 

was digested with 3 µl DpnI at 37°C overnight. As DpnI is methylation sensitive, it will only 

digest the template DNA which is methylated due to prior amplification in bacteria. By this 
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step, the template DNA is degraded and only the modified DNA remains in the solution. After 

digestion, 10 µl were applied to agarose gel electrophoresis. Finally, the DNA was freed from 

salts by drop dialysis and used for transformation of E. coli (chapters 3.1.11 and 3.3.3).  

 

3.1.9.3 TOPO® TA cloning 

TOPO® TA cloning was applied to CRISPR-Cas9-treated SCP-1 cells. As the double strand 

break caused by CRISPR-Cas9 treatment is repaired by NHEJ, the target sequence is modified 

in different ways. Hence, sequencing of these DNA samples did not result in clear or 

distinguishable electropherograms. DNA was isolated from both the cell mix (before dilution) 

and picked cell clones. For cloning, amplification products of the T7EI PCR were used (chapter 

3.1.15). By TOPO® TA cloning, one single DNA sequence out of the mixed amplicon is 

integrated into a cloning vector without need for restriction digest. The cloning kit includes 

the linearized pCR™2.1-TOPO® vector which has single 3’ deoxythymidine (T) overhangs 

with a covalently bound topoisomerase I. The energy conserved by topoisomerase I is used to ligate PCR products (with 3’ deoxyadenosine (A) overhangs) into the vector [175]. As the 

KOD polymerase does not add a 3’ A, the PCR products were cleaned up by agarose gel 

electrophoresis with subsequent DNA extraction and incubated with a Taq polymerase. The 

following reaction mix was prepared and incubated at 70°C for 15 min. After incubation, the 

reaction was immediately placed on ice. 

Reaction mix per sample – addition of 3’ A-

overhangs post-amplification 

Cleaned-up PCR product 43 µl 

dATP (10 mM) 1 µl 

OneTaq® Standard Reaction Buffer (5x) 5 µl 

OneTaq® Hot Start DNA Polymerase 1 µl 

Total 50 µl 
 

Subsequently, the cloning reaction was mixed, incubated at room temperature for 5 min and 

also immediately placed on ice. As with the other techniques, salts were removed by drop 

dialysis (chapter 3.1.11) and the DNA was transformed into E. coli (chapter 3.3.3). 

Reaction mix per sample – TOPO cloning PCR product with 3’ A-overhang 4 µl 

Salt solution 1 µl 

pCR2.1-TOPO vector 1 µl 

Total 6 µl 
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3.1.10 Ligation  

To ligate PCR products or oligonucleotides into a linearized vector, the Rapid DNA Ligation 

Kit was used. Prior to ligation, cleaned-up PCR products were concentrated in a 1.5 ml 

reaction tube to approximately 15 µl using the Concentrator plus vacuum centrifuge at 60°C 

applying vacuum. The wall of the reaction tube was wiped with a drop of water to resuspend 

DNA molecules. Ligation was performed by mixing PCR product or hybridised 

oligonucleotides at 3:1 molar excess with 70 ng linearized vector, 1 µl T4 DNA Ligase (5 U/µl) 

and 5 µl 5x Rapid Ligation Buffer in a total volume of 20 µl. After a 10-min incubation at room 

temperature, the reaction was immediately placed on ice for 15 min. A negative control was 

generated by substituting insert with water. 

Recircularization of linearized vectors was performed by incubating 50 ng of the linearized 

vector with 10 µl 5x Rapid Ligation Buffer and 1 µl T4 DNA Ligase (5 U/µl) in a total volume 

of 50 µl at room temperature for 10 min. 

 

3.1.11 Drop dialysis 

Salts that would interfere with electroporation were removed by drop dialysis. To this end, 

ligation reactions were pipetted on a 0.025 µm dialysis membrane filter swimming in a petri 

dish filled with ddH2O and incubated at room temperature for 30 min. The reaction mix was 

transferred to a fresh reaction tube and stored on ice until used for transformation of E. coli. 

 

3.1.12 Isolation of total DNA from cells 

DNA from cells (except CRISPR-Cas9 treated cells, see below) was isolated applying the 

DNeasy Blood & Tissue Kit and the QIAcube robot. Approximately 1x106 cells were pelleted 

by centrifugation at 400 g for 4 min, the supernatant was discarded and the pellet stored 

at -20°C. DNA was isolated according to the manufacturer’s instructions. The DNA was eluted 

from the column in two steps, each with 50 µl AE Buffer and stored at -20°C. 

DNA from CRISPR-Cas9 treated cells was isolated with QuickExtract DNA Extraction Solution. 

When the cells were transferred to a 6-well plate, one half of the cell suspension was 

transferred to a 1.5 ml reaction tube and centrifuged at 400 g for 4 min. The pellet was 

resuspended in 50 µl QuickExtract and the suspension was transferred into a PCR tube. In a 

thermal cycler, the suspension was heated at 65°C for 10 min, followed by heating at 98°C for 

5 min. The isolate was diluted 1:5 with sterile ddH2O and stored at -20°C.  
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3.1.13 Isolation of total DNA from blood 

DNA from blood samples was isolated with the QIAamp DNA Blood Mini Kit and the QIAcube robot according to the manufacturer’s protocol. For this purpose, frozen blood samples were 
thawed at 37°C and 200 µl were transferred into a 2 ml screw-cap tube. The DNA was eluted 

in 100 µl AE buffer and stored at -20°C. 

 

3.1.14 Validation PCRs of stably transfected cells 

As a first step after stable transfection (chapter 3.4.6), the successful integration of the 

pcDNA5 Expression Vector containing HSD11B1 cDNA into HEK293 and SCP-1 cells was 

validated by three PCRs (Figure 9). To this end, DNA was isolated from cell pellets as 

described above (chapter 3.1.12). As negative controls DNA from untransfected cells and from 

cells transfected with the empty pcDNA5 Expression Vector were used.  

 

 
Figure 9. Schematic representation of binding sites of the PCR primers for validation of 

stably transfected cells The targeted integration of the vector into the host cell genome was 
controlled by PCR1. The presence of the gene of interest (GOI), HSD11B1 cDNA, was validated 
by PCR2. This PCR product was also sequenced. Multiple integrations of the expression vector 
were identified by PCR3.  

 

PCR 1 served to verify the targeted integration of the pcDNA5 Expression Vector into the host 

genome at the FRT site resulting in a 518 bp amplicon. The PCR was set up as follows: 
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Reaction mix per sample – PCR 1 

ddH2O 6.8 µl 

5x Q-Solution 4.4 µl 

10X buffer 2.2 µl 

dNTPs (2 mM) 2.2 µl 

MgSO4 (25 mM) 0.9 µl 

Primer_f (PSV40) (100 µM) 0.5 µl 

Primer_r (Hyg_r2) (100 µM) 0.5 µl 

DNA 2.0 µl 

HotStart KOD Polymerase  0.5 µl 

Total 20.0 µl 
 

Reaction conditions – PCR 1 

Phase Temperature Time Cycles 

Initial denaturation 95°C 02:00 min 1 

Denaturation 95°C 00:30 min  
35 

 
Primer annealing 64°C 00:30 min 

Elongation 72°C 01:00 min 

Final elongation 72°C 10:00 min 1 

Cooling 8°C ∞  

 

With PCR 2, presence of the gene of interest (GOI) was confirmed. As a positive control, DNA 

from HEK293 cells stably expressing OCT1 was used. If an empty pcDNA5 Expression Vector 

was integrated, the PCR resulted in a 1376 bp amplicon. If HSD11B1 and OCT1 were present, 

the amplicon size increased to 2287 bp and 3136 bp, respectively. The reaction was set up as 

follows: 

Reaction mix per sample – PCR 2 

ddH2O 9.3 µl 

5x Q-Solution 5.6 µl 

10x Expand Long Buffer 1 2.8 µl 

dNTPs (2 mM) 4.5 µl 

MgSO4 (25 mM) 1.5 µl 

Primer_f (PCMV) (10 µM) 0.5 µl 

Primer_r (LacZ) (10 µM) 0.5 µl 

DNA  3.0 µl 

ExpandLong Polymerase Mix  0.3 µl 

Total 28.0 µl 
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Reaction conditions – PCR 2 

Phase Temperature Time Cycles 

Initial denaturation 94°C 2:00 min 1 

Denaturation 96°C 0:10 min  
35 

 
Primer annealing 60°C 0:20 min 

Elongation 68°C 5:00 min 

Final elongation 68°C 7:00 min 1 

Cooling 8°C ∞  

 

The PCRs 1 and 2 were analysed by gel electrophoresis. To this end, 10 µl of each PCR product 

were run on a 0.8% agarose gel with a 1 kb DNA ladder. 

If PCR 2 resulted in an amplicon of the correct size, the remaining volume was used for Sanger 

sequencing. In preparation for sequencing, the PCR product was purified by Exo/SAP 

treatment. For this purpose, the remaining 18 µl PCR product were mixed with 2 µl (1 U/µl) 

Shrimp alkaline phosphatase (SAP), 0.3 µl (20 U/µl) Exonuclease I (Exo) and 0.7 µl 10x SAP 

buffer and incubated at 37°C for 1 h. In this reaction, SAP removes 5’ phosphate groups [176] and Exo cleaves 5’ mononucleotides beginning at the 3’ end [177]. The enzymes were 

inactivated by incubation at 80°C for 15 min. The purified PCR product was stored at -20°C. 

To determine if the expression vector was integrated multiple times, PCR 3 was performed as 

described below. Single integration results in no amplicon. Multiple integrations result in a 

248 bp fragment. To ensure that the PCR worked, a positive control was used. The 

10x Primer Mix was generated by diluting the primers PFRT_f and Hyg_r2 in ddH2O to a final 

concentration of 2 µM (each primer). 

Reaction mix per sample – PCR 3 

2x QIAGEN Multiplex PCR Master Mix 5.5 µl 

5x Q-Solution 2.2 µl 

10x Primer Mix  1.1 µl 

ddH2O 1.2 µl 

DNA  1.0 µl 

Total 11.0 µl 
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Reaction conditions – PCR 3 

Phase Temperature Time Cycles 

Initial denaturation 95°C 15:00 min 1 

Denaturation 94°C 00:30 min  
35 

 
Primer annealing 58°C 01:30 min 

Elongation 72°C 02:00 min 

Final elongation 72°C 10:00 min 1 

Cooling 8°C ∞  

 

The PCR product was loaded onto a 1.5% agarose gel with a 100 bp molecular marker. 

 

3.1.15 T7 endonuclease I assay 

The T7 endonuclease I (T7EI) assay serves to determine the efficiency of CRISPR-Cas9 

mediated gene editing. After DNA was isolated from CRISPR-Cas9 treated cells, it was heated 

and cooled slowly to allow duplex formation. With this, three combinations are possible: (i) 

two wildtype strands, (ii) two modified strands, or (iii) one wildtype and one modified strand 

combine. As the T7EI is sensitive to mismatches in DNA duplexes, it will cleave at the site of a 

mismatch, i.e. the CRISPR-Cas9 target site, and the resulting fragments are visualised and 

analysed by gel electrophoresis.  

To allow proper analysis, it is necessary that two fragments of different length emerge. Hence, 

the position of the forward and reverse primer has to be picked carefully (Table 4, Figure 39). 

As positive controls for CRISPR-Cas9 mediated gene editing, CCM3 exon 3 and HPRT were also 

targeted. The reagents for the latter were commercially available (Alt-R CRISPR-Cas9 HPRT 

Positive Control Primer Mix). For CCM3, the primers for the T7EI assay as well as control DNA 

were kindly provided by S. Spiegler and U. Felbor [178]. 

 

Table 4. Expected amplicon and fragment sizes after T7EI assay PCR and digest 

Target  Primers Amplicon size Fragment sizes after T7EI digest 

HSD11B1 
exon 2 

Ex2_T7EI_PCR_f 
1021 bp 

841 bp 

Ex2_T7EI_PCR_r 180 bp 

HSD11B1 
exon 5 

Ex5_T7EI_PCR_f 
1244 bp 

847 bp 

Ex5_T7EI_PCR_r 397 bp 

CCM3 

exon 3 
CCM3 E3-F1 

711 bp 
430 bp 

CCM3 E3-R 281 bp 

HPRT 

Alt-R CRISPR-Cas9 
HPRT Positive 
Control Primer Mix 

1083 bp 
827 bp 

256 bp 
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At first, the region of interest was amplified by PCR as follows: 

Reaction mix per sample – T7EI assay - PCR 

5x Q-Solution x 

10x Buffer 2.50 µl 

dNTPs (2 mM) 2.50 µl 

MgSO4 (25 mM) y 

Primer_for (10 µM) 0.65 µl 

Primer_rev (10 µM) 0.65 µl 

Template DNA (1:5 dilution) 1.00 µl 

HotStart KOD Polymerase  0.50 µl 

ddH2O to 25.00 µl 
x = 0.00 µl for HSD11B1 exon 2, CCM3, HPRT; x = 5.00 µl for HSD11B1 exon 5 
y = 1.00 µl for HSD11B1 exon 2, exon 5 and CCM3; y = 0.80 µl for HPRT 

 

Reaction conditions – T7EI assay - PCR 

Phase Temperature Time Cycles 

Initial denaturation 95°C 02:00 min 1 

Denaturation 95°C 00:30 min 
35 

 
Primer annealing x 00:30 min 

Elongation 72°C y 

Final elongation 72°C 10:00 min 1 

Cooling 8°C ∞  

x = 62°C for HSD11B1 exon 2 and 5; x = 55°C for CCM3; x = 65°C for HPRT 

y = 02:00 min for HSD11B1 exon 2, exon 5, CCM3; y = 01:00 for HPRT 

 

Success of PCR was controlled by running 5 µl of each reaction on a 1.5% agarose gel. 

Subsequently, heteroduplexes were formed by mixing 10 µl PCR product with 1.5 µl 

10x NEBuffer 2 and 1.5 µl Nuclease-Free Water, and heating and cooling in a thermal cycler 

under the following conditions:  

Reaction conditions – T7EI assay - heteroduplex formation 

Phase Temperature Time 

Denaturation 95°C 10:00 min 

Ramp 1 95-85°C Ramp rate -2°C/sec 

Ramp 2 85-25°C Ramp rate -0,3°C/sec 

Cooling 12°C ∞ 
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The T7EI (10 U/µl) was diluted in 1x NEBuffer 2 to a final concentration of 1 U/µl:  

Component Amount 

T7EI (10 U/µl) 1 µl 

10x NEBuffer 2 1 µl 

Nuclease-free water 8 µl 

Total 10 µl 
 

The total volume of the heteroduplexes was incubated with 2 U T7EI at 37°C for 1 h in a 

thermal cycler. Finally, the reactions were run on a 2% agarose gel. After the gel was imaged, 

the fragment pattern was analysed and the DNA amount of each fragment was determined by 

measuring the integrated intensity applying Fiji. The efficiency of CRISPR-Cas9 treatment was 

validated by estimating the indel occurrence as described by Ran et al. (2013) [179]. First, the 

fraction of PCR product (fcut) cleaved is calculated: 𝑓𝑐𝑢𝑡 = (𝑏 + 𝑐)/(𝑎 + 𝑏 + 𝑐) 

with a being the integrated intensity of the undigested PCR product, and b and c being the 

integrated intensity of the fragments resulting from cleavage. By applying the following 

formula, the indel frequency is estimated:  𝑖𝑛𝑑𝑒𝑙 (%) = 100 × (1 − √(1 − 𝑓𝑐𝑢𝑡)) 

 

3.1.16 CRISPR-Cas9 off-target validation 

Potential off-target sites were predicted bioinformatically (chapter 3.7.4) and primers were 

designed. The region of interest was amplified by PCR and 10 µl were loaded onto a 1.5% 

agarose gel.  

Reaction mix per sample – Off-target PCR 

10x Buffer 2.50 µl 

dNTPs (2 mM) 2.50 µl 

MgSO4 (25 mM) 1.00 µl 

Primer_for (10 µM) 0.65 µl 

Primer_rev (10 µM) 0.65 µl 

Template DNA (1:5 dilution) 1.00 µl 

HotStart KOD Polymerase  0.50 µl 

ddH2O to 25.00 µl 
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Reaction conditions – Off-target PCR 

Phase Temperature Time Cycles 

Initial denaturation 95°C 02:00 min 1 

Denaturation 95°C 00:30 min 

35 Primer annealing x 00:30 min 

Elongation 72°C 02:00 min 

Final elongation 72°C 10:00 min 1 

Cooling 8°C ∞  

x = 55°C for ATRNL1, FMNL3, ZRANB1; x = 70°C for C1orf35; x = 53°C for LTBP1 

 

The remaining volume was purified by Exo/SAP treatment as described before (chapter 

3.1.14) and sequenced (chapter 3.1.17). 

 

3.1.17 Capillary Sanger sequencing 

Standard sequencing was performed in a capillary sequencer applying the chain-termination 

method which is also known as Sanger sequencing [180]. For this purpose, the BigDye 

Terminator v1.1 Cycle Sequencing Kit was applied. The ready-to-use BigDye Terminator v1.1 

Ready Reaction Mix includes dNTPs and fluorescently labelled ddNTPs. The sequencing 

reaction mix was set up as follows: 

Reaction mix per sample – Sequencing PCR 

ddH2O 2.25 µl 

DMSO 0.25 µl 

Primer (10 µM) 0.50 µl 

BigDye™ Terminator v1.1 1.00 µl 

PCR product/ DNA 1.00 µl 

Total 5.00 µl 
 

Reaction conditions – Sequencing PCR 

Phase Temperature Time Cycles 

Initial denaturation 94.0°C 2:00 min 1 

Denaturation 96.0°C 0:15 min 
25 

 
Primer annealing 56.5°C 0:15 min 

Elongation 60.0°C 4:00 min 

Final elongation 72.0°C 7:00 min 1 

Cooling 8.0°C ∞  

 

To remove unbound ddNTPs, dNTPs, and primers, the sequencing reaction was purified by 

size exclusion chromatography using a Sephadex column. The needed amount of Sephadex G-
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50 Superfine (35 mg per well) was portioned with the help of a MultiScreen Column Loader 

and transferred into a 96-well MultiScreen-HV filter plate (0.45 µM). The filter plate was 

placed on a 96-well microtiter plate, 300 µl ddH2O were added to each well and the plate was 

incubated at room temperature for 3 h. Then, the swollen Sephadex was drained and 

compressed by centrifugation at 700 g for 5 min. The flow-through was discarded, 150 µl 

ddH2O were added and the plate was incubated for another 15 min. Centrifugation was 

repeated, the flow-through was discarded and the filter plate was placed on a fresh microtiter 

plate. The sequencing reaction was diluted with 35 µl ddH2O and loaded onto the Sephadex 

column. By centrifugation at 700 g for 5 min, the purified sequencing reaction was collected 

in the microtiter plate. The plate was covered with a Plate Retainer and placed on a Plate Base. 

The fluorescently labelled sequence fragments were separated and detected in a 3130xl or 

3500xl Genetic Analyzer. Data was analysed using the ABI Data Collection Software, Gap4 

(Staden Package) and BioEdit v7.2.  

 

3.1.18 Next Generation Sequencing via MiSeq (Illumina) 

Next generation sequencing (NGS) was performed for sequencing of (single) clones of 

CRISPR-Cas9 treated cells with the Illumina MiSeq System. Illumina sequencing is a reversible 

terminator-based sequencing by synthesis approach. At first, adapters (indices) are added to 

fragmented DNA or, like in this work, PCR products. With these, the DNA is randomly bound 

to a flow cell where each template is amplified by solid-phase bridge amplification. After 

denaturation of the double-stranded DNA molecules, sequencing is performed. Each dye 

bound by the four dNTPs acts as a terminator for synthesis. So, after incorporation of one of 

the dNTPs the signal is detected. Subsequently, the dye is enzymatically cleaved and synthesis 

continues accordingly. 

To amplify the region of interest, the following PCR was performed (Amplicon PCR). The applied primers contained additional 33 bp long 5’ overhangs that are needed to add indices 

in the following. To evaluate the success of the PCR, 5 µl PCR product were applied to a 1.5% 

agarose gel and the presence of a 482 bp (exon 2) or 539 bp (exon 5) amplicon was analysed. 
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Reaction mix per sample – Amplicon PCR 

ddH2O 16.20 µl 

10x buffer 2.50 µl 

dNTPs (2 mM) 2.50 µl 

MgSO4 (25 mM) 1.00 µl 

Primer_for (10 µM) 0.65 µl 

Primer_rev (10 µM) 0.65 µl 

Template DNA (1:5 dilution) 1.00 µl 

HotStart KOD Polymerase  0.50 µl 

Total 25.00 µl 
 

Reaction conditions – Amplicon PCR 

Phase Temperature Time Cycles 

Initial denaturation 95°C 02:00 min 1 

Denaturation 95°C 00:30 min 
35 

 
Primer annealing 60°C 00:30 min 

Elongation 72°C 02:00 min 

Final elongation 72°C 10:00 min  

Cooling 8°C ∞  

 

Subsequently, the PCR product was transferred to a 1.5 ml DNA LoBind tube and purified. To 

this end, 16 µl Agencourt AMPure XP Reagent (correlates to 0.8x sample volume) were added 

to the PCR product and mixed by pipetting up and down. After pulse-spin, the suspension was 

incubated at room temperature for 5 min. The reaction tube was again pulse-spun and 

transferred to a magnetic rack. When the solution cleared, i.e. the magnetic beads were 

pelleted at the tube wall, the supernatant was removed with a pipette. To wash the beads, 

500 µl freshly prepared 70% EtOH were added and the tube was rotated 180° two times. 

When the solution cleared, the supernatant was removed with a pipette and the washing was 

repeated. The reaction tube was pulse-spun, re-transferred to the magnetic rack and the 

remaining EtOH was carefully removed. The beads were allowed to dry at room temperature 

for no longer than 5 min. Subsequently, the tubes were removed from the rack and the DNA 

was eluted by resuspending the beads in 20 µl Low TE (10 mM Tris-HCl, 0.1 mM EDTA, 

pH 8.0). After vortexing for 10 sec and pulse-spinning, the tubes were again transferred to the magnetic rack. To enhance DNA yield, incubation of ≥ 1 min followed. The supernatant 

containing the purified DNA was carefully transferred into a fresh 0.1 ml 96-well plate and 

stored at -20°C. To control the DNA yield, 8 µl of the purified amplicons were run on 2% 

agarose gel. 

As a next step, unique indices were added to the PCR products applying the Nextera XT Index 

Kit v2 (Index PCR).  
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Reaction mix per sample – Index PCR 

KAPA HiFi Hot Start Mix 10 µl 

ddH2O 4 µl 

Index P5 2 µl 

Index P7 2 µl 

Purified amplicon 2 µl 

Total 22 µl 
 

Reaction conditions – Index PCR 

Phase Temperature Time Cycles 

Initial denaturation 95°C 3:00 min 1 

Denaturation 95°C 0:30 min 

8 Primer annealing 55°C 0:30 min 

Elongation 72°C 0:30 min 

Final elongation 72°C 5:00 min 1 

Cooling 8°C ∞  

 

The PCR products were again purified as described above by using 18 µl Agencourt AMPure 

XP Reagent (correlates to 0.9x sample volume). The expected fragment sizes were 542 bp 

(exon 2) and 599 bp (exon 5). 

To create the library, 4-5 µl of each sample were pooled. Subsequently, the concentration of 

the library was quantified with the Qubit 2.0 fluorometer and the Qubit dsDNA BR Assay Kit 

according to the manufacturer’s protocol. Additionally, the average fragment size of the 

library was determined to dilute the library to a final concentration of 2 nM. The library was 

mixed in a 7:3 ratio with the PhiX control library (2 nM). By this, also the variability within 

the sequencing run is increased. In the following step, the DNA was denatured by incubating 

10 µl with 10 µl 0.1 N NaOH for 5 min to enable binding to the flow cell. The DNA was diluted 

with 980 µl pre-cooled HT1 Buffer to a concentration of 20 pM. The library was further 

diluted with HT1 Buffer to a final concentration of 3 pM. For the sequencing run, 1 ml of the 

diluted library was transferred into the cartridge. The run was performed with the MiSeq 

Reagent Nano Kit v2 (500-cycles) on the MiSeq System with paired-end reads.  
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3.1.19 SNP genotyping  

3.1.19.1 rhAmp SNP Genotyping System 

The rhAmp SNP Genotyping System is a PCR-based genotyping approach (Figure 10). Variant 

detection is performed by an allele-specific forward primer. 3’ to the SNP an RNA base and a 
blocking group are incorporated (Figure 10a). Only with perfect matches at both the SNP and 

RNA site, the enzyme RNase H2 recognises and efficiently cleaves 5’ to the RNA:DNA hybrid 
base pair (Figure 10b). Thereby the adjacent blocking group is removed and the target region 

can be amplified. The same procedure is true for the locus-specific reverse primer. Following 

amplification, a universal primer and a universal probe bind to the forward primer sequence 

(Figure 10c, d). The probe comprises a fluorophore (FAM or Yakima Yellow) and a quencher. 

The fluorophore is released by amplification and the fluorescent signal can be detected 

(Figure 10e). 
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Figure 10. Overview of the rhAmp SNP genotyping reaction (a) Allelic discrimination is 
enabled by allele-specific forward primers. (b) Perfect DNA:RNA hybrid base pairs are 
recognised and removed by RNase H2. Thereby, also the blocking moiety is removed. (c)After 
amplification by DNA polymerase, (d) the matching universal probe binds. (e) Upon 
amplification, the fluorophore is released and the signal can be detected. 
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The rhAmp genotyping system was used to genotype rs11811440 and rs932335 (HSD11B1) 

in the OsteoGene study in 5-µl reactions in 384-well plates. To control for sample mix-ups, an 

additional assay was designed that allowed sex typing of the samples. This assay targets the 

single-nucleotide difference between the amelogenin gene locus on chromosome X and Y, 

AMELX and AMELY  [181]. 

The genotyping was performed according to the manufacturer’s protocol with slight 
modifications. First, the rhAmp Genotyping Master Mix (2x; containing a Taq polymerase and 

RNase H2) and the rhAmp Reporter Mix (40x; containing the universal probes and the 

universal forward primer) were combined in a 20:1 ratio. Thereof, 2.65 µl were mixed with 

0.25 µl rhAmp SNP Assay (20x; containing the allele-specific primers and the reverse primer; 

chapter 2.8) and 0.10 µl nuclease-free water. Therewith the total volume of the reaction mix 

without DNA was 3 µl. Finally, 2 µl undiluted DNA were added, the plate was sealed with an 

optically clear adhesive film and centrifuged briefly. The PCR, data collection and analysis 

were performed in a QuantStudio 12k Flex Real-Time PCR System with the QuantStudio 12k 

Flex Software. The genotypes were called from the real-time data in cycle 35 (Figure 11). The 

thermal cycling conditions were as follows. 

Reaction conditions – rhAmp SNP genotyping 

Phase Temperature Time Cycles 

Enzyme activation 95°C 10:00 min 
 

Denaturation 95°C 00:10 min  
40 

 
Annealing 60°C 00:30 min 

Extension 68°C 00:20 min 

 

 

Figure 11. Representative Allelic Discrimination Plots for rhAmp SNP genotyping 

assays for rs11811440, rs932335 and AMELX/Y Discrimination was based on the 
acquired RT data of cycle 35 and was automatically performed based on the allele-specific 
fluorophore using the QuantStudio 12k Flex Software.  
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3.1.19.2 SNaPshot Multiplex System 

With the SNaPshot Multiplex System, SNPs are genotyped by single-base extension of primers 

with subsequent detection by capillary sequencing. In contrast to Sanger sequencing, only 

ddNTPs and no dNTPs are included in the master mix. All reactions were performed in 96-

well plates. This technique was applied to fine-mapping of the HSD study, genotyping of a 

subset of 117 patients participating in the OsteoGene study and validation of the knockout 

clone 2D10.  

The primers were designed as described above (chapter 3.1.3.6). At first, the QIAGEN 

Multiplex PCR Kit was used to amplify all regions of interest in one reaction (pre-PCR). The 

following reaction conditions were determined by gradient PCR. 

Reaction mix per sample – pre-PCR SNaPshot 

ddH2O 1.2 µl 
2x QIAGEN Master Mix 5.5 µl 
Q-Solution x 
10x PCR primer mix (2 µM each) 1.1 µl 

DNA 1.0 µl 

Total 11.0 µl 
x = 2.2 µl (OsteoGene study); x = 0.0 µl (HSD study, 2D10) 
 
Reaction conditions – pre-PCR SNaPshot 

Phase Temperature Time Cycles 

Initial denaturation 95°C 15:00 min 1 

Denaturation 94°C 00:30 min 

35 Primer annealing x 01:30 min 

Elongation 72°C 01:00 min 

Final elongation 72°C 10:00 min 1 

Cooling 8°C ∞  

x = 53°C (OsteoGene study); x = 65°C (HSD study); x = 68°C (2D10) 
 

Then, primers and unbound nucleotides were degraded by Exo/SAP treatment. To this end, 

the PCR product was mixed with 2 µl (1 U/µl) Shrimp alkaline phosphatase (SAP), 0.3 µl 

(20 U/µl) Exonuclease I (Exo) and 0.7 µl 10x SAP buffer. After incubation at 37°C for 1 h, the 

enzymes were inactivated by heating at 80°C for 15 min. The success of the pre-PCR was 

evaluated by agarose gel electrophoresis. To this end, 7 µl of the cleaned-up PCR product were 

loaded onto a 2% gel (2.5% for fine-mapping analysis) and the amplicon lengths were 

analysed. 

Subsequently, the actual genotyping reaction was performed with the help of the SNaPshot 

Multiplex Kit.   
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Reaction mix per sample – SNaPshot reaction 

ddH2O 1.0 µl 
2x SNaPshot Reaction Mix 1.5 µl 
10x SNaPshot primer mix (1 µM each) 0.5 µl 
cleaned-up PCR product 2.0 µl 

Total 5.0 µl 
 

Reaction conditions – SNaPshot reaction 

Phase Temperature Time Cycles 

Initial denaturation 96°C 2:00 min 1 

Denaturation 96°C 0:10 min 

25 Primer annealing 50°C 0:05 min 

Elongation 60°C 0:30 min 

Cooling 8°C ∞  

 

After the SNaPshot reaction, unbound nucleotides were degraded by incubation with 0.5 µl 

(1 U/µl) FastAP and 0.5 µl FastAP Buffer at 37°C for 1 h. Thereafter, the enzyme was heat-

inactivated by incubation at 75°C for 15 min. Finally, 1 µl of the cleaned up SNaPshot reaction 

was incubated with 10 µl HiDi Formamide mixed with 0.2 µl GeneScan-120 LIZ Size Standard 

at 95°C for 5 min. Subsequently, the reaction was immediately cooled on ice and analysed on 

a 3500xl Genetic Analyzer using POP7 polymer. Genotypes were called based on colour and 

retention time of the detected signal peaks in the electropherogram using the GeneMapper 

v.6 Software. 

To clearly assign the signals in the electropherogram to the corresponding primers (and 

therewith to the SNPs), primers were specifically eliminated from the multiplex primer mixes. 

Thereby, three additional primer mixes were created and tested (Table 5).  

 

Table 5. Primer mixes used to specifically assign signal peaks to the analysed SNPs. Red 
shaded SNPs were not detected. 

Primer Name 
Complete 

primer mix 
Primer mix 1 Primer mix 2 Primer mix 3 

SNaPshot_rs4844488    

Gender_HSD    

SNaPshot_rs2282738    

SNaPshot_rs2282739    

SNaPshot_rs2298930    

SNaPshot_rs6672256    

SNaPshot_rs11808690    

SNaPshot_rs11487867    
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3.2 RNA analyses 

3.2.1 Isolation of mRNA 

Isolation of mRNA was performed either automatically with the help of the RNeasy Plus Mini Kit and the QIAcube robot according to the manufacturer’s instructions or with the single-

step method [182] using TRIzol and chloroform.  

For isolations with the RNeasy Plus Mini Kit, approximately 1x106 cells were pelleted and 

350 µl RLT Plus Buffer supplemented with 1% β-mercaptoethanol were added. The 

suspension was either stored at -20°C or directly submitted to the QIAcube. The mRNA was 

eluted in 50 µl RNase-free water and stored at -80°C.  

RNA of differentiated SCP-1 cells (see chapter 4.2.5) was isolated with the help of TRIzol™ 

Reagent. TRIzol contains guanidinium thiocyanate (GTC) and phenol. GTC denatures proteins 

which includes the inactivation of RNases. Phenol dissolves the denatured proteins and 

lowers the pH value. Under acidic conditions, RNA is solved in the aqueous phase. Per well of 

a 24-well plate 500 µl TRIzol were added. To allow lysis of all cells, cells were scratched off 

the well with the pipette tip and pipetted up and down 2-3 times. The lysates of two wells 

were pooled into one 1.5 ml reaction tube and stored at -20°C. On the day of RNA isolation, 

the lysates were thawed on ice. Then, 200 µl chloroform were added and mixed with the 

lysates by shaking. After a 10-min incubation on ice, the samples were centrifuged at 12,000 g 

and 4°C for 10 min. Thereafter, three phases are visible: the lower, organic, phase contains 

proteins and lipids, the interphase DNA and the upper, aqueous, phase contains RNA 

molecules. The aqueous phase was carefully transferred into a fresh 1.5 ml reaction tube. The 

RNA was precipitated by addition of 500 µl ice-cold isopropanol followed by incubation at -

20°C for 10-30 min, depending on the expected yield. By centrifugation at 12,000 g for 20 min, 

the RNA was pelleted. The supernatant was removed and the RNA was washed with 500-

800 µl ice-cold 70% ethanol, depending on the pellet size. The centrifugation was repeated 

and the ethanol was completely removed with a pipette. The pellet was allowed to dry at room 

temperature until it became transparent. To dissolve the RNA, 25-30 µl sterile water were 

added followed by incubation at 60°C for 5 min. The RNA was stored at -80°C. 
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3.2.2 cDNA synthesis 

For gene expression analyses, isolated mRNA was reverse transcribed into copyDNA (cDNA) 

applying the High Capacity cDNA Reverse Transcription Kit. To prevent degradation of RNA, 

all steps were performed in a fume hood and all material was cleaned with RNaseZAP to 

inactivate RNases. The RNA concentration was determined right before cDNA synthesis. 

Then, in a total volume of 10 µl 200-500 ng RNA were diluted in nuclease-free water. 

Subsequently, the RNA was mixed with the following reaction mix and incubated in a thermal 

cycler. Finally, the cDNA was diluted to a final concentration of 10 ng/µl with sterile water 

and stored at -20°C. 

Reaction mix per sample – cDNA synthesis 

Nuclease-free H2O 3.2 µl 
10x RT Buffer 2.0 µl 
25x dNTP Mix (100 mM) 0.8 µl 
10x RT Random Primers 2.0 µl 
MultiScribe Reverse Transcriptase 1.0 µl 
RNase Inhibitor 1.0 µl 

Total 10.0 µl 
 

Reaction conditions – cDNA synthesis 

Phase Temperature Time 

Pre-primer extension 25°C 10 min 

DNA polymerization 37°C 120 min 

Enzyme deactivation 85°C 5 min 

Cooling 8°C ∞ 
 

3.2.3 Gene expression analysis via RT-qPCR 

Gene expression was analysed by quantitative reverse transcription PCR (RT-qPCR). With 

this method, the amount of amplified cDNA is quantitated after each amplification cycle by 

detection of a fluorescent signal. The signal intensity is directly proportional to the amount of 

DNA. In this work, the reactions were performed with predesigned TaqMan Gene Expression 

Assays. 

Each TaqMan Assay includes a Taq polymerase, a pair of unlabelled primers and a TaqMan 

probe binding to the template DNA. This probe is 5’ fluorescently labelled but the signal is 

quenched due to the close proximity of non-fluorescent quencher at the 3’ end of the probe. During amplification, the 5’ nuclease activity of the Taq polymerase will cut the probe, thereby 



 

69 
 

releasing the fluorescent dye. The separation from the quencher allows emission of 

fluorescence at 517 nm (FAM™ dye) or 554 nm (VIC™ dye) after excitation at 488 nm. 

To allow quantification, the Ct (threshold cycle) values were determined. The Ct value 

represents the PCR cycle when the signal of the amplified DNA exceeds the background signal. 

This means that a high Ct value foretells a low expression and vice versa. For graphical 

representation, the Ct values were converted into relative expression by applying the ΔCt 
method. At first, the mean Ct value of the technical triplicates of the GOI and the housekeeping 

gene (HK) were calculated. Then, ΔCt was determined by subtracting the mean value of the 

HK from the mean Ct value of the GOI. Finally, the expression was calculated as GOI transcripts 

per 1000 HK transcripts applying the following formula: 2−∆𝐶𝑡 × 1000. By this, a high value 

now predicts a high mRNA expression. 

The analyses were performed in 384-well plates. A 5-µl master mix was prepared, containing 

3.50 µl Gene Expression Master Mix (2x), 0.35 µl Gene Expression Assay Mix (20x) and 1.15 µl 

water. Then, 2 µl cDNA were added. The reaction was performed in the QuantStudio 12k Flex 

instrument under the following conditions:  

Reaction conditions – RT-qPCR 

Phase Temperature Time Cycles 

Pre-read stage 60°C 00:30 min 1 

Hold stage 95°C 10:00 min 1 

PCR stage 
95°C 00:15 min 

40 
60°C 01:00 min 

Post-read stage 60°C 00:30 min 1 
 

The subsequent data analyses were performed with the QuantStudio 12k Flex Software. 
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3.3 Microbiological techniques 

3.3.1 Culturing conditions 

To enable isolation of plasmid DNA, bacteria were grown in LB medium (10 g/l tryptone, 5 g/l 

yeast extract, 5 g/l NaCl) with antibiotic (200 µg/ml ampicillin or 50 µg/ml kanamycin) at 

37°C and 250 rpm overnight. After transformation, bacteria were grown on LB-agar plates 

(LB medium plus 14 g/l agar) supplemented with antibiotics at 37°C overnight.   

 

3.3.2 Long-term storage 

For long-term storage, bacteria were stored as glycerol stocks. To this end, bacteria were 

grown overnight in LB medium supplemented with antibiotic (chapter 3.3.1). Then, 600 µl 

bacteria suspension were mixed with 600 µl sterile 50% glycerol and immediately frozen 

at -80°C. 

 

3.3.3 Transformation by electroporation 

To replicate plasmids, One Shot TOP10 Electrocomp E. coli were transformed with the 

plasmids. Prior to electroporation, bacteria, ddH2O, ligation reaction and electroporation 

cuvettes were stored on ice. One aliquot of bacteria was diluted with 120 µl ddH2O. Thirty-

five µl of the bacteria suspension were pipetted into an electroporation cuvette (2 mm gap 

width). One µl ligation reaction were added and carefully mixed. Bacteria were 

electroporated using the Gene Pulser II or the Gene Pulser Xcell at 2.5 kV, 25 µF and 200 Ω. 
Quickly, 800 µl pre-warmed (37°C) SOC medium (2% (w/v) tryptone, 0.5% (w/v) yeast 

extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 20 mM glucose; w/o antibiotic) were added 

and the bacteria were incubated at 37°C for 1 h. Finally, 50 µl and 200 µl of the bacteria 

suspension were plated on LB-agar plates and incubated at 37°C overnight.  

 

3.3.4 Isolation of plasmid DNA by alkaline lysis 

Plasmid DNA was isolated from transformed bacterial cultures. To this end, bacterial clones 

of interest were cultured in a 5-ml overnight culture (chapter 3.3.1) to allow sufficient 

multiplying. The plasmid DNA was isolated by alkaline lysis, a technique firstly described by 
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[183]. It is based on the application of an alkaline buffer that degrades chromosomal but not 

plasmid DNA. After neutralisation, chromosomal DNA precipitates whereas plasmid DNA 

remains soluble. In this work a modified protocol was used.  

Before lysis, clones were preserved on an agar plate for possible subsequent analyses. The 

liquid culture was centrifuged at 2500 g for 10 min. After discarding the supernatant, the 

pellet was resuspended in 250 µl P1 and transferred into a 1.5 ml reaction tube. Then, 250 µl 

P2 were added and the solutions were mixed by carefully inverting 8 times. Quickly, 350 µl 

P3 were added and the solutions again were mixed by inverting 8 times. By centrifugation at 

16,000 g for 10 min, the precipitate was pelleted. The supernatant was transferred into a 

fresh 1.5 ml reaction tube. Subsequently, 500 µl chloroform/isoamyl alcohol (24+1) were 

added, followed by intense mixing by shaking. Phase separation was achieved by 

centrifugation at 16,000 g for 5 min. The upper aqueous phase was transferred into a fresh 

1.5 ml reaction tube and mixed with 650 µl ice-cold isopropanol by shaking. To pellet the 

precipitated plasmid DNA, the solution was centrifuged at max. speed (21,500 g) and 4°C for 

15 min. The supernatant was discarded and the tube rim was dried on a paper towel. Then, 

the pellet was washed with 800 µl ice-cold 70% EtOH and centrifuged at max. speed 

(21,500 g) and 4°C for 10 min. The supernatant was precisely removed with a pipette. The 

pellet was allowed to dry at 37°C in a heating block for approx. 5 min until it became 

transparent. Finally, 50 µl sterile ddH2O were added and incubated at 37°C for 30 min. 

Isolates were stored at -20°C. 

 

Table 6. Buffers used for isolation of plasmid DNA 

Substance Final concentration 

Resuspension Buffer P1, pH 8.0 
Tris-HCl 50 mM 
EDTA 10 mM 
RNaseA (added after autoclaving) 100 µg/ml 
Lysis Buffer P2 

NaOH 200 mM 
SDS 1% (w/v) 
Neutralisation Buffer P3, pH 5.5 
Potassium acetate 3 M 
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3.3.5 Isolation of high purity plasmid DNA 

For transfection experiments, the use of high purity plasmid DNA was necessary. Hence, after 

validation of created clones, plasmid DNA was isolated using the QIAGEN Plasmid Plus Midi 

Kit.  

At first, clones of interest were pre-cultured in 5 ml culture medium (LB medium 

supplemented with ampicillin) at 37°C and 250 rpm for 8 h. Then, 30 µl of the pre-culture 

were added to 30 ml culture medium and incubated overnight at 37°C and 250 rpm. The next 

day, the cell suspension was transferred to a 50-ml tube and bacteria were pelleted by 

centrifugation at 4816 g and 4°C for 20 min. Subsequently, DNA isolation was performed according to the manufacturer’s protocol. The washing steps were performed in a 
microcentrifuge at 18,000 g for 1 min. Plasmid DNA was eluted after a 5-min incubation in 

100 µl Buffer EB. Isolates were stored at -20°C.  
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3.4 Mammalian cell culture techniques 

3.4.1 Media and culture conditions 

All cell lines used were adherent growing. They were cultured at 37°C in a humidified 

atmosphere (95%) supplemented with 5% CO2. The used media and the respective 

supplements for each cell line are listed in Table 7.  

 

Table 7. Culture media for the cell lines used For complete culture medium the pure 
medium was supplemented as described.  

Cell line Medium Supplements 

HepG2 RPMI Medium 1640 (1x) + GlutaMAX™ 10% FCS, 1% P/S 
SCP-1 DMEM (1x), high glucose 10% FCS, 1% P/S 
HEK293 DMEM (1x), high glucose, pyruvate 10% FCS, 1% P/S 

P/S, penicillin (100 U/ml) and streptomycin (100 µg/ml) 

 

The cells were passaged twice a week in a 1:6 or 1:5 ratio. With T75 flasks, detached cells 

were either resuspended in 12 ml (1:6) or 10 ml (1:5) culture medium and 2 ml were 

transferred into a new flask with 18 ml (HepG2) or 15 ml (SCP-1, HEK293) fresh culture 

medium. With T25 flasks, the cells were resuspended in 6 ml (1:6) or 5 ml (1:5) and 1 ml was 

transferred into a new flask with 5 ml fresh culture medium. 

Depending on the cell line, different protocols for detaching the cells were applied. HepG2 

were washed twice with 10 ml PBS. Subsequently, 10 ml PBS were added and the cells were 

incubated at 37°C for approximately 10 min. Then, the PBS was removed, 3.5 ml 

TrypLE Express were added and the cells were incubated at 37°C for 10 min. By addition of 

10 ml culture medium, the trypsin was inactivated and the cells were washed from the flask 

bottom. The cell suspension was transferred into a 50-ml tube and centrifuged at 300 g for 

3 min. The supernatant was removed and the cell pellet was thoroughly resuspended in 

culture medium. SCP-1 cells were washed with 10 ml PBS and 1-2 ml TrypLE Express were 

added for approximately 3 min at 37°C. Subsequently, 10 ml culture medium were added and 

the cells were resuspended. Cells were only centrifuged to remove all trypsin when they were 

to be plated. For HEK293 cells, trypsin treatment was not necessary. Hence, the old culture 

medium was removed and the cells were resuspended in 10 ml fresh culture medium. When 

HEK293 cells were to be plated, they were also detached applying trypsin to improve 

separation into single cells. 
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3.4.2 Freezing and thawing of mammalian cells 

Mammalian cells are treated most carefully when they are slowly frozen but quickly thawed. 

To freeze cells, they were first grown to 100% confluence in a T75 flask. Then, the cells were 

detached and centrifuged at 300 g for 3 min. After discarding the supernatant, the cell pellet 

was resuspended in 8 ml freezing medium (90% FCS, 10% DMSO) and portioned into four 

1.8-ml cryotubes. DMSO is a cryo-protective agent that prevents the formation of ice crystals 

inside the cells.  The tubes were transferred into a freezing container and stored at -80°C for 

at least 24 h. Finally, the tubes were transferred into a nitrogen container for long-term 

storage at -178°C in the gas phase of nitrogen. 

To re-culture cells, they were removed from the nitrogen container and quickly thawed at 

37°C in a water bath. At warm temperatures DMSO is toxic to the cells and has to be removed 

quickly by washing or diluting in culture medium until medium replacement. As SCP-1 cells 

are sensitive to centrifugation immediately after thawing, they were directly transferred into 

a T75 flask containing culture medium. The next day, the medium was replaced. HepG2 and 

HEK293 cells were transferred into a 15-ml tube containing 5 ml culture medium and 

centrifuged at 300 g for 3 min. The pellet was resuspended in 5 ml culture medium and 

transferred into a T25 flask. When reaching confluence, the cells were transferred into a T75 

flask. 

 

3.4.3 Determining cell count 

The number of viable cells in a suspension was determined either manually with a Neubauer 

counting chamber after staining with trypan blue or automatically with a CASY cell counter. 

With both techniques, the number of viable cells is determined based on the integrity of their 

plasma membrane. Trypan blue serves to stain dead cells as it can only pass the plasma 

membrane of dead but not viable cells. Hence, viable cells can easily be distinguished from 

dead cells. Application of the CASY cell counter does not require prior staining. Here, a low 

voltage is applied to the cells when passing through the capillary. From the subsequently 

measured resistance the viability of the cells can be inferred as dead cells display a lower 

resistance. 

For manual counting, the cell suspension was diluted 1:2 in 0.4% trypan blue solution. The 

mixture was transferred to a Neubauer improved counting chamber. This chamber consists 

of nine large squares that are formed by 16 medium squares each. Here, the four large corner 

squares were used for counting. To determine the cell count, the volume of the chamber and 
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the dilution factor have to be considered. Each large square has a size of 1 mm². The depth of 

the chamber is 0.1 mm resulting in a volume of 10-4 ml. The dilution factor was 2. For 

calculation, the following equation was used:  

𝑐𝑒𝑙𝑙𝑠 𝑥 106/𝑚𝑙 = 𝑚𝑒𝑎𝑛𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 × 104100  

 

For automated counting, a CASY®cup was filled with 10 ml CASY®ton. Then, 50 µl cell 

suspension were added and the cup was inverted three times. Measurements were performed 

in two cycles with a 150 µm capillary. 

 

3.4.4 Transient transfection for dual luciferase reporter assays 

For dual luciferase reporter assays, SCP-1 and HepG2 cells were transiently transfected with 

reporter gene plasmids. The transfection protocols for the two cell lines differed only in cell 

number, DNA amount and transfection reagent.  

At first, 1x105 SCP-1 cells were plated in 1 ml culture medium in each well of a 12-well plate. 

Then, after 24 h, cells were transfected by means of lipofection. Per well, 2 µg DNA were 

diluted in 50 µl pure culture medium (w/o FCS and P/S). Afterwards, 44 µl pure culture 

medium were pre-incubated with 6 µl FuGENE 6 at room temperature. After 5 min, 3 ng of 

the Renilla vector (required for normalisation) were added. The two solutions were mixed to 

generate the transfection reaction and incubated at room temperature for 20 min. In the 

meantime, cells were washed with culture medium supplemented with 10% FCS and 900 µl 

of this medium were added to the cells. Finally, 100 µl transfection reaction were added 

dropwise and the cells were incubated in a CO2-incubator. After 6 h, the medium was replaced 

by complete culture medium (DMEM/ 10% FCS/ 1% P/S). Transfections were performed in 

duplicates. 

For analysing the dependence of luciferase activity on the transcription factor C/EBPα, 333 ng 

of the C/EBPα plasmid were co-transfected with 1.67 µg of the reporter gene plasmid [128]. 

For transfection of HepG2 cells, 2x105 cells were plated. The cells were transfected with 1 µg 

DNA and 3 µl Lipofectamine®2000 as described above.  
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3.4.5 Dual luciferase reporter gene assay 

The effect of transcription factor binding to SNP sites and HSD11B1 promoters was analysed 

by means of a reporter gene assay. The assays were performed 48 h after transient 

transfection (chapter 3.4.4) with the help of the Dual Luciferase® Reporter Assay System. The 

assay works with two luciferase reporters, the firefly (Photinus pyralis) and the Renilla 

(Renilla reniformis) luciferase. The firefly luciferase is encoded in the pGL3 Vectors that were 

used for cloning. The Renilla luciferase is encoded in the pRL-CMV Vector. Co-transfection 

with this vector serves as an internal control. The activity of firefly luciferase is normalised to 

the activity of Renilla luciferase to reduce experimental variability caused by transfection 

efficiency, cell viability or efficiency of cell lysis. The assay is performed with a single sample 

to which at first the Luciferase Assay Reagent II (LAR II) is added to generate a luminescent 

signal from the firefly luciferase. By addition of the Stop & Glo® reagent, the firefly luciferase 

signal is quenched and the activity of Renilla luciferase can be measured [184].  

To prepare the cell lysates, medium was removed and cells were washed with 1 ml 1x PBS. 

The 5x Passive Lysis Buffer was diluted 1:5 in ddH2O and 250 µl were added to each well. 

After a 15-min incubation at room temperature, cells were detached with a cell scraper and 

the cell suspension was transferred to a 2 ml reaction tube. Subsequently, the suspension was 

snap-frozen in liquid nitrogen, thawed at 37°C with gentle shaking and vortexed. This 

procedure was repeated twice to achieve complete lysis. The lysates were centrifuged at 

16,000 g and 4°C for 5 min to pellet cell debris. The supernatant containing the proteins was 

transferred to a 1.5 ml reaction tube and stored on ice. Of each sample, 16 µl were pipetted 

into a well of a white 96-well plate. For the assay, the two reagent solutions had to be 

prepared. LAR II was made by resuspending Luciferase Assay Substrate in Luciferase Assay 

Buffer II. This reagent was aliquoted and stored at -80°C. The Stop & Glo® reagent was freshly 

prepared for each analysis by diluting the 50x Stop & Glo® Substrate 50:1 in Stop & Glo® 

Buffer. The actual assay was performed in a Glomax or Tecan infinite m200. After four wash 

runs with ddH2O, EtOH, ddH2O and air, the plate was loaded. After priming, 80 µl of each 

reagent were added sequentially with the luminescence being measured after each step.  

 

3.4.6 Stable transfection by targeted integration 

Stable transfections were performed with the Flp-In System. This system is based on the 

recombination activity of the recombinase flippase (Flp) in the presence of two flippase 

recognition target (FRT) sites. It enables targeted integration of genes into the genome of cells 
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by transfection of the following three vectors: (i) the pFRT/lacZeo Target-site Vector, (ii) the 

pcDNA5/FRT Expression Vector, and (iii) the pOG44 Plasmid Vector (Figure 12). 

 

 
Figure 12. Commercial vectors used for stable transfection of SCP-1 and HEK293 cells 
Depicted are the simplified maps of the vectors. The GOI is cloned into the pcDNA5/FRT 
Expression Vector. The process of stable integration is depicted in Figure 13. 

 

Gene integration with the Flp-In system works in two major steps (Figure 13). The first step 

is to transfect SCP-1 cells with the pFRT/lacZeo Target-site Vector to integrate an FRT site 

into the cells’ genome (host cell line). This plasmid also encodes a lacZ-Zeocin fusion gene resulting in expression of β-galactosidase and Zeocin™ resistance. After selection of a 

transfected cell clone, the very is co-transfected with the pcDNA5/FRT Expression Vector, 

also containing an FRT site and the gene of interest (GOI; chapter 3.1.9.1), and the pOG44 

Plasmid Vector encoding the Flp recombinase. By recombination of the two FRT sites by Flp, 

the hygromycin resistance gene is integrated proximal to the ATG start codon, thereby 

inactivating the lacZ- Zeocin™ fusion gene. Successfully transfected cell clones can then be 

selected by hygromycin treatment. 
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Figure 13. Schematic overview of stable integration of a gene of interest (GOI) into a 

cell’s genome using the Flp-In system  With pFRT/lacZeo an FRT site is integrated into the 
host cell line. The pcDNA5/FRT Expression Vector carries the GOI which is specifically 
integrated into the genome by the Flp recombinase encoded on pOG44. Clones are selected 
by hygromycin resistance. 

 

The commercially available and well characterised HEK293 cell line Flp-In T-REx 293 (later 

referred to as HEK293 cells) was used as a positive control. This cell line is already transfected 

with pFRT/lacZeo and the hygromycin sensitivity was also known from previous work. 

 

3.4.6.1 Determination of Zeocin™ sensitivity of SCP-1 cells 

Since Zeocin™ acts as the selection antibiotic for the Flp-In host cell line, the Zeocin™ 

sensitivity of SCP-1 cells needed to be determined. To this end, 1x104/well SCP-1 cells were 

plated in a 12-well plate. The next day, the cells reached approx. 25% confluence and the 

medium was replaced by 1 ml culture medium supplemented with 0 µg/ml, 50 µg/ml, 

100 µg/ml, 200 µg/ml, 300 µg/ml, 400 µg/ml, 500 µg/ml, 750 µg/ml or 1000 µg/ml Zeocin™. 

The medium was replenished every 3-4 days by addition of 500 µl medium supplemented 
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with the respective amount of Zeocin™. Cells were observed for 14 days to determine the 

minimum needed concentration to kill the cells. The visual appearance was documented 

using an AxioObserver.Z1 microscope. 

It is important to mention that the effect of Zeocin™ treatment is different from other 

antibiotics [185]. Instead of rounding up and detaching, cells undergo different morphological 

changes. SCP-1 cells slightly increase their cells size and stop dividing (observation of this 

work).  

 

3.4.6.2 Stable transfection of SCP-1 cells with pFRT/lacZeo 

To generate the Flp-In host cell line, SCP-1 cells were stably transfected with the pFRT/lacZeo 

plasmid. The gene cassette is integrated randomly into the genome. Transfections were 

performed in a 6-well plate. Per well, 2x105 SCP-1 cells were plated. The next day, 4 µg of the 

linearized plasmid (ApaI) was mixed with pure culture medium in a total volume of 150 µl. In 

another reaction tube, 138 µl pure culture medium were mixed with 12 µl FuGENE 6 and 

incubated at room temperature for 5 min. Subsequently, the two reactions were mixed and 

incubated at room temperature for 20 min. The cells were washed with 2 ml DMEM 

supplemented with 10% FCS (DMEM/ 10% FCS). Finally, the transfection reaction (300 µl) 

was added dropwise to 1.7 ml DMEM/ 10% FCS and the cells were incubated in a CO2-

incubator. Transfection was performed in four replicates. A fifth transfection was performed 

with pGFPtpz instead of pFRT/lacZeo and served as transfection control. The transfection 

efficiency was controlled using a microscope. After 24 h, the culture medium was changed to 

complete medium. Upon reaching 100% confluence, the cells were transferred into cell 

culture dishes (100 mm; one for each replicate). The next day, the medium was replaced by 

selection medium – complete medium supplemented with 400 µg/ml Zeocin™. When 

resistant clones became visible, they were transferred into 12-well plates with selection 

medium. The medium was changed every 3-4 days. When the cells reached confluence, they 

were sequentially transferred into a 6-well plate, a T25 flask and finally into a T75 flask. Cells 

were cultured in selection medium until preservation. Success of transfection was determined by β-galactosidase assay (chapter 3.5.8).  

 

3.4.6.3 Determination of hygromycin sensitivity of SCP-1 pFRT/lacZeo cells 

After transfection with the pcDNA5/FRT Expression Vector, positive cells are selected by 

resistance to hygromycin. To determine the hygromycin sensitivity of SCP-1 pFRT/lacZeo 

cells, 1x104 cells/well were plated in a 12-well plate. The next day, the medium was changed 
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to 1 ml culture medium supplemented with 0 µg/ml, 10 µg/ml, 25 µg/ml, 50 µg/ml, 

100 µg/ml, 200 µg/ml, 300 µg/ml, 400 µg/ml, 500 µg/ml or 600 µg/ml hygromycin. The 

medium was replaced every 3-4 days for 10 days to determine the minimum concentration 

needed to kill the cells. Visual appearance of the cells was documented using an 

AxioObserver.Z1 microscope. 

 

3.4.6.4 Stable transfection of SCP-1 pFRT/lacZeo and Flp-In T-REx 293 cells 

The transfections were performed in a 6-well plate. To this end, 2x105 SCP-1 and 1x106 

HEK293 cells were plated in triplicates. After one day, two wells each were transfected with 

400 ng pcDNA5/FRT::HSD11B1 and 3.6 µg pOG44. The third well was transfected with 400 ng 

pcDNA5/FRT::HSD11B1 and 3.6 µg GFP-tpz and served as a transfection control. For each 

well, the DNA was diluted in 100 µl pure culture medium and 12 µl FuGENE 6 were mixed 

with 100 µl pure culture medium. After a 5-min incubation, the two solutions were mixed and 

incubated for 20 (SCP-1 cells) and 15 min (HEK293 cells) at room temperature. During 

incubation, the cells were washed with 2 ml DMEM/ 10% FCS. Then, the transfection reaction 

(200 µl) was added dropwise to 1.7 ml DMEM/ 10% FCS and the cells were incubated in a 

CO2-incubator for 24 h. Subsequently, the medium was changed to complete culture medium. 

The next day, the cells were transferred into cell culture dishes (100 mm) and incubated for 

24 h. Then, the selection antibiotic hygromycin was added directly to the 20 ml culture 

medium present in the dishes to a final concentration of 200 (SCP-1 cells) and 300 µg/ml 

(HEK293 cells). Four days later, the medium was replaced by fresh culture medium 

supplemented with hygromycin. When resistant clones formed visible colonies, they were 

transferred into 12-well plates and a reduced hygromycin concentration of 100 µg/ml was 

applied. For HEK293 and SCP-1 cells, this was true 10 and 19 days after the first hygromycin 

treatment, respectively. Due to the long incubation time of SCP-1 cells, the medium was 

replenished after 2 weeks by replacing 7 ml used medium with 10 ml fresh culture medium 

supplemented with hygromycin. In the 12-well plates, the medium was changed every 3-4 

days. Upon reaching confluence, the cells were sequentially transferred into a 6-well plate, a 

T25 flask and finally into a T75 flask with a reduced hygromycin concentration of 50 µg/ml. 

Success of stable HSD11B1 integration was examined by validation PCRs (chapter 3.1.16), 

qRT-PCR (chapter 3.2.3) and cortisone stimulation (chapter 3.6). 
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3.4.7 CRISPR-Cas9 mediated gene editing 

The CRISPR-Cas9 system originates from the adaptive immune system of bacteria [186]. 

There, fragments of viral DNA are integrated as so-called protospacer into clustered regularly 

interspaced short palindromic repeats (CRISPR) sites of the bacterial genome. Upon 

reinfection, these regions are transcribed into CRISPR RNAs (crRNAs). These crRNAs bind to 

a transactivating CRISPR RNA (tracrRNA) to build a guide RNA (gRNA). Based on sequence 

complementary, the gRNA directs a CRISPR-associated (Cas) protein to the invading DNA to 

inactivate the DNA by cleavage. In type II systems, only a single Cas protein (Cas9) is needed 

for inactivation. Cas9 is an endonuclease generating double-strand breaks (DSBs). Besides 

sequence complementary, also protospacer adjacent motifs (PAM) located directly 3’ to the 
complementary sequence are essential for Cas9 activity. Cas9 requires the PAM sequence 5’-NGG-3’ (reviewed in [187]). 

For CRISPR-Cas9 mediated gene editing, target sites are integrated as protospacers into 

crRNAs. Cleavage of the target site by Cas9 will occur approximately 3 nt upstream of the PAM 

site introducing a DSB. This DSB can be repaired by the cell in two ways: (i) nonhomologous 

end joining (NHEJ) and (ii) homology-directed repair (HDR). With HDR a sequence of interest 

can be inserted when it is flanked by homology arms, i.e. sequences homologous to the cut 

site. In contrast, NHEJ works without a template and is thus error prone. This characteristic 

is useful for creating gene knockouts as indels of variable length can shift the open reading 

frame of the gene. Thereby, a premature stop codon will be generated resulting in a non-

functional protein or nonsense-mediated mRNA decay (reviewed in [187]).  

In the past years, different techniques for CRISPR-Cas9 mediated gene editing were 

developed. In this work, the ribonucleoprotein (RNP)-based approach from Integrated DNA 

Technologies (IDT), the Alt-R™ CRISPR-Cas9 System, was used to knockout HSD11B1 in SCP-1 

cells by creating DSBs (Figure 14).  
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Figure 14. Workflow and components of CRISPR-Cas9 mediated gene editing applying 

the ribonucleoprotein approach of IDT A crRNA is designed so as to contain a sequence 
complementary to the target site. It is mixed with a tracrRNA to form the gRNA. This gRNA 
forms a ribonucleoprotein with the Cas9 endonuclease. After transfection of target cells, Cas9 
will be directed to the target site and will create a DSB upstream of the PAM site. 

 

The crRNAs were predesigned by IDT and chosen based on their on-target and off-target 

score being the best of all predesigned crRNAs targeting HSD11B1 (Table 8). The on-target 

score describes how efficiently the target site is edited whereas the off-target score describes 

the risk of off-target sites being bound. A higher value in both scores portends a higher 

efficiency and specificity.  
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Table 8. Applied crRNAs  These crRNAs were predesigned and manufactured by Integrated 
DNA Technologies (IDT). 

Alt-R CRISPR-Cas9 

crRNA 
Position  Strand  Sequence  PAM  

On-target 

score 

(estimated 
efficiency) 

Off-target 

score 

(estimated 
specificity) 

Hs.Cas9.HSD11B1.1.AA 
209707033 
(exon 5) 

+ 
AGTCAACT
TCCTCAGT
TACG 

TGG 59 76 

Hs.Cas9.HSD11B1.1.AB 
209704995 
(exon 2) 

+ 
CTACTACT
ATTCTGCA
AACG 

AGG 53 72 

 

 

3.4.7.1 RNP formation and reverse transfection 

To direct Cas9 to HSD11B1, the two-part crRNA::tracrRNA complex was chosen. Two 

predesigned crRNAs were chosen that target exon 2 and exon 5 (Table 8). The crRNAs and 

the tracrRNA – ATTO 550 were resuspended in Nuclease-Free Duplex Buffer to final 

concentrations of 100 µM. To form the gRNA, equimolar concentrations of a crRNA and the 

tracrRNA were mixed in Nuclease-Free Duplex Buffer to a final duplex concentration of 1 µM. 

Duplex formation was reached by first heating the solution at 95°C for 5 min and then 

allowing it to cool to room temperature. Then, the HiFi Cas9 enzyme stock (62 µM) was mixed 

by inverting and diluted in Opti-MEM to a working concentration of 1 µM. To form the RNP, 

for each well of a 24-well plate the following reaction mixture was prepared, carefully mixed 

and incubated at room temperature for 5 min: 

Reaction mix per sample 

gRNA oligos (duplexes; 1 µM) 6 µl 

HiFi Cas9 enzyme (1 µM) 6 µl 

Opti-MEM 88 µl 

Total 100 µl 
 

Gene editing was performed by reverse transfecting SCP-1 cells in a 24-well plate. For each 

well, 4.8 µl RNAiMax were diluted in 95.2 µl Opti-MEM. This mixture was combined with the 

RNP complexes and incubated at room temperature for 20 min. In the meantime, the cell 

suspension was prepared by diluting 3.6x104 SCP-1 cells in 400 µl DMEM/ 10% FCS. Finally, 

the cells were reverse transfected by adding the cell suspension to the transfection reaction. 

The plate was incubated in a CO2-incubator. After 24 h the medium was changed to DMEM/ 

10% FCS/ 1% P/S.  

javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
https://eu.idtdna.com/site/order/designtool/index/CRISPR_PREDESIGN
https://eu.idtdna.com/site/order/designtool/index/CRISPR_PREDESIGN
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A control reaction was performed with the Alt-R CRISPR-Cas9 Positive Control crRNA (human 

HPRT) recommended by IDT. As this method was not applied to SCP-1 cells before, another 

control was performed by transfecting the cells with a crRNA targeting exon 3 of CCM3. This 

crRNA was shown to induce loss-of-function mutations in human endothelial cells [178] and 

was a kind gift from S. Spiegler and U. Felbor (Department of Human Genetics, University 

Medicine Greifswald). 

 

3.4.7.2 Diluting cells and picking clones 

As the cells reached confluence, they were detached and one half of the cell suspension was 

transferred into a 6-well plate to 2 ml culture medium. The other half was used for DNA 

isolation (chapter 3.1.12). Upon reaching confluence in the 6-well plate, the cells were 

transferred into T25 flasks. When the cells were confluent, Exon 2 and Exon 5 clones were 

diluted and transferred each into two 96-well plates applying the low density dilution 

method. To each well, 100 µl culture medium were preloaded. Subsequently, 100 µl cell 

suspension were added. Ideally, cells would be diluted to 50 cells/10 ml. By this, statistically 

0.5 cell/well would be dispensed. However, as it was known from previous experiments, 

SCP-1 cells did not grow clonally very well. Hence, higher cell densities were chosen. The cell 

count was determined (chapter 3.4.3) and the cells were diluted in medium (Table 9). Into 

each well of a 96-well plate 100 µl cell suspension were added. The cell growth was regularly 

checked and the number of clones growing in one well was determined. When confluent, the 

cells were subsequently transferred into 12-well plates and T25 flasks. The first clones were 

transferred after approximately four weeks. Both single cell clones and clones arisen from 2-

3 cells were transferred.  

 

Table 9. Low density dilution of CRISPR-Cas9 treated SCP-1 cells Per target region two 
96-well plates were prepared with 100 µl culture medium. To each well 100 µl of cell 
suspension with the given dilution were added. 

Target 

region 

Plate 1 Plate 2 

Dilution Cell density/well Dilution Cell density/well 

Exon 2 83 cells/10ml 0.83 249 cells/10 ml 2.49 

Exon 5 500 cells/10 ml 5.00 500 cells/10 ml 5.00 

 

Both the RNP treated cells and the picked clones were validated by T7EI assay (chapter 

3.1.14), TOPO cloning (chapter 3.1.9.3) in combination with capillary sequencing (chapter 

3.1.17), and Next Generation sequencing (chapter 3.1.18).  
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3.4.8 Differentiation of SCP-1 cells 

SCP-1 cells can be differentiated towards the osteogenic or the adipogenic lineage. By this, 

also HSD11B1 expression is increased. This increase in expression is crucial for examining the 

activity of 11β-HSD1 as this is not detectable with low expression. The compositions of the 

different differentiation media are listed in Table 10.  

Adipogenic differentiation was performed with: 

- Indomethacin. It increases the expression of the transcription factors PPARγ2 and C/EBPβ [188].  

- Insulin. An adipogenic hormone that promotes activation of the transcription factor 

CREB [189] and upregulates 11β-HSD1 activity [190]. 

- IBMX and  

- Dexamethasone. Both regulate the transcription factors PPARγ, C/EBPβ and C/EBPδ 

[191]. 

For some experiments, dexamethasone was substituted by cortisone which can be activated to cortisol by 11β-HSD1. Cortisol binds the GR and activation of GR induces adipogenesis 

[192].  

Osteogenic differentiation was performed with: 

- L-Ascorbic acid 2-phosphate. It mediates the secretion of collagen type I [193].  

- β-Glycerol phosphate. It provides phosphate for the formation of hydroxyapatite, the 

main bone mineral [193]. 

- 1α,25-Dihydroxyvitamin D3. It increases the expression of BGLAP and ALPL [194].  

- Dexamethasone. It induces the expression of the key transcription factor RUNX2 and 

regulates its activity [193]. 

SCP-1 cells were differentiated to reach two aims: (i) functional confirmation of the HSD11B1 

overexpression and knockout in SCP-1 cells (chapter 4.2.3) and (ii) analysis of the influence of 11β-HSD1 on adipogenic and osteogenic differentiation (chapter 4.2.5; Figure 15). 

In order to reach aim (i), differentiation was performed in 6-well plates with 4x104 SCP-1 cells 

per well. To this end, the cells were detached and directly added into 2 ml medium. For the 

first four days of adipogenic differentiation, only insulin was added. Differentiation was 

performed in duplicates. As a control, cells were cultured without stimulants. The medium 

was replaced every 3-4 days. 

In order to reach aim (ii), differentiation was performed in 24-well plates with 8x103 SCP-1 

cells per well. Adipogenic and osteogenic-vitd3 differentiations were performed with 500 µl 
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medium, osteogenic-dexa differentiation with 400 µl. Differentiations were performed in 

three to four replicates. Undifferentiated control cells were also cultured. The medium was 

replaced every 3-4 days. 

Visual appearance of the cells was documented either with an AxioObserver.D1, an 

AxioObserver.Z1 or a Rebel microscope. 

 

Table 10. Composition of differentiation media The given substances or solvents were 
added freshly to complete culture medium. 

Type of 

differen-

tiation 

Culture 

medium 
Stimulant Stock Solvent 

Final 

concentration 

adipogenic 

DMEM high 
glucose1, 
10% FCS 
1% P/S 

dexamethasone 
or 

cortisone 

1 mM 
 

10 mM 
100% EtOH 

1 µM 
 

5 µM 
IBMX 500 mM DMSO 500 µM 

insulin 
100 I.E. 

(3,5 mg/ml) 
 0,1 mg/ml 

indomethacin 200 mM DMSO 200 µM 

osteogenic-
vitd3 

DMEM high 
glucose1, 
10% FCS 
1% P/S 

L-ascorbic acid 
2-phosphate 

173 mM H2O 173 µM β-glycerol 
phosphate 

1 M H2O 10 mM 1α,25-
dihydroxy-
vitamin D3 

50 µM 100% EtOH 50 nM 

(cortisone) 10 mM 100% EtOH 5 µM 

undifferen-
tiated 

DMEM high 
glucose1,  
10% FCS 
1% P/S 

- - 100% EtOH 0.1% 

- - DMSO 0.2% 

osteogenic-
dexa 

DMEM low 
glucose2, 
10% HPL 

1% GlutaMAX 
1% P/S 

L-ascorbic acid 
2-phosphate 

50 mM H2O 50 µM β-glycerol 
phosphate 

200 mM H2O 10 mM 

dexamethasone 
or 

cortisone 

1 mM 
 

10 mM 

H2O 
 

100% EtOH 

100 nM 
 

5 µM 

undifferen-
tiated 

DMEM low 
glucose2, 
10% HPL 

1% GlutaMAX 
1% P/S 

- - - - 

1 DMEM, w 4.5 g/l glucose, w L-glutamine, w/o sodium pyruvate, w 3.7 g/l NaHCO3, 2 DMEM, 
w 1.0 g/l glucose, w/o L-glutamine, w sodium pyruvate, w 3.7 g/l NaHCO3 
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Figure 15. Overview of differentiation workflow and readout analyses of the different 

differentiation approaches They served (a) to functionally confirm HSD11B1 
overexpression and knockout and (b) to analyse the influence of 11β-HSD1 on adipogenic and 
osteogenic differentiation. Dashed lines mark days of medium change. 
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3.4.9 Determination of cell viability 

Prior to the ALP assay (chapter 3.4.10) or staining (chapters 3.4.12, 0), the cell viability of 

differentiated SCP-1 cells was determined using the resazurin-based PrestoBlue Cell Viability 

Reagent. In living cells, resazurin is reduced to the fluorescent resorufin. Thereby, viability of 

cells can be determined by measuring the fluorescence intensity at 590 nm, after excitation 

at 560 nm.  

Culture medium was replaced by culture medium mixed with PrestoBlue Reagent (10+1), 

followed by incubation at 37°C in a CO2-incubator for 1 h. A blank control was also incubated.  

Subsequently, the fluorescence intensity was directly detected in the cell culture plate using 

the Tecan infinite m200. 

 

3.4.10 ALP assay 

The enzyme alkaline phosphatase (ALP) is a marker for osteogenic differentiation. Its activity 

can be determined by a colorimetric assay where ALP hydrolyses p-nitrophenyl phosphate 

(pNPP) to p-nitrophenol (pNP). This product appears yellow with an absorbance maximum 

at 405 nm. The assay was performed as described by Krause et al. (2011) [195].  

After the cell viability was determined (chapter 3.4.9), the cells and blank wells were washed 

with 400 µl PBS and then with 500 µl AP Buffer (100 mM NaCl, 100 mM Tris, 1 mM MgCl2, pH 

9.0). Subsequently, 250 µl AP Buffer and 250 µl pNPP solution (1 mg/ml in 1 M 

diethanolamine, pH 9.8) were added. The cells were incubated at 37°C in a CO2-incubator for 

10 min. The reaction was stopped by addition of 500 µl 1 N NaOH. Duplicates of 100 µl per 

well were transferred to a 96-well plate and the absorbance at 405 nm was determined in a 

microplate reader. After blank correction, the concentration of pNP, i.e. consumed pNPP, was 

determined using the modified Beer-Lambert equation: 

𝑐 = 𝐴18450 𝑙𝑚𝑜𝑙 × 𝑐𝑚 × 𝑑 × 𝑑𝑓 

with A being the absorbance, 18450 l x mol-1 x cm-1 being the extinction coefficient for pNP, d 

being the optical path length of 0.2598 cm and df the dilution factor of 2. Subsequently, the 

calculated concentration was used to determine the pNPP consumption in nmol per well and 

minute.  
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3.4.11 Fixation of cells 

Cells were grown and differentiated in 24-well plates. On day 16 or 22 of differentiation, the 

cell viability was determined (chapter 3.4.9) and the cells were fixed. Fixation was performed 

with a 4% paraformaldehyde (PFA) solution. To prepare this solution, 2 g PFA were dissolved 

in 50 ml 1x PBS (pH7.2) by stirring at 60°C for 10 min and subsequent step-wise addition of 

10 N NaOH, until the solution cleared. Finally, the pH was adjusted to 7.2 applying HCl.  

To fix the cells, the culture medium was removed and the cells were washed with 600 µl PBS. 

Then, 400 µl 4% PFA were added, followed by a 10-min incubation at room temperature. 

Subsequently, the paraformaldehyde was removed and the cells were washed with 600 µl 

PBS. Until staining, the cells were stored in 500 µl PBS at 4°C.  

 

3.4.12 Staining and quantification of lipid droplets 

Lipid droplets in differentiated SCP-1 cells were stained with the lipophilic and fluorescent 

dye Nile red. To allow normalisation on cell number, staining of the nuclei was performed 

with DAPI.  

One day after fixation (chapter 3.4.11), the PBS on the cells was replaced by 500 µl fresh PBS 

and the background fluorescence was detected in a Tecan infinite m200 microplate reader. 

Nile red (1 mg/ml in methanol) and DAPI (1 mg/ml in water) stock solutions were diluted 

1:1000 in PBS. Subsequently, the cells were incubated with 400 µl of this staining solution in 

the dark at room temperature for 15 min. Thereafter, the cells were washed three times with 

600 µl PBS, overlaid with 500 µl PBS and the fluorescence intensity was detected in the 

microplate reader. Fluorescence and background for Nile red and DAPI were detected at 

538 nm after excitation at 485 nm and at 454 nm after excitation at 364 nm, respectively. Per 

well, multiple reads (4x4, 2000 µm border) were performed that were averaged afterwards. 

For both dyes, the background values were subtracted from the fluorescence values and Nile 

red measurements were normalised on DAPI. In the following, microphotographs were taken 

using a LSM780 with a 10x EC PlnN 10X/0.3 DICI M27 objective.  
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3.4.13 Staining and quantification of calcium deposits 

The success of osteogenic differentiation can be assessed by staining of calcium deposits. 

Alizarin Red S binds calcium forming a red complex.  

Fixed cells (chapter 3.4.11) were washed with 600 µl water and subsequently stained with 

300 µl Alizarin Red S solution (40 mM). After a 10-min incubation at room temperature, the 

cells were carefully washed three times with 600 µl water. Before quantification, macro- and 

microphotographs (Rebel microscope, Plan Achromat 4x/0.13 objective) were taken. Then, 

500 µl 10% cetylpyridinium chloride were added and the plate was placed on an orbital 

shaker until all Alizarin Red was dissolved. Per well, 100 µl were transferred in duplicates 

into a 96-well plate. Finally, the absorbance at 562 nm was determined in a microplate reader.  
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3.5 Protein biochemical techniques 

3.5.1 Isolation of membrane proteins for Western Blot analyses 

Membrane protein was isolated for Western Blot analyses. SCP-1 cells were either 

differentiated adipogenically for 14 days or cultured without stimulants in a 6-well plate. The 

cells were detached and pelleted by centrifuging at 300 g for 3 min. The supernatant was 

thoroughly removed and the pellet was either immediately processed or stored at -80°C.  

On the day of isolation, frozen cell pellets were gently thawed on ice and washed with PBS. In 

doing so, three wells of a 6-well plate were pooled. Subsequently, the pellets were 

resuspended in 30 µl 5 mM Tris-HCl (pH 7.4) supplemented with 100 µM PMSF, 1 µM 

leupeptin and 3 µg/ml aprotinin (all protease inhibitors). Then, the suspension was snap-

frozen in liquid nitrogen and thawed at 37°C in a water bath. This procedure was repeated 

four more times to allow proper disruption of the cells. Then, the lysate was transferred into 

a 1.5 ml ultracentrifuge tube and centrifuged in an ultracentrifuge at 100,000 g and 4°C for 

30 min. The supernatant was discarded and the pelleted membranes were resuspended in 

20 µl 5 mM Tris-HCl supplemented with protease inhibitors (see above). The pelleted 

membranes were further disrupted by passing through a 27G needle. The lysate was stored 

on ice.  

In the following, the protein amount was quantified and 50-µg aliquots were prepared. For 

long-term storage, the isolates were transferred to -80°C.  

 

3.5.2 Isolation of nuclear proteins for EMSA 

For EMSA analyses nuclear proteins were isolated to allow analyses of transcription factor 

binding to SNP sites. Proteins were isolated according to a modified form of the protocol of 

the CelLytic™ NuCLEAR™ Extraction Kit (Sigma-Aldrich, St. Louis, MO, USA) using self-made, 

modified buffers. 
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Table 11. Composition of buffers for isolation of nuclear proteins 

Substance Final concentration 

Buffer A 
HEPES-KOH pH 7.9 at 4°C 10.0 mM 
MgCl2 1.5 mM 
KCl 10.0 mM 
DTT* 0.5 mM 
PMSF* 2.5 mM 
Sodium orthovanadate* 1.0 mM 
Buffer B 

HEPES-KOH pH 7.9 at 4°C 20.0 mM 
NaCl 420.0 mM 
MgCl2 1.5 mM 
EDTA 0.2 mM 
Glycerol 25% 
Nonidet P-40 substitute 1% 
Sodium deoxycholate 0.5% 
DTT* 0.5 mM 
PMSF* 2.5 mM 
Sodium orthovanadate* 1.0 mM 

* added immediately prior to use 

 

Approximately, 1x108 HepG2 and SCP-1 cells were detached, transferred to pre-cooled 50-ml 

tubes and pelleted by centrifugation at 300 g and 4°C for 5 min. The following steps were 

performed on ice. After discarding the supernatant, the cells were washed by resuspending 

in 10 ml pre-cooled 1x PBS supplemented with 1 mM sodium orthovanadate and centrifuged 

at 600 g and 4°C for 5 min. As before, the supernatant was discarded. The cells were 

resuspended in 1.5 ml 1x PBS supplemented with 1 mM sodium orthovanadate, transferred 

into a 2 ml reaction tube and centrifuged at 600 g and 4°C for 5 min. After having discarded 

the supernatant, the packed cell volume (PCV) of the cell pellet was estimated, in µl. Then, the 

pellet was resuspended in the 5-fold PCV of pre-cooled Buffer A and incubated on ice for 

30 min to allow swelling of the cells. Afterwards, the disruption of cells was supported by 

application of a pre-cooled glass tissue homogenizer and validated under the microscope. Per 

100 µl suspension, 10 µl of a 10% Nonidet P-40 substitute solution were added, followed by 

thorough mixing. After centrifugation at 11,000 g and 4°C for 2 min, cytoplasmic protein can 

be found in the supernatant which was discarded. The pellet was overlaid with 2/3x PCV of 

Buffer B and incubated at 1800 rpm and 4°C for 30 min. Thereafter, the suspension was 

centrifuged at 17,000 g and 4°C for 10 min and the supernatant, containing the nuclear 

proteins, was transferred into a new 1.5 ml reaction tube. To enhance the protein yield, the 

pellet was overlaid with 1/3x PCV of Buffer B and incubated as before for 3 h. Then, the 

suspension was centrifuged as before and the supernatant was pooled to the first supernatant 
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transferred. Finally, the protein concentration was determined by BCA assay (chapter 3.5.3) 

and the isolate was aliquoted and stored at -80°C. 

 

3.5.3 Protein quantification 

To determine the protein concentration in total or nuclear protein isolates, the Pierce™ BCA 
Protein Assay Kit was used. This assay is based on the biuret reaction where protein reacts 

with copper in an alkaline environment [196]. In this reaction Cu2+ ions are reduced to Cu+ 

ions that are complexed by BCA (bicinchoninic acid). This reaction leads to a purple coloured 

complex that can be quantified. The absorbance at 562 nm is linear with rising protein 

concentrations. 

At first, the standard dilutions were prepared. To this end, BSA (2 mg/ml) was diluted in the 

experiment-specific lysis buffer to final concentrations of 0 μg/ml, 31.25 μg/ml, 62.5 μg/ml, 
125 μg/ml, 250 μg/ml, 500 μg/ml, 1000 μg/ml and 2000 μg/ml. The samples were diluted 
1:5 and 1:10 in the same lysis buffer. Of each standard and sample dilution 10 µl were added 

to a 96-well plate, each in triplicates. The working reagent was prepared according to the manufacturer’s instructions by mixing the BCA-containing Reagent A with the copper-

containing Reagent B in a 50:1 ratio. Subsequently, 200 µl of the working solution were 

applied to each well and the plate was incubated at 37°C for 30 min. Afterwards, the 

absorbance at 562 nm was measured in a Tecan Ultra (for EMSAs) or a Tecan infinite m200 (for β-galactosidase assay, Western Blot) microplate reader. To determine the protein 

concentration, first, the average absorbance of the blank was subtracted from the standard 

and sample dilutions. Then, the values of the standard dilutions were plotted against their 

known concentration. The standard curve was determined by linear regression. The protein 

concentration of the samples was calculated by reference to the standard curve as mean of 

the triplicates and dilutions. 

 

3.5.4 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) 

SDS-PAGE [197] is a discontinuous gel electrophoresis system with which proteins can be 

separated solely according to their molecular weight. This is achieved by addition of SDS 

resulting in inhibition of protein-protein interactions, denaturation and negative charging of 
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proteins [198]. Hence, neither conformation nor native charges of amino acids affect 

separation. 

The gel electrophoresis was performed with a 12.5% separation gel (12.5% acrylamide/ 

bisacrylamide, 0.4 M Tris pH 8.8, 0.1% SDS, 0.1% APS, 0.01% TEMED) which was overlaid 

with a 4% stacking gel (4% acrylamide/bisacrylamide, 0.1 M Tris pH 6.8, 0.1% SDS, 0.1% APS, 

0.01% TEMED). While ammonium persulfate (APS) and tetramethylethylenediamine 

(TEMED) cause polymerization of acrylamide to polyacrylamide, bisacrylamide is needed to 

establish the porous structure of the gel as it acts as a cross-linker for the polyacrylamide 

chains [198]. 

After protein isolation (chapter 3.5.1), aliquots of 50 µg protein mixed with water were 

prepared and stored at -80°C. On the day of SDS-PAGE, 4x Laemmli Buffer (20% glycerol, 

100 mM Tris-HCl pH 6.8, 0.02% Orange G, 6% SDS, 2% DTT) was supplemented with 

2-mercaptoethanol (1:10) and added to the protein sample in a 1:4 dilution. The proteins 

were gently denatured at 37°C for 30 min. Two-mercaptoethanol serves in the destruction of 

tertiary protein structures as it reduces disulphide bonds. After the gel was transferred to the 

running chamber and the chamber was filled with Tank Buffer (25 mM Tris base, 192 mM 

glycine, 3.5 mM SDS), the samples and a molecular weight marker were loaded onto the gel. 

A voltage of 80 V was applied for passage of the stacking gel and 120 V for the separation gel 

electrophoresis. When the dye front reached the bottom of the gel, the proteins were 

transferred onto a nitrocellulose membrane (chapter 3.5.5).  

 

3.5.5 Western Blot 

To allow detection of distinct proteins after SDS-PAGE, the separated proteins were 

transferred onto a nitrocellulose membrane by Western Blot [199], also known as 

immunoblot. As the name suggests, antibodies are applied for detection of the proteins. A 

protein-specific primary antibody will detect the protein of interest and a labelled secondary 

antibody will bind to the primary antibody and allows detection. Here, fluorescence was 

chosen as detection method with the signal intensity being proportional to the amount of 

protein. 
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Figure 16. Schematic representation of the Western Blot setup The gel and membrane 
were placed between three layers of filter paper and foam pads. Under constant amperage, 
the proteins migrate towards the anode and are bound by the membrane. 

 

The proteins were transferred applying the tank blot procedure. As shown in Figure 16, the 

gel and the nitrocellulose membrane were placed between three layers of filter paper (on 

each side) and foam pads in a gel holder cassette. The membrane was sited to the anode, the 

gel to the cathode. The gel holder cassette was placed in an electrode assembly which was 

transferred to a buffer tank. The very was filled with pre-cooled Towbin buffer (25 mM Tris, 

192 mM glycine, 30% methanol). To prevent heating of the buffer during blotting, a cooling 

unit was placed into the tank which was additionally placed in ice. The blot was performed at 

a constant amperage of 370 mA for 1.5 h. As the proteins are negatively charged by SDS, they 

migrate towards the anode and are covalently bound by the membrane. The success of the 

transfer was evaluated by reversible staining with Ponceau S Solution. The stain was 

documented applying a BioRad ChemiDoc™ XRS Imaging System and the Quantity One 

software. As both primary antibodies used originate from rabbit, the membrane was cut 

horizontally to circumvent cross-detection with the secondary antibody. Subsequently, the 

membranes were washed with TBST (25 mM Tris, 136 mM NaCl, 3 mM KCl, 0.04% Tween 20) 

until the stain was removed. TBST was renewed every 5 min. Then, the membranes were 

blocked in TBST with 10% (v/v) FCS on a shaking platform at room temperature for 1 h. 

Blocking reduces unspecific binding of antibodies to the membrane. Thereafter, the 

membranes were washed three times with TBST for 5 min and incubation with a primary 

antibody solution followed at 4°C in a tube rotator for 48 h (anti-HSD11B1) or overnight 

(anti-Na+/K+-ATPase). Then, the antibody solution was removed and the membranes were 

again washed three times with TBST. The secondary antibody was incubated at room 
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temperature on a shaking platform for 1 h. The dilution and solution for each antibody used 

can be found in Table 12. After washing three times in TBST, the blot was developed with the 

Odyssey® CLx and the Image Studio™ software by detection of fluorescence at 700 nm 

(HSD11B1) or 800 nm (Na+/K+-ATPase).  

 

Table 12. Antibody solutions used 

Antibody Dilution Solution 

Primary antibodies 

Anti-HSD11B1 1:1000 TBST/ 0.05% sodium azide 
Anti-Na+/K+-ATPase 1:2000 TBST/ 0.05% sodium azide 
Secondary antibodies 

Goat anti-rabbit 700 1:20000 TBST/ 0.05% sodium azide 
Goat anti-rabbit 800 1:20000 TBST/ 0.05% sodium azide 

 

Signals were quantified with the help of the Image Studio™ software. For graphical 

representation, the relative 11β-HSD1 protein level was calculated as ratio of 11β-HSD1 

protein expression and sodium potassium ATPase protein expression.  

 

3.5.6 Targeted proteomics 

Targeted proteomics served to confirm the results of 11β-HSD1 quantification using Western 

Blot. Wildtype, knockout and overexpressing SCP-1 cells were differentiated adipogenically 

each in three T75 flasks for 14 days. Then, the cells were detached, pooled (cell line-wise), 

washed with PBS and stored at -80°C. 

Targeted proteomics analyses were kindly performed by Christoph Wenzel (Institute of 

Pharmacology, University Medicine Greifswald).  

At first, the membrane fractions were isolated with the ProteoExtract® Native Membrane 

Extraction Kit according to the manufacturer’s instructions and quantified by BCA assay. The 

isolation and all subsequent steps were performed in Protein LoBind tubes. In a volume of 

100 µl, the protein concentration was adjusted to 2 µg/µl with ammonium bicarbonate. 

Subsequently, 100 µl DTT (200 mM), 40 µl ammonium bicarbonate (50 mM, pH 7.8) and 10 µl 

ProteaseMAX (1%, m/v) were added and the protein solution was denatured by incubation 

at 60°C for 30 min. Then, the solution was placed on ice and alkylation was performed by 

addition of 10 µl iodoacetamide (400 mM) with subsequent incubation at 37°C for 15 min in 

a darkened water bath. Proteins were digested by addition of trypsin in a 1:40 
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(trypsin:protein) ratio. Here, 10 µl trypsin (0.5 µg/µl) were added, followed by 16-h 

incubation at 37°C in a water bath. The reaction was stopped by addition of 20 µl formic acid 

(10%, v/v). The samples were stored at -80°C. 

On the day of analysis, the samples were centrifuged at 16,000 g and 4°C for 15 min. 

Quantification was performed in a 5500 QTRAP® mass spectrometer coupled to a 1260 

Infinity HPLC system with a Kinetex® C18 column (100×2.1 mm, 2.6 µm particle size). An 

injection volume of 20 µl was used. Solvent A (0.1% formic acid in acetonitrile) and Solvent B 

(0.1% formic acid in water) were mixed applying a gradient over time (Table 13). 

 

Table 13. HPLC solvent gradient used for targeted proteomics 

Step Total time (min) Flow rate (µl/min) A (%) B (%) 

0 2.00         200          2.0   98.0 
1 3.00         200          2.0   98.0 
2 40.00         200          25.0  75.0 
3 40.10         200          25.0  75.0 
4 53.00         200          50.0  50.0 
5 53.10         200          60.0  40.0 
6 56.00         200          60.0  40.0 
7 56.10         200          2.0   98.0 
8 65.00         200          2.0   98.0 

  

The peptide QEEVYYDSSLWTTLLIR was chosen for detection. It targets the C-terminus of 11β-HSD1 at 253-269 aa (UniProtKB P28845). For normalisation, Na+/K+-ATPase protein 

level was detected with the peptide LSLDELHR. The MS detection parameters applied are 

listed in Table 14. The measurement was performed in three replicates. 

Here, no exact quantification was performed. Instead, the ratio of the area under curve (AUC) 

was compared between wildtype, knockout and overexpressing cells. To this end, the area 

under the curve was automatically determined by the Analyst 1.6.3 software. For 11β-HSD1 

four and for Na+/K+-ATPase three mass transitions were analysed. For graphical representation, the relative 11β-HSD1 protein level was calculated as ratio of the mean of the four 11β-HSD1 measurements and the mean of the three Na+/K+-ATPase measurements.  
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Table 14. MS detection parameters used for targeted proteomics  

Protein Q1 Q3.1 Q3.1-

CE 

Q3.2 Q3.2-

CE 

Q3.3 Q3.3-

CE 

Q3.4 Q3.4-

CE 

DP EP CXP 11β-
HSD1 

706.9 401.5 23 649.0 33 902.7 26 716.5 31 140 10 13 

Na+/K+-
ATPase 

328.3 435.2 15 391.7 14 669.3 15   100 10 13 

Q, quadrupole; CE, collision energy; DP, declustering potential; EP, entrance potential; CXP, collision cell exit 
potential 

 

3.5.7 Electrophoretic mobility shift assay (EMSA) 

With the Electrophoretic mobility shift assay (EMSA) the binding of proteins (e.g. 

transcription factors) to a specific DNA sequence can be analysed [200,201]. To this end, a 

non-denaturing (native) gel electrophoresis is used that ensures conservation of the natural 

folding state of the DNA-bound proteins. The DNA-protein complexes migrate slower through 

the gel than the free probe. The migration of the complexes is influenced by charge and shape 

of the protein. To visualize the complexes, the probe is labelled radioactively or fluorescently. 

When bound by a protein, a shifted signal will be detected (Figure 17). If the consensus 

sequence is known, the specificity of the interaction can be proven by competition with 

unlabelled specific or mutated probes. If the protein is known, the shift can be further 

enhanced by incubation with a specific antibody, resulting in a so called supershift. 
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Figure 17. Schematic representation of an EMSA with gel separation of the complexes 

(left) and detection of the labelled probe (right) When only labelled probe is added, a 
signal will be detected at the bottom of the gel. A DNA-protein complex will migrate slower 
and a shifted signal will be detected. Addition of an unlabelled specific competitor but not of 
a mutated competitor will reduce or abolish the shifted signal. Incubation with a specific 
antibody will result in a supershift. 

 

3.5.7.1 Generation of α-32P-labeled probes 

To visualize the DNA-protein complexes, the probes need to be labelled. As mentioned before 

the same oligonucleotides that were designed for reporter gene assays were applied for EMSA 

(chapter 2.4). After hybridisation, a 5’ overhang was formed that was used for radioisotope 

labelling.  

The labelling reaction was set up as follows and incubated at 37°C and 450 rpm for 1 h.  

Reaction mix per sample – labelling reaction 

ds-oligonucleotide (2 µM) 1 µl 

dNTPs (A, G, T, 1 mM each) 1 µl 

10x Klenow Buffer 2 µl 

ddH2O 13 µl 

Klenow Fragment (10 U/µl) 1 µl α-32P-dCTP (10 µCi/µl) 2 µl 
 The Klenow enzyme is a fragment of the DNA Polymerase I that still holds 5’→3’ polymerase and 3’→5’ exonuclease activity. By this, the oligonucleotides are labelled radioactively at their 5’ end and the 3’ overhang is removed.  
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The labelling reaction was purified with the help of mini Quick Spin Oligo Columns. In 

advance, the columns were centrifuged at 3,200 g for 2 min to remove excess water. Then, the 

labelling reaction was pipetted onto the column and centrifuged at 3,200 g for 4 min. 

The amount of isotope-labelled probe was determined in a scintillation counter. To this end, 

1 µl probe was added to 4 ml liquid scintillator and measured in a scintillation counter. 

 

3.5.7.2 Binding reaction 

The binding reaction serves to facilitate potential binding of proteins to the isotope-labelled 

probes. It was performed in a total volume of 20 µl. First, 20 µg nuclear protein extract were 

pre-incubated with 2 µg of the unspecific inhibitor Poly dI-dC in a self-made buffer (20 mM 

HEPES pH 7.8, 1 mM EDTA pH 8.0, 0.5 mM DTT, 10% glycerol, 140 mM KCl) on ice for 10 min. 

Subsequently, 13.5 nCi of the isotope-labelled probe were added to the reaction mix which 

was incubated on ice for further 15 min. 

 

3.5.7.3 Native gel electrophoresis 

Separation of the (protein-bound) probes was performed by native gel electrophoresis with 

a 5% separation gel (5% acrylamide/bisacrylamide, 45 mM Tris, 45 mM boric acid, 1 mM 

EDTA, 1% w/v APS, 0.1% v/v TEMED). After the gel chamber was filled with 0.5x TBE (45 mM 

Tris, 45 mM boric acid, 1 mM EDTA), the binding reaction was mixed with 4 µl 6x loading 

buffer (30% v/v glycerine, 0.25% w/v bromphenol blue, 0.25% w/v xylene cyanol FF) and 

loaded onto the gel. After approx. 1.5 h at 180 V, the probes were sufficiently separated and 

the gel was transferred to a filter paper, covered with cling film and another filter paper and 

transferred to a gel dryer. The gel was dried applying vacuum at 80°C for 1.5-2 h. 

 

3.5.7.4 Developing  

EMSAs were developed by photostimulated luminescence. In a cassette, the dried gel was 

placed on a storage phosphor screen overnight. Signals were detected and analysed in the 

PhosphorImager Fujifilm BAS-1800 II with the help of the softwares Bas Reader v. 3.14 and 

AIDA Image Analyzer v. 4.15. For improved visualisation of the signals, the dried gel was 

transferred into an autoradiographic cassette on a radiographic film. After exposure for 

7-8 days at -80°C, the film was thawed at 80°C for a minimum of 30 min. Finally, the film was 

automatically developed in a Konica Minolta SRX-101A processor. 
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3.5.8 β-galactosidase assay 

To allow targeted integration of HSD11B1 into SCP-1 cells, the cells need an FRT site. This site 

is integrated into the genome randomly by stable transfection with the pFRT/lacZeo plasmid. 

To prove integration of the pFRT/lacZeo gene cassette into the genome of SCP-1 cells, the expression of β-galactosidase, which is encoded by lacZ, was analysed by a colorimetric 

activity assay in lysates with the β-Gal Assay Kit. β-galactosidase hydrolyses ortho-

nitrophenyl-β-D-galactopyranoside (ONPG) to β-D-galactose and o-nitrophenol (ONP) which 

results in a yellow colour formation that can be quantified by a photometer at 420 nm [202]. 

To prepare the lysates, approximately 4x106 cells were pelleted by centrifugation at 400 g for 

4 min. The cell pellet was washed twice with 10 ml 1x PBS. The washed cell pellet was 

resuspended in 200 µl lysis buffer (0.25 M Tris, pH 8.0) and transferred into a 1.5 ml reaction 

tube. To ensure complete lysis, the cells were snap-frozen in liquid nitrogen and thawed in a 

37°C water bath. After five freeze-thaw cycles, the suspension was transferred to an 

ultrasonic water bath for 30 sec. Another freeze-thaw cycle followed. Subsequently, the 

lysates were centrifuged at 25,000 g and 4°C for 10 min. The supernatant was transferred 

into a new 1.5 ml reaction tube and stored on ice. For the assay, a 96-well plate was pre-

loaded with 0 µg, 4 µg, 8 µg, 20 µg, 28 µg, 40 µg, 60 µg, 800 µg and 100 µg ONPG (0 to 25 µl of 

a 40 mg/ml stock solution). To each well, a mixture of 50 µl Cleavage Buffer (supplemented 

with 50 mM β-mercaptoethanol) and 10 µl lysate was added. The plate was incubated at 37°C 

for 30 min. Subsequently, the reaction was stopped by addition of 125 µl Stop Buffer and the 

absorption was measured at 420 nm in a Tecan infinite® m200 microplate reader. The 

amount of hydrolysed ONPG was calculated according to the following equation: 

𝑛𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑂𝑁𝑃𝐺 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑒𝑑 =  (𝑂𝐷420) × (𝑓𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑒𝑟 𝑤𝑒𝑙𝑙 [𝑛𝑙])(4500 𝑛𝑙𝑛𝑚𝑜𝑙 × 𝑐𝑚) × 𝑑  

where 4500 nl x nmol-1 x cm-1 is the extinction coefficient of ONP and d is the optical path 

length in cm. As the assay was performed in a microplate, the optical path length depends on 

the volume applied to each well. In this assay, the assay volume increased with increasing 

ONPG amount (see above). Hence, d was calculated for every well separately and ranged from 

0.4807 cm (0 µl ONPG, 185 µl final volume) to 0.6106 cm (50 µl ONPG, 235 µl final volume). 

The specific activity of the lysate is calculated as amount of hydrolysed ONPG per minute and 

protein mass in mg. Protein quantification was performed as described in chapter 3.5.3.  
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3.6 Measurement of 11β-HSD1 activity 

3.6.1 Stimulation with cortisone and cortisol 

To evaluate the success of overexpression or knockout of 11β-HSD1 in SCP-1 or HEK293 cells, a functional assay was performed. The activity of 11β-HSD1 can be determined based on the 

interconversion of cortisone and cortisol.  

To functionally validate the overexpressing and knockout SCP-1 cell lines, wildtype, 11β-

HSD1 overexpressing and knockout cells were adipogenically differentiated for 14 days 

(chapter 3.4.8). On day five and twelve of differentiation, cells were stimulated with 5 µM 

cortisone. To this end, FCS was substituted by BSA which was diluted in the medium from a 

20% stock solution to a final concentration of 0.1%. As an additional control, cell-free medium 

was incubated. After 48 h hours, the medium was removed and analysed. For mRNA isolation 

(chapter 3.2.1), the cells were detached, pelleted and stored in 350 µl RLT Plus Buffer 

supplemented with 1% 2-mercaptoethanol. To allow normalisation on protein level, cells 

were lysed with 300 µl RIPA buffer. After centrifugation at 16,000 g for 15 min, the 

supernatant was transferred into a fresh 1.5 ml reaction tube and the protein concentration 

was determined using the BCA assay. 

To identify the predominant reaction (reduction of cortisone to cortisol or oxidation of 

cortisol to cortisone), cells were stimulated with cortisone or cortisol in duplicates for 24 h. 

The analyses were performed with undifferentiated cells. To this end, 1x105 SCP-1 or 6x105 

HEK293 cells were seeded in a 12-well plate. To improve attachment of HEK293 cells to the 

plate, the respective wells were incubated with 500 µl poly-d-lysine for at least 20 min at 37°C 

in a CO2 incubator beforehand. The next day, the medium was removed and the cells were 

washed with 1 ml PBS. Cortisone and cortisol were added to final concentrations of 5 µM in 

FCS-free medium (see above). 

 

3.6.2 Sample preparation for LC-MS/MS measurement 

Cortisone and cortisol concentrations were determined extracellularly in medium and 

intracellularly in cell lysates. For differentiated SCP-1 cells only extracellular cortisol was 

determined. After cortisone or cortisol stimulation, the medium was transferred into a 1.5 ml 

reaction tube. Subsequently, the cells were lysed by addition of 500 µl 80% acetonitrile 

supplemented with 50 ng/ml cortisol-d4 (internal standard). After a 10-min incubation, 

350 µl of the supernatant were transferred into a 1.5 ml reaction tube. The medium was 
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prepared by heavily mixing 200 µl with 800 µl 100% acetonitrile supplemented with 

50 ng/ml cortisol-d4. Both, the lysate and the medium, were centrifuged at 16,000 g for 

15 min to pellet the debris and 350 µl of the supernatant were transferred into a fresh 1.5 ml 

reaction tube. Standard dilutions with known concentrations (0.003 µM to 5 µM) of cortisone 

and cortisol were also prepared by serial dilution and lysed with 100% acetonitrile 

supplemented with 50 ng/ml cortisol-d4.  

Subsequently, the samples and standard dilutions were evaporated to dryness under nitrogen 

flow at 40°C. The dried pellet was resuspended in 200 µl 0.1% formic acid (50% 0.2% formic 

acid, 50% acetonitrile + methanol (6+1)) by vortexing. Then, the samples were either 

measured by LC-MS/MS or stored at -20°C.  

 

3.6.3 LC-MS/MS measurement 

Intracellular or extracellular concentrations of cortisone or cortisol were measured by 

LC-MS/MS. To this end, prepared cell lysate or medium samples (chapter 3.6.2) were 

centrifuged at 16,000 g for 5 min. Subsequently, 100 µl of the supernatant were transferred 

into a glass vial and 15 µl were injected into the LC-MS/MS system. The LC-MS/MS system 

consisted of an API 4000 QTRAP® tandem mass spectrometer with ESI interface coupled 

to a Shimadzu Nexera X2 UHPLC system with LC 30AD pumps and SIL 30AC autosampler.  

Samples were separated using a Brownlee SPP RP-Amide (4.6x100 nm, 2.7 µm particle size) 

column and a flow rate of 500 µl/min. Solvent A (0.1% formic acid in 90% acetonitrile + 

methanol (6+1)) was mixed in equal volumes with solvent B (0.1% formic acid in water).  

Detection of the substances was performed with the API 4000 QTRAP® mass spectrometer 

(Table 15, Table 16). Standard dilutions were simultaneously measured with the samples 

of unknown concentration. Quantification by integration of the area under the curve was 

automatically performed by the Analyst 1.7.0 software.  

 

Table 15. Substrate-specific experimental conditions using LC-MS/MS Cortisol-D4 was 
used as internal standard. 

Substance Mass transition 

(m/z) 

Retention time (min) Organic solvent in 

mobile phase 

Cortisone 361.1>163.0 3.05 45% 
Cortisol 363.1>121.2 3.12 45% 
Cortisol-d4 367.0>121.0 3.10 45% 
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Table 16. MS detection parameters for cortisone and cortisol detection 

Substance Mass 

(Da) 

DP CE CXP CAD CUR Gas 1 Gas 2 Temp ISV 

Cortisone 361.1>
163.0 

90 34 10 8 25 50 50 450 5500 

Cortisol 363.1>
121.2 

80 35 10 8 25 50 50 450 5500 

Cortisol-d4 367.0>
121.0 

95 37 10 8 25 50 50 450 5500 

DP, declustering potential; CE, collision energy; CXP, collision cell exit potential; CAD, collision 
gas; CUR, curtain gas; Temp, temperature; ISV, ion spray voltage 
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3.7 Bioinformatics methods 

References of the applied tools and databases are listed in chapters 2.16 and 2.17. 

3.7.1 Identification of potential regulatory functions of SNP sites 

The databases footprintDB and TFBIND were searched to identify potential transcription 

factor binding sites at the SNP sites. The footprintDB search comprised all original databases 

and Pfam domains. Additionally, the ChIP-Atlas – Peak Browser was applied to search for 

binding sites of transcription factors, RNA polymerase or regulatory proteins identified by 

DNase-seq experiments. To this end, all cell type classes were included into the search and 

the threshold for significance was set 50. Also, the ENCODE tracks in the UCSC Browser and 

the GTEx IGV Browser were used. 

 

3.7.2 Analysis of HSD11B1 RNA-Seq data 

In order to identify potential non-coding RNAs in HSD11B1 intron 5 or alternative 

spliceforms, RNA-Sequencing (RNA-Seq) data were analysed in cooperation with Stefan 

Simm (Institute of Bioinformatics, University Medicine Greifswald). To this end, the Gene 

Expression Omnibus (GEO) and ArrayExpress databases were searched for RNA-Sequencing 

experiments covering osteoblast, adipose tissue and liver samples in healthy H. sapiens. RNA-

Seq data sets of three samples for osteoblast (GEO: SRR4344084), adipose tissue 

(ArrayExpress: ERR315431) and liver (ArrayExpress: ERR315463) were retrieved from 

GSM2335733 (GEO) and E-MTAB-1733 (ArrayExpress).  

The sequencing reads were mapped against the reference chromosome sequence 

Homo_sapiens.GRCh38.100.chromosome.1 (chromosome 1 only) and whole genome 

Homo_sapiens.GRCh38.100.chr of H. sapiens (GRCh38.p13, Ensembl release 100). The 

mapping tool NextGenMap (NGM) was used to handle the expression of different tissue with 

highly divergent regions to the reference and HISAT2 was used to identify splice junctions. 

For visualisation of the mapped reads on the reference Picard tools was used to sort the 

mapped reads by position and visualisation was performed using the Integrative Genome 

Viewer (IGV).  

To identify regions of interest, IGV was used to extract expressed intergenic and intronic 

regions. Due to the low coverage of the analysed RNA-Seq experiment (liver: 1.0; AT: 0.26), 

regions of interest (ROI) were defined as regions with a minimum peak coverage of three 

reads. Additionally, the expressed region including the clinically associated SNP rs11811440 
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was defined as ROI with a minimum peak coverage of two reads. Applying these criteria, ROIs 

were defined across the complete length of intron 5 (209,707,128-209,732,437; hg38). The putative elongated 3’ UTR was entirely defined as ROI (approx. 209,735k - 209,739k; hg38).  

The expressed regions were used to perform a local alignment with the Rfam database using 

nhmmer to identify non-coding RNAs (ncRNAs). Due to the sequence length limit, the putative 3’ UTR was split into four sequences of approximate equal length. Additionally, the whole 

HSD11B1 intron 5 sequence was split to sequences with window sizes of 50 bp and 150 bp, and the 3’ UTR was split to sequences with a window size of 200 bp by local python scripts to 

perform a comparison to the Rfam database identifying possible ncRNA regions. Infernal 

(Inference of RNA Alignment) was used to align the sequences with cmsearch and cmscan 

under default parameters in the local and glocal (global with respect to the query model and 

local with respect to the target database) mode. The reporting E-value threshold was set to 

1.0 and the default inclusion threshold was set to below 0.01. The RNAcentral and GeneCards 

databases were used to identify genes and trait associations of the predicted ncRNAs. 

The RepeatMasker Web Server was applied to screen the intron 5 and 3’ UTR sequence 

against the Dfam 3.0 database to identify repetitive elements. The RMBlast search engine was 

used with default sensitivity.  

The online-tool SNiPA was used to identify SNPs in the putative 3’ UTR that are genetically 

linked to rs11811440. To this end, a linkage disequilibrium plot was generated using the 

GRCh37 genome assembly and the 1000 Genomes Phase 3 v5 variant set of the European 

population. The SNP rs11811440 was defined as the sentinel variant. 

3.7.3 Processing and analysis of NGS data 

To detect the sequence modifications caused by CRISPR/Cas9 mediated gene editing, next 

generation sequencing was performed. NGS data were kindly processed bioinformatically by 

Ana Tzvetkova (Institute of Bioinformatics, University Medicine Greifswald). For each clone, 

sequences with 99% identity were clustered together to allow for sequence dissimilarities 

caused by sequencing errors.  

Based on these sequence clusters, the types of sequence modifications were determined for 

each cell clone by alignment to the reference sequence (NG_012081.1) applying the Clone 

Manager 9 software. 
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3.7.4 CRISPR-Cas9 off-target identification 

CrRNAs that direct the Cas9 enzyme to its target sequence may also bind to off-target sites. 

To determine if non-target genes were edited, the sequences of predicted off-target sites for 

the crRNA Hs.Cas9.HSD11B1.1.AA were determined by capillary Sanger sequencing (chapter 

3.1.17) and compared to the sequences published in the NCBI Gene database. 

Sites to be sequenced were chosen based on their ranking in the IDT and CCTop off-target 

prediction. Off-target sites for the predesigned crRNA were automatically given by IDT. 

Additionally, 490 bp of the sequence surrounding the crRNA were analysed with CCTop 

(position 25692-26182 in NG_012081.1). The default settings were used (PAM type: NGG, 

target site length: 20 bp, core length: 12 bp, max. total mismatches: 4, max. core mismatches: 

2).  
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3.8 Clinical studies 

3.8.1 OsteoGene study 

The OsteoGene study is a prospective clinical study. In this work, the data of 232 patients 

were analysed. The study was approved by the Ethics Review Committee of the University 

Medical Center Göttingen and written informed consent was obtained from all patients 

participating in the study (registered at German Clinical Trial Register, DRKS, ID: 

DRKS00016601). 

Patient enrolment, documentation, sampling and analysis of clinical parameters were 

performed at the MVZ endokrinologikum Göttingen, Germany. Patients visited the MVZ for 

evaluation of osteoporosis. They were seen and enrolled by the MVZ resident physicians Prof. 

Dr. med. Heide Siggelkow, Dr. med. Annette Lamersdorf, Dr. med. Christina Heppner, Dr. med. 

Katja Gollisch and Dr. med. Annukka Jauho-Ghadimi. Patients aged between 18 and 88 years 

with a 20% increased 10-year fracture risk who signed the informed consent were enrolled. 

98.3% of the enrolled patients were therapy-naïve, i.e. they did not receive therapy with 

antiosteoporotic drugs. Patients treated with calcium, vitamin D, or hormone replacement 

therapy were also included. Patients treated with glucocorticoids (oral or inhalative) were 

excluded. The menopausal status was documented. The missing data on menopausal status 

were reviewed and for women > 55 years, that where not documented as premenopausal, the 

menopausal status was defined as “postmenopausal”.  
 

3.8.1.1 Genotyping 

DNA was isolated from blood (chapter 3.1.13). Subsequently, genotyping was performed as 

described in chapter 3.1.19.1. 

 

3.8.1.2 Dexamethasone suppression test 

To determine the levels of suppressed cortisol (post dexamethasone cortisol, PDC), a 

dexamethasone suppression test was performed by ingestion of 2 mg dexamethasone at 

22 pm. After an overnight fast, a blood sample was taken to analyse cortisol and ACTH 

concentrations, at 8 am.  
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3.8.1.3 Determination of BMD, TBS and fracture rate 

Areal BMD (g/cm²) was measured by bone densitometry applying dual energy X-ray 

absorptiometry (DXA) with a LUNAR Prodigy instrument (GE Healthcare) at the lumbar spine 

(L1-L4), femoral neck and total femur of both legs. Only unfractured vertebrae were used for 

analysis and at least two vertebrae had to be included. Based on BMD, the T-Score and Z-Score 

were calculated automatically by the instrument. With the T-score being -2.5 or lower, 

osteoporosis was diagnosed. GE Healthcare uses a male reference population to calculate T-

scores for male patients and a female reference population to calculate T-scores for female 

patients.  

The trabecular bone score (TBS) was determined at the spine by DXA measurement and 

measures the grayscale variation within DXA images. The TBS correlates to the 3-dimensional 

microarchitecture of the bone.   

Fracture rate was assessed either by already available X-ray or MRI scans, or vertebral 

fracture assessment by DXA scan.  

 

3.8.1.4 Laboratory measurements 

All laboratory tests were performed at the Amedes Laboratories GmbH. Suppressed cortisol 

(PDC) levels were determined in serum using the electrochemiluminescence immuno assay 

(ECLIA) Elecsys Cortisol II (Roche, Basel, Switzerland) and the cobas® analyser according to the manufacturer’s protocol. 
 

3.8.2 HSD study 

This work is based on the findings in the retrospective HSD study. The applied methods for 

collecting clinical and molecular data are published [121]. In this work, the data of 435 

subjects were analysed. DNA samples and data from this study were used for fine-mapping 

analyses. The data were further used for comparative analyses with the OsteoGene study. 

 

3.8.3 SHIP study 

The Study of Health in Pomerania (SHIP) is a population-based project examining the health 

status in North-East Germany [203]. In SHIP, the influence of the two SNPs rs11811440 and 

rs932335 in intron 5 of HSD11B1 on the presence of osteoporosis in the general population 
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was assessed. Moreover, the associations of the two SNPs with obesity, as defined by BMI and 

the amount of subcutaneous and visceral fat depots measured by MRI were analysed. 

SHIP consists of three cohorts, SHIP, SHIP-TREND and SHIP-NEXT, with regularly conducted 

follow-up examinations (Figure 18). For the present analyses data from two of the three 

cohorts, the SHIP and the SHIP-TREND cohort were examined. Both cohorts are based on 

representative samples of the 20–79 year old inhabitants of the study region that were drawn 

from local population registries. In the SHIP cohort, 4,308 subjects participated in the baseline 

examination (SHIP-0) between 1997 and 2001. The first follow-up examination was 

conducted between 2002 and 2006 (SHIP-1) with 3,300 subjects, and the second follow-up 

examination between 2008 and 2012 (SHIP-2) with 2,333 subjects being re-examined. The 

baseline SHIP-Trend examination was conducted in parallel to SHIP-2 between 2008 and 

2012 with 4,420 subjects.  

 

 
Figure 18. Study region, study cohorts and follow-up examinations of the SHIP study 

 

The SHIP programme offers a large range of standardised medical examinations, biomaterial 

sampling, and an extensive computer-aided personal interview on lifestyle and medical 

history to the study participants. Selected medical tests or biomarker measurements, were, 

however, restricted to specific study waves. Quantitative ultrasound measurements (QUS) at 

the heel were, for example, exclusively performed in SHIP-2 and SHIP-TREND-0. These two 

study waves were pooled for the statistical analyses and comprised 6,753 participants in 

total. The selection of the study population is described below and illustrated in a flow chart 

(Figure 19).  
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Figure 19. Selection of the study population SHIP, Study of Health in Pomerania; QUS, 
quantitative ultrasound; eGFR, estimated glomerular filtration rate; P1NP, intact amino 
terminal propeptide of type I procollagen; CTX, carboxy-terminal telopeptide of type I 
collagen. 

 

To assess the associations between the two SNPs rs11811440 and rs932335 and the bone 

phenotypes, the following exclusion criteria were applied: 

- missing exposure, outcome or covariate data; this includes missing QUS data, missing 

genotyping, missing information on BMI, smoking, alcohol consumption, physical 

activity, and hsCRP concentration 

- intake of systemic glucocorticoids (Anatomical Therapeutic Chemical Classification 

System: H02AB, H02B), bisphosphonates (M05BA, M05BB) or other drugs affecting 

bone structure and mineralisation (M05BX) 

- pregnancy, missing information on menopausal status in women, renal insufficiency 

defined as estimated glomerular filtration rate (eGFR) < 30 ml/min/1,73m² or 

missing eGFR 

This resulted in a study population of 5,264 participants. Among these a subsample of 3,361 

subjects had P1NP measurements and 3,328 subjects had CTX measurements.  

To assess the associations between the two SNPs rs11811440 and rs932335 and obesity, the 

following further exclusion criteria were applied: 

- missing MRI-based quantification of visceral (VAT) or subcutaneous (SAT) fat depots 
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This resulted in a study population of 2,575 participants.  

SHIP follows the recommendations of the Declaration of Helsinki and was approved by the 

ethics committee of the University of Greifswald. All participants provided informed written 

consent. SHIP data usage for the present analyses was applied for by Prof. Mladen Tzvetkov 

and approved by the Forschungsverbund Community Medicine (SHIP/2020/123/D). The 

analyses were performed in cooperation with Anke Hannemann (Institute of Clinical 

Chemistry and Laboratory Medicine, University Medicine Greifswald) and Stefan Weiß 

(Department of Functional Genomics, University Medicine Greifswald).  

 

3.8.3.1 Genotyping 

SHIP-2 participants were genotyped applying the Affymetrix Genome-Wide Human SNP 

Array 6.0 (Santa Clara, CA, USA). SHIP-TREND-0 participants were genotyped applying either 

the Illumina Infinium® HumanOmni2.5 BeadChip or the Illumina Infinium® Global Screening 

Array (San Diego, CA, USA). Genotyping was performed according to the manufacturer’s 
protocol. Using the HRC reference panel (version r1.1 2016), whole genome imputation was 

performed on the Michigan Imputation Server. 

 

3.8.3.2 QUS measurements 

The QUS measurements were performed with an Achilles InSight System (GE Medical Systems 

Ultrasound, GE Healthcare, Chalfont St Giles, UK), as previously described in detail [204]. With 

this technique the broadband ultrasound attenuation (BUA) and the speed of sound (SOS) of 

sound waves that pass through the participants’ heel are determined. These parameters are 

then used to calculate the stiffness index, applying the following formula: 𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 𝐼𝑛𝑑𝑒𝑥 = 0.67 × 𝐵𝑈𝐴 + 0.28 × 𝑆𝑂𝑆 − 420 

QUS measurements are not directly comparable to DXA measurements and currently not 

regularly used in diagnosis or monitoring of osteoporosis. However, QUS measurements can be used to predict an individual’s osteoporotic fracture risk, with higher stiffness index values 

indicating a lower risk. Participants with implants, prostheses or amputations in or below the 

knee, wounds or infections distal to the knee or edema were excluded from the QUS 

measurements. Moreover, QUS data were not used for the analyses when the participants 

reported the occurrence of an injury or operation below the knee in the 12 months prior to 

the measurement, used a wheelchair or could not correctly place the feet into the device. QUS 
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measurements were performed successively on both feet. The data from the foot with the 

lower stiffness index was used for statistical analyses. 

 

3.8.3.3 Laboratory measurements 

Venous blood samples were taken from all consenting participants. Serum high-sensitivity C-

reactive protein concentrations (hs-CRP) were measured on the Dimension Vista (Siemens 

Healthcare Diagnostics, Eschborn, Germany). Serum P1NP, CTX, and 25-hydroxy vitamin D 

(25OHD) concentrations were determined on the IDS-iSYS Multi-Discipline Automated 

Analyser (Immunodiagnostic Systems Limited, Frankfurt am Main, Germany) as previously 

described [205]. 

 

3.8.3.4 Determination of VAT and abdominal SAT 

Whole body MRIs were offered to all SHIP-2 and SHIP-TREND-0 participants. The MRI was 

performed on a 1.5-Tesla system (Magnetom Avanto, Siemens Healthcare AG, Erlangen, 

Germany, software version syngo MR B15), using a body phased-array coil. Axial 3D datasets 

using the 2-point Dixon technique were acquired. VAT and abdominal SAT were determined 

using the automatic tissue and labeling analysis software (ATLAS), an in-house developed 

software at the University of Ulm [206], followed by a manual correction of the results. VAT 

and abdominal SAT are presented as volumes in liters (l). 

 

3.9 Statistical methods 

Statistical analyses were performed with IBM SPSS Statistics v.26. Results were called 

significant when p ≤ 0.05. 

 

3.9.1 Statistical analyses of in vitro experiments 

Data obtained from dual luciferase assays were analysed with one-way ANOVA with post-hoc Tukey’s Test for multiple comparisons. In vitro data were visualised applying GraphPad Prism 

v5. 
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3.9.2 Statistical analyses of clinical studies 

Results of the clinical studies were visualised applying IBM SPSS Statistics v26. 

 

3.9.2.1 OsteoGene study 

Demographical and clinical characteristics of the study population are reported as medians 

with 1st and 3rd quartile. Scatter plots were generated to visualise the associaton of PDC levels 

with age and BMD. Correlation was analysed with Spearman’s Correlation coefficient rs and 

two-tailed significance testing. The mean PDC level or BMD for each of the genotypes of the 

HSD11B1 SNPs rs11811440 and rs932335 were visualised by simple error bar charts with 

the error bars representing the standard deviation. Boxplots served to visualise the 

distribution of PDC levels and BMD according to the genotypes of rs11811440 and rs932335. 

The Jonckheere-Terpstra test (trend test) was used to account for the gene dose effect of the 

SNP genotypes.  

Multivariable linear regression models were used to assess the associations between the 

SNPs (exposure) and the PDC level and BMD (outcomes). Sex, age and BMI were defined as covariates. The β-coefficients with standard errors and p-values were reported from both 

unadjusted and adjusted linear regression models. Interaction effects of sex, age or 

menopausal status (women only) on the analysed associations were assessed applying the 

PROCESS macro for SPSS. 

 

3.9.2.2 SHIP study 

Characteristics of the study population are presented as proportions or medians with 1st and 

3rd quartile. Boxplots for the stiffness index, BMI, VAT and SAT according to the genotypes of 

the HSD11B1 SNPs rs11811440 and rs932335 were created. The Jonckheere-Terpstra test 

(trend test) was applied to account for the gene dose effect of the SNPs.  

The associations between the SNPs (exposure) and the stiffness index or the two bone 

turnover markers (outcomes) were assessed in multivariable linear regression models. P1NP 

and CTX were log-transformed before being entered in the regression models. As covariates 

sex, age, BMI, smoking, alcohol consumption, physical activity, the hsCRP concentration and 

the intake of inhaled glucocorticoids (ATC R03BA) were defined. From unadjusted and fully-

adjusted linear regression models β-coefficients with standard errors and p-values were 

reported. To assess effect modification of sex, age or menopausal status (women only) on the 

examined associations, interaction effects were determined applying the PROCESS macro for 
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SPSS. The associations between the SNPs (exposure) and the parameters of obesity, were 

studied in another set of multivariable linear regression models with BMI, VAT and SAT as 

outcome variables. As covariate, physical activity was included in the models. Again, β-

coefficients with standard errors and p-values were reported. 
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4 Results 

In a retrospective clinical study on patients evaluated for osteoporosis, Siggelkow et al. 

identified an association of SNPs in the intron 5 of HSD11B1 with post dexamethasone cortisol 

levels and bone mineral density [121]. In this work, a deeper understanding of the role of 11β-

HSD1 in the development of osteoporosis should be gained. To achieve this, experiments were 

performed in different levels (Figure 20). In the first level, molecular genetic analyses were 

performed (i) to identify the native promoter, (ii) to analyse the influence of HSD11B1 intron 

5 SNPs on reporter gene activity and (iii) to identify potential binding sites of transcription 

factors or other putative regulatory sites in HSD11B1. In the second cell biological level, 

HSD11B1 overexpressing and knockout cells were generated. By differentiation of SCP-1 cells 

towards the adipogenic or osteogenic lineage, the influence of 11β-HSD1 on the 

differentiation of mesenchymal stem cells was determined. In the third level, a prospective 

clinical study, OsteoGene, which includes patients prospectively evaluated for genetic 

HSD11B1 effects on osteoporosis, was analysed to deepen and widen the results gained in the 

previously published study. 
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4.1 Molecular genetic analyses of the role of SNPs in intron 5 of 

HSD11B1  

Molecular genetic analyses were performed with the clinically associated SNP rs11811440 

and three further SNPs that are genetically linked to rs11811440 and lie in evolutionary 

conserved regions. Three different approaches were used to reveal the potential molecular 

genetic effects of rs11811440, rs11119328, rs1000283, and rs932335 variants (Figure 21): 

(i) EMSAs were performed to analyse DNA-protein binding on SNP sites, (ii) reporter gene 

assays served to determine the relevant basal promoter region in the SCP-1 and HepG2 model 

cells and to examine the role of the SNPs and SNP loci as enhancer or inhibitors of the basal 

promoter on transcriptional regulation, and (iii) bioinformatics analyses were performed to 

identify potential transcription factor binding sites or other regulatory regions. 

 

 

Figure 21. HSD11B1 gene structure and position of the analysed SNPs Approximate 
positions of the two alternative promoters P1 and P2, and the four SNPs analysed molecular 
genetically in this work are depicted. White boxes represent the 5’ and 3’ UTR, black boxes 
represent exons.  

 

 

4.1.1 Optimisation of transfection parameters for SCP-1 cells 

As immortalised mesenchymal stem cells that can be differentiated, SCP-1 cells are the model 

of choice for analysing the role of HSD11B1 in osteoporosis. However, transfection efficiency 

in SCP-1 cells is low. Therefore, as a first step, the transfection parameters were optimised to 

improve the transfection efficiency. To this end, transfections with varying cell number, 

different transfection reagents and different ratios of volume of transfection reagent to 

amount of plasmid DNA were performed in 12-well plates. SCP-1 cells were transfected with 

a GFP encoding plasmid. Using GFP enabled a fast and easy evaluation of transfection 

efficiency as cells expressing GFP can be visualised under the microscope applying a metal-

halide lamp (HXP). 
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Table 17. Parameters tested for optimisation of transfection of SCP-1 cells Cell number, 
type and volume of transfection reagent and DNA amount were varied. Parameters used for 
further transfection experiments are green shaded.   

Transfection 

reagent 
Cell 

number 
Transfection 

condition 
Obtained transfection 

efficiency 
Cell survival 

Lipofectamine® 
2000 

1x105 
1 +++ ++ 
2 +++ ± 
3 ++ ± 

3x105 
1 ++ ++ 
2 ++ ± 
3 ++(+) ± 

5x105 
1 + ++ 
2 ++ + 
3 +++ ± 

FuGENE® 6 

1x105 
1 ± +++ 
2 + +++ 
3 ++(+) ++ 

3x105 
1 - +++ 
2 ± ++ 
3 ++(+) ++ 

5x105 
1 - +++ 
2 ± ++ 
3 ++ ++ 

Transfection condition 1: 3 µl + 1 µg, condition 2: 5 µl + 2 µg, condition 3: 6 µl + 2 µg 

 

When 1x105 cells were plated, the cells showed 70% confluency after one day, i.e. the day of 

transfection. Higher cell numbers resulted in a very dense cell layer (≥100% confluency). 

Twenty-four hours after the transfection, the cell survival was evaluated and the transfection 

efficiency was determined by visualising the GFP signal (Table 17). The cell survival was 

monitored for further two days. Transfection with Lipofectamine was most efficient when 

1 µg DNA and 3 µl transfection reagent or 3 µg  DNA and 6 µl transfection reagent were used 

for the lowest (1x105) or the higher (3x105, 5x105) cell numbers, respectively. In contrast, 

transfection with FuGENE was most efficient with 3 µg DNA and 6 µl transfection reagent for 

all three cell numbers. The best transfection efficiency of both transfection reagents were 

comparable. However, lipofectamine treatment resulted in an increased cell death compared 

to treatment with FuGENE. Therefore, FuGENE was used for further transfections.  
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4.1.2 Effects of SNPs in HSD11B1 intron 5 on transcriptional regulation 

4.1.2.1 DNA-protein interaction 

EMSAs were performed to analyse protein binding to SNP sites in SCP-1 and HepG2 cells. 

Nuclear protein extracts of each cell line were incubated with 32P-labelled SNP probes 

(chapter 2.5) in three independent experiments. The consensus sequence of the CRE (cAMP 

response element) binding site served as a positive control. In the HepG2 nuclear extract, the 

consensus sequence of the HNF1 (hepatocyte nuclear factor 1) binding site served as an 

additional positive control. Representative images for each cell line are shown in Figure 22.  

With nuclear extract of SCP-1 cells, high signal intensity was determined when incubated with 

the CRE probe confirming the quality of the extracts and the validity of the assay (Figure 22a).  

With none of the SNP alleles comparable signal intensity was reached. Nevertheless, protein 

binding, indicated by mobility shift, was detected for rs11811440, rs11119328, and 

rs932335. With all three SNPs, allele-specific binding was identified. The signal intensity of 

the minor A-allele was higher than the signal intensity of the major C-allele of both 

rs11811440 and rs11119328. Of all examined SNPs, the strongest signal was detected with 

rs932335 where the major G-allele showed a stronger signal intensity than the minor C-allele. 

No clear binding was observed for rs1000283. 

Also in EMSAs with HepG2 nuclear extract the positive controls showed the highest signal 

intensity (Figure 22b). As with SCP-1 nuclear extract, protein binding to SNP sites was 

detected for rs11811440, rs11119328, and rs932335 in an allele-specific manner and no 

clear binding was observed for rs1000283. For rs11811440, a stronger DNA-protein binding 

was detected for the minor A-allele than for the major C-allele. Similar to what was observed 

with SCP-1 nuclear extract, rs932335 G-allele showed the strongest DNA-protein binding. 
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Figure 22. Protein-binding to HSD11B1 SNP sites EMSA was performed by incubating 32P-
labelled SNP probes with nuclear extracts of (a) SCP-1 and (b) HepG2 cells and subsequent 
native gel electrophoresis. For each SNP the first lane represents the common allele and the 
second lane the minor allele. CRE and HNF1 served as positive controls. Allele-specific 
protein-binding is detected by a shifted signal. For each cell line one representative EMSA is 
shown, n = 3. 
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4.1.2.2 Effect on reporter gene activity 

Reporter gene assays were performed to assess the influence of SNP sites on transcriptional 

regulation. Therefore, firefly luciferase was used as a reporter gene. To this end, SCP-1 and 

HepG2 cells were transfected with pGL3-Promoter reporter gene plasmids encoding the SNP sites 5’ to the SV40 promoter (chapter 3.1.9.1). Transfection of a control plasmid encoding 

the Renilla luciferase served as internal standard. The unmodified pGL3-Basic and pGL3-

Promoter vectors served as controls.  

In SCP-1 cells, luciferase activity changed only slightly when SNP sites were transfected, when 

compared to the negative control (the empty pGL3-Promoter vector; Figure 23a). The most 

distinct allele-specific effect was seen with rs11811440, where luciferase activity was 

increased 1.5-fold when the major C-allele was present instead of the minor A-allele, although 

it did not reach significance. Rs11119328 alleles had only limited effect. The major C- and 

minor T-allele of rs1000283 increased luciferase activity 1.5- and 1.25-fold, respectively. The 

opposite effect was determined for the two alleles of rs932335. 

In HepG2 cells, SNP sites increased luciferase activity but in an allele-unspecific manner 

(Figure 23b). Compared to pGL3-Promoter, rs11811440, rs1000283, and rs932335 

significantly increased luciferase activity 1.7-, 1.9-, and 1.8-fold, respectively. Rs11119328 

increased luciferase activity 1.4-fold. 

 

 
Figure 23. HSD11B1 SNP effects in (a) SCP-1 and (b) HepG2 cells Cells were transiently 
transfected with reporter gene plasmids. SNPs were located upstream of SV40 in the pGL3-
Promoter vector. Firefly luciferase activity was normalized on Renilla luciferase activity. No 
allele-specific effects were determined. SNP effects in HepG2 exceeded those in SCP-1 cells. 
Means ± SEM, n = 4-6 (SCP-1), n = 4-8 (HepG2). § p ≤ 0.01, # p ≤ 0.001 compared to pGL3-
Promoter, determined by one-way ANOVA with post-hoc Tukey’s Test. 
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Next, it was analysed whether the effects of the SNPs will be different when the native 

HSD11B1 promoter is used. Two alternative HSD11B1 promoters were described to regulate 

the transcription of the gene (Figure 5). To identify the native promoter in SCP-1 cells, 

reporter gene assays were performed in SCP-1 cells in comparison to the hepatic model cell 

line HepG2. To this end, both cell lines were transiently transfected with the reporter gene 

vector pGL3-Basic modified as to contain sequences of the HSD11B1 promoters P1 

(-2384/+168) and P2 (-812/+90). The pGL3-Promoter vector, which contains the strong 

SV40 promoter, was used as a positive control.  

In SCP-1 cells, P1 was highly active with luciferase activity being 15-fold increased compared 

to the negative control. In contrast, with P2 the increase was only limited (3-fold; Figure 24a). 

This corresponded to a 5-fold higher promoter activity of P1 when compared to P2 and 

indicates the predominant role of P1 in SCP-1 cells. None of the two promoters reached 

activity levels of the SV40 promoter. In HepG2 cells, only with P2 a slight 3-fold increase was 

detected indicating that none of the two HSD11B1 promoters is active in this model cell line 

(Figure 24b). 

 

 
Figure 24. HSD11B1 alternative promoter usage in (a) SCP-1 and (b) HepG2 cells Cells 
were transiently transfected with reporter gene plasmids. Firefly luciferase was either under 
control of one of the native promoters P1 or P2, or SV40 (pGL3-Promoter). No promoter was 
present in pGL3-Basic. Luciferase activity was normalised on Renilla luciferase activity. In 
SCP-1 cells P1 is the predominant promoter whereas in HepG2 none of the native promoters 
is active. Means ± SEM, n = 3 (SCP-1), n = 4 (HepG2).  
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In the next step, the strong SV40 promoter was replaced with either P1 or P2 to determine if 

SNP effects were not visible due to the highly active SV40 promoter in the reporter gene 

plasmids. Almost all SNP loci increased the luciferase activity of the P1 promoter (Figure 25a). 

Rs11811440 and rs1000293 increased the luciferase activity approximately 2-fold and 2.5-

fold, respectively, but in an allele-unspecific manner. In contrast, the effects of rs11119328 

and rs932335 were allele-specific. Only the rs1119328 minor A-allele, but not the major C-

allele, increased luciferase activity (2.5-fold). The strongest effect was observed with the 

rs932335 loci. Both the rs932335 G- and the C-alleles increased luciferase activity (2- and 5- 

fold, respectively) with the latter being significant (p ≤ 0.01). Thus, the effect was allele-

specific as the luciferase activity was 2.5-fold higher when the minor C-allele was present 

instead of the major G-allele. With P2 none of the SNP loci led to a change in luciferase activity 

(Figure 25b). 

 

 
Figure 25. HSD11B1 SNP effects in SCP-1 cells in presence of the native promoter (a) P1 

and (b) P2 Cells were transiently transfected with reporter gene plasmids. SNPs were located 
upstream of P1 or P2. Firefly luciferase activity was normalized on Renilla luciferase activity. 
With P1 SNP effects were detectable. The strongest effect was determined for rs932335 C-
allele. No effects were determined with P2. Means ± SEM, n = 4-5 (P1), n = 3-6 (P2). # 
p ≤ 0.001 compared to P1, determined by one-way ANOVA with post-hoc Tukey’s Test.  
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It was previously reported that P2 promoter activity depends on activation by the C/EBPα 
transcription factor [128]. To identify a possible influence of C/EBPα abundance in SCP-1 

cells, first, CEBPA mRNA expression levels were determined by RT-qPCR analyses in 

undifferentiated, osteogenically and adipogenically differentiated SCP-1 cells and compared 

to expression in liver (Figure 26a). As expected, the highest CEBPA expression was 

determined in liver. Low levels of CEBPA expression were observed in undifferentiated SCP-1 

cells (0.3 CEBPA transcripts/ 1000 ACTB transcripts). CEBPA expression increased 6-fold with 

adipogenic differentiation. In contrast, osteogenic differentiation resulted in a 3-fold decrease 

in CEBPA expression. 

To prove the dependence of HSD11B1 promoter activity on the transcription factor C/EBPα 

also in SCP-1 cells, a plasmid encoding for C/EBPα was co-transfected with the promoter 

constructs (Figure 26b). The co-transfection with P1 did not affect the luciferase activity. In 

contrast, co-transfection of P2 with C/EBPα increased luciferase activity 135-fold (p ≤ 0.001). 

This measured activity even exceeded the detected SV40 promoter activity by 35-fold.    

 

 

Figure 26. C/EBPα dependency of HSD11B1 alternative promoters P1 and P2 (a) CEBPA 
expression was determined in undifferentiated, osteogenically and adipogenically 
differentiated SCP-1 cells and liver by RT-qPCR. Differentiation was performed for 16 days. 
(b) Influence of C/EBPα on activity of the HSD11B1 alternative promoters P1 and P2 was 
determined by reporter gene assay. Means ± SEM, n = 3 and n = 1 (CEBPA expression in liver). 
*** p ≤ 0.001, determined by one-way ANOVA with post-hoc Tukey’s Test. 
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4.1.3 Bioinformatics analyses of the possible regulatory role of the intron 

5 of HSD11B1  

Reporter gene assays and EMSAs indicated a potential influence of the SNPs rs11811440, 

rs11119328 and rs932335 in intron 5 of HSD11B1 on transcriptional regulation. To assess if 

these SNPs affect transcription factor binding sites or other regulatory functions, the 

databases footprintDB and TFBIND were used to search within intron 5 for putative binding 

sites of transcription factors. The ChIP-Atlas – Peak Browser was used to search for binding 

sites of transcription factors, RNA polymerase or regulatory regions. Additionally, the 

ENCODE tracks in the UCSC Browser were used to gain a comprehensive insight into possible 

regulatory functions and the GTex IGV Browser eQTL data were analysed. However, with 

none of these databases a specific transcription factor binding site was identified.  

Alternatively, it was analysed whether the regions including the SNPs rs11811440, 

rs11119328, rs1000283 and rs932335 are expressed within different tissues and if they can 

be assigned to an ncRNA fulfilling a potential regulatory function. To this end, RNA-Seq data 

were used that was already available in open access databases. With its length of 

approximately 25 kb, intron 5 has an above average length compared to the average length of 

all introns in the human genome (5539 bp) [207]. To gain insight into possible alternative 

molecular genetic causes leading to the observed clinical association, RNA-Seq data from 

published datasets (GEO, ArrayExpress) were mapped against human chromosome 1. Data 

sets of adipose tissue and liver (one dataset each) were compared regarding expressed 

regions in intron 5 as potential ncRNAs (Figure 27) and splice junctions to identify potential 

alternative spliceforms (Figure 28). 

For the sample of osteoblast, the HSD11B1 region was not covered by reads. Therefore, the 

osteoblast sample was not included in further analyses. For the samples of adipose tissue and 

liver, the exons 2 to 7 were covered by reads (Figure 27). In adipose tissue, the maximum read 

count varied from 7 to 12 reads per exon. In liver, the maximum read count varied from 655 

to 1031 reads per exon. Exon 1 was not (adipose tissue) or only lowly (liver) covered. Reads 

also mapped to introns. Most of these reads were highlighted as mismatches indicating an 

unspecific mapping.  
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Figure 27. RNA expression in adipose tissue and liver RNA-Seq data were mapped against 
human chromosome 1 with NGM. The height of the peaks correlates with the number of reads 
mapped. The data range is given in square brackets in the top right corner (0-15 reads for 
adipose tissue, 0-1031 reads for liver). The maximum read count for each exon is given. 
Coloured reads indicate mismatches. In the reference approximate positions of the two 
alternative promoters P1 and P2 are depicted. White boxes represent the 5’ and 3’ UTR, black 
boxes represent exons. 

 

Splice junctions were identified using HISAT2. They clearly connect the annotated exons of 

HSD11B1 which is matching with the annotated reference transcripts (Figure 28). In adipose 

tissue, the junction coverage was low (two to nine mapped splice junctions). In liver, the 

junction coverage of the annotated exons was substantially higher (590 to 868 mapped splice 

junctions for exons 2 to 7). Several splice junctions were identified that were only rarely 

covered (less than 15 times), when compared to the junction coverage of the annotated exons 

(Appendix, Figure 97). These low count events were not in proximity to the SNPs of interest 

and were therefore excluded from the Sashimi plot  (Figure 28).  

 

 

Figure 28. Sashimi plot of HSD11B1 in adipose tissue and liver RNA-Seq data were 
mapped against human chromosome 1 with HISAT2. The height of the peaks correlates with 
the number of reads mapped. The data range is given in square brackets in the top right 
corner (0-12 reads for adipose tissue, 0-1043 reads for liver). Splice junctions are depicted 
by arcs connecting the peaks. The numbers of splice junctions are given. For adipose tissue 
the minimum junction coverage to be visualised was set 1, for liver the minimum junction 
coverage to be visualised was set 15. In the reference approximate positions of the two 
alternative promoters P1 and P2 are depicted. White boxes represent the 5’ and 3’ UTR, black 
boxes represent exons. 
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As a next step, the data were mapped against the whole genome resulting in reduction of the 

mismatches. In liver, but not in adipose tissue, reads mapped to regions in intron 5 

(Figure 29). One read mapped to rs11811440 but none mapped to rs11119328, rs1000283 

or rs932335.  

 

 

Figure 29. Regions of interest (ROI) in intron 5 for Rfam database search identified by 

mapping against the whole genome reference applying NGM Expression in intron 5 was 
detected in liver but not in adipose tissue. The height of the peaks correlates with the number 
of reads mapped. The depicted data range is given in square brackets in the top right corner. 
ROI for Rfam database search are highlighted in red. In the reference black boxes represent 
exons. 

 

Interestingly, in liver but not in adipose tissue, sequence reads were mapped across 

approximately 4,000 bp, downstream of the annotated 3’ UTR with the approximate position 

209,735k - 209,739k of hg38 (Figure 30). Although the region was not as highly covered by 

reads as exon 7 or the annotated 3’ UTR, this may indicate a regulatory function of this 

sequence in liver. 
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Figure 30. Putative elongated 3’ UTR in liver and region of interest (ROI) for Rfam 

database search identified by mapping against the whole genome reference applying 

NGM The 3’ UTR was clearly hit in adipose tissue and liver. The height of the peaks correlates 
with the number of reads mapped. In liver, the unannotated sequence downstream of the 3’ UTR also showed expression hits, even though with lower coverage (maximally 6.8% of the annotated 3’ UTR). The data range is given in square brackets in the top right corner. ROI for 
Rfam database search is highlighted in red. In the reference the white box represents the annotated 3’ UTR, black boxes represent exons. 

 

The question rised whether SNPs in intron 5 may indirectly affect the alternative 

transcription termination. To address this, the online tool SNiPA v3.4 was used to identify 

SNPs in the putative 3’ UTR region that are genetically linked to rs11811440 in intron 5. In 

the putative 3’ UTR five SNPs are located that are highly genetically linked to rs11811440 

(r² > 0.7; Figure 31): rs10863785, rs2064148, rs9430015, rs1337531 and rs2205985. In 

reference to the GTEX Portal V8, all these SNPs were annotated to have a direct regulatory 

effect (cis-eQTL) on the adjacent genes TRAF3IP3 and ADORA2BP1, in different tissues or cell 

types, including adipocytes. TRAF3IP3 is involved in immune response whereas ADORA2BP1 

is a pseudogene (GeneCards database). Rs2064148, rs9430015, rs1337531 and rs2205985 

were also identified as cis-eQTL of HSD11B1 in subcutaneous adipocytes.  

Also an annotated regulatory element was identified in this sequence. This element is an 

enhancer associated with the Calcium/calmodulin dependent protein kinase IG encoding 

gene (CAMK1G). But, none of the five SNPs is located in this element.  
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Figure 31. SNPs located in the putative 3’ UTR in liver are genetically linked to 

rs11811440 Five SNPs were identified that are more than 70% linked to rs11811440. Only 
SNPs with Linkage disequilibrium (LD) r² > 0.1 are depicted. 
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Subsequently, regions of interest (ROIs) of intron 5 and the putative 3’ UTR were aligned to 

the Rfam database to identify ncRNAs. Since the approximate coverage of the analysed RNA-

Seq experiment was rather low (liver: 1.0; adipose tissue: 0.26), three reads per ROI were 

defined the minimum peak read count in intron 5. Additionally, the region of rs11811440 was 

chosen with a peak read count of two reads. The chosen ROIs are depicted as red bars in 

Figure 29 and Figure 30. 

NcRNAs predicted for intron 5 ROIs are summarised in Table 18. HSALNT0237658 is a 

product of a small RNA (sRNA) gene. The remaining ncRNAs are predicted lncRNAs. The 

lncRNAs non-protein coding CASC15:23 and HSALNT0102470 are produced from the CASC15 

gene that is thought to be involved in carcinogenesis (GeneCards database). The most 

significant prediction was for HSALNT0030176 and HSALNT0030177. These originate from 

the lncRNA gene RMDN2-AS1. 

 

Table 18. Predicted human ncRNAs for the intron 5 ROIs  

 ROI position (hg38) 
Predicted ncRNA E-value 

Start End 

Intron 

209,709,529 209,709,660 
HSALNT0164657 1.4x10-1 

HSALNT0204591 5.8x10-1 

209,714,639 209,714,894 HSALNT0129271 2.8x10-5 

209,715,065 209,715,195 
non-protein coding CASC15:23 2.1x10+1 

HSALNT0102470 2.1x10+1 

209,719,256 209,719,490 HSALNT0237658 1.6x10-18 

209,719,552 209,719,740 
HSALNT0030176 1.1x10-34 

HSALNT0030177 1.1x10-34 

209,723,442 209,723,609 non-protein coding lnc-DOHH-2:1 1.4x10+1 

209,728,957 209,729,064 
HSALNT0211192 4.3x10+2 

non-protein coding ASH1L-AS1:10 4.3x10+2 

209,732,119 209,732,288 
HSALNT0137821 3.6x10+1 

HSALNT0194727 2.1x10+2 

 

To overcome a possible bias to shorter ncRNAs like microRNAs (miRNAs) a sliding window 

approach with 50 bp and 150 bp was performed. Significant hits of miRNAs and snoRNAs that 

met the inclusion E-value threshold of 0.01 were selected. Predicted ncRNA that were only 

known from plants were excluded. NcRNA for which hits were generated throughout the 

entire intron were also excluded. 
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MiRNAs and small nucleolar RNAs (snoRNAs) were predicted (Figure 32a). All predictions 

were located in the centre part or the 3’ end of intron 5, no ncRNA was predicted at the 5’ end. 
None of the predictions overlapped with the SNPs of interest. Mir-143 (RF00683) is involved 

in development of cardiovascular diseases and cancerogenesis [208,209]. For mir-562 

(RF00998) no specific function is known. Mir-644 (RF01037) is involved in cancerogenesis 

[210]. The predicted snoRNAs are involved in different processes. SnR37 (RF01270), 

SNORA67 (RF00272) and SNORA5 (RF00392) play a role in pseudouridylation of ribosomal 

RNA (rRNA) [211–213]. SNORD65 (RF00571) is potentially involved in RNA processing 

(Rfam annotation). SnR30 (RF01271) is required for production of 18S rRNA [214]. The most 

significant hits were generated for mir-644 with an E-value of 6x10-3-2x10-6.  

 

 

Figure 32. Positions of predicted miRNAs and snoRNAs in (a) intron 5 and (b) the 

putative 3’ UTR The sequences of intron 5 and the putative elongated 3’ UTR were aligned 
against the Rfam database. Black boxes represent exons, the white box represents the annotated 3’ UTR. 
 

Additionally, the Metazoan SRP RNA (Rfam family: RF00017) was detected as significant hit 

at different positions within intron 5 (Table 19). SRP (signal recognition particle) RNA is part 

of the SRP ribonucleoprotein that recognises and targets proteins to the endoplasmic 

reticulum in a co-translational process [215]. Subsequently, the tool RepeatMasker was 

applied to check if the identified SRP RNAs are potentially Alu Elements. Matches in 

RepeatMasker were evaluated according to the Smith-Waterman score, and the proportions 

of substitutions, deletions and insertions. For all possible positions of SRP RNA identified by 

the Rfam search, a corresponding hit was generated by RepeatMasker (Table 19). Each of 

these was identified as Alu element with high scoring and only little sequence differences to 

the query sequence (the Smith-Waterman score is not listed here).  
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Table 19. Comparison of positions of Metazoa SRP RNA identified by Rfam and 

positions of Alu elements identified by RepeatMasker in intron 5 and the putative 

3’ UTR Exemplarily Rfam results from the 50-bp windows of cmscan glocal mode are shown. 
The other settings identified similar positions. 

 Rfam RepeatMasker 

Start End Family Start End Family Repeat 
Sub 

(%) 

Del 

(%) 

Ins 

(%) 

Intron 

5642 5851 

Metazoa 
SRP 

5641 5933 

SINE/ 
Alu 

AluSx 11.0 0.7 0.3 

10447 10644 10446 10770 AluSx 12.3 0.0 5.2 

11627 11820 11626 11921 AluSx 10.1 5.4 0.0 

19007 19080 18922 19176 AluSx 10.6 2.4 0.0 

19194 19403 19193 19479 AluJb 19.8 10.4 5.0 

21950 22157 21949 22235 AluSx 13.8 0.0 0.0 

24877 24674 24591C 24878C AluSx 11.8 2.8 0.0 

3’UTR 
741 1079 Metazoa 

SRP 

741 1027 SINE/ 
Alu 

AluSx 12.5 1.1 0.0 

3064 2742 2727C 3065C AluJb 17.4 0.0 2.8 

Start, start position in query sequence (complete sequence of intron 5 or the putative 3’ UTR); 
End, end position in query sequence; C, matches the complement of the consensus; Sub, 
substitutions in matching region compared to the consensus; Del, deletions in the query 
sequence; Ins, insertions in the query sequence 

 

The Rfam search of the putative unannotated part of the 3’ UTR also predicted sequences of 

ncRNAs (Table 20). The large regulator RNA B2 and pyk-reg10-long are sRNAs, the remaining 

ncRNAs are lncRNAs. For none of the associated genes a function or trait association is 

documented in the literature.  

 

Table 20. Predicted human ncRNAs for the 3’ UTR The complete putative 3’ UTR was 
defined as ROI (ca. 209,735k - 209,739k; hg38). 

 ncRNA position (within ROI) 
Predicted ncRNA E-value 

Start End 

3’ UTR 

729 1023 large regulator RNA B2 3.7x10-57 

706 1023 pyk-reg10-long 7.9x10-59 

651 1023 HSALNT0189745 5.3 x10-66 

1000 1068 large regulator RNA B2 2.1 x10-4 

2743 3104 non-protein coding lnc-XKR5-1:2 1.4 x10-54 

3722 4132 HSALNT0107333 1.2 x10-37 

3687 4173 
long non-coding RNA 
NONHSAT188392.1 

3.1 x10-39 
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As with the intron 5 sequence, the Rfam search was also intensified here by splitting the 

putative 3’ UTR into sequences of 200 bp applying a sliding window. MiRNAs and snoRNAs 

were predicted across the complete length of the putative 3’ UTR (Figure 32b). SnR30 and 

snR84 were predicted multiple times. SnR84 is involved in pseudouridylation [211]. The most 

significant hit was generated with snR30 at the 5’ end of the putative 3’ UTR with an E-value 

of 3x10-4. 

Additionally, a signal recognition particle (SRP) sequence was identified as significant hit within the 3’ UTR at positions 741 to 1079 and 3064 to 2742. As in intron 5, Alu elements 

were predicted at the respective positions (Table 19). 
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4.2 Characterisation of the role of 11β-HSD1 in SCP-1 cells 

SCP-1 (single-cell-picked clone 1) are immortalised human mesenchymal stem cells [146]. 

We chose SCP-1 cells as a model for our analyses as they can be differentiated towards the 

osteogenic or adipogenic lineage, are transfectable and show endogenous expression of 

HSD11B1.   

To study the role of 11β-HSD1 in differentiation of SCP-1 cells, both HSD11B1 overexpressing 

and knockout SCP-1 cells were generated. First, HSD11B1 overexpressing and knockout cells 

were validated genetically. Then, the functional validation was performed. Finally, the 

influence of 11β-HSD1 presence or absence on differentiation fate was analysed.  

 

4.2.1 Generation and validation of cell lines stably overexpressing 

HSD11B1 

Stable overexpression of HSD11B1 in the chosen cell models was achieved by targeted 

chromosomal integration performed with the Flp-In™ System (chapter 3.4.6). The Flp-In™ T-REx™ 293 cells represent a commercially available system for targeted integration in HEK293 

cells. These cells already have an integrated FRT site enabling targeted integration of a gene 

of interest encoded on the pcDNA5/pFRT vector. In contrast, no such system exists for SCP-1 

cells. So, a SCP-1 Flp-In host cell line had to be generated by transfection of SCP-1 cells with 

the pFRT/lacZeo plasmid. By this, the FRT site would be integrated into the genome. Selection 

of pFRT/lacZeo expressing cell clones was performed by treatment with the selection 

antibiotic Zeocin™. Resistance against Zeocin™ is encoded in the lacZeo fusion gene of the 

pFRT/lacZeo plasmid. 

At first, it was necessary to examine the Zeocin™ sensitivity of SCP-1 cells in order to 

determine the minimum concentration of the respective antibiotic needed to kill the cells. 

SCP-1 cells were plated in a 12-well plate and incubated with increasing concentrations of 

Zeocin™ for 14 days (chapter 3.4.6.1). In contrast to the effects of other antibiotics, cells 

treated with Zeocin™ do not round up and detach, but slightly increase their cells size and 

stop dividing. Prolonged treatment then results in detaching of the SCP-1 cells. Seven days 

after plating, untreated SCP-1 cells grew in a dense cell layer. With Zeocin™ treatment, 

changes in cell shape were observable (Figure 33). Proportional to increasing Zeocin™ 

concentrations, the cell density decreased. These effects became even more pronounced after 

14 days of Zeocin™ treatment. To determine the proper concentration of Zeocin™ for further 

experiments, the treated cells were examined under a microscope. With 400 µg/ml Zeocin™ 
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only cells with abnormal cell shape and growth behaviour were observed. Hence, 400 µg/ml 

was defined as the minimum concentration of Zeocin™ needed to kill SCP-1 cells and was used 

for selection of the cells after chromosomal integration in the further experiments. 

 

 
Figure 33. Determination of Zeocin sensitivity of SCP-1 cells Cells were treated with 
Zeocin concentrations of 0-1000 µg/ml (upper left corner of each image), starting one day 
after plating (day 0). Magnification: 20x, scale bar: 100 µm.  

 

Selection of successfully with the pFRT/lacZeo plasmid transfected cells was performed by 

Zeocin treatment. After two days, the cells reached 100% confluence in 6-well plates and were 

transferred into petri dishes. The next day, the medium was replaced by medium 

supplemented with 400 µg/ml Zeocin. After nine days, in three out of four petri dishes Zeocin-

resistant clones were grown (Figure 34). In total, six clones were transferred from the petri 

dishes into a 12-well plate and further incubated with medium supplemented with 400 µg/ml 

Zeocin. Of these only one clone (SCP-1 pFRT/lacZeo 2.1) survived.  
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Figure 34. Selection of Zeocin resistant SCP-1 pFRT/lacZeo clones One day after transfer 
to petri dishes, the cells were treated with 400 µg/ml Zeocin. After nine days, resistant clones 
were transferred to 12-well plates. Here a representative image of a resistant clone (arrow) 
is shown. It exhibits normal growth behaviour. The surrounding cells are non-resistant. 

 

As the lacZeo fusion gene also expresses the enzyme β-galactosidase, the integration of the 

pFRT/lacZeo plasmid and therewith the FRT site was validated by a β-galactosidase assay. 

The integration of the pFRT/lacZeo gene cassette into the host cell genome is random. A high β-galactosidase activity portends integration into a transcriptionally active region of the 

genome. The specific activity of β-galactosidase was determined after a 30-min incubation 

with increasing ONPG amounts in lysates of untransfected and transfected SCP-1 cells 

(Figure 35). When SCP-1 cell lysate was incubated with ONPG, only little specific activity of β-galactosidase was determined. In contrast, SCP-1 pFRT/lacZeo 2.1 cell lysate showed β-galactosidase activity with a vmax of 349.5 nmol hydrolysed ONPG per min and mg protein 

and a Km of 14.6 µg. The maximal specific activity of 324.8 nmol/min/mg protein was reached 

after incubation with 160 µg ONPG.  

 

 

 

 

 



 

139 
 

 
Figure 35. Specific β-galactosidase activity of SCP-1 and SCP-1 pFRT/lacZeo cells 
Success of integration of the pFRT/lacZeo plasmid into the genome of SCP-1 cells was 
validated by β-galactosidase assay. Activity of the encoded β-galactosidase was determined 
by ONPG consumption in a colorimetric assay. Means ± SEM, n = 3-4. 

 

By this assay, genomic integration of the pFRT/lacZeo and therewith the FRT site was proven. 

Hence, this clone (SCP-1 pFRT/lacZeo 2.1) was further used for transfection with the 

HSD11B1 cDNA cloned into the pcDNA5/FRT plasmid. 

Transfected cells were selected by resistance to the antibiotic hygromycin. Whereas the 

optimal hygromycin concentration for selection of transfected HEK293 cells (Flp-In T-REx 

293) was known from previous studies of the work group, hygromycin resistance of SCP-1 

cells had to be determined. SCP-1 pFRT/lacZeo cells were plated in a 12-well plate and 

incubated with increasing hygromycin concentrations for 10 days. Five days after the start of 

hygromycin treatment, untreated cells grew in a dense cell layer (Figure 36). The same was 

true for cells treated with 10-25 µg/ml hygromycin. Starting with a concentration of 

50 µg/ml, the cell layer became less dense until with 300 µg/ml no adherent growing cells 

were observed anymore. On day 10 of hygromycin treatment, cells began to die already with 

10 µg/ml. The effect was concentration dependent and at 200 µg/ml no live cells were 

detected anymore. Hence, the concentration of 200 µg/ml was picked for selection of 

transfected cell clones. The hygromycin concentration was then reduced to 100 and 50 µg/ml 

after transferring the cells into 12-well plates and culture flasks, respectively (chapter 3.4.6). 
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Figure 36. Determination of hygromycin sensitivity of SCP-1 pFRT/lacZeo cells Cells 
were treated with hygromycin concentrations of 0-600 µg/ml (upper left corner of each 
image), starting one day after plating (day 0). As all cells died when treated with 
concentrations above 300 µg/ml (day 5) and 200 µg/ml (day 10), higher concentrations are 
not depicted. Magnification: 20x, scale bar: 100 µm.  

 

The selected clones were morphologically assessed and validated by PCR (chapter 3.1.14, 

Table 21). Representative PCR results for transfected HEK293 cells are shown in Figure 37. 

Integration of the pcDNA5 Expression Vector into the genome was validated by PCR 1. For the 

positive control (pcDNA5) and the clones but not for the negative control (untransfected 

HEK293) a 518 bp amplification product was detected indicating successful integration of the 

expression vector. The presence of the GOI was analysed by PCR 2. For the OCT1 positive 

control the expected 3136 bp PCR product was amplified. The clones I/6 and II/7 showed the 

expected 2287 bp amplicon implying integration of HSD11B1 cDNA. For the remaining clones 

the same 1376 bp PCR product was amplified as for the pcDNA5 control. For the HEK negative 

control no product was amplified. The only small number of clones with HSD11B1 integrated 

resulted from with an empty pcDNA5 Expression Vector contaminated 
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pcDNA5/FRT::HSD11B1 plasmid. With PCR 3 tandem integration of multiple copies of the 

expression vector could be identified. The respective primers bind to the BGH 

polyadenylation signal of a first copy and the hygromycin resistance gene of a potential 

second copy (Figure 9). As the same construct is also present in the circular pcDNA5/FRT 

Expression Vector, a weak signal can be detected even if no tandem integration happened. 

Actually, a weak signal of the expected 248 bp PCR product was detected for the pcDNA5 

control. The same is true for clones I/1, I/7, II/1, II/4 and II/7. No amplicon was detected for 

clone I/6. Only clone I/4 shows an amplicon with high signal intensity implying the presence 

of tandem integration. 

After transfection of SCP-1 pFRT/lacZeo cells only three clones survived. From these, two did 

not pass the morphological assessment. Hence, only one clone was analysed by validation 

PCRs (Table 21).   

 

 
Figure 37. Representative images of the validation of the targeted chromosomal 

integration using PCR Shown are HEK293 clones and the respective controls. (a) With PCR 1 the integration of the pcDNA5 Expression Vector into the host’s genome was validated. (b) 
PCR 2 served to check for the integration of the GOI. (c) Presence of multiple integration of 
the expression vector was analysed with PCR 3. Applied controls were Flp-In T-REx 293 
(HEK), Flp-In T-REx 293 stably transfected with empty pcDNA5/FRT Expression vector 
(pcDNA5) and Flp-In T-REx 293 stably transfected with SLC22A1 (OCT1). L, 1 kb DNA ladder; 
l, 100 bp DNA ladder; fragment sizes of the ladder are given in bp. 
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The correct integration of the GOI and the lack of unwanted mutations was confirmed by 

resequencing of the GOI. If this was the case, HSD11B1 expression levels were determined by 

RT-qPCR. Compared to the untransfected control cells, both stably transfected HEK293 and 

SCP-1 cells exhibit increased HSD11B1 expression (Figure 38). In the stably transfected SCP-1 

cells, HSD11B1 expression increased 243-fold compared to control (untransfected SCP-1 

cells). In the stably transfected HEK293 cells, HSD11B1 expression increased 14,000- to 

27,000-fold compared to control (HEK293 cells stably transfected with the empty pcDNA5 

vector). Even when taking into account that the endogenous HSD11B1 expression is 1.7-fold 

higher in SCP-1 than in HEK293-pcDNA5 cells, overexpression in HEK293 cells was more 

efficient (on average 47-fold higher in HEK293 than in SCP-1 cells). Human tissues with high 

HSD11B1 expression are adipose tissue and the liver with the latter showing the highest 

expression of all tissues. HSD11B1 expression in all HEK293 cell clones exceeded the levels in 

the liver. The HEK293 clone I/6 and the SCP-1 clone I/1 were chosen for subsequent analyses 

and their HSD11B1 expression was confirmed in four (HEK293) and two (SCP-1) further 

measurements in different passages. The expression levels were significantly higher (13,974-

fold HEK-pcDNA5 cells, 243-fold SCP-1 cells) in both clones compared to the control.  

 

  

Figure 38. HSD11B1 mRNA expression in untransfected and HSD11B1 overexpressing 

HEK293 and SCP-1 cells compared to expression in human adipose tissue and liver 
Endogenous expression in HEK293-pcDNA5 and SCP-1 cells is very low. Stable 
overexpression of HSD11B1 was highly efficient in HEK293. Overexpression in SCP-1 cells still 
resulted in a 243-fold increase of HSD11B1 expression. Expression in HEK293-HSD cells 
exceeded expression in human liver. Means ± SEM, n = 1-5. 
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Table 21. Validation of SCP-1 and HEK293 cell clones stably transfected with HSD11B1 

cDNA  Clones were validated by PCR in the first place. Positive clones were further analysed 
by RT-qPCR to determine HSD11B1 expression levels. Green shaded clones were used for 
subsequent analyses. 

Cell 

line 
Clone 

Morphological 

assessment 
PCR 1 

(integration) 
PCR 2 

(GOI) 

PCR 3 
(multiple 

integration) 

Gene 

expression 

(fold control) 

SCP-1-
HSD 

I/1 ++ + + (-) 243 

I/2 - nd nd nd nd 

II/1 - nd nd nd nd 

HEK293
-HSD 

I/1 + + - (-) nd 

I/2 ± nd nd nd nd 

I/3 ± + - (-) nd 

I/4 ++ + - + nd 

I/5 + + - + nd 

I/6 ++ + + - 13,974 

I/7 ++ + - (-) nd 

I/8 ± + - (-) nd 

I/9 + + + (-) 17,456 

I/10 - nd nd nd nd 

I/11 - nd nd nd nd 

I/12 + + - (-) nd 

II/1 ++ + - (-) nd 

II/2 ± + + (-) nd 

II/3 ± + + + nd 

II/4 ++ + - (-) nd 

II/5 - + + (-) nd 

II/6 + + + (-) 12,548 

II/7 ++ + + (-) 25,966 

II/8 + + - (-) nd 

II/9 - + + (-) 27,062 

II/10 - + - + nd 

II/11 ± nd nd nd nd 
Morphology of the clones was compared to the very of non-transfected cells. It was rated as very 
good (++), good (+), appropriate (±) or insufficient (-). For the PCRs presence (+) or absence (-) of 
the PCR product was determined. Parentheses indicate detection of a weak signal. For PCR 1 and 
2 a presence, for PCR 3 absence of the PCR product was required for regarding a clone as positive. 
Untransfected cells served as controls for qRT-PCR analyses. TBP served as housekeeping gene. 
nd, not determined 
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4.2.2 Generation and validation of HSD11B1 knockout in SCP-1 cells using 

CRISPR-Cas9 To clarify which role 11β-HSD1 plays in differentiation of mesenchymal stem cells, HSD11B1 

was knocked-out in SCP-1 cells using CRISPR-Cas9 mediated gene editing. Two predesigned 

crRNAs were chosen that target exon 2 and exon 5 (Figure 39). As positive controls, HPRT and 

exon 3 of CCM3 were also targeted. For HPRT gene editing the respective control kit was 

purchased from IDT (Coralville, IA, USA). The crRNA targeting CCM3 was a kind gift from 

S. Spiegler and U. Felbor and was already used to induce loss-of-function mutations in human 

endothelial cells [178]. 

 

 
Figure 39. Schematic representation of target regions for CRISPR-Cas9 mediated gene 

editing in HSD11B1  (a) Schematic representation of the localisation of the targeted regions 
within HSD11B1. Two crRNAs were applied, one targeting exon 2, the other targeting exon 5. 
The binding sites of the crRNAs is underlined, the PAM sites are shown in bold print. (b, c) 
Sections of HSD11B1 with binding sites for crRNAs and the primers used in the T7EI assay, 
capillary sequencing and NGS (underlined). Positions in the HSD11B1 gene are given based 
on the reference sequence NG_012081.1. Exons are highlighted in green. 
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Cells were transfected applying a ribonucleoprotein approach (chapter 3.4.7). Eight days 

after transfection, cells were sufficiently confluent to be transferred from the 24- to 6-well 

plates. In the course of this, half of the cell suspension was used for DNA isolation (chapter 

3.1.12) to allow initial evaluation of the CRISPR-Cas9 editing efficiency using T7EI assay and 

sequencing.  

To determine the efficiency of CRISPR-Cas9 mediated gene editing, T7EI assays were 

performed on DNA extracted from treated SCP-1 cells. After amplification of the region of 

interest, the PCR product was incubated with the endonuclease T7EI. This enzyme cleaves at 

mismatch sites of heteroduplexes, i.e. sites edited by CRISPR-Cas9 treatment. Thus, cleavage 

could be used as an indicator of the presence of different editing on the two copies of the 

HSD11B1 gene in the genome and thus of a potentially efficient knockout.  

When performing the T7EI assay PCR, products with the expected fragment sizes of 1021 bp, 

1244 bp and 711 bp were generated for HSD11B1 exon 2, exon 5 and CCM3, respectively 

(Figure 40a). This was true for both the cells treated with the specific crRNA and the cells 

treated with the negative control crRNA. Even with optimised reaction conditions, no PCR 

product was amplified for the HPRT target region. After incubating T7EI with DNA from cells 

treated with the specific crRNA, the expected cleavage products of 841 bp and 180 bp, 847 bp 

and 397 bp, and 430 bp and 281 bp were detected for HSD11B1 exon 2, exon 5 and CCM3, 

respectively (Figure 40b). Surprisingly, three additional bands were detected for HSD11B1 

exon 2 of which two were also present with DNA from cells treated with the negative control 

crRNA. The two larger cleavage products had a size of approximately 600 bp and 500 bp. 

Therefore, it was concluded that there is a sequence variation in the central part of the PCR 

product. Database research revealed a SNP at position 24170 of the HSD11B1 gene 

(chr1:209705373, GRCh38.p12). Rs5780533 is an indel variation in a poly-A region. Reported 

variant frequencies are 24.6% for an A deletion and 1.6% or 0.2% for an (A)4 deletion (dbSNP 

database). The third band had a size of approximately 400 bp and an only low signal intensity. 

Its origin is not clear. For the other loci no cleavage products were detected when the cells 

were treated with the negative control crRNA. 

Efficiency of the gene editing was determined by estimating the indel frequency (Figure 40c, 

chapter 3.1.15). According to that, editing in exon 2 occurred with 13%, in exon 5 with 21% 

efficiency.  
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Figure 40. T7EI assay of SCP-1 cells The cells were transfected either with a specific crRNA 
(+) targeting HSD11B1 exon 2, exon 5, CCM3 or HPRT, or the negative control crRNA (-). (a) 
The region of interest was amplified by PCR. (b) The PCR product was digested with T7EI. 
Expected cleavage products are marked with filled circles. No amplicon was generated for the 
HPRT control region. Results are concordant to the expected fragment sizes (Table 4) 
excluding asterisked bands. See text for details. CCM3 Ctrl – T7EI digest with control DNA 
from CRISPR-Cas9 treated endothelial cells [178]. L, 1 kb DNA ladder; l, 100 bp DNA ladder; 
fragment sizes of the ladder are given in bp. 

 

To analyse the type of sequence modifications in the HSD11B1 exon 2 and exon 5 target 

regions, TOPO TA cloning was performed with T7EI PCR products (chapter 3.1.9.3). Following 

isolation of the plasmid DNA and analytical restriction digest (chapter 3.1.5) six clones 

containing the region of interest of each region were identified and sequenced (chapter 

3.1.17). For exon 2, the sequence of only one clone was edited by a 72 bp deletion. For exon 

5, the sequence of two clones was unchanged, two clones had a 1 bp insertion, one had a 5 bp 

deletion and one had an 8 bp indel (Figure 41). 

 

 

a 
                              290       300       310       320       330       340       350       360       370       380  

                      ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference (Exon 2)    CCTGTCGGATGGCTTTTATGAAAAAATATCTCCTCCCCATTCTGGGGCTCTTCATGGCCTACTACTACTATTCTGCAAACGAGGAATTCAGACCAGGTAA  

TOPO Clone 3          ....................................................................................................  

TOPO Clone 4          ....................................................................................................  

TOPO Clone 7          ....................................................................................................  

TOPO Clone 8          ....................................................................................................  

TOPO Clone 9          ....................................................................................................  

TOPO Clone 11         .......------------------------------------------------------------------------.....................  

  

 

b 
                              360       370       380       390       400       410       420       430       440       450  

                      ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference (Exon 5)    TTTTCATGATGATATTCACCATGTGCGCAAAAGCATGGAAGTCAACTTCCTCAG-TTACGTGGTCCTGACTGTAGCTGCCTTGCCCATGCTGAAGCAGAG  

TOPO Clone 1          ......................................................T.............................................  

TOPO Clone 3          ......................................................------........................................ 

TOPO Clone 5          ......................................................T.............................................  

TOPO Clone 6                                       ...................-----.--............................................  

TOPO Clone 7          ......................................................-............................................. 

TOPO Clone 12         ......................................................-............................................. 

Figure 41. Sequences of TOPO clones of CRISPR-Cas9 treated SCP-1 cells The crRNA 
targeted either exon 2 (a) or exon 5 (b). Binding sites of the respective crRNAs are 
underlined, the PAM sites are marked in red, sequence modifications are highlighted in grey. 
Dots represent nucleotides that are identical to the reference sequence, hyphens represent 
deleted nucleotides. Sequence positions correspond to positions relative to the chosen 
reference sequence (selected region of HSD11B1). 
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As described above, the CRISPR-Cas9 treated cells were diluted and seeded into two 96-well 

plates (chapter 3.4.7.2). Optimally, cells should be diluted to statistically 0.5 cells/well to 

achieve growth of single cell clones. However, as SCP-1 cells show only limited clonal growth, 

which was known from previous experiments, the dilution factor was decreased. Cells where 

exon 2 was targeted were seeded in low (0.83 cells/well) and medium (2.49 cells/well) cell 

densities. For cells where exon 5 was targeted, a higher cell density (5.00 cells/well) was 

applied for both plates. After seeding, cell growth was regularly and carefully observed to 

identify wells with single cell clones and wells with multiple cell clones. A higher cell density 

per well resulted in a higher amount of wells with living cells. It was presumed that knockout 

of HSD11B1 does not influence cell survival or growth. With low, medium and high cell 

density, cells grew in 19%, 50% or 74% of the wells, respectively (Table 22). With the low cell 

density, the fewest single cell clones were found. In contrast to the total number of wells with 

living cells, number of wells with single cell clones did not increase with high cell density 

compared to medium cell density. From these plates both single cell clones and clones initially 

arisen from 2-3 cells were picked and further analysed. Clones that were evaluated to be 

constituted of multiple initial cells, are labelled with an asterisk (*) in the following 

presentation of the downstream analyses. In total, 17 exon 2 clones and 27 exon 5 clones were 

picked, expanded and DNA was isolated. Subsequently, T7EI assays were performed to screen 

for positive clones (Figure 42). In the given representative T7EI assay, six out of seven clones 

(exon 2) and six out of eleven clones (exon 5) were cleaved by T7EI.  

 

 
Figure 42. Representative image of T7EI assay of picked clones Depicted are (a, b) the 
PCR products and (c, d) the respective cleavage products of the HSD11B1 exon 2 and exon 5 
target regions for selected clones. L, 1 kb DNA ladder; l, 100 bp DNA ladder. 
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To get a first impression of the introduced sequence modifications, a selected number of 

clones was further analysed by TOPO cloning with subsequent sequencing (Figure 43). Clones 

were chosen based on the results of the T7EI assay. Assuming that DSB repair is different on 

the two alleles, the chosen clones must have been cleaved by T7EI. Sequencing was performed 

on four to eight TOPO clones, depending on the efficiency and quality of cloning. As the cloning 

efficiency with exon 2 cell clones was very low, it was only possible to analyse two clones. 

Sequencing of the clone 1B11 revealed only wildtype sequences whereas 3 bp insertions were 

detected with the clone 2F11. Seven exon 5 cell clones were analysed. In two (1B11*, 1F3*) 

the wildtype sequence was identified. For each of the remaining five cell clones a combination 

of two modifications was detected. Clone 1B10 had a 24 bp and a 45 bp deletion. The 

remaining clones showed a 1 bp insertion combined with a deletion of variable length (5 bp 

to 59 bp). 

 
Figure 43. Frequencies of sequence modifications in CRISPR-Cas9 treated SCP-1 cells 

determined by TOPO cloning  PCR products, which were also used in the T7EI assay, were 
cloned into the pCR2.1-TOPO vector. Capillary sequencing was then performed on isolated 
plasmid DNA. Due to low cloning efficiency only two exon 2 clones were analysed. Seven 
exon 5 clones were analysed. Four to eight TOPO clones of each CRISPR/Cas9 clone were 
sequenced. 

 

As next step in the characterisation of the clones, next generation sequencing (NGS) was 

performed. This allows to get a detailed picture of the type and the frequencies of genetic 

modifications in the CRISPR-Cas9 target regions of the chosen clones. Thirteen exon 2 and 26 

exon 5 clones were analysed. From these, nine (exon 2) and twelve (exon 5) were assumed to 
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be single cell clones. The aim was to identify two clones for each target region with different 

modifications to further validate them in functional assays. 

Subsequently, the sequences were bioinformatically processed to facilitate a structured 

analysis of the sequenced genotypes (chapter 3.7.3). Considering sequence errors caused by 

the DNA polymerase, reads with 99% sequence identity were clustered together. Clusters 

including more than 50 reads were aligned against the reference sequence to analyse 

sequence modifications.  

A huge variety of sequence modifications was detected of which some are predominant 

(Figure 44). A 1 bp insertion was detected in 24.4% of the 39 sequenced clones, making this 

modification the most abundant one. In 18.3% of all clones still the wildtype sequence was 

found. In total, one clone (exon 5) had an in-frame insertion and 13 clones (four exon 2 clones, 

nine exon 5 clones) had an in-frame deletion.  

 

 

Figure 44. Frequencies of sequence modifications across all clones determined by NGS 
By sequencing of 39 CRISPR clones (13 exon 2 clones, 26 exon 5 clones) applying NGS, a 
variety of sequence modifications was determined.   
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In the following, the sequence modifications for each clone of the two target regions, exon 2 

and exon 5, were considered in detail (Figure 45).  

For five exon 2 clones no sequence modification was detected (1B2*, 1E3*, 1B11, 1F6, 1G2, 

2C11*). Two clones showed at least partly wildtype sequences (1E4*, 2G11*). Additionally, 

more than two modifications were identified in these clones, indicating origin from more than 

one initial cell. With this analyses, the clones 1B7 and 1F4 showed a 2 bp and 1 bp deletion, 

respectively. However, a closer look at the alignment data revealed presence of wildtype 

sequences also in these clones. The clones 1B6* and 1C3* showed a 1 bp insertion combined 

with a 12 bp deletion and a 3 bp deletion, respectively. In the clone 2F11 a 3 bp insertion was 

detected. In-frame deletions of 3 bp or its multiple do not cause a shift of the open reading 

frame. As this reduces the probability of nonsense-mediated mRNA decay or translation of a 

non-functional protein, the respective clones were not used for further experiments.  

Because for one exon 5 clone too few reads were detected, it is not displayed and discussed 

here. In the remaining 25 clones a large variety of sequence modifications was detected. For 

seven clones (1E2*, 1F3*, 1F4, 2C8*, 2G5*, 2B8, 2F6) predominantly wildtype sequences were 

identified. Seven further clones exhibited more than two types of modifications (1B11*, 1E3*, 

2B2*, 2E6*, 1B10, 1C7*, 1G3) indicating no clonal growth. In each of the remaining 11 clones 

two sequence modifications were detected. The most frequent combination was a 1 bp 

insertion and a 5 bp deletion (1C4, 1G2*, 2B4*, 1D10, 2B10), followed by 1 bp insertion 

combined with a 7 bp deletion (2D10, 2E3, 2H9).  

 



 

151 
 

 
Figure 45. Frequencies of sequence modifications in exon 2 and exon 5 clones A large 
variety of sequence modifications was detected. Others represents the clusters that were not 
analysed in detail due to a read number <50. Asterisks indicate clones with potential origin 
of more than one cell. 
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Table 22. Summarised results of CRISPR-Cas9 mediated gene editing of SCP-1 cells  

 
Exon 2 Exon 5 

Plate 1 Plate 2 Plate 1 Plate 2 

cell density/well 0.83 2.49 5.00 5.00 

wells with living cells 19% 50% 77% 71% 

wells with single cells 7% 20% 14% 28% 

# clones picked 17 27 

# analysed by TOPO cloning 2 7 

# analysed by NGS 13 26 

# partly wildtype genotype 2 7 

# completely wildtype genotype 6 0 

# clones of interest 0 11 

 

As described above, TOPO cloning was performed for nine clones. The results of TOPO cloning 

were compared to results of NGS. By this, also the predictive power of TOPO cloning can be 

estimated (Figure 46).  

In the further course of validation, the exon 5 clones 1C4 and 2D10 were chosen for 

subsequent experiments. For both clones, the same sequence modifications were detected by 

both TOPO cloning and NGS (Figure 46a). The same was true for the exon 5 clone 1D10 and 

the exon 2 clones 1B11 and 2F11 (Figure 46b). However, also different results were detected 

from the two methods (Figure 46c). For clones 1B11* and 1B10 the variety of sequence 

modifications was underestimated by TOPO cloning. For the clones 1E2* and 1F3* alternative 

modifications were identified by NGS. 
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Figure 46. Comparison of frequencies of sequence modifications detected by TOPO 

cloning and NGS (a) Sequence modifications in the clones chosen for subsequent 
experiments were confirmed by both methods. (b) For three further clones the sequence 
modifications were also confirmed by both methods. (c) Conflicting results were also 
detected. Others represents the clusters that were not analysed in detail due to a read number 
<50. Asterisks indicate clones with potential origin of more than one cell. 
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Clones that had wildtype alleles, deletions larger than 12 bp or in-frame insertions or 

deletions of 3 bp or its multiple were excluded from future analyses. The selection of clones 

for further validation was also based on the before mentioned assumption that DSB repair is 

different on the two alleles. Hence, the focus was on clones with approximately equal 

proportions of two types of sequence modifications. In the end, four exon 5 clones were 

chosen for functional validation: 1C4, 2B4*, 1D10 and 2D10 (chapter 4.2.3).  

A closer look at the nucleotide changes revealed that the 1 bp insertion in 1C4, 2B4* and 2B10 

originated from a duplication of the T at position 25846 (NG_012081.1) (Figure 47). In clone 

2D10, a G was inserted after position 25846. The deletion positions in 1C4 and 2B10 were 

identical. All nucleotide changes caused a frameshift. By this, the subsequent protein 

sequence was altered, creating a premature stop codon. In clones 1C4, 2B4* and 2B10 the 

stop codon is generated either at amino acid 257 or at amino acid 259. In clone 2D10, the G-

insertion and the 7 bp deletion resulted in termination of the protein sequence within the two 

subsequent codons (amino acid 147 or 148).  
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Figure 47. Sequence variants in clones 1C4, 2B4*, 2B10 and 2D10 (a) Proportions of 
observed sequence modifications with description of sequence variants. (b) Modifications 
shown as sequence alignment with description of sequence variants and position of the new 
stop codon (the wildtype protein sequence has a length of 292 aa). The wildtype allele is given 
as reference with the crRNA sequence being underlined. The PAM sequence is printed in bold. 
Sequence modifications are marked in purple. Positions given are based on the reference 
sequences NG_012081.1 and NP_005516.  
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Due to sequence similarities, crRNAs can potentially bind to off-target sites. To exclude off-

target effects and thus the artificial origin of the observed phenotype, off-target sites were 

predicted bioinformatically (chapter 3.7.4) and sequenced. To analyse off-target effects of the 

used crRNA Hs.Cas9.HSD11B1.1.AA in clone 1C4, predicted off-target sites were sequenced. 

Sites were chosen based on their ranking in the off-target prediction of IDT and CCTop 

(chapter 3.7.4). The Top 5 candidates for off-target sites identified by the two prediction tools 

were reviewed (Table 23, Table 24). Only sites that lay within genes were considered for 

sequencing analyses. Potential off-targets sites in intergenic regions, long terminal repeats, 

DNA repeat elements or pseudogenes were excluded. In both predictions no exonic off-target 

sites were identified. In contrast to CCTop, the IDT prediction also listed potential off-target 

sites with alternative PAM sites, i.e. PAM sites differing from the NGG sequence. In total, five 

off-target sites were analysed. Only ZRANB1 was among the Top 5 of both predictions. It 

encodes for the protein Zinc Finger RANBP2-Type Containing 1, an ubiquitin thioesterase, 

which is involved in Wnt signalling. C1orf35 (Chromosome 1 Open Reading Frame a.k.a. 

Multiple Myeloma Tumour-Associated protein 2, MMTAG2) is annotated to innate immunity. 

ATRNL1 (Attractin Like 1) may be involved in energy homeostasis. LTBP1 (Latent 

Transforming Growth Factor Beta Binding Protein 1) is an important regulator of TGF-beta. 

FMNL3 (Formin Like 3) regulates cell morphology and cytoskeletal organisation (GeneCards 

database). 

 

Table 23. Off-target sites predicted by IDT The specific target in HSD11B1 exon 5 is green 
shaded, the chosen off-target sites are grey shaded. 

Target sequence PAM Score #MM Gene Locus Comments 

AGTCAACTTCCTCAGTTACG TGG N/A   HSD11B1 chr1:+20970
7033 

 

ATTCCACTCCTCAGTTACG TAG 21 3 
 

chr1:+22810
1603 

C1orf35, 
Intron 

AGTCAAATTTCTCAGTTACA GGG 25 3 
 

chr10:-
115635604 

ATRNL1, 
Intron 

ATTAAACATCCTCAGTTACG TGG 27 3 
 

chr10:+1249
80616 

ZRANB1, 
Intron 

ATTCAATTCCTCAGTTACA CAG 29 3 
 

chr2:-
33247742 

LTBP1, 
Intron 

ATTCAATTCCTTAGTTACG CAG 35 3 
 

chr1:-
219355194 

MER3, DNA 
repeat 
element 
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Table 24. Off-target sites predicted by CCTop  The specific target in HSD11B1 exon 5 is 
green shaded, the chosen off-target sites are grey shaded. 

Chromo-

some 

Start MM Target sequence PAM Posit-

ion 

Gene 

name 

Comments 

chr1 209707
034 

0 AGTCAACTTCCTCAGT
TACG 

TGG Exonic HSD11B1 
 

chr10 124980
617 

3 ATTAAACATCCTCAG
TTACG 

TGG Intronic ZRANB1 
 

chr10 446173
59 

4 AGTGAAATTGCTCAG
TCACG 

AGG Inter-
genic 

RP11-
733D4.1 

lincRNA 

chr1 763718
09 

4 GGTCAACAACCTCAGT
TTCG 

TGG Intronic RP11-
335E14.1 

pseudo-
gene 

chr8 216252
39 

4 AGTCAAGGTCATCAG
TAACG 

AGG Inter-
genic 

GFRA2 
 

chr12 496716
73 

4 TGACAACTTCCTGAGT
TCCG 

GGG Intronic FMNL3 
 

 

The above listed five potential off-target sites were amplified by PCR (chapter 3.1.16, 

Figure 48). Capillary sequencing proved the absence of sequence modifications around the 

PAM site (Appendix, Fehler! Verweisquelle konnte nicht gefunden werden.). Two A>G 

substitutions were identified in the ATRNL1 sequence, downstream of the PAM site. These 

substitutions result from the SNPs rs2769420 (MAF in 1000Genomes: A = 0.46) and 

rs2769419 (MAF in 1000Genomes: A = 0.32). No other genetic variants were identified in the 

regions analysed. 

 

 
Figure 48. Amplification of off-target sites PCR products of the expected fragment sizes 
were amplified. l, 100 bp DNA ladder. 
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4.2.3 Functional confirmation of HSD11B1 knockout and overexpression  

At first, 11β-HSD1 activity in the four CRISPR/Cas9 exon 5 clones 1C4, 2B4*, 2B10 and 2D10 

and HSD11B1 overexpressing SCP-1 cells was compared to activity in undifferentiated 

wildtype SCP-1 cells. To this end, after a 24-h incubation with cortisone, cortisol levels were 

determined in medium. No difference in extracellular cortisol levels were detected between 

wildtype and HSD11B1 knockout SCP-1 cells (Figure 49). Actually, the measured value did not 

exceed the background measurement in cell-free medium indicating a lack of 11β-HSD1 

activity in undifferentiated SCP-1 cells. HSD11B1 overexpressing cells exhibited a 9-fold 

higher cortisol level.  

 

 
Figure 49. Cortisol levels produced by undifferentiated SCP-1 wildtype, HSD11B1 

knockout and overexpressing cells The cells were stimulated with cortisone for 24 h. 
Cortisol was determined in medium by LC-MS/MS measurement. Shown are the results of one 
experiment. 
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Next the experiment was repeated in differentiated SCP-1 cells. Adipogenic differentiation 

resulted in the highest increase in HSD11B1 expression. For these analyses two knockout 

clones were chosen that differed in the identified sequence modifications. The clones 1C4, 

2B4* and 2B10 showed very similar or even identical modifications (Figure 47). Hence, 1C4 

and 2D10 were chosen and compared to wildtype and HSD11B1 overexpressing (HSD11B1) 

SCP-1 cells. Success of the HSD11B1 knockout was validated by gene expression, protein 

expression and functional analyses. Gene expression of HSD11B1 was normalised to ACTB 

expression, as ACTB is the most stably expressed housekeeping gene in differentiated SCP-1 

cells.   

Compared to undifferentiated SCP-1 cells, HSD11B1 expression increased 3000-fold already 

on day 7 of adipogenic differentiation and kept stably on the same level on day 14 of 

differentiation (Figure 50a). Unexpectedly, the HSD11B1 expression was not affected in the 

1C4 and 2D10 knockout clones. HSD11B1 expression in overexpressing cells increased 70-

fold on day 7 of adipogenic differentiation. HSD11B1 expression was significantly increased 

in overexpressing cells, compared to wildtype and knockout cells, both on day 7 and day 14 

(p ≤ 0.001). 

Protein expression of 11β-HSD1 was examined both by Western Blot and Targeted 

Proteomics approach (Figure 50b). Following 14 days of adipogenic differentiation, 11β-

HSD1 protein level in overexpressing cells significantly increased 3-fold compared to wildtype cells. With 1C4 cells, 11β-HSD1 protein levels decreased by 50% compared to wildtype but was still detectable. In the undifferentiated cells, 11β-HSD1 protein was only 

detectable in overexpressing cells with even lower expression levels than adipogenic 1C4 

cells. By targeted proteomics of 14 days adipogenically differentiated cells, similar 

regulations were determined. In HSD11B1 cells, 11β-HSD1 protein level was significantly 

increased 5-fold compared to wildtype cells (p ≤ 0.001). In 1C4 cells, the protein level was 

significantly reduced to 30% of the expression of wildtype cells (p ≤ 0.05).   
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As shown before (Figure 49), the concentration of extracellular cortisol detected in the media 

of undifferentiated SCP-1, 1C4 and 2D10 cells did not exceed the background concentration 

(Figure 50c). Undifferentiated HSD11B1 overexpressing cells showed a 16-fold and 33-fold 

significant increase compared to wildtype cells on day 7 and 14, respectively (p ≤ 0.01 and 
p ≤ 0.001). 

Upon seven days of differentiation, cortisol concentration of wildtype cells increased 14-fold. 

Although 1C4 cells expressed HSD11B1 mRNA, no increase in cortisol concentration was 

detectable (Figure 50c). In contrast, 2D10 cells clearly showed a 4-fold increase in extracellular cortisol, implying the presence of an active 11β-HSD1 enzyme. After 14 days, 

only for overexpressing cells a further elevation of cortisol levels was detected. At both time 

points, cortisol levels of 1C4 cells did not exceed the background values of the medium. 

To account for the decreased replication time of the differentiating cells resulting in a lower 

cell number than the undifferentiated control cells, the extracellular cortisol concentrations 

were also compared after normalisation to the amount of total protein (Figure 50c). All major 

effects could be confirmed, also after this data representation: increased cortisol levels in 

wildtype cells, lack of cortisol production in 1C4 cells, unchanged cortisol production in 2D10 

cells, increased cortisol levels in overexpressing cells. The reduced significance might result 

from a reduction of the sample size to three experiments (compared to four experiments 

when analysing the absolute cortisol levels). The observed increase of extracellular cortisol 

levels of overexpressing cells on day 14 compared to day 7 is diminished by normalisation. 

This demonstrates that this effect was solely caused by an increased cell number.  
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Figure 50. Functional confirmation of HSD11B1 knockout and overexpression in SCP-1 

cells after adipogenic differentiation Functional validation has been performed by 
analysing (a) mRNA expression, (b) protein expression and (c) extracellular cortisol levels. 
(a) HSD11B1 mRNA expression was determined by RT-qPCR. HSD11B1 mRNA is still 
expressed in knockout cells. (b) protein expression after 14 days of adipogenic differentiation 
as determined by Western Blot analysis (left) and Targeted Proteomics (right). A representative Western Blot is given. In both approaches, 11β-HSD1 protein levels were 
normalised to Na+/K+-ATPase. Cells were differentiated for 14 days.  (c) 11β-HSD1 activity 
was determined by cortisol measurements after a 48-h stimulation with cortisone. Means ± 
SEM, n = 2-3 (mRNA expression), n = 4 from two biological replications (Western Blot), n = 3 
(Proteomics), n = 3-4 (cortisol absolute), n = 3 (cortisol normalised). * p ≤ 0.05, ** p ≤ 0.01, 
*** p ≤ 0.001; $ p ≤ 0.05, § p ≤ 0.01, # p ≤ 0.001 compared to respective undifferentiated 
control, determined by one-way ANOVA with post-hoc Tukey’s Test. 
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The success of differentiation was evaluated both visually and by analysing the expression of 

FABP4 (Figure 51). The presence of lipid droplets was validated microscopically in 14 days 

differentiated cells.  

 

 

Figure 51. Confirmation of successful adipogenic differentiation (a) Microscopic 
evaluation of 14 days adipogenically differentiated SCP-1 cells revealed HSD11B1-dependent 
formation of lipid droplets (white arrows). Magnification: 20x, scale bar: 100 µm. No lipid 
droplets were formed in undifferentiated cells. (b) FABP4 mRNA expression analysis further 
proved successful adipogenic differentiation.  Means ± SEM, n = 2-3. § p ≤ 0.01, # p ≤ 0.001 
compared to the respective undifferentiated control, determined by one-way ANOVA with 
post-hoc Tukey’s Test. 
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The 2D10 clone showed 11β-HSD1 activity as determined by LC-MS/MS measurements 

(Figure 50). To re-validate the knockout genotype of this clone, a SNaPshot assay was 

designed. Single-base extension of the primer would either add an A, C or G, representing the 

wildtype, deletion or insertion, respectively (Figure 52a). SNaPshot analyses were performed 

on 2D10 DNA isolated after clone picking (which was also used for T7EI and NGS analyses) 

and at different passages of the cells (Figure 52b). With the firstly isolated DNA clearly only 

insertion and deletion signals were detected. In contrast, at later passages of the cells the 

wildtype signal appears. Furthermore, wildtype signal intensity increased proportional to 

passages of the cells, implying that wildtype cells were present in the 2D10 clone and became 

predominant after some passages. Analyses of an alternative aliquot of the initial 2D10 cells 

confirmed the presence of wildtype cells in the initial cell clone and excluded the possibility 

of a contamination at later passages. Hence, 2D10 was not used for further analyses.  
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Figure 52. Re-validation of genotype of clone 2D10 by SNaPshot analysis (a) Sequences 
of the wildtype reference and the two clusters of sequence modifications identified in the 
2D10 clone. Sequence modifications are highlighted in orange. By single-base extension of the 
primer (arrow) either the wildtype sequence (extension: A), the deletion (extension: C) or the 
insertion (extension: G) can be identified. (b) Representative electropherograms of SNaPshot 
analyses with DNA from wildtype SCP-1 cells and different passages of HSD11B1 knockout 
clone 2D10. The area under the curve was determined. (will be continued on next page) 
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Figure 52. (continued from previous page) (c) Proportions of the 2D10 genotypes at 
different passages based on the area under the curve of the representative electropherograms 
from (b). With increasing passages the wildtype sequence becomes predominant. 

 

 

4.2.4 Characterisation of the effects of HSD11B1 knockout and 

overexpression on its expression and cortisol production under 

different differentiation conditions 

SCP-1 cells are immortalised human mesenchymal stem cells that can be differentiated 

towards the adipogenic or the osteogenic lineage. Based on the hypothesis that local cortisol 

generation shifts differentiation towards the adipogenic lineage, HSD11B1 knockout (clone 

1C4) and HSD11B1 overexpressing SCP-1 cells were stimulated to differentiate into 

adipocytes or osteoblasts and were compared to wildtype cells. The production of cortisol 

was monitored over time (22 days for adipogenic, 16 days for osteogenic differentiation) and 

HSD11B1 expression was determined at day 12 and 16.  

For adipogenic differentiation dexamethasone, IBMX, indomethacin and insulin were added 

to normal culture medium (chapter 3.4.8). To analyse if 11β-HSD1 influences adipogenic 

differentiation by conversion of cortisone to cortisol, a varied protocol was applied where 

dexamethasone was substituted by cortisone.  

Upon differentiation with dexamethasone, HSD11B1 expression strongly increased in all 

three cell lines (Figure 53a). However, there was no significant difference in the HSD11B1 

expression between wildtype and knockout cells, neither after 12 nor after 16 days. In 

contrast, when cortisone was used instead of dexamethasone, the measured HSD11B1 

expression reflected the genetic background of the three cell lines. The expression in 

knockout cells was 4-fold lower and the expression in overexpressing cells 31-fold higher 

compared to wildtype cells (p ≤ 0.001).   
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To analyse not only the gene expression but also the function of 11β-HSD1 over time, cortisol 

was measured in the medium of cells differentiated with cortisone. Samples were taken with 

every medium replacement. Cortisol levels detected for the three cell lines reflected HSD11B1 

gene expression. No difference to the basal cortisol level in the medium was detected for the 

knockout cells and the highest cortisol level was detected for the overexpressing cells 

(Figure 53b). For wildtype and overexpressing cells, a time-dependent increase in cortisol 

levels was detected. The extracellular cortisol level of wildtype cells increased constantly 

from day 10 to day 20 and reached its maximum of 305 ng/ml on day 20. Cortisol production 

of the overexpressing cells exceeded the very of the wildtype cells beginning with the first 

measurement. A constant increase of the cortisol level was detected with the highest cortisol 

concentration being detected on day 17 with 1020 ng/ml.  

In attempt to correct for the reduced supply of the substrate cortisone during incubation 

between the medium changes and the different interval of the medium changes and cortisol 

measurements (3 vs. 4 days), cortisol levels were normalised to the incubation time and 

depicted as cortisol per day (Figure 53c). By this, a drop in the cortisol concentration became 

apparent at the end of each incubation interval, i.e. the day of medium replacement, reflecting cortisone consumption by 11β-HSD1. Nevertheless, a time-dependent increase in cortisol 

levels was detected for wildtype and overexpressing cells.  
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Figure 53. Analysis of (a) HSD11B1 mRNA expression and (b, c) 11β-HSD1 activity in 

adipogenically differentiated cells with HSD11B1 wildtype, knockout and 

overexpressing genetic background Cells were differentiated with IBMX, indomethacin, 
insulin and either dexamethasone or cortisone. (b) Absolute cortisol levels and (c) cortisol 
levels normalised to the incubation time in days are depicted. Dashed lines mark days of 
medium change. Shown are means and SEM of 4-5 independent experiments (mRNA 
expression) and 3-4 independent experiments (cortisol levels). * p ≤ 0.05, ** p ≤ 0.01, 
*** p ≤ 0.001; # p ≤ 0.001 compared to respective undifferentiated control, determined by 
one-way ANOVA with post-hoc Tukey’s Test. 
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Osteogenic differentiation was performed applying two different approaches (chapter 3.4.8). 

In the first approach (osteogenic-vitD3), ascorbic acid, β-glycerol phosphate and 1α,25-

dihydroxyvitamin D3 were added to normal culture medium. Additionally, a varied protocol 

was applied where cortisone was added. In the second approach (osteogenic-dexa), ascorbic 

acid, ß- glycerol phosphate and low amounts of dexamethasone were added to low glucose 

DMEM supplemented with HPL and P/S. Also, a variation of this protocol was applied where 

dexamethasone was substituted by cortisone. 

When using the osteogenic-vitD3 protocol, HSD11B1 expression reflected the genetic 

background, independent of presence or absence of cortisone  (Figure 54a). An only low 

expression was detected in the knockout cells. Expression in overexpressing cells was 

significantly increased (p ≤ 0.01). On day 16 of culturing, HSD11B1 expression trended to 

increase compared to day 12, but independent of differentiation. Actually, the expression in 

overexpressing cells decreased compared to undifferentiated controls. Compared to 

osteogenic-dexa differentiated cells, HSD11B1 expression in knockout and wildtype cells was 

strongly reduced. 

Cortisol levels altered only slightly over time (Figure 54b). In knockout cells no change was 

observed. Wildtype cells trended to produce more cortisol at the end of the differentiation, 

on day 16. Cortisol production of overexpressing cells started to increase on day 7. The effects 

persisted also after normalisation to incubation time (Figure 54c). However, the detected 

increase was not as high as in adipogenically differentiated cells, reflecting the lower 

HSD11B1 expression when the wildtype and overexpressing cells undergo osteogenic 

compared to adipogenic differentiation. 
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Figure 54. Analysis of (a) HSD11B1 mRNA expression and (b, c) 11β-HSD1 activity in 

osteogenically differentiated cells with HSD11B1 wildtype, knockout and 

overexpressing genetic background Cells were differentiated with ascorbate, β-glycerol 
phosphate, 1α,25-dihydroxyvitamin D3 without or with cortisone (osteogenic-vitD3). (b) 
Absolute cortisol levels and (c) cortisol levels normalised to the incubation time in days are 
depicted. Dashed lines mark days of medium change. Shown are means and SEM of 2-5 
independent experiments (mRNA expression) and 4-5 independent experiments (cortisol 
levels). ** p ≤ 0.01, determined by one-way ANOVA with post-hoc Tukey’s Test. 
  



 

170 
 

As with cells differentiated with 1α,25-dihydroxyvitamin D3, HSD11B1 expression in 

osteogenic-dexa differentiated cells reflected the genetic background: knockout cells showed 

lower and the overexpressing cells showed higher HSD11B1 expression (Figure 55a). When 

dexamethasone was substituted by cortisone, expression in wildtype cells was as high as in 

overexpressing cells. Surprisingly, on day 14 of culturing, a higher expression was detected 

in the undifferentiated knockout cells compared the wildtype cells and in the differentiated 

wildtype cells compared to the overexpressing cells. However, the low sample size must be 

considered. To draw statistically verified conclusions, further experiments are necessary. 

When differentiated with cortisone, 1C4 cells did not survive differentiation for more than 10 

days (see chapter 4.2.5 for more detailed description). HSD11B1 expression in overexpressing 

cells was 29-fold higher compared to wildtype cells.  

Cortisol levels of wildtype and knockout cells were equally low for the first ten days of 

differentiation (Figure 55b, c). On day 14, absolute cortisol levels of wildtype cells increased 

to 43 ng/ml. Cortisol levels in overexpressing cells were strongly increased compared to 

wildtype and knockout cells but stayed unchanged over time. The same observations are true 

when the cortisol levels per day are analysed (Figure 55c). 
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Figure 55. Analysis of (a) HSD11B1 mRNA expression and (b, c) 11β-HSD1 activity in 

osteogenically differentiated cells with HSD11B1 wildtype, knockout and 

overexpressing genetic background Cells were differentiated with ascorbate, β-glycerol 
phosphate and either dexamethasone or cortisone (osteogenic-dexa). (b) Absolute cortisol 
levels and (c) cortisol levels normalised to the incubation time in days are depicted. Dashed 
lines mark days of medium change. Shown are means and SEM of two (day 3-10) or one (day 
14) independent experiment. 
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4.2.5 Influence of 11β-HSD1 on adipogenic and osteogenic differentiation 

of SCP-1 cells 

After validation of the HSD11B1 knockout and overexpressing SCP-1 cells, the influence of 11β-HSD1 on adipogenic and osteogenic differentiation was analysed using different 

protocols for differentiation.  

The influence of 11β-HSD1 on adipogenic differentiation was examined by gene expression 

analyses and staining of lipid droplets. 

The first apparent characteristic to evaluate the success and extent of adipogenic 

differentiation is the formation of lipid droplets. Lipid droplets were visualised with the 

fluorescent dye Nile Red on day 16 and 22 of differentiation (chapter 3.4.12). To allow 

normalisation to cell number, nuclei were stained with DAPI. Quantification was performed 

by fluorescence measurement in a microplate reader (Figure 56).   

Lipid droplets were stained in all three cell lines: wildtype, HSD11B1 knockout and 

overexpressing SCP-1 cells (Figure 56a). Visual examinations suggested that the most lipid 

droplets were present in HSD11B1 overexpressing cells. In cells differentiated with cortisone 

instead of dexamethasone, less lipid droplets were visible. Per cell, multiple lipid droplets 

were formed that were positioned around the nucleus (exemplarily shown in overexpressing 

cells, Figure 56b). 

Following quantification and normalisation to cell number, a clear increase in lipid droplet 

formation following 16 days of adipogenic differentiation with dexamethasone was detected 

in wildtype cells. This demonstrates the successful differentiation of SCP-1 cells towards the 

adipogenic lineage. The wildtype cells showed the lowest lipid accumulation. The 

overexpressing cells showed the highest lipid accumulation. Compared to the respective 

undifferentiated control cells, Nile red fluorescence increased 4.2-, 5.7- and 9.1-fold with 

wildtype, knockout and overexpressing cells, respectively. No difference in lipid accumulation 

was observed between the three cell lines when undifferentiated. When dexamethasone was 

substituted by cortisone, the lipid accumulation was decreased. Yet, the overexpressing cells 

showed the most lipid droplets, as expected (Figure 56a). Wildtype and knockout cells 

exhibited the same amount of lipid accumulation. Nile red fluorescence increased 3.1-, 2.8- 

and 7.5-fold with wildtype, knockout and overexpressing cells compared to undifferentiated 

control cells on day 16 (Figure 56c). 
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On day 22 of adipogenic differentiation with dexamethasone, the same distributions were 

observed with the wildtype cells showing the lowest and overexpressing cells showing the 

highest lipid accumulation. As undifferentiated SCP-1 cells grow rapidly to a dense cell layer 

and start to detach when too confluent, no undifferentiated control cells could be analysed on 

day 22. Surprisingly, lipid accumulation was decreased compared to day 16. When comparing 

the lipid accumulation over time for single experiments, in two out of three experiments a 

decrease in the lipid staining at day 22 was observed (Figure 56d). With wildtype and 

overexpressing cells, one of the three experiments did not show any change over time 

whereas one experiment with the knockout cells actually demonstrated an increase in lipid 

accumulation. In cells differentiated with cortisone, lipid accumulation was also decreased on 

day 22. When analysing the three experiments separately, in one experiment with the 

knockout cells an increase in Nile Red fluorescence was detected (Figure 56e).  

When comparing the two adipogenic differentiation protocols used, a significant lipid 

accumulation was observed also when cells were stimulated with cortisone instead of 

dexamethasone. Accordingly, compared to the control cells, overexpression of HSD11B1 led 

to a 7.5-fold stronger lipid accumulation after 16 days of differentiation (p < 0.001). Knockout 

of HSD11B1 did not result in a decreased lipid accumulation compared to the wildtype cells. 

However, when compared to the differentiation with dexamethasone on day 16, the knockout 

cells showed significantly lower lipid accumulation. This clearly demonstrates that local 

conversion of cortisone to cortisol by 11β-HSD1 plays a role in adipogenic differentiation. 
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Figure 56. Effects of HSD11B1 knockout and overexpression on production of lipid 

droplets Lipid droplets were visualised and quantified by Nile red staining. Cells were 
differentiated either with dexamethasone or cortisone in addition to IBMX, indomethacin, 
insulin. (a) Representative images of adipogenically differentiated wildtype, knockout and 
overexpressing cells. Lipid droplets were stained with Nile red, nuclei were stained with 
DAPI.  Scale bar: 100 µM. (b) Zoom into overexpressing cells differentiated with 
dexamethasone (zoom factors: 5.1x for day 16, 4.3x for day 22). Scale bar: 20 µM. (will be 
continued on next page) 
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Figure 56 (continued from previous page) (c) Nile red was quantified directly after 
staining by fluorescence measurement and normalised on DAPI fluorescence. Nile red 
fluorescence increased with differentiation and was higher in cells differentiated with 
dexamethasone than in cells differentiated with cortisone. Overexpressing (HSD11B1) cells 
showed the highest normalised Nile red fluorescence. (d, e) Nile red fluorescence decreased 
over time in all three cell lines. Means ± SEM, n = 3. * p ≤ 0.05; § p ≤ 0.01, # p ≤ 0.001 compared 
to the respective undifferentiated cells, determined by one-way ANOVA with post-hoc Tukey’s Test. 
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Additionally, the success and the extent of adipogenic differentiation in the three cell lines 

were analysed by gene expression analyses of the adipogenic marker genes Fatty Acid 

Binding Protein 4 (FABP4) and Lipoprotein Lipase (LPL) (Figure 57).  

Compared to undifferentiated cells, FABP4 expression in the wildtype cells increased 

approximately 1,700- upon 12 and 200-fold  upon 16 days of adipogenic differentiation 

(Figure 57a). The increase was observed both after dexamethasone-based or cortisol-based 

differentiation. Also, only slight changes were observed when comparing expression on day 

12 and 16. Interestingly, FABP4 expression decreased in undifferentiated control cells during 

the first 12 days of culturing.  

Interestingly, already on day 0, differences in LPL expression were detected between the 

three cell lines with the wildtype cells showing the highest and the knockout cells showing 

the lowest expression (Figure 57b). On day 12 of adipogenic differentiation, LPL expression 

increased 169-, 744- and 950-fold in wildtype, knockout and overexpressing cells, 

respectively. The expression in overexpressing cells was significantly higher than in wildtype, 

knockout and undifferentiated control cells. When dexamethasone was substituted by 

cortisone, LPL expression was lowest in the knockout cells and highest in the overexpressing 

cells. However, the expression in overexpressing cells was not as high as when differentiated 

with dexamethasone. On day 16 of differentiation, LPL expression in overexpressing cells was 

decreased when differentiated with dexamethasone but increased when differentiated with 

cortisone, compared to day 12. The expression in wildtype and knockout cells did not differ. 
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Figure 57. Analysis of mRNA expression of the adipogenic markers (a) FABP4 and (b) 

LPL in adipogenically differentiated SCP-1 wildtype, HSD11B1 knockout and 

overexpressing cells Cells were differentiated with IBMX, indomethacin, insulin and either 
dexamethasone or cortisone. Means ± SEM, n = 4-5. * p ≤ 0.05, *** p ≤ 0.001; $ p ≤ 0.05, 
§ p ≤ 0.01, # p ≤ 0.001 compared to the respective undifferentiated cells, determined by one-
way ANOVA with post-hoc Tukey’s Test. 

 

 

As described above, osteogenic differentiation was performed applying two protocols 

(chapter 3.4.8). With the first protocol (osteogenic-vitD3), differentiation was performed in 

normal culture medium and more importantly in absence of dexamethasone. Instead, 1α,25-

dihydroxyvitamin D3 was added and the amount of ascorbate was increased. With the second 

protocol (osteogenic-dexa), cells were cultured in low glucose DMEM supplemented with HPL 

and P/S and ascorbic acid, β-glycerol phosphate and low amounts of dexamethasone were 

added. The influence of 11β-HSD1 on osteogenic differentiation was assessed by ALP assay, 

staining of calcium deposits and gene expression analyses. 

The first protocol used for osteogenic differentiation - osteogenic-vitD3 - included the 

addition of 1α,25-dihydroxyvitamin D3. No dexamethasone was applied. First, alkaline 

phosphatase (ALP) activity was assessed as a marker for osteogenic differentiation. Here, ALP 

activity was analysed on day 12 and 16 of differentiation (Figure 58). Upon osteogenic-vitD3 

differentiation, ALP activity increased only in the HSD11B1 knockout cells. The activity was 

2.1-fold higher than in the wildtype and 5.4-fold higher than in the undifferentiated cells on 

day 12. Activity in wildtype cells increased to 1.5 nmol/min and in overexpressing cells 
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activity decreased to 0.8 nmol/min. Changes in these cell lines were only marginal. Similar 

effects were observed when cortisone was added to the differentiation cocktail. ALP activity 

in wildtype and overexpressing cells underwent little changes by increasing to 1.3 nmol/min 

and staying unchanged, respectively. In contrast, ALP activity in knockout cells increased 

significantly 4.8-fold compared to undifferentiated cells. For both differentiations, ALP 

activity in knockout cells was increased compared to wildtype and overexpressing cells. On 

day 16, ALP activity approximately doubled in undifferentiated knockout and overexpressing 

cells. Upon differentiation without or with cortisone, activity in wildtype cells increased to 

activity levels of knockout cells. Overexpressing cells showed decreased activity compared to 

undifferentiated overexpressing cells.  

 

 
Figure 58. ALP activity after 12 and 16 days in undifferentiated and osteogenic-vitD3 

differentiated wildtype, knockout and HSD11B1 cells Cells were differentiated with ascorbate, β-glycerol phosphate, 1α,25-dihydroxyvitamin D3 without or with cortisone. 
Means ± SEM, n = 2.  
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In addition, mRNA expression of the osteogenic marker genes alkaline phosphatase (tissue-

nonspecific isozyme, which is expressed in liver, bone and kidney, ALPL), osteocalcin (Bone 

Gamma-carboxyglutamic Acid-containing Protein, BGLAP) and Dickkopf-related protein 1 

(DKK1) was analysed. 

In line with the increase in the ALP enzyme activity (Figure 58), ALPL expression on day 12 

was increased only in the knockout cells (2.1-fold compared to the wildtype and 5.5-fold 

compared to undifferentiated control cells, Figure 59a). The effects were observed both in the 

presence and in the absence of cortisone. On day 16, ALPL expression in wildtype cells 

strongly increased whereas the expression in knockout and overexpressing cells was 

unchanged. Expression in undifferentiated cells on both day 12 and day 16 was comparable 

to expression levels on day 0.  

BGLAP expression strongly increased upon osteogenic differentiation (minimum increase of 

91-fold at day 12 and 125-fold at day 16 compared to undifferentiated control cells, 

Figure 59b). The effects were cortisone-dependent. On day 12 and in absence of cortisone, 

the highest expression was determined for the knockout cells with a 230-fold increase 

compared to undifferentiated control cells. Compared to wildtype and overexpressing cells, 

the expression was 2.9- and 2-fold increased, respectively. On day 12 and in presence of 

cortisone, the BGLAP expression in overexpressing but not in the knockout cells was 

additionally increased compared to the wildtype (4.3-fold). On day 16 and in absence of 

cortisone, expression of all three cell lines was similar. On day 16 and in presence of cortisone, 

BGLAP expression in overexpressing cells was increased 2.7 and 1.3-fold compared to 

knockout and wildtype cells, respectively. Compared to expression at day 12, expression 

increased in wildtype and decreased in knockout cells in absence of cortisone on day 16. In 

presence of cortisone, expression increased in wildtype cells and decreased in knockout and 

overexpressing cells. BGLAP expression in undifferentiated cells was decreased after twelve 

and 16 days compared to day 0.  

DKK1 expression in differentiated wildtype and knockout cells corresponds to expression in 

undifferentiated wildtype and knockout cells, both on day 12 and 16 (Figure 59c). Expression 

in overexpressing cells was slightly increased compared to undifferentiated control cells, in 

absence of cortisone, but did not differ from day 0 expression levels. In presence of cortisone, 

DKK1 expression in overexpressing cells increased significantly compared to wildtype, 

knockout and undifferentiated control cells (p ≤ 0.01, p ≤ 0.001). 
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Figure 59. Analysis of mRNA expression of the osteogenic markers (a) ALPL, (b) BGLAP 

and the Wnt signalling marker (c) DKK1 in osteogenically differentiated SCP-1 

wildtype, HSD11B1 knockout and overexpressing cells Cells were differentiated with ascorbate, β-glycerol phosphate, 1α,25-dihydroxyvitamin D3 without or with cortisone 
(osteogenic-vitD3). Means ± SEM, n = 2-3 (ALPL), n = 2-4 (BGLAP, DKK1). ** p ≤ 0.01, *** 
p ≤ 0.001; § p ≤ 0.01, # p ≤ 0.001 compared to the respective undifferentiated cells, 
determined by one-way ANOVA with post-hoc Tukey’s Test. 
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Based on the hypotheses that cortisol production by 11β-HSD1 is sufficient to induce 

adipogenesis in bone cells, also mRNA expression of the adipogenic markers FABP4 and LPL 

were analysed under osteogenic-vitD3 differentiation (Figure 60). Also with osteogenic 

differentiation, the expression of both adipogenic markers was increased in the HSD11B1 

overexpressing cells. In the presence of cortisone, FABP4 expression increased 18.3-fold and 

LPL expression increased 11.7-fold compared to the undifferentiated controls on day 12. This 

was not the case in the wildtype cells. In the HSD11B1 knockout cells even a decrease in the 

expression of LPL was observed under these conditions.  

 

 
Figure 60. Analysis of mRNA expression of the adipogenic markers (a) FABP4 and (b) 

LPL in osteogenically differentiated SCP-1 wildtype, HSD11B1 knockout and 

overexpressing cells Cells were differentiated with ascorbate, β-glycerol phosphate, 1α,25-
dihydroxyvitamin D3 without or with cortisone (osteogenic-vitD3). Means ± SEM, n = 2-5. 
* p ≤ 0.05, *** p ≤ 0.001; $ p ≤ 0.05, # p ≤ 0.001 compared to the respective undifferentiated 
cells, determined by one-way ANOVA with post-hoc Tukey’s Test. 
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The second protocol used for osteogenic differentiation - osteogenic-dexa – included the 

addition of dexamethasone and culturing in low glucose medium. Here, an initial experiment 

was performed. 

In low glucose culture medium (10% HPL, 1% P/S) and osteogenic-dexa medium cells grew 

to a dense cell layer. After two weeks, the layers started to detach. When dexamethasone was 

substituted by cortisone, only overexpressing cells survived. Wildtype and knockout cells 

died after 10 days. This implies a critical role for glucocorticoid signal in this differentiation 

approach. Under low glucose conditions in general, all three cell lines survive. They build a 

dense cell layer that actually starts to detach when highly confluent.  

First, alkaline phosphatase (ALP) activity was assessed as a marker for osteogenic 

differentiation (Figure 61). On day 10, low ALP activities were detected with undifferentiated 

cells: 1.1, 0.6 and 0.3 nmol consumed pNPP/min in the wildtype, knockout and over-

expressing cells, respectively. In differentiated cells, a minimum increase of ALP activity of 

3.3-fold was observed, independent of the genotype. The increase was significant across all 

three cell lines (p ≤ 0.001). In knockout cells, an ALP activity of 3.9 nmol consumed pNPP/min 

was detected, which was unsignificantly higher than the activity measured in the wildtype 

cells (3.7 nmol/min). The ALP activity was significantly lower in overexpressing cells than in 

wildtype or knockout cells (p ≤ 0.001). When dexamethasone was substituted by cortisone, a 

low ALP activity was detected for wildtype and overexpressing cells. The activity in knockout 

cells was even further reduced (p ≤ 0.001). In addition to this, the ALP activity of knockout 

cells differentiated with cortisone was significantly lower than in undifferentiated cells 

(p ≤ 0.01). On day 14, ALP activity in cells differentiated with dexamethasone further 

increased min. by 40% compared to day 10 (increased to 5.1, 6.7 and 3.5 nmol/min for 

wildtype, knockout and overexpressing cells, respectively). ALP activity was significantly 

higher in knockout cells than in wildtype and overexpressing cells (p ≤ 0.001). Also, the 

activity in wildtype cells was significantly higher than in overexpressing cells (1.5-fold, 

p ≤ 0.001). In cells differentiated with cortisone, ALP activity of overexpressing cells 

decreased. As described above, no data could be collected for wildtype and knockout cells.  
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Figure 61. ALP activity in osteogenically differentiated wildtype, knockout and 

overexpressing cells Cells were differentiated with ascorbate, β-glycerol phosphate and 
either dexamethasone or cortisone (ostegenic-dexa). Means ± SEM, n = 2-6 (technical 
replicates from one experiment). *** p ≤ 0.001; § p ≤ 0.01, # p ≤ 0.001 compared to the 
respective undifferentiated cells, determined by one-way ANOVA with post-hoc Tukey’s Test. 

 

Another marker for osteogenic differentiation is matrix mineralisation. It was visualised by 

staining calcium deposits with Alizarin Red S solution. After micrographic photos were taken, 

Alizarin Red was dissolved in the detergent cetylpyridinium chloride and quantified by 

absorbance measurement in a microplate reader (chapter 0, Figure 62). On day 14 of 

osteogenic-dexa differentiation, matrix mineralisation was best visible. However, as 

described above, not all wells could be stained as the dense cell layers started to detach 

(undifferentiated controls) or the cells died (wildtype and knockout cells differentiated with 

cortisone instead of dexamethasone). In osteogenic-dexa differentiated cells, matrix 

mineralisation of wildtype cells was significantly increased compared to overexpressing cells 

(p ≤ 0.05). This was in line with the observed lower ALP activity in the HSD11B1 

overexpressing cells. Also, the knockout cells showed a higher matrix mineralisation than the 

overexpressing cells.  
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Figure 62. Matrix mineralisation on day 14 of osteogenically differentiated wildtype, 

knockout and overexpressing cells Cells were differentiated with ascorbate, β-glycerol 
phosphate and dexamethasone (osteogenic-dexa). (a) Mineralisation was visualised by 
staining calcium deposits with Alizarin Red S solution. Shown are the wells of stained 
undifferentiated control and differentiated cells (24-well) with a representative image in 4x 
magnification. Scale bar: 1000 µM. Due to detachment or death of cells not all wells could be 
stained. (b) Quantification was performed by absorbance measurements after dissolving 
Alizarin Red in CPC. Means ± SEM, n = 1-6 (technical replicates from one experiment). 
* p ≤ 0.05, determined by one-way ANOVA with post-hoc Tukey’s Test.  

  



 

185 
 

4.2.6 Determination of the predominant reaction catalysed by 11β-HSD1 

in overexpressing SCP-1 and HEK293 cells 11β-HSD1 is known to catalyse both the reduction of cortisone to cortisol and the oxidation 

of cortisol to cortisone [101]. Here, the HSD11B1 overexpressing SCP-1 and HEK293 cells 

lines were used to determine the predominant reaction in vivo. Cortisol concentrations were 

measured after a 24-h incubation with cortisone and cortisone concentrations were 

measured after a 24-h incubation with cortisol. Measurements were performed both 

intracellular (in cell lysate) and extracellular (in medium). The majority of cortisone and 

cortisol was released into the medium (Figure 63). Extracellular glucocorticoid levels could 

be determined for all cell lines with the values exceeding the intracellular levels many times. 

For SCP-1 wildtype cells a predominant 11β-HSD1 reductase activity was detected (reduction 

of cortisone to cortisol). When HSD11B1 was overexpressed in SCP-1 cells, both reductase 

and dehydrogenase activity increased 4- and 50-fold, respectively. However, the reductase 

activity was still predominant. In contrast, HEK293 cells exhibited both reductase and 

dehydrogenase activity (oxidation of cortisol to cortisone). Overexpression of HSD11B1 in 

HEK293 cells increased reductase activity 137-fold and dehydrogenase activity 180-fold. The 

reductase activity was 17-fold higher in HSD11B1 overexpressing HEK293 than in SCP-1 cells. 

Furthermore, the dehydrogenase activity was more than 100-fold higher in overexpressing 

HEK293 cells. In contrast, intracellular glucocorticoids could be detected only for HSD11B1 

overexpressing HEK293 cells. The concentration of the measured intracellular cortisol was 

about four times lower than the concentration of the intracellular cortisone. 

 
Figure 63. 11β-HSD1 activity in untransfected and overexpressing SCP-1 and HEK293 

cells The cells were incubated with cortisone or cortisol for 24 h. Intracellular glucocorticoids 
were determined after lysis of the cells. Extracellular glucocorticoids were determined in 
medium. In SCP-1 cells reductase activity predominates whereas in HEK293 cells no 
predominant reaction was determined. Means ± SEM, n = 3. ** p ≤ 0.01, determined by one-
way ANOVA with post-hoc Tukey’s Test. 
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4.3 Analyses of effects of HSD11B1 polymorphisms in humans 

4.3.1 Fine-mapping of the associations of other HSD11B1 intron 5 SNPs 

with BMD and PDC in the HSD study cohort 

In Siggelkow et al. (2014) [121], the SNP rs11811440 was associated with post 

dexamethasone cortisol (PDC) levels and bone mineral density (BMD). To allow a confident 

identification of the functionally relevant SNP causing the observed association, a population 

genetic approach was used. To this end, a fine-mapping analysis of the exploratory (n = 304) 

and the confirmatory (n = 149) group of the previously published HSD study was performed 

[121].  

Applying Haploview, the genetic linkage of SNPs in intron 5 of HSD11B1 was analysed for the 

CEU population (Figure 64a). Two blocks of SNPs with high genetic linkage were detected. 

Also, some SNPs completely lacked genetic linkage. For the fine-mapping analysis, those SNPs 

were considered that were not analysed before [121]. Of these, those variants with complete 

genetic linkage to one of the before analysed SNPs were excluded from the analysis. Here, 

conservation of the respective SNP was critical. First, evolutionary conservation was 

determined with the ECR Browser. Therefore, the conservation among the mammalian 

species chimpanzee (Pan troglodytes), rhesus monkey (Macaca mulatta), dog (Canis 

familiaris), cow (Bos taurus), mouse (Mus musculus) and rat (Rattus norvegicus) was analysed 

in reference to the human reference genome release GRCh37. The previously [121] analysed 

SNPs rs11811440, rs1000283 and rs932335 lie within evolutionary conserved regions 

(ECRs) (Figure 64b). The same is true for rs2282738. The remaining SNPs did not lie within 

an ECR. In the following, base wise and element conservation were analysed applying the 

phyloP and phastCons conservation scores in the UCSC Genome Browser. The SNPs were 

grouped according to their genetic linkage with the SNPs with a 100% linkage being grouped 

together. The SNP with the highest conservation was chosen as tag SNP. Finally, the HSD11B1 

intron 5 SNPs rs2282738, rs2282739, rs4844488, rs11808690, rs11487867, rs6672256 and 

rs2298930 were chosen for the analyses.  
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Figure 64. Selection of HSD11B1 intron 5 SNPs for fine-mapping analysis (a) Genetic 
linkage of intron 5 SNPs was determined with Haploview. Shown are the r² values in %, 
colour-coded in shades of grey where white represents the lack of any genetic linkage and 
black represents a complete genetic linkage. (b) Tabular overview of the intron 5 SNPs. The 
position on chromosome 1 is based on the human reference genome release GRCh37. 
Depicted minor allele frequencies (MAF) and linkage data represent the CEU population of 
the HapMap project. Evolutionary conservation was assessed applying the ECR Browser. The 
clinically associated SNP rs11811440 is marked black. The SNPs that lie within an 
evolutionary conserved region and were analysed by EMSA and reporter gene assays are 
marked grey. Chosen tag SNPs for the fine-mapping analysis are marked green.  
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A genotyping method applying the SNaPshot Multiplex System (chapter 3.1.19.2) was 

established.  

Genotyping with the SNaPshot Multiplex System is based on single-base extension of primers. 

Beforehand, the regions of interest where the SNPs are located, are amplified. To identify the 

best reaction conditions, a gradient PCR was performed (Figure 65). The primers were 

carefully chosen to allow amplification of all regions of interest in one multiplex reaction and 

to allow detection and distinction on an agarose gel. Still, no amplification products were 

detected for the genomic regions of rs11487867 and rs11808690 with any condition. For the 

genomic regions of the remaining SNPs rs2298930, rs4844488, rs6672256, rs2282739 and 

rs2282738 as well as the region of interest in AMELX/Y (determination of sex) the best results 

were achieved at an annealing temperature of 60-65°C when Q-Solution was not added 

(Figure 65a). Then, the regions of interest were properly amplified with comparable 

intensity. A clear separation of all amplicons was not achieved. In order to improve the 

reaction conditions for amplification of the three larger fragments of rs11487867 and 

rs11808690, the elongation time was increased to 3 min. But, no PCR products were detected 

(Figure 65b, c). Also, decreasing the elongation temperature to 68°C did not result in 

detectable PCR products. The same was true, when the PCR were performed in three single 

reactions instead of one multiplex reaction. However, a SNaPshot reaction was performed on 

the PCR products to determine if actually no amplicon was generated for rs11487867 and 

rs11808690 or if the signal was only below detection limit.  

The mobility of the extended primers does not solely depend on its length but is also 

influenced by the fluorescent dye and the used polymer. To allow assignment of the signals in 

the electropherogram to the corresponding SNPs, four different multiplex primer mixes were 

applied (Table 5). As no signals were detected for the SNPs rs11808690 and rs11487867, the 

respective primers were excluded and primer mix 1 was used for all subsequent analyses. 

Representative results for the finally analysed SNPs are depicted in Figure 66. Sex 

determination was performed by analysis of single-nucleotide differences between AMELX 

and AMELY. In female samples the genotype A/A, in male samples the genotype A/G will be 

detected.  
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Figure 65. Determination of reaction conditions for SNaPshot pre-PCR applying 

gradient PCR The PCR was performed in a multiplex reaction with all primer pairs either 
with or without Q-Solution. (a) To determine the optimal annealing temperature a gradient 
of five temperatures was applied. Standardly, an elongation time of 1 min is used. (b) As the 
two largest amplicons (rs11808690 and rs11487867) were not detected, the elongation time 
was increased to 3 min. (c) Applying only the respective primers did not improve 
amplification. Expected fragment sizes are marked with arrows. l, 100 bp DNA ladder, 
fragment sizes of the ladder are given in bp. 
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Figure 66. Representative results of the SNaPshot analysis of the HSD study (a) 
Amplicons of five samples amplified by SNaPshot pre-PCR. Expected fragment size are 
marked with arrows. l, 100 bp DNA ladder, fragment sizes of the ladder are given in bp. (b) 
Length and single base extension of SNaPshot primers used for fine-mapping. For each SNP 
the two possible alleles are given with the common allele being named first. Primer length was increased by addition of unspecific base pairs 5’ to the specific sequence. The primers 
can bind on the forward or reverse strand. The corresponding single base extensions are 
given and colour coded according to the colours of the peaks in the electropherogram. Red 
shaded SNPs were not detected. (c) Electropherograms of the SNaPshot analysis of three 
samples. Primer mix 1 was applied. Actual spacing of the single peaks varied with age of the 
polymer used. 
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The exploratory and confirmatory group of the HSD study were analysed. Associations of the 

HSD11B1 SNPs with suppressed cortisol levels and bone mineral density were determined 

(Table 25, Figure 67). Suppressed cortisol levels have been examined in a subgroup of 287 

patients. Significances (p-values) of the associations of the above described SNPs were 

compared to the very of the SNPs rs11811440 and rs932335 which were analysed before 

[121]. Suppressed cortisol levels correlated significantly only to rs11811440. In contrast, 

BMD in spine correlated significantly to almost all tested SNPs. The highest correlations were 

determined for rs11811440 and the newly analysed rs2282738 and rs2282739. The latter 

two are genetically linked by 95%. For BMD of the femoral neck no significant correlations 

were determined. 

 

Table 25. Correlation analysis of SNPs in intron 5 of HSD11B1 and suppressed cortisol 

levels, BMD in spine and femoral neck of patients of the HSD study 

SNP Alleles 

Suppressed cortisol 

n = 287 

BMD spine 

n = 382 

BMD femoral neck 

 n = 380 

rs p rs p rs p 

rs2282738 C/T -0.091 0.124 0.164 0.001 0.032 0.536 
rs11811440# C/A -0.128 0.030 0.166 0.001 0.069 0.182 

rs2282739 C/T -0.098 0.097 0.165 0.001 0.038 0.459 
rs4844488 A/G 0.043 0.469 0.022 0.664 -0.062 0.225 

rs6672256 T/A -0.102 0.085 0.155 0.002 0.012 0.820 
rs2298930 C/T -0.015 0.803 0.071 0.165 0.056 0.279 
rs932335# C/G -0.113 0.057 0.135 0.008 0.023 0.653 Associations were tested applying Spearman’s rank correlation which is given as rs, #data for 

these SNPs were generated by Siggelkow et al. (2014) [121], significant correlations are 
printed in bold 

 

In conclusions, this approach did not point to an alternative SNP being causative for the 

observed association. As a result, the influence of rs11811440 on transcriptional regulation 

was analysed by EMSAs and reporter gene assays. In addition, the SNPs rs11119328, 

rs1000293 and rs932335 which are highly genetically linked to rs11811440 and lie within 

an evolutionary conserved region were chosen for the analyses.  
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Figure 67. Manhattan plots of association results for suppressed cortisol levels, BMD of 

spine and femoral neck of the HSD study population The previously analysed SNPs [121] 
are labelled by squares with the highly associated SNP being additionally highlighted in 
orange. Chromosomal positions are based on the human reference genome release GRCh37. 

  



 

193 
 

4.3.2 Association of rs11811440 and rs932335 with PDC levels and BMD in 

osteoporosis patients participating in the prospective OsteoGene 

study 

The prospective OsteoGene study was designed (i) to confirm the data gained by the 

retrospective HSD study and (ii) to widen our knowledge about the clinical effects of HSD11B1 

polymorphisms. The final study population comprised 232 participants that were evaluated 

for osteoporosis in the MVZ endokrinologikum Göttingen. The routine diagnostic procedure 

included a DXA measurement to determine BMD and a dexamethasone suppression test to 

determine PDC levels. DNA was isolated from blood (chapter 3.1.13) and the genotypes of the 

HSD11B1 intron 5 SNPs rs11811440 and rs932335 were determined (chapter 3.1.19.1). The 

demographic and clinical characteristics of the study population are summarised in Table 26. 
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Table 26. Demographical and clinical characteristics of the OsteoGene study 

population in comparison to the HSD study [121] 

Characteristics 
HSD 

(n = 435) 

OsteoGene 

(n = 232) 

Women, % 71.7 83.6 
Age, years 59.0 (45.0; 67.0) 67.0 (60.0; 73.0) 
BMI, kg/m² * 24.7 (22.0; 27.5) 24.1 (21.8; 27.0) 
Menopausal status (in women)   

Postmenopausal, % * 49.7 96.4 
Primary osteoporosis, % 47.0 48.7 
Fractures, %  52.6 

peripheral, % * 18.4 39.2 
peripheral, age > 50 years, % *  47.4 
spine, % * 25.1 19.4 

Suppressed cortisol (PDC), µg/dl * 1.2 (1.0; 1.8) 1.0 (0.8; 1.3) 
Spine   

BMD, g/cm² * 0.81 (0.72; 0.91) 0.91 (0.83; 1.02) 
T-score * -2.4 (-3.1; -1.5) -2.3 (-2.9; -1.4) 
Z-score * -1.4 (-2.2; -0.3) -1.0 (-1.8; -0.1) 

Femur, left    
BMD, g/cm² *  0.79 (0.72; 0.88) 
T-score *  -1.8 (-2.4; -1.1) 
Z-score *  -0.7 (-1.3; 0.0) 

Femoral neck, left   
BMD, g/cm² * 0.70 (0.62; 0.79) 0.76 (0.70; 0.84) 
T-score * -2.2 (-2.8; -1.3) -1.9 (-2.4; -1.2) 
Z-score * -0.7 (-1.4; -0.1) -0.6 (-1.2; 0.0) 

Femur, right   
BMD, g/cm² *  0.80 (0.72; 0.88) 
T-score *  -1.7 (-2.4; -1.2) 
Z-score *  -0.7 (-1.3; 0.0) 

Femoral neck, right   
BMD, g/cm² *  0.77 (0.69; 0.84) 
T-score *  -1.9 (-2.4; -1.3) 
Z-score *  -0.6 (-1.1; 0.1) 

TBS *  1.24 (1.17; 1.31) 
T-score *  -2.3 (-3.4; -1.7) 
Z-score *  -0.3 (-1.0; 0.5) 

rs11811440 genotype, % 
CC 67.6 71.6 
CA 29.0 25.9 
AA 3.4 2.6 

rs932335 genotype, % 
GG 62.1 65.5 
GC 33.1 30.6 
CC 4.8 3.9 

Data are presented as proportions or medians (1st; 3rd quartile). * HSD study missings: BMI: 0.7%; 
Menopausal status: 2.5%; Fractures, peripheral: 1.6%; Fractures, spine: 1.1%; Spine, BMD: 12.2%; 
Spine, T-score: 12.2%; Spine, Z-score: 14.5%; Femoral neck, left, BMD: 12.6%; Femoral neck, left, 
T-score: 12.6%; Femoral neck, left, Z-score: 14.5%. PDC measurements were restricted to the 
exploratory group (n = 287). OsteoGene study missings: Fractures, peripheral: 0.4%; Fractures, 
peripheral, > 50 years: 11.6%; Fractures, spine: 8.6%; PDC: 14.5%; Spine, BMD: 0.9%; Spine, T-
score: 0.4%; Spine, Z-score: 0.9%; Femur, left, BMD: 1.8%; Femur, left, T-score: 1.8%; Femur, left, 
Z-score: 2.2%; Femoral neck, left, BMD: 1.8%; Femoral neck, left, T-score: 1.8%; Femoral neck, 
left, Z-score: 2.2%; (will be continued on next page)  



 

195 
 

Table 26. (continued from previous page) Femur, right, BMD: 22.1%; Femur, right, T-score: 
22.1%; Femur, right, Z-score: 22.1%; Femoral neck, right, BMD: 22.8%; Femoral neck, right, T-
score: 22.8%; Femoral neck, right, Z-score: 22.8%; TBS: 31.1%; TBS, T-score: 34.9%; TBS, Z-score: 
38.9%. BMI, body mass index; BMD, bone mineral density; PDC, post dexamethasone cortisol; TBS, 
trabecular bone score 

 

 

Correlation analyses were performed to examine the relationship between PDC levels and 

age, and BMD. PDC levels increased with age (Figure 68). The correlation was significant as determined by Spearman’s correlation.  

 

 
Figure 68. Scatterplot showing the relationship between suppressed cortisol levels and 

age R² of the linear regression line, Spearman’s correlation coefficient (rs), the p-value of the 
correlation analysis and the number of analysed participants (n) are given. 
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In the following, the relationship between BMD and PDC levels was analysed. BMD of the 

spine was only slightly affected by PDC levels (Figure 69). BMD of the femur and the femoral 

neck decreased with increasing PDC levels (Figure 70, Figure 71). The decrease was 

significant for the right femur and the right femoral neck.  

 

 
Figure 69. Scatterplot showing the relationship between BMD of the spine and 

suppressed cortisol levels R² of the linear regression line, Spearman’s correlation 
coefficient (rs), the p-value of the correlation analysis and the number of analysed participants 
(n) are given. 
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Figure 70. Scatterplot showing the relationship between BMD of the left femur and 

femoral neck and suppressed cortisol levels R² of the linear regression line, Spearman’s 
correlation coefficient (rs), the p-value of the correlation analysis and the number of analysed 
participants (n) are given. 
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Figure 71. Scatterplot showing the relationship between BMD of the right femur and 

femoral neck and suppressed cortisol levels R² of the linear regression line, Spearman’s 
correlation coefficient (rs), the p-value of the correlation analysis and the number of analysed 
participants (n) are given. 
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In addition to BMD, also the TBS can be used to evaluate the risk for osteoporosis. The TBS 

trended to decrease with increasing PDC levels (Figure 72).  

 

 
Figure 72. Scatterplot showing the relationship between TBS and suppressed cortisol 

levels R² of the linear regression line, Spearman’s correlation coefficient (rs), the p-value of 
the correlation analysis and the number of analysed participants (n) are given. 
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Subsequently, the distribution of PDC levels, BMD and TBS according to the rs11811440 and 

rs932335 genotypes was visualised by boxplots (Figure 73 - Figure 76). The mean values are 

listed in Table 27. There was no significant association of the PDC levels, BMD or TBS with the 

SNP genotypes as indicated by Jonckheere-Terpstra test.  

 

 
Figure 73. Distribution of suppressed cortisol levels according to the genotypes of the 

HSD11B1 SNPs rs11811440 and rs932335 p-values according to Jonckheere-Terpstra test 
and the number of analysed participants (n) are given. 

 

 
Figure 74. Distribution of BMD of the spine according to the genotypes of the HSD11B1 

SNPs rs11811440 and rs932335 p-values according to Jonckheere-Terpstra test and the 
number of analysed participants (n) are given. 
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Figure 75. Distribution of BMD of the left and right femur and femoral neck according 

to the genotypes of the HSD11B1 SNPs rs11811440 and rs932335 p-values according to 
Jonckheere-Terpstra test and the number of analysed participants (n) are given. 
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Figure 76. Distribution of the TBS according to the genotypes of the HSD11B1 SNPs 

rs11811440 and rs932335 p-values according to Jonckheere-Terpstra test and the number 
of analysed participants (n) are given. 

 

 

Table 27. PDC, BMD and TBS values according to the rs11811440 and rs932335 

genotypes 

Outcome rs11811440 rs932335 

C/C C/A A/A G/G G/C C/C 

PDC, µg/dl 
1.14 

(0.04) 
1.13 

(0.09) 
1.05 

(0.16) 
1.14 

(0.04) 
1.14 

(0.08) 
0.97 

(0.12) 

BMD, spine, g/cm² 
0.93 

(0.01) 
0.91 

(0.02) 
0.94 

(0.08) 
0.94 

(0.01) 
0.91 

(0.02) 
0.87 

(0.07) 

BMD, femur left, g/cm² 
0.81 

(0.01) 
0.79 

(0.02) 
0.84 

(0.06) 
0.81 

(0.01) 
0.79 

(0.02) 
0.82 

(0.04) 

BMD, femoral neck left, g/cm² 
0.77 

(0.01) 
0.77 

(0.01) 
0.80 

(0.04) 
0.77 

(0.01) 
0.77 

(0.01) 
0.78 

(0.04) 

BMD, femur right, g/cm² 
0.81 

(0.01) 
0.81 

(0.01) 
0.77 

(0.02) 
0.81 

(0.01) 
0.81 

(0.01) 
0.79 

(0.02) 

BMD, femoral neck right, g/cm² 
0.78 

(0.01) 
0.78 

(0.01) 
0.75 

(0.03) 
0.78 

(0.01) 
0.78 

(0.01) 
0.77 

(0.02) 

TBS 
1.24 

(0.01) 
1.24 

(0.02) 
1.20 

(0.06) 
1.24 

(0.01) 
1.23 

(0.02) 
1.18 

(0.04) 
Mean values (standard deviation) are given. PDC, post dexamethasone cortisol; BMD, bone 
mineral density; TBS, trabecular bone score 
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To account for the influence of sex, age or BMI on the association of the SNP genotypes with 

PDC levels or BMD, multifactorial analyses were performed (Table 28). The analyses revealed 

no significant association of the PDC levels or BMD with the rs11811440 and rs932335 

genotypes.  

 

Table 28. Linear regression analyses of rs11811440 and rs932335 genotypes on PDC 

level, BMD and TBS 

Outcome Covariates rs11811440 rs932335 

β stderr p β stderr p 

PDC 

n = 198 
not adjusted -0.019 0.075 0.802 -0.036 0.069 0.606 
adjusted* -0.007 0.072 0.923 -0.027 0.066 0.681 

BMD, spine 

n = 230 
not adjusted -0.016 0.020 0.408 -0.031 0.018 0.088 
adjusted* -0.011 0.020 0.587 -0.027 0.018 0.129 

BMD, femur left  

n = 228 

not adjusted -0.006 0.017 0.739 -0.010 0.015 0.524 
adjusted* -0.005 0.014 0.732 -0.008 0.013 0.545 

BMD, femoral 

neck left  

n = 228 

not adjusted 0.002 0.015 0.883 -0.002 0.014 0.858 

adjusted* 0.001 0.014 0.937 -0.002 0.013 0.876 

BMD, femur right  

n = 190 

not adjusted -0.011 0.018 0.552 -0.005 0.017 0.766 
adjusted* -0.003 0.016 0.840 0.005 0.015 0.737 

BMD, femoral 

neck right  

n = 189 

not adjusted -0.002 0.016 0.888 0.005 0.015 0.738 

adjusted* 0.001 0.015 0.926 0.011 0.014 0.418 

TBS 

n = 177 
not adjusted -0.008 0.016 0.606 -0.017 0.015 0.262 
adjusted* -0.012 0.015 0.426 -0.017 0.014 0.217 

* adjusted for sex, age and BMI; PDC, post dexamethasone cortisol; BMD, bone mineral 
density, g/cm²; β, unstandardized regression coefficient; stderr, standard error 

 

 

Moderation analyses were performed to test if sex, age or menopausal status (in women) 

represented effect modifiers in the above models (Table 29). No interaction effects were 

detected for sex. However, a significant interaction effect of age on the associations between 

rs11811440 or rs932335 and PDC levels was identified. The interaction effect of age on the 

associations of the SNPs with BMD was not significant. However, when age was divided into 

two groups, one comprising patients younger than 65 years and the other comprising the 

patients aged 65 or older, a significant interaction effect was also detected for BMD of the left 

femur and femoral neck. For the menopausal status (in women), a significant interaction 

effect on the association of rs11811440 and PDC levels was detected. 
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Table 29. P-values from the moderation analyses to identify potential interaction 

effects of sex, age or menopausal status on the associations between the SNPs and PDC 

level, BMD or TBS 

Moderator Outcome p-value for 

rs11811440 × 

moderator 

p-value for 

rs932335 × 

moderator 

Sex PDC 0.899 0.978 
BMD, spine 0.421 0.802 
BMD, femur left 0.763 0.345 
BMD, femoral neck left  0.702 0.101 
BMD, femur right  0.646 0.532 
BMD, femoral neck right  0.288 0.201 
TBS 0.145 0.191 

Age (continuous) PDC 0.000 0.000 
BMD, spine 0.325 0.698 
BMD, femur left 0.084 0.503 
BMD, femoral neck left  0.100 0.375 
BMD, femur right  0.315 0.238 
BMD, femoral neck right  0.244 0.188 
TBS 0.980 0.854 

Age (< 65, ≥ 65) PDC 0.003 0.006 

BMD, spine 0.134 0.348 
BMD, femur left 0.034 0.197 
BMD, femoral neck left  0.025 0.114 
BMD, femur right  0.587 0.395 
BMD, femoral neck right  0.378 0.276 
TBS 0.943 1.000 

Menopausal status 
(women only) 

PDC 0.024 0.220 
BMD, spine 0.655 0.851 
BMD, femur left 0.805 0.862 
BMD, femoral neck left  0.948 0.790 
BMD, femur right  0.936 0.495 
BMD, femoral neck right  0.517 0.970 
TBS 0.861 0.906 

Significant interactions are printed in bold; PDC, post dexamethasone cortisol; BMD, bone 
mineral density, g/cm² 

 

Based on the results of the moderation analyses and the fact that an age-dependent effect on 

the association of the SNPs with BMD was also observed in the previous study [121], 

subgroup analyses were performed with a cohort comprising the participants aged 65 or 

older (n = 131). The distribution of PDC levels and BMD according to the rs11811440 and 

rs932335 genotypes in the elderly was visualised (Figure 77 - Figure 79). The minor A-allele 

of rs11811440 was significantly associated with lower PDC levels and trended to be 

associated with increased BMD of both left and right femur and femoral neck. No association 

was detected with BMD of the spine. The minor C-allele of rs932335 was also significantly 
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associated with lower PDC levels. The trend to higher BMD was not as pronounced as with 

the minor A-allele of rs11811440. 

 

 
Figure 77. Distribution of suppressed cortisol levels according to the genotypes of the 

HSD11B1 SNPs rs11811440 and rs932335 in the elderly (age ≥ 65) p-values according to 
Jonckheere-Terpstra test and the number of analysed participants (n) are given. 

 

 

 
Figure 78. Distribution of BMD of the spine according to the genotypes of the HSD11B1 

SNPs rs11811440 and rs932335 in the elderly (age ≥ 65) p-values according to 
Jonckheere-Terpstra test and the number of analysed participants (n) are given. 
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Figure 79. Distribution of BMD of the left and right femur and femoral neck according 

to the genotypes of the HSD11B1 SNP rs11811440 and rs932335 in the elderly 

(age ≥ 65) p-values according to Jonckheere-Terpstra test and the number of analysed 
participants (n) are given.  
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In the following, the mean PDC levels and BMD values according to the rs11811440 genotypes 

were visualised in the subgroup of patients younger than 65 years (n = 101) in comparison to the elderly (age ≥ 65; n = 131) (Figure 80 - Figure 82). Surprisingly, contrary trends were 

detected in the two age groups for both PDC levels and BMD. In patients younger than 65 

years, the minor A-allele trends to be associated with increased PDC levels and reduced BMD 

in spine, femur and femoral neck. In contrast, in the elderly, the minor A-allele is associated 

with decreased PDC levels and trends to be associated with increased BMD. 

 

 
Figure 80. Mean values of PDC levels according to the genotypes of the HSD11B1 SNP 

rs11811440 in patients aged < 65 and patients aged ≥ 65. Spearman’s correlation 
coefficient (rs), the p-value of the correlation analysis and the number of analysed participants 
(n) are given, means ± SD. 

 

 

 
Figure 81. Mean values of BMD of the spine according to the genotypes of the HSD11B1 

SNP rs11811440 in patients aged < 65 and patients aged ≥ 65. Spearman’s correlation 
coefficient (rs), the p-value of the correlation analysis and the number of analysed participants 
(n) are given, means ± SD.  



 

208 
 

 
Figure 82. Mean values of BMD of the left and right femur and femoral neck according 

to the genotypes of the HSD11B1 SNP rs11811440 in patients aged < 65 and patients 

aged ≥ 65. Spearman’s correlation coefficient (rs), the p-value of the correlation analysis and 
the number of analysed participants (n) are given, means ± SD. 
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By moderation analyses an interaction effect of the menopausal status on the association of 

rs11811440 and PDC levels was determined. To analyse this further, the female study 

population was divided into two groups, one comprising the premenopausal women (n = 7) 

and the other comprising the postmenopausal women (n = 187), and the distribution of PDC 

levels according to the rs11811440 genotypes was visualised (Figure 83). Due to the low 

subject number in the group of premenopausal women, no conclusive results can be drawn 

from the analysis of this group. In the group of postmenopausal women, an association of the 

PDC levels with the rs11811440 genotypes was not detected. 

 

 
Figure 83. Distribution of suppressed cortisol levels according to the genotypes of the 

HSD11B1 SNP rs11811440 in pre- and postmenopausal women p-values according to 
Jonckheere-Terpstra test and the number of analysed participants (n) are given. 
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In order to gain a comprehensive understanding of the influence of HSD11B1 SNPs on the 

development of osteoporosis, the data from the prospective OsteoGene study were compared 

to the retrospective HSD study. From the HSD study, data of 435 participants were analysed. 

At first, the demographic characteristics were analysed (Table 26). In the OsteoGene study 

more women were included than in the HSD study (83.6% vs. 71.7%). In the OsteoGene study 

the proportion of postmenopausal women was also higher (96.4% vs. 49.7%). The 

participants of the OsteoGene study were older (median age 67 vs. 59). The difference in age 

distribution was significant between the two studies (p = 4.4x10-16, Figure 84).  

 

 
Figure 84. Age distribution in the HSD and OsteoGene study populations The number of 
analysed patients (n) and the significance (p-value) according to Mann-Whitney U test are 
given. 

 

PDC levels were determined in both study populations. However, the detection method used 

for the HSD study was not as sensitive as the method used for the OsteoGene study. Thus, PDC 

levels of the two study populations were not compared. 

DXA measurements of the spine and the left femoral neck were performed in both studies 

(Table 26, Figure 85, Figure 86). Participants of the OsteoGene study had higher BMD values 

of the spine than participants of the HSD study. The distribution was significantly different 

between the two studies (p = 5.8x10-15; Figure 85a). The same was true in the subgroup of 

subjects aged 65 or older (p = 1.4x10-8). The T-score of the spine did not vary in the complete 

cohort and was merely significant in the elderly (p = 0.019; Figure 85b). The Z-score of the 

spine was significantly different between the HSD study and OsteoGene study (p = 0.005; 

Figure 85c), but not in the elderly. 
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Figure 85. Distribution of (a) BMD, (b) T-score and (c) Z-score of the spine in the HSD 

and OsteoGene study populations In the histograms in the left column data of all ages were 
included. The histograms in the right column only depict data of the elderly (aged 65 years or 
older). The number of analysed patients (n) and the significance (p-value) according to Mann-
Whitney U test are given. 

 

As with BMD of the spine, participants of the OsteoGene study had also higher BMD values of 

the femoral neck than participants of the HSD study. The distribution was significantly 

different between the two studies (p = 1.4x10-10; Figure 86a). The same was true in the 

subgroup of subjects aged 65 or older (p = 3.5x10-10). In contrast to the spine, the T-score of 

the left femoral neck was significantly different between the two study cohorts, both in the 

complete cohort and in the elderly (p = 3.7x10-4 and p = 6.1x10-5; Figure 86b). The Z-score 
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was significantly different between the HSD study and OsteoGene study (p = 0.025; 

Figure 86c), but not in the elderly. 

 

 
Figure 86. Distribution of (a) BMD, (b) T-score and (c) Z-score of the left femoral neck 

in the HSD and OsteoGene study populations In the histograms in the left column data of 
all ages were included. The histograms in the right column only depict data of the elderly 
(aged 65 years or older). The number of analysed patients (n) and the significance (p-value) 
according to Mann-Whitney U test are given. 
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In conclusion, the Z-score of the left femoral neck showed the smallest differences between 

the HSD and the OsteoGene study. Thus, the Z-scores of the left femoral neck of both study 

populations were pooled and the association with the rs11811440 and rs932335 genotypes 

was analysed. Thereby, also the statistical power was increased. 

The distribution of the Z-score did not significantly vary between the genotypes of 

rs11811440 and rs932335 (Figure 87, Figure 88). However, homozygous carriers of the 

minor A-allele of rs11811440 trended to have higher Z-scores of the left femoral neck.  

 

 
Figure 87. Distribution of the Z-score of the spine according to the genotypes of the 

HSD11B1 SNPs rs11811440 and rs932335 in the pooled study population p-values 
according to Jonckheere-Terpstra test and the number of analysed participants (n) are given. 

 

 
Figure 88. Distribution of the Z-score of the left femoral neck according to the 

genotypes of the HSD11B1 SNPs rs11811440 and rs932335 in the pooled study 

population p-values according to Jonckheere-Terpstra test and the number of analysed 
participants (n) are given. 
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To analyse a potential influence of age on the association of the Z-score and the rs11811440 

genotypes, the pooled study population was divided into two subgroups with one group 

comprising all participants aged younger than 65 and the other group comprising all 

participants aged 65 or older.  

Again, no association was detected for the Z-score of the spine and the rs11811440 genotypes 

(Figure 89). The Z-score of the femoral neck trended to be increased in homozygous carriers 

of the minor A-allele in both groups (Figure 90).  

 

 

Figure 89. Distribution of the Z-score of the spine according to the genotypes of the 

HSD11B1 SNP rs11811440 in patients aged < 65 and patients aged ≥ 65 of the pooled 

study population p-values according to Jonckheere-Terpstra test and the number of 
analysed participants (n) are given. 
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Figure 90. (a) Distribution and (b) mean values of the Z-score of the left femoral neck 

according to the genotypes of the HSD11B1 SNP rs11811440 in patients aged < 65 and 

patients aged ≥ 65 of the pooled study population.(a) p-values according to Jonckheere-
Terpstra test and the number of analysed participants (n) are given. (b) Spearman’s 

correlation coefficient (rs), the p-value of the correlation analysis and the number of analysed 
participants (n) are given, means ± SD. 

 

 

To analyse if the strength of the association of the Z-score and the rs11811440 genotypes is 

influenced by the type of osteoporosis, an additional subgroup was analysed comprising the 

participants with secondary osteoporosis. 

Surprisingly, the Z-score of the spine trended to be decreased in homozygous carriers of the 

minor A-allele in the younger subgroup, whereas it trended to be increased in homozyogous 

carriers of the minor A-allele in the older subgroup (Figure 91). The Z-score of the left femoral 

neck was not associated to the rs11811440 genotypes in the younger subgroup, but trended 

to be increased in homozyogous carriers of the minor A-allele in the older subgroup 

(Figure 92).  
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Figure 91. Distribution of the Z-score of the spine according to the genotypes of the 

HSD11B1 SNP rs11811440 in patients aged < 65 and patients aged ≥ 65 with secondary 

osteoporosis of the pooled study population p-values according to Jonckheere-Terpstra 
test and the number of analysed participants (n) are given. 

 

 

Figure 92. (a) Distribution and (b) mean values of the Z-score of the left femoral neck 

according to the genotypes of the HSD11B1 SNP rs11811440 in patients aged < 65 and 

patients aged ≥ 65 with secondary osteoporosis of the pooled study population.(a) p-
values according to Jonckheere-Terpstra test and the number of analysed participants (n) are 
given. (b) Spearman’s correlation coefficient (rs), the p-value of the correlation analysis and 
the number of analysed participants (n) are given, means ± SD. 



 

217 
 

All in all, the mean Z-score of the left femoral neck trends to be increased in homozygous 

carriers of the minor A-allele. This effect appears to be more pronounced in the elderly and 

elderly patients with secondary osteoporosis (Figure 93). 

 

 

Figure 93. Comparison of the mean values of the Z-score of the left femoral neck in all 

patients and two subgroups of the pooled study populations. The number of analysed 
participants (n) are given, means ± SD. 

 

Multifactorial analyses were performed to account for the influence of sex, age and BMI on 

the association of the rs11811440 genotypes with the Z-score of the left femoral neck 

(Table 30). The data visualised in the graphs above show that an effect is only detected in 

homozygous carriers of the minor A-allele. Thus, in addition to the additive model, analyses 

were also performed in the recessive model. In the recessive model, a higher effect of the 

genotype on the Z-score was predicted than in the additive model. The effects in the recessive 

model were significant.  

 

Table 30. Linear regression analyses of rs11811440 genotypes on Z-score of the left 

femoral neck in the pooled study populations. Analyses were performed in the additive 
and the recessive model. 

Subgroup Covariates additive recessive 

β stderr p β stderr p 

All ages 
not adjusted 0.121 0.080 0.130 0.670 0.245 0.006 

adjusted* 0.146 0.073 0.045 0.750 0.223 0.001 

Age ≥ 65 
not adjusted 0.181 0.117 0.122 0.782 0.349 0.026 

adjusted* 0.186 0.116 0.109 0.749 0.345 0.031 

Age ≥ 65 and  
sec. OPO 

not adjusted 0.287 0.179 0.113 1.121 0.545 0.042 

adjusted* 0.282 0.185 0.132 1.124 0.537 0.039 

* adjusted for sex, age and BMI; significant effects are printed in bold; PDC, post 
dexamethasone cortisol; BMD, bone mineral density, g/cm²; β, unstandardized regression 
coefficient; stderr, standard error  
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4.3.3 Association of rs11811440 and rs932335 with bone stiffness, 

markers of bone turnover and obesity as analysed in the population-

based SHIP study 

The effect of rs11811440 and rs932335 on bone health was also analysed in the general 

population. To this end, data of the population-based SHIP study were exploited. The study 

population comprised 5,264 participants with QUS measurements, 3,361 with P1NP and 

3,328 with CTX measurements. The demographic and clinical characteristics of the study 

population are summarised in Table 31. 
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Table 31. Demographic and clinical characteristics of the SHIP study population 

Characteristics 
SHIP 

(n = 5,264) 

Women, % 51.3 
SHIP-TREND-0, % 63.9 
Age, years 54.0 (42.0-65.0) 
Menopausal status (in women)  

Premenopausal, % 
Postmenopausal, % 

40.4 
59.6 

BMI, kg/m² 27.6 (24.6-30.9) 
Diabetes Mellitus, % 12.4 
Smoking  

Non-smoker, % 36.7 
Ex-smoker, % 38.4 
Smoker, % 24.9 

Physically inactive, % 50.8 
Alcohol, g/day 3.9 (1.0.-11.7) 
eGFR, ml/min/1.73m² 89.8 (76.3-101.7) 
hsCRP, mg/l 1.22 (0.7-2.7) 
Intake of   

Calcium supplements, % 0.5 
Vitamin D supplements, % 1.2 
Bisphosphonates, % 0.0 
Other drugs affecting bone structure and 
mineralisation, % 

0.0 

PTH, % 0.0 
Menopausal HRT (in women), % 4.4 
Oral contraceptives (in women), % 12.4 
Systemic glucocorticoids, % 0.0 
Inhaled glucocorticoids, % 1.0 

Osteoporosis (self-report), % * 4.1 
BUA, dB/MHz 112.6 (102.8-123.2) 
SOS, m/s 1560.4 (1538.8-1583.5) 
Stiffness index 92.5 (80.5-105.2) 
P1NP, ng/ml * 43.9 (33.5-57.5) 
CTX, ng/ml * 0.25 (0.16-0.38) 
25(OH)D, µg/l * 22.8 (16.9-29.3) 
Vitamin D deficiency, % * 37.4 

rs11811440 genotype, % 
CC 68.4 
CA 28.5 
AA 3.1 

rs932335 genotype, % 
GG 62.0 
GC 33.1 
CC 4.8 

Data are presented as proportions or medians (1st-3rd quartile). * Osteoporosis: 1.96% missings; 
P1NP (n = 3,361), CTX (n = 3,328) and 25(OH)D (n = 3,336) measurements were restricted to 
SHIP-TREND. P1NP: 0.06% missings; CTX: 1.04% missings; 25(OH)D: 0.80% missings; Vitamin D 
deficiency was defined as 25(OH)D concentrations < 20 ng/ml (restricted to SHIP-TREND).  
25(OH)D, 25-hydroxyvitamin D3; BMI, body mass index; BUA, broadband ultrasound attenuation; 
CTX, carboxy-terminal telopeptide of type I collagen; eGFR, estimated glomerular filtration rate; 
HRT, hormone replacement therapy; hsCRP, high sensitivity C-reactive protein; P1NP, intact 
amino terminal propeptide of type I procollagen; PTH, parathyroid hormone; SOS, speed of sound 
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In the following, the distribution of the stiffness index according to the rs11811440 and 

rs932335 genotypes was visualised (Figure 94). The mean stiffness index for rs1181140 

were 93.3, 93.7 and 94.2 for the C/C, C/A and A/A genotypes, respectively. The mean stiffness 

index for rs932335 were 93.2, 93.8 and 94.5 for the G/G, G/C and C/C genotypes, respectively. 

There was no significant association between the genotypes and the stiffness index as 

indicated by Jonckheere-Terpstra test. 

 

 

Figure 94. Distribution of the stiffness index according to the genotypes of the HSD11B1 

SNPs rs11811440 and rs932335 p-values according to Jonckheere-Terpstra test and the 
number of analysed participants (n) are given. 

 

To account for the influence of covariates, multifactorial analyses were performed to assess 

the associations of rs11811440 and rs932335 with stiffness index and the bone turnover 

markers P1NP and CTX (Table 32). In these models, a significant association between the SNP 

genotypes and the stiffness index or the bone turnover markers could not be detected.  
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Table 32. Linear regression analyses of rs11811440 and rs932335 genotypes on 

stiffness index and bone turnover markers 

Outcome Covariates rs11811440 rs932335 

β stderr p β stderr p 

Stiffness index 

n = 5,264 
not adjusted 0.383 0.464 0.410 0.678 0.427 0.112 
adjusted* 0.578 0.432 0.181 0.752 0.397 0.058 

P1NP 

n = 3,361 

not adjusted 0.013 0.013 0.315 0.000 0.012 0.985 
adjusted* 0.011 0.013 0.410 -0.002 0.012 0.889 

CTX 

n = 3,328 

not adjusted -0.003 0.021 0.879 -0.026 0.019 0.172 
adjusted* -0.002 0.020 0.921 -0.023 0.019 0.221 

P1NP and CTX measurements were restricted to the SHIP-TREND-0 cohort; * adjusted for sex, 
age, BMI, smoking, alcohol consumption, physical activity, hsCRP and intake of inhalative 
glucocorticoids; P1NP, intact amino terminal propeptide of type I procollagen; CTX, carboxy-
terminal telopeptide of type I collagen; β, unstandardized regression coefficient; stderr, 
standard error 

 

In subsequently performed moderation analyses it was tested, if sex, age or menopausal 

status (in women) represented effect modifiers in the above models. There was no significant 

interaction effect in any of the models (Table 33) and thus respective subgroup analyses were 

not performed. 

 

Table 33. P-values from the moderation analyses to identify potential interaction 

effects of sex, age or menopausal status on the associations between the SNPs and 

stiffness index, P1NP or CTX 

Moderator Outcome p-value for 

rs11811440 × 

moderator 

p-value for 

rs932335 × 

moderator 

Sex Stiffness Index 0.355 0.599 
P1NP 0.603 0.598 
CTX 0.767 0.884 

Age Stiffness Index 0.245 0.176 
P1NP 0.591 0.407 
CTX 0.493 0.228 

Menopausal status 
(women only) 

Stiffness Index 0.586 0.458 
P1NP 0.897 0.367 
CTX 0.876 0.373 

P1NP, intact amino terminal propeptide of type I procollagen; CTX, carboxy-terminal 
telopeptide of type I collagen 

 

As a next step, the effects of the SNPs on obesity, defined according to BMI, VAT and SAT, were 

analysed. While data on BMI was available in 5,264 subjects, data on VAT and SAT were 

restricted to 2,575 subjects who underwent whole-body MRI. The distribution of the outcome 

variables (BMI, VAT and SAT) was visualised according to the rs11811440 and rs932335 

genotypes (Figure 95). Additionally, mean VAT and SAT values according to the SNP 
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genotypes are given in Table 34. Homozygous carriers of the minor A-allele of rs11811440 or 

the minor C-allele of rs932335 tended to have increased VAT or SAT compared to the 

remaining two groups but the Jonckheere-Terpstra test indicated no statistically significant 

trend between the genotypes and the fat depots or BMI.  

 

 
Figure 95. Distribution of the parameters of obesity according to the genotypes of the 

HSD11B1 SNPs rs11811440 and rs932335 p-value according to Jonckheere-Terpstra test 
and the number of analysed participants (n) are given. BMI, body mass index; SAT, 
subcutaneous adipose tissue; VAT, visceral adipose tissue 
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Table 34. SAT and VAT volumes according to the genotypes of rs11811440 and 

rs932335 

Parameter 
rs11811440 rs932335 

C/C C/A A/A G/G G/C C/C 

SAT, l 7.9 (3.3) 7.9 (3.6) 8.4 (3.6) 7.8 (3.3) 7.9 (3.5) 8.3 (3.8) 
VAT, l 4.1 (2.6) 4.0 (2.6) 4.7 (3.2) 4.1 (2.6) 4.1 (2.6) 4.6 (3.0) 

Mean values (standard deviation) are given. SAT, subcutaneous adipose tissue; VAT, visceral 
adipose tissue 
 

Finally, to account for the influence of physical activity on the analysed parameters, 

multivariable linear regression models were calculated (Table 35). Again, there was no 

statistically significant association in any of the models.  

 

Table 35. Linear regression analyses of effects of rs11811440 and rs932335 genotypes 

on parameters of obesity 

Outcome Covariates rs11811440 rs932335 

β stderr p β stderr p 

BMI 

n = 5,264 
not adjusted -0.010 0.127 0.936 0.065 0.117 0.577 
adjusted* -0.003 0.126 0.980 0.074 0.116 0.526 

SAT 

n = 2,575 

not adjusted 0.134 0.125 0.282 0.168 0.115 0.144 
adjusted* 0.138 0.124 0.266 0.173 0.114 0.132 

VAT 

n = 2,575 

not adjusted 0.034 0.097 0.727 0.086 0.089 0.338 
adjusted* 0.036 0.097 0.707 0.089 0.089 0.321 

*Results from models adjusted for physical activity; β, unstandardized regression coefficient; 
stderr, standard error; BMI, body mass index; SAT, subcutaneous adipose tissue; VAT, visceral 
adipose tissue 
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5 Discussion 

This work aimed to confirm and refine the previously identified clinical association of 

rs11811440 and rs932335, SNPs in intron 5 of HSD11B1, with PDC and BMD. To this end, the 

prospective OsteoGene study was analysed and the previously identified association of 

rs11811440 was partly confirmed. The minor A-allele was significantly associated with 

reduced PDC levels and trended to be associated with higher BMD, but only in subjects aged 

65 or older. In combined analyses of the OsteoGene and HSD study, significant associations of 

rs11811440 genotypes and the Z-score of the left femoral neck were identified in the 

recessive model. However, the associations observed in osteoporosis patients could not be 

confirmed using surrogate markers in a large cohort study. Fine-mapping analyses revealed 

no other linked SNP that was more strongly associated with PDC and BMD than rs11811440, 

reducing the possibility that the clinically associated SNPs are markers for other SNPs.  

Regarding the underlying mechanisms, the analyses revealed that 11β-HSD1 is positively 

involved in adipogenic and negatively involved in osteogenic differentiation. Overexpressing 

HSD11B1 in SCP-1 cells (hMSC model) promoted adipogenic differentiation. However, the 

knockout did not reduce adipogenic differentiation. In the presence of cortisone, lipid droplet 

formation was as high as in the wildtype cells. The same was true for LPL expression. FABP4 

expression was higher as in the wildtype cells but did not reach expression levels of the 

overexpressing cells. In contrast, upon osteogenic differentiation, the knockout led to 

improved osteogenic differentiation as determined by ALP activity. In the overexpressing 

cells, ALP activity did not exceed activity of the undifferentiated control cells.  Using the 

HSD11B1 knockout and overexpressing cells, a switch from osteogenic to adipogenic 

differentiation was observed as especially LPL expression increased in the overexpressing 

but decreased in the knockout cells.  

Finally, the influence of four intron 5 SNPs on HSD11B1 expression was analysed. EMSAs and 

reporter gene assays using SCP-1 cells pointed to binding of a regulatory protein to rs932335. 

The identity of this protein could not be revealed. Bioinformatic analyses of intron 5 and a putative 3’ UTR predicted ncRNAs but none of these overlaid with the analysed SNPs.  
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5.1 Development of SCP-1 cells as a model for analyses of the 

effect of 11β-HSD1 on osteogenic and adipogenic 

differentiation 

5.1.1 Generation and validation of HSD11B1 knockout and overexpressing 

SCP-1 cells 

SCP-1 cells are immortalised bone marrow-derived human mesenchymal stem cells. They 

were chosen as model cell line to analyse the effect of 11β-HSD1 on osteogenic and adipogenic 

differentiation. To this end, HSD11B1 overexpressing SCP-1 cells were generated by targeted 

integration and knockout SCP-1 cells were generated by CRISPR-Cas9 mediated gene editing. 

 

The efficiency of HSD11B1 overexpression in SCP-1 cells was compared to the efficiency in 

HEK293 cells. HEK293 cells exhibited a 47-fold higher HSD11B1 mRNA expression than the 

SCP-1 clone (Figure 38). While the used HEK293 cells are a commercially available cell line 

with an already integrated FRT site, the FRT site had to be integrated into the genome of SCP-1 

cells in this work. Since transfection efficiency is very low in SCP-1 cells, only one clone survived after Zeocin™ selection. Ideally, multiple overexpressing cell clones are analysed in the β-galactosidase assay to identify the clone with the optimal transcriptional activity at the 

integration site. Nevertheless, the pFRT/lacZeo vector was successfully integrated into a 

transcriptionally active site, as shown by the β-galactosidase assay (Figure 35). However, the 

exact genomic location of the integrated pFRT/lacZeo vector was not controlled. Therefore, 

transcriptional activity at the integration site may vary between the cell lines and may not be 

as high in SCP-1 cells as in HEK293 cells, explaining the observed differenences in 

overexpression efficiency.  

11β-HSD1 can exhibit both reductase and dehydrogenase activity. The predominant reaction 

in the overexpressing cell lines was determined after incubation with cortisone or cortisol. 

SCP-1 cells overexpressing HSD11B1 showed predominantly reductase activity, whereas 

HEK293 cells overexpressing HSD11B1 showed both reductase and dehydrogenase activity 

(Figure 63). This is concordant with the results of Atanasov et al. [216]. HEK293 cells have 

only low endogenous H6PDH activity. The enzyme H6PDH provides the cofactor NADPH for 

the reductase activity by reduction of NADP+. Thus, low activity or absence of H6PDH would 

result in increased availability of NADP+, the cofactor needed for dehydrogenase activity of 11β-HSD1. Accordingly, when HEK293 cells were cotransfected with 11β-HSD1 and H6PDH, 
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reductase activity increased but dehydrogenase activity decreased [216]. Alternatively, the 

detected dehydrogenase activity in HEK293 cells may result from 11β-HSD2 activity. 

However, Kusakabe et al. demonstrated that endogenous expression of 11β-HSD2 in HEK293 

cells is quite low [217]. In their study, only 25% of cortisol were converted to cortisone by 

HEK293 cells transfected with the control vector. After overexpression of a human 11β-HSD2 

homolog, the amount of cortisol converted increased to 76%.  To further analyse the contribution of each of the two isozymes, 11β-HSD1 and 11β-HSD2, to 

the inactivation of cortisol to cortisone, gene expression analyses and activity assays with a specific inhibitor of 11β-HSD1 should be performed. The expression levels of H6PDH and 11β-HSD2 in SCP-1 cells are not known and therefore should be examined in further analyses. However, the predominant reductase activity of 11β-HSD1 portends the presence of an active 

H6PDH. Moreover, as shown in this work, the expression and enzyme activity in 

overexpressing cells was further increased upon differentiation, indicating sufficient supply 

of the cofactor NADPH.  

 

HSD11B1 was knocked out in SCP-1 cells by CRISPR-Cas9 mediated gene editing using two 

crRNAs that targeted exon 2 or exon 5 of HSD11B1. Targeting exon 2 resulted in less clones 

than targeting exon 5.  

The grown exon 2 clones were either wildtype or had in-frame mutations with only little 

effect on protein structure (Figure 45). Hence, an important role of exon 2 for correct 11β-

HSD1 protein structure or function can be hypothesized. Based on this assumption, 11β-HSD1 

might play a crucial role for cell viability. With the NH2 terminus being responsible for 

membrane localization, exon 2 encodes for Lys5 and Glu25/Glu26 that secure luminal orientation of 11β-HSD1. Mutating these amino acids results in cytoplasmic orientation. 

However, reductase activity would still be maintained [101,106,218]. Additionally, knockout 

of HSD11B1 was successful and affected cells were viable when exon 5 was targeted (see 

below). An alternative explanation could be off-target effects resulting from poor specificity 

of the applied crRNA. The estimated specificity was slightly lower for the crRNA targeting 

exon 2 than for the crRNA targeting exon 5. The same was true for the estimated efficiency. 

So, it can be assumed, CRISPR-Cas9 mediated editing of exon 2 was not successful due to a 

low editing efficiency.  

In contrast, there were multiple exon 5 clones with modified sequences. To assess the 

specificity of the crRNA targeting exon 5, potential off-target sites were analysed. The IDT 

prediction also listed sites with an alternative PAM site (NAG instead of NGG). Although, 
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recognition of these sites is less efficient [219,220], the respective sites were also sequenced. 

In none of the sequenced off-target sites, sequence modifications were detected, indicating a 

high specificity of the used crRNA.  

For detailed validation, the clone 1C4 was chosen. It was expected that CRISPR-Cas9 mediated 

gene editing would generate a premature stop codon resulting in nonsense-mediated mRNA 

decay. Surprisingly, this was not the case. HSD11B1 mRNA expression levels were comparable 

to the wildtype cells (Figure 50). This is concordant with findings of other groups where 

transcript levels of targeted genes were unaltered, but protein expression was abolished 

[178,221]. However, this was only observed under “standard” adipogenic differentiation 

conditions in the presence of dexamethasone. Upon substitution of dexamethasone by 

cortisone, no increase in HSD11B1 expression was detected following differentiation 

(Figure 53a), which proves the inducibility of HSD11B1 expression by active glucocorticoids 

[133]. MRNA expression was measured using a TaqMan probe that binds at the exon 5–exon 6 

border, 75 bp to 76 bp downstream of the modified sites. Thus, gene expression analysis with 

this assay was unaffected by CRISPR/Cas9 mediated gene editing. The premature stop codon 

was generated not until more than 100 amino acids after the sequence modification. 

Overexpression and knockout cells were validated on protein level by Western Blot and 

targeted proteomics. Both the primary antibody used for detection in Western Blot analyses 

and the peptide used for targeted proteomics bind the C-terminus of 11β-HSD1. This peptide 

sequence was destroyed by the frameshift resulting from CRISPR-Cas9 mediated gene editing. 

Although the exact binding site of the antibody is not published, it can be assumed that the 

binding site is also destroyed by the frameshift. However, upon adipogenic differentiation, 

low amounts of 11β-HSD1 protein were detected (Figure 50b). Whereas the antibody used 

for Western Blot analyses may bind unspecifically to other peptide sequences, the targeted 

proteomics approach is highly specific. Possibly, a small fraction of wildtype sequence is still 

expressed in the 1C4 clone. Therefore, this clone should be sequenced regularly to ascertain 

the absence of wildtype sequence. Nevertheless, 11β-HSD1 activity was abolished, as shown 

by functional validation (Figure 50). Moreover, cortisol production increased over time only 

in wildtype and overexpressing cells, but not in the knockouts (Figure 53b, c). The active site 

of the enzyme is constituted by four conserved amino acids - Asn143, Ser170, Tyr183, and 

Lys187 [101,222,223]. These amino acids are encoded in exon 5 and exon 6. Mutations of 

either Tyr183 or Lys187 result in an abolished enzyme activity [222]. In the knockout clone 

1C4, the peptide sequence is altered, starting with either Ser146 or Tyr147 (Figure 96). Thus, 

the abolished enzyme activity of the 1C4 clone can be explained by mutations of the important 

amino acids Tyr183 and Lys187.  
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                        10        20        30        40        50        60        70        80        90       100 

               ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

   Reference   MAFMKKYLLPILGLFMAYYYYSANEEFRPEMLQGKKVIVTGASKGIGREMAYHLAKMGAHVVVTARSKETLQKVVSHCLELGAASAHYIAGTMEDMTFAE  

   p.Tyr147fs  ....................................................................................................  

   p.Ser146fs  ....................................................................................................  

 

                       110       120       130       140       150       160       170       180       190       200 

               ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

   Reference   QFVAQAGKLMGGLDMLILNHITNTSLNLFHDDIHHVRKSMEVNFLSYVVLTVAALPMLKQSNGSIVVVSSLAGKVAYPMVAAYSASKFALDGFFSSIRKE  

   p.Tyr147fs  ..............................................LRGPDCSC.AHAEAEQWKHCCRLLSGWESGLSNGCCLFCKQVCFGWVLLLHQ.G  

   p.Ser146fs  ..............................................GPDCSCL.HAEAE.WKHCCRLL.GWESGLSNGCCLFCKQVC.GWVLLLHQKGIF  

 

                       210       220       230       240       250       260       270       280       290 

               ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|.. 

   Reference   YSVSRVNVSITLCVLGLIDTETAMKAVSGIVHMQAAPKEECALEIIKGGALRQEEVYYDSSLWTTLLIRNPCRKILEFLYSTSYNMDRFINK  

   p.Tyr147fs  IFSVQGQCINHSLCSWPHRHRNSHEGSFWDSPYASSS.GGMCPGDHQR.SSAPRRSVL----------------------------------  

   p.Ser146fs  SVQGQCINHSLCSWPHRHRNSHEGSFWDSPYASSSKGGMCPGDHQRGSS.P.RSVL------------------------------------  

Figure 96. Comparison of 11β-HSD1 peptide sequences of the HSD11B1 knockout clone 

1C4 with the reference sequence Amino acids are shown in one letter code. The amino acids 
important for catalytic activity are highlighted in green. Dots represent amino acids that are 
identical to the reference P28845 (UniProtKB), hyphens represent missing amino acids.  

 

To allow making sound statements about the influence of 11β-HSD1 on differentiation of 

hMSCs, further CRISPR-Cas9 clones, e.g. 2B4*, 2B10, 1D10 or 1H4, need to be validated as 

described above. However, also other experimental approaches could be considered. Here, 

the aim was to generate a knockout cell line from a clonally derived cell clone. Single cell 

sorting using fluorescence activated cell sorting (FACS) was not successful because the SCP-1 

cells did not survive this procedure. Furthermore, SCP-1 cells did not grow clonally very well. 

Therefore, the more gentle limiting dilution was used with cell densities of 0.8 to 5.0 cell/well. 

Careful observation of the cells allowed the distinction between single cell clones or mixed 

clones. Another promising approach was recently shown by Gross et al. who isolated single 

SCP-1 cell clones after CRISPR-Cas9 mediated gene editing using the novel single-cell printing 

technology [224]. 

Here, the question arises whether clonality is necessary. As the aim was to generate a cell 

model with abolished 11β-HSD1 activity rather than a specific genotype, it would be 

conceivable to use mixed clones. Then, the present sequence variations should be thoroughly 

monitored e.g. by regular sequencing. However, mixed clones increase the variability and the 

probability of inconsistent results and should therefore be used with caution.  
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5.1.2 Identification of the native promoter  

To further validate SCP-1 cells as model for analyses of the effect of 11β-HSD1 on 

differentiation, it is important to characterise the transcriptional activation of HSD11B1 in 

these cells. To this end, the native promoter in SCP-1 cells was identified. 

Two alternative promoters are known to be active in HSD11B1 [128,225] and the promoter 

activity was described as cell line- and tissue-specific [127]. The promoter usage in SCP-1 and 

HepG2 (as liver-representing) cells was analysed by reporter gene assays. Promoter P1 was 

clearly identified to be the predominant promoter in the immortalised mesenchymal 

progenitor cell line SCP-1 (Figure 24a). This promoter was first described in 2006 by Bruley 

et al. [128] and was shown to be active in the human tumour cell lines A431 (epidermoid 

carcinoma) and HT-29 (colorectal adenocarcinoma) [127]. Moreover, P1 was active in human 

lung but did not reach transcription levels of P2 [127]. As P2 is reported to be the 

predominant promoter in most cell lines and (glucocorticoid-target) tissues, it is even more 

interesting that now activity was proven in a non-tumorigenic cell line. Here, it was also 

demonstrated that P2 but not P1 activity is C/EBPα-dependent in SCP-1 cells (Figure 26b). 

This is in agreement with published in vitro and in vivo data [128]. These results indicate that 

P1 might be the relevant promoter expressing HSD11B1 in bone, adipose tissue and cartilage 

as these tissues derive from mesenchymal stem cells. However, in both human adipose tissue 

and the murine 3T3-L1 cell line, P2 and not P1 was reported to be the active promoter [127]. 

Differentiation of 3T3-L1 resulted in increased activity of both P1 and P2, with P2 still being 

predominant [127]. Moreover, it should be considered that P2 activity might not have been detected due to the lack of C/EBPα expression in undifferentiated SCP-1 cells which was 

shown by qRT-PCR analyses (Figure 26a).  C/EBPα is an important transcription factor in adipogenic differentiation [226]. Here, 

adipogenic differentiation of SCP-1 cells increased CEBA expression (Figure 26a). Similar 

results with SCP-1 cells were also obtained by others [227]. The synthetic glucocorticoid 

dexamethasone increases CEBPA expression [228] and cortisol was reported to increase 

HSD11B1 expression by binding of GR and C/EBPα to the promoter of HSD11B1 [133]. However, C/EBPα action is dependent on PPARγ [226]. In later stages of adipogenesis, C/EBPα substitutes C/EBPβ as regulator of DGAT2 expression that is important for 

triglyceride synthesis [229]. Together with the promoter analyses in the luciferase assay, 

these data indicate a potential switch from activity of P1 in mesenchymal stem cells to activity 

of P2 in adipocytes which was also supported by RNA-Seq data analyses (Figure 27). In 

adipose tissue and liver, exon 1 showed no or only very low coverage. This is consistent with 
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in vitro and in vivo data showing that the alternative promoter P2, and not P1, is active in these 

tissues [127,128,225]. 

Upon osteogenic differentiation, CEBPA expression decreased in wildtype SCP-1 cells 

(Figure 26a) whereas HSD11B1 expression increased, although the increase was not as high 

as after adipogenic differentiation. In the osteoblast cell line SV-HFO, osteogenic 

differentiation decreased HSD11B1 expression by reducing P2 activity, which was 

independent of CEBPA expression levels [69]. Thus, in osteogenic differentiation, HSD11B1 

expression may only be increased by binding of GR to a GRE. However, the study did not 

analyse P1 activity and therefore no final conclusions can be drawn. The analysed RNA-Seq 

data of osteoblasts did not map to HSD11B1 (data not shown). This points to an absence of 

HSD11B1 expression in osteoblasts which is contradictory to the literature [115,230] and to 

in vitro data on osteogenic differentiation obtained in this work (Figure 54). To clarify this, 

further RNA-Seq data of osteoblasts should be analysed in future experiments.  

HepG2 cells were chosen as the liver-representing cell line in the molecular genetic analyses 

(chapter 4.1.2). It is well known that HSD11B1 is most highly expressed in liver and that 

HSD11B1 transcription in liver is mediated by P2 activity [225,231]. However, HepG2 cells do 

not express HSD11B1 (data not shown). In reporter gene assays, P2 increased luciferase 

activity 3-fold (Figure 24b). However, this is 46-fold less than in SCP-1 cells when C/EBPα is 

co-expressed. As P2 is C/EBPα-dependent, the lack of P2 activity may be caused by a reduced 

CEBPA expression in HepG2 cells. Indeed, HepG2 cells express only low levels of C/EBPα [232] 

and co-transfection of P2 with C/EBPα increases P2 activity significantly [129]. Therefore, the 

lack of endogenous expression of the essential transcription factor C/EBPα disqualify HepG2 

cells as a proper liver-representing model cell line to study HSD11B1. 

In future experiments, comparative analyses of promoter usage in undifferentiated, 

adipogenically, and osteogenically differentiated SCP-1 cells by reporter gene assays could 

add valuable information on promoter activity of HSD11B1 in different tissues. However, it is 

known from previous experiments that transfection efficiency after lipofection in 

differentiated SCP-1 cells is insufficient. Therefore, other transfection procedures than 

lipofection need to be considered. Alternatively, RNA could be isolated from differentiated 

cells and subsequently the amount of transcripts originating from P1 or P2 could be 

quantified as described by Staab et al. [127]. Characterisation of the active promoter, or a 

potential switch in promoter activity upon differentiaton, would contribute to an even more 

detailed characterisation of SCP-1 cells as a model cell line for analyses of the effect of 

HSD11B1 on osteogenic and adipogenic differentiation.  
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5.1.3 Are there alternative models? 

Considering the drawbacks with the immortalised SCP-1 cells, the question arises if utilising 

primary cells would be more advantageous. Primary hMSCs as ex vivo model are more 

representative as they depict more physiological conditions. HSD11B1 expression and 

cortisone to cortisol conversion in hMSCs was shown to be higher than in SCP-1 cells [233]. 

Moreover, primary hMSCs with variable genotypes concerning the SNPs of interest could be 

valuable for directly analysing the influence of HSD11B1 SNPs on adipogenic and osteogenic 

differentiation. In the immortalised SCP-1 cells, the different genotypes would have to be 

artificially generated by e.g. CRISPR-Cas9 mediated gene editing. However, interindividual 

variability of the cell donors could complicate interpretation of the data. Moreover, isolation, 

growth and characterisation of the hMSCs are time, cost and labour intensive. Therefore, 

primary hMSCs should not be used for initial analyses but could be used for confirmation of 

results gained with the immortalised SCP-1 cells. Properly validated and characterised 

immortalised cells deliver consistent results and are more suitable for initial analyses of 

molecular mechanisms. The successful generation of HSD11B1 knockout and overexpressing 

SCP-1 cells in this work provides a valuable tool for analyses of the role of peripheral cortisol 

production by 11β-HSD1 in differentiation of mesenchymal stem cells.  

To analyse physiological effects in an organismic approach, it may be useful to analyse mouse 

models. It could be interesting to analyse whether an impaired 11β-HSD1 activity and thus an 

impaired glucocorticoid signalling would interfere with more than differentiation of stem 

cells. Previous studies in different knockout mouse models led to a better understanding of 

the role of peripheral glucocorticoid metabolism. Although, the liver is the organ with the by 

far highest HSD11B1 expression, analyses in liver-specific HSD11B1 knockout mice detected 

a lack of substantial alterations in glucose or lipid metabolism. This pointed to the essential 

role of cortisol metabolism in extrahepatic tissues [234]. Another study focussing on 

glucocorticoid excess demonstrated the relevance of peripheral reactivation of 

glucocorticoids in adipose tissue that is responsible for the development of adverse metabolic 

effects [235]. A mouse model of chronic inflammatory polyarthritis proved the relevance of 

peripheral reactivation of therapeutic glucocorticoids. Animals with global HSD11B1 

knockout were unable to respond to the anti-inflammatory actions of glucocorticoids which 

results in increased joint destruction and osteoporosis [113,236].  

In humans, an inactive 11β-HSD1 enzyme results in cortisone reductase deficiency (CRD) 

with substantial impact on the endocrine system. To date, only two cases of true cortisone 

reductase deficiency (CRD) have been reported [237]. In contrast to apparent CRD where 

mutations are present in H6PD (the gene coding for H6PDH), true CRD is caused by mutations 
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in HSD11B1. The two affected male patients suffered from hyperandrogenism and premature 

pseudopuberty. The influence on bone integrity was not described.  

 

In conclusion, HSD11B1 knockout and overexpressing SCP-1 cells were successfully 

generated and validated. The highest increase in HSD11B1 mRNA expression and 11β-HSD1 

activity were detected upon adipogenic differentiation. Although, the promoter activity needs 

further validation, the wildtype, knockout and overexpressing SCP-1 cells could be a useful 

tool for analyses of the effect of 11β-HSD1 on osteogenic and adipogenic differentiation of 

mesenchymal stem cells. 
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5.2 The role of 11β-HSD1 in adipogenic and osteogenic 

differentiation 

5.2.1 Local cortisol regeneration promotes switch from osteogenic to 

adipogenic differentiation  

In this work, HSD11B1 knockout and overexpressing SCP-1 cells were generated and their 

function was validated. With the help of these cells, the role of local cortisol regeneration by 11β-HSD1 in differentiation fate of mesenchymal stem cells was examined. To this end, 

wildtype, HSD11B1 knockout and overexpressing SCP-1 were adipogenically and 

osteogenically differentiated, in absence or presence of the 11β-HSD1 substrate cortisone. 

Adipogenic differentiation was validated based on the formation of lipid droplets and gene 

expression of the adipogenic markers LPL and FABP4. LPL hydrolyses triglycerides from 

lipoproteins into free fatty acids which are then taken up into tissues. In adipose tissue, they 

are stored as triglycerides [238]. FABPs are lipid transport proteins with FABP4 being the 

adipocyte isoform that is involved in regulation of lipolysis [239]. When adipogenically 

differentiated in the presence of cortisone, HSD11B1 overexpressing cells formed 

significantly more lipid droplets and expression of the adipogenic marker LPL was increased 

when compared to wildtype or knockout cells (Figure 56, Figure 57). Production of cortisol by 11β-HSD1 was shown to be critical for differentiation of omental preadipocytes [240]. A 

similar effect was observed in the presence of dexamethasone (Figure 56). Adipogenic 

differentiation was also detected in the knockout cell line. In these cells, the lack of a 

glucocorticoid stimulus (when dexamethasone was substituted by cortisone), did not abolish 

lipid droplet formation. Thus, the remaining substances insulin, IBMX and indomethacin are 

sufficient to stimulate adipogenic differentiation. This is consistent with results obtained in 

mouse preadipocytes where GR activation by dexamethasone was expendable for 

adipogenesis [241]. In contrast, Bujalska et al. demonstrated the essential role of 11β-HSD1 

in adipogenic differentiation of preadipocytes, using indomethacin, IBMX, insulin and 

cortisone, the same substances used in this work [242]. Upon adipogenic differentiation, 

HSD11B1 expression and reductase activity increased, along with increased lipid 

accumulation and FABP4 expression. Selective inhibition of 11β-HSD1 resulted in reduced 

lipid accumulation and abolished FABP4 expression [242]. Although, the HSD11B1 knockout 

SCP-1 cells in this work did not show such phenotypic effects, the lipid droplet formation in 

the knockout cells was lower in the presence of cortisone than in the presence of 

dexamethasone, indiciating a role of 11β-HSD1 in adipogenic differentiation. (Figure 56c).  
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The effect of 11β-HSD1 on osteogenic differentiation was analysed by differentiating SCP-1 

cells with ascorbic acid, β-glycerol phosphate and 1α,25-dihydroxyvitamin D3 (osteogenic-

vitD3). With this differentiation, ALP activity was increased in the knockout cells (Figure 58). 

This effect was observed on day 12 of differentiation. After 16 days, ALP activity was 

increased also in the wildtype cells. As ALP is an early marker of osteogenic differentiation, 

more distinct effects on its activity may be detectable at an earlier timepoint of differentiation. 

This should be considered in future experiments. Whereas ALP activity and ALPL expression 

was cortisone independent, DKK1 expression significantly increased in HSD11B1 

overexpressing cells in the presence of cortisone (Figure 59). Wnt signalling is important in 

osteoblastogenesis and as DKK1 is an inhibitor of Wnt signalling [14,15], its increase indicates 

a reduced osteogenic differentiation. Additionally, expression of the adipogenic markers 

FABP4 and LPL increased in overexpressing cells when cortisone was added to the 

differentiation medium (Figure 60). These observations indicate that high amounts of cortisol 

generated by enzyme activity of the overexpressed HSD11B1 promote the switch from 

osteogenic to adipogenic differentiation. Here, cells were differentiated for 16 days. Blaschke 

et al. observed the same switch in differentiation with wildtype SCP-1 cells differentiated for 

21 to 26 days [233]. Accordingly, addition of cortisol to osteogenic differentiation medium of 

murine stromal cells caused a reduced activity of alkaline phosphatase, a decreased 

mineralisation, an increased expression of C/EBP transcription factors and development of 

an adipocytic phenotype [132]. In a mouse model of dexamethasone-induced osteoporosis, 

CEBPA expression was increased which was caused by a reduced promoter methylation [24]. 

Moreover, primary MSCs of this mouse model tend to differentiate into adipocytes more often 

than cells from control mice, even in the presence of the osteogenic inductor BMP-2, which 

was in line with increased DKK1 expression and reduced β-catenin levels [24]. As HSD11B1 

expression increases with age [117,118], accelerated local cortisol regeneration by increased 11β-HSD1 levels resulting in increased adipogenesis in bone could contribute to the 

development of age-related osteoporosis. This assumption is supported by inhibition studies 

that can be found in the literature. Incubation with carbenoxolone reduced preadipocyte 

differentiation [243]. Yet, carbenoxolone is an inhibitor of both 11β-HSD1 and 11β-HSD2, and 

thus the effect was only partly related to 11β-HSD1. Nevertheless, specific inhibition of 11β-

HSD1 added further evidence as it decreased adipogenesis in vitro [233], promoted 

osteogenic differentiation and improved bone microstructure and density in vivo [244,245].  

Furthermore, Clabaut et al. reported that co-culture of osteoblasts derived from hMSC with 

bone marrow adipocytes increased the expression of adipogenic markers in the osteoblasts, 

including HSD11B1 [246,247]. Moreover, they identified expression of adipogenic markers in 

osteoblasts from subjects aged between 50 and 59 years [247]. Interestingly, bone marrow 
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adipocytes were found to secrete extracellular vesicles containing mRNA of adipogenic 

markers [248]. 

In addition to the osteogenic-vitD3 differentiation described above, an initial experiment was 

performed with osteogenic differentiation using ascorbic acid, β-glycerol phosphate and 

dexamethasone (osteogenic-dexa). In a modified protocol, cortisone was added instead of 

dexamethasone. With this differentiation, ALP activity was reduced in the knockout cells on 

day 10 (Figure 61). To exclude that this reduction was an artefact created by diminished 

survival of the knockout cells, the cell viability as determined by PrestoBlue assay was 

evaluated (data not shown). The normalisation to cell viability confirmed the previous data. 

Prolonged culturing in differentiation medium with cortisone resulted in death of wildtype 

and knockout cells whereas survival of the respective control cells in normal culture medium 

was unchanged. This underlines the critical role of glucocorticoid signalling in osteogenic 

differentiation as it was shown by Eijken et al. [69]. However, the distinct underlying cellular 

mechanism remains to be analysed.   In summary, an 11β-HSD1 dependent switch from osteogenic to adipogenic differentiation 

was observed in SCP-1 cells. As bone marrow adipocytes adiposity is associated with 

decreased bone mineral density, these observation point to a role of 11β-HSD1 in the 

development of osteoporosis [25,249]. 

 

5.2.2 Effects of glucocorticoids on markers of adipogenic and osteogenic 

differentiation 

The success of adipogenic and osteogenic differentiations were validated by analysing 

distinct markers. Not all were influenced by the presence of glucocorticoids. In the following, 

the underlying mechanisms should be mapped. 

To validate adipogenic differentiation, the accumulation of lipid droplets and the expression 

of the adipogenic markers FABP4 and LPL was measured. FABP4 was reported to be 

dexamethasone and cortisone responsive [242,250,251]. Its expression is activated by PPARγ, which was shown to respond to dexamethasone [78], and to be C/EBPα dependent 

[252]. LPL was shown to be positively regulated by cortisol [253]. Upon dexamethasone 

treatment, LPL expression and activity decreased in rats [254], but increased in humans 

[255,256]. LPL expression is induced by binding of the transcription factor cAMP-response 

element binding protein (CREB) [257,258]. The transcriptional activation is presumably 

mediated via the PI3K/Akt pathway. It was shown that the activated glucocorticoid receptor 
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inhibited Akt phosphorylation and thereby facilitated the activation of CREB in muscle [259] 

whereas chronic glucocorticoid stimuli inhibit CREB activation in neurons [260]. Indeed, 

FABP4 and LPL expression increased following adipogenic differentiation, in all three cell 

lines in this work (Figure 57). In contrast, in osteogenic-vitD3 differentiation, a clear 

inductive effect of cortisol on LPL and FABP4 expression was observed only in the 

overexpressing cells (Figure 60). This underlines that adipogenic differentiation does not 

solely depend on glucocorticoid signalling whereas glucocorticoids may play a pivotal role in 

development of an adipogenic phenotype in osteoblasts. Interestingly, with increasing 

culturing time, FABP4 expression increases in the wildtype cells even without adipogenic 

stimulus (Figure 57). The underlying mechanism remains to be examined.  

Osteogenic differentiation was performed with 1α,25-dihydroxyvitamin D3 and in the absence of dexamethasone (“osteogenic-vitD3”). It was shown that 1α,25-dihydroxyvitamin 

D3 positively regulates Wnt signalling in rat and human [261–263] and that expression of 

vitamin D receptor (VDR) is induced by dexamethasone [264]. The glucocorticoid responding 

factor glucocorticoid-induced leucine zipper (GILZ) was reported to direct the differentiation 

fate of MSCs towards the osteogenic lineage [265]. The success of osteogenic-vitD3 

differentiation was validated by analysing ALP activity and gene expression of the osteogenic 

markers ALPL, BGLAP and DKK1. DKK1 expression was increased in the presence of cortisone. 

This is consistent with data obtained with primary human osteoblasts where DKK1 

expression was induced by dexamethasone [266]. ALPL expression and enzyme activity was 

increased in the HSD11B1 knockout cells whereas no difference was detected between 

wildtype and overexpressing cells. This effect was independent of cortisone (Figure 58, 

Figure 59). By revision of the raw data, artefacts due to normalisation (gene expression) or 

cell viability (enzyme activity) were excluded. ALPL expression and enzyme activity was 

shown to be positively regulated by dexamethasone in rat osteosarcoma cells [267,268] and 

in human osteoblasts [269]. It was further shown that ALPL and BGLAP expression are 

increased by 1α,25-dihydroxyvitamin D3 [269,270]. Dexamethasone influenced these effects, 

but in contrary ways: it promoted the increase in ALPL expression but inhibited the increase 

in BGLAP expression [269]. In the promoter of BGLAP, a negative GRE is present, directing the 

negative effects of dexamethasone on BGLAP expression [271]. Accordingly, BGLAP 

expression decreased in mouse tibia and primary osteoblasts after corticosterone 

administration [272] and osteocalcin levels (encoded by BGLAP) decreased after short-term 

treatment with the glucocorticoid prednisone in healthy men [273]. In this context, it is 

surprising that in the differentiated SCP-1 cells of this work, BGLAP expression was increased 

and ALPL expression was unchanged in the HSD11B1 overexpressing cell line when cortisone 

was added to the differentiation medium. Similar to the in vitro data obtained in this work, 
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expression of the osteogenic markers BGLAP and ALPL were significantly increased in 

HSD11B1 knockout mice when compared to the wildtype littermates, after administration of 

corticosterone (the active glucocorticoid in rodents) [123], supporting the assumption of a 

beneficial effect of HSD11B1 knockout on bone health.  

Additionally, first promising results were obtained with osteogenic differentiation 

experiments using dexamethasone and low glucose medium showing that the overexpressing 

cells had decreased ALP activity and reduced matrix mineralisation (Figure 61, Figure 62). 

However, this was detected in the presence of dexamethasone and not cortisone. 

 

Surprisingly, even in the absence of the 11β-HSD1 substrate cortisone, phenotypic effects of 

the knockout or overexpression of HSD11B1 were detectable with all three differentiation 

protocols.  

Dexamethasone is structurally very similar to cortisol [274]. Dexamethasone or cortisol 

mainly positively affect HSD11B1 expression. However, tissue specific differences were 

reported [275]. Dexamethasone increased HSD11B1 expression and enzyme activity in 

human smooth muscle cells [276] and human chorionic trophoblasts [277]. Cortisol increased 

HSD11B1 expression in human skeletal muscle cells [278] but decreased expression and 

activity in the murine adipocytic cell line 3T3-L1 [190]. Dexamethasone binds GR, activating 

GR signalling. However, it is not a substrate of 11β-HSD1 [279] or is regarded only as a weak 

substrate [274]. In contrast, dexamethasone is a substrate of 11β-HSD2 [280]. 11β-HSD2 

inactivates dexamethasone to 11-dehydrodexamethasone which is a substrate for both 

isozymes in vitro [280]. 11-dehydrodexamethasone can be reactivated to dexamethasone by 11β-HSD1 [280,281]. Thus, assuming expression of 11β-HSD2 in SCP-1 cells, conversion of 

11-dehydrodexamethasone, produced by 11β-HSD2, to dexamethasone by 11β-HSD1 could explain cell type specific effects in absence of the 11β-HSD1 substrate cortisone. Moreover, 

dexamethasone might induce the expression of HSD11B2 in SCP-1 cells as it was shown for 

lung and placental cells [282,283]. Interestingly, also 11- dehydrodexamethasone was shown 

to be a GR agonist [281]. However, in osteogenic-vitD3 differentiation no dexamethasone was 

present. In normal culture medium (DMEM/ 10% FCS/ 1% P/S), no cortisone but background 

cortisol concentrations of < 10 ng/ml (less than 0.03 µM) were detected. Yet, this small 

concentration unlikely affected the differentiation experiments.  
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In summary, the interplay of glucocorticoids, transcription factors and downstream 

expressed proteins is complex and varies between cell types, tissues and medical conditions. 

To fully understand the effect of the glucocorticoids dexamethasone and cortisone/cortisol 

on the differentiation of SCP-1 or primary MSCs, detailed analyses on potential players in 

glucocorticoid induced signalling need to be performed. In addition, it should be investigated 

whether the level of HSD11B1 expression influences the expression or activation of regulatory 

factors of differentiation. To detect cortisone independent effects of the presence or absence of 11β-HSD1 on adipogenic and osteogenic differentiation, transcriptomic data of HSD11B1 

wildtype, knockout and overexpressing SCP-1 cells should be analysed. 
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5.3 The role of HSD11B1 intron 5 SNPs in the development of 

osteoporosis 

The association of other HSD11B1 intron 5 SNPs than rs11811440 and rs932335 were 

analysed by fine-mapping but the analyses did not portend an alternative SNP as causative 

variant for the observed associations [121]. 

To refine the knowledge about the effects of rs11811440 and rs932335 on bone health, two 

clinical studies were analysed: i) the prospective OsteoGene study focussing on osteoporosis 

patients and ii) the SHIP study with a population-based approach. 

 

5.3.1 Association of rs11811440 and rs932335 with PDC levels and BMD in 

osteoporosis patients (OsteoGene study) 

The prospective approach of the OsteoGene study allowed to generate a well selected study 

population. The strength of this study is the high number of patients with untreated 

osteoporosis. As BMD or PDC were not influenced by medication, associations of the SNPs 

with PDC levels and BMD could be analysed genuinely. However, the strong selection caused 

a low subject number and thereby an only low proportion of homozygous carriers of the 

minor alleles. 

By a negative feedback mechanism on the HPA axis, cortisol controls its own synthesis. This 

effect is taken advantage of in the dexamethasone suppression test. By dexamethasone 

administration, centrally regulated cortisol production is suppressed. In the clinical routine 

of osteoporosis evaluation, this test is applied to examine adrenal gland functionality. In 

healthy individuals, dexamethasone would suppress cortisol synthesis. When Cushing’s syndrome is excluded, the detected serum cortisol is likely to originate from 11β-HSD1 

activity in the peripheral tissues. In the OsteoGene study, PDC levels increased with age 

(Figure 68) which is congruent with the results of the previous HSD study [121] and is in line 

with the observation that HSD11B1 expression increases with age [117,118]. Moreover, the 

BMD of the femur and femoral neck decreased with increasing PDC levels (Figure 70, 

Figure 71), confirming the previous data [121] and data published by Kann et al. who 

reported increased PDC levels in osteoporosis patients [284]. However, in contrast to the 

previous HSD study, this correlation was not observed in the spine (Figure 69).  

Furthermore, the association of the HSD11B1 SNPs rs11811440 and rs932335 with PDC 

levels and BMD was analysed. Based on the results from the retrospective HSD study, the A-
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allele is thought to have a protective effect on the development of osteoporosis. In our 

prospective study, a significant reduction of PDC levels was associated with the minor A- and 

C-alleles of rs11811440 and rs932335, respectively. This indicates that the minor alleles 

cause a reduced enzyme activity. However, this effect was only observed in the elderly (aged 

65 years or older) (Figure 77).  

BMD values were not significantly associated with rs11811440 or rs932335 genotypes. 

Interestingly, in the age-defined subgroup analyses, a contrary effect of the minor alleles on 

BMD was detected (Figure 81, Figure 82). Whereas in the younger group, the minor alleles 

trended to be associated with decreased BMD, in the older group, the minor alleles trended 

to be associated with increased BMD at the femur or femoral neck. The observed contrary 

effects may be explained by the assumption that homozygous carriers of the minor A-allele have a reduced 11β-HSD1 activity. Glucocorticoid signals are important for osteoblast differentiation. Therefore, a reduced 11β-HSD1 activity would negatively affect the BMD in 

the young when cortisol is needed for bone formation. In contrast, when HSD11B1 expression increases with age, a reduced 11β-HSD1 activity would protect the bone from excess 

glucocorticoids and therefore positively affect BMD. Yet, the hypothesis of a reduced enzyme 

activity could not be substantiated by the measured PDC levels. In the younger subgroup, a 

trend towards increased PDC levels was observed (Figure 80). However, due to the fact that 

only one homozygous carrier of the minor A-allele could be analysed in this group, further 

examinations have to be performed in a larger cohort to allow reliable interpretation of the data. Nevertheless, a reduced 11β-HSD1 activity was associated with improved bone health in other studies. In healthy children, an association of higher 11β-HSD1 activity was 

associated with reduced BMD [285] and inhibition or knockout of 11β-HSD1 protected bone 

against glucocorticoid-induced osteoporosis in rodents [123,286]. 

Surprisingly, the described trends were only observed in the femur and femoral neck wheras 

in the HSD study the strongest association were detected in the spine. Additionally, as 

described above, the BMD of the femur and femoral neck but not the spine or TBS were 

negatively correlated with the PDC levels (Figure 69-Figure 72). In age-related osteoporosis 

both cortical and trabecular bone are affected whereas in postmenopausal osteoporosis 

predominantly trabecular bone is affected [287]. Cortical bone is present in the body of the 

femur whereas trabecular bone is predominant in the femoral neck and especially in the 

spine. Thus, the influence of peripheral cortisol metabolism cannot be connected to a certain 

type of bone. 

To allow a better understanding of the detected associations, the population characteristics 

of the OsteoGene study and the HSD study were compared (Table 26). In the OsteoGene study, 
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more postmenopausal women were included. However, the menopausal status was not a 

mediator in the association of the SNP genotypes and BMD. 

To allow analysis of a larger cohort, the Z-scores from patients of the OsteoGene study and 

the HSD study were pooled. A clear trend to increased Z-scores at the femoral neck was 

observed in homozygous carriers of the minor A-allele of rs11811440 in patients aged 65 or 

older with secondary osteoporosis (Figure 93). In the HSD study, the same effect was 

observed with the T-score of the femoral neck and the spine [121]. Interestingly, significance 

of the protective effect of the rs11811440 A-allele was only detected in the recessive model 

(Table 30). Thus, only homozygous and not heterozygous carriers of the minor A-allele 

appear to benefit.  

In the context of the effect of cortisol on bone health, not only reduced or increased production of cortisol by 11β-HSD1 but also the downstream binding to the glucocorticoid 

receptor (encoded by NR3C1) should be considered in further analyses. A combination of reduced 11β-HSD1 activity and reduced activated glucocorticoid receptor may act protective 

on bone health. Therefore, it would be interesting to analyse the genotypes of central NR3C1 

polymorphisms: e.g. rs41423247 (BclI) and rs56149945 (N363S) that were shown to 

increase glucocorticoid sensitivity [288,289] and rs6189/rs6190 (ER22/23EK) and rs6198 

(A3669G) that were shown to decrease glucocorticoid sensitivity [290–292]. In patients with 

endogenous hypercortisolism (endogenous Cushing’s syndrome) it was shown that patients 

with higher endogenous cortisol levels in combination with the BclI polymorphism had lower 

BMD [293] and that the A3669G polymorphism improves muscle strength [294]. 

Correspondingly, in patients with primary adrenal insufficiency (PAI, Addison’s Disease) or 

congenital adrenal hyperplasia (CAH) receiving glucocorticoid replacement therapy, the BclI 

polymorphism was associated with increased bone resorption [295].  

In summary, PDC levels increased with age in patients evaluated for osteoporosis, supporting 

previous observations and indicating that HSD11B1 expression increases with age. Moreover, 

a significant association of the minor A-allele of rs11811440 with Z-scores of the femoral neck 

were detected supporting the hypothesis that 11β-HSD1 influences bone health.  
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5.3.2 Association of rs11811440 and rs932335 with stiffness index and 

obesity in the general population (SHIP study) 

Surprisingly, no associations between the stiffness index and the HSD11B1 SNPs rs11811440 

and rs932335 were identified in the SHIP study (Figure 94, Table 32). For diagnosis of 

osteoporosis, the determination of BMD by DXA measurement is the gold standard. This 

technique could not be applied in the large population-based SHIP study. Instead, the bone 

stiffness index was determined by QUS measurement at the heel. The lack of association in 

the present analyses may be caused by a reduced power to predict osteoporotic fractures by 

QUS, which mostly occur at the spine or the femoral neck but not at the calcaneus, the site of 

QUS measurements in SHIP. However, this is in contrast to previous studies, which 

demonstrated that QUS measurements correlate with BMD [296] and can predict hip fracture 

risk [297,298]. Another explanation may be that the QUS-based parameters, BUA and SOS, do 

not correlate with cortisol metabolism. In contrast to the OsteoGene study, the SHIP study 

reflects the general population. However, only 4.1% of the study population reported a 

diagnosis of osteoporosis. This proportion underestimates the actual number of individuals 

suffering from osteoporosis for different reasons [10]: Underdiagnosis of osteoporosis as well 

as the requirement of a certain degree of physical mobility to allow participation in the 

examinations may have reduced the proportion of self-reported osteoporosis. But, more 

importantly, the contraindications for the QUS measurements, like wounds, injuries, or 

implants below the knee, may have reduced the number of osteoporosis patients. The HSD 

study [121] was conducted retrospectively with osteoporosis patients. Hence, the identified 

association of rs11811440 with BMD and PDC might become relevant with emerging disease. 

In the study of Hwang et al. an association of rs932335 with BMD was detected in 

postmenopausal Korean women [119]. Yet, in SHIP menopausal status was no moderator in 

the association between the SNP genotypes and the bone parameters (Table 33). The SNP 

rs4844880 in the promoter region of HSD11B1 was significantly associated with BMD in 

healthy women  and postmenopausal osteoporotic women [120]. Additionally, the 

association of the SNP genotypes with parameters of obesity was analysed. Again, there was 

no association between the measures (Figure 95, Table 35). Molnár et al. identified the 

HSD11B1 SNP rs4844880 to be associated with BMI and weight gain in patients with Adison’s 
disease treated with hormone replacement therapy [137]. Possibly, an effect of the here 

analysed SNPs on obesity parameters becomes apparent only with disease. 
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5.3.3 The potential role of osteomacs in age-related osteoporosis  

In the combined analyses of the OsteoGene and HSD study, a trend to increased Z-scores at 

the femoral neck was detected in homozygous carriers of the minor A-allele, especially in the 

elderly (Figure 93). Assuming that homozygosity of the A-allele cause a reduced enzyme 

activity, the protective effect of the A-allele may come into play when HSD11B1 expression 

increases with age. The differentiation experiments performed in this work point to the 

negative influence increased HSD11B1 expression may have in bone, as a switch from 

osteogenic to adipogenic differentiation was observed in HSD11B1 overexpressing cells 

(Figure 60).  

Bone is a heterogeneous tissue consisting not only of different populations of bone cells, but 

also immune cells [14]. The bone-resident macrophages, osteomacs, were shown to play an 

essential role in the maintenance of bone homeostasis as they promote differentiation of 

MSCs into osteoblasts [35,43]. Furthermore, macrophages play a pivotal role in a process 

called “inflamm-ageing”. This term describes the chronic low-grade inflammation that occurs 

with the ageing process and is thought to be involved in the development of age-related 

diseases [299]. Chronic age-related activation of macrophages, described by the term “macroph-ageing”, is thought to play an essential role in inflamm-ageing [299].  

HSD11B1 expression increases with age. Consistent with the concept of inflamm-ageing, 

HSD11B1 expression was shown to be increased by the pro-inflammatory cytokine tumor 

necrosis factor (TNF-α) and interleukin-1β (IL-1β) in human primary osteoblasts [134]. With 

age, the osteogenic differentiation potential of MSCs decreases and adipogenic differentiation 

increases [25]. Furthermore, BMD was inversely correlated with pelvic bone marrow adipose 

tissue in humans [249]. 

In aged mice, a dysfunction of the HPA axis was observed along with decreased corticosterone 

levels [300]. HSD11B1 expression and enzyme activity was reduced. This led to 

downregulation of the glucocorticoid-responsive GILZ, a suppressor of inflammation, in vitro 

and in vivo. As GILZ plays a central role in macrophage activation, the loss of GILZ was 

interpreted to contribute to macroph-ageing [300]. However, the effect of ageing on HSD11B1 

expression and enzyme activity is contradictory to what is known from humans (see above). 

It remains to be determined if the differences in expression and activity are species- and/or 

cell type-specific as Perez et al. analysed murine macrophages and peripheral leukocytes 

[300].  

To better understand the interplay of osteoblasts and osteomacs, the physiological conditions 

could be mimicked in vitro by co-culturing osteoblasts and macrophages in a transwell 
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approach as it was performed with murine cells by Chang et al. [35]. This could be performed 

in future experiments using immortalised cells (SCP-1 differentiated to osteoblasts and THP-1 

cells differentiated to macrophages) or primary cells. Incubation with pro-inflammatory 

cytokines could further mimic the ageing process.  

In summary, osteomacs play an important role in the maintenance of bone homeostatsis. 

Therefore, the concept of macroph-ageing may contribute to the understanding of the 

development of age-related osteoporosis and the role 11β-HSD1 plays in it. 

 

Taken together, the results from the clinical studies point to a significant influence of the 

rs11811440 polymorphism on bone health in the elderly, especially in presence of secondary 

osteoporosis. The prospective OsteoGene study provides a well selected study population. To 

increase the number of homozygous carriers of the minor alleles, recruitment of patients 

should be continued. Furthermore, the role of 11β-HSD1 in age-related osteoporosis should 

be further analysed in connection with the concept of macroph-ageing. 
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5.4 Regulatory effects of HSD11B1 intron 5 

5.4.1 The regulatory potential of intron 5 SNPs 

To analyse the effect of HSD11B1 intron 5 SNPs on transcriptional activity, reporter gene 

assays were performed in SCP-1 and HepG2 cells. When the SNP sites were cloned into the 

commercial pGL3-Promoter vector expressing the strong SV40 promoter, the SNPs had only 

limited effect on the activity of the luciferase reporter. To visualise possible effects, the SV40 

promoter was substituted by the native HSD11B1 promoters P1 and P2. Consequently, SNP- 

and allele-specific effects on luciferase activity were detected with P1. Based on the findings 

of the HSD study [121], it was expected to detect allele-specific effects of rs11811440 on 

luciferase activity. However, the strongest and most allele-specific effect was detected with 

rs932335 alleles. Here, in the presence of the minor C-allele, luciferase activity was highly 

increased (Figure 25a). In contrast to this, EMSAs indicated a predominant role of the major 

G-allele as binding to this site was stronger than to all other SNP sites (Figure 22). Possibly, 

no activating transcription factors but transcription repressors were recruited to this SNP 

site. Two SNPs in the intron 4 of HSD11B1, rs4587298 and rs12086634, have already been 

associated with reduced HSD11B1 mRNA expression and reduced 11β-HSD1 activity [301].  

No SNP effects were detected with P2, which may have been caused by the lack of CEBPA 

expression in undifferentiated SCP-1 cells. Therefore, co-transfections of the pGL3-

Basic::HSD11B1-Promoter 2::SNP constructs with a CEBPA expressing plasmid should be 

considered for future reporter gene assays. By this, the activity of a repressor would be clearly 

detectable.  

Surprisingly, the strongest molecular genetic SNP effects were detected with rs932335. In 

contrast, in the previously published HSD study [121] the SNP rs11811440 showed the 

strongest association with PDC levels and BMD. Associations with rs932335 were also 

detected but the effects were weaker and were only detected for BMD. In this study, 452 

patients were analysed. Possibly, a higher number of enrolled patients would have intensified 

the observed association, as this would potentially add homozygous carriers of the minor 

allele to the study population. However, the MAF of rs932335 was higher than the MAF of 

rs11811440 so that a low number of homozygous carriers of the minor allele is unlikely to be 

causative for the low association observed in this study. 

The analysed SNPs were in high linkage disequilibrium with rs11811440. Thus, the clinically 

observed effect of rs11811440 could be explained by an effect of rs932335. Rs932335 has 
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also been associated with other medical conditions like colorectal cancer [302] and breast 

cancer [303]. 

Interestingly, in liver but not in adipose tissue, expression was detected downstream of the annotated 3’ UTR. This putative part of the 3’ UTR was lower expressed than the annotated 

part and may be involved in tissue-specific gene regulation. In this region, five SNPs were 

identified that are highly genetically linked to rs11811440 (r² > 0.7). Potentially, regulatory 

factors like transcription factors or repressors could bind to these sites and influence 

expression levels of HSD11B1. Four of these, rs2064148, rs9430015, rs1337531 and 

rs2205985, were identified as cis-eQTL of HSD11B1 in subcutaneous adipocytes by the GTEx 

Portal. However, as the putative 3’ UTR was not expressed in the analysed adipose tissue, the 

regulatory role of these SNPs cannot be evaluated on the basis of this single RNA-Seq 

experiment.  

 

5.4.2 Is there more than SNPs?  

Only 10% of the introns in the human genome are larger than 11,000 bp and the average 

intron length on chromosome 1 is 4737 bp [207]. Therefore, it was hypothesised that the 

great length of approximately 25 kb of HSD11B1 intron 5 indicates the presence of regulatory 

factors. In addition to the analyses on SNPs described above, RNA-Seq data were also analysed 

to identify potential alternative regulatory functions of HSD11B1 intron 5.  In both intron 5 and the putative 3’ UTR, Metazoan SRP RNA was predicted (Table 19). 

Though, Regalia et al. predicted only two likely SRP genes in the human genome, both on 

chromosome 14 [304]. However, in the human genome there is a huge number of the 

transposable Alu elements, a family of short interspersed nucleotide elements (SINEs), which 

evolved from the SRP RNA 7SL [305]. Therefore, it was analysed whether the predicted 

Metazoan SRP RNAs were Alu elements using RepeatMasker. Each of the potential SRP RNA 

was identified as Alu element with high scoring and only little sequence differences to the 

query sequence (Table 19). This indicates that actually Alu elements and not SRP RNA may be 

present in intron 5 and the putative 3’ UTR of HSD11B1. Interestingly, Alu elements were 

shown to be involved in regulation of gene expression [306]. Alu elements may act as cis or, 

when transcribed, as trans regulatory elements. Alu elements were associated with gene 

dysregulation in autism spectrum disorder [307]. Hypermethylation in the POMC gene was 

associated with increased obesity and is potentially triggered by Alu elements [308]. 

Moreover, hypomethylation of Alu elements in blood cells was associated with reduced bone 

mineral density in postmenopausal women with osteoporosis [309]. These studies 
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demonstrate the regulatory role Alu elements can have. It is possible that the predicted Alu 

elements in HSD11B1 may influence HSD11B1 expression. DNA and Alu methylation alters 

with age [310,311] and it may be speculated that this could be the reason for the age-related 

increase in HSD11B1 expression. Interestingly, methylation of the glucocorticoid response 

element in the alternative promoter P1 of HSD11B1 in skeletal muscle decreased following 

dexamethasone treatment [312]. This decrease was associated with an increased 11β-HSD1 

activity. Additionally, methylation may be involved in the reduced expression of the putative 3’ UTR. 
Using the Rfam database, ncRNAs – lncRNAs, miRNAs, snoRNAs – were predicted in intron 5 and the putative 3’ UTR. LncRNAs are involved in gene regulation on different levels. For 

instance, they regulate transcription, mediate post-transcriptional modification or alter 

chromatin accessibility [313]. MiRNAs play an essential role in the regulation of gene 

expression. MiRNAs mediate gene silencing, regulate translational activation and 

transcription, and may induce post-transcriptional degradation of mRNA [314]. MiRNAs 

cluster and miRNA patterns are highly conserved [315]. SnoRNAs are mainly involved in 2-O′-methylation and pseudouridylation of rRNA and small nulcear RNAs (snRNAs). Moreover, 

snoRNAs may influence mRNA transcription and can be precursors of miRNAs [316]. Both miRNAs and snoRNAs were identified in intron 5 and the putative 3’ UTR. However, the 

location of none of the predicted ncRNAs overlapped with the SNPs of interest rs11811440, 

rs11119328, rs1000293 or rs932335 (Figure 32). Therefore, a role of ncRNAs in the observed 

clinical association could not be verified. MiRNAs were identified to regulate HSD11B1 

expression by targeting regions in the 3’ UTR of HSD11B1 [317]. If the putative 3’ UTR also 

contains miRNA target sites, needs to be assessed in future analyses. Recently, miRNAs were 

identified that are associated with intake of beta blockers and increased BMD [318]. The 

miRNA miR-181a promotes adipogenesis in SCP-1 and primary adipose derived 

mesenchymal cells [227]. However, none of these miRNAs were predicted in intron 5 or the putative 3’ UTR.  
Since, polyA-tail capture was applied to the RNA used for the analysed RNA-Seq experiment, 

there may be a bias towards mRNA. Only ncRNA with a polyA-tail would have been 

sequenced. Nevertheless, this is true for the majority of lncRNAs [313], most of the miRNAs 

[314] and premature snoRNAs [316].  The identification of the putative elongated 3’ UTR and the prediction of the ncRNAs should 

be confirmed and refined by analyses of additional RNA-Seq experiments of adipose tissue 

and liver. To enable unbiased analyses of ncRNAs, experiments should be chosen where rRNA 

depletion was used as purification method. To unravel the potential role of methylation on 
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HSD11B1 expression, bisulfite sequencing on DNA of subjects of different ages could be 

performed. Moreover, RNA-Seq experiments of hMSCs should be analysed. Additionally, RNA-

Seq experiments should be performed on undifferentiated, adipogenically and osteogenically 

differentiated SCP-1 cells to directly identify potential regulatory RNAs involved in 

differentiation of hMSCs. 

 

In summary, a molecular genetic mechanism explaining the observed clinical associations of 

rs11811440 and rs932335 could not be completely revealed. However, the results portend a 

protein binding to rs932335. Further analyses should be performed both in silico to identify 

potential regulatory factors and in vitro to analyse the effect of these factors on transcriptional 

activity. Moreover, methylation analyses could be a promising approach to reveal regulatory 

effects of intron 5 of HSD11B1.  

 

 

In this work, SCP-1 cells were validated as a model for analysing the effect of 11β-HSD1 on 

differentiation of mesenchymal stem cells. HSD11B1 knockout and overexpressing SCP-1 cells 

were generated and it was shown that increased 11β-HSD1 activity can promote a switch 

from osteogenic to adipogenic differentiation. The generated cell lines provide a valuable tool 

for future analyses on the effect of peripheral cortisol generation by 11β-HSD1 on 

differentiation of mesenchymal stem cells. Moreover, the minor A-allele of rs11811440 in 

intron 5 of HSD11B1 appears to have a protective effect on bone mineral density in 

osteoporosis patients. Taken together, the data obtained in this work portend a role of 11β-

HSD1 in bone homeostasis and age-related osteoporosis. 
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7 Appendix 

 

 

Figure 97. Sashimi plot of HSD11B1 in adipose tissue and liver depicting all splice 

junctions RNA-Seq data were mapped against human chromosome 1 with HISAT2. The 
height of the peaks correlates with the number of reads mapped. The data range is given in 
square brackets in the top right corner (0-12 reads for adipose tissue, 0-1043 reads for liver). 
Splice junctions are depicted by arcs connecting the peaks. The numbers of splice junctions 
are given. For both tissues the minimum junction coverage to be visualised was set 1. In the 
reference approximate positions of the two alternative promoters P1 and P2 are depicted. 
White boxes represent the 5’ and 3’ UTR, black boxes represent exons. 
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ATRNL1 
                    10        20        30        40        50        60        70        80        90       100                   

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  ACACCCAATAGGCATATGTAAAGGATCTCAACTTCCTTAGTTATTTGAGAAATGCAAAATAAAACTACAATGAGATACCATTACACATCTATCAAATGGC  

1C4        .....................................................................G..............................  

 

                   110       120       130       140       150       160       170       180       190       200          

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  TAAAATGAAAAAGACAATACAAGATTTGAAAAAGATGTGTAGCAGTTGAACCTCTTATTCACTACTGTAGAGTGTAAATTGGTACAACTCTTTTTGATAA  

1C4        ................................G...................................................................  

 

                   210       220       230       240       250       260       270       280       290       300          

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  TTATTTGGCAGTATATATTAAAGCTGAGTATATGGATACCCTGTAACTGAGAAATTTGACTCTTAGCTACATACCCAATAGTAATGCAAACATAAGTTTG  

1C4        ....................................................................................................  

 

                   310       320       330       340       350       360       370       

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|.... 

Reference  CCAAAACCACCATACAAGTATGCTCATAATAGCATTACCAATAATAGCCACAACCTGGTATTACTCAAAATGCC  

1C4        ..........................................................................  

 

 

 

 

C1orf35 
               10        20        30        40        50        60        70        80        90       100                   

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  CGGGTGGCCTGCCCTACTTTACTTCCTGTCCCAGTTACTCCTAGGTTTTTCTCTAGGGGAGTTTCTCGGGTCACCCTTGAAGAGAGGTCCTAAGTACTGG  

1C4        ....................................................................................................  

 

                   110       120       130       140       150       160       170       180       190       200          

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  CAGTGGTCGGGCGCTGTGCCGTGGGAGGGCACTCAGGACCTGGGGCGGGGCCTTTTCCTGCCGTGGGTGGCACCTCCAGGGCTTCTCCTGGATGGTGAGC  

1C4        ....................................................................................................  

 

                   210       220       230       240       250       260       270       280       290       300          

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  CTGGGCCTGACCCTAAGAGTGGCCTGGTGGGTGCAGGTAGGAAGGTGTCAACCTGCCAAGGGCACGGCTGGGGTGGGGCAGGGGCGTGCTGTGGAGATGG  

1C4        ....................................................................................................  

 

                   310       320       330       340       350       360       370       380       390       400          

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  GGATATTGCATCTGTTTCTAACCCACGTAGCCACTGGCCACGTGACTACGTAACTGAGGAGTGGAATTTGTAGTTTGATTTAACTGATTTAAAGACGCAC  

1C4        ....................................................................................................  

 

                   410       420       430   

           ....|....|....|....|....|....|.... 

Reference  TTGTGGGTGGTGGCTTCATCTGGATGGGGCCTGC  

1C4        ..................................  

 

 

 

Figure 98. Sequence alignments of potential off-target sites of the applied HSD11B1 

exon 5 crRNA. Potential off-targets were predicted by IDT and CCTop. Identified target 
sequences are underlined, the PAM sequences are marked (alignment) or boxed 
(electropherogram) in red, differences are highlighted in grey. Dots represent nucleotides 
that are identical to the reference sequence, hyphens represent deleted nucleotides. (will be 
continued on the following two pages) 
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FMNL3 
                    10        20        30        40        50        60        70        80        90       100                   

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  TAGTCTTAGAGGAAGCCAGAGCAGGATCAGTGAAGGGATAATGGATTGCTCTGTAGTCAGAGTGTTGCGAAGCAATTGCTGAAGGTGGGATGGAGGCAGA  

1C4        ....................................................................................................  

 

                   110       120       130       140       150       160       170       180       190       200          

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  GAGAGAGAGACAGCCTAGAAGCAAGAGGGCAGGTCCCTCGGACATCAGAACATGACACAAGATTTTCGGGAGGAAGCAGGCGGTGAGGGGGACTGTGTTG  

1C4        ....................................................................................................  

 

                   210       220       230       240       250       260       270       280       290       300          

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  AACACCCACAGTGTTCCAGACACATACAGACATAAAATATTTATCTTTTAATCCTCAGCTAAAACCCTGTGAAGTAGTGAGATTATCTCGTTTATGGATG  

1C4        ....................................................................................................  

 

                   310       320       330       340       350       360       370       380       390       400          

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  CGTTCACCAAGGCTCCATAACTCTGAAGAGCCCAAAGTTGATCTTGGGCCCTCTGACTTCACCCACATTTAGTGCCCTCTCCTTTCCAAGACAGCCACTG  

1C4        ....................................................................................................  

 

                   410       420       430       440       450       460       470       480       490       500          

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  CCTCCTTTCTGCTCAGCAAGGGTCTCAATGAGGAGTTAGCAAGAACTTAGCTCAGCTTCTGCCTTCTGGGAGCCTACAGTGTCTGTGGAACCACTGAAGA  

1C4        ....................................................................................................  

 

                   510       520       530       540       550       560       570       580       590       600          

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  AAAAATGTCAAGGAAACAAACTTTTGACTGAGACCGGAACTGTGTCAAATTTGCTACTTTGCTGTCCCCGGAACTCAGGAAGTTGTCATTCCTAAGGGCA  

1C4        ....................................................................................................  

 

                   610       620       630       640       650       660      

           ....|....|....|....|....|....|....|....|....|....|....|....|.... 

Reference  GAGAGGCTTCCTTAGGACATTGGAGCCCTGCCAGACTCACACACATTATCAGGTAGAGGCAAAA  

1C4        ................................................................  

 

 
 

 

LTBP1 
                    10        20        30        40        50        60        70        80        90       100                   

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  GCTGACGCTCAAGCTAATTAACACTGTCCAATAGAACTATCTGAGATGATGGAAATATTCTCTATCTGTGCCACCTCATACAGCAGCCACTAGTCATGTA  

1C4        ....................................................................................................  

 

                   110       120       130       140       150       160       170       180       190       200          

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  TGGCCTGTGTAACTGAGGAATTGAATTTTTACTTTTATTTAAATTTTATCCAAGGAGCAACATGTGGCTAGTGCCTAACATATTGAGTGGCGTAGTTTTG  

1C4        ....................................................................................................  

 

                   210       220       230       240       250       260       270       280       290       300          

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  TATCCTTTTTGGCAAGCCAAATGGGTTAATTACTGCTAGCTTTCCAGCTTTTCCGTTAATATGGGCTTTCCTTCCAGACTTGATATTTTTTGCCCATGGT  

1C4        ....................................................................................................  

 

                   310       320       330       340       350       360       370       380       390       400          

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  AACATTTTCTCCAGAGCACCCCGGCTGGGAGCCTGTGTCATCTTGGACTCTTTTGTATCTTTTGGTTTCAAAGGATGACATTTAGTCTTCATAATTTATC  

1C4        ....................................................................................................  

 

                  

           ....|.... 

Reference  TTATGCCCG  

1C4        .........  

 

 
 

Figure 98. (continued) 
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ZRANB1 
                    10        20        30        40        50        60        70        80        90       100                   

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  CTTGGGGTGGTGAGGATGAACATTTTAACATGTTTAGTTTTAAAGTATATTTCATTGAACCTCCCTTCTTCAGTGGTCTTTGAAGAGTTTTGAGTGCAAT  

1C4        CTTGGGGTGGTGAGGATGAACATTTTAACATGTTTAGTTTTAAAGTATATTTCATTGAACCTCCCTTCTTCAGTGGTCTTTGAAGAGTTTTGAGTGCAAT  

 

                   110       120       130       140       150       160       170       180       190       200          

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  CACCATTGAATTTCTGGCTGGCTTAGCTGTCTTATTTATAAAGTTATTTTAGGCACCAAGAAATTTCTAACTGCATATAACTTTCAGTATTGACAATTTC  

1C4        CACCATTGAATTTCTGGCTGGCTTAGCTGTCTTATTTATAAAGTTATTTTAGGCACCAAGAAATTTCTAACTGCATATAACTTTCAGTATTGACAATTTC  

 

                   210       220       230       240       250       260       270       280       290       300          

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  TCTGATATTTCTCCTTGAACTTTTCAAAACAATGTATTTCATCACTGTTGCCAAAATTTTCAAGACACATTTATCTTAGCGATTATAAAAGAATATACAT  

1C4        TCTGATATTTCTCCTTGAACTTTTCAAAACAATGTATTTCATCACTGTTGCCAAAATTTTCAAGACACATTTATCTTAGCGATTATAAAAGAATATACAT  

 

                   310       320       330       340       350       360       370       380       390       400          

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Reference  ATTTTAATTTTAAAACATTTGGAATTATGATTAAACATCCTCAGTTACGTGGAGTATGAAAAATGTTTTAAACTGAGTTAAACCTCTGGAACATTATATT  

1C4        ATTTTAATTTTAAAACATTTGGAATTATGATTAAACATCCTCAGTTACGTGGAGTATGAAAAATGTTTTAAACTGAGTTAAACCTCTGGAACATTATATT  

 

                   410       420       430       440       450       460       470             

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|... 

Reference  TTAATTTCTTTAGGAAATATATTTACTCTCTAAGGAGCCCTTCATTAAATTACTGTAAAGTTACTTGTGACACCACCC  

1C4        TTAATTTCTTTAGGAAATATATTTACTCTCTAAGGAGCCCTTCATTAAATTACTGTAAAGTTACTTGTGACACCACCC  

 

 
 

Figure 98. (continued) 

 

 

 

 

 


