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1. Introduction 
 

1.1 The primary cilium – a sensory organelle  
 

The primary cilium is a small, microtubule-based organelle that emanates from the plasma 

membrane of most vertebrate cells. In contrast to motile cilia, the primary cilium is a 

solitary and immotile organelle. The cilium is highly enriched in receptors, ion channels, 

and downstream effectors enabling the sensing of local signals and transduction of this 

information into a cellular response (Wachten & Mick, 2021). 

 

1.1.1 Structure and organization of the primary cilium 

 

The axoneme is the core of the primary cilium and is formed by the cylindrical array of 

nine doublet microtubules with a 9 + 0 configuration, which extends from the mother 

centriole (Poole et al., 1985). The doublet microtubules are formed by a complete A-tubule 

and an incomplete B-tubule. Ciliary microtubules are more stable compared to 

microtubules in the cytoplasm to maintain cilia stability and mechanical strength (Deretic 

et al., 2023). This is ascribed to different microtubule-associated proteins, as well as 

specific post-translational modification of microtubules i.e., acetylation, glutamylation, and 

glycylation  (Behnke & Forer, 1967; Conkar & Firat-Karalar, 2021; Wloga et al., 2017; 

Wloga & Gaertig, 2010). 

Assembly of the cilium is dependent on the cell cycle (Gopalakrishnan et al., 2023). During 

specific phases of the cell cycle, the cilium is dismantled to free the mother centriole, 

which is part of the centrosome and functions as a microtubule organization center (Fig. 1) 

(S. Kim & Dynlacht, 2013). During G0/G1 phase, the mother centriole anchors to the 

plasma membrane, forming the basal body (Tanos et al., 2013), while the distal 

appendage matures into transition fibers, forming the transition zone (TZ) (Fig. 1) (Garcia-

Gonzalo & Reiter, 2017). The TZ is characterized by Y-shaped linkers that connect the 

microtubule doublets of the axoneme to the ciliary membrane (Fig. 1). Thereby, it forms a 

selectively permeable diffusion barrier between the cell body and cilium (Dean et al., 

2016). To pass this border, proteins are actively transported into the cilium via the 

intraflagellar transport (IFT) machinery (Fig. 1) (Rosenbaum & Witman, 2002). The motor 

protein kinesin carries the cargo-laden IFT ‘trains’ along B-microtubules from the base to 



 13 

the tip of the cilium (anterograde transport). 

At the ciliary tip, the IFT is remodeled and 

moves along A-microtubules back to the 

base (retrograde transport), driven by the 

motor protein dynein (Lacey & Pigino, 

2024). 

 

Fig. 1: Structure and trafficking of the 
primary cilium. For further explanation, 
see text. 
 

 

1.1.2 Ciliary trafficking  

 

The ciliary membrane maintains a distinct lipid and protein composition, which is tightly 

regulated to fulfill tissue- and cell-specific functions (Garcia et al., 2018; Rohatgi & Snell, 

2010). In addition to the TZ and IFT machinery, multiple proteins and protein complexes 

regulate ciliary trafficking. Protein entry into the cilium relies on post-translational 

modification, e.g., palmitoylation, prenylation, or myristylation, and a ciliary targeting 

sequence (Mukhopadhyay et al., 2017). The latter is recognized by the tubby-like protein 

(TULP3), which coordinates ciliary import of integral membrane proteins in a 

phosphoinositide 4,5-bisphosphate (PI(4,5)P2)-dependent manner and by binding to the 

IFT-A core (Badgandi et al., 2017; Mukhopadhyay et al., 2010).  

Ciliary exit is regulated by the BBSome, an octameric protein complex, which facilitates 

retrograde transport of activated G-protein coupled receptors (GPCRs) (Lechtreck et al., 

2009; Nachury, 2018). Therefore, the BBSome is essential in regulating stimulus-

dependent control of ciliary signaling events. Activated receptors accumulate at the ciliary 

tip where they are tagged for export by ubiquitination (Fig. 1) (Shinde et al., 2020). The 

ubiquitinated proteins couple to the BBSome and are subsequently moved towards the 

ciliary base, where the BBSome mediates lateral transport of the proteins across the 

transition zone (Fig. 1) (Gopalakrishnan et al., 2023; Ye et al., 2018). 

The intricate regulation of the IFT, the TZ, and the proteins that mediate import and export 

are key to dynamically regulating the molecular landscape of the primary cilium. 
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1.1.3 The Hedgehog pathway as a model ciliary signaling pathway 

 

The primary cilium functions as a cellular antenna by harboring specific receptors. 

Activation of those receptors engages signaling pathways, which transduce information 

by local production of second messengers, e.g., cyclic adenosine monophosphate 

(cAMP), and subsequently evoke an intracellular response. One of the best-described 

pathways that highlights this mechanism is the Hedgehog (Hh) signaling pathway. The Hh 

signaling pathway is conserved amongst vertebrates and plays a crucial role in embryonal 

development, adult stem cell homeostasis, and cancer (Armas-López et al., 2017; Jing et 

al., 2023). 

In the absence of Hh ligands, the pathway remains inactive: The constitutively active, 

orphan receptor GPR161 resides in the cilium, stimulating transmembrane adenylate 

cyclases (ACs), which leads to an increase of the intraciliary cAMP concentration (Fig. 2) 

(Mukhopadhyay et al., 2013). GPR161 also functions as an A-kinase anchoring protein 

(AKAP) for the protein kinase A (PKA) regulatory subunit I α (PKA-RIα), thereby promoting 

ciliary PKA activity (Fig. 2). As a result, the catalytic subunit of PKA phosphorylates full-

length glioma-associated transcription factors (GLI-FL) 2 and 3, which stimulates 

proteolysis into their repressor from (GLI-R). The GLI-R translocate to the nucleus and 

repress Hh-dependent gene expression (Fig. 2). The 12-transmembrane receptor 

Patched1 (PTCH1) also resides in the ciliary membrane under basal conditions. PTCH1 

blocks Smoothened (SMO) activation and induces SMO ubiquitylation and removal from 

the cilium (Rohatgi et al., 2007).  

Indian HH (IHH), Desert HH (DHH), and Sonic HH (SHH) are Hh ligands that bind to 

PTCH1. Ligand binding inhibits PTCH1, causing it to leave the cilium. This enables SMO 

to enter the cilium, where it is activated by its sterol ligands (Fig. 2) (Deshpande et al., 

2019). SMO has been proposed to be a Gαi-coupled GPCR, inhibiting ACs, whereby ciliary 

cAMP levels decrease. Moreover, SMO also directly inhibits PKA activity. Consequently, 

GLI phosphorylation is inhibited, and the proteins accumulate at the ciliary tip. Here, the 

GLI proteins are converted into their activator forms and can translocate to the nucleus to 

activate expression of Hh target genes (Fig. 2).  

Notably, the controlled export of Hh receptors is facilitated by the BBSome and regulated 

via ubiquitination. For example, in the basal state, SMO is ubiquitinylated, which allows its 
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interaction with the BBSome for removal by retrograde IFT (Lv et al., 2021). Similarly, 

GPR161 and PTCH1 are 

ubiquitinylated once the pathway is 

activated to ensure their exit from 

the cilium (Ye et al., 2018).  

 

Fig. 2: Model of ciliary Hedgehog 
signaling. Left: Hedgehog signaling 
in a ligand-free state (OFF). Right: 
Hedgehog signaling in the presence 
of the ligand Sonic hedgehog (SHH) 
(ON). For further explanation, see 
text. 

 

 

1.1.4 Ciliopathies  

 

Primary cilia dysfunction leads to the development of a variety of diseases, collectively 

termed ciliopathies (Hildebrandt et al., 2011). Ciliopathies are genetic disorders. So far, 

180 ciliopathies have been identified, and many more genes are still under investigation 

(Reiter & Leroux, 2017). As cilia are present on almost every mammalian cell, ciliopathies 

affect all organs. Consequently, ciliopathies display pleiotropic phenotypes and include a 

wide range of symptoms, e.g., retinal degradation, polydactyly, liver and kidney 

dysfunction, and obesity (Bisgrove & Yost, 2006). Studying ciliopathies enables better 

understanding of the role of the primary cilium in health and disease. 

 
1.2  The role of the primary cilium in stem cell maintenance 

 

Nearly all stem cells possess a primary cilium, and ciliary signaling is crucial for both 

differentiation and maintenance of stem cells throughout the mammalian life cycle 

(Shimada & Kato, 2022). During early embryonic development, the role of ciliary signaling 

has been extensively studied in the context of neural tube development and patterning. 

The time- and concentration-dependent activation of the Hh signaling pathway by a 

gradient of SHH is essential for the specification of distinct cell fates within the ventral 
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neural tube (Chiang et al., 1996; Yamada et al., 1993). Mutations in ciliary genes have 

profound effects on neural tube patterning and result in neural tube defects, such as spina 

bifida or anencephaly (L. Yan & Zheng, 2022). In radial glial cells, a population of neural 

stem cells residing in the cerebral cortex during development, ciliary function is linked to 

cell cycle regulation. Radial glia cells undergo either symmetric division to self-renew and 

expand the progenitor pool or asymmetric division to generate neuronal or glial precursor 

cells (Bear & Caspary, 2024). Primary cilia have an important role in balancing these two 

fates, and loss of cilia on these cells leads to the development of an enlarged forebrain 

(Wilson et al., 2012). 

Primary cilia are also essential for maintaining the stem-cell identity of mesenchymal 

stem/stromal cells (MSCs) in the bone marrow. MSCs possess significant regenerative 

potential and can differentiate into multiple lineages, including osteogenic, adipogenic, 

and chondrogenic lineages. MSC cilia have been implicated in mechano-transduction and 

oxygen sensing, both of which influence cell fate decisions (Brown et al., 2014; Johnson 

et al., 2021).  

Tissue homeostasis relies on a hierarchical organization of adult stem cells, in which one 

subset preserves self-renewal capacity, while another subset commits to terminal 

differentiation to fulfill physiological functions. This principle is well demonstrated in adult 

muscle, where muscle stem cells (MuSC) remain quiescent and undifferentiated but re-

enter the cell cycle upon muscle injury. While most MuSCs proliferate to regenerate 

damaged myofibers, a minor subset follows a distinct program to replenish the quiescent 

MuSC pool (Brun et al., 2022; Venugopal et al., 2020). Genetic ablation of primary cilia 

significantly reduces the self-renewal capacity of MuSCs, while activation of the Hh 

pathway enhances their regenerative potential (Palla et al., 2022). With aging or prolonged 

injury, functional muscle tissue is gradually replaced by fat and fibrotic scarring, as stem 

cells increasingly give rise to fibro-/adipogenic progenitors (FAPs). Intriguingly, genetic 

ablation of cilia in FAPs reverses this pathological phenotype and even promotes myofiber 

regeneration (Kopinke et al., 2017).  

Thus, the primary cilium is critical in maintaining stem-cell fate across different 

developmental stages and tissues. However, the interpretation of ciliary signaling cues is 

highly dependent on the tissue and cellular context and between physiological and 

pathological conditions. The underlying molecular mechanisms remain enigmatic. 
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1.3 Adipocyte progenitor cells and the adipose tissue 
 

The parenchymal function of the adipose tissue is to store free energy in the form of lipid 

droplets. In states of energy surplus, white adipose tissue (WAT) expands to store energy 

in form of lipids. Expansion through increased lipid uptake leads to an increase in 

adipocyte size (hypertrophy) and is associated with pathophysiological effects of obesity 

(Ghaben & Scherer, 2019; Vegiopoulos et al., 2017). In contrast, recruitment and 

differentiation of adipocyte progenitor cells (APCs) into adipocytes (hyperplasia) is 

associated with a metabolically healthy obese state (Sakers et al., 2022). Notably, only 

precursor cells transiently possess a primary cilium, whereas mature adipocytes lack cilia 

(Christodoulides et al., 2009; Marion et al., 2008a). The importance of precise ciliary 

signaling has been characterized in the WAT. 

 
1.3.1 APC Function – Adipogenesis 

 

APCs originate from MSCs in the bone marrow and migrate to the adipose tissue. Their 

differentiation occurs in a stepwise manner, driven by the sequential activation of 

transcription factors. Differentiation is induced by various factors, including insulin, 

glucocorticoids, and an increase in intracellular cAMP (Fig. 3 a) (Klemm et al., 2001).  

The first differentiation phase is the commitment step, during which MSCs restrict their 

fate to the adipogenic lineage (Fig. 3 b). Subsequently, APCs expand via mitotic clonal 

expansion, followed by a phase of growth arrest, which precedes the accumulation of lipid 

droplets and the final differentiation into mature adipocytes (Fig. 3 b). An increase in 

intracellular cAMP concentration is crucial during the early stages of differentiation, as it 

promotes PKA activation. PKA, in turn, activates the cAMP responsive element-binding 

protein (CREB), which induces expression of CCAAT-enhancer-binding protein β 

(CEBPβ) (Fig. 3 a) (Petersen et al., 2008). Members of the CEBP-family are transiently 

expressed during adipocyte differentiation and direct the process by binding to adipocyte-

specific promotors (Cao et al., 1991; Yeh et al., 1995). The glucocorticoid dexamethasone 

induces CEBPδ expression, which acts in concert with CEBPβ to stimulate peroxisome 

proliferator-activated receptor γ (PPARγ) transcription (Fig. 3) (Rosen det al., 2002; Wu et 

al., 1995).  
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Insulin promotes adipogenic differentiation by inducing transcription of sterol regulatory 

element-binding protein 1 (SREB1), which enhances glucose and fatty acid uptake, 

initiates lipid synthesis, and activates PPARγ transcription (Fig. 3 a) (Cignarelli et al., 

2019; J. B. Kim et al., 1998).  All adipogenic signaling pathways converge on the activation 

of PPARγ, the master regulator of adipogenesis (Barak et al., 1999; Rosen et al., 2002). 

No other factor has been identified that can induce adipogenesis in the absence of PPARγ 

(Gurnell et al., 2003; Rosen & MacDougald, 2006). Together with CEBPα, PPARγ drives 

the expression of adipocyte-specific genes, including those encoding Fatty-acid acid 

binding protein 4 (FABP4), Perilipin, and 

the secreted factors adiponectin and 

leptin (Lefterova et al., 2008; Nielsen et 

al., 2008).  

 

Fig. 3: Adipogenesis. a. Sequential 
activation of transcription factors during 
different phases of adipogenesis. b. 
Stages of precursor cells undergoing 
adipogenic differentiation to become 
mature adipocytes. For further 
explanation, see text. 
 

 

1.3.2 APC Fate – Subpopulations 

 

APCs have been extensively characterized on the single-cell level, revealing their 

heterogenic nature (Burl et al., 2018; Cho et al., 2019; Merrick et al., 2019; Nahmgoong 

et al., 2022; Schwalie et al., 2018; Shao et al., 2021; Spallanzani et al., 2019; H. Wang et 

al., 2024). Although a consistent definition of APCs is lacking, they are commonly 

identified by the absence of Lin markers (Lin: TER119, CD45, and CD31, markers for 

erythrocytes, immune- and endothelial cells, respectively), and enrichment for CD29 

(Integrin b1) and SCA1 (stem-cell antigen) (Ferrero et al., 2020; Rodeheffer et al., 2008).  

Despite the heterogeneity of APCs, which varies with age, sex, and adipose tissue depot, 

different subpopulations exist along a differentiation spectrum, ranging from a more stem 

cell-like state to a high commitment to the adipocyte lineage (Ferrero et al., 2020). The 
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stem cell-like APC subpopulations express higher levels of stem-related genes, such as 

Ly6a, Dpp4, and Cd55, while lacking adipocyte-specific genes, such as Fabp4 or Pparg 

(Merrick et al., 2019; Saygin et al., 2017). These cells also exhibit high proliferative 

capacity in vitro and have multilineage potential, as they still can differentiate into 

osteoblasts (Merrick et al., 2019). The stem cell-like APCs can undergo adipogenesis in 

vitro; however, only upon treatment with a complete induction cocktail (containing insulin, 

dexamethasone, and IBMX), indicating that they require specific cues to fully commit to 

the adipocyte lineage (Merrick et al., 2019; Schwalie et al., 2018).  

In contrast, committed APCs readily differentiate into adipocytes with insulin alone 

(Merrick et al., 2019; Schwalie et al., 2018). These cells are less proliferative and express 

high levels of adipocyte-specific genes, such as Fabp4, Pparg, and Perilipin ((Burl et al., 

2018; Merrick et al., 2019; Schwalie et al., 2018; Yang Loureiro et al., 2023). In situ 

trajectory studies and transplantation studies have established a lineage hierarchy, where 

stem cell-like ASCs give rise to committed APCs (Schwalie et al., 2018).  

Beyond this differentiation trajectory, single-cell transcriptomics have identified other APC 

subpopulations with distinct functions. A subset of APCs was shown to be refractory to 

adipogenesis in vitro, and to actively suppress adipogenic differentiation of other APCs 

both in vitro and in vivo (Schwalie et al., 2018). This population, termed Aregs, expandes 

in obese mice and inhibits adipogenesis via paracrine secretion of R-spondin 2 (RSPO2) 

(Dong et al., 2022). Another APC subpopulation, which increased during obesity, exhibits 

a fibrogenic and immunogenic gene signature (Hepler et al., 2018; Joffin et al., 2021; Shao 

et al., 2021). These fibro-inflammatory progenitors (FIP) also exert an anti-adipogenic 

effects and activate a pro-inflammatory cytokine signature upon high-fat diet (HFD) 

feeding of mice (Shao et al., 2021). 

Factors such as diet and age significantly influence APC subpopulation abundance. The 

increase in fibrogenic APCs that are refractive to adipogenesis happens on the expense 

of the stem cell-like APCs (Cho et al., 2019; Dong et al., 2022; Shao et al., 2021). 

Moreover, obesity also impairs the adipogenic potential of committed APCs, as they 

exhibit reduced differentiation capacity when isolated from obese mice (Merrick et al., 

2019).  

The rapid advancement of single-cell transcriptomics has reshaped our understanding of 

the highly heterogenic nature of APCs. However, the molecular mechanisms governing 
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APC fate determination remain elusive. Investigating ciliary signaling in APCs will provide 

novel insights, as the cilium plays a unique role in shaping stem cell behavior.  

 

1.3.3 Ciliary control of APCs in the white adipose tissue  

 

The presence of the cilium is crucial for adipogenic differentiation, as shown by several 

studies and data from our lab (Hilgendorf et al., 2019; Zhu et al., 2009). Notably, APC cilia 

mediate both anti- and pro-adipogenic signaling pathways. Activation of the Hh signaling 

pathway has a conserved role in inhibiting adipogenesis in vivo (Suh et al., 2006) and 

preventing adipogenic differentiation in vitro (Fontaine et al., 2008; Spinella-Jaegle et al., 

2001). Interestingly, the APC differentiation state influences its response to Hh pathway 

activation. Hh stimulation of APCs in an early, stem cell-like state, inhibits adipogenic 

differentiation and promotes commitment to the osteogenic lineage (James et al., 2010). 

In contrast, committed APCs are less responsive to the anti-adipogenic effects and still 

undergo differentiation (Forcioli-Conti et al., 2015). Another ciliary pathway, Wingless-Int1 

(Wnt) signaling, represses Pparg expression, maintaining APCs in an undifferentiated 

state (Okamura et al., 2009). Additionally, the melanin-concentrating hormone receptor 1 

(MCHR1), known for its role in hypothalamic neurons, also localizes to cilia of the 

immortalized 3T3-L1 pre-adipocyte cell line, where its activation inhibits adipogenesis 

(Cook et al., 2021). However, while these pathways suppress differentiation, genetic 

ablation of cilia also inhibits adipogenesis, showing that cilia must also play a role in 

activating this process.  

Indeed, insulin signaling in APCs may also be regulated by the primary cilium, as insulin 

growth factor 1 receptor (IGF-1R) localizes to the ciliary membrane (Zhu et al., 2009). 

Although IGF1R is also found in the plasma membrane, ciliary IGF1R is more sensitive 

and rapidly responds to low dosages of insulin (Zhu et al., 2009). Another pro-adipogenic 

ciliary receptor in APCs is the free fatty-acid receptor 4 (FFAR4), which increases ciliary 

cAMP levels upon activation, promoting of adipogenic genes expression (Hilgendorf et al., 

2019).  

The integration of these diverse and, at times, opposing signaling cascades suggests that 

the ciliary molecular composition must dynamically adapt to the cellular state. Precise 

regulation of receptor localization enables APC cilia to sense and appropriately respond 
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to extracellular signals. Effective trafficking and recruitment of ciliary cargo are therefore 

essential processes for proper signaling. 

 

1.4 The Bardet-Biedl Syndrome 
 

The Bardet-Biedl syndrome (BBS) is a rare, autosomal-recessive ciliopathy caused by 

mutations in any of the 26 genes encoding for the BBSome or the chaperonin complex 

(Forsyth and Gunay-Aygun, 2023). Its prevalence ranges from 1 in 100,000 in North 

America and Europe to 1 in 13,500-17,500 in isolated minorities, such as Kuwaiti 

Bedouins or Newfoundland (Farag & Teebi, 1989; Hjortshøj et al., 2008; D. Klein & 

Ammann, 1969). The phenotype is complex and affects multiple organs. Diagnosis 

requires four of six primary features (rod-cone dystrophy, obesity, polydactyly, 

hypogonadism, renal defects, and learning defects/cognitive impairment) or three primary 

features and two secondary features (anosmia, congenital heart disease, dental 

abnormalities or developmental delays) (Forsythe & Beales, 2013).  

The genes that are causative to BBS can be divided in functional classes: (1) genes 

encoding for the subunits of the octameric BBSome (BBS1, 2, 4, 5, 7, 8, 9, 18), (2) genes 

encoding for the chaperonin complex that is supposed to stabilize complex-formation 

(BBS6, 10, 12), (3) BBS3/ARL6 encoding for a GTPase that cooperates with the BBSome, 

or (4) non-canonical BBS genes (Forsythe & Beales, 2013; Niederlova et al., 2019; Novas 

et al., 2015). BBS mutations do not impair ciliogenesis or the ciliary structure per se, but 

disrupt ciliary protein composition by impairing the ciliary export machinery, particularly for 

GPCRs (Wachten & Mick, 2021). The mechanisms of linking BBSome dysfunction to 

organ-specific pathologies are only partially understood.  

BBS-associated obesity results from excessive energy intake due to hyperphagia, 

highlighting the role for primary cilia in regulation of food intake. Ciliated neurons in the 

hypothalamus regulate hunger and satiety through melanocortin-4 receptor (MC4R) 

signaling. MC4R localizes to cilia and is activated by α-melanocyte-stimulating hormone 

(α-MSH) secreted from pro-opiomelanocortin (POMC)-expressing neurons. Activated 

MC4R couples to Gαs and increases ciliary cAMP levels, which inhibits feeding behavior. 

Conversely, inhibition of MC4R by Agouti-related peptide (AgRP)-, and neuropeptide Y 

(NPY)-expressing neurons promotes feeding behavior. In BBS, mislocalization of MC4R 
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signaling leads to an increased hunger feeling (Ayers et al., 2018). Additionally, BBS 

proteins regulate ciliary trafficking of the leptin receptor in POMC-neurons and, impaired 

leptin signaling contributes to hyperphagia (Guo et al., 2019; Seo et al., 2009).  

However, ciliary dysfunction in BBS extends beyond the central nervous system. In mouse 

models mimicking BBS, normalizing the food intake to wild-type littermates still results in 

increased fat mass (Marion et al., 2012; Rahmouni et al., 2008). Mislocalized ciliary 

receptors in APCs may disrupt environmental sensing, affecting their fate and function. 

However, the exact molecular changes of ciliary signaling in driving WAT expansion in 

BBS are still not clear.  

 

1.5 Hypothesis and research aims 
 

I hypothesize that signaling via the primary cilium is required for APCs to sense external 

stimuli and respond to changes in the environment, and, thereby, governs fate and 

function of these cells. In my doctoral thesis, I aim to comprehensively investigate the APC 

subpopulations in WAT under physiological conditions and during primary cilia dysfunction 

in a BBS mouse model before the onset of obesity. Furthermore, I aim to investigate the 

role of the Hh pathway in APCs in governing cell fate and, whether this is disrupted in 

BBS.  
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2. Material and Methods  
 
2.1 Material 
 
2.1.1 Chemicals and reagents 

Chemicals in pro analysis quality, kits, and other reagents were purchased from 

AppliChem (Darmstadt, Germany), BioLegend (San Diego, USA) BioRad (Munich, 

Germany), Eppendorf (Hamburg, Germany), Invitrogen (Karlsruhe, Germany), Merck 

(Darmstadt, Germany), Miltenyi Biotec (Bergisch Gladbach, Germany), Promega 

(Madison, USA), Quiagen (Hilden, Germany), Roth (Karlsruhe, Germany), Sigma 

(Steinheim), Roche (Basel, Switzerland), R&D Systems (Minneapolis, USA), and Thermo 

Fisher Scientific (Waltham, USA).  

All buffers and solutions were prepared using double-distilled water (ddH2O). Autoclaving 

for sterilization was performed at 121°C for 20 min, if necessary. Sterile filtering of buffers 

was achieved using 0.45 μm or 0.22 μm pore filter membranes (Millipore) in vacuum 

filtration.  

Phosphate buffered saline (PBS) was prepared in a 10-fold stock with 1.3 M NaCl, 70 mM 

Na2HPO4, 30 mM NaH2PO4, and adjusted to pH 7.4 at RT using 1 M NaOH. For usage, 

the 10-fold PBS stock was diluted to a 1-fold concentration in H2O. Sterile PBS that was 

used for cell culture was purchased from Gibco (DPBS). 

 

2.1.2 Antibodies 

Table 1: List of primary antibodies for immunocytochemistry. 

Antigen Species Dilution Supplier Cat. Number 

ARL13B Mouse 1:1,000 Abcam ab136648  

ARL13B Rabbit 1:150 Proteintech 17711-1-AP  

CD9 Rat 1:200 Thermo Fisher 12-0091-81 

FABP4 Goat 1:400 R&D Systems AF1443 

FIBRONECTIN 

(FBN) 

Rabbit 1:500 Sigma F3648 

GLI1 Goat 1:2,000 R&D Systems AF3455-SP 

GLI3 Goat 1:500 R&D Systems AF3690-SP 
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GPR161 Rabbit 1:200 Mukhopadhyay Lab - 

HA-tag Rat 1:1,000 Roche 11 867 423 001 

Ki-67 Rat 1:500 Invitrogen 14-5698-82 

PDGFRA Goat 1:500 R&D Systems AF1062-SP 

PERILIPIN (PLIN1) Goat 1:400 Abcam Ab61682 

SHH Rabbit 1:2,000 Santa Cruz SC-9024 

SMO Rabbit 1:500 Anderson Lab - 

TUBULIN, β Mouse 1:5,000 Sigma  T4026 

TUBULIN, γ Mouse 1:1,000 Sigma  T6793 

 

Table 2: List of secondary antibodies. 

Antigen Fluorophore Species Dilution Supplier Cat. Number 

Goat IgG Cy3 Donkey 1:1,000 Dianova 705-165-147 

Goat IgG (H+L) Alexa Fluor 

594 

Donkey 1:1000 Abcam ab150136 

Goat IgG (H+L) IRDye® 

800RD 

Donkey 1:5,000 LICORBio 926-32214 

mouse IgG1 (y1) Alexa Fluor 

488 

Goat 1:1,000 Thermo 

Fischer 

A-21121 

mouse IgG2a 

(y2a) 

Alexa Fluor 

647 

Goat 1:1,000 Thermo 

Fischer 

A-21241 

Mouse IgG Cy3 Donkey 1:500 Dianova 715-165-151 

Mouse IgG 

(H+L) 

IRDye® 

680RD 

Goat 1:20,000 LICORBio 926-68070 

Rabbit IgG (H+L) Alexa Fluor 

488 

Donkey 1:1000 Abcam ab150065 

Rabbit IgG Alexa Fluor 

488 

Goat 1:500 Invitrogen A11034 

Rabbit IgG Cy3 Goat 1:250 Dianova 711-165-152 
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Rabbit IgG Alexa Fluor 

647 

Donkey 1:150 Dianova 712-605-153 

Rat IgG Alexa Fluor 

647 

Donkey 1:150 Dianova 712-605-153 

Rat IgG (H+L), 

pre-absorbed 

Alexa Fluor 

555 

Donkey 1:1000 Abcam 
 

ab150155 

 

Table 3: List of antibodies for flow cytometry and FACS. 

Antigen Fluorophore/ 
Conjugate 

Clone Dilution Supplier Cat. 
Number 

Streptavidin BV785 - 1:200 Biolegend 405249 

CD140a 

(PDGFRA) 
BV421 APA5 1:400 Biolegend 135923 

CD142 PE 1 1:400 SinoBiological 
50413-

R001 

CD25 PE PC61 1:200 Biolegend 102007 

CD26 (DPP-4) PE/Cy7 H194-112 1:400 Biolegend 137809 

CD29 
PerCP-

efluor710 

eBioHMb
1-1 
(HMb1-1) 

1:100 
eBioscience 

(Thermo) 
46-0291 

CD3 APC 17A2 1:200 Biolegend 100236 

CD31 Biotin MEC13.3 1:400 Biolegend 102503 

CD31 BV785 390 1:800 Biolegend 102435 

CD4 PerCP-Cy5.5 GK1.5 1:400 Biolegend 100434 

CD44 APC-Cy7 IM7 1:200 Biolegend 103028 

CD45 Biotin 30-F11 1:400 Biolegend 103103 

CD45 AF700 I3/2.3 1:800 Biolegend 147716 

CD45 BV711 30-F11 1:400 Biolegend 103147 

CD54 APC-Fire 750 YN1/1.7.
4 

1:800 Biolegend 116125 

CD55 APC RIKO-3 1:800 Biolegend 122513 

CD8a BV510 53-6.7 1:200 Biolegend 100751 
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CD9 PerCP/Cy5.5 MZ3 1:400 Biolegend  124818 

Foxp3 AF488 150D 1:50 Biolegend 320012 

SCA1 BV510 D7 1:200 Biolegend 108129 

TER119 Biotin TER-119 1:400 Biolegend 116203 

TER119 AF700 TER-119 1:800 Biolegend 116220 
 
For CD142 antibody was conjugation with fluorophore was done with a kit following the 
manufacturers instruction. Kit:  LYNX Rapid Conjugation Kit for PE (BioRad, 
LNK021RPE). 
 
Table 4: List of antibodies used for MACS. 

Antigen Conjugate Dilution Supplier Catalog 
Number 

CD26 (DPP4) Biotin 1:400 Biolegend 137809 

CD31 Biotin 1:400 Biolegend 102503 

CD45 Biotin 1:400 Biolegend 103103 

CD45 Biotin 1:800 Biolegend 116103 

TER-119 Biotin 1:400 Biolegend 116203 

VAP-1 Biotin 1:800 abcam ab81673 

The anti-VAP1 antibody, the concentration of the antibody was too low, so it was 
concentrated via centrifugal filters (Amicon® Ultra) before conjugation.  
Conjugation kit: Lightning-Link® for Biotin (Abcam, ab201796),  
 

2.1.3 Plasmids and primers 

Table 5: Plasmid information. 

Name Internal 
identifier 

Vector 
backbone 

Expresses Reference / 
produced by 

pcDNA3.1-Shh-N  DW-0497  pcDNA3.1 
(+)  

ShhN  Addgene 
#37680  

hCMV-mTtc8--3 x HA-

hPGK-Blasticidin 

2865 hCMV Ttc8 (Bbs8) Rainer Stahl 
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Table 6: RT-qPCR primer information. 

PCR Forward primer sequence  Reverse primer sequence 

Col1a1 GAGATGATGGGGAAGCTGGC CTCGGTGTCCCTTCATTCCG 

Col5a1 CTTGTCCGATGGCAAGTGGC CATCATCCAGAATCCGGGAGC 

Col6a1 CAGGTACTACCGGTGTGACC GAAGTACTTGACCGCATCCAC 

Fibronectin CTCCGAGACCAGTGCATCG GAATCTTGGCACTGGTCAATGG 

Loxl2 CTGCCTGGAGGACACTGAGT CTGCCTGGAGGACACTGAGT 

Sparc CGGTGATGTCTATCCACTGGC CGGTGATGTCTATCCACTGGC 

TnC CCACACTCACAGGTCTAAGGC GATGGTTGCTGGATCACTCTCC 

Gli1 TACCATGAGCCCTTCTTTAGGA GCATCATTGAACCCCGAGTAG 

Ptch1 GCCTTGGCTGTGGGATTAAAG  CTTCTCCTATCTTCTGACGGGT  

Gapdh AGGTCGGTGTGAACGGATTTG  TGTAGACCATGTAGTTGAGGTCA  

Tatabp GAGCTCTGGAATTGTACCGCAG CATGATGACTGCAGCAAATCGC 
 

2.1.4 Instruments 

Table 7: List of instruments. 

Product Company Project Number DFG 
4D-Nucleofector® X- and 
Core Unit 

Lonza Bioscience - 

Attune NxT Flow 
Cytometer 

Thermo Fischer - 

BD FACSAria III BD Biosciences 216372545 

ID7000 Spectral Cell 
Analyzer 5L  

Sony Biotechnology 471514137 

Leica SP8 AOTF Leica 266686698 

Leica Stellaris 8 Leica 01EO2107 

PCR cycler SensoQuest - 

QuantStudioTM 6 Pro 
Real-Time PCR 

Thermo Fischer  

Vi-CELL BLU Beckmann Coulter - 

Zeiss AXIO SCAN.Z1 Zeiss 388168919 

Zeiss 
CELLDISCOVERER 7  

Zeiss 388158066 
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2.2 Mice 
2.2.1 Licenses 

All animal experiments were performed in agreement with the German law of animal 

protection and local institutional animal care committees (Landesamt für Natur, Umwelt 

und Verbraucherschutz, LANUV). Mice were kept in individually ventilated cages in the 

mouse facility of University Hospital Bonn (Haus für Experimentelle Therapie [HET] and 

Immunological Facility of Experimental Therapy [iFET], Universitätsklinikum, Bonn). Mice 

were raised under a normal circadian light/dark cycle (each 12 h) and animals were given 

water and complete diet (ssniff Spezialdiäten) ad libitum (LANUV Az 81-

02.04.2019.A170). Mice were sacrificed by cervical dislocation. Genotyping of mice was 

based on isolation of genomic deyoxyribonucleic acid (DNA) from tail tips or ear clips and 

performance of a polymerase chain reaction (PCR). 

 

2.2.2 Mouse lines 

2.2.2.1 Bbs8-/- line 

Bbs8-/- mice were generated in the laboratory of Prof. Rendall R. Reed and kindly provided 

by Prof. Helen May Simera (Johannes-Gutenberg-Universität, Mainz). To generate the 

knockout, the start codon and the first two exons of the Bbs8 gene were deleted, and a 

tau:YFP reporter was inserted at the start codon (Tadenev et al., 2011). 

 

2.2.2.2 Bbs8-(KOMP)/(KOMP)- line 

C57BL/6N-Ttc8tm1a(KOMP)Wtsi/MbpMmucd mice were purchased from MMRRC 

(Mutant Mouse Resource & Research Centers supported by NIH). Animals were 

generated by inserting a LacZ reporter/neomycin resistance cassette between exon 2 and 

3 of the Bbs8 gene, effectively blocking all transcription (Dilan et al., 2018).  

 

2.2.2.3 Pdgfra-Cre line 

C57BL/6-Tg(Pdgfra-cre)1Clc/J (Pdgfra-Cre, Stock No.: 013148) mice were purchased 

from the Jackson Laboratory. The cre recombinase is expressed under the control of the 

Platelet derived growth factor receptor α (Pdgfra) promotor, which can be used to breed 

conditional knockout mouse lines.  
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2.2.2.4 PdgfraCre-Bbs8flox/flox line 

The conditional knockout mouse line was generated based on the Bbs8-(KOMP)/(KOMP)- 

mouse line. Mice were first crossed to Flp-deleter mice (Rodríguez et al., 2000) to 

generate Bbs8flox/flox mice, which were crossed to the Pdgfra-Cre mouse line to create a 

conditional knockout.  

 

2.3 Maintenance of cell lines 
Cells were grown in their respective growth medium (Table 8) on 10 cm plastic dishes at 

37°C with 5% CO2 and passaged every 3-4 days at around 70% confluency using the 

following protocol: Cells were washed once with Dulbecco’s phosphate buffered saline 

(PBS, Gibco/ Life Technologies) and incubated with 0.05 % Trypsin-

Ethylenediaminetetraacetic acid (Trypsin-EDTA, Gibco/Life Technologies) at 37°C until 

they detached. The reaction was stopped by the addition of 9 mL growth medium and 

resuspension of the cells. Then, cells were resuspended in medium and counted using a 

Neubauer counting chamber (LO-Laboroptik Ltd). The required cell number was seeded 

into a new cell culture dish (10 cm, Greiner Bio-One), containing medium. Cells older than 

passage 15 were discarded. Cells were tested for mycoplasma twice a year and were free 

from mycoplasma. 

 

Table 8: Cell line-specific information. 

Cell line Origin Growth Medium 
3T3-L1 Kindly gifted from Prof. 

Christoph Thiele  

DMEM + 1 % GlutaMAXTM-I  

+ 10% FCS 

HEK293T  ATCC (CRL-3216) DMEM + 1 % GlutaMAXTM-I  
+ 10% FCS  

Mouse embryonic 

fibroblasts (MEF) 

Dr. Christina Klausen DMEM + 1 % GlutaMAXTM-I  

+ 10 % FCS 

+ 1 % Pen/Strep 

 

For long-term storage and resetting of the passage number, cells were cryopreserved. 

Cells were detached from the plate and pelleted by centrifugation at 500 x g for 5 min at 

room temperature (RT). The cell pellet was resuspended in 1 mL growth medium 
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containing 10 % Dimethylsulfoxide (DMSO, Sigma) and transferred into a cryotube. The 

cryotube was placed at -80°C inside a freezing container. For long-term storage, cells 

were transferred into a -150°C freezer. Re-culturing of cryopreserved cell was done by 

gently thawing the vial at 37°C. Subsquently, cells were mixed with 10 mL of pre-warmed 

growth medium. Then, the cells were pelleted at 500 x g for 5 min at RT. Subsequently, 

the cell pellet was resuspended in 10 mL growth medium and distributed equally on 10 cm 

plastic dishes and cells were maintained at 37°C with 5% CO2.  

 

2.4 Isolation of primary cells 
2.4.1 Primary cell medium 

Table 9: Primary cell-specific information. 

Cell type Growth Medium 
Primary SVF DMEM/Ham’s F-12 (1:1) + 1 % GlutaMAXTM-I  

+ 10 % FCS 

+ 1 % Pen/Strep 

+ 0.1 % Biotin (33 µM) 

+ 0.1 % D-Pantothenic acid (17 µM) 

Primary TEC DMEM/Ham’s F-12 (1:1) + 1 % GlutaMAXTM-I  

+ 10 % FCS 

+ 1 % Pen/Strep 

Thymus organ DMEM 

+ 10 % FCS 

+ 1 % Pen/Strep 

+ 1 % HEPES 

 

2.4.2 Stromal vascular fraction isolation 

Gonadal (g) or inguinal (i) WAT were surgically removed from mice and processed for 

stromal vascular fraction (SVF) isolation as follows. After removal, WAT was transferred 

into 2 mL tubes containing ice-cold WAT buffer (PBS + 0.5 % bovine serum albumin 

(BSA)) and minced into small pieces (approx. 2 mm). An enzyme solution (Table 10) was 

freshly prepared each time and tissues were digested for 30 min at 37°C with agitation. 

The digestion was quenched by adding WAT buffer and the dissociated cells were passed 

through a 100-μm filter (Corning) and subjected to centrifugation at 500 × g for 10 min. 
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The resulting supernatant containing mature adipocytes was aspirated, and the pellet, 

consisting of the stromal vascular fraction (SVF), was resuspended in red blood cell lysis 

buffer (BioLegend) for 2 min at RT. The reaction was stopped by adding WAT buffer and 

another round of centrifugation at 500 × g for 10 min. Isolated cells were then further 

subjected to antibody staining for sorting of cells. 

Table 10: SVF isolation enzyme solution. 

Volume (per 
tissue) 

PBS + 0.5 % BSA Collagenase II 
(200 mg/mL) 

Ca2Cl (1 M) DNase I 
(15,000 U/mL) 

3 mL 3 mL 30 µL 15 µL 15 µL 

 

2.4.3 Isolation of thymic epithelial cells 

Isolation of thymic epithelial cells (TEC) was done according to a protocol from Xing and 

Hogquist with some modifications (Xing & Hogquist, 2014). After removal, the thymus was 

transferred into a 6-well plate containing 2.5 mL freshly prepared enzyme solution and 

small incisions to the thymus lobe were done (Table 11). Following 20 min incubation at 

37°C, the digested thymus tissue was pipetted up- and down several times and the 

supernatant was collected in a fresh tube containing 5 mL ice-cold WAT buffer. Another 

2.5 mL of enzyme solution were added to the remaining thymus tissue and the plate was 

incubated again at 37°C for 15 min. Using a 2.5 mL syringe (B. Braun) with a 20 G needle, 

the tissue was further broken up and the supernatant was collected again. Following 

another round of 15 min of incubation with 2.5 mL of enzyme solution, the process was 

repeated with a 25 G needle and finally the remaining tissue was incubated for 10 min at 

37°C again. All supernatant was collected in WAT buffer and the following centrifugation 

at 400 x g for 8 min at 4°C, the cell pellet was resuspending in 10 mL WAT buffer and 

filtered through a 100 µM cell strainer. Subsequently, removal of CD45+ cells was done 

using the EasySepTM CD45 depletion kit (STEMCELL technologies) according to the 

manufacturer’s protocol. Briefly, 1x108 cells were resuspended in 1.5 mL FACS buffer 

(PBS + 0.5 % BSA + 2 mmol/L EDTA)) and 75 µL FcBlock were added to each sample. 

The mix was transferred to a FACS tube and 15 µL of anti-CD45 (Biotin conjugated) were 

added to each sample and incubated for 10 min at RT. The RapidSpheres were vortexed 

for 30 sec before adding 180 µL of RapidSpheres to each sample. Following an incubation 

step of 2:30 min, the volume was topped up to 2.5 mL per sample, and the sample was 
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placed into the EasySepTM Magnet for approx. 3 min. Subsequently, the cell suspension 

was poured into a fresh tube and cells were counted. The cells were cultured in their 

respective medium at 37°C and 5 % CO2. 

 

Table 11: TEC enzyme solution. 

Volume (per tissue) RPMI1640 Liberase TH 
(2.5 mg/mL) 

DNase I 
(15,000 U/mL) 

10 mL 8 mL 2 mL 66 µL 

 

2.5 Thymic organ culture 
For thymic organ culture, mouse pups were sacrificed at postnatal day 0 (P0) by 

decapitation. The thymus was carefully dissected and placed into 24-well plate in WAT 

buffer. Then, the thymus was placed onto a 0.4 µm polycarbonate transwell insert 

(Corning® #3413) which was placed in a well containing thymus organ culture medium 

(Table 9), creating an air-liquid interface.  

 

2.6 Flow cytometry  
Pre-adipocyte subpopulations within the WAT or T cell populations of the thymus were 

analyzed and sorted by flow cytometry. SVF was isolated as described above. 

Thymocytes were isolated by removing the thymus from the insert, washing it one time 

with FACS buffer and subsequently meshing it through a 100 µm cell strainer. If the flow 

analysis was done on the next day, cells were stored in 1 mL MACS Cell Storage Solution 

(Miltenyi Biotec) at 4°C over night. Cells were resuspended in 50 μL FcBlock (anti-mouse 

CD16/32 (Biolegend) + 2 % rat serum (BioRad)) or FcBlock (Miltenyi Biotec) and 

incubated for 10 min, before FACS buffer was added to the desired volume. The cell 

suspension was transferred to a U- or a V-bottom 96-well plate. Cells were resuspended 

in 20 μL of antibody mix (Table 3) and incubated for 30 min on ice. Following another 

washing step cells were, incubated either with 100 μL of the secondary antibody or 

LIVE/DEADTM Near IR (780) Viability Kit (1:1,000 in PBS) on ice for 15 min. After this, cells 

were washed, and the cells were resuspended in 100 μL of FACS buffer. After the 

immunostaining of the T cell antibody panel, the samples were fixed and permeabilized 

with eBioscienceTM Foxp3/Transcription Factor Staining Buffer Set (ThermoFisher) 
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following the manufacturer’s protocol and immunostained with FOXP3-AF488 

(Biolegend). For flow cytometry measurements the sample was filtered with a cell strainer 

(70 μm diameter) right before acquisition. If cells were not stained with LIVE/DEADTM Near 

IR (780) Viability Kit, live-dead staining was done by adding Hoechst (1:5,000, Thermo 

Fischer) or 7-AAD (1:100, Biolegend) to the cells. If needed, the cell suspension was 

further diluted with FACS buffer. Samples were analyzed on the AttuneTM Nxt, BD 

FACSAria III, or the ID700 Spectral Analyzer (Table 7). 

 

2.7 Sorting of cells 
2.7.1 Fluorescent-activated cell sorting  

Pre-adipocyte subpopulations within the WAT were sorted by fluorescent-activated cell 

sorting (FACS) with the BD FACSAria III. SVF isolation and staining for flow cytometry 

was done as described above. If cells were sorted for culturing, isolation and staining were 

done under sterile conditions. Cells were sorted either in 1 mL SVF medium for further 

cultivation or in 1 mL of a monophasic solution of phenol and guanidine isothiocyanate 

reagent (TRI Reagent®, Sigma-Aldrich) for subsequent ribonucleic acid (RNA) isolation.  

 

2.7.2 Magnetic-activated cell sorting 

MACS was performed according to manufacturer’s instructions (Miltenyi Biotec). Isolated 

SVF cells were incubated with biotinylated anti-CD45, anti-CD31, and anti-TER119 

antibodies (Biolegend), followed by incubation with Streptavidin MicroBeads (Miltenyi 

Biotec). Alternatively, SVF cells were incubated with the non-adipocyte progenitor 

depletion cocktail of the Adipose Tissue Progenitor Isolation Kit (1:10; Miltenyi Biotec). 

Samples were run through LD columns (Miltenyi Biotec) followed by three washes with 

MACS buffer (= FACS buffer). Unlabeled cells were collected and either cultured (referred 

to as SVF Lin- cells) or further incubated with biotinylated anti-CD54, anti-VAP1, or anti-

CD26 antibodies followed by incubation with Streptavidin MicroBeads. Cells were 

separated using MS columns (Miltenyi Biotec), and either the bead-bound fraction 

(positive selection) or the wash-through (negative selection) was collected and cultured. 
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2.8 In-vitro adipogenesis assay 
For the adipogenesis assay, 3T3-L1 cells or isolated APCs were seeded on CellCarrier 

Ultra 96- or 384-well plates. When cells reached confluency, adipogenesis was induced 

by switching to their respective induction cocktail: a) Full Induction (FI) containing 5 µg/ml 

insulin (Sigma), 1 µM Dexamethasone, 100 µM 3-isobutyl-1-methylxanthine (IBMX; 

Sigma), and 1 µM rosiglitazone (Sigma) or b) Minimal Induction (MI) (Hilgendorf et al., 

2019) containing 0.4 µg/ml insulin, 0.1 µM Dexamethasone, and 20 µM IBMX. TUG891 

(Tocris) was added at a concentration of 100 µM and DMSO was used as a vehicle control. 

The medium was exchanged to freshly prepared maintenance medium, containing 

1 µg/ml insulin on day 3 and 5. Additionally, as a negative control, undifferentiated cells 

without induction medium were kept in maintenance medium. 

2.9 Pharmacological manipulation of the Hh signaling pathway 
To induce Hh signaling, cells were then stimulated with either 100 nM or 1 µM Smoothend 

Agonist (SAG, Sigma) or H2O (vehicle) for 24 h or 48 h. To inhibit SMO signaling, primary 

APCs were treated with 2 µM Vismodegib (LC Labs/V-4050) for 48 h. Subsequently, cells 

were harvested for analysis via flow cytometry, RNA isolation, or fixed for 

immunocytochemistry. 

2.10 Production of ShhN 
For alternative activation of the Hh pathway via the biologically active N-terminal ligand of 

SHH (ShhN), I produced ShhN in HEK293T cells using PEI transfection. Cells were 

seeded to 6-cm dishes one day prior to transfection to reach a confluency of 80 % on the 

day of transfection. HEK293T cells were transfected using PEI. Transfection mix was 

prepared according to Table 12 and incubated for 10 min at room temperature (RT). In the 

meantime, medium of HEK293T cells was replaced with 4 mL medium containing 2 % 

FCS. Subsequently, the transfection mix was added. Cells were incubated at 37°C with 

5 % CO2 for 48 h. 

Table 12: PEI transfection mix. 

Reagent Added 
DNA 4.5 µg 

https://www.biorxiv.org/content/10.1101/2024.01.25.576526v1.full#ref-27
https://www.biorxiv.org/content/10.1101/2024.01.25.576526v1.full#ref-27


 35 

PEI stock (1 µg/µL)  10 µL 

OptiMEM  470 µL 

 

To harvest ShhN, the supernatant of transfected cells was transferred into 1.5 mL reaction 

tubes and cleared of cell debris by centrifugation with 20,000 x g for 10 min at 4°C. The 

ShhN supernatant was used for stimulation within 24 to 48 h post harvesting. 

Simultaneously, successful ShhN production was assessed by Dot Blot. 

 

2.11 Transient gene expression using electroporation  
For transient expression of Bbs8 in MEFs, cells were used at a confluency of 78-80 %.  

200,000 cells were spun down at 400 × g for 4 min at RT. Cells were resuspended in 20 µl 

of nucleofection master mix (AmaxaTM P4 Primary Cell 4D-NucleofectorTM X Kit) 

(Table 13). Cell suspension was transferred into separate wells in the Nucleostrip and 

electroporated in the 4D-Nucleofector X Unit (Lonza) with the pulse code CZ 167. After 

electroporation, the cell suspensions were incubated at RT for 10 min before the addition 

of 40 µl of pre-warmed media. The cell suspension was seeded at a density of 20,000 

cells per well of a black PhenoPlate 96-well plate (Revvity) and incubated at 37 °C and 

5 % CO2 for 48 h before fixation for immunocytochemistry or stored for RNA isolation. 

 

Table 13: Nucleofection mix. 

Reagent Added 
DNA 1 µg 

Supplement 1 7.2 µL 

Nucleofector solution P4  32.8 µL 

 

2.12 Pulse-Chase analysis of fatty acid incorporation 
Pulse chase analysis using alkyne-labeled fatty acids followed the protocol described in 

(Wunderling et al., 2023). MACS-isolated P1 cells were seeded on 48-well plates and 

adipogenesis was induced by adding a full induction cocktail for three days and then 

switching to 1 µg/ml insulin for one more day. Subsequently, cells were fed with growth 

medium containing 50 µM of each alkyne-fatty acids (FA): FA 11:0;Y (TCI Deutschland 

GmbH), FA 18:2;Y (multistep synthesis done by Dr. Christoph Thiele) and 13C6-FA 16:0;Y 
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(multistep synthesis done by Dr. Christoph Thiele), for 1 h. After 1h media were removed, 

cells were washed once with medium and fresh medium was added for the chase times 

24 h, 8 h, 4 h, and 0 h. After the chase, media were removed, and cells were washed with 

PBS and processed for extraction and analysis. 

Lipid extraction and click reaction were performed by Dr. Jelena Zurkovich in the Lab of 

AG Thiele and have been described in detail in Sieckmann et al., 2024 (bioxRiv) 

(Sieckmann et al., 2024). Briefly, extraction mix, internal standards containing alkyne-

labeled standard lipids and a non-alkyne internal standard for triglycerides (TG) were 

added to the plate and sonicated. The extract was centrifuged at 20,000 x g for 5 min to 

pellet protein. After addition of CHCl3 and 1 % AcOH in water, samples were shaken and 

centrifuged at 20,000 x g for 5 min. The upper phase was removed, the lower phase 

transferred into a fresh tube and dried for 20 min at 45°C in a speed-vak. CHCl3 was 

added, tubes were vortexed, and Click mix (100 mM C175-7x in 50 % MeOH with 5 mM 

Cu(I)AcCN4BF4 in AcCN and ethanol) was added, followed by sonication for 5 min and 

incubation at 40°C for 16 h. CHCl3 was added per sample was added and samples pooled 

were pooled. Water was added and pools briefly shaken and centrifuged for 20,000 x g 

for 2 min. The upper phase was removed and the lower phase dried in a speed-vak. Spray 

buffer was added, the tubes sonicated, and the dissolved lipids analyzed by mass-

spectrometry on am Thermo Q Exactive Plus spectrometer. Instrument parameters and 

data analysis procedure (Wunderling et al., 2023). Raw files were converted to .mzml files 

using MSconvert and analyzed using LipidXplorer for lipid species that incorporated the 

alkyne fatty acid. 

 

2.13 Immunocytochemistry 
Cells were fixed with 4 % paraformaldehyde (PFA, 16% wt/vol ag. Soln., methanol free, 

Alfa Aesa) for 10 min and subsequently washed with PBS before blocking with CT (0.5 % 

Triton X-100 (Sigma-Aldrich), 5 % ChemiBLOCKER (Merck Millipore) in 0.1 M NaP, pH 

7.0) for 30 min at RT. Primary and secondary antibodies were diluted in CT and incubated 

for 60 min at RT. 4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI, 1:10,000, 

Invitrogen) was used as a DNA counterstain together with the secondary antibody. For 

staining of lipid droplets, cells were incubated with the lipophilic dye LD540 (1:10,000) for 

15 min and washed again with PBS. All antibodies are listed in Table 1 and Table 2. 
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2.14 Whole mount staining 
Whole mount staining was performed by Luis Henrique Corrêa in the lab of Prof. Lydia 

Sorokin. Briefly, tissues were fixed with 4 % PFA for 2h at 4°C and subsequently washed 

with PBS. Tissues were then cut into small pieces (~2 x 2 mm) and placed into a 24-well 

plate. Blocking solution (1 % (w/v) BSA + 1 % (v/v) Triton X-100 in PBS) was added, and 

samples were incubated for 2 h at RT. Following fixation and blocking, primary antibodies 

were added. Antibodies were diluted in blocking solution, and tissues were incubated 

overnight at 4°C. After washing samples with PBS, secondary antibodies, diluted in DAPI 

solution, were added to each sample. Tissues were incubated overnight at 4°C, protected 

from light. Afterwards, samples were washed with PBS and mounted in Elvanol, covered 

with a glass cover slip, and stored at 4 °C until imaged. The mounting medium was 

prepared by dissolving Mowiol® 4-88 (Merck) in PBS to prepare a 25 %(w/v) solution and 

stirred continuously at RT overnight. Then the solution was heated to 50°C and stirred for 

an additional 2–3 hours. Afterward, 50 ml of glycerol was added, and the mixture was 

stirred at RT overnight. The solution was then centrifuged at 12,000 × g for 30 min at 4°C, 

and the supernatant was carefully transferred to a fresh tube. Next, 30 mg of p-

phenylenediamine were gradually introduced at 4°C while stirring continuously. Following 

this step, 1 M NaOH was slowly added dropwise to adjust the pH to 8.0. From this point 

forward, the solution was kept protected from light. To achieve the desired color transition, 

β-mercaptoethanol was added gradually until the solution shifted from brown to light 

yellow. Finally, the Elvanol solution was aliquoted and stored at -20°C for later use.  

 
2.15 Histological staining 
Histological analysis was performed as previously described (Sieckmann et al., 2022). 

Briefly, WAT was fixed and further processed using the automated Epredia Excelsior AS 

Tissue Processor (ThermoFisher Scientific). Tissues were dehydrated, cleared in a 

clearing agent and xylene (AppliChem) before incubating in molten paraffin wax 

(Labomedic). Tissues were cast into molds together with liquid paraffin and cooled to form 

a solid paraffin block with embedded tissue (Leica EG1150 H Paraffin Embedding Station 

and Leica EG1150 C Cold Plate). Paraffin-embedded WAT was sliced into 5-μm sections 

using a ThermoScientific HM 355S Automatic Microtome and mounted on Surgipath X-tra 

Microscope Slides (Leica Biosystems). 
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For histological analysis WAT sections were stained with Hematoxylin and Eosin (H&E) 

using the Leica ST5020 Multistainer combined with Leica CV5030 Fully Automated Glass 

Coverslipper. Deparaffinization of paraffin-embedded WAT slices was performed and 

three subsequent steps in xylene before incubation in a graded alcohol series (100–70 % 

ethanol) to rehydrate the tissue sections and ending with a final rinsing step in sterile 

distilled water (dH2O). Next, tissue slices were stained with Mayer′s hemalum solution 

(Sigma Aldrich). To counterstain with Eosin Y solution (1 % in water, Roth), slides were 

immersed in eosin. Afterwards, slides were incubated in a graded alcohol series (70–

100 % ethanol) to dehydrate the tissue. Paraffin embedding, slicing, and staining were 

conducted by the histology facility at University Hospital Bonn. 

 

2.16 Microscopy and image analysis 
Confocal z-stacks were recorded with a confocal microscope at the Microscopy Core 

Facility of the Medical Faculty at the University of Bonn (Leica SP8. Leica Stellaris, Zeiss 

CellDiscoverer7). The whole mount imaging was performed by Luis Henrique Corrêa in 

the lab of Prof. Lydia Sorokin using Zeiss laser scanning confocal microscopes (LSM 900), 

and images were captured using Zen Blue 3.0 or 3.1 software from Zeiss. 

For quantifying fluorescence signals, z-stacks were recorded from at least two random 

positions per experiment and analyzed using “CiliaQ” (Hansen et al., 2021). CiliaQ was 

developed to fully automatically quantify the ciliary intensity levels in the different 

channels. Whole mount images were generated using Z-projections (spanning 50–

150 μm across optical planes. 

Fluorescence images of adipogenesis assays were taken using automated image 

acquisition. Depicted images are shown as a projection of the sharpest plane including 

the plane above and below. A maximum projection around the sharpest plane was 

generated using the ImageJ plugin ExtractSharpestPlane_JNH 

(https://doi.org/10.5281/zenodo.5646492) (Hansen et al., 2021). 

Histological sections were imaged with the Zeiss Axio Scan.Z1 Slide Scanner. 

Adipogenesis and adipocyte morphology was quantified using “AdipoQ” (Sieckmann et 

al., 2022). Briefly, custom preferences for AdipoQ Preparator and AdipoQ were used to 

identify and analyze adipocytes. 

 

https://doi.org/10.5281/zenodo.5646492
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2.17 Protein Biochemistry  
2.17.1 Preparation of protein lysates and determination of protein concentrations 

All steps were performed on ice in the presence of mPIC (Sigma). Cells were washed 

once with PBS and scraped in 1 mL PBS and subsequently transferred into a 1.5 µL 

reaction tube. Cells were pelleted by centrifugation at 500 x g for 5 min at 4°C. The pellet 

was resuspended in lysis buffer (in mM: 10 Tris/HCl pH 7.6, 140 NaCl, 1 EDTA, 1 % (v/v) 

TritonX-100, 1:500 mPIC) and incubated for 30 min on ice. Following centrifugation at 

10,000 x g for 10 min, the supernatant was used in further steps.  

Protein concentration was determined with the Pierce® bicinchoninic acid Protein Assay 

Kit (Thermo Scientific) according to the manufacturer’s instruction. For every experiment, 

the assay was calibrated using the protein standard included in the kit. Absorption at 

570 nm was measured in a plate reader (FluoStar; BMG Labtech). Linear regression of 

the BSA standard allowed to calculate the protein concentrations.  

 
2.17.2 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

Denaturing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed to separate proteins according to Laemmli (Laemmli, 1970). Discontinuous 

gels were casted with a 10 % separation gel (1.5 mL Tris-HCl (pH 8.8), 60 µL 10 % (w/v) 

SDS, 40 µL (w/v) APS, 6 µL TEMED, 2 mL 30 % (v/v) acrylamide/bis-acrylamide (37.5:1) 

solution, and 2.42 mL H2O), and a 5 % stacking gel (0.5 mL Tris-HCl ( pH 6.8), 20 µL 10 % 

(w/v) SDS, 40 µL (w/v) APS, 6 µL TEMED, 340 µL 30% (v/v) acrylamide/bis-acrylamide 

(37.5:1) solution, and 1.12 mL H2O). Alternatively, NuPAGETM 4-12 % Bis-Tris Gels 

(Invitrogen) were used. Protein samples were prepared in SDS sample buffer and boiled 

for 5 min at 95°C. Electrophoretic separation was performed in SDS running buffer using 

the Mini-PROTEAN Tetra Cell system at 15-25 mA until the 25 kDa band of the Protein 

Marker VI (AppliChem) reached the bottom of the gel. Proteins that were separated using 

SDS-PAGE were subjected to Western Blot analysis. 

 

2.17.3 Western Blot analysis and immunostaining of immobilized proteins 

Proteins were blotted from the SDS-PAGE gel onto the PVDF membrane using 

discontinuous semi-dry Western blotting in the Semi-dry-blotter as follows: two filter 

papers, soaked in Western Blot Anode buffer 1, were placed on the anode, followed by 
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one filter paper soaked in Anode buffer 2 above, followed by the methanol-activated PVDF 

membrane above, followed by H2O-rinsed SDS- PAGE gel above, followed by three filter 

papers soaked in Cathode buffer above, followed by the cathode above. The PVDF 

membrane and filter papers were cut to fit on the SDS-PAGE gels. Proteins were blotted 

for 50 min at 2.4 mA per cm2.  

SDS-PAGE separated proteins in precast gels were transferred to methanol-activated 

PVDF membrane by wet transfer. Wet transfer was performed in a blotting chamber with 

ice-cold transfer buffer (48 mM Tris-base, 39 mM glycine, 0.037 % SDS and 20 % 

methanol) for 2 h at 120 mA per membrane. 

After blotting, the PVDF membrane was briefly placed in methanol and washed with PBS.  

Western blot analysis was performed by immunostaining of proteins. To this end, the 

PVDF membrane was incubated for 30 min at RT in blocking buffer (Odessey Intercept 

PBS), followed by incubation with the primary antibody overnight at 4°C (Table 1). The 

membrane was washed three times for 20 min in PBS-T at RT. Subsequently, the 

membrane was incubated with the secondary antibody (Table 2) for 1 h at RT and, 

subsequently, washed three times for 20 min in PBS-T at RT. After the final washing step, 

the membrane was imaged at the Odyssey Imaging System (LI-COR Biosciences).  

 

2.17.4 Dot Blot analysis 

To verify presence of SHH in the supernatant of pcDNA3.1-Shh-N transfected HEK293T 

cells, Dot Blot analysis was performed. Therefore, 10 μL of the supernatant were pipetted 

on a methanol-activated PVDF membrane and dried for approx.10 min at RT. The 

membrane was re-activated in methanol and immunostaining was performed as described 

above.  

 

2.18 Gene expression analysis  
2.18.1 RNA isolation and cDNA synthesis 

To isolate total RNA from cells, the PureLink® RNA Mini or Micro kit (Thermo Fisher 

Scientific) was used according to the manufacturer’s instructions. To avoid any RNase 

activity, RNase-free water and RNase-free reaction tubes were used. Additionally, all 

equipment used was wiped with RNase ZAP (Merck). Total RNA was extracted by adding 

lysis buffer containing 1 % β-mercaptoethanol to cells. The lysis buffer contained 
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guanidinium isothiocyanate, a chaotropic salt capable of protecting the RNA from 

endogenous RNases (Chirgwin et al., 1979). Lysates were scraped from the wells into 

microcentrifuge tubes and homogenized by vortexing. 

To cells that were lysed within TRI Reagent®, chloroform was added and incubated for 2-

3 min. Samples were centrifuged at 12,000 x g for 15 min at 4°C to separate different 

phases. The colorless, upper phase, containing the RNA, was transferred to a fresh tube. 

An equal amount of 70 % ethanol was added, and samples were vortexed. Samples were 

processed via silica-based RNA spin column enrichment and eluted in 30 μl RNase-Free 

water and directly put on ice. The RNA concentration and purity was measured using a 

spectrophotometer (Nanodrop, NanoDrop Products).  

For complementary DNA (cDNA) synthesis, the iScript TM cDNA synthesis Kit (Biorad) 

was used according to the manufacturer’s instructions. Via reverse transcription, cDNA 

was synthesized from an RNA template. Synthesis was performed in a Thermocycler 

(Labcycler, SensoQuest). cDNA was subsequently stored at -20°C.  

 

2.18.2 Quantitative real-time PCR (qPCR) 

Relative expression levels of genes of interest were evaluated by quantitative real-time 

PCR (qPCR), using gene specific primer pairs (Table 6). The reactions were carried out 

by amplification through PowerTrackTM SYBR Green Master Mix (ThermoFisher Scientific) 

for, following manufacturer's instructions. Mix and cDNA were pipetted in 384-well plates 

and read using the Quant Studio 6 Pro instrument (ThermoFisher Scientific). Detection for 

each sample was done in duplicates. The Design & Analysis Software (Version 2.6.0) was 

used to design the plate layouts and for processing of data. Gene expression analysis 

was performed according to Pfaffl using one or two reference genes (Pfaffl, 2004). 

 

2.19 Transcriptomic analysis  
2.19.1 Bulk RNA-sequencing and analysis 

Subpopulations were sorted as described above and immediately stored in TRIzol. RNA 

library preparation and bulk sequencing was done by the PRECISE platform (Bonn). Total 

RNA was extracted using the miRNeasy Micro kit (Qiagen) according to manufacturer’s 

protocol. RNA was quantified and RNA integrity was determined using the HS RNA assay 

on a Tapestation 4200 system (Agilent). Smart-seq2 was used for the generation of non-
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strand-specific, full transcript sequencing libraries using standard reagents and 

procedures as previously described (Picelli et al., 2014). Briefly, 250 pg of total RNA was 

transferred to buffer containing 0.2 % TritonX-100, protein-based RNase inhibitor, dNTPs, 

and oligo-dT oligonucleotides to prime the subsequent RT reaction on polyadenylated 

mRNA sequences. The SMART RT reaction was performed at 42°C for 90 min using 

commercial SuperScript II (Invitrogen) and a TSO. A preamplification PCR of 14 cycles 

was performed to generate double-stranded DNA from the cDNA template. At least 200 pg 

of amplified cDNA were used for tagmentation reaction and subsequent PCR amplification 

using the Nextera XT kit (Illumina) to construct sequencing libraries. Libraries were 

quantified using the Qubit HS dsDNA assay, and library fragment size distribution was 

determined using the D1000 assay on a Tapestation 4200 system (Agilent). Samples were 

pooled and clustered at 1.25 nM on a NovaSeq6000 system (Illumina) to generate ∼10 M 

single-read (75 bp) reads per sample using a NovaSeq6000 XP kit. Raw sequencing data 

were demultiplexed using bcl2fastq2 v2.20. 

The RNA-seq 3’ data were processed with nf-core RNA-seq v1.4.2 (Ewels et al., 2020) 

pipeline using STAR (Dobin et al., 2013) for alignment and featureCounts for gene 

quantification (Liao et al., 2014). Statistical analysis was performed in the R environment 

(R Core Team, 2019) with the Bioconductor R-package DESeq2 (Love et al., 2013). The 

Benjamini-Hochberg method was used to calculate multiple testing adjusted p-values. 

Only genes with at least 10 read counts in at least 2 samples and at least 20 read counts 

in total across all samples were considered for analysis. Data visualizations were 

generated using R-packages ggplot2 (v3. 3.3). GO term and pathway enrichment analysis 

for differently expressed genes (FDR < 0.05, Fisher test) was performed using the 

Bioconductor packages packages fgsea, goseq, and clusterProfiler. 

 

2.19.2 Single-cell RNA-sequencing  

Total SVF from murine iWAT was isolated as described above. Single-cell library 

preparation and sequencing was performed by Dr. Nelli Blank in the lab of Elvira Mass 

and was based on the Seq-Well S3 protocol (Hughes et al., 2020), using two arrays per 

sample. Seq-Well arrays were prepared as described before (Gierahn et al., 2017). Each 

array was loaded with approximately 110,000 barcoded mRNA capture beads 

(ChemGenes, Cat: MACOSKO-2011-10) and with 30,000 cells. The procedure was done 
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as previously described (Hughes et al., 2020). After cell loading, cells were lysed, mRNA 

captured, and cDNA synthesis was performed. For whole transcriptome amplification, 

beads from each array were distributed in 18-24 PCR reactions containing approximately 

3,000 beads per PCR reaction using KAPA HiFi Hotstart Readymix PCR Kit (Kapa 

Biosystems, Cat: KK2602) and SMART PCR Primer. 6-8 PCR reactions were pooled and 

purified with AMPure XP SPRI Reagent (Beckman Coulter). For the library tagmentation 

and indexing, 200 pg of DNA from the purified WTA from each pool were tagmented with 

the Nextera XT DNA Library Preparation Kit followed by a Tn5 transposase neutralization 

for 5 min at RT. Finally, Illumina indices were attached to the tagmented products. Library 

products were purified using AMPure XP SPRI Reagent. Final library quality was 

assessed using a High Sensitivity D5000 assay on a Tapestation 4200 (Agilent) and 

quantified using the Qubit high-sensitivity dsDNA assay (Invitrogen). Seq-Well libraries 

were equimolarly pooled and clustered at 1,25 nM concentration with 10 % PhiX on a 

NovaSeq6000 system using a S2 flow cell with 100 bp v.1.5 chemistry. Sequencing was 

performed paired-end using custom Drop-Seq Read 1 primer for 21 cycles, 8 cycles for 

the i7 index, and 61 cycles for Read 2. Single-cell data were demultiplexed using 

bcl2fastq2 (v2.20). Fastq files from Seq-Well were loaded into a snakemake-based data 

pre-processing pipeline (version 0.31, available 

at https://github.com/Hoohm/dropSeqPipe) that relies on the Drop-seq tools provided by 

the McCarroll lab (Macosko, Basu et al. 2015). STAR alignment within the pipeline was 

performed using the murine GENCODE reference genome and transcriptome mm10 

release vM16 (Team 2014). 

 
2.19.3 Single-cell RNA-sequencing analysis 

The scRNA-seq data analysis was conducted using the Seurat analysis pipeline (version 

4.1.1). Analysis was performed in collaboration with Dr. Lisa Steinheuer (AG Kevin 

Thurley) and Dr. Geza Schermann (AG Carmen Ruiz de Almodovar). To address 

differences in sequencing depth, the downsampleBatches function from the scuttle 

package (version 1.0.4) was employed using default parameter settings. Cells expressing 

fewer than 100 or more than 1,000 genes, as well as those with more than 20 percent 

mitochondrial genes, were removed. The individual sequencing samples were integrated 

using 2,000 variable features. Using the first 30 dimensions, the Louvain algorithm 

https://github.com/Hoohm/dropSeqPipe
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detected 16 cell clusters which were annotated using known marker gene panels. Clusters 

with less than 60 cells (10 % percentile) were removed from the dataset. 

To account for sample size differences due to varying sequencing depths, 

the Bbs8−/− dataset was down-sampled according to the Bbs8+/+ reference by grouping 

cells into 10 bins based on their UMAP 1 coordinates. A differential abundance analysis 

of each APC and FPC subpopulation across genotypes was performed using a Fisher’s 

exact test with p-values corrected using the FDR method. Developmental trajectories 

within the APC and FPC subpopulations were calculated using the monocle3 package 

(version 1.0.0). After re-clustering, the graph structure from the Bbs8+/+ and down-

sampled Bbs8−/− datasets was learned using default parameters while disabling graph 

pruning. Pseudotimes were computed using the APC P1 subpopulation as the root. 

Further characterization of the FPC population involved an overrepresentation analysis 

(ORA) employing the C2 MsigDB data repository, using the top 50 up- and down-regulated 

genes between FPCs and all other cell populations, as described (Kwon et al., 2023). The 

50 top and bottom genes were identified by ranking them according to Bonferroni 

corrected p-values calculated using Seurat’s FindMarkers function. The C2 MsigDB data 

set was filtered for entries with less than 300 members to focus on gene-sets of 

comparable size to our input data. Finally, the pathway overrepresentation was calculated 

using the clusterprofiler package (version 3.18.1) with a q-value cutoff of 5 %. 

CellChat (v 1.6.1) (S. Jin et al., 2021) was used to analyze possible cell-cell interactions 

in the data. To find all possible interactions, the ‘computeCommunProb’ command was 

used with ‘type = “truncatedMean”’ and ‘trim = 0’ arguments. The analysis was run 

separately on data from Bbs8+/+ and Bbs8−/− mice and compared after merging with the 

‘mergeCellChat’ command. Interaction difference heatmaps were created using the 

ComplexHeatmap package. In search for vessel-associated APC cells, the Seurat object 

was subset to contain only the three APC populations with the FPC cluster. The 

‘FindSubCluster’ command was used with ‘resolution = 0.3’ argument to create 2 

subclusters of the APC P2 cluster. The marker list was generated using the 

‘FindAllMarkers’ command with ‘logfc.threshold = 0.1’ and ‘only.pos = T’ arguments, from 

the APC populations, fibroblasts, endothelial cells, and pericytes. 
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2.20 Software application 
In addition to the device-specific software applications, Biorender.com, GraphPad Prism 

(Version 10), Affinity designer (version 1.10.8), ImageJ (version 2.14.0/1.54f), Microsoft 

Excel (version 16.94), Microsoft Word (version 16.94), R studio (version 2023.06.1+524), 

and FlowJo software (Tree Star) were used to analyze and visualize the experimental data 

and compile this thesis.  

 
2.21 Statistics 
Statistical analysis was performed using GraphPad Prism (Version 10). Data represent 

mean values with standard deviation (± S.D.) from independent experiments (n numbers 

are indicated), if not stated otherwise. Statistical significances and performed tests are 

depicted in the respective figures and legends. 
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3. Results 
 

3.1 AdipoQ – Development of a tool to quantify APC function in vitro 
 

3.1.1 The AdipoQ plugins 

 

Quantifying the cell number and the lipid droplet accumulation are essential parameters 

to assess adipogenesis. The lipid droplet accumulation can be visualized by staining with 

lipophilic dyes, such as Oil-Red-O, Bodipy, or LD540 (Kraus et al., 2016; Spandl et al., 

2009; Targett-Adams et al., 2003), while staining the nucleus with DAPI can be used as a 

read-out for the cell count. To this end, AdipoQ was developed to provide an automated 

image analysis tool that can be used within ImageJ. AdipoQ analyzes images acquired 

from immunofluorescence staining in a two-step process (Fig. 4). First, the AdipoQ 

Preparator preprocesses the images by minimizing unspecific background noise for 

optimized segmentation. Subsequently, it creates an object mask by segmenting the 

images into fore- and background. This is achieved either by selecting from different 

segmentation strategies based on an intensity threshold or by using machine-learning-

based prediction with StarDist (Schmidt et al., 2018). In a second step, the AdipoQ 

Analyzer quantifies the mask and gives out various parameters, such as number of 

individual objects (i.e., nuclei or lipid droplets), size of the objects, or intensity of the 

objects in all image channels. The output files can be read into Excel or R for further 

downstream analysis. Of note, AdipoQ can also be applied to image analysis of 

histological sections to analyze adipocyte morphology in tissues (Sieckmann et al., 2022). 

AdipoQ is an open-source analysis method, providing transparency and accessibility to 

the user.  
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Fig. 4: Establishing an experimental and analysis pipeline to assess adipogenic 
differentiation in vitro. AdipoQ workflow to analyze fluorescence microscopy images of 
differentiated adipocytes. AdipoQ constitutes two custom-written ImageJ plugins, AdipoQ 
Preparator and AdipoQ Analyzer. The AdipoQ Preparator pre-processes the images for 
optimized segmentation and subsequently segments them into fore- and background, 
generating a mask that reveals the detected structures (i.e., nuclei, lipid droplets). The 
AdipoQ Analyzer quantifies this mask by counting the structures, determining their size, 
and their intensity levels within and adjacent to each structure, in all different channels in 
the image. This allows to measure also additional fluorescent markers. Scale 
bars = 100 µm. Adapted from Sieckmann et al., 2022. 

3.1.2 Analyzing adipogenesis of 3T3-L1 cells using AdipoQ plugins 

To test if AdipoQ is a suitable tool to assess adipogenesis, I used the 3T3-L1 cell line, a 

3T3 mouse fibroblast sub strain that is committed to the adipocyte lineage (Green & 

Meuth, 1974). I induced adipogenesis in 3T3-L1 cells using a cocktail containing insulin, 

dexamethasone, and isobutylmethylxantine (IBMX). Cells were imaged every other day 

over a period of 8 days to analyze adipogenic differentiation (Fig. 5 a-d).  

I first wanted to assess the proliferation of 3T3-L1 cells over the time course of 

differentiation. AdipoQ uses a machine-learning based detection and therefore enables 

the quantification of single nuclei and, thereby, the cell numbers. Additionally, I labelled 

for Ki-67, a nuclear protein whose expression and localization in the nucleus is tightly 

associated to the cell cycle (D. C. Brown & Gatter, 2002). As AdipoQ allows to measure 

additional fluorescence markers, I quantified pixel intensities of Ki-67 within each nucleus 

using the median intensity parameter, which is less sensitive to noise. A fixed threshold 

was set based on the intensity histogram to distinguish Ki-67- from Ki-67+ nuclei (Fig. 5 b). 

While the number per nuclei steadily increased over time, both in the control and the 

differentiated condition, the number of Ki-67+ nuclei increased only in the differentiated 
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condition (Fig. 5 c). The highest proportion of Ki-67+ cells was observed after 2 days of 

differentiation, which is in line with the mitotic clonal expansion, which is a prerequisite for 

adipogenesis in 3T3-L1 cells (Q.-Q. Tang et al., 2002).   

Next, I evaluated lipid droplet formation by staining with an antibody against perilipin 

(PLIN1), a protein that is localizes to the surface layer of lipid droplets (Joan Blanchette-

Mackie et al., 1995). This allowed to calculate the adipogenic index, which is the ratio of 

the PLIN1+ area and the DAPI+ area. Lipid droplet accumulation was already visible two 

days after induction and increased during differentiation, in line with an increase in the 

adipogenic index (Fig. 5 d). Even without induction, 3T3-L1 cells can undergo 

spontaneous differentiation (Carnicero, 1984), which was reflected in an increased 

adipogenic index in the control condition, albeit to a lesser extend compared to the 

induced condition (Fig. 5 d). Thus, AdipoQ reliably quantifies different parameters of 

adipogenesis.   

Fig 5: AdipoQ quantifies adipogenesis and proliferation of 3T3-L1 cells in vitro. a. 
Exemplary images of 3T3-L1 cells during adipogenic differentiation, which have been 
induced at day 0. Cells were fixed at indicated time points and have been labeled with 
DAPI (DNA, blue), an anti-Ki-67 antibody (magenta), and an anti-PLIN1 antibody (green). 
Rectangles indicate magnified views below, for which also the detected DAPI+ and 



 49 

PLIN1+ areas are indicated. Scale bars = 100 µm. b. Quantifying adipocyte proliferation 
using Ki67 staining. Ki67 channel shown for an example image (colored by the look-up 
table indicated below). Masks for individual nuclei (overlayed with white lines in image) 
are determined from the DAPI channel. For each nucleus mask, the Ki67 signal is 
determined and if the median intensity within the mask exceeds a fixed threshold, the 
nucleus is considered Ki67+. c. Proliferation kinetics of 3T3-L1 cells as indicated by the 
total number of nuclei and the nuclei that showed a high Ki-67 intensity (Ki-67+). d. 
Adipogenic index, determined by calculating the total lipid droplet area (PLIN1+) and 
dividing it by the total nuclei area (DAPI+). Bars show mean (average of four images per 
experiment). experimental numbers equal n = 1. Adapted from Sieckmann et al., 2022. 

3.1.3 Analyzing adipogenesis of primary APCs in vitro using AdipoQ plugins 

To test whether the AdipoQ pipeline can be applied to primary cells, I isolated APCs from 

murine inguinal (i) WAT and performed an adipogenesis assay. I induced the cells with the 

induction cocktail, which additionally contained rosiglitazone, among the previously 

mentioned components. Rosiglitazone, a PPARγ agonist, potently induces adipogenesis 

(Gurnell et al., 2003) and is necessary to evoke a maximum adipogenic response in 

primary APCs. I generated images of the differentiating cells every other day for a duration 

of 7 days (Fig. 6 a). First, I assessed the proliferation rate in the primary APCs by Ki-67 

labeling. As in 3T3-L1 cells, the number of Ki-67+ cells increased after two days of 

differentiation. Thus, primary APCs also undergo mitotic clonal expansion as a critical first 

step during adipogenesis (Fig. 6 b) (M. L. Zhao et al., 2020).  

To scrutinize the ability of AdipoQ in assessing lipid accumulation, I took an alternative 

approach to stain lipid droplets using the lipophilic dye LD540 (Spandl et al., 2009) 

(Fig. 6 a). Hence, the adipogenic index was calculated as the ratio of the LD540+ area to 

the DAPI+ area (Fig. 6 c). Lipid droplets accumulated 2 days after induction and the 

adipogenic index increased over the course of 7 days (Fig. 6 c). Some lipid droplets were 

also formed in the untreated control, indicating that also primary APCs can spontaneously 

differentiate. Thus, AdipoQ is also suitable to assess adipogenesis in primary APCs.  
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Fig. 6: AdipoQ quantifies adipogenesis and proliferation of APCs in vitro. a. 
Exemplary images of APCs during adipogenic differentiation, which have been induced at 
day 0. Cells were fixed at indicated time points and have been labeled with DAPI (DNA, 
blue), an anti-Ki-67 antibody (magenta), and LD540 (lipid droplets, green). Rectangles 
indicate magnified views below, for which also the detected DAPI+ and LD540+ areas are 
indicated. Scale bars = 100 µm. b. Proliferation kinetics of APCs as indicated by the total 
number of nuclei (Ki-67-, blue) and the nuclei that showed a high Ki-67 intensity (Ki-67+, 
magenta). c. Adipogenic index, determined by calculating the total lipid droplet area 
(LD540+) and dividing it by the total nuclei area (DAPI+). Bars show mean (average of 
four images per experiment). Experimental numbers equal n = 1. Adapted from 
Sieckmann et al., 2022. 

3.2 Characterizing APC subpopulations in vitro 

3.2.1 Isolation of APC subpopulations 

Recent single-cell transcriptomic analyses have provided detailed insight into the 

heterogenic nature of APCs (Burl et al., 2018; Cho et al., 2019; Merrick et al., 2019; 

Nahmgoong et al., 2022; Schwalie et al., 2018; Shao et al., 2021; Spallanzani et al., 2019; 

H. Wang et al., 2024). Although a consistent definition of the precursor subpopulations is 

lacking, there is a consensus that APCs exist along a differentiation spectrum, ranging 

from a more stem-cell-like state to a high commitment to the adipocyte lineage (Fig. 7 a) 
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(Ferrero et al., 2020). Additionally, a third APC population has been described as a 

regulator of adipogenesis (Schwalie et al., 2018). Our lab has previously established a 

strategy to identify the three subpopulations based on their surface marker expression 

(Fig. 7 b-d). All subpopulations are defined by their lack of Lin markers (Lin: TER119+, 

CD45+, and CD31+), while being enriched for CD29+ (Integrin b1) and SCA1+ APCs. The 

multipotent P1 APCs are identified by CD55 and CD26 (DPP4) expression. The committed 

P2 APCs express CD54 (ICAM-1), while the P3 subpopulation is defined by the marker 

CD142 (tissue factor) (Fig. 7 b-d). In the iWAT of lean wild-type mice the P1 is the most 

abundant subpopulation, making up around 71.4 ± 6.2 % of all Lin-CD29+Sca+ APCs, 

while the P2 makes up only 17.6 ± 6.2 % of all APCs (Fig. 7 e). The regulatory P3 is the 

least abundant population, only consisting of 4.1 ± 2.7 % (Fig 7 e.). Of note, the 

subpopulations were investigated in young mice at the age of 6-9 weeks. Factors such as 

age, diet, or adipose tissue depot can affect their abundance: While the iWAT harbors the 

highest abundance of stem-cell like APCs, in gonadal (g) WAT depots, the committed 

CD54+ APCs and CD142+ APCs are the most abundant population (J. H. Lee et al., 2022; 

Merrick et al., 2019; Schwalie et al., 2018). In response to high-fat diet feeding of mice, a 

shift was observed towards an increased abundance of committed CD54+ cells, both in 

the iWAT and the gWAT (Merrick et al., 2019). 

For further downstream analysis, I established a strategy to sort the subpopulations for in 

vitro characterization either by fluorescent-activated cell sorting (FACS) or magnetic-

activated cell sorting (MACS) (Fig. 7 f) and tested whether the different subpopulations 

maintain their in vivo characteristics when cultured in vitro for 48 hours. A main 

characteristic that distinguishes the subpopulations is their degree of adipogenic 

commitment. This degree of differentiation can be analyzed via staining of FABP4, as it is 

only expressed in later stages of adipogenesis (Samulin et al., 2008; Shan et al., 2013). 

Since the P3 APCs only make up only a small fraction of all APCs and they are resistant 

to undergoing adipogenesis (Schwalie et al., 2018), I focused only on the P1 and P2 

APCs. With both fluorescent- and magnetic-based sorting approaches, only a few P1 were 

FABP4+ (16.4 ± 18.8 %) (Fig. 7 g), underlining that P1 cells are not yet committed and 

more stem-cell like. In contrast, 69.1 ± 13.4 % of FACS-sorted P2 cells were FABP4+ 

(Fig. 7 g). As P2 cells are already committed to the adipogenic lineage, these results are 

consistent to what has been described in vivo (Merrick et al., 2019; Schwalie et al., 2018). 
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However, MACS sorting of P2 cells only yielded 9.7 ± 4.8 % of FABP4+ cells (Fig. 7 g). 

With this approach, the number of antibodies is limited: I first depleted the lineage-positive 

cells (TER119, CD45, CD31) and then enriched for expression of the P2 marker CD54. 

However, P3 APCs are also expressing CD54, along their specific marker CD142 

(Fig. 7 c-d). Thus, the MACS sorting results in a rather pure P1 population and a mixed 

population of P2 and P3, which explains the lower proportion of FABP4+ cells in this 

fraction.  

Concluding, both FACS and MACS allow successful sorting of P1 cells, while only FACS 

ensures pure enrichment of P2 cells.  

 
 

 
Fig. 7: Different subpopulations of adipocyte precursor cells (APC) can be 
identified via flow cytometry or magnetic-activated cell sorting. a. Schematic model 
of the three APC subpopulations (P1, P2, and P3) regarding their function and surface 
marker expression. b. Multi-dimensional reduction analysis from flow cytometry data from 
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iWAT of lean wild-type mice at 6-9 weeks based on the expression of the surface marker 
CD26, CD55, CD54, and CD142. The Uniform Manifold Approximation and Projection 
(UMAP) is subdivided into the three distinct APC clusters. c. Scaled fluorescence 
intensities of the markers is overlayed over the UMAP from b., highlighting the contribution 
of each marker to the respective clusters. d. Contour plot of the gating strategy to 
distinguish the APC subpopulations. e. Frequencies of APC P1-P3 gated from the total 
APC pool (SCA1+) of lean wild-type mice. Data are shown as ± SD, with individual data 
points; p-values were determined using a one-way ANOVA. Post-hoc p-value correction 
for multiple testing was performed using Tukey adjustment, experimental numbers equal 
n = 24. f. Experimental set-up of isolating the APC subpopulations from murine iWAT 
either via fluorescence-activated cell sorting (FACS) or magnetic-activated cell sorting 
(MACS). g. Representative images of FACS- or MACS-sorted P1 and P2 APCs. Cells 
have been labeled with DAPI (DNA, blue) and an anti-FABP4 antibody (magenta). Scale 
bars are indicated. Adapted from Sieckmann et al., 2024 (bioxRiv). 
 

3.2.2 Primary cilia signaling in APC subpopulations 

I hypothesize that the fate and function of APCs in WAT are governed by the primary 

cilium. Thus, I first verified that all subpopulations are ciliated. To this end, I sorted the 

subpopulations via FACS and analyzed ciliation after 48 h in culture. The APCs of all three 

subpopulations displayed a primary cilium (Fig. 8 a): P1 cells showed the highest 

proportion of ciliated cells (69.4 ± 14 %) followed by P2 (46 ± 10.6 %) and P3 

(27.8 ± 3.9 %) (Fig. 8 b). During adipogenesis, the APCs lose their primary cilium, and 

mature adipocytes are not ciliated (Hilgendorf et al., 2019; Marion et al., 2008b). Thus, 

the lower percentage of ciliated cells in the P2 could reflect their differentiation status as 

these cells might be in the process of disassembling the primary cilium. In line with this, 

ciliary length was decreased in P2 cells compared to P1 and P3 APCs (Fig. 8 c). As the 

primary cilium is only present during G0 and G1 phase and is absent in cycling cells, the 

varying proportion of ciliated cells might also be attributed to different stages of cell cycle 

progression since cells were not starved. However, strategies to promote cell cycle arrest, 

such as prolonged culture or serum starvation, could distort the actual in vivo phenotype 

of the cells. Thus, a 48-h culture period after sorting was chosen to allow cell attachment 

to the plastic and clearance of apoptotic cells within a rather short timeframe. 

To investigate primary cilia function in APCs, I performed an adipogenesis assay with the 

P1 and P2 enriched by MACS as this resulted in a higher yield and viability compared to 

FACS. However, as the P2 fraction enriched by MACS also contains P3 APCs, this could 
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negatively influence adipogenesis of other cells (Schwalie et al., 2018). However, the 

regulatory effect of the P3 has been under debate, as other studies were not able to 

reproduce the results of Schwalie et al. (Merrick et al., 2019). My results demonstrated 

that both P1 and P2/3 subpopulations readily differentiated into mature adipocytes upon 

treatment with the full induction cocktail (Fig. 8 d, e). To investigate the cilia-specific 

effects on adipogenesis, I used a minimal induction cocktail, which has previously been 

established in our lab in accordance with the “control cocktail” proposed by Hilgendorf et 

al (Hilgendorf et al., 2019). The minimal induction cocktail contains a lower amount of the 

adipogenic inducers insulin, IBMX, and dexamethasone, while the PPARγ-activator 

rosiglitazone is omitted to achieve a more sensitive system. Even under the minimal 

conditions, some P2 cells already differentiated into mature adipocytes, further underlining 

their high commitment to the linage (Fig. 8 e). In contrast, P1 cells had a significantly lower 

adipogenic index in accordance with their more stem cell-like characteristic (Fig. 8 e). 

Next, I investigated if the subpopulations respond to ciliary signaling cues. The FFAR4 

resides in the ciliary membrane of APCs and induces ciliary signaling to promote 

adipogenesis when activated (Hilgendorf et al., 2019). I used the FFAR4 agonist TUG-

891 to activate FFAR4 signaling in the APCs and in both subpopulations, a significant 

increase of the adipogenic index was observed (Fig. 8 e). In both P1 and P2, the addition 

of TUG-891 resulted in a similarly high adipogenic index as when using the full induction 

cocktail, showing that ciliary signaling evokes a maximum adipogenic response (Fig. 8 e). 

Thus, ciliary FFAR4-dependent signaling promotes adipogenesis of P1 and P2 APCs. 

 
Fig. 8 (figure legend on next page) 
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Fig. 8: Identification of primary cilia and response to cilia specific cues of the three 
APC subpopulations. a. Representative images of FACS-sorted P1, P2, and P3 APCs. 
Cells have been labeled with DAPI (DNA, blue), an anti-γTUBULIN antibody (magenta), 
and an anti-ARL13b antibody (yellow). Squares indicate the magnified views on the right. 
Scale bars are indicated. b. Quantification of ciliated cells by dividing the number of 
primary cilia by the total number of nuclei per image. c. Quantification of ciliary length was 
performed using CiliaQ. Data are shown mean ± SD, with each data point representing 
(b.) one image or (c.) individual cilium; Data are shown as ± SD, with individual data 
points; p-values were determined using a one-way ANOVA. Post-hoc p-value correction 
for multiple testing was performed using Tukey adjustment, experimental numbers equal 
n = 3 mice. d. Exemplary images of in-vitro differentiated P1 and P2 APCs. Cells were 
differentiated under full induction (FI), or minimal induction (MI) with or without the addition 
if TUG-891 (100 µM). Cells have been labeled with DAPI (DNA, blue) and LD540 (lipid 
droplets, green). e. Adipogenic index, determined by calculating the total lipid droplet area 
(LD540+) and dividing it by the total nuclei area (DAPI+). Data are shown mean ± SD, 
with each data point representing the mean of four images from one well; p-values were 
determined using a two-way ANOVA. Post-hoc p-value correction for multiple testing was 
performed using Tukey adjustment, experimental numbers equal n = 3 mice. Adapted 
from Sieckmann et al., 2024 (bioxRiv). 

3.3 Ciliopathy mouse models 

3.3.1 Obesity phenotype of the classical Bbs8 line 

I have demonstrated that ciliary signaling is important in APCs during adipogenesis. In 

turn, I hypothesize that ciliary dysfunction disturbs APC fate and function. To test this 

hypothesis, I used a transgenic mouse model that constitutively lacks BBS8 (Bbs8-/-), a 

component of the BBSome (Tadenev et al., 2011). The knock out has been generated by 

integrating a tau:YFP cassette in the start codon and first two exons (Fig. 9 a) (Tadenev 

et al., 2011). The mouse line has previously been characterized in our lab and resembles 

the obesity phenotype of the BBS (Galindo, 2024; Klausen, 2020; Winnerling, 2022): To 

analyze obesity development, Bbs8+/+ and Bbs8-/- mice were weighed every two weeks, 

and a relative weight gain was calculated by normalizing to the mean weight of each 

genotype of the lean timepoint (Fig. 9 b). Here, the lean timepoint was defined based on 

the mean body weight with the most similar value and the smallest standard deviation. 

Accordingly, Bbs8-/- mice are lean until 10 weeks and subsequently develop obesity 

(Fig. 9 b-c). This weight gain is accompanied by a significant increase of the gWAT and 

iWAT depot (Fig. 9 d-e). As studies have shown that a sex dimorphism exists in lipid 

storing organs (Palmer & Clegg, 2015; Varghese et al., 2019), I stratified the WAT weights 

accordingly. Regardless, a similar trend was observed across gender and adipose tissue 
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depots: at a young age (5-7 weeks), gWAT and iWAT weights show no difference between 

Bbs8-/- and Bbs8+/+ mice (Fig. 9 d-e), whereas at an older age (15-20 weeks), both WAT 

depots were significantly increased in the Bbs8-/- mice. compared to Bbs8+/+ mice 

(Fig. 9 d-e). In summary, the Bbs8-/- mice resemble BBS as they develop obesity over 

time, accompanied by an increase in WAT mass.  

 

Fig. 9: Weight gain of the Bbs8 mouse model. a. Schematic representation of the 
generation of the Bbs8 knockout by integrating a tau:YFP cassette that deletes the Bbs8 
start codon. b. Relative body weight gain of Bbs8+/+ and Bbs8-/- mice under standard chow 
diet. Weights were normalized to the mean body weight of their respective genotypes at 
a lean time point (10 weeks). Data are shown mean ± SEM, p-values were determined 
using a Two-way ANOVA with repeated measurements (mixed models). Post-hoc p-value 
correction for multiple testing was performed using Bonferroni adjustment, experimental 
numbers equal n ≥ 14. c. Body weight of Bbs8+/+ and Bbs8-/- mice at a young (5-7 weeks) 
and older (15-20 weeks) timepoint. Data are shown mean ± SD, with individual data 
points; p-values were determined via an unpaired t-test, experimental numbers equal n ≥ 
20. d, e. White adipose tissue (WAT) mass increase of d. gWAT and e. iWAT in Bbs8+/+ 
and Bbs8-/- mice at a young (5-7 weeks) and older (15-20 weeks) timepoint. Data are 



 57 

shown as ± SD, with individual data points; p-values were determined using a Two-way 
ANOVA with repeated measurements (mixed models). Post-hoc p-value correction for 
multiple testing was performed using Šidák adjustment, experimental numbers equal 
n ≥ 3. N.s. = non-significant. 

3.3.2 Obesity phenotype of a Bbs8 knockout line with conditional potential 

To investigate the contribution of the mesenchymal lineage, specifically APCs, to WAT 

remodeling, I generated a BBS8 knockout model with conditional potential. To this end, I 

used embryonic stem cells with a “knockout-first” strategy to generate knockout mice 

(Coleman et al., 2015; Skarnes et al., 2011). Here, a gene-trap knockout targeting 

cassette, which contains a β-galactosidase (lacZ) cassette and a neomycin-resistance 

cassette (neo), flanked by two flippase recognition targets (FRT) and three loxP sites, is 

integrated into the locus, which disrupts splicing of the gene, thereby creating a global 

knockout (Fig. 10 a). Thus, my first aim was to characterize this Bbs8 knockout model 

(Bbs8-(KOMP)/-(KOMP)) regarding obesity development compared to the classical Bbs8-/- 

mouse model. Of note, the “knockout-first” strategy has been generated in the C57BL/6 

strain background (Coleman et al., 2015), whereas the Bbs8-/- mouse model has been 

generated on a 129/Sv background (Tadenev et al., 2011). Both mouse strains are widely 

used, however, they have been described to differ in their body weight change and 

metabolic performance (Piirsalu et al., 2022). According to the relative weight gain, the 

lean timepoint of Bbs8-(KOMP)/-(KOMP) mice was defined at 6 weeks of age (Fig. 10 b). Bbs8-

(KOMP)/-(KOMP) gained weight over time and were significantly heavier compared to their wild 

type littermates after 17 weeks (Fig. 10 c). This was also reflected in their WAT weights: 

at a younger age, no significant difference was observed between both genotypes, while 

gWAT and iWAT depots were significantly increased after 17 weeks in Bbs8-(KOMP)/-(KOMP) 

mice (Fig. 10 d-e). This showed that the alternative approach of creating a Bbs8 knockout 

was leading to similar changes in weight gain as in the classical Bbs8-/- mice, 

demonstrating that both models are suitable to investigate effects of a dysfunctional 

primary cilium in WAT development. 
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Fig. 10: Weight gain of the Bbs8-KOMP mouse model. a. Schematic representation of 
the generation of the Bbs8-(KOMP)/-(KOMP) mouse line via the knockout-first strategy. b. 
Relative body weight gain of Bbs8+/+ and Bbs8-(KOMP)/-(KOMP) mice under standard chow 
diet. Weights were normalized to the mean body weight of their respective genotypes at 
the lean time point (6 weeks). Data are shown mean ± SEM, experimental numbers equal 
n ≥ 18. c. Body weight of Bbs8+/+ and Bbs8-(KOMP)/-(KOMP) mice at a young (5-7 weeks) and 
older (>17 weeks) timepoint. Data are shown mean ± SD, with individual data pints, p-
values were determined via an unpaired t-test, experimental numbers equal n ≥ 14. d, e. 
WAT mass increase of d. gWAT and e. iWAT in Bbs8+/+ and Bbs8-(KOMP)/-(KOMP) mice at a 
young (5-7 weeks) and older (>17 weeks) timepoint. Data are shown as mean ± SD, with 
individual data points; p-values were determined using a Two-way ANOVA with repeated 
measurements (mixed models). Post-hoc p-value correction for multiple testing was 
performed using Šidák adjustment, experimental numbers equal n ≥ 4. FRT = flippase 
recognition target; lacZ = β-galactosidase, neo = neomycin-resistance cassette; 
N.s. = non-significant. 

3.3.3 WAT histology of Bbs8 knockout mouse models 

The mechanism of WAT expansion is a critical determinant of metabolic homeostasis: 

WAT expansion via hyperplasia is associated with a metabolically healthy obese state, 
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while expansion via hypertrophy is strongly related to the development of metaflammation 

and other obesity-related (Ghaben & Scherer, 2019; Vegiopoulos et al., 2017). I aimed to 

investigate how the WAT expands in the two different Bbs8 knockout mouse models using 

histological analyses. To this end, I only analyzed the gWAT, which is part of the visceral 

WAT, and has a greater impact on metabolism compared to iWAT (Imbeault et al., 1999). 

The adipocyte size distribution showed a strong shift toward larger cell sizes in the gWAT 

from obese Bbs8-/- and Bbs8-(KOMP)/-(KOMP) compared to their respective age-matched, lean 

wild-type littermates (Fig. 11 a-d). Thus, both models expanded by hypertrophy. 

Interestingly, previous data generated by Nora Winnerling demonstrated that obese Bbs8-

/- mice showed a milder metabolic impairment compared to diet-induced obese wild-type 

mice (Winnerling, 2022). As WAT expansion via hyperplasia does not appear to underlie 

this healthier phenotype, I hypothesize that Bbs8-dependent changes in APCs might play 

an alternative role in WAT remodeling, thereby altering the systemic metabolism. 

Fig. 11: Analysis of adipose tissue morphology in Bbs8 knockout mouse models. 
a. Representative images of gWAT section stained with hematoxylin and eosin (HE) form 
Bbs8+/+ and Bbs8-/- aged 21 weeks. b. Frequency of adipocyte size distribution quantified 
by analyzing images as exemplified in a, acquired from female and male Bbs8+/+ (n = 7) 
and Bbs8-/- (n = 8) mice. Per mouse, two to six sections were quantified; p-values were 
determined by an unpaired, two-sided t-test with Welch correction. c. Representative 
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images of gWAT section stained with hematoxylin and eosin (H&E) form Bbs8+/+ and 
Bbs8-/- aged 21-31 weeks. d. Frequency of adipocyte size distribution quantified by 
analyzing images as exemplified in c, acquired from female and male Bbs8+/+ (n = 1) and 
Bbs8-(KOMP)/-(KOMP) (n = 3) mice. Per mouse, two to three sections were quantified. Data 
are shown as mean ± SD. Scale bars are indicated. 

 

3.3.4 Obesity phenotype of a conditional knockout of Bbs8 in Pdgfra-expressing cells  

Since the Bbs8-(KOMP)/-(KOMP) mice resembled the classical knockout, I generated 

conditional Bbs8 knockout mice. To this end, the Bbs8-(KOMP)/-(KOMP) mice are first crossed 

with transgenic C57BL/6J mice expressing an enhanced variant of FLP1 recombinase 

(FlpE) (Fig. 12 a). This restores Bbs8 expression, thereby producing a pseudo wild-type 

offspring, as both the lacZ and the neo cassette are removed, leaving only two flanking 

loxP sites. The offspring can then be crossed to different mouse lines, expressing the Cre 

recombinase in a cell-type specific manner to delete Bbs8 (Fig. 12 a). To target APCs, no 

suitable marker has been defined that reliably targets these cells (Berry et al., 2015; 

Krueger et al., 2014). A commonly used Cre-recombinase for targeting APCs is the 

Fabp4-Cre line. However, this Cre is only active in a small subset of committed APCs 

(Krueger et al., 2014) and would not target APC P1 cells, as demonstrated above 

(Fig. 12 g). Thus, I used a mouse line that expresses the Cre-recombinase under the 

control of the platelet-derived growth factor receptor α (Pdgfra) promotor, as this has been 

shown to broadly target mesenchymal stem cells, including APCs (Berry & Rodeheffer, 

2013). Consequently, I generated a conditional knockout mouse line, lacking Bbs8 in 

Pdgfra-expressing cells (Pdgfracre/+ Bbs8fl/fl). Like the global Bbs8 knockout models, these 

mice also gained weight at an older age (Fig. 12 b-c). The weight gain was reflected in 

the WAT depots, which showed a significant increase at 17-21 weeks of age (Fig. 12 d-

e). This demonstrates the significant contribution of Pdgfra-expressing cells to obesity 

development and WAT enlargement upon loss of Bbs8. For this thesis, all three mouse 

models were used at a lean state (5-9 weeks) to analyze the effect of Bbs8 deficiency on 

APCs without the effect of obesity as a confounding variable.  
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Fig. 12: Weight gain of the PdgfraCre/+ Bbs8fl/fl mouse model. a. Schematic 
representation of the generation of the PdgfraCre/+ Bbs8fl/fl mouse line via the knockout-first 
strategy for creating conditional alleles. b. Relative body weight gain of Pdgfra+/+ Bbs8fl/fl 

and PdgfraCre/+ Bbs8fl/fl mice under standard chow diet. Weights were normalized to the 
mean body weight of their respective genotypes at the lean time point (7 weeks). Data are 
shown mean ± SEM, experimental numbers equal n ≥ 8. c. Body weight of Pdgfra+/+ 
Bbs8fl/fl and PdgfraCre/+ Bbs8fl/fl mice at a young (5-7 weeks) and older (>18 weeks) 
timepoint. Data are shown mean ± SD, with individual data points, p-values were 
determined via an unpaired t-test, experimental numbers equal n ≥ 11. d, e. WAT mass 
increase of d. gWAT and e. iWAT in Pdgfra+/+ Bbs8fl/fl and PdgfraCre/+ Bbs8fl/fl mice at a 
young (5-7 weeks) and older (>18 weeks) timepoint. Data are shown as ± SD, with 
individual data points; p-values were determined using a Two-way ANOVA with repeated 
measurements (mixed models). Post-hoc p-value correction for multiple testing was 
performed using Šidák adjustment, experimental numbers equal n ≥ 2. N.s. = non-
significant. 

3.4 Characterizing BBS8-dependent changes in APC subpopulations 

3.4.1 Frequency of APC subpopulations 

To understand how the loss of BBS8 affects the APC subpopulations, I performed high-

dimensional flow cytometry experiments on cells isolated from the iWAT of lean Bbs8+/+ 
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and Bbs8-/- mice (6-9 weeks). I applied the gating strategy described above and compared 

the relative frequencies of the three subpopulations. The P1 subpopulation was 

significantly reduced in Bbs8-/- mice compared to Bbs8+/+ mice (Fig. 13 a). In contrast, the 

P2 subpopulation was significantly increased, and the P3 subpopulation was slightly 

increased in the Bbs8-/- mice (Fig. 13 a). To evaluate if this change in subpopulation 

frequency could be attributed to the loss of BBS8 specifically in APCs, I used the 

conditional knockout line. Consistently, I observed a similar pattern of the distribution of 

the subpopulations. The P1 APCs were significantly downregulated in Pdgfracre/+ Bbs8fl/fl 

mice, whereas the P2 and P3 subpopulations showed a tendency to increase (Fig. 13 b). 

Thus, loss of BBS8 alters the balance of the APC subpopulations: the stem cell-like P1 

population is diminished, while the committed P2 population expands, and the regulatory 

P3 subset exhibits a slight increase, indicating a shift in the cellular trajectory. 

Fig. 13: Ciliary dysfunction results in changes in APC subpopulations. a. 
Frequencies of APC P1-P3 gated from the total APC pool (SCA1+), isolated from Bbs8+/+ 
(n = 23) and Bbs8-/- mice (n = 20) at 6-9 weeks (lean state). b. Frequencies of APC P1-
P3 gated from the total APC pool (SCA1+), isolated from Pdgfra+/+ Bbs8fl/fl (n = 7) and 
Pdgfracre/+ Bbs8fl/fl mice (n = 7) at 6-7 weeks (lean state).  

 

3.4.2 Transcriptomic analysis of APC progenitor populations in Bbs8-/- mice  

To investigate the underlying molecular mechanism driving the shift in the frequency 

distribution of APC subpopulations in Bbs8-/- mice, I isolated P1-P3 subpopulations from 

lean Bbs8-/- and Bbs8+/+ mice (7-8 weeks) using FACS and performed bulk RNA 

sequencing (RNA-seq). I applied principal component analysis (PCA) to the data set to 

visualize underlying patterns in the data (Fig. 14 a). The PCA revealed distinct clustering 
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between the subpopulations, as the first component (PC1) clustered P1 samples away 

from P2 and P3 (Fig. 14 a). Next, I confirmed the identity of the sorted subpopulations by 

analyzing marker gene expression. Regardless of the genotype, P1 cells highly expressed 

genes specific to the stem cell-like population, such as Creb5 (cAMP-responsive element 

binding-protein 5), Pi16 (peptidase inhibitor 16), and Dpp4 (dipeptidyl peptidase) (Ferrero 

et al., 2020; Merrick et al., 2019; Schwalie et al., 2018) (Fig. 14 b). The committed P2 cells 

expressed genes related to adipogenic differentiation, such as Pparg, Fasn (fatty-acid 

synthase), and Fabp4 (Fig. 14 b). However, these markers were also highly expressed in 

the P3, further supporting the similarity of P2 and P3 observed in the PCA. Nonetheless, 

P3 exhibited elevated expression of genes uniquely associated with this subpopulation, 

including F3 (coagulation factor III), Fmo2 (flavin-containing dimethylaniline 

monooxygenase 2), and Rbp1 (retinol-binding protein 1)(Dong et al., 2022; Schwalie et 

al., 2018)  (Fig. 14 b). All markers showed similar expression levels in Bbs8-/- and Bbs8+/+ 

mice. Next, I analyzed the transcriptomic differences between Bbs8-/- and Bbs8+/+ cells. 

When comparing the differently expressed genes (DEGs), the P1 populations showed the 

highest number of DEGs, while in P2 and P3 fewer genes were differently expressed 

between genotypes (Fig. 14 c). Of note, Bbs8 (Ttc8) expression levels were comparable 

between the P1 and P2 subpopulations in wild-type mice, whereas P3 exhibited a lower 

Bbs8 expression (Fig. S2). Thus, the loss of BBS8 may have a greater impact on the P1 

and P2 subpopulations compared to P3 subpopulation, which is also reflected in the 

reduced number of DEGs between Bbs8-/- and Bbs8+/+ P3 cells. Although DEG analysis 

revealed differences between Bbs8-/- and Bbs8+/+ cells, this did not seem to be the driving 

force in segregating the PCs 1 and 2 as they segregated according to differences between 

subpopulations (Fig. 14 a). Thus, the impact of loss of BBS8 rather leads to subtle 

changes, which are lower in rank in segregating PCs. This may be because the changes 

upon loss of BBS8 are highly specific to each subpopulation rather than affecting all 

subpopulations in the same way, thereby not strongly influencing the principal component 

loadings. To test this hypothesis, I further analyzed the DEGs for each subpopulation 

individually. 
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Fig. 14: Bulk Transcriptomic analysis of APC P1-P3 in Bbs8-/- mice. a. Principal 
Component Analysis (PCA) of the bulk RNA-seq data of FACS-sorted P1, P2, and P3 
APCs isolated from Bbs8+/+ and Bbs8-/- mice at 7-8 weeks (lean state) based on the 500 
most variable genes. b. Expression level of published P1, P2, and P3 markers split per 
genotype. Data are shown as mean ± SD. c. Number of up (green) or down regulated 
(blue) differentially expressed (DE) genes of APC P1-P3 subpopulations in Bbs8-/- 
compared to Bbs8+/+. The Benjamini-Hochberg method was used to calculate multiple 
testing adjusted p-values. Adapted from Sieckmann et al., 2024 (bioxRiv). 

First, I visualized DEGs for each subpopulation using volcano plots and then performed 

Gene ontology (GO) enrichment analysis of the DEGs for all three subpopulations. This 

revealed an upregulation of genes associated with extracellular matrix (ECM) remodeling 

in P1 cells from Bbs8-/- mice (Fig. 15 a-b). Several genes of the collagen family were 

upregulated (Col1a1, Col3a1, Col4a1, Col4a2, Col5a3, Col6a3), as well as fibroblasts-

associated genes, such as Bgn (biglycan) and Fosb (FBJ osteosarcoma oncogene) 

(Fig. 15 a) (Dobrzanski et al., 1991; S. Hu et al., 2024). Accordingly, GO term analysis 

identified the enrichment of pathways involved in ECM structure organization and 

collagen-activated signaling (Fig. 15 b). In Bbs8-/- P2 cells, GO term enrichment analysis 

revealed an upregulation of processes related to nucleoside bisphosphate metabolism as 

well as acetyl-CoA metabolic processes (Fig. 15 d). These pathways have been 

previously reported to be essential during adipogenesis and to regulate adipose tissue 

expansion (Felix et al., 2021; Pinette et al., 2024). In line with the high adipogenic 

commitment of P2 cells, this suggests that loss of BBS8 further enhances their propensity 

towards adipogenic differentiation. Interestingly, the Bbs8-/- P2 cells were also enriched 

for pathways involved in tight junction assembly, suggesting a potential interaction with 
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epithelial cell within the WAT (Fig. 14 d). The P3 population had the lowest number of 

DEGs, however TnC (Tenascin C), which is expressed in the ECM of various tissues, was 

upregulated and pathways involving vascular associated smooth muscle cell proliferation 

were activated (Fig. 15 e-f). Similarly to the Bbs8-/- P1 cells, this suggests a shift towards 

a fibrogenic fate of these cells upon loss of BBS8. Still, DEGs proved to be quite different 

between the different subpopulations, suggesting that loss of BBS8 affects each 

subpopulation in a context-specific manner.  

Fig. 15: Analysis of differentially regulated genes in Bbs8-/- APC subpopulations. a, 
c, f. Volcano plots depicting the up- and downregulated DEGs for a. P1, c. P2, and e. P3 
APCs from Bbs8-/- and Bbs8+/+ mice, isolated at 7-8 weeks (lean state). Genes names are 
written that have an adjusted p-value < 0.05. b, d, f. Over-representation analysis (ORA) 
of upregulated DEGs, highlighting the top biological processes from gene ontology (GO) 
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analysis in b. P1, d. P2, and f. P3 Bbs8-/- APCs compared to Bbs8+/+ APCs. The color of 
the data points represents the adjusted p-values (color-scheme indicated) and the size of 
the data points represents the count of genes included for the indicated terms. Adapted 
from Sieckmann et al., 2024 (bioxRiv). 

I focused my analysis on the stem cell-like P1 APCs, as they (1) had the highest number 

of DEGs, suggesting a stronger influence of loss of BBS8, and (2) represent the starting 

pool from which the other APC populations arise (Merrick et al., 2019; Schwalie et al., 

2018). First, I verified the increased expression of genes associated with ECM remodeling 

by qPCR (Fig. 16 a). I included collagens (Col1a1, Col5a1), the ECM glycoprotein Fbn 

(fibronectin), the cross-linking enzyme Loxl2 (lysyl oxidase-like 2), and Sparc 

(osteonectin), as it modulates expression of several ECM genes (Bradshaw & Sage, 2001; 

López-Jiménez et al., 2017; To & Midwood, 2011). All genes were upregulated in Bbs8-/- 

P1 cells, although only Fbn and Loxl2 were significantly upregulated (Fig. 16 a). To 

distinguish between cell-autonomous and systemic effects of loss of BBS8, I analyzed the 

fibrogenic gene expression in P1 cells sorted from PdgfraCre/+ Bbs8fl/fl mice (Fig. 16 a). 

Here I also observed an increase in gene expression of genes related to ECM remodeling, 

demonstrating that the fibrogenic shift in Pdgfra-expressing cells is regulated in a cell-

autonomous manner.  

Next, I performed whole-mount labeling to further analyze ECM remodeling at protein level 

and to assess the consequence of the fibrogenic shift of P1 cells in a tissue context. I 

labelled against FBN, as this protein forms fibrillar architectures together with collagens 

during ECM formation (Paten et al., 2019). Whole-mount labeling demonstrated a 

substantial increase of FBN in iWAT of lean Bbs8-/- mice compared to Bbs8+/+ mice 

(Fig. 16 c). FBN was observed in the extracellular environment but co-labeling against 

PDGFRα revealed that these cells were also expressing FBN. This further underlines the 

role of Pdgfra-expressing cells in mediating the fibrogenic shift upon loss of BBS8. 
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Fig. 16: Loss of BBS8 leads to remodeling of gene and protein expression in P1 
APCs. a. Relative mRNA expression of fibrosis marker of sorted P1 APCs isolated from 
Bbs8+/+ and Bbs8-/- mice (n = 3) at 7 weeks (lean state) assessed by qRT-PCR. mRNA 
expression was normalized to Bbs8+/+.  b. Relative mRNA expression of fibrosis marker 
of sorted P1 APCs isolated from Pdgfra+/+ Bbs8fl/fl and Pdgfracre/+ Bbs8fl/fl mice mice (n = 6) 
at 5-6 weeks (lean state) assessed by qRT-PCR. mRNA expression was normalized to 
Pdgfra+/+ Bbs8fl/fl. Data are shown as ± SD, with individual data points; p-values were 
determined using a one-sample t-test against a theoretical mean of one. c. Whole mount 
staining of iWAT of 7-week-old Bbs8+/+ and Bbs8-/- mice. Stained with DAPI (nuclei, blue), 
FBN (Fibronectin; extra-cellular matrix, green), and PDGFRα (APC marker, white). Scale 
bar is indicated. n.s. = non-significant. Adapted from Sieckmann et al., 2024 (bioxRiv). 

 

To conclude, loss of BBS8 leads to a remodeling of the APC compartment, reducing the 

pool of stem cell-like P1 cells as these cells shift towards a fibrogenic phenotype, while 

P2 and P3 cells increase. Similar findings in the conditional Bbs8 knockout model and 

whole-mount labeling underline the contribution of Pdgfra-expressing progenitor cells in 

fibrotic remodeling of lean WAT in Bbs8-/- mice. 
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3.4.3 Characterization of the profibrogenic CD9high populations in Bbs8-/- mice 

Fibrotic remodeling of WAT has already been described as a consequence of obesity 

(Divoux et al., 2010; K. Sun et al., 2023). Recently, a distinct population of Pdgfra-

expressing cells was identified to drive adipose tissue fibrosis in obesity (Marcelin et al., 

2017). These profibrogenic cells were identified based on high expression of CD9 

(Tetraspanin-29) (Marcelin et al., 2017). The CD9high expressing cells exist in iWAT and 

gWAT, however, the profibrogenic capacity of these cells was significantly higher in cells 

originating from the gWAT (J. H. Lee et al., 2022). Since the Bbs8-/- mice are lean but still 

exhibit fibrogenic remodeling of the WAT, I aimed to determine whether this is also due to 

a shift to CD9high cells. To this end, I analyzed APCs isolated from the gWAT of lean Bbs8-

/- mice and compared them to wild-type littermates using flow cytometry. I gated for CD9 

expression on Lin-PDGFRα+ cells (Fig. 17 a) and analyzed frequency and median 

fluorescence intensity (MFI) (Fig. 17 b). A significant increase in the frequency of the 

CD9high population was observed in Bbs8-/- mice compared to Bbs8+/+ mice (Fig. 17 c) that 

was also represented in an increase of the MFI of CD9 in PDGFRα+ cells in the Bbs8-/- 

mice (Fig. 17 d), demonstrating that loss of BBS8 induces a fibrogenic fate change in 

APCs already in the lean state. The CD9high cell population seems to be distinct from the 

stem cell-like P1 population (J. H. Lee et al., 2022; Marcelin et al., 2017), but shares the 

surface marker CD54 with P2 cells (J. H. Lee et al., 2022). Thus, the shift in frequency of 

subpopulations in the Bbs8-/- mice could be explained by P1 cells undergoing a fate 

change and becoming CD9high cells, which might have been masked as an increase in P2 

cells in my previous flow cytometry panel.  

I performed whole mount labeling next to analyze the CD9 expression in a spatial context. 

I co-labeled against PDGFRα to distinguish APCs as macrophages also express CD9 in 

the adipose tissue (Hill et al., 2018). I observed a distinct increase in CD9 expression in 

PDGFRα+ cells in the WAT of Bbs8-/- mice compared to Bbs8+/+ mice (Fig. 17 e), further 

underlining their increased presence upon loss of BBS8. The CD9+ cells were intercalated 

between mature adipocytes (Fig. 17 e), where also committed P2 cells were found 

(Merrick et al., 2019).  
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It has already been shown that the fibrogenic switch to CD9high cells during obesity 

diminishes their adipogenic potential and that this cell population has a lower expression 

of adipogenic genes (J. H. Lee et al., 2022; Marcelin et al., 2017). To further characterize 

the CD9high cells of Bbs8-/- mice and to analyze if the fate shift affects their function, I 

sorted the cells and performed an in vitro adipogenesis assay using the minimal induction 

cocktail either in the presence or absence of TUG-891 to analyze if the cells respond to 

cilia-specific adipogenic cues (Fig. 17 f). However, the CD9high cells of Bbs8-/- showed a 

low adipogenic potential and did not respond to TUG-891 stimulation (Fig. 17 g). Thus, 

loss of BBS8 leads to an expansion of the anti-adipogenic and profibrogenic CD9high 

population, independent of obesity as a driving factor.  

Fig. 17: Characterizing the CD9hi APC subpopulation in gWAT of lean Bbs8-/- mice. 
a. Gating strategy for CD9hi APCs in the gWAT stromal vascular fraction. b. Histogram 
showing CD9-PerCP-Cy5.5 signal from concatenated Bbs8+/+and Bbs8-/- files c. 
Quantification of CD9high cell surface expression on PDGFRa+ cells from Bbs8+/+ and 
Bbs8-/- mice at 5 weeks (lean state). d. Median Fluorescent Intensity (MFI) of CD9-PerCP-
Cy5.5 signal of PDGFRa+ cells from Bbs8+/+ and Bbs8-/- mice. e. Whole mount staining of 
iWAT from Bbs8+/+ and Bbs8-/- mice at 7 weeks (lean state). Stained with DAPI (nuclei, 
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blue), PDGFRα (APC marker, white), and CD9 (magenta). Scale bars are indicated. f. 
Exemplary fluorescence images of FACS-sorted, in-vitro differentiated gWAT 
PDGFRa+CD9hi Bbs8-/- cells from mice at 7 weeks (lean state). Cells were differentiated 
for 8 days using the minimal induction (MI) with and without TUG-891 (100 µM). Cells 
were stained with DAPI (nuclei, blue) and LD540 (lipid droplets, green). Scale bar is 
indicated. g. Quantification of the adipogenic index from CD9hi Bbs8-/- cells depicted in f. 
Each data point represents the mean of all images from n = 3 mice in total. All data are 
represented as mean ± SD, p-values were determined using an unpaired Student’s t-test. 

3.4.4 Lipid metabolism of P1 APCs 

My results showed that the P1 population is diminished, while the anti-adipogenic CD9high 

cell pool is increased in Bbs8-/- mice. However, Bbs8-/- mice develop obesity over time, 

accompanied by an increase in adipose tissue weight. Therefore, I investigated whether 

lipid synthesis capacity is intrinsically altered in Bbs8-/- APCs. To this end, I isolated P1 

APCs from lean Bbs8-/- and Bbs8+/+ mice using MACS, followed by in vitro culture and 

differentiation. To assess lipid uptake rather than intrinsic differentiation capability, I used 

the full induction cocktail containing rosiglitazone for three days. To enable lipid tracing, I 

fed the cells alkyne-labeled fatty acids at four different time points (24 h, 8 h, 4 h, 0 h) over 

the course of one day (Fig. 18 a). Cells metabolize the alkyne-labeled fatty acids and 

incorporate the label into newly synthesized lipids (Kuerschner & Thiele, 2022). With a 

click reaction using azido reporter, the alkyne-labeled lipids can be analyzed via mass 

spectrometry to trace fatty acid incorporation in different lipid classes (Fig. 18 a).  

First, I analyzed the total lipidome of the cells at the first tracing time point (24 h) and at 

the last tracing time point (0 h) (Fig. 18 d). The dominant lipid species at all time points 

were triacyl glycerides (TAG) as this is the major energy storage form of adipocytes 

(Ahmadian et al., 2007). This was similar between Bbs8-/- and Bbs8+/+ cells, although 

Bbs8-/- cells showed a slight increase in TAGs (80.45 ± 4.58 %) at the early time point 

(24 h) compared to Bbs8+/+ cells (70 ± 12.37 %) (Fig. 18 d).  

Phosphatidylcholine (PC) is present in all mammalian cells and is a major constituent of 

cell membranes, thus, I analyzed PC content at all tracing time points as a proxy for 

assessing cell growth (Fig. 18 d). The PC content Bbs8-/- cells and Bbs8+/+ cells slightly 

increased over time, indicating steady cell growth or an increase in cell size due to uptake 

of lipids (Fig. 18 e). No difference between genotypes was observed.  
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The total TAG content also increased over time, indicating an increase in lipid uptake and 

or synthesis as the cells matured into adipocytes (Fig. 18 f). Here, Bbs8-/- cells showed a 

higher total TAG content at all time points, however there was a high spread in the data, 

indicated by a high standard deviation (Fig. 18 f). To account for differences in cell growth, 

I calculated the ratio of TAG to PC content at the last chase point (0 h). To compare 

between genotypes, I normalized the ratio of TAG to PC from Bbs8-/- cells to Bbs8+/+ cells. 

My results revealed that the synthesis of TAGs is increased in Bbs8-/- cells (Fig. 18 f). 

Although cells were taken from mice at a lean time point, the progenitor cells might be 

primed to meet the demand of an increased energy uptake in Bbs8-/- mice.  

In parallel to the lipid tracing experiment, I also analyzed the cells in an in vitro 

adipogenesis assay (Fig. 18 b-c). For both genotypes, a strong increase of the adipogenic 

index was observed (Fig. 18 c).  

Taken together, the enhanced lipid uptake and TAG synthesis capacity of Bbs8-/- cells 

may underlie the hypertrophy phenotype observed in the WAT of obese Bbs8-/- animals. 

Fig. 18: Analysis of lipid uptake in differentiated P1 APCs form Bbs8-/- mice. a. 
Schematic of the experimental set-up to measure lipid uptake in a pulse-chase 
experiment. b. Exemplary fluorescence images of MACS-sorted, in-vitro differentiated P1 
APCs isolated from Bbs8+/+ and Bbs8-/- cells mice at 7 weeks (lean state). Cells were 
stained with DAPI (nuclei, blue) and LD540 (lipid droplets, green). Scale bars are 
indicated. c. Quantification of the adipogenic index from Bbs8+/- and Bbs8b-/- P1 cells 
depicted in b. Each data point represents the mean of all images from n = 3 mice in total. 
d-g. Lipidomics data of P1 cells from Bbs8+/+ and Bbs8-/- mice, isolated at 6 – 7 weeks 
(lean state) after 4 days of in-vitro differentiation. d. Relative amount of the different lipid 
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classes of the total lipid content measured at the earliest (24h) and latest (0h) chase 
timepoint. e-f. Total amount of e. phosphatidylcholine (PC) and f. triacyl glycerides (TAG) 
measured over the course of the four different chase times. Data are shown as mean ± 
SD. g. Uptake of TAG with respect to PC at timepoint 0 h. Data is normalized to Bbs8+/+. 
Each data point represents one mouse from n = 4 mice in total. All data are represented 
as mean ± SD, with individual data point; p-values were determined using an unpaired 
Student’s t-test. PI = Phosphatidylinositol; PE = phosphatidylethanolamine; 
PA = phosphatidate. 

 

3.5 Single-cell analysis of lean iWAT of Bbs8-/- mice 

3.5.1. Annotation and trajectory analysis of cell clusters identified by single-cell analysis 

To analyze the change towards a fibrogenic cell fate in more detail, I performed single-

cell RNA-sequencing (scRNA-seq) on the stromal vascular fraction (SVF) of iWAT from 

lean Bbs8+/+ and Bbs8-/- mice (Fig. 19 a). No prior sorting of cells was performed to (1) 

avoid introducing bias through a pre-enrichment strategy and (2) minimize information 

loss of potential cellular crosstalk. The SVF comprised various cell types, including APCs, 

immune cells, and vascular cells. Therefore, my first aim was to generate a 

comprehensive atlas of all cell types present in my data set. The analysis of the scRNA-

seq data set was performed in cooperation with Dr. Lisa Steinheuer from the group of 

Kevin Thurley. For an unbiased initial visualization of the data, we performed Uniform 

Manifold Approximation and Projection (UMAP) for dimensionality reduction on the 

integrated scRNA-seq data set from Bbs8+/+ and Bbs8-/- SVF (Fig. 19 b). Unsupervised 

clustering of the gene expression profiles identified 13 cell types (Fig. 19 a). To identify 

cell types, I examined the top five marker genes for each cell cluster and analyzed the 

expression of known marker genes (Fig. S2 a-b). I identified innate immune cells, 

including monocytes, macrophages, and dendritic cells, as well as immune cells of the 

adaptive immune system, including T-cells and B-cells (Fig. S2 a). Within the vascular 

niche, I identified endothelial cells and pericytes (Fig. S2 b). A smaller cluster exhibited 

high expression of cell cycle-related genes and was therefore annotated as mitotic-cell 

cycle (Fig. S2 b). All three APC subpopulations were present in my dataset, characterized 

by the expression of specific marker genes: Dpp4 and Pi16 (for P1), Col15a1 (collagen 

15a1) (for P2), and Mmp3 (matrix metalloprotease 3) and Bgn (for P3) (Fig. 19 e-f) 

(Merrick et al., 2019; Schwalie et al., 2018). Furthermore, I observed another cell 
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population which clustered close to the APC subpopulations, indicating a mesenchymal 

origin (Fig. 19 b, e). Based on marker gene expression and Reactome analysis of 

upregulated genes, I annotated this cluster as fibrogenic precursor cells (FPCs) (Fig. 19 c; 

Fig. S2 c). The FPCs shared some defining markers with the other APC clusters, pointing 

to the high plasticity of mesenchymal cells and a heterogenous nature of fibrogenic cells 

(C. Li & Wang, 2022). However, they lacked expression of defining markers for progenitor 

cells or adipogenic markers, suggesting that they might represent a population like CD9high 

cells described by flow cytometry (Fig. 19 g). To analyze genotype-specific differences, 

we down-sampled the APC P1-P3 and FPC cell populations and compared their 

abundance (Fig. 19 h). This revealed an increase in the FPCs in Bbs8-/- mice (Fig. 19 h), 

supporting the notion that the FPC cluster represents a fibrogenic population similar to 

CD9high APCs. 

APCs constantly undergo dynamic changes in response to various environmental stimuli 

and during differentiation. These responses are reflected in the cell’s molecular profile and 

can be inferred from its transcriptomic data to reconstruct a dynamic cellular trajectory 

with respect to differentiation or cell cycle progression (Hwang et al., 2018). Thus, to 

investigate the cell-fate changes at the single-cell level, we performed trajectory inference 

on the P1-P3 APC subpopulations and the FPCs using Monocle3 (Fig. 19 h). In line with 

previous data from Merrick et al., the pseudo-temporal analysis predicted that the P1 

progenitor cells develop into either P2 or P3 APCs in wild-type mice, while FPCs 

developed from P2 cells (Fig. 19 h) (Merrick et al., 2019). In contrast, for Bbs8-/- P1 cells, 

a different trajectory was observed: the cells predominantly developed into FPCs and only 

subsequently into P2 cells (Fig. 19 h). In conclusion, the scRNAseq data further supports 

the notion that loss of BBS8 alters the balance of the subpopulations in WAT by 

demonstrating that APC P1 cells give rise to a fibrogenic cell population in lean Bbs8-/- 

mice.  
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Fig. 19: Single-cell analysis of iWAT from lean Bbs8-/- mice. a. Scheme of sample 
processing for single-cell RNA sequencing (scRNA-seq). b. Annotation and UMAP plot 
analysis from scRNA-seq data on iWAT SVF from lean Bbs8+/+ (7 weeks) and Bbs8-/- 
(8 weeks) mice describing several distinct cell clusters of the iWAT. c. Relative cell 
numbers in each cluster per genotype. Cell numbers have been normalized to total cell 
number per cluster. d. UMAP plot of iWAT SVF from Bbs8+/+ and Bbs8-/- mice split per 
genotype. e. Subsetted UMAP plot of the P1-P3 APCs and FPC cluster in Bbs8+/+ and 
Bbs8-/- mice. f. P1, P2, and P3 marker expression overlayed over the subsetted UMAP 
displayed in e. (left). Violin plots of published P1, P2, and P3 markers in APCs and FPCs 
(right). g. Heat-map depicting gene expression of APCs and FPC for different progenitor 
and adipogenic genes across all samples. h. Differential abundance analysis of down-
sampled clusters in Bbs8-/- compared to Bbs8+/+ mice, the color-code shows FDR-
corrected p-values. i. In-silico pseudo-time analysis of the P1-P3 APCs and FPCs along 
differentiation trajectories using Monocle3 overlayed over the subsetted UMAP displayed 
in a. Adapted from Sieckmann et al., 2024 (bioxRiv). 
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3.5.2 Interaction analysis of mesenchymal cells and the vascular niche 

A shift in cellular trajectory can influence the local environment and alter cell 

communication within the tissue niche. Conversely, changes in cell communication within 

the niche may affect the local environment, and, in turn, the cellular trajectory. APCs 

interact with different cell types in the WAT (Cardoso et al., 2021; Hildreth et al., 2021; H. 

Wang et al., 2024), which is controlled by the distinct localization of APCs. Here, the 

perivascular niche where committed APCs reside along the blood vessels is of particular 

interest as it promotes adipogenesis (Gupta et al., 2012; Hilgendorf et al., 2019; W. Tang 

et al., 2008; Tran et al., 2012). To investigate whether loss of BBS8 and the resulting 

change in cell fate also alters cellular communication within the tissue, I joined forces with 

Dr. Geza Schermann from the group of Carmen Ruiz de Almódovar. We performed 

CellChat analysis to the different APC populations, the FPCs, pericytes, and endothelial 

cells from Bbs8+/+ and Bbs8-/- mice (Fig. 20 a). CellChat predicts potential cell-cell 

interactions based on its curated database of ligand-receptor interactions (Jin et al., 2021). 

This revealed a complex interaction network between the different cell types, with the 

three APC populations showing the strongest interaction with endothelial cells (Fig. 20 a). 

Since committed P2 cells are known to be in close contact with endothelial cells, we 

focused on this population and identified a specialized subcluster with the strongest 

interaction potential towards endothelial cells (Fig. 20 b-c). This cluster, termed APC 

P2_1, was characterized by high expression of collagen- and laminin-associated ligands 

compared to other APC subpopulations (Fig. 20 d). These molecules have been shown 

to promote angiogenesis and, thereby, vascular remodeling (McCoy et al., 2018; Senk & 

Djonov, 2021; Stamati et al., 2014). Strikingly, the collagen- and laminin-mediated 

interaction pathways were significantly upregulated in cells from Bbs8-/- mice (Fig. 20 e). 

Thus, the increase of fibrogenic gene expression upon loss of BBS8 might also influence 

other APC populations, namely the newly identified APC P2_1 cells, altering their 

interaction with endothelial cells. In this case, increased expression of fibrogenic genes 

could promote vascularization, potentially preparing the tissue for expansion. In context 

of the previous data, loss of BBS8 alters the cellular trajectory by shifting P1 cells towards 

a fibrogenic phenotype, which impacts the entire WAT, as indicated by an increased 

fibronectin and altered cell communication with endothelial cells. 
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Fig. 20: Analysis of interaction between APCs, FPC and endothelial cells. a. Circos 
plots depicting the interaction strength between endothelial cells, pericytes, APC P1-P3, 
and FPCs as determined via the CellChat pipeline. b. Heat map depicting the differential 
interaction strength of the endothelial cells, pericytes, APC P1-P3, and FPCs. The color 
scheme represents the strength of the interaction. c. UMAP plot of the APCs, including 
the new defined APC P2_0 and P2_1, and FPC cluster in Bbs8+/+ and Bbs8-/- mice. d. Dot 
plot showing the expression of collagen and laminin genes in the endothelial cells, 
pericytes, APC P1-P3, and FPCs. The average gene expression is color-coded, the 
percentage of expression is expressed by the size of the dot. e. Dot plot of the collagen 
and laminin pathways in Bbs8+/+ and Bbs8-/- cells. The p-value is color-coded, the 
probability of expression is expressed by the size of the dot. Adapted from Sieckmann et 
al., 2024 (bioxRiv).  

 

3.6 Analyzing Hedgehog signaling in APCs 

The Hh pathway is one of the most well characterized signaling pathways in primary cilia. 

It is evolutionarily conserved and controls tissue development and homeostasis. In 

mesenchymal cells, Hh signaling controls proliferation, differentiation, and stem cell 

maintenance (Kopinke et al., 2017; Takebe et al., 2015; Wu et al., 2024). Thus, I 

hypothesized that changes in Hh signaling may underlie the fate change in Bbs8-/- APCs. 

To test this, I first established read-outs to analyze Hh signaling in APCs. 
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3.6.1 Analyzing ciliary localization of Hh components 

To investigate Hh signaling in APCs, I employed the immortalized 3T3-L1 cell line, as well 

as primary APCs (SVF Lin-) isolated from iWAT of lean wild-type mice. The cells were 

treated with SMO agonist N-Methyl-N′-(3-pyridinylbenzyl)-N′-(3-chlorobenzo[b]thiophene-

2-carbonyl)-1,4-diaminocyclohexane (SAG, 1 μM) for 24 h after serum starvation. 

Subsequently, the localization of SMO and GPR161 was analyzed by 

immunocytochemistry. Upon SAG stimulation, the GPCR SMO translocated into the cilium 

(Fig. 21 a-b). In contrast, GPR161, an orphan GPCR that is present in the cilium in a 

ligand-free state, exited the cilium upon Hh activation (Fig. 21 a, c). To quantify these 

changes, I used CiliaQ (Hansen et al., 2021) and analyzed the parameters average 

immunofluorescence intensity and average immunofluorescent intensity of the 10 % 

highest voxels of SMO or GPR161 in the cilium (Fig. 21 d-e). Each parameter is 

susceptible to different detection biases: the average ciliary intensity reflects all voxels in 

the ciliary mask is, therefore, sensitive to variation and less reliable. The intensity of the 

10 % highest voxels depends on a uniform ciliary intensity distribution and takes only the 

brightest voxels into account. This parameter is, therefore, less error-prone due to a low 

signal-to-noise ratio (Hansen et al., 2021).  

Both parameters reliably quantified SMO localization upon SAG stimulation in 3T3-L1 and 

SVF Lin- cells (Fig. 21 d). SMO intensity significantly increased upon SAG treatment in 

both cell types. However, 3T3-L1 cells exhibited higher basal SMO levels (10142 ± 8268 

10 % highest voxel; 5329 ± 3843 average intensity) compared to SVF Lin- cells 

(1217 ± 535.4 10 % highest voxel; 466.7 ± 217.9 average intensity) (Fig. 21 d). 

Immortalization of a cell line typically involves alteration in pathways that control cell 

proliferation and survival (Liu et al., 2021). Therefore, cell lines may differ from the in vivo 

situation (Pan et al., 2009). Quantifying GPR161 localization showed that in both cell 

models, GPR161 localization to the cilium was reduced upon SAG treatment (Fig. 21 e). 

However, in SVF Lin- cells, SAG treatment decreased GPR161 localization more strongly 

(53.2 % decrease in 10 % highest voxel; 60.5 % decrease in average intensity) compared 

to 3T3-L1 cells (16.6 % decrease in 10 % highest voxel; 20.8 % decrease in average 

intensity) (Fig. 21 e). Nevertheless, both cell lines exhibited consistent response to SAG 
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treatment, shown by increased SMO localization and decreased GPR161 localization in 

the primary cilium. 

 
Fig. 21: Analyzing ciliary Hedgehog signaling using the subcellular localization of 
Smoothened (SMO) and GPR161. a. Scheme depicting the receptor distribution of 
Patched1 (PTCH1), Smoothened (SMO), and GPR161 at the ciliary membrane in control 
and stimulated conditions. b,c. Representative images of ciliated 3T3-L1 and SVF Lin- 
cells under Hedgehog control and stimulated (+ 1 µM SAG) conditions. Cells have been 
labeled with DAPI (DNA, blue), an anti-yTUBULIN antibody (white), an anti-ARL13B 
antibody (red), and either with a b. anti-SMO antibody (green) or c. with an anti-GPR161 
antibody (magenta). The green (b.) or magenta (c.) channel have been shifted by 5 pixels 
in each image, respectively. Scale bars are indicated. d. Quantification of SMO intensity 
parameters in 3T3-L1 and SVF Lin- cells after 24 h stimulation with 1 µM SAG. e. 
Quantification of GPR161 intensity parameters in 3T3-L1 and SVF Lin- cells after 24 h 
stimulation with 1 µM SAG. In 3T3-L1 cell three different secondary antibodies have been 
used for GPR161 detection, the three different n are indicated by different shapes and the 
mean of each data set is indicated by the larger data points. As datasets were not normally 
distributed, statistical differences were calculated using a Mann-Whitney test, p-values 
are indicated. As the datasets were not normality distributed, statistical differences were 
calculated using a Kruskal-Wallis test and Dunn ́s multiple comparison posthoc test, p-
values are indicated. Each data point represents a single primary cilium. 
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3.6.2 Analyzing proteolytic processing of GLI1 and GLI3 upon Hedgehog activation 

The Hh pathway regulates downstream signaling through transcriptional mediation and 

proteolytic processing of GLI transcription factors. In the absence of Hh ligands, the 

transcription factor GLI3 is proteolytically cleaved from its full-length form (GLI3FL) to a 

smaller repressor form (GLI3R), which re-locates to the nucleus, repressing Hh-

dependent gene expression (Fig. 22 a) (Chaudhry et al., 2017; B. Wang et al., 2000). 

Activation of Hh signaling inhibits GLI3 processing and instead favors the activator state 

of other GLI proteins. GLI1 induces Hh-dependent gene expression and serves as a 

reliable biomarker of pathway activation (Doheny et al., 2020). To study Hh activation, I 

analyzed the proteolytic processing of GLI transcription factor as another read-out. 3T3-

L1 cells were treated with SAG (100 nM) for 24 h after starvation and processed for 

Western Blot analysis (Fig. 22 b, d). SAG stimulation induced GLI1 protein expression 

(Fig. 22 d, e) and diminished GLI3 processing into its repressor form (GLI3R) (Fig. 22 b, 

c). Of note, I was not able to detect the full-length version of GLI3 with Western Blot. This 

may be due to low protein levels of the activator form in the protein lysate. A critical 

balance between GLI3R and GLI3FL determines the appropriate transcriptional response 

to Hh (Chaudhry et al., 2017). However, studies have shown that GLI3FL is dispensable 

in certain tissues, whereas the repressor form is essential (Brun et al., 2022; Wiegering et 

al., 2019). Thus, GLI3FL may play a lesser role in Hh activation in 3T3-L1 cells compared 

to other GLI activators, such as GLI1.  

Fig. 22: Analyzing Hedgehog signaling using GLI1 and GLI3 proteolytic processing. 
a. Scheme depicting regulation of GLI3 by phosphorylation leading to its patrial 
degradation into GLI3 Repressor (GLI3R) in the control condition. After stimulation GLI3 
is sequestered at the ciliary tip and not cleaved into its repressor form. Other GLI 
transcription factors can activate Hh-dependent gene transcription. b. Western Blot of 
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3T3-L1 cell lysates stimulated with or without 100 nM SAG for 24 h, stained with anti-
GLI3R antibody and β-TUBULIN (β-TUB) as a loading control. c. Quantification of GLI3R 
protein normalized to β-TUB. Experimental numbers equal n = 4. d. Western Blot of 3T3-
L1 cell lysates stimulated with or without 100 nM SAG for 24 h, stained with anti-GLI1 
antibody and β-TUB as a loading control. e. Quantification of GLI1 protein normalized to 
β-TUB. Experimental numbers equal n = 3. c, e. Data are shown as individual values 
(dots) and mean (bars) ± SD.; p-values were calculated by an unpaired t-test. 

 

3.6.3 Analyzing Hedgehog downstream signaling via Gli1 and Ptch1 expression 

To analyze whether Hh activation also engaged downstream signaling, I analyzed Hh 

gene expression using reverse-transcription quantitative PCR (RT-qPCR). Among other 

targets, Hh signaling induces the expression of Gli1 and Ptch1 (Fig. 23 a). Indeed, in both 

3T3-L1 and SVF Lin- cells, 24 h of SAG stimulation increased Gli1 and Ptch1 expression 

(Fig. 23 b-c), but the extent of target gene induction varied between the two cell models: 

whereas in 3T3-L1 cells, Gli1 expression increased by 2.1 ± 0.8-fold and Ptch1 

expression increased 2.8 ± 0.9-fold, in SVF Lin- cells, expression increased 22.1 ± 18-

fold and 27.6 ± 23-fold, respectively. While both cell models readily respond to SAG 

stimulation, it is important to acknowledge the inherent differences between immortalized 

3T3-L1 cells and primary cells. 

Fig. 23: Analyzing Hedgehog signaling using Gli1 and Ptch1 expression. a. Scheme 
depicting regulation of Gli1 and Ptch1 gene expression in ciliated cells under control and 
stimulated conditions. b,c. Hh target gene expression in 3T3-L1 and SVF Lin- cells after 
stimulation with 1 µM SAG for 24 h. Gene expression is normalized to the unstimulated 
conditions. Data are shown as individual values (dots) and mean (bars) ± SD. Different n 
are indicated by dots; p-values were calculated by a one sample t-test. 
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3.6.4 Stimulation of Hh signaling using the PTCH1 ligand Sonic hedgehog (SHH)  

SAG induces Hh signaling by binding to SMO and promoting its localization to the cilium 

(Chen et al., 2002). Endogenously, the pathway is activated by ligand binding to the 

receptor PTCH1, causing its removal from the cilium and, thereby, allowing SMO to enter 

(Huang et al., 2022). Thus, SMO localization in the cilium and downstream signaling 

induced by SAG may not fully recapitulate the physiological activation of the Hh pathway. 

Therefore, I compared SAG to SHH stimulation. To achieve biological activity, the 45 kDa 

precursor protein undergoes autoproteolysis, generating two distinct products: the 27 kDa 

C-terminal part and the 19 kDa N-terminal signaling domain. The C-terminal domain 

catalyzes cholesterylation of the N-terminus, thereby, anchoring it to the cell membrane 

(J. Lee et al., 1994; Porter et al., 1996). Extracellular release of the cholesterol-modified 

ligand is mediated by other proteins and is necessary for long-range signaling activity 

(Creanga et al., 2012; Zeng et al., 2001). To facilitate immediate secretion of the ligand 

by circumventing membrane tethering of the N-terminal moiety, the Beachy lab cloned a 

cDNA construct (ShhN, addgene ID: 37680, unpublished). ShhN lacks the C-terminal 

domain of the SHH precursor protein but retains the biological activity (Lewis et al., 2001). 

Transfection of HEK293T cells with ShhN generates biologically active SHH (referred to 

as ShhN in the following), which is secreted instead of being anchored to the membrane 

(Peters et al., 2004). I transfected HEK293T cells with ShhN, harvested the supernatant 

after 24 h, and confirmed its expression by dot blot analysis, comparing it to the 

supernatant of mock-transfected cells (Fig. 24 a-b). Subsequently, I used the ShhN 

supernatant to stimulate Hh signaling in 3T3-L1 and SVF Lin- cells. ShhN supernatant 

was freshly prepared for each experiment, with expression confirmed by dot blot analysis 

each time. 

ShhN stimulation significantly increased ciliary SMO localization in both cell models, as 

measured by both intensity parameters (Fig. 24 c, e), and also increased the expression 

of both Hh target genes after 24 h stimulation (Fig. 24 d, f). However, the concentration of 

ShhN in the supernatant can vary between experiments and the experimental setup is 

rather intense, especially when simultaneously handling primary cells. In addition, the 

medium used for HEK293T transfection differs from the medium used for primary SVF 
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culture, which might also affect gene expression. Since ShhN stimulation did not differ 

from SAG in Hh activation, I decided to use SAG for downstream experiments. 

Fig. 24: Analysis of ciliary Hh signaling using SMO labeling and Gli1 and Ptch1 
expression after stimulation with ShhN. a. Schematic of the experimental set-up. 
Transfection of HEK293T cells with ShhN leads to the production of the N-terminal SHH 
ligand (ShhN), but without cholesterol modification. That leads to the secretion of the 
protein in the supernatant which is used to stimulate either 3T3-L1 or SVF Lin- cells. c. 
Dot blot of ShhN and non-transfected (NT) supernatant to verify SHH expression. c. 
Quantification of SMO intensity parameters c. 3T3-L1 and e. SVF Lin- cells after 24 h 
stimulation with ShhN supernatant (ShhN) or control supernatant (NT). Datasets were 
tested for normality distribution, and statistical differences were calculated using either an 
unpaired t-test or a Mann-Whitney test. Each datapoint represents a single primary cilium. 
d, f. Hh target gene expression in 3T3-L1 and SVF Lin- cells after stimulation with ShhN 
or NT supernatant for 24 h. Gene expression is normalized to the unstimulated conditions. 
Data are shown as individual values (dots) and mean (bars) ± SD. Different n are indicated 
by dots; p-values were calculated by a one sample t-test. Non-significant (n.s.). 
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3.7 Analyzing Hh signaling in Bbs8-/- APCs 

3.7.1 Hh signaling in primary Bbs8-/- APCs 

The BBSome controls the ciliary export of receptors, including receptors of the Hh 

pathway (Nager et al., 2017; Zhang et al., 2012; Ye et al., 2018). To investigate whether 

Hh signaling is affected in Bbs8-/- APCs, I employed the previously established readouts 

for Hh activation in cells isolated from lean Bbs8+/+ and Bbs8-/- mice. 

First, I analyzed ciliary SMO localization by performing immunocytochemistry on SVF Lin- 

cells isolated from lean Bbs8+/+ and Bbs8-/- mice (5-9 weeks) (Fig. 25 a). Notably, SMO 

localization was already different under basal conditions: in comparison to Bbs8+/+ cells, 

SMO intensity parameters were significantly increased in Bbs8-/- APCs (Fig. 25 a-b). 

Following SAG stimulation, ciliary SMO localization increased in both Bbs8+/+ and Bbs8-/- 

cells (Fig. 25 a-b). However, the intensity of ciliary SMO remained significantly higher in 

Bbs8-/- cells compared to their wild-type counterparts. Given that SMO accumulates in the 

cilium of Bbs8-/- cells even in the absence of stimulation, and that SAG further promotes 

ciliary SMO localization, this causes further accumulation of SMO in the cilium, most likely 

due to impaired retrograde transport caused by loss of BBS8. Prior studies have 

demonstrated that ciliary SMO localization is regulated by BBSome components, 

particularly BBS7 (Zhang et al., 2012). Additionally, increased SMO localization has been 

reported in other BBS models (Bbs1 M390R/M390R knockin, Bbs2, Bbs3, Bbs4) (Zhang 

et al., 2011; Zhang, et al., 2012a). Collectively, my findings further highlight the critical role 

of the BBSome/BBS chaperonin complex in the retrograde transport of SMO. 

The BBSome has also been implicated in regulating the ciliary localization of GPR161 

(Mukhopadhyay et al., 2013; Nozaki et al., 2018). To test whether loss of BBS8 also 

affects GPR161 localization, I performed immunocytochemistry. In Bbs8+/+ APCs, 

GPR161 localization decreased upon SAG stimulation (Fig. 25 c-d). However, in Bbs8-/- 

APCs, GPR161 remained in the cilium (Fig. 25 c-d), demonstrating that the loss of BBS8 

also affects the retrograde transport of GPR161. A similar phenotype has been described 

for Bbs1 mutants (Stubbs et al., 2023) further supporting the role of the BBSome in 

GPR161 localization.  
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To analyze whether these alterations in receptor localization impact downstream Hh 

signaling, I analyzed the expression of Hh target genes. Under basal conditions 

expression of Gli1 and Ptch1 was increased in Bbs8-/- APCs compared to Bbs8+/+ APCs 

(Fig. 25 d). In line with the increased SMO localization, this suggests an ectopic activation 

of the Hh signaling pathway upon loss of BBS8. However, upon SAG stimulation, gene 

expression of Gli1 and Ptch1 was significantly reduced in Bbs8-/- APCs relative to Bbs8+/+ 

APC, despite elevated ciliary SMO levels (Fig. 25 e). This suggests that the response to 

SAG is either attenuated due to pathway pre-activation or impaired due to GPR161 

retention in the cilium, which may disrupt proper Hh signaling. 

To further investigate the mechanism underlying increased Hh target gene expression, I 

analyzed GLI3 processing. In Bbs8-/- APCs, the GLI3FL/GLI3R ratio was slightly increased 

due to higher levels of GLI3FL (Fig. 25 f-g). GLI3 processing is regulated via ciliary cAMP-

PKA signaling (J. Li et al., 2017; Tschaikner et al., 2021; B. Wang et al., 2000). Thus, 

elevated levels of GLI3FL may be the result of increased SMO accumulation, shifting the 

balance towards the activator form of GLI3. Consequently, the increase of the 

transcriptional activator form of GLI3 may underlie the increased expression of Hh target 

genes. 

These results demonstrate that loss of BBS8 disrupts Hh signaling in APCs through two 

mechanisms: (1) constitutive Hh activation, leading to increased basal expression of Hh 

target genes, and (2) an attenuated response to Hh pathway stimulation. 
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Fig. 25: Analyzing Hh signaling in Bbs8-/- SVF Lin- cells. a, b. Representative images 
of ciliated Bbs8+/+ and Bbs8-/- SVF Lin- cells after stimulation with 1 µM SAG for 24 h. 
Cells have been labeled with DAPI (DNA, blue), an anti-γTUBULIN (white), an anti-
ARL13B antibody (red), and either with a. anti-SMO antibody (green) or c. with an anti-
GPR161 antibody (magenta). The green or magenta channel has been shifted by 5 pixel 
in each image. Scale bars are indicated. b, d. Quantification of b. SMO or d. GPR161 
localization of ciliated Bbs8+/+ and Bbs8-/- SVF Lin- cells. Data are shown as mean ± S.D. 
Experimental numbers equal n = 3; p-values were calculated using a one-way ANOVA. d. 
Basal Hh target gene expression in Bbs8+/+ and Bbs8-/- SVF Lin- cells. e. Hh target gene 
expression in Bbs8+/+ and Bbs8-/- SVF Lin- cells after stimulation with 1 µM SAG for 24 h. 
Gene expression is normalized to the Bbs8+/+ expression values of the basal or treated (+ 
SAG) condition, respectively. Data are shown as individual values (dots) and mean (bars) 
± S.D. Experimental numbers equal n = 9; p-values were calculated by a one sample t-
test. f. Western Blot of Bbs8+/+ and Bbs8-/- SVF Lin- cell lysates, stained with anti-GLI3R 
antibody and β-TUBULIN (β-TUB) as a loading control. g. Quantification of the ratio of 
GLI3 full length (GLI3FL) and GLI3R protein normalized to β-TUB. Experimental numbers 
equal n = 1. 
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3.7.2 Hh signaling in Bbs8-/- P1 APCs 

Because the SVF Lin- cells isolated from Bbs8+/+ and Bbs8-/- mice encompass all three 

APC subpopulations, I wanted to verify that the observed differences in Hh signaling occur 

in the P1 APCs. To this end, I isolated P1 cells from lean Bbs8+/+ and Bbs8-/- mice (5-8 

weeks) and stimulated them with SAG for 24 h. The results were similar to those obtained 

in SVF Lin- cells: basal ciliary SMO localization was increased in Bbs8-/- P1 cells and in 

both genotypes, SMO accumulation in the cilium was promoted upon SAG stimulation 

(Fig. 26 a-b). The gene expression of Gli1 was significantly increased in Bbs8-/- P1 cells 

under basal conditions, while Ptch1 expression exhibited a tendency for increased 

expression under basal conditions (Fig. 26 c). Expression of both Hh target genes was 

significantly reduced upon SAG stimulation compared to Bbs8+/+ P1 cells. 

 
Fig. 26: Analyzing Hh signaling in Bbs8-/- P1 cells. a. Representative images of ciliated 
Bbs8+/+ and Bbs8-/- P1 cells after stimulation with 1 µM SAG for 24 h. Cells have been 
labeled with DAPI (DNA, blue), an anti γTUBULIN (white), an anti-ARL13B antibody (red), 
and an anti-SMO antibody (green). The green channel has been shifted by 5 pixel in each 
image. Scale bars are indicated. b, Quantification of SMO localization of ciliated Bbs8+/+ 
and Bbs8-/- P1cells. Data are shown as individual values (dots) and mean (rectangle) ± 
S.D. Different n are indicated by different colors. As datasets were not normality 
distributed, statistical differences were calculated using a Kruskal- Wallis test and Dunn ́s 
multiple comparison posthoc test, p-values are indicated. c. Basal Hh target gene 
expression in Bbs8+/+ and Bbs8-/- P1 cells. b. Hh target gene expression in Bbs8+/+ and 
Bbs8-/- P1 cells after stimulation with 1 µM SAG for 24 h. Gene expression is normalized 
to the Bbs8+/+ expression values of the basal or treated (+ SAG) condition, respectively. 
Data are shown as individual values (dots) and mean (bars) ± S.D. Different n are 
indicated by dots; p-values were calculated by a one sample t-test. 
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Together, these findings further underline that loss of BBS8 results in aberrant pathway 

activation under basal conditions while simultaneously impairing the ability of cells to 

appropriately respond to Hh pathway stimulation. 

3.8 Manipulating Hh signaling in Bbs8-/- MEFs 

Previous work by Dr. Christina Klausen from our group identified a similar Hh phenotype 

in MEF cells derived from Bbs8-/- mice. Using MEFs is advantageous as these cells can 

be kept in culture for several passages, thus, allowing the further molecular 

characterization. Dr. Christina Klausen also demonstrated an increase in ciliary 

localization of SMO in Bbs8-/- MEFs compared to Bbs8+/+ MEFs under basal conditions 

(Fig. 27 a) (Klausen, 2020). Of note, ciliary SMO localization was assessed by the 

parameter of colocalized volume, which quantifies the percentage of voxels in the cilium 

with a higher intensity than the threshold level of the general background expression in 

the image (Hansen et al., 2021). Upon SAG stimulation, ciliary SMO localization was 

increased in both Bbs8+/+ and Bbs8-/- MEFs (Fig. 27 a). Since the maximum value of this 

parameter is 100 % of colocalization (due to saturation), an even greater increase of SMO 

localization upon SAG stimulation in Bbs8-/- MEFs was not quantified (Fig. 27 a).  

Downstream, also the expression of Hh target genes was increased in Bbs8-/- MEFs 

compared to Bbs8+/+ MEFs under basal conditions (Fig. 27 b). However, only Ptch1 was 

significantly increased, while for Gli1 expression only a tendency was observed. In line 

with previous findings, the response to SAG stimulation was dampened in Bbs8-/- MEFs 

compared to their wild-type counterparts (Fig. 27 b). 

 
Fig. 27: Analyzing ciliary signaling phenotype in Bbs8-/- MEF cells. a. Quantification 
of SMO localization of ciliated Bbs8+/+ and Bbs8-/- MEF cells. Data are shown as individual 
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values (dots) and mean (rectangle) ± S.D. Different n are indicated by different colors; As 
datasets were not normality distributed, statistical differences were calculated using a 
Kruskal-Wallis test and Dunn ́s multiple comparison posthoc test, p-values are indicated. 
b. Basal Hh target gene expression in Bbs8+/+ and Bbs8-/- MEF cells. c. Hh target gene 
expression in Bbs8+/+ and Bbs8-/- MEF cells after stimulation with 1 µM SAG for 24 h. 
Gene expression is normalized to the Bbs8+/+ expression values of the basal or treated (+ 
SAG) condition, respectively. Data are shown as individual values (dots) and mean (bars) 
± S.D. Different n are indicated by dots; p-values were calculated by a one sample t-test. 
Some of the experiments were performed by Dr. Christina Klausen. 
 

To further investigate the role of BBS8 in Hh signaling, I aimed to rescue the Hh signaling 

phenotype in Bbs8-/- MEFs by overexpressing Bbs8. To this end, a cDNA construct was 

cloned encoding Bbs8 tagged with an HA-tag (pBbs8-HA). I performed nucleofection of 

Bbs8-/- MEFs and analyzed the localization of the construct using immunocytochemistry 

(Fig. 28 a) and verified the expression using an antibody against the HA-tag. The pBbs8-

HA construct successfully localized to the cilium, as confirmed by quantification of HA-

intensity in the ciliary mask (Fig. 28 a-b). 

Transfection of Bbs8-/- MEFs significantly reduced the ciliary localization of SMO 

compared to non-transfected Bbs8-/- MEFs (Fig. 28 c). Of note, among the three 

parameters assessed for SMO localization in MEFs, only the 10 % highest intensity voxels 

and the colocalized volume parameters reflected the increased SMO localization Bbs8-/- 

MEFs and the subsequent rescue in transfected Bbs8-/- MEFs (Fig. 28 c). This highlights 

the importance in choosing the appropriate parameter when analyzing ciliary signaling. 
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Fig. 28: Analyzing overexpression of Bbs8 in Bbs8-/- MEF cells. a. Representative 
images of ciliated Bbs8-/- MEF cells that have been transfected with an pBbs8-HA 
construct (right) or non-transfected Bbs8-/- MEF cells (left). Cells have been labeled with 
DAPI (DNA, blue), an anti-ARL13B antibody (yellow), and an anti-HA-tag antibody (red). 
White boxes are shown as magnified view. The red channel has been shifted by 5 pixels 
in each image. Scale bars = 10 µm. b, Quantification of HA localization to the primary 
cilium in non-transfected and transfected Bbs8-/- MEF cells. Data are shown as individual 
values (dots) and mean (rectangle) ± S.D. Different n are indicated by different colors; p-
values were calculated by an unpaired t-test. c. Quantification of SMO localization of 
ciliated Bbs8+/+, Bbs8-/- MEF cells and Bbs8-/- MEF cells that were transfected with an 
pBbs8-HA construct. Data are shown as individual values (dots) and mean (rectangle) ± 
S.D. Different n are indicated by different colors; p-values were calculated by a one-way 
ANOVA. d. Basal Hh target gene expression in Bbs8+/+, non-transfected Bbs8-/-, and 
transfected Bbs8-/- MEF cells. Gene expression is normalized to the Bbs8+/+ expression 
values (shown as the dotted line). Data are shown as individual values (dots) and mean 
(bars) ± S.D. Different n are indicated by dots; p-values were calculated by an unpaired t-
test. Non-significant (n.s.). 

To investigate whether reduced SMO localization also affected downstream Hh signaling, 

I analyzed target gene expression. Indeed, overexpression of pBbs8-HA significantly 

decreased Ptch1 expression in Bbs8-/- MEFs (Fig. 28 d). Expression of Gli1 was not 

significantly affected by overexpression of Bbs8 (Fig. 28 d). The transcription of Gli1 is 

regulated by multiple processes, including epigenetic modifications (Taylor et al., 2019). 

Thus, Gli1 expression in MEFs might be controlled by a distinct mechanism and that 

canonical Hh activation may play a secondary role in activating gene transcription.  

Overall, my results give further insight in the mechanistical role of BBS8 in facilitating 

proper SMO localization under basal conditions. 
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3.9 Does Hh signaling induce a phenotypic switch in APCs? 

I have shown that the dysregulation of Hh signaling in Bbs8-/- cells leads to ectopic 

pathway activation. Moreover, I have observed a fate change in Bbs8-/- APCs towards a 

fibrogenic phenotype. Since activation of the Hh pathway is implicated in promoting 

fibrogenesis across various tissues (Fabian et al., 2012; Y. Hu et al., 2024; Shen et al., 

2017), I hypothesized that aberrant Hh activation in Bbs8-/- APCs drives the observed fate 

change.  

Ectopic Hh activation in Bbs8-/- cells resulted in a 1.5 ± 0.8-fold increase in Gli1 expression 

and 1.6 ± 0.6-fold increase in Ptch1 expression (Fig. 25 e). In comparison, treatment of 

wild-type SVF Lin- cells with 1 µM SAG led to a much stronger induction, with increased 

Gli1 expression by 22.1 ± 18-fold and increased Ptch1 expression by 27.6 ± 23-fold, 

respectively (Fig. 23 c). Thus, I decided to stimulate the SVF Lin- cells with a lower 

concentration of SAG (100 nM) and for two days to approximate the pre-activated Hh state 

observed in the Bbs8-/- cells (Fig. 29 a).  

First, I analyzed whether SAG stimulation would result in an increase of the fibrogenic 

CD9high population observed in the gWAT of lean Bbs8-/- mice. However, stimulation with 

SAG did not significantly alter the frequency of the CD9high population in gWAT APCs from 

wild-type mice (Fig. 29 b). Previous work by Marcelin et al. demonstrated that activation 

of the PDGFRα signaling pathway induces the transition towards CD9high cells in vivo 

(Marcelin et al., 2017), which could be affected after in-vitro culture, whereby the cells 

potential to dynamically respond to external stimuli might be hampered. 

Next, I investigated if Hh activation would increase fibrogenic gene expression. To this 

end, I quantified the relative gene expression of different collagens, Loxl2, and Fbn in wild-

type SVF Lin- cells isolated from murine iWAT. Although there was a trend towards 

increased Fbn expression, I was not able to observe significant changes in other 

fibrogenic genes (Fig. 29 c). In-vitro cell culture has been reported to alter the 

transcriptional program of human adipose-derived stem cells, particularly in genes 

associated with cell signaling and adhesion (Januszyk et al., 2015). The central genes 

that were affected by in-vitro culture were extracellular-related kinase (ERK)1/2 and focal 
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adhesion kinase, both closely associated with the development of fibrosis (Foglia et al., 

2019; Seong et al., 2013; X. K. Zhao et al., 2016). Thus, I hypothesized that in vitro culture 

may obscure the effects of SAG stimulation on fibrogenic gene expression. 

Fig. 29: Analyzing the effect of SAG 
stimulation on fibrogenic gene 
expression in SVF Lin- cells. a. Scheme 
of experimental set-up. b. Quantification of 
CD9high cell surface expression on 
PDGFRα+ cells isolated from the murine 
gWAT following 100 nM SAG stimulation for 
2 days. Data are shown as individual values 
(dots) of an experimental number equal 
n = 9. c. Relative gene expression of 
Col1a1, Col5a1, Col6a1, Loxl2, and Fbn in 
SVF Lin- cells isolated from murine iWAT 
treated with 100 nM SAG for 2 days. Gene 
expression is normalized to the control 

samples. Data are shown as individual values (dots) and mean (bars) ± S.D. Different n 
are indicated by dots; p-values were calculated by a one sample t-test. Non-significant 
(n.s.). 

To circumvent this limitation, I employed the 3T3-L1 cell line, which is (1) well-adapted to 

in vitro conditions and (2) responsive to Hh signaling. To establish the appropriate 

conditions to mimic the ectopic Hh activation, I stimulated 3T3-L1 for 24, 48, and 72 h with 

two different SAG concentrations (Fig. 30 a). I analyzed Hh activation by quantifying gene 

expression of Gli1 and Ptch1 (Fig. 30 b). Both SAG concentrations induced a time-

dependent increase in Hh target gene expression, with the strongest activation occurring 

after 72 h stimulation of 1 µM SAG (Fig. 30 b). Additionally, I measured relative 

expression of Col1a1 as a proxy for fibrogenic gene expression at different time points. 

Interestingly, Col1a1 expression peaked after 24 h of 100 nM SAG treatment, showing a 

2.5-fold increase (Fig. 30 c). Expression decreased after 48 h and rose again after 72 h, 

suggesting a potential feedback mechanism. It has been shown that increased production 

of ECM components, such as collagen type 1, and a resulting remodeling of the 

extracellular environment greatly impact in transcriptional regulation of many genes, 

including genes involved in ECM remodeling (Garamszegi et al., 2010; Spencer et al., 

2007).  
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Fig. 30: Analyzing the effect of SAG stimulation on fibrogenic gene expression in 
3T3-L1 cells. a. Scheme of experimental set-up. b, c. Gene expression of b. Hh target 
genes Gli1 and Ptch1 and c. Col1a1 in 3T3-L1 cells treated with 100 nM or 1 µM SAG for 
24, 48 or 72 h. Gene expression is normalized to the vehicle control treated samples. Data 
are shown as mean of an experimental number equal n = 2. 

Based on these findings, I selected the 24 h time point and 100 nM SAG concentration for 

further analysis of fibrogenic gene expression. Indeed, low-grade activation of Hh 

signaling was sufficient to induce a fibrogenic gene expression signature in 3T3-L1 cells, 

as indicated by an increase in expression of the collagens Col1a1 and Col5a1, and other 

ECM components such as Sparc and TnC (Tenascin C) (Fig. 31 a). 

In turn, I hypothesize that the ectopic activation of Hh signaling in Bbs8-/- APCs drives the 

fibrogenic switch in vivo. 

Fig. 31: Analyzing the effect of low-grade SAG 
stimulation on fibrogenic gene expression in 
3T3-L1 cells. a. Gene expression of Col1a1, 
Col5a1, Sparc and TnC in 3T3-L1 cells treated with 
100 nM SAG for 24 h. Gene expression is 
normalized to the vehicle control treated samples. 
Data are shown as individual values (dots) and 
mean (bars) ± S.D. Different n are indicated by dots; 
p-values were calculated by a one sample t-test.  

 

3.10 Analyzing Vismodegib treatment to ameliorate Hh signaling in Bbs8-/- APCs 
 
To assess whether inhibiting Hh signaling in Bbs8-/- APCs is sufficient to revert the 

observed phenotype, I treated cell with Vismodegib. Aberrant Hh signaling is implicated in 

different types of cancers (Sari et al., 2018). Vismodegib (Erivedge®, Genentech-Curis) 

has been approved by the US Food and Drug Administration for treatment of adults with 

advanced basal cell carcinoma (Proctor et al., 2014; Sekulic et al., 2012). Since 

uncontrolled SMO signaling is the primary driver for development of BCC, Vismodegib 
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acts by directly binding and inhibiting SMO, thereby, blocking downstream pathway 

activation (Fig. 32 a) (Robarge et al., 2009).  

Since loss of BBS8 increased ciliary SMO localization and Hh target gene expression, I 

tested whether blocking SMO activity could reduce Hh activation in Bbs8-/- APCs. To this 

end, I treated SVF Lin- cells isolated from Bbs8-/- mice with Vismodegib for 48 h and, 

subsequently, analyzed gene expression (Fig. 32 b). Indeed, Gli1 expression was 

significantly downregulated compared to untreated Bbs8-/- cells, while Ptch1 expression 

exhibited a trend towards decreased expression upon Vismodegib treatment (Fig. 32 b). 

Next, I investigated whether the reduction in Hh signaling also affected fibrogenic gene 

expression. Indeed, expression of Col1a1, which was elevated in Bbs8-/- APCs compared 

to Bbs8+/+ APCs, was significantly reduced following Vismodegib treatment (Fig. 32 c). 

Similar trends were observed for other fiborgenic genes, such as Col5a1 and Loxl2 

(Fig. 32 c). 

 

 
Fig. 32: Analyzing Vismodegib treatment in Bbs8-/- SVF Lin- cells. a. Scheme 
depicting the mechanism of action of Vismodegib in regulating Hh signaling by binding to 
SMO. b. Hh target gene expression in Bbs8-/- SVF Lin- cells after stimulation with 2 µM 
Vismodegib for 48 h. Gene expression is normalized to vehicle control. c. Gene 
expression of the fibrogenic genes Col1a1, Col5a1, and Loxl2 in Bbs8+/+ and Bbs8-/- SVF 
Lin- cells after stimulation with 2 µM Vismodegib for 48 h. Gene expression is normalized 
to the vehicle control treated samples of the Bbs8+/+ cells. Data are shown as individual 
values (dots) and mean (bars) ± S.D. Different n are indicated by dots; p-values were 
calculated by a one sample t-test.  
 
 

Overall, these results underline the direct correlation of Hh signaling and the increase in 

fibrogenic gene expression. Furthermore, pharmacological inhibition of the Hh signaling 

pathway effectively reduces fibrogenic gene expression. 
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3.11 Establishing in vitro culture of the Thymus as an alternative model to 
investigate disturbed Hh signaling 
 

Hh signaling plays an essential role in development across all tissues and organs and has 

also been implicated in regulating T-cell development (Crompton et al., 2007). Recently, 

Ernesto Picon-Galindo demonstrated in his doctoral thesis an increase in regulatory T 

cells (Tregs) in the visceral adipose tissue of Bbs8-/- mice, and he proposed that this is 

caused by cilia-dependent control of Treg differentiation in the thymus (Galindo, 2024). 

While immune cells lack primary cilia, thymic epithelial cells (TECs) are ciliated. Moreover, 

TECs are known to regulate T-cell development in the thymus. To examine whether loss 

of BBS8 affects TECs and contributes to the observed Treg phenotype in the WAT, I 

established two in vitro models to analyze TEC function. 

 

3.11.1 Analyzing ciliation of thymic epithelial cells 
 
To confirm that TECs are indeed ciliated and, thus, susceptible to dysregulated ciliary 

signaling, I established a strategy to culture these cells in vitro (Fig. 33 a).  

The thymus as a primary lymphoid organ, generates and matures T cells. In the thymus, 

the most abundant cell population are CD45+ thymocytes, surrounded by the stromal 

compartment, which make up a significantly smaller compartment (Chakrabarti et al., 

2022; Yayon et al., 2024). Within the stromal fraction, TECs represent the major population 

and can be identified by EpCAM expression (F. Klein et al., 2023; Ucar et al., 2014). To 

enrich TECs, I used magnetic separation to remove CD45+ cells (Fig. 33 a). Subsequent 

flow analysis, however, showed that even though I was able to identify EpCAM+ cells, 

CD45+ remained the prominent population (Fig. 33 b-c).  

I proceeded with culturing the magnetically separated cells, reasoning that TECs, but not 

lymphocytes, would adhere to plastic. Using two different EpCAM antibodies, originally 

designed for flow cytometry, I identified EpCAM+ cells by immunocytochemistry after 

several days in culture (Fig. 33 d). Further analysis showed 16.4 ± 11.1 % of these cells 

were ciliated (Fig. 33 e). While this protocol allowed TEC isolation, the results are 

preliminary, and further validation using a TEC-specific reporter mouse is necessary. 
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Fig. 33: Analyzing primary cilia in thymic epithelial cells (TEC). a. Experimental set-
up to isolate cells of the thymus for analysis by flow cytometry or to bring into culture. b. 
Strategy to gate thymic epithelial cells (EpCAM+) and CD45+ cells. c. Quantification of the 
EpCAM+ and CD45+ fractions depicted in b. Data is shown as mean ± SD. Each data point 
represents one mouse from n = 3 mice in total. d. Exemplary fluorescence images of 
TECs that were isolated and kept in culture. Cells were stained with DAPI (nuclei, blue), 
an anti-ARL13b antibody (primary cilia, red), and two different EpCAM antibodies (green). 
Scale bar is indicated. e. Quantification of ciliated cells from d. by dividing the number of 
primary cilia by the total number of nuclei per image. Data is shown as mean ± SD. Each 
data point represents one image from n = 18 technical replicates.  
 
3.11.2 Thymic organ culture 
 
The major role of TECs is to provide a functional niche for T-cell development and 

establishing central tolerance. Thymic organ culture is a well-established system, 

supporting in vitro T-cell development (Jenkinson & Anderson, 1994). Moreover, this 

system can also be used to pharmacologically manipulate Hh signaling (Saldaña et al., 

2016; Solanki et al., 2018). To this end, I employed this system by culturing freshly isolated 

thymi from P0 pups (Fig. 34 a). Subsequently, I analyzed T-cell populations in the thymus 

of P0 pups (0 d) and compared them to those cultured for three days (3 d) (Fig. 34 b, d-

e).  

First, I verified that in vitro culture did not significantly affect cell survival (Fig. 34 c). 

Developing thymocytes progress through distinct maturation stages, characterized by 

expression of CD4 and CD8: double-negative (DN; CD4-CD8-), double-positive (DP; 

CD4+CD8+), CD8 single-positive (CD8SP; CD4-CD8+), and CD4 single-positive (CD4SP; 

CD4+CD8-) (Fig. 34 b). During negative selection, CD4SP thymocytes interact with TECs, 
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which present tissue-restricted antigens (TRA). Cells with high reactivity for TRA undergo 

apoptosis (negative selection), and the rest exits the thymus as naïve T cells. Additionally, 

self-reactive CD4SP thymocytes can also differentiate into Treg cells by expressing 

FOXP3 and high levels of CD25. For Treg differentiation a two-step model has been 

proposed, in which Treg progenitor cells initially express either CD25 (CD25+ TregP) or 

FOXP3 (Foxp3+ TregP) (Owen et al., 2019).  

I was able to identify all T-cell population after three days of culture and only observed 

minor differences compared to freshly isolated P0 thymi (Fig. 34 d-e). Notably, the DP 

population and the proportion of mature Tregs was slightly increased (Fig. 34 d-e). Other 

labs commonly use fetal thymic organ culture to investigate T-cell development. Here, I 

preliminary established a system that allows to analyze T-cell development postnatally in 

vitro. 

 

 
Fig. 34: Analysis of T-cell population in thymic organ culture. a. Overview of the set-
up for the thymic organ culture. b. Strategy to gate the T-cell subsets in mice. c. 
Percentage of live cells before and after 3 days of culture. d. Quantification of the 
frequency of double-negative (DN, CD4-CD8-), double-positive (DP, CD4+CD8+), CD8 
single-positive (CD8SP, CD4-CD8+), and CD4 single-positive (CD4SP, CD4+CD8-) 
thymocytes in CD45+ cells before (0 d) and after 3 days of culture (3 d). e. Quantification 
of the frequency of regulatory T progenitor cells (TregP) expressing CD25 (CD25+ TregP, 
CD25+FoxP3-) or FoxP3 (FoxP3+TregP, CD25-FoxP3+) and mature Treg cells 
(CD25+FoxP3+) in CD4SP cells before (0 d) and after 3 days of culture (3 d). Data is shown 
as mean ± SD. Each data point represents one thymus from n = 3 (d 0) and n = 5 (d 3) 
mice. 
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4. Discussion 
 

In my doctoral thesis, I demonstrated that BBS8-dependent ciliary signaling maintains the 

fate and function of APCs in WAT. I could show that all APC subpopulations in the WAT 

are ciliated and responsive to ciliary cues. Loss of BBS8 affected the balance of the APC 

subpopulations, reducing the stem cell-like P1 population, while a pro-fibrogenic 

subpopulation of CD9high cells emerged. In turn, fibrogenic remodeling was observed in 

the whole adipose tissue and was promoted by Pdgfra-expressing cells. A similar 

phenotype of PDGFRα-dependent, fibrotic WAT remodeling has previously been 

described as a consequence of obesity (Marcelin et al., 2017). However, I observed the 

remodeling due to the loss of BBS8 in the lean state before the onset of obesity. 

Molecularly, the loss of BBS8 disrupted the ciliary localization of SMO and GPR161, 

leading to an ectopic activation of the Hh pathway in APCs. In turn, low-grade Hh signaling 

induced a fibrogenic gene signature in APCs, thereby linking cell fate regulation with Hh 

signaling. Furthermore, ectopic Hh pathway activation in Bbs8-/- APCs was reduced by the 

SMO inhibitor vismodegib in vivo, which also ameliorated the fibrogenic gene signature, 

providing a potential therapeutic target to treat fibrotic remodeling.  

 
4.1 The role of BBS proteins in regulating ciliary (GPCR) signaling 
 
Dynamic changes in membrane protein composition of the primary cilium are central to 

ciliary signaling, yet the mechanisms that regulate membrane protein flux remain poorly 

understood. The BBSome controls the ciliary trafficking of GPCRs, as evidenced by 

various Bbs mutants that exhibit accumulation of ciliary receptors, such as the leptin 

receptor, SMO, GPR161, or the Dopamine receptor 1 (Domire et al., 2011; Guo et al., 

2016; Zhang, Seo, et al., 2012).  

The Hh pathway requires the coordinated import and export of receptors in the ligand-free 

“OFF” state and when transitioning to the “ON” state upon ligand binding. I demonstrated 

that the loss of the BBSome core component BBS8 disrupted ciliary receptor localization 

both at baseline and upon Hh pathway activation. In Bbs8-/- cells, SMO accumulated in 

the cilium even in the absence of stimulation, and SAG stimulation further enhanced 

localization of the receptor. Moreover, upon Hh stimulation, GPR161 remained in the 
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cilium of Bbs8-/- cells, suggesting a direct role for BBS8 in facilitating the retrograde 

transport of ciliary receptors. This phenotype is in line with that reported of other BBSome 

mutants: in BBS1, BBS2, BBS4, BBS7, and ARL6/BBS3 mutants, SMO significantly 

accumulates within cilia under basal conditions and in BBS1, BBS4, and ARL6/BBS3 

mutants GPR161 is retained in the cilium even after treatment with SAG (Nozaki et al., 

2018; Prasai et al., 2020; Zhang et al., 2011; Zhang et al., 2012a).  

The different BBS proteins have distinct locations and functions within the BBSome 

complex. Therefore, on a molecular level, the phenotype I observed in Bbs8-/- cells could 

result from (1) an altered structure of the BBSome affecting the assembly or stability of 

the complex or (2) the direct binding of cargo by BBS8. 

To determine whether the loss of BBS8 affects BBSome structure, both the overall 

architecture of the protein complex and the specific role of BBS8 within the complex needs 

to be further analyzed. Recent studies have resolved the BBSome structure at a resolution 

of 3.1 - 3.4 Å using cryo-electron microscopy (Chou et al., 2019; Klink et al., 2017; Singh 

et al., 2020; Klink et al., 2020; Yang et al., 2020). The BBSome can adopt both an open 

and a closed conformation, reflecting its activation status. Only in the open confirmation 

can the complex bind the small GTPase ARL6/BBS3, which is essential for activation. 

ARL6/BBS3 facilitates BBSome targeting to the ciliary membrane, and the open 

conformation also exposes binding sites for the cargo proteins transported by the complex 

(Chou et al., 2019; Fan et al., 2004; H. Jin et al., 2010; Mouraõ et al., 2014; Singh et al., 

2020). BBS8 occupies a central position within the BBSome and contains tetratricopeptide 

repeats (TPRs) that form α-solenoids (Ansley et al., 2003). It binds to BBS18, the smallest 

BBSome subunit, and together they serve as a structural linker for BBS4 and BBS9, 

stabilizing the core of the complex (Chou et al., 2019; Klink et al., 2017; Klink et al., 2020). 

Given its central position, absence of BBS8 may disrupt complex assembly or integrity. 

However, in cells depleted of BBS8, only minor changes in complex assembly are 

observed (Seo et al., 2011). In contrast, the loss of BBS1 completely disrupts BBSome 

formation, likely leading to the mislocalization of ciliary GPCRs (Seo et al., 2011; Zhang, 

Yu, et al., 2012b). In BBS1 knockout cells, the impaired trafficking of SMO and GPR161 

is rescued by the exogenous expression of BBS1 (Nozaki et al., 2018). However, 

expression of a truncated BBS1 variant (BBS11–575), capable of interacting with BBS7 and 

ARL6/BBS3 but not with BBS9, is not able to rescue the phenotype, demonstrating that 
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the integrity of the whole BBSome complex is crucial for its role in retrograde trafficking of 

ciliary GPCRs (Nozaki et al., 2018).  

Notably, a positively charged patch of BBS8 interacts with the β-propeller domain of BBS9, 

stabilizing their interface (Klink et al., 2020). Mutations at this interface, such as Q325R in 

the β-propeller domain of BBS9, have been reported in BBS patients (Chou et al., 2019; 

Klink et al., 2020; Ullah et al., 2017). Similarly, the L58* mutation in BBS18 disrupts 

interaction with BBS8 and is classified as a disease-causing variant (Klink et al., 2020; 

Scheidecker et al., 2014). Thus, while the loss of BBS8 has only minor effects on BBSome 

assembly per se, it may significantly impact complex integrity in a BBS9- and BBS18-

dependent manner. 

Upon Hh pathway activation, a signal-dependent redistribution of the BBSome at the 

ciliary tip is required for GPR161 retrieval (Ye et al., 2018). Recruitment to the tip is 

mediated by KIF7, which co-immunoprecipitates with several BBSome subunits, including 

BBS8 (Ye et al., 2018). However, it remains unclear whether the loss of BBS8 affects KIF7 

binding and, consequently, tip recruitment.  

Upon pathway activation, activated GPCRs accumulate at the ciliary tip, where they are 

recognized by the GPCR activation sensor β-arrestin (Pal et al., 2016; Ye et al., 2018). β-

arrestin directs the ubiquitination of GPCRs, after which TOM1-like protein 2 (TOM1L2) 

bridges the ubiquitinated cargo and the BBSome (Shinde et al., 2020; Shinde et al., 2023). 

TOM1L2 directly associates with the BBSome via its C-terminal domain, and several 

BBSome components are implicated in mediating this process (Shinde et al., 2023). 

Previous studies identified a consensus BBSome-binding motif, defined as a conserved 

lysine or arginine residue preceded by an aromatic residue ([W/F/Y][K/R]) in the 

cytoplasmic tails of BBSome-mediated cargoes (Klink et al., 2017; S. Yang et al., 2020). 

While the recognition of ubiquitinated chains by TOM1L2 and the subsequent binding of 

the BBSome are crucial for receptor removal from the cilium, the BBSome also directly 

interacts with its cargo: direct interaction modeling identified BBS7 as the subunit that 

recognizes the BBSome-binding motif in the cytoplasmic tail of SMO (Yang et al., 2020). 

Consistently, Bbs7 knockout in MEF cells significantly reduces SMO retrieval from the 

cilium (Zhang et al., 2012a). However, despite the specific interaction described for BBS7 

with SMO, my data, along with previous studies show that loss of several other BBSome 

units also results in increased ciliary SMO localization (Nozaki et al., 2018; Prasai et al., 
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2020; Stubbs et al., 2023; Zhang et al., 2012a) (Fig. 35 a-b). Structurally, the interaction 

with SMO is facilitated by the β-propeller and coiled-coiled domain of BBS7 (S. Yang et 

al., 2020). BBS1, BBS2, and BBS9 share the β-propeller domain structure with BBS7 and 

may therefore also have the potential to bind this motif (Tian et al., 2023). Due to its unique 

domain structure, BBS8 is rather unlikely to bind SMO directly. Interestingly, the loss of 

BBS4, another TPR-containing subunit, also leads to increased ciliary SMO levels, 

suggesting a distinct role for this domain structure (Zhang et al., 2012a). TPR domains 

are important motifs for protein-protein interactions and are frequently found in 

multiprotein complexes, highlighting the central role of BBS8 within the BBSome and its 

importance in complex integrity (Das et al., 1998).  

The absence of certain signaling receptors, such as the somatostatin receptor 3 (SSTR3), 

in some Bbs mutants led to a controversy about whether the BBSome also mediates ciliary 

entry of receptors (Berbari et al., 2008). Live-cell imaging has shown that activated 

GPCRs are packaged into extracellular vesicles, leading to their removal from the cilium 

along with bystander receptors (Nager et al., 2017). This offered an alternative mechanism 

by which the cilium eliminates activated receptors when BBSome-mediated retrieval fails. 

While I did not observe absence of receptors in Bbs8-/- cells per se, Christina Klausen in 

the Wachten lab demonstrated in her doctoral thesis that the Neuropeptide Y receptor Y2 

(NPY2R) is absent from Bbs8-mutant neuronal cilia (Klausen, 2020). Therefore, cell type-

specific differences need to be considered when investigating different Bbs mutants.  

The fact that various BBSome mutants display a similar phenotype – increased ciliary 

SMO and GPR161 localization – suggests that the subunits are interdependent and 

function collectively in BBSome-mediated retrieval of cargo. The exact molecular 

mechanisms how BBS8 impacts BBSome integrity and function remain to be determined. 

 

4.2 The role of Hh signaling in controlling cell fate 
 
The Hh pathway plays a crucial role during development in orchestrating cell specification 

programs. In most adult tissues, the Hh signaling is only active in discrete stem- and 

progenitor-cell populations in various organs, including the brain, skin, or bladder, among 

others (Blanpain & Fuchs, 2009; Daynac et al., 2016; Pyczek et al., 2016; Shin et al., 

2014; X. Sun et al., 2020). It remains not fully understood how Hh signaling in the adult 
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functions to control cell-fate specification. My results show that Hh signaling guides the 

identity of APCs in the WAT. Loss of BBS8 increased transcription of Hh target genes due 

to increased ciliary SMO localization at the basal state (Fig. 25 a, e). Ectopic activation of 

the Hh pathway reduces the P1 population in Bbs8-/- mice before the onset of obesity, 

thereby depleting the pool essential for tissue plasticity. Using a Pdgfra-conditional 

knockout model, I demonstrated that the effect is cell-autonomous and that the phenotype 

is driven by the Pdgfra-expressing APCs (Fig. 13 b). Single-cell analysis reveals an 

altered trajectory of Bbs8-/- P1 cells, showing a direct transition into fibrogenic progenitors 

(Fig. 19 i). In turn, fibrogenic CD9high -expressing cells are increased in WAT of Bbs8-/- 

mice, which are characterized by their low adipogenic potential and inducing fibrotic 

remodeling of the tissue (Fig. 17 c-g). In the muscle, the fate of mesenchymal progenitors, 

so-called fibro-adipogenic progenitors (FAPs), has also been shown to be regulated by 

Hh signaling (Kopinke et al., 2017). Upon injury, FAPs promote muscle regeneration by 

supporting the recruitment and differentiation of MuSCs into myocytes. However, FAPs 

can also drive fatty degeneration and scarring of the muscle by undergoing adipogenesis 

or adopting a fibrogenic phenotype (Kopinke et al., 2017). Hh signaling modulates the 

balance between physiological and pathological outcomes. A short pulse of Hh pathway 

activation enhances myogenesis and promotes muscle regeneration, whereas sustained 

Hh signaling leads to extensive fibrosis (Kopinke et al., 2017). Additionally, the mechanism 

of Hh activation is relevant for the fate decision-making: Physiological activation by a Hh 

ligand drives muscle regeneration, while ectopic Hh activation upon loss of PTCH1 

restricts muscle regeneration by pushing FAPs to adopt a myofibroblast fate (Norris et al., 

2023). Thus, precise and temporal regulation of Hh signaling is essential for proper cell 

fate and function. Consistently, my results indicated that loss of BBS8 dysregulated Hh 

signaling and intrinsically altered the cell fate of APCs, pushing them towards a fibrogenic 

phenotype. 

But how can Hh signaling influence different cell fates? Previous studies have established 

a connection between epithelial-to-mesenchymal transition (EMT) programs and Hh 

signaling (Guen et al., 2017; Omenetti et al., 2008; F. Wang et al., 2016). EMT is a 

biological process in which epithelial cells change their fate by acquiring an MSC 

phenotype, which is accompanied by cytoskeletal changes, loss of cell polarity, and 

altered cell-cell adhesion (J. Yang et al., 2020). Hh pathway activation coordinates 
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downstream signaling events via the GLI family transcription factors, which interact with 

each other and with co-regulators, thereby enabling various transcriptional responses 

based on the cellular and tissue context (Sigafoos et al., 2021). A direct target gene of 

GLI1, Snail, promotes EMT in basal cell carcinoma as well as during development (X. Li 

et al., 2006; Louro et al., 2002). Snail represses transcription of the cell adhesion molecule 

E-cadherin, leading to loss of cell polarity which initiates EMT (Lamouille et al., 2014). 

Thus, Hh signaling can directly regulate cell fate by altering cellular gene transcription 

programs.  

In the retinal pigment epithelium (RPE), loss of BBS8 disrupts cell morphology and alter 

cell fate by inducing EMT (Schneider et al., 2021). Snail transcription progressively 

increases in Bbs8-/- RPE during postnatal development, suggesting that dysregulated Hh 

signaling influences RPE fate via the GLI1/Snail axis (Schneider et al., 2021). The role of 

Snail in MSC is less well studied. Snail expression seems to gradually decrease during 

adipogenic differentiation of 3T3-L1 cells and Snail directly binds to the E-box motif of the 

PPARγ promotor to inhibit adipogenesis (Lee et al., 2013). My findings showed that 

CD9high cells were resistant to undergoing adipogenesis in response to cilia-specific cues 

(Fig. 17 f-g). Thus, investigating Snail transcription in CD9high cells may help to understand 

whether the anti-adipogenic phenotype is also mediated via the GLI1/Snail axis. Another 

transcription factor that is regulated by Snail in 3T3-L1 cells is paired related homeobox 1 

(PRRX1) (Peláez-García et al., 2015). Interestingly, PRRX1 has been described as a 

master regulator of myofibroblast lineage progression in cancer-associated fibroblasts 

(Lee et al., 2022). PRRX1 promotes lineage progression via the tumor growth factor β 

(TGFβ) signaling pathway (Lee et al., 2022). Indeed, Hh signaling is not the only pathway 

mediating fibrotic progression; rather, it acts in concert with other pathways, such as the 

TGFβ pathway or PDGFRα pathway (Contreras et al., 2019; Teves et al., 2019). The 

respective receptors for these pathways also localize to the cilium, opening different 

possibilities for the cell organelle to coordinate crosstalk between various signaling 

pathways to balance the biological output (Christensen et al., 2017). Crosstalk between 

the TGFβ pathway and Hh signaling was demonstrated when SMAD3, a downstream 

mediator of TGFβ signaling, activated GLI1 and GLI2 expression in fibroblasts, 

independent of Hh receptor engagement (Dennler et al., 2007). Conversely, Tgfb gene 

expression has been shown to be regulated by GLI2 in hepatic stellate cells (Yan et al., 
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2021). Thus, cross-activation of the TGFβ pathway by ectopic Hh signaling may further 

drive the fibrogenic phenotype in APCs.  

PDGFRα, a receptor tyrosine kinase, mediates various cellular functions through the 

mitogen-activated protein (MAP) kinase and phosphatidylinositol 3 kinase (PI3K). 

Enhancing PDGFRα tyrosine kinase via the D842V mutation drastically increases the 

number of the pro-fibrotic CD9high cells in WAT and is proposed to drive this phenotypic 

switch (Iwayama et al., 2015; Marcelin et al., 2017). Given the role of the BBSome in 

mediating receptor export and the observation that loss of BBS8 results in increased 

receptor localization in the cilium, BBS8 may directly influence PDGFRα localization and, 

consequently, signaling. However, since the PDGFRα is a receptor tyrosine kinase, it is 

not typical cargo for the BBSome. Moreover, a study showed that mutations affecting the 

retrograde IFT machinery do not alter PDGFRα receptor levels in the cilium (Umberger & 

Caspary, 2015). While loss of BBS8 may not directly impact PDGFRα localization, 

experimental evidence supports crosstalk between the Hh- and PDGFRα-signaling 

pathways. During alveolar septum formation, these signaling pathways collectively 

support myofibroblast/fibroblast function (Yie et al., 2023). Here, inhibition of the Hh 

pathway leads to concomitant decrease of Pdgfra expression and directly alters 

expression of PDGF signaling target genes (Yie et al., 2023). It would be interesting to 

investigate whether the opposite effect – namely increased Hh signaling resulting in 

upregulated PDGFRα target gene expression – 

underlies the fate shift observed in Bbs8-/- APCs. 

Further studies will shed light on how Hh 

pathway activation, both alone and in 

combination with other pathways, remodels cell 

fate and function of APCs. Taken together, my 

data link aberrant Hh signaling with the loss of 

the stem cell identity with a shift towards a 

fibrogenic phenotype (Fig. 35). 

 

Fig. 35: Model of Hedgehog (Hh)-dependent, 
fibrogenic fate change in adipocyte precursor 
cells. 
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4.3. Fibrogenic remodeling in WAT of Bbs8-/- mice 
 
In most diet-induced obesity models, prolonged overnutrition leads to hypoxia in WAT, 

which triggers chronic low-grade inflammation and upregulates ECM genes, ultimately 

promoting obesity-driven adipose tissue fibrosis (Debari & Abbott, 2020; Jääskeläinen et 

al., 2023). However, in Bbs8-/- mice, fibrotic remodeling was not a consequence of obesity 

but was already observed in the lean state, driven by Pdgfra-expressing cells (Fig. 16). A 

key question is how this early fibrogenic phenotype influences WAT remodeling during 

later stages of obesity.  

Bbs8-/- mice developed obesity (Fig. 9 b-c), and other BBS mouse models show a similar 

phenotype, which is primarily driven by hyperphagia (Marion et al., 2012; Rahmouni et al., 

2008). While a previous study reported hyperplasia-driven WAT expansion in Bbs12-/- 

mice (Marion et al., 2012), WAT expansion in Bbs8-/- mice occurred through hypertrophy 

(Fig. 11). This suggests that different BBSome components distinctly affect APC behavior. 

The loss of BBS4, BBS10, or BBS12 enhances APC proliferation and adipogenesis, 

promoting hyperplasia (Aksanov et al., 2014; Marion et al., 2008; Marion et al., 2012). In 

contrast, the loss of BBS8 induced ectopic Hh activation, which promoted a fibrogenic 

switch towards CD9high-expressing cells and resulted in a depletion of the progenitor pool. 

A decreased progenitor pool at a pre-obese stage limits WAT expansion by hyperplasia 

during prolonged states of excess energy of hyperphagic Bbs8-/- mice. Instead, it shifts 

the balance towards hypertrophic expansion, which is typically associated with 

pathophysiological alterations of the tissue, as it limits oxygen diffusion, leading to 

adipocyte death which ultimately triggers a pro-inflammatory response (Lindhorst et al., 

2021). However, Nora Winnerling demonstrated in her thesis that the WAT of Bbs8-/- mice 

remains relatively healthy during obesity, exhibiting minimal signs of adipocyte death and 

macrophage infiltration, as indicated by the scarcity of crown-like structures (Winnerling, 

2022). Thus, other mechanisms may help to preserve adipose tissue functionality to 

combat the effects of the depleted progenitor pool. 

The fibrogenic CD9high population was resistant to adipogenesis (Fig. 17 f-g), in line with 

previous studies showing that the fibrogenic switch to CD9high expression during obesity 

diminishes adipogenic potential (J. H. Lee et al., 2022; Marcelin et al., 2017). Therefore, 

these cells cannot take on the burden of excess energy, and other cells may need to 
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compensate by taking up more lipids. Interestingly, the in vitro lipidomics data showed an 

increase of total TAGs in Bbs8-/- cells during adipocyte maturation (Fig. 18 f-g). It remains 

unclear whether the increased lipid-uptake potential originates from APCs during late-

stage adipogenesis or is facilitated by mature adipocytes. As adipocytes are not ciliated, 

loss of BBS8 might impact them in a non-ciliary fashion. Indeed, BBS proteins can localize 

to the nucleus and have been implicated in regulating gene expression (Ewerling et al., 

2023; Gascue et al., 2012). Whether this plays a role in adipocytes needs to be 

investigated further. Nevertheless, the increased propensity to take up lipids further 

underlines the hypertrophic expansion of WAT of obese Bbs8-/- mice.  

The fibrogenic fate change in Bbs8-/- APCs also led to increased ECM deposition, 

evidenced by an upregulation in collagen type I, fibronectin, and cross-linking enzymes 

(Fig. 16). While the ECM provides structural support at steady state, ECM components 

must be degraded and reassembled to accommodate tissue growth during WAT 

expansion. Excessive ECM deposition increases tissue stiffness, thereby restricting 

expansion and leading to ectopic lipid deposition (Gliniak et al., 2023). However, despite 

increased ECM deposition, Bbs8-/- mice exhibited significant WAT expandability during 

obesity progression (Fig. 9 d-e), suggesting a compensatory mechanism to allow tissue 

growth and to preserve tissue functionality. ECM degradation is regulated by matrix 

metalloproteinases (MMPs), which solubilize ECM components. MMP14, the predominant 

MMP in adipose tissue, modulates stiff pericellular collagens to facilitate adipocyte growth 

(Chun et al., 2010). Interestingly, overexpression of MMP14 at an early pre-obese stage 

prevents fibrosis and inflammation upon HFD feeding, likely by digesting dense ECM and 

thereby alleviating mechanical stress (X. Li et al., 2020). Interestingly, I observed 

increased expression of genes encoding for various Mmps, including Mmp14, in Bbs8-/- 

P1 cells compared to wild-type P1 cells (Fig. 36).  

 

Fig. 36: Matrix 
Metalloproteinase (Mmp) 
expression in Bbs8-/- P1 
cells. Expression level of 
various Mmp genes in 
Bbs8+/+ and Bbs8-/- P1 
APCs.  
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In turn, this may allow dynamic remodeling of the ECM in response to excess energy and 

would help to balance between increased ECM expression at an early stage and the 

demand for tissue expansion during obesity.  

To combat hypoxia in  expanding WAT, vascular adaptation is crucial for maintaining tissue 

homeostasis. Growth of new blood vessels (angiogenesis) supports healthy tissue 

expansion by supplying nutrients and oxygen while preventing hypoxia (Rupnick et al., 

2002). My data indicated increased interaction between a specific P2 subcluster, P2_1, 

and endothelial cells via the upregulation of collagen and laminin pathways (Fig. 20 b). 

While little is known about APC-endothelial crosstalk during fibrotic remodeling, studies 

show that collagen- and integrin-interactions increase during obesity (Corvera et al., 2022; 

Reggio et al., 2016). Loss of BBS8 further increased the collagen- and laminin-

interactions, suggesting that Bbs8-/- APCs behave similarly to progenitor cells found in 

obese tissue. The vascular endothelial growth factor (VEGF)/ VEGF-receptor system is 

the main regulator of angiogenesis in WAT and the contribution of APCs is essential for 

this process (Herold & Kalucka, 2021). Further studies should investigate whether the 

fibrogenic fate change in Bbs8-/- APCs also alters VEGF secretion and, consequently, the 

vascular-modulating capabilities of APCs, as this may provide crucial insights into adipose 

tissue health. 

To counteract the fibrogenic fate change, I used vismodegib as a treatment to suppress 

ectopic Hh signaling, which concomitantly reduced the fibrogenic gene signature 

(Fig. 32 c). Vismodegib has already been shown to act as an anti-fibrotic drug by 

decreasing the population of liver myofibroblasts and attenuating early liver fibrosis 

through Hh signaling inhibition (Philips et al., 2011; Pratap et al., 2012). These findings 

suggest that targeting Hh signaling could be a promising strategy to remodel early-stage 

fibrosis during tissue remodeling in obesity. 
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5. Abstract 
 
The primary cilium serves as a cellular antenna, transducing extracellular stimuli into an 

intracellular response. In white adipose tissue (WAT), adipocyte precursor cells (APCs) 

but not mature adipocytes display a primary cilium. APCs replenish the adipocyte pool by 

undergoing adipogenesis. Advances in single-cell analysis have revealed the 

heterogeneity of APCs as they consist of multiple functionally distinct subpopulations in 

the WAT. The regulation of cell fate and differentiation of APCs is key to maintaining WAT 

homeostasis. Primary cilia have been proposed to regulate APC function and, thereby, 

WAT physiology. The role of cilia in regulating whole-body energy metabolism is also 

reflected in the Bardet-Biedl syndrome (BBS), where primary cilia dysfunction leads to 

obesity due to hyperphagia and WAT remodeling. However, how ciliary signaling might 

impact APC fate decision making is not known. 

To address that, I comprehensively investigated the APC subpopulations in WAT under 

physiological conditions and during primary cilia dysfunction in a BBS mouse model before 

the onset of obesity. In mice that recapitulated the ciliopathy BBS (Bbs8-/-), I demonstrated 

that loss of BBS8 reduced the stem cell-like P1 APC subpopulation due to a phenotypic 

switch towards a fibrogenic phenotype. This was accompanied by extracellular matrix 

remodeling of the WAT and an increase of the profibrotic CD9high APC subpopulation. 

Single-cell RNA sequencing revealed an altered trajectory of Bbs8-/- cells, as they directly 

transitioned into fibrogenic progenitors, bypassing the committed P2 APCs. Ciliary 

hedgehog (Hh) signaling emerged as a central driver of the molecular changes in Bbs8-/- 

APCs. Controlled activation of the Hh pathway is essential for maintaining stem cell fates. 

However, loss of BBS8 promoted ectopic Hh activation in APCs and, in turn, induced the 

fibrogenic fate change.  

These findings reveal a novel role of primary cilia in APC fate determination, balancing 

adipogenesis and fibrogenesis. The identified molecular mechanisms can serve as a basis 

to refine potential therapeutic targets for obesity. 
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9. Appendix 
 

 
Fig. S1: Annotation of single-cell analysis of iWAT from lean Bbs8-/- mice. a-b. Violin 
plots of published markers for all (a) immune cell, (b) vascular and cycling cell cluster 
determined in Fig. 19 b. c. Dot plot for top 5 marker genes in all cell clusters determined 
in Fig. 19 b. 
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Fig. S2: Bbs8 (Ttc8) 
expression in wild-type APC 
subpopulations. Expression 
level of the gene encoding for 
Bbs8 (Ttc8) in APC 
subpopulations from Bbs8+/+ 
iWAT. Data are shown as mean 
± SD  
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