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ABSTRACT 

 

Functional role of neuronal primary cilia in the 

regulation of metabolic homeostasis 

 

Dong Joo Yang 

 

Department of Global Medical Science 

The Graduate School, Yonsei University 

 

Directed by Professor Ki Woo Kim and Professor Juwon Kim 

 

Obesity is a global health problem which is associated with adverse 

consequences such as the development of metabolic disorders, including 

cardiovascular disease, neurodegenerative disorders, and type 2 diabetes. A 

major cause of obesity has been attributed to metabolic imbalance which results 

from insufficient physical activity and excess energy intake. Understanding the 

pathogenesis of obesity is important to prevent them and develop methods for 



 

xvi 
 

therapeutics. The coordination of energy balance takes place in the hypothalamus, 

a major brain region that regulates neuroendocrine reflex and maintains 

homeostasis. The primary cilium is an organelle that has recently received 

attention for its role as a central hub in controlling energy balance in the 

hypothalamus. Defects in proteins required for ciliary function and formation, both 

in humans and in mice, have been shown to cause metabolic disorders including 

obesity as well as leptin resistance. However, the relationship between leptin 

signaling and neuronal primary cilia on the controlling energy homeostasis, and 

the molecular mechanism involved in this convergence were still unclear. 

 

Leptin is a critical hormone predominantly made by adipose tissue, which 

gives feedback to the hypothalamus to regulate energy balance. Thus, a deficiency 

in or resistance to leptin causes severe obesity. Leptin is released upon feeding 

condition, on the other hand, when the body energy level was low serum leptin 

concentration falls. Interestingly, primary cilia build up during energy deficiency 

states such as starvation. In this regard, firstly, I examined the effects of leptin 

signaling in hypothalamic ciliogenesis. I found the inverse correlation between 

hypothalamic ciliogenesis and serum leptin level during fasting, and surprisingly 

fasting-induced ciliogenesis was modulated by leptin both in vivo and in vitro 

experiments. To understanding the underlying mechanism of this, I investigated 

various signaling pathways and observed the transcription factor STAT3 which is 

directly downstream of leptin signaling, is a key mediator of leptin-mediated 



 

xvii 
 

suppression effects on the ciliogenesis. Intriguingly, I found out the potential 

binding sites for STAT3 in the promoter regions of Ift88 and Ift20, and STAT3 

directly bound to those promoter regions. Along with the direct inhibition of the 

transcriptional activity of ciliogenic genes, STAT3 is also involved in the mediation 

of the autophagic process. The starvation-induced autophagosome formation was 

significantly blunted by leptin treatment. Taken together, the results strongly 

suggest that the leptin-mediated STAT3 acts as a major suppressor for starvation-

induced ciliogenesis via transcriptional regulation and anti-autophagic function. 

 

Secondly, I investigated the functions of hypothalamic primary cilia, 

particularly leptin receptor-expressing neurons, in the leptin action and 

counterregulatory responses to fasting. Although the primary cilia known to 

neuronal sensory hubs, it has not been investigated the functional crosstalk 

between primary cilia and leptin signaling for physiological regulation of energy 

balance remains to be elucidated. By establishing the leptin receptor-expressing 

neuron specific primary cilia defect mice, I examined the metabolic alterations upon 

various energy statuses. Unexpectedly, I could not see the differences in metabolic 

phenotypes including body weight, food intake, and energy consumption in fed 

conditions. Nevertheless, I observed a remarkable change in serum leptin level in 

the Ift88 KOLepR mice in both fed and fasted conditions. Proper leptin falling in the 

fasted conditions is an important neuroendocrine system for adaptive response to 

starvation. Along with higher leptin levels in the Ift88 KOLepR mice, I found the 
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significantly blunted proper fasting response in the Ift88 KOLepR mice, lead to 

aberrant neuroendocrine response during starvation. Results were identified that 

the primary cilia in leptin-responsive neurons are not only required for the normal 

counterregulatory responses but also essential for leptin-mediated neuroendocrine 

adaption to starvation. 

 

Lastly, I examined the role of hypothalamic primary cilia in the regulation of 

energy homeostasis and leptin action. To address this, I generated specifically 

delete the primary cilia in either the AgRP or SF-1 neurons. Unlike Ift88 KOAgrp, 

functional impairment of VMH-primary cilia (Ift88 KOSF-1) was linked to decreased 

sympathetic nervous activation and central leptin resistance. The obesity 

phenotype of Ift88 KOSF-1 mice, caused by decreased energy expenditure, blunted 

brown fat function, and as well as associated with glucose and insulin tolerance. 

Taken together, this study identifies VMH-primary cilia as a critical hypothalamic 

organelle to maintain energy homeostasis. 

 

In conclusion, I propose that i) the inverse correlations between the leptin and 

hypothalamic ciliogenesis during starvation conditions; and ii) the hypothalamic 

primary cilia are essential for proper leptin action and maintain energy homeostasis 

as well as coordinate normal starvation responses. Overall, current study identifies 

the key neuronal population responsible for the regulation of energy and leptin 
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homeostasis, which provides new insights on controlling whole body homeostasis 

through primary cilia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Keyword: Primary cilia, Hypothalamus, Leptin signaling, Ciliogenesis, 

Autophagy, Energy homeostasis, Obesity 

 



 

１ 
 

 

Functional role of neuronal primary cilia in the 

regulation of metabolic homeostasis 

 

Dong Joo Yang 

 

Department of Global Medical Science 

The Graduate School, Yonsei University 

 

Directed by Professor Ki Woo Kim and Professor Juwon Kim 

 

 

I. INTRODUCTION 

 

1.1. Energy homeostasis 

1.1.1. The central nervous system in the control of energy balance 

The occurrence of obesity and associated diseases is rising at an alarming 

rate all over the world. Obesity results from an imbalance between ingested and 

expended calories [1]. The coordinated regulation of energy balance is ultimately 

controlled by the central nervous system (CNS) [2, 3]. Homeostatic regulation in 
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the CNS is a multi-determined process involving a distributed and redundant 

network of communication that exists between various brain regions and the 

peripheral organs (Figure 1). The brain continuously receives, processes, and 

issues autonomic and behavioral output commands to respond to internal signals 

of energy availability [3, 4]. These signals are communicated to the brain either 

through a humoral pathway via the circulatory system, or through neuronal 

communications. Among the CNS nuclei controlling energy balance, the 

hypothalamus is often considered the regulatory center of energy balance from a 

homeostatic perspective [5-7]. 

 

1.1.2. Hypothalamus 

The hypothalamus is a key brain region in the balance of body homeostasis 

[8-10]. It encompasses several anatomically well-defined nuclei, including the 

arcuate nucleus (ARC), as well as the ventromedial (VMH), dorsomedial (DMH), 

lateral (LH), and paraventricular (PVN) hypothalamus [3]. The ARC, which is 

located at the base of the hypothalamus and is near the median eminence (ME), 

primarily senses metabolic signals from the periphery via systemic circulation. 

There are two distinct functionally antagonistic neurons: i) the orexigenic 

neuropeptides agouti-related peptide (AgRP) and neuropeptide Y (NPY) neurons, 

and ii) the anorexigenic neuropeptides proopiomelanocortin (POMC) neurons [7, 

11]. These neuronal populations are called first-order neurons because they 
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integrate peripheral, nutritional, and hormonal cues to control energy balance 

through various hormone receptors distributed over the neuronal membrane; such 

receptors include leptin receptor (LepR) and insulin receptor (IR) [12-14]. For 

example, leptin binds to receptors expressed at the surface of POMC and AgRP 

neurons. Once leptin binds to LepR, those neurons are either activated or inhibited 

and regulate food intake and energy expenditure by releasing melanocortin 

peptides, which are key products that control energy balance. POMC neurons 

produce an α-melanocyte-stimulating hormone (α-MSH), the agonist for the 

melanocortin receptor 4 (MC4R), which is key in regulating energy and glucose 

homeostasis. On the contrary, the inverse agonist, AgRP, suppresses MC4R 

activity and simultaneously antagonizes the effects of α-MSH [12, 15, 16]. These 

neurons project to both intra-hypothalamic neurons (e.g. VMH, DMH, LH, and PVN) 

and extra-hypothalamic neurons (e.g. NTS and the mesolimbic reward system), 

communicating information regarding peripheral energy availability to other brain 

areas [10]. Among the areas, the PVN seems to be the center of the melanocortin 

system. Once either AgRP or α-MSH binds to the MC4R in the neurons of the PVN, 

feeding behavior is modulated, possibly through the autonomic nervous system 

[17-20]. 

The PVN lies beside the top of the third ventricle (3V) in the anterior 

hypothalamus, and it plays an imperative role in the regulation of energy balance 

and endocrinological activities [21]. Lesions of the PVN produce obesity and 
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hyperphagia via the sympathetic outflow to peripheral metabolic organs [22, 23]. 

PVN neurons also act as the primary endocrine control center, synthesizing and 

secreting neuropeptides that have a net catabolic action, such as corticotrophin-

releasing hormone (CRH) [24] and thyrotropin-releasing hormone (TRH) [25]. 

The VMH is an oval-shaped hypothalamic nucleus located directly above the 

ARC. This brain area contains neurons that sense glucose and leptin and thus are 

known as the site controlling the regulation of body weight and glucose 

homeostasis [26, 27]. Several studies have shown that the steroidogenic factor 1 

(SF-1) neurons in the VMH highly conduct insulin and leptin signaling in energy 

expenditure and glucose homeostasis, with minor effects on feeding behavior [28-

30]. In addition, VMH neurons can cause modulation of the sympathetic nerve 

activity (SNA) that is thought to underlie a variety of neuronal mechanisms of the 

VMH [29, 31-33]. For instance, electrical stimulation of the VMH induces 

glycogenolysis and gluconeogenesis in the liver and increases blood pressure and 

heart rate through sympathoexcitation [34, 35], whereas destruction of the VMH by 

bilateral lesions causes hyperphagia, obesity, hyperglycemia, and reduced SNA [9, 

36, 37]. POMC neurons in the ARC project to the VMH and control food intake via 

stimulation of MC4R and subsequent activation of brain-derived neurotrophic 

factor (BDNF) [38]. On the other hand, the VMH, which consists mostly of 

glutamatergic neurons, projects back to the ARC and transduces excitatory input 

to both POMC and AgRP neurons [39]. 
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The LH is important in receiving sensory signals from the periphery, including 

the gut and liver [40, 41]. This brain region contains large numbers of glucose-

receptive neurons that respond to circulating glucose levels, most likely via 

pathways ascending from the hypothalamus [42]. In contrast to the PVN and VMH, 

bilateral destruction of the lateral portion of the LH abolishes food intake, thus 

resulting in weight loss in rats, even in those who have previously been made 

obese [9]. Therefore, the LH is considered a feeding center of the hypothalamus. 

 

1.1.3. Leptin signaling 

The discovery of the adipose tissue-derived hormone leptin has transformed 

from white adipose tissue and circulates at a level of 5 to 15 ng/mL in lean subjects 

[43]. There is a general consensus that leptin levels are tightly correlated with fat 

mass in both humans and rodents. Leptin is produced upon feeding, which gives 

feedback to the hypothalamus and regulates whole body energy homeostasis. The 

leptin acting on its receptors (LepRs), especially LepRb which is the long form of 

leptin receptor in many brain regions including the hypothalamus, contributes 

significantly to the control of feeding and energy expenditure [44-46]. Under 

conditions in which the body is challenged by a constant over-supply of nutrients, 

the normal function of the physiological mechanisms maintaining energy balance 

is disrupted. A state of chronic nutrient excess such as obesity leads eventually to 

a blunting of signaling in the leptin pathways, meaning that the brain fails to 
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suppress food intake and increase energy expenditure, it is known as leptin 

resistance [43, 47].  

Leptin stimulates multiple intracellular signaling pathways including Janus-

activated kinase (JAK), signal transducer and activator of transcription (STAT3), 

and phosphoinositide 3-kinase (PI3K) [16]. The well-characterized pathway in 

leptin signaling is the JAK/STAT3 pathway. Leptin binding changes the 

conformation of the preformed LepR homodimer, enabling transphosphorylation 

and activation of the intracellular LepR-associated JAK2. The activated JAK2 then 

phosphorylates STAT3 and the activated STAT3 modulates transcriptional 

activities of neuropeptides related to metabolic regulation such as POMC and NPY 

[48, 49]. These pathways have been suggested to mediate anti-obesity action. 

Thus, resistance or defect of leptin signaling has been associated with metabolic 

syndromes [49, 50]. 

 

1.2. Primary cilium 

1.2.1. Structure of primary cilia 

The cilium is a hair-like organelle formed from the cell membrane and is 

present in nearly every mammalian cell. Cilia have historically been classified as 

either motile or immotile. Structurally, cilia extend from the plasma membrane and 

are coupled with the cytoskeleton. Cilia consist of a microtubule-based axoneme 

covered by a ciliary membrane (Figure 2). The axoneme emerges from the basal 
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body, a centriole-derived and microtubule-organizing center, extending from the 

cell surface to the extracellular space [51]. Between the basal body and cilium 

proper is a region known as the ciliary transition zone, which contains gating 

structures along with the basal body transition fibers to control the entrance and 

exit of ciliary proteins [52]. This organelle lacks protein synthesis and imports all of 

its components used for assembly, maintenance from the cell body. In terms of 

their formation and functions, cilia are constructed through a microtubule motor-

based transport system that consists of intraflagellar transport (IFT) complexes that 

bind directly to the cargos and their motors kinesin-2 and dynein, enabling travel 

across the axoneme [53, 54]. The IFT complex consists of two distinct 

subcomplexes: complex A and B. Complex A is needed for retrograde movement 

from the ciliary tip back to the cytoplasm, while complex B is utilized in anterograde 

transport from the cellular base to the ciliary tip. Complex A contains at least 4 

polypeptides such as IFT144, IFT140, IFT129, and IFT122. Whereas complex B 

contains at least 12 components as a salt-stable core (IFT88, IFT81, IFT72, IFT52, 

IFT46, IFT27, IFT25, and IFT22) and four dissociated components (IFT172, IFT80, 

IFT57, and IFT20) [55]. Balanced transport systems are important for ciliogenesis, 

as faulty regulation of these factors causes abnormal cilia formation [54]. 

 

1.2.2. Ciliogenesis 



 

８ 
 

Ciliogenesis is defined as the building of the primary cilia. Cilia are important 

organelles of cells and are involved in numerous cellular functions such as cell 

differentiation/division, signaling transduction, detecting the flow of fluids [53]. 

Defects in ciliogenesis can lead to a broad range of human diseases related known 

as ciliopathies [56]. For this reason, the processes controlling the ciliary formation 

and degradation, as well as assemble and disassemble must all be regulated to 

perform their necessary roles. 

There are multiple regulatory steps are involved in ciliogenesis in a cell cycle-

dependent manner. Cilia are typically interphase structures, being assembled in 

G0/G1 and disassembled during S or G2 phase, as centrioles duplicate and form 

the centrosomes that drive the organization of the mitotic spindle [54, 57]. 

Reassembling cilia after mitosis, the specialized transport system which IFT 

machinery and motor proteins are required because cilia cannot synthesize 

proteins for their structures and functions. Disruptions of these ciliary components 

such as KIF3A or IFT88 lead to cell polarity defects together with defective 

ciliogenesis [58].  

 

1.2.3. Ciliopathy and metabolic syndrome 

Most mammalian cells have a single immotile cilium, called primary cilium, 

which has evolved to receive various signals from extracellular stimuli [51, 59]. Due 

to their ability to detect sensory cues, primary cilia are considered cellular antennae. 
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However, not much attention was paid to the importance of primary cilia until the 

discovery of their association with polycystic kidney disease (PKD) [60]. PKD is an 

inherited genetic disorder that results in progressive renal cyst formation due to 

abnormal primary cilia function. Later, the medical significance of primary cilia, 

beyond their relation to PKD, became increasingly evident, with evidence showing 

that the structural and functional anomalies of primary cilia arise from genetic 

mutations of ciliary proteins. These proteins are closely related to human diseases 

comprehensively called ciliopathies, including retinal degeneration, polydactyly, 

hypertension, and obesity (Table 1) [56, 61]. 

Early evidence linking primary cilia and energy homeostasis came from the 

discovery that proteins associated with human obesity syndromes, such as Alström 

and Bardet-Biedl, localize to primary cilia. Mutations in these proteins, both in 

humans and in mice, resulted in the organisms displaying severe obesity and 

diabetes [61, 62]. In 2007, Davenport et al. directly assessed the importance of 

primary cilia by utilizing conditional knockout of ciliogeneic genes (Tg737 and 

Kif3a). This study was the first to obtain results that the neuronal primary cilia are 

required for normal energy homeostasis [63]. Since then, neuronal primary cilia 

have emerged as a critical organelle in the integration of the complex signals of 

metabolic homeostasis [64-66]. While it is established that primary cilia have critical 

and diverse functions in several cell types, many questions regarding the precise 
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functions of primary cilia in these cell types, particularly neuronal primary cilia, 

remain. 

 

1.3. Neuronal primary cilia and regulation of body homeostasis 

Primary cilium, a vestigial organelle serving roles in the regulation of diverse 

signaling pathways, has been highlighted as a critical organelle in the modulation 

of metabolic signals in various organs including the brain hypothalamus [67]. While 

it has been known for decades that primary cilia exist in neurons, their precise 

functions in each type of neuron remain poorly understood. In the last 20 years, 

the importance of neuronal cilia has been reported through various studies and is 

increasing day by day (Table 2). 

The early observation showing a correlation between metabolic disorders and 

neuronal primary cilia function was a conditional tamoxifen-inducible knockout (KO) 

of the core ciliogenic gene Kif3a and the intraflagellar transport 88 (Ift88, also called 

Tg737) protein [63]. Germline ablations of either Kif3a or Ift88 in adult mice resulted 

in hyperphagic-induced obesity with elevated serum leptin, insulin, and glucose 

levels. Restricting dietary intake prevented the increase in both body weight and 

serum hormones, supporting the notion that the obesity and diabetic phenotypes 

were a consequence of hyperphagic behaviors. Interestingly, specific deletion of 

Kif3a or Ift88 using synapsin 1-cre (Syn1-cre) led to similar results of obesity and 
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leptin resistance, indicating that neuronal primary cilia may play important roles in 

the regulation of body weight homeostasis [63].  

Adenylyl cyclase 3 (ADCY3) catalyzes the synthesis of cyclic AMP (cAMP), 

an important second messenger in signaling pathways, from ATP [68, 69]. In the 

central nervous system (CNS), cAMP plays a critical role in neuronal functions, 

including survival, growth, differentiation, and synaptogenesis [70]. In 2007, 

neuronal cilia were found to be specifically enriched with ADCY3 [71], and it has 

subsequently been shown that global Adcy3 KO mice exhibit adult-onset obesity 

due to disruption of cAMP signaling in the hypothalamus [72]. In addition, several 

G protein-coupled receptors (GPCRs), including somatostatin receptor 3 (SSTR3), 

serotonin receptor 6 (5-HT6R), melanin-concentrating hormone receptor 1 

(MCHR1), most recently MC4R, have been reported to be located in neuronal cilia 

[73]. Once ciliary components are defective, aberrant ciliary localization and 

signaling of these certain GPCRs are displayed, causing obesity. 

MC4R is a central component of the melanocortin system, a hypothalamic 

network that integrates information from the peripheries and regulates food intake 

and energy expenditure [74]. Mutations in Mc4r are the most common monogenic 

cause of severe obesity in humans, as well as in rodents [75-77]. Although the 

expression pattern of MC4R has been well-organized, previous attempts to 

determine the subcellular localization of MC4R in vivo have been unsuccessful. In 

2018, it was first reported that the MC4R localizes to primary cilia in the subset of 
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mouse hypothalamic neurons, including the PVN, where it co-localizes with 

ADCY3 [78]. This was particularly relevant since it was previously reported that 

ADCY3 mutations are highly associated with human obesity, and Adcy3 KO mice 

exhibited obesity as well through disruption of cAMP signaling in the hypothalamus 

[72]. In this study, it was discovered that the impaired localization of MC4R in 

primary cilia caused MC4R mutations, which led to suppression of ADCY3 activity 

in cilia, and in turn, the obese phenotype in mice [78]. Furthermore, specific 

inhibition of ADCY3 with the use of GPR88 [79], a constitutively active version of 

the cilia-specific Gαi protein-coupled receptor, resulted in suppression of cAMP 

production, and consequently, increased body weight. These findings suggest that 

MC4R and ADCY3 may positively regulate cAMP generation in neuronal primary 

cilia of the PVN, where MC4R is highly expressed, and impaired cAMP signaling 

in the primary cilia of MC4R-expressing neurons lead to obesity. However, 

additional studies investigating whether primary cilia are required for GαS coupling 

and ADCY3 activation by MC4R may be necessary. Moreover, since the primary 

cilia of MC4R-positive neurons are not solely limited to the PVN, it is necessary to 

observe the functions of cilia in other MC4R-positive neurons as well. 

Overall, these results indicate that both the structural and functional roles of 

neuronal primary cilia are necessary to control energy homeostasis. Indeed, 

several recent pieces of evidence suggest that hypothalamic cilia may function as 
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a metabolic signaling center, which is critical for the control of body homeostasis 

(Figure 3) [33, 63, 80-83]. 

 

1.4. Hypothalamic primary cilia and leptin signaling 

The most severe obesity phenotype in humans and mice results from a 

deficiency of either leptin or the leptin receptor gene. The leptin-deficiency-

associated obesity is resolved upon treatment of recombinant leptin, highly 

indicating the critical physiological roles of leptin and leptin signaling in the control 

of body energy homeostasis [44, 46]. One of the distinct phenotypes of ciliopathy 

is elevated leptin levels, indicating that leptin resistance may either be a cause or 

a consequence of obesity [84]. Thus, the relationship between leptin action and 

the functional involvement of primary cilia has been investigated. 

A potential molecular mechanism for cilia in leptin action was suggested by 

studying BBS mutations [62]. BBS mutant mice exhibited hyperphagia and higher 

leptin levels. The BBS protein complex, a subset of the IFT complex, also 

participates in the transportation of ciliary membrane proteins [85, 86]. Unlike Ift88 

or Kif3a, loss-of-function mutations of BBS genes do not lead to the complete 

structural defects of primary cilia, but rather disrupt the cilia’s functions [87]. 

Germline ablation of Bbs2 and Bbs4 (Bbs2-/- and Bbs4-/-) genes leads to 

hyperphagia-induced obesity, coupled with reduced phosphorylated STAT3 levels 

in the hypothalamus. Subsequently, Bbs2-/-, Bbs4-/-, and Bbs6-/- mutant mice were 
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reported to display hyperleptinemia as a result of defective leptin signaling [83, 88]. 

Interestingly, they did not respond to leptin properly even after normalizing leptin 

levels by caloric restriction. Molecular studies revealed that BBS1, a component of 

the BBSome, is directly bound to leptin receptor long-form (LepRb) and 

participated in LepRb trafficking [83]. Consistently, Bbs1 M390R, which is the most 

common mutant of BBS1 found in patients, shows decreased interaction with 

LepRb, implying that the LepRb trafficking and subsequent signaling pathways 

may be altered in BBS mutant patients. These studies combined suggest that 

ciliary BBS proteins might be required for normal leptin signaling, and the leptin 

resistance phenotype in BBS mutant mice may be a primary effect of cilia 

dysfunction [83]. However, Berbari et al. analyzed the leptin response in conditions 

of pre-obese, obese, and food-restricted mice after generating inducible Ift88 and 

Bbs4 KO [89], and found that the mutant mice showed leptin resistance only in the 

obese condition, highly indicating that leptin resistance is a secondary 

consequence of obesity. 

Another study from Guo et al. tested leptin sensitivity in LRbCre/Bbs1fl/fl mice 

that were at comparable body weight with WT, but with substantially attenuated 

responses [90]. In addition, the LRbCre/Bbs1fl/fl mice in a calorie-restricted condition 

remained at higher body weight and fat mass with lower energy expenditure, 

possibly due to reduction in leptin sensitivity and impaired leptin signaling. Apart 

from this, the deletion of Ift88 in the SF-1 neuron of the VMH also showed the 
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involvement of primary cilia in leptin action [33]. I measured leptin levels when the 

body weight of WT and Ift88 KOSF-1 mice were comparable, simultaneously directly 

injecting leptin and examining the leptin sensitivity in WT and Ift88 KOSF-1 mice. 

Physiological response to leptin in the Ift88 KOSF-1 mice, portrayed as significantly 

increased rebound food intake, as well as the effects of the increase in energy 

expenditure, were blunted, indicating that the deletion of primary cilia in the VMH 

blunted leptin sensitivity [33]. 

Taken together, current data implies that the impact of primary cilia on leptin 

action may differ from neuron to neuron. To rationalize the molecular underlying 

between primary cilia and leptin in energy homeostasis, further observations 

should be considered: i) whether the leptin receptor exists at primary cilium, ii) 

distinct neuronal populations linking leptin action and the role of primary cilia. 
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Figure 1. Central nervous system mediated regulation of energy balance 

Energy homeostasis is regulated by a complex feedback loop involving endocrine 

and neuronal signals originating from peripheral organs and intra-hypothalamic 

communications. The ARC is a key nucleus that houses POMC and AgRP/NPY 

neurons, which integrate the aforementioned signals. These neurons project to 

various nuclei including PVN, VMH, and LH. In turn, the ARC also receives input 

from the VMH and LH. The NTS receives projections from the ARC, PVN, VMH, 

and LH, and regulates multiple metabolic effectors of energy balance. 3V, third 

ventricle; AgRP, agouti-related protein; ARC, arcuate nucleus; LH, lateral 
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hypothalamus; ME, median eminence; NPY, neuropeptide Y; NTS, nucleus of 

tractus solitarius; POMC, pro-opiomelanocortin; PVN, paraventricular nucleus; SF-

1, steroidogenic factor 1; VMH, ventromedial hypothalamus. 
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Figure 2. Structure of primary cilia 

(A) Schematic structure of primary cilia. The primary cilium is an antenna-like 

organelle that receives diverse signals from the extracellular environment. It is 

comprised of the ciliary membrane surrounding the microtubule-based axoneme. 

The nine parallel microtubule doublets of the axoneme, which shows “9+0” rings, 

form the backbone of the appendage, while the basal body at the base acts as a 

microtubule-organizing center. The components that are transported from the 

basal body to the ciliary tip by anterograde transport rely on the intraflagellar 

transport (IFT) protein attached to the motor protein Kinesin 2. Conversely, 

retrograde transport from the ciliary tip to the cytoplasm depends on Dynein motor 
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proteins. The ciliary membrane is highly enriched with several receptors, including 

G protein-coupled receptors (GPCRs). Immunofluorescence images of primary 

cilia (green, ADCY3) in the hypothalamic cells (B) and arcuate nucleus (C). 

Scale=20μm. 
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Figure 3. Ciliary genes in the hypothalamic nuclei involved in metabolic 

dysfunction 

Simplified overview of metabolic changes as a consequence of the mutation of 

ciliary genes in the indicated hypothalamic neurons. Note that primary cilia have a 

distinct homeostatic role in each hypothalamic nucleus. 
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II. SPECIFIC AIMS 

 

2.1. Rationale and hypothesis 

Body weight regulation has garnered significant attention due to its importance 

in maintaining energy balance, which is majorly determined by food intake and 

energy expenditure. Research on feeding behavior and energy consumption is 

needed to cure metabolic diseases such as obesity and diabetes, along with their 

complications. Although the primary cilium has recently received attention for its 

role in controlling energy balance in the hypothalamus, it is an academically 

insufficient situation to understand the detailed roles and molecular mechanism of 

neuronal primary cilia in the regulations of energy metabolism and leptin 

homeostasis in the central nervous system.  

The central aims of this dissertation is to clarify the correlation between the 

function of primary cilia and leptin signaling in the hypothalamic neurons in 

controlling metabolic homeostasis.  

 

2.2. Specific aims 

 

Aim 1: To examine the effects of leptin signaling in the hypothalamic 

ciliogenesis during fasting. It has been reported that the neuronal cilia lengths 
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were selectively reduced in the hypothalamus of obese mice with leptin deficiency 

mice [91], suggesting that the hypothalamic cilia length might be affected by 

metabolic conditions. However, it has not been investigated whether the neuronal 

cilia have phenotypic changes in response to the nutrient conditions and its 

underlying mechanism. Therefore, this thesis is eager to the examination of how 

primary cilia communicate with the leptin signaling pathway under starvation 

conditions. 

 

Aim 2: To investigate the functions of hypothalamic primary cilia, 

particularly leptin receptor-expressing neurons, in the leptin action and 

counterregulatory responses to starvation. During starvation, serum leptin falls 

and it is an important role in the modulation of the counterregulatory 

neuroendocrine system to maintain energy balance [92]. This thesis, propose that 

the functional role of primary cilia in the leptin-responsive neurons for proper leptin 

action to regulate energy balance as well as for physiological adaptation to 

starvation. 

 

Aim 3: To examine the role of hypothalamic primary cilia in the regulation 

of energy homeostasis and leptin action. Dysfunction of primary cilia is related 

to dyshomeostasis leading to various human diseases including obesity and leptin 

resistance [56]. However, there is a lack of distinct neuronal populations linking 

leptin action and the role of primary cilia in the regulation of energy balance. In this 
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thesis, I established loss-of-function models of primary cilia in the specific 

hypothalamic area such as AgRP and SF-1 neurons, then examined their 

metabolic phenotype. 
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III. MATERIALS AND METHODS 

 

 

3.1. Reagents 

Detailed experimental reagents and resources are provided in Table 3. 

 

3.2. Ethnics of animal experiments 

Care of all animals was within institutional animal care committee guidelines. 

All procedures and surgical protocols were approved and conducted by the 

Institutional Animal Care and Use Committee (IACUC) of Yonsei University Health 

System (YUHS). All animals were maintained in a specific pathogen-free (SPF) 

facility accredited by the Association for the Assessment and Accreditation of 

Laboratory Animal Care International (AAALAC). The approval number for animal 

models are YUHS2018-0056 and YUHS2019-0108. 

 

 

3.3. Experimental model 

 

3.3.1. Animals 

To specifically delete the Ift88 gene at leptin receptor (LepR)-expressing 

neurons, we crossed transgenic LepR-Cre heterozygous male mice (B6.129(Cg)-
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Leprtm2(cre)Rck/K, Jackson Laboratory, ME, USA) with homozygous for the floxed Ift88 

allele female mice (B6.129P2-Ift88tm1Bky/J, Jackson Laboratory). To visualize the 

LepR-expressing cell, we bred the LepR-Cre mouse with the Cre-inducible 

tdTomato-reporter mouse (B6;129S6-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, Jackson 

Laboratories). To delete the cilia in AgRP neurons, Agrp-Ires-Cre male mice 

(Agrptm1(cre)/Lowl/J, Jackson Laboratory) were bred with homozygous for the floxed 

Ift88 female. To generated SF-1 neurons specific cilia deletion mice, heterozygous 

mice for the SF1-Cre transgene (obtained from Dr. Joel K Elmquist, UT 

Southwestern, Texas, USA) and homozygous mice for the floxed Ift88 were 

crossed. For all animal experiments, littermate mice homozygous for the floxed 

Ift88 allele (Ift88fl/fl) served as controls (WT). Information on the genotyping PCR 

primer sequences is provided in Table 4. 

 

Mice were housed in groups of 3-5 per cage under controlled room 

temperature (22-24°C) with a 12hrs light/dark cycle with lights on at 08:00. The 

animal was fed either regular normal chow diet (NC, LabDiet, MO, USA) containing 

62% carbohydrates, 25% protein, and 13% fat or a high-fat diet (HFD, Research 

Diets, USA) with 20%, 20%, and 60% of carbohydrates, protein and fat, 

respectively. Animals had ad libitum (AL) access to water at all times, and food 

was only withdrawn if required for an experiment. 
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3.3.2. Cell cultures 

 

Embryo mouse hypothalamic cell line N38 and stable cell line N38_LRb which 

permanently expresses functional leptin receptor (LRb) were used for experiments. 

Brief, to generate a stable cell line, first I tested the optimal selection antibiotic 

concentration in N38 cells by using blasticidin (InvivoGen, CA, USA). Then LepRb 

plasmid was transfected into the N38 cells with Lipofectamine 2000 (Invitrogen) 

following the manufacturer’s instructions. At 48hrs post-transfection, add the 

blasticidin at the optimal dose to the transfected cells. Replace media with antibiotic 

twice a week, and examine the cells for visual toxicity. Plate the polyclonal cells 

from the selection step in a 96-well culture plate per well, then after the wells are 

identified, continue to verify colony number until the well has reached high 

confluence. Once the expression is verified by Western blot, clones of interest were 

frozen down cell stocks to use. 

Cells were cultured in Dulbeccos Modified Eagle Medium (DMEM, Hyclone 

Laboratories Inc., MA, USA) supplemented with 10% fetal bovine serum (FBS, 

Corning, NY, USA) and 1% penicillin/streptomycin (Gibco Laboratories, MD, USA). 

Cells were maintained at 37°C under 5% CO2. All in vitro experiments were 

performed in triplicates. 

 

3.4. Body weight and compositions 
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The body weight was measured once a week from the weaning time (4 weeks 

old) until sacrifice. Challenge of HFD, experimental littermates were maintained on 

the regular chow until 8 weeks old, then switched to HFD for an additional 8-10 

weeks. Body compositions (lean mass and fat mass) of all the experimental mice 

were measured using nuclear magnetic resonance (NMR) (LF90 Minispec, Bruker 

Corp., TX, USA) during the late light phase at the indicated time. 

 

3.5. Metabolic phenotyping 

To measure food intake, mice were individually housed in regular cages and 

allowed to acclimate for at least 3 days before measurements of feeding study. 

The amount of food was recorded twice a day at 08:00 am and 08:00 pm for 3 days. 

 

For rebound feeding experiments, 10- to 12-weeks old body weight-matched 

littermate were housed individually and provided with food and water ad libitum. 

After an acclimation period for 3 days, mice fasted for 18hrs with water provided 

ad libitum. The following day, mice were given the same amount of food then food 

intake and body weight were recorded at the indicated time points. 

 

To measure blood glucose levels, mice were acclimated for 2hrs in the 

experiment area before measurement. A small drop of blood was obtained from 

the tail nick and measured with a glucometer (Contour TS, Ascensia Diabetes Care, 

NJ, USA). 
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3.6. Metabolic cage studies 

In the metabolic cage studies, experimental group male littermates were used. 

Metabolic rates were assessed with an indirect calorimetry system (CaloSys 

Calorimetry System, TSE Systems, Inc., Bad Homburg, Germany) as previously 

described [31, 93]. Mice were used and individually caged for at least 3 days to 

acclimatize to the new environment and experimental procedures before the start 

of metabolic cage studies. After the acclimation in the chamber, food intake, O2 

consumption (VO2), CO2 production (VCO2), heat generation (kcal/hr), and 

physical activity (i.e., horizontal and vertical beam break) were measured and the 

relationship between metabolic rate and body mass was normalized using lean 

body mass. Food (NC or HFD) and water were available ad libitum unless 

otherwise indicated. 

To measure fasting response under food deprivation, body weight-matched 

experimental male mice were used. After 3 days of regular metabolic cage studies, 

the chow was removed at 06:00 pm and monitored the metabolic parameters 

including food intake, VO2, VCO2, heat generation, and physical activities during 

fasting for 48hrs. 

To measure the rebound response, mice were fasted for 24hrs (at 06:00 pm) 

with water provided ad libitum. The following day, mice were provided a certain 

amount of food then rebound responses were recorded the metabolic parameters 

including food intake, VO2, VCO2, heat generation, and physical activities.  
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3.7. Leptin response on food intake and energy expenditure 

To assess the leptin sensitivity, weight-matched experimental group male 

mice fasted 24hrs from 06:00 pm. The following day, experimental mice were given 

either saline or leptin (i.p., 5mg/kg of body weight) with food then the metabolic 

parameters including food intake, VO2, VCO2, heat generation, and movement 

were monitored during the experimental period. 

 

3.8. Electrophysiology recording 

Acute brain slices were prepared as previously described [94] with some 

modifications. Fasted 6- to 10-weeks old LepR-Cre::tdTomatoF/+ and LepR-Cre:: 

Ift88F/F::tdTomatoF/+ mice were anesthetized by i.p. injection of Avertin and 

perfused with ice-cold cutting artificial cerebrospinal fluid (cutting aCSF, described 

below) until the liver showed blanching. Mice were decapitated and the brain was 

quickly removed and placed in cold carbogenated cutting aCSF containing 93mM 

NMDG, 2.5mM KCl, 1.2mM NaH2PO4, 30mM NaHCO3, 20mM HEPES, 5mM 

glucose, 5mM Na ascorbate, 3mM Na pyruvate, 10mM MgSO4 and 0.5mM CaCl2, 

with a pH of 7.3-7.4 and osmolality adjusted to 300-310 mOsm/kg with mannitol. 

250µm thick coronal slices containing the ARC were cut on a 7000smz-2 vibratome 

(Campden Instrument, U.K.) in carbogenated cutting aCSF. Slices were moved to 

35oC cutting aCSF for 10 minutes, then recovered for 1hr at RT in aCSF (pH 7.3–
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7.4, 300-310 mOsm/kg) containing 124mM NaCl, 2.5mM KCl, 1.2mM NaH2PO4, 

24mM NaHCO3, 5mM HEPES, 5mM glucose, 2mM MgSO4, and 2mM CaCl2. 

Slices were transferred to a recording chamber perfused with constantly 

carbogenated aCSF at a rate of ~ 2 mL/min. Neurons expressing leptin receptor 

were identified by epifluorescence and DIC with a 40X water-immersion objective 

on an upright microscope (Eclipse FN-1, Nikon, Japan). Patch pipette with a 

resistance of 4-6 MΩ was filled with an internal solution containing 127mM K-

methanesulfonate, 5mM KCl, 10mM HEPES, 0.1mM EGTA, 4mM MgATP, and 

0.3mM NaGTP, pH adjusted to 7.3 with KOH and osmolality of 288 mOsm/kg. 

Recordings were done using a MultiClamp 700B Amplifier, digitized with Digidata 

1440A, and analyzed offline with Clampfit 10.6 (Molecular Devices, CA, USA). 

Signals were digitized at 10 kHz and filtered at 2 kHz. Series resistance was 

monitored throughout the experiment, generally < 20 MΩ, and the values were not 

compensated. Whole-cell current-clamp recordings were made with the holding 

current I = 0 pA after giga-seal formation and membrane break-in at a holding 

voltage of -50 mV. Membrane potential values were compensated to account for 

junction potential (+9.313 mV). 

Leptin (100nM, Dr. A.F. Parlow, National Hormone & Peptide Program) was 

added to aCSF to investigate neuronal responses. Leptin was perfused for 2-3 

minutes, followed by 2-3 minutes aCSF wash. Neuronal responses with at least 
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±2mV in membrane potential were considered as depolarized or hyperpolarized 

[95].  

 

3.9. Glucose/Insulin tolerance test 

Glucose tolerance test (GTT), mice were fasted overnight for 18hrs and 

provided with water ad libitum. The next day, mice were housed in individual cages 

and allowed to acclimate for 2hrs followed by an i.p. injection of 1.0 g kg−1 glucose. 

Insulin tolerance test (ITT), mice fasted for 2hrs in individual cages with free access 

to water. Insulin (0.8 U kg−1, Eli Lilly, IN, USA) was administered by i.p. injection. 

Blood samples were obtained from a tail nick and the blood glucose was measured 

at 0, 15, 30, 60, 90, and 120minutes using a commercial glucometer (Ascensia 

Diabetes Care, NJ, USA). To measure the glucose-stimulated insulin secretion 

(GSIS), blood was collected at 0, 30, and 60minutes during the GTT experiment. 

 

3.10. Immunohistochemistry 

To validate the specific deletion of primary cilia, mice were perfused and 

collect the brain of experimental mice. For anesthesia, tribromoethanol (Avertin, 

25mg/kg of body weight) was injected intraperitoneally, then perfused with 

phosphate-buffered saline (PBS) (pH7.4) then fixed with 10% neutral buffered 

formalin via intracardiac perfusion method. Whole brains were dissected out and 
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post-fixed with 10% neutral buffered formalin overnight, then dehydrated in 20% 

sucrose solution until the tissues sank to the bottom of the container. Coronal 

brains including each neuron concerning Allen Mouse Brain Atlas were sectioned 

20μm thick using a sled microtome (Leica SM2010R, Leica Biosystems, Wetzlar, 

Germany). To visualize neuronal primary cilia, immunohistochemistry was 

performed on the free-floating method. Brain sections were washed in PBS and 

permeated with 0.25% Triton X-100 in PBS (v/v) for 30minutes. After blocking with 

3% goat serum prepared in PBS containing 0.25% Triton X-100 (PBT) for 1hr at 

room temperature, the brain sections were incubated for 36hrs at 4°C with primary 

antibodies in PBT-azide containing 3% (v/v) goat serum. Sections were rinsed with 

PBS 3 times and incubated for 2hrs in secondary antibodies diluted in PBT. Then 

sections were rinsed and mounted on glass slides using a mounting medium with 

DAPI (Vector, CA, USA) and visualized by a confocal laser microscope (LSM700, 

Carl Zeiss AG, Oberkochen, Germany). Further analysis was done using the ZEN 

blue software (Zeiss) and ImageJ (National Institutes of Health). 

 

Cresyl violet staining (Nissl staining) was performed to examine overall neuron 

structure. Briefly, brain sections were embedded in Superfrost Plus microscope 

slides (Thermo Scientific, MA, USA) and sections were left to dry at room 

temperature. After rinsing the sections in distilled water, the slides were dipped in 

0.1% cresyl violet solution for about 10minutes. Then, the slides were rinsed in 

distilled water and differentiated in 90% and 95% ethanol for 3minutes each. Then, 
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the slides were dehydrated in absolute ethanol two times for 3minutes each and 

were dipped in the 100% xylene 3 times for 5minutes each. Finally, slides were 

mounted with mounting media and checked under the microscope. 

 

In the SF-1 staining, brain sections were mounted on the Superfrost Plus 

microscope slides then dried overnight. The following day, samples were 

pretreated with 0.3% hydrogen peroxide in PBS (pH7.4) for 30minutes at room 

temperature, then antigen retrieval was done for 5minutes. Samples were blocked 

in 3% normal donkey serum, then incubated with a rabbit anti-SF-1 antibodies 

overnight at 4°C After washing in PBS, sections were incubated in biotinylated 

donkey anti-rabbit IgG (Jackson ImmnuoResearch, PA, USA) for 2hrs, followed by 

incubation for 1hr in a solution of avidin-biotin complex (Vector Laboratories, CA, 

USA). The sections next were washed in PBS and stained with 3,3’-

diaminobenzidine (DAB)-peroxidase substrate solution. The stained slides were 

visualized by a Nikon Digital Camera DXM1200 microscope system (Nikon 

Corporation, Tokyo, Japan). 

 

Hypothalamic p-STAT3 immunostaining, weight-matched experimental group 

male mice fasted for 24hrs were given leptin (5mg/kg of body weight) or saline. 

After 1hr, the animals were transcardially perfused with 10% neutral buffered 

formalin. The rabbit anti-pSTAT3 antibodies (Cell Signaling) were used and regular 

immunohistochemistry was followed, as described above. 
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To evaluate the peripheral primary cilia in the Ift88 KOSF-1 model, mice were 

perfused and the tissues known to express SF-1, including pituitary and adrenal 

glands, testis, and ovary, were collected. Post-fixed tissue samples were then 

paraffin-embedded and cut into 4-5μm slices. To visualize peripheral primary cilia, 

a regular immunohistochemistry method was performed using the paraffin-

embedded tissue samples. After deparaffinization of the tissue samples, the slides 

were brought to a boil in 10mM sodium citrate buffer (pH6.0) for 10minutes. Then, 

they were washed in PBS, permeated with PBT for 30minutes, and blocked by 

incubating the tissue sections with 3% BSA in PBT for 1hr. Primary antibodies 

diluted in PBT-azide containing 3% BSA were added, then slides were incubated 

overnight at 4°C. The following day, tissue samples were rinsed with PBS and 

incubated for 2hrs in secondary antibodies. Then, the sections were rinsed and a 

coverslip was placed on the tissue sections using a mounting medium with DAPI. 

Slides were visualized using a confocal laser microscope (LSM700) and analysis 

was processed using the ZEN blue software (Zeiss). 

 

For UCP1 staining, iBAT was sectioned and paraffin-embedded. The sections 

were incubated with anti-UCP1 antibody (Abcam, Cambridge, UK) at 4°C for 24hrs. 

The slides were washed with PBS and then incubated with secondary antibody for 

additional 2hrs using Vectastain Universal ABC kit. After washing in PBS, the slides 

were then stained with DAB-peroxidase substrate solution. The stained slides were 
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visualized by a Nikon Digital Camera DXM1200 microscope system (Nikon 

Corporation). 

 

Peripheral tissues including white adipose tissue (WAT), iBAT, and liver 

dissected and post-fixed overnight at 4°C. The tissue samples were then paraffin-

embedded and cut into 4μm slices. The slices were stained with hematoxylin and 

eosin (H&E) following the standard H&E procedure. 

 

3.11. Enzyme-Linked Immunosorbent Assay (ELISA) 

For serum insulin and leptin measurement, blood was collected from the tail-

nicked blood drops after acclimation for 2hrs in the experiment area. The serum 

was analyzed with specific ELISA kits (Morinaga Institute of Biological Science, 

Yokohama, Japan) by the manufacturer’s instructions. 

For corticosterone, thyroxine (T4), and testosterone measurements, mice 

were housed in individual cages to minimize stress and blood samples were 

collected at 11:00 am after acclimated for 3 days. Each hormone levels were 

determined by a competitive enzyme immunoassay method using commercial 

ELISA kits following the manufacturer’s instructions. Corticosterone (Abcam, 

Cambridge, UK), T4 (Invitrogen, MA, USA), and testosterone (Abcam).  

Serum norepinephrine (NE), blood was collected from the tail of 8- to 14-week 

old male mice at 2-week intervals. Serum were resuspended in glutathione 
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extraction buffer (0.01N HCl, 0.15mM EDTA, 0.1% reduced L-glutathione), and 

neutralized with 1.0M Tris pH8.0 (1/10 vol) prior to NE ELISA. Extracted serum 

was acylated and then converted enzymatically before being quantitatively 

determined. The levels were determined by a competitive enzyme immunoassay 

method using commercial ELISA kits (Labor Diagnostika Nord GmbH & Co., 

Germany) following the manufacturer’s instructions. 

 

3.12. siRNA and plasmid DNA transfection 

The mouse sequence of siRNA for Jak2 and control oligo were purchased 

from Dharmacon (IL, USA). Predesigned mouse siSTAT3 were purchased from 

GenePharma (Shanghai, China). For the knockdown studies, 50nM of sense and 

antisense oligonucleotides were introduced to N38_LRb cells with Lipofectamine 

2000 (Invitrogen) following the manufacturer’s instructions. The knockdown of 

genes was assessed at 48 to 72hrs after transfection for determining the protein 

levels by Western blot. Information for the siRNA sequence was provided in Table 

5. 

DNA constructs of 3X FLAG-CMV, Flag-STAT3-WT, Flag-STAT-DN, mIft88-

Luc, mIft20-Luc, pRL-SV40, and mRFP-GFP-LC3 (ptfLC3) were used for 

overexpression experiments. All constructs were transfected by using 
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Lipofectamine 2000 (Invitrogen) following the manufacturer’s instructions. 

Experiments were conducted 24 to 48hrs after transfection. 

 

3.13. Immunostaining 

Immunostaining of primary cilia in the hypothalamic cell line, cells were 

washed with cold PBS and fixed with 4% (w/v) paraformaldehyde (PFA), dissolved 

in PBS. Subsequently, the cells were blocked with PBS containing 1% bovine 

serum albumin (BSA), then incubated overnight at 4°C with primary antibodies 

against AcTub in 1% BSA. After washing, the cells were incubated with Alexa Fluor 

488-conjugated secondary antibodies (Invitrogen) for 1hr. Cilia images were 

observed by Z-stacking using a confocal microscope (LSM700, Carl Zeiss) and 

analyzed with ZEN blue software. Cilia images were taken in randomly selected 

fields and counted in over 100 cells under each experimental condition. 

The ciliated cell percentage was calculated as total number of cilia/total 

number of the nucleus at each image ×40. Lengths of cilia were measured using 

the freehand line selection tool of ImageJ software (National Institutes of Health) 

and the average cilium lengths were calculated. Analysis of graph data was 

performed with GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA). 

To assess autophagy flux, expression plasmids mRFP-GFP-LC3 (ptfLC3) 

were transiently transfected in the hypothalamic cell line using Lipofectamine 2000 

according to the manufacturer's instructions. After 24hrs transfection, cells were 
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subjected to the respective treatments as indicated. After fixation with 4% 

paraformaldehyde, nuclei were labeled with DAPI and digital images of 

representative cells were acquired. 

 

3.14. Cell cycle analysis 

The cells were collected, washed with ice-cold PBS, and fixed in 70% ethanol 

for at least 2hrs. The fixed cells were washed with PBS, then stained with a Tali 

cell cycle kit containing propidium iodide (PI) for 30minutes. Analysis cell cycle 

using a Canto II Flow Cytometer (BD Biosciences, NJ, USA). The cell sizes were 

examined using the forward light scatter (FSC) parameter. Data were analyzed 

using the FACSDiva and FlowJo software (BD Biosciences).  

 

3.15. Chromatin immunoprecipitation (ChIP) assay 

The N38_LRb cells treated leptin (100nM) for 6hrs then isolated chromatin. To 

pull down the STAT3-chromatin complex, we used 1μg anti-STAT3 antibody (Cell 

Signaling) or an equivalent amount of immunoglobulin (IgG, Sigma-Aldrich). In 

addition, cells were transfected with either the expression vectors for Flag-STAT3-

WT and STAT3-DN or an empty vector (3X FLAG-CMV10, 5μg). After 48hrs of 

transfection, cells were fixed with formaldehyde, and then lysed and sonicated. 

Soluble chromatin was immunoprecipitated with 1μg anti-Flag antibody (Sigma-
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Aldrich) or an equivalent amount of rabbit IgG. After de-crosslinking DNA, the 

chromatin samples were subjected to real-time PCR to amplify the STAT3 potential 

binding regions of mouse Ift88 and Ift20 genes. Information on the primer sequence 

for ChIP-qPCR is provided in Table 6. 

 

3.16. Luciferase assay 

The promoter-reporter luciferase constructs were kindly provided by Dr. Min-

Seon Kim (Asan Medical Center, Seoul, Korea). Briefly, the promoter regions of 

the genes encoding mouse Ift88 (nucleotide positions -913 to +81), and mouse 

Ift20 (nucleotide positions -1111 to +60) were cloned and ligated into the pGL3 

vector (Promega, Wisconsin, USA). The N38_LRb cells were split onto 6-well 

plates at a density of 5 × 105 cells/well. The following day, cells were transfected 

with luciferase constructs (100ng) and expression plasmids for either Flag-STAT3-

WT or Flag-STAT3-DN using Lipofectamine 2000 (Invitrogen). After 24hrs of 

transfection, the cells were treated with either vehicle or leptin (100nM) for an 

additional 24hrs. The pRL-SV40 (Renilla, Promega) was co-transfected in all 

experiments as an internal control for transfection efficiency variation. Cells were 

harvested to assay luciferase and Renilla activities using luciferase lysis buffer 

composed of 25 mM Tris Phosphate pH 7.8, 2 mM DTT, 2 mM EDTA, 10% Glycerol, 

and 1% Triton X-100. Luciferase activity was measured by Dual-Luciferase Assay 

Kit (Promega) according to the manufacturer’s instructions and normalized to 
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Renilla activity. Data are presented as fold changes over the controls. 

Transfections were performed in duplicate, and the experiments were repeated 3 

times. 

 

3.17. Quantitative real-time polymerase chain reaction (qPCR) 

Total RNA was extracted from the hypothalamus and hypothalamic cell using 

TRIzol reagent (Life Technologies, CA, USA) following the manufacturer’s 

instruction. The 1μg of total RNA was used to synthesize cDNA using the ReverTra 

Ace®  qPCR RT Master Mix with gDNA Remover (TOYOBO, Osaka, Japan). An 

aliquot (1/100 vol) of the cDNA was then subjected to Real-time quantitative PCR 

using the iQ SYBR®  Green SuperMix (Bio-rad, CA, USA) in a 96 well Real-Time 

PCR machine (CFX96, Bio-Rad Laboratories, Hercules, CA, USA) according to 

manufacturer’s instruction. Fold changes of gene expressions were calculated and 

determined using the 2-∆∆Ct method using 18S as internal control. Information on 

the primer sequence for qPCR is provided in Table 7. 

 

3.18. Western blots 

Hypothalamus samples and cell lysates were lysed in radio-

immunoprecipitation assay buffer (RIPA buffer; 150mM NaCl, 50mM Tris pH 8.0, 

1% Triton-X-100, 0.5% sodium deoxycholate, and 0.1% SDS) containing protease 
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and phosphatase inhibitors (Roche, Basel, Switzerland). Protein concentration was 

measured using Bio-Rad Protein Assay reagent (Bio-Rad Laboratories, CA, USA). 

Equal amounts of protein (20μg protein) were separated on sodium dodecyl 

sulfate-acrylamide (SDS/PAGE) gels and transferred to PVDF membranes 

(Millipore, MA, USA). Following blocking in 5% skim milk, membranes were 

incubated with specific antibodies in Tris-buffered saline with 0.1% Tween-20 

(TBST) overnight at 4°C. Membranes were incubated using horseradish 

peroxidase (HRP)-conjugated secondary antibody for 1hr at room temperature. 

Blots were detected using Pierce ECL Western blotting substrate (Waltham, MA, 

USA) and visualized using the chemiluminescent image analyzer LAS 4000 (GE 

Healthcare Life Science, MA, USA). 

 

3.19. Quantification and statistical analysis 

All statistical tests and data values were performed using GraphPad Prism 

(version 5) and R software (version 3.6.0). Full details of each statistical test used 

are described in each figure legend. The p values less than 0.05 were defined as 

a statistically significant difference. Statistical significance was determined by 

unpaired two-tailed Student’s t-test to compare two groups, and two-way analysis 

of variance (ANOVA) with the Bonferroni post-test to compare multiple groups. For 

correlation testing, linear regression models in R were utilized, and R2 values were 

reported. The R package ggplot2 was used to plot the result. To compare the 
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responses of neurons to acute application of leptin in electrophysiology 

experiments, Fisher’s exact test in R was used. Asterisks denote *p<0.05, **p<0.01, 

***p<0.001, n.s.: not significant. 
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Table 3. Reagents or resources 
 

Reagents or Resource Source Identifier 

Experimental models: Cell lines 

Mouse hypothalamic cell line 
(mHypoE-38), N38 

Cedarlane Cat# CLU-L-118 

Stable leptin-receptor (LRb) 
expressing N38, N38_LRb  

Dong Joo Yang N/A 

Experimental models: Mouse (strains) 

C57BL/6J Orient Bio N/A 

Ift88 floxed: 

B6.129P2-Ift88tm1Bky/J 
Jackson Laboratory Stock# 022409 

LepR-cre: 

B6.129(Cg)-Leprtm2(cre)Rck/K 
Jackson Laboratory Stock# 008320 

AgRP-cre: 

B6.129S6-Agrptm1(cre)/J 
Jackson Laboratory Stock# 012899 

SF-1 cre Dr. Joel K. Elmquist N/A 

tdTom floxed: 

B6.129S6-
Gt(ROSA)26Sortm9(CAG-

tdTomato)Hze/J 

Jackson Laboratory Stock# 007905 

SF1-eGFP tg Dr. Joel K. Elmquist N/A 

Antibodies 

Anti-ACIII Santa Cruz Cat# sc-588 

Anti-β-Actin GeneTex Cat# GTX109639 
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Anti-Actin (pan) Cell Signaling Cat# 4968 

Anti-Acetylated-α-Tubulin Sigma-Aldrich Cat# T7451 

Anti-Flag-HRP Sigma-Aldrich Cat# A8592 

Anti-GAPDH GeneTex Cat# GTX100118 

Anti-phosphor-Jak2 Cell Signaling Cat# 3771 

Anti-JAK2 Abcam Cat# ab39636 

Anti-LC3B Novus Cat# NB100-2220 

Anti-SF1 Dr. Keith L Parker N/A 

Anti-SSTR3 Santa cruz Cat# 11617 

Anti-phosphor-STAT3 Cell Signaling Cat# 9145 

Anti-phosphor-STAT3 
(IHC) 

Cell Signaling Cat# 9131 

Anti-STAT3 Cell Signaling Cat# 9139 

Anti-UCP1 Abcam Cat# ab10983 

Goat-anti-Rabbit IgG (H+L) 
secondary antibody, HRP 

Thermo Scientific Cat# 31460 

Goat-anti-Mouse IgG (H+L) 
secondary antibody, HRP 

Invitrogen Cat# 62-6520 

Biotin-SP-AffiniPure Donkey 
anti-Rabbit IgG (H+L) 

Jackson Cat# 711-065-152 

Donkey anti-Rabbit IgG (H+L), 
Alexa Fluor 488-conjugated 
secondary antibody 

Invitrogen Cat# A21206 
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Donkey anti-Mouse IgG (H+L), 
Alexa Fluor 488-conjugated 
secondary antibody 

Invitrogen Cat# A212202 

Goat anti-Rabbit IgG (H+L), 
Alexa Fluor 594-conjugated 
secondary antibody 

Thermo Scientific Cat# A11012 

IgG, normal rabbit Santa Cruz Cat# sc-2027 

Chemicals, Reagents, and Recombinant proteins 

Lipofectamine 2000 Invitrogen Cat# 11668-019 

Mounting medium with DAPI Vector Cat# H-1500 

3-methyladenine (3MA) Sigma-Aldrich Cat# M9281 

Stattic Santa Cruz Cat# sc-2002818 

Jak2i (AG490) Calbiochem Cat# 658401 

Tribromoethanol (Avertin) Sigma-Aldrich 
Cat# T48402 
Cat# 152463 

D-Glucose anhydrous Sigma-Aldrich Cat# 158968 

Recombinant-mouse leptin (for 
in vitro) 

Sigma-Aldrich Cat# 13772 

Recombinant-mouse leptin (for 
in vivo) 

Dr. A.F. Parlow. 
(NHPP, Harbor-UCLA) 

N/A 

Insulin (Humulin-R) Eli Lilly Cat# HI0210 

Commercial assays 

Leptin ELISA kit MIOBS Cat# M1305 

Insulin ELISA kit MIOBS Cat# M1104 
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Corticosterone ELISA kit Abcam Cat# ab108821 

Norepinephrine ELISA kit LDN Cat# BA E-5200 

Testosterone ELISA kit Abcam Cat# ab108666 

Thyroxine (T4) ELISA kit Invitrogen Cat# EIAT4C 

Estradiol ELISA kit BioVision Cat# K3830-100 

ABC Peroxidase (HRP) kit Vector Cat# PK-4000 

DAB Substrate kit, Peroxidase 
(HRP), with Nickel 

Vector Cat# SK-4100 

Recombinant DNA 

p3xFLAG-CMV10 Sigma-Aldrich Cat# E7658 

Flag-STAT3-WT Dr. Chang-Myung Oh N/A 

Flag-STAT3-DN Dr. Chang-Myung Oh N/A 

Mouse Ift88 promotor-
luciferase construct 

Dr. Min-Seon Kim N/A 

Mouse Ift20 promotor-
luciferase construct 

Dr. Min-Seon Kim N/A 

pRL-SV40 Promega Cat# E2231 

ptfLC3 (mRFP-GFP-LC3) Addgene Cat# 21074 

Other 

Normal chow diet LabDiet Cat# 5053 

High fat diet Research Diets Cat# D12492 
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Table 4. Genotyping primer sequences for mouse model 
 

Name Sequence (5’-3’) Size (bp) 

Agrp-Cre 
F: GCATTACCGGTCGATGCAACGAGTGATGAG 
R: GAGTGAACGAACCTGTGCGAAATCAGTGCG 

539 

Ift88 floxed 
16967: GACCACCTTTTTAGCCTCCTG 
16969: AGGGAAGGGACTTAGGAATGA 

WT: 410 
floxed: 365 

LepR-Cre 
CZ054: TGCTTCTGTCCGTTTGCCGGT 
CZ058: GTGAAACAGCATTGCTGTCAC 

WT: 650 
Cre: 210 

SF1-Cre 

M176: GGTCAGCCTAATTAGCTCTGTCAT 
M177: GATCTCCAGCTCCTCCTCTGTCT 
M245: CTGAGCTGCAGCGCAGGGACAT 
M247: TGCGAACCTCATCACTCGTTGCAT 

WT: 600 
Cre: 244 

SF1-eGFP 
tg 

GFP-F: CACCATCTTCTTCAAGGACGAC 
GFP-R: GAATGACACCTACTCAGACAATGC 

600 

tdTomato 
floxed 

MR9020: AAGGGAGCTGCAGTGGAGTA 
MR9021: CCGAAAATCTGTGGGAAGTC 
MR9103: GGCATTAAAGCAGCGTATCC 
MR9105: CTGTTCCTGTACGGCATGG 

WT: 297 
floxed: 196 
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Table 5. The siRNA sequences 
 

Name Source siRNA sequence (5’-3’) 

Control oligo 
(siCTR) 

Dharmacon UUCUCCGAACGUGUCACGU 

siJAK2 #1 Dharmacon GAGCAAAGAUCCAAGACUA 

siJAK2 #2 Dharmacon GCCAGAAACUUGAAACUUA 

siJAK2 #3 Dharmacon GAUCCUGGCAUUAGUAUUA 

siSTAT3 GenePharma 
CCCGCCAACAAAUUAAGAA 
GGGUCUCGGAAAUUUAACA 
GAGGAGGCAUUUGGAAAGU 
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Table 6. Primer sequences for ChIP-qPCR 
 

Name Sequence (5’-3’) 

Ift20 (-842) 
F: CGTCAGACCAGATTCCACCC 
R: CCCTCTATCCACAGGCGAAG 

Ift20 (Non-target) 
F: CACCTCGGCAGAGTGTGATT 
R: TTGAGTGGCGATCCTGAACC 

Ift88 (-844) 
F: AAGTGCAGTAACTTGTGATTCCAG 
R: GGTTACCTTGCAAGTGGGGTA 

Ift88 (-720) 
F: TGCTGATACAACACACCTGGA 
R: TGGGGACAGATGTAGGGGAC 

Ift88 (Non-target) 
F: GACTGGTCAGCAGTGTGCTAT 
R: TGGCCCAAAGGCAGTGAATA 
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Table 7. Primer sequence for qPCR 
 

Name Sequence (5’-3’) 

18S 
F: AACCCGTTGAACCCCATT 
R: CCATCCAATCGGTAGTAGCG 

5HTR2C 
F: GCCAATGAACACCTTCTTTCC 
R: GCCAATTAGGTGCACAAGGAG 

Acaca 
F: AGGAAGATGGTGTCCCGCTCTG 
R: GGGGAGATGTGCTGGGTCAT 

Adrb3 
F: TGAAACAGCAGACAGGGACA 
R: GGCGTCCTGTCTTGACACTC 

Agrp 
F: CGGCCACGAACCTCTGTAG 
R: CTCATCCCCTGCCTTTGC 

Atg5 
F: TTTCCTTCTGTGTTCCCATTTCT 
R: TCCCTGAGACAAGTCGCCTTATG 

Atg7 
F: GCAGCCAGCAAGCGAAAG 
R: TCTCATGACAACAAAGGTATCAAACC 

Bbs1 
F: CAAACACCCCAAGTACTGCAT 
R: TGAAGCCATGCAGACTCTCTT 

Dio2 
F: TTCTCCAACTGCCTCTTCCTG 
R: CCCATCAGCGGTCTTCTCC 

Elovl5 
F: TCCGATATGAAGATCATCC 
R: TTGCGAAGGATGAAGAAA 

Elovl6 
F: CATGGTAAGATAAGCCTG 
R: CAGACTTCTGGAACATTC 

Fasn 
F: GGTGTGGTGGGTTTGGTGAATTGT 
R: TCACGAGGTCATGCTTTAGCACCT 
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G6Pase 
F: TGGGCAAAATGGCAAGGA 
R: TCTGCCCCAGGAATCAAAAAT 

Gck 
F: AAACTACCCCTGGGCTTCAC 
R: ATTGCCACCACATCCATCTC 

Glut2 
F: TGCTGGCCTCAGCTTTATTC 
R: TTTCTTTGCCCTGACTTCCTC 

Ift20 
F: AGGCAGGGCTGCATTTTGAT 
R: CAAGCTCAATTAGACCACCAACA 

Ift88 
F: GCAGTGACAGTGGCCAGAAC 
R: AAGGTTCATCTGTCCCAGGC 

Kif3a 
F: AGCTGCGATAATGTGAAGGTG 
R: GTTCCCCTCATTTCATCCACG 

LepRb 
F: AACCCCAAGAATTGTTCCTGG 
R: GGAGACCATAGCTGCTGGGACC 

Npy 
F: CTACTCCGCTCTGCGACACT 
R: AGTGTCTCAGGGCTGGATCTC 

PEPCK 
F: CGCAAGCTGAAGAAATATGACAA 
R: TCGATCCTGGCCACATCTC 

Pgc1α 
F: AACCACACCCACAGGATCAGA 
R: TCTTCGCTTTATTGCTCCATGA 

Pklr 
F: AGGAGTCTTCCCCTTGCTCTAC 
R: GGAGAGGCGTTTCAGGATATG 

Pomc 
F: CAGGTCCTGGAGTCCGA 
R: CATGAAGCCACCGTAACG 

PPARγ 
F: CAAGAATACCAAAGTGCGATCAA 
R: GAGCTGGGTCTTTTCAGAATAATAAG 
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SF-1 
F: CCCTTATCCGGCTGAGAATT 
R: CCAGGTCCTCGTCGTACGA 

Srebp1 
F: GGAGCCATGGATTGCACATT 
R: GGCCCGGGAAGTCACTGT 

STAT3 
F: CCATTGACCTGCCGATGTC 
R: CTCAGCACCTTCACCGTTATTTC 

Tfam 
F: AGGAGGCAAAGGATGATTCG 
R: CCTCAGGAGACAGATTTTTCCA 

Ucp1 
F: GGCCCTTGTAAACAACAAAATAC 
R: GGCAACAAGAGCTGACAGTAAAT 
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IV. RESULTS 

 

4.1. Effects of leptin signaling in the hypothalamic ciliogenesis during 

fasting 

As widely studied models of ciliopathies, especially both BBS and ALMS share 

overlapping features including obesity [61]. In the context of energy homeostasis, 

genetic mutations and deletions in ciliary genes have been recapitulated clinical 

features seen in ciliopathies. In parallel, primary cilia have been found in the 

hypothalamic neurons, suggesting a direct link between these sites and obesity 

[33, 65, 81].  

Leptin plays a central role in regulating energy balance via the activation of 

anorexigenic pathways and inhibitions of orexigenic pathways in the hypothalamus 

[16]. However, it is unclear whether leptin resistance is a primary or secondary 

cause of obesity. Interestingly, since defects of primary cilia expressed leptin 

resistance in many cases, studying the molecular link between primary cilia and 

leptin signaling is important to understand obesity. Leptin concentration is high 

upon energy rich-condition, on the other hand, once the energy level was low leptin 

concentration falls. Interestingly, primary cilia build up during energy deficiency 

states such as starvation. In this regard, I studied that how the primary cilia and 

leptin signaling interplay with each other according to energy status. 
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4.1.1. Hypothalamic ciliogenesis during fasting 

Firstly, to study the homeostatic role of hypothalamic cilia in fasting conditions, 

I examined time-dependent ciliary length in various regions of the brain including 

PVN, DMH, ARC, and VMH, then investigate the morphologies of hypothalamic 

cilia (Figure 4A). the hypothalamic cilia in PVN, DMH, ARC, and VMH were 

significantly elongated during fasting (Figure 4B and C). As well as, hypothalamic 

ciliary genes that are involved in the ciliary formation, were increased in fasted 

conditions (Figure 5). On the other hand, the cilia expressed in the cortex and 

hippocampus which do not directly sense body energy status are not changed 

(Figure 6). These results indicate that neuronal cilia specifically expressed in the 

hypothalamus are sensitive to the change of nutrient state and they dynamically 

change their morphologies depending on body energy condition. 

 

4.1.2. Correlations between leptin and primary cilia 

Proper leptin falling in the fasted conditions is an important neuroendocrine 

signal for normal fasting responses [43, 92]. Therefore, I examined whether the 

relationship between starvation-induced hypothalamic cilia dynamics and leptin 

levels. Intriguingly, serum leptin levels were inversely correlated with the 

hypothalamic cilia length during fasting (Figure 7). Based on these results, I 

hypothesize whether leptin has an impact on the regulation of ciliary dynamics 

induced by starvation. To address this, I injected leptin into the mice during fasting 
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conditions, then analyzed the ciliary dynamics. Surprisingly, leptin administration 

significantly blunted the starvation-induced hypothalamic ciliogenesis and this 

effect was specific to hypothalamic nuclei (Figure 8 and Figure 9). 

 

4.1.3. Anti-ciliogenic effects of leptin signaling 

To understand the underlying mechanism of how leptin suppresses starvation-

induced ciliogenesis, I investigated various signaling pathways by using in vitro 

system. I treated leptin in the hypothalamic N38 cell line. However, I could not 

recapitulate the phenomenon that I observed in the mouse system because there 

is no response of leptin (Figure 10A, D, and E). Therefore, I established a stable 

hypothalamic cell line that permanently expresses functional leptin receptors 

(N38_LRb) (Figure 10A). Using the N38_LRb cells, I was able to recapitulate the 

data that suppressive effects of leptin on starvation-induced ciliogenesis (Figure 

10B and C). In addition, leptin has not been affected in cell cycle, indicating that 

the anti-ciliogenesis effect of leptin in fasted conditions was independent of the cell 

cycles (Figure 10F). 

 

4.1.4. Blockade STAT3 pathway promotes ciliogenesis 

Next, to identified the molecular link between leptin and ciliogenesis, I 

investigated the signal transducer and activator of transcription 3 (STAT3), which 

is direct downstream of leptin signaling. To examine whether the activated STAT3 
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is required for the anti-ciliogenic effect in serum deprived condition, I suppressed 

STAT3 either by treating STAT3 inhibitor (Stattic) or by expressing dominant-

negative STAT3 (STAT3_DN). Both approaches were significantly blunted leptin’s 

effect on starvation-induced ciliogenesis (Figure 11). In addition, inhibition of Janus 

kinase 2 (Jak2), an upstream molecule of STAT3, also showed a similar effect with 

STAT3 inhibition (Figure 11A and B). These results highly suggesting that the 

leptin-mediated STAT3 activation might be a crucial event for the regulation of 

starvation-induced ciliogenesis. 

The expression of ciliary genes increased by fasting but leptin significantly 

blunted fasting-induced upregulation of those genes, suggesting that leptin might 

transcriptionally regulate ciliary genes (Figure 5 and Figure 14D). As the STAT3 is 

a major transcription factor activated by leptin, I hypothesized that STAT3 might be 

involved in the regulation of ciliary gene transcription. Intriguingly, I found out the 

potential binding sites for STAT3 in the promoter regions of Ift88 and Ift20, and 

STAT3 were directly binds to those promoter regions (Figure 12A). Based on this, 

I performed chromatin immunoprecipitation (ChIP) assays to investigate whether 

the STAT3 directly binds to those potential binding sites. Using hypothalamic cells, 

I confirmed specific and direct binding of STAT3 on the -844 and -842 regions of 

Ift88 and Ift20, respectively (Figure 12B and C). These bindings were significantly 

enhanced by leptin treatment (Figure 12D) but completely abolished by STAT3-

DN (Figure 12E), indicating that the STAT3 acts as a direct transcriptional regulator 
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for ciliary-gene regulation. 

Next, I performed a luciferase assay to assessed that whether the STAT3 

affects the transcriptional activity of ciliary genes by using luciferase constructs 

containing IFTs promoter (Figure 13A). First, leptin treatment significantly inhibited 

the transcriptional activities of Ift88 and Ift20 (Figure 13B and C). In addition, 

overexpression of STAT3 also significantly suppressed the luciferase activities of 

mIft88-Luc and mIft20-Luc, dose-dependently (Figure 13D and E). The inhibitory 

effect of leptin on the ciliary gene transcription was normalized by STAT3_DN 

(Figure 13F and G), highly indicating that STAT3 is a major transcriptional 

suppressor for the genes that are related to ciliogenesis such as Ift88 and Ift20. 

 

4.1.5. Leptin-mediated anti-autophagic activity inhibits starvation-induced 

ciliogenesis 

Along with the direct inhibition of the transcriptional activity of ciliogenic genes, 

STAT3 is also involved in the mediation of the autophagic process. Autophagy is 

an evolutionarily conserved self-digestive process that contributes to cellular 

homeostasis in a range of organisms from yeast to mammals [96]. Under stress 

conditions, such as DNA damage, protein aggregation, and energy deprivation, 

autophagy often plays a key role by removing damaged organelles or recycling 

nutrients and energy to maintain cellular homeostasis. Recent reports show that 

autophagy signal is closely linked to inducing ciliogenesis [97, 98]. These studies 
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show that ciliogenesis is induced in conditions of serum starvation through the 

autophagy pathway, and suggested that the autophagy and primary cilium 

reciprocally affect each other. 

Given that autophagy is a positive regulator for ciliogenesis, I investigated the 

correlation between leptin-JAK2/STAT3 pathway and autophagy. Starvation 

increased autophagosome formation in both mouse hypothalamus and 

hypothalamic cell line as shown by the increased conversion of microtubule-

associated protein 1 light chain 3 (LC3-I), the cytosolic precursor form of autophagy 

modifier protein LC3, to LC3-II, the membrane-bound processed form (Figure 14A-

B and Figure 15A). Interestingly, however, the starvation-induced autophagosome 

formation was significantly blunted by leptin treatment. In addition, increased 

autophagy-related genes, Atg5 and Atg7, in starved hypothalamus were also 

significantly suppressed by leptin administration, likewise ciliary genes (Figure 14C 

and D). The anti-autophagic activity of leptin might be through the JAK2/STAT3 

pathway since inhibition of either JAK2 or STAT3 using specific siRNAs exhibited 

increments of autophagosome formation (Figure 15B-E). Furthermore, leptin 

significantly inhibited starvation-induced autophagic flux as indicated by biosensor 

mRFP-GFP-LC3. Note that the leptin treatment inhibited serum-deprivation-

induced autolysosome formation (Figure 15F and G). The results highly indicate 

that the anti-autophagic role of leptin in starved conditions might also contribute to 

the inhibition of hypothalamic ciliogenesis.  
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Taken together, these results strongly suggest that the leptin-mediated 

activation of the JAK2-STAT3 pathway is a major suppressor on the starvation-

induced ciliogenesis via transcriptional regulation and anti-autophagic function 

(Figure 16). 
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Figure 4. Hypothalamic ciliogeneis during starvation 

(A) Time-dependent length changes of primary cilia in mediobasal hypothalamic 

regions. Adenylyl cyclase (ACIII) were used as a ciliary marker protein. 

Scale=20μm. (B) Length of hypothalamic cilia upon fasting. (C) Starvation-induced 

ciliogenesis. 

ARC, arcuate nucleus; DMH, dorsomedial hypothalamus; PVN, paraventricular 

hypothalamus; VMH, ventromedial hypothalamus. Number and length of cilia were 

measured by ImageJ software. Results are expressed as mean ± SD. Statistics 

were performed using Student’s t-test (B) and one-way ANOVA (C). *p<0.05, 

**p<0.01, ***p<0.001 vs. fed. 
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Figure 5. Expressions of hypothalamic ciliary genes during fasting 

conditions 

Expression levels of hypothalamic ciliary component. **p<0.01 vs. fed 
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Figure 6. Starvation does not affect ciliary length in non-hypothalamic nuclei 

(A) Time-dependent monitors of cilia length in hippocampal cornu ammonis (CA) 

and cortex. ACIII antibody were used to visualize primary cilia. Scale=20μm. (B) 

Length of cilia were measured by ImageJ software. (C) Percent changes of cilia 

length after 36hrs fasting.  

Results are expressed as mean ± SD values. Statistics were performed using one-

way ANOVA (B), and Student’s t-test (C). 
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Figure 7. Inverse correlation between serum leptin and hypothalamic ciliary 

length during fasting 

Correlation analysis between serum leptin and hypothalamic cilia length in 

indicated time of fasting. Results are expressed as mean ± SD values. Statistics 

were performed using linear regression. 
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Figure 8. Effect of leptin on the starvation-induced ciliogenesis 

(A and B) Effect of leptin on starvation-induced ciliogenesis. Note that leptin inhibits 

starvation-induced ciliogenesis only in hypothalamic nuclei. Scale=20μm. (C) 

Starvation-induced ciliogenesis (%) and effect of leptin. 

Results are expressed as mean ± SD. Statistics were performed using Student’s t-

test. *p<0.05, **p<0.01, ***p<0.001 vs. fed. #p<0.05, ##p<0.01, ###p<0.001 vs. 

fasting with saline injection. 
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Figure 9. The anti-ciliogenic effect of leptin was not detected in non-

hypothalamic nuclei 

(A) Immunohistochemistry analysis of hippocampal and cortex cilia. Mice were 

fasted 36hrs with/without leptin administration. (B) Length of cilia were measured 

by ImageJ software. Scale=20μm. (C) Percent changes of cilia length after 36hrs 

fasting with/without leptin injection. 

Data are expressed as mean ± SD values. Statistics were performed using 

Student’s t-test. 
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Figure 10. Functional leptin receptor is required for the anti-ciliogenic effect 

of leptin in serum starvation conditions  

(A) Establishment of stable hypothalamic cell line (N38_LRb) expressing functional 

leptin receptor. (B and C) Effect of leptin (100nM for 24hrs) on ciliogenesis in 

N38_LRb cells. (D and E) Native hypothalamic N38 expressing non-functional 

leptin receptor cells were treated with or without leptin after serum deprivation. 

Note that the requirement of functional leptin receptor for anti-ciliogenic effect of 

leptin in serum-deprived condition. Primary cilia are visualized using acetylated-α-

tubulin (AcTub). Scale=10μm. (F) Fluorescence active cell sorting (FACS) result 

from N38_LRb cells showing no changes of cell cycle by leptin treatment in serum-

deprived condition. 

Results are expressed as mean ± SD. Statistics were performed using Student’s t-

test. *p<0.05 vs. Serum. #p<0.05 vs. serum depleted.  
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Figure 11. Blockade JAK2-STAT3 pathway promotes ciliogenesis 

(A) Effect of leptin (100nM for 24hr), Stattic (a STAT3 inhibitor, 4μM), or Jak2i (a 

Jak2 inhibitor,100nM) in serum deprivation-induced ciliogenesis in N38_LRb cells. 

The signaling blockers were pretreated for 30minutes. Scale=10μm. (B) Length of 

cilia and percentage cell with cilia were analyzed from A. (C) Effect of STAT3_WT 

or dominant negative STAT3 (STAT3_DN) in the regulation of serum deprivation-
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induced ciliogenesis. Scale=10μm. (D) Length of cilia and percentage cell with cilia 

were analyzed from C. 

Data are expressed as mean ± SD values. Statistics were performed using 

Student’s t-test. *p<0.01 vs. control. n.s. not significant. 
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Figure 12. Ciliary genes are direct targets of STAT3 

(A) Sequence alignments for potential STAT3 binding sites on the promoter 

regions of Ift88 (top) or Ift20 (bottom) among different animal species. Red color 

indicated potential STAT3 binding sequence (TTCnnnAA). (B and C) Fold 

enrichment of STAT3 on the promoter regions of Ift88 and Ift20. (D) Activation of 

STAT3 by leptin treatment, and effect of leptin on fold enrichment of STAT3 on the 

promoter regions of Ift88 and Ift20. (E) Validation the overexpression of Flag 

tagged either WT- or DN-STAT3 constructs. Effect of STAT3_DN in the enrichment 

of STAT3 on the promoter regions of Ift88 and Ift20. 

Data are expressed as mean ± SD values. Statistics were performed using 

Student’s t-test. *p<0.01 vs. control. 
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Figure 13. Transcriptional regulation of ciliary gene by STAT3 

(A) Schematics for mouse Ift88 and Ift20 luciferase constructs used for luciferase 

assays. (B and C) Suppressive effect of leptin on the transcriptional activities of 

Ift88 or Ift20. (D and E) Dose-dependent suppressive effect of STAT3 on the 

transcriptional activities of Ift88 and Ift20. (F and G) Intact STAT3 activation is 

required for leptin-mediated inhibition of Ift88 and Ift20. 

Data are expressed as mean ± SD values. Statistics were performed using 

Student’s t-test. *p<0.01 vs. control. n.s. not significant. 
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Figure 14. Leptin inhibits starvation-induced hypothalamic autophagy  

(A) Leptin-mediated STAT3 activation inhibits fasting-induced autophagy in mouse 

hypothalamus. (B) LC3-II intensity from A. (C) Effect of leptin on the expression of 

fasting-induced autophagic Atg5 and Atg7 genes. (D) Expression of hypothalamic 

ciliary genes in fasted condition with or without leptin. 

Results are expressed as mean ± SD values. Statistics were performed using 

Student’s t-test. *p<0.05 vs. fed. #p<0.05 vs. fasting. 
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Figure 15. Anti-autophagic effect of leptin in fasting condition prevents 

fasting-induced ciliogenesis 

(A) STAT3 activation inhibits serum deprivation-induced autophagy in N38_LRb 

cells. (B and C) Inhibition of JAK2 using JAK2 siRNA (siJAK2) induced autophagy 

and enhanced ciliation in normal serum condition. (D and E) Inhibition of STAT3 

using STAT3 siRNA (siSTAT3) induced autophagy and enhanced ciliation in 

normal serum condition. (F and G) Autophagy flux were monitored using mRFP-

GFP-LC3 puncta in N38_LRb cells. Scale=25μm. 

Results are expressed as mean ± SD values. Statistics were performed using one-

way ANOVA (C) and Student’s t-test (E). *p<0.01 vs. control. 
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Figure 16. Summary of the anti-ciliogenic action of leptin upon starvation  

Leptin-mediated anti-ciliogenic and anti-autophagic activity cooperatively inhibits 

starvation-induced hypothalamic ciliogenesis. 
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4.2. Functions of primary cilia in the leptin receptor-expressing 

neurons 

4.2.1. Background 

The hypothalamus plays an essential role in the integration of 

counterregulatory neurotransmitters, hormonal signals, and neural activity in 

response to starvation through its neuronal ability to sense, integrate, and respond 

to the metabolic changes [99, 100]. Thus, it is important to understand a critical 

hypothalamic component maintaining body homeostasis, especially in fasted 

conditions. Although the primary cilia known to neuronal sensory hubs, it has not 

been investigated the function of neuronal cilia on the counterregulatory responses 

under the metabolic status. In particular, serum leptin falls during starvation and it 

is an important role in the modulation of the counterregulatory neuroendocrine 

system to maintain energy balance [92]. Here, I propose that the functional role of 

primary cilia in the leptin-responsive neurons for proper leptin action to regulate 

physiological adaptation to starvation.  

 

4.2.2. Validation of mouse model 

To examine the physiological role of primary cilia in the leptin-responsive 

neurons, I used the conditional knock-out (KO) model that deleting the Ift88 gene 

specifically in the leptin receptor-expressing neurons (Ift88 KOLepR mice). To 
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visualize LepR-expressing neurons, I bred the LepR-Cre mouse with the Cre-

inducible tdTomato expressing mice. Breeding Ift88 floxed with LepR-Cre mice 

resulted in mice with deficiency of primary cilia (Figure 17). 

 

4.2.3. Metabolic phenotype 

To investigate the phenotypic characteristics of the experimental model, I 

measured metabolic profiles including body weight, food intake, energy 

expenditure, and locomotor activities. Unexpectedly, I could not observe metabolic 

differences under either normal chow or high-fat diet feeding conditions (Figure 18 

and Figure 19). Intriguingly, however, the Ift88 KOLepR mice were shown to 

significantly reduced weight loss, VO2, and energy expenditure in fasted conditions 

without locomotor activity change (Figure 20). In addition, the Ift88 KOLepR mice 

exhibited significantly higher leptin levels in fasted conditions (Figure 20F). These 

results indicate that the primary cilia in leptin receptor-expressing neurons play 

important roles in the regulation of normal fasting responses. 

 

4.2.4. Leptin-responsive neuron cilia are required for leptin action 

Proper leptin falling in the fasted conditions is an important neuroendocrine 

signal for normal fasting responses. To confirm that the hyperleptinemia in the Ift88 

KOLepR mice caused by leptin resistance, monitored leptin levels at multiple time 

points during fasting. Notably, leptin levels were significantly higher in the Ift88 
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KOLepR mice during all the time of fasting (Figure 21). To further characterize the 

roles of the neuronal cilia in the regulation of proper leptin action, mice were fasted 

for 24hrs then administered with leptin and monitored leptin sensitivity by 

measuring food intake, VO2, and EE using indirect calorimetry. The Ift88 KOLepR 

mice exhibited significantly increased cumulative food intake, decreased VO2, and 

energy expenditure (Figure 22). In addition, for rebound effect, the Ift88 KOLepR 

mice also displayed significantly increased rebound food intake, decreased VO2, 

and energy expenditure in both normal chow- and HFD-feeding conditions (Figure 

23 and Figure 24). Overall, the results suggest that impaired leptin action induced 

by primary cilia deletion in leptin-responsive neurons might be a causality of the 

abnormal fasting responses in the Ift88 KOLepR mice. 

 

4.2.5. Primary cilia are required for leptin-mediated neuronal activities 

To comprehend the direct cellular mechanism of impairment of fasting 

responses and blunted leptin actions in cilia defected mice, whole-cell patch-clamp 

recordings were performed by Lab member Mr. Tran, in leptin-receptor expressing 

neurons with or without primary cilia. Bath application of leptin-induced mixed 

responses of leptin-receptor expressing neurons of WT mice, with a subset (9 of 

24, 37.5%) of neurons were hyperpolarized by -5.79 ± 2.60 mV and a smaller 

population (6 of 24, 25%) of them were depolarized by 5.49 ± 3.13 mV (Figure 25). 

However, in neurons of the Ift88 KOLepR mice, the number and proportion of leptin-
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responsive neurons significantly reduced, as only 5 of 21 cells (23.81%) were only 

hyperpolarized without any depolarizing cells (Figure 25). Leptin-responsive 

neurons were distributed heterogeneously along the rostral-caudal axis of the 

hypothalamus and the examined neurons were indicated with color codes based 

on their responses (Figure 26). These results demonstrate that the neuronal cilia 

are required organelle for the regulation of normal neuronal activities in response 

to leptin in fasted conditions. 

4.2.6. Role of neuronal cilia in the regulation of neuroendocrine response to 

starvation 

When the starvation is started, counterregulatory hormonal reactions are 

initiated to cope with the fasting condition, however, the exogenous leptin repletion 

during the starvation substantially blunted starvation-induced hormonal responses 

suggesting that leptin homeostasis is critical for normal starvation responses [92]. 

Abnormal leptin action in starvation conditions and fasting response in cilia 

defected mice, further investigated that the roles of primary cilia in leptin-

responsive neurons in counterregulatory hormonal regulation and leptin’s 

neuroendocrine action upon starvation. To address this, I measured several 

endocrine hormones known to play in fasting responses. As a result, hormones 

such as corticosterone, thyroxine (T4), and testosterone from WT mice showed 

normal responses to the fasting, and these hormonal responses were blunted by 
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leptin repletion, however, these responses were significantly impaired both in 

fasted and leptin replenished conditions in the Ift88 KOLepR mice (Figure 27). These 

results highly imply that the neuronal cilia in leptin receptor-expressing neurons are 

integral for proper counterregulatory responses to fasting. 

Taken together, data suggest that the neuronal cilia expressed in leptin-

responsive neurons are necessary not only for normal leptin action but also for 

leptin-mediated neuroendocrine reflexes during starvation conditions (Figure 28). 
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Figure 17. Validation of experimental model 

Validation of leptin receptor-expressing neurons specific primary cilia KO (Ift88 

KOLepR) mice. Primary cilia were visualized by ACIII in the LepR-expressed 

neurons (tdTom positive). Scale=10μm. 
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Figure 18. Metabolic phenotype of the Ift88 KOLepR mice fed on normal chow 

diet 

(A) Weekly body weight of male mice. (B-E) Metabolic parameters of daily food 

intake (B), O2 consumption (C), energy expenditure (D), and locomotor activity (E) 

were monitored using indirect calorimetry. 

The number of mice used were expressed in parenthesis. The results are 

expressed as mean ± SD. 
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Figure 19. Metabolic phenotype of the Ift88 KOLepR mice upon high-fat diet 

(A) Weekly body weight of male mice upon high-fat diet. (B-E) Metabolic 

parameters of daily food intake (B), O2 consumption (C), energy expenditure (D), 

and locomotor activity (E) were monitored using indirect calorimetry. 

The number of mice used were expressed in parenthesis. The results are 

expressed as mean ± SD. 
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Figure 20. Primary cilia expressed in leptin receptor-expressing neurons are 

required for normal fasting responses 

(A) Body weight of 10 weeks old WT and Ift88 KOLepR littermates. (B) ΔBody weight 

of 10 weeks old WT and Ift88 KOLepR littermates after 24hrs fasting. (C-E) Metabolic 

parameters in WT and Ift88 KOLepR littermates were monitored during fasting period 

for 24hrs. Changes of VO2 (C), EE (D), and locomotor activity (E) were shown. (F) 

Changes of plasma leptin levels after 24hrs fasting. 

Number of animals examined were expressed with parentheses in each graph. 

Data are expressed as mean ± SD. Statistics were performed using two-way 

ANOVA (D-F), and Student’s t-test (C-G). *p<0.05, **p<0.01, ***p<0.001 vs. WT. 
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Figure 21. Correlation analysis of serum leptin in the Ift88 KOLepR mice during 

fasting 

Number of animals examined were expressed with parentheses in graph. Data are 

expressed as mean ± SD values. Statistics were performed using linear regression. 
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Figure 22. Impaired leptin action on the rebound energy homeostasis in the 

Ift88 KOLepR mice  

(A) Experimental scheme to examine leptin action in WT and Ift88 KOLepR 

littermates. (B-D) Metabolic parameters in WT and Ift88 KOLepR mice after leptin 

injection. Temporal change of cumulative daily food intake (B). Amount of food 

intake in 6, 24, and 48hrs (C), O2 consumption (D) and energy expenditure (E). 

Data are expressed as mean ± SD values. Statistics were performed using two-

way ANOVA and Student’s t-test. *p<0.05, **p<0.01 vs. WT. 
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Figure 23. Impaired rebound response in the Ift88 KOLepR mice fed on normal 

chow diet 

(A) Schematics describing rebound energy homeostasis measurement in normal 

chow-fed WT and Ift88 KOLepR littermates using indirect calorimetry. (B) Cumulative 

rebound food intake. Amount of food intake for 24hrs and 48hrs was separately 

indicated on the right. O2 consumption (C) and energy expenditure (D) were 

measured. 

The number of mice used were expressed in parenthesis. The results are 

expressed as mean ± SD. Statistics were performed using two-way ANOVA and 

Student’s t-test. *p<0.05, **p<0.01 vs. WT. 
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Figure 24. Impaired rebound response in the Ift88 KOLepR mice upon high-fat 

diet 

(A) Schematics describing rebound energy homeostasis measurement in HFD-fed 

WT and Ift88 KOLepR littermates using indirect calorimetry. (B) Cumulative rebound 

food intake in HFD condition. Amount of food intake for 24hrs and 48hrs was 

separately indicated on the right. The O2 consumption (C) and energy expenditure 

(D) were measured. 

The number of mice used were expressed in parenthesis. The results are 

expressed as mean ± SD. Statistics were performed using two-way ANOVA and 

Student’s t-test. *p<0.05, ***p<0.001 vs. WT. 
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Figure 25. Primary cilia in the leptin receptor-expressing neurons are 

necessary for leptin-mediated neuronal activity 

(A) Representative electrophysiological traces demonstrating no change, 

hyperpolarization, and depolarization in responses to leptin in the hypothalamic 

neurons of WT mice. (B) Representative electrophysiological traces exhibiting no 

change and hyperpolarization in responses to leptin in the hypothalamic neurons 

of the Ift88 KOLepR mice. (C) Percent in electrophysiological responses in WT and 

Ift88 KOLepR mice. 

The data for electrophysiology was produced by Mr. Tran Le Trung. 
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Figure 26. Graphical distributions of electrophysiological responsive and 

non-responsive cells by leptin 

Diagrams show the locations of recorded LepR-expressing cells, along with the 

distribution of responsive and non-responsive cells between WT and Ift88 KOLepR 

mice. ARC, arcuate nucleus; DMH, dorsomedial hypothalamus; f, fornix; ME, 

median eminence; VMH, ventromedial hypothalamus.  
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Figure 27. Primary cilia in the leptin receptor-expressing neurons are 

required for counterregulatory hormonal responses 

(A-C) Regulation of counterregulatory hormones in response to fasting with or 

without leptin in WT and Ift88 KOLepR mice. Serum levels of corticosterone (A), T4 

(B), and testosterone (C) were measured in indicated conditions. 

The results are expressed as mean ± SD. Statistics were performed using 

Student’s t-test. *p<0.05, **p<0.01, ***p<0.001 vs. fed. #p<0.05 vs. fasting.  
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Figure 28. Summary of the critical role of primary cilia in the leptin-

responsive neurons to respond to starvation and controlling proper leptin 

action 

The neuronal cilia expressed in leptin-responsive cells are necessary not only for 

normal counterregulatory responses, but also for leptin-mediated neuroendocrine 

reflexes.  
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4.3. Homeostatic role of hypothalamic primary cilia 

4.3.1. Background 

Several recent pieces of evidence suggest that hypothalamic cilia function as 

a metabolic signaling center, which is critical for the control of body homeostasis. 

The role of primary cilia reported in anorexigenic neurons of the ARC implicated 

not only regulation of food intake, but also responses of hormones including leptin 

and insulin. Although functional importance has been discovered, studies are 

needed to primarily figure out how hypothalamic primary cilia play distinct roles in 

different neurons. Especially, there is no reported function of primary cilia on the 

SF-1 neurons. Although reported that the functional defects of cilia in AgRP 

neurons by deleting Bbs1, the study more focused on the POMC neurons rather 

than AgRP neurons [101]. To further understand the physiological roles of primary 

cilia in different hypothalamic nuclei, especially AgRP neurons in ARC and SF-1 of 

the VMH neurons, I generated a mouse model that specifically deleting the primary 

cilia in either AgRP or SF-1 neurons then demonstrates that the homeostatic role 

of neuronal cilia. 

 

4.3.2. Role of primary cilia in the AgRP neurons 

To investigate the role of primary cilia in the regulation of energy homeostasis 

in the AgRP neurons, I generated a mouse model which crossed with Agrp-Cre 

mice together with Ift88 floxed mice. And finally, I established the mice lacking 



 

１０５ 
 

primary cilia exclusively in the AgRP expressing neurons. First, I measured body 

weight, however, there is no difference according to the genotype (Figure 29A and 

B). Even though, when I challenge them to HFD, still could not found differences 

in body weight (Figure 29C). Further, to examine the metabolic phenotypes of the 

experimental model, I was subjected to metabolic cage studies. As a result, I could 

not observe metabolic differences in the food intake, VO2, and energy expenditure 

as well as locomotor activity (Figure 30), indicating that the primary cilia in the 

AgRP neurons do not affect the metabolic profile. 

 

4.3.3. Defects of VMH-primary cilia lead to obesity 

Selective ablation of Adcy3 by injection of AAV-Cre to the VMH of the Adcy3 

floxed mice significantly increased body fat and led to obesity, supporting the idea 

that Adcy3 in the VMH plays an important role in the regulation of energy balance 

[102]. However, these results were insufficient to prove the functional importance 

of VMH-primary cilia.  

To address this, I used SF1-Cre transgenic mouse to generated VMH specific 

cilia deletion model. Steroidogenic factor 1 (SF-1) is a nuclear receptor, also a 

transcription factor that plays an important role in the development and regulation 

of steroidogenesis [103]. SF-1 is exclusively expressed in the VMH region of the 

brain where it functions as a key regulator of energy balance. After generating the 

Ift88 KOSF-1 mice by crossing SF1-Cre mice with Ift88 floxed mice, I monitored 



 

１０６ 
 

weekly body weight and body compositions in male and female Ift88 KOSF-1 mice. 

The Ift88 KOSF-1 mice displayed significantly increased body weight and fat mass 

compared to WT in both gender (Figure 31A-D). The white fat (WAT) and brown 

fat (iBAT) in the Ift88 KOSF-1 mice were significantly bigger than WT (Figure 31E). 

In addition, histological analysis of fat tissue in the Ift88 KOSF-1 mice also revealed 

hypertrophy in both fat types, and I found the remarkably whitening of iBAT in the 

Ift88 KOSF-1 mice (Figure 31F), suggesting that the primary cilia in the VMH are 

critical organelles for maintaining body weight.  

 

4.3.4. Developmental analysis 

The primary cilia play a critical role in cell cycle progression. Thus the 

mutations that affect the structure or function of primary cilia result in 

developmental and degenerative diseases that almost all organs and tissues [52]. 

However, in the experimental mice that the deletion of Ift88 in SF-1 neurons did 

not affect overall brain morphology, including brain width and length (Figure 32A 

and B). Neuronal cytoarchitecture of the VMH were also intact in cilia deleted mice 

(Figure 32C). In addition, the numbers and soma size of SF-1 positive neurons 

were comparable between the group (Figure 33A-C). These results indicated that 

the development of VMH neurons in the Ift88 KOSF-1 mice was intact and these 

neurons were viable. 
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The nuclear receptor SF-1 is exclusively expressed in the VMH region of the 

brain. However, it is also expressed in pituitary gonadotrophs, and the major 

steroidogenic tissues, such as the adrenal cortex and testicular Leydig cells [28]. 

To exclude the possibility that the metabolic phenotypes resulting from peripheral 

ciliary defects, I confirmed SF-1 expression levels in both the central and periphery 

(Figure 33D), together, I performed a co-expression analysis of primary cilia and 

SF-1 via immunohistochemistry on peripheral tissues. Based on the previous 

report [104-106], primary cilia in the SF1-expressing peripheral cells, such as the 

pituitary gonadotrophs, adrenal cortex, ovary theca, and testis Leydig cell, were 

not detected (Figure 34). Note that the adrenal medulla has densely express 

primary cilia. Results highly indicate that the deletion of Ift88 using SF1-Cre leads 

to specific primary cilia deletion only in the VMH neurons, without developmental 

or detectable changes in the brain and the periphery. 

 

4.3.5. Primary cilia in the VMH are required to maintain normal energy balance 

Next, to determine the potential factors that responsible for obesity in the Ift88 

KOSF-1 mice, I monitored metabolic profile. Body weight-matched littermates were 

maintained on a normal chow diet and subjected to metabolic cage studies (Figure 

33). Although food intake was no difference between the group, Ift88 KOSF-1 mice 

VO2 and energy expenditure were significantly lower without locomotor disturbance 

(Figure 35). In the HFD feeding condition, the obesity phenotype of the Ift88 KOSF-
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1 mice was more potent from early ages, with a significant increase in food intake 

and lower VO2, and energy expenditure without movement difference (Figure 36). 

Although the food intake was comparable in the normal chow group, the expression 

of hypothalamic orexigenic Agrp significantly increased, and anorexigenic Pomc 

decreased without changes in Npy expression in both males and females (Figure 

37). Altogether, these results highlight that primary cilia in the VMH are required 

for maintaining a normal energy balance. 

 

4.3.6. Sympathetic regulation of VMH-primary cilia 

The brown adipose tissue (iBAT) plays important role in controlling basal 

metabolic rate, including energy expenditure, and the VMH is a brain region that 

regulates sympathetic input to the iBAT [29, 32]. Uncoupling protein 1, UCP1, a 

key regulator of thermogenesis in iBAT, is well known to be activated by 

sympathetic tone [93]. Therefore, we examined if the decreased energy 

expenditure in Ift88 KOSF-1 mice was linked to iBAT dysfunction. As a result, 

thermogenic or mitochondrial function-related genes were down-regulated, 

whereas genes involved in de-novo lipogenesis were up-regulated (Figure 38A and 

C). In addition, immunohistochemistry for UCP1 staining results showed markedly 

decreased UCP1 expression in the Ift88 KOSF-1 mice (Figure 38B). These results 

highly suggest that VMH-primary cilia play an important role in maintaining iBAT 

function, potentially through sympathetic nerve activity. To directly confirm whether 
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VMH-primary cilia are involved in sympathetic regulation, I measured serum 

norepinephrine (NE) levels of mice age 8- to 14-weeks, when the body weight of 

the group was comparable. The NE levels of the Ift88 KOSF-1 mice started to diverse 

from 10- to 12-weeks, and finally significantly different at 14-weeks (Figure 38D), 

indicating that the primary cilia in the VMH are required for sympathetic activity 

regulation. 

4.3.7. Primary cilia are required for leptin action in the VMH 

The adipokine leptin acts in the hypothalamus to suppress food intake and 

increase sympathetic activity, and energy expenditure [16]. Based on the data 

which decreased sympathetic activity and energy expenditure in Ift88 KOSF-1 mice, 

next, I examined that the role of VMH-primary cilia on leptin action. By measuring 

rebound food intake or by monitoring the feeding response to leptin injection after 

an overnight fast. Results were revealed that the Ift88 KOSF-1 mice showed 

significantly increased rebound food intake, and following leptin administration, 

exhibited blunted response to the injected leptin, as demonstrated by significantly 

increased food intake (Figure 39A and B). In addition, the serum leptin levels as 

age-dependently, which is before body weight divergence, Ift88 KOSF-1 mice 

showed highly increased leptin levels indicating that ciliary defects in the VMH may 

lead to primary leptin resistance (Figure 39C). Furthermore, leptin-induced STAT3 

activation, as represented by pSTAT3 expression, was significantly impaired, 
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specifically in the VMH where the primary cilia were removed (Figure 39D and E). 

Further, to confirm the direct role of VMH-primary cilia in leptin action, I monitored 

metabolic parameters in body weight-matched littermates after leptin 

administration (Figure 40). The Ift88 KOSF-1 mice exhibited resistance to the 

reduction in food intake and increase in energy expenditure induced by leptin. 

Altogether, results suggest that the primary cilia in SF-1 neurons of the VMH are 

necessary for normal leptin action. 

4.3.8. Glucose homeostatic roles of primary cilia in the VMH 

Finally, to examine whether the primary cilia in SF-1 neurons of the VMH are 

involved in the regulation of glucose homeostasis and insulin sensitivity. I 

performed glucose and insulin tolerance tests. The Ift88 KOSF-1 mice showed 

impaired tolerance of glucose and insulin, without significant changes in glucose-

induced insulin secretion (Figure 41A-C). In addition, liver histological analysis 

exhibited severe steatosis in the Ift88 KOSF-1, along with a significant increment in 

hepatic lipogenic genes (Figure 41D and F). Further, increased expression of 

gluconeogenic genes and decreased expression of the glycolytic gene, implying 

that aberrant gluconeogenesis might contribute to the high glucose and insulin 

insensitivity in Ift88 KOSF-1 mice (Figure 41E). Taken together, the data indicate 

that the primary cilia in the VMH are required for the regulation of normal glucose 

and insulin homeostasis. 
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Overall, the study identifies the primary cilia in the SF-1 neurons of VMH is a 

critical hypothalamic organelle that maintains energy homeostasis (Figure 42). 
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Figure 29. Deletion of primary cilia in the AgRP neurons does not affect body 

weight gain 

(A and B) Weekly body weight of male (A) and female (B) mice fed on normal chow 

diet. (C) Weekly body weight of male mice fed on high-fat diet. 

The number of mice used were expressed in parenthesis. The results are 

expressed as mean ± SD. 
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Figure 30. Metabolic phenotype of the Ift88 KOAgrp mice 

(A and B) Body weight and compositions of 24 weeks old experimental group fed 

on normal chow. (C-F) Metabolic parameters of daily food intake (C), O2 

consumption (D), energy expenditure (E), and locomotor activity (F) were 

monitored using indirect calorimetry. 

The number of mice used were expressed in parenthesis. The results are 

expressed as mean ± SD. 
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Figure 31. Deletion of primary cilia in the VMH leads to obesity 

(A) Body weight of WT and Ift88 KOSF-1 male mice fed on normal chow. (B) Fat and 

lean mass for 16 weeks old male mice. (C) Weekly body weight of WT and Ift88 

KOSF-1 female mice fed on normal chow. (D) Fat and lean mass for 16 weeks old 

female mice. (E) Representative gonadal white adipose tissue (gWAT), 

subcutaneous WAT (scWAT), and brown fat (iBAT) from WT and Ift88 KOSF-1 mice. 

Scale=0.5mm. (F) H&E staining of the gWAT and iBAT. Scale=50μm. 

The number of mice used were expressed in parenthesis. The results are 

expressed as mean ± SD. Statistics were performed using two-way ANOVA (A, C), 

and Student’s t-test (B, D). *p<0.05, **p<0.01 vs. WT. 
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Figure 32. Structure and developmental analysis of the Ift88 KOSF-1 mice 

(A) Representative picture of the brain. Scale=1cm. (B) Width and length of the 

brains from A. (C) Mediobasal hypothalamic structure analyses by Nissl staining. 

Scale=200μm. 

Number of animals examined is expressed parentheses in each graph. Data are 

expressed as mean ± SD. 

3V, 3rd ventricle; ARC, arcuate nucleus; AHP, anterior hypothalamic nucleus; DMH, 

dorsomedial hypothalamus; LH, lateral hypothalamus; ME, median eminence; TC, 

tuber cinereum; VMH, ventromedial hypothalamus; ZI, zona incerta. 
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Figure 33. Levels of SF-1 expression in brain and peripheral tissue 

(A) The SF1-eGFP positive neurons in the VMH. SF1-eGFP transgenic mice were 

used. Scale=100μm. (B) Comparable SF1-eGFP positive cells numbers from A. 

(C) Soma size of the SF-1 neurons in WT and Ift88 KOSF-1 littermates. (D) 

Expression levels of SF-1 in hypothalamus, pituitary, adrenal gland, and testis. 

Number of animals examined is expressed parentheses in each graph. Data are 

expressed as mean ± SD. 
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Figure 34. No detectable primary cilia in peripheral SF1-expressing cells 

(A) Expression of SF-1 (green) and SSTR3 (red), a primary cilia marker, in the 

anterior pituitary. Note that primary cilia are not detected in pituitary gonadotrophs, 

where SF-1 is expressed. Scale=10μm. (B) Expression of SF-1 in the testis Leydig 

and Sertoli (white arrowhead, weak green positive) cells. No noticeable Ac-Tub 

signals (red) for primary cilia were found in the testis. Scale=20μm. (C) SF-1 cells 

in the ovary. The SF-1 (green) was expressed in ovarian theca and interstitial gland. 

No noticeable ACIII signals (red) for primary cilia were found in ovaries. 
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Scale=20μm. (D) Expression of SF-1 (green) and ACIII (red), a primary cilia marker, 

in the adrenal gland. Note that the adrenal cortex, where SF-1 is expressed, does 

not express primary cilia. Primary cilia exist only in the adrenal medulla. 

Scale=10μm. 

Cor, adrenal cortex; ME, adrenal medulla; St, Sertoli cells; L, Leydig cells; O, 

oocytes; gr, granulosa cells; t, ovarian theca; ig, interstitial gland. 
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Figure 35. Metabolic phenotype of the Ift88 KOSF-1 mice fed on normal chow 

diet 

(A) Comparable body weight of WT and Ift88 KOSF-1 littermates at 12-week old. (B) 

Cumulative daily food intake under the normal chow diet. (C-E) Temporal changes 

of VO2 (C), energy expenditure (D), and movement (E) in WT and Ift88 KOSF-1 

littermates. 

The number of mice used were expressed in parenthesis. The results are 

expressed as mean ± SD. Statistics were performed using two-way ANOVA and 

Student’s t-test. *p<0.05, **p<0.01 vs. WT. 



１２３ 

Figure 36. Metabolic phenotype of the Ift88 KOSF-1 mice upon high-fat diet 

(A) Body weight of WT and Ift88 KOSF-1 littermates at 18-week old. (B) Cumulative 

daily food intake under the high-fat diet. (C-E) Temporal changes of VO2 (C), 

energy expenditure (D), and movement (E) in WT and Ift88 KOSF-1 littermates. 

The number of mice used were expressed in parenthesis. The results are 

expressed as mean ± SD. Statistics were performed using two-way ANOVA and 

Student’s t-test. *p<0.05 vs. WT. 
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Figure 37. Expression levels of hypothalamic genes 

(A and B) Relative mRNA of hypothalamic Pomc, Agrp, Npy, 5-HT2c, LepR, Stat3 

in WT and Ift88 KOSF-1 mice of male (A) and female (B). 

Number of animals examined is expressed in parentheses in each graph. Data are 

expressed as mean ± SD. Statistics were performed using Student’s t-test. *p<0.05 

vs. WT.  
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Figure 38. The VMH-primary cilia are important for the iBAT function 

(A) Relative mRNA expression levels related to thermogenesis in the iBAT. (B) 

Immunohistochemistry for UCP1 in the iBAT. Scale=100μm. (C) Relative mRNA 

expression levels related to lipid metabolism in the iBAT. (D) Age-dependent 

serum norepinephrine (NE) level in WT and Ift88 KOSF-1 mice.  

Number of animals examined is expressed in parentheses in each graph. Data are 

expressed as mean ± SD. Statistics were performed using Student’s t-test (A, C) 

and two-way ANOVA (D). *p<0.05, **p<0.01, ***p<0.001 vs. WT. 
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Figure 39. Primary cilia in the VMH is required for leptin action 

(A) Cumulative rebound food intake after overnight fasting for 18hrs. (B) Rebound 

food intake of after leptin administration (5mg/kg of body weight). (C) Age-

dependent serum leptin levels. Note that the significant difference in leptin levels 

from 12-week when the WT and Ift88 KOSF-1 have comparable body weight. (D) 

Immunohistochemical analysis of pSTAT3 activation after 1hr leptin injection. Note 
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that pSTAT3 positive cells are specifically decreased in the VMH. Scale=100μm. 

(E) Relative pSTAT3 expression in the VMH or ARC. 

Number of animals examined is expressed in parentheses in each graph. Data are 

expressed as mean ± SD. Statistics were performed using two-way ANOVA (A-C) 

and Student’s t-test (E). *p<0.05, **p<0.01, ***p<0.001 vs. WT. 
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Figure 40. Impaired the leptin response to controlling energy balance in the 

Ift88 KOSF-1 mice 

(A) Cumulative food intake after leptin administration measured in metabolic 

chamber. (B-D) Temporal change of VO2 (B), VCO2 (C), and energy expenditure 

(D). 

Number of animals examined is expressed in parentheses in each graph. Data are 

expressed as mean ± SD. Statistics were performed using two-way ANOVA (A) 

and Student’s t-test (B-D). *p<0.05, **p<0.01 vs. WT.  
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Figure 41. Deletion of primary cilia in the VMH results in glucose and insulin 

intolerance 

(A) Glucose tolerance test (GTT) and area under the curve (AUC). (B) Glucose-

stimulated insulin secretion (GSIS) during the GTT experiments. (C) Insulin 

tolerance test (ITT) and AUC for the ITT. (D) H&E staining of the liver. Scale=50μm. 

(E) Relative expression genes related to glucose metabolism in the liver. (F) 

Relative expression of lipogenesis-related genes in the liver. 

Number of animals examined is expressed in parentheses in each graph. Data are 

expressed as mean ± SD. Statistics were performed using two-way ANOVA (A-C) 

and Student’s t-test (E and F). *p<0.05, **p<0.01, ***p<0.001 vs. WT. 
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Figure 42. Summary of the ventromedial hypothalamic cilia in the regulation 

of energy homeostasis 

The roles of VMH-primary cilia in the regulation of energy homeostasis via 

sympathetic nerve activity. Dysfunction of VMH-primary cilia decrease sympathetic 

nerve activity lead to energy imbalance and leptin resistance. In summary, the 

primary cilia in the VMH are necessary for maintaining normal energy homeostasis. 
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V. DISCUSSIONS 

 

Obesity is a hallmark of several human ciliopathies including Bardet-Biedl 

syndrome, Alström syndrome [65]. As the major physiological pathway implicated 

in the regulation of energy balance, the central leptin action is highly involved in 

ciliopathies and obesity. Mice carrying mutations or dysfunction of primary cilia 

display leptin resistance, indicating that dysfunction of central leptin signaling might 

play a critical role in the observed associated obesity. Therefore, it is important to 

understand the molecular link between leptin signaling and primary cilia in 

controlling energy homeostasis. 

Several recent studies have revealed the distinct roles of hypothalamic 

primary cilia in controlling energy balance. Systemic ablation of ciliary genes from 

neurons using Syn1-cre showed hyperphagic-induced obesity, and the obesity 

phenotype of both Kif3a-Syn1KO and Tg737-Syn1KO mice were reproduced in 

POMC-specific Kif3a KO (Kif3a-PomcKO) mice [63]. Both male and female Kif3a-

PomcKO mice exhibited significant weight increases, primarily due to hyperphagia. 

Deletion of Kif3a in the POMC neuron also led to elevated levels of leptin and 

insulin, indicating that cilia in POMC neurons are required to maintain both energy 

balance and responses to satiety signals such as leptin and insulin. Furthermore, 

the introduction of short inhibitory RNA (siRNA) targeting Kif3a or Ift88 in the ARC 
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led to an increase in food intake and a decrease in energy expenditure, exhibiting 

the obese [91]. 

The role of BBS protein, Bbs1, also studies in the POMC and AgRP neurons 

[101]. Unlike Ift88 or Kif3a, loss-of-function mutations of BBS genes do not lead to 

the complete structural defects of primary cilia, but rather disrupt the cilia’s 

functions [87]. Deletion of Bbs1 in either POMC or AgRP neurons was similar to 

other models of leptin signaling deficiency. Both POMCCre/Bbs1fl/fl and 

AgRPCre/Bbs1fl/fl mice showed obesity, which is associated with an increase in food 

intake. In addition, by lacking the BBSome protein, as identified by the impairment 

of serotonin receptor 5-HT2CR, trafficking to the membrane indicated the 

contribution of the hypothalamic BBSome to the control of energy balance and 

handling of metabolic receptors [101].  

Recently, a study showed that inhibition of ciliogenesis in developing POMC 

neurons, which was done by depleting Kif3a or Ift88, led to adulthood obesity in 

mice [107]. These mice showed disruption of axonal projections through impaired 

lysosomal protein degradation in POMC neurons. In contrast, ciliary deletion in 

adult POMC neurons using tamoxifen-inducible cre did not show significant effects 

in body weight, fat mass, or lean mass, suggesting that primary cilia in adult-POMC 

neurons have a minimal role in the regulation of energy balance. Although its 

functional significance continued to be discovered, further studies are needed to 

primarily figure out how hypothalamic primary cilia play distinct roles in different 
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neurons. In this study, I examined the physiological roles of primary cilia in different 

hypothalamic nuclei, especially AgRP and LepR-expressing neurons in ARC and 

SF-1 of the VMH neurons (Figure 43).  

In contrast to the deletion of Bbs1 in AgRP neurons [101], structural defects 

of primary cilia by the deletion of Ift88 do not show phenotypic differences (Figure 

29 and Figure 30). However, since their metabolic phenotype was shown in the 

absence of metabolic stress such as HFD and starvation, it is necessary to further 

investigate the phenotype according to the environment of various conditions. 

The study of VMH-cilia highlight that normal VMH function is necessary for 

the regulation of intact sympathetic nerve activity. A key question regarding 

sympathetic activity regulation through the VMH-primary cilia is the role that 

primary cilia play in this regulation. Since ablation of the primary cilia, gene 

expression might be changed in the neurons with deleted primary cilia. Indeed, 

reported that the primary cilia are required for proper neuronal circuit formation, 

especially those that affect interneuron morphology, connectivity, and synaptic 

integration. This suggests that cilia deletion in SF-1 neurons may influence local 

neuronal circuits. Thus, future studies could also consider whether neuronal 

primary cilia are involved in the formation of neural circuits specific to the SNS to 

determine the functional role of primary cilia in the regulation of SNS activity. 

The functional primary cilia integrated various extracellular cues, such as 

mechanical stress and chemical stimulation, and finally transmits precise cellular 
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information. So, I investigated the neuronal cilia dynamics upon energy or 

metabolic status. I found that the energy deficiency, such as fasting conditions, 

strongly induced ciliogenesis, and it was blunted by leptin administration. These 

data indicating that the signaling pathways activated by leptin would be critical for 

the regulation of starvation-induced ciliogenesis in the hypothalamus. Especially I 

figured out STAT3, a major downstream transcription factor activated by leptin, is 

a key regulator for suppressed ciliogenesis by the gene transcriptional modulation 

and by the anti-autophagic functions. However, further observations should be 

pursuing that how the leptin inhibits the autophagic process. Also considered, 

several studies have been reported that the loss of hypothalamic autophagy 

causes hyperphagia-induced obesity and impaired neuronal functions [108-110]. 

However, study that the molecular interaction between autophagy and primary cilia 

on the regulation of leptin signaling has not been studied in the central nervous 

system. Based on my results in part I, there is a possibility that a novel mechanism 

of the leptin-STAT3-autophagy pathway in the regulation of the whole body energy 

homeostasis, and primary cilia might involve in this signaling cascade.  

Additionally, I revealed hypothalamic cilia as a key neuronal component that 

is required for normal starvation responses by deleting primary cilia specifically in 

the leptin-responsive neuron. The limitation of this study relates to the use of mice 

expressing leptin receptor Cre to delete the ciliary gene. Along with the fact that 

leptin receptors are expressed in many brain regions not only the hypothalamus 
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[111], but it is also difficult to suggest a specific neuronal population that the role 

of counterregulatory response to starvation. In addition, since the leptin-induced 

neuronal activity, I observed only in the ARC area, the role of primary cilia in the 

leptin-responsive neurons in more diverse regions should be further investigated 

in the future. 

Although functional importance has been discovered, studies are needed to 

further unveil and fully understand the molecular composition of neuronal cilia and 

their precise roles in modulating energy homeostasis, primarily figuring out how 

hypothalamic primary cilia play distinct roles in different neurons. Moreover, given 

that cilia biogenic genes such as Ift88 have cilia-independent roles in tissue-

development, direct evidence that defects of the ciliary formation per se are 

necessary to determine the pathologic phenotype is still unclear. Additionally, 

since primary cilia have been known to contribute to neural development, it would 

be reasonable to examine whether neuronal cilia influence the formation of the 

neuronal circuit [112, 113]. 
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VI. CONCLUSIONS 

 

The regulation of energy balance is complex and governed by diverse 

neuronal factors. Several recent studies have revealed the distinct roles of 

hypothalamic primary cilia in controlling energy balance. It has become apparent 

that the once underappreciated primary cilia, is integrated with the multiple cellular 

pathways.  

In this thesis, I identified hypothalamic cilia are dynamically changed by 

nutrient state and required for normal neuroendocrine counterregulation in 

response to fasting. Demonstrate that the fasting condition strongly induces 

ciliogenesis specifically in the hypothalamus, and the hypothalamic ciliogenesis 

was significantly blunted by leptin treatment. I found STAT3, suppressed the 

expression of ciliary genes including Ift88 and Ift20 through the direct binding on 

the promoter regions of those genes. In addition, the STAT3 activation also 

impeded the fasting-induced autophagic process, thereby impairing ciliogenesis 

upon the fasting state. 

As leptin is a critical factor that the regulation of cilia formation, primary cilia is 

also played important functions in leptin action. The specific deletion of cilia in the 

leptin-responsive neurons displayed leptin resistance, suggesting that neuronal 

cilia are required for proper leptin action. Leptin has been known to a mediator of 
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neuroendocrine reflex to respond to starvation [92]. As the Ift88 KOLepR mice 

displayed impairment of leptin balance upon fasting conditions, the Ift88 KOLepR 

mice showed abnormal counterregulatory responses. In addition, The VMH-

specific primary cilia deleting mice, but not in the AgRP neurons, exhibited 

metabolic dysregulations linked to decreased sympathetic nervous activity and 

central leptin resistance, which led to marked obesity. The obese phenotype of 

Ift88 KOSF-1 mice showed decreased energy expenditure, which appeared to be a 

primary consequence of reduced sympathetic outflow rather than a secondary 

effect of obesity (Figure 42). 

In summary, studies of hypothalamic primary cilia would offer a great potential 

to understand another aspect of energy homeostasis regulation through our central 

nervous system, and possibly provide a new strategy to overcome metabolic 

disorders. 
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Figure 43. Graphical summary of the thesis proposal 
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세계보건기구 (World health Organization, WHO)는 건강을 해칠 정도로 

지방조직이 비정상적으로 축적된 상태를 비만으로 정의하고 있으며, 전 

세계적인 유행성 전염병이라고 명명할 정도로 비만 인구는 전세계적으로 

증가하는 추세이다. 비만은 식생활의 변화와 신체 활동량의 감소로 체내 
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항상성이 무너지고 이에 따른 과도한 지방조직이 축적되면서 각종 심혈관 

질환, 퇴행성뇌질환 및 제 2 형 당뇨병을 포함한 대사성질환의 발병 및 대사 

관련 합병증의 원인이 된다. 때문에 비만의 병인을 이해하는 것은 비만의 

예방과 치료법 개발에 있어 중요하다. 에너지 항상성 조절은 주로 내분비 

신호전달을 매개하는 중추신경계 시상하부에서 이루어진다. 최근 이러한 

시상하부에서 에너지 균형을 제어함에 있어 일차섬모라고 불리는 작은 

세포소기관이 주목받고 있다. 인간과 동물 모델 모두에서 섬모의 기능 및 

형성의 결함은 비만 및 렙틴 저항성과 더불어 다양한 대사성질환을 유발하는 

것으로 보고되었다. 하지만 에너지 항상성 조절에 있어 렙틴 신호전달체계와 

신경계 일차섬모 사이의 상호 연관성 및 이에 분자생물학적 메커니즘 연구는 

아직 부족한 실정이다.  

이와 관련하여, 먼저 시상하부 일차섬모 형성에서 렙틴 신호전달체계의 

역할을 조사하였다. 렙틴은 주로 지방조직에서 만들어지는 중요한 호르몬으로, 

시상하부와 상호 교류함으로써 우리 몸 에너지 균형을 조절한다. 따라서 렙틴 

결핍 또는 렙틴 저항성은 심각한 비만을 야기한다. 렙틴은 섭식 상태에서 

분비되는 반면, 체내 에너지 수준이 낮은 경우 혈중 렙틴의 농도는 급격하게 

떨어진다. 흥미롭게도 공복과 같은 에너지 결핍상태에서 일차섬모는 형성된다. 

여기서 나는 공복 중 시상하부 일차섬모의 형성과 혈중 렙틴 농도 사이의 

역상관성을 발견하였으며, 놀랍게도 공복 유도를 통한 일차섬모의 형성은 in 
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vivo 와 in vitro 실험 모두에서 렙틴에 의해 조절됨을 확인하였다. 이에 

분자생물학적 기전을 이해하기 위하여 다양한 신호전달 경로를 조사하였고, 

그 중 렙틴의 하위 전사인자 STAT3 가 일차섬모 형성에 대한 렙틴 매개 억제 

효과의 핵심 매개체임을 관찰하였다. 흥미롭게도 일차섬모 형성 단백의 

일종인 Ift88 와 Ift20 의 프로모터 영역에 STAT3 에 대한 잠재적 결합 부위를 

발견하였으며, STAT3 는 이러한 프로모터 영역에 직접적으로 결합함을 알 수 

있었다. 더 나아가 일차섬모 유전자의 전사 활성을 억제하는 것과 함께 

STAT3 는 공복으로 인해 유도되는 자가 포식 과정의 매개에도 관여함을 

관찰하였다. 공복 유도 autophagosomes 형성은 렙틴 처리에 의하여 유의하게 

감소함을 확인하였다. 종합하면, 이러한 결과들은 렙틴 매개 STAT3 가 

섬모유전자의 전자 조절 및 항 자가 포식 기능을 통해 공복상태로부터 

유도되는 일차섬모 형성에 대한 주요 억제자 역할을 한다는 것을 시사한다. 

둘째로, 렙틴 작용 및 공복에 대한 대응 조절 반응에 있어 시상하부 렙틴 

수용체 발현 뉴런에 존재하는 일차섬모의 역할을 조사하였다. 비록 

신경세포의 감각 허브로 알려진 일차섬모이지만, 에너지 항상성의 생리적 

조절을 위한 일차섬모와 렙틴 신호체계 사이의 기능적 연관성은 아직 

밝혀지지 않았다. 가장 먼저 렙틴 수용체가 발현하는 뉴런 특이적 일차섬모를 

제거한 마우스를 확립한 후 다양한 에너지 상태에 따른 대사표현형을 

조사하였다. 의외로 식이 상태의 일차섬모 제거 모델 (Ift88 KOLepR)의 경우 
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체중, 식이량, 에너지 소비 등의 대사표현형에 차이를 확인할 수 없었다. 

그럼에도 불구하고, 식이 및 공복 상태 모두에서 일차섬모 제거 마우스의 

혈중 렙틴 농도가 급격히 증가한 것을 관찰하였다. 공복 시 렙틴 농도의 

감소는 공복에 대한 적응 반응을 위해 중요한 신경내분비시스템이다. Ift88 

KOLepR 마우스에서 높은 렙틴 농도와 함께 유의하게 저하된 공복 적응 반응을 

확인할 수 있었고, 이는 비정상적인 신경내분비호르몬 반응을 유발함을 

발견하였다. 결론적으로 렙틴 반응성 뉴런의 일차섬모는 정상적인 렙틴 

반응성에 관여할 뿐만 아니라 공복에 대한 렙틴 매개 신경내분비호르몬 적응 

반응에도 필수적임을 확인하였다.  

마지막으로, 에너지 항상성과 렙틴 신호작용조절에서 시상하부 

일차섬모의 역할을 조사하였다. 이를 위해, AgRP 또는 SF-1 뉴런에서 

일차섬모를 특이적으로 제거했다. Ift88 KOAgrp 와는 다르게, 복내측핵 

일차섬모의 기능 장애 (Ift88 KOSF-1)는 교감신경 활성화 감소 및 렙틴 저항성을 

나타냈다. Ift88 KOSF-1 마우스에서 나타나는 비만은 에너지 소비의 감소, 갈색 

지방의 기능저하 및 포도당 및 인슐린 저항성으로부터 유래함을 관찰할 수 

있었다. 이는 에너지 항상성 조절에 있어 복내측핵 일차섬모는 주요 시상하부 

세포기관임을 시사하였다. 

결론적으로, 본 논문은 i) 공복상태에서 렙틴과 시상하부 일차섬모 

형성 간 역상관관계와 ii) 시상하부 일차섬모는 렙틴 반응성 및 에너지 
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항상성을 유지하고 정상적인 공복 적응 반응을 위해 필수적임을 제시하는 

바이다. 본 연구를 통해 에너지 및 렙틴 항상성 조절을 담당하는 주요 

뉴런을 식별하고, 일차섬모를 통한 우리 몸 항상성을 제어하는 것에 대한 

새로운 기전을 제공할 것으로 기대한다. 
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