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ABSTRACT 

Investigations of the neuro-molecular physiology of obesity using hypothalamic neurons 

derived from human pluripotent stem cells 

Liheng Wang 

 

    The hypothalamus is the central regulator of systemic energy homeostasis, and its 

dysfunction can result in extreme body weight alterations. This small (3-4 mm in thickness in 

human) neuro-endocrine brain region, located just above the median eminence, is comprised 

of cell types that subserve specific metabolic and behavioral aspects of the control of body 

weight, as well as hepatic glucose production, body temperature, autonomic physiology, 

neuroendocrine axes, serum osmolarity and circadian rhythms. Insights into the complex 

cellular physiology of this region are critical to the understanding of obesity pathogenesis and 

its prevention and treatment; however, human hypothalamic cells are largely inaccessible for 

direct study. My thesis research focused on establishing an in vitro model for understanding 

the molecular neurophysiology of obesity using, as “proof-of-principle”, neurons derived 

from human pluripotent stem cells (hPSCs) derived from individuals with monogenic forms 

of obesity.  Three related projects are described in details:  

 

I. Differentiation of hypothalamic-like neurons from human pluripotent stem cells 

(Chapter 2) 

    This project was designed to establish an in vitro model for studying hypothalamic cell-

molecular physiology in neurons derived from hPSCs. After screening several morphogens 

and other molecules affecting neuronal differentiation, we developed a protocol that 

combined early activation of sonic hedgehog signaling followed by timed NOTCH inhibition 

resulting in the generation of hypothalamic arcuate nucleus (ARC)-like neurons.  Neuronal 



	  

cells expressing pro-opiomelanocortin (POMC), neuropeptide-Y/agouti-related protein 

(NPY/AgRP) were generated from human embryonic stem cells (ESCs) and induced 

pluripotent stem cells (iPSCs) obtained from patients with monogenic forms of obesity. 

These hypothalamic-like neurons accounted for over 90% of differentiated cells and 

exhibited transcriptional profiles characteristic of specific hypothalamic neurons (and 

explicitly lacking pituitary markers). Importantly, these cells displayed hypothalamic 

neuronal characteristics, including production and secretion of neuropeptides and 

responsiveness to metabolic hormones such as insulin and leptin.  Nkx2.1 progenitor cells at 

12 days of differentiation from iPSC integrated into the hypothalamus following injection 

into the lateral ventricle of NSG mice. Single cell transcriptome analysis of day 27 hESC-

derived hypothalamic neurons enabled us to identify specific hypothalamic cell types (e.g. 

POMC, NPY, MC4R) based on transcript signatures. These findings, in the aggregate, 

supported the utility of these cells for elucidation of aspects of the cellular/molecular 

neurophysiology of body weight regulation.   

II. Using stem cell-derived hypothalamic neurons to investigate the neurophysiology of 

obesity caused by prohormone convertase 1/3 deficiency (Chapter 3). 

    My second project investigated the use the hPSC-differentiated hypothalamic neurons to 

assess the cellular physiology of hESC-derived hypothalamic neurons with induced 

knockdown or mutations of proprotein convertase subtilisin/kexin type 1 (PCSK1, encodes 

prohormone covertase 1/3 (PC1/3)). Congenital hypomorphism for this gene causes a rare 

autosomal disorder that impairs the processing of specific proproteins to their more bioactive 

derivatives, affecting, for example, the processing of POMC, proinsulin and proglucagon.  

The consequences of inactivating mutations of PCSK1 include obesity, possibly due to 

impaired function of anorexigenic POMC arcuate neurons. To understand the molecular 



	  

neurophysiology of the obesity in PC1/3-deficient subjects, we generated PCSK1 deficient 

hESC lines with CRISPR or by knocking down PCSK1 with shRNA, and assessed the 

POMC processing in the hypothalamic ARC-like neurons made from these lines. The ratios 

of adrenocorticotropic hormone (ACTH)/POMC, αMSH/POMC and β endorphin 

(BEP)/POMC proteins were significantly decreased, while total quantities of POMC peptides 

were greatly increased in PCSK1-deficient hESC-derived neurons, indicating impaired 

POMC processing caused by reduced PC1/3 protein. These results are consistent with the 

elevated plasma POMC and ACTH intermediates levels of in humans segregating for 

hypomorphic mutations of PCSK1, and the impaired pituitary POMC processing in the PC1/3 

mutant mice. Interestingly, in day 28 PC1/3-deficient neurons, in addition to upregulation of 

POMC gene expression and protein,  we found increases in  some of the “downstream” 

proteolytic enzymes for POMC processing and the “upstream” transcription factor that 

regulates PCSK1 expression.  The molecular mechanisms underlying the invocation of these 

possibly compensatory processes are under study.   

   These findings provide confidence that the hypothalamic neurons generated by the 

techniques described in Chapter 2 display molecular phenotypes consistent with a mutation 

in one of the important neuropeptide processing pathways.   

III. Using iPSC-derived neurons to investigate the molecular pathogenesis of obesity in 

Bardet-Biedl Syndrome (Chapter 4). 

    To further investigate the use of iPSC-derived neurons in the study of the neurobiology of 

obesity, I analyzed structural and molecular physiologic phenotypes cells derived from 

patients with Bardet-Biedl Syndrome (BBS). BBS is a rare autosomal recessive disease 

characterized by multiorgan dysfunction, including polydactyly, hyperphagic obesity, retinal 

degeneration, renal cysts and cognitive impairments.  Eighteen discrete genes have been 



	  

implicated in specific instances of BBS, and all cognate proteins that have been identified 

encode constituents of the basal body of the primary cilium. The primary cilium has also 

been implicated in other clinical obesities, including the Alstrom syndrome, and the effects of 

a highly prevalent FTO allele on body weight. We found that ciliogenesis and neurite 

outgrowth were affected in both BBS1 and BBS10 mutant iPSC-derived neurons as reflected 

by longer primary cilia, shorter neurite length, and fewer processes. Furthermore, insulin-

induced AKT phosphorylation at Thr308 was greatly reduced in both BBS1 and BBS10 

mutant neurons compared to controls. Overexpression of BBS10 fully restored insulin 

signaling in BBS10 mutant neurons by rescue of the tyrosine phosphorylation of insulin 

receptor. Co-immunoprecipitation assays indicated that both BBS1 and BBS10 interacted 

physically with the insulin receptor. Leptin signaling was also investigated in BBS mutant 

fibroblasts and neurons. Both BBS mutations impaired leptin-mediated pSTAT3 activation in 

both cell lines by affecting either the trafficking or the quantities of leptin receptor in these 

cells. These data demonstrate that BBS proteins are essential for insulin and leptin signaling 

in neurons and fibroblasts, in a cellular context independent of the effects of obesity.  

   These studies further confirm the ability of iPSC-derived neurons to reflect aspects of the 

molecular pathophysiology of the patients from whom they are obtained, and to enable 

studies of these phenotypes in circumstances isolated from the secondary effects of adiposity 

per se.  
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CHAPTER 1: Background Overview 

 Obesity and Energy Homeostasis 

    Obesity is an imprecise term generally used to denote the presence of excessive absolute or 

relative fat mass in an individual. The term is used in medical, physiological, anatomical and 

cosmetic contexts, referring to different specific issues of interest.   

   Excessive body fat is associated with many of the major present day health issues– 

including hypertension, dyslipidemia, diabetes, hepatic steatosis and cancer (Jenkins 2005).  

The mechanisms by which these associations arise are in most instances poorly understood; 

and it is of great interest that at equal levels of adiposity, not all individuals are affected with 

any or all of these disorders.  Likewise, susceptibility to these co-morbidities varies by 

race/ethnicity (Ogden, Carroll et al. 2014), and is affected not only by absolute and relative 

fatness, but also by the anatomic distribution of the adipose tissue (Keys, Fidanza et al. 

2014).  

    For actuarial and clinical purposes, a surrogate indicator of relative fatness (adiposity) is 

generally used: the body mass index (BMI) (Keys, Fidanza et al. 2014). This weight-to-

height ratio [wt(kg)/ht(m)^2] is expedient for characterizing populations, but can be 

inaccurate in individuals whose body composition  deviates from population norms (e.g. 

athletes) (Keys, Fidanza et al. 2014). Based upon studies relating BMI to co-morbidities in 

adults, the cut points for overweight and obesity are: BMI≥25 and BMI≥30, respectively 

(May, Freedman et al. 2013).   In children, these cut points are not used due to variations in 

body composition with developmental age.  For children, percentile ranks or Z-scores 

(relative to means) by age and gender are used (Ogden, Carroll et al. 2014).  

   By virtue of the associated co-morbidities, obesity constitutes perhaps the major health 

problem of the 21st century.  According to the World Health Organization, the prevalence of 

obesity in adults has doubled since 1980, from 15 to 30 percent. In the United States, two 
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thirds of adults and one third of children are either overweight or obese (Ogden, Carroll et al. 

2014). The annual health care costs of obesity and obesity-related disease are over $190 

billion, nearly 21% of annual total medical expenditures in the United States (Cawley and 

Meyerhoefer 2012). The ability to prevent or effectively treat obesity would greatly reduce 

the associated suffering and costs.  

   Energy balance is determined by the energy intake (content of food eaten), energy 

expenditure (such as physical activity) and energy storage. Energy metabolism in humans and 

animals complies with the first law of thermodynamics, which states that energy can be 

transformed from one form to another, but cannot be created or destroyed. According to that 

law, changes of body energy content (stored energy) (ΔEs) will equal to the difference 

between the absorbed energy content of food consumed (Eintake) and energy spent on 

metabolic processes (circulation, ion transport, temperature regulation) and physical activities 

(Ee): ΔEs = Eintake - Ee. The functional components of energy expenditure include resting 

energy expenditure (REE), non-resting energy expenditure (NREE) and thermic effect of 

feeding (TEF) (Das, Saltzman et al. 2004). Total energy expenditure (Farooqi, Wangensteen 

et al.) is the sum of these three components.  REE is the resting metabolic rate reflecting 

basal metabolism and accounts for 60% of TEE in sedentary individuals (Das, Saltzman et al. 

2004). REE is determined by body mass, size, and composition. NREE refers to the 

thermogenesis from all non-basal activities including physical activity and exercise in 

humans. TEF is the energy spent in digesting and processing of ingested food, which is 

influenced by food chemical composition. When energy intake equals energy expenditure 

(ΔEs = 0), the body is in energy balance and body weight is stable. Body weight can change 

only when energy intake is not equal to energy expenditure over a period of time (ΔEs ≠ 0) 

(Hill, Wyatt et al. 2012). Obesity results from positive energy balance (ΔEs > 0) generally 

sustained over prolonged periods of time. 
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    According to the energy balance equation, weight loss can be achieved by either 

decreasing food intake and/or increasing energy expenditure, for example by increasing 

physical activity. However, it is very difficult to maintain weight loss in obese subjects 

because of metabolic and neuroendocrine changes induced by weight reduction: increased 

skeletal muscle work efficiency (Goldsmith, Joanisse et al. 2010), decreased sympathetic 

nervous system tone, decreased circulating hormones such as leptin and thyroxine, that act to 

restore initial body weight (Rosenbaum, Goldsmith et al. 2005). Maintenance of a reduced 

body weight is associated with a reduction in energy expenditure to levels significantly below 

what is predicted on the changes of body weight and composition. Weight-reduced human 

subjects are hungrier (Rosenbaum, Kissileff et al. 2010), suggesting the coordinate action of 

systems regulating energy intake and output to maintain a constant energy balance at usual 

weight (Leibel, Rosenbaum et al. 1995).  

 

Neuroanatomic Predicates of Body Weight Regulation 

   As early as the 1840s, Mohr described obesity in one of his patients with pituitary tumor 

that compressed the base of the brain.  Attribution of this effect to the destruction of parts of 

the hypothalamus was achieved in the 1940s by Hetherington, Ranson, Brobeck and others 

(Hetherington AW. 1941, Hetherington AW. 1942, Brobeck, Tepperman et al. 1943). 

Electrolytic lesions in the region of the VMN or in the premammillary nuclei resulted in 

acute hyperphagia and severe obesity in rats (Hetherington AW. 1941).  Conversely, similar 

lesions of the lateral hypothalamus caused severe aphagia in rats (Morrison, Barrnett et al. 

1958). Over- and under-feeding of these animals showed apparent “defense” of their acquired 

body weights, leading to the concept of “set point” (Hetherington AW. 1941, Hetherington 

AW. 1942, Brobeck, Tepperman et al. 1943).  Subsequent formulations of these experiments 

suggested that body fat stores were somehow sensed by the hypothalamus and responded to 
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by reciprocal changes in energy intake and expenditure to keep body fat stores relatively 

constant (Hervey 1959, Kennedy 1961, Hervey 1971, Leibel 1977, Parameswaran, Steffens et 

al. 1977).  Efforts to discover the neuromolecular/genetic basis for hypothalamic sensing, and 

the nature of the peripheral signals have engaged obesity research for the past half century 

and produced the insights that have enabled much of the work described in this thesis. 

   The hypothalamus is a functional integrator for homeostatic processes including food 

intake, energy expenditure (Cardinal, Bellocchio et al. 2015), neuroendocrine regulation, 

body temperature (Cardinal, Bellocchio et al. 2015) and circadian rhythms (Chemelli, Willie 

et al. 1999). In humans and rodents, the hypothalamus is located in the ventral forebrain and 

above the anterior pituitary. The adult hypothalamus can be divided into four rostral-to-

caudal regions: preoptic, anterior, tuberal, mammillary; and three medial to lateral regions: 

periventricular, medial and lateral. These regions contain many distinct zones of compact cell 

clusters with distinct functions. The periventricular hypothalamus includes paraventricular 

(PVN), arcuate (ARC), supra-chiasmatic (SCN) nuclei.  The medial hypothalamus contains 

the anterior hypothalamus, preoptic, ventromedial (VMN), dorsal medial (DMN) and the 

mammilary nuclei. The lateral hypothalamus is comprised of the preoptic area and lateral 

hypothalamic area. Each hypothalamic nucleus consists of distinct neuronal cell types that 

mediate specific functions. In Chapter 2, we describe a protocol for efficient differentiation 

of hypothalamic ARC neurons from human pluripotent stem cells. The studies in Chapter 3 

are based on these neuronal cell types, most closely resembling those of the ARC.   

   The two major neuronal types in the ARC that participate in controlling energy homeostasis 

are POMC and NPY/AGRP neurons. These neurons can sense peripheral hormones in the 

plasma such as insulin, leptin, ghrelin, peptide YY (PYY), glucagon-like peptide-1 (GLP-1) 

and metabolites (such as glucose and free fatty acids) to influence short and long-term 

aspects of feeding behavior. Both insulin and leptin bind their cognate receptors on these 
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neurons and further activate POMC neurons but inhibit NPY/AGRP neurons to generate 

aggregate anorexigenic signals. Ghrelin, a hormone released primarily from the stomach in 

response to food deprivation, binds to its receptors to stimulate NPY/AGRP neurons and 

inhibit POMC neuron activity in order to stimulate ingestive behaviors. POMC neurons could 

also be inhibited by other GABAergic neurons in the ARC such as NPY/AGRP neurons 

through neuron connections that target to these neurons, which is regulated by leptin (Vong, 

Ye et al. 2011). Interestingly, POMC neurons are also found to promote cannabinoid-induced 

feeding in a recent mouse study (Koch, Varela et al. 2015). 

    Actions of these hormones in ARC neurons triggers secretion of neuropeptides αMSH and 

NPY/AGRP that engage receptors on  “second order” neurons in the VMN, PVN, lateral 

hypothalamus, amygdala, dorsal motor nucleus of the vagus (DMV) and nucleus of the tractus 

solitarius (NTS) through the melanocortin 3 receptor (MC3R), MC4R, NPY receptor 2 

(NPY2R), and others. Genetic analyses of obesity (discussed below) demonstrate the 

essential role of hypothalamic “leptin-melanocortin” axis in controlling food intake and 

energy expenditure. The brain-derived neurotrophic factor (BDNF) - tyrosine kinase B 

receptor (TrkB) pathway in the “second order” neurons operates downstream of this pathway 

to coordinate aspects of the food intake and energy expenditure. Specific neuronal cells types 

and their functions in other hypothalamic nuclei are described in the section on hypothalamic 

development in this chapter. 

 

Genetics of Obesity 

    Obesity is caused by the interplay between genetic and environmental factors. 

Environmental factors include intrauterine and early developmental effects, diet quantity and 

possibly composition, emotional stress, physical activity, possibly environmental toxins such 

as phthalate (Stahlhut, van Wijngaarden et al. 2007), and/or the intestinal microbiome. 
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Phenotypic concordance rates among mono and dizygotic (same sex) twins are used to assess 

the genetic contributions (heritability) to these phenotypes. In a study of 25,000 twin pairs, 

the mean inter-twin correlations of body weight were 0.74 for monozygotic twins, 0.32 for 

dizygotic twins (Maes, Neale et al. 1997, Schousboe, Visscher et al. 2004). Similar data can 

be obtained from concordance rates for such phenotypes among adopted and biological 

siblings. In a study of 50,000 biological and adoptive family members, body weight 

correlation rates were 0.25 for siblings, 0.19 for parent-offsping pairs and 0.06 for adoptive 

family members (Maes, Neale et al. 1997, Schousboe, Visscher et al. 2004). Such studies 

point to an important role for genetic factors in human body weight and adiposity.  

   In the past 30 years, several single gene mutations have been identified that cause severe 

obesity in humans. Most of these genes were initially identified in rodents by positional and 

other cloning strategies, and many are directly or indirectly involved in the leptin-

melanocortin signaling pathway mentioned above, including leptin, leptin receptor, POMC, 

PC1/3, CPE, MC4R (Figure 1.1). Hypomorphic mutations of these genes result in severe 

obesity in both humans and rodents. Some of these molecules/genes will be the topics of 

molecular analysis in the pluripotent cell-derived neurons in the studies described in 

Chapters 2, 3 and 4. Their physiological functions in body weight regulation are described 

here.  

 

Leptin and leptin receptor deficiency 

     In 1950’s and 1960’s, investigators at the Jackson Laboratory identified two autosomal 

obesity mutations designated ob/ob (obesity) and db/db (diabetes) (Lane and Dickie 1958, 

Coleman and Hummel 1967). The ob and db genes are on different chromosomes, but the 

ob/ob and db/db mice share identical phenotypes on the same strain background including 

severe obesity, suggesting the ob and db genes might function through a common metabolic 
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pathway. Douglas Coleman performed parabiosis (anastomosed capillary circulations) 

experiments with these animals (Coleman and Hummel 1969, Coleman 1973). These 

experiments suggested—in the aggregate—that db was encoding a receptor for a circulating 

ligand encoded by ob. Ob (leptin; LEP) and db (leptin receptor; LEPR), fitting Coleman’s 

experimental formulation, were identified by genetic and molecular biological methods in 

1994 and 1995 (Zhang, Proenca et al. 1994, Green, Maffei et al. 1995, Tartaglia, Dembski et 

al. 1995). Leptin is secreted from adipocytes in proportion to cell size, and its concentration 

in blood is directly proportional to adipose tissue mass (the product of cell number and size) 

(Farooqi and O'Rahilly 2014). Circulating leptin binds to LEPR on hypothalamic arcuate 

(ARC) neurons releasing appetite-regulating neuropeptides to repress food intake and 

stimulate energy expenditure (Cowley, Smart et al. 2001).  

    In 1997, O’Rahilly and collaborators reported the first two human subjects with 

homozygous frame shift mutations of LEP (Montague, Farooqi et al. 1997). As anticipated, 

these individuals were leptin-deficient and severely obese.  In 1998, Karine Clement and her 

colleagues identified the first patients with homozygous hypomorphic mutations in the leptin 

receptor (LEPR) gene (Clement, Vaisse et al. 1998). These patients also displayed early-onset 

morbid obesity, further implicating the critical role of leptin signaling in body weight 

regulation.  Moreover, both LEP- and LEPR-deficient humans and mice have 

hypogonadotropic hypogonadism and hypothalamic hypothyroidism (Clement, Vaisse et al. 

1998, Farooqi and O'Rahilly 2014). Leptin influences reproduction by stimulating the release 

of gonadotropin-releasing hormone (GnRH) from hypothalamus (Comninos, Jayasena et al. 

2014).  

 

POMC deficiency 

    POMC is the precursor protein for a large number of bioactive peptides: adrenocortico- 
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trophin (ACTH), αMSH, βMSH, γMSH and β endorphin that are involved in adrenocortical 

function, pigmentation, immune response and energy homeostasis (Krude, Biebermann et al. 

1998, Yaswen, Diehl et al. 1999). POMC is specifically expressed in the neurons in the 

arcuate nucleus of hypothalamus and the nucleus of the solitary tract (NTS), cells in the 

anterior and intermediate lobe of pituitary gland, and melanocytes in the skin (Yaswen, Diehl 

et al. 1999). Its derived peptide, αMSH, inhibits food intake by activating MC4R in second 

order neurons within the PVN (Balthasar, Dalgaard et al. 2005). In 1998, Heiko Krude and 

colleagues reported two POMC-deficient patients segregating for compound heterozygous 

mutations (POMC c.7013G>T and c.7133delC) and homozygous mutations (POMC 

c.3804C>A), respectively (Krude, Biebermann et al. 1998). The compound heterozygous 

mutations result in truncated POMC proteins that cause a complete loss of POMC and its 

derived neuropeptides. The POMC c.3804C>A mutation generates an additional out-of-frame 

ATG start codon that disrupts the translation of POMC (Krude, Biebermann et al. 1998). 

Both mutations result in adrenal insufficiency and severe early-onset of obesity, light skin 

color and red hair (Krude, Biebermann et al. 1998). Plasma ACTH and cortisol levels are low 

in both genotypes. Deletion of Pomc in mice causes obesity, adrenal insufficiency and altered 

pigmentation (Yaswen, Diehl et al. 1999) consistent with the findings in humans (Figure 

1.1).   

 

POMC processing and PC1/3 deficiency 

   POMC propeptide is cleaved in the ER by prohormone convertases to produce the bioactive 

peptides—αMSH, βMSH, γMSH, β endorphin (BEP) and ACTH (Figure 1.2). POMC is 

synthesized in the pituitary and the ARC of hypothalamus. The POMC precursor contains an 

N-terminal signal peptide that acts as a sorting signal to the secretory granules (Figure 1.2). 

Posttranslational processing of POMC occurs during trafficking of POMC peptides from the 
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ER to the secretory granules (Wardlaw 2011). There are eight potential cleavage sites for 

PC1/3 and PC2 in the polypeptide precursor (Figure S3.1C). In the anterior pituitary, where 

prohormone convertase 1/3 (PC1/3) is highly expressed, POMC is first processed into 

proACTH and β-lipotropin (β-LPH). ProACTH is further cleaved by PC1/3 to generate 

ACTH and an N-terminal fragment. In the intermediate lobe of pituitary and hypothalamus, 

where PC1/3, PC2, and other processing enzymes (such as carboxypeptidase E (CPE)) are all 

expressed, all cleavage sites are used to generate specific bioactive peptides: ACTH is further 

cleaved by PC2/CPE to corticotropin-like-intermediate lobe peptide (CLIP) and αMSH; the 

N-terminal POMC fragment is also processed by PC2 to yield γMSH; β -LPH is further 

cleaved by PC2 and CPE to generate γ -LPH and BEP; γ -LPH can be further processed by 

PC2 to generate  βMSH (Figure 1.2) (Wardlaw 2011).    

    PC1/3 and PC2 are prohormone convertases that both cleave at sites containing dibasic 

residues but with their own preference (Wardman, Zhang et al. 2010). PC1/3, encoded by 

proprotein convertase subtilisin/kexin type 1 (PCSK1), processes multiple prohormones and 

neuropeptides in regulated secretory pathways, including proinsulin, proglucagon, growth 

hormone-releasing hormone (GHRH), prothyrotropin-releasing hormone, gonadotropin-

releasing hormone (GnRH), POMC, NPY, AGRP, and Oxytocin (Paquet, Zhou et al. 1996) 

(Zhu, Zhou et al. 2002, Jackson, Creemers et al. 2003, Pan, Nanno et al. 2005, Creemers, 

Pritchard et al. 2006). PC1/3 is a serine protease that undergoes autocatalytic cleavage to 

generate the fully active form of PC1/3 (Prabhu, Blanco et al. 2014).  Hypomorphic 

mutations of PCSK1 can result in severe early-onset obesity, hyperproinsulinemia, growth 

hormone deficiency, adrenal insufficiency and diarrhea, due to misprocessing of relevant 

propeptides in the neuroendocrine system (Jackson, Creemers et al. 1997, Jackson, Creemers 

et al. 2003, Farooqi, Volders et al. 2007). Pcsk1 knockout mice show compatible genotype-

specific phenotypes, but these mice are not obese (Zhu, Zhou et al. 2002). Pcsk1 null mice 
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also display a high mortality rate and severe growth defect (Zhu, Zhou et al. 2002), which is 

different from the normal viability and mild decrease of growth rate in Pcsk2 knockout mice 

(Furuta, Yano et al. 1997).  From the quantitative peptidomics analysis of neuropeptides 

processing in Pcsk1 and Pcsk2 null mice, there are much more peptides (produced in brain 

region whether both Pcsks are expressed) that show > 50% reduction in Pcsk2 null mice than 

that in the Pcsk1 null mice (Pan, Nanno et al. 2005, Wardman, Zhang et al. 2010), suggesting 

PC2 may possess a more unique role in processing its substrates than PC1/3. Fewer peptides 

processing are impaired in Pcsk1 null mice, implicating other enzymes can substitute PC1/3 

in processing its substrates.  

    In Chapter 2 and Chapter 3, POMC processing in hPSC-derived hypothalamic neurons is 

examined. The influence of PC1/3 deficiency on POMC processing is also studied in 

Chapter 3.  

 

CPE deficiency 

   CPE is a membrane-bound protein present on some secretory granules. This enzyme 

functions downstream of prohormone convertases (PCs) to remove the basic residues 

generated by PCs thereby generating bioactive peptides. CPE works downstream to PC1/3 

and PC2 in hypothalamic POMC processing (Figure 1.2). CPE mutant mice, Cpe fat/fat 

(missense mutation inactivating CPE) are obese and hyperglycaemic (due to misprocessing of 

proinsulin) (Naggert, Fricker et al. 1995). Cpe-knockout mice are also obese, hyperglycemic, 

hyopinsulinemic/hyperproinsulinemic, hypogonadotropic due to impaired processing of 

gonadotrophin-releasing hormone (GnRH), and have reduced serum levels active forms of 

cocaine-and-amphetamine-regulated transcript (CART) (Cawley, Zhou et al. 2004). CART is 

an anorexigenic peptide expressed in POMC neurons that is regulated by leptin (Kristensen, 

Judge et al. 1998). CPE also functions as a sorting receptor in the regulated secretory 
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pathway (RSP). CPE binds specifically to the N-terminal sorting signal of full length POMC 

to target POMC to the RSP for processing and secretion (Cool, Normant et al. 1997). Cpe fat 

mice display increased POMC secretion and reduced production of mature ACTH in the 

intermediate lobe of pituitary, reflecting disrupted sorting and impaired processing of POMC 

(Cool, Normant et al. 1997). The decreased production of CART and abnormal POMC 

sorting and processing likely contribute to the obese phenotype in the Cpe mutant animals.  

 

MC4R deficiency  

    MC4R is a G-protein coupled receptor, the fourth discovered melanocortin receptor 

(Gantz, Miwa et al. 1993). In rat, MC4R mRNA is expressed in many brain regions including 

the cortex, brainstem, thalamus, hypothalamus and spinal cord. In hypothalamus, MC4R is 

specifically expressed in PVN neurons (Mountjoy, Mortrud et al. 1994).  In 1997, Fan et al. 

reported that intracerebroventricular (ICV) administration of the MC4R agonist, MTII, 

inhibited feeding in four hyperphagic mouse models including ob/ob mice, suggesting that 

melanocortinergic neurons exert tonic inhibition of feeding behavior and that MC4R 

functions downstream of leptin signaling in regulating food intake (Fan, Boston et al. 1997). 

Deletion of Mc4r in mice results in early onset obesity associated with hyperphagia, (Huszar, 

Lynch et al. 1997). In 1998, two groups reported two frameshift mutations in MC4R that 

caused dominantly inherited obesity in two human subjects (Vaisse, Clement et al. 1998, 

Yeo, Farooqi et al. 1998).  In addition to hyperphagia, MC4R deficiency also causes 

increased linear growth, higher bone mineral density and hyperinsulinemia (associated with 

obesity) in human subjects, similar to phenotypes in the Mc4r knockout mice. MC4R 

deficiency is the most prevalent from of human monogenic obesity, accounting for up to 5% 

of instances of severe (BMI > 40) early-onset obesity.  
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Bardet-Biedl Syndrome 

    Bardet-Biedl (BBS) and Alstrom (ALMS) syndromes are monogentic obesities caused by 

mutations of genes that encode constituents of the basal body of the primary cilium. In 

addition, the ciliary protein gene, RPGRIP1L, located 200 bp upstream of the 5’ end of the 

FTO locus, is also implicated in regulating leptin signaling in hypothalamic neurons both in 

vitro and in vivo (Stratigopoulos, LeDuc et al. 2011, Stratigopoulos, Martin Carli et al. 2014).  

Hypomorphic mutations of RPGRIP1L result in Joubert syndrome (JBST) (Arts, Doherty et 

al. 2007).  BBS is a rare autosomal recessive disease characterized by multiorgan 

dysfunction, including polydactyly, hyperphagic obesity, retinitis pigmentosa, anosmia, renal 

cysts and cognitive impairments (Mykytyn and Sheffield 2004). ALMS is also a autosomal 

recessive disorder characterized by progressive cone-rod dystrophy, hearing loss, childhood 

obesity and type 2 diabetes (Collin, Marshall et al. 2002).  JBST is characterized by impaired 

development of cerebellum and brain stem, ataxia, hypotonia, sleep apnea, kidney failure, 

retinitis pigmentosa and polydactyly (Arts, Doherty et al. 2007). The differences in 

phenotype among these “ciliopathies” point to important but as yet poorly understood 

differences in the functions of these proteins.  

   There are two types of cilia: motile and non-motile. Motile cilia are found in the lung, 

respiratory tract, kidney epithelia and inner ear and play roles in moving fluids and 

environmental sensing. The primary cilium consists of three major compartments: basal 

body, axoneme and ciliary membrane (Satir and Christensen 2008). It is comprised of over 

600 proteins in molecular complexes that maintain cilium structure and subserve its functions 

(Satir and Christensen 2008). This organelle—generally one per cell—has been detected in 

all cell types in the human body except bronchiolar epithelium and goblet cells (Fliegauf, 

Benzing et al. 2007). The primary cilium is a microtubule-based cellular organelle that 

originates from the centrosome and protrudes from the cell surface. Motile cilia have a 
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central pair of microtubule singlets and nine outer doublet microtubules (9+2) while primary 

cilia do not have the central pair of microtubules (9+0) (Green and Mykytyn 2010). The 

centrosome functions as a microtubule-organizing center and is essential for spindle 

formation in dividing cells; thus the organization of cilia and cell cycle are tightly linked 

(Parker, Hilton et al. 2010). Primary cilia are usually present in cells during G0/G1 phase and 

disassemble at late S and G2 phases when centrioles are required for mitotic spindle 

formation (Irigoin and Badano 2011).   

   The primary cilium is essential for signal transduction, chemical and mechanical sensing, 

and control of the cell cycle. Many signaling molecules are present on the ciliary membrane, 

including the receptors for SHH, Wnt, PDGFα and other signaling molecules required for 

embryonic development, cell growth and survival, and metabolism (Satir and Christensen 

2008, Lancaster and Gleeson 2009). The transportation of these signaling molecules within 

cilium is mediated by intraflagellar transport complexes A and B that control retrograde and 

anterograde intraflagellar transport (IFT). Consequently, clinical manifestations of impaired 

activity of these molecules—“ciliopathies”—are protean, including as noted above effects on 

limb, brain, kidney and eye development and function. Importantly, neuronal knockouts of 

ciliary proteins: Ift88 or Kif3a (both are involved in IFT) (Davenport, Watts et al. 2007) or 

whole body knockout of Ac3 (Adenylyl cyclase 3, a signaling molecule located in the primary 

cilium) (Wang, Li et al. 2009) increase food intake and adiposity in mice.  

   The prevalence of BBS in North America and Europe is 1 in 140,000-160,000 live 

newborns. Eighteen discrete genes have been implicated in specific instances of BBS. All 

identified BBS proteins (N=18) are localized at the basal body of the primary cilium. 

Mutations in BBS1 and BBS10 genes account for 25% and 20% of reported cases, 

respectively. The two most prevalent mutations are BBS1M390R and BBS10c91fsX95. Seven 
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BBS proteins (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, BBS9) form a complex referred to 

as the “BBSome” (Jin, White et al. 2010), which mediates the transportation of signaling 

molecules from cytoplasm into the primary cilium, including the receptors for Sonic 

hedgehog, Wnt, PDGF, somatostatin, melanin-concentrating hormones (MCH), and possibly 

for insulin, leptin and αMSH. Most Bbs mutant mice (Bbs1M390R KI, Bbs2, Bbs4, Bbs6, 

Bbs7 knockout mice) are obese (Davis, Swiderski et al. 2007, Rahmouni, Fath et al. 2008, 

Zhang, Nishimura et al. 2013). Electron micrographs show clear structural abnormalities of 

the primary cilia in the hippocampus, amygdala and third ventricle in Bbs mice (Davis, 

Swiderski et al. 2007, Agassandian, Patel et al. 2014). The MRI study of BBS human 

subjects also reveals significant region- and tissue-specific patterns of brain abnormalities in 

these patients, indicating the role of BBS proteins in maintaining normal brain structure that 

might be associated with pathophysiology of BBS (Keppler-Noreuil, Blumhorst et al. 2011).  

    Hypothalamic leptin and insulin signaling are critical for the regulation of energy 

homeostasis (Barsh and Schwartz 2002). BBS patients are more insulin resistant and 

hyperleptinemic compared to BMI-matched non-BBS controls, suggesting that BBS proteins 

may participate in the signaling efficiency of these molecules (Feuillan, Ng et al. 2011). 

Studies on Bbs2, 4, and 6-null mice suggest that hypomorphic BBS proteins cause 

hypothalamic leptin resistance that contributes to the obesity in these mice (Rahmouni, Fath 

et al. 2008, Feuillan, Ng et al. 2011). However, other studies have found that Bbs mice do not 

develop leptin resistance until these mice become obese (Berbari, Pasek et al. 2013), 

indicating that the leptin resistance is “secondary”. Whether BBS mutations have direct or 

indirect influences on leptin or insulin signaling is still unclear. Moreover, Bbs2 and Bbs6 

knockout mice also display decreased Pomc mRNA expression and reduced numbers of 

POMC neurons in the ARC (Rahmouni, Fath et al. 2008), suggesting that Bbs mutations may 

affect neurogenesis and/or survival of POMC neurons in these mice. As will be shown in 

14



Chapter 4, iPSC-derived hypothalamic neurons can provide a useful model to address these 

important questions of whether BBS or other ciliary mutations contribute directly to the 

leptin (or insulin) resistance or other molecular phenotypes that contribute to energy 

imbalance and obesity, in a cellular context that independent of obesity per se. 

Key Signals Involved in Hypothalamic Development 

    The development of central nervous system is controlled by complex spatial and temporal 

regulation of many signaling molecules. Sonic hedgehog (SHH), Wingless/integrins (WNT), 

NOTCH, Bone morphogenetic proteins (BMPs), brain-derived neurotrophic factor (BDNF) 

and many other signals are required for regionalization, neuronal proliferation and cell fate 

determination during brain and, more specifically, hypothalamic development (Figure 1.3). 

In Chapter 2, generation of hypothalamic neurons from human pluripotent stem cells is 

based on the in vitro recapitulation of some of these signals.  

SHH  

   The hypothalamus develops from the ventral diencephalon where SHH is highly expressed. 

The absence of ventral cell types within the neural tube in Shh knockout mice suggests that 

SHH signaling is essential for ventral brain development (Chiang, Litingtung et al. 1996). 

SHH signaling plays an important role in controlling cell proliferation and viability in the 

developing diencephalon (Alvarez-Bolado, Paul et al. 2012). In mice, conditionally 

abolishing Shh in Foxb-expressing forebrain progenitors (Shh-c) and the ventral neural plate 

is embryonic lethal (Alvarez-Bolado, Paul et al. 2012). In Shh-c mice, there is a significant 

decrease in the number of proliferating neuroepithelial progenitors in the rostral 

hypothalamus (Alvarez-Bolado, Paul et al. 2012). These mutant mice also show reduced sizes 

of basal ganglia and hypothalamus (VMH, PVN), and an enlarged third ventricle. The 

abnormal separation of rostral and caudal hypothalamic regions, altered localization of the 
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diencephalon-telecephalon junction (DTJ), absence of prethalamus and reduced lateral 

hypothalamus in the mutant mice implicate the impaired anteroposterior, dorsoventral 

patterning and disruption of the DTJ (Alvarez-Bolado, Paul et al. 2012). Thus, SHH signaling 

is required for induction, growth, early patterning and neuronal specification in the 

hypothalamus. From lineage tracing, Shh is expressed in a dynamic pattern (expression level 

and regions change during development) in the ventral diencephalon during mouse 

embryonic development, which is essential for hypothalamic neurogenesis and patterning 

(Alvarez-Bolado, Paul et al. 2012) (Szabo, Zhao et al. 2009). Before E9.5, Shh-expressing 

progenitors give rise to neurons, astrocytes and tanycytes in the mammillary and posterior 

tuberal regions. After E9.5, Shh-expressing progenitors contribute to neurons and astrocytes 

of the entire tuberal region and in particular the ventromedial nucleus, but not to cells in the 

caudal area. By E12.5, Shh-expressing cells exclusively undergo gliogenesis rather than 

neurogenesis, indicating a cell fate shift from early Shh expressing progenitors to late 

progenitors (Alvarez-Bolado, Paul et al. 2012). Therefore, SHH is important for the 

generation of neurons or astrocytes in the mammillary, tuberal and posterior but not anterior 

hypothalamic regions. The timing of SHH expression is also important for cell fate 

determination during hypothalamic development.  

WNT 

     Canonical WNT signaling plays an important role in the dorsal-ventral patterning of 

neural tube during embryonic development. Activation of WNT signaling promotes dorsal 

and posterior brain development. Mutations of WNT signaling molecules—Wnt3a (Lee, Tole 

et al. 2000), LRP6 (Zhou, Zhao et al. 2004), Lef1 (Galceran, Miyashita-Lin et al. 2000)—in 

mice reduce the size of dentate gyrus, inhibit the proliferation and production of granule 

neurons,  and impair the neuronal patterning of the hippocampus.  In zebrafish, WNT 

16



signaling regulates hypothalamic neurogenesis through lymphoid enhancer factor 1 (lef1) 

(Lee, Wu et al. 2006). LEF1 is a downstream transcription factor of WNT signaling, which 

interacts with beta-catenin to activate preneural and neural genes such as sox3, zash1a, dlx2 

and isl1 in the posterior hypothalamus (Lee, Wu et al. 2006). Wnt 8b, a ligand of the Frizzled 

receptor in the canonical pathway, is also highly expressed in the posterior hypothalamus 

(Lee, Wu et al. 2006). In addition to controlling the proliferation of undifferentiated 

hypothalamic progenitors in the mouse embryo, WNT signaling also regulates post-

embryonic hypothalamic GABAergic and serotonergic neuron differentiation in adult mice 

(Wang, Kopinke et al. 2012). Importantly, intracellular inhibition of WNT signaling by 

AXIN1 promotes hypothalamic identity while activation of WNT signaling results in loss of 

rostral hypothalamic tissue but favors the generation of the posterior diencephalic floor plate 

(Kapsimali, Caneparo et al. 2004). Ectopic activation of WNT signaling in the zebrafish 

embryo results in loss of anterior hypothalamus and promotes posterior at the expense of 

anterior identities, suggesting that WNT signaling also influences the regionalization of the 

hypothalamus. Therefore, early repression of WNT signaling may facilitate the generation of 

hypothalamic neurons while different spatial and temporal expression of WNT molecules 

might be important for hypothalamus patterning and neuron identity specification (see 

Chapter 2). 

NOTCH                    

  The Notch signaling pathway is important for cell-cell interaction and regulates cell 

differentiation in multiple tissues during embryonic development. Activation of Notch 

signaling triggers the release of the Notch intracellular domain (NICD) that translocates to 

the nucleus and complexes with DNA-binding proteins such as RBPJ and transcription 

cofactor, MAM1 (Jarriault, Brou et al. 1995), to regulate the expression of Hes (Beatus, 
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Lundkvist et al. 2001) or Hey (Maier and Gessler 2000) genes. As bHLH transcription 

repressors, HES1 and HES5 can suppress expression of “preneural” genes such as Ascl1 and 

Neurogenin2 (Ngn2) to inhibit neuron differentiation (Hitoshi, Alexson et al. 2002, Kita, 

Imayoshi et al. 2007). During brain development, activation of Notch signaling promotes 

glial cell differentiation and maintains the progenitor state, while inhibition or loss of Notch 

signaling induces neuron differentiation. Notch signaling target genes—Ascl1 and Hes1—are 

present in hypothalamic ARC progenitors (Casarosa, Fode et al. 1999, Aujla, Naratadam et 

al. 2013). Microarray analysis of the Notch inhibitor—DAPT- treated chick embryos has 

identified several novel molecular targets of Notch during hypothalamic neuron development 

(Ratie, Ware et al. 2013). Conditional knockout the Notch co-factor, Rbpj, in Nkx2.1-

expressing cells increases the expression of Ascl1 and promotes the proliferation and 

accumulation of ARC neurons including POMC, NPY and GHRH neurons (Aujla, 

Naratadam et al. 2013). Conversely, constitutive expression of active NICD in Nkx2.1 cells 

decreases the number of progenitors and differentiated ARC neurons (Aujla, Naratadam et al. 

2013). Thus, Notch signaling participates in regulating the specification of hypothalamic 

ARC neurons.  

BDNF 

   BDNF is a member of the neurotrophin family of growth factors, which are required for 

neuronal growth and function in the central and peripheral nervous systems. Bdnf is 

expressed throughout the rat brain, including the basal forebrain, hippocampus and cortex. In 

the adult rat hypothalamus, BDNF-positive cells are concentrated in the VMN, posterior 

hypothalamic area, mammillary and supramammillary regions (Katoh-Semba, Takeuchi et al. 

1997). Knocking down Bdnf in dorsal root ganglion cells induces cell death, an effect that can 

be rescued by exogenous BDNF. Furthermore, the Bdnf homozygous mutant mice are smaller 

and most die shortly after birth displaying a loss of peripheral sensory ganglia. Bdnf2L/2LCk-cre 

18



mutant mice, in which the BDNF levels in the hippocampus are reduced to 5% of those in 

wild-type mice, display increased hippocampal neuron proliferation. However, the newly 

formed neurons are calretinin-positive but lack of calbindin and display impaired dendritic 

differentiation, indicating that the terminal differentiation of these newborn neurons is 

impaired in adult Bdnf-deficient hippocampal cells (Chan, Cordeira et al. 2008). Lateral 

ventricle administration of BDNF increases neuron proliferation in subventricular zone, 

striatum, septum, thalamus and hypothalamus (Pencea, Bingaman et al. 2001). Addition of 

exogenous BDNF to primary forebrain neuron cultures promotes cholinergic and 

dopaminergic neuron differentiation (Knusel, Winslow et al. 1991). Thus, BDNF is essential 

for neuron survival and proliferation, as well as neuron differentiation and maturation.  

 

SMADs 

   Transforming growth factor-β (TGF-β) superfamily is a large group of secreted cytokines 

and growth factors that are involved in broad cellular responses including differentiation, 

organogenesis and apoptosis. The group includes TGF-βs, activins and bone morphogenetic 

proteins (BMPs). SMAD proteins work downstream to transmit TGFβ superfamily signals 

from the cell surface to the nucleus to regulate the transcription of TGFβ/Activin and BMP 

target genes (Heldin, Miyazono et al. 1997, Nakayama, Snyder et al. 1998, Shimizu, Kato et 

al. 1998). In Xenopus, SMAD signaling plays a crucial role in neuron induction. Activin 

induces mesoderm differentiation but inhibits neuron differentiation (Hemmati-Brivanlou and 

Melton 1994). BMP4 induces epidermis differentiation but inhibits neural fate during 

embryonic development (Wilson and Hemmati-Brivanlou 1995). Using inhibitors—follistatin 

(Hemmati-Brivanlou, Kelly et al. 1994), chordin (Sasai, Lu et al. 1994) and noggin (Wilson 

and Hemmati-Brivanlou 1995)—to antagonize Activin or BMPs, respectively promotes 

neuron induction in the Spemann organizer. More recently, Lorenz Studer’s group 
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demonstrated that the combination of two SMADs inhibitors—SB431542 (inhibitor for TGF-

β/Activin signaling) and Noggin or LDN (inhibitor for BMPs signaling)—could efficiently 

convert human pluripotent stem cells (hPSCs) into neural lineages (Chambers, Fasano et al. 

2009).  

 

Transcription Factors in Hypothalamic Development 

    The diverse physiological functions of the hypothalamus, its complex 3D architecture, and 

lack of specific antibodies as cellular markers for neuronal subtypes has restricted our 

understanding of hypothalamic development. Previous studies have identified a few 

transcription factors belonging to the homeodomain (HD) and basic Helix-Loop Helix 

(bHLH) families that participate in hypothalamic development. Regional expression of these 

transcription factors defines the distinct neuronal cell identities in specific hypothalamic 

nuclei (Figure 1.4).  

NKX2.1 

    NKX2.1, also named TTF1 or T/EBP, is a homeodomain transcription factor. Deletion of 

Nkx2-1 is embryonic lethal in mice, associated with severe defects in lung, thyroid gland, and 

pituitary (Kimura, Hara et al. 1996).  In E10.5 mouse embryos, Nkx2-1 is highly expressed 

(by in situ hybridization) in the medial ganglionic eminence (MGE) and hypothalamus 

(Sussel, Marin et al. 1999). Nkx2-1 mutant mice also display extensive defects in the ventral 

hypothalamus: absence of premammillary nucleus and ARC, and reduced size of VMN and 

DMN (Kimura, Hara et al. 1996). Shh and Nkx2-1 are co-expressed in the ventral neural tube 

during early brain development (Alvarez-Bolado, Paul et al. 2012). Disruption of SHH 

signaling greatly reduces Nkx2-1 transcript levels in the ventral hypothalamus suggesting that 

the expression of Nkx2-1 is regulated by SHH signaling (Alvarez-Bolado, Paul et al. 2012). 

Furthermore, depletion Nkx2-1 also results in the absence of Shh expression in basal 
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telencephalon and hypothalamus (Sussel, Marin et al. 1999), implicating NKX2.1 in 

maintaining the expression of SHH during hypothalamus development.  

 

ASCL1 

  Achaete-scute homolog 1 (ASCL1, also named MASH1), a bHLH transcription factor, is a 

proneural protein participating in neurogenesis and neuron subtype specification.  Ascl1 is 

expressed in the basal retrochiasmatic neuroepithelium of E10.5-E12.5 mouse brain (McNay, 

Pelling et al. 2006). Knockout of Ascl1 in mice results in neonatal death and severely 

impaired development of the olfactory epithelium, sympathetic, parasympathetic and enteric 

ganglia neurons (Guillemot, Lo et al. 1993). The expression of other bHLH transcription 

factors: NeuroD, Ngn3, Nhlh2 and HD transcription factors: Gsh1, Hmx2 and Hmx3 is also 

impaired in the Ascl1 knockout mice (McNay, Pelling et al. 2006). The impaired 

neurogenesis and increased apoptosis in these Ascl1 mutant mice results in hypoplasia of both 

the ARC and VMN neurons (Casarosa, Fode et al. 1999, McNay, Pelling et al. 2006). 

Interestingly, ectopic expression of Ngn2 in the retrochiasmatic hypothalamus partially 

restores neurogenesis of POMC, NPY, SF1 neurons (but not GHRH and dopamine (tyrosine 

hydroxylase-positive) neurons in the ARC and VMN (McNay, Pelling et al. 2006), indicating 

that Ascl1 regulates neurogenesis of most neuronal cell types in the ARC and VMH, but is 

absolutely required for the specification of GHRH neurons in the hypothalamus.  

 

NHLH2 

Nescient helix-loop-helix 2 (NHLH2) is a basic transcription factor required for central 

nervous system development. In the developing mouse brain, Nhlh2 is highly expressed in 

the ARC and PVN in the ventral medial hypothalamus (Good, Porter et al. 1997). It is also 

expressed in lateral hypothalamus, Rathke’s pouch and anterior lobe of adult pituitary (Good, 
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Porter et al. 1997).  Congenital deletion of Nhlh2 in mice disrupts the hypothalamic-pituitary 

axis and results in obesity and hypogonadism (Good, Porter et al. 1997).  NHLH2 also 

regulates the expression of two prohormone convertases (Pcsk1 and Pcsk2) and Trh in 

POMC and thyrotrophin-releasing hormone (TRH) neurons (Jing, Nillni et al. 2004). Hence, 

Nhlh2 knockout mice display reduced production of αMSH and TRH, which might account 

for the obesity phenotype in these mice (Jing, Nillni et al. 2004). 

 

OTP 

   Orthopedia (OTP) is a HD transcription factor expressed in anterior periventricular (aPV), 

paraventricular (PVN), and supraoptic (SON) nuclei of the hypothalamus during embryonic 

development.  Mice lacking OTP die as neonates, associated with impaired production of 

neuropeptides somatostatin (SST), arginine vasopressin (AVP), oxytocin (OT), corticotropin-

releasing hormone (CRH), and thyrotropin-releasing hormone (TRH) (Wang and Lufkin 

2000). Otp -/- mice display the absence of aPV, PVN and SON regions and impaired ARC 

development (presence with reduced number of neurons), associated with progressive 

impairment of important developmental events such as reduced cell proliferation, abnormal 

cell migration and failure of terminal differentiation of neurons in these regions (Acampora, 

Postiglione et al. 1999). At E12.5, Brn2 is not expressed in the supraoptic/paraventricular 

(SPV) region in the Otp -/- embryo. At E13.5 and E14.5, Brn2 (Pou3f2) is undetectable in the 

SPV, SON and presumptive PVN region in Otp -/- embryo, suggesting that OTP is required 

for maintaining BRN2 expression in the specification of PVN region in the hypothalamus. 

Otp is expressed in dopaminergic neurons and their potential neuron precursors during 

zebrafish and mouse hypothalamic development (Ryu, Mahler et al. 2007). Inactivation of 

otp in zebrafish results in depletion of dopaminergic neurons in the hypothalamus and the 

posterior tuberculum (Ryu, Mahler et al. 2007). Otp -/- mouse embryos also lack 
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diencephalon dopaminergic neurons (Ryu, Mahler et al. 2007). Therefore OTP is essential for 

hypothalamic dopaminergic neuron development.  

 

SF1 

   Steroidogenic factor-1 (SF-1) is an orphan nuclear factor. It is expressed in adrenal and 

gonadal tissue during early organogenesis in the mouse. Sf-1 is also expressed in the ventral 

diencephalon (Ikeda, Shen et al. 1994), which gives rise to ventral hypothalamus. Disruption 

of Sf-1 in mice impairs the formation of adrenal glands and gonads, resulting in 

adrenocortical insufficiency, which contributes the postnatal death of these mice (Luo, Ikeda 

et al. 1994). Congenital absence of Sf-1 in mice results in severe defects in the organization 

of VMN and DMH and function of anterior pituitary cells producing TSH, FSH and ACTH 

(Shinoda, Lei et al. 1995). Brains of Sf-1 null mice are characterized by thicker ependymal 

layers adjacent to third ventricle, the presence of many immature neurons in the 

periventricular zone, and large numbers of diffusely disseminated neurons in the 

hypothalamus, suggesting hyperplasia of VMN neurons (Shinoda, Lei et al. 1995). Hence, 

SF-1 is required for neurogenesis and terminal maturation of the VMN neurons, as well as 

the aggregation and condensation of cells in the VMN.  

 

SIM1/ARNT2-POU3F2 

   SIM1 (single-minded homolog 1) is a bHLH-PAS (a conserved motif among Per, 

AhR/Arnt and Sim) transcription factor that is expressed in the PVN, SON and aPV during 

development and after birth (Michaud, Rosenquist et al. 1998). Sim1 null mice die shortly 

after birth, similar to Otp knockout mice. Absence of CRH, TRH, AVP neuropeptide-

producing neurons in the PVN, SON and aPV in Sim1 -/- mice suggests that Sim1 is essential 

for the development of these neuroendocrine cell types in these hypothalamic regions 
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(Michaud, Rosenquist et al. 1998). Sim1 heterozygous (+/-) mice display reduced PVN 

volume, and are hyperphagic and obese (Michaud, Rosenquist et al. 1998). Importantly, 

bHLH-PAS proteins function as heterodimers. Arnt2 is co-expressed with Sim1 and acts as 

the dimerization partner of SIM1 in the PVN and SON to specify the neuroendocrine lineage 

in these regions during hypothalamic development (Michaud, DeRossi et al. 2000). Arnt2-

null mice also display impaired development of the same types of neuroendocrine cells in the 

PVN and SON as occur in the Sim1 null mice (Hosoya, Oda et al. 2001), compatible with the 

structural co-requirement for their activity.  In both Sim1 -/- and Arnt2 -/- mutant mice, 

expression of a POU domain transcription factor—Brn2–is present in the ventricular zone but 

greatly decreased or absent in prospective PVN and SON cells (Hosoya, Oda et al. 2001), 

suggesting that BRNT2 works downstream of SIM1/ARNT2, and that its expression is 

regulated by this dimer.  

Human Pluripotent Stem Cells and Disease Modeling 

   In 2007, Yamanaka and collaborators generated induced pluripotent stem cells (iPSC) from 

adult human fibroblasts using defined molecular factors (Takahashi, Tanabe et al. 2007). This 

technique provides a pluripotent cell source in addition to human embryonic stem cells 

(hESC). iPSC and ESCs are defined as pluripotent stem cells by virtue of their capacities for 

self-renewal and potential to differentiate into any cell type in the body (Takahashi, Tanabe et 

al. 2007). Among the special utilities of iPSC is the ability to create cellular models of human 

disease directly from somatic cells (e.g. skin fibroblasts) of patients (Dimos, Rodolfa et al. 

2008, Hua, Shang et al. 2013, Shang, Hua et al. 2014).  Such cells can be used to study the 

molecular/cellular pathogenesis of disease, the potential actions of remediating drugs, and, 

ultimately, to provide compatible cells for replacement (Robinton and Daley 2012).   

   Cells differentiated from patient-derived iPS cells have been used to model human 
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neurologic diseases, including Alzheimer’s disease, Parkinson’s disease and Amyotrophic 

lateral sclerosis (Kondo, Asai et al. 2013, Ryan, Dolatabadi et al. 2013, Kiskinis, Sandoe et 

al. 2014). Therefore, it is plausible that iPS cells can be used to study hypothalamic cell 

biology relevant to obesity.  In 2008, Yoshiki Sasai’s lab reported a protocol for generating 

rostral hypothalamic neurons from mouse ESCs by minimizing exogenous patterning signals 

(Wataya, Ando et al. 2008). They claimed that the absence of exogenous growth factors 

could promote spontaneous differentiation of rostral hypothalamic-like progenitors from 

mouse ESCs (Wataya, Ando et al. 2008). However, in our hands, this protocol does not work 

efficiently in human ESCs. Therefore, we sought to develop such an in vitro model with 

hPSC-derived hypothalamic neurons—for the functional and mechanistic studies on genetic 

obesities. The creation of these cells is described in Chapter 2.  

    In human disease modeling with iPSC, it has been customary to include control iPSCs 

generated from unrelated healthy subjects or unaffected related subjects (siblings or parents) 

and to look for the disease-related phenotypes by comparing the disease iPSCs-derived 

functional cell types with those derived from these control iPSCs. However, any potential 

disease-relevant phenotypes may be confounded by genetic “background” differences among 

the cells from affected and “control” subjects (Liang and Zhang 2013, Ryan, Dolatabadi et al. 

2013).  To eliminate the experimental “noise” introduced by differences in genetic 

background among and between unrelated controls and affected individuals, isogenic controls 

can now be created using gene editing technologies, such as Zinc Finger Nuclease (ZFN) 

(Hockemeyer, Soldner et al. 2009), Transcription activator-like effector nucleases (TALEN) 

(Hockemeyer, Wang et al. 2011), and Clustered regularly interspaced short palindromic 

repeats (CRISPR) (Mali, Yang et al. 2013). The underlying mechanisms for ZFN and 

TALEN are quite similar. They are typically designed in pairs that bind sequences flanking 

the targeted genomic locus. Upon binding of ZFN or TALE pairs around the site, the FokI 
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nuclease is used to generate a double-strand break at the site, initiating the DNA repair 

process by either non-homologous end-joining or homology-directed recombination (HDR) 

(Hockemeyer, Soldner et al. 2009, Parker, Hilton et al. 2010, Hockemeyer, Wang et al. 

2011). Different from ZFN and TALEN, CRISPR is an RNA-guided gene editing technology 

in which the guide RNA binds to target a specific genomic site based on sequence 

complimentarity and directed binding of Cas9 to cleave the targeted DNA (Mali, Yang et al. 

2013). Each of these technologies has been successfully used to introduce and repair 

mutations in mouse ESC and human ESC/iPSCs (Hockemeyer, Soldner et al. 2009, 

Hockemeyer, Wang et al. 2011, Ran, Hsu et al. 2013). However, with CRISPR, multiple 

genes can be manipulated at the same time by co-transfecting ES cells with Cas9 and several 

guide RNAs that specifically target different genes (Wang, Yang et al. 2013).  Such reagents 

permit the creation of allelic series, single or multiple gene mutations on a constant genomic 

background—e.g a single pluripotent line—enabling assessment and comparison of effects of 

specific genes/alleles, and their comparison with naturally occurring mutations in specific 

patients. In the latter, these techniques can be used to repair mutations in order to assess 

phenotypic impact and, ultimately, to create therapeutic replacement cells.  

Concluding Remarks 

  Obesity results from interactions of developmental and environmental factors with genes 

that affect, primarily, energy intake and expenditure. While twin and adoption  studies 

strongly implicate genes in predisposing individuals to obesity, the identification of the 

responsible genes has been difficult.  Recent GWAS studies, for example, have identified 

over 50 candidate regions for obesity in the human genome, but in the aggregate these 

regions/constituent genes can account for less than 5% of the risk variance identified 

(Wheeler, Huang et al. 2013).  It is possible that the genetics of human obesity will reflect, 
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primarily, small effects of many genes; or, the effects of a smaller number of alleles of genes 

with greater biological impact but much lower frequency in the population.  These 

possibilities are being pursued using more extensive characterization of the human genome 

(exome and genome sequencing) in selected configurations of human subjects.  Meanwhile, it 

is apparent from the single gene mutations that have been used to establish the 

neuromolecular predicates for the control of body weight in mice and humans that specific 

cellular elements of the hypothalamus, their constituent molecules and connections are the 

basis for fundamental homeostatic regulation of body weight.   

Recent advances in understanding of the cellular ontogenesis of the hypothalamus, and the 

ability to generate and genetically manipulate pluripotent cells have converged to enable 

experiments unimaginable less than a decade ago.  We now have the tools with which to 

generate human hypothalamic neurons from patients with monogenic and more prevalent 

forms of obesity, to manipulate the genomes of these cells, and to interrogate them for 

molecular and cellular phenotypes ranging from neuropeptide processing, to intercellular 

communication and electrophysiology.  Such cells will enable deep insights into the 

pathogenesis of human obesity, and will provide platforms for the screening of agents 

capable of therapeutically affecting the relevant pathways/mechanisms.    
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Figure 1.1 Monogenic forms of obesity caused by mutations of molecules participating in leptin-

melanocortin signaling. 

Activation of leptin-melanocortin signaling could decrease food intake and increase energy expenditure. 

Mutation of molecules involved in leptin-melanocortin signaling may increase food intake and decrease 

energy expenditure and cause severe obesity in both human and rodent. Leptin deficient mice refer to 

ob/ob mice. Leptin receptor deficient mice refer to db/db mice. Cpe knockout mice refer to fat/fat mice. 

ASP: Agouti signal peptide. ASP mutant mice refer to Agouti mice (Ay). 
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Figure 1.2 POMC processing.  

Schematic diagram of the POMC precursor molecule and the major peptide products that are derived 

from this precursor by endoproteolytic cleavage. JP=Joining peptide; LPH = Lipotropin; EP = Endorphin; 

CLIP = Corticotropin-like-intermediate lobe peptide; da-α-MSH=desacetyl α -MSH; PC1/3 and PC2 = 

Prohormone convertases 1/3 and 2; CPE = Carboxypeptidase E; N-AT = N-acetyltransferase; PAM = 

Peptidyl α-amidating monooxygenase; PRCP = Prolylcarboxypeptidase. (Wardlaw, 2011) 
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Figure 1.3 Essential signals facilitate hypothalamic neurogenesis and differentiation. 

(A) WNT and SHH signalings regulate dorsal-ventral patterning of neural tube during development. 

Higher dose of WNT (yellow red) and lower dose of SHH are required for dorsal neuron cell type 

differentiation while lower dose of WNT and higher dose of SHH are essential for the ventral 

hypothalamus development. Diagram shows the coronal view of mouse E10.5 forebrain. (B) Inhibition of 

NOTCH, SMADs (TGFβ+BMP) promote the neuron differentiation from undifferentiated hPSCs or 

precursors. DAPT is the inhibitor for NOTCH signaling. SB and LDN are inhibitors for TGFβ and BMP 

signaling, respectively. 
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Figure 1.4 Transcription factors define different neuron identities in different hypothalamic nuclei. 

Diagram of the adult medial hypothalamus with region-related gene expression of transcription factor and 

neuron products in different hypothalamic nuclei based on published data. ARC: arcuate nucleus, VMN: 

ventromedial nucleus, PVN: paraventricular nucleus, LH: lateral hypothalamus, ME: median eminence. 

Markers on the left indicate the transcription factors expressed while markers on the right display the 

genes expressed in specific hypothalamic nuclei. 
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Chapter 2: “Differentiation of hypothalamic-like neurons from human induced 

pluripotent stem cells.” 
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Abstract  

The hypothalamus is the central regulator of systemic energy homeostasis, and its 

dysfunction can result in extreme body weight alterations. Insights into the complex cellular 

physiology of this region are critical to the understanding of obesity pathogenesis; however, 

human hypothalamic cells are largely inaccessible for direct study. Here, we developed a 

protocol for efficient generation of hypothalamic neurons from human embryonic stem cells 

(ESCs) and induced pluripotent stem cells (iPSCs) obtained from patients with monogenetic 

forms of obesity. Combined early activation of sonic hedgehog signaling followed by timed 
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NOTCH inhibition in human ESCs/iPSCs resulted in efficient conversion into hypothalamic 

NKX2.1+ precursors. Application of a NOTCH inhibitor and brain-derived neurotrophic 

factor (BDNF) further directed the cells into arcuate nucleus hypothalamic-like neurons that 

express hypothalamic neuron markers proopiomelanocortin (POMC), neuropeptide Y (NPY), 

agouti-related peptide (AGRP), somatostatin, and dopamine. These hypothalamic-like 

neurons accounted for over 90% of differentiated cells and exhibited transcriptional profiles 

defined by a hypothalamic-specific gene expression signature that lacked pituitary markers. 

Importantly, these cells displayed hypothalamic neuron characteristics, including production 

and secretion of neuropeptides and increased p-AKT and p-STAT3 in response to insulin and 

leptin. Our results suggest that these hypothalamic-like neurons have potential for further 

investigation of the neurophysiology of body weight regulation and evaluation of therapeutic 

targets for obesity. 

 

Introduction 

  The mediobasal hypothalamus is a functional integrator of homeostatic processes including 

food intake, energy expenditure, neuroendocrine regulation, body temperature and circadian 

rhythms (Pearson and Placzek 2013). Constituent cell bodies with distinct physiological 

functions include the arcuate ventromedial (VMH), dorsal medial (DMH) and paraventricular 

(PVH) nuclei (Barsh and Schwartz 2002, Alvarez-Bolado, Paul et al. 2012). ARC neurons, 

such as those expressing POMC and NPY/AGRP, can sense peripheral hormones—insulin, 

leptin, ghrelin, PYY and secrete neuropeptides αMSH and NPY/AGRP to engage receptors 

on so-called  “second order” DMH, PVN and other neurons to regulate aspects of energy 

homeostasis through MC4R, NPY1R, and other receptors (Barsh and Schwartz 2002). 

Hypomorphic mutations of genes involved in hypothalamic leptin-melanocortin signaling, 

such as leptin, leptin receptor, POMC, MC4R, result in monogenic severe obesity in humans 
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and rodents, confirming the biological importance of these pathways (Montague, Farooqi et 

al. 1997, Krude, Biebermann et al. 1998, Yaswen, Diehl et al. 1999, Farooqi, Keogh et al. 

2003, Farooqi, Wangensteen et al. 2007). Though various neuronal cell types have been 

generated by directed differentiation from human pluripotent stem cells and applied for the 

study of neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease and 

amyotrophic lateral sclerosis (ALS) (Kondo, Asai et al. 2013, Ryan, Dolatabadi et al. 2013, 

Kiskinis, Sandoe et al. 2014), there is currently no published protocol for the differentiation 

of human hypothalamic neurons. For the analysis of obesity-related pathophysiology, access 

to hypothalamic cell types would be extremely useful. 

 

   Establishing directed differentiation protocols relies upon an understanding of the details of 

cellular ontogenesis.  The hypothalamus is a complex organ subserving roles in energy 

homeostasis, endocrine physiology, temperature regulation, arousal, circadian rhythms, and 

other functions that are mediated by specific hypothalamic cell types(Sternson 2013). A 

growing number of transcription factors have been implicated in the differentiation and 

specification of hypothalamic neuronal subtypes (Figure S1.1A). In the E10.5 mouse brain 

Nkx2.1 is expressed in both the ventral diencephalon and telencephalon, while FoxG1 is 

expressed in telencephalon progenitors but not in hypothalamic progenitors, suggesting that 

hypothalamic neurons likely develop from Nkx2.1+FoxG1- precursors (Maroof, Keros et al. 

2013). RAX, VAX and SIX3 are specifically expressed in rostral hypothalamic 

neuroepithelia (Hallonet, Hollemann et al. 1998, Lu, Kar et al. 2013). Moreover, Achaete-

Scute-Like 1 (ASCL1, also called MASH1), Nescient helix loop helix 2 (NHLH2) and 

Orthopedia (OTP) are involved in specifying ARC neurons including POMC, NPY, AGRP, 

GHRH and dopaminergic neurons(Wang and Lufkin 2000, Jing, Nillni et al. 2004, McNay, 

Pelling et al. 2006). SIM1, Aryl hydrocarbon receptor nuclear translocator 2 (ARNT2), OTP, 
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and POU3F2 are required for the expression of oxytocin, vasopressin (AVP), TRH and CRH 

in PVH neurons(Nakai, Kawano et al. 1995, Michaud, DeRossi et al. 2000); steroidogenic 

factor-1 (SF1) and ASCL1 are important for the generation of VMH neurons(Majdic, Young 

et al. 2002). However, signals or pathways that participate in regulating the expression of 

these transcription factors are not well understood. We do know, however, that sonic 

hedgehog (SHH), a secreted ventralization morphogen, is essential for the induction and 

patterning of the hypothalamus (Szabo, Zhao et al. 2009, Alvarez-Bolado, Paul et al. 2012).  

 

   These fundamental aspects of hypothalamic development guided our development of a 

differentiation protocol for the efficient generation of hypothalamic ARC-like neurons from 

human embryonal stem cells (ESCs)/induced pluripotent stem cells (iPSCs). With early 

activation of SHH signaling plus SMADs dual inhibition, followed by inhibition of Notch 

signaling, we were able to convert human ESCs into ventral diencephalon NKX2.1+FOXG1- 

progenitors. We then further differentiated these progenitors into hypothalamic ARC-like 

neurons by inhibition of Notch signaling and demonstrated hypothalamic-specific gene 

signatures by RNA-seq and qPCR. We found that these neurons expressed and accurately 

processed hypothalamic peptides, including POMC, αMSH and β -endorphin (BEP) and 

AGRP, and we demonstrated that hESC-derived neurons could sense and respond to 

metabolic signals including insulin and leptin. Importantly, this protocol also works 

efficiently and consistently for generating hypothalamic neurons from human iPSC lines 

derived from both healthy controls, and subjects with obesity-related mutations such as the 

Bardet-Biedl Syndrome (BBS). Taken together, these findings suggest that we have 

generated neurons that closely resemble those of the ARC hypothalamus, providing a new 

resource for the study of the neuro-molecular mechanisms for regulation of human body 

weight.    
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Results 

Generation of hypothalamic NKX2.1+ progenitors from hESCs 

   The hypothalamus develops from the ventral diencephalon, where NKX2.1 is highly 

expressed. High-dose SHH(C24II) treatment efficiently induces the expression of NKX2.1 in 

human ESCs (Wataya, Ando et al. 2008, Liu, Weick et al. 2013). The timing of SHH 

exposure influences the development of the ventral neuron population in the mouse 

hypothalamus: early Shh-expressing progenitors contribute to neurons and astrocytes of the 

tuberal region, while late Shh-expressing progenitors generate almost exclusively astrocytes 

in mouse hypothalamus development (Alvarez-Bolado, Paul et al. 2012). Therefore, we asked 

whether early exposure to high SHH could induce ventral diencephalon NKX2.1+FOXG1-

progenitors from human ESCs.  

 

    Using an NKX2.1 GFP/W-hESC reporter line (20) (hereafter referred to as  “hESC”), we 

varied the timing of SHH exposure to optimize conditions for NKX2.1-GFP expression 

(Figure S2.1B). We adapted an embryoid body (EB) culture system for hESC differentiation, 

as was used for rostral hypothalamic neuron differentiation in mouse ESCs (Wataya, Ando et 

al. 2008). We also used SMADs inhibitors—LDN193189 (1 µM) and SB431542 (10 µM) 

(referred to here after LSB)  - from days 1 to 8 to drive ES cells towards a neuronal lineage 

(Chambers, Fasano et al. 2009). GFP expression was measured with fluorescence imaging or 

FACS. We found that activation of SHH signaling from days 3 to 13 was optimal with regard 

to NKX2.1-GFP expression in day26 EBs (Figure S2.1C). The addition of purmorphamine 

(2µM, PM), a SHH agonist, with SHH (100ng/ml), further promoted NKX2.1-GFP 

expression in day 26 EB (70.1% GFP+ cells) (Figure S2.1D). Subsequently, we found that a 

monolayer feeder-free culture system significantly shortened the time required for generation 

of NKX2.1 progenitors (11-12 days versus 26 days) (Figure S2.1E).  This culture system was 
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used for all subsequent studies.  

 

    Notch signaling controls progenitor maintenance and differentiation of hypothalamic 

neurons (Aujla, Naratadam et al. 2013, Ratie, Ware et al. 2013). Loss of Notch signaling in 

Nkx2.1 progenitors promotes the differentiation of hypothalamic ARC neurons and transient 

inhibition of Notch signaling synchronizes the differentiation of neuron progenitors (Nelson, 

Hartman et al. 2007, Aujla, Naratadam et al. 2013). Therefore, we asked whether inhibition 

of Notch signaling would promote the generation of hypothalamic progenitors. Three days of 

exposure to the Notch signaling inhibitor—N-[(3,5-Difluorophenyl)acetyl]-L-alanyl-2-

phenyl]glycine-1,1-dimethylethyl ester (DAPT, 10µM) (from day 8 to day 11), after 

withdrawal of SHH and LSB (Figure S2.1F), increased the expression of many TFs that are 

required for hypothalamic neuron specification (ASCL1, NHLH2, SIM1, OTP) and the neuron 

progenitor marker NESTIN, but not the telencephalon markers—PAX6 and FOXG1 (Figure 

S2.1F). High levels of NKX2.1 expression persisted during this 3-day period. Continued 

SHH+LSB treatment did not induce any of these TF markers (Figure S2.1F). Therefore, 

inhibition of Notch signaling after activation of SHH signaling, combined with dual SMADs 

inhibition, triggers the production of hypothalamic NKX2.1 progenitors. 

 

    With this protocol (Figure 2.1A), by immunohistochemistry, more than 90% of day 12 

differentiated cells were NKX2.1+ and less than 1% were FOXG1+ (Figure 2.1B), suggesting 

the production of ventral diencephalon-specific but not telencephalon progenitors. By 

quantitative PCR (qPCR) of 12 day cells we detected the up-regulation of transcription 

factors that were expressed in hypothalamic progenitors: NKX2.1, MASH1, NHLH2, OTP, 

SIM1, SF1, and the neural progenitor marker—NESTIN (Figure 2.1C).  PAX6, an early  

forebrain TF gene, was reduced in day 12 versus day 8 cells. By immunostaining, we also 

50



found that PAX6 and FOXG1 expression ceased (Figure S2.2), while MASH1 continued to 

be expressed in day 12 neural precursors (Figure 2.1D). Most day 12 cells also expressed 

SOX1 and NESTIN (Figure S2.2), both of which are markers of neuronal progenitors. Such 

dynamic changes of these TFs were further confirmed by Western blot analysis (Figure 

2.1E). Both MASH1 and NKX2.1 protein levels showed time-dependent increases from 

hESC to day 12 progenitors, while PAX6 was only transiently expressed in day 8 cells 

(Figure 2.1E). Therefore, early activation of SHH signaling with LSB treatment and 

subsequent inhibition of Notch signaling provides a strategy for effectively generating 

hypothalamic NKX2.1+ neuronal progenitors. 

 

Neurons derived from Nkx2.1+ progenitors recapitulate hypothalamic ARC identities 

   To advance the differentiation of day12 NKX2.1+ progenitors, we dissociated and replated 

these cells on poly-L-ornithine/ laminin-coated plates. To induce hypothalamic ARC neuron 

differentiation, Notch signaling was inhibited using DAPT (10 µM) from days 13 to 16 

(Aujla, Naratadam et al. 2013). To promote neuron differentiation and survival, cells were 

cultured in N2-containing medium with the brain-derived neurotropic factor (BDNF) added 

for a minimum of 8 days starting at day 16 (Figure 2.2A). POMC and NPY/AGRP neurons 

are the two major neuronal cell types found in the ARC; other neuronal cell types in the ARC 

include GHRH, somatostatin and dopaminergic neurons (Figure S2.1A). ΑMSH and β -

endorphin (BEP) are among the bioactive products of the processing of POMC propeptide. 

Both are used as markers for POMC neurons.  

 

    In day 24 differentiated cells, we found a mixed hypothalamic neuronal population, 

including POMC (Figure 2.2B), NPY (Figure 2.2C), AGRP (Figure 2.2D), Somatostatin 

(SST, Figure 2.2E), and Tyrosine hydroxylase positive dopaminergic (DA, Figure 2.2F) 
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neurons. These represent most of the cell types identified in the adult ARC (Pearson and 

Placzek 2013). NKX2.1 continued to be expressed in these differentiated cells at day 24 

(Figure S2.3A). Both POMC and NPY (Figure 2.2C) neurons expressed γ -aminobutyric 

acid (GABA) (Figure S2.3B) and glutamate decarboxylase 67 (GAD67) (Figure S2.3C). In 

addition, we also identified a few melanin-concentrating hormone (MCH, ~1%) neurons at a 

late stage (day 65) (Figure 2.2G). In day 33 neurons, 18% of cells expressed αMSH+ or 

SST+, and over 60% of cells expressed NPY+ (Figure 2.2H).  

 

    During mouse hypothalamic development, POMC is transiently expressed in a subset of 

immature hypothalamic neurons that subsequently develop into other neuronal cell types such 

as NPY neurons in the adult (Padilla, Carmody et al. 2010). We therefore determined whether 

similar developmental intermediates occurred during in vitro hESC hypothalamic neuron 

differentiation. We stained day 29 neurons for both POMC (αMSH) and NPY neuropeptides 

and found that 8% of neurons expressed only POMC, 61% of neurons expressed only NPY, 

and 21% of neurons were double positive for POMC and NPY (Figure 2.2 I, J). This 

similarity is reminiscent of in vivo mouse hypothalamic ARC neuron development at E13.5-

E18.5, at which time POMC and NPY are co-expressed within the same cells (Padilla, 

Carmody et al. 2010). In total, neurons expressing primarily POMC or NPY represent 80-

95% of all differentiated cells (based on 3 independent experiments). Thus, inhibition of 

NOTCH signaling promotes the efficient differentiation of hypothalamic ARC-like neuron 

from NKX2.1+ progenitors.   

 

    To determine whether neuropeptide-expressing cells possess the basic functional 

characteristics of active neurons, their electrophysiological properties were assessed using 

conventional whole-cell current clamp recording techniques (Hamill, Marty et al. 1981). The 
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subtypes of recorded neurons were identified using post hoc immunostaining for αMSH and 

NPY. In day 24 to day 33 cultures, recordings were obtained from three types of neuron: 

POMC+NPY+ (Figure S2.4A), POMC-NPY+ (Figure S2.4B), and double negative neurons 

(Figure S2.4C). All three types of neurons fired trains of action potential in response to a one 

second current application (Figure S2.4D). Therefore, hESC-derived hypothalamic neurons 

have the fundamental electrophysiological properties of neurons. 

 

Transcription profiles confirm a hypothalamic neuron signature  

    To further characterize transcriptional profiles during hypothalamic neuron  

differentiation, we performed RNA sequencing (RNA-seq) of undifferentiated hESCs, and 

cells at 12, 27 and 82 days of differentiation (protocol in Figure 2.1A and Figure 2.2A). 

Based on the heat maps generated by hierarchical clustering of these transcripts (de Hoon, 

Imoto et al. 2004) and visualized in Treeview (Saldanha 2004), the transcriptional profiles 

were distinct at these developmental stages (Figure S2.5A). Clusters 6 and 7, which were 

enriched in day 27 and day 82 differentiated neurons, contained genes participating in 

neurogenesis, axonogenesis and neuron function. More specifically, pathway analysis of 

Cluster 6 (and similarly for cluster 7), the top hits included Opioid POMC, GnRH, oxytocin, 

5HT2 receptor, histamine H1/2 receptor and circadian clock system signaling, which 

participate in hypothalamus-specific functions (Figure S2.5A)(Pearson and Placzek 2013).   

 

    We also generated heat maps for neuronal and hypothalamic-specific transcripts. 

Transcription factors NKX2.1, ASCL1, NHLH2, OTP, SIX3, VAX, SOX3, RAX, SF1, ARNT2, 

that participate in hypothalamic neuron differentiation, were enriched in day 12 cells (Figure 

2.3A).  Most hypothalamic neuron-specific transcripts such as POMC, SST, TRH, CPE 

(enzyme required for POMC processing) were highly expressed in day 27 and day 82 
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differentiated neurons, were expressed at low levels in neural progenitors, and were not 

expressed in hESCs (Figure 2.3A). The GABAergic neuron-specific transcripts (GAD1, 

GAD2, SLC32A1, CALB1, CALB2) were also enriched in these differentiated hypothalamic 

neurons, consistent with our previous finding that most of these neurons are ARC-like. The 

persistent expression of hypothalamic-specific genes in day 27 and day 82 neurons indicated 

that the hypothalamic identity of these in vitro differentiated neurons was stable for at least 

two months.  In addition, day 12 progenitors could be kept frozen at -80 °C for at least 11 

months, and when thawed retained the ability to differentiate into hypothalamic neurons.  

 

    To confirm the RNA-seq findings, we performed qPCR analysis of transcription factors 

required for hypothalamic neuron differentiation and for hypothalamus-specific transcripts in 

hESC and cells from 12, 18, 24, 36 and 40 days of differentiation (Figure S2.5B) and 

compared gene expression in day 24 neurons with that of adult human hypothalamus RNA 

(Figure 2.3B) (Pearson and Placzek 2013). All of the hypothalamic genes tested showed a 

time-dependent upregulation across the differentiation period examined (Figure S2.5B). 

Compared to adult human hypothalamus, the transcript levels of NKX2.1, OTP, POMC and 

MC3R in day 24 differentiated neurons were higher, while transcripts of other genes (AGRP, 

LEPR, SF1, SIM1) were comparable or lower than those in adult human hypothalamus 

(Figure 2.3B). Among these genes, the POMC transcript level was about 60 fold higher than 

that in adult human hypothalamus, suggesting that POMC neurons were highly enriched in 

these hESC-derived neurons.  “Dilution” of POMC neurons by other non-ARC neuronal and 

astrocytes in the adult human hypothalamus presumably accounts for the relative elevation of 

POMC expression in the hESC-derived neurons.       

 

54



    The presence of hypothalamic transcripts alone is insufficient to confirm hypothalamic 

identity. The hypothalamus and pituitary share several developmental transcriptional factors 

such as PITX1, PITX2, LHX4 and SF1(Savage, Yaden et al. 2003, Zhu, Gleiberman et al. 

2007), and POMC expressing neurons are also present in the anterior pituitary, which 

produces adrenocorticotropic hormone (ACTH) to regulate the production and release of 

adrenal corticosteroids	  (Sei,	  Toneff	  et	  al.	  2002). However, based upon RNA-seq, none of the 

pituitary- specific transcripts—GH1, PRL, LHB, TSHB, FSHB, TRHR, GnRHR, GHRHR 

were expressed in differentiated neurons (Figure 2.3A)(Savage, Yaden et al. 2003). Also by 

immunocytochemistry, prolactin was not detectable in differentiated neurons (Figure 2.3C). 

And finally, in day 12 progenitors, none of the pituitary TFs—PITX1, LHX3, OTX1, TBX19, 

POU1F1 or PROP1—were expressed in these cells (Figure 2.3D) whereas hypothalamic 

TFs—NKX2.1, NHLH2, OTP, RAX, VAX, ARNT2 and POU3F1—were highly expressed. In 

summary, differentiated neurons displayed hypothalamic, but not pituitary specific transcript 

signatures, demonstrating that these were not pituitary cell types. 

 

hESC-derived neurons produce and secrete hypothalamic neuropeptides  

    In the hypothalamus, POMC propeptide undergoes proteolytic processing by prohormone 

convertases 1 (PC1), 2 (PC2) and carboxypeptidase E (CPE) to generate bioactive short 

peptides including adrenocorticotropic hormone (ACTH), αMSH and BEP (Wardlaw 2011). 

mRNAs for PCSK1, PCSK2 and CPE were increased in day 24 hypothalamic neurons 

compared to hESC, day 12 progenitors, and were as highly expressed as in the human adult 

hypothalamus (Figure 2.4A). We further found that CPE was colocalized with α -MSH in 

POMC neurons (Figure 2.4B). Large amounts of POMC, αMSH and BEP protein were 

detected in lysates of neuronal cells at 24 and 45 days of differentiation (Figure 2.4C)(Page-

Wilson, Reitman-Ivashkov et al. 2013). Day 45 neurons produced more POMC and 
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processed neuropeptides (αMSH and BEP) than day 24 neurons. The increased processing of 

POMC peptides in these neurons was reflected by the higher ratios of αMSH/POMC and 

BEP/POMC on day 45 compared to day 29 (Figure 2.4D). A similar increase in processing 

of neuropeptides is seen in the developing mouse hypothalamus (Rius, Chikuma et al. 1991).  

 

    Culture medium of day 45 neurons contained high levels of POMC, ACTH, αMSH and 

BEP, suggesting that these neurons secreted these neuropeptides (Figure 2.4E). ΑMSH and 

BEP proteins are stored in secretory granules in POMC neurons, which undergo exocytosis to 

release these neuropeptides in response to appropriate stimuli (Sei, Toneff et al. 2002). To 

determine if neurons had the ability to secrete neuropeptides in response to membrane 

depolarization, and to exclude cell death as a source of the peptides in the culture medium, 

we treated day 40 neurons with 60mM KCl for 20min and measured concentrations of 

neuropeptides in the medium. KCl stimulated the secretion of both αMSH and BEP by more 

than 2-fold (Figure 2.4F). Unprocessed POMC was also detected in neuronal lysates and in 

the culture medium, but showed only a slight increase in response to KCl. Thus, selective 

secretion of processed neuropeptides was responsible for the changes in media concentrations 

of αMSH and BEP. 

 

    In addition to POMC peptides, we further asked whether these neurons could produce 

other hypothalamic-specific neuropeptides, such as AGRP. AGRP was detectable by 

radioimmunoassay in neuron lysates from early differentiated neurons (day 29), and 

increased about 4-fold by day 45 (Figure 2.4G), consistent with the increase in AGRP 

transcripts (Figure S2.5B). Moreover, receptors for αMSH (MC2R, MC3R (Figure 2.3B), 

MC4R) and opioid receptors for BEP (OPRM1 and OPRD1) (Grossman, Hadjimarkou et al. 

2003), were highly expressed in day 24 neurons, consistent with the likelihood that some of 
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these neurons represent “downstream” members (e.g. PVN) of the melanocortin signaling 

pathway (Figure 2.4H). Therefore, these hESC-derived neurons display key aspects of the 

neuroendocrine function of hypothalamic ARC-like neurons.  

 

NKX2.1GFP/W hESC-derived neurons can sense and respond to insulin and leptin  

    Critical to the role of the hypothalamus in energy homeostasis is the ability of POMC- and 

NPY/AGRP-expressing neurons in the ARC nucleus to sense and respond to circulating 

hormones such as insulin and leptin, and to release neuropeptides—αMSH, NPY and 

AGRP—which further activate downstream MC4R-mediated melanocortin signaling in 

VMN and PVN neurons (Barsh and Schwartz 2002).  Therefore, we determined whether 

hESC-derived hypothalamic ARC-like neurons could sense and respond to metabolic 

hormones.  

 

    We found that the insulin receptor gene, INSR, was expressed in differentiated day 25-27 

neurons (Figure S2.6A). In addition, the insulin signaling molecules IRS2 (Figure S2.6B) 

and IRS4 (Figure S2.6C) were also expressed in these cells. To test their ability to respond to 

insulin, day 33 differentiated neurons were starved in neurobasal medium plus B27 (minus 

insulin) for 16hrs, and then exposed to 1ug/ml insulin for 30min at 37 degrees. Using 

Western blot analysis, we detected a robust induction of AKT phosphorylation (on Thr308 

and Ser473) after insulin administration (Figure 2.5A). An inhibitor of AKT (AKTi) reduced 

the production of POMC and BEP in day 38 neurons (Figure 2.5B), indicating that 

neuropeptide production in these neurons might be regulated by metabolic signals (Baskin, 

Figlewicz Lattemann et al. 1999, Breen, Conwell et al. 2005, Plum, Belgardt et al. 2006). 
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    To assess leptin signaling, we quantified expression of the leptin receptor (LEPR) and 

examined phosphorylation of STAT3, a downstream signal transducer of leptin 

signaling(Bates, Stearns et al. 2003). LEPR mRNA was first detected on day 18 of 

differentiation, was approximately 60% of those in adult human whole hypothalamus on day 

24 of differentiation (Figure 2.3B), and further increased in day 36 and day 40 neurons 

(Figure 2.5C). When day 34 neurons were exposed to leptin (1µg/ml), Western blot analysis 

revealed a two-fold increase in p-STAT3 levels (Figure 2.5D). However, leptin-treated 

neurons showed no increase of SOCS3 (downstream of LEPR) expression (Figure S2.6D), 

and the number of p-STAT3 immuno-positive day 29 neurons was less than 1% following 

leptin treatment (Figure S2.6E).  

 

     We reasoned that the functional immaturity of these neurons might be improved by longer 

culture and by co-culture with astrocytes (Odawara, Saitoh et al. 2014). Accordingly, we 

cultured these hESC-differentiated cells with mouse cortical astrocytes from day 12 to day 53 

of differentiation and then exposed the neurons to leptin. With leptin treatment, we noted an 

increase in p-STAT3 positive cells (from <1% to >20%) among these co-cultured neurons, 

including p-STAT3-POMC co-expressing neurons (Figure 2.5E). This improvement was 

further supported by c-Fos staining, another downsteam indicator of leptin signaling (Figure 

S2.6F). Other indications of enhanced neuronal maturation in the presence of mouse 

astrocytes were an increase in the maximal number of action potentials (Figure 2.5 F, G) and 

a reduction in the percentage of POMC/NPY co-expressing cells (versus the total number of 

POMC neurons) in day 35 neurons (Figure 2.5H, S 2.6G). Therefore, hESC-derived 

hypothalamic cells are responsive to metabolic signals such as insulin and leptin, and 

functional maturation of these cells is improved by astrocyte co-culture.  
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Differentiation of hypothalamic ARC-like neurons from iPSCs  

    One important use of the cells described here will be in understanding the molecular 

physiology of hypothalamic control of human body weight. We therefore generated iPSC 

lines from three subjects with Bardet-Biedl Syndrome (BBS)(Sherafat-Kazemzadeh, Ivey et 

al. 2013) and two healthy controls. These iPS cell lines showed the expected characteristics 

of human pluripotent stem cells and a diploid karyotype (Figure S2.7). Using the protocol 

established for hESC line, on average 80% NKX2.1+ progenitors were obtained from all five 

independent iPSC lines (Figure 2.6A, Figure S2.8A).  The iPSC-derived NKX2.1 

progenitors could be further differentiated into hypothalamic ARC-like neurons including 

POMC, NPY and AGRP neurons (Figure 2.6B, Figure S2.8B). The percentage of POMC 

neurons ranged from 27.5% to 39.6% in all five iPSC lines (Figure 2.6C), comparable to the 

rates obtained in the hESC-derived ARC neurons. RNA-seq of day 45 iPSC-derived neurons 

showed patterns of hypothalamic and neuronal markers virtually identical to those obtained 

in the hESC-derived cells (Figure 2.6D).  

 

    To assess the functions of these iPSC-derived neurons, we first obtained current clamp 

recordings on these cells. These cells displayed action potentials, further confirming their 

neuronal identity (Figure S2.8C). With regard to neuropeptide production and secretion, 

these iPSC-derived neurons produced comparable amounts of POMC, ACTH, αMSH, BEP 

and AgRP to hESC-derived neurons (Figure 2.6E, F). By RNA-seq, levels of LEPR and the 

insulin signaling molecules: INSR, IRS2 and IRS4 were comparable between hESC- and 

iPSC-derived neurons (Figure 2.6D). Insulin induced a 5-10 fold increase in levels of the p-

AKT in these iPSC-derived neurons (Figure 2.6G), suggesting these neurons could also 

respond to metabolic signals. These data indicate comparable functionality between hESC- 
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and iPSC-derived hypothalamic neurons, and suggest the suitability of the latter for 

pathogenetic studies of patient-specific cells.  

 

Discussion 

    We developed a protocol for the efficient and reproducible generation of hypothalamic 

ARC-like neurons from both human ES cells and from patient-specific induced pluripotent 

stem cells. Early activation of SHH signaling and dual SMADs inhibition (days 1 to 8) 

followed by inhibition of Notch signaling (days 9 to 12) drive human pluripotent stem cells 

towards ventral diencephalon progenitors with the transcriptional signature: 

NKX2.1+FOXG1-. With further differentiation in the presence of the Notch inhibitor DAPT 

(days 13 to 16) and neurotrophic factor BDNF (day 17 to the end of differentiation), neurons 

differentiated from the NKX2.1+FOXG- neural precursors are hypothalamic in nature 

because: 1.  These cells are derived from the ventral NKX2.1 progenitors, but not 

telencephalon MGE progenitors, and the NKX2.1 progenitors express multiple TFs such as 

ASCL1, NHLH2, OTP, SIM1, SF1, RAX, VAX, which are required for the differentiation and 

specification of hypothalamic neurons; 2. Differentiated neurons at day 24 include high 

percentages of POMC, NPY/AGRP, SST and DA neurons, which together account for over 

90% of the cells generated. Most POMC and NPY neurons are also GAD67 or GABA 

positive, consistent with the in vivo data from rodents (Ovesjo, Gamstedt et al. 2001). Of the 

day 29 differentiated neurons, POMC and/or NPY expressing neurons account for 90% of the 

cells. These cell types thus recapitulate hypothalamic ARC neuron identities; 3. RNA-seq, 

qPCR analysis and immunocytochemistry indicate that the differentiated neurons display 

hypothalamic gene expression signatures, including POMC, NPY, AGRP, MC3R, GHRH, 

SIM1, SF1, TRH, PMCH and CPE;  4. POMC is also highly expressed in the anterior 

pituitary. However, we found that the pituitary-specific transcription factors—PITX1, LHX3, 
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PITX3, OTX1, TBX19, POU1F1 (PIT1) and PROP1—were not expressed in day 12 NKX2.1-

GFP precursors, and pituitary specific transcripts—GH1, PRL, LHB, TSHB, FSHB—were not 

expressed in differentiated neurons. These results indicate that the protocol reported here 

does not create pituitary cells.  5. The differentiated neurons displayed key functional 

properties of hypothalamic neurons, including the ability to accurately process and secrete 

neuropeptides (αMSH, BEP, AGRP) and to respond to metabolic signals such as insulin and 

leptin.  

     GWAS and whole exome sequencing studies continue to identify many candidate genes 

for human obesity (Wheeler, Huang et al. 2013, Gill, Cheung et al. 2014, Paz-Filho, 

Boguszewski et al. 2014). The functional analysis of these candidates in rodents is time 

consuming, costly, and subject to strain-related effects on phenotypes related to energy 

homeostasis and diabetes (Coleman and Hummel 1973, Leibel, Chung et al. 1997, Clee and 

Attie 2007).  Additionally, the effects of patient-specific gene x gene interactions will be 

informative regarding molecular pathogenesis (Comuzzie and Allison 1998). However, it is 

impossible to analyze the molecular basis of obesity directly with the human neuronal tissue. 

Alternatively, human pluripotent stem cells are known for their characteristics of self-renewal 

and pluripotency, and could provide unlimited cell resource to address such issues.  The 

protocol described here has been reproducible in all hESCs and iPS cell lines tested, resulting 

in more than 80-95% neurons with hypothalamic characteristics, and should be useful for the 

routine generation of patient-specific hypothalamic neurons. In support of our findings, 

another group has also described the generation of neuropeptidergic hypothalamic neurons 

using similar strategies (Merkle, Maroof et al. 2015). Furthermore, human pluripotent stem 

cells can be manipulated genetically to alter DNA sequences in candidate genes identified in 

human genetic screens and to “correct” mutations in cells from individual obese patients with 

the gene editing technologies, such as Zinc finger nuclease or CRISPR/Cas9 (Hockemeyer, 
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Soldner et al. 2009, Ran, Hsu et al. 2013). In both instances, the result is the creation of 

allelic series on a constant genetic background, thereby eliminating the “noise” introduced by 

differences in such backgrounds between affected and controls. The study of human 

hypothalamic neurons generated using the protocol described here should be helpful in 

delineating the molecular pathogenesis of monogenic and other types of human obesity, and 

in assessing the responses of these cells to therapeutic agents. 

 

**** End of JCI 

 

2.2 Transplantation of Nkx2.1-GFP+ progenitors into mouse brain 

   The co-expression of POMC and NPY neuropeptides in a subset of these neurons and their 

hypo-responsiveness to leptin in the absence of astrocyte co-culture reflects the 

developmental immaturity of these cells. Transplantation of in vitro iPSC-derived functional 

cell types into host animals promotes the functional maturation of beta cells and medial 

ganglionic eminence neurons (Hua, Shang et al. 2013, Liu, Weick et al. 2013). It is likely that 

transplantation of these neurons into animals, either in the brain or possibly elsewhere, will 

enable their further maturation and improved functional characteristics. Their physical and 

functional characteristics in an in vivo context will also provide insights into the 

neurodevelopmental problems characterizing syndromic and more prevalent forms of obesity.  

   To further explore the functions of these human pluripotent stem cell-derived hypothalamic 

neurons, we injected 150,000 day12 Nkx2.1-GFP+ neuron progenitors into the lateral 

ventricle (LV) of NSG P0 mice (Figure 2.7A)(Kim, Ash et al. 2013). 4-8 weeks post 

transplantation, coronal brain sections (coronal slices anterior 1.0 mm to -3.0 mm posterior) 

were examined for human nuclei (Figure 2.7B, C).  Less than 1% of the injected cells were 

identified in the mouse brain. Of those cells, more than 90% were located in the 
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hypothalamic areas including anterior hypothalamus area (AHA), lateral hypothalamus area 

(LHA), Tuberal hypothalamus area (TU) (Figure 2.7B, C). Most transplanted cells still 

expressed GFP and NKX2.1 (Figure 2.7D), while a subset of these cells became MAP2+ or 

NeuN+ (Figure 2.7E), persisting as long as 6 months post transplantation. These preliminary 

experiments suggest that LV transplantation of NKX2.1+ hypothalamic progenitors into 

neonatal mice does not efficiently promote the further maturation of these cells. Direct 

injection into the hypothalamus of neonatal or embryonic animals might be required.  

     These cells delivered LV colocalized with NPY, AGRP and alphaMSH positive neurons 

in the hypothalamus suggesting that these cells were either differentiated into these 

hypothalamic neuronal types or cells closely associated with these neuron functions (Figure 

2.8, A-C). To investigate whether these implanted neurons were responsive to signals 

relevant to body weight regulation, we administered either PBS or leptin (2mg/kg body 

weight) by intraperitoneal injection 30min before perfusion. The activation of p-STAT3 in 

the mouse hypothalami was determined by immunohistochemistry. Leptin administration 

increased the number of p-STAT3 positive hypothalamic cells (Figure 2.8 D). We also found 

several cells which are double positive for p-STAT3 and human nuclei, suggesting that a few 

of the transplanted Nkx2.1-GFP+ progenitors matured to a point beyond that of our day 12 

NKX2.1+  cells, showing evidence of an intact LEPR-JAK-STAT signaling pathway.  

    As noted above, to further improve the transplantation efficiency and functional maturation 

of these human stem cell-derived hypothalamic neuron precursors, direct transplantation of 

immature hypothalamic neurons into the embryonic or neonatal mouse hypothalamus ARC 

area may be required (Czupryn, Zhou et al. 2011).  

 

2.3 Single cell trancriptome analysis of hESC-derived hypothalamic neurons 

   Though we get a relatively high percentage of discrete POMC and NPY neurons in the 
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hESC-derived hypothalamic cells, this neuronal population is still quite heterogeneous with 

regard to the various types of hypothalamic neurons and polyneuropeptide expressing cells 

(Figure 2.2). All protein and RNA analyses reported above were performed on such mixed 

neuronal populations. In order to get more accurate and sensitive analyses of the molecular 

signatures of specific ARC cell types,  we can generate reporter lines such as POMC-GFP or 

NPY-RFP to permit sorting of specific neurons for further study, and/or use single cell 

sequencing to obtain the transcription profile from individual neurons. The later method can 

be used to distinguish among different neuronal cell types among the hESC-derived neurons 

based on their gene expression signatures.  

    We FACS sorted NCAM+ SSEA4- cells from day 27 hESC-derived hypothalamic neurons 

and captured 77 neurons for single cell RNA sequencing (Figure 2.9A). Of the 77 neurons, 

cell expression patterns were summarized in Table 2.1. The transcription signatures of these 

hESC-derived neurons further confirmed the hypothalamic ARC neuron identities and the 

molecular heterogeneity of this neuron  

Table 2.1 Summary of neuron identities based on single cell sequencing 

Cell	  type	   Number	   RPKM	  cutoff	  
POMC	   46	   >5	  
NPY	   16	   >5	  
POMC+NPY+	   7	   >5,	  >5	  
AGRP	   1	   >5	  
SST	   42	   >5	  
GHRH	   1	   >5	  
OTP	   6	   >5	  
LEPR	   11	   >1	  
MC4R	   3	   >5	  

 

population (Figure 2.9B). Most of these cells showed high levels of expression of MAP2 but 

none of them expressed GFAP, which further confirmed the high neuron differentiation 

efficiency. In addition, genes of proteolytic enzymes—PCSK1, PCSK2 and CPE were also 
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highly expressed in these cells, suggesting the processing of the neuropeptides was active in 

these cells, which is consistent with our previous finding (Figure 2.4). We found some cells 

that highly expressed POMC, but not NPY, AGRP, SST or other neuropeptides. Similarly, we 

also identified neurons expressing only NPY, GHRH, SST, or MC4R and a subset of neurons 

coexpressing two neuropeptides, including POMC/NPY, POMC/SST and NPY/SST neurons 

(Figure 2.10A).  From the immunocytochemical analysis, in addition to the neurons co-

expressing POMC (αMSH) and NPY mentioned above, there were neurons co-expressed 

NPY and SST or POMC (αMSH) and SST (Figure 2.10B).  These findings are consistent 

with those of the single cell transcriptome analysis. Whether the co-expression of 

POMC/SST and NPY/SST also occurs during development of mouse or human 

hypothalamus, or whether these neurons are precursors for other neuronal cell types requires 

further investigation (Padilla, Carmody et al. 2010).  

 

Materials and Methods  
 
Generation and characterization of iPSC from human fibroblasts 

We obtained skin biopsies from BBS patients and generated fibroblast lines using the same 

methods described previously(Hua, Shang et al. 2013). Primary fibroblasts were 

reprogrammed into pluripotent stem cells using retrovirus. 5,000 fibroblast cells were seeded 

per well in a 12-well dish. Once fibroblasts attached to the plate, they were infected with 

retroviruses expressing human transcription factors OCT4, SOX2, Klf4, and C-Myc (Dimos, 

Rodolfa et al. 2008). The procedure for generating and culturing iPSC lines was the same as 

described by us earlier (Hua, Shang et al. 2013). hESCs/iPSC were maintained in hESC 

medium: 500ml knockout DMEM, 90ml Knockout Serum, 6.5ml GlutaMAX,6.5 ml NEAA, 

6.5ml Penicillin/Streptomycin, 0.65ml β–mercaptoethanol, 10ng/ml bFGF. All reagents are 

from Life Technologies (http://www.lifetechnologies.com). 
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Hypothalamic neuron differentiation protocol  

Human ES/iPSC cells were cultured overnight on matrigel plates (1 million cells/well for 6-

well plate) in hESC medium with 10µM Rock inhibitor (Y27632, Stemgent), and then  

differentiated in EB medium: hESC medium without bFGF, supplemented with SHH 

(100ng/ml, R&D), purmorphamine (2µM, Stemgent), 10µM SB 431542 (Selleckchem), 2.5 

µM LDN 193289 (Selleckchem). From days 4 to 8, gradually replacing EB medium with N2 

medium(Chambers, Fasano et al. 2009): 500ml DMEM: F12 supplemented with 5.5ml N2-

supplement, 0.2mM Ascorbic acid, 5.5ml GlutaMAX, 5.5ml Penicillin/Streptomycin, 5.5ml 

16% glucose. At Day 8, cells were switched into N2 medium supplemented with B27 and 

10µM DAPT (Stemgent) until day12. Cells were harvested with trypsin LE (Life 

Technology) at 37C for 4 min, washed twice with N2 medium, and the pellet was then 

resuspended with N2 medium plus B27 and 10uM Rock inhibitor and passed through Falcon 

tube with cell-strainer cap (Fisher Scientific) to make single cell suspension. Cells were 

counted and aliquots plated on poly-L-ornithine (0.01%, Sigma) and laminin (4µg/ml, Life 

technology)-coated plates (150,000 cells /well for 24-well plate, 300,000 cells/well for 12-

well plate, 1 million cells/well for 6-well plate).  After cells completely attached to the plate, 

medium was to N2 medium plus B27 and 10µM DAPT. 4 days later, cells were switched to 

N2 medium supplemented with B27, 20ng/ml BDNF (R&D) until analysis. Medium was 

changed every two days until analysis. The hESC/iPSC-derived day 12 hypothalamic 

progenitors could be cryopreserved for long term storage (>11 months). The viability of the 

frozen progenitors after thawing was more than 95%. The thawed cells performed identically 

to the non-frozen cells described in these studies.  

Primary mouse cortical astrocytes were prepared as described (Albuquerque, Joseph et al. 

2009). We split these mouse astrocytes once onto poly-L-ornithine and laminin-coated plates 
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with a density 20,000-30,000 cells for 4-well plate one week before we seeded them onto the 

day 12 progenitors. The differentiation protocol for these co-cultures was the same as 

described above. 

 

Electrophysiology of stem cell-derived neurons 

For the electrophysiological recordings, cells were selected based on their neuronal 

morphology, and their identity determined post hoc by streptavidin-AlexaFluor-488 labeling 

and immunostaining for αMSH and NPY expression of the biotin+ neurons. Current-clamp 

recordings were performed using a Multiclamp 700B amplifier. Data were digitized using a 

Digidata 1322A analog-to-digital converter and were recorded at a 10-kHz sample rate using 

pClamp 10 software (all equipment from Molecular Devices). Patch pipettes were fabricated 

using a P-97 pipette puller (Sutter Instruments). The external recording solution contained 

145 mM NaCl, 5 mM KCl, 10 mM HEPES, 10 mM glucose, 2 mM CaCl2 and 2 mM MgCl2. 

The pH was adjusted to 7.3 using NaOH and the osmolality adjusted to 325 mOsm with 

sucrose. The pipette solution contained 130 mM CH3KO3S, 10 mM CH3NaO3S, 1 mM CaCl2, 

10 mM EGTA, 10 mM HEPES, 5 mM MgATP 0.5 mM Na2GTP (pH 7.3, 305 mOsm), and 

0.1% biocytin hydrochloride. Experiments were performed at 21–23 °C. During recordings, 

current was applied to hold the cells at − 60 mV. Action potentials were evoked using 

incremental current steps 1 s in duration. The size of the current step increment was 

determined by the input resistance of the neuron and each step was calculated (from Ohm’s 

Law) to evoke a 5 mV change in membrane potential.  Analysis was carried out offline using 

Igor Pro 6 Software (WaveMetrics, OR) with NeuroMatic 

(http://www.neuromatic.thinkrandom.com) and other custom-written procedures. Action 

potentials were counted automatically and were defined as events with a rise rate of greater 

than 20 mV/ms which reached a membrane potential greater than 0 mV.  
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RNA sequencing  

RNA was isolated from differentiated cells with QIAGEN RNAeasy micro kit. RNA quality 

was determined by 2100 bioanalyzer at the Herbert Irving Comprehensive Cancer Center 

molecular biology facility. RNA sequencing was performed by Columbia Genome Center 

with a minimum of 30 million reads per sample. Hierarchical clustering was performed in 

Cluster (de Hoon, Imoto et al. 2004)and visualized in Treeview (Saldanha 2004). For each 

experiment and every gene, the gene expression values in FPKM were median-centered and 

normalized to have unit variance before clustering. One matrix CIM (http: //discover.nci. 

nih.gov/cimminer/home.do) was used to generate the cluster heatmap. All RNA-seq data 

have been uploaded to GEO (http://www.ncbi.nlm.nih.gov/geo/) and the accession number is 

GSE62936.  

 

Neuropeptide assays 

For neuron lysate samples, medium was aspirated and the differentiated neurons rinsed once 

with PBS, following which 250 µl 0.1N HCl was added to each well. Cells were harvested 

with a cell scraper to detach as many cells as possible and the cell lysates were transferred  

into 1.7ml eppendorf tubes. These samples were sonicated for 5min. After centrifugation at 

13,000 rpm for 10min at 4°C, the supernatants were collected for POMC, ACTH, αMSH, 

BEP and AGRP measurement. For medium samples, 1ml neuron culture medium was 

collected and centrifuged at 10,000 rpm for 5min. Nine volumes of the supernatant (720 µl) 

were mixed with 1 volume 1N HCl (80 µl) to prepare a final 0.1N HCl sample mixture. For 

secretion studies, neurons were pretreated with Neurobasal A medium plus B27 (-Insulin) 

(NBA medium) overnight, then switched into NBA medium supplemented with either PBS or 

60mM KCl (final concentration).  Twenty minutes later, medium was collected for ELISAs. 
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Neurons from each well were lysed with RIPA buffer for protein assay. Secreted 

neuropeptides are expressed per µg protein. AKT VIII inhibitor (Akti, 2µM) was added to the 

N2 medium plus B27, BDNF for 48hrs. Media and neuron lysates were collected for 

neuropeptide assay. Total POMC and BEP production were calculated by adding amounts of 

a neuropeptide in neuronal lysates to total released into the incubation medium. Neuropeptide 

assays were performed as described earlier (Sei, Toneff et al. 2002, Page-Wilson, Reitman-

Ivashkov et al. 2013).  

 

Quantitative PCR Analysis 

Cells were lysed with TRIzol RNA Reagent (Invitrogen) or RLT buffer. RNA was isolated 

by isopropanol precipitation or RNeasy mini kit (QIAGEN). cDNA were made with GoScript 

Reverse Transcription System (Promega) with 1µg RNA for each sample. GoTaq qPCR 

Master Mix was used for qPCR (Promega). Human adult hypothalamus RNA is purchased 

from Clonetech. See Table S1 for qPCR primers.  

 

Western blot 

Differentiated hESC/iPSC derived neurons were pre-treated with neurobasal A medium 

(NBA, Life technologies) plus B27 (without insulin, Life Technologies) for 16hrs and then 

exposed to 1µg/ml insulin (sigma) or 1µg/ml leptin (Peprotech) with NBA medium/B27 

(without insulin) for 30min at 37C, 5% CO2. For Western blotting, cells and tissue were 

prepared as described(Qiang, Wang et al. 2012). ACTIN is used as a loading control. See 

Table S2 for antibody information.  

 

Immunohistochemistry/immunocytochemistry   

Cultured neurons were fixed with 4% PFA at room temperature (RT) for 15min, then washed  
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3x with PBS for 5min per wash. Cells were blocked with 10% donkey serum (Jackson 

ImmunoResearch) in PBST (PBS+ 0.1% Triton X-100) for 30min, then switched into 

primary antibody (diluted with blocking buffer) solution, and incubated at RT for 2hrs. Cells 

were washed 3x with PBST (5 min each wash), then exposed to secondary antibodies (Life 

Technology).  Alexa Fluor secondary antibodies, goat or donkey anti-mouse, rat, rabbit, goat 

or chicken 488, 555, 568, and 647 were used at 1:400 dilution in PBST and incubated at RT 

for 1hrs. Following 3x wash with PBST, cells were incubated with Hoechst (1µg/ml, dilute in 

PBST) for 5min, and switched to PBS for fluorescent imaging. For transplanted NSG mice, 

we did staining for 20µm free-floating sections. We use 100µm nylon cell strainer (BD 

falcon) to hold all sections and transfer from one solution to the other. After wash the frozen 

sections with PBS 3x, treat the mouse brain sections with 0.5% NaOH plus 0.5% H2O2 in 

PBS for 20min followed 0.3% glycine treatment for 10 min at room temperature. The 

following staining procedure is similar as described above. Details regarding these steps are 

presented in Table S2. Teratoma sections (8µm) were H&E stained. Images were acquired 

with an Olympus IX71 epifluorescent microscope with Olympus DP30BW black and white 

digital camera for fluorescence, and DP72 digital color camera for H&E staining. Some 

images were acquired using a Zeiss LSM710 confocal microscope, or a Zeiss LSM5 Pascal 

microscope.  

 

Flow cytometry  

Flow cytometry was used to determine the differentiation efficiency from hESC to Nkx2.1-

GFP positive neuron progenitors. Day 12 differentiated cells were dissociated with Trypsin 

LE for 4 min at room temperature and all cells harvested into N2 medium. Cells were spun at 

1000rpm for 4min, and the pellet re-washed with N2 medium. Cell pellets were resuspended 

in N2 medium plus B27 and 10µM Rocki. Cells were filtered through a 5ml polystyrene 
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round bottom tube with cell-strainer cap (Falcon) and FACS-analyzed for GFP+ cells with a 

BD Biosciences ARIA-IIu™ Cell Sorter of. Cells without SHH and PM treatment were used 

as negative control. Flow cytometry data were analyzed using BD FACSDiva™ software. 

 

Cell Transplantation  

Neonatal P0 NSG (NOD scid gamma, from Jackson lab) mice were used in this experiment. 

Insulin syringe with 31G needle was used for lateral ventricle injection. Lambda and Bregma 

vessel landmarks were used to locate injection sites (locate at 2/5 distance from lambda to the 

eye) for the lateral ventricle. ~100,000 day12 NKX2.1+ neuron progenitors in 4 µl N2 

medium plus B27 and 10uM Rocki were injected per mouse. Their biological mothers would 

be put back to the cage after the transplantation. >95% of pups could survive after 

transplantation. 4-8 weeks post transplantation, animals were deeply anesthetized and 

perfused with 10% formalin. Kept isolated mouse brain in the fixative for overnight, then 

switched into 30% sucrose for 2 days. Mount in 25mm X 20mm X 5mm Tissue-Tek with 

OCT for frozen sections. 20um frozen coronal sections from 1.0 to -3.0 were collected from 

each brain sample for further IHC analysis. The frozen sections were kept in 0.1N PBS 

(pH~7.4) containing 30% sucrose plus 30% ethylene glycol. Animal care was in accordance 

with institutional guidelines.  

Single cell transcriptome sequencing 

Trpsin LE is used to detach the cultured hESC, day 12 neuron progenitor or day 27 hESC-

derived hypothalamic neurons. After spin down these cells, resuspend with hESC medium or 

N2/B27 medium plus rock inhibitor (10µM). Cells were filtered through a 5ml polystyrene 

round bottom tube with cell-strainer cap (Falcon). Pellet the cells by centrifuge at 800rpm for 

4min at room temperature. We further stained the hESC cells with Tra-1-60 (conjugated with 
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alexa 647) antibody, the neuron progenitor with SSEA4 (conjugated with alexa 647) and the 

hESC-derived hypothalamic neurons with CD56 antibody (conjugate with PE) for 20min in 

dark. 1:100 dilution was used for each antibody. We further FACS sorted undifferentiated 

hESCs (Tra-1-60+), day 12 neuron progenitors (GFP+ and SSEA4-) and day 27 hESC-

derived hypothalamic neurons (NCAM+) with before capturing single cells for high-

throughput transcriptome sequencing. Capturing single cell for RNA isolation and further 

single cell transcriptome sequencing was collaborated with Regeneron.  

Statistics 

Unless otherwise indicated, all graphical data are presented as mean  ±SEM; significance was 

calculated using two-tailed Student’s t-tests. P (alpha)-values < 0.05 were considered as 

significant. *P < 0.05, **P<0.01, ***P<0.001.  

Study approval  

All human subjects provided written informed consent prior to their participation in this 

study. Human subjects research was reviewed and approved by the Columbia Stem Cell 

Committee and the Columbia IRB. All animal studies were approved by the Columbia IACUC.  
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Figure 2.1. Early activation of SHH signaling and subsequent inhibition of NOTCH signaling 

induces hypothalamic NKX2.1+ progenitors. 

(A) Schematic of the differentiation protocol for the generation of hypothalamic progenitors from hESCs/ 

iPSCs. KSR, knockout serum replacement.(B) Immunocytochemical staining of NKX2.1 and FOXG1 in 

day-12 differentiated cells. Scale bars: 200 µm. (C) qPCR analysis of indicated TFs on day 1, day 4, day 

8, and day 12 of differentiation. n = 3 for each bar. TBP, TATA box–binding protein. (D) Immunostaining 

for PAX6, MASH1, and NKX2.1 on days 4, 8, and 12 of differentiation. Nuclei were stained with Hoechst. 

(E) Western blot analysis for indicated TFs in hESCs after 4, 8, and 12 days of differentiation. Arrow 

indicated the PAX6 band. 
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Figure 2.2. Neurons derived from NKX2.1+FoxG1– progenitors recapitulate hypothalamic ARC 

neuron identities.  

(A) Schematic of the differentiation protocol for generating hypothalamic neurons from day-12 neuronal 

progenitors (continued from Figure 1A). PO/LA, poly-l-ornithine and laminin. (B–G) Immunocytochemical 

analysis for indicated hypothalamic neuron markers: αMSH, BEP, NPY, AGRP, GAD67, SST, TH, and 

MCH. Days of differentiation are indicated. (H) Quantification of the percentage of indicated hypothalamic 

neuron subtypes in day-33 neurons. n = 5 wells for each bar. (I) Immunocytochemistry of αMSH and NPY 

in day-29 neurons. (J) Quantification of neurons that are single- or double-positive for indicated 

neuropeptides on day 29. n = 5 wells for each bar. Scale bars: 100 µm. 
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Figure 2.3. In vitro hESC differentiated neurons show hypothalamic-specific gene signatures. 

(A) Heatmap of one matrix clustering of hypothalamic and pituitary specific transcripts in undifferentiated 

hESC, and on indicated days of differentiation. Green and red indicate low and high expression, 

respectively; (B) qPCR analysis of indicated factors in hESC, and of day-12 and day-24 (n=3) 

differentiated cells and adult human hypothalamus; (C) Immunohistochemistry for prolactin and BEP in 

day 33 hESC-derived neurons. Scale bar, 100 µm; (D) Gene expression of hypothalamic and pituitary 

transcription factors from RNA-seq of hESC (n=1) and day-12 progenitors (n=3). 
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Figure 2.4. hESC-derived hypothalamic neurons produce and secrete neuropeptides related to 

ingestive behaviors. (A) qPCR analysis of gene expression of prohormone convertases as indicated in 

hESCs, day-12 progenitor, and day-24 hESC-derived hypothalamic neurons. Human hypothalamus RNA 

was used for comparison. (B) Immunocytochemistry of CPE and MSH in day-24 hESC-derived neurons. 

Scale bars: 100 µm. (C) ELISA assay for POMC neuropeptide; RIA for MSH and BEP in the lysate of 

hESCs, 12, 24 (n = 1), and 45 (n = 3) days of differentiation. (D) Ratios of MSH/POMC and BEP/POMC 

in day-24 and day-45 neurons; n = 3–4 for each bar. (E) The amount of POMC, ACTH, MSH, and BEP 

in day-45 neuron culture medium. (F) The influence of KCl on MSH, BEP, and POMC secretion in day-

40 neurons. n = 3 for each bar.(G) RIA of AGRP production in day-29 and day-45 neurons (n = 1). (H) 

qPCR analysis of gene expression of melanocortin receptors and receptors for BEP as indicated in the 

same samples as shown in A. **P < 0.01, Two-tailed Student’s t-test. 
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Figure 2.5. hESC-derived hypothalamic ARC-like neurons sense metabolic signals insulin and 

leptin. (A) Western blot analysis of insulin-treated (1 µg/ml) day-33 hESC-derived hypothalamic neurons. 

Antibodies for p-AKT (Thr308) and p-AKT (Ser473) were probed. (B) Inhibition of insulin signaling by 

AKTi decreases the production of neuropeptides in day-38 hESC-derived POMC neurons. Total 

neuropeptide is the sum of the quantities of neuropeptides in the medium and neural lysates. n = 3 for 

each bar. (C) Transcript levels of LEPR in hESCs and 12, 18, 24, 36, and 40 days of differentiation (n = 

3). (D) Western blot analysis of leptin-treated (1 µg/ml) day-33 hESC-derived hypothalamic neurons. p-
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STAT3 and STAT3 were probed. (E) Immunocytochemistry for p-STAT3 and αMSH in day-53 hESC-

derived hypothalamic neurons cocultured with mouse cortical astrocytes. Rectangle indicates 2 subtypes 

of POMC neurons: leptin sensing and nonsensing. Scale bars: 200 µm; 25 µm (small panels). (F) Action 

potential firing of neurons with or without mouse astrocyte coculture. Dashed lines indicate –60 mV. (G) 

Quantification of the maximal number of action potentials in neurons cocultured with mouse cortical 

astrocytes (n = 6) and neurons cultured without astrocytes (n = 10). (H) Quantification of the ratios for 

POMC+ NPY+ in day-35 neurons with or without astrocyte coculture. The ratio is calculated with the 

following equation: (number of POMC+ NPY+)/(total number of POMC neurons). n = 3–5. **P < 0.01, 2-

tailed Student’s t-test. 

 

79



 

Figure 2.6. Efficient generation of hypothalamic ARC-like neurons from iPSCs generated from 

BBS obese subjects. (A) Quantification of the percentage of NKX2.1+ cells in day-12 progenitors 

derived from 2 control iPSC lines (control 1, control 2) and 3 BBS iPSC lines (BBS1A, BBS1B, BBS10B). 

n = 5 wells for each bar. (B) Immunostaining of day-25 and day-43 iPSC-derived neurons. Scale bars: 

100 µm. (C) Quantification of the percentage of POMC neurons (n = 3 to 5 wells). (D) Heat map of the 
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expression of hypothalamic TFs and neuronal markers in day-27 hESC-derived and day-45 iPSC-derived 

neurons based on the FPKM value from RNA-seq. Red color indicates high expression; green color 

indicates low expression. Action potentials in day-30 control iPS–derived and day-35 BBS iPS–derived 

neurons. (E and F) Quantification of secreted neuropeptides as indicated on day 45 of differentiation. The 

volume of each sample was 1 ml. n = 3 for each bar. (G) Western blot analysis of insulin signaling in day-

34 hESC-derived and in iPSC-derived neurons. 
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Figure 2.7. hESC-derived hypothalamic neuron progenitors can integrate into mouse 

hypothalamus after transplantation. (A) Diagram of transplantation of Day12 Nkx2.1-Hues:GFP+ NPs 

into NSG P0 mice by intracranial injection. Lambda and Bregma vessel landmarks were used to locate 

injection sites (indicated by blue arrow, which is located at 2/5 distance from lambda to the eye) for the 

lateral ventricle.100,000 cells were injected per mouse with insulin syringe with 30 gauge needle. Mice 

were sacrificed and brains were isolated for immunohistochemistry (IHC) analysis at least 4 weeks post 

transplantation; (B-C) IHC staining of brain sections from transplanted mice at 4 weeks post 

transplantation. hN, human nuclei,which is used as a marker for transplanted human cells in the following 

studies(B); NCAM, specific for human NCAM(C). Cell nuclei are stained with Hoechst. White letters 

indicate the localization of these transplanted human cells; (D) IHC staining of transplanted mouse brain 

sections with GFP and NKX2.1 antibodies; (E) IHC staining of transplanted mouse brain sections (8 

weeks post transplantation) with mature neuronal markers: NeuN and MAP2.Scale bar, 100 µm. 
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Figure 2.8. hESC-derived hypothalamic neuron progenitors following LV injection. (A-C) IHC 

staining with hypothalamic neuronal markers of brain sections from transplanted mice at 8-12 weeks post 

lateral ventricle (LV) injection: NPY(A), AGRP(B), αMSH (C). Human nuclei (hN) indicate the transplanted 

human neurons. These mice were anesthetic with ketamine and further perfused with 10% formaldehyde. 

Mouse brains were isolated and brain sections were collected from 1.0 to -3.0 and free-floating section 

staining was performed. (D) p-STAT3 staining of leptin treated mouse brain sections of transplanted mice 

at 8-10 weeks post transplantation. Transplanted NSG mice were fasted for 16hrs and further injected 

PBS or leptin (2mg/kg) for 30 mins before 10% formaldehyde perfusion. Mouse brain frozen sections 

were treated with % H2O2+ N NaOH for 20min followed 0.3% glycine treatment for 10 min at room 

temperature before blocking and antibody staining. Scale bar, 100 µm. 
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Figure 2.9 Single cell transcriptome analysis reveals the heterogeneity of the hESC-derived 

hypothalamic ARC neurons. 

A.Diagram of the experimental procedure for preparing day 27 hESC-derived neurons for single-cell RNA 

sequencing. Single cell was captured from FACS sorted NCAM+ cells. RNA was further isolated from 

each cell and further used for RNA sequencing. (B) Heat map of hypothalamic gene expression from 77 

captured neurons. Genes were indicated on the right. 
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Figure 2.10 Distinguish neuron identities based on single cell transcriptome sequencing and 

immunohistochemistry. (A) Differential hypothalamic gene signatures reveal diverse hypothalamic 

neuron identities from single cell transcriptome sequencing. The potential cell fate was also indicated on 

top of each lane based on the expression of hypothalamic-specific neuropeptide or metabolic receptors; 

(B)Immunocytochemical analysis of day 29 hESC-differentiated hypothalamic neurons. The coexpression 

of two neuropeptides in a subset of these neurons were indicated with white arrows.αMSH, NPY, SST 

were used as hypothalamic markers. Scale bar, 100µm. 
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Figure S2.1 Early activation of SHH signaling and subsequent inhibition of Notch signaling 

induces the production of hypothalamic NKX2.1 progenitors. (A) Illution of the adult medial 

hypothalamus with region-related gene expression of hypothalamic markers based on published data (1, 

16-21). ARC: arcuate nucleus, VMN: ventromedial nucleus, PVN: paraventricular nucleus, LH: lateral 

hypothalamus, ME: median eminence. Markers on the left indicate the transcription factors expressed 

while markers on the right display the gene expressed in specific hypothalamic nuclei; (B-C) The timing of 

SHH influences the expression of NKX2.1-GFP in day 26 differntiated EBs. 11 conditions and 9 timings of 

SHH were indicated in B while the actual expression of NKX2.1-GFP were shown in B for each condition; 

(D-E) FACS analysis of the percentage of NKX2.1-GFP cells in day 26 EBs treated with no SHH, 2uM 
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Purmorphamine (PM) and SHH 100ng/ml + 2µM PM from days 3 to 13 (D) and day 12 cells. N=1 for each 

bar; (E) from monolayer feeder-free differentiation with (n=3) or without (n=1) SHH 100ng/ml + 2uM PM 

(from days 1-8). LSB were used in both cases; (F) qPCR of transcription factor genes in day 11 cells from 

three conditions (only differ from day 8 to day 11). N=3 for each bar. 
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Figure S2.2 Temporal expression of transcription factors in early hypothalamic neuron induction 

and patterning. Immunocytochemical analysis of neuron progenitor markers and stem cell marker in 

cells of 1, 4, 8 and 12 days of differentiation. Tra-1-60 is a pluripotency marker. FOXG1 is a 

telencephalon progenitor markers. SOX1 and NESTIN are general markers for neuron progenitors. Scale 

bar, 200µm. 
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Figure S2.3  hESC-derived neurons express hypothalamic neuron markers. 

(A) Immunocytochemsitry analysis of day 24 differentiated neurons with alphaMSH and NKX2.1; (B) 

Immunostaining of day 46 neurons with alphaMSH and GABA; (C) Immunocytochemistry analysis of day 

24 neurons with alphaMSH and GAD67. Scale bar,100µm. 
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Figure S2.4 Neurons made from hypothalamic NKX2.1+ cells fire action potentials. 

Representative current clamp recordings and post hoc identification of POMC+ or NPY+ neurons (days 

24 to 33). After recording, cultures were fixed and stained for αMSH, NPY and recorded cells (biotin+) 

cells identified with streptavidin-alexa-488. (A) POMC+NPY+; (B) POMC-NPY+; (C) POMC-NPY- 

neurons. Left column of images: DIC image (40x) of live cells prior to recording. Arrows indicate the 

recorded neurons. Scale bar, 100µm; (D-F) Action potential firing in the neurons identified in (A–C). 

Membrane potential traces in response to a 1s current step, as shown under trace (E), were recorded. 

The amplitude of the current step was dependent on the individual cell. (D) POMC+NPY+ (neuron in A), 

(E) POMC- NPY+ (neuron in B),(F) POMC-NPY- (neuron in C). Dashed lined = -60 mV. Total number of 

identified cells recorded: POMC+NPY+ N= 3, POMC-NPY+ N= 2, POMC-NPY- N= 4. 
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Figure S2.5. RNA sequencing of differentiated neurons reveals hypothalamic gene signatures. 

(A) Heatmap from hierarchical clustering analysis of RNA sequencing results from undifferentiated hESC; 

day12 neuron progenitors (NPs); days 27 and 82 of neuronal differentiation. Gene Ontology and pathway 

analyses were performed for genes in eight major clusters defined by the gene expression patterns 

according to all samples. Data are shown for Gene Ontology results for clusters 1 (highly expressed in 

day 12 progenitor cells) and 3 (highly expressed in hESCs), and pathway analysis for the top hits in 

cluster 6 (highly expressed in terminal differentiated neurons); (B) Temporal expression of hypothalamic 

transcripts during Nkx2.1 GFP/W-hESC neuronal differentiation. qPCR analysis of RNA samples from 

hESC, and cells at 12, 18, 24, 36 and 40 days of neuronal differentiation. N=3 for each bar. 
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Figure S2.6. Mouse cortical astrocyte co-culture induces leptin responsiveness of differentiated 

hypothalamic neurons. (A-C) RNA-seq data for insulin signaling molecules INSR, IRS2 and IRS4 

expression in hESC, 12 (n=3), 25-27 (n=3) and 82 days of differentiated cells; (D) qPCR analysis of 

LEPR and SOCS3 in leptin-treated day 29 differentiated neurons (n=3); (E) Immunostaining for p-STAT3 

and MAP2 in leptin treated day 35 neurons. Scale bar, 20µm; (F) Immunocytochemical analysis for c-

FOS and αMSH in day 53 hESC-derived hypothalamic neurons co-cultured with mouse astrocytes. Scale 

bar, 100µm; (G) Immunostaining of αMSH and NPY in day 35 mouse astrocyte co-cultured neurons. 

Scale bar, 100µm. 
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Figure S2.7. All control and BBS iPSCs are pluripotent and have normal karyotypes.  

(A) Immunocytochemistry analysis of two control (Control 1, Control 2) and three BBS (BBS1A, BBS1B, 

BBS10B) iPSCs with pluripotency markers as indicated. Scale bar, 200µm; (B) H&E staining of control 

and BBS iPSC-derived teratoma sections. We identified cell types representing all three germ layers in all 

iPSC-derived terotomas; Images were taken with 20x objective lens; (C) Karyotyping of control and BBS 

iPSC lines. All of these lines had normal karyotypes. 
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Figure S2.8. Efficient generation of hypothalamic neurons from human iPSCs. 

(A) Immunostaining of NKX2.1 in Day 12 progenitors derived from five independent iPSC lines: Control1, 

Control 2, BBS1A, BBS1B and BBS10B; Scale bar, 200µm; (B) Immunostaining of day 25 neurons with 

hypothalamic neuron markers. Scale bar, 100µm; (C) Action potential firing in Control 2 (day 30) and 

BBS10B (day 35) iPSC-derived neurons. Membrane potential traces in response to a 1s current step, as 

shown under trace, were recorded. Dashed lined = -60 mV. 
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Table S2.1.  qPCR primer list. 
 

Genes Forward primer Reverse primer 

NANOG ACAACTGGCCGAAGAATAGCA	   GGTTCCCAGTCGGGTTCAC	  

PAX6 TCTTTGCTTGGGAAATCCG	   CTGCCCGTTCAACATCCTTAG	  

ASCL1 CAACGCCACTGACAAGAAAG	  	   GGAGCTTCTCGACTTCACCA	  	  

NHLH2 GTCCGGACTCAGCATCATTT	  	   ATATTTTCCGGAATCTCCCCT	  	  

NKX2.1 AACCAAGCGCATCCAATCTCAAGG	   TGTGCCCAGAGTGAAGTTTGGTCT	  

OTP GGAACACGTTGGTCGTCTTT	  	   TTCGCCAAGACTCACTACCC	  

SIM1 CTTTCTGTGTGAAATCCCGAA	  	   CCCACCATGACTGACAACAG	  	  

SF1 CCTCGCTATTGTAGATGGGC	  	   GACCTGACTCGTAAACTGCG	  	  

NESTIN GGCGCACCTCAAGATGTCC	   CTTGGGGTCCTGAAAGCTG	  

POMC GACACTGGCTGCTCTCCAG	   AGCAGCCTCCCGAGACA	  

AGRP GGATCTGTTGCAGGAGGCTCAG	   TGAAGAAGCGGCAGTAGCACGT	  

NPY GGTCTTCAAGCCGAGTTCTG	  	   AACCTCATCACCAGGCAGAG	  

LEPR ATGTTCCGAACCCCAAGAAT	   GGACCACATGTCACTGATGC	  	  

SST CCAGACTCCGTCAGTTTCTGCA	   TTCCAGGGCATCATTCTCCGTC	  

PMCH ATTGGGGATGAAGAAAACTCAGCT	   GACTTGCCAACAAGGTCGGTAG	  

PCSK1 ACCAGGTGCTGCATATCTCG	   CACAATGACTGCACGGAGAC	  

PCSK2 TTTCGGTCAAATCCTTCCTG	   TGCAAAGGCCAAGAGAAGAC	  

CPE TAAATTCAGGCTCACCAGGC	   CCATCAGCAGGATTTACACG	  	  

MC2R	   CAGTAGGGGTTACTTGGGCA	  	   CCATCACACTGACCATCCTG	  	  

MC3R GGCTTGATGAAGACCTGCTC	   TCAGCCAACACTGCCTAATG	  

MC4R CTTATGATGATCCCAACCCG	  	   GTAGCTCCTTGCTTGCATCC	  

OPRM1 TGGTGGCAGTCTTCATCTTG	  	   GATCATGGCCCTCTACTCCA	  

OPRD1 GTAGATGTTGGTGGCCGTCT	  	   ATCACCGCGCTCTACTCG	  	  

TBP AACAACAGCCTGCCACCTTA	   GCCATAAGGCATCATTGGAC	  

B2M TAGCTGTGCTCGGGCTACT	   TCTCTGCTGGATGACGCG	  
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Table S2.2. List of primary Abs and their concentrations and sources used in this study. 
	  
Antibody  Species Dilution Source Catalog No. 
αMSH Sheep 1:1000 Millipore AB5087 
POMC chicken 1:500 Abcam ab14064 
NPY Rabbit 1:1500 Novus npb1-19808 
Somatostatin Rat 1:500 Abcam ab30788 
MCH Rabbit 1:500 Sigma  M8440 

AGRP Rabbit 1:200 
Phoenix 
Pharmaceuticals  H-003-53 

AGRP Goat 1:500 Neuromics GT15023 
TH Rabbit 1:500 Abcam ab76013 
GABA Rabbit 1:500 Sigma A2052 
GAD67 Mouse 1:500 Millipore MAB5406 
Mash1 Rabbit 1:200   WB 1:500 Abcam ab74065 
Pax6 Rabbit 1:100   WB 1:500 Covance PRB-278P 
Nkx2.1(TTF1) Rabbit 1:200   WB 1:1000 Abcam ab76013 
FoxG1 Rabbit 1:200 Abcam ab18259 
Sox1 Goat 1:500 R&D AF3369 
Nestin Mouse 1:500 Stemgent 09-0045 
β endorphin Rabbit 1:200 From Sharon Wardlaw  
CPE Goat 1:300 R&D AF3587 
MAP2 Chicken 1:10,000 Abcam AB5392 
Tra-1-60 Mouse 1:300 Millipore MAB4360 
Tra-1-81 Mouse 1:300 Millipore MAB4381 
Nanog Goat 1:500 R&D Systems AF1997 
Sox2 Rabbit 1:500 Stemgent 09-0024 
Oct4  Rabbit 1:500 Stemgent 09-0023 
SSEA4 Mouse 1:300 R&D Systems MAB1435 
p-STAT3 Mouse 1:200  WB 1:1000 Cell signaling 4113 
p-STAT3 Rabbit 1:200  WB 1:1000 Cell signaling 9145 
p-AKT(T308) Rabbit WB 1:1000 Cell signaling 9275 
p-AKT(S473) Rabbit WB 1:1000 Cell signaling 4060 
C-FOS Rabbit 1:200 Cell signaling 2250 
STAT3 Rabbit WB 1:1000 Cell signaling 12640 
AKT Rabbit WB 1:1000 Cell signaling 9272 
ACTIN Rabbit WB 1:1000 Cell signaling 8457 
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Chapter 3: Using stem cell-derived hypothalamic neurons to investigate the neuro-

physiology of obesity caused by prohormone convertase 1/3 deficiency.  

Liheng Wang, Kana Meece, Claudia Doege, Dieter Egli, Sharon L. Wardlaw, Rudolph L. Leibel  

    (Author contributions: L. Wang, R. Leibel and D. Egli designed these studies. L. Wang, 

performed experiments, analyzed data, and has worked on this draft with the help from RL 

Leibel; K. Meece performed the neuropeptide assays for the neuron lysates and medium samples; 

C. Doege helped with the initial part of the CRISPR work and provided helpful suggestions for 

these experiments; SL. Wardlaw provided helpful suggestions for these experiments and analysis 

of the data.) 

Abstract 

    Hypomorphism for prohormone covertase 1/3 (PC1/3) results in a complex endocrine-

metabolic phenotype that includes obesity, malabsorptive diarrhea and systemic 

endocrinopathies. PC1/3 plays a critical role in processing neuropeptides and prohormones such 

as POMC, proinsulin, and proglucagon in the brain, islets, intestine and elsewhere. POMC 

neurons in the ARC are the source of αMSH which acts on PVN neurons to suppress food intake, 

as well as endorphins such as β endorphin (BEP) that also affect ingestive behaviors. To 

understand the molecular neurophysiology of the obesity in PC1/3 deficient subjects, we 

generated PC1/3-deficient hESC lines with CRISPR, and by knocking down PC1/3 with shRNA. 

These cells were further differentiated into hypothalamic arcuate nucleus (ARC)-like neurons. 

proprotein convertase subtilisin/kexin type 1 (PCSK1) mRNA was reduced by 60% in the 

shRNA knockdown neurons, and activity of its cognate protein was absent in the CRISPR 

generated PC1-/- hESC-derived neurons. The percentage of POMC-expressing neurons among 

terminally differentiated cells showed no difference between control and PC1/3-deficient lines, 
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suggesting that lack of PC1/3 did not affect neuronal differentiation. However, the ratios of 

ATCH/POMC, αMSH/POMC and BEP/POMC proteins were significantly decreased in PC1/3-

deficient hESC-derived neurons indicating that POMC processing was impaired by the imposed 

PC1/3 insufficiency. Levels of mRNA for POMC, nescient helix loop helix 2 (NHLH2, a 

transcription factor that regulates PCSK1 and PCSK2 expression) and other POMC processing 

enzymes such as PCSK2 and carboxypeptidase E (CPE), as well as total amounts of unprocessed 

POMC neuropeptide, were increased 1.7 to 7 fold in the PC1/3-deficient neurons. The 

upregulation of these genes may compensate for the decreased PC1/3 activity in the PCSK1 

knockdown neurons, in which the total amounts of ACTH, αMSH and BEP showed no 

difference from the control neurons. However, in the PC1 -/- neurons production of ACTH and 

BEP neuropeptides was decreased, while αMSH content –as in the PCSK1 knockdown neurons – 

was unchanged. Thus loss of PC1/3 activity has a more severe impact than decreased PC1/3 

activity in POMC processing, upregulation of POMC, CPE and NHLH2 only partially 

compensate for the PC1/3 deficiency. These findings provide mechanistic insight into the 

molecular and functional consequences of hypothalamic PC1/deficiency, and demonstrate the 

potential of stem cell-derived hypothalamic neurons for investigation of the neurophysiology of 

body weight regulation. 

Introduction  

   Prohormone convertase 1/3 (PC1/3), encoded by proprotein convertase subtilisin/kexin type 1 

(PCSK1), is essential for processing prohormones and neuropeptides into their active forms in 

neuroendocrine tissues including brain, pituitary and adrenal glands, islets and gut that 

participate in central and peripheral endocrine homeostasis. PC1/3 belongs to the proprotein 

convertase (PCs) family that includes other eight members: furin, PC2, PC4, PC5/6, PC7 PC9, 
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PACE4 and SKI-1(Seidah, 2011). These proteins share similar structures that include pro-

segment, catalytic, P and variable C-terminal sorting domains (Figure S3.1A).  

PC1/3 is synthesized in the endoplasmic reticulum (ER) as a 94 kDa pre-mature protein and is 

rapidly auto-cleaved into a partially active 87 kDa precursor in the ER-Golgi secretory granules. 

The low pH within the secretory granules induces further autocatalytic processing to generate 

fully active 66 kDa PC1/3 (Dhanvantari, 2014; Prabhu et al., 2014)(Figure S3.1B). The 

substrates of PC1/3 include proinsulin, proglucagon, proghrelin, progrowth-hormone releasing 

hormone (GHRH), prothyrotropin-releasing hormone, and propeptides for POMC, NPY and 

AGRP (Creemers et al., 2006; O'Rahilly et al., 1995; Pan et al., 2005; Paquet et al., 1996; Zhu et 

al., 2002). PC1/3 deficiency, a rare autosomal recessive disorder caused by hypomorphic 

mutations in the PCSK1 gene, causes early-onset of obesity and several major endocrinopathies 

including hyperproinsulinemia, growth hormone and adrenal insufficiency, hypogonadism, and 

hypothyroidism (Farooqi et al., 2007; Jackson et al., 1997; Martin et al., 2013; O'Rahilly et al., 

1995). Heterozygous mutations causing partial PC1/3 deficiency also cause obesity (Creemers et 

al., 2012). In genome-wide association studies, prevalent non-synonymous coding variants in 

PCSK1 are also associated with increased risk of obesity (Benzinou et al., 2008).  

     A recent study of thirteen children segregating for homozygous hypomorphic PCSK1 

mutations, reported high mortality, early growth abnormalities (low body weight and length) and 

severe malabsorptive diarrhea in early infancy caused, respectively, by low growth hormone and 

defective enteroendocrine hormone (e.g. progastrin and proglucagon) processing; obesity in late 

childhood and adolescence was associated with severe hyperphagia (Jackson et al., 2003; Martin 

et al., 2013). Earlier reports on 3 subjects segregating for compound heterozygous or 

homozygous null or missense mutations for PC1/3 reported severe obesity developing by 2-3 
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years of age and marked small-intestinal absorptive dysfunction associated with impaired 

processing of POMC and other neuropeptides, as well as the enteroendocrine hormones (Farooqi 

et al., 2007; Jackson et al., 1997; Martin et al., 2013; O'Rahilly et al., 1995). These differences in 

clinical severity could reflect PCKS1 allelic and/or genetic modifier effects.  

    Pcsk1 null mice show most of the clinical features seen in PC1/3-deficient patients, including 

high postnatal mortality, defective processing of POMC and Pro-GHRH, other neuroendocrine 

disorders (such as, hypogonadotrophic hypogonadism), low serum IGF1, and 

hyperproinsulinemia, and mild malabsorptive diarrhea (Zhu et al., 2002). However, Pcsk1 -null 

mice are not obese. PC1N222D/N222D mice, segregating for a homozygous missense mutation in the 

catalytic domain of PC1/3 (Figure S3.1A), are obese and display impaired processing of many 

neuroendocrine peptides (Jackson et al., 1997; Lloyd et al., 2006). Unlike the Pcsk1 null mice, 

these mice retain some PC1/3 activity and display normal linear growth, similar to the obese 

PC1/3-deficient patients with compound heterozygous or homozygous missense mutations 

(Lloyd et al., 2006). The Pcsk1N222D/N222D mice process proGHRH to GHRH and are not runted. 

However, the decreased amounts of hypothalamic aMSH and hyperproinsulinemia in these mice 

implicate impaired POMC and proinsulin processing (Lloyd et al., 2006).  The differential 

influence of this partially active PC1/3 on the processing of different hormones or neuropeptides 

in the Pcsk1N222D/N222D mice also suggests that PC1/3 plays different roles in processing 

prohormones in different cell types (Lloyd et al., 2006; Pan et al., 2005). This inference is further 

confirmed by peptide analysis of different brain regions of Pcsk1 null mice, in which processing 

of some neuropeptide is greatly reduced while others are unchanged in the absence of PC1/3 

(Pan et al., 2005).  
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    In vitro functional assays of PC1/3 bioactivity (by measuring rates of cleavage of a synthetic 

fluorogenic substrate) suggest that most mutant alleles identified in PC1/3 deficient patients 

affect the enzymatic activity of PC1/3 by influencing either the stability of PCSK1 mRNA or the 

production and secretion of mature PC1/3 (Farooqi et al., 2007; Martin et al., 2013). In the 

hypothalamus, the prohormone convertases—PC1/3 and PC2—function proximally to another 

proteolytic enzyme—carboxypeptidase E (CPE)—to mediate the processing of POMC and other 

neuropeptides (Figure 1.2). As noted, PC1/3 cleaves the POMC propeptide into shorter 

intermediate peptides including pro-adrenocorticotropic hormone (pro-ACTH), ACTH and β 

lipotrophin (β-LPH) (Benjannet et al., 1991) (Figure 1.2). PC2 (Benjannet et al., 1991) and CPE 

(Berman et al., 2001) participate in downstream processing of ACTH and β-LPH into active 

αMSH and β endorphin (BEP), respectively (Figure 1.2). In PC1/3-deficient patients, 

concentrations of circulating POMC and ACTH intermediates are significantly increased, while 

levels of ACTH are unchanged or decreased, suggesting impaired POMC processing in the 

pituitary (O'Rahilly et al., 1995). In Pcsk1 null mice, the expression of Pomc transcripts and 

protein in both hypothalamus and pituitary are significantly increased.  Pituitary ACTH is 

undetectable and hypothalamic αMSH production is decreased, suggesting impaired POMC 

processing in the hypothalamus and pituitary (Pan et al., 2005; Zhu et al., 2002). However, 

plasma corticosterone levels are not reduced in Pcsk1 null animals, suggesting that ACTH 

intermediates (retaining partial ACTH activity) or other molecules may compensate for the 

reduced ACTH activity (Zhu et al., 2002). In Pcsk1N222D/N222D mice, plasma concentrations of 

mature ACTH and corticosterone are not altered, suggesting that the production of ACTH in the 

pituitary is unaffected (Lloyd et al., 2006). While hypothalamic Pomc mRNA levels are not 

altered, hypothalamic αMSH is 40% lower, suggesting that hypothalamic POMC processing is 
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also impaired in these mice (Lloyd et al., 2006). Thus, PC1/3 deficiency in both mice and 

humans results in impaired POMC processing in pituitary and/or hypothalamus (Pan et al., 2005; 

Wardman et al., 2010). 

    PC1/3 and PC2 share similar structures and function comparably in proprotein processing 

(Figure S3.1A) (Seidah, 2011). PC1/3 and PC2 are predominantly expressed in neuroendocrine 

tissues and selectively cleave prohormones and neuropeptides at dibasic residues (Figure S3.1C). 

However, these enzymes have distinct cell-specific functions. For example, in the islet alpha cell, 

proglucagon is processed by PC2 to generate glucagon. Whereas in intestinal L cells, 

proglucagon is processed by PC1/3 to release glucagon-like peptide (GLP)-1 and GLP-2 (Rouille 

et al., 1995). The processing of POMC to ACTH in the pituitary anterior lobe is mediated mainly 

by PC1/3 (Zhou et al., 1993). In the hypothalamus, PC1/3 and PC2 work sequentially to process 

POMC into αMSH (Wardlaw, 2011) (Figure 1.2). In addition to its enzymatic activity, CPE also 

functions as a regulated secretion pathway sorting receptor for several prohormones, including 

POMC and proinsulin (Cool et al., 1997; Loh et al., 2004; Normant and Loh, 1998). In anterior 

pituitary cells, CPE binds to the sorting motifs of POMC and ACTH intermediates and sorts 

them into secretory granules (Hosaka et al., 2005). NHLH2, a basic helix-loop-helix transcription 

factor, binds to the promoters of PCSK1 and PCSK2 to regulate their gene expression (Fox and 

Good, 2008; Jing et al., 2004). Deletion of Cpe or Nhlh2 results in obesity in mice; hypomorphic 

genetic variants in CPE cause obesity in humans, demonstrating the essential role of these 

proteins in body weight regulation (Cawley et al., 2004; Jing et al., 2004; Li et al., 2014).   

    In Chapter 2, we described a method for generating hypothalamic-like neurons from hPSCs 

(Wang et al., 2015). Here we ask whether hPSC-derived hypothalamic neurons can be used to 

understand the neuro-molecular pathogenesis of obesity in PC1/3 deficiency. To create PC1/3-
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deficient hESC/iPSC lines, we used both shRNA and CRISPR to knockdown PCSK1 or generate 

PCSK1 hypomorphic mutants in hESC and hiPSC, We confirmed the PC1/3 deficiency in these 

lines at mRNA and protein levels by qPCR, immunostaining, and Western blot. After 

differentiating hESCs into hypothalamic ARC-like neurons, we assessed the expression of genes 

involved in regulating POMC processing in these cells. We found that knocking down PCSK1, 

or compound heterozygosity for inactivating PCSK1 mutations, impaired POMC processing as 

reflected by decreased ratios of ACTH/POMC, α MSH/POMC and BEP/POMC proteins.  

Apparently in compensation for the decrease/loss of PC1/3 activity in these neurons, the 

expression of POMC, NHLH2, PCSK2 (encoding PC2) and CPE in the PC1/3 deficient lines was 

increased.  

Results 

Knock down of PCSK1 in hESCs with shRNA lentivirus 

   To create cellular PC1/3 deficiency, we knocked down PCSK1 with lentiviral shRNA in an 

NKX2.1 GFP/W-hESC line (Goulburn et al., 2011). In stable shRNA-transfected hESC lines, the 

expression of PCSK1 was reduced by 80-90% (Figure 3.1 A). At 29 days following initiation of 

the hypothalamic differentiation protocol, expression of PCSK1 was reduced by 60% versus the 

non-targeting shRNA-treated line (Figure 3.1 B)(Wang et al., 2015).  By immunostaining of 

POMC and PC1/3 in these neurons (Figure 3.1 C), the percentage of POMC-positive neurons 

was not affected in PCSK1 knockdown lines, suggesting that reduced PCSK1 expression did 

not—of itself—affect differentiation from hESCs towards POMC-expressing neurons (Figure 

3.1D). However, as anticipated, the number of PC1/3 positive cells was significantly decreased 
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in the PCSK1 knockdown neurons (Figure 3.1 E), confirming the effective knockdown of 

PCSK1.   

Knockdown of PCSK1 impairs POMC processing in hESC-derived hypothalamic neurons 

    To assess POMC processing we measured POMC, αMSH and BEP proteins in both neuronal 

 culture medium and cell lysates of day 29 differentiated hypothalamic neurons. Medium 

samples were collected after 48hrs of incubation and supernatants were isolated for neuropeptide 

analysis after centrifugation. In the lysates of PCSK1 shRNA knockdown neurons, the ratios of 

ACTH/POMC (Figure 3.2 A), αMSH/POMC (Figure 3.2 B) and BEP/POMC (Figure 3.2 C) 

were significantly decreased compared with non-targeted shRNA knockdown neurons. 

Furthermore, the ratios of ACTH/POMC (Figure 3.2 D), αMSH/POMC (Figure 3.2 E) and 

BEP/POMC (Figure 3.2 F) were also significantly reduced in media of PCSK1 knockdown lines. 

Hence, POMC processing was impaired in the PCSK1 shRNA knockdown hESC-derived 

hypothalamic neurons.  

Increased expression of POMC, PCSK2, NHLH2 and CPE in response to reduction of 

PC1/3 in hESC-derived neurons 

   Though POMC processing was impaired in the PCSK1 knockdown neurons, total amounts of 

ACTH (Figure 3.3 A), αMSH (Figure 3.3 B) and BEP (Figure 3.3 C) were not affected.  Total 

POMC peptide was increased about two-fold in PCSK1 knockdown neuron lysates (Figure 3.3 

D). By qPCR analysis of these day 29 hESC-derived hypothalamic neurons, POMC mRNA was 

also significantly increased (Figure 3.3 E). The mRNA expression of other proteolytic enzymes 

functionally downstream of PC1/3—PCSK2 (gene encoded PC2) (Figure 3.3 F) and CPE 

(Figure 3.3 G)—were also increased 4-5 fold. As noted, PC1/3 and PC2 cleave POMC 

111



	   	   	  
neuropeptide at dibasic residues with differential preference sites in hypothalamic neurons 

(Figure S3.1) (Benjannet et al., 1991). Thus, PC2 may compensate in POMC processing for 

reductions in PC1/3. CPE also functions downstream of PC1/3. The upregulation of these genes 

and probably other proteolytic enzymes may compensate functionally for the decreased PC1/3 

activity in the knockdown neurons.  

    NHLH2 is the major transcription factor regulating PCSK1 and PCSK2 expression (Fox and 

Good, 2008; Jing et al., 2004). NHLH2 expression was significantly increased in the PCSK1 

knockdown neurons (Figure 3.3H).  PCSK1 knockdown neurons contained eight-fold more 

POMC peptide in the culture medium than the scrambled shRNA control line, possibly reflecting 

the compensatory impact of increased CPE levels in these neurons in facilitating the regulated 

secretion of POMC  (Data not shown). Thus, the upregulation of POMC, NHLH2 and alternative 

POMC processing enzymes—PCSK2 and CPE—appears to compensate for some of the 

molecular consequences of decreased PC1/3 activity in PCSK1 shRNA knockdown 

hypothalamic neurons.  

PC1/3 deficiency in CRISPR-generated PCSK1 mutant lines 

   In the shRNA knockdown experiments, decreased PC1/3 expression impaired POMC 

processing but did not affect the total amounts of end products, including αMSH and BEP.  

Therefore, we asked whether complete loss of PC1/3 protein would result in a more severe 

impairment on POMC processing. We knocked out the PCSK1 in the NKX2.1 GFP/W-hESC 

line with CRISPR by introducing frame shift (null) mutations on both alleles of PCSK1 (Figure 

S3.2). The hESC colonies containing compound heterozygous mutations (Clones 6 and 8 carry 

null mutation on both alleles, referred to as “PC1 -/-” in the text) or a single heterozygous 
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mutation (Clone 17, carries a null mutation of one allele, referred to as “PC1 +/- “ in the text) or 

no mutation (Clone 11, no mutations of either allele, referred to as “PC1 +/+” in the text) were 

selected for functional studies of the hESC-derived hypothalamic ARC neurons (Figure S3.2C) 

(Wang et al., 2015). In day-12 progenitors, PCSK1 mRNA was significantly reduced in all PC1-

/- lines compared with PC1 +/+ or PC1 +/- lines (Figure 3.4 A), suggesting that the frameshift 

mutations introduced with CRISPR accelerated the decay of PCSK1 mRNA. In day 28 hESC-

derived hypothalamic neurons, PCSK1 expression was significantly reduced (by >90%) in PC1-

/- lines (Figure 3.4B). By immunostaining, PC1/3 positive neurons were detected only in PC1 

+/+ and PC1 +/-  cells,  but not in the PC1-/- neurons (Figure 3.4 C).  Western blots of PC1/3 

+/+ neurons showed two major bands representing the full-length partially active form (87kDa) 

and a smaller fully active form (66kDa) of PC1/3 protein (Dhanvantari, 2014; Prabhu et al., 2014) 

(Figure 3.4 D). The PC1 +/+ and PC1 +/- neurons could induce autocatalytic cleavage of PC1/3 

to generate the active (66kDa) form of PC1/3. However, the active isoform of PC1/3 protein was 

absent in the two PC1 -/- lines (Figure 3.4 D).  Taken together, the great reduction of PCSK1 

mRNA and complete loss of mature PC1/3 protein confirmed loss of functional PC1/3 in the 

CRISPR-generated PC1 -/- hESC-derived neurons.   

Defective POMC processing in CRISPR-generated PC1/3 deficient lines 

   We further assessed the function of PC1/3 in POMC processing in the hypothalamic neurons 

derived from the four CRISPR-generated hESC lines. Immunocytochemical analysis indicated 

that the percentages of POMC neurons in day 28 differentiated cells were not different among 

the PC1 +/+, PC1 +/- and PC1 -/-  hESC lines (Figure 3.5 A).  Neuronal lysates were analyzed 

for POMC, ACTH, αMSH and BEP, and the ratios of ACTH/POMC, αMSH/POMC and 

BEP/POMC were calculated. The two PC1 -/- neurons had higher POMC content than the PC1 
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+/+ and PC1 +/- neurons (Figure 3.5 B). The ratios of ACTH/POMC (Figure 3.5 C), 

αMSH/POMC (Figure 3.5 D), and BEP/POMC (Figure 3.5 E) in the two PC1 -/- neurons were 

significantly reduced compared to PC1 +/+ and PC1 +/- neurons, suggesting that POMC 

processing was impaired in the PC1 -/- hESC-derived neurons.  

Increased POMC, NHLH2 and CPE expression in PC1 deficient neurons 

   Comparable to what was seen in the PCSK1 knockdown neurons, the total amounts of ACTH 

(Figure 3.6 A) and BEP (Figure 3.6 B) in two PC1 -/- neuron lines (day 28) were significantly 

reduced compared with PC1 +/+ and PC1 +/- lines. However, the total content of αMSH in the 

PC1-/- neurons was not different from that in the PC1 +/+ and PC1 +/- neurons (Figure 3.6 C). 

The greater reduction of ACTH than BEP and αMSH in the two PC1 -/- neuron lines implicates 

adaptive changes in these neurons to maintain the same level of POMC-derived peptides. From 

qPCR analysis, POMC mRNA levels in the PC1 -/- lines were significantly increased (Figure 

3.6 D), while NPY and AGRP mRNA levels did not differ by genotype (Figure 3.6 E). In POMC 

processing, αMSH is actually derived from ACTH peptides. Here we found that ratios of 

αMSH/ACTH were greatly increased in both PC1 -/- neurons compared with control and PC1 +/- 

(Figure 3.6F), implicating the downstream processing from ACTH to αMSH (not require PC1/3 

activity) was enhanced in the PC1 -/- neurons. As in the knockdown experiments, NHLH2 

mRNA was increased in the PC1 +/- and PC1 -/- lines (Figure 3.6 G). However, distinct from 

the PCSK1 shRNA knockdown neurons, PCSK2 transcript was increased in the PC1 +/- neurons 

but not in the PC1 -/- neurons (Figure 3.6 H). CPE transcript was increased in both PC1 +/- and 

PC1 -/- lines compared to the PC1 +/+ hESC line (Figure 3.6 I).  
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   The changes of gene expression for NHLH2 and CPE in the PC1+/- neurons may partially 

explain the increased downstream processing from ACTH to αMSH.  The decreased production 

of ACTH and BEP in the PC1 -/- neurons might be the result of reduced PC1/3 activity and 

unchanged PC2 activity in these neurons. Different from the PCSK1 shRNA knockdown neurons, 

in which the upregulation of POMC, PCSK2, NHLH2 and CPE apparently compensated for the 

decreased POMC processing, loss of PC1/3 activity in the CRISPR-generated PC1 +/- and PC1 -

/- hESC-derived neurons was only partially compensated by the upregulation of POMC, NHLH2 

and CPE.  These results suggest that PC2 may play an essential role in neuronal compensation 

for the loss of PC1/3 activity.   

Discussion 

    To investigate the use of hESC/iPSC-derived hypothalamic neurons to gain insights into the 

cell-molecular physiology of human energy homeostasis, we chose as a “proof-of-principle” to 

examine the effects of manipulation of PCSK1 which encodes proconvertase 1/3 (PC1/3), an 

enzyme mediating a critical initial step in the processing of prohormones, for molecules (e.g. 

POMC, AGRP, NPY, GHRH, insulin, glucagon) that mediate aspects of appetitive behavior, 

somatic growth and energy expenditure. Congenital deficiency of PCSK1 results in a syndrome – 

that includes obesity - reflecting the protean functional roles of this enzyme.  We created PC1/3 

deficient neurons using two strategies: knocking down PCSK1 with shRNA and generating 

hypomorphic PC1/3 mutant hESC lines with CRISPR. The significant reduction of PCSK1 

mRNA and PC1/3 active protein, and decrease in numbers of PC1/3-expressing cells, confirmed 

the functional PC1/3 deficiency in neurons made by both approaches. As anticipated, the ratios 

of ACTH/POMC, αMSH/POMC and BEP/POMC were decreased in both PC1/3-deficient lines, 

suggesting that POMC processing was impaired owing to PC1/3 insufficiency. In apparent 
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compensation for the reduction/loss of PC1/3 activity, total amounts of POMC peptides and 

POMC mRNA were significantly increased in these PC1/3 hypomorphs. POMC-derived 

peptides in Pcsk1 null mice are not different from that in the wildtype mice and no change of 

PC2 proteins is observed, implicating some adaptive changes happen to maintain the production 

of processed POMC short peptides. Here we find that the expression of the upstream 

transcription factor—NHLH2, and the POMC processing enzymes—PCSK2 and CPE—were 

also significantly increased in the PC1/3 deficient lines, accounting for the apparent 

compensation for reduction of PC1/3 activity. This increased expression of these genes might 

result from feedback effects related to the decreased PCSK1 expression in these neurons.  

Possibly as a consequence of these compensatory effects, the total amounts of ACTH, αMSH, 

BEP in the PCSK1 knockdown neurons were unaffected. The total amount of aMSH in the PC1 -

/- neurons also showed no difference from PC1 +/+ neurons, surprisingly divergent from our 

expectation that the production of αMSH would be decreased owing to the impaired POMC 

processing in these cells. However, the contents of ACTH and BEP in the PC1 -/- neurons were 

greatly decreased, reflecting a more severe impairment of POMC processing compared with 

PCSK1 mRNA knockdown neurons, owing to the loss-of-function mutations in the PCSK1 gene 

of these lines.  The increased ratios of αMSH/ACTH in the two PC1 -/- lines demonstrated such 

compensatory influence on the downstream POMC processing that was not required PC1/3 

activity. 

    If total αMSH is not decreased in POMC neurons, what accounts for the obesity of PC1/3 

deficient patients? One possible explanation for this apparent discordance is that production of 

increased amounts of unprocessed POMC peptides could be toxic to the POMC neurons and/or 

affect aspects of their synaptic targeting onto the MC4R-expressing neurons in the PVN. ER 
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stress/unfolded protein responses can induce cell death in neurons through a CHOP-dependent 

pathway(Nakanishi et al., 2013; Xu et al., 2014; Yoshikawa et al., 2015). ER stress in 

hypothalamic neurons may also play a role in inducing hypothalamic leptin and insulin 

resistance in obesity and type 2 diabetes (Schneeberger et al., 2013; Williams et al., 2014).  In 

the hypothalamus, PC1/3 also participates in the processing of other neuropeptides such as 

NPY/AGRP in addition to POMC (Wardman et al., 2010). NPY/AGRP are orexigenic 

neuropeptides that increase food intake through actions on NPY (stimulatory) or MC4R 

(inhibitory) receptors (Barsh and Schwartz, 2002). NPY/AGRP neurons also release GABA to 

inhibit POMC neuron activity through a local synaptic circuit in the ARC (Cowley et al., 2001). 

PC1/3 deficiency in the NPY/AGRP neurons might also affect the processing of NPY and AGRP 

that could antagonize the effect of αMSH at the MC4R (AgRP) and/or by direct effects (NPY) 

on second order neurons promoting food intake. However, the mRNA levels of NPY and AGRP 

in the PC1 -/- neurons were the same as those in the PC1 +/+ and PC1 +/- neurons, suggesting 

that processing of NPY and AGRP might not be affected in these cells (Figure S3.3C, D).  

  In addition to its roles in the processing of neuroendocrine pro-peptides, PC1/3 also appears to 

play a role in the innate immune system by influencing cytokine production and secretion by 

macrophages (Refaie et al., 2012). PC1/3 null mice have enlarged spleens and are more 

susceptible to septic shock. The amounts of proinflammatory cytokines—interleukin-6 (IL-6), 

IL-1β and tumor necrosis factor α (TNFα) are significantly higher in the plasma of PC1/3 null 

mice after lipopolysaccharide stimulation (Refaie et al., 2012). Obesity is associated with chronic 

inflammation in many tissues. Obesity-associated hypothalamic inflammation has been reported 

in diet-induced obesity animal models and may contribute to hypothalamic leptin and insulin 

resistance (Kleinridders et al., 2009; Milanski et al., 2009; Posey et al., 2009; Zhang et al., 2008). 
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Central administration of inflammatory cytokines such as TNFα and IL-4 exacerbates 

hypothalamic inflammation and weight gain, while knockout TNF receptor 1 prevents diet-

induced obesity in mice (Arruda et al., 2011; Oh et al., 2010; Romanatto et al., 2009). Increased 

inflammation in the hypothalamus of PC1/3 knockout mice may promote leptin and insulin 

resistance in constituent neurons, and/or impair synaptic connections between POMC neurons 

and their cellular targets.  

   Pcsk1 null mice are runted to 60% of the size of wild-type littermates, owing primarily to the 

defective processing of proGHRH (Zhu et al., 2002). These mice are not obese.  In humans, 

PC1/3 deficiency is characterized by obesity, hypogonadism, hypoadrenalism and elevations of 

circulating concnetrations of POMC and proinsulin (Farooqi et al., 2007; Jackson et al., 2003; 

O'Rahilly et al., 1995). PC1/3 deficient patients show normal linear growth and obesity 

associated with hyperphagia, which is different from the phenotypes of the Pcsk1 knockout mice 

(Farooqi et al., 2007; Jackson et al., 2003; O'Rahilly et al., 1995). The reduced perinatal survival 

of Pcsk1 null mice, and widespread expression of Pcsk1 throughout the brain and 

neuroendocrine tissues in the mouse embryo, suggest that PC1/3 is essential for mouse 

development (St Germain et al., 2005; Zheng et al., 1994). Pcsk1 null mice also display mild 

diarrhea characterized by bulky moist stools (Zhu et al., 2002). PC1/3 deficient children also 

show increased mortality rates in the peri- and neonatal periods and severe malabsorptive 

diarrhea (Martin et al., 2013). The malabsorptive diarrhea in these patients may be due to 

defective processing of gut hormones such as progastrin and proglucagon in the enteroendocrine 

cells that regulate the absorption of carbohydrate, amino acids, fats or other nutrients in the small 

intestine (Jackson et al., 2003; Martin et al., 2013). Most of the PC1/3-deficient children are only 

modestly obese, probably due to such coincident malabsorption. In the pituitaries of Pcsk1 null 
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mice, the absence of ACTH and increased POMC expression and production suggest that POMC 

processing is also impaired (Zhu et al., 2002). However, plasma corticosterone levels of these 

mice are not different from wild-type mice, suggesting that ACTH intermediates may 

compensate for the loss of mature ACTH in these mice (Zhu et al., 2002) (Table 3.1). In humans, 

serum ACTH levels are either low or unchanged in PC1/3 deficient subjects while the circulating 

levels of POMC and ACTH intermediates are elevated, suggesting impaired POMC processing 

in the pituitary (Table 3.1) (Farooqi et al., 2007; Jackson et al., 1997). Low serum cortisol levels 

are also observed in these patients. Corticosteroid hormones participate in a broad range of 

physiological processes, including energy homeostasis, immune reactions, stress responses and 

behavior (Arlt and Allolio, 2003). Hypoadrenalism may contribute to the increased mortality rate 

in PC1/3 deficient subjects, and perhaps restrains their hyperphagia. However, whether 

hypothalamic POMC processing is affected by PC1/3 deficiency in these human subjects is 

unknown. Our data presented here suggest that it is.  

   Access to hypothalamic ARC neurons as described here enables analysis of the primary effects 

of genes such as PCSK1 on regulatory functions, isolated from the consequence of their impact 

on systemic metabolic physiology (Wang et al., 2015). In the case of PCSK1 this is a particularly 

relevant advantage, since as noted above, the systemic effects of hypoactivity of this protease are 

widespread and severe.  Here we found that the production of unprocessed POMC was increased 

in the PCSK1 knockdown and PC1 -/- hESC-derived hypothalamic neurons, consistent with the 

findings in the PC1/3 null mice and PC1/3-deficient patients (Table 3.1). The decreased ratios of 

αMSH/POMC and BEP/POMC in the PCSK1 knockdown or PC1/3 -/- hypothalamic neurons 

suggest that POMC processing is impaired in these cells (Table 3.1). However, the total amounts 

of αMSH produced in these PCSK1 shRNA knockdown and PC1 -/- neurons were the same as in 
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the wild-type neurons, while total amounts of BEP were decreased in the PC1 -/- neurons but not 

in the PCSK1 knockdown cells, suggesting that adaptive changes in the PC1/3 knockdown 

hypothalamic neurons act to maintain levels of POMC-derived peptides. In these PCSK1 

knockdown and CRISPR generated PC1 -/- neurons, we also found significant upregulation of 

other POMC processing enzymes—PCSK2 and CPE and the transcription factor NHLH2 that 

regulates the expression of PCSK1 and PCSK2—suggesting that other prohormone convertases 

or carboxylases may compensate for the loss of PC1/3 activity in the processing of hypothalamic 

POMC peptides. In PC1 and PC2 knockout mice, loss of PC1/3 is usually compensated by PC2, 

consistent with our findings that increased PCSK2 expression is observed in the PCSK1-

knockdown neurons (Wardman et al., 2010; Zhang et al., 2010). Whether the PC1/3 deficient 

neurons can somehow directly sense the unprocessed POMC peptides, partially processed 

intermediates or the ratios of processed peptides/POMC, and further increase the expression of 

NHLH2 and prohormone convertase genes is unclear.  RNA transcriptome analysis and/or 

proteomic analysis of the PC1 +/+ versus the PC1 -/-  hESC-derived hypothalamic neurons may 

help to identify the candidate molecules and mechanisms that are involved in this compensatory 

process.  
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Materials and Methods 

Knocking down PCSK1 with shRNA  

PCSK1 shRNA lentivirus particles were purchased from Sigma (SHCLNV-NM_000439). The 

sequence of this PCSK1 shRNA is : CCGGGCACTAAATCTCTTCAATGATCTCGAGATCA 

TTGAAGAGATTTAGTGCTTTTTG (TRCN0000051496). The non-targeting shRNA (SHC002 

V) was used as a negative control. Nkx2.1 GFP/W-hESCs were cultured on the 24-well MEF 

feeder cells until >90% confluency. Then added 10ul shRNA lentivirus particles to each well 

filled with 0.5ml hESC medium (500ml knockout DMEM, 90ml Knockout Serum, 6.5ml 

GlutaMAX,6.5 ml NEAA, 6.5ml Penicillin/Streptomycin, 0.65ml β–mercaptoethanol, 10ng/ml 

bFGF). All reagents were from Life Technologies (http://www.lifetechnologies.com). After 

incubation with the virus for 48hrs, virus containing medium was removed and new hESC 

medium containing 1µg/ml puromycin (Life technologies) added. Wait 24hrs, aspirated medium 

and added new MEFs to each well. Once the new colonies formed, repeated the selection step 

until get stable puromycin resistant hESCs.  

Generation of PCSK1 mutant hESC lines with CRISPR 

The two PCSK1 guide RNAs (gRNA) were designed using the software from Zhang Feng’s lab 

at MIT (http://crispr.mit.edu). The sequences of the two gRNAs for PCSK1 were: gRNA1-

ACCCGCTGGCCAATAACCC; gRNA2-AGGTGCTGCATATCTCGCC. These two guide 

RNAs were used to target exon10 of PCSK1, which spanned the two PCSK1 mutations 

(p.N423K c.1269C>A and p.R405X c.1213C>T) found in PCSK1 patients. The two gRNAs 

were cloned into the pGS-U6-gRNA plasmids by Genscript. The pCas9_GFP plasmid was 

purchased from addgene (#44719). After the Nkx2.1 GFP/W-hESCs became 90% confluent on 
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6-well MEF plate (2 wells), we transfected each well with lipofectamine 3000 supplemented 

with 2.5µg pCas9_GFP+2.5µg pGS-U6-gRNA1/gRNA2 in 2ml hESC medium. 48-72hrs post 

transfection, we sorted GFP+ cells with fluorescence-activated cell sorting (FACS) and plated 

them onto 6-well MEF plate with hESC medium plus 10uM Rock inhibitor (Y-27632, 

Selleckchem). Flow cytometry data were analyzed using BD FACSDiva 8.0.1 software. After 7-

14 days, individual hESC colonies were picked for clonal expansion and screened with Sanger 

sequencing of the PCR products amplified around the targeted genomic loci. With CRISPR 

technology, we were able to introduce the DNA cleavage at the 1269C in the PCSK1 gene and 

further introduce mutations at this locus by non-homologous end jointing (NHEJ).  

 Among the 38 colonies we screened, the targeting efficiencies were 57.9% and 42.1% for guide 

RNA1 and guide RNA2, respectively (Table 3.1). To further acquire the exact DNA sequence 

from both alleles around the target site, we cloned the PCR product amplified from candidate 

clones into the TOPO blunt-end cloning vector (Life technologies). After screening a few 

bacteria colonies, we obtained the DNA sequence for both alleles in each clone.  hESC clones—

clone6, clone8 (compound heterozygous mutations for inactivating PC1/3, refer to PC1 -/-) and 

clone17 (heterozygous mutation, refers to PC1 +/-), clone 11(wild type, refers to PC1 +/+) were 

selected for further hypothalamic neuron differentiation and functional studies. 

Surveyor assay to validate the cutting efficiency of gRNA 

To validate the cutting efficiency of gRNA in the targeting genomic locus, we transfected the 

293FT cells (>90% confluency) with lipofectamine 3000 (Life technologies) supplemented with 

1µg pCas9_GFP plus 1µg gRNA for each well on 24-well plate. The empty pGS-U6 plasmid 

was used as a negative control. 48hrs post transfection, we harvested 293 cells and isolated 
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genomic DNA with QIAamp DNA mini kit (QIAGEN). Primers used for amplifying the DNA 

fragments around the targeted PCSK1 exon10 sites included: Forward: 5’- 

ACTGGTTGGCAAGTACTGCA TTTC-3’; Reverse: 5’- AGCAAAAGGCACTTCATA 

ATCCC TG-3’. Optimase (Transgenomic) DNA polymerase was used to amplify the PCR 

products that span the targeting site by CRISPR, the PCR condition I used was: 94°C for 5min, 1 

cycle;  94°C for 30sec + 58°C for 30sec + 72°C for 90sec, 35 cycles; 72°C for 5min; 4 °C hold. 

The amplified PCR products (~700bp) were further undergo DNA hybridization in which the test 

(10µl) and control PCR products (10µl) were hybridized to form hetero-and homoduplexes using 

a thermocycler. Then we further treated the hybridized PCR products with surveyor nuclease for 

1hr at 42°C and examined the DNA with 2% agarose gel. If there is a successfully cutting 

happened in the targeted site, we expect to see the surveyor nuclease to cut around that site and 

generate specific DNA fragments from the amplified PCR product in the test sample but not in 

the control sample.    

Quantitative PCR Analysis 

Hypothalamic neurons were generated by a method described earlier (Wang et al., 2015). 

Undifferentiated hESCs or neurons were lysed with TRIzol RNA Reagent (Invitrogen) or RLT 

buffer. RNA was isolated by isopropanol precipitation or RNeasy mini kit (QIAGEN). Save the 

middle and bottom layers for protein isolation. cDNA were made with GoScript Reverse 

Transcription System (Promega) with 1µg RNA for each sample. GoTaq qPCR Master Mix was 

used for qPCR (Promega). See Table S1 for qPCR primers.  

Immunocytochemistry of cultured neurons 

Cultured neurons were fixed with 4% PFA at room temperature (RT) for 15min, then washed  3x 
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with PBS for 5min per wash. Cells were blocked with 10% donkey serum (Jackson 

ImmunoResearch) in PBST (PBS+ 0.1% Triton X-100) for 30min, then switched into primary 

antibody (diluted with blocking buffer) solution, and incubated at RT for 2hrs. Cells were 

washed 3x with PBST (5 min each wash), then exposed to secondary antibodies (Life 

Technology).  Alexa Fluor secondary antibodies, goat or donkey anti-mouse, rabbit, goat or 

chicken 488, 555 and 647 were used at 1:400 dilution in PBST and incubated at RT for 1hrs. 

Following 3x wash with PBST, cells were incubated with Hoechst (1µg/ml, dilute in PBST) for 

5min, and switched to PBS for fluorescent imaging. Fluorescence microscope is used for 

acquiring images from the neurons. See Table S2 for antibody information.  

Western blot 

Protein samples were isolated from the trizol treated samples. After RNA isolation, we saved the 

interphase and phenol-chloroform layer for further protein analysis. We first precipitated the 

DNA with ethanol from the samples followed the DNA isolation procedure and save the phenol-

ethanol supernantant for further protein isolation followed the protein isolation protocol (Trizol, 

life technologies). After dry the protein pellet, we add 200µl 1% SDS to the protein pellet and 

incubate the sample at 50°C until protein get dissolved. Centrifuge at 10,000g for 10min and 

transfer the supernatant to a new eppendorf tube. Each protein sample was prepared from three 

wells of neurons cultured on the 12-well plate. For each lane running on the PAGE gel, 40ul of 

protein sample was loaded and PC1/3 was probed.  ACTIN antibody was used as a loading 

control. See Table S2 for antibody information. 

Neuropeptide assays 

All these neurons were cultured on 12-well plates and started with 300,000 cells at day 12. For 
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neuron lysate samples, medium was aspirated and the differentiated neurons rinsed once with 

PBS, after which 250 µl 0.1N HCl was added to each well. Cells were harvested with a cell 

scraper to detach as many cells as possible, and the cell lysates were transferred into 1.7 ml 

eppendorf tubes. These samples were sonicated for 5 minutes. After centrifugation at 10,000 g 

for 10 minutes at 4°C, the supernatants were collected for POMC, ACTH, αMSH and BEP 

measurement. For medium samples, 1 ml neuron culture medium was collected and centrifuged 

at 8,000 g for 5 minutes. Nine volumes of the supernatant (720 µl) were mixed with 1 volume 1 

N HCl (80 µl) to prepare a final 0.1 N HCl sample mixture. Total POMC and BEP production 

were calculated by adding amounts of a neuropeptide in neuronal lysates to total released into the 

incubation medium. Neuropeptide assays were performed as described in Chapter 2.  
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Figure 3.1 Knockdown PCSK1 in hESCs and differentiated hypothalamic neurons by shRNA. 

(A-B) qPCR of PCSK1 expression in non-targeting shRNA and PCSK1 shRNA hESCs (A) and 

corresponding hESC-derived hypothalamic neurons at 28 days (B). (C) Immunocytochemical staining of 

POMC and PC1/3 in day 28 neurons derived from non-targeting shRNA and PCSK1 shRNA expressing 

hESCs. (D) Quantification of the differentiation efficiency of POMC neurons in the shRNA-expressing 

lines. The fraction of POMC neurons was determined as: (the number of POMC neurons)/(the number of 

Hoechst positive cells). Hoechst is a nuclear marker. (E) Quantification of PC1/3-positive cells in day 28 

differentiated neurons. The percentage of PC1/3-positive cells was determined in non-targeting shRNA 

and PCSK1 shRNA knockdown neurons. 
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Figure 3.2 Decreased PCSK1 expression impairs POMC processing in hESC-derived hypothalamic 

neurons. 

(A-C) The ratios of ACTH/POMC (A), aMSH/POMC (B) and BEP/POMC (C) in neuron lysates from day 

28 non-targeting and PCSK1 shRNA-expressing hESC-derived neurons. (D-F) The ratios of ACTH/POMC, 

aMSH/POMC (E) and BEP/POMC (F) in secreted neuropeptides from day 28 non-targeting and PCSK1 

shRNA-expressing hESC-derived neurons.. * p<0.05; ** p<0.01; *** p<0.001. Student t-test. 

 

 

 

 

 

127



 

 

Figure 3.3 Upregulation of POMC, PCSK2, CPE and NHLH2 compensates for PC1/3 deficiency in 

hESC-derived neurons. 

(A-D) Production of ACTH (A), αMSH (B), BEP (C) and POMC (D) in neuron lysates of non-targeting 

shRNA and PCSK1 shRNA expressing day 28 hESC-derived hypothalamic neurons. αMSH, BEP were 

quantified by Radioimmunoassay (RIA). POMC and ACTH were quantified by ELISA. (E-H) qPCR 

analysis of genes participating in POMC processing in 28 day differentiated neurons derived from 

scrambled and PCSK1 shRNA-expressing hESCs. These genes include POMC (E), PCSK2 (F), CPE(G), 

NHLH2 (H). * p<0.05; ** p<0.01; *** p<0.001. Student t-test. 
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Figure 3.4 PC1/3 is deficient in neurons derived from PC1/3 mutant hESC lines.  

(A-B) The expression of PCSK1 in day 12 neuron progenitors (A) and day 28 neurons (B) derived from 

CRISPR-generated PC1 +/+, PC1 +/- and two PC1 -/- lines. (C) Immunocytochemical staining of PC1/3 

and POMC in 28 day differentiated neurons from lines as indicated. Cell nuclei are stained with Hoechst. 

Scale bar = 20µm. (D)Western blot of PC1/3 in 28 day differentiated neurons derived from PC1 +/+, two 

PC1 +/- and two PC1 -/- lines. Two bands were detected: 85 kDa (full length partial active form of PC1/3) 

and 66 kDa (active form of PC1/3). Actin was used as a negative control.  *** p<0.001. Student t-test. 
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Figure 3.5 Impaired POMC processing in CRISPR generated PC1 -/- hESC-derived hypothalamic 

neurons. 

(A) Quantification of POMC neuron differentiation efficiency in day 28 neurons derived from four CRISPR-

generated hESC lines: PC1 +/+, PC1 +/- and two PC1 -/- lines. (B) The production of POMC in day 28 

neurons derived from hESC lines as indicated. (C-E) The ratios of ACTH/POMC (C), αMSH/POMC (D) 

and BEP/POMC (E) in 28 day differentiated neurons derived from hESC lines are indicated. : *** p<0.001 

by one-way ANOVA. 
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Figure 3.6 Upregulation of POMC, NHLH2 and CPE compensate for the PC1 deficiency in the PC1 

-/- neurons.  

(A-C) Production of neuropeptides-ACTH (A), BEP (B) and αMSH (C) in day 28 neurons derived from four 

CRISPR-manipulated hESC lines: PC1 +/+, PC1 +/- and two PC1 -/- lines. (D-E) Expression of POMC (D), 

NPY and AGRP (E) in the day 28 neurons derived from hESC lines as indicated: PC1 +/+, PC1 +/- and 

two PC1 -/- lines. (F) Ratios of αMSH/ACTH in day 28 neurons derived from four hESC lines as indicated. 

(G-I) Expression of NHLH2 (G), PCSK2 (H) and CPE (I) in day 28 neurons derived from hESC lines as 

indicated. * p<0.05; ** p<0.01; *** p<0.001,**** p<0.0001. Student t-test. 
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Figure S3.1 Roles of prohormone convertases--PC1/3 and PC2 in POMC processing. 

(A) Diagram of the protein structure of prohormone covertase 1/3 (PC1/3) and prohormone covertase 2 

(PC2). Both PC1/3 and PC2 contain: signal peptide, prosegment, catalytic domain, P domain and C- 

terminal tail (Modified from Seidah, 2011). (B) Maturation of PC1/3 through the regulated secretory 

pathway. The autocleavage of pre-pro-PC1/3 and pro-PC1/3 occurs in the ER. The 87 kDa partially active 

form of PC1/3 is further processed in the ER-Golgi secretory granules to generate the 66kDa fully active 

form of PC1/3 (Modified from Dhanvantari, 2014). (C) Diagram showing the cleaveage sites for PC1/3 

and PC2 in hypothalamic POMC neuropeptide processing. PC1/3 preferentially hydrolyzes the dibasic 

proteolyic cleavage site= KR, while PC2 cleaves dibasic peptides = RK, RR, KK. JP= joining peptide; LPH 

= lipotropin. CLIP = Corticotropin-like Intermediate Peptide. (Modified from Zhou, 1993). 
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Figure S3.2 Generation of PCSK1 mutant hESC lines with CRISPR. 

(A) Diagram of the sequences of the two guide RNAs and their location in PCSK1 exon10. P.R405X 

c.12113C>T and p.N423K c.1269C>A, mutations found in PC1/3 deficient patients are indicated; (B) 

Surveyor assay of the two PCSK1 guide RNAs in 293FT cells. 293FT cells were transfected with Cas9-

GFP plus guide RNAs with lipofectamine 3000. Genomic DNAs were isolated from these transfected cells 

48hrs later. PCR products were amplified from control (transfected with Cas9-GFP and empty gRNA 

plasmid), g1 (transfected with Cas9-GFP and guide RNA1), g2 (transfected with Cas9-GFP and guide 

RNA2). Red arrows pointed out the bands generated by surveyor nuclease. (C) The mutation generated 

in each hESC clone with CRISPR-Cas9. PCR products were amplified from genomic DNA isolated from 

the individual hESC clones and cloned into TOPO vector. Selected TOPO bacterial clones were used for 

Sanger sequencing to confirm the sequences of both alleles. 
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Table 3.1 Summary of POMC processing in human and mouse models of POMC deficiency.   

	  	  

PC1/3	  

deficiency	  

human	  

subjects	  

PC1/3	  

knockout	  

mice	  

PC1/3	  

N223D/N223D	  

mice	  

PC1/3	  

shRNA	  

knockdown	  

neurons	  

CRISPR	  

generated	  

PC1/3	  -‐/-‐	  

neurons	  

Obesity	   Yes	   No	   Yes	   	  	   	  	  

POMC	  

Increase	  

(pituitary)	  

Increase	  

(Pituitary)	   No	  change	   Increase	   Increase	  

ACTH	  	  

Decrease	  

(pituitary)	  

Decrease	  	  

(pituitary)	  

No	  change	  

(Pituitary)	   No	  change	   Decrease	  

Corticosterone

/cortisol	   Decrease	   No	  change	   No	  change	   	  	   	  	  

αMSH	   	  	  

No	  change	  

(Pituitary)	   Decrease	   No	  change	   No	  change	  

BEP	   	  	  

No	  change	  

(Pituitary)	   	  	   No	  change	   Decrease	  

ACTH/POMC	   Decrease	   Decrease	   No	  change	   Decrease	   Decrease	  

αMSH/POMC	   	  	   Decrease	   Decrease	   Decrease	   Decrease	  

BEP/POMC	   	  	   Decrease	   	  	   Decrease	   Decrease	  

PC2	  (PCSK2)	   	   No	  change	   	   Increase	   No	  change	  
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Table S3.1 qPCR primer list. 

Genes Forward primer Reverse primer 

NHLH2 GTCCGGACTCAGCATCATTT	  	   ATATTTTCCGGAATCTCCCCT	  	  

POMC GACACTGGCTGCTCTCCAG	   AGCAGCCTCCCGAGACA	  

AGRP GGATCTGTTGCAGGAGGCTCAG	   TGAAGAAGCGGCAGTAGCACGT	  

NPY GGTCTTCAAGCCGAGTTCTG	  	   AACCTCATCACCAGGCAGAG	  

LEPR ATGTTCCGAACCCCAAGAAT	   GGACCACATGTCACTGATGC	  	  

PCSK1 ACCAGGTGCTGCATATCTCG	   CACAATGACTGCACGGAGAC	  

PCSK2 TTTCGGTCAAATCCTTCCTG	   TGCAAAGGCCAAGAGAAGAC	  

CPE TAAATTCAGGCTCACCAGGC	   CCATCAGCAGGATTTACACG	  	  

TBP	   AACAACAGCCTGCCACCTTA	   GCCATAAGGCATCATTGGAC	  
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Table S3.2 List of primary Abs and their concentrations and sources used in this study. 

Antibody  Species Dilution Source Catalog No. 

αMSH Sheep 1:1000 Millipore AB5087 

POMC chicken 1:500 Abcam ab14064 

β endorphin Rabbit 1:200 From Sharon Wardlaw  

CPE Goat 1:300 R&D AF3587 

PC1/3 Rabbit 1:300 Millipore AB10553 

PC1/3 Rabbit WB 1:500 Cell signaling 12640 

ACTIN Rabbit WB 1:1000 Cell signaling 8457 
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Abstract  
 
    Bardet-Biedl Syndrome (BBS) is a rare autosomal recessive disease characterized by 

multiorgan dysfunction, including polydactyly, retinal degeneration, renal cysts, central 

hypogonadism, intellectual impairments and obesity. The prevalence of BBS in North 

America and Europe is around 1 in 140,000-160,000 newborns. BBS is caused by mutations 

in a group of proteins that are components of the basal body of the primary cilium. BBS1 and 

BBS10 are the two most prevalent affected genes, accounting for >40% of instances of BBS. 

However, the underlying mechanisms by which BBS proteins influence food intake and 

energy expenditure are not well understood. To investigate the neurobiology of obesity in 

BBS, we established an in vitro model by reprogramming skin fibroblasts from BBS patients 

segregating for BBS1 and BBS10 mutations, into induced pluripotent stem cells (iPSCs), and 

further differentiating these cells into insulin- and leptin-sensing neurons using a dual 

SMADs inhibition protocol. iPSCs derived from unaffected,  non-obese subjects were used as 

controls. We found that ciliogenesis and gross ciliary morphology,  per se, were unaffected in 

BBS1 mutant iPSC-derived neurons, while BBS10 mutant neurons displayed longer cilia. 
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Insulin-induced AKT phosphorylation at Thr308 was greatly reduced in both BBS1 and 

BBS10 mutant neurons compared to controls. Knocking down BBS10 in control iPSCs also 

impaired insulin signaling. Overexpression of BBS10 fully restored insulin signaling in 

BBS10 mutant neurons by rescue of insulin receptor tyrosine phosphorylation. Leptin 

signaling was investigated in BBS mutant fibroblasts and neurons. Both BBS mutations 

impaired leptin-mediated pSTAT3 activation in both cell lines. These data demonstrate that 

BBS proteins are essential for insulin and leptin signaling in neurons and fibroblasts, in a 

cellular context independent of the effects of obesity per se. These data also suggest that 

ciliary proteins/pathways could provide new therapeutic targets for treating obesity and 

diabetes. 

 

Introduction 

    Bardet-Biedl (BBS), Joubert (JBST) and Alstrom (ALMS) syndromes are autosomal 

recessive genetic disorders caused by hypomorphic mutations of proteins that are molecular 

constitutents of the primary cilium (Norris and Grimes 2012). BBS and Alstrom syndrome 

(ALMS) patients are obese. Joubert syndrome (JBST; mutation of RPGRIP1L, a ciliary 

transition zone protein. See Figure S4.1) includes severe CNS developmental phenotypes 

that may mask possible effects on body weight (Arts, Doherty et al. 2007, Thomas, Cantagrel 

et al. 2014).  Mice heterozygous for null mutations of Rpgrip1l are obese (Stratigopoulos, 

Martin Carli et al. 2014). Tamoxifen-induced systemic loss of ciliary proteins—Tg737 and 

KIF3A—in adult mice causes hyperphagia and obesity (Davenport, Watts et al. 2007). 

Conditional ablation of Tg737 or Kif3a specifically in POMC neurons results in obesity 

(Davenport, Watts et al. 2007). These data indicate that the primary cilium plays an important 

role in body weight regulation (Zaghloul and Katsanis 2009).  
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   The primary cilium is a non-motile microtubule-based structure that originates from the 

centrosome and protrudes from the cell surface (Fliegauf, Benzing et al. 2007). It usually 

occurs once per cell (Zeytinoglu, Ritter et al. 1996). Motile cilia have a central pair of 

microtubule singlets and nine outer doublet microtubules (9+2) while primary cilia do not 

have the central pair of microtubules (9+0) (Satir, 2008 #21).  Motile cilia are present in large 

numbers on epithelial cells in the lungs, airways and inner ear (Fliegauf, Benzing et al. 2007). 

Motile cilia generally display a rhythmic beating or waving motion for either locomotion or 

movement of liquid on their surface (Fliegauf, Benzing et al. 2007). The centrosome 

functions as a microtubule-organizing center and forms the spindle poles during mitosis and 

is essential for the formation of primary cilia and flagellar (Rodrigues-Martins, Riparbelli et 

al. 2008). The assembly of the primary cilium and its molecular signaling capacity are 

dependent on intraflagellar transport (IFT) (Jurczyk, Gromley et al. 2004, Eguether, San 

Agustin et al. 2014). The primary cilium is a sensory organelle that detects chemical or 

mechanical changes in the extracellular environment and mediates physiological functions 

that include control of cell growth and signal transduction (Singla and Reiter 2006).  

   Eighteen discrete genes have been implicated in specific instances of BBS, and sixteen 

proteins that have been identified encode constituents of the basal body of the primary cilium 

(M'Hamdi, Ouertani et al. 2014). Seven BBS proteins form a complex referred to as the 

“BBSome” (Jin, White et al. 2010), which mediates the transportation of signaling molecules 

from cytoplasm into the primary cilium, including the receptors for Sonic hedgehog (Kovacs, 

Whalen et al. 2008), Wnt (Gerdes, Liu et al. 2007), PDGF (Schneider, Clement et al. 2005), 

somatostatin, and melanin-concentrating hormones (MCH) (Berbari, Lewis et al. 2008). 

BBS3 is a GTPase, which is not part of the BBSome, but is required for the ciliary protein 

localization and trafficking within cilium (Zhang, Nishimura et al. 2011). BBS6, BBS10, 

BBS12 are chaperonin-like proteins that required for the assembly of BBSome (Seo, Baye et 
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al. 2010). BBS11 is an E3 ubiquitin ligase, which has been implicated in regulating cell 

proliferation and muscle atrophy (Chiang, Beck et al. 2006, Cohen, Zhai et al. 2012, 

Mokhonova, Avliyakulov et al. 2015). Molecules related to body weight regulation that are 

localized at the primary cilium include Adenylyl Cyclase III (ACIII), melanin-concentrating 

hormone receptor 1 (MCHR1), Somatostatin receptor 3 (SSTR3) and possibly leptin receptor 

(LEPR) (Berbari, Lewis et al. 2008, Zhu, Shi et al. 2009, Stratigopoulos, LeDuc et al. 2011, 

Stratigopoulos, Martin Carli et al. 2014). Hypomorphic mutations of BBS proteins cause 

hyperphagia and obesity in rodents and human (Davis, Swiderski et al. 2007, Rahmouni, Fath 

et al. 2008, Feuillan, Ng et al. 2011).  

    Mice homozygous for hypomorphic mutations of Bbs—Bbs1M390R, Bbs2 -/-, Bbs4 -/-, 

Bbs6 -/- and Bbs7 -/- are obese (Davis, Swiderski et al. 2007, Rahmouni, Fath et al. 2008, 

Zhang, Nishimura et al. 2011, Zhang, Nishimura et al. 2013). The morphology of primary 

cilia of ependymal cells in the third ventricle are elongated with swollen distal tips in 

BBS1m390r KI mice, suggesting that BBS proteins are important for maintaining normal 

ciliary structure (Davis, Swiderski et al. 2007). Adipocytes derived from BBS10 and BBS12 

dermal fibroblasts have higher lipid content and produce more leptin compared to controls, 

suggesting that BBS mutations may facilitate adipogenesis (Marion, Stoetzel et al. 2009). 

BBS proteins are also required as “carriers” for the localization of G protein coupled 

receptors—SSTR3 and MCHR1 to the primary cilium in neurons (Berbari, Lewis et al. 

2008). HA-tagged BBS1 protein is co-immunoprecipitated with flag-tagged leptin receptor; 

the BBS1m390r mutation impairs this interaction, suggesting that BBS proteins may 

participate in leptin signaling by influencing the leptin receptor trafficking (Seo, Guo et al. 

2009). Hypomorphic mutations of RPGRIP1L, a basal body protein of the primary cilium, 

impair trafficking of the leptin receptor (LEPR) to the primary cilium in N41 mouse 

hypothalamic cells (Stratigopoulos, LeDuc et al. 2011). Convening of LEPR on the primary 
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cilium increases the efficiency of leptin signaling (Seo, Guo et al. 2009, Stratigopoulos, 

LeDuc et al. 2011). Consistent with this inference, BBS mutations may be associated with 

circulating concentrations of leptin and insulin that are in excess of those seen in comparably 

obese non-BBS individuals (Rahmouni, Fath et al. 2008, Feuillan, Ng et al. 2011). Other 

studies have suggested that the leptin resistance of Bbs4 and Ift88 hypomorphs in mice is a 

consequence rather than a cause of their obesity (Berbari, Pasek et al. 2013). The studies 

reported here were designed—in part—to address this important issue. Whether BBS proteins 

directly affect insulin signaling is unclear. In 3T3 fibroblasts the IGF-1 receptor has been 

reported to localize to the primary cilium after insulin stimulation (Zhu, Shi et al. 2009). The 

downstream insulin signaling molecules—IRS-1 and Akt-1–are also activated and localized 

at the basal body of the primary cilium (Zhu, Shi et al. 2009).   

   Cells within the hypothalamus play critical roles in the control of body weight. POMC 

neurons “sense” peripheral hormones like leptin and insulin and in response to their 

increases, produce and secrete the anorexigenic neuropeptide—aMSH to inhibit food intake 

and increase energy expenditure (Barsh and Schwartz 2002). Hypothalamic Pomc gene 

expression is decreased in Bbs-knockout mice (Rahmouni, Fath et al. 2008). The ability to 

generate neurons from patient-specific iPSCs (Dimos, Rodolfa et al. 2008, Chambers, Fasano 

et al. 2009) now enables analysis of molecular and structural phenotypes of BBS proteins in 

processes important in the control of energy intake and expenditure. Here we investigate the 

neurobiology of obesity in BBS with iPSC-derived neurons by analyzing neurogenesis, 

ciliogenesis/ciliary function and metabolic signaling pathways. These studies will help us to 

understand whether BBS mutations affect neurogenesis or insulin signaling, whether BBS 

mutations contribute directly or indirectly to leptin resistance found in BBS mice and human 

subjects.  
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Results 

Generation of iPSCs derived from BBS subjects  

 Fibroblasts were grown from skin biopsies of two BBS patients (BBS1A and BBS1B) and 

two control subjects (Control1 and Control2). In addition, two BBS fibroblast lines were 

obtained from Coriell (Table 4.1). These subjects were diagnosed as BBS based upon clinical 

symptoms, including obesity, retinal pigmentosa (Figure 4.1A), polydactyly (Figure 4.1B), 

anosmia, renal cysts, and intellectual impairment. Mutations in BBS1 and BBS10 account for 

40-50% of instances of this syndrome (Zaghloul and Katsanis 2009). The mutations for each 

BBS subject were initially determined by ophthalmics genetic testing or whole exome 

sequencing, and further confirmed by us by Sanger sequencing (Figure 4.1C). We made 

iPSCs from four BBS and two control fibroblast lines using retroviruses expressing OCT4, 

SOX2, KLF4, c-Myc, and completed pluripotency characterization for these lines. These 

iPSCs expressed all pluripotentcy markers (Figure S2.7A, S4.2A). By qPCR analysis, all of 

these iPSC lines showed complete silencing of viral genes (Figure S4.2B) but expressed all 

endogenous pluripotency marker molecules (Figure S4.2C). By teratoma assays these iPSCs 

generated cells representing all three germ layers. (Figure S2.7B, S4.2D). We confirmed that 

all of these iPSC lines had normal karyotypes (Figure S2.7C, S4.2E). Therefore, the iPSC 

lines generated from the BBS fibroblasts are pluripotent and suitable for further functional 

studies. In the following studies, we focused on four BBS iPSC lines segregating for: 

BBS1M390R/M390R (BBS1A, BBS1B); BBS10 C91fsX95/C91fsX95 (BBS10A) and BBS10 S303fsX305/+ 

(BBS10B) (Table 4.1). 

 

BBS iPSC-derived neurons show altered neurite outgrowth 

   As described in Methods, we used dual SMADs inhibitors to promote conversion of iPSCs 

into a neuronal lineage and then applied a Notch signaling inhibitor (DAPT) and a 
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neurotrophic factor (BDNF) to further advance neuronal differentiation and maturation 

(Figure 4.2 A) (Crawford and Roelink 2007, Chambers, Fasano et al. 2009). Decreased 

numbers of POMC neurons and POMC mRNA expression have been reported in Bbs2, Bbs4 

and Bbs6 knockout mice suggesting that Bbs mutations may affect POMC neurogenesis 

and/or the survival and function of POMC neurons (Rahmouni, Fath et al. 2008, Seo, Guo et 

al. 2009). At day 30, >80% cells were TUJ1 (Neuron-specific beta III tubulin) or MAP2 

(Microtubule-associated protein 2, neuronal marker) positive, and there was no difference in 

percentages of TUJ1+ and MAP2+ neurons among the control and BBS iPSC lines, 

suggesting BBS mutations do not affect neuron differentiation from iPSCs (Figure 4.2B). 

We further characterized the function of these neurons with whole cell current clamps and 

found that control, BBS1 and BBS10 iPSC-derived neurons generated comparable action 

potentials post current stimulation (Figure 4.2C). Neurite outgrowth phenotypes was further 

investigated by quantifying (based on TUJ1 staining) the numbers and lengths of neurite 

processes in control and BBS iPSC-derived neurons. BBS1 and BBS10 iPSC-derived neurons 

displayed reductions in both (Figure 4.2 D, E).  

 

Elongated primary cilia in BBS iPSC-derived neurons 

   The elongated, swollen primary cilia on ependymal cells in the third ventricle of 

Bbs1M390R knockin mice, and disruption of microtubule structure of axonemes in Bbs1 and 

Bbs6 mutant mice indicate that BBS proteins are essential for maintaining normal ciliary 

structure (Davis, Swiderski et al. 2007, Swiderski, Agassandian et al. 2012). Hence we asked 

whether BBS mutations affect ciliogenesis in either BBS fibroblasts or BBS iPSC-derived 

neurons. ACIII, ARL13B and Gamma-Tubulin were used as immunochemical ciliary 

markers (Figure S4.3A). Over 40% of human fibroblasts were ciliated and there was no 

difference between control and BBS1 and BBS10 mutant fibroblasts in the percentages of 
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ciliated cells (Figure S4.3B) and the length of primary cilia (Figure S4.3C). Primary cilia 

were detectable in a few serum-fasted iPSCs (Figure S4.4 A) and day 9 neuron progenitors 

(Figure S4.4 B), but cilia length was very short (<1 µm versus 3-4 µm in day 30 neurons). 

Both control, BBS1 and BBS10 mutant iPSC-derived neurons were ciliated (Figure 4.3A, 

Figure S4.2C), but those in BBS neurons were ~ 14.3 to 28.6 % longer than those in control 

iPSC-derived neurons, especially in the BBS10 mutant neurons (Figure 4.3B), suggesting 

that BBS proteins might not affect ciliogenesis per se, but regulate cilia elongation, was an 

inference consistent with previously reported elongated cilia on ependymal cells in Bbs1 

M390R-mutant mice (Davis, Swiderski et al. 2007). By qPCR, expression levels of ADCY3 

(gene encoding ACIII) (Figure 4.3C) and BBS10 (Figure 4.3D) were increased in the BBS10 

mutant neurons. Overexpression of wild-type Flag-BBS10 reduced ACIII transcript levels to 

normal (Figure 4.3C). Inhibition of ACIII activity induces cilia elongation in both fibroblasts 

and cultured neuronal cells (Ou, Ruan et al. 2009).  Whether the increased expression of 

ADCY3 is a compensatory response to the decreased ACIII activity in the BBS10 mutant 

neurons and whether BBS protein affects neuronal cilia length through an ACIII mediated 

pathway requires further investigation.  

 

BBS mutations impair insulin signaling cascade 

   Insulin signaling is involved in regulating energy and glucose homeostasis centrally and 

peripherally. In the hypothalamus, insulin acts in a manner similar to leptin to reduce food 

intake by activating POMC neurons and inhibiting NPY/AGRP neurons (Baskin, Figlewicz 

Lattemann et al. 1999, Air, Strowski et al. 2002).  The primary cilium has also been 

implicated in regulating IGF1 signaling in 3T3-L1 adipocytes (Zhu, Shi et al. 2009). We 

asked whether BBS mutations affect insulin signaling, thereby possibly contributing by that 

signaling pathway to the obesity of BBS subjects.  

149



	  

 

   In response to 1 µg/ml insulin, phospho-AKT (p-AKT) was reduced by 50% and 80-90%  

in BBS1 and BBS10 fibroblasts, respectively (Figure 4.4 A). In the iPSC-derived Tuj1+ 

neurons, insulin signaling (p-AKT response) was decreased by 50% in neurons of both BBS 

genotypes (Figure 4.4 B). To further assess the role of BBS proteins in insulin signaling, we 

knocked down BBS10 in control iPSCs with lentiviral shRNA. (Figure 4.4 C). In neurons 

differentiated from these stable iPSC lines, insulin signaling was greatly reduced, further 

implicating that BBS proteins participate in insulin signaling (Figure 4.4 D).  

      

    The BBS10A line displayed the most severe impairment of insulin signaling. We  generated 

a stable lentivirus transgenic BBS10A iPSC line overexpressing wild-type Flag-BBS10. In the 

BBS10 mutant neurons, the activation of insulin signaling was severely reduced (Figure 4.4 

E). However, overexpression of the wild-type BBS10 in this mutant line fully rescued insulin 

signaling (Figure 4.4E). To investigate the mechanism for BBS10 hypo-responsiveness, we 

examined molecules upstream of the p-AKT in the insulin signaling cascade. Tyrosine 

phosphorylation of the insulin receptor was greatly reduced in the BBS10 mutant neurons, 

and was rescued by the overexpression of wild-type BBS10 (Figure 4.4 E). To determine 

whether BBS proteins directly interact with the insulin receptor, we performed co-

immunoprecipitation in 293FT cells overexpressing transgenic Flag-BBS1 or Flag-BBS10. 

Both BBS proteins were co-immunoprecipitated with the insulin receptor, in a manner not 

influenced by ambient insulin concentration (Figure 4.4 F). Thus, BBS proteins influence 

insulin signaling, and may do so by direct interactions with the insulin receptor. 

 

BBS mutations impair leptin signaling 
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    The Bbs mouse studies have implicated BBS proteins in leptin signaling (Rahmouni, Fath 

et al. 2008). Whether BBS mutations contribute directly or indirectly (by secondary effects of 

adiposity) to leptin resistance found in BBS mice and human subjects is not clear. The human 

fibroblasts and iPSC-derived neurons described above constitute in vitro models that can be 

used to address this issue by eliminating any influence of systemic adiposity.  

    

   Human fibroblasts do not express leptin receptor. In order to study leptin receptor 

trafficking and signaling we generated stable cell lines from lentiviral RFP-LEPR-infected 

BBS and control fibroblasts (Figure 4.5 A, B). In earlier studies, we showed that the leptin 

receptor convenes in the vicinity of the primary cilium upon exposure of N41 or N2a cells to 

leptin (Stratigopoulos, LeDuc et al. 2011) and leptin signaling was impaired in JBST 

fibroblast with RPGRIP1L mutations (Stratigopoulos, Martin Carli et al. 2014).  After 24 

hours serum starvation, we exposed BBS fibroblasts to 0.5µg/ml leptin and monitored of 

RFP-LEPR trafficking at 0, 2 and 5hrs (Figure 4.5 C). We found that RFP-LEPR in the 

control fibroblast was concentrated in discrete regions in some cells at 2 and 5 hrs after leptin 

treatment, but not in the BBS fibroblasts, suggesting that impaired BBS function might 

disrupt leptin receptor trafficking.  In fibroblasts treated with 0.5 µg/ml leptin for 30 min, the 

phosphorylation of STAT3, a critical downstream molecule in leptin receptor signaling 

cascade, was greatly reduced in both BBS1 and BBS10 mutant fibroblasts (Figure 4.5 D). 

Immunostaining of these fibroblasts also demonstrated that the proportion of p-STAT3-

positive BBS cells was much lower than in the control cells (Figure S4.5 A). Thus, loss of 

BBS proteins disrupts leptin signaling.  We further asked whether the impaired leptin 

signaling in the BBS mutant fibroblasts could be rescued by overexpressing the wild-type 

functional BBS proteins. we co-infected the BBS1B fibroblasts with lentiviral RFP-LEPR 

and BBS1 overexpression constructs and assessed the leptin signaling in the stable lines. 
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Expression of wild-type BBS1 partially restored the leptin signaling in this BBS1B mutant 

line as reflected by increased leptin-induced p-STAT3 (Figure 4.5 E), which was further 

confirmed from the immunocytochemical analysis (Figure S4.5 B).  

 

    To assess leptin signaling in the iPSC-derived neurons, we first investigated the expression 

of LEPR in these cells. By qPCR analysis of day 31 neurons, levels of LEPR mRNA were 

comparable among control and BBS iPSC-derived neurons (Figure 4.6 A), at about 50% of 

levels detected in human adult hypothalamus (Data not shown). However, after treating these 

neurons with leptin, we did not detect any increases in protein levels of the downstream 

signaling molecule (p-STAT3) or transcripts of suppressor of cytokine signaling 3 (SOCS3) 

(Figure 4.6 B), suggesting that the leptin signaling apparatus did not function properly in 

these neurons. Potential explanations include developmental immaturity and specification to 

a neuronal cell type on which leptin signaling is functionally inconsequential. To address 

these issues we overexpressed the RFP-LEPR in the control and BBS iPSC-derived neurons. 

In these cells, leptin increased p-STAT3 in the control neurons but not in the BBS iPSC-

derived neurons (Figure 4.6 C). To further assess the role of BBS proteins in leptin 

signaling, we co-transfected 293FT cells with C-terminal Myc tagged ObRb and wild type 

Flag-BBS1/BBS10 and assayed the total amount of leptin receptor protein in these cells by 

western analysis. Cells co-transfected with Flag-BBS10 contained 3-4 fold more leptin 

receptor protein than GFP or Flag-BBS1 co-transfected cells, suggesting that BBS10 may 

enhance LEPR synthesis and/or reduce its degradation (Figure 4.6 D). Therefore, both BBS1 

and BBS10 proteins appear to participate in aspects of leptin signaling. BBS1 mutations may 

affect leptin signaling by disrupting the trafficking of LEPR while hypormorphic mutations 

of BBS10 may affect leptin signaling by effects on quantities of LEPR in the cell.  
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Discussion 

    The iPSC-derived neurons were used to investigate the neuro-molecular basis of obesity in 

the two most prevalent clinical forms of BBS: BBS1 and BBS10 mutants.  These BBS 

mutations did not affect  gross neuronal differentiation efficiency or electorphysiology. . 

However, the mean number and length of processes per neuron were decreased in the BBS1 

and BBS10 mutant iPSC-derived neurons, suggesting that BBS mutations may affect 

developmental neurite outgrowth.  In addition, primary cilia length in BBS neurons—

especially in BBS10—was significantly increased. The upregulation of transcripts of the 

ciliary moleculeACIII in the BBS10 mutant neurons and their decrease in response to 

overexpression of BBS10 in these neurons, suggests that BBS mutations may influence the 

cilia elongation via an ACIII-mediated mechanism.  

   We also explored two key metabolic signaling molecules—insulin and leptin—in these 

neurons. We found that insulin signaling was impaired in both BBS1 and BBS10 mutant 

human fibroblasts, more severely so in BBS10 cells.  These findings were confirmed in 

corresponding iPSC-derived neurons. To further confirm the role of BBS protein in insulin 

signaling, we knocked down the BBS10 expression in the control iPSCs and demonstrated 

impaired insulin signaling in these neurons. Overexpression of wild-type BBS10 in the 

BBS10 mutant iPSC-derived neurons rescued insulin signaling by restoring the tyrosine 

phosphorylation of the insulin receptor. More Co-IP experiments showed that both BBS1 and 

BBS10 interact directly insulin receptor, independent of ambient insulin concentration. Thus 

BBS1 and BBS10 are implicated  in insulin signaling by a mechanism that may involve direct 

interactions with the insulin receptor in a manner that enhances tyrosine phosphorylation of 

the receptor.  BBS patients  and Bbs mice are diabetes-prone(Feuillan, Ng et al. 2011). The 

insulin resistance phenotypes seen in BBS patients and mice have been considered to be 

primarily a non-sprcific consequence of their increased adiposity (Feuillan, Ng et al. 2011). 
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Our data suggest a direct influence of BBS proteins on insulin signaling mechanisms, 

suggesting an alternative explanation for aspects of the insulin-related phenotypes in BBS.   

 

    Leptin signaling (as reflected by leptin-induced levels of p-STAT3) was also disturbed in 

hypomorphic BBS1 (M390R) and BBS10 (C91fsX95) RFP-LEPR transgenic fibroblasts, 

probably in part by disruptions of LEPR cellular trafficking. Overexpression of wild-type 

Flag-BBS1 in the BBS1B mutant transgenic fibroblasts partially restored leptin signaling. 

BBS10A RFP-LEPR transgenic iPSC-derived neurons also showed decreased responses to 

leptin.  In 293FT cells, overexpression of wild type BBS10 (but not BBS1) increased the 

amount of co-expressed HA-LEPR protein (Figure 4.6 D), suggesting that BBS10 may affect 

LEPR synthesis, protein stability and/or degradation. These findings suggest that the 

impaired leptin signaling reported in BBS mice and in humans (implied by increased 

circulating leptin per unit fat mass) may be due in part to primary effects of the mutations, 

and not a secondary consequence of obesity and its metabolic/endocrine consequences 

(Rahmouni, Fath et al. 2008, Seo, Guo et al. 2009, Feuillan, Ng et al. 2011).   Various BBS 

proteins may have specific differential effects on leptin signaling by virtue of influence on 

rates of synthesis, function and stability of LEPR.  If so, these molecules could constitute 

interesting therapeutic targets. 

 

    The primary cilia of mutant BBS iPSC-derived neurons are elongated, and associated with 

increased ACIII mRNA expression. The length of primary cilium varies among tissues and 

cell types, possibly reflecting their physiological functions and cell cycles (Singla and Reiter 

2006, Li, Saito et al. 2011). Lithium treatment induces the elongation of primary cilia in 

cultured cells and mouse brain through a GSK3B-independent mechanism (Miyoshi, 

Kasahara et al. 2009). Inhibition of ACIII activity results in longer cilia in cultured cells 
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(Zhu, Shi et al. 2009). In BBS10 mutant neurons, increased cilia length was associated with 

increased ACIII mRNA expression—possilby in compensation for reduced ACIII 

protein/activity.  Whether reduction of ACIII expression by overexpressing a wild-type 

BBS10 in the BBS10 mutant neurons would reverse this phenotype is an interesting question.  

 

  The primary cilium plays an important role in brain development and neuronal maturation 

(Guemez-Gamboa, Coufal et al. 2014). MRI scans of BBS patient brains show distinct tissue- 

and region-specific brain abnormalities including reduced white matter in most brain regions, 

and reduced gray matter in the caudate, putamen and hypoplasia of hypothalamus and 

thalamus (Keppler-Noreuil, Blumhorst et al. 2011). Bbs mice have enlarged third and lateral 

ventricles, thinning of the cerebral cortex, and reduced size of the corpus striatum and 

hippocampus (Davis, Swiderski et al. 2007). These together suggest BBS proteins might be 

also participate in regulating neurogenesis and migration during brain development. Here we 

observed no differences in neuronal differentiation patterns between BBS and control lines. 

And these neurons also showed similar electrical properties with regard to the generation of 

action potentials and firing frequencies in response to triggering currents. However, the 

neurite outgrowth (number of mean processes and neurite length) was greatly reduced in both 

BBS1 and BBS10 iPSC-derived neurons. In drosophila, increased insulin signaling achieved 

by knocking down FoxO and PTEN during metamorphic neuronal remodeling promotes 

neuron growth and axon branching (Gu, Zhao et al. 2014). The reduced size of hypothalamus 

in ob/ob mice indicates that leptin signaling is required for normal hypothalamic 

development (Bouret, Draper et al. 2004). Treatment of neonatal ob/ob mice with exogenous 

leptin restores the neuronal projections from arcuate nucleus (ARC) neurons to DMN and 

PVN (Bouret, Draper et al. 2004). Leptin also promotes neurite ourgrowth of ARC neurons in 

vitro (Bouret, Draper et al. 2004). These studies are consistent with the likelihood that 
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developmental signaling disorders of leptin, insulin, and possibly other molecules dependent 

on the integrity of the primary cilium could contribute to the CNS phenotypes (e.g. obesity, 

cognitive impairments) associated with BBS. Severe CNS structural consequences (e.g. 

malformation of middle and hind brain) are associated with Joubert’s syndrome, due to 

hypomorphic mutations of the ciliary gene, RPGRIP1L (Arts, Doherty et al. 2007).   

      

    The molecular phenotypes reported here are based on functional comparisons of cells 

obtained from BBS patients and unrelated non-obese controls. Individual hESC and hiPSC 

lines display high variability in their biologic characteristics, such as their propensity to 

differentiate into a specific functional cell type (Bock, Kiskinis et al. 2011, Boulting, Kiskinis 

et al. 2011). Inter-individual allelic variation at possibly many genes is the likely explanation 

for some of these differences. To eliminate the experimental confounds introduced by 

differences in genetic background between unrelated controls and affected individuals 

(Soldner, Laganiere et al. 2011), isogenic controls can be generated zinc finger nucleases 

(ZFN), TALEN and CRISPR-Cas9 to modify the genomes of iPSCs and ESCs (Hockemeyer, 

Soldner et al. 2009, Hockemeyer, Wang et al. 2011, Ran, Hsu et al. 2013). We have used this 

approach in the study of monogenic forms of diabetes (Hua, Shang et al. 2013).  Moreover, 

the ability to generate hypothalamic arcuate nucleus neurons (Wang, Meece et al. 2015) and 

other hypothalamic neuropeptide producing cells (Merkle, Maroof et al. 2015) from hPSCs 

now enables analysis of cell-molecular phenotypes implicated in control of energy intake and 

expenditure in cells created from individuals with monogenic forms of obesity. We are 

currently using CRISPR-Cas9 to correct BBS mutations in order to generate isogenic controls 

for these mutant iPSC lines, and will use them for further mechanistic studies with the iPSC-

derived hypothalamic neurons.  
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Materials and methods 

 
Genotyping of BBS mutations  
 
BBS patients were ascertained by Dr. Stephen Tsang, Department of Ophtalmology, 

Columbia University Medical Center to whom they had been referred for evaluation of retinal 

phenotypes. The skin biopsies from these patients were obtained in the Naomi Berrie 

Diabetes Center. These lines are designated: Two Berrie Center biopsy lines 1085 (BBS1A), 

1097 (BBS1B) were screened by us for the two most prevalent mutations found in BBS 

subjects: BBS1M390R (c.1169T>G) and BBS10C91fsX95 (c.271dupT) with PCR and 

Sanger sequencing. Both BBS1A and BBS1B are homozygous for the BBS1 M390R 

mutation (Table 4.1). Two BBS fibroblasts lines were obtained from the NIGMS Human 

Genetic Cell Repository of Coriell Institute for Medical Research: GM05948 (BBS10A) and 

GM05950 (BBS 10B) (Table 4.1). Genomic DNA was isolated from cultured fibroblast or 

blood with QIAmp DNA Mini kit. The mutations in the two Coriell fibroblast lines—

BBS10A, BBS10B were identified by Asper Biotech and further confirmed by Sanger 

sequencing. See Table S4.1 for genotyping primers.  

Generation human dermal fibroblasts from skin biopsy 

The skin biopsies of upper arm skin were obtained from two BBS subjects and healthy 

subjects using local anesthesia (lidocaine) and an Acu-Punch Biopsy Kit (Acuderm Inc.). 

Biopsies were further cut in 12-14 small pieces, and 2–3 pieces were placed around a silicon 

droplet in each well of a 6-well plate. A glass cover slip was placed over the biopsy pieces, 

and 6 ml biopsy plating media was added. After one week, biopsy pieces were grown in 

fibroblast cultured medium for another 2-3 weeks until see confluent fibroblast outgrowth 

from the skin tissues. The fibroblast cells were further detached with Trypsin LE treatment 

and harvested with fibroblast cultured medium. After one passage, we obtained pure dermal 

fibroblast cultures. Biopsy plating medium was composed of DMEM, FBS, Glutamax, Anti-
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Anti, NEAA, 2-Mercaptoethanol, and nucleosides (all from Life technologies), and fibroblast 

cultured medium contained DMEM, 10% FBS, Glutmax, Penicillin/Streptomycin (all from 

Life technologies). 

 

Generation and characterization of iPSC from human fibroblasts 

Primary fibroblasts were converted into pluripotent stem cells (iPSCs) using retroviruses as 

described in Chapter 2. All iPSCs lines were cultured on mouse embryonic fibroblast (MEF) 

cells with human ES medium. Stable iPSC clones were characterized by immunostaining 

with pluripotency markers: SOX2, OCT4, NANOG, SSEA4, TRA-1-60 and TRA-1-81 and 

by qPCR analysis to confirm retroviral gene silencing and expression of endogenous 

pluripotency genes. Pluripotency was further confirmed by teratoma assay. BBS iPSCs (5 

million/ 200ul matrigel) were subcutaneously injected into NSG mice and, after 2-3 months, 

teratomas were isolated and then fixed with 4% paraformaldehyde for >16 hours for 

immunohistochemical analysis. For karyotyping, control and BBS iPSC lines were cultured 

in T75 flasks and karyotyped by Cell Line Genetics.  

 
Neuronal differentiation from iPSCs 
 
Human iPSCs were cultured and maintained in hESC medium (see Chapter 1) on mouse 

embryonic fibroblasts (MEF, 111,000 cells/well in 6-well plates). Upon confluence, iPSC 

cells were cultured for 4 days in EB medium (see Chapter 1) plus dual SMADs inhibitors —

A83 (1 µM) and LDN (250 nM). From days 5 -8, EB medium was replaced with N2 medium 

(Chapter 1) in steps - from 75% to 50% to 25% and to 0%, while maintaining A83 and LDN 

at constant concentration. Projection neurons were harvested on day 10. Neuron progenitors 

were expanded for 2-3 passages in N2 medium plus A83/LDN on PO/LA (poly-L-ornithine 

and Laminin) coated plates. For further neuronal differentiation, cells were cultured on 

PO/LA coated plates at 50,000 cells per 24-well or 4-well plate, and at 500,000 cells per 6-
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well plate. After culturing 2-3 weeks in N2 medium supplemented with B27, DAPT (10 µM) 

and BDNF (20 ng/ml), clearly differentiated neurons were obtained.  

 

Plasmids and lentivirus production 

Lentiviral cloning and expression vectors pCDH-UbC-MCS-EF1-Hygro (CD615B-1) and 

pCDH-EF1-MCS-T2A-Puro (CD520A-1) were purchased from System Biosciences (SBI). 

Homo sapiens cDNA clones for LEPR transcript variant 1 (Catalog # HG10322-M), BBS1 

(Catalog # HG10498-M) and BBS10 (Catalog # HG15095-G) were purchased from Sino 

Biological Inc. (Schousboe, Visscher et al.). Fluorescent expression vectors pEGFP-N3 

(Clontech) and pCAG-DsRed (plasmid # 11151, addgene) were used in this study. Genes for 

GFP or RFP were cloned into the CD520/CD615 with Bam HI and Not I digestion. CD520-

RFP-LEPR was generated as described (Stratigopoulos, Martin Carli et al. 2014). 3xFLAG-

BBS1 cDNA was PCR-amplified from the BBS1 DNA ORF plasmid using the following 

primers: 5’- 

TCTAGATCTAGAGCGAAGATGGACTACAAAGACCATGACGGTGATTATAAAGAT

CATGACATCGATTACAAGGATCACGATGCCGCTGCGTCCTCATCGGA-3’; 5’- 

GGATCCGGATCCCAGCAGCTCAGGT CACAGGCGG-3’ and was further cloned into the 

CD615-GFP plasmid in the Xba I and Bam HI restriction sites to construct the CD615-

3xFLAG-BBS1-GFP plasmid.  5’ primer: ATATCTAGAAGATATGGACTACAAAGACC 

ATGACGGTGATTATAAAGATCATGACATCGATTACAAGGATCACGATTTAAGTTC

TATGGCCGCTGCAGG; 3’ primer: TTAGCTAGCCTTCTGATGTGATAGTTTATCTTCT 

G were used for amplified the 3xFLAG-BBS10 from the BBS10 ORF plasmid and was 

further cloned into the CD520A-GFP plasmid via XbaI and Nhe I restriction sites. To 

construct CD615-3xFLAG-BBS10-EGFP, CD615 and CD520-3xFLAG-BBS1-EGFP were 

digested with XbaI and BstBI. Plasmid maxiprep amplification was performed using 
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QIAGEN Plasmid Maxi Kit (catalog# 12162, QIAGEN). To prepare lentiviral stocks, 

HEK293 cells were cultured to 90% confluence in 10 cm diameter tissue culture dishes and 

transfected with 10 µg lentiviral expression vector (CD520-RFP-LEPR, CD615-3xFLAG-

BBS1 or CD615-3xFLAG-BBS10) and 20 µg lentiviral packing vector mix with 45µl 

lipofectamine 2000 in OptiMEM (Life technologies). After 6hrs incubation at 37°C, 5% CO2, 

the Opti-MEM Reduced Serum Medium (Life Technologies) was replace with the 12ml 

fibroblast medium. To remove cell debris from suspensions containing lentiviral particles, 

48hrs after transfection, the supernatant containing the lentiviral particles was filtered 

through 0.45 µm filters. 

 
Generation of human overexpression transgenic cell lines  
 
Human fibroblast lines were cultured and maintained in fibroblast medium: 500 ml  DMEM 

medium containing 4.5 g/ml glucose and 50 ml FBS and 0.5-1 µg/ml Penstreptomycin from a 

100x stock solution. At confluence, 2 ml of the raw lentiviral particles harvested from 

HEK293 cells were added to each well in 6-well plates. After 2 days, the lentivirus 

supernatant was remove and fibroblast medium with puromycin (1 µg/ml) or hygromycin (50 

µg/ml) was added to select positive transgenic cells to generate a stable transgenic fibroblast 

lines that express RFP-LEPR or express both RFP-LEPR and CD615-3xFlag-BBS1-GFP. To 

construct human transgenic iPSC lines, 2ml of the raw lentiviral particles were added to each 

well on the 6-well cultured iPSCs (>90% confluent). After 48hrs, the lentiviral medium was 

replaced with hESC medium plus puromycin (1 µg/ml, Life technologies) or hygromycin 

(50-200 µg/ml, Life technologies) until stable iPSC lines that express CD615-3xFlag-BBS10-

GFP were produced. To study the leptin signaling in the control and BBS iPSC-derived 

neurons, the neuron progenitors cultured on PO/LA coated plate were transfected with RFP-

LEPR plasmid using the TransIT-Neural (MirusBio) for 48hrs; leptin signaling was assessed 

by Western blot by treating these neurons with 1 µg/ml leptin for 30min at 37 °C, 5% CO2.   
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Knocking down BBS10 with shRNA  

BBS10 shRNA lentivirus particles were purchased from Sigma. The sequences of the two 

shRNAs selected were: CCGGCCTCAGAAAGTTCACAATCAACTCGAGTTGATTGTGA 

ACTTTCTGAGGTTTTTTG (TRCN0000167181) and CCGGGCATTTATACCACACTCT 

ATACTCGAGTATAGAGTGTGGTATAAATGCTTTTTTG (TRCN0000167794) (SHCLN 

V-NM_024685, Sigma). The non-mammalian targeting shRNA (SHC002V, Sigma) was used 

as a negative control. Control iPSC culture was established of  on the 24-well MEF feeder 

cells; at 90% confluence, 10ul shRNA lentivirus particles were added to wells filled with 

0.5ml hESC medium. After incubation for 48hrs with the shRNA lentivirus, the medium was 

removed and fresh hESC medium containing 1µg/ml puromycin (Life techologies) was added 

for another 24-48 hours. New MEFs were added to each well to help the survival of the 

positively infected iPSCs.  The selection step was repeated until pure puromycin resistant 

iPSCs were obtained.  

Western blot and Immunoprecipitation 

For fibroblast samples, we fasted the fibroblasts grown on 6-well plates or 10 cm tissue 

cultured dishes in serum free DMEM medium for overnight. Then we treated these cells with 

or without insulin (1 µg/ml) or leptin (0.5 µg/ml) for 30min at 37 °C, 5% CO2. After 

treatment, we first aspirated medium and rinsed cells once with cold PBS, freezed down plate 

for western analysis.  For iPSC-derived neuron progenitors or neurons, we cultured these 

neurons in neurobasal medium supplemented with B27 (minus insulin) for overnight. Then 

we added different dose of insulin or 1 µg/ml leptin in to the neurobasal medium and 

incubated these neurons at 37 °C, 5% CO2 for 30mins. After aspirated medium, we also 

rinsed these neurons carefully with cold PBS. Aspirated PBS and add lysis buffer or freezed 

down the plate for further protein analysis. The protein samples for western blot were 
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prepared in lysis buffer containing 20 mM Tris, pH 7.4, 150 mM NaCl, 2% Nonidet P-40, 1 

mM EDTA, pH 8.0, 10% glycerol, 0.5% sodium deoxycholate, 0.2% semi-dehydroascorbate, 

supplemented with phosphatase and proteinase inhibitors (Boston Bioproducts).  15 or 30 µg 

of proteins from fibroblast samples were loaded to each lane on the 10% PAGE gel. To 

investigate the influence of BBS proteins on LEPR, we co-transfected 293FT cells with Myc-

Lepr(b) plamid (Gan, Guo et al. 2012)  together with CD615-GFP, CD615-3xFlag-BBS1-

GFP or CD615-3xFlag-BBS10-GFP with lipofectamine 2000.  40 µg of proteins from neuron 

samples or 293FT cell lysate were used. For the immunoprecipiation experiment, we 

transfected 293FT cells on the 10 cm diameter tissue cultured dish with CD615-3xFlag-

BBS1-GFP or CD615-3xFlag-BBS10-GFP or CD615-GFP with lipofectamin 2000. After 

24hrs, switched the 293 cells into serum free DMEM medium for overnight before insulin 

treatment. 1 µg/ml insulin were added to the medium and treated 293FT cells for 30 min at 37 

°C, 5% CO2.  Cells were rinsed with cold PBS. We performed Co-immunoprecipitation (Co-

IP) in Flag IP buffer (50 mM Tris pH7.9, 150 mM NaCl, 10% glycerol supplemented with 

protease inhibitors). We incubated lysates with Flag antibody (Flag M2 beads, Sigma-

Aldrich)-conjugated agarose beads overnight at 4°C, washed the beads four times and eluted 

the precipitates by boiling in non-reducing sample buffer. All antibody information was 

included in Table S4.3.  

Quantitative PCR Analysis 

Cells were lysed with RLT buffer and RNA were further isolated with the RNeasy 

Mini/micro kit (QIAGEN). cDNA were made with GoScript Reverse Transcription System 

(Promega) with 1µg RNA for each sample: 70 °C for 5min after adding RNA samples and 

oligodT; 25 °C for 5min at room temperature, 42 °C for 1 hour, 85 °C for 15min.  Dilute 20 

µl cDNA with 180 µl dH2O.  GoTaq qPCR Master Mix was used for qPCR (Promega): 20 µl 

volume: 10 µl 2x SYBR green mater mix + 2 µl primer mix + 8 µl diluted cDNA sample.  
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See Table S4.2 for qPCR primers.  

 

Immunocytochemistry/Immunohistochemistry 

To investigate ciliogenesis, fibroblasts were cultured on round glass coverslips (13 mm 

diameter) and fasted for 24hr to 48 hrs in serum free DMEM medium before fixation while 

iPSC-derived neuron were also cultured on PO/LA coated glass coverslips for further cilia 

imaging. Cultured cells were fixed in 4% paraformaldehyde for 10min at room temperature. 

For p-STAT3 staining, cold methanol treatment is required for additional 3-5 min at 4 °C 

after fixation.  The following staining procedure is the same as described early (see Chapter 

1).  Teratoma were embedded in paraffin and further cut into 8 µm thickness sections. These 

teratoma sections were further stained with Hematoxylin and Eosin with standard protocol 

(ref). See Table S1 for antibody information. Images were acquired with an Olympus IX71 

epifluorescent microscope with Olympus DP30BW black and white digital camera for 

fluorescence, and DP72 digital color camera for H&E staining. Some images were acquired 

with a Zeiss LSM5 Pascal microscope.  
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Figure 4.1. Identification of genetic mutations in BBS subjects. 

(A-B) BBS subjects were characterized by their clinical symptoms: Obesity, retina pigmentosa (A), 

polydactyly (B), mental retardation and renal cysts. Arrow points out the scar after surgery to remove the 

extra finger in one BBS subject. (C) Sanger sequencing to confirm the genetic mutations in four BBS 

subjects. Genetic mutations were identified by genetic testing or whole exome sequencing. Red arrow 

pointed out the mutation sites. 
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Figure 4.2 BBS mutations impaired neurite outgrowith in iPSC-derived neurons. 

(A)Diagram of differentiation protocol used for making TUJ1+MAP2+ neurons from iPSCs. (B) 

Immunochemical analysis of 30 days of differentiated neurons from iPSCs with neuronal markers as 

indicated. Beta III tubulin (TUJ1), MAP2 were analyzed. Scale bar reprents 20µm(C) Whole cell current 

clamp of potential trains recorded from control and BBS iPSC-derived neurons. (D-E) Neurite outgrowth 

assay analysis of neurite length(D) and number of neurite processes (E) in day 30 iPSC-derived neurons 

from control, BBS1 and BBS10 lines. 
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Figure 4.3 Mutation of BBS10 induced longer cilia in iPSC-derived neurons. 

(A) Immunostaining of iPSC-derived neurons cultured on glass coverslips with ciliary markers as 

indicated. Five iPSC lines were included: Control 1, BBS1A, BBS1B, BBS10A and BBS10B. Neurons 

were stained with MAP2. ACIII and gamma-tubulin (G-TUB) were ciliary markers.(B) Quantification of the 

length of primary cilia in control and BBS iPSC-derived neurons as indicated. Cilia length were measured 

based on ACIII, ARL13B and G-TUB staining. (C-D) Expression of ADCY3 (C) and BBS10 (D) in neurons

derived from iPSC lines as indicated. 
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Figure 4.4 BBS mutations impaired insulin signaling through interacting with insulin receptor. 

(A) Western blot analysis of insulin signaling in control and BBS fibroblast lines as indicated. Fibroblasts 

were treated with 1 µg/ml insulin before analysis. Two p-AKT(Thr308 and Ser473) antibodies and total 

AKT were probed. (B) Western blot analysis of insulin signaling in day 31 control and BBS iPSC-derived 

neurons. Neurons were treated with 1 µg/ml insulin before analysis. P-AKT and total AKT were probed. 

Tubulin was used as loading control. (C) Expression of BBS10 in shRNA knockdown iPSC lines as 

indicated. (D) Western blot analysis of insulin signaling in neurons derived from shRNA knock down iPSC 
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lines as indicated. p-AKT, AKT were analyzed. Actin was used as a loading control. (E) Protein analysis 

of insulin signaling in control, BBS10A and BBS10A-FLAG-BBS10 transgenic iPSC-derived neurons. 

Lower doses of insulin--0.01 and 0.1 µg/ml were used. p-AKT, AKT, FLAG, p-IRβ and IRβ were probed. 

(F) Co-immunoprecipitation(IP) analysis of the interaction between BBS proteins and insulin receptor in 

insulin treated transgenic 293 cells. 293 cells were transfected with CD615-GFP or CD615-3xFlag-BBS1-

GFP or CD615-3xFlag-BBS10-GFP with lipofectamine 2000. Harvested cells after 48 hours for Co-IP 

analysis. IRβ and Flag were probed in Flag antibody-pull down protein samples and total protein lysates. 

 

 

 

168



 

Figure 4.5 BBS mutations impaired leptin signaling in RFP-LEPR expressing human fibroblasts. 

(A)Diagram of three plasmid constructs used in previous and following studies. (B) RFP expression in 

RFP-LEPR transgenic control and BBS fibroblast lines as indicated. Scale bar: 100 µm. (C) Trafficking of 

RFP-LEPR in control and BBS transgenic fibroblasts. Fibroblasts were treated with 1 µg/ml leptin and 

RFP were recorded with fluorescent microscope at 0 hour, 2 hours and 5 hours. Arrow indiced the 

concentrated spot of RFP-LEPR. Scale bar: 100 µm. (D) Western blot analysis of leptin signalin in 0.5 
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µg/ml leptin treated (30min) control and BBS RFP-LEPR transgenic lines as indicated. p-STAT3, STAT3 

and RFP were probed. (E) Western blot analysis of leptin signaling in 0.5 µg/ml leptin treated (30min) 

control, BBS1A, BBS1B and BBS1B (coexpress Flag-BBS1) RFP trangenic fibroblasts. p-STAT3, STAT3 

and RFP were probed. 

 

Figure 4.6 BBS mutations impaired leptin signaling in iPSC-derived neurons. 

(A) qPCR analysis of LEPR expression in day 31 neurons derived from iPSC lines as indicated. (B) 

Expression of leptin signaling target gene--SOCS3 in leptin treated day 31 iPSC-derived neurons as 

indicated. (C) Western blot analysis of control and BBS RFP-LEPR transfected iPSC-derived neuron 

progenitors. The day 10 neuron progenitors were transfected with RFP-LEPR with TransIT-Neural 

reagent for 24hrs before leptin treatment (1 µg/ml leptin for 30 min). P-STAT3, STAT3 and ACTIN were 

probed. (D)Western blot analysis of the influence of overexpression BBS genes on the amount of Leprb in 

transgenic 293 cells. 293 cells were co-transfected with mouse Leprb-Myc and CD615-GFP or CD615-

3xFlag-BBS1-GFP or CD615-3xFlag-BBS10-GFP for 48 hrs before protein analysis. MYC, FLAG and 

ACTIN antibodies were probed. 
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Figure S4.1 Localization and function of ciliary complexes and their components. 

BBS proteins were localized at the basal body of primary cilium. They function either as: 1. 

Carrier molecules, as indicated in this diagram (Bbsome complex,) to mediate the transportation 

of many signaling molecules between intracellular and primary cilium, including the receptors 

for SHH, WNT and PDGF, as well as Mchr1, Sstr3, ACIII and possibly insulin receptor (IR), 

leptin receptor (LEPR) and melanocortin-4 receptor (MC4R), which are known play an 

important role in energy homeostasis; 2. Some BBS proteins, like 6, 10, 12 functions as a 

chaperonin complex to mediate the assembly of the Bbsome (Modified from Davis and Katsanis 

2012).  
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Figure S4.2 BBS10A iPSCs are pluripotent and have normal karyotype. 

(A)Immunostaining of BBS10A iPSCs with pluripotency markers: SOX2, OCT4, NANOG, SSEA4, TRA-1-

60 and TRA-1-81. Scale bar, 200 µm. (B-C) QPCR analysis of viral genes (B) and endogeous 

pluripotency marker expression (C) in seven BBS10A iPSC lines(A-G). Retroviral infected 293 cells (day 

2) were used as positive control for viral gene expression. HESC is used a positive control for 

endogenous pluripotency gene expression. Fibroblast (Fib) was used as a negative control. (D) Three 

germ layers were found in BBS10A teratoma sections with H&E staining. After subcutanenous injection, 

BBS10A iPSCs can be differentiated into epidermis, cartilage and gut endocrine cells. (E) Karyotyping of 

BBS10A iPSCs showed normal 46 chromosomes. 
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Figure S4.3 BBS mutations do not affect ciliogenesis in human fibroblasts. 

(A)Immunostaining of primary cilia in control and BBS fibroblasts. ACIII, ARL13B, Gamma-tubulin (G-Tub) 

are ciliary markers. Draq5 stains cell nuclear.Scale bar reprents 20µm.(B) Quantification of cilia length in 

fibroblasts lines as indicated based on ACIII and ARL13B staining. (C) Quantification of the percentage of 

cliated cells in control and BBS fibroblast lines based on ACIII and ARL13B staining. 
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Figure S4.4 Primary cilia are present in different cell types along iPSC neuron differentiation. 

(A) Primary cilia are present in very few iPSC cells. Acetylated tubulin is a ciliary marker. OCT4 is used a 

pluripotency marker. Draq5 stains cell nuclear. (B) Primary cilia are present in iPSC-derived neuron 

rosette. ACIII is a ciliary marker. NESTIN is a marker for neuron progenitor. (C) Primary cilia are present 

in day 34 iPSC-derived neurons. ARL13B and gamma-tubulin (G-TUB) are used as ciliary markers. 

MAP2 is a neuronal marker. 
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Figure S4.5 BBS mutations impaired leptin signaling in human fibroblasts. 

(A) Immunostaining of p-STAT3 in leptin treated RFP-LEPR transgenic fibroblast lines as indicated. 

These fibroblasts were fasted and treated with 0.5 µg/ml leptin for 30min at 37 °C. Cell nuclei were 

stained with hoechst. Scale bar: 200 µm. (B) Immunostaining of p-STAT3 in BBS1B and BBS1B 

(coexpressing Flag-BBS1) RFP-LEPR transgenic lines. Cells were fasted and treated with 0.5 µg/ml 

leptin for 30min before fixation. Arrows pointed out p-STAT3 positive cells. Scale bar: 200 µm. 
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Table 4.1  Summary of BBS fibroblast and iPSC lines used in this study. 

 
ID Diagnosis Affected Source Genotyping Age Sex iPSC Line 

GM05948 BBS Yes   Coriell 

BBS10  

C91fsX95/C91fsX95 18 YR Male BBS10A 

GM05950 BBS Yes Coriell 

BBS10 

S303RfsX305/+ 19 YR Male BBS10B 

1085 BBS Yes Biopsy 

BBS1 

M390R/M390R 29 YR Male BBS1A 

1097 BBS Yes Biopsy 

BBS1 

M390R/M390R 45 YR Female BBS1B 

1016 Control No Biopsy Normal 34 YR Male Control1 

1023 Control No Biopsy Normal 25 YR Male Control2 
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Table S4.1.  Genotying primers.  
 

Gene Forward Primer Reverse Primer 

BBS1M390R AGGGCCAGTGATATTTGGTCTGG

A 

TGTAGGCCTTACTTTCCACAC

CCA 

BBS10C91fs

X95 

TTAAGATGTGGGAAGCCAGCCTT

CTG 

TGAAACGTTAGGAGAGCCTGG

G 

BBS10S303

RfsX305 

CAGGATCATAGCTGGTCTTGTGC

T  

AAAGGCCTGTGGTGGTACAAA

TGG 

 
 
 
Table S4.2. qPCR primers. 
	  

Gene Forward Primer Reverse Primer 

NANOG ACAACTGGCCGAAGAATAGCA GGTTCCCAGTCGGGTTCAC 

BBS10 CCTGGAGGCGCTACACTTAG CAATTTTTCCAATGCCTTCC 

ADCY3 CGCACAGGTAGAGGAAGACG  ATCATCTCCGTGGTCTCCTG 

LEPR ATGTTCCGAACCCCAAGAAT GGACCACATGTCACTGATGC  

SOCS3 GAGCCAGCGTGGATCTG  GGCTCAGCCCCAAGGAC  

TBP AACAACAGCCTGCCACCTTA GCCATAAGGCATCATTGGAC 

B2M TAGCTGTGCTCGGGCTACT TCTCTGCTGGATGACGCG 
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Table S4.3  List of primary Abs and their concentrations and sources used in this study. 
	  

Antibody Species Dilution Source Catalog No. 

Tra-1-60 Mouse 1:300 Millipore MAB4360 

Tra-1-81 Mouse 1:300 Millipore MAB4381 

NANOG Goat 1:500 R&D Systems AF1997 

SOX2 Rabbit 1:500 Stemgent 09-0024 

OCT4 Rabbit 1:500 Stemgent 09-0023 

SSEA4 Mouse 1:300 R&D Systems MAB1435 

TUJ1 Rabbit 1:500 Sigma T2200 

TUJ1 Mouse 1:500 Sigma T5076 

MAP2 Chicken 1:10,000 Abcam AB5392 

ACIII Rabbit 1:100 Santa Cruz sc-588 

ARL13B Rabbit 1:1000 Gift from Tamara Caspary 

Gamma-Tubulin Mouse 1:500 Sigma T6557 

Acetylated-tubulin Mouse 1:500 Sigma T6793 

FLAG Mouse WB 1:500 Sigma F1804 

Myc Mouse WB 1:500 Cell signaling 2276 

p-IRβ Rabbit WB 1:500 Cell signaling 3024 

IRβ Rabbit WB 1:1000 Cell signaling 3025 

RFP Rabbit WB 1:500 Abcam AB62341 

p-STAT3 Mouse 1:200  WB 1:1000 Cell signaling 4113 

p-STAT3 Rabbit 1:200  WB 1:1000 Cell signaling 9145 

p-AKT(T308) Rabbit WB 1:1000 Cell signaling 9275 

p-AKT(S473) Rabbit WB 1:1000 Cell signaling 4060 

STAT3 Rabbit WB 1:1000 Cell signaling 12640 

AKT Rabbit WB 1:1000 Cell signaling 9272 

Actin Rabbit WB 1:1000 Cell signaling 8457 

Tubulin Rabbit WB 1:1000 Cell signaling 2128 
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 Chapter 5: Summary & Future Directions  

I. Summary 

   Obesity results from a cumulative excess of energy food intake over energy expenditure. The 

hypothalamus integrates peripheral metabolic signals, such as insulin, leptin, ghrelin, and various 

metabolites, and activates/suppresses specific neuronal circuits that regulate food intake and 

energy expenditure (Barsh and Schwartz, 2002). Current mechanistic studies of obesity rely 

heavily on the rodent models. For monogenic forms of obesity, rodent models generally reflect 

the most salient phenotypes seen in humans. However, rodent models are not suitable for some 

of the genetically more complex forms of obesity such as Prader-Willi syndrome (PWS) and 

common/polygenic forms of obesity. For example, virtually all PWS mouse models are not 

obese—though these animals display some PWS features such as hypotonia and growth 

retardation as found in human subjects (Bervini and Herzog, 2013).  Such differences reflect 

inherent biological differences between the species. For logistical and ethical reasons invasive 

mechanistic studies of energy homeostasis in human subjects are limited. Access to human 

hypothalamic tissue is limited, and imaging-based studies cannot provide the necessary 

molecular and cellular analyses that are required for mechanistic understanding. The use of 

pluripotent stem cell-derived hypothalamic neurons is a potential solution to some of these 

problems (Merkle et al., 2015; Wang et al., 2015).   

 

5.1 Differentiation of hypothalamic ARC-like neurons from human induced pluripotent 

stem cells. 

    In Chapter 2, the development of a technique to generate hypothalamic ARC neurons from 

hPSC is described (Wang et al., 2015). Based on mouse developmental studies, we screened 
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several morphogens or chemicals that are known to participate in neuronal development, 

including SHH, Wnt, retinoid acid, FGF8, Notch inhibitor—DAPT, SB, LDN, BDNF, Glial cell-

derived neurotrophic factor (GDNF), Ciliary neurotrophic factor (CNTF). We found that a 

combination of SHH and dual SMADs inhibitors (SB+LDN) followed DAPT treatment could 

efficiently differentiate hPSCs into hypothalamic NKX2.1+FOXG1- progenitors (Figure 2.1). 

These progenitor cells could be further differentiated into neurons in culture medium 

supplemented with B27, DAPT and BDNF. Among such neurons at 33 days of differentiation, 

20-30% of cells expressed POMC, 60-80% cells expressed NPY/AGRP, and around 20% cells 

expressed SST (Figure 2.2). In total, the POMC and NPY/AGRP neurons accounted for 80-90% 

in the terminally differentiated cells, which is significantly more than that in the mouse 

hypothalamus (e.g. ~200-300 POMC neurons in ARC) (Plum et al., 2012). In addition, these 

neurons also expressed TH, GABA and CHAT (Figure 2.2). These represent the major 

hypothalamic neuron types found in the ARC. By qPCR and RNA-seq analysis of 

undifferentiated hESC, day 12 progenitors, and day 24-27 differentiated neurons, we found that 

the progenitors highly expressed many hypothalamic-specific transcription factor genes, while 

the differentiated neurons expressed many hypothalamic neuropeptide-specific transcripts 

(Figure 2.3). During development, the hypothalamus and the adjacent pituitary share several 

patterning molecules. In addition, POMC is expressed in the pituitary as a precursor for ACTH 

and other peptides. The RNA-seq analysis revealed that the neuronal cells did not express 

pituitary-specific transcription factors in the progenitor stage, and the differentiated neurons did 

not express pituitary-specific hormone transcripts such as FSH, TSH (Figure 2.3). Thus, we were 

able to generate neurons from hPSCs that displayed hypothalamic-specific—primarily ARC—

gene signatures. 
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   POMC and NPY/AGRP ARC neurons constitute a physiological interface between peripheral 

hormones and the complex neural circuits mediating energy intake and expenditure (Barsh and 

Schwartz, 2002). The hPSC-derived neurons described here produce and secrete POMC and 

POMC-derived neuropeptides: ACTH, αMSH and BEP (Figure 2.4). These neurons also 

produce smaller amounts AGRP neuropeptide, which could antagonize the effect of αMSH on 

MC4R. These hESC-derived neurons respond to canonical hypothalamic signaling molecules—

insulin and leptin—as reflected by respective levels of p-AKT and p-STAT3 (Figure 2.5). Thus, 

these hPSC-derived neurons displayed ARC-like functions for their production and secretion of 

specific melanocortin neuropeptides and sensation to peripheral metabolic hormones.  

     Immunostaining of day 33 hESC-derived neurons indicated that 18% of cells were co-

expressing POMC and NPY (Figure 2.2). These findings are further supported by single-cell 

transcriptome sequencing, which proves the expression of multiple neuropeptide genes in the 

differentiated neurons (Figure 2.10). In mouse hypothalamic development, the presence of 

POMC and NPY co-expressing cells has been reported (at E14.5) during the transition from 

POMC to NPY neuron lineage (Padilla et al., 2010). POMC is transiently expressed in many 

neuron precursors in the developing hypothalamus and a subset of these early POMC expressing 

cells gives rise to other neuron cell types in the ARC, including about 20% of NPY neurons 

(Padilla et al., 2010).  Therefore the co-expression of neuropeptides in these hPSC-derived 

hypothalamic neurons apparently reflects the immaturity of these neurons, mimicking the 

ontogenesis of hypothalamic neurons in mouse development. These findings suggest that a 

similar process may occur in the human hypothalamus.  

     Importantly, we have further demonstrated that hypothalamic neurons created with this 

developmental protocol from somatic cells of patients with BBS show similar neuron 
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constitution and functions consistent with the hESC-derived neurons (Figure 2.6). The neurons 

generated here are mainly ARC cell types: POMC, NPY, SST and dopaminergic neurons. The 

generation of other hypothalamic neuronal cell types such as MC4R expressing neurons is being 

pursued, as is transplantation of hESC-derived neurons directly into hypothalami of 

immunodeficient mice will allow them to more fully mature and to assess their possible 

influence on body weight regulation.  

 

5.2 Using stem cell derived hypothalamic neurons to investigate the neurophysiology of 

obesity caused by PC1/3 deficiency. 

   To further assess the degree to which the ARC-type neurons functionally intact, we examined 

PC1/3 deficiency (a monogenic cause of obesity) in a  “proof-of principle” study because these 

hPSC-derived hypothalamic neurons include a high percentage of POMC neurons that require 

intact processing by prohormone convertases (PC1/3, PC2) to generate, for example, αMSH. In 

Chapter 3, we created two PC1/3 deficiency models by either knocking down PCSK1 with 

shRNA (Figure 3.1) or introducing mutations to PCSK1 gene by CRISPR in the hESCs (Figure 

S3.2).  

    Increased production of POMC peptides (Figure 3.3) and decreased ratios of αMSH/POMC 

and BEP/POMC (Figure 3.2) in the PCSK1 knockdown neurons indicated POMC processing 

was impaired in these cells. However, total amounts of the end products of POMC processing, 

αMSH and BEP, were not reduced (Figure 3.3). Possibly the upregulation of POMC and other 

POMC processing enzymes—PCSK2 and CPE, as well as NHLH2 that controls the expression of 

PCSK1 and PCSK2 in POMC neurons (Figure 3.3) in the PCSK1 knockdown hypothalamic 

neurons compensates for the decreased PCSK1 activity in these neurons.   
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    The CRISPR-generated PC1/3 deficient (PC1 -/-) hESC lines were compound heterozygous 

for premature termination mutations. The PCSK1 gene was greatly abolished and the PC1/3 

protein was absent from PC1 -/- hESC-derived hypothalamic neurons (Figure 3.4). As for the 

shRNA studies, ratios of αMSH/POMC and BEP/POMC were decreased while the total amount 

of unprocessed POMC was increased in these neurons (Figure 3.5), and they displayed increased 

expression of POMC, CPE and NHLH2 (Figure 3.6). These findings are consistent with those 

identified in the PCSK1 knockdown neurons. However, in the PC1 -/- neurons, the total amount 

of the end product—BEP was significantly reduced while αMSH levels were unchanged, 

different from the findings in the PCSK1 knockdown neurons. Moreover, the PCSK2 transcript 

level was unchanged in the PC1 -/- lines while the expression of PCSK2 was increased in the 

PCSK1 knockdown and PC1 +/- neurons. These results suggest that PC2 may play an essential 

role in compensating for the loss of PC1/3 activity in the processing of POMC into αMSH. In 

summary, PC1/3 deficiency impairs POMC processing in hESC-differentiated hypothalamic 

neurons while upregulaion of the POMC, PCSK2, CPE and NHLH2 in the PC1/3 hypomorphic 

neurons may partially compensate for the loss of PC1/3 activity. These studies confirm the utility 

of hPSC-derived hypothalamic neurons in the study of obesity-related molecular phenotypes.     

 

5.3 Using iPSC-derived neurons to understand the molecular pathogenesis of obesity in 

Bardet-Biedl Syndrome  

   Bardet-Biedl syndrome (BBS) is a rare syndromic monogenic obesity that caused by mutations 

of BBS genes that encode the proteins that comprise components of primary cilium.  BBS 

proteins have been implicated in the regulation of leptin signaling transduction in the 

hypothalamus and adipogenesis, as well as in controlling the ciliary localization of G protein 
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coupled receptors such as Mchr1 and Sstr3 (Berbari et al., 2008; Marion et al., 2009; Rahmouni 

et al., 2008; Seo et al., 2009). However, a recent study has argued that the leptin resistance 

observed in Bbs or other ciliary mutant mice are a secondary consequence of the obesity per se 

and cilia do not participate directly in leptin signaling (Berbari et al., 2013). This is an important 

distinction with regard to the possible role of impaired leptin signaling in the primary 

pathogenesis of the obesity that is a hallmark of BBS. iPSC-derived neurons/hypothalamic 

neurons provide an opportunity address this question.   

   In Chapter 4, we investigated aspects of neurogenesis, ciliogenesis and metabolic signaling 

pathways in neurons generated from BBS iPSCs. BBS1 and BBS10 mutations did not affect 

neuron differentiation efficiency, but reduced neurite outgrowth (Figure 4.2) and increased cilia 

length (Figure 4.3). BBS proteins were shown to participate in insulin signaling in both 

fibroblasts and derived neurons (Figure 4.4). Overexpressing transgenic wildtype BBS10 

restores insulin signaling in BBS10 mutant iPSC-derived neurons (Figure 4.4). BBS mutations 

also impaired leptin signaling in both fibroblasts and iPSC-derived neurons. Previous studies 

have suggested that BBS1 might interact directly with LEPR. We found that expression of wild-

type BBS1 in BBS1 mutant RFP-LEPR fibroblasts could rescue the leptin signaling in these cells 

(Figure 4.5).  Overexpression of BBS10 actually increased the total amount of LEPR in 293FT 

cells, suggesting that BBS10 might stabilize LEPR protein or inhibit its degradation/turnover 

(Figure 4.6). Thus, BBS1 and BBS10 mutations appear to directly affect aspects of leptin 

signaling, suggesting that obesity per se may not account for this phenotype in Bbs4 mutant 

mice.  

   The BBS-related studies described above were performed in iPSC-derived TUJ1+ and MAP2+ 

neurons. As noted, we have subsequently developed a protocol to generate ARC-like neurons 
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from hPSCs, and will use these cells for the mechanistic studies on neurogenesis, ciliogenesis 

and metabolic signaling pathways as mentioned above. To control for genetic background effects 

on the BBS molecular phenotypes described above, isogenic control lines are required.  

   To conclude, the ability to generate ARC-type hypothalamic neurons from hPSCs enables for 

the first time studies of the consequences—in human neuronal cells–of specific genetic 

alterations predisposing to obesity (Figure 5.1). These cells can be used to “interrogate” 

structural and molecular mechanisms relating to control of human body weight, initially using 

cells containing mutations in genes that—when hypomorphic—are known to confer highly 

penetrant obesity due primarily to effects on food intake. These insights will likely have 

relevance to more prevalent forms of obesity and provide a platform for the screening of 

molecules potentially of use in the treatment of human obesity.   

 
II. Future Directions  
 
5.4 Generation specific type of hypothalamic neurons with POMC:GFP-NPY:RFP reporter 
hPSC line 
 
    In chapter 2, we have described a protocol of making hypothalamic ARC-like neurons from 

hPSCs (Wang et al., 2015). The percentage of POMC and NPY/AGRP neurons in terminally 

differentiated neurons is over 85%. This cell population is, however, still heterogeneous in that 

>20% of cells co-express POMC and NPY, and others express SST and POMC or SST and NPY 

as demonstrated by single cell transcriptome analysis and immunocytochemistry (Figure 2.10). 

To address this issue, we can knock in GFP or RFP into the first exons of POMC or NPY genes 

to create POMC:GFP-NPY:RFP reporter hPSC line with CRISPR, in which the GFP and RFP 

expression are driven by the POMC and NPY promoters, respectively. Validation of the reporter 

lines will be conducted by the immunostaining of GFP and POMC or RFP and NPY. With these 



	   191 

lines, we will be able to sort POMC neurons and NPY neurons for further gene expression or 

functional comparisons. We will further assess the impact of exogenous hormones—leptin and 

ghrelin, for example—on maturity of these neurons based on the following analysis: numbers of 

cells co-expressing POMC and NPY, versus those expressing only POMC or NPY/AGRP, by 

duration of culture; functional analyses related to POMC- and AGRP-specific neuropeptide 

secretion and electrophysiology. Our previous studies showed that mouse astrocyte co-culture 

improved both the electrophysiological properties and leptin sensing of these neurons (Figure 

2.5). To improve the functional maturation of these neurons, mouse astrocyte co-cultures will be 

used. 

5.5 Differentiation of hypothalamic MC4R-expressing neurons from hPSCs 

   ARC neurons mediate early steps in the leptin-melanocortin signaling pathway. The activation 

or inhibition of MC4R by αMSH and AGRP are mainly mediated in the PVN neurons (Barsh 

and Schwartz, 2002; Ghamari-Langroudi et al., 2015). As mentioned previously, SIM1, ARNT2, 

POU3F2, OTP are among the essential transcriptional factors for PVN neuron development 

(Figure 1.3). Expression of Mc4r and Oxytocin are decreased in postnatal mice with SIM1 

deficiency (Tolson et al., 2010).  Knocking down NHLH2 in the N29/2 hypothalamic cell line 

significantly reduces Mc4r mRNA levels (Wankhade and Good, 2011). Hypothalamic Mc4r 

expression is also greatly decreased in the mice lacking of NHLH2. NHLH2 binds directly to the 

MC4R promoter and regulates gene expression (Wankhade and Good, 2011). Furthermore, 

overexpressing of homeodomain or bHLH transcription factors have been shown to successfully 

induce the direct differentiation from mouse or human fibroblasts into motor neurons (Son et al., 

2011). Could we generate MC4R-expressing hypothalamic neurons by overexpressing PVN 

transcription factors such as SIM1 and NHLH2 in the human ESC/iPSCs? To achieve this goal, 
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we will first generate a MC4R-GFP reporter line by CRISPR to introduce the GFP DNA 

fragment into the first exon of one MC4R allele. We will use a doxycycline inducible lentivirus 

to make stable hPSC lines that can overexpress SIM1, NHLH2 or both of these genes or other 

combinations in the presence of doxycycline. Doxycycline will be added to the cultured hPSCs 

to induce neuronal differentiation for at least 3 weeks.  And differentiation efficiency will be 

assessed by examining the percentage of MC4R-GFP positive cells and the expression of MC4R 

in these cells. We will further investigate the function of the hPSC-derived MC4R neurons by 

treating these neurons with MC4R agonists like αMSH and MTII or antagonist like AGRP and 

measure the cAMP level in these cells (Ghamari-Langroudi et al., 2015).   

 

5.6 Mechanistic study of PC1/3 deficiency in hESC-derived neurons  

      In Chapter 3, we showed that POMC processing is impaired in the hESC-derived 

hypothalamic neurons with PC1/3 deficiency. However, the upregulation of other proteolytic 

enzymes (PCSK2 and CPE) and the upstream transcription factor (NHLH2) that regulates 

expression of prohormone convertases can at least partially compensate for the loss of PC1/3 

activity in these neurons to maintain the production of feeding-related peptides—αMSH and 

BEP. How the loss of PC1/3 proteins in these hypothalamic neurons could induce compensatory 

overexpression of POMC, NHLH2, PCSK2 and CPE is unknown. And, related to this question, 

how does the PC1/3 deficiency cause obesity if the production of αMSH is unchanged in these 

neurons?  

   PC1/3 acts upstream in POMC processing and NHLH2 regulates the expression of PCSK1 and 

PCSK2 in POMC neurons (Jing et al., 2004). One possible explanation for the compensatory 

mechanism is that the decreased PCSK1 expression in these neurons mediates a feedback 
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mechanism to increase the expression of these genes. Whether reducing the expression of any of 

these genes (POMC, NHLH2, PCSK2 or CPE) by shRNA could block such compensatory effect 

and result in more severe POMC processing in the PC1/3 deficient neurons requires further 

investigation. The processing and quantities of POMC neuropeptides in these neurons will be 

determined by ELISA or radioimmunoassay in collaboration with Dr. Sharon Wardlaw at 

Columbia University. Furthermore, we will perform single cell transcriptome analysis on the 

hypothalamic neurons derived from both the control (PC1 +/+) and PC1/3 deficient (PC1 -/-) 

hESC lines.  We will pool all neurons displaying high expression levels of POMC transcript 

(RPKM>5) and compare the transcription profiles of the control and mutant neurons to identify a 

distinct signature caused by PC1/3 deficiency. The potential candidate signaling pathways will 

be predicted based on the RNA-seq pathway analysis software. These pathways/genes can then 

be activated or inhibited using chemical and/or viral reagents to rescue the -/- phenotype.   

    Regarding the second question, we hypothesize that PC1/3 deficiency may increase the 

susceptibility of the hypothalamic neurons to ER stress or other metabolic stresses that could 

induce apoptosis and ultimately result in decreased αMSH production in these neurons. To test 

this hypothesis, we propose to challenge the control and PC1/3 deficient hESC-derived neurons 

with ER stress inducers—e.g. tunicamycin or thapsigargin–and to investigate the expression of 

genes involved in the three downstream ER stress pathways: PERK-eIF2α, IRE1-XBP1 and 

ATF6 (Hosoi and Ozawa, 2010; Shang et al., 2014). Due to their greater protein synthetic rates 

we might observe greater induction of these ER stress markers in the PC1/3 deficient neurons. In 

addition, we will also assess the apoptosis by caspase-3 staining before and after ER stress 

inducer treatment in control and PC1/3 -/- neurons. Oxidative stress can also induce apoptosis in 

cultured neurons(Chen et al., 2009). We will use hydrogen peroxide to induce oxidative stress 
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and assess rates of apoptosis by measures of genes involved in the apoptotic pathway and 

immunocytochemical staining of caspase-3 and the expression of apoptosis genes in PC1 +/+ and 

PC1 -/- neurons.  

 

5.7 Mechanistic study of PC1/3 deficiency in mature beta cells 

    Both human and mice with PC1/3 deficiency display hyperproinsulinemia and hyperglycemia, 

reflecting the anticipated impairment of insulin processing (Jackson et al., 1997; O'Rahilly et al., 

1995; Zhu et al., 2002). Our group and other labs have described protocols of making β cells and 

mature β cells from human iPSCs (Hua et al., 2013; Pagliuca et al., 2014). We will differentiate 

control and PC1/3 deficient hESCs into mature pancreatic β cells and assess the influence of 

PC1/3 deficiency on insulin processing and β cell function. Absolute and proportional production 

rates of proinsulin and c-peptide will be assessed.  We will assess both glucose stimulated insulin 

secretion and ER stress induced beta cell dysfunction and apoptosis in the PC1/3 deficient iPSC-

derived β cells (Shang et al., 2014).  Of particular interest will be whether compensatory 

increases in PCSK2 expression and proinsulin synthesis occur in response to impaired proinsulin 

processing.  If present, mechanistic insights could be gained by examining cell-specific 

transcriptional profiles as described above for POMC neurons.  

    In addition, we will also generate a PCSK1 mutant iPSC line that carries a frameshift 

homozygous mutation identified in PC1/3 deficient patients, with CRISPR. This line will be used 

as an alternative PC1-/- iPSC line in the proposed studies.  

 

5.8 Mechanistic study of Bardet-Biedl Syndrome with CRISPR generated isogenic control 

iPSCs.  
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    We will use CRISPR to generate the isogenic controls for BBS iPSC lines and will use them 

to elucidate the specific structural or functional influences of the two BBS mutations with iPSC-

derived hypothalamic neurons.    

 

5.8.1 Generation of isogenic controls for BBS iPSCs with CRISPR 

   CRISPR-Cas9 will be used to generate isogenic controls for the two BBS iPSC lines 

mentioned in Chapter 4: BBS1B and BBS10A. We propose to use gRNAs specifically targeting 

the BBS mutations, Cas9-GFP and single strand DNA oligos carrying the wildtype sequence to 

repair the BBS mutations in the corresponding iPSCs. Correction of BBS mutations in the 

isogenic control iPSCs will be confirmed by Sanger sequencing. Karyotyping of these iPSCs will 

be performed before using these lines for functional comparison studies. So far, we have 

obtained two isogenic control lines for BBS1B iPSCs and one isogenic control line for BBS10A 

iPSCs (Figure 5.2 A, B). The correction efficiencies for BBS1M390R/M390R and BBS10 C91fsX95/ 

C91fsX95 were 5.7% and 3.1% respectively. All of the three isogenic control iPSC lines showed 

normal karyotyping (Figure 5.2 C).   

 

5.8.2 Characterize the neuron phenotypes in BBS and their isogenic control iPSCs.  

    BBS iPSCs and their isogenic controls will be differentiated into hypothalamic neurons with 

the protocol described in Chapter 2 (Wang et al., 2015). The differentiation efficiencies of these 

lines will be determined by immunostaining and flow cytometry at the progenitor and terminal 

differentiated neuron stages. NKX2.1, MASH1, NHLH2, OTP will be used as the progenitor 

markers. POMC/GFP, AGRP, NPY/RFP, Somatostatin, and Tyrosine Hydroxylase will be used 

as hypothalamic neuron markers. Levels of POMC, NPY, AGRP mRNA will be determined by 
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quantitative PCR. The processing and quantities of POMC and AGRP neuropeptides in these 

neurons will be determined by ELISA or radioimmunoassay in collaboration with Dr. Sharon 

Wardlaw at Columbia University. In addition, RNA-seq will be performed to obtain the 

transcription signature of the sorted POMC and NPY neurons. These studies will enable a 

quantitative and qualitative comparison of POMC and NPY/AGRP neurons generated from BBS 

iPSCs and their isogenic controls and may help to identify potential targets for further functional 

comparison studies on hypothalamic neurogenesis and maturation, neuron outgrowth, cilia 

morphology and metabolic signaling pathways. 

 

5.8.3 Elucidation the molecular basis for obesity in BBS by function/structure comparisons 

between BBS and their isogenic control iPSC-derived hypothalamic neurons. 

    BBS proteins are localized at the basal body of the primary cilium. BBS proteins are required 

for maintaining normal ciliary structure and function (Davis et al., 2007; Swiderski et al., 2012). 

Our studies in chapter 4 also suggest that BBS mutations may result in longer primary cilia, 

impaired neurite outgrowth, and defective insulin and leptin signaling and. Therefore we 

hypothesize that BBS mutations impair ciliary trafficking of two canonical signaling receptors 

participating in hypothalamic regulation of food intake: insulin receptor (INSR) and LEPR, 

ciliary structure and neurite outgrowth of hypothalamic neurons. 

    To study the localization of the LEPR and INSR, with regard to the primary cilium, we will 

introduce doxycycline-inducible HA-LEPR and INSR-GFP constructs into BBS iPSCs and their 

isogenic controls using lentivirus. Doxycycline will be added to terminally differentiated 

hypothalamic neurons 24hrs before any experimental manipulations. Immunostaining with 

ciliary markers such as ACIII or ARL13B, and antibodies for HA or GFP, will be used to assess 



	   197 

localization of receptors of interest relative to the cilium, and to compare such localizations 

between BBS neurons and their isogenic controls in the presence or absence of leptin or insulin. 

In addition to use of confocal microscopy to investigate the colocalization, CLEM imaging 

(merge of fluorescence image and scanning electron microscopy image) will be also used if 

necessary.  

     To investigate metabolic signaling pathways such as leptin and insulin signaling in iPSC-

derived hypothalamic neurons, we will first explore the expression of the signaling molecules: 

LEPR, INSR and IRS2 in these cells by qPCR. Day 34 BBS and their isogenic control iPSC-

derived hypothalamic neurons will be exposed to leptin and insulin. Levels of downstream 

signaling molecules—p-STAT3 and SOCS3, p-AKT and p-GSK3β —will be used as indicators 

of the activation of leptin and insulin signaling, respectively. Protein levels of p-STAT3/SOCS3 

and p-AKT/p-GSK3β will be determined by western blot. In addition, immunocytochemical 

analysis of P-STAT3 and p-AKT will be also used to assess leptin and insulin sensitivity (serial 

concentrations) in these cells. To assess neurite outgrowth, we will sort POMC-GFP or NPY-

RFP neurons into 96-well poly-L-ornithine and laminin (PO/LA) coated plates (2500 cells/well) 

and treat with/without insulin or leptin for 24hrs. Neurons will be fixed and stained with Tuj1. 

Images of each well will be taken using Trophos Plate Runner. The number of processes and 

neurite length per neuron will be determined using Metamorph software. If we can efficiently 

make MC4R expressing neurons with the methods we mentioned above, we will also investigate 

the effects of BBS mutations on the MC4R mediated signaling in these cells.  

 

5.8.4 Elucidation the molecular basis for obesity in BBS by functional comparisons of 

adipocytes derived from BBS and their isogenic control iPSCs. 
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  Knocking down BBS proteins impairs ciliogenesis, activates the GSK3β pathway and induces 

PPARγ expression to facilitate adipogenesis (Marion et al., 2009). BBS mutations are associated 

with increased cellular lipid accumulation in fibroblast-differentiated adipocytes (Marion et al., 

2009). Do BBS mutations accelerate adipogenesis? Do BBS adipocytes show altered 

expression/release of leptin or adiponectin as possible explanations for the relative 

hyperleptinemia and hyperinsulinemia observed in BBS? 

   We will differentiate both BBS and their isogenic control iPSCs into adipocytes using an 

established protocol (Ahfeldt et al., 2012). The expression of the pro-adipogenic transcription 

factor, PPARγ (Doxycyclin inducible), will be determined before and after doxycycline 

treatment at day 0, day 7 and day 14 and at day 21 in mature adipocytes. In addition, adipocyte 

specific markers such as LEPTIN, ADIPOQ (Adiponectin), CEBPA, LPL (Lipoprotein lipase) 

will be examined in control and BBS iPSC-derived adipocytes. We will also investigate the 

adipocyte differentiation efficiency of each iPSC line based on oil red O staining or 

immunocytochemical analysis with adipocyte-specific markers (such as FABP4 and neutral lipid 

dye BODIPY) of the terminally differentiated adipocytes. Furthermore, the production of 

adipokines such as leptin and adiponectin in control and BBS iPSC-derived adipocytes will be 

determined by ELISA. We may also perform RNA-seq analysis to these iPSC-derived 

adipocytes to get a better understanding of the effect of BBS mutations on adipocyte biology. 

Finally, we will also explore insulin signaling in these iPSC-derived adipocytes to assess whether 

BBS mutations affect insulin signaling in adipocytes as the do in neurons.  

 

III Prospective Overview 
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    hPSC-derived cells , enable the study of many aspects of  human disease. In this thesis, we 

describe a technique for generating hypothalamic neurons from hPSCs and further demonstrate 

the use of these cells for the investigations of neuro-molecular mechanisms related to body 

weight regulation. As “proof-of-principle”, we showed the ability of cells obtained from 

individuals with monogenic forms of obesity (PCSK1, BBS1, BBS10) to reflect functional and 

anatomic changes related to hypomorphic mutations of these genes.  However, more prevalent 

forms of obesity are clearly polygenic in nature.   

   The several large genome wide association studies (GWAS) have identified over 50 genomic 

regions, most containing multiple genes implicated by non-coding sequence variants of generally 

small effect.  Whole exome sequencing studies are identifying coding variants of larger 

phenotyping impact.  In both instances, efficient means of vetting variants are required. Previous 

mechanistic studies regarding the functions of molecules involved in body weight regulation 

have relied largely on transgenic rodent models. Direct examination of the functions of these 

molecules or obesity-associated genetic variants in human hypothalamic cells is now enabled 

using cells created with the approach as described in this thesis. hPSC-based cellular models 

provide unlimited disease-relevant cell types for studies of molecular pathogenesis. Genome 

editing technologies, such as CRISPR, can be used to modify the genome of hPSCs to create loss 

of function or gain of function mutations, or to repair the existing genetic mutations in specific 

iPSCs. Thus, hPSC-derived hypothalamic neurons provide a novel in vitro human model for 

vetting the functions of genetic variants that participate in body weight regulation. Moreover, 

these cells could be also used for drug screening to identify new therapeutic reagents for 

preventing and treating human obesity.  It is even conceivable that, at some point, cells might be 

used to replace cells lost in specific regions of the brain.  
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   The functional maturation of these in vitro cultured cells is an important potential limit in such 

studies. Neurons made with current protocol are not optimal owing to their functional 

immaturity, which is a common issue with virtually all in vitro stem cell-derived cells.   In mice, 

Pomc is widely expressed in immature hypothalamic neurons. At E14.5, there are many 

Pomc/Npy coexpressing cells that are not seen in the adult hypothalamus. Earlier Lineage tracing 

studies indicate that a subset of Npy neurons is actually derived from a Pomc-expressing lineage. 

Here we have observed a similar phenomenon in in vitro hESC-derived hypothalamic neurons. 

We found that POMC and NPY were colocalized in a subset of neurons from day 29 (21% were 

double positive). Such co-expression reflects the immaturity of some of these neurons. Likewise, 

the hyporesponsiveness of these cells to leptin bespeaks persistent developmental immaturity. 

LEPR was highly expressed in neurons at days 24-82. However, the response of these cells to 

leptin was modest while co-culture of these neurons with mouse cortical astrocytes improved 

leptin responsiveness. Polyhormonal pancreatic endocrine cells (co-expressing insulin and 

glucagon) are present in beta cells made from hPSCs, indicating the immaturity of these cells. 

Upon kidney transplantation, the hPSC-derived β cell progenitors “mature” into functional single 

hormonal β and α cells. As has been the case with insulin-producing cells, it is likely that 

transplantation of hPSC-derived hypothalamic neurons directly into the hypothalamic arcuate 

nucleus will enable their further maturation and improved functional characteristics.  Such cells 

might, in fact, have physiological effects on body weight of the transplanted animals. In fact, 

such physical and functional characteristics in an in vivo context would provide insights into the 

neurodevelopmental alterations and characterizing syndromic and more prevalent forms of 

obesity.   
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    However, generation of specific functionally mature cell types from hPSCs in vitro is a 

necessary step for research of this kind. Two protocols published recently describe improved 

generation of mature β cell from hPSCs by manipulations of differention factors and culture 

conditions. Screening different molecules at various differentiation stages will help to identify 

new molecules for improving the differentiation efficiency or functions of differentiated cell 

types. The heterogeneity of cell types in these sytems will be reduced by such steps, in some 

instances combined with cell sorting based on cell-specific epitopes.  Finally, 3D culture systems 

are also used to mimic the in vivo developmental environment to improve the relevance of hPSC-

based models for specific tissues and diseases.  

 

Materials and methods 

Generation of isogenic control lines from BBS iPSCs with CRISPR 

   The guide RNAs (gRNA) for BBS1M390R and BBS10C91fsX95 were designed using the 

software from Zhang Feng’s lab at MIT (http://crispr.mit.edu). The sequences of the two gRNAs 

were: BBS1M390R gRNA-ACCTCGAGTGGTCCTGATG; BBS10C91fsX95 gRNA-

ATGAAGTCCTCTAAGCAAA. The two gRNAs were cloned into the pGS-U6-gRNA plasmids 

by Genscript. The pCas9_GFP plasmid was purchased from addgene (#44719). The targeting 

efficient of the two gRNAs were confirmed by surveyor assay with transfected 293 cells (see 

Chapter 3). Single-strand DNA oligo was served as DNA template to mediate the homologous 

recombination at the genomic locus where Cas9 generates the DNA double strand break.  Single-

strand DNA oligo for BBS1M390R is 5’-ttccccaactaaactctgacgtctccacataggatgcagtgaccagcctttgc 

Tttggccggtacgggcgggaggacaacacactcatcatgaccactcgaggtgagtggagtcagacctggcaagggctttgaagtcggga 

gtgaagggacaggcctgcttctggggaaagaggaggag-3’. Single-strand DNA oligo for BBS10C91fsX95 is  
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5’-tttttgtacaggatgatagtggactgtgtttccagtcatctcaaaaaaacaggagatggtgcaaaaacatttattatctttctttgtcatttgctt 

agaggacttcatgcaatcacagacagagaaaaggatcctttgatgtgtgaaaacattcaaacccatggaaggcattggaaaaat-3’. 

BBS1B and BBS10A iPSC lines were used. When the BBS1B and BBS10A iPSC cultured on 

mouse embryonic fibroblasts (MEF) became 90% confluent on 6-well plate (2 wells), we 

detached iPSCs from plates with Trypsin LE (incubate 4 min at 37C). Harvested cells and 

washed twice with hESC medium to get rid of Trypsin. Then resuspend cell pellets with 2ml of 

hESC medium plus 10µM Rock inhibitor (Y-27632, Selleckchem). The number of cells was 

determined by Countless automated cell counter (Life technologies) with Trypan-blue (Life 

technologies) staining. For 5-8 millions of cells, 10 µg pCas9_GFP+ 10µg pGS-U6-gRNA + 10 

µg single-strand DNA oligo (DNA mixture) were needed for nucleofection. 5-8 millions were 

resuspended with 200µl nucleofection mixture (164 µl nucleofection solution + 36 µl supplement 

from the Amaxa Human Stem Cell nucleofector kit 1, VPH-5012) and further mixed with the 

DNA mixture and transferred into cuvette for nucleofection with program A23 in axama 

nucleofector II. The nucleofected cells were further transferred and mixed with 9 ml of 

prewarmed hESC medium plus 10µM Rock inhibitor. 3ml of cell suspension were added to each 

well on 6-well MEF plate. 48-72hrs post transfection, GFP+ cells were sorted with fluorescence-

activated cell sorting (FACS) and plated onto 6-well MEF plate with hESC medium plus 10uM 

Rock inhibitor. After 7-14 days, individual iPSC colonies were picked for clonal expansion and 

screened with Sanger sequencing of the PCR products amplified around the targeted genomic 

loci. The primers used for surveyor assay and following iPSC colony PCR screening were 

included: BBS1for-GCCTGTCTCTATCACTTCTCAC, BBS1rev-CTCACTTCCTCCCTCTAC 

AAAC, BBS10for-GCGTACTTAGAAAGACTGACCTC, BBS10rev-GAGCTCCTACACAAT 
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GTTCTCTC. The successfully genome targeting and correction efficiency was 5.7% in the 

BBS1B iPSCs (2 out of 36 clones picked) and 3.1% in the BBS10A iPSCs (1 out of 32 clones 

picked). These isogenic control iPSC lines were further cultured on T25 flask and karyotyped by 

Cell Line Genetics. 
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Figure 5.1 Modeling genetic obesity syndromes with iPSC-derived hypothalamic neurons. 

Diagram of using iPSC-derived hypothalamic neurons to understand the molecular basis of neuron 

biology in obesity caused by genetic mutations. iPSCs are generated by reprogramming (expression of 

the pluripotency transcription factors: OCT4, SOX2, KLF4, c-Myc) the somatic cells (such as skin dermal 

fibroblast and blood cells ) isolated from both obese and lean healthy control subjects. The iPSCs can be 

further differentiated into hypothalamic neurons by defined conditions by treating these cells with several 

chemicals or morphogens (see Chapter 2). On the other hand, we can use CRISPR to correct the genetic 

mutations in the disease iPSC lines or introduce mutations in the control iPSC lines, in order to generate 

the isogenic control or mutant iPSCs. The hypothalamic neurons derived from these iPSCs could be 

further used for disease modeling of obesity syndromes that caused by specific genetic mutations, or for 

drug screening to discover new interventions for genetic obesity syndromes. 
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Figure 5.2 CRISPR generated isogenic control lines for BBS iPSCs. 

A. Sanger sequencing of two isogenic control lines(BBS1B clone 8 and clone 34) for BBS1B and one 

isogenic control line (BBS10A clone 4) for BBS10A iPSCs.The sequence of BBS1B carrying BBS1M390R 

(c.1169T>G) and CRISPR generated two corrected isogenic iPSC lines were indicated. The sequences of 

WT allele,BBS10A carrying BBS10C91fsX95 (c.271dupT) and CRISPR generated one corrected isogenic 

control line were indicated. (B) Karyotyping of two BBS1B isogenic control iPSC lines and one BBS10A 

isogenic control iPSC line. The karyotypes of all three iPSC lines were normal. 
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