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Abstract 28 

Food intake is tightly regulated by a group of neurons present in the arcuate nucleus of the 29 

hypothalamus which release Pomc-encoded melanocortins, the absence of which induces 30 

marked hyperphagia and early-onset obesity. Although the relevance of hypothalamic POMC 31 

neurons in the regulation of body weight and energy balance is well appreciated, little is known 32 

about the transcription factors that establish the melanocortin neuron identity during brain 33 

development and its phenotypic maintenance in postnatal life. Here, we report that the 34 

transcription factor NKX2.1 is present in mouse hypothalamic POMC neurons from early 35 

development to adulthood. Electromobility shift assays showed that NKX2.1 binds in vitro to 36 

NKX binding motifs present in the neuronal Pomc enhancers nPE1 and nPE2 and chromatin 37 

immunoprecipitation assays detected in vivo binding of NKX2.1 to nPE1 and nPE2 in mouse 38 

hypothalamic extracts. Transgenic and mutant studies performed in mouse embryos of either 39 

sex and adult males showed that the NKX motifs present in nPE1 and nPE2 are essential for 40 

their transcriptional enhancer activity. The conditional early inactivation of Nkx2.1 in the 41 

ventral hypothalamus prevented the onset of Pomc expression. Selective Nkx2.1 ablation from 42 

POMC neurons decreased Pomc expression in adult males and mildly increased their body 43 

weight and adiposity. Our results demonstrate that NKX2.1 is necessary to activate Pomc 44 

expression by binding to conserved canonical NKX motifs present in nPE1 and nPE2. Therefore, 45 

NKX2.1 plays a critical role in the early establishment of hypothalamic melanocortin neuron 46 

identity and participates in the maintenance of Pomc expression levels during adulthood. 47 

 48 

 49 

 50 
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Significance Statement 51 

Food intake and body weight regulation depend on hypothalamic neurons that release satiety-52 

inducing neuropeptides, known as melanocortins. Central melanocortins are encoded by Pomc, 53 

and Pomc mutations may lead to hyperphagia and severe obesity. Although the importance of 54 

central melanocortins is well appreciated, the genetic program that establishes and maintains 55 

fully functional POMC neurons remains to be explored. Here, we combined molecular, genetic, 56 

developmental and functional studies that led to the discovery of NKX2.1, a transcription factor 57 

that participates in the early morphogenesis of the developing hypothalamus, as a key player in 58 

establishing the early identity of melanocortin neurons by activating Pomc expression. Thus, 59 

Nkx2.1 adds to the growing list of genes that participate in the body weight regulation and 60 

adiposity.  61 
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Introduction 62 

The arcuate nucleus of the hypothalamus is a brain hub that integrates nutritional and 63 

hormonal information to promote food intake or satiety (Rubinstein and Low, 2017). A group of 64 

arcuate neurons expresses proopiomelanocortin (Pomc), a gene that encodes the anorexigenic 65 

neuropeptides α-, β- and γ-melanocyte-stimulating hormone (MSH), collectively known as 66 

central melanocortins (Rubinstein and Low, 2017). POMC neurons promote satiety upon 67 

sensing variations in glucose (Ibrahim et al., 2003), leptin (Cowley et al., 2001) and insulin 68 

(Benoit et al., 2002) levels as well as in local temperature (Jeong et al., 2018). In addition, POMC 69 

neurons receive multiple synaptic connections from a variety of neurons that, together, 70 

orchestrate food intake (Rau and Hentges, 2017; Jeong et al., 2017; Heisler et al., 2002; Aponte 71 

et al., 2011; Chen et al., 2015). The physiological importance of central melanocortins is evident 72 

in hypothalamic Pomc-deficient mice, which are hyperphagic and display early onset extreme 73 

obesity (Bumaschny et al., 2012; Chhabra et al., 2016). In addition, humans (Krude et al., 1998) 74 

and mice (Hochgeschwender et al., 1999) carrying null allele mutations in POMC or in the 75 

melanocortin receptor 4 (Farooqi et al., 2000; Huszar et al., 1997) are also hyperphagic and 76 

severely obese. Although POMC neurons play a fundamental role in the regulation of food 77 

intake and body weight, little is known about the genetic programs that establish their identity 78 

and phenotypic maintenance.  79 

Hypothalamic Pomc expression is controlled by two upstream distal enhancers, nPE1 and nPE2, 80 

which are highly conserved in mammals (de Souza et al., 2005). Although nPE1 and nPE2 have 81 

unrelated evolutionary origins, both enhancers drive overlapping spatiotemporal activities to 82 

the entire population of hypothalamic POMC neurons (Santangelo et al., 2007; Franchini et al., 83 
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2011). Targeted mutagenesis of nPE1 and/or nPE2 revealed their partially redundant enhancer 84 

function and cooperativity to maintain Pomc levels above a critical functional threshold (20). 85 

Interestingly, only the concurrent removal of both enhancers reduced Pomc expression to very 86 

low levels, leading to hyperphagia and early-onset obesity (Lam et al., 2015). Because nPE1 and 87 

nPE2 act as transcriptional Pomc enhancers in the same population of hypothalamic neurons, it 88 

is conceivable that they share DNA elements that recruit similar transcription factors (TF). In 89 

fact, we detected a 21-bp sequence embedded in a highly conserved region of nPE1 and a 90 

similar sequence in nPE2 (Lam et al., 2015) which contains ATTA motifs typically recognized by 91 

homeodomain TFs (Lam et al., 2015). Recently, we found that these motifs are recognized by 92 

Islet 1 (ISL1), a LIM-homeodomain TF that coexpresses with Pomc in the developing 93 

hypothalamus and postnatal life (Nasif et al., 2015). Moreover, early inactivation of Isl1 94 

prevents the onset of hypothalamic Pomc expression, and ablation of Isl1 from POMC neurons 95 

impairs Pomc expression in adult mice and leads to hyperphagia and obesity (Nasif et al., 2015). 96 

Although ISL1 is necessary for Pomc expression, it is clearly not sufficient. Isl1 is expressed not 97 

only in a much broader hypothalamic territory than Pomc, but also in other neuronal types 98 

where Pomc is never found (Ehrman et al., 2013; Cho et al., 2014; Mazzoni et al., 2013). Thus, 99 

other TFs are likely to participate in the arcuate-specific expression of Pomc. By combining 100 

molecular, cellular, genetic and functional studies we demonstrate, here, that the 101 

homeodomain TF NKX2.1 activates arcuate Pomc expression from early development to 102 

adulthood by interacting with motifs present in nPE1 and nPE2. Therefore, NKX2.1 defines the 103 

identity of hypothalamic melanocortin neurons and is necessary to maintain normal levels of 104 

arcuate Pomc mRNA and body weight regulation in adult mice. 105 
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Materials and Methods 106 

Breeding of Mice 107 

Mice of both sexes were housed in ventilated cages under controlled temperature and 108 

photoperiod (12-h light/12-h dark cycle, lights on from 7:00 AM to 7:00 PM), and fed ad libitum. 109 

All procedures followed the Guide for the Care and Use of Laboratory Animals and in 110 

agreement with the INGEBI-CONICET institutional animal care and use committee. Nkx2.1loxP/loxP 111 

mice were provided by Dr. Shioko Kimura and maintained as homozygotes on a C57BL6/J 112 

background. CAAG-CreERT mice (Hayashi and McMahon, 2002) were obtained from the Jackson 113 

Laboratory (B6.Cg-Tg[CAG-Cre/Esr1]5Amc/J) and were intercrossed with Nkx2.1loxP/loxP  mice to 114 

generate  IndNkx2.1KO strain.  Isl1-Cre (Yang et al., 2006) mice were obtained from Jackson 115 

Laboratory (Isl1tm1(cre)Sev/J) and maintained as heterozygotes on a C57BL6/J background. 116 

Genotyping was performed by PCR using genomic DNA extracted from ear biopsies or embryo 117 

fragments. All primer sequences used are available in Table 1.  118 

 119 

Transgene and transgenic mice production. 120 

Transgene nPE2Pomc-EGFP was previously reported (de Souza et al., 2005; Franchini et al., 121 

2011). Transgene nPE2(NKX*)Pomc-EGFP is identical except for carrying two transversion 122 

mutations in each of the two NKX binding sites present in nPE2 (TCAAG TCCCG and 123 

TCAAT TCCCT). This transgene was generated using a standard megaprimer PCR protocol as 124 

previously described (Nasif et al., 2015) but with the primers described in Table 1. Introduction 125 

of mutations was confirmed by sequencing. Transgenes were digested with NotI and SalI 126 

restriction enzymes and the fragment of interest was separated and extracted from a 0.8% 127 
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agarose-TBE gel with QIAquick Gel Extraction Kit (Qiagen, Cat No.:  28704). The transgene was 128 

further concentrated and purified with DNA Clean & ConcentratorTM-5 (Zymo Research, Cat 129 

No.: D4014) and eluted in 5 ul EmbryoMax injection buffer (Millipore, Cat No.: MR-095-10F). 130 

Transgenic mice were produced by pronuclear microinjection of the transgene in Fvb zygotes. 131 

Transgenic pups were identified by PCR using “M329” and “M330” primers. nPE2 was amplified 132 

using “∆2.3” and “∆2.5” primers cloned using pGEM-T Easy Vector System I (Promega, Cat. No.: 133 

A1360) and sequenced to confirm mutations. Founder mice were intercrossed with Fvb wild 134 

type mice and F1 newborns were analyzed. 135 

 136 

Knockout mice generation 137 

CRISPR/Cas9 system was used to generate deletions encompassing NKX binding site in nPE1. A 138 

CRISPR guide was selected using crispr.mit.edu website of Zhang Lab. Guide 139 

CCCCACAATGGGGCTTGAAG was selected because it falls next to Nxk2.1 binding site and had a 140 

high quality score and thus low chances of producing off-target mutations. The guide was sub-141 

cloned in plasmid DR274 (Addgene Plasmid #42250) and sgRNA was synthesized using 142 

MEGAshortscript T7 Transcription Kit (Ambion, Cat# AM1354). Cas9 mRNA was synthesized 143 

from plasmid MLM3613 (Addgene Plasmid #42251) using mMESSAGE mMACHINE™ T7 144 

Transcription Kit (Ambion, AM1344) and Poly(A) Tailing Kit (Ambion, AM1350). Cas9 mRNA (50 145 

ng/ul) and sgRNA (50 ng/ul) were injected in the cytoplasm of Pomc+/ΔnPE2 C57BL6/J zygotes. 146 

Founder mice were analyzed by PCR using primers available in Table 1 and PCR products 147 

subcloned in pGEM.T Easy Vector for sequencing. A strain carrying a 34 bp deletion 148 

(chr12:3,942,178-3,942,211) in nPE1 in a ΔnPE2 allele was selected and maintained in a 149 

C57BL6/J background and F2 mice were analyzed. 150 
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Tamoxifen injections 151 

Tamoxifen (T5648, Sigma) was dissolved in sesame oil (S3547, Sigma) at 15 mg/mL by 152 

sonication. 1 ml aliquots were stored at -20ºC and thawed for 10 minutes at 37ºC before 153 

injection. Pregnant females were injected intraperitoneally with a dose of 133 mg/kg. 154 

  155 

Tissue collection and embedding 156 

Pregnant mice at 10.5-15.5 days post coitum (dpc, the day of detection of vaginal plug was 157 

considered dpc 0.5) were dislocated and embryos of either sex were collected and washed in 158 

cold RNAse-free PBS. Fixation was performed with 4% PFA-PBS at 4°C, for a period of time 159 

dependent on developmental stage. 10.5, 11.5 and 12.5 dpc embryos were fixed for 2hs, 15.5 160 

dpc embryos´ heads were dissected and fixed for 4hs and newborns´ heads were fixed 161 

overnight. Samples were then washed in cold PBS and cryoprotected with 10% sucrose-PBS 162 

overnight. Tails or posterior limbs were cut in order to obtain tissue for genotyping. Tissues 163 

were then stabilized in 10% sucrose-10% gelatin-PBS at 37°C for 30 min prior to freezing. Adult 164 

mice of either sex were perfused using 4% PFA and brains were collected and fixed overnight in 165 

4% PFA at 4ºC. Whole brains were then washed in cold PBS and cryoprotected with 10% 166 

sucrose-PBS overnight. Hypothalamic sections were then cut grossly using a metallic adult brain 167 

mold prior to freezing. Gelatin blocks containing the tissues were stuck on cork sheets with 168 

Tissue-Tek OCT compound (Sakura Finetek, CAt. No.: 4583). Gelatin blocks were snap-frozen in 169 

2-Methylbutane (Sigma, Cat No.: M32631) at -55°C and stored at -80°C for up to 1 year. 20 μm 170 

slices were cut in a cryostat (Leica, CM 1850) and mounted on microscope slides (Fisherbrand 171 

Superfrost Plus, Cat No.: 12-550- 15). Sections were then air-dried overnight and stored at -172 

20ºC until use. 173 



 
 

Nkx2.1 defines melanocortin neuron identity – Orquera &Tavella et al., 2019 
 

9 

 174 

Immunofluorescence and cell quantification 175 

Immunofluorescence was performed as described (Nasif et al., 2015). Primary antibodies used 176 

were: rabbit anti-rACTH (1:1000, National Hormone and Peptide Program); mouse anti-ISL1 177 

(1:20, 40.2D6, Developmental Studies Hybridoma Bank, University of Iowa); rabbit anti-NKX2.1 178 

(1:1000, ab40880, Abcam); rabbit anti-NKX2.1 (1:1000, sc-13040, Santa Cruz Biotechnology); 179 

chicken anti EGFP (1:2000, GFP-1020, Aves Lab); mouse anti ASCL1 (1:200, 556604, BD 180 

Pharmingen); mouse anti NGN3 (1:2000, F25A1B3, Developmental Studies Hybridoma Bank, 181 

University of Iowa); rabbit anti-NPY (1:1000, T-4070 Peninsula Laboratories). Secondary 182 

antibodies were either anti-mouse or anti-rabbit AlexaFluor 555 (1:1000, Invitrogen); anti-183 

mouse, anti-rabbit AlexaFluor 488 (1:1000, Invitrogen) or anti-chicken Alexa Fluor 488 (1:2000, 184 

Jackson Immuno Research, Cat. No.: 703-545-155). Depending on the marker antigen, 185 

immunohistochemistry experiments were repeated in 2 to 5 different embryos, with consistent 186 

results. Nuclei were stained with a 1 mg/l dilution of DAPI for 10 minutes and then washed 187 

twice before mounting with Vectashield (Vector Labs). Confocal images for co-expression 188 

assays and cell counting were obtained using a FV300 system combined with a BX51 189 

microscope (Olympus) or Leica Confocal TCS-SPE. The number of EGFP+ or fluorescently-190 

immunolabeled ACTH+ or ISL1+ cells were counted by confocal microscopy. For E11.5 and E12.5 191 

embryos we collected sagittal 20 μm sections spanning the whole hypothalamus and POMC+ or 192 

NPY+ cells counted manually in anatomically similar sections. The number of ACTH+ cells in 193 

E15.5 embryos was calculated automatically using Image J by averaging two symmetrical 194 

sections. In adult mice, Pomc-EGFP+ cells were counted manually in two coronal slices at the 195 
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median eminence level and averaged. Quantitative densitometry of NPY labeled neurons was 196 

calculated using ImageJ in a sagittal section for E15.5 embryos and 2 coronal slices at the 197 

median eminence level for adults, and averaged. At least three animals were used for each 198 

determination. 199 

 200 

Pomc mRNA Quantification by RT-qPCR 201 

Whole male mouse adult hypothalami or embryo heads of either sex were dissected, collected 202 

in ice-cold TriPure Isolation Reagent (Sigma, Cat. Nr. 11667165001) and stored at -80°C until 203 

RNA extraction, which was performed following manufacturer's instructions.  RNA integrity was 204 

assessed by gel electrophoresis; clear 28S and 18s rRNA were observed in an approximate 2:1 205 

ratio. Quantification was performed using a Nanodrop and 260/280 and 260/230 ratios were 206 

checked to assess purity. 1 μg of RNA was DNAse I (Ambion Cat. No.: AM2222) treated and used 207 

for first-strand cDNA synthesis, using High Capacity Reverse Transcription Kit with random 208 

primers (Applied Biosystems, Cat Nr. 4368814). Primers were designed with Primer 3 program. 209 

Pomc mRNA was quantified using primers spanning exons 2 and 3 relative to internal control 210 

genes β2-microglobulin (B2m) and β-actin (Actb). Primer sequences are listed in Table 1. 211 

Samples were run in triplicate in an Applied Biosystems 7500 Real-Time PCR System machine 212 

using Power Up SYBR Green Master Mix (Applied Biosystems, Cat. No.: A25472). Melt curves 213 

were analyzed to confirm specificity of PCR product. Relative quantification was done by 214 

interpolating Ct values in standard curves or by 2-ΔΔCT. 215 

  216 

Electrophoretic mobility shift assay (EMSA)  217 
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A mouse Nkx2.1 cDNA clone (ATCC, No.: 10698306) was subcloned into the expression vector 218 

pGEX 4T3 using NcoI and EcoRI restriction enzymes and transformed into Escherichia coli BL21 219 

strain. Protocols for obtaining bacterial extracts, radioactive labeling of DNA probes and 220 

preparation of EMSA reactions were previously described (6). After electrophoresis, gels were 221 

dried and exposed to X-ray film (Kodak BioMax MS) or Storage Phosphor Screen that was 222 

subsequently scanned in a STORM 860 Phospho Imager using ImageQuant5.2 software 223 

(Amersham Biosciences). Probe sequences are shown in Table 1. 224 

 225 

Chromatin Immunoprecipitation (ChIP) 226 

Hypothalami from 5 adult mice were collected and fixed in 1% PFA-PBS for 20 minutes at 4°C. 227 

Samples were sonicated to obtain 200-400bp chromatin fragments. 40ug of chromatin were 228 

immunoprecipitated with 5 ug of NKX2.1 antibody (sc-13040x, Santa Cruz Biotechnologies) or 229 

Normal Rabbit IgG (12-370, Merck Millipore). After overnight incubation, antibody-chromatin 230 

complexes were pulled down using a mixture of salmon sperm DNA blocked Protein G PLUS-231 

agarose and Protein A-agarose (sc-2002, sc-2001, Santa Cruz Biotechnologies). Beads were 232 

washed with Low salt (Tris-HCl pH:8 10mM, Triton X-100 1%, EDTA 2mM, SDS 0.1%, NaCl 233 

150mM), High Salt (As Low salt but with NaCl 450mM), LiCl (Tris-HCl pH:8 10 mM, LiCl 0.25M, 234 

IGEPAL-CA630 1%, EDTA 1mM, Na deoxycholate 1% (w/v)) and TE (twice) buffers. Elution was 235 

performed overnight at 65°C with 10ug of Proteinase K in Tris-HCl pH:8 10mM, SDS 1%, NaCl 236 

340mM. DNA was PIC-IC extracted and precipitated with sodium acetate and 237 

ethanol.  Immunoprecipitated fragments were analyzed by end-point PCR (Primer information 238 

is available in Table 1). 239 

 240 
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Statistics 241 

All data presented are the mean ± SEM and were analyzed using GraphPad Prism Software 242 

(Version 5.01, 2007 GraphPad Software inc., San Diego, USA) or R Studio (Version 1.1.456) by 243 

Student’s t test or ANOVA, except for cell counts. Post hoc pairwise comparisons between 244 

groups were performed by Tukey test. Normality of the distributions was assessed by Shapiro-245 

Wilk test (p > 0.05) and the equality of the variance with the Bartlett’s or F test (p > 0.05). When 246 

Pomc mRNA was quantified in embryos, variance was unequal and VarPower function of 247 

“nmle” package in R Studio (Pinheiro et al., 2018) was used. Generalized linear models (GML, 248 

using ¨lme4¨ package, R studio) for Poisson or Binomial distributions were used to assess 249 

significance of difference in number of cells. P values less than 0.05 were considered significant. 250 

 251 

Results 252 

NKX2.1 is a candidate TF for the regulation of hypothalamic Pomc expression 253 

Within the neuronal Pomc enhancer nPE1 we detected a canonical binding motif for a TF of the 254 

NKX subfamily which is highly conserved in all mammalian orders (Fig. 1, left and Fig. 1-1) while 255 

two conserved canonical NKX binding sites are present in nPE2 (Fig. 1, right and Fig. 1-2). 256 

Among all NKX family members, NKX2.1 emerged as the most likely candidate to regulate 257 

hypothalamic Pomc expression because it is present in the early developing ventral 258 

hypothalamus portion that gives rise to the arcuate nucleus (Kimura et al., 1996; Marín et al., 259 

2002; Yee et al., 2009; Orquera et al., 2016) and continues to be expressed in this nucleus 260 

during postnatal life (Lee et al., 2001). A necessary condition to support NKX2.1 as a 261 

transactivator of hypothalamic Pomc is that both genes coexpress within the same neurons. We 262 
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followed the developmental pattern of Nkx2.1 expression in the ventromedial hypothalamus in 263 

sagittal sections of Pomc-EGFP mice, a validated transgenic line that expresses EGFP in most 264 

POMC neurons along the entire spatiotemporal domain and that is useful to maximize the 265 

identification of POMC neurons (Cowley et al., 2001; Nasif et al., 2015). During the early stages 266 

of hypothalamic development NKX2.1 establishes the alar-basal border that separates the 267 

suprachiasmatic nucleus (SCH) from the anterobasal medial nucleus (ABasM), and it is in this 268 

latter nucleus where POMC neurons originate (Fig. 2d-f and Orquera et al, 2016). The 269 

expression territory of Nkx2.1 is much broader than that of Pomc extending ventrally beyond 270 

the limits of the future arcuate nucleus along the entire terminal ventromedial hypothalamus 271 

(THyVM) (Fig. 2d). At the onset of Pomc expression in the mouse hypothalamus (E10.5) (Japón 272 

et al.,1994), incipient Pomc-EGFP neurons are located within the dorsal limit of NKX2.1 domain 273 

(Fig. 2a-c). At E12.5, during the peak of neurogenesis of POMC neurons, all Pomc-EGFP neurons 274 

are established in the mantle zone of the developing ABasM within NKX2.1 territory and 275 

coexpress NKX2.1 (Fig. 2d-f). In the adult arcuate nucleus, Pomc-EGFP positive-neurons also 276 

coexpress NKX2.1 (Fig. 2g-i), in agreement with a previous report (Yee et al., 2009). Together, 277 

these results show that POMC neurons express Nxk2.1 in the ventromedial hypothalamus 278 

during development and adulthood. 279 

 280 

NKX2.1 specifically binds in vitro and in vivo to DNA elements present in nPE1 and nPE2 281 

We then examined the in vitro binding properties of NKX2.1 in electrophoretic mobility shift 282 

assays (EMSA) using a bacterially expressed mouse Nkx2.1 clone. We found that 30-bp DNA 283 

probes encompassing canonical NKX motifs present in nPE1 or nPE2 were shifted when 284 
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incubated with NKX2.1 bacterial extracts (Fig. 3a). To test whether NKX2.1 interacts with nPE 285 

sequences in vivo we performed a chromatin immunoprecipitation (ChIP) assay using chromatin 286 

harvested from adult mouse hypothalami. An anti-NKX2.1 antibody pulled down nPE1 and nPE2 287 

sequences that were amplified by PCR whereas a control IgG antibody failed to 288 

immunoprecipitate either nPE sequence (Fig. 3b,c).  289 

 290 

Functional analysis of NKX binding sites present in the neuronal Pomc enhancers nPE1 and 291 

nPE2 292 

In previous studies we demonstrated that the sole presence of nPE1 or nPE2 in transgenic 293 

constructs is sufficient to drive reporter gene expression to arcuate POMC neurons (de Souza et 294 

al., 2005; de Souza et al., 2011; Franchini et al., 2011). To determine the functional relevance of 295 

the two NKX binding motifs present in nPE2 (Fig. 1b), we tested whether a mutant version 296 

carrying transition mutations in these two binding sites is able to drive EGFP expression to the 297 

arcuate nucleus of transgenic mice (Fig. 4a). Both transgenes carried the mouse Pomc proximal 298 

promoter known to drive reporter gene expression exclusively to POMC pituitary cells which 299 

allows us to discard transgenic mice carrying silent integrations (Santangelo et al., 2007; Young 300 

et al., 1998). As expected from previous studies (Franchini et al., 2011), we found that 301 

transgene nPE2Pomc-EGFP drove expression to arcuate hypothalamic neurons in three 302 

different pedigrees (Fig. 4b). In contrast, four independent transgenic lines carrying the mutant 303 

version nPE2(NKX*)Pomc-EGFP displayed either very few (two lines, Fig. 4c) or complete 304 

absence of EGFP positive-arcuate neurons (two lines, Fig. 4d). All seven transgenic lines 305 

analyzed displayed consistent EGFP expression in the pituitary gland (Fig. 4e-g). These results 306 
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indicate that the NKX binding motifs in nPE2 are critical for proper enhancer activity in arcuate 307 

POMC neurons.  308 

      To test the importance of the unique NKX binding site present in nPE1, we took a different 309 

genetic approach using CRISPR/Cas9 technology to selectively delete the motif from nPE1 by 310 

targeted mutagenesis of Pomc alleles already lacking nPE2 (Lam et al., 2015). We microinjected 311 

Pomc+/ΔnPE2 zygotes with a sgRNA directed to the unique NKX site present in nPE1 and obtained 312 

nPE1(ΔNKX) mutant alleles that, in addition, lack nPE2 (PomcnPE1(ΔNKX).ΔnPE2; Fig. 4h). 313 

PomcΔnPE2/ΔnPE2 E12.5 embryos of either sex showed reduced Pomc expression levels compared 314 

to Pomc+/+ controls, in agreement with our previous findings (Fig. 4i,j; Lam et al., 2015). 315 

Interestingly, homozygous carriers of PomcnPE1(ΔNKX).ΔnPE2 alleles showed even greater reductions 316 

in Pomc expression levels in the developing arcuate nucleus compared to Pomc ΔnPE2/ΔnPE2 317 

mutants, with only occasional ACTH+ neurons observed (Fig. 4i-k). A quantitative analysis 318 

performed by RT-qPCR revealed that homozygous PomcΔnPE2/ΔnPE2 E11.5 embryos express 27.1 % 319 

of wild-type Pomc mRNA levels (Fig. 4l), similar to what has been previously reported (Lam et 320 

al., 2015). Interestingly, ablation of the NKX binding motif present in nPE1 (PomcnPE1(ΔNKX).ΔnPE2) 321 

further reduced Pomc expression to only 4.6 % of normal levels (Fig. 4l) present in wild-type 322 

E11.5 siblings. One-way ANOVA F(28)=48.36; p<0.0001 followed by Tukey posthoc test: Pomc+/+ 323 

(n=5) vs. Pomc.ΔnPE2/ΔnPE2 (n=8): z=-4.725; p<0.001, Pomc+/+ vs. PomcnPE1(ΔNKX).ΔnPE2/nPE1(ΔNKX).ΔnPE2 324 

(n=7): z=-6.302; p<0.001 ; Pomc.ΔnPE2/ΔnPE2 vs. PomcnPE1(ΔNKX).ΔnPE2/ nPE1(ΔNKX).ΔnPE2 :z=-7.153; 325 

p<0.001. Different to PomcΔnPE2/ΔnPE2 adult mice which express 80% of hypothalamic Pomc 326 

mRNA levels and display normal body weight (Lam et al., 2015), homozygous male carriers of 327 

PomcnPE1(ΔNKX).ΔnPE2 express only 51% of Pomc mRNA levels (Fig. 4m; two tailed Student´s t test: 328 
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t=4.976; df=9, p=0.0008) and are significantly heavier (34.9 +/- 0.4 g; (n=4)) than their wild type 329 

littermates (30.6 +/- 0.5 g; n=7), (Fig. 4n; two tailed Student´s t test: t=6.082; df=8, p=0.0003). 330 

These results reveal that the NKX motif present in nPE1 is a functionally critical component of 331 

this enhancer. Altogether, our transgenic and mutant studies demonstrate that the neuronal 332 

Pomc enhancers nPE1 and nPE2 depend on their NKX binding sites to fully drive endogenous or 333 

reporter gene expression in hypothalamic neurons and suggest that NKX2.1 is critically involved 334 

in neuronal Pomc expression. 335 

 336 

NKX2.1 is critical for the early establishment of hypothalamic melanocortin neuron identity 337 

To investigate whether NKX2.1 participates in the establishment of the hypothalamic POMC 338 

lineage and/or in the developmental expression of Pomc we used a conditional mutant mouse 339 

strain that allowed Nkx2.1 ablation at different developmental time points. In Nkx2.1loxP/loxP 340 

mice, the homeodomain-encoding exon 2 is flanked by two loxP sites so that null alleles are 341 

generated upon Cre recombinase activation (Kusakabe et al., 2006). By crossing Nkx2.1loxP/loxP 342 

conditional mutants with mice harbouring a transgene that ubiquitously expresses a tamoxifen-343 

inducible Cre recombinase (CAAG-CreERT) (Hayashi and McMahon, 2002) we obtained 344 

inducible Nkx2.1loxP/loxP.CAAG-CreER mice, that for simplicity we named IndNkx2.1KO. Pregnant 345 

Nkx2.1loxP/loxP dams mated with IndNkx2.1KO males received a single tamoxifen (TAM) injection 346 

at different developmental time points (E8.5 and E9.5) and IndNkx2.1KO and Nkx2.1loxP/loxP 347 

littermates of either sex were collected at E12.5, with the latter being used as controls. 348 

IndNkx2.1KO embryos receiving TAM at E8.5 (Nkx2.1KO@E8.5) showed complete absence of 349 

NKX2.1 when evaluated in E12.5 sagittal sections (Fig. 5a,b), demonstrating that this dose of 350 

TAM induced efficient recombination of the conditional Nkx2.1loxP alleles. Nkx2.1KO@E8.5 351 
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embryos showed a thinning of the ventral neuroepithelium at the level of the future 352 

hypothalamus and lack of infundibulum, as found in Nkx2.1-/- mice (Kimura et al., 1996). 353 

Immunofluorescence performed with an anti-ACTH antibody in Nkx2.1KO@E8.5 embryos 354 

showed only a few POMC cells, in contrast to what was observed in control embryos lacking 355 

CreER (Fig. 5c,d). TAM injected at E9.5 also induced inactivation of the Nkx2.1 conditional 356 

alleles as evidenced by the complete lack of NKX2.1 signal in Nkx2.1KO@E9.5 embryos that 357 

showed an overall normal morphology (Fig. 5e,f). In the absence of NKX2.1, the number of 358 

POMC positive-cells was markedly reduced in Nkx2.1KO@E9.5 embryos (Fig. 5g,h; control: 359 

58.25 ± 7.05 cells/slice n=4, Nkx2.1KO@E9.5: 25.25 ± 0.25 cells/slice n=4. GLM Poisson 360 

distribution, z=-7.02, p<0.0001). These results indicate that Nkx2.1 ablation from early stages of 361 

embryonic development impairs the onset of Pomc expression. Thus, NKX2.1 is necessary to 362 

fully activate hypothalamic Pomc expression and, consequently, to establish the entire set of 363 

melanocortin neurons. 364 

      In a previous study we showed that the onset of hypothalamic Pomc expression at E10.5 365 

depends on the earlier expression of the TF ISL1, which starts at E10.0 in maturing postmitotic 366 

neurons of the future arcuate nucleus (Nasif et al., 2015). Given that the onset of Nkx2.1 367 

expression in the developing hypothalamus precedes that of Isl1, we tested the hypothesis that 368 

NKX2.1 activates Pomc expression via ISL1, alternatively to its direct effect acting on the NKX 369 

binding sites present in nPE1 and nPE2. We found, however, normal ISL1 immunoreactivity in 370 

ventromedial hypothalamic neurons of Nkx2.1KO@E9.5 embryos (Fig. 5i,l), indicating that Isl1 371 

does not seem to be downstream of Nkx2.1. Furthermore, in the absence of NKX2.1, ISL1 was 372 

unable to promote normal Pomc expression as evidenced by the large number of ISL1 373 
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immunoreactive neurons that do not express Pomc in the hypothalamus of Nkx2.1KO@E9.5 374 

embryos (Fig. 5l-n), in comparison to what was found in their Nkx2.1loxP/loxP siblings (Fig. 5i-k). 375 

These results, together with those shown in the sections above, support the idea that NKX2.1 376 

activates Pomc expression directly. 377 

 378 

Nkx2.1 expression in ISL1 neurons is critical for hypothalamic Pomc expression  379 

To limit Nkx2.1 ablation to the lineage leading to arcuate POMC neurons we decided to 380 

inactivate Nkx2.1 alleles specifically in neurons expressing Isl1. We found that the pattern of 381 

Isl1 expression within the presumptive arcuate nucleus at E10.5 overlaps with that of Nkx2.1 382 

(Fig. 6a), and that Pomc-EGFP positive-cells (Fig. 6b) coexpress Isl1 and Nkx2.1 (Fig. 6c-e). A 383 

similar pattern of triple coexpression was observed in E12.5 embryos (Fig. 6f-j).  384 

By mating Nkx2.1loxP/loxP mice with a knockin strain that expresses Cre under the transcriptional 385 

control of Isl1 (Yang et al., 2006) we obtained Nkx2.1loxP/loxP. Isl1+/cre mice, that we named 386 

Isl1Nkx2.1KO. Isl1Nkx2.1KO embryos at E11.5 showed only 27.5 ± 5.8% of hypothalamic POMC 387 

neurons compared to Nkx2.1loxP/loxP controls (Fig. 7a,b; Two tailed Student´s t test, t=11.62, 388 

df=5, p<0.0001; control n=4, Isl1Nkx2.1KO n=3). In these embryos, the hypothalamic pattern of 389 

Nkx2.1 expression (Fig. 7c,d) is only altered in the mantle zone of the developing arcuate 390 

nucleus where most ISL1 positive-cells reside (Fig. 7e-h). As observed in Nkx2.1KO@E9.5 391 

embryos (Fig. 5i,l), Isl1Nkx2.1KO showed normal ISL1 levels (Fig. 7e,f). Expression analysis of the 392 

proneuronal markers ASCL1 (Fig. 7i,j) and Neurogenin-3 (Fig. 7k,l)  in the developing 393 

hypothalamus showed no differences between control and Isl1Nkx2.1KO E11.5 embryos, 394 

confirming that the selective ablation of Nkx2.1 from ISL1 postmitotic neurons does not affect 395 
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neurogenesis in this brain region. Analysis of Isl1Nkx2.1KO embryos at E12.5 also showed a 396 

great reduction of ACTH+ neurons (Fig. 7m,n) due to the loss of NKX2.1 in this region (Fig. 7o,p). 397 

Thus, the lack of Nkx2.1 expression specifically in ISL1+ neurons impairs hypothalamic Pomc 398 

expression and confirms the critical role of NKX2.1 in the early establishment of melanocortin 399 

neuron identity. 400 

 401 

Selective ablation of Nkx2.1 from POMC neurons impairs Pomc expression and increases body 402 

weight 403 

To investigate whether NKX2.1 participates in arcuate Pomc expression specifically in POMC 404 

neurons, we crossed Nkx2.1loxP/loxP mice with a BAC Pomc-Cre transgenic line (Xu et al., 2005). In 405 

the resulting PomcNkx2.1KO mice, the Nkx2.1 alleles are inactivated in POMC neurons once 406 

Pomc-Cre expression begins. Immunofluorescence analysis of PomcNkx2.1KO embryos at E12.5 407 

showed that the number and location of POMC neurons in the developing arcuate nucleus did 408 

not differ from those observed in control littermates (Fig. 8a-b; control: 66.5 ± 6.84 cells/slice, n 409 

=4; KO: 55.3 ± 7.57 cells/slice, n = 4; GLM binomial distribution, z=-1.22, p= 0.222), a similar 410 

result to what we found in E15.5 embryos (Fig. 8c-d; control: 274 ± 6.5 cells/slice, n=2; KO: 411 

258.5 ± 11.0 cells/slice, n=2; GLM binomial distribution, z=-0.95, p= 0.342), and in contrast to 412 

what we found when Nkx2.1 was ablated at earlier time points (Fig. 5 and 7). These results 413 

indicate that NKX2.1 plays a crucial role in the onset of hypothalamic Pomc expression and early 414 

specification of melanocortin neurons identity, and that once Pomc expression and 415 

melanocortin neurons are established NKX2.1 function is less prominent. Given that Nkx2.1 and 416 

Pomc also coexpress in the arcuate nucleus during postnatal life, we decided to evaluate 417 
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whether NKX2.1 plays a role in the transcriptional regulation of Pomc in adult mice. We found 418 

that the number of POMC neurons in the adult arcuate nucleus was normal, as assessed in 419 

Pomc-EGFP.PomcNkx2.1KO compound mice (Fig. 8e-g; control: 181 ± 9.2 cells/slice, n=3; KO: 420 

179 ± 4.2 cells/slice, n=3; GLM binomial distribution, z=0.274, p=0.784). However, a 421 

quantitative RT-PCR study showed that hypothalamic Pomc mRNA levels from 20-week-old 422 

PomcNkx2.1KO male mice are 38 % lower than those found in Nkx2.1loxP/loxP control littermates 423 

(Fig. 8h; one tailed Student´s t-test, t=2.022, df=10, p=0.0354; control: n=5; KO: n=7). In 424 

agreement with the reduction in Pomc mRNA levels, 20-week-old PomcNkx2.1KO males were 425 

11.3% heavier than their control siblings. Control: 29.8 ± 0.57 g (n=7) and PomcNkx2.1KO: 33.0 426 

± 0.86 g (n=11), t=2.767, df=16, p=0.014, Two tailed Student´s t-test. In addition, the livers and 427 

retroperitoneal fat pads of PomcNkx2.1KO mice were 15 % and 148 % heavier than those from 428 

control littermates, respectively, whereas other fat pads showed no statistically significant 429 

difference. Livers: control: 1.20 ± 0.05 g (n=6) and PomcNkx2.1KO: 1.38 ± 0.05 g (n=7), t=2.741, 430 

df=11, p=0.019, Two tailed Student´s t-test. Retroperitoneal fat: control: 81.6 ± 23.2 mg (n=7) 431 

and PomcNkx2.1KO: 202.6 ± 40.1 mg (n=10), t=2.326, df=15, p=0.0344, Two tailed Student´s t-432 

test. Overall, our results demonstrate that NKX2.1 participates in a cell-autonomous manner in 433 

attaining normal Pomc expression levels in the adult arcuate nucleus and, consequently, in the 434 

regulation of normal body weight homeostasis. 435 

 436 

The number of hypothalamic NPY neurons is not altered in conditional Nkx2.1 mutant mice 437 

POMC and NPY/AGRP arcuate neurons play antagonistic roles in the regulation of food intake. 438 

Because a population of NPY/AGRP neurons appears to originate from earlier Pomc expressing 439 
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progenitors (Padilla et al., 2010; Sanz et al., 2015), we analyzed the number of hypothalamic 440 

NPY/AGRP neurons in the three conditional Nkx2.1 mutant mouse models described above (Fig. 441 

5,7,8). Because the onset of Npy expression (E12.5) in the mouse developing hypothalamus 442 

precedes that of Agrp (E15.5), we used an anti-NPY antibody to label NPY neurons at E12.5 in 443 

Nkx2.1KO@E9.5 and Isl1Nkx2.1KO embryos, as well as in their corresponding controls. The 444 

number of NPY neurons at E12.5 was not altered after ablating Nkx2.1 from the entire brain at 445 

E9.5 (Fig. 9a,b; control: 17.3 ± 3.8 cells, n=3; KO: 22.7 ± 0.88 cells, n=3; GLM Poisson 446 

distribution, z=1.46, p=0.15,), or specifically from ISL1+ neurons (Fig. 9c,d; control: 11.7 ± 2.3 447 

cells, n=3; Isl1Nkx2.1KO: 11.6 ± 0.51 cells, n=5; GLM binomial distribution, z=-0.027, p=0.98), in 448 

clear contrast to what we found for POMC neurons (Fig. 5g,h and Fig. 7m,n), respectively. 449 

Similarly, the number of arcuate NPY neurons was not affected in PomcNkx2.1KO E12.5 450 

embryos (Fig. 9e,f; control: 16.3 ± 2.6 cells, n=4; KO: 15.5 ± 1.9 cells, n=4; GLM Poisson 451 

distribution, z=-0.266, p=0.79), E15.5 embryos (Fig. 9g,h; control: 52.3 ± 0.95 Densitometry 452 

arbitrary units (AU), n=2; KO: 47.4 ± 1.3 AU, n=2; Two tailed Student´s t test: t=3.104, df=2, 453 

p=0.09), nor in adults (Fig. 9i,j; control: 46.8 ± 0.99 AU, n=3; KO: 44.7 ± 1.14 AU, n=3; Two tailed 454 

Student´s t test: t=1.38, df=4, p=0.24). These results suggest that the reduction in hypothalamic 455 

Pomc expression elicited by the early ablation of Nkx2.1 does not alter the number of 456 

hypothalamic NPY neurons.  457 

 458 

Discussion 459 

In this study we combined molecular, genetic, cellular, and functional approaches to 460 

demonstrate that the homeodomain transcription factor NKX2.1 plays a crucial role in 461 
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establishing the early identity of melanocortin neurons by promoting the onset of Pomc 462 

expression in the ventral hypothalamus.  Specifically, we show that: (i) the neuronal Pomc 463 

enhancers nPE1 and nPE2 contain canonical NKX binding sites which are highly conserved in all 464 

mammalian orders; (ii) Pomc coexpresses with Nkx2.1 from its onset at E10.5 and throughout 465 

the entire lifespan in the arcuate nucleus; (iii) NKX2.1 binds in vitro to DNA fragments from 466 

nPE1 and nPE2 carrying NKX binding motifs and in vivo to nPE1 and nPE2 in hypothalamic 467 

chromatin extracts; (iv) the NKX binding motifs present in nPE1 and nPE2 are essential for their 468 

enhancer activity in arcuate neurons; (v) early expression of Nkx2.1 in the developing ventral 469 

hypothalamus is necessary for the onset of hypothalamic Pomc expression; (vi) Nkx2.1 ablation 470 

from hypothalamic ISL1+ neurons prevents Pomc expression demonstrating that the sole 471 

presence of ISL1 is unable to activate Pomc and; (vii) Nkx2.1 ablation from POMC neurons 472 

reduces 38% Pomc mRNA levels and induces a mild increase in body weight and adiposity in 473 

adult mice.   474 

     Nkx2.1 is expressed as early as E7.5 in the anterior portion of the mouse neural tube and 475 

hours later is found in neuronal progenitors of the hypothalamic anlage, where it specifies 476 

ventral lineages while repressing dorsal and alar fates (Kimura et al., 1996; Marín et al., 2002). 477 

Ablation of Nkx2.1 at this early stage impairs the formation of the ventral hypothalamic 478 

primordium which undergoes dorsalization (Kimura et al., 1996). In addition to this essential 479 

early role defining the ventral identity of the developing hypothalamus, Nkx2.1 is later 480 

expressed in postmitotic cells, suggesting that it may also be involved in the differentiation and 481 

maintenance of mature cellular phenotypes in this brain region (Yee et al., 2009; Sussel et al., 482 

1999). In fact, we found that the early ablation of Nkx2.1 induced a major deficit in the number 483 
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of POMC neurons that normally arise in the ventral hypothalamus at E11.5 and extend their 484 

proliferation a day later. This impairment was particularly observed in Nkx2.1KO@E9.5 and 485 

Isl1Nkx2.1KO embryos, two conditional mutant models in which Nkx2.1 ablation precedes the 486 

onset of hypothalamic Pomc expression, but not in PomcNkx2.1KO embryos which still express 487 

normal levels of NKX2.1 by the time Pomc starts expressing in the developing hypothalamus. 488 

This difference reveals the critical role of NKX2.1 in the early expression of hypothalamic Pomc. 489 

Thus, the multiple developmental roles that NKX2.1 plays in the future ventral hypothalamus 490 

assure first, the formation of the tuberal portion of the mediobasal hypothalamus from where 491 

the arcuate nucleus originates; second, the determination of the identity of POMC neurons in 492 

this region and; third, the maintenance of high expression levels of Pomc to regulate satiety and 493 

body weight. The role of NKX2.1 in postnatal Pomc expression is consistent with its presence in 494 

POMC neurons in the adult arcuate nucleus and with its binding in vivo to the Pomc enhancers 495 

nPE1 and nPE2 in adult mouse hypothalami. 496 

        Our results shed light on the multistep genetic program that NKX2.1 initiates in the anterior 497 

tip of the neural tube during the early developmental stages of the anterior brain, and that 498 

ends up with the integration of fully functional neuronal circuits including those controlling 499 

food intake and energy balance. This complex program, strongly dependent on NKX2.1, 500 

includes the morphogenesis of the arcuate nucleus followed by the birth and maturation of 501 

arcuate neurons expressing Pomc. The execution of this elaborate developmental program has 502 

been recently mimicked in vitro using, at starting points, human embryonic stem cells or 503 

induced pluripotent stem cells (Merkle et al., 2015; Wang et al., 2015). Upon treatment with 504 

the morphogen Sonic Hedgehog Homolog and inhibitors of the SMAD and Notch pathways 505 
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these cells acquire features of ventral hypothalamic neural progenitors including the expression 506 

of Nkx2.1 (Wang et al., 2015). Further inhibition of Notch signaling differentiates NKX2.1 507 

positive cells to a population of neuronal phenotypes typical of the arcuate nucleus including 508 

POMC, NPY/AGRP, somatostatin and TH/dopamine (Wang et al., 2015). 509 

          In addition to its critical role in the developmental plan of the ventral hypothalamus and 510 

telencephalic medial ganglionic eminence (Marín et al., 2002), NKX2.1 drives the differentiation 511 

of particular cell types in peripheral organs such as the thyroid gland (Kusakabe et al., 2006) 512 

and the lungs (Kimura et al., 1996). As we found in hypothalamic POMC neurons, NKX2.1 513 

participates not only in the morphogenesis of the thyroid gland but also in the differentiation of 514 

thyrocytes and in the regulation of the expression of thyroid-specific genes such as 515 

thyroglobulin (Miccadei et al., 2002). The concomitant function of NKX2.1 in these three organs 516 

is evident in a familial clinical condition known as brain-lung-thyroid syndrome, characterized 517 

by congenital hypothyroidism, infant respiratory distress and benign hereditary chorea, which is 518 

found in patients carrying heterozygous missense or nonsense mutations in the coding region 519 

of human NKX2.1 (Miccadei et al., 2002). Some NKX2.1 mutations involve two or just one of 520 

these conditions and, in addition, familial cases of ataxia and pituitary abnormalities have been 521 

reported (Veneziano et al., 2014). Although none of these cases reported comorbidity with 522 

overweight or obesity, our observation that Nkx2.1 deficiency in POMC neurons induces 523 

increased adiposity and overweight in the mouse may be of biomedical relevance since 524 

polymorphisms leading to very low levels of NKX2.1 in the ventral hypothalamus or in NKX 525 

binding motifs in neuronal POMC enhancers may reduce POMC expression and consequently 526 

impair the control of food intake and energy balance. Innumerable genome-wide association 527 
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studies have been performed during the last decades identifying more than 100 different loci 528 

potentially associated with high body mass index, type II diabetes, increased adiposity or high 529 

leptin levels (Wheeler et al., 2013; Thorleifsson et al., 2009; Gaulton et al., 2015). Although the 530 

individual contribution of the vast majority of these variants is quantitatively irrelevant, a 531 

polymorphic sequence present in a conserved intronic region of the FTO gene gained special 532 

significance because its statistical power has been replicated in other unrelated studies (Scuteri 533 

et al., 2007; Loos and Bouchard, 2008). Further genetic studies showed that this conserved 534 

intronic sequence is a tissue-specific enhancer that controls not FTO but a distant gene coding 535 

for the TF IRX3 (Smemo et al., 2014). Another exceptional single locus is POMC, since a number 536 

of genome-wide studies have found highly significant linkage scores between obesity-related 537 

traits and a genomic segment in chromosome 2 near POMC (Rotimi et al., 1999; Comuzzie et 538 

al., 1997; Delplanque et al., 2000). Although polymorphisms in POMC coding sequences do not 539 

appear to account for these associations (Hixson et al., 1999), it is likely that mutations in 540 

noncoding regulatory elements may alter POMC transcript levels and modify the relative 541 

amount of central melanocortins.  542 

Our finding that NKX2.1 binds to canonical NKX binding motifs present in nPE1 and nPE2 543 

adds to the adaptive partial redundancy of arcuate Pomc expression that relies on the presence 544 

of these two enhancers for full transcriptional activity (Lam et al., 2015). During mammalian 545 

evolution, nPE1 and nPE2 were independently exapted (co-opted) from different types of 546 

retroposons (Franchini et al., 2011). This long lasting evolutionary process in which two 547 

different retroposon-derived sequences became functional neuronal Pomc enhancers involved 548 

the independent acquisition of NKX binding sites in each of them, as we previously found for 549 
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ISL1 binding sites (Nasif et al., 2015). Because the individual ablation of Nkx2.1 or Isl1 from early 550 

developmental stages prevents the onset of hypothalamic Pomc expression we conclude that 551 

the combinatorial presence of NKX2.1 and ISL1 is necessary to determine the identity of arcuate 552 

melanocortin neurons. In fact, in this study we show that Pomc is expressed in NKX2.1+, ISL1+ 553 

neurons. However, since the number of neurons coexpressing these two TFs in the arcuate 554 

nucleus greatly exceeds that of Pomc, it is clear that NKX2.1 and ISL1 are not sufficient for 555 

arcuate-specific Pomc expression and that at least another TF, yet to be discovered, is 556 

necessary to dictate the identity of POMC neurons. This functionally redundant ensemble of 557 

enhancers (nPE1 and nPE2) and TFs (ISL1 and NKX2.1) orchestrate neuron-specific Pomc 558 

expression at relatively high-levels in such a cooperative way that assessment of the relative 559 

contribution of each component by individual mutations is difficult to establish.  560 

The relationship between hypothalamic Pomc mRNA levels and body weight is not 561 

linear. After studying a variety of hypomorphic mutant mice, we have come up to the 562 

conclusion that only after arcuate Pomc mRNA levels drop to 60-50% of normal values mild and 563 

late onset overweight develops. From 50 to 20% of Pomc mRNA levels, overweight and 564 

adiposity slightly increase, and only when Pomc levels are 10% or lower early onset extreme 565 

obesity is apparent (Lam et al., 2015; Nasif et al., 2015), being maximal in the total absence of 566 

neuronal Pomc expression (Bumaschny et al., 2012). Hypothalamic Pomc mRNA levels in 567 

PomcNkx2.1KO adult males showed to be 62% and these mice are mildly overweight (11.3%) 568 

whereas homozygous nPE1(ΔNKX).ΔnPE2 mice expressing 51% Pomc are 14% heavier than 569 

controls, indicating that the specific ablation of the TF NKX2.1 in POMC neurons or the targeted 570 

deletion of their cognate binding sites may result in similar deficits of Pomc expression. 571 
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Altogether, we conclude that NKX2.1 and the NKX binding sites of the neuronal enhancers of 572 

Pomc participate in a multicomponent system that assures normal levels of hypothalamic Pomc 573 

expression and body weight regulation. 574 

 575 
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Figure legends 742 

 743 

Figure 1. The Pomc neuronal enhancers nPE1 and nPE2 contain canonical binding motifs for a 744 

transcription factor of the NKX family which are highly conserved in all mammalian orders. 745 

(Left) Evolutionary tree of placental mammals followed by a ClustalW alignment showing the 746 

unique NKX binding site in nPE1. (Right) Evolutionary tree of mammals followed by a ClustalW 747 

alignment of the two NKX binding sites present in nPE2. Conserved nucleotides are indicated in 748 

a dark background and those conserved nucleotides corresponding to canonical NKX binding 749 

sites in blue. 750 

  751 

Figure 2. Pomc coexpresses with Nkx2.1 in the developing and adult mouse hypothalamus. 752 

Expression analysis of Nkx2.1 in sagittal cryosections of Pomc-EGFP E10.5 (a-c) and E12.5 (d-f) 753 

mouse embryos and coronal sections of adult Pomc-EGFP mice at the level of the arcuate 754 

nucleus (g-i). Insets are magnified views showing that all EGFP+ cells express Nkx2.1. A, alar; B, 755 

basal; SCH, suprachiasmatic nucleus; ABasM, anterobasal medial hypothalamus; THyVM, 756 

terminal hypothalamus ventromedial; 3V, third ventricle. Asterisks denote examples of neurons 757 

coexpressing NKX2.1 and EGFP. 758 

  759 

Figure 3. NKX2.1 binds to nPE1 and nPE2 sequences in vitro and in vivo. (a) EMSA shows that 760 

NK2.1 binds to the NKX canonical sequence present in nPE1 (left) and to two NKX motifs 761 

present in nPE2 (5´site middle, 3´ site right). (b, c) ChIP assay with adult mouse hypothalamus 762 

chromatin and an anti-NKX2.1 antibody that immunoprecipitates nPE1 (b) and nPE2 (c) 763 

sequences.  764 
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  765 

Figure 4. NKX2.1 binding sites in nPE1 and nPE2 are important for enhancer function. (a) 766 

Schematic of two nearly identical transgenes constructed to study the importance of the NKX 767 

binding motifs present in nPE2. Asterisks indicate the transversion mutations (AA CC) 768 

introduced in the two NKX binding sites present in nPE2 (NKX*). (b-g) Expression analysis of 769 

transgenic mice of either sex at P0 carrying wild-type nPE2 (WT) or the mutant nPE2 version 770 

driving EGFP on coronal sections at the level of the arcuate nucleus (b-d) and the pituitary (e-g). 771 

Two independent transgenic lines carrying nPE2(NKX*) are shown (c,d,f,g). (h) Schematic of the 772 

three Pomc alleles analyzed at E12.5. WT mice carry intact nPE1 and nPE2, ΔnPE2 mice lack 773 

nPE2, and nPE1(ΔNKX). ΔnPE2 mice also carry a deletion of the NKX binding motif in nPE1 774 

introduced by CRISPR/Cas9, indicated with a lightning symbol. (i-k) Immunofluorescence 775 

analysis of Pomc expression using an anti-ACTH antibody on sagittal sections in E12.5 embryos. 776 

(l) RT-qPCR analysis of Pomc mRNA levels collected from Pomc+/+, Pomc.ΔnPE2/ΔnPE2 and 777 

PomcnPE1(ΔNKX).ΔnPE2/ nPE1(ΔNKX).ΔnPE2  E11.5 embryo heads. (m) RT-qPCR analysis of hypothalamic 778 

Pomc mRNA levels from 12 week-old Pomc+/+ and PomcnPE1(ΔNKX).ΔnPE2/ nPE1(ΔNKX).ΔnPE2 male siblings. 779 

(n) Body weight of same mice as in (m). Bars represent the mean +/- SEM. *p<0.001. 780 

  781 

Figure 5. Hypothalamic Pomc expression is impaired in Nkx2.1 conditional knockout mice. (a-782 

h) Immunofluorescence analysis using anti-NKX2.1 (red) and anti-ACTH (green) antibodies in 783 

sagittal cryosections of E12.5 mouse embryos injected with tamoxifen at E8.5 (a-d) or E9.5 (e-784 

h). Cre+ and Cre- embryos are littermates. (i-n) Immunofluorescence analysis of E12.5 mouse 785 
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embryos injected with tamoxifen at E9.5 using antibodies against ISL1 (i,l) or ACTH (j,m). Close-786 

up merged pictures are also shown (k,n). 787 

  788 

Figure 6. Overlapping expression patterns of Nkx2.1, Isl1 and Pomc in the developing 789 

hypothalamus Immunofluorescence analysis using anti-NKX2.1 (blue) and anti-ISL1 (red) 790 

antibodies in sagittal cryosections of E10.5 (a-e) and E12.5 (f-j) Pomc-EGFP mouse embryos. 791 

Confocal images showing superimposed NKX2.1 and ISL1 immunopositive neurons (a,f) and 792 

triple merged with Pomc-EGFP immunoreactive neurons (e,j). Arrows denote examples of 793 

neurons coexpressing NKX2.1, ISL1 and EGFP. 794 

  795 

Figure 7. Specific deletion of Nkx2.1 from ISL1+ neurons impairs the onset of Pomc 796 

expression. Immunofluorescence analysis in sagittal cryosections of E11.5 embryos using anti-797 

ACTH (a,b), anti-NKX2.1 (c,d), anti-ISL1 (e,f), anti-ASCL1 (I,j) and anti-NGN3 (k,l) antibodies. Loss 798 

of Nkx2.1 in ISL1+ neurons is evident by double labeling (g,h). Arrows point to the mantle zone 799 

of the mediobasal hypothalamus detailed in the insets above. E12.5 Isl1Nkx2.1KO embryos 800 

show reduced number of ACTH+ neurons compared to controls (m,n) and loss of NKX2.1 in the 801 

mantle zone (o,p). DAPI is shown in blue. 802 

   803 

Figure 8. Nkx2.1-specific deletion in POMC neurons. The number of hypothalamic ACTH+ cells 804 

in PomcNkx2.1KO mice is normal at E12.5 (a,b) and E15.5 (c,d). The number of POMC neurons 805 

in the adult arcuate nucleus of PomcNkx2.1KO mice is normal (e-g), as assessed in Pomc-806 
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EGFP.PomcNkx2.1KO mice. (h) Quantitative RT-PCR shows reduced Pomc mRNA levels in the 807 

hypothalamus of adult PomcNkx2.1KO mice. Values represent the mean ± SEM. *p < 0.05. 808 

 809 

Figure 9.  Hypothalamic NPY neurons in conditional Nkx2.1 mutant mice. The number of NPY+ 810 

neurons is normal in Nkx2.1KO@E9.5 (b), Isl1Nkx2.1KO (d) and PomcNkx2.1KO (f) E12.5 mouse 811 

embryos in comparison to their corresponding control littermates (a,c,e) as determined by 812 

immunofluorescence using anti-NPY (green) antibody on sagittal cryosections. The signal 813 

density of NPY+ cells in PomcNkx2.1KO mice is also normal at E15.5 (g,h) and in the adult 814 

arcuate nucleus (i,j). 815 

 816 

Fig. 1-1. nPE1 multiple sequence alignment. ClustalW of nPE1 sequences from a representative 817 

variety of eutherian (placental) mammalian species. The unique canonical NKX-binding site 818 

present in this enhancer is labeled in a blue box.  819 

 820 

Fig. 1-2. nPE2 multiple sequence alignment. ClustalW of nPE2 from a representative variety of 821 

mammalian species. The species include placental mammals as well as one marsupial 822 

(opossum, Monodelphis domestica) and a monotreme (platypus, Ornithorhynchus anatinus). 823 

The two NKX-binding sites present in nPE2 are shown within blue squares. 824 

 825 

  826 
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Table 1. Primer sequences used to detect different alleles and mutations and 827 

probes for EMSA studies 828 

 829 

Nkx+ and NkxloxP 830 

F-Nkx1: 5’- TGCCGTGTAAACACGAGGAC-3’   831 

R- Nkx2: 5’-GACTCTCAAGCAAGTCCATCC-3’  832 

Band size: wt: 540 bp; NkxloxP: 220 bp. 833 

 834 

CAAG-CreERT, Pomc-Cre and Isl1-Cre  835 

F- Cre2: 5’-GCATAACCAGTGAAACAGCATTGCTG-3’  836 

R- Cre6: 5’-AAAATTTGCCTGCATTACCG-3’ 837 

Band size for the presence of:  310bp. 838 

 839 

nPE2Pomc-EGFP and nPE2 (Nkx2.1 mut) Pomc-EGFP 840 

F-M329:5’- GAAGTACGTCATGGGTCACT-3’ 841 

R-M330:5’- AGCTCCCTCTTGAACTCTAG-3’  842 

Band size: Tg + : 210bp.; Tg - : 180bp. 843 

 844 

PomcnPE1(∆NKX) 845 

F-nPE1 5’- TGCTCCGTTCCTTTGTGCAG-3’  846 

R-nPE1: 5’-TCACGGGAAGAGGCATTCA-3’ 847 

Band size: wt: 158 bp. ; PomcnPE1((∆NKX)123bp.  848 

F-∆2.3: 5’-TTCAGGCTGTTCCCATCC-3’  849 

R-∆2.5: 5’-TGATTTTACTTGGGCCTC-3’ 850 

Band size: wt: 340bp. ; PomcnPE1((∆NKX 300bp. 851 

 852 

RT-qPCR 853 

Pomc 854 

F- 5´-CTCCTGCTTCAGACCTCCAT-3´  855 
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R- 5´-CAGTCAGGGGCTGTTCATCT-3´ 856 

Size: 169 bp. 857 

B2m 858 

F- 5´-CATGGCTCGCTCGGTGAC-3´ 859 

R- 5´-CAGTTCAGTATGTTCGGCTTCC-3´ 860 

Size: 135bp. 861 

Actb  862 

F-5’-AGAGGGAAATCGTGCGTGAC-3’  863 

R- 5’- CAATAGTGATACCTGGCCGT-3’ 864 

Size: 138bp. 865 

 866 

ChIP 867 

nPE1 868 

F- 5-’AACCTTTGGAGTCAACCGGC-3’  869 

R- 5’CTCATCGTGACCTGCTCCAC-3’  870 

Band size: 165bp.  871 

nPE2  872 

F- 5’-GGGCTCTTCACCAGGGCCCTTTGGC- 3’ 873 

R- 5’-TCAGGCTGTTCCCATCC-3’  874 

Band size: 172 bp. 875 

 876 

Transgene production: introduction of point mutations in nPE2 877 

nPE2 ext Fwd: 5´-TAGAGCAAGAACCCAGGTTACCTT-3´ 878 

nPE2 mut 2.3C Rev: 5´-CCTTTGGATGGGGTTT-3´ 879 

nPE2 mut 2.1C Rev: 5´-GAAGAGCCCCGGGAGACGGCTTT-3´ 880 

nPE2 2.1 c Fwd: 5´-GGGCTCTTCACCAGGGCCCTTTGGC-3´ 881 

  nPE2 mut ext Rev: 5´-TAGTGCAAATTCTAGAACACCCAGGA-3´ 882 

nPE2 mut 2.3C Fwd: 5´-ATCCAAAGGTCCCTTGAAATCTCTT-3´ 883 

 884 

Probe sequences for EMSA studies:  885 
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nPE1  886 

sense: 5’GCCACTTCAAGCCCCATTGTGGGGACAGCA3’ 887 

antisense: 5’TGCTGTCCCCACAATGGGGCTTGAAGTGGC3’ 888 

nPE2 (5´ site) 889 

sense: 5’AAGCCGTCTCAAGGGGCTCTTCACCAG3’ 890 

antisense: 5’CTGGTGAAGAGCCCCTTGAGACGGCTT3’ 891 

nPE2 (3´site) 892 

sense: 5’ATCCAAAGGTCAATTGAAATCTCTTT3’ 893 

antisense: 5’AAAGAGATTTCAATTGAACCTTTGGAT3’ 894 

 895 




















