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The Homeodomain Transcription Factor NKX2.1 Is Essential
for the Early Specification of Melanocortin Neuron Identity
and Activates Pomc Expression in the Developing Hypothalamus

Daniela P. Orquera,1* M. Belén Tavella,1* Flavio S.J. de Souza,1,2,3 Sofía Nasif,1 XMalcolm J. Low,4

and X Marcelo Rubinstein1,2,4
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Food intake is tightly regulated by a group of neurons present in the arcuate nucleus of the hypothalamus, which release Pomc-encoded
melanocortins, the absence of which induces marked hyperphagia and early-onset obesity. Although the relevance of hypothalamic
POMC neurons in the regulation of body weight and energy balance is well appreciated, little is known about the transcription factors that
establish the melanocortin neuron identity during brain development and its phenotypic maintenance in postnatal life. Here, we report
that the transcription factor NKX2.1 is present in mouse hypothalamic POMC neurons from early development to adulthood. Electro-
mobility shift assays showed that NKX2.1 binds in vitro to NKX binding motifs present in the neuronal Pomc enhancers nPE1 and nPE2
and chromatin immunoprecipitation assays detected in vivo binding of NKX2.1 to nPE1 and nPE2 in mouse hypothalamic extracts.
Transgenic and mutant studies performed in mouse embryos of either sex and adult males showed that the NKX motifs present in nPE1
and nPE2 are essential for their transcriptional enhancer activity. The conditional early inactivation of Nkx2.1 in the ventral hypothala-
mus prevented the onset of Pomc expression. Selective Nkx2.1 ablation from POMC neurons decreased Pomc expression in adult males
and mildly increased their body weight and adiposity. Our results demonstrate that NKX2.1 is necessary to activate Pomc expression by
binding to conserved canonical NKX motifs present in nPE1 and nPE2. Therefore, NKX2.1 plays a critical role in the early establishment
of hypothalamic melanocortin neuron identity and participates in the maintenance of Pomc expression levels during adulthood.
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Introduction
The arcuate nucleus of the hypothalamus is a brain hub that
integrates nutritional and hormonal information to promote
food intake or satiety (Rubinstein and Low, 2017). A group of

arcuate neurons expresses proopiomelanocortin (Pomc), a gene
that encodes the anorexigenic neuropeptides �-, �-, and �-
melanocyte-stimulating hormone, collectively known as central
melanocortins (Rubinstein and Low, 2017). POMC neurons pro-
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Significance Statement

Food intake and body weight regulation depend on hypothalamic neurons that release satiety-inducing neuropeptides, known as
melanocortins. Central melanocortins are encoded by Pomc, and Pomc mutations may lead to hyperphagia and severe obesity.
Although the importance of central melanocortins is well appreciated, the genetic program that establishes and maintains fully
functional POMC neurons remains to be explored. Here, we combined molecular, genetic, developmental, and functional studies
that led to the discovery of NKX2.1, a transcription factor that participates in the early morphogenesis of the developing hypo-
thalamus, as a key player in establishing the early identity of melanocortin neurons by activating Pomc expression. Thus, Nkx2.1
adds to the growing list of genes that participate in body weight regulation and adiposity.
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mote satiety upon sensing variations in glucose (Ibrahim et al.,
2003), leptin (Cowley et al., 2001), and insulin (Benoit et al.,
2002) levels as well as in local temperature (Jeong et al., 2018). In
addition, POMC neurons receive multiple synaptic connections
from a variety of neurons that, together, orchestrate food intake
(Heisler et al., 2002; Aponte et al., 2011; Chen et al., 2015; Jeong et
al., 2017; Rau and Hentges, 2017). The physiological importance
of central melanocortins is evident in hypothalamic Pomc-
deficient mice, which are hyperphagic and display early-onset
extreme obesity (Bumaschny et al., 2012; Chhabra et al., 2016). In
addition, humans (Krude et al., 1998) and mice (Yaswen et al.,
1999) carrying null allele mutations in POMC or in the melano-
cortin receptor 4 (Huszar et al., 1997; Farooqi et al., 2000) are also
hyperphagic and severely obese. Although POMC neurons play a
fundamental role in the regulation of food intake and body
weight, little is known about the genetic programs that establish
their identity and phenotypic maintenance.

Hypothalamic Pomc expression is controlled by two upstream
distal enhancers, nPE1 and nPE2, which are highly conserved in
mammals (de Souza et al., 2005). Although nPE1 and nPE2 have
unrelated evolutionary origins, both enhancers drive overlapping
spatiotemporal activities to the entire population of hypotha-
lamic POMC neurons (Santangelo et al., 2007; Franchini et al.,
2011). Targeted mutagenesis of nPE1 and/or nPE2 revealed their
partially redundant enhancer function and cooperativity to
maintain Pomc levels above a critical functional threshold (Lam
et al., 2015). Interestingly, only the concurrent removal of both
enhancers reduced Pomc expression to very low levels, leading to
hyperphagia and early-onset obesity (Lam et al., 2015). Because
nPE1 and nPE2 act as transcriptional Pomc enhancers in the same
population of hypothalamic neurons, it is conceivable that they
share DNA elements that recruit similar transcription factors
(TFs). In fact, we detected a 21 bp sequence embedded in a highly
conserved region of nPE1 and a similar sequence in nPE2 (Lam et
al., 2015), which contain ATTA motifs typically recognized by
homeodomain TFs (Lam et al., 2015). Recently, we found that
these motifs are recognized by Islet 1 (ISL1), a LIM-homeo-
domain TF that coexpresses with Pomc in the developing hypo-
thalamus and postnatal life (Nasif et al., 2015). Moreover, early
inactivation of Isl1 prevents the onset of hypothalamic Pomc ex-
pression, and the ablation of Isl1 from POMC neurons impairs
Pomc expression in adult mice and leads to hyperphagia and
obesity (Nasif et al., 2015).

Although ISL1 is necessary for Pomc expression, it is clearly
not sufficient. Isl1 is expressed not only in a much broader hypo-
thalamic territory than Pomc, but also in other neuronal types
where Pomc is never found (Ehrman et al., 2013; Mazzoni et al.,
2013; Cho et al., 2014). Thus, other TFs are likely to participate in
the arcuate-specific expression of Pomc. By combining molecu-
lar, cellular, genetic, and functional studies, we demonstrate here
that the homeodomain TF NKX2.1 activates arcuate Pomc ex-
pression from early development to adulthood by interacting
with motifs present in nPE1 and nPE2. Therefore, NKX2.1 de-
fines the identity of hypothalamic melanocortin neurons and is
necessary to maintain normal levels of arcuate Pomc mRNA and
body weight regulation in adult mice.

Materials and Methods
Breeding of mice. Mice of both sexes were housed in ventilated cages
under controlled temperature and photoperiod (12 h light/dark cycle,
lights on from 7:00 A.M. to 7:00 P.M.), and fed ad libitum. All procedures
followed the Guide for the Care and Use of Laboratory Animals and per-
formed in agreement with the Instituto de Investigaciones en Ingeniería
Genética y Biología Molecular “Dr. Héctor N. Torres”-CONICET insti-
tutional animal care and use committee. Nkx2.1loxP/loxP mice were
provided by Dr. Shioko Kimura; (NIH, Bethesda, Maryland) and main-
tained as homozygotes on a C57BL/6J background. CAAG-CreERT mice
(Hayashi and McMahon, 2002) were obtained from The Jackson Labo-
ratory (B6.Cg-Tg[CAG-Cre/Esr1]5Amc/J) and were intercrossed with
Nkx2.1loxP/loxP mice to generate the IndNkx2.1KO strain. Isl1-Cre (Yang
et al., 2006) mice were obtained from The Jackson Laboratory
(Isl1tm1(cre)Sev/J) and maintained as heterozygotes on a C57BL/6J back-
ground. Genotyping was performed by PCR using genomic DNA ex-
tracted from ear biopsy samples or embryo fragments. All primer
sequences used are available in Table 1.

Transgene and transgenic mice production. Transgene nPE2 Pomc-
EGFP was previously reported (de Souza et al., 2005; Franchini et al.,
2011). Transgene nPE2(NKX*)Pomc-EGFP is identical except for carry-
ing two transversion mutations in each of the two NKX binding sites
present in nPE2 (TCAAG ¡ TCCCG and TCAAT ¡ TCCCT). This
transgene was generated using a standard megaprimer PCR protocol as
previously described (Nasif et al., 2015) but with the primers described in
Table 1. Introduction of mutations was confirmed by sequencing. Trans-
genes were digested with NotI and SalI restriction enzymes and the frag-
ment of interest was separated and extracted from a 0.8% agarose-TBE
(Tris-borate-EDTA) gel with QIAquick Gel Extraction Kit (catalog
#28704, Qiagen). The transgene was further concentrated and purified
with DNA Clean & Concentrator-5 (catalog #D4014, Zymo Research)
and eluted in 5 �l of EmbryoMax Injection Buffer (catalog #MR-095-
10F, Millipore). Transgenic mice were produced by pronuclear microin-
jection of the transgene in FVB zygotes. Transgenic pups were identified
by PCR using M329 and M330 primers (Table 1). nPE2 was amplified
using �2.3 and �2.5 primers (Table 1), cloned using pGEM-T Easy Vec-
tor System I (catalog #A1360, Promega) and sequenced to confirm mu-
tations. Founder mice were intercrossed with FVB wild-type mice, and
F1 newborns were analyzed.

Knock-out mice generation. The CRISPR (clustered regularly inter-
spaced short palindromic repeats)/Cas9 system was used to generate
deletions encompassing the NKX binding site in nPE1. A CRISPR guide
was selected using the website of the Zhang laboratory (crispr.mit.edu).
Guide CCCCACAATGGGGCTTGAAG was selected because it falls next
to the NKX binding site and had a high-quality score and thus low
chances of producing off-target mutations. The guide was subcloned in
plasmid DR274 (Plasmid #42250, Addgene), and single guide RNA
(sgRNA) was synthesized using MEGAshortscript T7 Transcription Kit
(catalog #AM1354, Ambion). Cas9 mRNA was synthesized from plasmid
MLM3613 (Plasmid #42251, Addgene) using mMESSAGE mMACHINE
T7 Transcription Kit (catalog #AM1344, Ambion) and Poly(A) Tailing
Kit (catalog #AM1350, Ambion). Cas9 mRNA (50 ng/�l) and sgRNA
(50 ng/�l) were injected in the cytoplasm of Pomc�/ � nPE2 C57BL/6J
zygotes. Founder mice were analyzed by PCR using primers available in
Table 1 and PCR products subcloned in pGEM.T Easy Vector for se-
quencing. A strain carrying a 34 bp deletion (chr12:3,942,178-3,942,211)
in nPE1 in a �nPE2 allele was selected and maintained in a C57BL/6J
background and F2 mice were analyzed.

Tamoxifen injections. Tamoxifen (TAM; catalog #T5648, Sigma-
Aldrich) was dissolved in sesame oil (catalog #S3547, Sigma-Aldrich) at
15 mg/ml by sonication. One milliliter aliquots were stored at �20°C and
thawed for 10 min at 37°C before injection. Pregnant females were in-
jected intraperitoneally with a dose of 133 mg/kg.

Tissue collection and embedding. Pregnant mice at 10.5–15.5 d postco-
itum (dpc; the day of detection of vaginal plug was considered dpc 0.5)
were dislocated and embryos of either sex were collected and washed in
cold RNase-free PBS. Fixation was performed with 4% PFA-PBS at 4°C,
for a period of time dependent on developmental stage. The 10.5, 11.5,
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and 12.5 dpc embryos were fixed for 2 h, the heads of 15.5 dpc embryos
were dissected and fixed for 4 h, and the heads of newborns were fixed
overnight. Samples were then washed in cold PBS and cryoprotected with
10% sucrose-PBS overnight. Tails or posterior limbs were cut to obtain
tissue for genotyping. Tissues were then stabilized in 10% sucrose-10%

gelatin-PBS at 37°C for 30 min before freezing. Adult mice of either sex
were perfused using 4% PFA, and brains were collected and fixed over-
night in 4% PFA at 4°C. Whole brains were then washed in cold PBS and
cryoprotected with 10% sucrose-PBS overnight. Hypothalamic sections
were then cut grossly using a metallic adult brain mold before freezing.
Gelatin blocks containing the tissues were stuck on cork sheets with
Tissue-Tek OCT compound (catalog #4583, Sakura Finetek). Gelatin
blocks were snap-frozen in 2-methylbutane (catalog #M32631, Sigma-
Aldrich) at �55°C and stored at �80°C for up to 1 year. The 20 �m slices
were cut in a cryostat (CM 1850, Leica) and mounted on microscope
slides (catalog #12-550-15, Superfrost Plus, Fisherbrand). Sections were
then air dried overnight and stored at �20°C until use.

Immunofluorescence and cell quantification. Immunofluorescence was
performed as described previously (Nasif et al., 2015). Primary antibod-
ies used were as follows: rabbit anti-rACTH (repository adrenocortico-
tropic hormone; 1:1000; National Hormone and Peptide Program);
mouse anti-ISL1 (1:20; catalog #40.2D6, Developmental Studies Hybrid-
oma Bank, University of Iowa); rabbit anti-NKX2.1 (1:1000; catalog
#ab40880, Abcam); rabbit anti-NKX2.1 (1:1000; catalog #sc-13040,
Santa Cruz Biotechnology); chicken anti-EGFP (1:2000; GFP-1020, Aves
Labs); mouse anti-ASCL1 (1:200; catalog #556604, BD PharMingen);
mouse anti-NGN3 (1:2000; catalog #F25A1B3, Developmental Studies
Hybridoma Bank, University of Iowa); and rabbit anti-NPY (1:1000;
T-4070 Peninsula Laboratories). Secondary antibodies were anti-mouse
or anti-rabbit Alexa Fluor 555 (1:1000; Invitrogen); anti-mouse, anti-
rabbit Alexa Fluor 488 (1:1000; Invitrogen); or anti-chicken Alexa Fluor
488 (1:2000; catalog #703-545-155, Jackson ImmunoResearch). Depend-
ing on the marker antigen, immunohistochemistry experiments were
repeated in two to five different embryos, with consistent results. Nuclei
were stained with a 1 mg/L dilution of DAPI for 10 min and then washed
twice before mounting with Vectashield (Vector Labs). Confocal images
for coexpression assays and cell counting were obtained using a FV300
system combined with a BX51 Microscope (Olympus) or a Confocal
TCS-SPE Microscope (Leica). The number of EGFP �, fluorescently im-
munolabeled ACTH �, or ISL1 � cells were counted by confocal micros-
copy. For embryonic day 11.5 (E11.5) and E12.5 embryos, we collected
sagittal 20 �m sections spanning the whole hypothalamus and POMC �

or NPY � cells counted manually in anatomically similar sections. The
number of ACTH � cells in E15.5 embryos was calculated automati-
cally using ImageJ (NIH) by averaging two symmetrical sections. In
adult mice, Pomc-EGFP � cells were counted manually in two coronal
slices at the median eminence level and averaged. Quantitative den-
sitometry of NPY-labeled neurons was calculated using ImageJ in a
sagittal section for E15.5 embryos and two coronal slices at the me-
dian eminence level for adults, and averaged. At least three animals
were used for each determination.

Pomc mRNA quantification by quantitative real-time PCR. Whole male
mouse adult hypothalami or embryo heads of either sex were dissected,
collected in ice-cold TriPure Isolation Reagent (catalog #11667165001,
Sigma-Aldrich) and stored at �80°C until RNA extraction, which was
performed following manufacturer instructions. RNA integrity was as-
sessed by gel electrophoresis; clear 28S and 18S rRNA were observed in an
approximate 2:1 ratio. Quantification was performed using a Nanodrop
and 260:280 and 260:230 ratios were checked to assess purity. One mi-
crogram of RNA was DNase I (catalog #AM2222, Ambion) treated and
used for first-strand cDNA synthesis, using the High Capacity Reverse
Transcription Kit with random primers (catalog #4368814, Applied Bio-
systems). Primers were designed with Primer 3 program. Pomc mRNA
was quantified using primers spanning exons 2 and 3 relative to internal
control genes �2-microglobulin and �-actin. Primer sequences are listed
in Table 1. Samples were run in triplicate in an Applied Biosystems 7500
Real-Time PCR System machine using Power Up SYBR Green Master
Mix (catalog #A25472, Applied Biosystems). Melt curves were analyzed
to confirm specificity of PCR product. Relative quantification was per-
formed by interpolating Ct values in standard curves or by 2-��CT.

Electrophoretic mobility shift assay. A mouse Nkx2.1 cDNA clone (cat-
alog #10698306, ATCC) was subcloned into the expression vector pGEX
4T3 using NcoI and EcoRI restriction enzymes and transformed into the
Escherichia coli BL21 strain. Protocols for obtaining bacterial extracts,

Table 1. Primer sequences used to detect different alleles and mutations and
probes for EMSA studies

Primer sequences

Nkx2.1 � and Nkx2.1 loxP

Forward: Nkx1: 5�- TGCCGTGTAAACACGAGGAC-3�
Reverse: Nkx2: 5�-GACTCTCAAGCAAGTCCATCC-3�
Band size: wt, 540 bp; Nkx2.1 loxP, 220 bp

CAAG-CreERT, Pomc-Cre and Isl1-Cre
Forward: Cre2: 5�-GCATAACCAGTGAAACAGCATTGCTG-3�
Reverse: Cre6: 5�-AAAATTTGCCTGCATTACCG-3�
Band size for the presence of Cre, 310 bp

nPE2Pomc-EGFP and nPE2 (NKX mut) Pomc-EGFP
Forward: M329: 5�-GAAGTACGTCATGGGTCACT-3�
Reverse:M330: 5�-AGCTCCCTCTTGAACTCTAG-3�
Band size: Tg �, 210 bp; Tg �, 180 bp

PomcnPE1(�NKX)

Forward: nPE1: 5�-TGCTCCGTTCCTTTGTGCAG-3�
Reverse:nPE1: 5�-TCACGGGAAGAGGCATTCA-3�
Band size: wt, 158 bp; PomcnPE1(�NKX), 123 bp
Forward: �2.3: 5�-TTCAGGCTGTTCCCATCC-3�
Reverse:�2.5: 5�-TGATTTTACTTGGGCCTC-3�
Band size: wt, 340 bp; PomcnPE1(�NKX), 300 bp

RT-qPCR
Pomc

Forward: 5�-CTCCTGCTTCAGACCTCCAT-3�
Reverse: 5�-CAGTCAGGGGCTGTTCATCT-3�
Size: 169 bp

B2m
Forward: 5�-CATGGCTCGCTCGGTGAC-3�
Reverse: 5�-CAGTTCAGTATGTTCGGCTTCC-3�
Size: 135 bp

Actb
Forward: 5�-AGAGGGAAATCGTGCGTGAC-3�
Reverse: 5�- CAATAGTGATACCTGGCCGT-3�
Size: 138 bp

ChIP
nPE1

Forward: 5-�AACCTTTGGAGTCAACCGGC-3�
Reverse: 5�CTCATCGTGACCTGCTCCAC-3�
Band size: 165 bp

nPE2
Forward: 5�-GGGCTCTTCACCAGGGCCCTTTGGC- 3�
Reverse: 5�-TCAGGCTGTTCCCATCC-3�
Band size: 172 bp

Transgene production: introduction of point mutations in nPE2
nPE2 ext Forward: 5�-TAGAGCAAGAACCCAGGTTACCTT-3�
nPE2 mut 2.3C Reverse: 5�-CCTTTGGATGGGGTTT-3�
nPE2 mut 2.1C Reverse: 5�-GAAGAGCCCCGGGAGACGGCTTT-3�
nPE2 2.1C Forward: 5�-GGGCTCTTCACCAGGGCCCTTTGGC-3�
nPE2 mut ext Reverse: 5�-TAGTGCAAATTCTAGAACACCCAGGA-3�
nPE2 mut 2.3C Forward: 5�-ATCCAAAGGTCCCTTGAAATCTCTT-3�

Probe sequences for EMSA studies
nPE1

Sense: 5�-GCCACTTCAAGCCCCATTGTGGGGACAGCA3-�
Antisense: 5�-TGCTGTCCCCACAATGGGGCTTGAAGTGGC-3�

nPE2 (5� site)
Sense: 5�AAGCCGTCTCAAGGGGCTCTTCACCAG3�
Antisense: 5�CTGGTGAAGAGCCCCTTGAGACGGCTT3�

nPE2 (3�site)
Sense: 5�ATCCAAAGGTCAATTGAAATCTCTTT3�
Antisense: 5�AAAGAGATTTCAATTGAACCTTTGGAT3�
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radioactive labeling of DNA probes, and preparation of electrophoretic
mobility shift assay (EMSA) reactions were previously described (de
Souza et al., 2011). After electrophoresis, gels were dried and exposed to
x-ray film (BioMax MS, Kodak) or Storage Phosphor Screen that was sub-
sequently scanned in a STORM 860 Phospho Imager using ImageQuant5.2
software (GE Healthcare). Probe sequences are shown in Table 1.

Chromatin immunoprecipitation. Hypothalami from five adult mice
were collected and fixed in 1% PFA-PBS for 20 min at 4°C. Samples were
sonicated to obtain 200 – 400 bp chromatin fragments. Forty micrograms
of chromatin were immunoprecipitated with 5 �g of NKX2.1 antibody
(catalog #sc-13040x, Santa Cruz Biotechnologies) or Normal Rabbit IgG
(catalog #12-370, Merck Millipore). After overnight incubation, anti-
body– chromatin complexes were pulled down using a mixture of salmon
sperm DNA blocked Protein G PLUS-agarose and Protein A-agarose (cata-
log #sc-2002, #sc-2001, Santa Cruz Biotechnologies). Beads were washed
with low salt (Tris-HCl pH 8, 10 mM, Triton X-100 1%, EDTA 2 mM, SDS
0.1%, NaCl 150 mM), high salt (as low salt but with NaCl 450 mM), LiCl
[Tris-HCl pH:8 10 mM, LiCl 0.25 M, IGEPAL-CA630 1%, EDTA 1 mM, Na
deoxycholate 1% (w/v)] and TE (twice) buffers. Elution was performed
overnight at 65°C with 10 �g of Proteinase K in Tris-HCl pH 8 10 mM, SDS
1%, and NaCl 340 mM. DNA was purified with one volume of phenol:
isoamyl alcohol: chloroform (25:1:24 v/v/v) followed by a volume of isoamyl
alcohol:chloroform (1:24, v/v) and then precipitated with sodium acetate
and ethanol. Immunoprecipitated fragments were analyzed by end-point
PCR (primer information is available in Table 1).

Statistics. All data presented are the mean � SEM and were analyzed
using GraphPad Prism Software (version 5.01, 2007, GraphPad Soft-
ware) or R Studio (version 1.1.456) by Student’s t test or ANOVA, except
for cell counts. Post hoc pairwise comparisons between groups were per-
formed by Tukey test. Normality of the distributions was assessed by
Shapiro–Wilk test ( p � 0.05), and the equality of the variance with the
Bartlett’s or F test ( p � 0.05). When Pomc mRNA was quantified in
embryos, variance was unequal and VarPower function of “nmle” pack-
age in R Studio (Pinheiro et al., 2018) was used. Generalized linear mod-
els (GLMs; using “lme4” package, R studio) for Poisson or binomial
distribution were used to assess the significance of difference in the num-
ber of cells. p Values �0.05 were considered to be significant.

Results
NKX2.1 is a candidate TF for the regulation of hypothalamic
Pomc expression
Within the neuronal Pomc enhancer nPE1, we detected a canon-
ical binding motif for a TF of the NKX subfamily, which is highly

conserved in all mammalian orders (Fig. 1, left and Fig. 1-1,
available at https://doi.org/10.1523/JNEUROSCI.2924-18.2019.
f1-1), while two conserved canonical NKX binding sites are pres-
ent in nPE2 (Fig. 1, right and Fig. 1-2, available at https://doi.org/
10.1523/JNEUROSCI.2924-18.2019.f1-2). Among all NKX fa-
mily members, NKX2.1 emerged as the most likely candidate to
regulate hypothalamic Pomc expression because it is present in
the early developing ventral hypothalamus portion that gives rise
to the arcuate nucleus (Kimura et al., 1996; Marín et al., 2002; Yee
et al., 2009; Orquera et al., 2016) and continues to be expressed in
this nucleus during postnatal life (Lee et al., 2001). A necessary
condition to support NKX2.1 as a transactivator of hypotha-
lamic Pomc is that both genes coexpress within the same neu-
rons. We followed the developmental pattern of Nkx2.1
expression in the ventromedial hypothalamus in sagittal sec-
tions of Pomc-EGFP mice, a validated transgenic line that ex-
presses EGFP in most POMC neurons along the entire
spatiotemporal domain, which is useful to maximize the iden-
tification of POMC neurons (Cowley et al., 2001; Nasif et al.,
2015). During the early stages of hypothalamic development
NKX2.1 establishes the alar-basal border that separates the
suprachiasmatic nucleus (SCH) from the anterobasal medial
nucleus (ABasM), and it is in this latter nucleus where POMC
neurons originate (Fig. 2d–f; Orquera et al., 2016). The expres-
sion territory of Nkx2.1 is much broader than that of Pomc
extending ventrally beyond the limits of the future arcuate
nucleus along the entire terminal ventromedial hypothalamus
(THyVM; Fig. 2d). At the onset of Pomc expression in the
mouse hypothalamus (E10.5; Japón et al., 1994), incipient
Pomc-EGFP neurons are located within the dorsal limit of
NKX2.1 domain (Fig. 2a– c). At E12.5, during the peak of
neurogenesis of POMC neurons, all Pomc-EGFP neurons are
established in the mantle zone of the developing ABasM
within NKX2.1 territory and coexpress NKX2.1 (Fig. 2d–f ). In
the adult arcuate nucleus, Pomc-EGFP � neurons also coex-
press NKX2.1 (Fig. 2g–i), in agreement with a previous report
(Yee et al., 2009). Together, these results show that POMC
neurons express Nkx2.1 in the ventromedial hypothalamus
during development and adulthood.

Figure 1. The Pomc neuronal enhancers nPE1 and nPE2 contain canonical binding motifs for a transcription factor of the NKX family, which are highly conserved in all mammalian orders. Left,
Evolutionary tree of placental mammals followed by a ClustalW alignment showing the unique NKX binding site in nPE1. Right, Evolutionary tree of mammals followed by a ClustalW alignment of
the two NKX binding sites present in nPE2. Conserved nucleotides are indicated in a dark background, and those conserved nucleotides corresponding to canonical NKX binding sites in blue. See
extended ClustalW for the entire nPE1 and nPE2 enhancers in Figure 1-1 (available at https://doi.org/10.1523/JNEUROSCI.2924-18.2019.f1-1) and Figure 1-2 (available at https://doi.org/10.1523/
JNEUROSCI.2924-18.2019.f1-2), respectively.
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NKX2.1 specifically binds in vitro and in vivo to DNA
elements present in nPE1 and nPE2
We then examined the in vitro binding properties of NKX2.1 in
EMSAs using a bacterially expressed mouse Nkx2.1 clone. We
found that 30 bp DNA probes encompassing canonical NKX
motifs present in nPE1 or nPE2 were shifted when incubated with
NKX2.1 bacterial extracts (Fig. 3a). To test whether NKX2.1 in-
teracts with nPE sequences in vivo we performed a chromatin
immunoprecipitation (ChIP) assay using chromatin harvested
from adult mouse hypothalami. An anti-NKX2.1 antibody pulled
down nPE1 and nPE2 sequences that were amplified by PCR,
whereas a control IgG antibody failed to immunoprecipitate ei-
ther nPE sequence (Fig. 3b,c).

Functional analysis of NKX binding sites present in the
neuronal Pomc enhancers nPE1 and nPE2
In previous studies, we demonstrated that the sole presence of
nPE1 or nPE2 in transgenic constructs is sufficient to drive re-
porter gene expression to arcuate POMC neurons (de Souza et
al., 2005, 2011; Franchini et al., 2011). To determine the func-
tional relevance of the two NKX binding motifs present in nPE2
(Fig. 1b), we tested whether a mutant version carrying transition
mutations in these two binding sites is able to drive EGFP expres-
sion to the arcuate nucleus of transgenic mice (Fig. 4a). Both
transgenes carried the mouse Pomc proximal promoter known to

drive reporter gene expression exclusively
to POMC pituitary cells, which allows us
to discard transgenic mice carrying silent
integrations (Young et al., 1998; Santan-
gelo et al., 2007). As expected from previ-
ous studies (Franchini et al., 2011), we
found that transgene nPE2Pomc-EGFP
drove expression to arcuate hypothalamic
neurons in three different pedigrees (Fig.
4b). In contrast, four independent trans-
genic lines carrying the mutant version
nPE2(NKX*)Pomc-EGFP displayed either
very few (two lines; Fig. 4c) or a complete
absence of EGFP� arcuate neurons (two
lines; Fig. 4d). All seven transgenic lines an-
alyzed displayed consistent EGFP expres-
sion in the pituitary gland (Fig. 4e–g). These
results indicate that the NKX binding motifs
in nPE2 are critical for proper enhancer ac-
tivity in arcuate POMC neurons.

To test the importance of the unique NKX binding site present
in nPE1, we took a different genetic approach using CRISPR/
Cas9 technology to selectively delete the motif from nPE1 by
targeted mutagenesis of Pomc alleles already lacking nPE2 (Lam
et al., 2015). We microinjected Pomc�/�nPE2 zygotes with an
sgRNA directed to the unique NKX site present in nPE1 and ob-
tained nPE1(�NKX) mutant alleles that, in addition, lack nPE2
(PomcnPE1(�NKX).�nPE2; Fig. 4h). Pomc�nPE2/�nPE2 E12.5 embryos of
either sex showed reduced Pomc expression levels compared
with Pomc�/� controls, in agreement with our previous find-
ings (Fig. 4i,j; Lam et al., 2015). Interestingly, homozygous
carriers of PomcnPE1(�NKX).�nPE2 alleles showed even greater re-
ductions in Pomc expression levels in the developing arcuate nu-
cleus compared with Pomc �nPE2/�nPE2 mutants, with only
occasional ACTH� neurons observed (Fig. 4i–k). A quantitative
analysis performed by quantitative real-time PCR (qRT-PCR) re-
vealed that homozygous Pomc�nPE2/�nPE2 E11.5 embryos express
27.1% of wild-type Pomc mRNA levels (Fig. 4l ), similar to what
has been previously reported (Lam et al., 2015). Interestingly,
ablation of the NKX binding motif present in nPE1
(PomcnPE1(�NKX).�nPE2) further reduced Pomc expression to
only 4.6% of normal levels (Fig. 4l ) present in wild-type E11.5
siblings [one-way ANOVA, F(28) 	 48.36; p � 0.0001 followed by
Tukey post hoc test: Pomc�/� (n 	 5) vs Pomc.�nPE2/�nPE2 (n 	 8): z
	 �4.725; p � 0.001, Pomc�/� vs PomcnPE1(�NKX).�nPE2/nPE1

(�NKX).�nPE2 (n 	 7): z 	 �6.302; p � 0.001; Pomc.�nPE2/�nPE2 vs
PomcnPE1(�NKX).�nPE2/nPE1 (�NKX).�nPE2 : z 	 �7.153; p � 0.001].
Different from Pomc�nPE2/�nPE2 adult mice, which express 80% of
hypothalamic Pomc mRNA levels and display normal body
weight (Lam et al., 2015), homozygous male carriers of
PomcnPE1(�NKX).�nPE2 express only 51% of Pomc mRNA levels
(Fig. 4m; two-tailed Student’s t test: t 	 4.976; df 	 9, p 	 0.0008)
and are significantly heavier (34.9 � 0.4 g; n 	 4) than their
wild-type littermates (30.6 � 0.5 g; n 	 7; Fig. 4n; two tailed
Student’s t test: t 	 6.082; df 	 8, p 	 0.0003). These results reveal
that the NKX motif present in nPE1 is a functionally critical
component of this enhancer. Altogether, our transgenic and mu-
tant studies demonstrate that the neuronal Pomc enhancers nPE1
and nPE2 depend on their NKX binding sites to fully drive en-
dogenous or reporter gene expression in hypothalamic neurons
and suggest that NKX2.1 is critically involved in neuronal Pomc
expression.

Figure 2. Pomc coexpresses with Nkx2.1 in the developing and adult mouse hypothalamus. a–i, Expression analysis of Nkx2.1
in sagittal cryosections of Pomc-EGFP E10.5 (a– c) and E12.5 (d–f ) mouse embryos and coronal sections of adult Pomc-EGFP mice
at the level of the arcuate nucleus (g–i). Insets are magnified views showing that all EGFP � cells express Nkx2.1. A, Alar; B, basal;
3V, third ventricle. Asterisks denote examples of neurons coexpressing NKX2.1 and EGFP.

Figure 3. NKX2.1 binds to nPE1 and nPE2 sequences in vitro and in vivo. a, EMSA shows that
NK2.1 binds to the NKX canonical sequence present in nPE1 (left) and to two NKX motifs present
in nPE2 (5� site, middle; 3� site, right). b, c, ChIP assays with adult mouse hypothalamus
chromatin and an anti-NKX2.1 antibody that immunoprecipitates nPE1 (b) and nPE2 (c)
sequences.
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Figure 4. NKX2.1 binding sites in nPE1 and nPE2 are important for enhancer functions. a, Schematic of two nearly identical transgenes constructed to study the importance of the NKX binding
motifs present in nPE2. Asterisks indicate the transversion mutations (AA¡CC) introduced in the two NKX binding sites present in nPE2 (NKX*). b– g, Expression analysis of transgenic mice of either
sex at P0 carrying wild-type nPE2 (WT) or the mutant nPE2 version driving EGFP on coronal sections at the level of the arcuate nucleus (b– d) and the pituitary (e– g). Two independent transgenic
lines carrying nPE2(NKX*) are shown (c, d, f, g). h, Schematic of the three Pomc alleles analyzed at E12.5. WT mice carry intact nPE1 and nPE2, �nPE2 mice lack nPE2, and nPE1(�NKX). �nPE2 mice
also carry a deletion of the NKX binding motif in nPE1 introduced by CRISPR/Cas9, indicated with a lightning symbol. i– k, Immunofluorescence analysis of Pomc expression using an anti-ACTH
antibody on sagittal sections in E12.5 embryos. l, RT-qPCR analysis of Pomc mRNA levels collected from Pomc�/�, Pomc.�nPE2/�nPE2, and PomcnPE1(�NKX).�nPE2/nPE1(�NKX).�nPE2 E11.5 embryo heads.
m, RT-qPCR analysis of hypothalamic Pomc mRNA levels from 12-week-old Pomc�/� and PomcnPE1(�NKX).�nPE2/nPE1(�NKX).�nPE2 male siblings. n, Body weight of same mice as in m. Bars represent
the mean � SEM. *p � 0.001.
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NKX2.1 is critical for the early establishment of hypothalamic
melanocortin neuron identity
To investigate whether NKX2.1 participates in the establishment
of the hypothalamic POMC lineage and/or in the developmental
expression of Pomc, we used a conditional mutant mouse strain
that allowed Nkx2.1 ablation at different developmental time
points. In Nkx2.1loxP/loxP mice, the homeodomain-encoding exon
2 is flanked by two loxP sites so that null alleles are generated
upon Cre recombinase activation (Kusakabe et al., 2006). By
crossing Nkx2.1loxP/loxP conditional mutants with mice harboring
a transgene that ubiquitously expresses a tamoxifen-inducible
Cre recombinase (CAAG-CreERT; Hayashi and McMahon,
2002), we obtained inducible Nkx2.1loxP/loxP.CAAG-CreER mice,
which, for simplicity, we named IndNkx2.1KO. Pregnant
Nkx2.1loxP/loxP dams mated with IndNkx2.1KO males received a
single TAM injection at different developmental time points
(E8.5 and E9.5), and IndNkx2.1KO and Nkx2.1loxP/loxP littermates
of either sex were collected at E12.5, with the latter being used
as controls. IndNkx2.1KO embryos receiving TAM at E8.5
(Nkx2.1KO@E8.5) showed a complete absence of NKX2.1 when
evaluated in E12.5 sagittal sections (Fig. 5a,b), demonstrating
that this dose of TAM induced efficient recombination of the
conditional Nkx2.1loxP alleles. Nkx2.1KO@E8.5 embryos showed
a thinning of the ventral neuroepithelium at the level of the future
hypothalamus and lack of infundibulum, as found in Nkx2.1�/�

mice (Kimura et al., 1996). Immunofluorescence performed with
an anti-ACTH antibody in Nkx2.1KO@E8.5 embryos showed
only a few POMC cells, in contrast to what was observed in con-
trol embryos lacking CreER (Fig. 5c,d). TAM injected at E9.5 also
induced inactivation of the Nkx2.1 conditional alleles as evidenced
by the complete lack of NKX2.1 signal in Nkx2.1KO@E9.5 embryos
that showed an overall normal morphology (Fig. 5e,f). In the ab-
sence of NKX2.1, the number of POMC� cells was markedly re-
duced in Nkx2.1KO@E9.5 embryos (Fig. 5g,h; control: 58.25 � 7.05
cells/slice, n 	 4; Nkx2.1KO@E9.5: 25.25 � 0.25 cells/slice, n 	 4.
GLM Poisson distribution, z 	 �7.02, p � 0.0001). These results
indicate that Nkx2.1 ablation from early stages of embryonic devel-
opment impairs the onset of Pomc expression. Thus, NKX2.1 is nec-

essary to fully activate hypothalamic Pomc expression and,
consequently, to establish the entire set of melanocortin neurons.

In a previous study (Nasif et al., 2015), we showed that the
onset of hypothalamic Pomc expression at E10.5 depends on the
earlier expression of the TF ISL1, which starts at E10.0 in matur-
ing postmitotic neurons of the future arcuate nucleus. Given that
the onset of Nkx2.1 expression in the developing hypothalamus
precedes that of Isl1, we tested the hypothesis that NKX2.1 acti-
vates Pomc expression via ISL1, alternatively to its direct effect
acting on the NKX binding sites present in nPE1 and nPE2. We
found, however, normal ISL1 immunoreactivity in ventromedial
hypothalamic neurons of Nkx2.1KO@E9.5 embryos (Fig. 5i,l),
indicating that Isl1 does not seem to be downstream of Nkx2.1.
Furthermore, in the absence of NKX2.1, ISL1 was unable to pro-
mote normal Pomc expression, as evidenced by the large number
of ISL1-immunoreactive neurons that do not express Pomc in the
hypothalamus of Nkx2.1KO@E9.5 embryos (Fig. 5l–n), com-
pared with what was found in their Nkx2.1loxP/loxP siblings (Fig.
5i–k). These results, together with those shown in the sections
above, support the idea that NKX2.1 activates Pomc expression
directly.

Nkx2.1 expression in ISL1 neurons is critical for
hypothalamic Pomc expression
To limit Nkx2.1 ablation to the lineage leading to arcuate POMC
neurons, we decided to inactivate Nkx2.1 alleles specifically in
neurons expressing Isl1. We found that the pattern of Isl1 expres-
sion within the presumptive arcuate nucleus at E10.5 overlaps

Figure 5. Hypothalamic Pomc expression is impaired in Nkx2.1 conditional knock-out mice.
a– h, Immunofluorescence analysis using anti-NKX2.1 (red) and anti-ACTH (green) antibodies
in sagittal cryosections of E12.5 mouse embryos injected with tamoxifen at E8.5 (a– d) or E9.5
(e– h). Cre � and Cre � embryos are littermates. i–n, Immunofluorescence analysis of E12.5
mouse embryos injected with tamoxifen at E9.5 using antibodies against ISL1 (i, l ) or ACTH (j,
m); closed-up merged pictures are also shown (k, n).

Figure 6. Overlapping expression patterns of Nkx2.1, Isl1, and Pomc in the developing hy-
pothalamus. a–j, Immunofluorescence analysis using anti-NKX2.1 (blue) and anti-ISL1 (red)
antibodies in sagittal cryosections of E10.5 (a– e) and E12.5 (f–j) Pomc-EGFP mouse embryos.
Confocal images showing superimposed NKX2.1- and ISL1-immunopositive neurons (a, f ) and
triple merged with Pomc-EGFP-immunoreactive neurons (e, j). Arrows denote examples of
neurons coexpressing NKX2.1, ISL1, and EGFP.
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with that of Nkx2.1 (Fig. 6a), and that
Pomc-EGFP� cells (Fig. 6b) coexpress Isl1
and Nkx2.1 (Fig. 6c–e). A similar pattern
of triple coexpression was observed in
E12.5 embryos (Fig. 6f–j).

By mating Nkx2.1loxP/loxP mice with a
knock-in strain that expresses Cre under
the transcriptional control of Isl1 (Yang et
al., 2006), we obtained Nkx2.1loxP/loxP.
Isl1�/cre mice, which we named
Isl1Nkx2.1KO. Isl1Nkx2.1KO embryos at
E11.5 showed only 27.5 � 5.8% of hypo-
thalamic POMC neurons compared with
Nkx2.1loxP/loxP controls (Fig. 7a,b; two-
tailed Student’s t test: t 	 11.62, df 	 5,
p � 0.0001; control, n 	 4; Isl1Nkx2.1KO,
n 	 3). In these embryos, the hypotha-
lamic pattern of Nkx2.1 expression (Fig.
7c,d) is only altered in the mantle
zone of the developing arcuate nucleus,
where most ISL1� cells reside (Fig. 7e–h).
As observed in Nkx2.1KO@E9.5 embryos
(Fig. 5i,l), Isl1Nkx2.1KO showed normal
ISL1 levels (Fig. 7e,f). Expression analysis
of the proneuronal markers ASCL1
(Fig. 7i,j) and Neurogenin-3 (Fig. 7k,l) in
the developing hypothalamus showed
no differences between control and
Isl1Nkx2.1KO E11.5 embryos, confirm-
ing that the selective ablation of Nkx2.1
from ISL1 postmitotic neurons does not
affect neurogenesis in this brain region.
Analysis of Isl1Nkx2.1KO embryos at
E12.5 also showed a great reduction of
ACTH� neurons (Fig. 7m,n) due to the
loss of NKX2.1 in this region (Fig. 7o,p).
Thus, the lack of Nkx2.1 expression spe-
cifically in ISL1� neurons impairs hypo-
thalamic Pomc expression and confirms
the critical role of NKX2.1 in the early es-
tablishment of melanocortin neuron
identity.

Selective ablation of Nkx2.1 from
POMC neurons impairs Pomc
expression and increases body weight
To investigate whether NKX2.1 partici-
pates in arcuate Pomc expression specifi-
cally in POMC neurons, we crossed
Nkx2.1loxP/loxP mice with a BAC Pomc-Cre
transgenic line (Xu et al., 2005). In the
resulting PomcNkx2.1KO mice, the
Nkx2.1 alleles are inactivated in POMC
neurons once Pomc-Cre expression be-
gins. Immunofluorescence analysis of
PomcNkx2.1KO embryos at E12.5 showed
that the number and location of POMC
neurons in the developing arcuate nucleus
did not differ from those observed in con-
trol littermates (Fig. 8a,b; control: 66.5 � 6.84 cells/slice, n 	 4;
KO: 55.3 � 7.57 cells/slice, n 	 4; GLM binomial distribution, z
	 �1.22, p 	 0.222), a similar result to what we found in E15.5
embryos (Fig. 8c,d; control: 274 � 6.5 cells/slice, n 	 2; KO:

258.5 � 11.0 cells/slice, n 	 2; GLM binomial distribution, z 	
�0.95, p 	 0.342), and in contrast to what we found when Nkx2.1
was ablated at earlier time points (Figs. 5, 7). These results indi-
cate that NKX2.1 plays a crucial role in the onset of hypothalamic

Figure 7. Specific deletion of Nkx2.1 from ISL1 � neurons impairs the onset of Pomc expression. a–l, Immunofluorescence
analysis in sagittal cryosections of E11.5 embryos using anti-ACTH (a, b), anti-NKX2.1 (c, d), anti-ISL1 (e, f ), anti-ASCL1 (i, j), and
anti-NGN3 (k, l ) antibodies. g, h, Loss of Nkx2.1 in ISL1 � neurons is evident by double labeling. Arrows point to the mantle zone
of the mediobasal hypothalamus detailed in the insets above. m–p, E12.5 Isl1 Nkx2.1KO embryos show reduced numbers of
ACTH � neurons compared with controls (m, n) and loss of NKX2.1 in the mantle zone (o, p). DAPI is shown in blue.
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Figure 8. Nkx2.1-specific deletion in POMC neurons. a– d, The number of hypothalamic ACTH � cells in PomcNkx2.1KO mice is normal at E12.5 (a, b) and E15.5 (c, d). e– g, The number of POMC
neurons in the adult arcuate nucleus of PomcNkx2.1KO mice is normal, as assessed in Pomc-EGFP.PomcNkx2.1KO mice. h, Quantitative RT-PCR shows reduced Pomc mRNA levels in the hypothalamus
of adult PomcNkx2.1KO mice. Values represent the mean � SEM. *p � 0.05.
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Pomc expression and early specification of melanocortin neurons
identity, and that once Pomc expression and melanocortin neu-
rons are established, NKX2.1 function is less prominent. Given
that Nkx2.1 and Pomc also coexpress in the arcuate nucleus dur-
ing postnatal life, we decided to evaluate whether NKX2.1 plays a
role in the transcriptional regulation of Pomc in adult mice. We
found that the number of POMC neurons in the adult arcuate
nucleus was normal, as assessed in Pomc-EGFP.PomcNkx2.1KO
compound mice (Fig. 8e–g; control: 181 � 9.2 cells/slice, n 	 3;
KO: 179 � 4.2 cells/slice, n 	 3; GLM binomial distribution, z 	
0.274, p 	 0.784). However, a qRT-PCR study showed that hy-
pothalamic Pomc mRNA levels from 20-week-old PomcNkx2.1KO
male mice are 38% lower than those found in Nkx2.1loxP/loxP con-
trol littermates (Fig. 8h; one-tailed Student’s t test, t 	 2.022, df 	
10, p 	 0.0354; control: n 	 5; KO: n 	 7). In agreement with the
reduction in Pomc mRNA levels, 20-week-old PomcNkx2.1KO
males were 11.3% heavier than their control siblings [control:
29.8 � 0.57 g (n 	 7); PomcNkx2.1KO: 33.0 � 0.86 g (n 	 11),
t 	 2.767, df 	 16, p 	 0.014, two-tailed Student�s t test]. In
addition, the livers and retroperitoneal fat pads of
PomcNkx2.1KO mice were 15% and 148% heavier than those
from control littermates, respectively, whereas other fat pads
showed no statistically significant difference [livers: control:
1.20 � 0.05 g (n 	 6); PomcNkx2.1KO: 1.38 � 0.05 g (n 	 7), t 	
2.741, df 	 11, p 	 0.019, two-tailed Student�s t test; retroperi-
toneal fat: control: 81.6 � 23.2 mg (n 	 7); PomcNkx2.1KO:

202.6 � 40.1 mg (n 	 10), t 	 2.326, df 	 15, p 	 0.0344,
two-tailed Student�s t test]. Overall, our results demonstrate
that NKX2.1 participates in a cell-autonomous manner in at-
taining normal Pomc expression levels in the adult arcuate
nucleus and, consequently, in the regulation of normal body
weight homeostasis.

The number of hypothalamic NPY neurons is not altered in
conditional Nkx2.1 mutant mice
POMC and NPY/AGRP arcuate neurons play antagonistic roles
in the regulation of food intake. Because a population of NPY/
AGRP neurons appears to originate from earlier Pomc-expressing
progenitors (Padilla et al., 2010; Sanz et al., 2015), we analyzed
the number of hypothalamic NPY/AGRP neurons in the three
conditional Nkx2.1 mutant mouse models described above (Figs.
5, 7, 8). Because the onset of Npy expression (E12.5) in the mouse
developing hypothalamus precedes that of Agrp (E15.5), we used
an anti-NPY antibody to label NPY neurons at E12.5 in
Nkx2.1KO@E9.5 and Isl1Nkx2.1KO embryos, as well as in their
corresponding controls. The number of NPY neurons at E12.5
was not altered after ablating Nkx2.1 from the entire brain at E9.5
(Fig. 9a,b; control: 17.3 � 3.8 cells, n 	 3; KO: 22.7 � 0.88 cells,
n 	 3; GLM Poisson distribution, z 	 1.46, p 	 0.15), or specif-
ically from ISL1� neurons (Fig. 9c,d; control: 11.7 � 2.3 cells, n 	
3; Isl1Nkx2.1KO: 11.6 � 0.51 cells, n 	 5; GLM binomial distri-
bution, z 	 �0.027, p 	 0.98), in clear contrast to what we found
for POMC neurons (Figs. 5g,h, Fig. 7m,n), respectively. Similarly,
the number of arcuate NPY neurons was not affected in
PomcNkx2.1KO E12.5 embryos [Fig. 9e,f; control: 16.3 � 2.6
cells, n 	 4; KO: 15.5 � 1.9 cells, n 	 4; GLM Poisson distribu-
tion, z 	 �0.266, p 	 0.79), E15.5 embryos; Fig. 9g,h; control:
52.3 � 0.95 densitometry arbitrary units (A.U.), n 	 2; KO:
47.4 � 1.3 A.U., n 	 2; two-tailed Student’s t test: t 	 3.104,
df 	 2, p 	 0.09] or in adults (Fig. 9i,j; control: 46.8 � 0.99 A.U.,
n 	 3; KO: 44.7 � 1.14 A.U., n 	 3; two-tailed Student’s t test: t 	
1.38, df 	 4, p 	 0.24). These results suggest that the reduction in
hypothalamic Pomc expression elicited by the early ablation of
Nkx2.1 does not alter the number of hypothalamic NPY neurons.

Discussion
In this study, we combined molecular, genetic, cellular, and func-
tional approaches to demonstrate that the homeodomain tran-
scription factor NKX2.1 plays a crucial role in establishing the
early identity of melanocortin neurons by promoting the onset of
Pomc expression in the ventral hypothalamus. Specifically, we
show the following: (1) the neuronal Pomc enhancers nPE1 and
nPE2 contain canonical NKX binding sites, which are highly con-
served in all mammalian orders; (2) Pomc coexpresses with
Nkx2.1 from its onset at E10.5 and throughout the entire life span
in the arcuate nucleus; (3) NKX2.1 binds in vitro to DNA frag-
ments from nPE1 and nPE2 carrying NKX binding motifs and in
vivo to nPE1 and nPE2 in hypothalamic chromatin extracts; (4)
the NKX binding motifs present in nPE1 and nPE2 are essential
for their enhancer activity in arcuate neurons; (5) early expres-
sion of Nkx2.1 in the developing ventral hypothalamus is neces-
sary for the onset of hypothalamic Pomc expression; (6) Nkx2.1
ablation from hypothalamic ISL1� neurons prevents Pomc ex-
pression demonstrating that the sole presence of ISL1 is unable to
activate Pomc; and (7) Nkx2.1 ablation from POMC neurons
reduces 38% Pomc mRNA levels and induces a mild increase in
body weight and adiposity in adult mice.

Nkx2.1 is expressed as early as E7.5 in the anterior portion of
the mouse neural tube and hours later is found in neuronal pro-

Figure 9. Hypothalamic NPY neurons in conditional Nkx2.1 mutant mice. a–f, The number
of NPY � neurons is normal in Nkx2.1KO@E9.5 (b), Isl1 Nkx2.1KO (d), and PomcNkx2.1KO (f )
E12.5 mouse embryos compared with their corresponding control littermates (a, c, e), as de-
termined by immunofluorescence using anti-NPY (green) antibody on sagittal cryosections.
g–j, The signal density of NPY � cells in PomcNkx2.1KO mice is also normal at E15.5 (g, h) and
in the adult arcuate nucleus (i, j).
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genitors of the hypothalamic anlage, where it specifies ventral
lineages while repressing dorsal and alar fates (Kimura et al.,
1996; Marín et al., 2002). Ablation of Nkx2.1 at this early stage
impairs the formation of the ventral hypothalamic primordium,
which undergoes dorsalization (Kimura et al., 1996). In addition
to this essential early role defining the ventral identity of the
developing hypothalamus, Nkx2.1 is later expressed in postmi-
totic cells, suggesting that it may also be involved in the differen-
tiation and maintenance of mature cellular phenotypes in this
brain region (Sussel et al., 1999; Yee et al., 2009). In fact, we found
that the early ablation of Nkx2.1 induced a major deficit in the
number of POMC neurons that normally arise in the ventral
hypothalamus at E11.5 and extend their proliferation a day later.
This impairment was particularly observed in Nkx2.1KO@E9.5
and Isl1Nkx2.1KO embryos, two conditional mutant models in
which Nkx2.1 ablation precedes the onset of hypothalamic Pomc
expression, but not in PomcNkx2.1KO embryos, which still ex-
press normal levels of NKX2.1 by the time Pomc starts expressing
in the developing hypothalamus. This difference reveals the crit-
ical role of NKX2.1 in the early expression of hypothalamic Pomc.
Thus, the multiple developmental roles that NKX2.1 plays in the
future ventral hypothalamus assure first, the formation of the
tuberal portion of the mediobasal hypothalamus from where
the arcuate nucleus originates; second, the determination of the
identity of POMC neurons in this region and; third, the mainte-
nance of high expression levels of Pomc to regulate satiety and
body weight. The role of NKX2.1 in postnatal Pomc expression is
consistent with its presence in POMC neurons in the adult arcu-
ate nucleus and with its binding in vivo to the Pomc enhancers
nPE1 and nPE2 in adult mouse hypothalami.

Our results shed light on the multistep genetic program that
NKX2.1 initiates in the anterior tip of the neural tube during the
early developmental stages of the anterior brain, and that ends up
with the integration of fully functional neuronal circuits, includ-
ing those controlling food intake and energy balance. This com-
plex program, strongly dependent on NKX2.1, includes the
morphogenesis of the arcuate nucleus followed by the birth and
maturation of arcuate neurons expressing Pomc. The execution
of this elaborate developmental program has been recently mim-
icked in vitro using, at starting points, human embryonic stem
cells or induced pluripotent stem cells (Merkle et al., 2015; Wang
et al., 2015). Upon treatment with the morphogen Sonic Hedge-
hog Homolog and inhibitors of the SMAD and Notch pathways,
these cells acquire features of ventral hypothalamic neural pro-
genitors including the expression of Nkx2.1 (Wang et al., 2015).
Further inhibition of Notch signaling differentiates NKX2.1�

cells to a population of neuronal phenotypes typical of the arcu-
ate nucleus including POMC, NPY/AGRP, somatostatin, and
TH/dopamine (Wang et al., 2015).

In addition to its critical role in the developmental plan of the
ventral hypothalamus and telencephalic medial ganglionic emi-
nence (Marín et al., 2002), NKX2.1 drives the differentiation of
particular cell types in peripheral organs such as the thyroid gland
(Kusakabe et al., 2006) and the lungs (Kimura et al., 1996). As we
found in hypothalamic POMC neurons, NKX2.1 participates not
only in the morphogenesis of the thyroid gland but also in the
differentiation of thyrocytes and in the regulation of the expres-
sion of thyroid-specific genes such as thyroglobulin (Miccadei et
al., 2002). The concomitant function of NKX2.1 in these three
organs is evident in a familial clinical condition known as brain-
lung-thyroid syndrome, characterized by congenital hypothy-
roidism, infant respiratory distress, and benign hereditary
chorea, which is found in patients carrying heterozygous mis-

sense or nonsense mutations in the coding region of human
NKX2.1 (Miccadei et al., 2002). Some NKX2.1 mutations involve
two or just one of these conditions, and, in addition, familial cases
of ataxia and pituitary abnormalities have been reported (Vene-
ziano et al., 2014). Although none of these cases reported comor-
bidity with overweight or obesity, our observation that Nkx2.1
deficiency in POMC neurons induces increased adiposity and
overweight in the mouse may be of biomedical relevance since
polymorphisms leading to very low levels of NKX2.1 in the ven-
tral hypothalamus or in NKX binding motifs in neuronal POMC
enhancers may reduce POMC expression and consequently im-
pair the control of food intake and energy balance. Innumerable
genome-wide association studies have been performed during
the last decades identifying �100 different loci potentially asso-
ciated with high body mass index, type 2 diabetes, increased ad-
iposity or high leptin levels (Thorleifsson et al., 2009; Wheeler et
al., 2013; Gaulton et al., 2015). Although the individual contribu-
tion of the vast majority of these variants is quantitatively irrele-
vant, a polymorphic sequence present in a conserved intronic
region of the FTO gene gained special significance because its
statistical power has been replicated in other unrelated studies
(Scuteri et al., 2007; Loos and Bouchard, 2008). Further genetic
studies showed that this conserved intronic sequence is a tissue-
specific enhancer that controls not FTO but a distant gene coding
for the TF IRX3 (Smemo et al., 2014). Another exceptional single
locus is POMC, since a number of genome-wide studies have
found highly significant linkage scores between obesity-related
traits and a genomic segment in chromosome 2 near POMC (Co-
muzzie et al., 1997; Rotimi et al., 1999; Delplanque et al., 2000).
Although polymorphisms in POMC coding sequences do not
appear to account for these associations (Hixson et al., 1999), it is
likely that mutations in noncoding regulatory elements may alter
POMC transcript levels and modify the relative amount of central
melanocortins.

Our finding that NKX2.1 binds to canonical NKX binding
motifs present in nPE1 and nPE2 adds to the adaptive partial
redundancy of arcuate Pomc expression that relies on the pres-
ence of these two enhancers for full transcriptional activity (Lam
et al., 2015). During mammalian evolution, nPE1 and nPE2 were
independently exapted (co-opted) from different types of retro-
posons (Franchini et al., 2011). This long-lasting evolutionary
process in which two different retroposon-derived sequences be-
came functional neuronal Pomc enhancers involved the indepen-
dent acquisition of NKX binding sites in each of them, as we
previously found for ISL1 binding sites (Nasif et al., 2015). Be-
cause the individual ablation of Nkx2.1 or Isl1 from early devel-
opmental stages prevents the onset of hypothalamic Pomc
expression, we conclude that the combinatorial presence of
NKX2.1 and ISL1 is necessary to determine the identity of arcuate
melanocortin neurons. In fact, in this study we show that Pomc is
expressed in NKX2.1�, ISL1� neurons. However, since the num-
ber of neurons coexpressing these two TFs in the arcuate nucleus
greatly exceeds that of Pomc, it is clear that NKX2.1 and ISL1 are
not sufficient for arcuate-specific Pomc expression and that at
least another TF, yet to be discovered, is necessary to dictate the
identity of POMC neurons. This functionally redundant ensem-
ble of enhancers (nPE1 and nPE2) and TFs (ISL1 and NKX2.1)
orchestrate neuron-specific Pomc expression at relatively high
levels in such a cooperative way that the assessment of the relative
contribution of each component by individual mutations is dif-
ficult to establish.

The relationship between hypothalamic Pomc mRNA levels
and body weight is not linear. After studying a variety of hypo-
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morphic mutant mice, we have come to the conclusion that only
after arcuate Pomc mRNA levels drop to 60 –50% of normal val-
ues do mild and late-onset overweight develop. From 50% to
20% of Pomc mRNA levels, overweight and adiposity slightly
increase, and only when Pomc levels are lower than 10% early-
onset extreme obesity is apparent (Lam et al., 2015; Nasif et al.,
2015). In the extreme case of total absence of neuronal Pomc
expression hyperphagia amd adiposity are maximal (Bumaschny
et al., 2012). Hypothalamic Pomc mRNA levels in PomcNkx2.1KO
adult males were shown to be 62%, and these mice are mildly
overweight (11.3%), whereas homozygous nPE1(�NKX).�nPE2
mice expressing 51% Pomc are 14% heavier than controls, indi-
cating that the specific ablation of the TF NKX2.1 in POMC
neurons or the targeted deletion of their cognate binding sites
may result in similar deficits of Pomc expression. Altogether, we
conclude that NKX2.1 and the NKX binding sites of the neuronal
enhancers of Pomc participate in a multicomponent system that
assures normal levels of hypothalamic Pomc expression and body
weight regulation.
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