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Abstract
Cell-specific expression of many genes is conveyed by multiple enhancers, with each indi-

vidual enhancer controlling a particular expression domain. In contrast, multiple enhancers

drive similar expression patterns of some genes involved in embryonic development, sug-

gesting regulatory redundancy. Work in Drosophila has indicated that functionally overlap-

ping enhancers canalize development by buffering gene expression against environmental

and genetic disturbances. However, little is known about regulatory redundancy in verte-

brates and in genes mainly expressed during adulthood. Here we study nPE1 and nPE2,

two phylogenetically conserved mammalian enhancers that drive expression of the proopio-

melanocortin gene (Pomc) to the same set of hypothalamic neurons. The simultaneous de-

letion of both enhancers abolished Pomc expression at all ages and induced a profound

metabolic dysfunction including early-onset extreme obesity. Targeted inactivation of either

nPE1 or nPE2 led to very low levels of Pomc expression during early embryonic develop-

ment indicating that both enhancers function synergistically. In adult mice, however, Pomc
expression is controlled additively by both enhancers, with nPE1 being responsible for*80%

and nPE2 for*20% of Pomc transcription. Consequently, nPE1 knockout mice exhibit mild

obesity whereas nPE2-deficient micemaintain a normal body weight. These results suggest

that nPE2-driven Pomc expression is compensated by nPE1 at later stages of development,

essentially rescuing the earlier phenotype of nPE2 deficiency. Together, these results reveal

that cooperative interactions between the enhancers confer robustness of Pomc expression
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against gene regulatory disturbances and preclude deleterious metabolic phenotypes caused

by Pomc deficiency in adulthood. Thus, our study demonstrates that enhancer redundancy

can be used by genes that control adult physiology in mammals and underlines the potential

significance of regulatory sequence mutations in common diseases.

Author Summary

The stability of animal form and function in the face of genetic and environmental varia-
tion relies on consistent gene expression. Multiple enhancers, each specifying a unique
regulatory domain, control the precise spatiotemporal expression of many genes. Howev-
er, in some genes apparently redundant enhancers regulate expression in overlapping cell-
specific patterns. Although this arrangement has been shown to be important for develop-
mental robustness in invertebrates, the role of apparently redundant enhancers in verte-
brate species and in genes functioning in adulthood is poorly understood. Here, we show
that expression of the mammalian Pomc gene is controlled in a tissue-specific manner by
two such apparently redundant enhancers. We used targeted deletion of the individual en-
hancers to delineate their respective contributions to Pomc expression in the brain. Since
Pomc expression from its intact locus exceeds the sum of the individual enhancer contribu-
tions to PomcmRNA levels in embryonic mice, we infer a synergistic action between the
enhancers during development. In contrast, the interaction between the enhancers is addi-
tive in adult mice. Deletion of both enhancers simultaneously almost completely abolished
Pomc expression and the mutant mice displayed extreme obesity and metabolic dysfunc-
tion, while deletion of the individual enhancers had a modest or no phenotypic effect. To-
gether, our results demonstrate that the two enhancers cooperatively maintain Pomc
expression above a critical functional threshold.

Introduction
Precise quantitative and spatiotemporal control of protein-coding gene expression is essential
for normal development and cellular function. Cis-regulatory genomic elements, including en-
hancers, play pivotal roles in this control and are extensively utilized by metazoan genomes
[1,2]. Although the entire repertoire of transcriptional enhancers in mammalian genomes re-
mains to be revealed, recent genome-wide studies indicate that enhancers greatly outnumber
protein-coding genes. For example, results obtained by the ENCODE project analyzing many
different cell lines suggest that mammalian genomes might harbor up to 400,000 enhancer-like
regions[3–5], and a recent atlas of active enhancers across human cell types and tissues has esti-
mated that transcription is regulated by an average of 4.9 enhancers per gene[6]. Although this
number may vary from gene to gene, it is clear that regulation of most of the*20,000 protein-
coding mammalian genes is accomplished by multiple enhancers.

In many cases, each enhancer directs gene expression in particular cell types or develop-
mental stages[7–10]. This modular organization has important evolutionary consequences, be-
cause mutations in a particular enhancer might change the expression of a gene in a particular
context with no, or minor, effects in others[2]. Another emerging feature is the discovery of a
number of genes regulated by more than one enhancer driving partially or completely overlap-
ping expression patterns, suggesting regulatory redundancy. Genetic redundancy is usually re-
lated to the presence of different genes (often paralogues) performing similar functions[11–
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16], but regulatory redundancy is implied when different enhancers around a given gene are
found to drive overlapping expression patterns in transgenic assays[17–21].

In Drosophila melanogaster, apparently redundant enhancers have been identified for some
developmental genes and dubbed primary for the most proximal enhancer and secondary or
shadow for the most distal enhancers[17,19,21]. Inactivation experiments of enhancer pairs
present around the shavenbaby (svb) and snail loci suggest that each enhancer separately is dis-
pensable for proper gene function in standard laboratory conditions, but the presence of both
enhancers is essential for buffering developmental processes against environmental or genetic
disturbances[20–22]. These findings indicated that redundancy between a pair of enhancers
may increase phenotypic robustness and provided a molecular mechanism for the concept of
“canalization” of development, first proposed by C. Waddington[11,18,19,23].

Rigorous testing of regulatory redundancy requires the inactivation of each individual en-
hancer and combinations of apparently redundant enhancers in their native loci followed by an
evaluation of gene expression levels and a broad screening for differential phenotypes attributable
to alteration of gene expression. In principle, such experiments might reveal either complete re-
dundancy if a deleterious phenotype is observable only with the simultaneous inactivation of
both enhancers, or partial redundancy if inactivation of each enhancer separately has a weak phe-
notype on its own. Since complete redundancy is thought to be evolutionarily unstable and likely
to be eliminated by mutation[13], most existing cases of regulatory redundancy are expected to
be of partial nature. Until now, studies on identified apparently redundant enhancers have not
been truly comprehensive, as transcription levels of the endogenous genes have not been mea-
sured, genetic manipulations did not include discrete deletions of each enhancer in their native
loci and the phenotypes have mostly been evaluated with surrogate transgenes[20,21].

In this study, we perform a comprehensive study of enhancer redundancy by taking advan-
tage of two distal and highly conserved regulatory elements, named nPE1 and nPE2, that con-
trol hypothalamic expression of the mammalian proopiomelanocortin gene (Pomc). Pomc
encodes melanocortin neuropeptides that participate in the control of food intake and body
weight. The importance of Pomc is readily apparent in humans and mice lacking hypothalamic
Pomc expression, which are hyperphagic and extremely obese[24–26]. The Pomc neuron-spe-
cific enhancers nPE1 and nPE2 drive completely overlapping spatiotemporal expression pat-
terns of transgenic markers to the*3,000 POMC neurons present in the mouse ventromedial
hypothalamus during embryogenesis as well as in adulthood[27,28]. In spite of their seemingly
identical transcriptional specificity, nPE1 and nPE2 are not derived from a duplication but
rather from the sequential exaptation (co-option) of two unrelated retroposons in the lineage
leading to mammals. The more ancient enhancer, nPE2, was exapted from a CORE-SINE ret-
roposon more than 166 million years ago (Mya) in an ancestor of all extant mammals[29],
whereas nPE1 is a placental novelty originated from the co-option of a MaLR retroposon be-
tween 150 and 90 Mya[28].

Here, we provide evidence that nPE1 and nPE2, although having unrelated evolutionary ori-
gins, share a common array of homeodomain (HD)-containing transcription factor (TF) bind-
ing sites that are essential for reporter gene expression in hypothalamic POMC neurons of
transgenic mice. In addition, we tackled the fundamental question of why Pomc, a gene primar-
ily involved in postnatal physiology, employs two apparently redundant enhancers, instead of
just one, to control hypothalamic expression. To this end, we directly investigated the contribu-
tion of each enhancer to Pomc expression during embryogenesis and adulthood by deleting
each enhancer, or both together, from their endogenous loci by targeted mutagenesis. Based on
the transcriptional and phenotypic consequences observed in the different mutant mice, we
infer the functional and evolutionary significance of this two-component regulatory module.
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Results

The Pomc Neuronal Enhancers nPE1 and nPE2 Share a Common cis-
Regulatory Code
Hypothalamic enhancers nPE1 and nPE2 are phylogenetically conserved in placental mammals
and were initially discovered by local alignments of mouse and human Pomc 50-flanking se-
quences[27–29]. The distance between the two enhancers and between nPE2 and Pomc exon 1
are also strongly conserved across placental genomes (Fig. 1A). In mice, nPE1 and nPE2 are 2.1 kb
apart, constituting a two-enhancer distal regulatory module located 10.0 kb upstream of the tran-
scriptional start site[27]. The inter-enhancer distance ranges between 0.5 and 1.9 kb in other spe-
cies, whereas the distance between nPE2 and exon 1 ranges between 5.2 and 15.0 kb (Fig. 1A).

The fact that both nPE enhancers drive expression to the same population of hypothalamic
neurons[27,28] suggests that these two functional analogues might share DNA elements for
the binding of similar transcription factors (TFs). We searched the functionally critical regions
present in both enhancers, nPE1core[28] and regions 1 and 3 of nPE2[29], for common DNA
motifs and found a 21-bp imperfect palindromic sequence present in nPE1core that is highly
similar to a sequence present in region 1 of nPE2 (Fig. 1B). Each sequence contains two in-
verted TAAT (ATTA) motifs typically recognized by HD-TFs (Fig. 1C, green boxes). Another
sequence present in the critical region 3 of nPE2 also shows a similar configuration with two
inverted HD binding sites (Fig. 1C, purple boxes). These similar arrays of inverted TAAT
motif pairs are completed with a canonical TCAAG/T motif potentially recognized by HD-TFs
of the NKX subfamily (Fig. 1C, blue boxes). Interestingly, all these HD-binding sites are con-
served in humans, mice and most other mammals (S1–S2 Figs.).

The onset of neuronal Pomc expression at e10.5 coincides with the early patterning and ini-
tial cell-type specification of the mouse ventral hypothalamus. Because these developmental
programs involve several HD-TFs we decided to investigate the importance of the HD binding
DNA elements in the function of nPE1core and nPE2. To this end we constructed transgenes
carrying transition mutations of these motifs in either nPE1core or nPE2 and screened their ac-
tivity in transgenic founder mice. All transgenes carried the whole mouse Pomc transcriptional
unit (including the proximal promoter, exons and introns) and the EGFP reporter gene in-
serted within Pomc exon 2. Control transgenes carrying either intact nPE1core or nPE2 drove
expression to the arcuate nucleus of the hypothalamus (Fig. 1D and 1E) as previously shown
[28]. In contrast, all transgenic founder mice carrying either a mutated nPE1core (ten indepen-
dent lines) or a mutated nPE2 (three independent lines) failed to drive EGFP expression to this
brain region (Fig. 1D and 1E). These results suggest that a common array of cis elements, possi-
bly binding the same TFs, underlies the functional analogy of nPE enhancers.

Targeted Inactivation of Pomc Enhancers
To understand the relative importance of each enhancer for Pomc expression and adult physi-
ology, we generated mouse lines carrying small deletions that eliminate nPE1 (Δ1), nPE2 (Δ2)
or both enhancers (Δ1Δ2) by targeted mutagenesis (Figs. 2A and S3). The precise deleted se-
quences encompass the conserved 579 bp for nPE1 and 172 bp for nPE2, and are identical to
the deletions we used previously to study the enhancers in transgenic experiments[27]. Impor-
tantly, the genomic DNA sequences between the two enhancers remained intact in the mutant
Pomc alleles. The neomycin resistance cassette, required for clonal selection of targeted embry-
onic stem cells, was ultimately removed from the targeted loci using Cre/loxP recombination,
so that the proximal promoter region, any other potential regulatory elements and the entire
coding region of Pomc were left intact. In particular, since pituitary expression of Pomc
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Fig 1. The Pomc neuronal enhancers nPE1 and nPE2 Share a common cis-regulatory code. (A) Evolutionary tree of placental mammalian lineages.
The relative lengths of DNA sequences in kilobases (kb) separating nPE1 from nPE2 and nPE2 from exon 1 are illustrated by purple and green bars,
respectively. (B) Alignment between an almost palindromic sequence carrying canonical homeodomain binding sites (HDBS) present in nPE1core and a
remarkably similar sequence present within nPE2 region 1. (C) Scheme of nPE1core and regions 1 and 3 of nPE2 showing the relative positions of
conserved HDBS. nPE1core carries a pair of inverted HDBS similar to another present in nPE2 region 1 (green boxes, full sequences depicted in Fig. 1B).
Another pair of HDBS is present in region 3 of nPE2 (purple boxes). Canonical HDBS of the NKX subfamily are shown (blue boxes). Red letters indicate the
mutated nucleotides. Grey boxes denote the critical enhancer regions determined previously in transgenic mice. (D) Two nearly identical transgenes were
constructed to study the importance of the HDBS present in nPE1core. The control nPE1corePomc-EGFP carries the wild-type (wt) enhancer sequence
whereas nPE1core(mut)Pomc-EGFP (mut) carries six nucleotide substitutions covering all HDBS (red letters in Fig. 1C). Coronal brain sections showing
EGFP expression in hypothalamic arcuate nucleus of nPE1corePomc-EGFP (Left) but not in nPE1core(mut)Pomc-EGFP transgenic founder newborn mice
(Right). (E) Two nearly identical transgenes were constructed to study the importance of the HDBS present in nPE2. The control transgene nPE2Pomc-
EGFP carries the wild-type (wt) enhancer whereas nPE2(mut)Pomc-EGFP (mut) carries twelve nucleotide substitutions covering all HDBS (red letters in
Fig. 1C). EGFP is expressed in the arcuate nucleus of founder transgenic mice carrying nPE2Pomc-EGFP (Left) but not nPE2(mut)Pomc-EGFP (Right). 3V,
third ventricle.

doi:10.1371/journal.pgen.1004935.g001
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depends on the proximal promoter and an enhancer located 7 kb upstream of the gene[30], we
expected Pomc expression to be unaffected in the pituitary gland of the nPE mutant mice.

Enhancers nPE1 and nPE2 Act Synergistically During Early
Development
Pomc expression starts in the prospective anterior hypothalamus during embryogenesis, at
e10.5[29,31,32]. At this stage, we observed that embryos lacking both enhancers had very low
levels of PomcmRNA (*10% of wild-type levels, Fig. 2B), showing that nPE1 and nPE2 are re-
sponsible for most hypothalamic expression of Pomc in embryos. The same result was observed
at e13.5 (Fig. 2C and 2D). On the other hand, embryos with homozygous deletion of either en-
hancer alone had a substantial reduction in hypothalamic Pomc expression at e10.5 (*25% of
wild-type levels, Fig. 2B), as well as at e13.5 (Fig. 2C and 2D). A significant reduction in Pomc

Fig 2. Pomc enhancers nPE1 and nPE2 function cooperatively. (A) Schematic of nPEmutant Pomc
alleles. Green arrowheads show the locations of remnant loxP sites following Cre-mediated excision of the
neo gene-targeting selection cassettes (see S3 Fig.). (B) Pomc expression measured by qRT-PCR in heads
of e10.5 embryos. n = 7–8. (C) Representative Pomc in situ hybridization in sagittal sections of e13.5
embryos. Red box in schematic diagram indicates magnified area. hyp, hypothalamus; pit, pituitary. Scale bar
in left panel, 2 mm; right panel, 500 μm. (D-E) Average integrated density of in situ hybridization signal in
hypothalamus (D) and pituitary (E). n = 4. Quantitative data are presented as mean + 1 S.E.M. Genotype
means were compared by two-tailed t-tests. * P< 0.05, ** P< 0.01, *** P< 0.001 compared to +/+.

doi:10.1371/journal.pgen.1004935.g002
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mRNA was apparent even in embryos heterozygous for each enhancer deletion (Fig. 2B). We
believe that reduced levels of Pomc transcription in every POMC neuron, rather than a loss of
POMC neurons themselves, explains all these results. Previously we showed that compound
mutant mice expressing a cell-autonomous POMC-EGFP reporter transgene on a background
of endogenous Pomc deficiency in the hypothalamus had the same number of POMC neurons
as wildtype mice or single POMC-EGFP transgenic mice[26]. Interestingly, PomcmRNA levels
transcribed from the wild-type locus during development are much higher than the sum pro-
duced by each single enhancer homozygous mutant, indicating that nPE1 and nPE2 act syner-
gistically to overcome transcriptional inertia at the onset of hypothalamic Pomc expression. As
expected, pituitary expression of Pomc was not affected by the deletion of any enhancer
(Fig. 2C and 2E).

Additive Interaction between nPE1 and nPE2 in Adulthood
In adult mice, the simultaneous lack of both enhancers reduced PomcmRNA levels to*10%
of wild-type levels, similar to what was observed during embryogenesis (Fig. 3A-C). The

Fig 3. Pomc expression in adult nPEmutant mice. (A) Representative Pomc in situ hybridization with a
digoxigenin-labeled riboprobe in coronal sections through the hypothalamic arcuate nucleus of adult male
mice (age 8 wk). 3V, third ventricle. Scale bar, 100 μm. (B) Histogram of integrated density of the cellular
colorimetric in situ hybridization signal. Images from a minimum of 4 sections per biological replicate were
thresholded for minimum object size and intensity, and automated cell counts, together with their individual
integrated optical densities, were performed by the NIS Elements software (Nikon). (C-E) Pomc expression
measured by qRT-PCR in hypothalamus (C), anterior pituitary (D), and brainstem (E) of adult male mice (age
8 wk). n = 8 per genotype. All quantitative data are presented as mean + 1 S.E.M. Genotype means were
compared by two-tailed t-tests. * P< 0.05, *** P< 0.001 compared to +/+.

doi:10.1371/journal.pgen.1004935.g003
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individual enhancer deletions demonstrated that each enhancer was independently able to sup-
port transcription in a full complement of hypothalamic POMC neurons, but with reduced
transcriptional strength (Fig. 3A-C). Mice lacking nPE1 expressed approximately 30% of wild-
type levels of PomcmRNA in the hypothalamus (Fig. 3A-C), similar to that observed in embry-
os. However, mice lacking nPE2 expressed only*20% less PomcmRNA than wild-type con-
trols (Fig. 3A-C), indicating that relative expression levels increased from 25% of wild-type
levels to 80% in nPE2-null mice during the period between embryogenesis and adulthood
(compare Fig. 2B and 2D with Fig. 3C). Consistent with their hypothalamic cell-specific en-
hancer activity, deletion of the enhancers did not affect Pomc expression in corticotrophs of
the anterior pituitary (Fig. 3D) or brainstem neurons (Fig. 3E). Levels of POMC-derived pep-
tides in the arcuate nucleus as well as brain regions receiving afferent peptidergic inputs from
Pomc-expressing neurons were commensurate with PomcmRNA levels (Figs. 4 and S4).

Adult Mice Lacking nPE1 Display Overweight and an Abnormal
Metabolic Phenotype
An analysis of body weight and food intake of enhancer-deficient adult mice revealed a thresh-
old effect of Pomc transcription on phenotype. Animals lacking both enhancers were severely
obese, hyperphagic and hypometabolic, all features consistent with their low levels of hypotha-
lamic Pomc expression (Fig. 5A-E). Mice lacking nPE1, which still expressed 30% of wild-type
Pomc levels, had unaltered food intake but displayed moderate weight gain and obesity based
on increased total fat mass and liver mass, consistent with steatosis (Fig. 5A-C). In contrast,
mice lacking nPE2 were able to maintain normal food intake, body weight and composition,
consistent with their expression of PomcmRNA at levels close to the wild-type controls
(Fig. 5A-C). Plotting Pomc expression against body weight reveals the existence of a threshold
at*30% of wild-type levels, below which the shallow linear relationship between

Fig 4. Hypothalamic POMC-derived peptides in nPEmutant mice. (A) Representative ACTH
immunohistochemistry in coronal hypothalamic sections. 3V, third ventricle. Scale bar, 200 μm. (B)
Hypothalamic α-MSH and (C) β-endorphin content measured by radioimmunoassay. All data are from adult
male mice (age 8 wk). n = 6–18. All quantitative data are presented as mean + 1 S.E.M. Genotype means
were compared by two-tailed t-tests. *** P< 0.001 compared to +/+.

doi:10.1371/journal.pgen.1004935.g004
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hypothalamic Pomc expression and body weight is abruptly altered (Fig. 5F), as previously sug-
gested in cytotoxic POMC neuron lesion studies[33].

Adult Mice Lacking nPE2 Display a Normal Metabolic Phenotype
The preceding experiments were all performed using mice fed a standard low fat chow ad libi-
tum. Therefore, we questioned whether a latent altered phenotype of adult nPE2 knockout
mice would be revealed by either chronic calorie restriction or surfeit. However, nPE2 knock-
out mice showed a normally decreased Pomc transcriptional response to two-week food restric-
tion, followed by a brisk rebound after 24 hr refeeding (Fig. 6A). The mice also exhibited
similar changes in body composition and compensatory refeeding responses compared with
wild-type controls (Fig. 6B and C). Chronic high fat diet for 16 weeks resulted in similar in-
creases in body weight and total body fat for nPE2 knockout and wild-type mice (Fig. 6D),

Fig 5. Metabolic phenotype of male nPEmutant mice. (A) Body weight. n = 5–11. (B) Body composition
measured by NMR of mice age 16 wk. n = 15. (C) Liver mass measured in mice aged 16 wk. n = 6. (D) Food
intake and (E) metabolic efficiency measured for 1 wk (age 6–7 wk). n = 5–9. (F) Body weight data from (A)
plotted against PomcmRNA data from Fig. 3C. All quantitative data are presented as mean ± 1 S.E.M.
Genotype means were compared by two-tailed t-tests. * P< 0.05, *** P< 0.001 compared to +/+.

doi:10.1371/journal.pgen.1004935.g005

Cooperation between Partially Redundant Enhancers

PLOS Genetics | DOI:10.1371/journal.pgen.1004935 February 11, 2015 9 / 21



while acute high fat diet exposure for two days induced similar increases in uncoupling protein
1 (Ucp1) mRNA levels in brown adipose tissue of both genotypes (Fig. 6E).

Furthermore, there were no observable phenotypic abnormalities in adult nPE2 knockout
mice of either sex compared to wild-type controls in numerous other physiological parameters.
These additional tests of reproductive capacity, glucose homeostasis, stress responses, acute
fasting, food-oriented behavior, energy expenditure, cardiovascular function, and cold adapta-
tion (S5–S6 Figs.) were designed to probe for more subtle or environment-specific phenotypic
alterations in response to deletion of the evolutionarily older Pomc enhancer. Altogether, these
results show that while nPE1 is a fundamental neuronal Pomc enhancer at all mouse ages, the

Fig 6. Physiological responses of male nPE2mutant mice to altered nutrition. (A) Pomc expression
measured by qRT-PCR in hypothalamus and (B) body composition measured by NMR of mice fed ad libitum
(AL), fed a calorie restricted diet causing 20%weight loss in 1 wk (CR), or subjected to CR regimen followed
by 24 hr ad libitum food access (RF). n = 6 of each genotype/treatment combination. (C) Cumulative food
intake at each indicated time point during the 24 hr refeeding period. (D) Body composition measured by
NMR in mice fed low fat (LFD; 10% kcal fat) or high fat (HFD; 60% kcal fat) diets for 16 wk. n = 2 for LFD, 6–7
for HFD. (E) Ucp1 expression in brown adipose tissue measured by qRT-PCR of mice fed LFD or HFD for
48 hr. n = 6 per treatment/genotype combination. Data are presented as mean + 1 S.E.M. Group means were
compared by two-tailed t-tests. * P< 0.05, *** P< 0.001.

doi:10.1371/journal.pgen.1004935.g006
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relative contribution of the evolutionarily more ancient enhancer nPE2 to Pomc hypothalamic
expression declines after mouse development and is only critical in adult mice lacking nPE1.
Therefore, the sole presence of nPE1 in adults suffices to maintain up to 85% of PomcmRNA
levels and prevent metabolic dysfunction.

Discussion
In this study, we investigated the molecular and functional relationships of the apparently re-
dundant neuron-specific Pomc enhancers nPE1 and nPE2 by evaluating the effects of precise
targeted deletions of each enhancer, or both at the same time, on Pomc expression during em-
bryonic and postnatal life and on physiological phenotype in adulthood. Our results indicate
that (i) nPE1 and nPE2 share a common set of DNAmotifs that are functionally critical for
their enhancer activity; (ii) Pomc expression depends on both enhancers, since mRNA levels
drop precipitously in mice lacking both nPE1 and nPE2; (iii) at early stages of development,
the two enhancers act synergistically to maintain normal Pomc expression levels, since the level
of PomcmRNA in wild-type embryos greatly exceeds that achieved by the sum of the individu-
al enhancer mutants; (iv) in adulthood, however, the enhancers act additively in driving Pomc
transcription at wild-type levels; (v) nPE1 inactivation revealed its predominant contribution
to the overall level of adult Pomc expression since its absence causes several metabolic pheno-
types including obesity; and (vi) deletion of nPE2 does not cause any overt physiological alter-
ation in adult mice but precipitates hyperphagia and extreme obesity if nPE1 is simultaneously
absent. However, It is important to note that despite the body of evidence implicating nPE1
and nPE2 as major contributors to Pomc transcription in hypothalamic neurons, our studies
do not conclusively rule out the presence of additional unidentified enhancers because Pomc
mRNA is not completely absent in mice lacking both nPE1 and nPE2.

Redundancy is a well-known phenomenon in genetics. Genomes of yeast, plants and ani-
mals have many gene paralogues that are remnants of past gene duplications or even whole-ge-
nome duplications[34]. Many such gene duplicates have overlapping functions, as evidenced
by gene-inactivation experiments showing that lack of one gene can be compensated by its
paralogue[16]. Redundancy of regulatory regions is a much less studied phenomenon, because
cis-acting elements have rarely been inactivated in their native locus to study phenotypic
changes. For instance, the loss-of-function studies of apparently redundant enhancers of the
Drosophila gene snail were performed using large BAC transgenes, and the functional analyses
of the enhancers were performed by rescuing gastrulation defects in snailmutants with BAC
constructs[21]. In another study on the fly svb gene, two apparently redundant enhancers out
of five were eliminated by a broad 32 kb deletion in the native locus[20]. However, the recipro-
cal deletion (the other three remaining svb enhancers) or the individual inactivation of each en-
hancer was not investigated. In contrast to these recent Drosophila experiments, in the present
study we precisely disrupted each mouse Pomc enhancer in its native genomic locus. Impor-
tantly, we measured the amount of endogenous PomcmRNA produced as well as the metabolic
phenotypes associated with each targeted mouse line, yielding a quantitative assessment of the
extent of functional redundancy between nPE1 and nPE2.

Pomc is in many ways an ideal gene in which to study enhancer redundancy. Its expression
pattern is simple since it is mainly restricted to the pituitary and the hypothalamus. Further-
more, the regulatory regions controlling transcription in each of these tissues are well known.
Pituitary expression is driven by the proximal promoter and an enhancer located around −7 kb
upstream of the transcription start site, also suggesting redundancy[30], while neuronal expres-
sion is driven by a distal module containing nPE1 and nPE2. The hypothalamic enhancers are
conserved in all placental mammals both in terms of nucleotide sequence as well as in
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organization within the locus, strongly suggesting that both enhancers play important roles in
Pomc expression and mammalian physiology. In contrast, the identity of regulatory sequences
responsible for the relatively low levels of Pomc expression in brainstem neurons and skin have
yet to be identified.

In molecular terms, what makes two highly distinct enhancers drive expression to the same
cell type? The group of M. Levine identified what they called “primary” and “shadow” enhanc-
ers in the vicinities of a few Drosophila genes based on their common binding to the transcrip-
tion factors Dorsal, Twist and Snail[17]. Previously we found a functional nuclear receptor
binding site in nPE2, but this site is not present in nPE1[35]. Here, in contrast, we identified
DNA sequence motifs shared by both nPEs that are absolutely necessary for transgene expres-
sion in the mouse hypothalamus. Therefore, it is likely that nPE1 and nPE2 interact with a sim-
ilar set of yet unidentified transcription factors, in concordance with the few redundant
enhancers previously described in Drosophila. This hypothesis would explain the overlapping
spatiotemporal activities of nPE1 and nPE2. The cognate TFs are likely to already be present at
e10.5 in the developing mouse ventral forebrain, as Pomc is one of the first neuropeptide genes
to be expressed in the prospective hypothalamus. Our identification of the common cis-code of
nPE enhancers in this report will facilitate the search for transcription factors controlling hypo-
thalamic Pomc expression.

The phylogenetic conservation of the hypothalamic Pomc enhancers in all placental mam-
mals, both in terms of nucleotide sequence as well as in organization within the locus, strongly
suggest that they play important roles in Pomc transcription and mammalian physiology. Our
results show that, when both enhancers are deleted, Pomc transcription during embryogenesis
and adulthood proceeds at very low levels (10% of wild-type), leading to severe metabolic dys-
function in the mutant mice. The phenotype includes hyperphagia, decreased energy expendi-
ture and early-onset obesity, in line with previous reports of neuronal-specific Pomc deficiency
in mice[26,36]. This shows that nPE1 and nPE2 are indeed critical for hypothalamic Pomc ex-
pression and illustrates the usefulness of phylogenetic conservation to identify regulatory re-
gions of functional importance[27–29].

To examine the level of functional redundancy of nPE1 and nPE2, we have analyzed their
interplay at two different, although related, levels: transcriptional efficiency and physiological
phenotypes associated with Pomc function in adult animals. From the point of view of enhanc-
er activity, our results indicate that the extent of functional overlap between the enhancers
changes as development progresses. At the onset of Pomc expression (e10.5), the enhancers co-
operate in a synergistic fashion, since the lack of either enhancer reduces PomcmRNA to 25–
30% of wild-type levels. Similar results were obtained at e13.5, when the number of POMC
neurons reaches its peak[37]. In adulthood, however, the effect of each enhancer knockout
changes: while lack of nPE1 still reduces PomcmRNA to 30% of wild-type level, the lack of
nPE2 reduces PomcmRNA only to 80% of wild-type levels. Thus, in adulthood the separate activi-
ties of each enhancer are simply additive with*80% of the activity being due to nPE1 and*20%
to nPE2. This observation is in agreement with a recent genome-wide survey performed by the
FANTOM5 project, which found a positive correlation between the number of redundant enhanc-
ers and the expression levels of putative target genes[6]. The process of recruiting multiple enhanc-
ers to increase expression levels could be regarded as a mechanism of “superfunctionalization” or
“reinforcement” of regulatory elements, akin to processes like the multimerization of genes to in-
crease expression levels, as observed for clock genes in some bacteria[38] and ribosomal genes
in eukaryotes.

The precise molecular mechanism(s) responsible for the differential contributions of nPE1
and nPE2 to Pomc transcriptional activation in the embryonic and adult hypothalamus have
yet to be determined. It is plausible that distinct combinations of TFs and/or co-activators are
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recruited to the enhancer locus as POMC neurons progress from their early developmental
commitment and differentiation to final maturation. Alternatively, pioneer TFs that require
both enhancers may be responsible for chromatin remodeling at the onset of Pomc gene activa-
tion, followed by permanent epigenetic changes that bias enhancer usage to nPE1. These possi-
bilities are not mutually exclusive and further experiments are needed to define the actual
mechanism.

Concerning the effects on adult physiology, the results differ for each enhancer knockout.
nPE1 inactivation caused moderate overweight and increased total body fat. The inactivation
of nPE2, on the other hand, caused no discernible phenotype in a comprehensive panel of ex-
periments analyzing metabolic parameters. Strictly speaking nPE2 is not fully redundant, be-
cause PomcmRNA levels are lower in adult mutants than in wild-type individuals. However,
from a physiological point of view its functions appear to be fully compensated by nPE1, at
least in a modern mouse barrier facility with an ad libitum feeding regimen. This report togeth-
er with our own previous studies demonstrates that hyperphagia and overweight are evident
once PomcmRNA levels drop below*30–40% of normal values (see Fig. 5F). Thus, although
a 20% reduction in PomcmRNA level observed in nPE2 knockout mice does not seem to alter
body weight regulation, this decrease brings values closer to the threshold below which satiety
control is impaired. The evolutionary imperative to maintain Pomc expression above this
threshold is clear. Hyperphagia and obesity are highly maladaptive in the wild, since predator
exposure is increased in hyperphagic animals due to increased foraging, while their greater
mass increases visibility, impairs escape and limits reproductive success[39]. Although the
mechanisms are not completely understood, obesity is also associated with decreased fertility
in both men and women[40,41].

Interestingly, lack of nPE2 function is actually rescued as development progresses, since Pomc
mRNA in nPE2 homozygous knockout embryos corresponds to only 25% of wild-type levels. If
mutants were to reach adulthood expressing this decreased amount of PomcmRNA, the mice
would exhibit several deleterious metabolic phenotypes, as the nPE1 knockouts indicate. Instead,
PomcmRNA levels of nPE2 adult mutants are restored to 80% of wild-type. Thus, regulatory re-
dundancy leads to an adjustment in the levels of Pomc transcription during development into
adulthood in the case of functional impairment of nPE2, an observation which is reminiscent of
the idea of “canalization” as proposed by C.Waddington[23]. Canalization leads to robustness in
development against environmental and genetic disturbances, something that has been proposed
to be an evolutionary explanation behind the existence of apparently redundant enhancers in
Drosophila[18–21]. In the case of Pomc, our results indicate that the presence of the more recent-
ly evolved enhancer nPE1 can secure a normal phenotype in mice deficient in the more ancient
enhancer nPE2. This functional rescue, however, is not reciprocal.

What are the possible perturbations that may alter nPE enhancer activity in the wild that
would need to be canalized? On the one hand, there might be alterations in the amounts of crit-
ical TFs for Pomc expression either by genetic background effects or environmental conditions.
On the other hand, there might be mutations (single-base changes or small indels) in the en-
hancers that affect TF binding. Our observation that the activities of nPE1 and nPE2 likely de-
pend on a common set of TFs suggest that perturbations in regulatory inputs will affect the
activity of both enhancers at the same time (instead of only one as in knockouts), and we hy-
pothesize that in these situations the presence of two partially redundant enhancers should
serve to maintain Pomc transcription above a critical threshold to avoid deleterious metabolic
phenotypes.

Finally, our results highlight the fact that the only way of fully evaluating the contributions
of individual enhancers to transcription is to perform comprehensive inactivation experiments
in their native genomic context and then to study the physiology and fitness of the individual
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mutants. In recent years, genome-wide surveys have identified thousands of genomic regions
with chromatin signatures indicative of potential enhancer activity[6,42], but the presence of
chromatin marks or transgene assays are insufficient to conclusively assign regulatory func-
tions to a particular genomic region, particularly for regions that are not phylogenetically con-
served[2]. Genome-wide association studies (GWAS) have found that genome variants linked
to human diseases are often located in the non-coding portion of the genome, indicating that
many polymorphisms in enhancers may contribute to disease[43,44]. Regions near the Pomc
locus have been implicated in predisposition to obesity and related traits[45–47], and our work
shows that any variant in the nPE enhancers or distant regions that establish contacts with the
enhancer module might influence Pomc expression. In any event, our work indicates that en-
hancer redundancy increases the challenges of studying the physiological significance of regu-
latory variation, as has been suggested for phenotypic robustness in general[48]. Hopefully,
methods that permit the study of the regulatory landscape of whole loci[49,50] and newly-de-
veloped technologies that expedite genome editing[51,52] will accelerate the understanding of
the prevalence and extent of regulatory redundancy and robustness in mammalian genomes.

Materials and Methods

Animal Care
All experiments were approved by the University of Michigan University Committee on the
Care and Use of Animals (UCUCA) and followed the Public Health Service guidelines for the
humane care and use of experimental animals. Mice were housed in ventilated cages under
controlled temperature and photoperiod (12-hr light/12-hr dark cycle, lights on from 06:00 to
18:00 with tap water and laboratory chow containing 28.0% kcal protein, 12.1% kcal fat, and
59.8% kcal carbohydrate available ad libitum, except where noted otherwise.

Bioinformatics
Pomc loci of mammalian genomes were identified by BLAST searches in the Ensembl website
(http://www.ensembl.org) and nPE1 and nPE2 sequences were aligned with CLUSTALW[53].

Transgene Construction and Transgenic Mice Analysis
Transgenes nPE1Pomc-EGFP, nPE1corePomc(mut)-EGFP, nPE2Pomc-EGFP and nPE2Pomc
(mut)-EGFP were constructed using standard molecular biology techniques. The transgenes
are similar to transgene 2 in ref. [27]. They encompass from −13 to +8 kb around the mouse
Pomc locus with the deletion of a region flanked by two SmaI sites located at −6.5 and −0.8 kb.
The deletions of nPE1 in nPE2Pomc-EGFP and nPE2 in nPE1Pomc-EGFP are exactly the same
as those described previously for transgenes 7–12 in Fig. 5 of ref. [27]. The transgenes include
the three exons of mouse Pomc and the coding region of EGFP inserted into a StuI site present
in exon 2, before the ATG translation start codon, as previously described[27]. Parental con-
structs nPE1Pomc-EGFP and nPE2Pomc-EGFP were assembled as previously described[27,28]
and mutations to generate the mutant version (mut) of each enhancer were introduced using
standard megaprimer PCR procedures. For transgene nPE1corePomc(mut)-EGFP, naturally
occurring Bst Z17I andHind III sites were used to replace the nPE1core WT sequence with the
mutated 6-bp sequence shown in Fig. 1C. A similar strategy was used to construct nPE2Pomc
(mut)-EGFP where the nPE2 wild-type sequence from the parental construct[28] was replaced
using naturally occurring Sph I and Xba I sites. Transgenic mice were generated by pronuclear
microinjection of B6CBF2 zygotes as described previously[27,28] at the University of Michigan
Transgenic Animal Model Core Facility (Ann Arbor, Michigan, USA) and the Transgenic
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Mouse Unit of the Centro de Estudios Científicos (Valdivia, Chile). Newborn founder trans-
genic mouse brains were fixed in 4% paraformaldehyde (PFA) overnight and then cryopro-
tected in 30% sucrose in PBS for an additional 48 h. Coronal 30 μm brain sections were cut
with a cryostat and hypothalamic EGFP expression was scored in mice showing positive trans-
genic signal in melanotropes of the pituitary intermediate lobe. Sections were visualized direct-
ly or immunostained with the primary polyclonal rabbit anti-EGFP (Abcam, ab290) followed
by a secondary anti-rabbit Alexa Fluor 488 (A11008, Life Technologies).

Generation and Breeding of nPE Mutant Mice
Two targeting vectors were constructed with genomic sequences between −13 and −6.5 kb of
mouse Pomc that were isolated previously[54] and subcloned fragments harboring both a
579 bp deletion of nPE1 and a 172 bp deletion of nPE2, or the individual nPE2 deletion[27]. A
neomycin-resistance cassette (PGK-neo-bGHpolyA) flanked by loxP sites was inserted into an
ApaI site located upstream of the deleted nPE1 region (common fneoΔ1 and fneoΔ1Δ2 con-
struct) or into an SphI site located upstream of the deleted nPE2 region (fneoΔ2 construct).
The 5’ and 3’ recombination arms for the fneoΔ1Δ2 construct encompassed 1.8 kb and 9.5 kb,
respectively, and for the fneoΔ2 construct the 5’ and 3’ recombination arms encompassed 3.0 kb
and 3.3 kb, respectively. Each targeting vector also included aHerpes simplex I thymidine kinase
expression cassette (HSV-TK) adjacent to one of the recombination arms to enrich for homolo-
gous recombination events over random chromosomal integrations. The targeting vectors were
linearized with KpnI and electroporated into 129/SvJae J1 ES cells[55] or 129S6/SvEvTac Taffy
ES cells (fneoΔ1Δ2 construct only; University of Cincinnati Gene Targeting and Transgenic
Mouse Models Core), which were then propagated under positive-negative selection with G418
and gancyclovir. Individual clones were screened for correct homologous recombination across
both arms of the targeting vectors by Southern blot analysis of genomic DNA digested with
EcoRV. Membranes were hybridized separately to one of five unique [32P]-radiolabeled probes
cloned by PCR frommouse genomic DNA (S3 Fig.). The fneoΔ1Δ2 allele and the fneoΔ1 alleles
resulted from homologous recombination events occurring within the long homology arm of the
fneoΔ1Δ2 targeting vector either 3’ or 5’, respectively, of the deleted nPE2 sequences. The latter
crossover location restored an intact nPE2 site from the wild-type chromosomal DNA. Clones
with normal karyotypes (40, XY) were microinjected into e3.5 blastocysts derived from C57BL/
6J mice to obtain germline-competent male chimeras. The fneoΔ1 and fneoΔ2 chimeras were
both derived from J1 ES cells, while the fneoΔ1Δ2 chimeras were derived from Taffy ES cells.
Chimeric males were bred to C57BL/6J females to obtain heterozygous mice. Integrity of the
wild-type and mutant alleles were reconfirmed by Southern blots of tail genomic DNA and
thereafter all mice were genotyped by a panel of PCR reactions specific for each mutant allele.
Mice were backcrossed to the C57BL/6J strain for at least 6 generations. To obtain mice lacking
the neo cassette early in embryogenesis, fneo mice were mated with CMV-Cre transgenic mice
(B6.C-Tg(CMV-cre)1Cgn/J)[56]; The Jackson Laboratory), which express Cre recombinase in all
tissues, including germ cells. Recombination in the offspring was ascertained by genomic PCR
with primers flanking the floxed neo cassette, which permits discrimination of the wild-type al-
lele and the targeted alleles lacking neo, while the alleles with intact neo cassettes are not ampli-
fied. Mice lacking both the neo cassette and the CMV-Cre transgene were backcrossed onto
C57BL/6J for at least 6 generations.

In situ Hybridization
Adult brains were rapidly extracted and fresh frozen in isopentane. Embryos were extracted,
fixed overnight at 4°C in 4% PFA, and then cryoprotected in 10% sucrose in PBS overnight at
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4°C. Embryos were then embedded in 10% gelatin/10% sucrose in PBS and frozen in isopen-
tane. Tissue was cut on a cryostat (20 μm sections) and mounted on gelatin-coated slides. A
667 bp fragment encoding a portion of Pomc exon 3 was cloned into pGEM7. The vector was
linearized with NcoI and served as a template for in vitro transcription and digoxigenin (DIG)
labeling with T7 RNA polymerase (DIG RNA labeling kit, Roche). The resulting DIG-labeled
transcript was complementary to PomcmRNA. Slides with attached sections were fixed in 4%
PFA in DEPC-treated PBS (DEPC-PBS) for 10 min and washed in DEPC-PBS. Sections were
acetylated for 10 min with 0.01% triethanolamine, 0.02 N HCl, and 0.003% acetic anhydride
and then permeabilized in 0.01% (v/v) Triton-X 100 in DEPC-PBS. After DEPC-PBS washes,
sections were prehybridized in hybridization solution (50% formamide, 10% dextran sulfate,
1 mg/ml tRNA, 1X Denhardt’s solution, 30 mM NaCl, 9 mM Tris-HCl, 1 mM Tris, 5 mM
NaH2PO4, 5 mM Na2HPO4, 5 mM EDTA) at room temperature for 4 hr. DIG-labeled probe
was diluted in hybridization solution (750 ng/ml), heated at 80°C for 5 min, and cooled on ice.
Probe was applied to slides and allowed to hybridize overnight at 72°C under coverslips. Cover-
slips were removed and slides were soaked in 0.2X SSC at 72°C for 45 min, then washed in
0.2X SSC at room temperature for 5 min. For detection, slides were first washed in B1 solution
(100 mM Tris-HCl pH 7.5, 150 mMNaCl, 0.001% Triton-X 100) and blocked in B1 with 10%
heat-inactivated goat serum (HINGS) and 100 mM lysine. Next, slides were incubated over-
night with anti-DIG antibody conjugated to alkaline phosphatase (1:3,500; Roche) with 1%
HINGS. Slides were washed in B1 and B2 (100 mM Tris-HCl pH 9, 100 mMNaCl, 50 mM
MgCl2, 0.1% Tween 20). Signal was developed in B2 with NBT and BCIP substrates. The reac-
tion was stopped with B1 and slides were coverslipped with Mowiol (Sigma). Sections were im-
aged on an upright Nikon 90i microscope equipped with a 10x objective (Nikon) in bright field
mode with a consistent exposure time of 20 ms. Analysis was performed with NIS Elements
software (Nikon). For e13.5 staining, hypothalamus and pituitary were outlined and integrated
density was calculated by the software. The average integrated density of multiple sections per
biological replicate (minimum 4 sections per replicate) was used to calculate means per geno-
type. For adult staining, images were thresholded for minimum object size and intensity, and
automated counts were performed by the software.

qRT-PCR
RNA was extracted with RNeasy columns (Qiagen) and reverse transcribed with random prim-
ers using GoScript Reverse Transcription system (Promega). A FAM-labeled Pomc probe
(Mm00435874_m1; Life Technologies) and a VIC-labeled 18S rRNA probe (Mm03928990_g1;
Life Technologies) were used in multiplex and quantitation was performed by the 2−ΔΔCT

method.

Immunohistochemistry
Mice were transcardially perfused with 10% sucrose followed by 4% PFA. Brains were ex-
tracted, postfixed in 4% PFA overnight at 4°C, then cryoprotected in 30% sucrose in PBS over-
night at 4°C. Brains were sectioned coronally on a freezing microtome at 30 μm thickness. In
free-floating sections, endogenous peroxidase was blocked with 1% H2O2 in PBS for 30 min.
Following PBS washes, sections were blocked with 1% normal goat serum and 0.1% Triton-X
100 for 1 hour. Sections were then incubated with primary antibodies at room temperature
overnight (rabbit anti-ACTH, 1:5,000, National Hormone and Peptide Program; sheep anti-α-
MSH, 1:25,000, gift of Dr. Jeffrey Tatro, Tufts New England Medical Center). Following PBS
washes, sections were incubated with biotinylated secondary antibodies (1:1,000; Jackson
ImmunoResearch), and then washed again in PBS. For detection, Vectastain ABC kit (Vector
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Labs) was used, followed by development with diaminobenzidine (0.5 mg/ml) in the presence
of 0.01% H2O2. Slides were dehydrated and coverslipped with DPX.

Peptide Radioimmunoassay (RIA)
Hypothalami were extracted in 0.1N HCl and assayed for POMC-derived peptides as previous-
ly described[57]. α-MSH RIA was performed with an antiserum that cross-reacts fully with
des-acetyl-α-MSH, but has no cross-reactivity with ACTH, corticotropin-like intermediate
peptide, or the free acid form of α-MSH that has not been amidated[57]. β-endorphin RIA was
performed with an antiserum directed at β-endorphin18-25 (cross-reacts fully with β-endor-
phin1-31, β-endorphin1-27 and β-endorphin1-26 and 30% on a molar basis with β-lipotropic
hormone; it has no cross-reactivity with ACTH or α-MSH)[57].

Supporting Information
S1 Fig. nPE1 multiple sequence alignment.Multiple sequence alignment (ClustalW) of
nPE1core sequences from a representative variety of eutherian (placental) mammalian species.
The DNA elements with similarity to NKX-binding sites (1A) and general homeodomain bind-
ing sites (1B, 1C) are shown within red squares. Nucleotide residues identical to the human se-
quence are highlighted in blue or yellow.
(TIF)

S2 Fig. nPE2 multiple sequence alignment.Multiple sequence alignment (ClustalW) of re-
gions 1 and 3 of nPE2 (as defined in ref. [29]) from a representative variety of mammalian spe-
cies. The species include placental mammals as well as one marsupial (opossum,Monodelphis
domestica) and a monotreme (platypus, Ornithorhynchus anatinus). The DNA elements with
similarity to NKX-binding sites (2.1C, 2.3C) and general homeodomain binding sites (2.1A-B,
2.3A-B) are shown within red squares. Nucleotide residues identical in a majority of species are
highlighted in blue or yellow.
(TIF)

S3 Fig. Mutated Pomc alleles. (A) Schematic diagrams of the mutated Pomc alleles after ho-
mologous recombination in ES cells and prior to germline excision of the LoxP-flanked (orange
arrowheads) neo cassettes by crosses of heterozygous fneo mice to CMV-Cre mice. EcoRV re-
striction sites and resulting fragment sizes are indicated. Southern blot probes are shown
bound at their targets (see probe legend). Thick gray lines indicate portions of the targeting
constructs with homology to the wild-type (+) allele, while thick black lines indicate endoge-
nous genomic DNA sequences. (B) Southern blot verification of appropriate DNA fragment
sizes following EcoRV digestion of genomic DNA extracted from mice of each genotype.
(TIF)

S4 Fig. POMC-derived peptides in nPE mutant mice. (A, C) α-MSH and (B, D) β-endorphin
content in brain areas innervated by POMC neuron terminals. Amygdala (amyg), thalamus
(thal), and brainstem (bstem). n = 6–8 of each genotype. (E) α-MSH content in anterior pitui-
tary. n = 6–12 of each genotype. (F) Representative α-MSH immunohistochemistry in coronal
hypothalamic sections. The specific labeling for α-MSH is predominantly in POMC fibers
rather than POMC neuronal soma as shown for ACTH immunohistochemistry in Fig. 4A.
Scale bar, 200 μm. Quantitative data were obtained by radioimmunoassay and are presented as
mean + 1 S.E.M. Genotype means were compared by two-tailed t-tests. �� P< 0.01, ��� P< 0.001
compared to +/+.
(TIF)
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S5 Fig. Reproductive phenotype of nPE mutant mice. (A-C) Homozygous male +/+, Δ1/Δ1,
or Δ2/Δ2 mice were housed in trios with female mice of the same genotype (age 8 wk; n = 4–6
trios per genotype). Latency to parturition illustrated by a Kaplan-Meier plot (A), litter size
(B), and newborn pup weight (C) were recorded for the first litter from each dam. Data are pre-
sented as mean + 1 S.E.M. Genotype means were compared by two-tailed t-tests. There were
no significant differences between genotypes.
(TIF)

S6 Fig. Supplementary metabolic and behavioral phenotypes of nPE mutant mice. See ge-
notype color key at the top of the figure. (A) Intraperitoneal glucose tolerance test. n = 4–6. (B)
Morning plasma corticosterone in unstressed (BASAL) or 20 min restraint-stressed (STRESS)
mice. n = 3–9. (C) Food intake of mice presented with a free choice of unlimited low fat (LFD;
10% kcal fat) or high fat (HFD; 60% kcal fat) diets for 24 hr. n = 3–5. (D) 1 hr food intake at
the onset of the dark cycle in the absence of stress (CTRL) or, on a different test day, immedi-
ately following 20 min restraint stress. n = 3–5. (E) Hypothalamic Pomc expression in mice fed
ad libitum or fasted overnight (16 h). n = 5–12 of each genotype/treatment combination. (F)
Feeding latency in a novel open field environment after a 16 hr fast. n = 3. (G-J) Mice were
placed in CLAMS automated metabolic chambers for 72 hr, and oxygen consumption (VO2;
G), respiratory exchange ratio (RER; H), horizontal activity (I) and rearing activity (J) were
measured. n = 8. (K) Mice were given ad libitum access to food for 4 hr daily during the light
cycle and daily food intake was recorded. n = 3–4. (L) Systolic blood pressure (BP) and (M)
heart rate were measured by tail cuff. n = 4–6. (N, O) Mice fed ad libitum (N) or fasted over-
night (16 hr; O) were housed at 4°C and rectal temperature was measured hourly. n = 4. Data
are presented as mean ± 1 S.E.M. Group means were compared by two-tailed t-tests. ��
P< 0.01, ��� P< 0.001.
(TIF)
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