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Arcuate Nucleus Overexpression of NHLH2 Reduces Body
Mass and Attenuates Obesity-Associated Anxiety/
Depression-like Behavior
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Nescient helix-loop-helix 2 (NHLH2) is a hypothalamic transcription factor that controls the expression of prohormone convertase 1/
3, therefore having an impact on the processing of proopiomelanocortin and thus on energy homeostasis. Studies have shown that
KO of Nhlh2 results in increased body mass, reduced physical activity, and hypogonadism. In humans, a polymorphism of the
NHLH2 gene is associated with obesity; and in Prader-Willi syndrome, a condition characterized by obesity, hypogonadism and be-
havioral abnormalities, the expression of NHLH2 is reduced. Despite clinical and experimental evidence suggesting that NHLH2 could
be a good target for the treatment of obesity, no previous study has evaluated the impact of NHLH2 overexpression in obesity. Here,
in mice fed a high-fat diet introduced right after the arcuate nucleus intracerebroventricular injection of a lentivirus that promoted
40% increase in NHLH2, there was prevention of the development of obesity by a mechanism dependent on the reduction of caloric
intake. When hypothalamic overexpression of NHLH2 was induced in previously obese mice, the beneficial impact on obesity-associ-
ated phenotype was even greater; thus, there was an 80% attenuation in body mass gain, reduced whole-body adiposity, increased
brown adipose tissue temperature, reduced hypothalamic inflammation, and reduced liver steatosis. In this setting, the beneficial
impact of hypothalamic overexpression of NHLH2 was a result of combined effects on caloric intake, energy expenditure, and physical
activity. Moreover, the hypothalamic overexpression of NHLH2 reduced obesity-associated anxiety/depression behavior. Thus, we pro-
vide an experimental proof of concept supporting that hypothalamic NHLH2 is a good target for the treatment of obesity.
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Obesity is a highly prevalent medical condition that lacks an effective treatment. The main advance provided by this study is
the demonstration of the beneficial metabolic and behavioral outcomes resulting from the overexpression of NHLH2 in the
hypothalamus. When NHLH2 was overexpressed simultaneously with the introduction of a high-fat diet, there was prevention
of obesity by a mechanism dependent on reduced caloric intake. Conversely, when NHLH2 was overexpressed in previously
obese mice, there was reduction of the obese phenotype because of a combination of reduced caloric intake, increased physical
activity, and increased thermogenesis. In addition, the overexpression of NHLH2 reduced anxiety/depression-like behavior.
Thus, NHLH2 emerges as a potential target for the combined treatment of obesity and its associated anxiety/depression-like
behavior.
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Introduction

The hypothalamic melanocortin system plays a central role in
the regulation of whole-body metabolism by integrating signals
involved in the control of food intake, energy expenditure, and
nutrient storage and utilization (Kuhnen et al., 2019; da Silva et
al., 2020). In both experimental models and humans, genetic
defects affecting key components of this system result in the de-
velopment of obesity (Huszar et al.,, 1997; Krude et al, 1998;
Hinney et al., 1999; Bumaschny et al., 2012). In addition, in ex-
perimental diet-induced obesity (DIO), which is used as a model
for the more prevalent forms of nonmonogenic human obesity,
proopiomelanocortin (POMC) regulation in response to feeding
is affected rapidly (Souza et al, 2016); and in the long-run,
POMC neurons can undergo apoptosis (Moraes et al., 2009; Yi et
al., 2017). Thus, the detailed characterization of components of
the hypothalamic melanocortin system undergoing abnormal
regulation in obesity could provide advances in the development
of strategies to prevent and treat obesity.

Nescient helix-loop-helix 2 (NHLH2) is a basic helix-loop-he-
lix transcription factor that is highly expressed in the mediobasal
hypothalamus (Al Rayyan et al., 2014), where it controls the tran-
scription of prohormone convertase 1/3 (Pcskl, PC1/3) and thus
the catalytic processing of POMC into its active derivatives (Jing
et al., 2004). The whole-body targeted deletion of the Nhlh2 gene
results in hypogonadism and obesity (Good et al., 1997); and at
least in part, the obese phenotype is associated with reduced
spontaneous physical activity (Good et al., 2008), implying that
NHLH2 is involved in the regulation of a wide range of functions
and behaviors that impact on whole-body energy metabolism. A
nonsynonymous single nucleotide polymorphism of NHLH2 has
been found in 0.1% of people with obesity, suggesting an involve-
ment of this gene in human obesity (Lewis, 1991; Ahituv et al.,
2007). Moreover, a recent study has shown that NHLH2 expres-
sion is reduced because of Prader-Willi syndrome chromosome
15q microdeletions that affect the SNORDI116 gene (Burnett et
al., 2017). Furthermore, in mice, the paternal KO of Snordl16
recapitulates most of the human phenotype of patients with
Prader-Willi syndrome, including the reductions of NHLH2 and
its transcriptional target, PC1/3 (Burnett et al., 2017). These find-
ings provide strong evidence for the involvement of NHLH2 in
the regulation of behavior and body energy homeostasis in
humans, as well as in experimental models.

Despite undisputed clinical and experimental evidence sug-
gesting that NHLH2 could be an attractive target to treat obesity,
no previous study has evaluated the outcomes of the hypothala-
mic overexpression of NHLH2 in obesity. Here, we hypothesized
that overexpression of NHLH2 in the hypothalamus could pro-
tect from obesity; thus, we used a lentivirus to promote NHLH2
overexpression specifically in the arcuate nucleus (ARC) of DIO
mice, which resulted in the mitigation of obesity by reducing
caloric intake, increasing spontaneous physical activity, and
increasing brown adipose tissue (BAT) thermogenesis; these
changes were accompanied by reduced obesity-associated anxi-
ety/depression-like behavior.

Materials and Methods

Analysis of single-cell RNA sequencing data: data acquisition and
normalization

Campbell et al. (2017) processed and filtered single-cell RNA sequenc-
ing (scRNAseq) data that were obtained as a raw digital gene expres-
sion (DGE) matrix from the Single-Cell Portal (https://singlecell.
broadinstitute.org/single_cell/data/public/SCP97/a-molecular-census-
of-arcuate-hypothalamus-and-median-eminence-cell-types?filename=
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Table 1. Macronutrient composition of the diets

Component Chow (g) HFD (g)
Starch 427.5 115.5
Protein (casein 85%) 200 200
Dextrinized corn starch 132 132
Sucrose 100 100
Soybean oil 40 40
Lard 0 312
Fiber (cellulose) 50 50
Mineral mix (AIN-93) 35 35
Vitamin mix (AIN-93) 10 10
L-Cystine 3 3
Choline bitartrate 2.5 2.5
Total 1000 1000

expression.txt.gz). Normalization was performed within Seurat version
3 (Butler et al, 2018) with SCTransform (Hafemeister and Satija,
2019), a negative binomial regression normalization and variance sta-
bilization model for state-of-the-art processing of scRNAseq data, and
the top 5000 most variable genes were selected for downstream
analyses.

Dimensionality reduction with diffusion-based manifold approximation
and projection

Obtaining a low-dimensional visualization of high-dimensional data,
such as scRNAseq data, is a challenging task that can be addressed by
dimensionality reduction algorithms, which generate low-dimensional
embeddings (ie., two dimensions) that preserve the most important
aspects of the original data. For the purpose of dissecting the cellular het-
erogeneity in the ARC and determining the cellular distribution of
Nhih2, we used diffusion-based Manifold Approximation and Projection
(dbMAP), a dimensionality reduction method recently developed by our
group (http://dx.doi.org/10.2139/ssrn.3582067) and publicly available at
https://github.com/davisidarta/dbMAP. Briefly, dbMAP first consists of
an adaptive multiscale diffusion maps approach that preserves the intrin-
sic dimensionality of data while embedding it into a lower dimensional
structure before layout. This information is still high-dimensional, and
an optimized Uniform Manifold Approximation and Projection (Becht
et al., 2018) is then used for a second, sequential approximation of the
Laplace-Beltrami operator to generate a low-dimensional visualization.
For the analysis shown in this manuscript, the diffusion basis was
extracted from the data neighborhood graph by using the top 5000
highly variable genes and each cell’s 15 nearest neighbors into 200 latent
diffusion components; next, Uniform Manifold Approximation and
Projection was performed by using the following parameters for visual-
ization: minimal distance, 0.3; spread, 1.5; and 1000 training epochs.

Visualization of gene expression

Gene expression was visualized with Seurat version 3 functions in R. For
visualization within dbMAP embeddings, the FeaturePlot function was
used with default parameters. For visualization of coexpression between
Nhlh2 and Pomc or Kissl, the blend parameter was toggled. Dotplots
were generated with Seurat’s DotPlot function with default parameters.
For all visualizations, the main cell types and neuronal subclusters previ-
ously defined (Campbell et al., 2017) were used, as they were found to
correctly represent most of the structure uncovered by dbMAP.

Analysis of Nhlh2 transcriptional network

The arboreto (Van de Sande et al., 2020) workflow within the pySCENIC
software suite (Aibar et al., 2017) was used to compute the gene regula-
tory networks (GRNs) of ARC neurons only, after excluding the remain-
ing cell types. The pySCENIC suite identifies and weights regulons
(transcriptional factors and their associated target genes) in single-cell
data by using arboreto to identify coexpression of both transcriptional
factors and their targets in the same cell, one cell at a time. The learned
GRNss are then weighted against known databases of motifs, enhancers,
and promoter regions, thus linking existing genomic knowledge to
the exploration of cell-specific transcriptional dynamics. Five distinct
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Lentiviral vector and injection site. A, Schematic representation of the overexpression-inducing recombinant lentiviral vector harboring a tissue-specific Nhlh2 expression cassette. B,

The accuracy of lentiviruses injections site was determined by injecting Evans blue and dissecting the region of interest for inspection. Image is representative of five independent experiments.

promoter regions were considered around the transcription start site
(TSS), as per default: 500 bp upstream of the TSS, 500 bp upstream and
100 bp downstream of the TSS, 5kb around the TSS and 10kb around
the TSS. Regulons containing at least 10 target genes were kept for
downstream analysis. After identification of NHLH2 transcriptional tar-
gets, the relative importance for each was retrieved from the adjacency
matrix generated with arboreto representing NHLH2 GRN, and the top
50 targets with the highest relative importance were used for visualiza-
tion. To validate whether the genes thereby identified as NHLH2 tran-
scriptional targets by this workflow contained known E-box motifs
(CANNTG), we retrieved the sequences from their promotor regions
(1000 bp upstream of the TSS) using the University of California-Santa
Cruz Genome Browser (Kent et al., 2002) (the mm9 genome build was
used), and generated custom code with the R programming language to
survey their sequences for all possible motifs. We found that only 8 genes
of the 116 predicted targets did not contain these motifs in their pro-
moter regions 1000 bp upstream of the TSS (a narrower region than the
surveyed by arboreto): Tmem35, Nkx2.1, HQ.Q2, Fam159a, Tmem8c,
Lrrc38, Gnail, and X4932443119Rik (a proposed, theoretical gene). The
adopted strategy holds two limitations: its reliance on known motifs by
arboreto and the choice of 1000 bp upstream of the TSS cutoff for valida-
tion. Thus, it is possible that these 8 genes also hold E-box motifs in their
promoter regions, albeit at greater distances from the TSS. Nevertheless,
this approach resulted in a 93.1% (108 of 116) accuracy score when pre-
dicting NHLH2 transcriptional targets, which so far have remained
unknown.

Analysis of NHLH2 transcriptional targets in the BXD mouse families

The BXD is a mouse reference population composed of recombinant
inbred cohorts generated from the crossing of C57BL/6] (B) and DBA/2]
(D), originating lineages that are diverse in their gene expression pat-
terns and phenotypes (Andreux et al., 2012). Based on GRN analysis of
arcuate neurons, the top transcriptional targets correlated with NHLH2
in the hypothalamus (INIA Hypothalamus Affy MoGene 1.0 ST
[Nov10]) of BXD mice families (Andreux et al., 2012) were analyzed.
Heatmap visualization was performed using Gene-E. Expression values
across different mice families were sorted based on Nhih2 levels, and its

targets were hierarchically clustered. The data are available at the
GeneNetwork (http://www.genenetwork.org).

Experimental animals

Male and female Swiss mice were used in this study. Mice were bred at
the animal facility of the University of Campinas and maintained in indi-
vidual cages in a 12 h photoperiod at 22°C-24°C with ad libitum food
and water. The number of mice in each experiment is presented in the
figure legends. All experimental procedures were approved by the
Animal Research Ethics Committee of the University of Campinas
(#4072-1).

Dietary interventions and experimental approach

For the experiment depicted in Figure 6A, 8-week-old mice were
weighed, numbered, and submitted to body mass z-score separation into
11 groups. One group was fed chow and was regarded as the baseline
control. The remaining 10 groups were fed a high-fat diet (HFD, compo-
sition in Table 1) for 3, 6, or 12 h; 1, 3, 5, or 7d; or yet 2, 4, or 8 weeks.
At the end of the experimental period, mice were submitted to lethal an-
esthesia and the hypothalamus was extracted for analyses. The experi-
ment was performed on reverse timing; thus, at the end of the
experimental time, all mice were at the same age. For the experiment
depicted in Figure 6B, 8-week-old male mice fed on chow were divided
randomly into two groups: one group was fasted for 12 h and the other
group was fasted for 10 h; and then chow was reintroduced for refeeding
for 2 h. At the end of the experimental time, mice were submitted to le-
thal anesthesia and the hypothalamus was extracted for analyses. For the
experiment depicted in Figure 6C, 8-week-old male mice fed on chow
were divided randomly into three groups: one group was fasted for 12 h,
one group was fasted for 12 h and submitted to the intraperitoneal injec-
tion of 100 pl of saline, and one group was fasted for 12 h and submitted
to the intraperitoneal injection of 100 pl of leptin (10™* m). After 2 h,
mice were submitted to lethal anesthesia and the hypothalamus was
extracted for analyses. For the remaining of the experiments depicted in
Figure 6 and experiments depicted in Figures 7-10, Tables 4 and 5, and
Extended Data Figs 7-1 and 9-1, the protocols are depicted in Figure 6E;
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Figure 2.

Testing expression stability of housekeeping genes. Real-time PCR determination of the expression of housekeeping genes, Gapdh, Rplpo, and Actb, in the hypothalamus (4-C), liver

(D-F), BAT (G-1), and epididymal white adipose tissue (J-L). In all experiments, n=5. SC¢, Scrambled fed on chow; OEc, overexpression fed on chow.

for the experiments depicted in Figures 11-13, the protocols are depicted
in Figure 11A.

Site-specific lentiviral inhibition and overexpression of NHLH2 in the
ARC

For the lentiviral modulation of NHLH2 in the ARC, 8-week-old mice
were anesthetized with a solution of ketamine, xylazine, and diazepam
(100, 10, and 5 mg/kg, respectively) and placed in a stereotactic appara-
tus. Using a Hamilton syringe, lentiviruses (1 pil) were injected bilaterally
into the ARC according to the following stereotaxic coordinates:

anteroposterior —1.7 mm; lateral * 0.3 mm; and dorsoventral —5.3 mm.
Thereafter, mice were maintained in isolated cages for further experi-
mental analyses. For NHLH2 inhibition, we used a commercially avail-
able lentivirus (TRCN 0000084661 from Sigma-Aldrich), whereas for
overexpression, we used a recombinant lentiviral vector harboring a tis-
sue-specific Nhlh2 expression cassette. The plasmid encoding the lentivi-
ral vector backbone was originally produced at the Laboratory of
Thomas Braun and Max Planck and kindly donated by Deborah J. Good
(Virginia Tech) (Fox and Good, 2008; Wankhade and Good, 2011; Al
Rayyan et al., 2013). The lentivirus particles (Fig. 1A) were generated by
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the Viral Vector Laboratory at the Brazilian Biosciences National
Laboratory at the National Center for Research in Energy and Materials,
as previously described (Strauss et al., 2006). The gene sequence was
identical to Swiss mice Nhlh2 as determined using the JAX-MGI engine
(http://www.informatics.jax.org). The efficiency of the lentivirus was
determined in pilot experiments using an anti-flag (myc) antibody and
proven efficient to increase NHLH2 expression by 50%. The efficiency of
the lentiviruses was assessed by infecting Neuro 2a and CLU189 cells
with 10° viral particles and determining NHLH2 expression in cell
extracts by means of real-time PCR. The accuracy of the injection site
was evaluated by the injection of Evans blue (Fig. 1B) and determination
of the target transcripts by means of real-time PCR. Control mice were
always injected with vectors with scrambled sequences.

Dissection of the hypothalamus

For immunoblot and real-time PCR experiments, hypothalami were dis-
sected according to the following coordinates: anterior, optic chiasm;
posterior, mammillary bodies; lateral, optic tracts; superior, apex of the
hypothalamic third ventricle.

Immunoblots

Tissue samples were homogenized in ~10 volumes of solubilization
buffer containing 1% Triton X-100, 100 mwm Tris, pH 7.4, 100 mm so-
dium pyrophosphate, 100 mm sodium fluoride, 10 mm EDTA, 10 mu so-
dium vanadate, 2 mm PMSF, and 0.1 mg/ml of aprotinin at 4°C. The
homogenates were centrifuged at 11,000rpm at 4°C for 40min to
remove insoluble material. The total protein concentration of the super-
natant was determined using the biuret method and reading at 540 nm.
Samples of the supernatants containing 50 pg of total protein were resus-
pended in Laemmli buffer and applied onto polyacrylamide gel for elec-
trophoretic separation (nondenaturing gel). The separated proteins were
transferred to a nitrocellulose membrane. Antibody binding to nonspe-
cific proteins was minimized by pre-incubation of the nitrocellulose
membranes with blocking buffer (5% nonfat milk powder, 10 mm Tris,
150 mm NaCl, and 0.02% Tween 20) for 1 h. Then, the nitrocellulose
membranes were incubated with a specific antibody against NHLH2
(H00004808-M02, Thermo Fisher Scientific). The antigen-antibody
complex attached to the nitrocellulose membrane was detected by chem-
iluminescence using an GE Healthcarekit and following the manufac-
turer’s guidelines. The homogeneity of loading was determined by
reblotting the membranes with an anti-a-tubulin antibody (ab7291,
Abcam). The identified bands were quantified by means of optical
densitometry.

RNA extraction and real-time PCR

Tissue samples were homogenized in TRIzol reagent (Invitrogen) and
then centrifuged at 10,500 rpm for total RNA isolation. RNA integrity
was determined in agarose gel electrophoresis. Aliquots of 3.0 ug of
RNA were submitted to reverse transcription using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). Real-time PCRs
were performed by using the TagMan system (Applied Biosystems). The
Gapdh gene was chosen as an endogenous reaction control; it served to
normalize the expression of the genes of interest in the different samples;
Gapdh gene expression stability under experimental conditions was
tested in all tissues evaluated in this study and was compared with the
expression of two other housekeeping genes, Rplpo and Actb (Fig. 2
A-L). Before starting the experiments, the system was validated to evalu-
ate whether the amplification efficiencies were similar and close to
100%. The validation consisted of amplifying the cDNAs in triplicate at
seven different concentrations (threefold serial dilutions) of a sample
chosen at random, both with the oligonucleotides of the gene of interest
and of the endogenous control. Then, a standard curve was constructed
from the logarithm of the concentration of the samples by threshold
cycle, or the cycle in which each amplification curve crosses the detec-
tion threshold, which was defined arbitrarily. In this curve, the values of
the slope of the curve and the reliability of the replicates were obtained.
Thus, the efficiency of the system was calculated using the formula:
E=10 (—1/slope) — 1. For the relative quantification of the gene under
study, real-time PCRs were performed in triplicate using 3.0 pl of
TagMan Universal PCR Master Mix 2x, 0.25pl of oligonucleotide

Carraro etal. o Hypothalamic NHLH2 in Obesity

Table 2. Primers used in real-time PCR determinations”

Gene name Assay Ref Seq

Actb Mm04394036_g1 AK_075973.1
Cartpt Mm04210469_m1 NM_001081493.2
F4/80 Mm00802529_m1 NM_010130.4
Gapdh Mm99999915_g1 NM_001289726.1
np Mm00434228_m1 NM_008361.3
Mep-1 Mm03058063_m1 NM_008553.4
Nhih2 Mm01305580_m1 NM_178777.3
PC1/3 Mm00479023_m1 NM_013628.2
Pomc Mm00435874_m1 NM_001278581.1
Rplp0 MmPT584394205 NM_007475.1
Tnf Mm00443258_m1 NM_001278601.1

“All primers were purchased from Applied Biosystems.

solution and probe, 0.25 pl of water, and 4.0 pl cDNA (40 ng). The nega-
tive control was performed with 4.0 ul of water, instead of cDNA. The
cycles used in the thermal cycler were 95°C for 2 min, followed by 40
cycles of 95°C for 5 s and 60°C for 30 s. The relative gene expression val-
ues were obtained by analyzing the results in the StepOne Plus System
Software program (Applied Biosystems). All primers used in this study
are listed in Table 2.

Indirect calorimetry and locomotor activity

Oxygen consumption ([dot]VO,), carbon dioxide production ([dot]
VCO,), energy expenditure, and total locomotor activity were measured
by using an indirect open-circuit calorimeter (LE405 gas analyzer,
Panlab/Harvard Apparatus). Mice were allowed to adapt for 12 h before
data were recorded for 24 h (light and dark cycles).

Thermographic determinations

For determination of interscapular BAT, an infrared camera was used
with an infrared resolution of 320 x 240 pixels and a thermal sensitivity
and NETD of b40mKat at 30°C (FLIR T450sc, FLIR Systems). Images
are presented in the rainbow high-contrast mode that is available in the
color palette of the FLIR Tools software.

Determination of lean and fat mass

Mice were anesthetized, and the body fat mass and lean mass contents
were measured with a DXA system, according to the manufacturer’s rec-
ommendations (Discovery Wi QDR Series; Hologic Apex Software,
Hologic).

Adipocyte area
The area of the adipocytes was determined by using paraffinized sections
of adipose tissue examined with Image] software. Adipocytes were then
counted, and the absolute pixel area of each cell was calculated and con-
verted to pm?

H&E staining
The tissue was stored in 4% PFA for 24 h, then placed in 70% alcohol,
and then embedded in paraffin and sectioned.

Behavioral tests

All tests were performed during the light period of the cycle, in an envi-
ronment with complete silence and illumination sufficient for recording
(60 lux). Test sequence was random, and there were 3 d resting intervals
between tests. Mice were habituated previously to the environments for
24 h and submitted to minimal human handling during the tests. All are-
nas were properly cleaned after each determination. For elevated plus
maze and open field tests, scores were obtained from the equipment’s
software. For tail suspension, rotarod, and treadmill tests, scores were
provided by the mean scores given by 3 individual observers; 2 observers
were blind to the experimental conditions.

Elevated plus maze test. Open arms were 6 X 35 cm and closed arms
were 6 X 35 x 20 cm; the central arena was 6 x 6 cm; the high from the
floor was 75 cm. There were three sensors in each arm. Mice were placed
in the central arena of the maze with their head facing the closed space.
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Figure 3.

Analysis of ARC scRNAseq data. A, dbMAP representation of 20,921 cells from the ARC and median eminence (ME) of adult mice (DOI: 10.1038/nn.4495). Each dot represents a sin-

gle-cell transcriptome. Its distance from other cells represents phenotypic (transcriptional) similarity. Cells are colored by the main cell types defined in the adult ARC-ME (DOI: 10.1038/
nn.4495). B, Dot plot visualization of NAlh2 and main cell type markers (Vim, tanycytes; Gfap, astrocytes; (x3cr1, microglia; and Rbfox3 and Meg3, neurons). As shown, Nhih2 is selectively
expressed by neuronal populations. €, dbMAP representation of ARC neurons. Cells are colored by neuronal subclusters previously defined, and non-ARC subpopulations are marked (¥).
D, Visualization of Nhih2 expression in the dbMAP neuronal embedding. Nhih2 is expressed by POMC, KISS1, OXT, and Rgs16 neurons (left). Markers of these neuronal subpopulations, such as
Pomc and KissT, are consistently coexpressed with NAlh2 (right). E, Visualization of Nhih2 expression in the ARC by ISH of a coronal slice in a 56-d-old mouse brain, retrieved from the Allen
Mouse Brain Atlas (https://mouse.brain-map.org/experiment/show/74657929).
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Figure 4.  Visualization of gene expression in ARC neurons. A, Dot plot visualization of Nhlh2, Insr, Lepr, GlpTr, and Pcsk1 expression in the ARC-ME scRNAseq neuronal clusters. B, Panel of
gene expression visualization in the neuronal dbMAP embedding, showing major subpopulation markers.

Recording took place for 5min. The results are expressed as percent
time spent in open and closed arms (Pellow et al., 1985).

Open field test. The test was performed by using activity boxes
(INSIGHT) equipped with 6 bars with 16 sensors that continuously
detected and monitored the position of mice; the field was 50 x 50 cm.
Mice were placed in the center of the field, and determinations took
place for 5 min. During the experiments, the positions of mice were reg-
istered continuously and stored, allowing a detailed analysis of distance
covered, average speed, time immobile, ambulatory movements, and
time spent in the center. For time spent in the center, the results are
expressed as the percentage of total time; for ambulatory activity, the
results are expressed in meters.

Tail suspension test. The procedure consisted of suspending each
mouse by the tail, with the aid of an adhesive tape at a height of 1.5 m
from the floor, so that mice remained with the ventral portion of the
body facing the observer. Each experimental animal remained in this
position for 6 min; and the latency to immobility as well as the total im-
mobilized time were measured throughout the experiment. The results
are expressed in seconds.

Rotarod test. Mice were trained on the cylinder while maintain-
ing a constant rotation of 20 rpm for a maximum of 2 min; training

occurred 24 h before the test and consisted of four 2 min trials,
separated by 15 min resting intervals. During the test, mice
were placed on the equipment cylinder and submitted to an auto-
matic acceleration protocol increasing from 5 to 42 rpm over a pe-
riod of 6 min (acceleration of 6.2 rpm/minute). Each test session
consisted of three trials, separated by 15 min resting intervals. The
results are expressed as the mean time to fall (minutes) and the
mean acceleration when a fall occurred (rpm); the fall height was
20 cm.

Treadmill test. In all experiments, we used a treadmill with indi-
vidual tracks designed for small animals, without electrical stimu-
lation, and with an inclination of 10°. Two days before the test, the
mice underwent a treadmill adaptation protocol. On the first day,
mice were submitted to a 20 min run at 10 cm/s. On the second
day, the mice were submitted to a 5min run at 10 cm/s, followed by
an acceleration of 0.1 cm/s until reaching the speed of 40 cm/s,
which was maintained for 15 min. On the third day, when the test
was performed, the mice were placed on the treadmill with an ini-
tial speed of 10 cm/s and acceleration of 0.1 cm/s until reaching a
speed of 40 cm/s. Then, mice remained on the test for an additional
55 min, totaling 60 min of test.
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Transcripts Number of Nhih2 Transcripts Number of Nhih2
binding motifs binding motifs

Tac2 2 Pcski 3
Esrl 6 Nptxr 3
Prir 6 Enox2 9
Lhx5 1 Inhbb 1
Nr5a2 6 Ldb2 3
Nrd4a2 4 Rbms3 8
Rxfp1 4 Kenk2 9
Calb1 3 Fgf13 6
Slc17a6 3 Rec8 3
Pdyn 2 Nell1 4
kap 5 Nop56 9
Gm27199 1 Hs3st4 1
Ar 1 F730043M19Rik 4
Lxn 1 Ddah1 1
Cdh8 6 Tmemd7 1
Laptmdb 3 Mrps11 5
Tppp3 3 Pcdh8 3
Kctd4 1 Tmem163 4
Sdc2 1 Trpc5 2
Tacr3 1 Ampd3 5
Pgrmc1 1 Mad2i1 3
Mrap2 2 Oprki 4
Rasd1 1 Kctd8 2
Scg2 2 Ptpn5 7
Slc32a1 1 Naaa 3
Sox14 1 Hs3st5 3
Plekhb1 9 Igsf21 1
Lhfpl1 2 Peli1 4
Pomc 2 8
Vgli3 3 Dnajc21 5
Golim4 4 Hs3st1 4
6 Col2a1 i
N 4 Gfral 6
Pcdh1ix 6 Rnf128 3
Pcdh19 4 Tmem200a 5
Rap2c 1 Cacna2d1 k4

I Absence of binding site motif
Presence of binding site motif

NhIh2 top-50 transcriptional targets
8
£ 100
g
5 e
Q
£ 60
2 40
g% I
[}
x o
EREEFE e PEREII TR R R LS
R P m%%gggsggg °°§.5:%Na§%&”§§§%°wi @
5 ©p8 E (S BB
©
Figure 5.

TZOIN [

J. Neurosci., December 1, 2021 - 41(48):10004—10022 - 10011

c

NhIh2 targets from Arcuate Nucleus data

BxD mice families

___ binding motifs __ [IRN App
Preme i E | mlih | i Pcdh11x
D430041D05Rik 5 | Nop56
Teparts ) ]| nm Ptpns
Greb1 8 111 1 Nhlh2
Lipg : Lipg
e ] ' | 1 | inhbb
Neyir 2 I 1 | f‘ Cxxc5
Palc 9] Lhfpi1
Smoet 2 I l' | F730043M19Rik
Cxxcs 4 Nkx2-1
Samne 2 Cacna2d1
Vcan 8 Slc17a6
Ftnit 3 Pesk1
Kerita H Fgi13
] — o2t
i Nrd4:
c1aoommpgr|: g ﬁ Rxip
Ab":xz § Rbms3
Fam222a 2 | Npr3
Ptprg 6 Mrpsii
Gy dans ) Lrrc38
Sytla 5 Kenk13
cl_:;l': f Rasd1
Golim4
et 2 | Htatsf1
Sic25a42 3 Dnajc21
Kenk2
L l— Creb3I1
Mad2l1
| Arac
| Lhx5
Npyir
Tmem200a
Ets2
f Pdyn
Pcdh8
Rara
Ism1
vgli3
Sox14
— Nr5a2
Hs3st5
Laptm4b
Rnf128
Sphkap
Tacr3
Enox2
T
(] Pome
VOXIVZMSCOANTIOIZZ Pcdh19
988 gg32z553899andvag
ZERASRERGRBEQER Sy
= Tmem35
| |
row min row max
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may be >5. B, Graphic representation of the 50 major NHLH2 transcriptional targets determined using the GRNs. ¢, NHLH2 hypothalamic targets identified in the BXD mice families.

Sexual behavior and gonad morphology

Determination of sexual behavior was performed as described previously
(Ahlenius and Larsson, 1984). Briefly, 10-week-old female mice were
submitted to estrus determination by vaginal cytology. Once estrus was
confirmed, female mice were allocated to a cage (Universal Mouse
Innocage, 522.6 cm? floor space, 5653.5 cm? living space, 12.7 cm height)
alongside one 10-week-old male. Recording was performed with a
Canon camera model EOS Rebel T5i for 30 min. The following parame-
ters were determined: mount frequency, intromission frequency, ejacula-
tion frequency, latency for the first mount, latency for first intromission,
latency for first ejaculation, total mounts, and total mount attempts. A
sexual behavior index was obtained by the sum of events of all parame-
ters evaluated and used for comparison among groups. Two days after
sexual behavior evaluation, gonads were extracted for measurement and
histologic evaluation.

Statistical analysis

The results are presented as means and SDs of the means. For each
experiment, the sample size was defined in advance by power analysis
(Festing and Altman, 2002). For statistical analysis, Levene’s test was
applied to determine the homogeneities of the variances, and the
Kolmogorov-Smirnov test was used to determine normality of the dis-
tribution. For comparison of two groups, Student’s ¢ test was used for
parametric data, and Kruskal-Wallis was used for nonparametric data.
For comparison of three or more groups, ANOVA was used; and when

indicated, the Tukey’s honestly significant difference test was used for
multiple comparisons of means. In all cases, the level of significance for
rejection of the null hypothesis was 5% (p < 0.05). The data were ana-
lyzed by using the software Statistic for Windows, version 7.0 (StatSoft).
Open-source code in the R programming language for reproducing this
analysis is available at https://github.com/OCRC/Carraro-et-al_2021.

Results

Nhih2 is expressed in POMC and Kiss1 neurons in the adult
murine ARC

Previously, the cellular distribution of NHLH2 in the hypothala-
mus was determined by means of histology-based methods
(Cogliati et al., 2007; Schmid et al., 2007; Vella et al., 2007). Here,
we evaluated single-cell transcriptomes to refine the characteriza-
tion of ARC cell subpopulations expressing Nhlh2. Initially, we
performed a general assessment of Nhih2 expression in adult
mice analyzing 20,921 previously sequenced single-cell transcrip-
tomes from the ARC and the median eminence (Campbell et al.,
2017) (Fig. 3A). This analysis revealed that Nhlh2 expression was
restricted to the neuronal populations (Fig. 3B) and predomi-
nantly KISS1 and POMC neurons (Fig. 3C,D). Spatially, Nhih2
expression in the hypothalamus is mostly confined to the ARC,
although other nuclei also present a few Nhlh2-expressing cells
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Table 3. Functions and medical conditions associated with the main putative targets of NHLH2

NHLH2 targets Gene product function

Diseases and medical conditions

Lhx5
Nr5a2
Nrda2
Rxfp1
Sle17a6
Pdyn
Sphkap
Tmem35

Laptm4b

Tacr3
Rasd1

Sox14

Lhfpl1
Pcsk1

Pomc

Vgli3
Golim4

App
Npr3

Pcdh11x
Pcdh19
Rap2c

Enox2
Inhbb
Rbms3

Kcnk2

Fgf13

Regulation of neuronal differentiation and migration

Nuclear receptor that acts as a key metabolic sensor by requlating the expression
of genes involved in bile acid synthesis, cholesterol homeostasis, and triglyceride
synthesis

Transcriptional regulator which is important for the differentiation and maintenance
of meso-diencephalic dopaminergic (mdDA) neurons during development

The activity of this receptor is mediated by G proteins leading to stimulation of ad-
enylate cyclase and an increase of cAMP

Mediates the uptake of glutamate into synaptic vesicles at presynaptic nerve termi-
nals of excitatory neural cells

Plays a role in a number of physiologic functions, including pain perception and
responses to stress

Acts as a converging factor linking cAMP and sphingosine signaling pathways; plays
a regulatory role in the modulation of SPHK1

A soluble peptide released by shedding may interact with NGFR and modulate neu-
rite outgrowth

Blocks EGF-stimulated EGFR intraluminal sorting and degradation; plays a role as
negative regulator of TGFB1 production in regulatory T cells; binds ceramide and
facilitates its exit from late endosome in order to control cell death pathways

Receptor for the tachykinin neuropeptide neuromedin-K; associated with G proteins
that activate a phosphatidylinositol-calcium second messenger system

Negatively regulates the transcription regulation activity of the APBB1/FE65-APP
complex via its interaction with APBB1/FE65

Acts as a negative regulator of transcription; SRY-related HMG box gene 14, pre-
dominantly expressed in fetal brain, spinal cord, thymus, potentially involved in
regulation of nervous system development, modulator of LINE retroposon pro-
moter activity SOX14

Lipoma HMGIC (high mobility Group | C protein) fusion partner like gene 1

Involved in the processing of hormone and other protein precursors at sites com-
prised of pairs of basic amino acid residues; substrates include POMC, renin, en-
kephalin, dynorphin, somatostatin, insulin, and AGRP

Stimulates the adrenal glands to release cortisol; anorexigenic peptide; increases
the pigmentation of skin by increasing melanin production in melanocytes;
increases the pigmentation of skin by increasing melanin production in melano-
cytes; endogenous orexigenic opiate

May act as a specific coactivator for the mammalian TEFs

Plays a role in endosome to Golgi protein trafficking; mediates protein transport
along the late endosome-bypass pathway from the early endosome to the Golgi

Increased levels during neuronal differentiation

May function as a clearance receptor for NPPA, NPPB, and NPPC, requlating their
local concentrations and effects; requlates diuresis, blood pressure, and skeletal
development

Potential calcium-dependent cell-adhesion protein

Potential calcium-dependent cell-adhesion protein

Plays a role in cytoskeletal rearrangements and regulates cell spreading through
activation of the effector TNIK; may play a role in SRE-mediated gene
transcription

May be involved in cell growth

Inhibins and activins inhibit and activate, respectively, the secretion of follitropin
by the pituitary gland; inhibins appear to oppose the functions of activins

Binds poly(A) and poly(U) oligoribonucleotides

Reversibly converts between a voltage-insensitive potassium leak channel and a
voltage-dependent outward rectifying potassium channel in a phosphorylation-
dependent manner

Plays a crucial role in neuron polarization and migration in the cerebral cortex and
the hippocampus; required for the development of axonal initial segment-tar-
geting inhibitory GABAergic synapses made by chandelier neurons

Scapuloperoneal spinal muscular atrophy and scapuloperoneal myopathy

Hepatitis B, maturity-onset diabetes of the young, and cholestasis and benign
recurrent intrahepatic

Parkinson’s disease, late-onset and arthritis

Placenta accreta and endometriosis

Amelogenesis imperfecta and arthrogryposis

Spinocerebellar ataxia 23 and drug dependence

Renal cell carcinoma and papillary

Schizophrenia and Alzheimer's disease

Mucolipidosis and gallbladder sarcoma

Hypogonadotropic hypogonadism 11 with or without anosmia and normosmic con-
genital hypogonadotropic hypogonadism

Malt Worker's lung and prostate leiomyosarcoma

Blepharophimosis and moebius syndrome

Branchiootic syndrome
Proprotein convertase 1/3 deficiency and body mass index quantitative trait locus
12

Obesity, early-onset, with adrenal insufficiency and red hair and body mass index
quantitative trait locus 11

Juxtacortical osteosarcoma and malignant inflammatory fibrous histiocytoma
Spinal muscular atrophy, distal, autosomal recessive and immunodeficiency

Cerebral amyloid angiopathy, app-related, and Alzheimer's disease
Functional diarrhea and hypertension

Dyslexia and schizoaffective disorder
Epileptic encephalopathy, early infantile and childhood absence epilepsy
Pathologic nystagmus

Suppressor of tumorigenicity 3 and variegate porphyria
Eclampsia and pre-eclampsia

Mental retardation with language impairment and with or without autistic
features and Heimler syndrome 2
Posterolateral myocardial infarction and dentin sensitivity

Borjeson-Forssman-Lehmann syndrome and X-linked congenital generalized
hypertrichosis

(Fig. 3E). Next, we demonstrated that populations expressing
Nhlh2 also express Pcskl (gene encoding for PC1/3), as well as
transcripts encoding for leptin (Lepr) and insulin (Insr) receptors
(Fig. 4A), reinforcing the central role of NHLH2 in energy home-
ostasis. We further explored the expression of neuronal marker

genes in the ARC and showed that transcripts encoding Cart and
Tac2 are highly coexpressed with Nhlh2 (Fig. 4B). To identify
transcriptional targets for NHLH2, we excluded non-neuronal
cells and estimated the GRNs of arcuate neuronal subpopula-
tions and their associated regulons (transcriptional factors and
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Hypothalamic overexpression of NHLH2 prevents the development of experimental obesity. A, Transcript expression of Nhlh2 in the hypothalamus of mice fed an HFD for different
periods of time. B, Transcript expression of Nhlh2 in the hypothalamus of fasting and refed mice. C, Protein levels of hypothalamic NHLH2 in mice acutely treated with leptin. D, Transcript
expression of Nhlh2 obtained during the efficiency test of the lentiviruses infecting CLU189 cells with 10° viral particles. E, Schematic representation of the protocols used for evaluation of the
impact of modulating hypothalamic NHLH2 in mice submitted simultaneously to an HFD and lentivirus injections, the obesity prevention model. The transcript expressions of Nhlh2 (F,G), PcskT
(gene coding for PC1/3) (H,1), and Pomc (J,K) were determined in the hypothalamus of mice submitted to the protocol depicted in E. Mean daily food intake (L), body mass (M), weight gain
(N), body adiposity (0,P), and epididymal white adipose tissue mean adipocyte size (Q,R) were determined in mice submitted to the protocol depicted in E. A, C, D, *p << 0.05 versus control
(CTL). B, *p < 0.05 versus fast. F-0, Q, *p << 0.05 versus scrambled (SC¢, scrambled fed chow; SCh, scrambled fed an HFD). *p << 0.05 versus overexpression (OEc, overexpression fed chow;
OEh, overexpression fed an HFD). R, Red asterisk represents crown-like structures. Crossed lines indicate measurement of adipocyte areas. (T, Control; DXA, dual X-ray absorptiometry; eWAT,

epididymal white adipose tissue; HYP, hypothalamus; KD, knockdown; KDc, knockdown fed chow; KDh, knockdown fed an HFD; OE, overexpression; OEc, overexpression fed chow; OEh, overex-
pression fed an HFD; SC, scrambled; SCc, scrambled fed chow; SCh, scrambled fed an HFD. A, F-N, n=5-15; B-D, 0-R, n=>5.
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Energy expenditure and BAT parameters in mice under simultaneous introduction of an HFD and induction of overexpression of NHLH2 in the hypothalamus. Energy expenditure

(A,B); oxygen consumption (C,D); carbon dioxide production (E,F); light- and dark-phase locomotor activity (G); whole-day locomotor activity (H); BAT temperature (/J); BAT microscopic mor-
phology (K); and BAT transcript expression of Adgre (gene coding for F4/80) (L) and Tnfa (M) in mice submitted to the protocol depicted in Figure 6F. *p < 0.05 versus SCh. "p < 0.05 versus
OEh. EE, Energy expenditure; KDh, knockdown fed an HFD; OEh, overexpression fed an HFD; SCh, scrambled fed an HFD. A-H, K-M, n=>5; I, J, n=17. Mice fed on chow were also evaluated as

shown in Extended Data Figure 7-1.

Table 4. Impact of Nhlh2 hypothalamic overexpression on body mass gain and
caloric intake in female mice”

Table 5. Impact of Nhlh2 hypothalamic overexpression on sexual behavior and
gonad size in female and male mice”

Parameter SCe OEc

Nhlh2 transcript (relative to control) 1.00 = 0.32 1.38 = 0.34*
Body mass gain (g) 94+122 53 £ 2.0%
Caloric intake (kcal/d) 17.8 £33 13.1 £ 2.4%

Parameter SCe OEc

Sexual behavior index 182+93 197 £11.8
Ovary mass (mg) Mn2+21 1.6 25
Testis mass (mg) 98 1.1 101 +14

“In all experiments, n = 10. SC¢, Scrambled fed on chow; OEc, overexpression fed on chow.
*p << 0.05 versus SCc.

targets), identifying 116 putative target genes for NHLH2 (Fig.
5A), including marker genes of TAC2/KISS1 and POMC neu-
rons (Fig. 5B). The promoter regions from these genes were sub-
sequently surveyed for the E-box motifs previously associated

“In all experiments, n= 5. SCc, Scrambled fed on chow; OEc, overexpression fed on chow.

with NHLH2 binding with the purpose of validating such an
approach. We found that only 8 of the 116 predicted target
genes did not present these motifs within 1000 bp upstream of
the TSS: Tmem35, Nkx2.1, HQ.Q2, Fam159a, Tmem8c, Lrrc38,
Gnail, and X4932443119Rik (a proposed gene). Many of these
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Figure 8. Liver histology and inflammatory markers in mice under simultaneous introduction of an HFD and induction of overexpression of NHLH2 in the hypothalamus. Liver histology of
mice treated according to the protocol depicted in Figure 6£ and fed on an HFD (A) or chow (D). Transcript expressions of Adgrel (gene coding for F4/80) (B,E) and //7b (CF) in the liver of
mice treated according to the protocol depicted in Figure 6F and fed on an HFD (B,C) or chow (E,F). *p << 0.05 versus scrambled (SCh or SCc, scrabbled fed on HFD or chow). *p << 0.05 versus
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Figure 9.  Behavioral changes induced by the overexpression of NHLH2 in the hypothalamus. Mice submitted to the protocol depicted in Figure 6F were evaluated in the open field test (4-(), elevated
cross maze (D,E), tail suspension test (F,G), time spent on the treadmill (H), and maximum RPM in the rotarod test (I). *p << 0.05 versus SCh. *p << 0.05 versus OEh. KDh, Knockdown fed an HFD; Oh,
overexpression fed an HFD; SCh, scambled fed an HFD. A-C, F-H, n=10; D, E, I, n=5 or 6. Mice fed on chow were also evaluated as shown in Extended Data Figure 9-1.
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downstream validated targets were also
identified, presenting either direct or indi-
rect correlation with Nhlh2 in the hypothal-
amus of BXD mice (Fig. 5C). The functions of
several important targets of NHLH?2 identified
by both approaches are listed in Table 3 and
include genes involved in neuronal growth
and differentiation, metabolism, the stress
response, and neuroendocrine regulation.

Hypothalamic Nhlh2 expression impacts
on caloric intake and body mass

Next, we explored the impact of dietary fac-
tors and leptin on the hypothalamic expres-
sion of Nhlh2. As shown in Figure 64, the
consumption of an HFD induced a transient
increase in the expression of hypothalamic
Nhih2, beginning 5 d after the diet interven-
tion and lasting for 2 weeks; on prolonged
feeding on an HFD, such as for 4 or 8 weeks,
the levels of Nhlh2 were similar to baseline.
Refeeding (Fig. 6B) and exogenous leptin
(Fig. 6C) also promoted increases in the
hypothalamic expression of Nhlh2. Next, we
tested lentiviruses aimed at inhibiting (KD)
and increasing (OE) the expression of
Nhih2. The efficiencies of the lentiviruses
were demonstrated in a cell-based system
(Fig. 6D). Figure 6E depicts the design of
the experiments presented in Figures 7-10,
Tables 4 and 5, and Extended Data Figs 7-1 and 9-1. In mice fed
chow (Fig. 6F) or an HFD (Fig. 6G), bilateral ARC injection of
the lentiviruses into the ARC promoted significant inhibition or
overexpression of Nhlh2; these changes were accompanied by
concordant regulations of hypothalamic Pcskl (Fig. 6H,I) and
Pomc (Fig. 6],K). Because the main objective of this study was to
determine the impact of hypothalamic overexpression of
NHLH?2 on obesity, the remaining results represent the experi-
ments performed with mice fed an HFD; however, all experi-
ments were also performed with mice fed chow, and the
results are presented in Extended Data Figs 7-1 and 9-1. In
the initial set of experiments, the HFD was introduced
shortly after mice received the intracerebroventricular injec-
tions of lentiviruses, which was intended to provide a model
for obesity prevention. Under these settings, NHLH2 overex-
pression in the hypothalamus resulted in reduced caloric intake
(Fig. 6L), reduced body mass gain (Fig. 6M,N), reduced adiposity
(Fig. 60,P), and reduced visceral adipose tissue adipocyte size (Fig.
6Q,R). Conversely, the inhibition of hypothalamic NHLH2 pro-
moted significant increases in caloric intake (Fig. 6L), body mass
gain (Fig. 6M,N), adiposity (Fig. 60,P), and visceral adipose tissue
adipocyte size (Fig. 6Q,R). The hypothalamic overexpression of
NHLH2 was also effective to reduce caloric intake and body mass
gain in female mice (Table 4).

The impact of hypothalamic NHLH2 expression on energy
expenditure, BAT, and the liver

The hypothalamic overexpression of NHLH2 promoted no changes
in energy expenditure (Fig. 7A,B), oxygen consumption (Fig. 7C,D),
carbon dioxide production (Fig. 7E,F), spontaneous locomo-
tor activity (Fig. 7G,H), BAT temperature (Fig. 71,J), BAT mi-
croscopic morphology (Fig. 7K), and BAT F4/80 (Adgrel)
expression (Fig. 7L). There was only a reduction in BAT Tnfa

A Ovary, SCc
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B Ovary, OEc

Figure 10.  Gonad morphology under hypothalamic NHLH2 overexpression. Determination of ovary (A,B) and testis (C,
D) histologic aspect in mice submitted to NHLH2 hypothalamic overexpression. OEc, Overexpression fed on chow; SCc,
scrambled fed on chow. Images are representative of three independent experiments.

expression (Fig. 7M). Conversely, the inhibition of hypothala-
mic NHLH2 resulted in reduced energy expenditure (Fig.
7A,B), reduced oxygen consumption (Fig. 7C,D), reduced
carbon dioxide production (Fig. 7E,F), reduced BAT temper-
ature (Fig. 7L]), increased size of fat droplets in BAT (Fig.
7K), and increased BAT F4/80 (Adgrel) expression (Fig. 7L).
In the liver (Fig. 8), the hypothalamic overexpression of NHLH2
had no impact on the expression of inflammatory markers, whereas
the inhibition of NHLH2 increased the expression of F4/80
(Adgrel) (Fig. 8B,E) and II1b (Fig. 8C,F) transcripts.

The impact of hypothalamic NHLH2 expression on behavior
It was previously shown that NHLH?2 activates monoamine oxi-
dase A (Maoa) gene transcription, resulting in decreased sero-
tonin levels and the emergence of an anxiety/depression-like
phenotype (Libert et al., 2011). Here, we confirmed that inhibi-
tion of NHLH2 promoted behavioral changes that are compati-
ble with the anxiety/depression-like phenotype. Thus, in the
open field test, mice spent a shorter time in the center of the
field, whereas total ambulatory activity was preserved (Fig. 9A-
C). In the elevated cross maze, mice spent a shorter time in the
open arm (Fig. 9D,E); and in the tail suspension test, mice spent
a longer time immobile and had a shorter latency (Fig. 9F,G).
When hypothalamic NHLH2 expression was increased, there
was an improvement in the obesity-associated anxiety/depres-
sion-like phenotype: Mice spent less time in the closed arm of
the elevated cross maze (Fig. 9E) and had a shorter latency in the
tail suspension test (Fig. 9F). None of these findings were
affected by physical capacity, as there were no changes in the
treadmill and rotarod tests for either inhibition or overexpres-
sion of hypothalamic NHLH2 (Fig. 9H,I). In addition, the hypo-
thalamic overexpression of NHLH2 affected neither sexual
behavior (Table 5) nor gonad size (Table 5) nor gonad morphol-
ogy (Fig. 10).
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Figure 11.  Reduction of hody mass gain in obese mice submitted to overexpression of NHLH2 in the hypothalamus. A, Schematic representation of the protocols used for evaluation of the
impact of modulating hypothalamic NHLH2 in diet-induced obese mice that were introduced to an HFD 4 weeks before the lentivirus injections, the obesity treatment model. Transcript expres-
sions of Nhlh2 (B) and Pcsk1 (gene coding for PC1/3) (€). Food intake (D), body mass (E), body mass gain during the 6 week intervention (F), adiposity as determined using DEXA (G,H), epidid-
ymal white adipose tissue mass (/), and mean epididymal white adipocyte size (J,K). Transcripts for Tnfa and //1b were determined in the hypothalamus of mice (LM). Light- and dark-phase
locomotor activity (N), whole day locomotor activity (0), BAT temperature (P,Q), and BAT microscopic morphology (R). *p << 0.05 versus SC4h. K, Red asterisk represents crown-like structures.
Crossed lines indicate measurement of adipocyte areas. DXA, Dual X-ray absorptiometry; eWAT, epididymal white adipose tissue; HYP, hypothalamus; OE, overexpression; OE4h, overexpression
fed an HFD for 4 weeks before lentivirus injections and maintained on an HFD thereafter until the end of the experimental period; SC, scrambled; SC4h, scrambled fed an HFD for 4 weeks before
lentivirus injection and maintained on an HFD thereafter until the end of the experimental period. B, C, L, M, n=6; D-F, I, n=6-9; G, H, N-R, n=4.
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Figure 12.

The phenotype of obese mice submitted to overexpression of NHLH2 in the hypothalamus. In mice submitted to the protocol depicted in Figure 114, the transcript expressions of

AdgreT (gene coding for F4/80) (A), Cc/2 (gene coding for MCP1) (B), and //7b (C) were determined in the epidydimal white adipose tissue; the transcript expressions of Pomc (D) and Cart (E)
were determined in the hypothalamus; the transcripts of Adgre (gene coding for F4/80) (F), Ccl2 (gene coding for MCP1) (G), and /I1b (H) were determined in the BAT; liver histology is
depicted in 1, and the transcripts of AdgreT (gene coding for F4/80) (J) and /I7b (K) were determined in the liver. *p << 0.05 versus SC4h. eWAT, Epididymal white adipose tissue; O, overex-
pression; OE4h, overexpression fed on HFD for 4 weeks before lentivirus injection and maintained on HFD thereafter until the end of the experimental period; SC, scrambled; SC4h, scrambled
fed on HFD for 4 weeks before lentivirus injection and maintained on HFD thereafter until the end of the experimental period. In al experiments, n =5 or 6.

The impact of overexpressing NHLH2 in the hypothalamus
of previously obese mice

Figure 11A depicts the approach used in experiments pre-
sented in Figures 11-13. In this approach, mice were fed an
HFD for 4 weeks before lentivirus injection bilaterally in
the ARC; this protocol was aimed at providing an experi-
mental setting for treating obesity. The bilateral injection
of the overexpression (OE4h) lentivirus promoted a 30%
increase in the expressions of Nhlh2 (Fig. 11B) and Pcskl
(Fig. 11C) in the hypothalamus. This was accompanied by
reduced caloric intake (Fig. 11D), reduced body mass gain
(Fig. 11E,F), reduced adiposity (Fig. 11G,H), reduced epi-
dydimal adipose tissue mass (Fig. 11I), and reduced mean
epidydimal adipocyte size (Fig. 11],K). The expression of
inflammatory markers was reduced in the adipose tissue
(Fig. 12A,C). In addition, there were reductions in hypo-
thalamic expression of Tnfa and Il1b (Fig. 11L,M) and
increased expression of Pomc and Cart (Fig. 12D,E). Obese
mice with increased hypothalamic expression of NHLH2
presented with increased spontaneous locomotor activity
(Fig. 11N,0), increased BAT temperature (Fig. 11P,Q), and
a reduction in BAT lipid droplet size (Fig. 11R). This was
accompanied by reduced expression of inflammatory
markers in the BAT (Fig. 12F-H). In the liver, the inhibi-
tion of hypothalamic NHLH2 resulted in reduced steatosis
and reduced expression of inflammatory markers (Fig.
121-K).

Behavioral outcomes of inhibiting hypothalamic NHLH2 in
obesity

The increased hypothalamic expression of NHLH2 impacted
behavior beneficially, reducing the anxiety/depression-like phe-
notype (Fig. 13A-H), as demonstrated by increased time spent in
the center of the open field test (Fig. 13A,B) and reduced time to
immobility in the tail suspension test (Fig. 13F). This was not
accompanied by changes in physical capacity (Fig. 13H,I), but it
was accompanied by increased spontaneous ambulatory activity
(Fig. 13C).

Discussion

NHLH2 was first characterized for its role in the development of
the CMS and retina (Brown et al., 1992; Gobel et al., 1992; Li et
al., 2001). This was confirmed by the germline deletion of the
Nhlhi2 gene, revealing that the development of the hypothala-
mic-pituitary axis is particularly affected and leads to an obese
and hypogonadal phenotype (Good et al., 1997), and by the ret-
roviral-induced misexpression of Nhlh2 in the retina that pro-
motes retinal degeneration (Li et al., 2001). Subsequent studies
have shown that mice lacking Nhlh2 present with reduced spon-
taneous physical activity, which contributes to the development
of obesity, preceding increased caloric intake and reduced energy
expenditure (Coyle et al., 2002). Despite robust evidence suggest-
ing that NHLH2 could be an attractive target for the treatment of
obesity, no previous study has evaluated the impact of its
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Figure 13.

Behavioral changes induced by the overexpression of NHLH2 in the hypothalamus of obese mice. Mice submitted to the protocol depicted in Figure 114 were evaluated in the

open field test (4-C), elevated cross maze (D,E), tail suspension test (F,G), time spent on the treadmill (H), and maximum RPM in the rotarod test (f). *p << 0.05 versus SC4h. *p << 0.05 versus
OE4h. OE, Overexpression; OE4h, overexpression fed an HFD for 4 weeks before lentivirus injection and maintained on an HFD thereafter until the end of the experimental period; SC, scrambled;
SC4h, scrambled fed an HFD for 4 weeks before lentivirus injection and maintained on an HFD thereafter until the end of the experimental period. In all experiments, n = 5-8.

overexpression in experimental obesity. Here, we showed that
NHLH?2 overexpression in the ARC is sufficient to prevent and
treat DIO.

In the first part of the study, we analyzed the transcriptomes
of 20,000+ ARC single cells to determine the identity of cells
expressing Nhlh2 in this region. Previous studies using histologic
methods have reported the expression of Nhlh2 in POMC and
GnRH neurons (Kruger et al., 2004; Cogliati et al., 2007; Schmid
et al.,, 2007; Vella et al.,, 2007), and at least four studies have
reported the expression of Nhlh2 transcripts in POMC neurons
using scRNAseq approaches (Henry et al,, 2015; Huisman et al.,
2019; Haddad-Tévolli et al., 2020; Shi et al., 2020). However,
none of the previous scRNAseq studies used a search strategy
centered on the presence of Nhlh2 transcripts. Here, we asked
what ARC cells express Nhlh2 and showed that only neurons,
mostly POMC and KISS1, express this transcript.

Next, we used two distinct strategies to identify potential tran-
scriptional targets for NHLH2: the analysis of transcriptional
networks by arboreto (Aibar et al., 2017; Van de Sande et al,
2020) and the analysis of the BXD mice families (Andreux et al.,
2012). There was a considerable overlap of targets identified by
either method, a finding that could be regarded as evidence of
specificity for the methods. Some of the targets were previously
known, such as Pomc and Pcsk1 (Jing et al., 2004; Schmid et al.,
2013); however, there were new targets identified by both meth-
ods that could contribute to further understanding the roles of
NHLH2 in obesity, behavior, and reproduction. This is particu-
larly true for LIM homeobox 5 (Lhx5), which is involved in

neuronal differentiation and reproductive regulation in the
hypothalamus (Granger et al., 2006; Burgess, 2007); nuclear re-
ceptor Subfamily 5 Group A Member 2 (Nr5a2), which is
involved in hyperphagia associated with the use of antipsychotic
drugs (Perez-Gomez et al., 2018); nuclear receptor Subfamily 4
Group A Member 2 (Nr4a2), which is involved in the regulation
of dopaminergic systems, POMC expression, and attention defi-
cit behavior (Montarolo et al., 2019; Huggett and Stallings, 2020;
Jiang et al., 2020); and amyloid 8 precursor protein (App), which
is involved in the development of Alzheimer’s disease, a condi-
tion related to obesity and diabetes (Clarke et al., 2015; Cavadas
etal., 2016).

To promote NHLH?2 overexpression, we used a lentivirus that
was injected bilaterally into the ARC. We also used a lentivirus
designed to inhibit NHLH2; this was used as a control because
the phenotype obtained by the inhibition of NHLH2 has been
studied extensively (Coyle et al., 2002; Jing et al., 2004; Schmid et
al,, 2013). Using this approach, we obtained a consistent impact
on the expression of NHLH2, which resulted in parallel regula-
tions of the target genes Pomc and Pcsk1. The transcriptional reg-
ulation of hypothalamic Pomc is complex and depends on
several transcription factors. The details of this regulation have
been recently reviewed previously (Rubinstein and Low, 2017).
NHLH2 can directly regulate Pomc, but most of the regulatory
action occurs indirectly via PeskI. Thus, unlike STAT3, which is
directly involved in Pomc transcriptional regulation, experimen-
tal modifications of NHLH2 expression could result in distinct
impacts on POMC levels, depending on the model studied.
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Regarding the phenotypic outcomes, we asked whether the
hypothalamic overexpression of NHLH2 could prevent the de-
velopment of DIO. To explore this topic, an HFD was intro-
duced simultaneously with the injection of the lentiviruses into
the hypothalami of mice. In this experimental setting, NHLH2
overexpression resulted in reduced body mass gain, mostly
because of the reduction of caloric intake. In a separate set of
experiments, we also evaluated the impact of NHLH2 overex-
pression in lean mice; and under physiological conditions, the
NHLH?2 overexpression did not impact on caloric intake and
body mass. Studies have shown that, during the early develop-
ment of DIO, the increase in caloric intake explains the first
phase of body mass gain (Souza et al., 2016; Razolli et al., 2020).
After prolonged exposure to an HFD, caloric intake returns to
normality and obesity is maintained by a combination of changes
in other components of the energy homeostasis machinery, such
as thermogenesis, physical activity, and the gut microbiota
(Almeida et al., 1996; Mozes et al., 2008; Fleissner et al., 2010;
Sefcikova et al., 2010; Guo and Hall, 2011; Souza et al., 2016;
Razolli et al., 2020). Because the increased hypothalamic expres-
sion of NHLH2 impacts on PC1/3 and POMC, we propose that
the preventive effect of early overexpression of NHLH2 relies
mostly on the central control of feeding. As body mass gain is
prevented, the other abnormalities impacting on energy homeo-
stasis that eventually occur in obesity are blunted.

To further explore the impact of overexpressing hypothalamic
NHLH2 in experimental obesity, we injected the lentiviruses in
obese mice that were fed on an HFD for 4 weeks. In this scenario,
in addition to reducing caloric intake, the intervention promoted
an increase in BAT temperature and an increase in physical ac-
tivity. The involvement of NHLH?2 in the regulation of spontane-
ous physical activity has been reported in studies characterizing
the phenotype of whole-body Nhlh2 KO (Coyle et al., 2002;
Good et al., 2008). Mice devoid of Nhlh2 from conception had a
50% reduction in physical activity (Good et al, 2008), and
because this phenotype is present early in life, researchers sug-
gested that it could impact on obesity predisposition earlier than
changes in caloric intake and thermogenesis (Coyle et al., 2002).
Another important mechanism of action of NHLH?2 in the regu-
lation of body energy homeostasis occurs by controlling the
adrenergic inputs to the white and BAT depots, therefore regu-
lating thermogenesis (Wankhade et al., 2010). Importantly, in all
previous studies evaluating the roles of NHLH2 in energy home-
ostasis, only KO or inhibition of Nhlh2 had been studied. Here,
we have provided the first evidence for an important role for
NHLH?2 overexpression as a mechanism to regulate body mass
beneficially in the context of experimental obesity.

An additional phenotypic change induced by the hypothala-
mic overexpression of NHLH2 relies on the reduction of the anx-
iety/depression-like behavior. This was evident both in the
preventive and therapeutic models. It was previously shown that
NHLH?2 is targeted by the deacetylase SIRTI, increasing its
transcriptional activity toward the Maoa promoter and there-
fore reducing brain serotonin levels (Libert et al.,, 2011). In
addition, in humans, there is considerable evidence support-
ing the association between obesity and anxiety/depression,
which is regarded as an important component of the overfeed-
ing phenotype (Gariepy et al., 2010; Jebeile et al., 2019).
Because of the existence of potential confounding factors,
defining behavioral phenotypes can be optimized by the anal-
ysis of a combination of methods (Walsh and Cummins,
1976). Here, we used four different methods that in combination
validated the model and, in addition, showed the beneficial
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impact of NHLH2 overexpression, reducing the anxiety/depres-
sion-like behavior. Of note, in the therapeutic model shown in
Figure 13, the increased ambulatory activity of mice under
NHLH?2 overexpression could be a confounding factor for the
interpretation of the open field test; however, the attenuation of
the anxiety/depression-like behavior is supported by the reduced
time of immobility in the tail suspension test. Thus, NHLH2
emerges as a potential therapeutic target that simultaneously reg-
ulates body mass and obesity-associated anxiety/depression-like
behavior.

A weakness of this study is the fact that the intervention was
not cell-specific; rather, it was restricted anatomically to the
ARC. However, as demonstrated in the scRNAseq data, Nhlh2 is
expressed predominantly in POMC and KISS1 neurons; thus,
the results reported herein may reflect changes in the activity of
NHLH2 mostly in these subpopulations of neurons.

In conclusion, we have shown that the hypothalamic overex-
pression of NHLH2 can either prevent or treat experimental obe-
sity. In the case of prevention, the outcome relies mostly on the
reduction of caloric intake, whereas in the case of treatment, it
results from a combined action on caloric intake, thermogenesis,
and physical activity. Another important aspect related to the
hypothalamic overexpression of NHLH?2 is its beneficial impact
on behavior. NHLH2 overexpression promoted a reduction of
the anxiety/depression-like behavior both in the preventative
and therapeutic models, which raises additional interest in this
target, considering the common clinical association between obe-
sity and anxiety/depression.
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