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Abstract

Leptin regulates energy homeostasis through activation of its long-form receptor
(LepRb), primarily via JAK2-dependent phosphorylation of STAT3. However, the temporal
organization of leptin-induced transcriptional responses and how parallel signaling
pathways contribute to these dynamics remain incompletely understood. Here, we
established a LepRb-expressing hypothalamic cellular model to investigate the temporal
architecture of leptin-induced transcription factors and pathways identified by
transcriptome and proteome profiling at baseline (0 min), early (30 min), and late (180
min) time points. Overall changes in acute leptin stimulation were primarily reflected at
the level of transcriptional and regulatory reprogramming. Proteomic remodeling
mirrored the transcriptome but appeared smaller, likely due to assay insensitivity and
slower dynamics of protein regulation, making the transcriptome the more informative
kinetic readout. Structured transcriptional dynamics included the rapid activation of
stress- and inflammatory-associated genes followed by sustained cytokine and
interferon signaling modules. Transcription factor regulon and pathway activity inference
identified coordinated activation of STAT, NF-kB, and MAPK-associated regulatory
programs underlying these expression trajectories. CRISPR-Cas9-based deletion of Stat3
markedly altered basal transcriptional states and attenuated leptin-induced gene

expression while revealing activation of alternative signaling pathways. In contrast,
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CRISPR-Cas9-based deletion of the ETS transcriptional repressor Etv6 strongly affected
baseline transcription but had minimal impact on leptin-induced regulatory dynamics.
Together, these findings reveal a temporally organized regulatory architecture in which
STAT3 governs stimulus-responsive transcriptional dynamics, whereas ETV6 primarily

modulates baseline transcriptional states.

Introduction

Leptin is a key hormonal regulator of energy homeostasis that promotes a negative
energy balance by suppressing food intake '2. Its actions are mediated by the long form
of the leptin receptor (LepRb), which activates intracellular signaling cascades, most
prominently the JAK2-dependent STAT3 pathway %%  STAT3-driven transcriptional
programs are essential for maintaining energy homeostasis and body weight >¢. Although
LepRb is expressed peripherally 7%, its highest density is in the central nervous system,
where leptin exerts its strongest metabolic effects *'°.

Within the brain, LepRb is concentrated in hypothalamic circuits governing appetite
control '. Agouti-related peptide (AgRP) neurons, which strongly express LepRb, are key
drivers of feeding. Their activation during fasting or through chemo-/ optogenetic
stimulation rapidly induces feeding "2, whereas leptin suppresses AgRP activity. Deletion
of LepRb in AgRP neurons reduces leptin’s anorexigenic effects and promotes
hyperphagia and weight gain '3,

The heterogeneity of LepRb-expressing neurons complicates the in vivo dissection of
leptin signaling, as transcriptional and signaling responses differ across cell types and
brain regions . In vitro systems have therefore been instrumental for defining core
JAK-STAT, MAPK, and PI3K signaling pathways '*'” and for dissecting post-translational

events using modern proteomic platforms 2.
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Emerging data further suggests that leptin’s physiological effects unfold over distinct
temporal scales. Real-time calcium imaging studies have shown that, unlike
anorexigenic peptides such as PYY or CCK, which suppress AgRP neuron activity within
minutes, leptin reduces AgRP neuronal activity more gradually over several hours '°. Such
delayed kinetics imply that leptin’s sustained physiological effects are likely mediated
not solely through rapid events such as protein phosphorylation, but also through longer-
term mechanisms involving synaptic modulation, circuit remodeling and likely,
transcriptional reprogramming. Downstream leptin effectors, including STAT3, STAT5,
SOCS3, and PTP1B -2 are well-positioned to mediate such gene expression changes
and feedback control.

While STAT3 phosphorylation is considered the dominant transcriptional effector of
LepRb, additional pathways, including other STAT proteins, MAPK, PI3K-AKT, and NF-kB,
also contribute to leptin-induced gene regulation ?*?*. How these pathways integrate to
shape temporally ordered transcriptional dynamics remains poorly understood.

Beyond the direct activation of STAT proteins, transcriptional regulators downstream of
LepRb signaling may further shape baseline transcriptional states and feedback
regulation. ETS-family transcription factors have emerged as additional regulators of
leptin signaling. ETV5 contributes to leptin-induced activation of POMC neurons and
energy balance 22, while ETV6 represses STAT3 target genes ?” and is regulated in leptin-
responsive neurons 2. However, whether ETV6 influences acute leptin-induced
transcriptional responses is unknown.

To address these questions, we used a hypothalamic neuronal cell line engineered to
overexpress LepRb, enabling high-resolution temporal mapping of leptin-induced

signaling, transcriptional regulation, and feedback architecture. We performed
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transcriptomic profiling at baseline, 30 min, and 180 min after leptin stimulation,
integrated these data with transcription factor and pathway activity inference, and
complemented them with proteomic profiling at baseline and 180 min. Lastly, using
Stat3- and Etv6-deleted cell models, we examined how loss of these factors alters basal
and leptin-induced gene regulatory programs, with particular attention to regulatory

interaction effects reflecting compensatory or rewired signaling.

Methods

Cell Culture

CLU177 cells were cultured in 6-well plates with high glucose DMEM (Invitrogen,
#41965039), with 10% heat-inactivated FBS and 1% Pen/Strep. Transfection of the pCAG-
2A-H2B Venus_mOBRb-HA plasmid, that facilitates cytosolic expression of the long
isoform of the leptin receptor in parallel with a nuclear GFP signal, was carried out using
the FuGene® HD transfection reagent (Promega, Madison, WI, USA). 24h post
transfection, cells were stably selected with 3 pg/ml puromycin. Based on the GFP signal
CLU177mOBRDb cells with high LepR expression were isolated by FACS and cultured in
full medium containing puromycin. For leptin stimulation assays, cells were placed in
starvation medium (DMEM, with 1% FBS) 2 h prior to leptin stimulation. Recombinant
murine leptin was added to the cells at given concentrations (10 pM - 100 nM). Cells were
stimulated for the indicated times with leptin, washed twice with ice-cold PBS and then
snap frozen at -80°C. For immunofluorescence detections of HA-tagged LepR and
pSTAT3, cells were grown on glass coverslips, treated and fixed using 4% PFA. For

proteome analyses, cells were directly scraped in sodium deoxycholate buffer (4% SDC
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9202 12q0jo0 €2 UO J8sh usyouanpy wnyuaz zjoywieH | [5058501-ND] Ad Jpd G900-92-8wWl/G . 2925/5900-92-INM/0ES L 01/10p/APd-8joIlE/BWI/W0D BOLIUSIOSOIq S[EINOl WOl papeojumoq



Accepted Manuscript published as JME-26-0065. Accepted for publication: 20-Oct-2026 Page 6 of 43

and 100 mM Tris pH8.5) and subjected to protein digestion following a modified filter-
aided sample preparation (FASP) protocol as described previously °*%®. Detailed
procedures for protein and RNA extraction, Western Blotting, quantitative PCR,
immunofluorescence detection and FASP digestion can be found in the Supplemental

Material.

Stat3 and Etv6 deleted CLU177mOBRD cell lines

Genomic deletions were induced using a CRISPR-Cas9-based duallguide strategy. In
brief, two single-guide RNAs (sgRNAs) were designed to flank the genomic region of
interest (Suppl. Table 1) using the CRISPOR software (https://crispor.gi.ucsc.edu/). For
delivery of the editing components, CLU177mOBRb cells were electroporated with the
pX330-U6-Chimeric_BB-CBh-hSpCas9 expression constructs (Addgene plasmid
#42230) *, encoding Cas9 and the paired sgRNAs. After blasticidin selection (10 pg/ml
for 48h), single clones were picked from the mixed cell population and expanded.
Genomic DNA was isolated with the Wizard® Genomic DNA Purification Kit (Promega,
#A1120, Madison, WI, USA) and subjected to PCR amplification with specific primers

(Suppl. Table 2) and Sanger sequencing to corroborate the successful deletion.

RNA sequencing

RNA integrity of the total RNA extracted from CLU177mOBRb WT and DEL cell lines was
assessed using the Agilent 2100 Bioanalyzer, and samples with an RNA Integrity Number
(RIN) = 7 were used for library preparation. RNA concentration was measured with a Qubit
fluorometer (Thermo Fisher Scientific). Libraries for biological replicates per condition
(n=8 for WT cells and n=4 for Stat3A or Etv6A clones) were generated using the Ilumina

Stranded mRNA Ligation kit at the Core facility (CF-GEN) at Helmholtz Munich, following
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the kit’s instructions. After a final quality control (QC), equimolar amounts of indexed
libraries were pooled and sequenced on an Ilumina NovaSegX+ platform (Illumina, San
Diego, CA, USA). Sequencing was performed with a paired-end 2 x 100 bp configuration
aiming for 30 million reads per sample. Base calling and demultiplexing were performed

using Illumina’s bcl2fastq software.

LC-MS/MS measurements

Liquid chromatography-mass spectrometry (LC-MS/MS) analysis was performed in data-
dependent acquisition (DDA) mode on a Q-Exactive HF-X mass spectrometer (Thermo
Scientific) coupled to a nano-RSLC (Ultimate 3000 RSLC; Dionex). Tryptic peptides were
loaded on a C18 trap column (300 um x 5 mm, Acclaim PepMap100 C18, 5 um, 100 A,
LC Packings) at 30 pl/min flow rate and separated on a C18 analytical column (nanoEase
MZ HSS T3 Column, 100 A, 1.8 um, 75 um x 250 mm, Waters) using a 95-min nonlinear
gradient from 3 - 40% acetonitrile in 0.1% formic acid at 250 nl/min. Full MS scans were
acquired at 60,000 resolution (300-1500 m/z; AGC 3x 10°% 30 ms). The top 15 doubly
charged or higher precursorions were selected for MS/MS (15,000 resolution; AGC 5x 10%
50 ms; NCE28; 30 s dynamic exclusion). Spectra were recorded in profile mode. Detailed
procedures on protein identification and label-free quantification are given in the

Supplemental Material.

Bioinformatical and statistical analyses

Statistical analyses for Western Blotting and qPCR results were conducted using
GraphPad Prism (V. 11), with significance set at P < 0.05 under the assumption of
normality. Groups were compared using One-Way ANOVA with Dunnett’s post-hoc tests.

Bioinformatic methods related to alignment, quantification, and transcriptomic and
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proteomic data analyses, including the respective statistical assessments, were
conducted using R, as described in the respective sections provided with the

Supplemental Material.

Results

Generation of leptin receptor overexpressing hypothalamic cells

The cellline CLU177, generated from adult murine hypothalami, features mature neuron-
like transcriptional signatures of hypothalamic developmental lineages residing within
the arcuate nucleus * (Suppl. Fig. 1A,B), but expresses low endogenous LepRb and is
largely unresponsive to leptin (Suppl. Fig. 1C). To enable detailed analysis of leptin
signaling, we generated a stable line overexpressing HA-tagged murine LepRb (mOBRb)
together with a Venus reporter (Fig. 1A). Leptin exposure for 20 min induced robust STAT3
and ERK phosphorylation, peaking at 1-10 nM (Fig.1B,C; Suppl. Fig. 1D-F).
Immunofluorescence confirmed strong P-STAT3 induction after 20 min of 10 nM leptin
relative to untreated cells (Fig. 1D). Using 10 nM leptin, gPCR showed that 30- and 180-
min stimulation reliably activated early (Atf3, Socs3, JunB) and late (Steap4)
transcriptional markers (Fig. 1E; Suppl. Fig. 1G).

Having established these conditions, we profiled the transcriptome at 0, 30, and 180 min,
and the proteome at 0 and 180 min (Fig. 1F). Principal Component Analyses (PCA)
revealed clear temporal separation in transcriptomes (Fig. 1G), while proteomic
separation was less pronounced (Fig. 1H). Leptin induced large transcriptional changes:
without a fold change (FC) cutoff, 746 differentially expressed genes (DEGs) at 30 min and

5,503 DEGs at 180 min (pag; < 0.05; Suppl. File SF1), with = 1 FC cutoff 169 DEGs up and 9
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DEGs down at 30 min, and 424 DEGs up and 273 DEGs down at 180min (Fig. 11). In
contrast, proteomics identified only 24 up- and 3 downregulated differentially abundant
proteins (DAPs) between 0 and 180 min (paqg; < 0.05; = 1 FC cutoff; Fig. 11; Suppl. Fig. 1H,I;
Suppl. File SF1). Transcriptome—proteome correlation was low (Fig. 1)), indicating that
proteomic depth and the chosen time point of 180 min in our assays may have
contributed to an incomplete capture of leptin-induced responses at the protein level.
Consequently, downstream analyses focused primarily on transcriptomic datasets to

dissect leptin-regulated signaling networks in CLU177mOBRb cells.

Distinct leptin-induced gene expression trajectories in CLU177mOBRb (WT) cells

The analysis of DEGs after 30 or 180 min of leptin stimulation revealed pronounced
temporal shifts in gene regulation (Fig. 2A,B), and K-means clustering (k=5) of pooled
DEGs across all time points identified distinct expression trajectories (Fig. 2C). Distinct
cluster centroids were next calculated by averaging expression values across all genes
within each k-means cluster at each time point (0, 30, and 180 min) and defined as:
EarlyUp (C3), UpThenDown (C2), LateUp (C4), LateDown (C1), and Mixed/Other genes
(C5) (Fig. 2D). Representative genes exhibiting these patterns are shown in Suppl.
Fig. 2A-C.

Functional enrichment of the major upregulated clusters (C2, C3, C4) revealed a
structured, time-dependent inflammatory program (Fig. 2E; Suppl. File SF1). Early
clusters C2 and C3 showed strong enrichment of TNFa/NF-kB signaling, consistent with
rapid early inflammatory activation ¢, C2 and C3 additionally displayed Hypoxia and
p53 pathway signatures, indicating a stress-linked early response. C3 exhibited a broader

intermediate inflammatory profile, enriched for IFN-y Response, IL-2/STAT5, IL-

Copyright © 2026 the author(s)
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6/JAK/STAT3, Complement, Apoptosis, and TGF-B. The late-induced cluster C4 retained
these inflammatory modules and gained IFN-a Response and EMT signatures, reflecting
sustained pathway engagement at 180 min *. Clusters 1 and 5 showed no significant
enrichment.

Next, we tested whether the transcriptional response observed in hypothalamic CLU177
cells recapitulates leptin action in vivo. Heyward et al. ?° had identified the translatome
of AgRP neurons from mice treated with vehicle or 5 mg/kg leptin (180 min) after an
overnight fast. We projected the 128 differentially expressed, leptin-induced genes
identified by Heyward to our CLU177 WT leptin time course, and resolved these genes by
K-means clustering into four distinct temporal expression modules (Fig. 2F). The largest
cluster (cluster 1; n = 52) comprised genes with maximal expression at 180min,
reminiscent of our LateUp centroid profile. Notably, 92% of these genes were significantly
upregulated in the Heyward data, i.e. 180 min after leptin injections in mice (Suppl. Fig.
2D). Heyward genes of cluster 2, which were mostly upregulated in AgRP neurons of
mice, peaked at 30 min in our cell data, reminiscent of the two EarlyUp and UpThenDown
centroid profiles. Heyward genes of cluster 3, which showed a mix of up- and
downregulation in vivo, were downregulated at 180 min in our data, consistent with the
LateDown centroid profile. A 4" cluster, largely upregulated in the Heyward data, did not
show any up- or downregulation in our cells (Suppl. Fig. 2E), hinting at an AgRP neuron-
specific gene control that is not fully captured in our cell culture model. Nonetheless,
ourr comparison to the mouse data indicates that the CLU177mOBRb cell line captures

key temporal features of the in vivo transcriptional response to leptin.
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Regulon-based transcription-factor and pathway activity dynamics during leptin
stimulation in WT cells

To resolve regulatory dynamics downstream of leptin, we inferred transcription-factor
(TF) and pathway (PW) activities from transcriptomes using DoRothEA * and PROGENYy “°
(Fig. 3A). DoRothEA estimates TF activity from curated signed TF-target regulons,
whereas PROGENYy infers pathway activity from perturbation-derived transcriptional
footprints, capturing downstream consequences rather than expression of canonical
pathway components.

K-means clustering (k=4) of TF activity scores revealed four temporal regulon modules
(Fig. 3B). EarlyUp (module 3) showed strong 30min activation of STAT1/3/5A, NFKB1,
JUN, ETV4, ESR1, CEBPB, TBP, and ELF1 regulons (Fig. 3C). UpThenDown (module 2)
displayed transient early activation of e.g. HIF1A, SP1 or JUNB returning to baseline by
180 min (Fig. 3D). LateUp (module 4), including MYC, FOXK2, CREB3 and BATF, rose
progressively and peaked at 180 min (Fig. 3E). LateDown (module 1) showed reduced
activity at 180 min, including STAT4, KLF3, GABPA, and MEF2A (Fig. 3F). These TF
modules aligned with the gene expression trajectories in Fig. 2C: EarlyUp TFs matched
EarlyUp genes (cluster 3), UpThenDown TFs aligned with clusters 2-3, LateUp TFs
matched LateUp genes (cluster 4), and LateDown TFs correlated with LateDown and
UpThenDown genes (clusters 1-2) (Fig. 3G).

PROGENYy pathway analysis (Suppl. Fig. 3A) showed rapid activation of pro-inflammatory
and stress-associated TNFa, NFEkB, and MAPK signaling at 30 min that persisted at lower
levels at 180 min, whereas JAK-STAT and VEGF increased more gradually. Quantification
revealed the highest activity for TGFEB, followed by MAPK, VEGF, and TNFa at all time

points (Suppl. Fig. 3B). Correlation analysis linked EarlyUp genes (cluster 3) most

Copyright © 2026 the author(s)
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strongly with TNFa, NF2kB, TGFEB, MAPK, and JAK-STAT; UpThenDown genes (cluster 2)
with TGFEB, Hypoxia, and WNT; and LateDown and LateUp genes (clusters 1 & 4) with
VEGF and JAK-STAT pathway activities (Suppl. Fig. 3C).

Given the central role of JAK-STAT signaling in leptin action, with STAT3 serving as one of
its principal transcriptional effectors, we next examined the temporal regulation of
canonical STAT3 target genes. This analysis was motivated by the observation that JAK-
STAT pathway activity increased progressively over time and that STAT family members
were represented across all transcriptional response modules. Consistent with the
heterogeneous dynamics observed at the pathway and gene-module level, canonical
STAT3 target genes displayed diverse temporal expression profiles following leptin
stimulation, with most targets induced at 30 min (e.g. Socs3) and subsets maintaining
either elevated (e.g. Etv6) or reduced (e.g. Bcl2) expression at 180 min (Fig. 3H).
Together, these results are consistent with leptin acting as adipocytokine that induces
coordinated and time-resolved TF activities and pathways such as KLF6, NF-kB, TNFa,
MAPK or JAK-STAT(3) which are reminiscent for a broad pro-inflammatory, catabolic and

stress-related cell state.

Stat3 deletion alters basal and leptin-induced transcriptional dynamics

To characterize how loss of this key leptin effector reshapes the leptin@Bresponsive
regulatory landscape, and to establish a basis for dissecting downstream pathway
crosstalk, we generated Stat3@deleted (Stat3A) CLU177mOBRb single cell clones using
CRISPRECas9 (Fig. 4A) and confirmed the complete loss of STAT3 protein expression

(Suppl. Fig. 4A-C). Leptin exposure of clone Stat3A1, henceforth named
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Stat3A, corroborated Stat3 mRNA deficiency (Fig. 4B) and revealed substantial baseline
rewiring in a transcriptome analysis, with 648 upregulated and 1,423 downregulated
genes in Stat3A vs WT cells (Fig. 4C,D; Suppl. File SF2). gPCR-based analyses of
additional clones Stat3A 2 and 3 demonstrated that similar expression changes of key
target genes in all three clones are likely biologically significant and not an artefact of the
clonal expansion or CRISPR off-target effects (Suppl. Fig. 4D-K). Enrichment analysis
indicated increased activity of receptor tyrosine kinase (RTK), MAPK, ERK and PI3K/PKB
and in general phosphorylationBassociated pathways, suggesting broad compensatory
signaling (Fig. 4E). Baseline TF activities were decreased for STAT3, STAT5B, FOS, RELA,
NFEZkB1 and CEBPB, whereas STAT5A and EGR1 were elevated (Fig. 4F).
Correspondingly, JAK-STAT and TGFEB pathway activities were reduced (Fig. 4G), and
STAT3[target scores, calculated from average expression levels of high-confidence
STAT3-activated target genes and z-scored across samples, were strongly diminished
(Fig. 4H; heatmap: Suppl. Fig. 5; Suppl. File SF3)

Leptin stimulation further highlighted the dominant effect of genotype. PCA showed a
clear separation between WT and Stat3A along PC1, with leptin@Binduced variation
captured on PC2 (Fig. 4l). Across time points, we identified 400 commonly upregulated
and 859 commonly downregulated genes between genotypes, indicating dominant
genotype-dependent transcriptional differences, whereas comparatively fewer DEGs
exhibited leptin- or time@specific regulation (Fig. 4J; Suppl. Fig. 6A,B).

Proteomic profiling recapitulated the transcriptomic regulation in direction and
magnitude (0 min: Fig. 4K; 180 min: Suppl. Fig. 6C; Suppl. File SF2). Accordingly,

transcript-protein correlations were positive at both time points (Fig. 4L; Suppl. Fig. 6D),

Copyright © 2026 the author(s)

9202 12q0jo0 €2 UO J8sh usyouanpy wnyuaz zjoywieH | [5058501-ND] Ad Jpd G900-92-8wWl/G . 2925/5900-92-INM/0ES L 01/10p/APd-8joIlE/BWI/W0D BOLIUSIOSOIq S[EINOl WOl papeojumoq



Accepted Manuscript published as JME-26-0065. Accepted for publication: 20-Oct-2026 Page 14 of 43

with 450 up-/ 350 down-concordant pairs at baseline and 456 pairs up/ 209 down at 180

min (Suppl. Fig. 6E,F).

STAT3 is required for coordinated leptin-induced TF and PW interactions

To assess how STAT3 loss alters the leptin-evoked transcriptional architecture, we
compared early- and late-response gene sets between WT and Stat3A cells. Both EarlyUp
(cluster 3) and LateUp (cluster 4) signatures were blunted in Stat3A cells (Fig. 5A,
heatmaps: Suppl. Fig. 7A,B). We next examined genotype-by-leptin interaction effects
(Stat3A:Leptin) on TF and PW activities, focusing on regulons and pathways significantly
affected at any time point (see earlier Figs. 3B and 3C). This revealed broad perturbations
across TF modules (Fig. 5B). STAT3 and STAT5A/B showed persistently reduced activity,
whereas STAT1, STAT4, and STAT6 displayed increased interaction effects at 180 min,
paralleling elevated JAK-STAT PW activity (Fig. 5C). Target-score analyses confirmed
consistently reduced STAT3-target expression (Fig. 5D) and markedly increased
STAT1-target activation at 180 min (Fig. 5E).

MAPK-linked regulons showed a similar pattern: reduced TF activity interactions at 30
min, followed by strong increases at 180 min for JUN, JUNB, ETS1, ELK4, RARA, CREB1,
EGR1 (Fig. 5B), coinciding with elevated MAPK target scores (Fig. 5F). CREB1 and KLF6,
both MAPK/JAK-STAT-responsive transcriptional integrators *', showed pronounced
late-phase activation in Stat3A cells (Fig. 5G,H). NF-kB family members demonstrated
reduced interaction effects at 30 min but partial recovery by 180 min, reflected in the
time-dependent normalization of NF-kB and TNFa PW activity and target scores
(Fig. 5B,C,l). Additional TF target scores displayed genotype-specific temporal rewiring,

including STAT4/6, ETS1, FOXK2, JUN, and JUNB (Suppl. Fig. 8A). Broader screening of all
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regulons revealed further perturbation, for instance, interferon-associated (IRF1/2/3/9)
TF or EGFR PW activities (Suppl. Fig. 8B).

At the gene level, Stat3A:Leptin interaction analysis identified 4 up- / 42 down-regulated
genes at 30 min and 319 up- /198 down-regulated genes at 180 min (Fig. 5J; Suppl. File
SF4). Several genes switched in regulatory direction depending on genotype and time
(Fig. 5K), forming distinct expression modules (Fig. 5L). Integration with proteomics
confirmed Stat3ABspecific, leptin@responsive DAPs (Fig. 5M; Suppl. Fig. 8C,D; Suppl.
File SF4).

Together, these findings show that leptin signaling includes a multi-layered regulatory
network of TFs and pathways in which STAT3 acts as a central regulatory hub. Although
Stat3 deletion triggered extensive activation of alternative transcription factors and
pathways, these changes did not restore the canonical leptin-induced transcriptional
program, indicating transcriptional network rewiring rather than functional replacement

of STAT3.

Etv6 deletion causes major basal transcriptional changes

Prompted by recent reports implicating ETV5 in leptin-induced activation of POMC
neurons 22, we next examined a potential role for the ETS family member ETV6. ETV6 is
a transcriptional repressor “> and has been shown to function as a suppressor of STAT3
activity 7. Given recent evidence demonstrating leptin-induced Etv6 expression in mouse
AgRP neurons %', which we corroborated in our data (Fig. 2F), we generated two single
Etv6A cell clones, with targeting confirmed by sequencing and qPCR (Suppl. Fig. 9A,B).

Clone 1, from hereon named Etv6A, was then stimulated with leptin for 30 or 180 min

Copyright © 2026 the author(s)
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(Fig. 6A). Etv6 mRNA was absent in Etv6A cells, confirming the deletion, whereas Etv6
expression in WT cells was induced by leptin (Fig. 6B). Known ETV6 target genes *, i.e.
Ptpre, Itgb2, Kcnj2, Cerkl, Fgf2, Rasgap1, Osr2 and Sptbn2, were upregulated in Etv6A
cells, consistent with loss of repression (Fig. 6C). Although Stat3 expression was
unchanged (Fig. 6D), STAT3-target scores were strongly elevated at baseline in Etv6A
cells (Fig. 6E), aligning with ETV6 being positioned downstream of STAT3, acting as a
negative regulator of STAT3 activity but not expression.

PCA showed a marked baseline separation between WT and Etv6A cells (PC1), which
persisted after leptin stimulation, while PC2 captured the leptin-dependent variance
(Fig. 6F). At baseline, Etv6A cells displayed 574 upregulated and 806 downregulated
DEGs (Fig. 6G; Suppl. File SF5). Upregulated genes at baseline were enriched for
pathways linked to dendritic spine morphogenesis, Wnt signaling, and mitochondrial
calcium import, whereas downregulated genes involved superoxide generation, negative
regulation of cytokine/growth factor signaling, and axonogenesis (Fig. 6H; Suppl. File
SF5). Comparing common DEGs across time points, we found a profound overlap of 356
and 542 up- and down-regulated DEGs at 0, 30 and 180min (Fig. 6l; Suppl. Fig. 9C,D).
These findings indicate that Etv6 deletion primarily establishes a persistent genotype-
dependent transcriptional state that is maintained throughout the leptin time course. Top
up- and downregulated genes commonly deregulated at all time points were visualized
in a heatmap and functionally categorized (Fig. 6J). Selected genes were moreover
assessed by gPCR in both Etv6A clones, revealing similar expression dynamics and thus
a likely absence of clonal expansion artifacts or CRISPR-off-target effects (Suppl.Fig. 9E-

J). Although fewer, DEGs exclusively up- or downregulated at 30 or 180 min indicated that
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Etv6 also contributes to leptin-induced transcriptional responses, which we examined

next.

Modest effects of Etv6 deletion on leptin-induced transcriptional and regulatory

responses.

Comparison of WT and Etv6A cells showed that EarlyUp (cluster 3) and LateUp (cluster 4)
induction patterns were largely preserved after leptin stimulation (Fig. 7A; heatmaps:
Suppl. Fig. 10A,B). In the TF and pathway activity interaction analysis (Etv6A:Leptin), no
regulons or pathways reached significance after multiple-testing correction. We
nonetheless visualized all the major TF and all pathway activities that were significant in
our WT comparison of Figs. 3B and 3H and found, although of lower magnitude and non-
significant, directional changes in the activities of MAPK, NF-kB, and TNFa signaling (Fig.
7B).

Differential expression analysis (FDR < 0.05; |log,FC| 2 0.5) nonetheless identified a small
set of Etv6A-specific leptin-responsive genes, particularly between 30 and 180 min
(Fig. 7C,D; Suppl. File SF6). Examples such as Nox4, Sfmbt2, Fam13a, and Peg10
illustrate these minor, late-phase, genotype-specific changes (Fig. 7E). This contrasts
unchanged Stat3 expression levels (Fig. 7F), elevated STAT3-target scores across all time
points in Etv6A cells (Fig. 7G), and comparable leptin-induced fold-changes of
STAT3-target genes between genotypes (Fig. 7H).

Together, these data indicate that although Etv6 deletion produced widespread
genotype-dependent differences in basal gene expression that were already present
before leptin stimulation and persisted throughout the time course, the relative

transcriptional response to leptin was largely preserved, with only a limited subset of
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genes showing altered leptin responsiveness. These findings suggest that ETV6 primarily
establishes the basal transcriptional state upon which leptin-induced gene regulation is

built, rather than controlling the magnitude or temporal pattern of the response.

Discussion

Leptin signaling operates through a multilayered regulatory network that is known to
involve JAK2-STAT3 as a central transcriptional axis *“5, with additional contributions
from MAPK and PI3K-AKT pathways “¢%’. Although these components have been
established, the temporal structure of leptin-evoked transcriptional regulation and the
interaction kinetics among individual transcriptional regulators remain incompletely
defined. Here, using a LepRb-overexpressing hypothalamic neuronal model and
CRISPR-Cas9-engineered deletion lines, we provide a system-level analysis that
resolves how leptin responses unfold over time and how distinct regulatory layers,
dynamic and baseline, cooperate to shape leptin-responsive gene expression.

Using time-resolved transcriptomics, we revealed that leptin induces a structured,
temporally ordered transcriptional program consisting of early (30 min) inflammatory and
stress-associated genes followed by sustained cytokine- and interferon-linked
transcription (180 min). These findings are consistent with the immunomodulatory
functions of leptin and suggest that prolonged leptin signalling engages transcriptional
programs associated with inflammatory and cytokine signalling in addition to its well-
established metabolic functions. While proteomic changes were directionally aligned
with these transcriptional changes, we observed a lower magnitude of protein-level

alterations, which likely reflects a combination of reduced detection sensitivity in our
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assays and intrinsic biological delays due to protein turnover, translational control, or
post-translational modification. More chronic exposure times, such as the 24 hours used
by Octon et al. in their leptin exposure studies in CLU177 cells, may lead to better
alignment between transcriptome and proteome changes, and help unmask later
signaling and feedback events not covered by our experimental paradigm “¢. Overall,
nonetheless, in our hands the transcriptome therefore provided a clear and robust
window into the kinetics of leptin-evoked signaling and regulatory propagation.
Unsupervised clustering of leptin-responsive genes resolved three dominant temporal
trajectories, EarlyUp, UpThenDown and LateUp. Regulon-based transcription factor (TF)
activity inference further identified four temporally ordered TF activity modules (EarlyUp,
UpThenDown, LateUp and LateDown) that aligned closely with these gene clusters,
indicating coordinated regulatory states. Transient early transcriptional responses “*%°
were dominated by STAT1/3/5A, NF-kB components, and AP-1 regulators, indicating the
rapid recruitment of immediate-early inflammatory and stress pathways downstream of
LepRb 2351-%3_ The late-rising module, enriched for PPARG and NRF2/NFE2L2 %% as well
as MYC and CREB-family factors, suggested a transition toward metabolic, redox, and
homeostatic remodeling programs 5-%°. Meanwhile, MEF2-associated regulons were
suppressed in the late phase, indicating a shift away from steady-state neuronal
maintenance %', Together, these findings outline a temporally stratified architecture of
leptin signaling, in which receptor-proximal TF engagement transitions into broader
cytokine- and stress-adaptation programs.

A conceptual advance of this study is the direct comparison of STAT3 and ETV6 within the
same experimental framework. While STAT3’s role as the principal mediator of leptin-

dependent transcription and metabolic control is well established %4, its dynamic
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contribution and hierarchical interactions with downstream repressors have been less
clear. Here, Stat3 deletion profoundly altered basal transcription and disrupted both
early and late leptin-induced responses. The STAT3 target signature and JAK-STAT
pathway scores were diminished at baseline, and leptin induction of both EarlyUp and
LateUp modules was markedly blunted. Many late-phase transcripts even exhibited
genotype-dependent reversals in directionality. These findings confirm STAT3 as the key
regulator for initiating leptin-induced transcription that also governs a later and sustained
cytokine-associated transcriptional phase.

Importantly, we observed increased STAT1, CREB1, and MAPK activities in Stat3A cells,
revealing adaptive network rewiring in the absence of a key signaling hub. These changes
are consistent with prior observations that loss of STAT3 in LepRb neurons of mice
induces STAT1 expression, although STAT1 alone cannot rescue energy-balance defects
%2, Our temporal data expands on these observations by showing that alternative
pathways are engaged progressively during the late phase yet remain insufficient to
restore canonical leptin-induced dynamics. Thus, STAT3 functions as central architect of
leptin-evoked transcriptional responses, and its loss reveals the plasticity, but also the
limits, of adaptive signaling.

In contrast, deletion of ETV6, a STAT3-regulated transcriptional repressor recently found
to be increased by leptin exposure in LepRb-positive neurons 26-*', uncovered a distinct
regulatory function. Etv6A cells exhibited extensive baseline transcriptional rewiring,
particularly increased expression of STAT3 target genes, confirming ETV6’s role as a
downstream repressor. Strikingly, however, leptin-induced transcriptional dynamics
were largely preserved. Only a small set of Etv6-specific leptin-responsive genes was

identified, including Nox4, associated with H,0,-mediated enhancement of JAK2 and
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STAT3 phosphorylation %, and Peg10, a retrotransposon-derived transcriptional regulator
54, However, although both genes showed reduced inducibility in Etv6A cells, their
functional contributions to the altered transcriptional response remain to be
investigated. Moreover, leptin-induced fold changes of Nox4 and Peg10 were comparable
to WT. These findings demonstrate that ETV6 primarily shapes the steady-state
transcriptional landscape via gene repression. Although leptin induces Etv6 expression,
suggesting a potential negative feedback mechanism, deletion of Etv6 elevated STAT3
target gene expression similarly at baseline and after leptin stimulation. The magnitude
of the leptin-induced response thus remained preserved. Within the acute time frame
examined here, ETV6 function appears to solely influence the basal transcriptional set
point rather than substantially modulating dynamic leptin-induced transcriptional
responses.

This contrasting regulatory role observed in Stat3A and Etv6A cells illustrates two
mechanistically distinct modes of transcriptional control in leptin signaling. First, a
dynamic module shaped by STAT3 that governs immediate and sustained leptin
responses indispensable for the control of metabolic homeostasis 2. Second, a
baseline module - shaped by ETV6 - that tunes the transcriptional baseline without
affecting the responsiveness to leptin. This conceptual distinction may further help
interpreting why non-STAT3 signaling regulons and pathways, although engaged and
contributing to late-phase network rewiring, may exert only limited physiological impact
on energy homeostasis in mice. Mouse genetic studies show negligible metabolic effects
after Stat1 and Stat5 deletion from LepRb-expressing neurons, whereas STAT3 alone is
sufficient to drive leptin-induced effects on energy balance 2, highlighting that STAT3 is

the only STAT with clear metabolic relevance in vivo. However, these conclusions arise
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from global LepR°"-driven deletions across all LepRb-expressing cell populations, even
though LepR is distributed unevenly among neuronal and non-neuronal cell types in the
mouse brain. Along that line, STAT3 was shown to be dispensable for leptin actions on
reproduction, and LepRC*-specific Stat3 knockouts display milder phenotypes
compared to Lep® or Lep?® mice +*4%, Differences in LepR abundance, the leptin
signaling architecture or cellular context therefore remain unresolved by these models,
and our hypothalamic cell system equally cannot capture this heterogeneity. Moreover,
transcriptomic data alone are insufficient to fully replace information on leptin-induced
changes in membrane excitability and other electrophysiological responses, which
represent critical determinants of neuronal function. Accordingly, the apparent lack of
contribution from non-STAT3 pathways may be partially masked by these experimental
limitations.

In summary, our findings define a temporally layered architecture of leptin signaling in
hypothalamic neurons, in which early STATE, NFZkBE, and APE1-driven transcription
transitions into sustained cytokine@associated programs. STAT3 emerges as a central
regulator of both phases, whereas ETV6 primarily modulates the baseline transcriptional
tone. These results refine our understanding of leptin@responsive regulatory networks
and highlight the importance of combining temporal resolution with genetic dissection to
uncover compensatory and hierarchical interactions. Future work integrating in vivo
systems, finer temporal sampling with intermediate and later time points, and
postB@transcriptional measurements will be essential to fully reconstruct the
multilayered signaling architecture through which leptin regulates neuronal function and

energy balance.
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Figures legends

Fig. 1. Generation and validation of a leptin receptor-expressing hypothalamic cell
line.

(A) Schematic for the generation of CLU177mOBRb cells stably expressing the long leptin
receptor isoform and their subsequent leptin-stimulation for Western Blotting (WB) and
immunofluorescence (IF) microscopy. (B) Representative WB of CLU177mOBRb cells
treated with increasing doses of leptin for 20 min. (C) Densitometric analysis of WBs for
phospho (P)-STAT3 vs. B-ACTIN (n=3-4). (D) IF microscopy confirmed the induction of P-
STAT3 after 20 min and 10 nM of leptin exposure, compared to untreated controls. (E)
Atf3, Socs3, and Steap4 mRNA levels following leptin exposure for 30, 60, 180 and 300
min, determined by quantitative PCR (n=9-11). (F) Schematic for transcriptome and
proteome measurements in CLU177mOBRb cells following 0, 30 and 180 min of leptin
exposure. (G) PCA of WT transcriptomes (0, 30, 180 min), showing separation by leptin
exposure time (n=8). (H) PCA of WT proteomes (0 and 180 min), showing time-dependent
separation (n=3-4). (I) Numbers of significantly up- and down-regulated DEGs/DAPs at 30
and 180 min. (J) Scatter plot showing the Spearman correlation of signed significance
(-log,, P x signfold change (FC)) between transcriptomic and proteomic changes at
180 min vs 0 min leptin treatment. Means * SEM, *p<0.05, **p<0.01, ***p<0.001,

**x%p<0.0001.

Fig. 2. Leptin-induced transcriptional dynamics in CLU177mOBRb (WT) cells.
(A) Schematic for CLU177mOBRb (WT) cells undergoing leptin exposure for RNA-

sequencing. (B) Volcano plots showing differentially expressed genes (DEGs) in WT cells
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after 30 and 180min of leptin exposure. Points are colored according to significance and
the direction of change (Benjamini-Hochberg FDR < 0.05; |[log2FC| = 1). (C) Heatmap of
variance-stabilized, batch-corrected expression values for all WT time-course DEGs (n =
990), split by stimulation time (0, 30, 180 min). Genes are clustered using k-means
clustering (k=5). (D) Cluster-mean expression trajectories showing the temporal
response patterns of each cluster of genes in (C): Cl. 3 (EarlyUp), Cl. 4 (LateUp), CL. 2
(UpThenDown), ClL. 1 (LateDown), and Cl. 5 (Mixed/Other). (E) Hallmark pathway
enrichment across clusters. Dot color indicates adjusted p-value and dot size indicates
the number of overlapping genes. (F) Comparison of leptin-responsive genes (LRGs)
identified in CLU177mOBRDb cells and AgRP neurons of mice. LRGs identified by Heyward
etal. were projected onto the CLU177 WT leptin time course and displayed as heatmaps
showing scaled expression values after K-means clustering, with distinct temporal
expression profiles termed LateUp, EarlyUp/UpThenDown and LateDown. A fourth profile

without consistent regulation is displayed in Suppl. Fig. 2. N=8 samples per group.

Fig. 3. Inference and dynamics of transcription factor activities during leptin
exposure in WT cells.

(A) Workflow for inferring TF and pathway activities from WT time-course data. (B)
Heatmap of inferred TF activities across WT samples (0, 30, 180 min), grouped into four
TF regulon activity patterns (Regulons 1 - 4). Values represent scaled norm_wmean
activity scores. TF activities are depicted for the top-ranked TF regulons inferred in WT,
defined as the union of the top 50 TFs (by limma B-statistic) for the 30 vs 0 min and 180
vs 0 min contrasts. (C-F) TF activity trajectories for (C) Regulon 3 (EarlyUp), (D) Regulon 2

(UpThenDown), (E) Regulon 1 (LateUp) and (F) Regulon 4 (LateDown). (G) Spearman
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correlations between WT gene-expression modules (k-means clusters from the WT time-
course DEG heatmap; module scores computed as the mean of batch-corrected, gene-
wise z-scored VST expression values per module) and inferred TF activities. (H)
Expression dynamics of selected canonical STAT3 target genes following leptin
stimulation for 30 and 180 min. Values represent batch-corrected, gene-wise z-scored

VST expression. N=8 samples per group.

Fig. 4. Stat3 deletion rewires basal transcription and leptin-responsive signaling. (A)
Schematic for the CRISPR/Cas9-mediated deletion of Stat3 and exposure of the WT and
Stat3A cells to leptin for 0, 30, or 180 min, followed by transcriptomics (RNA-seq) and
proteomics. (B) Stat3 mRNA levels in WT and Stat3A cells following leptin exposure (n=4).
(C) Volcano plot for differentially expressed genes at baseline (0 min). Points are colored
by significance and direction (Benjamini-Hochberg FDR < 0.05; [log2FC| = 1). (D)
Heatmap of baseline DEGs (Stat3A vs WT at 0 min) showing scaled expression across
samples, grouped by genotype. (E) Gene Ontology enrichment of baseline DEGs (Stat3A
vs WT, 0 min), with dot size showing adjusted significance, color indicating regulation
direction, and gene ratio on the x-axis. Differentially inferred (F) transcription factor (TF)
and (G) pathway activities at baseline (0 min) comparing Stat3A vs WT. Activity score
matrices were analyzed with limma using a genotype-only model at 0 min (~ type). Bars
show the activity log2 fold change (Stat3A - WT) and color indicates -log10(FDR). (H)
STAT3-target score comparing WT and Stat3A at baseline. STAT3 target genes were
obtained from the DoRothEA mouse regulon resource by selecting STAT3 targets with
confidence levels A and B, and positive mode of regulation (mor = 1). A STAT3 target

signature score was computed per sample as the mean of gene-wise z-scored VST
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expression values across the STAT3 targets. (I) PCA of transcriptomes across 0, 30, and
180 min leptin exposure, showing separation by genotype and time. (J) Overlap of up-
(top) and down-(bottom) regulated genes across time points in Stat3A vs WT
comparisons. (K) Volcano plot of DAPs, Stat3A vs WT at 0 min. Points represent proteins
colored by significance and direction. (L) Spearman correlation of signed significance

(-log,, p x sign FC) between DEGs and DAPs at baseline. N=4 samples per group.

Fig 5. Stat3 deletion induces compensatory regulatory network adaptations to leptin
stimulation.

(A) Boxplots for WT and Stat3A cells showing leptin-induced log2 fold changes (time vs 0)
of WT cluster 3 (EarlyUp) and WT cluster 4 (LateUp) gene sets at 30 and 180 min. (B)
Perturbation of inferred TF activities in Stat3A cells during leptin stimulation
(genotypexleptin interaction). Points indicate interaction activity at 30 min (blue) and 180
min (red). Text color denotes significance at 30 min, at 180 min, or at both time points.
Displayed TF activities correspond to the regulons displayed in Fig. 3B and include only
those TF that were significantly regulated at least once in the Stat3A:Leptin interaction
analysis. (C) Perturbation of inferred pathway activities in Stat3A cells during leptin
stimulation (genotype:leptin interaction), displayed as in (B). (D-l) TF target signature
scores across the leptin time course for STAT3, STAT1, MAPK, CREB1, KLF6, NFKB1 for
WT and Stat3A cells at 0, 30, and 180 min. (J) Volcano plots of Stat3A:Leptin response
genes for 0 -> 30 min and 0->180 min changes. (K) Genes exhibiting reversed time effects
(180 vs 0 min) in WT and Stat3A, shown as paired log2FC values (WT in blue; Stat3A in
red). (L) Heatmap of a subset (padj < 0.05, [lLog2FC| = 3) of Stat3A:Leptin interaction genes

across WT and Stat3A. (M) Concordance between transcriptomic and proteomic
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Stat3A:Leptin effects, shown as signed significance values (-log10(P) x sign(FC)) for
overlapping features, with the corresponding Spearman correlation indicated. N=4

samples per group.

Fig. 6. Etv6 deletion alters the basal transcriptional state.

(A) Schematic for the CRISPR/Cas9-mediated generation of Etv6A cells, followed by
leptin exposure (0, 30, 180 min) and transcriptome profiling. (B) Etvé mRNA expression in
WT and Etv6A cells exposed to leptin for 0, 30 and 180 min (n=5-6). (C) Baseline
expression changes of known Etv6A target genes, plotted as log2FC at 0 min. (D) Stat3
expression at 0 min in WT and Etv6A cells. (E) STAT3 target signature score at 0 min
comparing WT and Etv6A cells. (F) PCA of Etv6A and WT transcriptomes showing the
effects of genotype and leptin exposure time (0, 30, 180 min). (G) Volcano plot of baseline
DEGs. Points represent genes colored by significance and direction. (H) Gene Ontology
enrichment of baseline DEGs (Etv6A vs WT at 0 min), with dot size indicating adjusted
significance, dot color indicating regulatory direction, and gene ratio on the x-axis. (l)
Overlap of up- (top) and downregulated (bottom) genes in Etv6A vs WT comparisons
across time (0, 30, 180 min). (J) Heatmap of selected (log2FC >=|1|; ranked by adjusted
p-value) baseline DEGs across WT and Etv6A samples, displayed as scaled expression
and annotated by functional categories. N=4 per group.

Fig. 7. Etv6 deletion modestly affects leptin-induced transcriptional and regulatory

responses

(A) Leptin-induced transcriptional responses of WT “EarlyUp” and “LateUp” gene sets in
WT and EtveA cells, shown as boxplots of log2FC (t vs 0) at 30 and 180 min. (B)

Perturbation of inferred TF activities (left) and pathway activities (right) in Etv6A cells
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during leptin stimulation (Etv6A:Leptin interaction). Points indicate interaction activity at
30 min (blue) and 180 min (red). None of the inferred TF or pathway activities reached
significance for the Etv6A:Leptin interaction at either time point (FDR < 0.05). (C) Volcano
plots of Etv6A-specific leptin stimulation time effects (Etv6A:Leptin interaction) for 0->30
min and 0->180 min changes. Points represent genes colored by direction and
significance. (D) Heatmap of Etv6A:Leptin interaction DEGs across WT and Etv6A
samples (FDR < 0.05; |log2FC| = 0.5). Values are shown as scaled expression with
genotype and time annotations. (E) Mean expression of representative Etv6A:Leptin
interaction genes (Nox4, Sfmbt2, Peg10, Fam13a) in WT and Etv6A cells at 0, 30 and 180
min of leptin exposure. Bars show mean VST expression; error bars indicate = SD across
replicates. (F) Stat3 expression; letters in (E) and (F) show significant difference between
0 and 30 min (a), 0 and 180 min (b), and 30 and 180 min (c) and (G) STAT3 target signature
score across time in WT and Etv6A cells. (H) Leptin-induced changes in STAT3 target gene
expression shown as log2FC (t vs 0) at 30 and 180 min for WT and Etv6A cells. N=4

samples per group.
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