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Tóth et al., 2025, iScience 28, 112969

July 18, 2025 © 2025 The Author(s). Published by Elsevier Inc.

https://doi.org/10.1016/j.isci.2025.112969 ll

http://creativecommons.org/licenses/by-nc/4.0/
mailto:toth.beata@etk.unideb.hu
https://doi.org/10.1016/j.isci.2025.112969
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.112969&domain=pdf


iScience

Article

In silico analysis of UCP promoters 
predicts conserved and human specific 
regulators of adipocyte thermogenesis
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SUMMARY

Adipocyte thermogenesis is a promising therapeutic target to treat metabolic diseases. We predicted tran

scription factors (TFs) and response elements (REs) regulating the human UCP1 gene, a key regulator of ther

mogenesis, by comparing its promoter with those of UCP2 and UCP3 in humans, mice, and rats. Using the 

Eukaryotic Promoter Database, we identified conserved and human-specific TF-REs and developed a 

scoring system based on RE frequency and TF-UCP1 co-expression in human neck adipocytes. Additional 

databases refined the list of potential regulators. Transposable elements and base substitutions partially ex

plained sequence divergence between species, and RE analysis revealed greater similarity between the hu

man UCP1 and UCP2 promoters than between the UCP1 orthologs. While some REs (e.g., EN1, POU6F1, and 

TEAD4) were UCP1-specific, others (e.g., PPARG and RXR) were shared by all UCPs. These results reveal 

conserved and species-specific regulatory patterns that contribute to the understanding of the transcrip

tional control of thermogenesis in human adipocytes.

INTRODUCTION

Adipocytes play a crucial role in energy balance and meta

bolism.1–6 While white adipocytes store energy, brown and beige 

adipocytes release it as heat through thermogenesis, a process 

with potential therapeutic applications in the treatment of meta

bolic disorders.7–10 Thermogenesis is activated by, among other 

things, cold exposure, hormonal stimuli, or a high-fat diet, and it 

is mainly driven by the action of Uncoupling Protein 1 (UCP1) in 

mitochondria, which uncouples oxidative phosphorylation to 

generate heat instead of ATP.11 Skeletal muscle also contributes 

to non-shivering thermogenesis via SERCA-mediated calcium 

cycling and sarcolipin (SLN)-regulated ATP consumption, indi

cating multiple adaptive pathways of heat generation, particu

larly in species or contexts where brown adipose tissue 

(BAT)-dependent UCP1 thermogenesis is limited or absent.12–15

Additional UCP-independent futile cycles, including the mito

chondrial creatine/phosphocreatine and triacylglycerol/fatty 

acid cycles, also contribute to maintaining energy balance. 

Nevertheless, UCP1 remains an essential target for metabolic 

modulation.16–18

The human genome encodes six UCP isoforms that belong to 

the solute carrier family 25 (SLC25). UCP1, UCP2, and UCP3 

likely originate from a single precursor gene and diverged early 

in vertebrate evolution; therefore, they remain the focus of our 

study. UCP4 and UCP5 appear to have evolved separately and 

are more conserved across species, particularly in neuronal tis

sues.19–21 UCP6 (KMPC1) transports inorganic anions and dicar

boxylates, phylogenetically a separate member of the classical 

UCP1–UCP5 cluster, reflecting its divergent evolutionary 

pathway and different functional roles.22 While UCP1 is the 

only isoform directly involved in adipocyte thermogenesis, 

UCP2-UCP5 are known to play a role in the regulation of mito

chondrial energy, metabolic efficiency and oxidative stress, 

however, their exact role is unclear.23–25 UCP2, which is ex

pressed in various tissues, regulates reactive oxygen species 

(ROS) and insulin secretion,26,27 while UCP3, which is mainly 

found in skeletal muscle, prevents lipid-induced oxidative dam

age and can support muscle thermogenesis.28–30

To better understand the transcriptional regulation of UCP1, 

we mapped and compared 579 transcription factor (TF) 

response elements (REs) in the promoters of human, mouse, 

and rat UCP1 and its closest paralogues UCP2 and UCP3. Tak

ing advantage of functional differences between UCP family 

members and evolutionary conservation between species, we 

narrowed our dataset to highlight TFs potentially involved in 
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species- and gene-specific regulation of human UCP1 expres

sion. Several TFs have been proposed as direct regulators, 

including PPARs, RXRs, RARs, THR, CREBPs, NFE2L2, 

SREBP1, EBF1-2, CEBPA, and the c-Jun:c-Fos complex, while 

PGC-1α and PRDM16 act as coactivators.8,31–43 However, the 

complexity of epigenetic and transcriptional regulation is not 

yet fully understood.

Using computational analyses, we investigated the TF- 

DNA binding motifs in the − 5kb to +1kb regions of UCP1, 

UCP2 and UCP3 in human, mouse and rat using JASPAR 

Position Weight Matrixes (PWMs) by Eucaryotic Promoter Data

base (EPD) (EPD: https://epd.epfl.ch; JASPAR: https://jaspar. 

genereg.net).44,45 Additional databases (ChiPBase, TFlink, 

Contra v3, AdipoNet, ISMARA) refined the list of potential regu

lators. Our ranking system prioritized the TFs based on their fre

quency in UCP promoters and their correlation with the expres

sion of UCP1 in human neck fat cells, distinguishing between 

species- and gene-specific regulators. To simplify the nomen

clature, the term ‘‘promoter’’ is used here for the entire analyzed 

regulatory sequence region. The results provide a predictive 

framework for experimental validation and help identify common 

and human UCP1-specific regulators that may not be detected 

in conventional model organisms. Due to its probabilistic nature, 

our approach is valuable for target selection in adipocyte brown

ing studies and potential metabolic interventions.

RESULTS

Comparative analysis of the promoter, gene, and protein 

sequences of UCP1, UCP2, and UCP3 in different 

species: Structural and evolutionary aspects

To elucidate the DNA composition and the structural features 

underlying the specific function of three mitochondrial SLC25 

proteins, UCP1 (SLC25A7), UCP2 (SLC25A8), and UCP3 

(SLC25A9), a thorough comparative analysis was performed, 

covering the nucleotide sequences of the genes and their pro

moters in the human, mouse and rat genomes. We also aligned 

the amino acid sequences of the encoded proteins and analyzed 

their complex three-dimensional (3D) spatial structure.

DNA sequence similarity analysis shows distinct 

evolutionary trends between genes and their regulatory 

regions

A phylogenetic tree reconstructed by integrating the human, 

mouse and rat UCP1, UCP2 and UCP3 data clearly shows that or

thologous sequences were grouped, indicating a closer relation

ship than to their paralogous counterparts when considering 

amino acid composition, coding (mRNA) and regulatory DNA se

quences, with high support values in all cases (Figure 1A). As ex

pected, among orthologous genes, mouse and rat are more tightly 

clustered compared to human, indicating greater similarity. How

ever, when we look at the relationship between paralogous genes, 

we see a difference between clustering by promoter sequence and 

clustering by gene or amino acid sequence. While the reconstruc

tion of the mRNA and amino acid sequences identified UCP2 and 

UCP3 as a separate cluster from UCP1; UCP1 and UCP2 were 

grouped based on the promoter sequence. These results are 

also confirmed by pairwise distance analysis of the coding and 

promoter sequences of the UCP genes (Figure S1A).

Transposable and repetitive elements drive sequence 

divergence in the human UCP1 promoter

The thermogenic UCP1 gene evolved in placental mammals 

around 120–150 million years ago.46,47 However, Jastroch et al. 

demonstrated that three members of the core UCP family 

(UCP1/2/3) were present before the divergence of the ray-finned 

and lobe-finned vertebrate lineages around 420 million years 

ago.48 Nevertheless, some were later lost or inactivated in several 

clades, such as birds, while their regulatory sequences under

went significant evolutionary changes.49 A comparative analysis 

of 5000 bp upstream and 1000 bp downstream of the UCP1 gene 

revealed substantial sequence divergence between humans and 

some rodents (e.g., mouse and rat), with two large human-spe

cific regions (1419 bp in the middle part and 658 bp at the end 

of investigated promoter region) missing in mice and rats 

(Figures 1B and S1B). These segments likely arose after placental 

and marsupial divergence but were secondarily lost in specific 

lineages (Multiz Alignment of 100 Vertebrate Tool in the UCSC 

Genome Browser (UCSC: https://genome.ucsc.edu/)). The 

absence was confirmed by a BLAST search in the NCBI database 

(NCBI: https://blast.ncbi.nlm.nih.gov/). Short palindromic se

quences or residues can be detected at the beginning and end 

of these evolutionary novel DNA fragments in the human UCP1 

promoter (Figures S1C–S1G; red boxes). Eukaryotic Promoter 

Database analysis (p < 1e-5) shows that the RE of CREB3 at 

− 3498 bp corresponds to the palindromic ‘‘TGACGTCA’’ 

sequence at the end of the 1419 bp long segment (Figure S1D). 

RepeatMasker analysis identified a 468 bp long terminal repeat 

(LTR) retrotransposon (MLT1G, ERVL-MaLR family) within the 

1419 bp long segment, flanked by homeodomain TF-RE (DLX2, 

HOXD8, HOXD9, HOXB5, and POU6F1). A BLAST search shows 

that this 468 bp sequence is integrated into the human genome at 

multiple sites (Figure S1H). The 658 bp long region contained a 

short, interspersed core element (SINE, Alu sz6) framed by a 

long interspersed core element (LINE, L1M5). Several additional 

repeat elements were detected along the entire length of the pro

moter studied (Figures 1B and S2). Typically, TF REs’ motifs are 

identified at their start and endpoints, such as MEOX2 at the 

boundary of the AT-rich repeat element or RHOX11 for L1M5.

Despite this divergence, conserved regions near +250 bp 

and − 3600 bp exhibited high sequence similarity between spe

cies and harbored TF-REs for MZF1, GMEB1 and GLIS2, sug

gesting their role in transcriptional regulation (Figure 1B, blue 

boxes, UCSC genome browser, Eucaryotic Promoter Database). 

These results shed light on the influence of transposable ele

ments on the evolution of regulatory sequences and their poten

tial impact on human UCP1 gene expression.

Subtle structural differences between orthologous and 

paralogous UCP1 proteins may have functional 

implications

The 3D structures of human UCP1, UCP2, and UCP3 proteins 

resemble those of their mouse and rat counterparts, showing 

closer relationships between the orthologues compared to the 

paralogues, as predicted by AlphaFold 2 (Figure S3A) and struc

tural alignment using the RCSB PDB interface (Figure 2A, 

Methods). Figure S3A highlights their conformational similarities 

and shows a low-confidence interdomain region (red), suggest

ing structural flexibility that may influence proton conductance 
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and ligand binding. Pairwise structural alignments confirm 

strong homology to human UCP1, with TM scores of 0.97 

(mouse/rat UCP1), 0.84 (human UCP2) and 0.77 (human UCP3) 

(Table S1). Despite the different sequence homology, the UCP 

proteins share conserved structural features within the SLC25 

family, as in the case of the ADP/ATP translocase (TM score 

0.8, 21% sequence identity) (Figure 2B). These results support 

the evolutionary conservation of the UCP structure50 and raise 

questions about the functional role of sequence variations in 

fuzzy interdomain regions.

Figure 1. Comparative analysis of the promoter, gene and protein sequences of UCP1, UCP2 and UCP3 in different species 

(A) Phylogenetic tree based on the nucleotide sequences of the promoter, mRNA and amino acid sequences of the corresponding proteins of UCP1, UCP2 and 

UCP3 in human, mouse and rat. The tree is a rooted phylogram with support values (aLRT/rapid bootstrap) on the branches (R package ape v5.7.1). 

(B) Comparative analysis of the human UCP1 promoter region (+1000 bp to − 5000 bp) in vertebrates using the UCSC Multiz Alignment of 100 Vertebrates. Red 

boxes indicate human-specific segments missing in mouse and rat; blue boxes indicate conserved regions between species. Repeat elements are shown with 

abbreviations (red letters) and positions (gray lines) from the UCSC RepeatMasker.
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Comparative analysis of transcription factor binding 

sites/response elements of UCP promoters in humans, 

mice, and rats

The prevalence of putative TF-REs in the UCP1 promoter 

shows greater similarity to human UCP2 than to rodent 

UCP1

We investigated the specific transcriptional regulation of human 

UCP1 using the EPD and JASPAR TF PWMs and analyzed the 

presence of 579 TF motifs.51 At a significance threshold of 

p < 1e-4, we identified 293–381 TFs with putative REs in nine 

genes (Figures 2C and S3B; Table S2). Some TFs had multiple 

binding sites (e.g., CREB1: 4, SP1: 14 in the analyzed UCP1 pro

moter), while certain REs corresponded to multiple TFs (e.g., 

at − 262 bp RE for 19 bHLH TFs, − 690 bp RE for 22 homeodo

main TFs) (Tables S3A–S3C). A more stringent threshold 

(p < 1e-5) resulted in 63–123 TFs per species (Figure S3C). The 

distribution of TF-RE varied: humans had the highest density in 

the proximal promoter, whereas mice and rats had more in the 

enhancer region (Figures 2D and 2E; Tables S3B and S3C). Heat

map analysis and hierarchical clustering showed that the TF-RE 

profile of human UCP1 is more similar to its paralog UCP2 than to 

its orthologues, regardless of whether the analysis is based on 

binary presence-absence data (Figure 2F) or on a weighted 

occurrence that considers the number of REs identified in the 

promoter regions (Figure S4). Similarly, Spearman’s rank corre

lation confirmed that the gene expression of UCP1 in subcutane

ous and deep-necked adipocytes correlated most strongly with 

UCP2 (Figure 2G).

Comparative analysis of transcription factor response 

elements reveals unique regulatory sequences for 

human UCP1

Our analysis identified 364 TFs (monomers, dimers, trimers and 

variants) with putative REs in the human UCP1 promoter. Of 

these, 319 were also present in the human UCP2 and/or UCP3 

promoters, while 45 were exclusive to UCP1 (Figure 2C; 

Table S2). Analysis of gene expression in subcutaneous and 

deep neck preadipocytes and mature adipocytes in which 

browning processes were induced by prolonged rosiglitazone 

treatment revealed that five TFs (AR, RXRA, HMBOX1, CREM, 

and HOXA5) correlated positively with UCP1, while 17, including 

JUNB, FOSL1/2, ATF1, VDR, and NFE2L2, showed a negative 

correlation (Figure 2H, Table S4, STARMethods). Our RNA-seq 

dataset reflects the combined effect of factors that promote 

adipocyte browning, including tissue origin, PPARγ activator 

drug rosiglitazone used in the brown differentiation protocol, 

and FTO pro-obesity rs1421085 T to C SNP-based adipocyte 

phenotype (Methods 10). Remarkably, the specificity of RXRA 

for UCP1 was only observed when it was dimerized with VDR, 

and JUNB_var2 was unique when paired with FOSL1 or 

FOSL2. Of these 45 UCP1-specific TF-REs, 13 (ALX1, ALX4, 

DLX2, EN1, GSX1, HOXA2, LHX8, MIXL1, NFIL3, PAX4, VSX1, 

VSX2, and HOXA5) were absent from the mouse and rat 

UCP1/2/3 promoters, with all but NFIL3 belonging to the home

odomain family (HDF) (Figure 2F, blue box). For many of them, 

analysis of the EPD at strict confidence (p < 1e-5) supports their 

role in species-specific thermogenic regulation (Tables S3C and 

S5A), though only EN1, HOXA5 and NFIL3 show high expression 

in neck-derived fat cells. A palindromic sequence (5′-TCTAAT 

TAGA-3′) at − 690 bp (EPD database; UCSC Genome Browser 

GRCh 37/hg19: 141.490.801–141.490.810), which acts as RE 

for 9 of these homeodomain TFs, was present with minor varia

tions in primates, indicating a newly formed regulatory element in 

adipocyte thermogenesis (Figure 1B; Multiz Vertebrate 

Sequence Alignment in UCSC). DLX2, HOXA2 and HOXA5, other 

human UCP1-specific homeodomain TFs with RE at different 

positions (Table S5A), show significant expression in cervical ad

ipocytes, but only HOXA5 expression is correlated with UCP1 

(positively). In addition, NFIL3, a basic leucine zipper TF, had a 

potential binding site at − 881 bp, albeit with a probability 

of p < 1e-4, but is highly expressed in mature adipocytes. 

Conversely, 93 TF-REs were conserved in all UCP promoters 

of the three species, suggesting common regulatory mecha

nisms (Figure 2F Purple box, Table S2). These include known 

TFs such as PPARA, PPARG, RARE, TFAP2, SP, THR, and 

SREBF1, indicating evolutionary conservation regulating UCP1 

gene expression.52

Figure 2. Comparative 3D structure and promoter-TF binding landscape of UCP1, UCP2 and UCP3 in humans, mice and rats 

(A) 3D structures of human, mouse and rat UCP1, UCP2 and UCP3 proteins predicted by AlphaFold2, aligned and visualized from three perspectives (inter

membrane, matrix and membrane-embedded sides) (RCSB PDB). 

(B) Structural alignment of human UCP1 (brown) with human ANT1 (blue) showing conservation within the mitochondrial SLC25 carrier family (AlphaFold2 and 

RCSB PDB). 

(C) Venn diagrams showing the number of TFs with predicted REs in the − 5000 bp to +1000 bp promoter region of UCP1, UCP2 and UCP3 in human, mouse and 

rat (EPD, p < 1e–4). 

(D) Distribution of TF-REs across the human, mouse and rat UCP1 promoters in 50 bp bins (− 5000 bp to +1000 bp).(Excel). 

(E) Relative abundance of TF-REs per 10 bp in three promoter segments: distal enhancer (− 5000 to − 1001 bp), proximal/core promoter (− 1000 to TSS) and 

intronic promoter (TSS to +1000 bp) from human, mouse and rat. (Excel). 

(F) Hierarchical clustering of all UCP gene promoters based on shared TF-REs. Red box: 13 TFs unique to the human UCP1 promoter; purple box: 93 TFs common 

to all UCPs; green box: TF-RE clusters most similar to human UCP1 (Morpheus interface). 

(G) Heatmap showing gene expression profiles of all UCP genes in human cervical adipocytes. Clustering is based on Spearman rank correlation (Morpheus 

interface). 

(H) Relative expression profile of 45 TFs with predicted REs in the human UCP1 promoter in the cervical adipocyte samples. Blue boxes: TFs absent in the mouse 

and rat UCP1/2/3 promoters; red boxes: TFs also present in the mouse and rat UCP1 promoters. Very weakly expressed TFs were excluded (Morpheus interface). 

(I) Multiz alignment of the human UCP1 promoter shows a species-specific HDF1 TF RE at − 690 bp. Nearby REs for RFX5 (brown), MYOD1 (green) and BCL6 

(blue) are also shown (UCSC Genome Browser and EPD). 

(J) Heatmap of 12 TFs with common REs in human, mouse and rat UCP1 promoters showing gene expression in cervical adipocytes. UCP1 is shown as reference. 

Hierarchical clustering shows TFs with UCP1-like expression (Morpheus interface). Adipocytes were differentiated using a white (W) or brown (B) protocol.
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Identification of transcription factors that potentially 

bind to the unique palindromic nucleotide sequence of 

the human UCP1 regulatory region at − 690 bp

To predict TFs that bind to the unique palindromic sequence 

‘‘5′-TCTAATTAGA-3′’’ at − 690 bp in the human UCP1 reg

ulatory region, we analyzed TFs from the HDF using several da

tabases. The EPD (p < 1e-4) identified several homeodomain 

TFs, some of which were specific for human UCP1 

(Table S5A), while others lacked this specificity (Tables S2, 

S3, and S5B). To refine this selection, we used ConTra v3 

(stringency score = 0.95, similarity matrix = 0.85; ConTra v3: 

http://bioit2.irc.ugent.be/contra/v3/#/step/1) to confirm the pre

dicted binding motifs and their evolutionary conservation 

(Figure S5). Gene expression data from neck-derived adipo

cytes helped prioritize TFs that showed significant positive or 

negative correlation with UCP1 (Figure S6; Tables S4, S5A, 

and S5B). Additional criteria, including ChIP-Seq data 

(ChIPBase and TFlink), a more stringent analysis of the pro

moter database (p < 1e-5) and PWM from JASPAR, refined 

the list of potential TFs (Tables S5A and S5B). AdipoNET cate

gorized these TFs based on their association with white, brown 

or intermediate (linker) fat phenotypes to predict their functional 

role in the adipocyte browning process.53 An automated 

PubMed search identified the co-occurrence of these TFs 

with UCP1 in abstracts to determine what we know about these 

TFs in relation to UCP1 (Figure S7 and Table S6). Based on the 

data collected, the most likely candidates for binding at 

− 690 bp were EN1, PRRX2, HOXA5, HOXD8, LHX8, PAX4, 

and VSX2. While EN1, PRRX2 and HOXD8 showed high-to-me

dium adipocyte expression with a strong negative correlation to 

UCP1, HOXA5 showed a positive correlation, indicating the 

promotion of the browning process. PAX4 and VSX2, although 

not appearing in our transcriptome studies,54 were also identi

fied in a more stringent promoter analysis (p < 1e-5), supporting 

their possible regulatory role. In addition, PAX4 showed high 

motif activity in adipose tissue when analyzed using the 

ISMARA platform (Figure S8, the red boxes highlight the adi

pose tissue data). These results suggest several homeodomain 

TFs that may be involved in the regulation of UCP1 and whose 

role needs to be further investigated.55

Investigation of potential regulatory hubs at human 

UCP1-specific homeodomain and NFIL3 transcription 

factor response elements

Homeodomain TFs play a key role in embryonic development 

and may regulate tissue-specific UCP1 expression during adipo

cyte maturation by modulating chromatin accessibility and 

forming cooperative complexes.56–59 We examined TF-REs 

within ±40 bp of human-specific homeodomain (Table S5A) 

and NFIL3 REs to identify potential regulatory interactions.

Analyzing the − 690 bp region with the EPD (p < 1e-4), we 

identified BCL6 (− 702 bp), RFX5 (− 651/650 bp) and bHLH2 

class TF-REs (− 679 bp) at this position (Figure 2I). BCL6 and 

RFX5 showed high expression and a strong positive correlation 

with UCP1 in the neck adipocytes (Figure S9; Table S4), while 

ID4, SNAI2, and TCF3/4/12 from the bHLH2 class showed high 

expression but a negative correlation. Analysis of the interac

tions of PAX4 with ISMARA revealed possible cooperations 

with BCL6, TCF4, ID4, SNAI2, and RFX5, supporting the forma

tion of a regulatory complex of these players at this site 

(Figure S10). Examining the vicinity of UCP1-specific REs 

(Table S5A; Figure S5, Contra v3) HIC1, which has RE close 

to the RE of HOXA5 (− 4785 bp), was highly expressed in 

pre-adipocytes but was significantly reduced in mature adipo

cytes and showed a negative correlation with UCP1 

(Figure S11A; Tables S3 and S4). TEADs (RE at − 2496 bp, 

close to DLX2 RE at − 2478 bp) expression showed variable 

correlations with UCP1; TEAD1/3/4 were negatively correlated, 

while TEAD2 was positively correlated (Figure S11B), suggest

ing context-dependent regulation. HOXA2-associated REs 

around at − 3959 bp (NFKB2 at − 3976 bp, ZNF410 

at − 3947 bp and ZNF283 at − 3948 bp) could also form a reg

ulatory complex (Figure S11C). NFKB2 gene expression 

showed a negative trend with UCP1, while ZNF410 and 

ZNF283 showed no clear correlation. These REs were also de

tected at p < 1e-5, underlining their possible regulatory role. 

Finally, we identified the NFIL3 close REL RE at − 902 bp 

(Table S5A; Figures S11D and S11E), which has low to moder

ate expression regardless of adipocyte differentiation status 

and is conserved in primates but is absent in the UCP1 pro

moter in mice and rats (Figure S11F).

Common REs in orthologous UCP1 promoters differ in 

their genomic location

A comparison of the regulatory elements of the UCP1 promoter 

in humans, mice and rats revealed that several TF-REs— 

ARID3B, ATF7, CREB3, MAF:NFE2, NFE2L2, POU6F1, RXRA: 

VDR, SOX21, TEAD4, and XBP1—which are present in the hu

man UCP1 promoter but absent in the human UCP2 and UCP3 

promoters, were also present in the mouse UCP1 promoter. 

Many of these TFs, such as CREB/ATF, RXR, NFE2 and 

NFE2L2, are known regulators of UCP1 expression.33,60–62

Gene expression analyses (Figures 2H and 2J), consistent with 

AdipoNET pathway predictions, indicate that POU6F1, TEAD4, 

XBP1, and NFE2L2 predominantly promote the white adipocyte 

phenotype and have a strong negative correlation with UCP1 

(Table S7A). RXRA is the only TF in this group that correlates 

positively with UCP1 (Table S4), suggesting a possible promot

ing role in browning processes. AdipoNET also predicts that 

RXRA, CREB3 and XBP1 may regulate the balance between 

white and brown adipocytes. Remarkably, POU6F1, the only ho

meodomain TF in this group, is associated exclusively with 

UCP1 and absent from the UCP2 and UCP3 promoters in the or

ganisms studied, suggesting a gene-specific role in UCP1 regu

lation and thermogenesis. However, a comparative analysis of 

UCP1 regulatory sequences across species (UCSC: https:// 

genome.ucsc.edu/), shows that these REs are conserved in pri

mates but absent in mouse consensus sequences. Instead, they 

appear at different genomic positions in mice and rats, indicating 

a lack of positional conservation (Figures S12A and S12B; 

Table S2).

Human-specific bHLH transcription factors REs in the 

proximal promoter of UCP1-2-3

In a comparative analysis, five regulatory TF-REs (HES1, MAX, 

MNT, TCFL5, and ARX) were identified exclusively in the human 

UCP1, UCP2, and UCP3 promoters, which were absent in the 

mouse and rat UCP promoters (Table S2). Most of these TFs 

are expressed in human adipocytes, with higher expression in 
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progenitor cells and a significant negative correlation with UCP1, 

except HES1, whose expression is more associated with subcu

taneous adipocytes (Table S4; Figure S13A). ARX, a member of 

the homeobox TF family, is not expressed in our experiments 

with cervical fat cells. The other four TFs share a common RE 

at − 263 bp in the proximal promoter of UCP1, which is typically 

recognized by TFs of the bHLH family. The EPD also identifies 

other potential bHLH TFs at this sequence, such as ARNT: 

HIF1A (Tables S3A and S3B; Figures S13B and S13D). Further 

experiments are needed to clarify the context-dependent regula

tory mechanisms that may influence which TFs bind to this RE.

Limited overlap between predicted and experimentally 

validated TF binding sites in the human UCP1 promoter

We compared the list of putative TF-REs predicted by the EPD 

(− 5000 to +1000 bp from the TSS, p < 1e-4) with experimentally 

validated TFs from the ChiPBase and TFlink databases for the 

human UCP1 promoter. EPD predicted 364 TF-REs, while 

ChiPBase and TFlink identified 170 and 131 binding TFs, respec

tively (Figure S14A). Only a small fraction of the experimental 

data agreed with EPD: 23 TFs (14%) with ChiPBase and 41 

TFs (31%) with TFlink. Remarkably, only 11 TFs co-occurred in 

all three databases (GATA2, HIF1A, JUN, KLF4, MXI1, MYC, 

MYCN, NFKB1, RBPJ, TEAD4, and USF1), indicating their prob

able role in regulating UCP1 expression. Analysis of gene 

expression in adipocytes from the neck showed that the expres

sion of most of these TFs correlated with UCP1, and predomi

nantly negatively, except USF1, which showed a positive corre

lation (Figure S14B; Table S4).54 USF1 REs were present in all 

UCP promoters examined, suggesting a general role in UCP 

regulation rather than specific involvement in UCP1 and brown

ing (Table S2).63 The AdipoNET predictions also suggest that 

most of these TFs are associated with the white adipocyte 

phenotype, although JUN and NFKB1 can be involved in both 

white and brown adipocyte formation (Table S7B). REs with a 

more stringent threshold (p < 1e-5) were identified for HIF1A, 

JUN, RBPJ and TEAD4, supporting their possible regulatory 

role in UCP1 expression. HIF1A, MYC, MYCN and MXI1 share 

a common binding site at − 263 bp of the proximal promoter, a 

region suggested above to be specific for the regulation of hu

man UCP genes (Figures S13A–S13D), as some TFs with binding 

motifs here have no REs in mouse and rat UCP genes. The prox

imity of the RE of SP2 and EGR1 at − 263 bp (Table S3B) also 

suggests the possibility of the formation of a regulatory complex 

at this position, which is confirmed by the ConTra v3 data 

(Figures S13B and S13D).

Transcription factor ranking indicates UCP1-specific 

and evolutionarily conserved UCP gene expression 

regulators

We ranked the analyzed 579 TFs to assess their role in regulating 

the human UCP1 gene based on a scoring system comprising 

two key parameters: (1) the frequency of TF-RE motifs in the 

analyzed UCP promoters and (2) the correlation coefficient 

of TF gene expression with UCP1 in human adipocytes 

(Table S4). Three independent scores were assigned to each 

TF based on the UCP gene promoters used to calculate the fre

quency of the binding motif: (1) the frequency of TF-RE motifs in 

the human UCP1 promoter (Table S8A), (2) the frequency of TF- 

RE motifs in the human, mouse, and rat UCP1 promoters (to es

timate their conservation (Table S8B), and (3) the prevalence of 

TF-RE in the promoters of UCP1, UCP2 and UCP3 in all species 

studied (Table S8C). This approach allowed a comparative 

ranking of the TFs, with the TFs with the highest score at the 

top, assessing both evolutionary conservation and functional 

significance. Figure 3 shows the heat maps based on the 60 

highest TF scores from the three alternative score calculations 

(Figures 3A–3C). In the UCP promoters analyzed, commonly 

identifiable REs such as ZNF263, EWSR1-FLI and SP1/3 are at 

the top of the ranking, while the highest scoring human UCP1- 

specific TFs include HIF1A:ARNT, NRF1, TBX19, THR, ESSRA, 

NR1H3:RXRA.

TFs previously associated with thermogenesis generally 

scored high, highlighting the validity of our scoring system in 

assessing the role of TFs in regulating UCP1 gene expression. 

THRB, THRA, JUN and CREB1 showed some human UCP1 

specificity, while RXRA was dominant in all UCP1 promoters 

analyzed. Others, including PPARG, CREB1, SREBF1 and 

RARA, appeared to be general regulators of UCP genes. Inter

estingly, ZIC1, CEBPA and CEBPB were not found to be sig

nificant regulators of human UCP1 (Figure 4A). Among the TFs 

that showed the highest specificity for human UCP1 in our 

UCP promoter analyses (Table S5A), EN1, HOXA5, and 

LHX8 stood out (Figure 4B). In addition, POU6F1, PRRX2, 

HOXD8 and LBX2, all belonging to the HDF, were also identi

fied as potential UCP1 gene-expression regulators at 

− 690 bp; however, based on the EPD, their binding se

quences did not show exclusive specificity for human UCP1 

(Figure 4C). The heatmap shows that, except for POU6F1, 

the REs of these TFs were dominant in the human UCP1 pro

moter, suggesting their possible gene-specificity in regulating 

gene expression. Conversely, TFs such as POU6F1, TEAD4, 

NFE2L2 and XBP1, which ranked high based on RE frequency 

in human UCP1, showed a similar ranking when conservation 

in different species was considered (second columns), sug

gesting their ancient roles in UCP1 regulation (Figure 4D). 

While TFs predicted to be UCP1 regulators based on EPD 

and chip-seq data generally perform well, RBPJ, HIF1A, and 

TEAD4 stand out (Figure 4E). Our results establish a system

atic ranking of 579 TFs in influencing UCP1 expression and 

provide insights into their potential regulatory role in human 

adipocyte thermogenesis.

DISCUSSION

Evolutionary dynamics of UCP1 genes and their 

promoters differ in humans and rodents

Computational insights into the transcriptional 

regulation of human UCP1

In our analysis, in silico approaches were used to investigate the 

regulatory landscape of UCP genes. While the coding se

quences of UCP1 have been extensively studied in different spe

cies, much less is known about the evolution of its regulatory 

elements.48,49,64–71 A previous work by Gaudry and Campbell 

(2017) identified conserved motifs such as the TATA box, 

RARE-3 and PPAR in mammals and confirmed their fundamental 

role in the regulation of UCP genes.49,72 Our results are 
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consistent with these findings and confirm that these ancient el

ements are widely distributed in UCP promoters of humans, 

mice, and rats. However, their ubiquity throughout the UCP 

gene family makes them less suitable as selective targets for 

UCP1-specific modulation in metabolic disorders. Importantly, 

our analysis has also uncovered human UCP1-specific elements 

not found in rodents, which may help to develop more targeted 

therapeutic interventions in humans.

Species-specific differences in UCP1 regulatory 

sequences

Using platforms such as EPD, ConTra v3, Multiz Alignment of 

100 Species and the UCSC genome browser, we identified 

A CB

Figure 3. Ranking of transcription factors based on RE frequency and co-expression with UCP1 

The tables show the top 60 TFs of 579 candidates from the EPD database, ranked according to a composite score combining (i) the correlation of TF and UCP1 

gene expression in human adipocytes and (ii) the frequency of their predicted binding sites (REs) in UCP promoters. 

(A) Top 60 TFs based on RE frequency in the human UCP1 promoter. 

(B) Top 60 TFs based on RE frequency in the human, mouse and rat UCP1 promoters. 

(C) The top 60 TFs based on RE frequency in the UCP1, UCP2, and UCP3 promoters of all three species.
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D

E

C

B

Figure 4. Ranking of transcription factors based on predicted regulatory potential in UCP gene expression 

The heatmaps summarize the ranking of TFs identified in our study as potential regulators of UCP gene expression, focusing on human-specific or UCP1- 

associated regulatory roles. The ranking is based on a composite score calculated from the following factors: (i) the correlation coefficient between gene 

(legend continued on next page) 
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and compared the binding motifs of TFs in nine UCP promoters 

in different species. We observed both conserved and species- 

specific patterns.73,74 Notably, UCP1 in humans showed greater 

regulatory similarity to UCP2 in humans than to UCP1 in rodents, 

whereas UCP1 in mice and rats showed more similarities. These 

results suggest that UCP regulation is under different evolu

tionary pressures in primates and rodents.

Large sequence regions within the human distal UCP1 

enhancer are not present in rodents (Figure 1B), likely due to line

age-specific deletions and TE insertion events. Interestingly, 

some TF binding sites in humans overlap with conserved pro

moter regions in rodents, but base changes have created new, 

human-specific binding motifs. This emphasizes the importance 

of large sequential and base-level changes in shaping species- 

specific regulation. In addition, there is emerging evidence for 

differences in 3′UTR UCP1 mRNA processing between rodents 

and humans that affect protein concentration and thermogenic 

potential,75 suggesting that extrapolations from rodent models 

should be made cautiously.

The role of repetitive elements in the human UCP1 

promoter

We have identified numerous repetitive elements in the human 

UCP1 promoter, including endogenous retrovirus sequences 

such as MLT1G or Alu repeats, which are not found in rodents 

(Figures 1B and S2).76 Many of these elements are flanked by 

TF-binding motifs, and some contain palindromic sequences 

that frequently serve as protein binding sites.77,78 This suggests 

that the insertion-coordination sequences of some repetitive el

ements may have been repurposed as functional regulatory 

modules during evolution.79–81 For example, repeated inser

tions of MLT1G or L1M5 elements into the human genome 

may influence nearby gene expression and coordinate regula

tory programs relevant to the formation of thermogenic fat 

cells,82,83 as is the case with MER20 elements in the regulation 

of progesterone-responsive genes. LTR elements such as 

MLT1G can also act as alternative promoters or influence chro

matin structure.84

Interestingly, we found a human-specific palindromic 5′-TCT 

AATTAGA-3′ homeodomain RE motif at − 690 bp in the UCP1 

promoter that resembles a viral transposable element identified 

in Mamestra configurata nucleopolyhedrovirus variants, 

although it is not classified as such by RepeatMasker.85 This em

phasizes the potential of ancient cryptic insertions to influence 

human gene regulation.86–89 There is increasing evidence that 

transposable elements and tandem repeats can influence gene 

expression and even modulate transcription via interactions 

with microRNAs (e.g., SINE).90

Comparative analyzes of the regulatory elements in the 

promoters of UCP1, UCP2, and UCP3 in different 

species

Homeodomain family class I transcription factors and 

human-specific sequences

Our comparative analysis of the UCP1, UCP2 and UCP3 pro

moters in humans, mice and rats highlights the potential role of 

homeodomain TFs in the regulation of UCP1, particularly in hu

mans. These TFs, which are known to control embryonic devel

opment, may also be utilized in adipose tissue to influence ther

mogenic capacity.91 While their role in adipocyte development 

and plasticity is increasingly recognized,56,57,92–94 the direct 

regulation of UCP1 by these TFs is still poorly understood. Ho

meodomain TFs can influence gene expression via chromatin re

modeling and often function as dimers95 to increase binding 

specificity.58,59,96,97

Among the homeodomain TFs targeting human-specific REs, 

EN1 stands out. It is highly expressed in human cervical preadi

pocytes and negatively correlates with UCP1 expression.54 In 

mice, EN1 promotes brown adipogenesis but is repressed 

upon cold exposure, suggesting a role in early cell lineage 

commitment rather than direct control of UCP1.98–100 Our previ

ous data showed upregulation of EN1 in adipocytes from individ

uals with the obesity-associated FTO rs1421085 risk allele 

(unpublished), supporting its possible species-specific regula

tory function.54

Another candidate, HOXA5, is upregulated in thermogenic 

deep-neck adipocytes in humans and is known to promote fat 

browning in rodents, likely via anti-inflammatory pathways 

(Figure 2H, Table S4).100–102 However, its expression in white ad

ipocytes derived from induced pluripotent stem cells suggests a 

context-dependent role.103 PAX4, which is typically associated 

with pancreatic beta cell development104,105 and diabetes,106

is also expressed in adipocyte progenitor cells105 and may influ

ence the balance between white and brown adipocyte forma

tion. PRRX2 and VSX1/2, although less studied in thermogenic 

fat, show differential expression between different adipocyte 

types and may also contribute to thermogenic programming.107

Evolutionary conservation and divergence in UCP1 

promoter elements

Many regulatory motifs found in the human UCP1 promoter are 

conserved in primates, but not in the investigated rodents. Inter

estingly, some TF binding sites —such as POU6F1— occur 

within promoter segments unique to humans, although they 

are common UCP1 regulatory elements in the species studied. 

This suggests evolutionary reorganization or independent acqui

sition of the regulatory elements.

expression of each TF and UCP1 in human adipocytes, and (ii) the frequency of predicted TF response elements (REs) in the analyzed promoter regions. Three 

rankings are shown: the first is based on RE frequency in the human UCP1 promoter, the second contains the RE frequency in the human, mouse and rat UCP1 

promoters, and the third extends the analysis to the UCP1, UCP2 and UCP3 promoters in these three species. For reference, TFs with experimental support 

(ChIP-seq data) or previously reported roles in adipocyte browning are also listed. 

(A) TFs previously reported to regulate adipocyte browning. 

(B) Predicted human UCP1-specific TFs. 

(C) TFs of the Homeodomain family whose gene expression correlates (positively or negatively) with UCP1 and whose REs are located in human-specific UCP1 

promoter segments (EPD data). 

(D) Predicted TFs with UCP1-specific regulatory potential. 

(E) TFs with predicted REs in the human UCP1 promoter (EPD) that also show binding evidence in the same promoter region in the ChIPBase and TFlink da

tabases. h, human; m, mouse; r, rat.
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Although POU6F1 function is not traditionally associated with 

adipose tissue, it is involved in cell fate determination and tissue 

remodeling.108,109 Its strong negative correlation with UCP1 

expression in our data suggests a possible role as a suppressor 

of thermogenesis in mature human adipocytes (Table S4).

Transcription factor ranking predicts conserved and 

evolutionarily novel UCP1 regulators

Our TF ranking analysis confirmed many known regulators of 

UCP1, including PPARG, RXRA, CREB1, SREBF1, THR, and 

RARA—factors that are critical for brown and beige adipocyte 

differentiation. Their high scores across species reinforce the 

conserved nature of key thermogenic regulatory pathways.

Remarkably, our analysis also revealed TFs that were not pre

viously directly involved in the human-specific regulation of 

UCP1. These include HIF1A:ARNT, NRF1, ESRRA (ERRα), and 

NR1H3:RXRA (LXRα:RXRα). HIF1A generally responds to hypox

ia and is associated with glucose metabolism and adipocyte 

inflammation.110,111 NRF1 and ESSRA play a central role in mito

chondrial biogenesis, which is well compatible with the mito

chondrial dependence of thermogenesis.112 LXRα:RXRα regu

lates lipid metabolism113 and may act as a link between lipid 

signaling and UCP1 induction.114

Highly ranked UCP1-specific TFs such as TEAD4, NFE2L2 

(NRF2), and XBP1 are associated with mechanotransduc

tion,115,116 oxidative stress117 and ER stress,118 respectively, 

suggesting that UCP1 regulation is linked to broader cellular 

stress and environmental adaptation pathways, consistent with 

the complex regulation of thermogenesis in response to physio

logical and metabolic cues.119

Interestingly, some TFs previously thought to be important reg

ulators of browning—such as CEBPA, CEBPB and ZIC1— were 

not highly associated with human UCP1, possibly reflecting spe

cies-specific roles or functions restricted to upstream regulatory 

cascades rather than direct gene activation.120,121

TFs such as RBPJ (a key player in Notch signaling), HIF1A, and 

TEAD4 were strongly supported by both the presence of motifs 

and ChIP-seq data, making them strong candidates for future 

experimental validation. Notch signaling is known to affect the 

balance between white and beige lipids, highlighting the impor

tance of RBPJ.122

Regulatory hotspots in the human UCP1 promoter

Our predictions using the EPD revealed areas with a high density of 

TF-REs within the human UCP1 promoter (Figure 5). These RE clus

ters likely function as enhanceosomes—cooperative assemblies of 

TFs and cofactors that integrate multiple signals to fine-tune gene 

expression. Such complex regulatory structures are typical of multi

cellular organisms.123 Several of these clusters consist of UCP1- 

specific homeodomain TF binding sites on or near repetitive ele

ments, indicating a possible interplay between genomic structural 

variation and regulatory complexity. Another notable region is 

located within the proximal promoter, near a bHLH family TF-RE 

at approximately − 262/− 263 bp (Figures S13B–S13D). The neigh

boring binding sites for EGR1 and SP2 suggest a possible regula

tory interaction with HIF1A. Similar TF cooperation has been 

observed in non-small cell lung cancer, where HIF1A interacts 

with EGR1 and SP1 to regulate erythropoietin receptor (EPOR) 

expression under hypoxic conditions.124 Given the established 

role of HIF1A in adipose tissue inflammation and energetic remod

eling, it may modulate transcription of UCP1 by binding to its pro

moter.53,110,111 EGR1 is also known for its role in metabolic regula

tion and influences insulin sensitivity via the PI3K/Akt and MAPK 

signaling pathways, supporting its contribution to UCP1-specific 

regulatory complexes.60,125

Studies in mice show that slight variations in the composition 

of UCP1-enhanceosomes can significantly affect gene expres

sion.126 Therefore, a precise knowledge of the regulatory archi

tecture is crucial to safely and efficiently modulate UCP1 expres

sion for therapeutic purposes.

Among the co-regulators, the p300/CBP-associated factor, a 

histone acetyltransferase, was found to be a significant human- 

specific cofactor in the UCP1 promoter (Figure 5). This suggests 

that epigenetic modulation may play an important role in the spe

cies-specific regulation of UCP1. In contrast, PGC1A, a known 

co-activator of PPARG in many species, predominantly associ

ates with TFs common to UCP genes, suggesting a broader, 

less selective regulatory role.

Overall, these results emphasize that understanding the 

composition, dynamics and potential plasticity of UCP1 regula

tory modules is critical for the development of therapeutic strate

gies to activate UCP1 expression. Future research should inves

tigate the conditional interchangeability of these factors under 

different physiological and pathological conditions.

Limitations of the study

Our comparative analysis revealed limited agreement between 

the computationally predicted TF-REs and the sites identified 

by ChIP-Seq. This highlights a fundamental challenge in accu

rately defining functional regulatory elements, particularly in 

complex mammalian promoters.

A central problem lies in the biophysics of TF-DNA interac

tions: While TFs often bind nonspecifically to the DNA backbone 

to facilitate targeting by linear diffusion, high-affinity binding re

quires more selective base-specific interactions.77 This non- 

specific background binding may challenge the interpretation 

of ChIP-Seq, which is further complicated by contextual vari

ability – binding profiles may differ between tissues, develop

mental stages and experimental conditions.

Computational predictions based on position weight matrices 

provide a useful framework, but are also subject to significant lim

itations. Short TF-binding motifs often occur randomly throughout 

the genome, making distinguishing between functional from false 

matches difficult. Even when combined with databases such as 

the EPD, PWM-based methods may miss regulatory sequences 

because, for example, (1) not all TFs have well-characterized 

PWMs, (2) binding tolerance allows TFs to recognize a wide range 

of sequences beyond the consensus motif, and (3) contextual fac

tors —such as cooperative binding with other TFs and cofactors— 

are not taken into account. In addition, epigenetic factors such as 

chromatin accessibility, DNA methylation and histone modifica

tions play a crucial role in determining whether a predicted site 

will be utilized at a given time point in vivo. Therefore, sequence- 

based predictions alone are not sufficient to determine functional 

significance. To overcome these limitations, integrative ap

proaches are required. Techniques such as ATAC-Seq, DNase- 

Seq, and histone ChIP-Seq can provide insights into chromatin 
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context and regulatory accessibility, while functional assays 

(e.g., reporter gene assays, CRISPR interference, or targeted 

mutagenesis) are essential for validating TF-REs and determining 

their biological role. Ultimately, experimental validation remains 

the gold standard and should be combined with bioinformatic pre

dictions to refine our understanding of UCP1 regulation.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and data should be directed to 

and will be fulfilled by the Lead Contact, Dr. Beáta B. Tóth (toth.beata@etk. 
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study does not involve any experimental models or human participants.

METHOD DETAILS

Reconstruction of the phylogenetic trees

To generate a combined human, mouse and rat UCP1, UCP2, and UCP3 amino acid, coding sequence and promoter sequence 

phylogenetic tree, the amino acid and the mRNA data set was downloaded from the National Library of Medicine (NCBI: https:// 

www.ncbi.nlm.nih.gov), whereas the sequences of gene promoters were downloaded from the EPD database (EPD: https://epd. 

epfl.ch/). Accession numbers of the promoters’ FASTA sequences: human UCP1 FP007435, UCP2_1 FP016503, UCP2_2 

FP016504, UCP3_1 FP016505, UCP3_2 FP016506; mouse UCP1 FP011827, UCP2 FP010492, UCP3 FP010490; rat UCP1 

FP011518, UCP2 FP000767, UCP3 FP000766; Accession numbers of the mRNAs’ FASTA sequences: human UCP1 NM_021833. 

5, UCP2 NM_001381943.1, UCP3 NM_003356.4; mouse UCP1 NM_009463.3, UCP2 NM_011671.6, UCP3 NM_009464.3; rat 

UCP1 NM_012682.2, UCP2 NM_019354.3, UCP3 NM_013167.2; Accession numbers of the amino-acids’ FASTA sequences: human 

UCP1 NP_068605, UCP2 AAC51336, UCP3 AAC51367.1; mouse UCP1 NP_033489, UCP2 AAB17666, UCP3 AAB87084; rat UCP1 

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Eukaryotic Promoter Database (EPD) EPDnew [https://epd.epfl.ch] Accessed Jun 2023

Ensembl Genome Browser Ensembl [https://www.ensembl.org] Release 111, 

Accessed Jan 2024

JASPAR JASPAR 2024, MA database [https://jaspar.genereg.net] Accessed Jun 

2023

ChipBase National Institute of Genetics, Japan https://chip-atlas.org

TFLink TFLink Database [https://tflink.net] Accessed Nov 2023

UCSC Genome Browser hg19 UCSC [https://genome.ucsc.edu] Accessed Nov 

2023

R The R Foundation Version 4.3.1

Pheatmap Pheatmap https://cran.r-project.org/web/packages/ 

pheatmap/index.html

Morpheus Broad Institute [https://software.broadinstitute.org/ 

morpheus] Accessed Jan 2024

ISMARA ISMARA [https://ismara.unibas.ch/] Accessed Jan 

2024

contra v3 Contra v3 [https://bioinfo.lifl.fr/contrav3/] Accessed 

Jan 2024

Alpha Fold Alpha Fold 2 https://alphafold.ebi.ac.uk/ Accessed Jan 

2024

RCSB RCSB Protein Data Bank https://www.rcsb.org

BLAST NCBI https://blast.ncbi.nlm.nih.gov/

Multiz Alignments of 100 Vertebrates UCSC Genome Browser [https://genome.ucsc.edu] Accessed Nov 

2023

Deposited data

Custom PowerShell and R Scripts This paper https://github.com/DEpt-metagenom/ 

TFRE-in-UCP1-promoter; https://data. 

mendeley.com/preview/z5b6stz3zx? 

a=828a4650-5239-487a-b17f- 

43c667b02454

Sequence read archive NCBI Accession number PRJNA607438
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NP_036814, UCP2 BAA25698, UCP3 AAB71523. The resulting amino acid, exon and promoter sequences were aligned using 

MAFFT 7.505,127 and a maximum likelihood tree was constructed using IQtree2 2.0.7128 with automatic model selection (‘-m 

MFP’) turned on and using 1 000 aLRT and 1 000 rapid bootstrap replications to test the robustness of the analysis. The alignment 

of the mRNA sequences had a length of 3,398 bp, of which 1536 were variable and 878 informative, whereas the promoters had 7,956 

variables and 5,412 informative sites on an alignment length of 12585 bp. Of the 313 aligned amino acid positions, we identified 172 

polymorphic and 150 informative characters. Phylogenetic trees were visualized with packages ape 5.7.1129 and phangorn 2.11.1 

using R 4.2.2 (R Foundation for Statistical Computing, n.d.).130 Pairwise genetic distances of UCP promoters and exons were calcu

lated with the R package pegas 1.2131 using the ‘‘K80’’ model of nucleotide substitution (Kimura’s 2-parameters distance metric132). 

Pairwise distances were visualized as a neighbour-joining phylogram with pegas, as a UPGMA dendrogram with phangorn, and as a 

heatmap with pheatmap 1.0.12 (Pheatmap: https://cran.r-project.org/web/packages/pheatmap/index.html).

3D protein structure prediction, alignment and pairwise structural comparison

The 3D structures of human, mouse and rat UCP1, UCP2 and UCP3 proteins were downloaded using the AlphaFold 2 protein struc

ture prediction interface (AlphaFold 2: https://alphafold.ebi.ac.uk/) developed by DeepMind.133 Colors indicate model confidence, 

AlphaFold produces a per-residue confidence score (pLDDT) between 0 and 100. Some regions below 50 pLDDT may be unstruc

tured in isolation. Dark blue: Very high (pLDDT >90); Light blue: Confident (90 > pLDDT >70); Yellow: Low (70 > pLDDT >50); Red: Very 

low (pLDDT <50).

For alignment of the predicted protein structures we used the RCSB PBD (RCSB PBD: https://www.rcsb.org; Berman et al.134) 3D 

protein structure comparison interface. For protein comparisons, pairwise comparisons were performed with human UCP1. The met

rics used to describe the degree of pairwise structure alignment and structural similarity are as follows:

RMSD (root-mean-square deviation) is computed between aligned pairs of the backbone C-alpha atoms in superposed structures 

in Å resolution. The lower the RMSD, the better the structure alignment between the structures. This is the most commonly reported 

metric when comparing two structures, but it is sensitive to local structure deviation. If a few residues in a loop are not aligned, the 

RMSD value is large, even though the rest of the structure is well aligned.

TM-score (template modeling score) is a measure of topological similarity between the template and model structures. The TM- 

score ranges between 0 and 1, where 1 indicates a perfect match and 0 is no match between the two structures. Scores <0.2 usually 

indicate that the proteins are unrelated while those >0.5 generally have the same protein fold (e.g., classified by SCOP/CATH).

Identity (sequence identity percentage) is the percentage of paired residues in the alignment that are identical in sequence.

Equivalent Residues is the number of residue pairs that are structurally equivalent in the alignment.

Sequence Length is the total number of polymeric residues in the deposited sequence for a given chain.

Modeled Residues is the number of residues with coordinates that were used for structure alignment.

BLAST search to identify specific nucleotide sequences in the human, mouse and rat genome

The BLAST interface (BLAST: https://blast.ncbi.nlm.nih.gov/) was used to identify sequences similar to a given nucleotide sequence 

in the human, mouse and rat genomes.135 The human RefSeqGene, rat mRatBN7.2 and mouse GRCm39 reference genome se

quences were used in the searches. The graphical summary of the results in Figure S1H shows the percentage of homology in 

different colors, while the position indicates the sequence region of the analyzed DNA segment in which the homologous segment 

is located, showing the hits in separate rows.

Comparison of orthologous sequences to estimate evolutionary divergence

We used the phylogenetic tree based on the species’ genome provided by the Multiz Alignment of 100 Species interface integrated 

into the UCSC genome browser. We then manually checked the presence of the 1419 bp sequence missing in the mouse and rat 

genomes in the corresponding sequences of the other species. In this way, we estimated the evolutionary divergence based on 

the available genomic data and the presence of the sequence in the different species.

Computational identification of putative transcription factor response elements in gene regulatory sequences using 

the EPD interface

The identification of putative TF-REs within the regulatory sequences of the genes under study was performed using the Eukaryotic 

Promoter Database (EPD) interface (EPD: https://epd.epfl.ch).44 EPD’s approach to identify TF-REs relies on the JASPAR Transcrip

tion Motifs Library (specifically JASPAR CORE 2018 vertebrates),45 which includes a diverse set of TF motifs, including generic pro

moter motifs such as the TATA box, Initiator, GC box and CCAAT box. This library contains a large body of information represented as 

a position weight matrix (PWM) for 579 TF-binding sequences, including dimers, trimers and variants (based on the PWM of the Jas

par database, it is also possible to search in the EPD interface for the RE of some dimerised or tetrameric TFs described in the liter

ature. Although we do not provide direct evidence for protein-protein interactions or dimerisation in this study, we report the presence 

of REs corresponding to known dimers. Many approaches have been developed to model and learn a protein’s DNA-binding spec

ificity; however, comparative analyses indicate that simple models based on mononucleotide PWMs trained by the best methods 

perform similarly to more complex models.136
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To determine whether a given binding sequence is present within the regulatory sequence of the target gene, the EPD interface 

uses a probability-based algorithm with four different p-value thresholds (p-value <0.01, 0.001, 0.0001 and 0.00001). In this study, 

we focused on the two most stringent p-value thresholds (p < 0.0001 and p < 0.00001), as empirical evidence from the literature sug

gests that more permissive probabilities can lead to high false positive rates.137 However, our exploratory studies showed that for 

some genes with experimentally proven regulatory TFs, the software accurately identified the binding sequence only at 

p < 0.0001, as exemplified by the occurrence of the HIF1A TF-RE for genes such as VEGFA and GLUT1. Furthermore, considering 

that a specific RE with an average length of 12 bp can be found randomly per 4000 nucleotides,123 the identified occurrence has 

limited significance. Rather, it suggests that the TFs for which we did not detect the RE are less likely to be involved in the regulation 

of gene expression. Therefore, we primarily presented our results using the less stringent criterion of p < 1e-4. To mitigate the prob

lem of false positives, we applied additional screening methods to filter out functionally less relevant REs and highlight potential spe

cies- and gene-specific TF-REs. Although a stricter threshold (p < 1e-5) would reduce the number of false-positive results, it would 

also increase the number of false-negative results, and important results could be overlooked. False-positive results can be 

controlled by collecting more detailed information and further filtering. In choosing the significance level (p < 1e-4), we were guided 

by the possibility of comparing the results of similar screenings of paralogous and orthologous UCP promoters and filtering out false- 

positive results in the analysis. However, for reasons of comparison and transparency, we also present results with a stricter 

threshold (p < 1e-5) in the tables.

In this study, we analyzed regulatory sequences 5 kb upstream and 1 kb downstream of the TSS for the investigated genes (e.g.,: 

human UCP1: GRCh37/hg19; Chr. 4: 141,489,115–141,495,114; TSS: Chr. 4:141,489,115). The relevant base pair boundaries of the 

upstream regulatory DNA segment may vary from gene to gene, therefore, the broadest DNA region allowed by the EPD interface was 

analyzed. Data retrieval was automated with a custom script we made publicly available on GitHub and Mendeley to increase trans

parency and reproducibility.

Comparative analysis of the putative TFs in the regulatory sequences of human, mouse and rat UCP1, UCP2 and UCP3 

genes

The data analysis and screening were performed in an interactive R environment. First, data were extracted from the EPD interface 

(EPD: https://epd.epfl.ch) as individual data files (text files) for each target gene. EPD utilises the JASPAR database, which contains 

PWMs of TF-REs, to investigate their presence within specific DNA sequences (JASPAR: https://jaspar.genereg.net). The EPD data

base contains two promoter sequences for human UCP2 and UCP3, as these genes have alternative transcription start sites, with the 

TSSs of the two variants differing by a few 100 bp. We did not want to favor either variant, so both were included in the analysis. 

Subsequently, the data extracted for each gene were summarised in a unified database containing information on the occurrence 

of the 579 TF-binding sequences in the promoter regions of three genes: UCP1, UCP2 and UCP3 in humans, mice and rats, respec

tively. The resulting matrix was then used to identify different clusters of TF-REs based on specific criteria. These criteria included the 

identification of TF-REs specific to human UCP1 (not present in human UCP2 or UCP3, but possibly present in mouse and rat UCP1, 

UCP2 or UCP3), unique to human UCP1 (exclusively present in human UCP1, not present in the promoters of the other genes 

analyzed), specific for UCP1 (present in human, mouse and rat UCP1, not present in human, mouse and rat UCP2 and UCP3), com

mon for human, mouse and rat UCP1 (but not present in human UCP2 and UCP3, but possibly present in mouse and rat UCP2 and 

UCP3) and common for human UCPs (present in human UCP1, UCP2 and UCP3, but not in the other analyzed UCP promoters in 

mouse and rat).

Chromosome position of the investigated UCP1, UCP2 and UCP3 promoters and genes in the human genome

UCP1 promoter in human: GRCh 37/hg19 Chr 4:141,489,115–141,495,114 size: 6000 bases; UCP1 gene in human: GRCh 37/hg19 

Chr 4:141,480,585–141,490,115 size: 9531 bases, minus strand; UCP2 promoter in human: GRCh 37/hg19 Chr11:73,693,248 - 

73,699,247 size: 6000 bases; UCP2 gene in human: GRCh 37/hg19 Chr11:73,685,717 - 73,694,247 size: 8531 bases; UCP3 promoter 

in human: GRCh 37/hg19 Chr11:73,719,130 - 73,725,129 size: 6000 bases; UCP3 gene in human: GRCh 37/hg19 chr11:73,711,322 - 

73,720,130; size: 8809 bases.

Investigation of TF-RE clusters in the human UCP1 promoter and their conservation in different species

TF-REs were searched in the vicinity (±40 bp) of the identified putative human-specific and conserved TF-REs to investigate possible 

regulatory clusters using EPD and Contra v3 (Contra v3: http://bioit2.irc.ugent.be/contra/v3/; Kreft et al.138). The identified TF-RE se

quences in human UCP1 were aligned to 100 vertebrate species (hg19 Multiz Alignments of 100 Vertebrates) to assess evolutionary 

conservation, and the results were checked against NCBI and UCSC databases (UCSC: http://genome.ucsc.edu/).

Heatmap visualization and hierarchical cluster analyses of the TF-RE profile of the UCP genes and the transcriptomic 

data of human adipocytes

Hierarchical cluster analyses and heatmap visualization were performed with the Morpheus web tool (Morpheus: https://software. 

broadinstitute.org/morpheus/) using Spearman rank correlation of rows and columns and complete linkage based on the presence 

or absence of the TF-RE in the given gene upstream regulatory region. The same tools were used to visualise the relative gene- 

expression profile of human neck-derived adipocytes.54 RNAseq data is deposited in the Sequence Read Archive (SRA) database 
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(SRA: https://www.ncbi.nlm.nih.gov/sra) under accession number PRJNA607438. Heatmaps depict the z-scores calculated from the 

filtered and normalized transcriptomic data of isolated and maintained preadipocytes from subcutaneous and deep neck adipose 

stromal cells and lipid-laden mature adipocytes differentiated in vitro with white and brown protocols described in Tóth et al.54

The order of samples in the cluster analysis (see heatmap) was determined to emphasise differential gene expression due to tissue 

origin and differentiation protocol, while hierarchical cluster analysis (Pearson correlation) was used to examine the similarity of gene 

expression data (rows).

Experimental setup and differentiation protocol of human adipocytes

Our previous study investigated three factors (anatomical origin, PPARγ stimulation by rosiglitazone and alleles of the FTO locus 

rs1421085 (three of each FTO rs1421085 genotype: T/T-risk-free donor 1–3, T/C-heterozygous donor 4–6, and C/C-obesity-risk 

donor 7–9) to determine how they influence browning of adipocytes during differentiation and asked which signaling pathways 

and processes they trigger for increased browning.54 To this end, we investigated and compared global gene expression patterns 

by RNA sequencing of hASC-derived white and brown (in response to sustained PPARγ stimulation by rosiglitazone) differentiated 

adipocytes. Human adipose stromal cells (hASCs) were isolated from paired DN and SC adipose tissue samples from nine donors, 

three of each FTO rs1421085 genotype: T/T-risk-free, T/C-heterozygous and C/C-obese-risk. Isolated hASCs were grown to conflu

ence and then differentiated with white and brown differentiation cocktail on 6-well plates at 37◦C and 5% CO2. In brief, cells were 

grown in DMEM-F12-HAM (Sigma-Aldrich cat#D8437) medium supplemented with 10% FBS (Gibco cat#10270106); 10% EGM2 

(Lonza #CC3162), 1% biotin (Sigma-Aldrich cat#B4639), 1% pantothenic acid (Sigma-Aldrich cat#P5155), 1% streptomycin-peni

cillin (Sigma-Aldrich cat#P4333): white differentiations were induced in the first 4 days by hormone cocktails in serum- and 

additive-free DMEM-F12-HAM (Sigma-Aldrich cat#D8437) medium with biotin, pantothenic acid, apo-transferrin 10ug/ml (Sigma- 

Aldrich cat#T2252), insulin 20nM (Sigma-Aldrich cat#I9278), T3 3nM (Sigma-Aldrich cat#T6397), dexamethasone 25nM (Sigma- 

Aldrich cat#D1756), hydrocortisone (Sigma-Aldrich cat#H0888) rosiglitazone 2 μM (Cayman Chemicals cat#71740) and IBMX 

250 μM (Sigma-Aldrich cat#I5879). Later, rosiglitazone, dexamethasone and IBMX were omitted from the media for 10 days. To 

compose the brown media for thermogenic induction, a serum- and additive-free DMEM-F12-HAM (Sigma-Aldrich cat#D8437) me

dium containing biotin, pantothenic acid, apo-transferrin 10ug/ml (Sigma-Aldrich cat#T2252), insulin 850nM (Sigma-Aldrich 

cat#I9278), T3 3nM (Sigma-Aldrich cat#T6397) and rosiglitazone 500nM (Cayman Chemicals cat#71740). The insulin concentration 

was 42.5x higher than that of the white differentiation cocktail.

Comparison of the identified putative TF-REs in the regulatory sequence of UCP1 with the corresponding data found 

in the chip-seq-based databases

The list of putative TF-REs identified by the EPD interface (EPD: https://epd.epfl.ch) at p < 1e-4 confidence level in human UCP1 was 

compared with similar data from public ChipSeq databases. ChipSeq databases collect experimentally validated DNA binding data 

for TFs to the promoter of individual genes. Two ChipSeq databases, ChiPBase (ChiPBase: https://rnasysu.com) and TFlink (TFlink: 

https://tflink.net/) were used to identify proteins/TFs binding in the regulatory DNA sequence of the human UCP1 gene range 

between − 5000 bp and +1000 bp.

Identification of repeat elements in the genome

The RepeatMasker interface (RepeatMasker: https://www.repeatmasker.org/) integrated into the UCSC genome browser (UCSC: 

https://genome.ucsc.edu/) was used to identify, categorize and determine the exact position of repeat elements in the human 

UCP1 promoter (GRCh 37/hg19 by NCBI Gene, Chr4: 141.489.115–141.495.114).

Literature mining using a custom script

We programmed a Python script which uses the Entrez E-utilities (Entrez E-utilities: A General Introduction to the E-utilities - Entrez 

Programming Utilities Help - NCBI Bookshelf) ESearch and EFetch to query the PubMed database and retrieve relevant abstracts. 

The script summarizes the search results in a convenient, human-readable tabular format which is manually examined by the 

researcher.

We compiled a list of abbreviations of TFs of interest (e.g., HOXA5, JUN, TEAD1, etc.) based on the JASPAR database; Altogether 

the list of TFs we examined comprised 579 items.

In addition, we added the UCP keyword to the search.

For each TF in the list, the script iteratively executes searches for each pair consisting of that TF and a keyword, e.g., HOXA5 and 

UCP1, HIF1A and UCP1 etc. These pairs are concatenated with a ‘+’ character and passed to ESearch, e.g., ‘HOXA5+UCP1’. When 

searching for a complex of several TFs rather than a single TF, e.g., EWSR1 and FLI1, the constituent TFs in the complex were also 

combined with a ‘+’ character in the search, e.g., ‘EWSR1+FLI1+UCP1’.

When searching for TF abbreviations that are identical or similar to a regular English word, in particular Ar (for which the database 

returns hits containing the verb form ‘are’), CLOCK (English noun), REST (English noun and verb), MAX (short for maximum and a 

name) and JUN (very frequent abbreviation of the month June), we found that simply searching for these abbreviations returns a 

very large number of abstracts which contain the English word rather than the TF in question. Thus, we had to add a further search 

term to disambiguate the abbreviation and narrow down the search to abstracts which contain a reference to the TF that we were 
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interested in. We found that searching for ‘‘AR androgen receptor’’, ‘‘CLOCK circadian’’, ‘‘REST RE1 silencing’’, ‘‘MAX MYC asso

ciated x’’, and ‘‘JUN proto-oncogene’’, respectively, constrained the search effectively so that the results contained few irrele

vant hits.

All combinations of TFs and the keyword were searched, i.e., in total 579 searches were executed. For each such combined TF + 

keyword search expression, the ESearch tool returns a list of PubMed IDs of articles the abstract of which contains both the TF and 

the keyword. For each TF, the number of abstracts containing the keyword is summarized in a table by the script. In addition, the full 

text of all abstracts is downloaded and saved along with the bibliographical data of the corresponding articles, as well as the URL of 

the full text of the article, where available, up to a pre-set maximum number, e.g., 50 abstracts.

Finally, the downloaded abstracts were manually reviewed. We considered the use of advanced natural language processing tech

niques, in particular large language models, to partially automate the review of the abstracts, but this was judged unnecessary for this 

specific set of results.

Identification of TF motif activity in different tissues and exploration of TF interaction partners using the ISMARA 

online platform

We obtained RNA-seq expression profiles from 16 human cell types using the Illumina Body Map 2 dataset (GEO accession 

GSE30611), accessible within the Integrated System for Motif Activity Response Analysis (ISMARA) online platform (ISMARA: 

https://ismara.unibas.ch/supp/dataset1_IBM_v2/ismara_report/).55 We employed ISMARA to analyze the motif activity of putative 

species-specific and species-common homeodomain family TFs across different human tissues for the identification of TF motif 

activity. By leveraging the ISMARA platform, we investigated the motif activity patterns of these TFs, providing insights into their po

tential roles in tissue-specific gene regulation. Furthermore, we explored potential TFs and their first-level TF interaction partners us

ing ISMARA to uncover regulatory networks and complex formations, such as enhanceosomes.

Ranking of the transcription factors

We ranked the 579 TFs from the EPD database using a scoring system designed to evaluate their role in UCP gene expression. 

Scores were calculated based on (i) the correlation coefficient between the expression of a given TF and UCP1 in human adipocytes 

(Table S4, data from our previous experiments, n = 54,54) and (ii) the frequency of the TF binding sequence/response element motif in 

the promoter regions analyzed. Based on the UCP gene promoters used for the binding motif frequency calculation, three indepen

dent scores were assigned to each TF: (i) the frequency of TF-RE motifs in the human UCP1 promoter, (ii) the frequency of TF-RE 

motifs in the human, mouse and rat UCP1 promoters (to estimate their conservation) (iii) and the prevalence of TF-RE in the promoters 

of UCP1, UCP2 and UCP3 in all analyzed species.

For TFs that were not expressed in the samples obtained from human neck adipocytes, we used a correlation coefficient of 0.1 

instead of zero, as their expression in other tissue types or experimental conditions cannot be excluded. This adjustment improves 

the general applicability of our ranking system. In the case of heterodimers or trimers, we considered the correlation coefficients of 

the individual interacting proteins. The lower value was used unless it was equal to zero.

Following similar principles, TFs for which the Eukaryotic Promoter Database did not identify a binding sequence in the promoter 

under study were assigned a frequency value of 0.1. This recognizes the possibility that our current knowledge of response element 

base composition, plasticity, and cooperative binding ability is incomplete and that future discoveries may refine these predictions. 

The final TF ranking score was calculated by multiplying the absolute value of the correlation coefficient by the frequency data 

(Tables S6A–S6C).

Although the EPD database contains 579 transcription factor response elements (REs) derived from the JASPAR database, a total 

of 581 REs were included in our analysis. This discrepancy arises from the fact that EPD does not distinguish between THRA and 

THRB (thyroid hormone receptor subtypes) or between the individual factors STAT5A and STAT5B, as it only tests their dimerizsed 

form (STAT5A:STAT5B). In contrast, we treated THRA and THRB as well as STAT5A and STAT5B as separate transcription factors in 

our gene expression-based correlation analysis and therefore included them individually in the ranking.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of conserved motifs and TF-RE predictions was based on the frequency of occurrence of motifs. TF-REs were iden

tified in the promoter regions of the human, mouse and rat UCP1, UCP2 and UCP3 genes using the Eukaryotic Promoter Database 

(EPD) interface, with significance thresholds of p < 1e− 4 or p < 1e− 5, depending on the analysis. EPD data for each TF were auto

matically collected using a custom PowerShell script and compiled by R in a matrix format for subsequent analysis.

The Venn package in R was used to compare TF-RE profiles across species and genes and to generate Venn diagrams showing the 

overlap of TFs across datasets. TF-RE frequencies were visualized using histograms (generated with the Hist package in R) and bar 

charts (in Excel), with positions normalized relative to the TSS.

Hierarchical clustering of gene expression profiles was performed with Morpheus (Morpheus: https://software.broadinstitute.org/ 

morpheus) using Spearman rank similarity matrices and average linkage. Heatmaps were used to identify TFs and UCP homologs 

with similar expression patterns to UCP1.
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The structural similarity of UCP proteins between species was assessed using structures predicted by AlphaFold2 and aligned with 

the RCSB PDB interface tools. Structural comparisons were assessed by pairwise structural alignments as described in the meth

odology section.

TF ranking was based on composite scores that integrated (i) the correlation coefficient between the TF and UCP1 gene expression 

and (ii) the frequency of predicted TF REs in promoter regions across species and genes.

ADDITIONAL RESOURCES

No additional resources were used in this study.
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