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Abstract 

Identification of proper agents to increase or activate UCP1+ cells in adipose tissues remains a 
potent therapeutic strategy to combat obesity. Screening systems for UCP1 activators have been 
previously established and allow for unbiased discovery of effective compound(s).  
Methods: A previously established Ucp1-2A-GFP reporter system was applied to a chemical library 
containing 33 phosphatase inhibitors. Compounds that can significantly activate UCP1 expression 
were further tested in vivo in mouse adipose tissues. Possible underlying mechanism was explored 
via RNA profiling, CMAP analysis, CRISPR targeting as well as inhibitor treatments.  
Results: We identified BML-260, a known potent inhibitor of the dual-specific phosphatase JSP-1, 
that significantly increased UCP1 expression in both brown and white adipocytes. BML-260 
treatment also activated oxidative phosphorylation genes, increased mitochondrial activity as well as 
heat generation in vitro and in vivo. Mechanistic studies revealed that effect of BML-260 on adipocytes 
was partly through activated CREB, STAT3 and PPAR signaling pathways, and was unexpectedly 
JSP-1 independent.  
Conclusion: The rhodanine derivate BML-260 was previously identified to be a JSP-1 inhibitor, and 
thus was proposed to treat inflammatory and proliferative disorders associated with dysfunctional 
JNK signaling. This work provides evidences that BML-260 can also exert a JSP-1-independent effect 
in activating UCP1 and thermogenesis in adipocytes, and be potentially applied to treat obesity. 
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Introduction 
Adipose tissues exist within multiple anatomical 

locations and exert key functions to control energy 
expenditure and regulate metabolic homeostasis. 
Dysfunctional adipose tissues can result in severe 
human diseases including insulin resistance, 
dyslipidemia and cancer. Adipose tissues are in 
general classified into white adipose tissue (WAT) 
and brown adipose tissue (BAT), with the former 
storing lipids, whereas the latter utilizing lipids to 
produce heat mainly through uncoupling of fatty acid 
oxidation from ATP production by the uncoupling 

protein 1 (UCP-1) [1]. Therefore, it has been an 
attractive strategy to combat obesity by promoting the 
expression and activity of UCP1 in adipocytes, with 
the aim to ignite or increase thermogenesis within 
WAT or BAT.  

Multiple key signaling pathways and an 
increasing number of compounds have been reported 
to increase UCP1 expression in BAT or induce UCP1 
expression in WAT, which is usually referred as 
“browning”. Although the induced UCP1 expression 
in WAT is considerably lower than UCP1 expression 
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in BAT, and exclusively depends on external stimuli, 
regulation of UCP1 in WAT and BAT share many 
signaling pathways discovered thus far. Activation of 
UCP1 expression in both BAT and WAT have been 
demonstrated to be a sympathetic event. Acute or 
chronic stimulation by norepinephrine (NE) released 
from the sympathetic nerves or treatment with a 
β3-adrenergic agent can significantly activate UCP1 
expression in both BAT and WAT [1-4], whereas in 
mice without β3-adrenergic adrenoceptors, browning 
was barely induced [5]. The formation of the 
3’,5’cyclic adenosine monophosphate (cAMP) and 
consequent stimulation of protein kinase A (PKA) are 
crucial for adrenergic signaling in upregulating UCP1 
expression [6]. cAMP/PKA then elicits signaling 
cascades via p38 MAPK, PGC-1α, ATF and CREB to 
increase transcriptional levels of UCP1 as well as 
thermogenic genes [7-9]. Besides adrenergic signaling 
pathway and β-adrenergic agonists, several other 
signaling pathways, for example, the janus kinase 
(JAK)/signal transducer and activator of transcription 
(STAT) pathway [10,11], the vascular endothelial 
growth factor (VEGF) pathway [12] and the silent 
information regulator type 1 (SIRT1) pathway [13]; 
and a number of other compounds or cytokines, 
including fibroblast growth factor 21 (FGF21) [14], 
artemisinin derivatives [15], berberine [16] and 
resveratrol [17,18], have been demonstrated to be able 
to induce UCP1 expression in BAT or WAT.  

Despite these findings, more efficacious reagents 
and comprehensive understanding of the UCP1 
regulation in different adipocytes are still lacking. 
Several cellular screening systems for UCP1 activators 
have been previously established that allow for 
high-throughput and unbiased identification of 
effective compounds [19-21]. For example, we have 
generated an immortalized brown adipocyte cell line 
that harbors an Ucp1-2A-GFP reporter system. In this 
system, the 2A-GFP cassette was knocked-in 
immediately before the stop codon of the endogenous 
Ucp1 gene, the GFP intensity thus serves as a 
surrogate of the endogenous expression level of the 
UCP1 protein [21]. Using this reporter system, we 
have screened ~1,000 FDA-approved compounds and 
identified 42 drugs that may activate UCP1 expression 
in brown adipocytes [21]. In this study, with an initial 
purpose to discover possible phosphatases that may 
involve in UCP1 regulation, we applied the same 
screening platform to a phosphatase inhibitor library. 
We unexpectedly discovered a rhodanine derivative 
compound that can significantly upregulate UCP1 
and act independently of its phosphatase inhibitor 
effect. This study offered another example where 
unbiased screening was applied that led to 
unexpected findings; and meanwhile, opened up a 

possibility that rhodanine derivatives can be used to 
treat obesity through UCP1 regulation.  

Results 
BML-260 activates UCP1 expression and 
increases mitochondrial activity in vitro 

We initially wanted to identify possible 
phosphatases that may involve in UCP1 regulation. 
We screened a small chemical library by using the 
Ucp1-2A-GFP cellular system we have established 
before [21]. This chemical library composes 33 
phosphatase inhibitors targeting several 
phosphatases, including protein phosphatase 1 (PP1), 
protein phosphatase 2A (PP2A), protein phosphatase 
2B (PP2B), protein tyrosine phosphatase 1B (PTP1B), 
phosphatase CDC25, phosphatase CD45, and JNK 
Stimulatory Phosphatase-1 (JSP-1) (Table S1). We 
treated the cells with individual compound starting at 
day 3 during the differentiation process and the result 
was assessed by eye-checking of the GFP intensity at 
day 10. After primary screening, only one compound 
showed significant effect in enhancing GFP intensity, 
which was a potent inhibitor of JSP-1 and named 
BML-260 (Figure 1B) [22]. 

We further confirmed the effect of BML-260 in 
upregulating UCP1 expression. Mature brown 
adipocytes were treated with BML-260 for 1, 2 or 3 
days and were compared with cells treated with 
isoproterenol (ISO) for UCP1 expression (Figure 1A). 
BML-260 treatment significantly increased the 
expression of UCP1, at both the mRNA level and the 
protein level, and the effect appeared to be 
treatment-time dependent (Figure C-E). After 3 days’ 
treatment with BML-260, the UCP1 expression level in 
the cells was comparable with the level in ISO-treated 
cells (Figure C-E). The BML-260 effect was also tested 
in the adipocyte differentiation process. Cells were 
treated with BML-260 for 10 days along the whole 
differentiation process (Figure S1A) or with BML-260 
for 3 days at the differentiation induction stage 
(Figure S2A). Cells treated with BML-260 for 10 days 
displayed a comparable expression level of UCP1 
when compared with ISO-treated cells (Figure S1B-C); 
whereas cells treated with BML-260 at the induction 
stage did not induce significant change in UCP1 
expression (Figure S2B). These results altogether 
suggest that BML-260 mainly functions in mature 
adipocytes. 

We next assessed whether BML-260 treatment 
increases mitochondrial activity. Cells were stained 
with a far-red mito-probe, which does not fluoresce 
until it enters an actively respiring cell, thus only 
stains active-respiring mitochondria. Cells showed an 
increase in number of GFP+ cells upon BML-260 
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treatment, as compared to DMSO-treated cells, 
corresponding to upregulated UCP1 expression. 
Moreover, those GFP+ cells displayed high 
mitochondrial activity as indicated by the mito-probe 
fluorescence signal (Figure 2A). Consistently, the 
oxygen consumption rate (OCR) in BML-260-treated 
cells was significantly higher than in control cells 
(Figure 2B). We also assessed the possible change of 

mitochondrial copy numbers after BML-260 
treatment. As shown by the EM image, cells after 
BML-260 treatment displayed significantly increased 
number of mitochondria (Figure 2C). Moreover, the 
OXPHOS proteins and the ratio of 
MitoDNA/NuDNA also showed a clear increase in 
BML-260-treated cells (Figure 2D-E). Despite of 
enhanced mitochondrial activity, the ATP production 
in BML-260-treated cells decreased as compared to 
control cells, suggesting promoted energy uncoupling 
by UCP1 (Figure 2F). Overall, the results 
demonstrated that BML-260 treatment can increase 
UCP1 expression, mitochondrial number and activity 
in brown adipocytes.  

We next examined whether BML-260 can also 
induce UCP1 expression in white adipocytes. 
Pre-adipocytes were isolated from mouse 
subcutaneous white adipose tissue and differentiated 
into white adipocytes. We found that BML-260 
treatment also induced a significant increase, albeit 
not as strong as in brown adipocytes, in UCP1 
expression level (Figure 3A, B). BML-260 treatment 
also stimulated expression of two other brown 
thermogenic genes, Pgc1α and Pparα, indicating the 
induction of a browning process in white adipocytes 
(Figure 3A).  

BML-260 activates UCP1 and increases 
thermogenesis in vivo 

We next further assessed the effect of BML-260 in 
vivo. We initially tried intraperitoneal injection of 
BML-260 into mice. However, due to low solubility of 
BML-260 in water as well as in specific solvent 
(DMSO + PBS + 5% Tween 80) we used, we found 
significant precipitation of BML-260 in the abdominal 
cavity. We therefore examined the effect of BML-260 
by direct in situ injection into the subcutaneous white 
adipose depot. We also injected CL-316243 (CL) as a 
positive control. Three days after a single injection, 
mice were dissected and subcutaneous adipose 
tissues were obtained for UCP1 expression analysis 
(Figure 3C). Similar to CL treatment, we noticed that 
BML-260 treatment resulted in a very significant 
increase of UCP1 expression (Figure 3D). The effect of 
UCP1 upregulation after BML-260 treatment seemed 
quite variable between individual mouse, which was 
possibly due to the randomness in obtaining tissue 
chunks for western analysis, as in situ injection may 
result in locus–dependent variation in drug 
concentration. And compared to CL that can be easily 
dissolved in PBS, the solubility as well as the diffusion 
ability of BML-260 in the solvent is low, which may 
amplify the locus-dependent effect as a result of in situ 
injection. Nonetheless, in consistency with increased 
UCP1 expression, levels of the OXPHOS proteins also 

 
Figure 1. BML-260 activates UCP1 expression in brown adipocytes. 
(A) Schematic view of the adipocyte differentiation procedure and compound 
treatment protocol. Red arrows indicate time points of cell collection for 
analysis. (B) Molecular structure of BML-260. (C) Representative images of GFP 
intensity of cells upon treatment with BML-260 for indicated days, in 
comparison to cells treated by ISO and DMSO. Scale bar = 200 μm. (D) Analysis 
of UCP1 mRNA expression in above cells with DMSO, ISO or BML-260 
treatment. (E) Analysis of UCP1 protein expression in above cells with DMSO, 
ISO or BML-260 treatment. Pre-BAT, undifferentiatied brown preadipoctyes. 
Data are represented as means with SEM. * P<0.05, ** P<0.01, *** P<0.001, **** 
P<0.0001. 
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displayed a significant increase in BML-260-treated 
WAT (Figure 3E). Moreover, BML-260-treated mice 
displayed higher rectal temperature in the cold 
challenge experiment (Figure 3F); in the meantime, 
weight of WAT decreased significantly after one 
single shot of BML-260 (Figure 3G). Further staining 
of WAT section also displayed a clear browning 
phenomenon after BML-260 treatment, as indicated 
by smaller lipid droplets and substantially enhanced 
UCP1 expression (Figure 3H). 

The effect of BML-260 is JSP-1 independent 
BML-260 is a rhodanine derivative, originally 

designed to inhibit JSP-1 activity. JSP-1 is a 
dual-specific phosphatase encoded by DUSP22 (dual 
specificity phosphatase 22), which is also known as 

JKAP (JNK pathway-associated phosphatase) [23]. 
JSP-1 is a JNK activator, and a proposed target for the 
treatment of inflammatory and proliferative disorders 
associated with dysfunctional JNK signaling. We next 
wanted to examine whether the effect of BML-260 was 
mediated by JSP-1 inhibition. JSP-1 inhibition was 
supposed to inactivate JNK signaling pathway. 
However, we did not observe significant change in 
JNK phosphorylation after BML-260 treatment 
(Figure 4A). To directly assess whether JSP-1 is 
involved in UCP1 upregulation, we next knocked out 
Dusp22 using CRISPR-Cas technology in adipocytes. 
We screened an sgRNA targeting the 2nd exon of the 
mouse Dusp22 gene (Figure 4B), which showed high 
editing activity (Figure 4C). When we delivered 
CRISPR targeting Dusp22 in pre-adipocytes, 

 
Figure 2. BML-260 enhances mitochondrial activity in brown adipocytes. (A-F) Functional analysis of mature brown adipocytes treated with DMSO or 
BML-260 for 3 days. (A) FACS analysis of GFP intensity of cells treated with DMSO or BML-260 (Left panel); GFP+ cells as indicated in dashed boxes were further 
analysed for mitochondrial activity (APC intensity) (Right panel). (B) Oxygen consumption analysis. (C) EM imaging. LD, lipid droplet; M, mitochondrion. Scale bar 
= 2 µm (upper images); Scale bar = 0.5 µm (lower images). (D) OXPHOS protein expression levels. (E) The ratio of mitochondrial DNA (mitoDNA) vesus nuclear 
DNA (nuDNA). (F) ATP production. Data are represented as means with SEM. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. 
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expression of JSP-1 protein was significantly 
attenuated, demonstrating successful targeting of 
Dusp22 in majority of the cells (Figure 4D). However, 
we did not observe significant increase of UCP1 
expression in Dusp22 knockout adipocytes; and 
meanwhile, Dusp22 knocking-out did not abrogate the 

effect of BML-260 as well as ISO in upregulating 
UCP1 expression (Figure 4E). Taken together, these 
results demonstrated that, although BML-260 was 
supposed to be a potent inhibitor of JSP-1, it 
stimulated the expression of UCP1 in adipocytes in a 
JSP-1 independent manner. 

 

 
Figure 3. BML-260 induces UCP1 expression in white adipocytes and enhances thermogenesis in vivo. (A) mRNA expression analysis of indicated 
genes in white adipocytes treated with DMSO or BML-260 for 5 days after 7 days’ differentiation. (B) UCP1 protein expression analysis of white adipocytes treated 
with DMSO or BML-260 for 5 days after 7 days’ differentiation. (C) Schematic view of mouse experiments. (D) UCP1 protein expression analysis of subcutaneous 
white adipose tissue after compound treatment as indicated. (E) OXPHOS protein expression of subcutaneous white adipose tissue after compound treatment as 
indicated. (F) Cold challenge experiment with vehicle or BML-260-treated mice. N = 8. (G) Changes in body weight and iWAT weight. iWAT, inguinal WAT. N = 8. 
(H) Representative images of HE staining and UCP1 staining of subcutaneous white adipose tissue after compound treatment as indicated. Scale bar = 200 μm. Data 
are represented as means with SEM. * P<0.05, ** P<0.01, *** P<0.001. OXPHOS, oxidative phosphorylation. 



 Theranostics 2019, Vol. 9, Issue 12 
 

 
http://www.thno.org 

3506 

 
Figure 4. The effect of BML-260 is JSP-1 independent. (A) Western blot analysis of indicated proteins in DMSO or BML-260-treated brown adipocytes. (B) 
Schematic view of CRISPR targeting to Dusp22. Red: PAM sequence. (C) Genome editing activity of identified sgRNA targeting Dusp22. (D) JSP-1 protein expression 
analysis of adipocytes treated with control or CRISPR-Dusp22 sgRNA viruses. (E) UCP1 protein expression analysis of adipocytes treated with CRISPRs and 
compounds as indicated. 

 

BML-260 upregulates thermogenic genes 
To delineate the effect of BML-260 in adipocytes 

and adipose tissue, RNAseq analysis was further 
performed. Consistent with increased mitochondrial 
activity, BML-260 treatment led to very significant 
upregulation of genes involved in oxidative 
phosphorylation, fatty acid beta-oxidation, and 
mitochondrial function (Figure 5A, Figure S3A). 
When compared to cells treated with ISO, although 
both showed significant upregulation of UCP1, 
BML-260-treated cells showed a rather distinct gene 
profile when compared to ISO-treated cells (Figure 
5B). Specifically, among the upregulated genes upon 
treatment, 624 genes were common genes regulated 
by both BML-260 and ISO, which were mostly 
grouped to primary metabolic process, catabolic 
process, and others (Figure S3B). There were 1214 
genes that were specifically upregulated in 
BML-260-treated cells, among which genes coding for 
mitochondrial complexes I-V of the electron transport 
chain were very consistently enriched (Figure 5C). 
This indicates that BML-260 can significantly 
stimulate the transcription of the group of genes 
involved in mitochondrial electron transport chain 
reaction, which was not observed in ISO-treated cells. 
Whereas in mouse subcutaneous white adipose 
tissues treated with BML-260, gene signatures of 

muscle cell differentiation, muscle structure 
development, regulation of muscle system process 
were among the most enriched GO terms (Figure 5D). 
This is in correspondence with the discovery that 
smooth muscle-like signature is enriched in UCP1+ 
cells from both inguinal and subcutaneous white 
adipose depots versus BAT [24]. Besides, there was 
also significant upregulation of genes involved in 
thermogenesis (Figure 5E). Consistent with the in vivo 
functional analyses, these results altogether suggest a 
“browning” phenomenon of white adipose tissue 
upon BML-260 treatment. However, despite the fact 
that many muscle signature genes were upregulated 
in BML-260-treated WAT, we did not observe clear 
upregulation of these genes in in vitro differentiated 
white adipocytes after BML-260 treatment (Figure 
S3C). In the meantime, we also recognized a much 
stronger effect of BML-260 to white adipose tissues in 
vivo (Figure 3D, 5E), when compared to the effect to 
white adipocytes in vitro (Figure 3A, B), in 
upregulating UCP1 expression. For example, at the 
Ucp1 mRNA levels, one-shot local injection of 
BML-260 to the white adipose tissues in vivo led to 
26-fold increase in the mRNA level (Figure 5E); 
whereas BML-260 treated-white adipocytes in vitro 
had a moderate 2.5-fold change in mRNA expression 
(Figure 3A). The detailed mechanism needs further 
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investigation. Nevertheless, the varied effects 
between in vivo and in vitro systems indicate a 
context-dependent effect of BML-260, which may 

involve functional regulation of multiple cell types 
and the tissue microenvironment, which are lacking 
in the in vitro adipocyte culture system. 

 

 
Figure 5. BML-260 upregulates thermogenic and muscle program genes. (A) Gene Ontology and pathway analysis of regulated genes in brown adipocytes 
after BML-260 treatment identified by RNA-seq. (KP, KEGG Pathway; BP, Biological Process; CC, Cellular Component). (B) Clustering analysis of samples from 
DMSO, BML-260 and ISO-treated brown adipocytes. (C) Venn analysis of upregulated genes from BML-260 and ISO-treated brown adipocytes. Genes listed in the 
right boxes are genes specifically upregulated upon BML-260 treatment in brown adipocytes. (D) Gene Ontology analysis of upregulated genes in subcutaneous white 
adipose after BML-260 treatment identified by RNA-seq. (E) Heatmap depicting of upregulated thermogenic fat markers in subcutaneous white adipose after 
BML-260 treatment. 
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The effect of BML-260 is partly through 
activated CREB, STAT3 and PPAR signaling 
pathways 

The above results have demonstrated that the 
effect of BML-260 is JSP-1 independent, suggesting 
that BML-260 has another unknown target(s) besides 
JSP-1. We next checked several signaling pathways 
that are previously reported to regulate UCP1 
expression, including STAT3, PKA, p38 and CREB. 
We observed clear increase of p-CREB and p-STAT3 
signals in both BML-260 treated adipocytes and 
adipose tissues (Figure 6A, B). Surprisingly, while the 
phosphorylation signals of PKA, p38 and ATF2 
showed significant increase in BML-260-treated white 
adipose tissues (Figure 6D), we did not observe the 
same change in brown adipocytes (Figure 6C). 
Further tests with in vitro cultured white adipocytes 
showed that after BML-260 treatment, there was also a 
moderate increase in phosphorylation PKA signals in 
cells (Figure S4B), consistent with increased OXPHOS 
proteins (Figure S4A). These results indicate that 
although BML-260 treatment led to UCP1 
upregulation in both brown and white adipocytes, the 
targeting signaling pathways might be different and 
cell-type dependent. Altogether, these results indicate 
that through direct or indirect targeting, BML-260 can 
activate STAT3 and CREB signaling pathways, which 
contribute, at least partly, to the UCP1 upregulation in 
both brown and white adipocytes. 

In a different way to study the possible working 
mechanism by BML-260, we also subjected the RNA 
expression profile of BML-260-treated cells to the 
Connectivity Map (CMAP) analysis [25]. CMAP is a 
database with a collection of gene expression profiles 
that are obtained from cultured human cells treated 
with various small molecules. Transcriptional 
expression data of interest can be compared against 
CMAP database using pattern-matching algorithms, 
in order to identify small molecules that upon 
treatment show high similarity in gene expression 
pattern with submitted data of interest [25]. These 
identified small molecules sometimes can offer 
important clues that may assist in mechanistic study 
or even therapeutic efforts [26]. We therefore applied 
CMAP analysis to identify possible targets of 
BML-260. The analysis results showed that the mRNA 
profile of BML-260-treated cells were in high degree 
of resemblance with cells treated with 
15-delta-prostaglandin-j2 (score:97.63), which is a 
PPAR receptor agonist as well as a FXR antagonist 
(Figure 6E). As PPAR is also a key regulator of UCP1 
expression, we next tested whether PPAR signaling 
pathway is involved in BML-260 function. We 
co-treated the cells with BML-260 and several PPAR 

inhibitors, including GSK3787 (PPARδ inhibitor), 
GW9662 (PPAR γ and PPARα inhibitor) and T0070907 
(PPAR γ inhibitor). We observed alleviated UCP1 
upregulation when cells were co-treated with 
BML-260 and the above PPAR inhibitors (Figure 6 F, 
G). These results indicate that the possible targets of 
BML-260 can be complicated and involve STAT3, 
CREB, PPAR and probably also other signaling 
pathways. 

Lastly, rhodanine compound is known to be 
susceptible to pH values and can undergo hydrolysis 
to thioenolate. Thus, it is possible that the hydrolyzed 
thioenolate product mediates the biological functions 
of rhodanines [27]. To understand the stability of 
BML-260 under different pH values, especially in 
physiological conditions, we performed High 
Performance Liquid Chromatography (HPLC) 
analysis to assess the structure changes of BML-260 in 
different buffers. The BML-260 standard displayed a 
unique peak at 377 nm absorbance with a retention 
time around 8.5 min (Figure S5A). BML-260 was then 
dissolved in different buffers and either used 
immediately for HPLC analysis (Figure S5B) or 
incubated overnight before HPLC analysis (Figure 
S5C). When dissolved BML-260 was immediately 
tested for structure change, two or three small peaks 
besides the standard peak with a retention time 
around 1.8 min, 7 min, 19.5 min, respectively, 
appeared in all buffers with pH values ranging from 3 
to 9 (Figure S5B). However, analyses using samples 
after overnight incubation showed that there was no 
further significant structure change in neutral and 
acidic buffers (pH = 3~7.4), and the intensity of these 
extra peaks did not seem to be related to pH values, 
questioning whether these peaks represent the 
hydrolyzed product(s). Instead, BML-260 incubated 
overnight in the alkaline buffers (pH = 8~9) displayed 
a dramatic change in the peak profile with entire loss 
of the standard peak (Figure S5C), suggesting overall 
structure changes after overnight incubation due to 
possible hydrolysis reaction. Based on the results, we 
suspect that BML-260 is relatively stable at the pH 
values within a normal physiological condition (pH = 
3~7.4), but is susceptible to hydrolysis in alkaline 
conditions.  

Discussion 
The discovery of thermogenic brown adipose 

tissue in adult human [28-32], together with the 
increasing understanding of the “browning” 
phenomenon of white adipose tissue [33-35], enthuses 
the idea to identify gene targets or more importantly, 
proper treatments to increase or activate UCP1+ cells 
to treat obesity. In order to identify possible 
compounds to regulate UCP1 expression in an 



 Theranostics 2019, Vol. 9, Issue 12 
 

 
http://www.thno.org 

3509 

unbiased manner, ideally with no restriction from the 
existing knowledge system, we have previously 
established a cellular platform that allows 
easy-screening for UCP1 activators [21]. In this study, 
with an initial goal to identify possible phosphatases 
that may involve in regulating UCP1 expression, we 
screened a small compound library composed of 
dozens of phosphatase inhibitors. We successfully 
identified a rhodanine derivative BML-260, which 
was supposed to be a potent inhibitor to JSP-1, which 

could significantly increase UCP1 expression and 
activate thermogenic genes in both brown and white 
adipocytes. Further mechanistic study revealed that 
the effect of BML-260 in UCP1 regulation was JSP-1 
independent; whereas BML-260 treatment could 
activate several signaling pathways, including STAT3, 
CREB and PPAR, which altogether contributed to the 
upregulation of UCP1 and thermogenic program in 
adipocytes (Figure S4B). 

 

 
Figure 6. The effect of BML-260 is partly through activated CREB, STAT3 and PPAR signaling pathways. (A, C) Western blot analysis of indicated 
proteins in DMSO or BML-260-treated brown adipocytes. (B, D) Western blot analysis of indicated proteins in vehicle, CL, or BML-260-treated subcutaneous white 
adipose tissue. (E) The schematic overview of CMAP analysis. (F) Representative images of GFP intensity of cells upon different treatments as indicated. Scale bar = 
250 μm. (G) UCP1 protein expression analysis in brown adipocytes upon different treatments as indicated. 
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BML-260 belongs to the rhodanine derivative 
family, and is originally synthesized to inhibit JSP-1 as 
a potential treatment to inflammatory and 
proliferative disorders [22]. Rhodanine is a 
5-membered heterocyclic organic compound 
possessing a thiazolidine core. The molecules based 
on the rhodanine core are known for their rich 
pharmacological profile [36-38], as well as the nature 
that can easily undergo different chemical 
optimizations. Rhodanine derivatives are therefore 
widely used in drugs discovery processes. Different 
rhodanine compounds have been demonstrated to 
have numerous pharmacological activities, including 
anti-diabetic, anti-cancer, anti-bacterial, anti-fungal, 
anti-viral and anti-inflammatory [39]. Furthermore, 
rhodanines are classified as non-mutagenic and 
considered to have overall low mammalian toxicity, 
although toxicity of rhodanine derivatives depends 
on the structure of each compound [40]. Among 
different rhodanine derivatives, Epalrestat (ONO 
Pharmaceuticals, 1982) has been approved by FDA for 
the treatment of diabetic complications as aldose 
reductase inhibitor. However, no rhodanine 
derivatives have so far been proposed to treat obesity, 
especially through targeting UCP1 to increase 
thermogenesis. Our study, for the first time, have 
identified BML-260 as a rhodanine derivative that can 
significantly activate UCP1 expression, enhance 
mitochondrial activity and increase thermogenesis, 
and therefore can potentially serve as a lead 
compound with anti-obese activity. 

Most rhodanine derivatives presented as 
frequent hitters with compromised specificity [41-44]. 
It is very likely that BML-260 functions through 
multiple direct targets. However, having multiple 
targets does not equivalent with being non-specific. In 
the case of BML-260 in our study, BML-260 seemed to 
function in a cell-type or cell-context specific manner: 
1) although BML-260 was previously demonstrated to 
be a JSP-1 inhibitor, we did not observe significant 
change of JNK signaling pathway in adipocytes upon 
treatment with BML-260; 2) the signaling pathways 
involved in brown and white adipocytes after 
BML-260 treatment were different. BML-260 
treatment to white adipose tissues showed a clear 
activation of the PKA / p38 / CREB / ATF2 signaling 
cascade; whereas BML-260 treatment to brown 
adipocytes only caused an activation of p-CREB with 
no clear changes in PKA, p38 or ATF2; 3) BML-260 
triggered different transcriptional events in brown 
and white adipocytes. Although both brown and 
white adipocytes displayed increased UCP1 mRNA 
expression, BML-260 treatment specifically led to 
upregulation of a group of genes coding for 
mitochondrial complexes I-V in the electron transport 

chain in brown adipocytes, whereas genes with clear 
muscle signatures were specially upregulated in 
white adipose tissues. It would be interesting to 
further identify the direct targets of BML-260 in each 
cell type and look into the detailed mechanism that 
mediates the cell-type dependent effects. The general 
multi-target properties of rhodanines are sometimes 
considered to be problematic. However, this wide 
variety of biological activities exhibited by the 
rhodanine derivatives may be an advantage, not a 
drawback. One of the efficient modern directions in 
the search for novel drugs is multi-ligand approach, 
which presents a pharmacologically efficient and 
profitable approach in terms of the risks and costs 
involved; and moreover, carries lower risk of 
drug-drug interactions compared to drug cocktails or 
multicomponent drugs [45]. And it is possible that 
because BML-260 has multiple targets, its effect in 
upregulating UCP1 and thermogenic gene expression 
in adipocytes is prominent. In the in vitro experiment, 
BML-260 treatment can remarkably activate the 
expression of a great many mitochondrial genes; 
whereas in the in vivo experiment, a single local 
injection can result in remarkable upregulation of 
UCP1 and thermogenic gene expression in 
subcutaneous adipose tissue and significant decrease 
in adipose weight, highlighting a potent compound to 
treat obesity. However, the long-term toxicity of 
BML-260 needs to be assessed in the furture; and 
optimization of the chemical structure, such as 
through judicious choice of substituents on the 
rhodanine cycle, may be applied to reduce potential 
toxicity and increase solubility in proper solvent.  

Our discovery that BML-260 can also target other 
signaling pathways besides JSP-1 also needs to be 
taken into account when the compound is applied in 
basic research and tested in treating certain diseases, 
such as cancer. In fact, in cancer patients, weight 
reduction is a severe side effect as cachexia can be 
life-threatening. Nevertheless, as rhodanines present 
attractive, easy to synthesize reagents and building 
blocks for the construction of functionalized 
rhodanine derivative, our discovery that BML-260 can 
significantly activate UCP1 expression and enhance 
thermogenesis, opened up the possibility that 
rhodanine derivatives can be applied to combat 
obesity and offered BML-260 as a starting reagent.  

Methods 
Materials 

The Phosphotase Inhibitor Library was obtained 
from the National Compound Resource Center 
(NCRC, Shanghai). Other reagents were obtained as 
indicated: BML-260 (Life Chemicals, F0207-0150), ISO 
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(Sigma, I6379), CL316243 disodium salt (Tocris, 1499), 
GW9662 (Selleck, S2915), T0070907(Selleck, S2871), 
GSK3787(Selleck, S8025), insulin (Sigma, I3536), T3 
(Sigma, T2877), indomethacin (Sigma, I7378), 
dexamethasone (Sigma, D4902), 
isobutylmethylxanthine (Sigma, I5879), and 
rosiglitazone (Santa Cruz, sc202795). 

Adipocyte culture and differentiation 
Brown pre-adipocytes and white pre-adipocytes 

were all maintained at 37°C in 5% CO2 in primary 
culture medium (high-glucose Dulbecco’s modified 
Eagle’s medium (DMEM) with 20% fetal bovine 
serum (FBS) and 1% penicillin/streptomycin). When 
brown pre-adipocytes reached confluent (designated 
as day 0), differentiation was initiated with induction 
media (high-glucose DMEM supplemented with 10% 
FBS, 1% penicillin/streptomycin, 1 μg/mL insulin, 1 
nmol/L T3, 0.125 mmol/L indomethacin, 1 μmol/L 
dexamethasone, 0.5 mmol/L isobutylmethylxanthine 
and 1 μmol/L rosiglitazone). After 3 days’ induction, 
the medium was changed into maintenance medium 
(high-glucose DMEM supplemented with 10% FBS, 
1% penicillin/streptomycin, 1 μg/mL insulin, 1 
nmol/L T3). Maintenance medium was changed 
daily. For the culture and differentiation of white 
pre-adipocytes, the procedure was similar as the one 
used for brown pre-adipocytes, except that the 
concentration of insulin was changed to 5 μg/mL in 
the induction and maintenance medium. 

Chemical screening 
Brown pre-adipocytes were plated in 96-well 

plates and subjected to differentiation and chemical 
screening. Cells were treated with individual 
compound at 10 µM starting at day 3 during the 
differentiation process and the result was assessed by 
eye-checking of the GFP intensity at day 10. Cells 
treated with DMSO and ISO were regarded as 
negative and positive controls, respectively. 

RNA isolation and real-time quantitative PCR 
Total RNA was extracted from brown 

adipocytes, white adipocytes or subcutaneous 
adipose tissues using Trizol reagent (ThermoFisher, 
15596018) according to the manufacturer’s 
instructions. Reverse transcription of isolated RNA 
from cells was performed using the reverse 
transcription kit (Takara, RR047A). Quantitative 
real-time PCR was carried out on the 7900 System 
(ABI) using SYBR Green supermix (ABI, 4472908). The 
sequences of primers were designed as previously 
described [21]. Relative mRNA expression was 
determined by the ΔΔCT method using Actin as 
internal control. 

RNA-seq analysis 
RNA-seq analysis was performed following 

standard procedures. Sequencing of total RNA from 
brown adipocytes treated with BML-260, DMSO or 
ISO was performed in Omics Core of Bio-Med Big 
Data Center (SIBS, CAS, Shanghai). And sequencing 
of total RNA from white adipose tissue treated with 
BML-260 or solvent control was performed in 
Majorbio Company (Shanghai). For data analysis, 
differentially expressed genes were then identified by 
using FDR 0.05 as cutoff. GO term annotations were 
performed with online software 
(http://geneontology.org/). 

Western analysis 
Protein from cells or tissues was extracted by the 

RIPA buffer (Millipore, 20188) and subjected to 
regular western procedure. The primary antibodies 
used in the experiments were antibodies to UCP1 
(Abcam, ab10983), β-Actin (Abclonal, AC004), HSP90 
(Cell Signaling Technology, 4874S), DUSP22 (Abcam, 
ab70124), p-STAT3 (Tyr 705) (Santa Cruz , sc8059), 
STAT3 (Cell Signaling Technology, 9139S), p-p38 
(ABclonal, AP0526), p38 (ABclonal, A10382), 
p-ERK1/2 (Cell Signaling Technology, 9106S), 
ERK1/2 (ABclonal, A11116), p-ATF2 (Cell Signaling 
Technology, 9221), ATF2 (ABclonal, A2155), 
p-CREB1-S133 (ABclonal, AP0019),CREB1 (ABclonal, 
A1189), phosphor-PKA substrate (RRXS*/T*) (Cell 
Signaling Technology, 2912) and OXPHOS cocktail 
(Abcam, ab110413). 

Mitochondrial activity analysis 
MitoTracker Deep Red FM (Invitrogen, M22426) 

was used to stain active respiring mitochondria. 
Brown adipocytes subjected to different treatments 
were incubated with 25 nM MitoTracker Deep Red 
FM in the dark at 37 °C in 5% CO2 for 30 minutes. 
Cells were then digested by trypsin and washed in 
PBS. The samples were analyzed immediately by flow 
cytometry, and data were further processed by 
CytExpert (Beckman).  

For oxygen consumption analysis, cells were 
plated in the XF24 V28 cell culture microplate 
(Seahorse Bioscience) and subjected to adipocyte 
differentiation for 7 days. Then cells were treated with 
BML-260 (10 μM) or DMSO as control for 3 days 
before measuring the oxygen consumption rate (OCR) 
using an XF24 Extracellular Flux Analyzer (Seahorse 
Bioscience). Oligomycin (2 μM), FCCP (1.5 μM) and 
Rotenone/Antimycin A (1 μM) from the Agilent 
Seahorse XF Cell Mito Stress Test kit (Agilent 
Technologies, 103015-100) were added during fixed 
time intervals to modulate respiration. The OCR 
values were normalized by total protein levels in 
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each-well for calculation. 

Mitochondrial DNA quantification 
Genome DNA from brown adipocytes was 

extracted using a TIANamp Genomic DNA Kit 
(Tiangen, DP304-03). Quantitative PCR was used to 
amplify mitochondria DNA and nuclear DNA in the 
extract. The primers were designed as follows: 
5’-DNAATGGAAAGCCTGCCATCATG-3’ and 5’-TC
CTTGTTGTTCAGCATCAC-3’ for nuclear DNA 
(nuDNA); 5’-CCTATCACCCTTGCCATCAT-3’ and 
5’-GAGGCTGTTGCTTGTGTGAC-3’ for mitochon-
drial DNA (mitoDNA). And the mitoDNA/nuDNA 
ratio was calculated by the ΔΔCT method. 

ATP production 
The measurement of ATP in live brown 

adipocytes were performed using Luminescent ATP 
Detection Assay Kit (Abcam, ab113849) following the 
manufacture’s procedures.  

EM imaging 
The brown adipocytes following different 

treatments were harvested in PBS and fixed in 
glutaraldehyde. All subsequent steps for sample 
preparation were performed in the core facility (INS, 
SIBS, CAS) according to standard protocols. The 
Electron microscopic observations were conducted 
through scanning electron microscope (PHILIPS 
CM120).  

CRISPR targeting 
The 20 bp sequence of sgRNA targeting Dusp22 

(5’– ATCCTGCCGGGCCTGTACAT -3’) for mouse 
Dusp22 was inserted to lentiCRISPR v2 plasmid and 
used for lentivirus packaging. Lentiviruses carrying 
CRISPR-Cas9 targeting Dusp22 or empty lentiCRISPR 
v2 vector as control viruses were packaged in HEK 
239T cells. The brown pre-adipocytes were infected 
and selected with puromycin (1.5 μg/ml). Cells were 
next subjected to genomic DNA extraction for T7EI 
analysis (NEB, E3321) or to protein extraction for 
western blot to determine gene editing efficiency. 
Primers used in T7EI analysis for Dusp22 were as 
follows: 5’- ATGGTGCTCTCTCCCAATGC-3’ and 5’- 
GTCCACTTGAGCATGCAGGA -3’. 

CMAP analysis 
The RNAseq results obtained from BML-260 

treated brown adipocytes vs. control cells were used 
as queries for Connectivity Map (the Broad Institute) 
after conversion into human homologs. The top 200 
up-regulated genes (up-list) and the top 200 
down-regulated genes (down-list) were compared 
against the CMAP database and enrichment scores 
and p-value was used to identify possible compounds 

that have similar gene signatures as BML-260 
treatment. 

HPLC analysis 
To obtain buffer solutions with gradient pH 

values varying from 3 to 9, four different stock 
solutions were prepared first: stock solution A, 50 
mmol/L citric acid; stock solution B, 50 mmol/L 
sodium citrate; stock solution C, 50 mmol/L sodium 
dihydrogen phosphate; and stock solution D, 50 
mmol/L disodium hydrogen phosphate. Buffer 
solutions with different pH values were then 
prepared by mixing stock solutions accordingly: pH 3, 
93 ml solution A + 7 ml solution B; pH 4, 65.5 ml 
solution A + 34.5 ml solution B; pH 5, 41 ml solution A 
+ 59 ml solution B; pH 6, 87.7 ml solution C + 12.3 ml 
solution D; pH 7, 39 ml solution C + 61 ml solution D; 
pH 8, 5.3 ml solution C + 94.7 ml solution D. pH 9 
buffer solution was made by 7 ml 0.1 mol/L HCl and 
50 ml 0.1 mol/L Tris. pH values of all buffers were 
confirmed by a pH probe and adjusted slightly by 
phosphoric acid or sodium hydroxide as necessary.  

For HPLC analysis, the 10 mM stock solution of 
BML-260 in DMSO was diluted in the above buffer 
solution (1 μl dilution in 500 μl buffer solution) 
varying from 3 to 9 pH values and PBS. They were 
treated 37 ℃  overnight or used immediately. To 
extract the BML-260 from the medium, 100 μl media 
sample was added to a micro-centrifuge tube, 
together with 100 μl CH3OH and 100 μl CHCl3. 
Samples were then vortexed for 30 s and centrifuged 
at 3000 rpm for 5 mins. At the end of centrifugation, 
the organic phase was dried and 100 ul mobile phase 
was added. The injection volume was 20 μl. The 
HPLC system was comprised of a Waters e2695 
Separations Module, and a Waters 2998 Photodiode 
Array Detector. The column was a Phenomenex C18 
column (150 mm × 2 mm, 3 μm particle size, and 100 
Å pore size) used at ambient temperature. The 
samples were separated at a flow rate of 300 μl/min 
with gradient elution [46]. The mobile phase consisted 
of an aqueous phase (A) containing 50 mM HCOOH 
and 2 mM CH3COONH4, and an organic phase (B), 
which was composed of 95% acetonitrile, 5% water, 50 
mM HCOOH and 2 mM CH3COONH4. Briefly, the 
gradient elution was performed as following: mobile 
phase started at 40% A and 60% B and changed in a 
linear manner to 20% A to 80% B in 6.5 min. Between 
6.5 and 7.5 min, the mobile phase changed to 80% A 
and 85% B. The mobile phase was reverted to 5% A 
and 95% B by 8 min and was held constant until 11 
min. By 11.5 min the mobile phase changed to 100% B 
and hold for 2.5 min. Then the mobile phase was 
changed to 40% A and 60% B by 14 min and held 
constant until 20 min. Peaks were monitored at wave 
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length of 377 nm using the UV detector. 

Animals 
All animal procedures were performed 

according to guidelines by the Institutional Animal 
Care and Use Committee of the Shanghai Institutes 
for Biological Sciences. Six to seven weeks’ old male 
C57BL/6J mice were purchased (Shanghai Laboratory 
Animal Co. Ltd, China), and randomly divided into 
two groups (n = 8 in each group). The mice were fed 
with normal chow diet and adapted to the 
environment until eight weeks’ old for experiments. 

In situ drug injection 
Eight weeks’ old male C57BL/6J mice were 

injected bilaterally with 2.5 mg/kg BML-260, 1 mg/kg 
CL316243 or solvent as control into the inguinal fat 
pads after general anesthesia. The stock concentration 
of BML-260 was 1 mg/ml dissolving in DMSO + PBS 
+ 5% Tween 80. CL316243 was dissolved in PBS. Mice 
were sacrificed after metabolic analysis, and inguinal 
fat pads were dissected for further analysis. 

Cold challenge experiment 
Eight weeks’ old male mice treated with 

BML-260 or solvent control were individually caged 
without beddings and exposed to 4℃ for 6 hours. 
Rectal temperatures were measured each hour 
(Physitemp Instruments). 

Histology 
Mice adipose tissues were fixed in 4% 

paraformaldehyde and embedded in paraffin 
following standard procedures for HE staining and 
immunohistochemistry. Tissue sections were 
subjected to hematoxylin and eosin staining or 
immunohistochemistry analysis for UCP1 (Abcam, 
ab10938) expression. 

Statistics 
All data were represented as means with SEM. 

The statistical differences in mean values were 
assessed by Student t test. Raw data were deposited in 
the NCBI Gene Expression Omnibus (GEO) datasets 
with the accession numbers GEO: GSE129771 and 
GSE129791.  
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