
RESEARCH PAPER

Brown adipocytes promote epithelial mesenchymal transition of neuroblastoma 
cells by inducing PPAR-γ/UCP2 expression
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ABSTRACT
Neuroblastoma (NB) is an embryonic malignant tumour of the sympathetic nervous system, and 
current research shows that activation of brown adipose tissue accelerates cachexia in cancer 
patients. However, the interaction between brown adipose tissues and NB remains unclear. The 
study aimed to investigate the effect of brown adipocytes in the co-culture system on the 
proliferation and migration of NB cells. Brown adipocytes promoted the proliferation and migra-
tion of Neuro-2a, BE(2)-M17, and SH-SY5Y cells under the co-culture system, with an increase of 
the mRNA and protein levels of UCP2 and PPAR-γ in NB cells. The UCP2 inhibitor genipin or PPAR- 
γ inhibitor T0090709 inhibited the migration of NB cells induced by brown adipocytes. Genipin or 
siUCP2 upregulated the expression of E-cadherin, and downregulated the expression of 
N-cadherin and vimentin in NB cells. We suggest that under co-cultivation conditions, NB cells 
can activate brown adipocytes, which triggers changes in various genes and promotes the 
proliferation and migration of NB cells. The PPAR-γ/UCP2 pathway is involved in the migration 
of NB cells caused by brown adipocytes.
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Introduction

NB is an embryonal malignancy derived from the per-
ipheral sympathetic nervous system. Approximately 
60% of primary tumours arises within the abdomen, 
and 30% within the adrenal medulla, and the other 
locations including the pelvis, head/neck, and chest. 
The biological heterogeneity of NB contributes to var-
ious clinical courses and prognoses of this kind of 
cancer [1]. NB patients are divided into very low, low, 
intermediate, and high-risk groups according to 
International Neuroblastoma Risk Group. While low 
and intermediate-risk NB patients display excellent out-
comes, the high-risk patients show unfavourable prog-
noses [2]. Stage III and IV NB patients are at a high risk 
of undernourishment [3] and patients with Stage IV NB 
are frequently cachectic [4]. The tumour microenviron-
ment (TME) consisting of endothelial cells, cancer- 
associated fibroblasts (CAF), immune cells, Schwann 
cells, and mesenchymal stromal cells (MSCs) plays an 
important role in the progression and metastasis of NB 
by multiple mechanisms [5]. CAFs in NB can differentiate 
into adipocytes, osteocytes, and chondrocytes [6]. Further 
more, many studies reported the relationship between 

adipocytes and tumour progression, that is, tumour- 
neighboured adipocytes promote cancer progression [7]. 
However, the precise mechanisms of adipocytes in NB 
development, especially that of brown adipocytes, are not 
clearly addressed. There is little literature on the effect of 
brown adipocytes on NB, and further explorations are 
needed.

Brown adipocytes reside in brown adipose tissue 
(BAT) with many large and spherical mitochondria 
and multilocular lipid droplets. Classic BAT inhabits 
the interscapular region of mice and the neck of adult 
humans to maintain body temperature through con-
suming sugar and fat to produce heat by non-shivering 
thermogenesis [8,9]. The process of the heat production 
is regulated by uncoupling protein 1 (UCP1) in the 
mitochondria. UCP1 and UCP2 belong to the mito-
chondrial anion carrier proteins family; UCP1 is mainly 
expressed in BAT and regarded as a marker of BAT 
[10], but UCP2 is mainly expressed in the pancreas, 
liver, kidney, brain, spleen, immune cells, and adipose 
tissue. They both play an important role in reducing 
the proton gradient in the inner mitochondrial mem-
brane by burning the energy as heat instead of ATP 
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production [11]. UCP2 overexpression has been found 
in many aggressive human cancers, including colon, 
prostate, breast, head, and skin cancers [12]. PPARs 
nuclear receptor superfamily includes PPARα, PPARβ/ 
δ, and PPAR-γ, which have been identified in NB. 
Among these PPARs, PPAR-γ is found to be highly 
expressed in NB cell lines and PPAR-α is expressed at 
very low level, but PPAR-β/δ expression in NB cell lines 
is unclear [13]. PPAR-γ, as a transcription factor, may 
trigger tumorigenicity pathways such as metastasis, 
apoptosis, and proliferation [14] and its expression is 
related to the differentiation status of NB and outcome 
of patients [13].

BAT can release many molecules that transfer sig-
nals to distinct tissues and adjust systemic metabolism 
[15,16]. A few evidence suggest that BAT is associated 
with tumour progression. Activated BAT is observed in 
a patient with pelvic paraganglioma [17] and active 
cancer who have greater BAT activity and higher BAT 
volume than those without active cancer [18]. The total 
metabolic activity of BAT relates to the active neoplas-
tic status in patients residing within the tropics, that is, 
a more active neoplastic status accompanies a more 
vigorous total metabolic activity of BAT [19]. 
Increased BAT volume is related to the increased like-
lihood of tumour-induced mortality and tumour recur-
rence in patients with cancer [20], especially white 
adipose tissue (WAT) browning in patients with 
cachectic gastric and colorectal cancer [21]. Cachectic 
tumour-bearing mice show increased thermogenesis 
and activation of cytokine signalling in BAT [22]. In 
addition, expression of brown adipose markers in 
tumour and host cells affects breast tumour growth in 
mice [23]. However, the relationship between brown fat 
tissues and NB has not been reported.

In the study, we aimed to determine if NB cells can 
activate brown adipocytes under co-cultivation condi-
tions, which may promote proliferation and migration 
of NB cells. The PPAR-γ/UCP2 pathway may be asso-
ciated with the migration of NB cells caused by brown 
adipocytes.

Results

Neuroblastoma cells and brown adipocytes show 
altered protein expression under co-cultured 
systems

To observe the relationship of brown adipocytes and 
NB cells, the co-culture system was applied in our 
experiments. Firstly, the brown adipocytes from mice 
were successfully separated and verified. As shown in 
Figure 1a-left, immature adipocytes were similar in 

morphology to fibroblasts. After induced differentia-
tion, the extracellular matrix and cytoskeleton in imma-
ture adipocytes were transformed into those of mature 
cells, which gradually became round or quasi-circular, 
while lipid droplets in the cells were gradually accumu-
lated and finally fused into large lipid droplets in 
mature adipocytes. The results from Oil red staining 
proved successful isolation of primary brown fat cells 
(Figure 1a-right). Secondly, the single culture or co- 
culture of NB cells and brown adipocytes was per-
formed in a transwell system (pore size 0.4 μm) 
(Figure 1b) and was used to conduct the following 
experiments. The expression of the marked proteins 
including UCP1 and UCP2 in two kinds of cells were 
examined using western blotting and qRT-PCR in the 
co-culture system. The expression of UCP1 protein was 
increased in brown adipocytes co-cultured with NB 
cells (Figure 1c,d), which indicated that brown adipo-
cytes could be activated under co-cultured systems. 
Additionally, the expression of UCP2 protein was 
increased in NB cells co-cultured with brown adipo-
cytes (Figure 1e,f). In the same culture condition, 
results from qRT-PCR showed that UCP2 mRNA was 
upregulated in Neuro-2a cells (Figure 1g). However, 
RNA-seq results showed that UCP2 mRNA was also 
upregulated in NB cells (Figure 1h), which indicated 
that UCP2 might serve as important biomarkers in NB 
cells under co-culture systems.

Brown adipocytes increases the proliferation and 
migration of NB cells in co-culture system

Co-culture of NB cell lines and brown adipocytes was 
performed in a transwell system (pore size 0.4 μm) 
(Figure 2a), and the migration of NB cells affected by 
brown adipocytes was also tested in a transwell system 
(pore size 8 μm) (Figure 2b).

In the co-culture system, the proliferation and migra-
tion of NB cells were determined with SRB or crystal 
violet staining. Data showed that the cell viability of 
Neuro-2a, BE(2)-M17, or SH-SY5Y cells was increased 
after the cells were co-cultured with brown adipocytes 
(Figure 2c,d), but there was no change in the cell viability 
of Neuro-2a, BE(2)-M17, and SH-SY5Y cells treated with 
BCA-CCM (Figure 1e). The protein expression of cyclin 
D1 (Figure 2f,g) and CDK4 (Figure 2f,h) in Neuro-2a, BE 
(2)-M17, or SH-SY5Y cells was obviously increased after 
the cells were co-cultured with brown adipocytes, which 
indicated that brown adipocytes might promote the pro-
liferation of Neuro-2a, BE(2)-M17, or SH-SY5Y cells by 
upregulating the expression of cyclin D1 and CDK4. 
Therefore, it was suggested that brown fat cells in a co- 
culture system were able to promote tumour cell 
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proliferation, while brown fat cells cultured alone do 
not exert the enhanced effect. In the migration system, 
after the NB cells in the upper chamber were stained with 
crystal violet and dissolved in acetic acid, the values of 
absorbance showed that cell migration of Neuro-2a, BE 
(2)-M17, or SH-SY5Y was increased after cells were co- 
cultured with brown adipocytes (Figure 2i,j). The expres-
sion of vimentin (Figure 2k,l) and N-Cadherin (Figure 2k, 
m) protein was clearly increased, but the expression of 
E-cadherin (Figure 2k,n) protein was significantly 
decreased in NB cells co-cultured with brown adipocytes. 

Thus, it was shown that brown adipocytes promoted the 
migration of Neuro-2a, BE(2)-M17, or SH-SY5Y by reg-
ulating epithelial–mesenchymal transition (EMT).

UCP2 is involved in cell migration of NB cells 
co-cultured with brown adipocytes

From the above results, brown adipocytes affected the 
proliferation and migration of NB cells in co-culture 
system. In addition, UCP2 expression in NB cells was 

Figure 1. Neuroblastoma cells and brown adipocytes show alteration of protein levels under co-culture systems. (a) Brown 
adipocytes are detected by Oil Red O. Brown preadipocytes (left, scale bar: 200 μm) and differentiated brown adipocytes after 
the induction stained with Oil Red O (right, scale bar: 100 μm). (b) Schematic diagram of single-culture or co-culture of 
neuroblastoma cell lines and brown adipocytes. (c) Western blotting is used to detect the expression of UCP1 in brown adipocytes 
after co-culture with Neuro-2a, BE(2)-M17, and SH-SY5Y cells for 72 h. (d) The expression of UCP1, as analysed by grey-scale 
scanning. (e) The expression of UCP2 protein in Neuro-2a, BE(2)-M17 and SH-SY5Y cells after co-culture with brown adipocytes for 
72 h, as detected by western blotting. (f) The expression of UCP2 protein, as analysed by grey-scale scanning. (g) The level of UCP2 
mRNA in Neuro-2a, BE(2)-M17, and SH-SY5Y cells after co-culture with brown adipocytes for 72 h, as detected by qRT-PCR. (h) The 
level of UCP2 mRNA in Neuro-2a cells after co-culture with brown adipocytes for 72 h, as detected by RNA seq. *p < 0.05, **p < 0.01, 
**p < 0.001 vs. Control, Mean ± SD, n = 3.
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Figure 2. Neuroblastoma cells co-cultured with brown adipocytes show the increase of growth and migration capacities. (a) 
Schematic diagram of single-culture or co-culture of neuroblastoma cell lines and brown adipocytes. (b) Schematic diagram of 
the migration of neuroblastoma cell lines affected by brown adipocytes. (c) The growth of Neuro-2a, BE(2)-M17, and SH-SY5Y cells 
after co-culture with brown adipocytes for 72 h, as observed with crystal violet staining. Scale bar: 100 μm. (d) Statistical analysis 
histogram for c. (e) The viability of Neuro-2a, BE(2)-M17, and SH-SY5Y cells after co-culture with CCM of BACs for 72 h, as detected 
by SRB assay. (f) The expression of cyclin D1 and CDK4 protein in Neuro-2a, BE(2)-M17, and SH-SY5Y cells after co-culture with brown 
adipocytes for 72 h, as detected by western blotting. (g-h) The expression of cyclin D1 and CDK4 protein, as analysed by grey-scale 
scanning. (i) The migration of Neuro-2a, BE(2)-M17, and SH-SY5Y cells after being induced by brown adipocytes for 48 h, seen with 
crystal violet staining. Scale bar: 100 μm. (j) Statistical analysis histogram for i. (k) The expression of E-Cadherin, N-Cadherin, and 
Vimentin protein in Neuro-2a, BE(2)-M17, and SH-SY5Y cells after co-culture with brown adipocytes for 72 h, as detected by western 
blotting. (l-n) The expression of Vimentin, N-Cadherin, and E-Cadherin protein, as analysed by grey-scale scanning. *p < 0.05, 
**p < 0.01, **p < 0.001 vs Control, Mean ± SD, n = 3.
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increased, which required further investigation, leading 
to the use of UCP2 inhibitors genipin and siRNA in the 
following experiments. At first, we tested the effect of 
genipin on the proliferation of NB cells. Genipin at 0– 

30 μM had little effect on the cell survival of Neura-2a 
cells (Figure 3a) and at 0–60 μM had the same effect on 
BE(2)-M17 (Figure 3b); therefore, 30 μM and 60 μM 
genipin were chosen for the next experiments. As 

Figure 3. UCP2 modulates the migration of neuroblastoma cells induced by brown adipocytes. (a-b) The viability of Neuro-2a, and 
BE(2)-M17 cells after treatment with genipin for 48 h, as detected by SRB assay. (c) The effect of genipin on the migration of Neuro- 
2a (30 μM) and BE(2)-M17 (60 μM) cells induced by brown adipocytes for 48 h, as detected by crystal violet staining. Scale bar: 
100 μm. (d-e) Statistical analysis histogram for Neuro-2a and BE(2)-M17 cells. (f) Western blotting is performed to examine the 
expression of UCP2, E-Cadherin, N-Cadherin, Vimentin protein in Neuro-2a and BE (2)-M17 cells after culture with 30 μM or 60 μM 
genipin for 48 h. (g-j) The expression of UCP2, E-Cadherin, Vimentin, and N-Cadherin protein, as analysed by grey-scale scanning. (k) 
Western blotting is used to detect the expression of UCP2, E-Cadherin, N-Cadherin, and Vimentin protein in Neuro-2a or BE(2)-M17 
cells after culture with 50 nM siUCP2 for 48 h. (l-o) The expression of UCP2, E-Cadherin, Vimentin, and N-Cadherin protein, as 
analysed by grey-scale scanning. *p < 0.05, **p < 0.01, **p < 0.001 vs Control, Mean ± SD, n = 3.
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presented in Figure 3, 30 μM and 60 μM genipin 
suppressed the migration of Neura-2a (Figure 3c,d) 
and BE(2)-M17 (Figure 3c,e) induced by brown adipo-
cytes, respectively. Second, the migration of the NB 
cells was examined using a transwell assay. Finally, 
EMT-associated proteins in NB cells were tested after 
genipin or siUCP2 treatment using western blotting. 
Genipin inhibited the expression of UCP2 protein 
(Figure 3f,g), upregulated the expression of E-cadherin 
(Figure 3f,h), and downregulated the expression of 
vimentin (Figure 3f,i) and N-cadherin (Figure 3f,j) in 
Neuro-2a and BE(2)-M17 cells. Similarly, siUCP2 
inhibited the expression of UCP2 protein (Figure 3k, 
l), upregulated the expression of E-cadherin (Figure 3k, 
m), and downregulated the expression of vimentin 
(Figure 3k,n) and N-cadherin (Figure 3k,o) in Neuro- 
2a and BE(2)-M17 cells. From this, genipin inhibited 
the migration of NB cells induced by brown adipocytes 
via EMT regulated by UCP2. Moreover, inhibition of 
UCP2 caused changes in the expression of E-Cadherin, 
N-Cadherin, and vimentin protein in NB cells.

PPAR-γ regulates the migration of neuroblastoma 
cells induced by brown adipocytes

To investigate the molecular mechanism of UCP2 reg-
ulation in NB cells co-cultured with adipocytes, tran-
scriptome analysis was applied in the co-culture system. 
The results displayed that top 20 DEGs were obtained 
in Neura-2a co-cultured with brown adipocytes by 
screening genes with Q value ≤ 0.05 and log2Ratio ≥ 
1 (Figure 4a). The top five KEGG pathways that DEG 
participated in were ranked as follows: cytosolic DNA- 
sensing pathway, NOD-like receptor signalling path-
way, alanine, aspartate, and glutamate metabolism 
pathway, amino sugar and nucleotide sugar metabolism 
pathway, and PPAR signalling pathway (Figure 4b). 
The results suggested that metabolism-related pathways 
and PPAR signalling pathways might be involved in the 
mechanism of brown fat affecting NB. The results were 
verified using western blotting and qRT-PCR, which 
demonstrated that brown adipocytes upregulated the 
protein (Figure 4c,d) and mRNA (Figure 4e) expression 
of PPAR-γ in Neuro-2a and BE(2)-M17 cells co- 
cultured with brown adipocytes. The PPAR-γ inhibitor 
T0090709 was used in the following experiment. At 
first, we examined the effect of T0090709 on the pro-
liferation of Neura-2a and BE(2)-M17. As shown in 
Figure 4, T090709 at 0–10 μM had no effect on the 
proliferation of Neura-2a (Figure 4f) and BE(2)-M17 
(Figure 4g), thus the concentrations were used for the 
migration experiments in the co-culture system. 
T0090709 at 10 μM decreased the migration of the 

indicated NB cells induced by co-cultured brown adi-
pocytes (Figure 4h,i), and T0090709 at 10 and 20 μM 
inhibited the protein expression of UCP2 (Figure 4j,k) 
and PPAR-γ (Figure 4j,l) in Neuro-2a and BE(2)-M17 
cells, which suggested that inhibition of PPAR-γ 
reduced UCP2 protein expression in NB cells. 
Therefore, PPAR-γ was related to the increased migra-
tion of NB cells induced by brown adipocytes and may 
be related to the inhibition of UCP2 expression.

Discussion

It is reported that brown fat tissues are associated with 
the progression of cancer. Activated brown fat exists in 
some cachectic patients, causing energy wasting in can-
cer cachexia [24]. However, the underlying relationship 
between brown fat and NB still needs to be addressed. 
Previous data demonstrate that the expression of UCP1 
from brown fat tissues is increased in cancer cachexia. 
Cachectic mice show a change from WAT to BAT with 
increased UCP1 expression, which contributes to 
enhanced lipid mobilization and energy wasting [25]. 
Lewis Lung Carcinoma cell-conditioned medium 
induces the expression of UCP1 in primary white adi-
pose cells. Adipose tissue browning and cachexia were 
discovered in Lewis Lung Carcinoma tumour-bearing 
mice, which can be inhibited by PTHrP neutralization 
[26]. Upregulation of UCP1 protein and mRNA level is 
detected in WAT of both late-stage cancer cachexia 
mice and patients [21]. Our results showed that NB 
cells induced the increase of UCP1 expression in brown 
adipocytes from the co-culture system. Thus, brown 
adipocytes co-cultured with NB cells showed the same 
characteristics as brown fat in cancer cachexia.

Cell proliferation is the result of cell growth and 
division, which is essential for tumorigenesis, but its 
dysfunction is the key characteristic of all tumours [27]. 
The proliferation of NB cells can be altered by the 
tumour microenvironment substantially [5]. Our 
results showed that the growth of Neuro-2a, BE(2)- 
M17, or SH-SY5Y was not affected by brown adipocyte 
conditioned medium, but the survival rate and expres-
sion of cyclin D1 and CDK4 protein were increased in 
Neuro-2a, BE(2)-M17, or SH-SY5Y cells co-cultured 
with brown adipocytes. RNA-seq results demonstrated 
that the transcription levels of multiple genes were 
changed in Neuro-2a cells co-cultured with brown adi-
pocytes. Thus, brown adipocytes co-cultured with NB 
cells might be different from the cells cultured alone 
with conditioned medium. Additionally, cyclin D1 and 
CDK4 were involved in the increased growth of NB 
cells co-cultured with brown adipocytes. EMT refers to 
a process of changes from epithelial to mesenchymal 
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phenotype with a feature of EMT accompanying the reduc-
tion of E-cadherin to increase cell motility and decrease 

adhesion, increased expression of N-cadherin to equilibrate 
the reduction of E-cadherin, and upregulation of vimentin 

Figure 4. PPAR-γ regulates the migration of neuroblastoma cells induced by brown adipocytes. (a) Cluster of TOP20 DEGs obtained in 
Neuro-2a cells co-cultured with brown adipocytes for 72 h. The horizontal axis was the log2 of the sample (expression value +1), and the 
vertical axis was the gene. (b) Enriched KEGG pathways for TOP20 DEGs obtained in Neuro-2a cells co-cultured with brown adipocytes for 
72 h. The total DEGs are subjected to KEGG pathway enriched analysis. X-axis shows Rich Factor, and Y-axis shows KEGG pathways. (c) 
Western blotting is used to detect the expression of PPAR-γ protein in Neuro-2a or BE(2)-M17 cells after co-culture with brown adipocytes 
for 72 h. (d) The expression of PPAR-γ protein, as analysed by grey-scale scanning. (e) The mRNA level of PPAR-γ in Neuro-2a after co- 
culture with brown adipocytes, as detected by qRT-PCR. (f-g) The viability of Neuro-2a and BE(2)-M17 cells after being treated with 
T0070907 for 48 h, as detected by SRB assay. (h) Crystal violet staining is performed to detect the effect of 10 μM T0070907 on the 
migration of Neuro-2a and BE(2)-M17 cells induced by brown adipocytes for 48 h. Scale bar: 100 μm. (i) Statistical analysis histogram for 
h. (j) Western blotting is used to detect the expression of UCP2 and PPAR-γ protein in Neuro-2a and BE(2)-M17 cells after being cultured 
with 10 μM or 20 μM T0070907 for 48 h. (k-l) The expression of UCP2 and PPAR-γ protein, as analysed by grey-scale scanning. *p < 0.05, 
**p < 0.01, **p < 0.001 vs Control, Mean ± SD, n = 3.

ADIPOCYTE 341



to enable cell motility [28]. Our results demonstrated that 
brown adipocytes promoted the migration of NB cells and 
changed the expression of EMT-associated proteins under 
the co-culture system. Thus, the migration of NB cells may 
be regulated by EMT under the co-culture system.

Higher levels of UCP2 protein are significantly 
expressed in the human head and neck, pancreatic, pros-
tate, and prostate tumour tissues [29]. UCP2 catalyzes the 
transport of aspartate and facilitates tumour growth. The 
cell growth of kRASmut human pancreatic ductal adeno-
carcinoma is inhibited by UCP2 silencing in vitro and 
in vivo [30]. Genipin treatment or UCP2 knockdown 
promotes ROS production, decreases glucose uptake, 
and inhibits cell survival in lung cancer cells with high 
UCP2 expression [31]. Overexpression of UCP2 is 
detected in glioma and correlated with poor prognosis 
in glioma patients, but glioma cells with silenced UCP2 
exhibit the inhibitory state of proliferation and migration 
[32]. The radiosensitivity of cervical cancer cells is aug-
mented by UCP2 inhibition [33]. Metastatic tumour cells 
contain high expression of UCP2 [34]. High expression of 
UCP2 is discovered in gallbladder cancer tissues, which is 
relevant to poor outcomes in gallbladder cancer patients 
[35]. Glutamine deficiency causes the reversible and rapid 
decrease of UCP2 expression, and reduction of viability 
and metabolic activity of NB cells [36]. In our experi-
ments, the results showed that mRNA and protein expres-
sion of UCP2 were increased in NB cells co-cultured with 
brown fat cells. Genipin, a potent UCP2 inhibitor [37], 
inhibited the migration of NB cells caused by brown 
adipocytes. Genipin or siUCP2 increased the expression 
of E-cadherin and decreased the expression of N-cadherin 
and vimentin. E-cadherin, N-cadherin, and vimentin are 
the marked proteins of EMT. Therefore, the results 
further indicate that UCP2 participates in the migration 
of NB cells induced by co-cultured brown adipocytes 
through the regulation of EMT.

PPAR-γ is found to be highly expressed in NB cell lines 
and its expression is related to the differentiation status of 
NB and outcome of patients [13]. The results from RNA- 
seq illustrated that the PPAR pathway was changed in 
Neuro-2a cells co-cultured with brown adipocytes. 
Increased levels of PPAR-γ protein and mRNA were 
detected in Neuro-2a and BE(2)-M17 cells. The function 
of PPAR-γ on tumour progression is disputed, some stu-
dies indicate that PPAR-γ agonists can inhibit the growth 
of NB cells [38]. However, it has been shown that PPAR-γ 
agonists suppressed tumour development in a PPAR-γ- 
independent pathway [39,40]. PPAR-γ plays a role in pro-
moting tumour formation in neuroblastoma [41], which 
are consistent with our results. It has been reported that 
UCP2 protein expression is upregulated in islets with over-
expressed PPAR-γ [42] and activated PPAR-γ increases 

mitochondrial UCP2 expression in Sprague–Dawley rats 
[43]. In addition, UCP2 expression is modulated by acti-
vated PPAR-γ in BAT of rats and mice [44]. From these 
evidence, it was supposed that PPAR-γ would modulate 
the expression of UCP2 in our experimental system, so the 
PPARγ inhibitor T0070907 was used to verify this hypoth-
esis. As the results indicated, T0070907 inhibited the pro-
tein expression of UCP2 and the migration of Neuro-2a 
and BE(2)-M17 cells caused by brown adipocytes. 
Therefore, it is speculated that the PPARγ/UCP2 pathway 
is involved in modulating the migration of NB cells.

Han et al. reported that recombinant murine IL-6 
significantly increases UCP1 mRNA levels in a model of 
pre-brown adipocytes for 3T3-L1 pre-white adipocytes 
transfected with Cebp/b [21]. In our co-culture system, 
the primary adipose adipocytes will be also affected by the 
NB cells and then secrete BATokines that influences the 
tumour cells. IL-6 is reported to serve as one of 
BATokines [15,16]. To study the major component in 
the supernatant of the co-culture system that exerts the 
effect on NB cells, the transcriptome sequencing and 
analysis were used in the co-culture system. The results 
showed that the IL-6 mRNA was increased in the Neuro-2 
cells (data not shown). The value of log2 fold change in 
Neuro-2 in the co-culture system was 2.22 as compared to 
the control. In fact, IL-6 is expressed in many malignant 
tumours including myeloma, melanoma, renal carci-
noma, and prostate cancer to stimulate cancer cell pro-
liferation as an autocrine loop and modulate the 
progression of the tumours. In advanced refractory pros-
tate cancer patients, the content of serum IL-6 is increased 
in an androgen-independent manner as a sign of poor 
prognosis. IL-6 could upregulate PPAR-γ expression in 
PC-3 cells, a prostate cancer cell line [45]. We speculated 
that IL-6 may be involved in regulating the functions of 
NB cells and brown adipocytes in our co-culture system. 
Also, the mechanism of the cytokine will be further 
explored in the future.

In summary, brown adipocytes can be activated by 
NB cells under co-culture conditions, and promote the 
growth and migration of NB cells, accompanied by the 
changes of cell cycle, EMT and metabolism-related 
protein, and at the transcription level of multiple 
genes. The PPAR-γ/UCP2 pathway is involved in the 
migration of NB cells caused by brown adipocytes.

Material and methods

Cell culture and reagents

Mouse NB cell line Neuro-2a, human NB cell line BE(2)- 
M17, and SH-SY5Y were purchased from the Cell Center 
of the Chinese Academy of Medical Science. Neuro-2a, BE 
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(2)-M17, and SH-SY5Y were cultured in MEM, DMEM, 
and DME/F12 (HyClone, Logan, UT, USA) medium con-
taining 10% FBS (Gibco Grand Island, NY, USA), respec-
tively, and grown in a 37°C incubator with 5% CO2. 
Genipin or T0090709 was purchased from Sigma 
(Sigma-Aldrich, St. Louis, MO, USA). Anti-UCP1, anti- 
N-Cadherin, anti-Vimentin, anti- E-Cadherin, anti-UCP2, 
anti-CDK4, anti-cyclin D1, and anti-PPARγ antibodies 
were purchased from Cell Signalling Technology (Beverly, 
MA, USA), and secondary antibody and anti-β-actin anti-
bodies were purchased from (Proteintech, Wuhan, China). 
Other chemical reagents were provided by Sigma (Sigma- 
Aldrich, St. Louis, MO, USA).

Isolation and identification of primary brown 
adipocytes

All animal experiments were approved by the Ethical 
Committee Institute of Medicinal Biotechnology, 
Chinese Academy of Medical Sciences and Peking 
Union Medical College. Newborn female BALB/c 
mice were purchased from SIPEIFU (Beijing, China) 
and treated according to the requirements of animal 
ethics. BAT was slowly taken out from the neck of the 
BALB/c mouse in the ultra-clean bench. The tissue was 
digested with collagenase (Sigma-Aldrich, St. Louis, 
MO, USA) solution for 30 min. The cell digestion 
solution was filtered with a cell sieve, and then the 
cell suspension was centrifuged at 1000 rpm for 
5 min. Finally, the cell pellet was resuspended in 
DME/F12 medium containing 15% FBS and grown in 
a 37°C incubator with 5% CO2. After the cell conflu-
ence reaches 100%, insulin (20 nM), rosiglitazone 
(1 μM), T3 (1 nM), IBMX (0.5 mM), dexamethasone 
(1 μM) were added to the proliferation medium. The oil 
drops were stained with Oil Red O staining solution, 
and pictures were taken under a microscope.

Cell Conditioned Medium (CCM) Preparation

When brown adipocytes grew to 80% confluence, the 
complete medium was replaced with serum-free 
DMEM/F12 and the cells were cultured for another 
24 h. The serum-free medium of brown adipocytes was 
collected and centrifuged at 1000 rpm for 5 min to 
remove cell debris, and the supernatant was collected.

Co-culture system

Co-culture of NB cell lines and brown adipocytes was 
performed in a transwell system, 1 × 105 Neuro-2a, BE(2)- 
M17, or SH-SY5Y cells were planted in transwell inserts 
(pore size 0.4 μm, Corning, New York, NY, USA), 

respectively. Additionally, 2 × 105 primary brown adipo-
cytes were cultivated on the bottom of six-well cell culture 
receiver plate. NB cells or brown adipocytes were cultured 
(either on six-well culture plates or in transwell inserts) 
alone served as control. The cells were co-cultured for 
72 h, then analysed using western blotting or cell prolif-
eration studies.

Cell viability assay

Cells were seeded in 96-well plates at a density of 
3 × 104–5 × 104 cells/mL for 200 μl per well. After the 
cells adhered to the plates, each culture well was 
replaced with culture medium with or without CCM, 
and then Genipin or T0090709 and each treatment 
group was set up in triplicates. After 48 h of culture, 
the cells were treated with 10% trichloroacetic acid for 
1 h, and then stained with sulforhodamine B. The pro-
tein-bound dye was dissolved by Trisbase and absor-
bance was measured at 570 nm by a microplate reader 
(Thermo Fisher, Waltham, MA, USA).

Migration assays

In the cell migration system, a total of 0.5 × 105 NB 
Neuro-2a, BE(2)-M17, and SH-SY5Y cells were 
seeded in transwell inserts (pore size 8 μm, Corning, 
New York, NY, USA), respectively, in serum-free 
medium. Primary brown adipocytes (1 × 105 cells) 
were cultured on the bottom of cell culture receiver 
plate, and NB cells were seeded in transwell inserts 
alone served as control. The cells were then cultured 
for 48 h. The cells on the opposite side of membrane 
were stained with crystal violet solution after remov-
ing all the cells on the upper side of the membrane 
with a cotton swab, and pictures were taken under an 
inverted microscope. The nested membrane was dis-
solved with 33% acetic acid, and the absorbance at 
570 nm was read with a microplate reader (Thermo 
Fisher, Waltham, MA, USA).

Western blotting

After the cells were washed twice with PBS, the total 
protein was extracted with RIPA lysis solution, and the 
concentration was determined by the BCA method 
(Thermo Fisher Scientific, Waltham, MA, USA). The 
protein was denatured with loading buffer and heating, 
and 20 μg protein sample was taken for SDS-PAGE 
electrophoresis separation. The protein was then trans-
ferred to the PVDF membrane (Millipore, Billerica, 
MA, USA), blocked with 5% milk at room temperature 
for 1 h, incubated with the primary antibody overnight 
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and the secondary antibody for 1 h, and then reacted 
with the chemiluminescent solution (Thermo Fisher 
Scientific, Waltham, MA, USA). The pictures were col-
lected by the imaging system (Proteinsimple, Santa 
Cara, CA, USA) and quantitated by image J.

RNA extraction and quantitative PCR

The total cell RNA was extracted according to RNAfast200 
kit (Fastagen Biotech, Shanghai, China), and the RNA was 
reverse transcribed using TOYOBO’s ReverTra Ace® qRT- 
PCR Master Mix with gDNA Remover kit (TOYOBO). 
Applied Biosystems 7500 PCR system was used for TB 
Green fluorescence PCR amplification.

siRNA transfections

A total of 1 × 105 NB cell lines Neuro-2a or BE(2)-M17 
cells were planted in six-well plates. After 24 h, the 
riboFECT CP Transfection Kit (Ribobio, Guang Zhou, 
China) was used to carry out the transfections with 
50 nM siRNA for 48 h (Mouse UCP2 siRNA sense: 
GGAAAGGGACUUCUCCCAATT, antisense: UUGG 
GAGAAGUCCCUUUCCTT; human UCP2 siRNA 
sense: GCUAAAGUCCGGUUACAGATT, antisense: 
UCUGUAACCGGACUUUAGCTT).

Transcriptome sequencing and analysis

Co-culture of Neuro-2a cell lines and brown adipocytes 
was performed in a transwell system. A total of 1 × 105 

Neuro-2a cells were planted in transwell inserts (trans-
well, pore size 0.4 μm, Corning, New York, NY, USA). 
Primary brown adipocytes (2 × 105) were cultivated on 
the bottom of six-well cell culture Receiver Plate. The 
Neuro-2a cells were cultured in transwell inserts alone 
served as control. The cells were co-cultured for 72 h, and 
then Trizol Reagent was used to extract total RNA from 
Neuro-2a cells. Agilent 2100 (Agilent Technologies, 
Norwood, MA, USA) was used to measure the purity 
and quality of total RNA, three biological replicates were 
included in each treatment. BGISEQ-500 was applied to 
sequence the six samples. Transcriptome data was calcu-
lated by Genomics Institute (Shenzhen, China).

Statistical analysis

Graph Pad Prism software was used for statistical 
analysis. Three independent experiments were per-
formed for groups of data that were presented as 
mean ± SD. Comparisons between two groups were 
done using Student’s t-test. One-way ANOVA were 

used for multiple comparisons. Statistical significance 
was set at P < 0.05.

Author contributions

CSZ designed, wrote, and edited the paper. GZJ wrote the 
paper, analysed the data, and conducted the experiments. SY 
performed some cell cultures. WDW made some experiments 
for reviewers’ comments. YJG participated in the design of 
the project.

Availability of data and materials

Data sharing not applicable – no new data generated.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This study was supported by grants from Beijing Natural 
Science Foundation (7192041, 7202132), and CAMS 
Innovation Fund for Medical Sciences (CIFMS, 2021-I2M 
-1-030).

ORCID

Shu-Zhen Chen http://orcid.org/0000-0003-4881-0558

References

[1] Louis CU, Shohet JM. Neuroblastoma: molecular patho-
genesis and therapy. Annu Rev Med. 2015;66:49–63.

[2] Pinto NR, Applebaum MA, Volchenboum SL, et al. 
Advances in risk classification and treatment strategies 
for neuroblastoma. J Clin Oncol. 2015;33(27):3008–3017.

[3] Bauer J, Jurgens H, Fruhwald MC. Important aspects of 
nutrition in children with cancer. Adv Nutr. 2011;2:67–77.

[4] Green GJ, Weitzman SS, Pencharz PB. Resting energy 
expenditure in children newly diagnosed with stage IV 
neuroblastoma. Pediatr Res. 2008;63(3):332–336.

[5] Borriello L, Seeger RC, Asgharzadeh S, et al. More 
than the genes, the tumor microenvironment in 
neuroblastoma. Cancer Lett. 2016;380(1):304–314.

[6] Borriello L, Nakata R, Sheardet MA, et al. Cancer- 
associated fibroblasts share characteristics and protu-
morigenic activity with mesenchymal stromal cells. 
Cancer Res. 2017;77(18):5142–5157.

[7] Zewdu A, Casadei L, Pollock RE, et al. Adipose tumor 
microenvironment. Adv Exp Med Biol. 2020;1226:73–86.

[8] Bartelt A, Heeren J. Adipose tissue browning and meta-
bolic health. Nat Rev Endocrinol. 2014;10(1):24–36.

[9] Marlatt KL, Ravussin E. Brown adipose tissue: an 
update on recent findings. Curr Obes Rep. 2017;6 
(4):389–396.

[10] Ravussin E, Galgani JE. The implication of brown adipose 
tissue for humans. Annu Rev Nutr. 2011;31:33–47.

344 Z. GE ET AL.



[11] Vallejo FA, Vanni S, Graham RM. UCP2 as a potential 
biomarker for adjunctive metabolic therapies in tumor 
management. Front Oncol. 2021;11:640720.

[12] Sreedhar A, Zhao Y. Uncoupling protein 2 and meta-
bolic diseases. Mitochondrion. 2017;34:135–140.

[13] Serena V, Giulio CP, Tullio F, et al. PPAR gamma 
in neuroblastoma: the translational perspectives of hypo- 
glycemic drugs. PPAR Res. 2016;2016:3038164.

[14] Yousefnia S, Momenzadeh S, Seyed Forootan F, et al. 
The influence of peroxisome proliferator-activated 
receptor γ (PPARγ) ligands on cancer cell tumorigeni-
city. Gene. 2018;649:14–22.

[15] Villarroya J, Cereijo R, Gavaldà-Navarro A, et al. New 
insights into the secretory functions of brown adipose 
tissue. J Endocrinol. 2019;243(2):R19–R27.

[16] Villarroya F, Cereijo R, Villarroya J, et al. Brown adi-
pose tissue as a secretory organ. Nat Rev Endocrinol. 
2017;13(1):26–35.

[17] Ogawa Y, Abe K, Sakoda A, et al. FDG-PET and CT 
findings of activated brown adipose tissue in a patient 
with paraganglioma. Eur J Radiol Open. 2018;5:126–130.

[18] Bos SA, Gill CM, Martinez-Salazar EL, et al. Preliminary 
investigation of brown adipose tissue assessed by PET/CT 
and cancer activity. Skeletal Radiol. 2019;48(3):413–419.

[19] Huang YC, Chen TB, Hsu CC, et al. The relationship 
between brown adipose tissue activity and neoplastic 
status: an 18f-fdg pet/ct study in the tropics. Lipids 
Health Dis. 2011;10:238.

[20] Chu K, Bos SA, Gill CM, et al. Brown adipose tissue and 
cancer progression. Skeletal Radiol. 2020;49(4):635–639.

[21] Han J, Meng QY, Shen L, et al. Interleukin-6 induces 
fat loss in cancer cachexia by promoting white adipose 
tissue lipolysis and browning. Lipids Health Dis. 
2018;17(1):14.

[22] Tsoli M, Moore M, Burg D, et al. Activation of ther-
mogenesis in brown adipose tissue and dysregulated 
lipid metabolism associated with cancer cachexia in 
mice. Cancer Res. 2012;72(17):4372–4382.

[23] Singh R, Parveen M, Basgen JM, et al. Increased 
expression of beige/brown adipose markers from host 
and breast cancer cells influence xenograft formation 
in Mice. Mol Cancer Res. 2016;14(1):78–92.

[24] Kir S, Spiegelman BM. Cachexia and brown fat: a burning 
issue in cancer. Trends Cancer. 2016;2(9):461–463.

[25] Petruzzelli M, Schweiger M, Schreiber R, et al. A switch 
from white to brown fat increases energy expenditure 
in cancer-associated cachexia. Cell Metab. 2014;20 
(3):433–447.

[26] Kir S, White JP, Kleiner S, et al. Tumor-derived PTHrP 
triggers adipose tissue browning and cancer cachexia . 
Nature. 2014;513(7516):100–104.

[27] Stafman LL, Beierle EA. Cell proliferation in 
neuroblastoma. Cancers (Basel). 2016;8(1):13.

[28] Lamouille S, Xu J, Derynck R. Molecular mechanisms 
of epithelial-mesenchymal transition. Nat Rev Mol Cell 
Biol. 2014;15(3):178–196.

[29] Li W, Nichols K, Nathan CA, et al. Mitochondrial 
uncoupling protein 2 is up-regulated in human head 
and neck, skin, pancreatic, and prostate tumors. 
Cancer Biomarkers. 2013;13(5):377–383.

[30] Raho S, Capobianco L, Malivindi R, et al. KRAS-regulated 
glutamine metabolism requires UCP2-mediated aspartate 

transport to support pancreatic cancer growth. Nat Metab. 
2020;2(12):1373–1381.

[31] Lee JH, Cho YS, Jung KH, et al. Genipin enhances the 
antitumor effect of elesclomol in A549 lung cancer cells by 
blocking uncoupling protein-2 and stimulating reactive 
oxygen species production. Oncol Lett. 2020;20(6):374.

[32] Wu S, Luo C, Hameed NUF, et al. UCP2 silencing in 
glioblastoma reduces cell proliferation and invasiveness 
by inhibiting p38 MAPK pathway. Exp Cell Res. 
2020;394(1):112110.

[33] Liu CH, Huang ZH, Dong XY, et al. Inhibition of 
Uncoupling Protein 2 Enhances the Radiosensitivity 
of Cervical Cancer Cells by Promoting the Production 
of Reactive Oxygen Species. Oxid Med Cell Longev. 
2020;2020:5135893.

[34] Lemos D, Oliveira T, Martins L, et al. Isothermal 
microcalorimetry of tumor cells: enhanced thermo-
genesis by metastatic cells. Front Oncol. 2019;9:1430.

[35] Jung SM, Sanchez-Gurmaches J, Guertin DA. Brown 
adipose tissue development and metabolism. Handb 
Exp Pharmacol. 2019;251:3–36.

[36] Rupprecht A, Moldzio R, Mödl B, et al. Glutamine 
regulates mitochondrial uncoupling protein 2 to pro-
mote glutaminolysis in neuroblastoma cells. Biochim 
Biophys Acta Bioenerg. 2019;1860(5):391–401.

[37] Shanmugam MK, Shen H, Tang FR, et al. Potential role of 
genipin in cancer therapy. Pharmacol Res. 2018;133:195– 
200.

[38] Servidei T, Morosetti R, Ferlini C, et al. The cellular 
response to PPARgamma ligands is related to the phe-
notype of neuroblastoma cell lines. Oncol Res. 2004;14 
(7–8):345–354.

[39] Lecomte J, Flament S, Salamone S, et al. Disruption of 
ERα signalling pathway by PPARγ agonists: evidences 
of PPARγ-independent events in two hormone- 
dependent breast cancer cell lines. Breast Cancer Res 
Treat. 2008;112(3):437–451.

[40] Abe A, Kiriyama Y, Hirano M, et al. Troglitazone 
suppresses cell growth of KU812 cells independently 
of PPARgamma. Eur J Pharmacol. 2002;436(1–2):7–13.

[41] Lee JJ, Drakaki A, Iliopoulos D, et al. MiR-27b targets 
PPARγ to inhibit growth, tumor progression, and 
the inflammatory response in neuroblastoma cells. 
Oncogene. 2012;31(33):3818–3825.

[42] Ito E, Ozawa S, Takahashi K, et al. PPAR-γ overexpression 
selectively suppresses insulin secretory capacity in isolated 
pancreatic islets through induction of UCP-2 protein. 
Biochem Biophys Res Commun. 2004;324(2):810–814.

[43] Chuang YC, Lin TK, Huang HY, et al. Peroxisome 
proliferator-activated receptors gamma/mitochon-
drial uncoupling protein 2 signaling protects against 
seizure-induced neuronal cell death in the hippocam-
pus following experimental status epilepticus. J Neu- 
roinflammation. 2012;9:184.

[44] Kelly LJ, Vicario PP, Thompson GM, et al. Peroxisome 
proliferator-activated receptors gamma and alpha med-
iate in vivo regulation of uncoupling protein (UCP-1, 
UCP-2, UCP-3) gene expression. Endocrinology. 
1998;139(12):4920–4927.

[45] Pitulis N, Papageorgiou E, Tenta R, et al. IL-6 and 
PPARgamma signalling in human PC-3 prostate cancer 
cells. Anticancer Res. 2009;29(6):2331–2337.

ADIPOCYTE 345


	Abstract
	Introduction
	Results
	Neuroblastoma cells and brown adipocytes show altered protein expression under co-cultured systems
	Brown adipocytes increases the proliferation and migration of NB cells in co-culture system
	UCP2 is involved in cell migration of NB cells co-cultured with brown adipocytes
	PPAR-γ regulates the migration of neuroblastoma cells induced by brown adipocytes

	Discussion
	Material and methods
	Cell culture and reagents
	Isolation and identification of primary brown adipocytes
	Cell Conditioned Medium (CCM) Preparation
	Co-culture system
	Cell viability assay
	Migration assays
	Western blotting
	RNA extraction and quantitative PCR
	siRNA transfections
	Transcriptome sequencing and analysis
	Statistical analysis

	Author contributions
	Availability of data and materials
	Disclosure statement
	Funding
	References

