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Abstract
Promoting the thermogenic function of brown adipose tissue (BAT) is a promis-
ing strategy to combat obesity and metabolic disorders. While much is known 
about the transcriptional regulation of BAT activation, however, the underlying 
mechanism of post-transcriptional control by RNA binding proteins remains 
largely unknown. Here, we found that RNA binding protein Y-box binding pro-
tein 1 (YBX1) expression was abundant in BAT and induced by cold exposure and 
a β-adrenergic agonist in mice. Loss-of-function experiments showed that YBX1 
deficiency inhibited mouse primary brown adipocyte differentiation and thermo-
genic function. Further study showed that YBX1 positively regulates thermogen-
esis through enhancing mitophagy. Mechanistically, RNA immunoprecipitation 
identified that YBX1 directly targeted the transcripts of PTEN-induced kinase 1 
(Pink1) and parkin RBR E3 ubiquitin-protein ligase (Prkn), two key regulators of 
mitophagy. RNA decay assay proved that loss of YBX1 decreased mRNA stabil-
ity of Pink1 and Prkn, leading to reduced protein expression, thereby alleviating 
mitophagy and inhibiting thermogenic program. Importantly, in vivo experi-
ments demonstrated that YBX1 overexpression in BAT promoted thermogenesis 
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1   |   INTRODUCTION

The global rise in obesity and its associated metabolic 
diseases has precipitated the need for novel approaches 
to reduce adiposity. Obesity is caused by an imbalance in 
which energy intake exceeds energy expenditure.1 White 
adipose tissue (WAT) stores triglyceride as chemical en-
ergy, while brown adipose tissue (BAT) dissipates the 
chemical energy to generate heat through mitochondrial 
uncoupling protein1 (UCP1) and can oppose obesity and 
improve glucose and lipid homeostasis in humans and 
mice.2–4 Thus, the identification of targetable factors that 
promote the differentiation and function of brown adipo-
cytes is a potential way to treat obesity.

Recent data have shown that selective autophagy of mi-
tochondria, known as mitophagy, plays an essential role 
in the physiology of the mitochondria-enriched brown 
adipocytes and energy metabolism.5 Mitophagy is driven 
by specific proteins, including PTEN-induced kinase 1 
(PINK1), parkin RBR E3 ubiquitin-protein ligase (PRKN), 
BCL2 interacting protein 3 (BNIP3), and FUN14 domain 
containing 1 (FUNDC1), interacting with autophagoso-
mal protein microtubule-associated protein 1 light chain 
3 beta (MAP1LC3B) that drives autophagosomes and de-
grades its contents.6 PINK1 is a core regulator of mitoph-
agy, which activates the E3 ubiquitin ligase PRKN to mark 
depolarized mitochondria for degradation. Cold exposure 
at 4°C induces mitophagy in BAT, suggesting that mito-
phagy is needed for adaptive thermogenesis.7 Recently, 
studies showed that mitophagy deficiency-induced brown 
fat dysfunction and aggravated obesity in mice.8,9 Thyroid 
hormone triiodothyronine (T3) was reported to stimu-
late BAT activation and thermogenesis via promoting 
mitochondrial autophagy, activity, and lipid metabolism 
in BAT, which have potential beneficial effects on obe-
sity.10 Therefore, it is significant to investigate the mech-
anisms underlying the regulation of mitophagy and the 
thermogenic function of brown adipocytes.

Previous studies have mainly focused on transcrip-
tional control of molecular pathways that mediate BAT 
activation.11 By contrast, post-transcriptional regulation of 
thermogenesis by RNA-binding proteins (RBPs) is largely 

unexplored. Emerging evidence suggests that RBPs lie at 
the center of post-transcriptional regulation by governing 
the fate of mRNA transcripts from biogenesis, splicing, 
stabilization, and translation to RNA decay.12,13 The Y-box 
binding protein 1 (YBX1) is a member of the family of 
DNA- and RNA-binding proteins with an evolutionarily an-
cient and conserved cold shock domain (CSD).14 Proteins 
bearing CSDs have been reported to regulate cellular adap-
tation response to cold stress mainly at post-transcriptional 
levels.15 Thus, the presence of CSD suggests that YBX1 may 
play a role in BAT thermogenesis. A recent study found that 
YBX1 knockdown inhibited white preadipocytes commit to 
beige lineage and impaired thermogenic potential partially 
through mediating histone demethylase jumonji domain 
containing 1C (JMJD1C) at the transcriptional level.16 
However, the post-transcriptional regulation of YBX1 in 
thermogenesis of brown fat cells and its function under 
physiologic conditions in vivo remains unclear.

In this study, we investigated the post-transcriptional 
control by RNA binding protein YBX1 in brown adipocyte 
activation and the underlying network between thermo-
genesis and mitophagy. We revealed that YBX1 promoted 
brown adipocyte differentiation and thermogenic function 
through enhancing PINK1/PRKN-mediating mitophagy. 
Overexpression of YBX1 in BAT promoted thermogenesis 
and mitophagy in mice. Our findings unveil a new role for 
YBX1 as a positive regulator of mitophagy and provide a 
novel insight into the molecular mechanism of YBX1 in 
the regulation of brown adipogenesis and thermogenesis.

2   |   MATERIALS AND METHODS

2.1  |  Animals

C57BL/6  mice were housed under the controlled room 
temperature (22°C ± 2°C) with 12 h light and dark cycles 
and free access to water and food. For the CL316,243 treat-
ment experiment, the mice were injected intraperitoneally 
with CL316,243 at a dose of 1 mg/kg for 7 days. The mice 
were sacrificed and subcutaneous WATs and interscapu-
lar BAT were collected. All animal experiments were 

and mitophagy in mice. Collectively, our results reveal novel insight into the 
molecular mechanism of YBX1 in post-transcriptional regulation of PINK1/
PRKN-mediated mitophagy and highlight the critical role of YBX1 in brown adi-
pogenesis and thermogenesis.
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carried out according to the guidelines of The Animal 
Ethics Committee of South China Agricultural University.

2.2  |  Cold exposure experiment

For acute cold exposure experiment, mice were individually 
housed and placed in a freezer (4°C) for 6 h with free access 
to food and water. After cold exposure, mice were sacri-
ficed, subcutaneous WATs and interscapular BAT were 
collected for protein and gene analysis. Core body tempera-
ture was measured using a microprobe thermometer.

2.3  |  Cell culture and brown adipocyte 
differentiation

Isolation of primary brown preadipocytes from BAT and 
induction of adipocyte differentiation were performed as 
previously reported.10 Briefly, the interscapular BAT was 
excised from 3-week-old C57BL/6 mice, minced, and then 
digested with 1 mg/ml type I collagenase (Gibco) at 37°C 
for 30 min. After filtering through a 70 µm cell strainer, 
the pellet containing preadipocytes was centrifuged at 
500 g for 5 min. Preadipocytes were maintained in DMEM 
supplemented with 10% fetal bovine serum (FBS; Gibco), 
1% penicillin-streptomycin at 37°C in a 5% CO2 humidi-
fied incubator. Cells were tested negative for mycoplasma 
contamination before use. For adipocyte differentiation, 
post-confluent primary brown preadipocytes were in-
duced by induction medium containing 0.5  mM IBMX, 
1 µM dexamethasone, 5 µg/ml insulin, 1 nM T3, 125 nM 
indomethacin, and 10% FBS for 2 days. The cells were then 
switched to a maintenance medium containing 10% FBS, 
5  µg/ml insulin, and 1  nM T3 for 6  more days. Mdivi-1 
and 3-MA (MedChemExpress) were used to treated cells 
to inhibit autophagy/mitophagy.

2.4  |  Cell transfection and virus infection

The small interfering RNA (siRNA) transfection was 
performed using Lipofectamine 2000 (Invitrogen) ac-
cording to the manufacturers’ instructions. The se-
quence for negative control siRNA is as follows (5ʹ to 
3ʹ): 5ʹ-UUCUCCGAACGUGUCACGUTT-3ʹ. Mouse 
Ybx1 siRNA #1 and #2 were ordered from Genepharma 
which targets 5ʹ-GUCAAAUGGUUCAAUGUAA-3ʹ 
and 5ʹ-GGAGGCAGCAAAUGUUACA-3ʹ, respectively. 
Mouse Pink1  siRNA targets 5ʹ-GGGAUCUCAAGUCC 
GACAACA-3ʹ, while Prkn siRNA targets 5ʹ-AUUCCAAAC 
CGGAUGAGUGGU-3. The YBX1-  and enhanced green 
fluorescent protein (EGFP)-expressing adenovirus were 

generated from Hanbio. For adenoviral infection of primary 
brown preadipocytes, 50% of confluent cell cultures were 
incubated with adenovirus in a growth medium for 48 h, 
followed by replacement with fresh growth medium. For 
adenoviral infection of BAT, mice were anesthetized using 
isoflurane. The BAT was surgical exposed and injected with 
adenovirus. The incision was closed, and animals were al-
lowed to recover. After 1  week, the mice were killed and 
BAT were subjected to examine the efficiency of adenovirus.

2.5  |  Western blot assay

Cells and tissue were lysed in RIPA buffer supplemented 
with protease and phosphatase inhibitor cocktail. The 
protein concentration was detected using a BCA assay kit 
(Thermo Fisher Scientific). Protein samples were sepa-
rated by SDS-PAGE and transferred to PVDF Membrane 
(Millipore). The membrane was blocked with non-fat 
milk and then incubated with relevant primary antibodies 
at 4°C overnight, followed by an HRP-conjugated second-
ary antibody. Immunoreactive proteins in the membrane 
were scanned using a FluorChem M Fluorescent Imaging 
System (ProteinSimple). The relative protein expression 
was performed using the ImageJ software and the band 
density was normalized to ACTB expression. Primary an-
tibodies information was listed in Table S1.

2.6  |  RNA extraction and quantitative 
real-time PCR (qPCR) analysis

The total RNAs from tissue or cells were purified using 
TRIzol Reagent (Invitrogen) and converted to cDNA with 
M-MLV reverse transcriptase (Promega). Quantitative 
real-time PCR (qPCR) analysis was performed using SYBR 
Green PCR Master Mix (Roche) following the manufac-
turer's instructions and analyzed with Applied Biosystems 
QuantStudio 3 Real-Time PCR System (Thermo Fisher 
Scientific). Results were normalized to Actb. The primer 
sequences were listed in Table S2.

2.7  |  Measurement of mitochondrial 
DNA (mtDNA)

The total DNA was isolated from primary brown adipo-
cytes with DNAzol reagent (Invitrogen) according to the 
manufacturer's instructions. mtDNA was amplified using 
primers specific for the mitochondrial cytochrome c oxi-
dase subunit 2 (Cox2) gene and normalized to an intron 
of the nuclear-encoded Hbb (β-globin) gene as described 
before.17 The primer sequences were listed in Table S2.
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2.8  |  Immunofluorescence assay

For immunofluorescence assay, cells were fixed with 4% 
paraformaldehyde, permeablized by 0.1% Triton X-100, 
and incubated with YBX1 or UCP1 primary antibodies 
overnight, followed by secondary antibody conjugated 
with FITC or Cy3 for 1 h and DAPI staining for 10 min. 
For examining the colocalization of mitochondria and 
autophagosome, cells were incubated with MitoTracker 
(Invitrogen) for 30  min, then stained with MAP1LC3B 
and DAPI. For staining of BAT sections, BAT samples 
were rapidly frozen using liquid nitrogen and fixed in 
Tissue-Tek OCT. Then, we sliced BAT into 10 μm by a cry-
ostat (CM1850, Leica) for staining. Immunofluorescent 

samples were imaged by a confocal laser microscope 
(Carl Zeiss Ltd).

2.9  |  RNA immunoprecipitation-qPCR 
(RIP-qPCR)

RIP-qPCR analysis was adapted from the previous report.18 
Briefly, FLAG-YBX1-overexpressing cells pellets were 
lysed in lysis buffer (150 mM KCl, 10 mM HEPES, 2 mM 
EDTA, 0.5% NP-40, 0.5 mM DTT, 1:100 protease inhibitor 
cocktail and RNase inhibitor) for 30 min at 4°C. The lysates 
were centrifuged, and the supernatant was transferred to 
pass through a 0.22 μm membrane syringe. A small aliquot 

F I G U R E  1   YBX1 is highly expressed in BAT and induced by cold exposure and β-adrenergic agonist. (A) Real-time quantitative PCR 
(qPCR) analysis of mRNA expression of Ybx1 in BAT and WAT from 8-week-old male mice. (B) Western blot analysis of protein expression 
of YBX1 and UCP1 in BAT and WAT from 8-week-old male mice. (C) qPCR analysis of mRNA expression of Ybx1 in BAT from mice with or 
without cold exposure (4°C) for 8 h. (D) Western blot analysis of protein expression of YBX1 and UCP1 in BAT from mice with or without 
cold exposure (4°C) for 8 h. (E) qPCR analysis of mRNA expression of Ybx1 in BAT from mice injected daily with or without CL316,243 
at 1 mg/kg for 7 days. (F) Western blot analysis of protein expression of YBX1 and UCP1 in BAT from mice injected daily with or without 
CL316,243 at 1 mg/kg for 7 days. The data were presented as the mean ± SD (n = 6). ***p < .001
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of the lysate was saved as input, and the remaining sam-
ple was incubated with anti-FLAG or IgG magnetic beads 
(Beyotime Biotechnology) for 4 h at 4°C. Then, the beads 
were eluted in a wash buffer containing 3 × FLAG peptide. 
The input and immunoprecipitated RNAs were isolated by 
TRIzol and were reverse transcribed into cDNA. The fold 
enrichment was detected by qPCR.

2.10  |  Transmission electron microscopy

The cells were washed with PBS and fixed in 2.5% glu-
taraldehyde in phosphate buffer (0.1 M, pH 7.0) for 4 h 
and post-fixed with 1% OsO4 in phosphate buffer (0.1 M, 
pH 7.0) for 2  h. Cell pellets were dehydrated with an 
acetone series and embedded in epoxy resin. Ultra-thin 
sections were cut and double-stained with uranyl acetate 

and lead citrate. Images were taken using JEM-2010 HR 
transmission electron microscopy (JEOL).

2.11  |  mRNA decay assay

NC and YBX1 knockdown cells were treated with 5 μg/ml 
actinomycin D to inhibit mRNA transcription. Samples 
were collected at the indicated time points. The total RNA 
was extracted and the mRNA levels of interest were ana-
lyzed by qPCR. Actb was used as an internal control.

2.12  |  Oxygen consumption rate analysis

The mitochondrial oxygen consumption rate (OCR) of 
brown adipocytes was measured using a Seahorse XF96 

F I G U R E  2   Knockdown of YBX1 inhibits brown adipogenesis and thermogenesis. (A) Western blot analysis of protein expression 
of YBX1 and UCP1 during mouse primary brown adipogenesis. (B) qPCR analysis of YBX1 knockdown efficiency in primary brown 
preadipocytes treated with negative control (NC) or Ybx1 siRNAs. (C) Western blot analysis of YBX1 knockdown efficiency in primary 
brown preadipocytes treated with NC or Ybx1 siRNAs. (D) Oil Red O staining of differentiated brown preadipocytes treated with NC or 
Ybx1 siRNAs. Scale bar: 100 μm. (E) Relative lipid accumulation was quantified with a microplate spectrophotometer at 500 nm. (F) qPCR 
analysis of mRNA expression of Adipoq, Pparg, Ucp1, Ppargc1a, and Prdm16 in differentiated brown preadipocytes treated with NC or 
Ybx1 siRNAs. (G) Western blot analysis of protein expression of UCP1 and PPARGC1A in differentiated brown preadipocytes treated with 
NC or Ybx1 siRNAs. (H) Immunofluorescent staining of UCP1 in differentiated brown preadipocytes treated with NC or Ybx1 siRNA. Scale 
bar, 20 μm. The data were presented as the mean ± SD from three independent experiments. **p < .01, ***p < .001
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Extracellular Flux Analyzer according to the manufactur-
er's instructions. Fully differentiated cells seeded on XF96 
plate were subjected to a temperature-controlled (37°C) 
extracellular analyzer. After measuring the initial OCR, 

1 μM oligomycin, 2 mM FCCP, and 0.5 mM rotenone/ac-
tinomycin A were then sequentially added into the plate 
by automatic pneumatic injection. After the assay, cells 
were trypsinized and total cell numbers from each well 
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were counted for normalization. Basal respiration was 
calculated as [OCRinitial – OCRR+A]. Maximum respiration 
rate was computed as [OCRFCCP –  OCRR+A]. Data were 
analyzed by Seahorse Wave software.

2.13  |  Statistical analysis

All data were presented as the mean ± SD from three 
independent experiments. All statistical tests were per-
formed using GraphPad Prism 6 software. Statistical sig-
nificance was assessed using a two-tailed Student's t-test 
(for comparison of two groups) or one-way ANOVA fol-
lowed by a Tukey test (for comparison of three or more 
groups). Significance was established at *p < .05, **p < .01 
or ***p < .001.

3   |   RESULTS

3.1  |  YBX1 expression in BAT is 
upregulated by cold exposure and  
β-adrenergic agonist

To investigate the potential role of YBX1 in adipose tis-
sue, we first detected its expression levels in different 
fat depots of mice. As shown in Figure  1A, the mRNA 
levels of Ybx1 were higher in interscapular BAT than in 
subcutaneous WAT. Consistently, YBX1 protein abun-
dance was also enriched in BAT (Figure 1B), suggesting 
the potential involvement of YBX1 in regulating thermo-
genesis. Since cold exposure and β-adrenergic agonists 
are two classical inducers of adaptive thermogenesis, we 
measured YBX1 expression in BAT from mice following 
cold exposure or β-adrenergic agonists CL316,243. As ex-
pected, UCP1 mRNA and protein levels in BAT were in-
duced after cold exposure or CL316,243 treatment of mice 
(Figure 1C–F). Similarly, the expression of YBX1 was also 
significantly promoted by cold exposure or CL316,243 
(Figure 1C–F). These results suggest that the induction of 

YBX1 is required for the remodeling of thermogenic adi-
pose tissues.

3.2  |  YBX1 deficiency suppresses brown 
adipocyte differentiation and thermogenic 
gene expression

To investigate whether YBX1 influences brown adipocyte 
differentiation and thermogenesis, we isolated brown pri-
mary preadipocytes from mice and performed an in vitro 
brown adipogenesis assay. As shown in Figure  2A, both 
YBX1 and UCP1 were upregulated during brown adipocyte 
differentiation. Next, we performed YBX1 loss-of-function 
experiments using siRNA that exhibited about 45%–60% 
knockdown of endogenous YBX1 protein expression in 
cells (Figure  2B,C). Oil red O staining showed that loss 
of YBX1  severely inhibited brown adipogenesis and lipid 
accumulation (Figure  2D,E). In addition, YBX1  knock-
down reduced the expression of general adipogenesis 
marker, such as adiponectin (Adipoq) and peroxisome 
proliferator-activated receptor gamma (Pparg) (Figure 2F). 
Importantly, YBX1 deficiency significantly decreased the 
mRNA and protein expression of thermogenic genes, in-
cluding Ucp1, proliferator-activated receptor gamma co-
activator 1 (Ppargc1a), and PR domain-containing protein 
16 (Prdm16) (Figure  2F,G). Furthermore, immunofluo-
rescence assay revealed a decreased UCP1 expression in 
YBX1-deficient brown adipocytes (Figure 2H). Collectively, 
these data indicate that YBX1 knockdown inhibits brown 
adipogenesis and thermogenic gene expression.

3.3  |  YBX1 is essential for the thermogenic  
function of brown adipocytes by 
promoting mitophagy

Given the vital role of the mitochondria in the thermogenic 
capacity of brown adipocytes, we investigate whether 
YBX1 influences mitochondrial content and function. 

F I G U R E  3   YBX1 increases thermogenic gene expression in brown adipocytes via promoting mitophagy. (A) The relative mtDNA copy 
number in differentiated brown preadipocytes treated with NC or Ybx1 siRNA. (B) qPCR analysis of mRNA expression of Nrf1 and Tfam 
in differentiated brown preadipocytes treated with NC or Ybx1 siRNA. (C) Western blot analysis of protein expression of MAP1LC3B and 
SQSTM1 in differentiated brown preadipocytes treated with NC or Ybx1 siRNA. (D) Immunofluorescent staining of differentiated brown 
preadipocytes treated with NC or Ybx1 siRNA. Red color represents mitochondria stained with MitoTracker Red. Green color represents 
MAP1LC3B. Yellow color represents the colocalization of mitochondria and autophagosome. Scale bar, 10 μm. (E) Quantitative analysis 
of the yellow fluorescence signal per cell. (F) Transmission electron microscopy analysis of autophagosomes in differentiated brown 
preadipocytes treated with NC or Ybx1 siRNA. Scale bar: 1 μm. (G) qPCR analysis of mRNA expression of Ucp1 and Ppargc1a in EGFP or 
YBX1-overexpressing brown adipocytes treated with or without 50 μM Mdivi-1 or 10 mM 3-MA. (H) Western blot analysis of MAP1LC3B, 
UCP1, and PPARGC1A in EGFP or YBX1-overexpressing brown adipocytes treated with or without 50 μM Mdivi-1 or 10 mM 3-MA. (I) 
Seahorse analysis of oxygen consumption rates (OCR) in EGFP or YBX1-overexpressing brown adipocytes treated with or without 50 μM 
Mdivi-1 or 10 mM 3-MA. *p < .05, **p < .01, ***p < .001, Ad-YBX1 group compared to Ad-EGFP group. The basal and maximal OCR are 
shown in the right panel. The data were presented as the mean ± SD from three independent experiments. *p < .05, **p <  .01, ***p < .001
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First, we assessed the generation of mitochondria by ana-
lyzing mtDNA copy number and immunofluorescence 
assay. The results showed that YBX1 deficiency didn't 
affect the mitochondrial number of brown adipocytes 

(Figure  3A). Interestingly, the expression of transcrip-
tion factors involved in mitochondrial biogenesis, includ-
ing nuclear respiratory factor 1 (Nrf1) and transcription 
factor A, mitochondrial (Tfam), were downregulated 
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upon YBX1 knockdown (Figure 3B), suggesting that loss 
of YBX1 inhibited mitochondrial biogenesis. Thus, we 
presumed that YBX1  might promote mitochondria deg-
radation. As expected, decreased MAP1LC3B-II:I ratio 
(autophagy marker) and increased SQSTM1/p62 (a pro-
tein specifically degraded in lysosomes) level were ob-
served in YBX1-depleted cells (Figure  3C), indicating 
that there was attenuated autophagic flux. To further 
confirm whether YBX1 affects mitophagy, we examined 
the colocalization of mitochondria and autophagosome 
using MitoTracker and MAP1LC3B staining. Confocal 
images of YBX1-deficient brown adipocytes showed a 
significantly decreased number of red puncta and yellow 
signal (Figure 3D,E), indicating that alleviated mitophagy 
than control brown adipocytes. Accordingly, we observed 
less number of autophagosomes in YBX1-deficient cells 
using transmission electron microscopy (Figure 3F). The 
decreased mitochondrial biogenesis but equivalent mi-
tochondrial content in YBX1-deficient cells suggests the 
defective mitochondrial clearance and deceleration of 
mitochondrial turnover, which would be due to impaired 
mitophagy in the absence of YBX1.

To validate whether YBX1 affects thermogenesis 
through mitophagy, we treated control and YBX1-
overexpressing cells with or without mitophagy inhib-
itor. Mdivi-1 is a specific inhibitor of mitochondrial 
fission protein dynamin-related protein 1 (DRP1), which 
is now widely considered as a specific mitochondrial 
fission/mitophagy inhibitor.19,20 We found that Mdivi-1 
treatment reversed the increased mRNA levels and pro-
tein abundance of thermogenic genes upon YBX1 over-
expression (Figure  3G,H). Moreover, the upregulated 
thermogenic gene expression in YBX1-overexpressing 
cells could also be restored by mitophagosome forma-
tion inhibitor 3-methyladenine (3-MA)21 (Figure 3G,H). 
To determine the effect of YBX1 and mitophagy on ther-
mogenesis, we used Seahorse Flux Analyzer to measure 
the OCR of cells. Importantly, YBX1 overexpression in-
creased basal OCR and maximum respiratory capacity 

in primary brown adipocytes, which could be alleviated 
upon Mdivi-1 and 3-MA treatments (Figure 3I). Together, 
these findings demonstrate that YBX1 facilitates the 
thermogenesis of brown fat cells through enhancing 
mitophagy.

3.4  |  YBX1 enhances mitophagy via  
promoting mRNA stability of Pink1  
and Prkn

To further elucidate the underlying molecular mecha-
nism of YBX1 in mitophagy regulation, we detected 
the expression of mitophagy-related genes upon 
YBX1 knockdown. We found that YBX1 deficiency dra-
matically decreased mRNA levels of Pink1 and Prkn, two 
key mitophagy-related genes, while Bnip3 and Fundc1 
were unchanged (Figure 4A). Consistently, the protein 
expression of PINK1 and PRKN were repressed upon 
YBX1 knockdown (Figure 4B). In contrast, YBX1 over-
expression increased the mRNA and protein levels of 
Pink1 and Prkn (Figure 4C,D), suggesting that YBX1 pos-
itively regulates PINK1/PRKN pathway. To test whether 
YBX1 influences thermogenesis through PINK1/PRKN 
pathway, we performed a rescue experiment and found 
that knockdown of PINK1 or PRKN could reverse the 
upregulated mRNA expression of Ucp1 and Ppargc1a in 
YBX1-overexpressing cells (Figure 4E). Thus, YBX1 af-
fects thermogenic gene expression by regulating PINK1 
and PRKN expression.

Since YBX1 is a DNA/RNA binding protein, it is im-
portant to investigate the specific role of YBX1 in the 
modulation of Pink1 and Prkn expression. We tested 
through detecting the cellular distribution of YBX1 in 
primary brown adipocytes and found that YBX1 protein 
was predominantly localized in the cytoplasm during 
adipogenesis (Figure 4F), suggesting that YBX1 mainly 
serves as a RBP in brown adipocytes, rather than a 
transcription factor. Using RBPDB database (http://

F I G U R E  4   YBX1 positively regulates mitophagy through targeting and stabilizing Pink1 and Prkn mRNAs. (A) qPCR analysis of 
mRNA expression of genes involved in mitophagy (Pink1, Prkn, Bnip3, and Fundc1) in differentiated brown preadipocytes treated with 
NC or Ybx1 siRNA. (B) Western blot analysis of protein expression of PINK1 and PRKN in differentiated brown preadipocytes treated with 
NC or Ybx1 siRNA. (C) qPCR analysis of mRNA expression of Pink1 and Prkn in EGFP or YBX1-overexpressing brown adipocytes. (D) 
Western blot analysis of protein expression of PINK1 and PRKN in EGFP or YBX1-overexpressing brown adipocytes. (E) qPCR analysis 
of mRNA expression of Ucp1, Ppargc1a, Pink1, and Prkn in EGFP or YBX1-overexpressing cells transfected with or without Pink1 or Prkn 
siRNA. ***p <  .001, Ad-YBX1 group compared to Ad-EGFP group. (F) Cellular distribution of YBX1 in differentiating brown adipocytes. 
(G) The analysis of potential YBX1-binding sites within Pink1 and Prkn mRNA using the RBPDB database. (H) Western blot to confirm the 
immunoprecipitation of FLAG protein. (I) RNA immunoprecipitation-qPCR (RIP-qPCR) analysis of the interaction of Pink1, Prkn, Ucp1, 
and Ppargc1a mRNAs with FLAG in cells overexpressing EGFP or FLAG-tagged YBX1. Ybx1 was used as the positive control, Actb was 
used as the negative control. (J) mRNA lifetimes of Pink1 and Prkn in differentiated brown preadipocytes treated with NC or Ybx1 siRNA. 
(K) mRNA lifetimes of Bnip3, Ucp1, and Ppargc1a in differentiated brown preadipocytes treated with NC or Ybx1 siRNA. The data were 
presented as the mean ± SD from three independent experiments. **p < .01, ***p < .001

http://rbpdb.ccbr.utoronto.ca/
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rbpdb.ccbr.utoro​nto.ca/)22 to predict whether YBX1 
binds to mitophagy-related mRNAs, the results showed 
that YBX1  may bind to Pink1 and Prkn with multi-
ple potential binding sites, but not Bnip3 and Fundc1 
(Figure  4G).23  To further confirm whether Pink1 and 
Prkn transcripts were targets of YBX1 in mouse primary 
brown adipocytes and verify their exact binding sites, 
we infected the cells with YBX1-expressing adenovirus 
and performed RNA immunoprecipitation-qPCR (RIP-
qPCR) with gene-specific primers. The FLAG-tagged 
YBX1 was successfully precipitated using FLAG beads 
(Figure 4H). A previous study reported that YBX1 could 
bind to its own mature mRNA, which was used as a pos-
itive control,24,25 while Actb was chosen as the negative 
control. The RIP-qPCR analysis identified that YBX1 
directly bonds to the coding sequence (CDS) region of 
Pink1 and Prkn mRNAs (Figure 4I), as the previous re-
port that YBX1-to-RNA binding site mainly located in 
coding regions and 3′UTRs.26 Of note, we found that 
YBX1 preferred to recognize Pink1 at CDS of the range 
1046–1051 and 1259–1264, and target Prkn at CDS of 
the range 244–249 (Figure  4I). In addition, we tested 
whether YBX1 directly targets mRNAs of thermogenic 
genes and confirmed that Ucp1 and Ppargc1a were 
not direct targets of YBX1 (Figure  4I). Together, these 
results suggested that both Pink1 and Prkn transcripts 
were targets of YBX1.

Numerous studies have implicated YBX1, as a mul-
tifunctional RBP, that regulates mRNA stability, decay, 
translation, and localization in mammals.14,27,28 The pos-
itive correlation between YBX1 expression and mRNA 
levels of Pink1 and Prkn implied that YBX1 may stabilize 
their mRNAs. Indeed, we further validated that loss of 
YBX1 shortened the lifespan of Pink1 and Prkn mRNAs 
(Figure  4J), whereas the Bnip3  mRNA stability was un-
changed (Figure  4K). These results indicated that YBX1 
deficiency decreased protein expression of PINK1 and 
PRKN through directly binding and destabilizing their 
mRNAs. Taken together, these our findings demonstrate 
that YBX1 enhances mitophagy via promoting Pink1 and 
Prkn mRNA stability.

3.5  |  YBX1 is a key factor regulating 
energy expenditure and thermogenesis 
in vivo

To investigate the function of YBX1 in a thermogenic 
commitment under physiologic conditions in vivo, we 
specifically injected EGFP-  or YBX1-expressing adeno-
virus into interscapular BAT of 8-week-old mice. After 
1 week of virus injection, we first isolated the BAT to de-
tect the overexpression efficiency. Immunofluorescence 

image of BAT from mice infected with Ad-EGFP or Ad-
YBX1  showed robust EGFP expression, indicating the 
success of virus infection (Figure  5A). Using qPCR and 
western blot analysis, we confirmed that YBX1 was over-
expressed in BAT (Figure  5B,C). Compared with the 
control group, mice infected with Ad-YBX1  had higher 
core body temperature at room temperature (Figure 5D). 
Moreover, mice infected with Ad-YBX1  maintained 
body temperature against acute cold exposure more ef-
ficiently than mice infected with Ad-EGFP (Figure 5E). 
Immunofluorescence analysis also revealed facilitated 
UCP1 expression in BAT from mice infected with Ad-
YBX1 when compared with the control group (Figure 5A). 
Furthermore, thermographic imaging of these mice 
showed that overexpression of YBX1 increased the sur-
face temperature of BAT compared to the control group 
at room temperature (Figure  5F). There are even more 
significant differences between them under cold exposure 
conditions (Figure 5G). Consistent with this phenotype, 
YBX1 overexpression increased the mRNA and protein 
expression of thermogenic genes Ucp1 and Ppargc1a in 
BAT (Figure 5H,I). These results suggest that YBX1 pro-
motes energy expenditure and thermogenesis in vivo.

To confirm whether YBX1 influenced mitophagy in 
vivo, we detected the expression of mitophagy-related 
genes in BAT from mice infected with Ad-EGFP or Ad-
YBX1. Compared with the control group, the MAP1LC3B-
II:I ratio was increased in the YBX1-overexpressed group 
(Figure  5I). Furthermore, forced expression of YBX1 in 
BAT promoted the mRNA levels and protein abundance 
of Pink1 and Prkn (Figure 5H,I). Collectively, these find-
ings show that YBX1 enhances thermogenesis and PINK1/
PRKN-mediated miophagy in vivo.

4   |   DISCUSSION

Cold shock proteins in bacteria are known to be involved 
in adaptation to low temperatures.15,29 Emerging evidence 
showed that CSD-containing proteins played critical roles 
in BAT thermogenesis.13,30 YBX family protein harbors an 
evolutionarily conserved CSD. Knockout of YBX2 impaired 
cold-induced brown fat activation in mice and brown adi-
pogenesis.13 A recent study showed that YBX1 abundance 
was increased in subcutaneous WAT and BAT upon cold 
exposure in mice.16  Knockdown of YBX1 inhibited white 
adipocytes browning and impaired thermogenic potential 
partially through mediating histone demethylase JMJD1c at 
the transcriptional level. However, the post-transcriptional 
mechanism of YBX1 in brown thermogenesis regulation 
and its function in brown fat in vivo remains unknown. In 
this study, we found the expression of YBX1 in BAT from 
mice following cold exposure and β-adrenergic agonist 

http://rbpdb.ccbr.utoronto.ca/
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F I G U R E  5   Overexpression of YBX1 in BAT enhances energy expenditure and thermogenesis in mice. (A) Immunofluorescence 
detection of EGFP and UCP1 in BAT from mice infected with Ad-EGFP or Ad-YBX1 for 1 week. Nuclei are stained with DAPI. Scale bar, 
100 μm. (B) qPCR analysis of mRNA expression of YBX1 in BAT from mice infected with Ad-EGFP or Ad-YBX1 for 1 week. (C) Western 
blot of analysis of protein expression of YBX1 in BAT from mice infected with Ad-EGFP or Ad-YBX1 for 1 week. (D) The rectal temperature 
of mice infected with Ad-EGFP or Ad-YBX1 at room temperature. (E) The rectal temperature of mice infected with Ad-EGFP or Ad-YBX1 
during acute cold exposure and fasting for 6 h. (F) Thermal images and BAT temperatures of mice infected with Ad-EGFP or Ad-YBX1 
at room temperature. (G) Thermal images and BAT temperatures of mice infected with Ad-EGFP or Ad-YBX1 at 4°C for 6 h. (H) qPCR 
analysis of mRNA expression of Ucp1, Ppargc1a, Pink1, and Prkn in BAT from mice infected with Ad-EGFP or Ad-YBX1. (I) Western blot of 
analysis of protein expression of UCP1, PPARGC1A, MAP1LC3B, PINK1, and PRKN in BAT from mice infected with Ad-EGFP or Ad-YBX1. 
The data were presented as the mean ± SD (n = 6). **p < .01, ***p < .001
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treatment, confirming the role of YBX1 in thermogenesis. 
At the cellular level, we showed that YBX1, as a RBP, posi-
tively regulated brown adipogenesis and thermogenesis by 
promoting mRNA stability of Pink1 and Prkn. Furthermore, 
overexpression of YBX1 in BAT promoted energy expendi-
ture and thermogenesis in mice. To better understand the 
explicit role of YBX1 in vivo, BAT-specific YBX1 knockout 
mice would be needed for further investigation.

Mitochondria plays key a role in energy metabolism, 
especially in thermogenic BAT. Accumulating evidence 
has suggested that mitophagy is required for BAT activa-
tion.6,31–33 The induction of mitophagy was observed in 
BAT of mice following cold exposure,7 indicating mito-
phagy is necessary for cold-induced thermogenesis. A re-
cent study showed that mitophagy deficiency led to brown 
fat dysfunction and attenuated thermogenesis in mice.8 

Lack of mitophagy receptor FUNDC1 in mice caused 
defective mitophagy and compromised mitochondrial 
quality, which resulted in declined energy expenditure 
and more severe obesity when fed a high-fat diet (HFD).9 
Here, we showed that YBX1 promoted the thermogenic 
program of brown adipocytes through enhancing mito-
phagy. Mitophagy is important for mitochondrial remod-
eling and quality. We discovered a novel role for YBX1 as 
a positive mediator of mitophagy. YBX1 knockdown led 
to impaired mitophagy and decelerated mitochondrial 
turnover, which may partially contribute to the accumu-
lation of dysfunctional mitochondria, thereby inhibiting 
thermogenesis. A previous study reported that YBX1 
was known to localize to mitochondria,34 and negatively 
regulate mitochondrial function in HeLa cells.35  These 
findings suggest that YBX1 may play a cell type-specific 

F I G U R E  6   Proposed mechanism of YBX1 regulates brown adipocyte differentiation and thermogenic program through PINK1/
PRKN-mediated mitophagy. In brown adipocytes, YBX1 specifically recognizes and binds to Pink1 and Prkn mRNAs, protecting them from 
degradation, resulting in increased protein expression and enhanced mitophagy, thereby promoting adipogenesis and thermogenesis. YBX1 
deficiency decreases mRNA stability and protein abundance of Pink1 and Prkn, which in turn inhibits mitophagy and thermogenic gene 
expression, resulting in attenuated adipogenesis and thermogenesis
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role in the regulation of mitochondrial function and 
mitophagy.

Previous studies showed that PINK1/PRKN-mediated 
mitophagy was of physiological importance to prevent met-
abolic disorders in various animal models.36,37 Global or 
BAT-specific deletion of pink1 induced BAT dysfunction 
and obesity-prone type in mice.8 We found that YBX1 en-
hanced mitophagy by increasing the expression of PINK1 
and PRKN, but not BNIP3 and FUNDC1. However, we can-
not rule out that YBX1 may also regulate other mitophagy-
related regulators or pathways, which needed to be tested by 
RIP couple with high throughput RNA-sequencing.

RNA-binding proteins play a critical role in modu-
lating gene expression and signal pathways through de-
termining RNA fate from synthesis to decay. Numerous 
studies have implicated YBX1 as a multifunctional 
DNA/RNA binding protein involved in transcriptional 
regulation, pre-mRNA splicing, mRNA stability, and 
translation.14 Given the cytoplasm localization of YBX1 
in brown fat cells, we mainly focus on its effect on RNA. 
Our study further showed that YBX1  mediated Pink1 
and Prkn expression by promoting their mRNA stability. 
Similarly, YBX2 was found to control the mRNA stabil-
ity of Ppargc1a to regulate brown fat thermogenesis.13 
In HeLa cells, YBX1 was reported to impair mitochon-
drial function by suppressing translation of mRNAs 
coding for oxidative phosphorylation proteins.35 YBX1 
inhibits epidermal progenitor senescence by regulating 
the mRNA translation of a senescence-associated subset 
of cytokine.38 The potential influence of YBX1 on trans-
lation in brown adipocytes is currently unknown and 
deserves further investigation. Additionally, YBX1 is a 
well-characterized transcription factor with the ability 
to translocate from the cytosol to the nucleus. We can-
not exclude the possibility of YBX1 translocating into 
the nucleus and binding to DNA under specific circum-
stances, which will be further studied in the future.

In summary, our findings reveal that YBX1 plays a crit-
ical role in post-transcriptional regulation of brown adi-
pocyte differentiation and thermogenic function through 
PINK1/PRKN-mediated mitophagy (Figure  6), which 
could be a promising target for therapy of obesity and 
the associated metabolic disease in the future. This study 
also expands our understanding of the underlying mech-
anisms of RNA-binding protein in regulating mitophagy 
and thermogenesis.
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