
www.aging-us.com 10203 AGING 

  

www.aging-us.com AGING 2019, Vol. 11, No. 22 

Research Paper 

Mitochondrial fission regulator 2 (MTFR2) promotes growth, 
migration, invasion and tumour progression in breast cancer cells 
 
Guanming Lu1,*, Yuanhui, Lai2,*, Tiantian Wang3,*, Weihao Lin4, Jinlan Lu5, Yanfei Ma1, Yongcheng 
Chen1, Haiqing Ma6,#, Ruilei Liu7,#, Jie Li4,8 
 
1Department of Breast and Thyroid Surgery, Affiliated Hospital of Youjiang Medical University for Nationalities, 
Basie, Guangxi, China 
2Department of Breast and Thyroid Surgery, Eastern Hospital of the First Affiliated Hospital of Sun Yat-sen 
University, Guangzhou, Guangdong, China 
3Department of Breast and Thyroid Surgery, Shandong Provincial Hospital Affiliated to Shandong University, 
Ji’nan, Shandong, China 
4Department of Breast and Thyroid Surgery, First Affiliated Hospital of Sun Yat-sen University, Guangzhou, 
Guangdong, China 
5Department of Stomatology, Affiliated Hospital of Youjiang Medical University for Nationalities, Basie, Guangxi, 
China 
6Department of Oncology, Fifth Affiliated Hospital of Sun Yat-sen University, Zhuhai, Guangdong, China 
7Department of Breast and Thyroid Surgery, Third Affiliated Hospital of Sun Yat-sen University, Guangzhou, 
Guangdong, China 
8Division of Thyroid and Parathyroid Endocrine Surgery, Massachusetts Eye and Ear Infirmary, Harvard Medical 
School, Boston, MA 02114, USA 
*Equal contribution and co-first authors 
#Co-corresponding authors 
 
Correspondence to: Jie Li, Haiqing Ma, Ruilei Liu; email: lijie78@mail.sysu.edu.cn, mahaiqing@mail.sysu.edu.cn, 
liuruileipaper@163.com 
Keywords: breast cancer, MTFR2, survival, glycolysis 
Received: August 22, 2019 Accepted: October 29, 2019  Published: November 18, 2019 
Correction: This article has been corrected. See Aging 2019; 12: https://doi.org/10.18632/aging.1027358 

Copyright: Lu et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License 
(CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and 
source are credited. 
 
ABSTRACT 
 
Introduction: Mitochondrial fission regulator 2 (MTFR2) belongs to the MTFR family, and 2 isoforms of MTFR2 are 
produced by alternative splicing. The role of MTFR2 in breast cancer (BC) remains unknown. 
Results: MTFR2 was upregulated in BC tissues and was strongly associated with tumor characteristics. Moreover, 
Kaplan-Meier and Cox proportional hazards analyses indicated that high MTFR2 expression was related to poor 
overall survival. In addition, the capacity for migration and invasion decreased in two BC cell lines after knockdown 
of MTFR2. The epithelial-mesenchymal transition pathway was inhibited in MTFR2-silenced cells. MTFR2 can switch 
glucose metabolism from OXPHS to glycolysis in a HIF1α- and HIF2α-dependent manner. 
Conclusion: Taken together, our results indicate that increased expression of MTFR2 is associated with tumour 
progression in breast cancer cells through switching glucose metabolism from OXPHS to glycolysis in a HIF1α- and 
HIF2α-dependent manner. 
Materials and methods: We obtained data from The Cancer Genome Atlas (TCGA) and the Gene Expression 
Omnibus (GEO) to analyse MTFR2 expression in BC. The prognostic value of MTFR2 expression was assessed using 
the Kaplan-Meier method. The biological influence of MTFR2 on BC cell lines was studied using proliferation, 
Transwell migration, invasion and mitochondrial function assays. 
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INTRODUCTION 
 
Breast cancer (BC) is one of the most common cancers 
worldwide and the second leading cause of cancer-
related mortality in women [1]. Although there are 
various treatment options, including surgery, endocrine 
therapy and chemotherapy, the prognosis of patients 
diagnosed with this type of cancer is still poor [2–4]. 
Recent studies have identified many oncogenes and 
signalling pathways that are associated with the 
progression and occurrence of BC [5, 6]. However, the 
mechanisms underlying the progression of BC remain 
unknown. Consequently, it is very important to explore 
additional molecular biomarkers that can serve as novel 
prognostic biomarkers and lead to new treatments for 
BC patients. 
 
The shape of the mitochondrial network results from 
the cumulative activity of two opposing processes: 
fusion and fission [7]. These processes collaborate to 
ensure the homeostatic maintenance of mitochondrial 
function, the bioenergetics of the cell, and the 
commitment to mitosis [8]. Mitochondria are 
multifaceted organelles that are at the centre stage of 
energetics/metabolism, but mitochondria can also take 
part in cellular redox balance, calcium balance, lipid 
modification, and cell death [9]. Recent studies have 
revealed that abnormal mitochondrial fission is 
involved in the pathogenesis of many diseases and 
that it contributes to the progression of tumours [10, 
11]. The function of the mitochondria depends on 
continuous fission-fusion events and can influence 
several cell functions, such as calcium buffering and 
apoptosis [12]. Some studies have demonstrated that 
unstable mitochondrial fission is a driver of the 
progression of malignancies [13, 14]. In addition, a 
significantly high rate of mitochondrial fission occurs 
in chemoresistant cells, and mitochondrial fission 
could determine chemotherapy sensitivity [15, 16]. 
Mitochondrial fission regulator 2 (MTFR2), also 
called family with sequence similarity 54, member A 
(FAM54A), is poorly studied in tumours [17, 18]. 
Some studies have reported that MTFR2 plays an 
important functional role in mitochondrial and aerobic 
respiration and that it promotes mitochondrial fission 
in cells [17, 19]. A recent study revealed that MTFR2 
was significantly elevated in glioma samples and that 
higher MTFR2 expression could be correlated with 
poor prognosis. The loss of MTFR2 could decrease 
cell growth and the tumourigenesis of cells.  However, 
the expression and biological functions of MTFR2 in 
BC remain unclear. 
 
In this study, we aimed to analyse the 
clinicopathological features of MTFR2 expression in 
BC patients and evaluate its biological functions in BC 

tumours. Our results demonstrate for the first time that 
MTFR2 is upregulated in BC tumours and that MTFR2 
expression could predict poor survival. The silencing of 
MTFR2 expression could repress BC cell proliferation, 
migration and invasion. Taken together, these findings 
suggest that MTFR2 could serve as a new therapeutic 
target in breast cancer.   
 
RESULTS 
 
MTFR2 is upregulated in human BC tissues and 
serves as an independent prognostic marker in BC 
patients 
 
To examine MTFR2 expression in BC, we used 
mRNA sequencing or microarray datasets from TCGA 
and GEO. We compared 1085 BC tissues and 112 
normal tissues from TCGA, and the results showed that 
MTFR2 expression was significantly higher in tumour 
tissues than in normal tissues (p<0.01) (Figure 1A). In 
addition, we analysed MTFR2 expression from the 
GSE38959 (p<0.001) and GSE45827 (p=0.003) datasets, 
and the results indicated that MTFR2 expression was 
significantly elevated in BC tissues compared with normal 
tissues (Figure 1B). 
 
We then performed IHC to investigate MTFR2 protein 
expression levels in 1000 pairs of BC tissues and the 
corresponding ANTs. The MTFR2 immunostaining 
signals revealed that 607 BC patients exhibited high 
levels of MTFR2 protein expression and that MTFR2 
protein expression was significantly higher in BC 
tissues than in ANTs (Figure 1C, p=0.016). We then 
analysed the correlations between MTFR2 expression 
and the clinicopathological features of BC patients. 
The results are shown in Table 1. Our findings 
revealed that the expression of MTFR2 was strongly 
associated with age (p=0.001), tumour grade 
(p=0.009), lymph node metastasis (p=0.010) and 
HER2 status (p=0.016) (Table 1). 
 
Kaplan-Meier analysis was used to examine the 
prognostic value of MTFR2 expression. The results 
indicated that BC patients with higher MTFR2 
expression levels had lower overall survival (OS) rates 
than those with low MTFR2 levels (p<0.001) (Figure 
1D). We then analysed the OS rates from the GEPIA 
dataset. The results revealed that patients with high 
MTFR2 expression levels exhibited lower OS than 
those with low MTFR2 expression levels (p=0.0064) 
(Figure 1D). Multivariate analysis demonstrated that 
MTFR2 expression (HR, 1.96; 95% CI, 1.55-2.48; 
p=0.03) and lymph node metastasis (HR, 1.91; 95% CI, 
1.43-2.56; p=0.02) were independent prognostic factors 
for OS (Table 2). We then measured MTFR2 mRNA 



www.aging-us.com 10205 AGING 

 
 

Figure 1. MTFR2 was upregulated in BC and negatively correlated with prognosis. (A) The relative level of MTFR2 in the TCGA 
database (Student’s two-tailed paired test * p<0.05). (B) The relative level of MTFR2 in the GSE45827 and GSE 38959 databases (Student’s 
two tailed paired test * p<0.05, ** p<0.01, *** p<0.001). (C) IHC staining of MTFR2 in BC samples. (D) The overall survival analysis of the 
TCGA database and our own database (Log rank test). (E) The relative level of MTFR2 in our own database (Student’s two tailed paired test 
*** p<0.001). (F) Western blot of MTFR2 in the BC cell line. 
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Table 1. Correlation between MTFR2 expression and clinicopathological characteristics of BC. 

Clinicopathological  
variables n 

MTFR2 expression 
P Value 

Low (393) High (607) 
Age, years     

<50 490 166 324 0.001 
≥50 510 227 283  

Tumour Size, mm     

<20 523 198 325 0.354 
≥20 477 195 282  

Tumour grade     
1, 2 647 235 412 0.009 
3 353 158 195  
Venous involvement     

Negative 914 359 555 0.963 
Positive 86 34 52  

Lymph node metastasis    
 

Negative 432 150 282 0.010 
Positive 568 243 325  

ER    

Negative 253 96 157 0.610  
Positive 747 297 450  

PR    

Negative 411 166 245 0.556  
Positive 589 227 362  

HER2    
Negative 618 261 357  

Positive 382 132 250 0.016  

Abbreviations: ER, oestrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2. 
 

Table 2. Univariate and multivariate Cox regression analysis of risk factors associated with overall survival. 

Variables 
Univariate analysis  Multivariate analysis 

HR 95% CI P Value  HR 95% CI P Value 
MTFR2 expression (High vs. Low) 1.82 1.45−2.27 <0.01  1.96 1.55−2.48 0.03 
Age (≥50 vs. <50) 2.24 1.87−3.33 0.07     
Tumour Size (<20 vs. ≥20) 2.78 1.24−3.03 0.26     
Venous involvement (negative vs. positive) 1.11 0.77−3.83 <0.01  1.62 1.25−2.09 0.39 
Lymph node metastasis (negative vs. positive) 3.18 3.60−9.87 <0.01  1.91 1.43−2.56 0.02 
ER (negative vs. positive) 0.76 0.21−1.17 0.09  
PR (negative vs. positive) 1.63 0.69−4.01 0.08  
HER2 (negative vs. positive) 2.76 1.39−4.86 <0.05  1.80 0.65−3.04 0.05 

Abbreviations: ER, oestrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor-2.
 

levels in 30 pairs of tissues and corresponding ANTs 
using qRT-PCR and found that the level of mRNA 
expression of MTFR2 was higher in BC tissues than in 
ANTs (Figure 1E). Taken together, these results 
indicated that MTFR2 mRNA is more highly expressed 
in BC tissues than in ANTs. 

MTFR2 promotes the proliferation, migration and 
invasion of breast cancer cells 
 
To uncover the bio-function of MTFR2 in BC cells, we 
analysed MTFR2 expression in BC cell lines. Except for 
MCF-7, the cell lines expressed high levels of MTFR2 
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(Figure 1F). MTFR2 was stably knocked down in the 
Hs578T and MDA-231 cell lines and overexpressed in 
the MCF-7 cell line (Figure 2A). Colony formation 
assays and CCK-8 assays revealed that higher levels of 
MTFR2 showed higher proliferation rates in breast 
cancer cell lines (Figure 2B, 2C). We next detected the 
effect of MTFR2 on cell migration and invasion motility. 
The results revealed that the capability for cell migration 
and invasion significantly increased in cells with 
relatively high levels of MTFR2 (Figure 2D). These 
results suggest that MTFR2 promotes proliferation, 
migration and invasion in BC cells. 
 
MTFR2 promotes the epithelial-mesenchymal 
transition of BC cells 
 
Our study has revealed that MTFR2 promotes 
proliferation, migration and invasion in BC cells. The 
EMT phenotype is associated with invasion in cancer 
cells [20]. The results showed that mesenchymal 
markers such as N-cadherin, Snail, Vimentin and slug 
decreased, but epithelial markers such as E-cadherin 
increased in the MTFR2 knockdown cell lines; 
however, mesenchymal markers increased, but 
epithelial markers decreased at both the RNA and 
protein levels in the MTFR2-overexpressing cell line 
(Figure 2E). These results suggest that MTFR2 
promotes the mesenchymal transition of BC. 
 
MTFR2 maintains the aerobic glycolysis of BC cells 
 
MTFR2 has rarely been studied in tumourigenesis. 
However, previous evidence showed that MTFR2 was 
correlated with mitochondrial function. In our study, we 
found that the activities of mitochondrial complexes I, 
II and III significantly increased in sh-MTFR2 cells 
(Figure 3A p<0.001), which is consistent with the 
levels of the Fe-S-containing subunits Ndufs1 (complex 
I), SdhB (complex II), and Uqcrfs1 (complex III) 
(Figure 3B p<0.001). Furthermore, other mitochondrial 
proteins, such as CytC (cytochrome C) and Fech 
(ferrochelatase), were also increased in MTFR2 
knockdown cells. In contrast, we found that the 
mitochondrial complexes and proteins of Ndufs1, SdhB, 
Uqcrfs1, CytC and Fech decreased in MTFR2-
overexpressing cells (Figure 3B p<0.001). 
 
To further detect the relationship of MTFR2 and 
mitochondrial function, we detected the viability of 
MTFR2 knockdown and overexpression cells under 
various inhibitors of mitochondrial complexes. The 
results showed that the viability of MTFR2 knockdown 
cells significantly increased while the viability of 
MTFR2-overexpressing cells decreased compared with 
NC (Figure 3C p<0.001). Then, we found that the level 
of ATP significantly decreased in MTFR2 knockdown 

cells and increased in MTFR2-overexpressing cells 
(Figure 3D p<0.001). The process of ATP production is 
involved in OXPHOS and glycolysis. Therefore, we 
detected the levels of several proteins involved in 
glycolysis, such as Glut1 (glucose transporter 1) and 
LdhA/B (lactate dehydrogenase A/B). The results 
showed that these proteins were significantly decreased 
in MTFR2-knockdown cells and increased in MTFR2-
overexpressing cells (Figure 3E p<0.001). Furthermore, 
we measured the content of lactic acid and found that 
MTFR2 knockdown cells produced and secreted less 
lactic acid. In contrast, the levels of lactic acid were 
increased in MTFR2-overexpressing cells compared with 
NC cells (Figure 3F p<0.001). 
 
To verify this hypothesis, we detected the OCR (oxygen 
consumption rate) and the ECAR (extracellular 
acidification rate) to measure mitochondrial respiration 
and glycolytic rate by using an Agilent Seahorse analyser. 
The results demonstrated that MTFR2 knockdown cells 
had higher resting OCR and OXPHOS after treatment 
with carbonyl cyanide p-(trifluoromethoxy) 
phenylhydrazone (FCCP) than before treatment (Figure 
4A p<0.001). Moreover, MTFR2 knockdown cells had a 
much lower ECAR after treatment with glucose and 
oligomycin than before treatment. Taken together, these 
results suggest that MTFR2 maintains cellular aerobic 
glycolysis. (Figure 4B p<0.001) 
 
MTFR2-induced Hif1α and Hif2α promote 
proliferation, migration and invasion in breast 
cancer cells 
 
We further investigated the mechanism by which 
MTFR2 affects OXPHOS and glycolysis. HIF is a key 
factor in regulating the levels of genes involved in 
glycolytic respiration. In our study, we found that 
MTFR2 knockdown resulted in a significant reduction 
in Hif1α and Hif2α. However, MTFR2 overexpression 
resulted in significant production of Hif1α and Hif2α 
(Figure 5A, 5B p<0.001). To further confirm the 
critical role of HIF1α and Hif2α in mitochondrial 
functions, we constructed a rescue cell line; we 
overexpressed both HIF1α and Hif2α in the MTFR2 
knockdown cell line and knocked down both HIF1α and 
Hif2α in the MTFR2-overexpressing cell line (Figure 
5C, 5D p<0.001). We next applied proliferation, 
Transwell, and invasion chamber assays. MTFR2 
promoted the proliferation, migration and invasion of 
BC cells, which corresponded to the previous study, and 
the function of the rescue cells was totally restored 
compared with the NC cells (Figure 5E–5G p<0.001); 
the EMT markers were also totally restored (Figure 
5H p<0.001), indicating that MTFR2 exerts its function 
in a HIF1α- and Hif2α-dependent manner. 



www.aging-us.com 10208 AGING 

 
 

Figure 2. MTFR promotes the proliferation, migration and invasion of BC. (A) Western blot of MTFR2 in the cell line (NC, Negative 
Control; OV，overexpression; Sh, small hairpin RNA). (B) The CCK-8 assay of different cell lines (Student’s two one-tailed paired test * 
p<0.05). (C) The colony formation assay and statistical analysis of different cell lines (Student’s two one-tailed paired test * p<0.05). (D) The 
migration and invasion assays of different cell lines (Student’s two one-tailed paired test * p<0.05). (E) Western blot of EMT markers of 
different cell lines.  
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MTFR2-induced Hif1α and Hif2α are responsible 
for maintaining aerobic glycolysis 
 
We have previously shown that MTFR2 promotes 
proliferation, migration and invasion through switching 
from OXPHOS to aerobic glycolysis. We further 
studied the OXPHOS function and aerobic glycolysis 
function in the cell lines described above. The 
OXPHOS activity markers were totally restored 

compared with NC in both MDA-231 and Hs578T cell 
lines (Figure 6A and Figure 6B p<0.001). The reaction 
of cells to the inhibitors was also totally restored 
(Figure 6C p<0.001). ATP production decreased in the 
MCF-7 rescue cell line but increased in the MDA-231 
and Hs578T cell lines (Figure 6D p<0.001). The 
glycolysis markers Glut2, LdhA and LdhB were 
restored to baseline and lactic acid production, which is 
an important glycolysis marker restored (Figure 6E

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. MTFR promotes the glycolysis of BC. (A) The relative activities of the CI CII and CIII of different cell lines (Student’s two one-
tailed paired test * p<0.05). (B) Western blot of OXPHOS markers of different cell lines. (C) The relative viability of different cell lines treated 
with different inhibitors (Student’s two one-tailed paired test * p<0.05). (D) The relative ATP level of different cell lines (Student’s two one-
tailed paired test * p<0.05). (E) Western blot of glycolysis markers of different cell lines. (F) The relative lactic acid level of different cell lines 
(Student’s two one-tailed paired test * p<0.05). 
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and Figure 6F p<0.001). We next applied OCAR and 
ECAR assays. The results show that the rescue cell line 
totally returned to baseline compared with the NC cell 
line (Figure 7A, 7B p<0.001). Taken together, the 
results show that MTFR2 switches glucose metabolism 
from OXPHS to aerobic glycolysis in a HIF1 α - and 
Hif2α-dependent manner, the correlation between 
MTFR2 and HIF1α and HIF2α in TCGA database was 
detected in Supplementary Figure 1, however, the 
correlation didn’t quite match, it may due to the 
complicated network in metabolism, other gene may 
exert its’ function through HIF1α and HIF2α, not only 
MTFR2. 
 
MTFR2 promotes the proliferation and metastasis of 
breast cancer cells in vivo 
 
We have indicated that MTFR promotes the 
proliferation and migration and invasion of breast 
cancer in vitro. To further uncover the biological 
function, we established a xenograft mouse tumour 
model and a lung metastasis model. As shown in Figure 
8A, 8B, the tumour volume of MCF-7-OV significantly 
increased compared with the control, whereas 
knockdown of MTFR in MDA-231 and Hs578T cells 
inhibited tumour growth. Lung metastasis significantly 
increased in cells with higher levels of MTFR (Figure 
8C, 8D p<0.001). Metastasis is a complicated process 
that includes early invasion and late colocation into 
target organs. We analysed the circulating tumour cells 
(CTCs) from whole blood samples. The results were 
normalized to peripheral blood mononuclear cells 
(PBMCs). The results show that the population of CTCs 
increased in MCF-7-OV, MDA-231-NC and Hs578T-
NC cells (Figure 8E p<0.01). We also analysed the 
human LINE1 DNA level, another indicator of CTCs, 
normalized to mouse LINE1 DNA levels. Cells with 

relatively high levels of MTFR harbour relatively high 
levels of human LINE1 DNA (Figure 8F p<0.01). 
 
DISCUSSION 
 
To our knowledge, this study is the first to explore 
MTFR2 expression in BC. Our results provide evidence 
that the expression level of MTFR2 is higher in BC 
tissues than in ANTs. In addition, IHC revealed that the 
expression of MTFR2 was significantly correlated with 
the clinicopathological features of BC patients and with 
patient prognosis. Furthermore, our data showed that 
the overexpression of MTFR2 could promote breast 
cancer cell progression. Moreover, the results showed 
that the inhibition of MTFR2 suppressed the ability of 
BC cells to proliferate, migrate and invade. The findings 
of these analyses suggest that MTFR2 promotes BC cell 
progression and might be a novel predictor for BC 
patient prognosis. 
 
MTFR2 plays an important functional role in 
mitochondria and promotes mitochondrial fission [19]. 
Many studies have explored whether mitochondrial 
dysfunction is implicated in tumourigenesis and whether 
mitochondrial fission is associated with breast carcinoma 
invasion and metastasis [21, 22]. We hypothesized that 
MTFR2 was upregulated in BC tissues and could serve as 
a biomarker for BC. First, we analysed MTFR2 
expression in TCGA datasets and microarray data from 
GEO. In addition, we measured MTFR2 expression in 30 
pairs of BC specimens and ANTs using qRT-PCR. Taken 
together, the results suggest that MTFR2 expression levels 
are higher in BC tissue than in the corresponding ANTs. 
Furthermore, we performed IHC to detect MTFR2 
expression in 1000 pairs of BC samples and ANTs. 
Further evaluation of the relationship between MTFR2 
staining and patient clinical characteristics showed that 

 

 
 

Figure 4. MTFR switches the OXPHOS of BC to glycolysis. (A) The OCR of different cell lines. (B) The ECAR of different cell lines. 
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Figure 5. MTFR promotes the proliferation and migration and invasion of BC in a HIF1α- and HIF2α-dependent manner. (A) 
The relative mRNA levels of HIF1α and HIF2α in different cell lines (Student’s two one-tailed paired test * p<0.05). (B) Western blot of HIF1α 
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and HIF2α in different cell lines. (C) The relative mRNA levels of HIF1α and HIF2α in different cell line (Student’s two one-tailed paired test * 
p<0.05). (D) Western blot of HIF1α and HIF2α in different cell lines. (E) CCK-8 assay of different cell lines (Student’s two one-tailed paired test 
* p<0.05). (F) The colony formation assay and statistical analysis of different cell lines (Student’s two one-tailed paired test * p<0.05). (G) The 
migration assay and invasion assay of different cell lines (Student’s two one-tailed paired test * p<0.05). (H) Western blot of EMT markers of 
different cell lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. MTFR promotes the glycolysis of BC in a HIF1α- and HIF2α-dependent manner. (A) The relative activities of the CI CII and 
CIII of different cell lines (Student’s two one-tailed paired test * p<0.05). (B) Western blot of OXPHOS markers of different cell lines. (C) The 
relative viability of different cell lines treated with different inhibitors (Student’s two one-tailed paired test * p<0.05). (D) The relative ATP 
level of different cell lines (Student’s two one-tailed paired test * p<0.05). (E) Western blot of glycolysis markers of different cell lines. (F) The 
relative lactic acid level of different cell line (Student’s two one-tailed paired test * p<0.05). 
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Figure 7. MTFR switches the OXPHOS to the glycolysis of BC in a HIF1α- and HIF2α-dependent manner. (A) The OCR of different 
cell lines. (B) The ECAR of different cell lines. 
 

 
 

Figure 8. MTFR promotes the progression of breast cancer cells in vivo. (A) A representative image of the tumours of xenografted 
mice, scale bar 0.5 cm. (B) The tumour volume of xenografted mice (Student’s two one-tailed paired test * * p<0.01). (C) A representative 
image of lung metastasis. (D) Photo flux of lung metastasis (Student’s two one-tailed paired test * ** p<0.001). (E) The population of CTCs 
(Student’s two one-tailed paired test * * p<0.01). (F) The human LINE1 DNA level (Student’s two one-tailed paired test * * p<0.01). 
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the MTFR2 protein level in BC tissues is associated 
with age, tumour grade, lymph node metastasis and 
HER2 status. A previous study demonstrated that 
tumour grade, lymph node metastasis, HER2 status and 
other clinicopathological parameters are important in 
BC progression and metastasis and affect the prognosis 
of BC patients [23, 24] Furthermore, a Kaplan-Meier 
survival analysis indicated that the OS of patients with 
high levels of MTFR2 expression was significantly 
lower than that of patients with low levels of MTFR2 
expression, and a Cox proportional analysis strongly 
indicated that MTFR2 might be useful as an 
independent prognostic marker for OS. 
 
Mitochondria are critical for cancer metabolism due to 
their synthesis of ATP by oxidative phosphorylation [25]. 
Many studies have revealed that mitochondrial 
homeostasis is critical for cellular functions including 
growth, division, energy metabolism and cancer migration 
[26, 27]. The shape of the mitochondrial network results 
from the cumulative activity of two opposing processes: 
fusion and fission [7]. Some studies have revealed that 
mitochondrial fission proteins could promote the cell 
cycle, cell proliferation, cell invasion and cell migration 
[28]. In addition, mitochondrial fission is associated with 
apoptosis [29]. Moreover, some studies have revealed that 
increasing mitochondrial fission could promote 
mitophagy [30, 31]. 
 
Cancer cells degrade glucose to produce lactate even 
in an oxygen-enriched environment, which is known 
as glycolysis, also known as the Warburg effect. This 
phenomenon tends to be involved in proliferative 
cells, including cancer cells, and it is also called the 
cell-autonomous reprogramming of cancers [32]. 
Many studies have shown that cancer cells can adapt 
to the restricted microenvironment through metabolic 
reprogramming, such as hepato-carcinoma [34]. HCC 
cells can re-modulate the metabolic strategy to 
produce more ATPs to sustain proliferation and 
produce more Malonyl-CoA for use in the 
environment lacking amino acids [33, 34]. A handful 
of the enzymes contribute to the reprogramming of 
metabolism, including the well-known enzymes 
IDH1, IDH2 and fumarate hydratase (FH). These 
enzymes were identified as transforming enzymes due 
to their persistent activation. Another well-studied 
enzyme is PKM2, an isoform of the pyruvate kinase, 
which is regulated by oncogenic signalling. The latest 
study argues against PKM2 as a good therapeutic 
target for most cancers. Controversies arose when 
understanding why glycolysis was predominant in 
cancer cells. The controversies can be divided into 
two parts. First, more ATP. Studies have shown that 
cancer cells tend to degrade glucose into lactic acid to 
produce more ATP in a shorter time. However, ATP 

is produced more abundantly through the TCA cycle 
than through glycolysis. Second, the one-carbon unit 
is one of the most important units that glycolysis can 
produce and is critical for the synthesis of nuclear 
acids and amino acids. Lactic acid is secreted to the 
cell suspension through glycolysis, and many carbon 
units are lost. 
 
Epithelial-mesenchymal transition is a revised cellular 
programme by which epithelial cells transform into 
mesenchymal cells. EMT is important in embryogenesis 
such as tissue morphogenesis. EMT is reported in 
tumourigenesis in multiple types of cancers. It is 
reported to be involved in the initiation state of 
tumourigenesis, and cancer cells with stem-like 
properties are more likely to undergo EMT than other 
cancer cells [35]. When EMT is activated, epithelial 
cells lose cell polarity and cell junctions. The 
expression of certain cytoskeletal proteins, such as E-
cadherin, is lost, and transcription factors, such as the 
ZEB family and SNAI family, are activated. Cancer 
cells degrade the extra cellular matrix and more easily 
migrate and invade. Several signalling pathways have 
been reported to be involved in EMT, such as TGFβ. 
The activation of the SMAD family triggers EMT and 
subsequent migration and invasion cascades. The 
canonical Wnt pathway is considered a key activator of 
EMT. Activation of the Wnt pathway allows more β-
catenin to enter the nucleus and exert its function as a 
transcription factor. The ZEB family and SNAI family 
are the targets of Wnt and are critical for the activation 
of EMT. NOTCH exerts its function as β-catenin. When 
activated, it enters the nucleus and promotes the 
transcription of EMT transcription factors [36]. 
 
Taken together, our research showed that MTFR 
promotes growth, migration, invasion and tumour 
progression in breast cancer cells by promoting EMT 
through the modulation of metabolism from OXPHOS 
to glycolysis. It may be an ideal therapy target in the 
future. 
 
MATERIALS AND METHODS 
 
High-throughput data processing 
 
Data on the expression of MTFR2 in BC were obtained 
from The Cancer Genome Atlas (TCGA, 
https://gdc.cancer.gov/), which is a public database. The 
data used in the microarray were based on the 
Affymetrix platform and were downloaded from the 
Gene Expression Omnibus (GEO) datasets GSE38959 
and GSE45827 (https://www.ncbi.nlm.nih.gov/geo). 
The data from TCGA were log2 transformed, and the 
results were analysed using Excel and GraphPad Prism 
7.0 software. 

https://gdc.cancer.gov/
https://www.ncbi.nlm.nih.gov/geo
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Patient information and clinical sample collection 
 
In total, 1000 paired BC tissue samples and adjacent 
normal tissues (ANTs) were obtained from BC patients 
who underwent mastectomies at the First Affiliated 
Hospital of Sun Yat-sen University (Guangzhou, 
China), the Third Affiliated Hospital of Sun Yat-sen 
University (Guangzhou, China), the Eastern Hospital of 
the First Affiliated Hospital of Sun Yat-sen University 
(Guangdong, China) and the Shandong Provincial 
Hospital affiliated to Shandong University (Shandong, 
China) between January 2013 and December 2014. All 
BC tissue samples were confirmed by pathology, and 
the cancer molecular subtype was determined according 
to oestrogen receptor (ER), progesterone receptor 
(PgR), and HER2 status, according to the guidelines of 
the 15th St. Gallen International Breast Cancer 
Conference, 2017 [37]. The specimens were stored in 
RNAlater solution (Invitrogen, USA) immediately after 
resectioning. Then, all specimens were frozen in liquid 
nitrogen and stored at −80°C. Overall survival (OS) was 
defined as the period between surgery and death or last 
contact. This study was approved by the Ethics 
Committee of the First Affiliated Hospital of Sun Yat-
sen University, the Third Affiliated Hospital of Sun 
Yat-sen University and Youjiang Medical University 
for Nationalities and conformed to the 1964 Declaration 
of Helsinki and its later amendments or comparable 
ethical standards. Clinical samples were collected from 
patients after written informed consent was obtained. 
 
Quantitative real-time polymerase chain reaction 
(qRT-PCR) 
 
Total RNA was extracted with Trizol reagent 
(Invitrogen, NY, USA). qRT-PCR was performed using 
the SYBR Green PT-PCR detection system (Takara, 
Japan). β-actin was used as the control. The relative 
mRNA expression levels were quantified using the 
2−ΔΔCt method. All quantitative real-time PCR 
experiments were performed in triplicate. The primer 
sequences used in qRT-PCR were MTFR2 forward, 5′-
GAAACTGGATCCCAATGTGAA-3′ and reverse 5′-
GAATAAGGTTAAGCTTCGTGCAA-3′ and GAPDH 
forward 5′-TGTGGGCATCAATGGATTTGG-3′ and 
reverse 5′-ACACCATGTATTCCGGGTCAAT-3′. 
 
Immunohistochemistry (IHC) and antibody 
detection 
 
Tissue specimens were fixed in formalin and embedded in 
paraffin for MTFR2 immunohistochemistry (IHC). The 
MTFR2 antibody for IHC was obtained from Abcam 
(ab236978). After deparaffinization, hydration and 
blocking, a primary anti-MTFR2 rabbit polyclonal 
antibody was added and incubated with the specimens 

overnight at 4°C. Finally, all sections were assessed by 
comparing the degree of staining between each paired BC 
and normal specimen under a microscope. MTFR2 
expression was evaluated by the IHC-based score, which 
is composed of the positive cell score and staining 
intensity score. Staining intensity was rated on a scale of 
0-3, where 0=negative, 1=weak, 2=moderate, and 
3=strong. The total IHC score was condensed into the 
following four levels: 0 for a total score=0, 1 for a total 
score=1-100, 2 for a total score=101-200, and 3 a for total 
score=201-300. 
 
Cell culture and cell transfection assay 
 
Human mammary cancer cell lines T47D, MCF-7, 
Hs578T and MDA-MB-231 were obtained from the 
American Type Culture Collection (ATCC, Manassas, 
VA). Hs578T, MCF-7 and T47D were cultured in 
Dulbecco’s Modified Eagle Medium (DMEM), 
Minimum Essential Medium (MEM) and RPMI-1640, 
respectively, and supplied with 10% foetal bovine serum 
(Life Technologies, Grand Island, NY, USA), penicillin 
G, streptomycin and amphotericin B. Lentivirus shRNAs 
were constructed by Shanghai Generay Biotech Co., Ltd. 
MTFR2 was cloned into the expression vector pCMV 
(Invitrogen) for overexpression. The transfection assay 
was performed using Lipofectamine 2000 (Invitrogen, 
CA, USA) according to the manufacturer’s protocol at 
approximately 50–70% cell confluence. 
 
Western blotting 
 
Cells were washed twice with PBS and then lysed in cold 
RIPA buffer with protease inhibitors. Twenty micrograms 
of total protein was transferred to a nitrocellulose 
membrane after being denatured in a 10% SDS-PAGE gel 
for 90 min. After transferring for 1 h, the membranes were 
blocked with 5% nonfat milk in Tris-buffered saline 
containing 0.1% Tween-20 (TBST) for 1 hour at room 
temperature. The membranes were then incubated 
overnight with 4% primary antibodies, washed three times 
with TBST and then incubated with secondary antibodies 
(anti-rabbit IgG) for 1 h at room temperature. The 
membranes were washed three times with TBST, and then 
the target proteins were detected using the ECL (EMD 
Millipore, MA, USA) method. Western blotting was 
performed using antibodies directed against MTFR2 
(1:500, Abcam), E-cadherin (1:1000, Abcam), N-cadherin 
(1:1000, Abcam), and Vimentin (1:1000, Abcam). β-
Actin (1:2000, Abcam) was used as an internal control. 
 
Cell proliferation assay 
 
Cell Counting Kit-8 (CCK-8, Dojondo, Tabaru, Japan) 
was used to measure cell proliferation. Cells were seeded 
into 96-well plates. The absorption values were measured 
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at 24, 48, and 72 hours after shRNA transfection. The 
experiments were repeated three times, and the data are 
shown as the mean±standard deviation (SD). 
 
Colony formation assay 
 
To determine long-term effects, the cells were seeded in 
a six-well plate. After 14 days, colonies were stained 
with crystal violet (Sigma-Aldrich, St. Louis, MO, 
USA), and the number of colonies was counted. 
 
Transwell migration and invasion assay 
 
Migration and invasion were assessed using Transwell 
chambers. Cells in serum-free media were distributed 
into the inserts. Equal amounts of growth media were 
placed into the wells. After culturing overnight, the 
chamber membrane was stained with 50% methanol 
blue/ethanol overnight. 
 
Xenograft mouse model 
 
Four-week-old BLAB/c nude mice were randomly 
divided into groups and received 5×105 stable cell 
injections. Tumour volume was measured using a 
Vernier calliper. We injected approximately 5×104 cells 
through the caudal vein to establish a lung metastasis 
model. After 2 weeks, live imaging was performed. 
 
Statistical analysis 
 
All data analyses were performed with SPSS 20.0 
statistical software. The χ2 test was used to analyse the 
relationships between categorical variables. The 
differences between groups were compared by 
Student’s t-test. Cox regression and Kaplan-Meier 
methods were used to analyse OS, and p<0.05 was 
considered to be a significant difference from the 
control. 
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Supplementary Figure 1. The correlation between MTFR2 and HIF1 α, HIF2 α. 


