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Abstract
Background: Mitochondrial �ssion regulator 2 (MTFR2) belongs to the MTFR1/ family with sequence
similarity 54 (FAM54) family. Recently, it was reported that MTFR2 promotes the proliferation and
invasion of breast cancers (BCs). However, the relationship between MTFR2 and endocrine crine therapy
resistance is still unknown.

Materials and methods: We collected 36 ER+ BC tissues and adjacent normal tissues and 10 samples
from patients who received endocrine therapy. We detected the expression pattern of MTFR2 and the fold
change in MTFR2 in cells treated with tamoxifen and letrozole. The autophagy status was also
determined.

Results: MTFR2 expression was upregulated in ER+ BC tissues and was strongly upregulated in the
samples that were treated with endocrine therapy. Knocking out MTFR2 increased BC cell sensitivity to
endocrine therapy. In addition, MTFR2 directly bound to FUNDC1 and promoted FUNDC1 phosphorylation,
thus inhibiting autophagy.

Conclusion: Taken together, our results indicate that increased expression of MTFR2 is associated with
endocrine therapy resistance in BC cells. Our �ndings indicate that MTFR2 could serve as a novel
therapeutic target for ER+ BC patients who suffer from endocrine therapy resistance.

Introduction
Breast cancer (BC) is one of the most common cancers worldwide and the second leading cause of
cancer-related mortality in women(1). Among all cancers, approximately 70% of patients are ER+(2). With
the advantages of individualized therapy in recent decades, patients bene�t from anti-ER therapy, also
called endocrine therapy. However, not all patients are candidates for endocrine therapy, and a certain
proportion of patients still suffer from endocrine therapy resistance(3). Exploring the mechanism of
endocrine therapy resistance is one of the hottest �elds in the world, and many contributions have been
made to this topic in recent years. LEM4 activates the CDK-Rb pathway and thus helps BC cells escape
tamoxifen(4). PIK3CA, AKT1 and ESR1 mutations were also detected in tamoxifen-resistant cell lines(5).
The loss of NF1 function was reported to contribute to tamoxifen resistance(6).

Autophagy is a critical physiological program in which cells collect misfolded proteins and injured
organelles and send them to lysosomes for recycling(7). The dysregulation of autophagy was reported to
be involved in the tumorigenesis of cancers such as gastric cancer(8), colon cancer(9) and glioma(10).
Targeted therapy focusing on the autophagy pathway is one of the hottest �elds in the world and has
attracted increasing attention. Autophagy is involved in the tumorigenesis and progression of BC(11). It
has been reported that alterations in autophagy status promote proliferation, migration and invasion and
helps cancer cells escape chemotherapy and endocrine therapy. Autophagy is mediated by various
pathways, such as the well-known autophagy-associated genes (ATGs), transcription factors such as
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FOXM1(12) and other metabolic enzymes such as LDHA(13). However, the exact mechanism by which
autophagy is altered in BC is still unknown.

Mitochondrial �ssion regulator 2 (MTFR2), also called family with sequence similarity 54, member A
(FAM54A), has been poorly studied in tumors. Recent research has demonstrated that MTFR2 promotes
proliferation, migration and invasion by switching glucose metabolism from OXPHOS to glycolysis(14).
However, the function and underlying mechanism of MTFR2 in endocrine therapy resistance are still
unknown.

In this study, we aimed to uncover the relationship between MTFR2 and endocrine therapy resistance. Our
results demonstrate for the �rst time that MTFR2 is upregulated in ER + BC tumors and that MTFR2 could
help cancer cells acquire endocrine therapy resistance.

Results

MTFR2 is upregulated in ER + BC tissues and confers
tamoxifen and letrozole resistance to BC cells.
To examine MTFR2 expression in ER + BC, we collected 30 paired ER + BC tumors and adjacent normal
tissues and analyzed the relative MTFR2 mRNA level. The data are shown in Fig. 1A. MTFR2 expression
was upregulated in tumors compared with normal tissues (p < 0.001). We next randomly chose 8 tumor
tissues and paired normal tissues and utilized immunoblotting to detect the protein level of MTFR2. The
results showed that MTFR2 expression was upregulated in 6 out of 8 patients. To explore the potential
function of MTFR2 in endocrine therapy resistance, we collected 10 tumor tissues before and after
standard endocrine therapy and analyzed the mRNA and protein levels of MTFR2. MTFR2 expression
was upregulated in the tissues after endocrine therapy at both the mRNA and protein levels (Fig. 1C, 1D, p 
< 0.001). We next treated ER + BC cells (MCF-7 and T47D cells) with tamoxifen (TMX) and letrozole (Let)
and detected the expression pattern of MTFR2. The results showed that TMX and Let treatment
upregulated MTFR2 expression at both the RNA and protein levels. (Fig. 1E, 1F, p < 0.001). We next
applied KEGG pathway analysis and found that MTFR2 expression was strongly correlated with
proliferation and apoptosis, indicating that MTFR2 may be engaged in endocrine therapy resistance,
which was consistent with previous results (Fig. 1G).

MTFR2 promotes endocrine therapy resistance in BC cells.
To uncover the exact function of MTFR2 in the endocrine therapy resistance of ER + BC cells, we
established stable MTFR2-knockout (KO) cell lines with CRISPR-Cas9. After treatment with TMX and Let,
cell viability and proliferation status were examined. Both cell viability (Fig. 2A, p < 0.001) and long-term
proliferation after treatment with TMX or Let decreased in KO cell lines compared with control cell lines
(Fig. 2B, p < 0.001). Apoptosis rates were detected with �ow cytometry, and stable MTFR2-KO cell lines
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exhibited increased levels of apoptosis after treatment with TMX and Let (Fig. 2C, p < 0.001). We next
detected apoptosis markers, such as the caspase cascade. Cleaved caspase, the active form of caspase,
increased with in MTFR2-KO cells after treatment with TMX and Let (Fig. 2D, p < 0.001).

Knocking out MTFR2 increases autophagic �ux in BC cells.
Autophagy is reported to be involved in chemotherapy resistance in other cancers(15). We thus detected
autophagy status, and the ratio of LC3B-II to LC3B-I increased with MTFR2 KO (Fig. 3A). We next utilized
immuno�uorescence to detect LC3 puncta. The number of LC3 puncta per cell in MTFR2- KO cells was
increased compared with that in the control (Fig. 3B, 3C, p < 0.001). However, the accumulation of LC3B
puncta was due to an increase in the production of LC3B-II or a decrease in the degradation of p62. We
next detected the level of p62, and the results are shown in Fig. 3D. p62 expression increased in MTFR2-
KO cell lines. Taken together, these results suggest that KO of MTFR2 promotes autophagic �ux and thus
is potentially responsible for acquired resistance.

MTFR2 inhibits mitochondrial autophagy by directly binding
to FUNDC1.
MTFR2 is a member of the mitochondrial �ssion regulator family and is primarily located on
mitochondria. We hypothesized that the change in autophagy status was caused by the dysregulation of
mitochondrial autophagy. We next detected markers such as PINK and FUNDC1, and neither of them
showed any expression difference in the different cell lines (data not shown). We next utilized
immunoprecipitation in cells transfected with HA-MTFR2 and Flag-FUNDC1 and found that MTFR2
directly binds to FUNDC1 (Fig. 4A). Immuno�uorescence results also showed that MTFR2 colocalized
with FUNDC1 in the cytoplasm (Fig. 4B). We next detected the protein level of FUNDC1 and found that the
total level of FUNDC1 was unchanged, while the level of phosphorylated FUNDC1 was decreased in the
MTFR2-KO cell lines after treatment with TMX and Let (Fig. 4C). For further conformation, we re-
expressed MTFR2 in MTFR2-KO cell lines and detected FUNDC1 phosphorylation; the level of FUNDC1
phosphorylation increased with the re-expression of MTFR2 (Fig. 4D). Reports have demonstrated that
FUNDC1 phosphorylation inhibits mitochondrial autophagy(16). We next transfected MTFR2-KO cell lines
with the phosphorylated FUNDC1 mimic FUNDC1 T18E (Rescue) and examined the autophagy status.
The results showed that the ratio of LC3B-II to LC3B-I and the level of p62 were completely restored (Fig.
4E), indicating that FUNDC1 phosphorylation was responsible for the MTFR2-mediated autophagy
switch.

MTFR2 confers endocrine therapy resistance to BC cells in
a FUNDC1-dependent manner.
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We further investigated the mechanism by which MTFR2 alters the autophagy status. We next detected
the endocrine therapy resistance ability in the rescue cell lines, and the results are shown in Fig. 5. Cell
viability and colony formation ability were completely restored in the rescue cell line (Fig. 5A, 5B, p < 
0.001). Flow cytometry analysis demonstrated that the apoptosis rate in the rescue cells decreased to
baseline compared to that of the wild-type (WT) (Fig. 5C, p < 0.001). Apoptosis markers, such as cleaved
caspase, were also reverted (Fig. 5D). Taken together, these �ndings suggest that MTFR2-induced
autophagy is responsible for chemotherapy resistance and that this acquired resistance occurs in a
FUNDC1-dependent manner.

MTFR2 maintains endocrine therapy resistance in vivo.
We demonstrated that MTFR2 promotes endocrine therapy resistance. To further uncover the biological
function of this protein, we established a xenograft mouse tumor model and the results are shown in Fig.
6. The tumor volume decreased in MTFR2-KO cell lines after treatment with TMX or Let.
Immunohistochemistry (IHC) analysis of MTFR2 and p-FUNDC1 levels correlated with the former results.
To mimic the clinical therapeutic strategy, we applied the AAV injection assay. We injected AAV containing
empty vector (NC) or speci�c shRNA into the tumors every three days, the results were shown in Fig. 7.
The results showed that subsequent shRNA injection could also sensitize BC cells to endocrine therapy.
Taken together, MTFR2 promotes the endocrine therapy resistance by directly promoting the
phosphorylation of FUNDC1 and thus inhibiting the mitophagy (Fig. 8).

Conclusion
Our research demonstrate that MTFR2 is upregulated in ER + BC tumors and that MTFR2 confers
endocrine therapy resistance to breast cancers through modulating autophagy �ux.

Discussion
BC is one of the most common malignancies in women worldwide. The prognosis has improved with
advances in individualized treatment. Some patients still suffer from cancer progression, such as
metastasis and chemotherapy resistance. One of the most popular concepts is that dysregulation of
autophagy contributes to tumorigenesis and progression of BC(17). In this study, we found that MTFR2
expression was upregulated in ER + BC patients and confers endocrine therapy resistance to BC cells.
These effects occur by modulating mitochondrial autophagy through directly binding to FUNDC1 and
promoting FUNDC1 phosphorylation. FUNDC1 is a novel factor in mitochondrial autophagy that is
critical. The dysregulation of mitochondrial autophagy has been reported in many cancers and is
associated with the progression of cancers such as colon, lung and gastric cancer. Generally, the total
level of FUNDC1 re�ects the level of mitochondrial autophagy. In this study, the total level of FUNDC1 was
unchanged. Studies have demonstrated that the phosphorylation of FUNDC1 inhibits autophagic
�ux(18). We demonstrated that MTFR2 promotes the phosphorylation of MTFR2 and mediates
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autophagy inhibition, which is responsible for endocrine therapy resistance. Autophagy levels were
reported to be upregulated in the progression of cancers(19), and our results showed that the activation
of mitochondrial autophagy and an increase in autophagy in�ux confers endocrine therapy resistance to
BC cells. We hypothesized that autophagy was enhanced because recycling was enhanced, while most
recycled proteins were unimportant, and the survival substrate was not necessary.

MTFR2 plays an important functional role in mitochondria and promotes mitochondrial �ssion. Studies
have demonstrated that MTFR2 is associated with the progression and tumorigenesis of cancers, but the
function has not been thoroughly studied, and the exact mechanism is unknown. We have shown that
MTFR2 could promote the invasion and proliferation of BC by switching OXPHOS to glycolysis in a
HIF1α-dependent manner(14). KEGG pathway analysis results suggested that MTFR2 was responsible for
endocrine therapy resistance. We next performed a series of experiments and found that MTFR2
promotes the development of endocrine therapy resistance. In the in vivo experiments, knocking out
MTFR2 sensitized cancer cells to TMX and Let; however, in clinical practice, gene knockout is often
unavailable, and so we next applied AAV injection assays to mimic the therapeutic strategy. The results
showed that AAV injection also sensitized cancer cells to TMX and Let treatment. Taken together, these
�ndings show that MTFR2 is a novel therapeutic target for patients with TMX and Let resistance.

Methods

Patient information and clinical sample collection
In total, 30 paired ER+ BC tissue samples and adjacent normal tissues were obtained from
patients who underwent surgery at the First A�liated Hospital of Sun Yat-sen University (Guangzhou,
China) between January 2013 and December 2014. Samples before/after endocrine therapy including
criterion: patients who underwent pathological sampling and receive standard endocrine therapy and
breast tumor was eventually excised by surgical operation. All BC tissue samples were con�rmed by
pathology. This study was approved by the Ethics Committee of the First A�liated Hospital of Sun Yat-
sen University 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) according to
the manufacturer’s protocol. The relative RNA level was normalized to β-actin, and all experiments were
performed in triplicate. The primer sequences used are listed below:

MTFR2 F: 5’-GAAACTGGATCCCAATGTGAA-3’ and

R: 5’-GAATAAGGTTAAGCTTCGTGCAA-3’.
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Cell culture and cell transfection assay
Human mammary cancer cell lines (T47D and MCF-7) were obtained from the American Type Culture
Collection (ATCC, Manassas, VA). Cells were cultured in Dulbecco’s modi�ed Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (Life Technologies, NY, USA), 1% penicillin
G, and streptomycin. CRISPR-Cas9 targeting RNA was obtained from Shanghai Generay Biotech Co., Ltd.
The transfection assay was performed using Lipofectamine 3000 (Invitrogen, CA, USA) according to the
manufacturer’s protocol when the cells reach approximately 50-70% con�uence.

Immunoblotting
Cells were washed twice with PBS and then lysed in cold RIPA buffer with protease inhibitors. Total
protein (30-60 μg) was separated by 12% SDS-PAGE and transferred to a nitrocellulose membrane. After
being 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 the corresponding primary
antibodies. After being incubated with the secondary antibody, the proteins were detected using ECL
(EMD Millipore, MA, USA). β-Actin was used as an internal control.

CRISPR/Cas9-mediated gene knockout
The target sequences of gRNA were designed using the online tool at http://crispr.mit.edu/. CRISPR-
lentivirus were harvested and used to infect cells for 4-6 hr in the incubator. After �ve days culture. K.O.
stable cell lines were harvested.

Cell proliferation assay
Cell Counting Kit-8 (CCK-8, Dojindo, Tabaru, Japan) was used to measure cell proliferation. Cells were
seeded into 96-well plates. After treatment with TMX and Let, the relative absorption of CCK-8 was
measured and normalized.

Colony formation assay
To determine long-term effects on proliferation, the cells were seeded in a six-well plate. After being
treated with TMX and Let, the cells were incubated for 14 days, the colonies were stained with crystal
violet (Sigma-Aldrich, St. Louis, MO, USA), and the number of colonies was counted.

Xenograft mouse model  
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Four-week-old BLAB/c nude mice were randomly divided into groups and received injections of 5×105

cells. Tumor volume was measured using a Vernier caliper. For the AAV injection assay, speci�c cells were
injected subcutaneously, AAVs containing empty vector and speci�c shRNA were injected into the tumor
every 3 days, and the tumor volume was measured, the shRNA sequence was previously described (14).

Statistical analysis
All data analyses were performed with SPSS 20.0 statistical software. The χ2 test was used to analyze
the relationships between categorical variables. The differences between groups were compared
by Student’s t-tests. Cox regression and Kaplan-Meier analyses were used to analyze overall survival (OS),
and p<0.05 was considered to be a signi�cant difference from the control.
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Figure 1

MTFR2 was upregulated in ER+ BC and was correlated with endocrine therapy resistance. A: The relative
RNA level of MTFR2 of the in-house database(Student’s two-tailed paired t-test; *** p<0.001, n=30). B: 8
tumors and paired normal tissues were randomly selected from our in-house cohort, the protein level of
MTFR2 was detected. C: 10 paired patients before/after anti endocrine -therapy were enrolled, the
samples were collected, the relative RNA level of MTFR2 was detected (Student’s two-tailed paired t-test;
*** p<0.001). D: The protein level of MTFR2 in the samples described in C. E: The relative RNA level of
MTFR2 in MCF-7 or T47D cells treated with TMX or Let (Student’s two-tailed paired t-test; *** p<0.001). F:
Immunoblot showing MTFR2 expression in MCF-7 or T47D cells treated with TMX or Let. G: KEGG
pathway analysis.
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Figure 2

MTFR2 promotes the endocrine therapy resistance of BC cells. A: We established stable MTFR2 knocking
out cell lines of MCF-7 and T47D. Cells were then treated with TMX or Let and then subjected to CCK-8
assay. The relative cell viability of the cell lines was detected. (Student’s two-tailed paired t-test; ***
p<0.001). B: Upper: Representative image of colony formation assay of different cell lines with indicated
modi�cation. Lower: The colony number of different cell lines. (Student’s two-tailed paired t-test; ***
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p<0.001). C: Apoptosis rate was detected by �ow cytometry (Student’s two one-tailed paired t-test; *
p<0.001). D: Western blot analysis of apoptosis markers. C-caspase3, C-caspase9 and C-PARP was short
for cleaved caspase3, cleaved caspase9 and cleaved PAPR, respectively.

Figure 3

MTFR2 knockout enhances the autophagic �ux of BC. A: Immunoblot analysis of LC3B and MTFR2 in
different cell lines with indicated modi�cation. B: Immuno�uorescence of LC3B in the different cell lines
with 400x magni�cation, scale 20 μm. C: Statistical analysis of the number of LC3 puncta per cell of
different cell lines. (Student’s two one-tailed paired t-test; *** p<0.001) D: Immunoblot analysis of p62.
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Figure 4

MTFR2 directly binds with FUNDC1 and promotes FUNDC1 phosphorylation and downstream autophagy.
A: IP of HA-MTFR2 and Flag-FUNDC1 in MCF-7 and T47D cells. B: Immuno�uorescence of MTFR2 and
FUNDC1 in MCF-7 cells, scale 20 μm. C: Immunoblot showing the p-FUNDC1/FUNDC1 ratio in different
cell lines. D: Immunoblot showing the p-FUNDC1/FUNDC1 ratio and MTFR2 expression in MTFR2-K.O.
cell lines with MTFR2 re-expression. E: Western blot showing the p-FUNDC1/FUNDC1 ratio and MTFR2,
LC3B and p62 expression in WT, K.O. and Rescue (K.O. cells transfected with FUNDC1 T18E) cell lines.
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Figure 5

MTFR2 confers endocrine therapy resistance to BC cells in a FUNDC1-dependent manner. A: The relative
cell viability of the cell lines treated with TMX or Let with indicated modi�cation. (Student’s two-tailed
paired t-test; *** p<0.001). B: Upper: Representative image of colony formation assay results in different
cell lines. Lower: The colony number of different cell lines. (Student’s two-tailed paired t-test; *** p<0.001).
C: The apoptosis rate was detected by �ow cytometry (Student’s two one-tailed paired t-test; * p<0.001).
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D: Immunoblot analysis of apoptosis markers. C-caspase3, C-caspase9 and C-PARP was short for
cleaved caspase3, cleaved caspase9 and cleaved PAPR, respectively.

Figure 6

MTFR2 promotes endocrine therapy resistance in vivo. A-B: BC cells with indicated modi�cation were
planted to establish Xenograft mouse model. The tumor volume was detected (Student’s two one-tailed
paired t-test; * p<0.001). C-D: The IHC of p-FUNDC1 was detected in the Xenograft mouse model with
indicated modi�cations with 200x magni�cation, scale 200 μm.
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Figure 7

MTFR2 was a potential therapy target to overcome endocrine therapy resistance in vivo. A-B: To mimic
the clinical application, AAV containing NC and speci�c shRNA targeting MTFR2 was injected to tumors
every 3 days. The tumor volume was detected every 15 days, (Student’s two one-tailed paired t-test; *
p<0.001). C-D: The IHC of p-FUNDC1 was detected at the end point of each cell line with 200x
magni�cation, scale 200 μm.

Figure 8
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The graphic summary of the mechanism of MTFR2 on the endocrine therapy resistance.


