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Abstract
Background: Clear cell renal cell carcinoma (ccRCC) is the most lethal renal
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and unfavorable prognosis. However, the molecular events underlying ccRCC
tumorigenesis and metastasis remain unclear. Therefore, uncovering the under-

lying mechanisms will pave the way for developing novel therapeutic targets for
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ccRCC. In this study, we sought to investigate the role of mitofusin-2 (MFN2) in
supressing ccRCC tumorigenesis and metastasis.
Methods: The expression pattern and clinical significance of MFN2 in ccRCC
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were analyzed by using the Cancer Genome Atlas datasets and samples from

our independent ccRCC cohort. Both in vitro and in vivo experiments, including
cell proliferation, xenograft mouse models and transgenic mouse model, were
used to determine the role of MFN2 in regulating the malignant behaviors of
ccRCC. RNA-sequencing, mass spectrum analysis, co-immunoprecipitation,
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bio-layer interferometry and immunofluorescence were employed to elucidate
the molecular mechanisms for the tumor-supressing role of MFN2.

Results: we reported a tumor-suppressing pathway in ccRCC, characterized
by mitochondria-dependent inactivation of epidermal growth factor recep-
tor (EGFR) signaling. This process was mediated by the outer mitochondrial
membrane (OMM) protein MFN2. MFN2 was down-regulated in ccRCC and
associated with favorable prognosis of ccRCC patients. in vivo and in vitro assays
demonstrated that MFN2 inhibited ccRCC tumor growth and metastasis by sup-
pressing the EGFR signaling pathway. In a kidney-specific knockout mouse
model, loss of MFN2 led to EGFR pathway activation and malignant lesions in
kidney. Mechanistically, MFN2 preferably binded small GTPase Rab21 in its GTP-
loading form, which was colocalized with endocytosed EGFR in ccRCC cells.
Through this EGFR-Rab21-MFN?2 interaction, endocytosed EGFR was docked
to mitochondria and subsequently dephosphorylated by the OMM-residing
tyrosine-protein phosphatase receptor type J (PTPRJ).

Conclusions: Our findings uncover an important non-canonical mitochondria-
dependent pathway regulating EGFR signaling by the Rab21-MFN2-PTPR]J axis,
which contributes to the development of novel therapeutic strategies for ccRCC.

KEYWORDS

1 | BACKGROUND

Renal cell carcinoma (RCC), which originates from renal
tubule epithelial cells, is a common type of kidney can-
cer, accounting for 3%-5% of all human malignancies [1].
Over the past 35 years, the incidence and mortality of RCC
have been continuously growing in China [2]. Of all RCC
cases, approximately 70%-80% are clear cell RCC (ccRCC)
[3]. In recent years, targeted therapies have been developed
against specific pathways, such as vascular endothelial
growth factor (VEGF), mechanistic target of rapamycin
(mTOR) and epidermal growth factor receptor (EGFR) [4,
5]. Sunitinib, a multi-kinase inhibitor, is used as a first-line
drug for RCC [6-8]. A randomized phase III clinical trial
revealed that lapatinib, an EGFR/receptor tyrosine-protein
kinase ErbB-2 dual kinase inhibitor, prolonged the over-
all survival (OS) of advanced-stage RCC [9]. Furthermore,
cells derived from metastatic ccRCC tumors showed sig-
nificantly higher EGFR signature activity than those from
paired primary tumors. Given these clinical advances,
most patients with ccRCC eventually experienced tumor
progression [10]. Understanding the molecular mecha-
nisms underlying the initiation and development of ccRCC
is urgently needed to develop novel therapeutic strategies.

The EGFR signaling pathway is frequently overactivated
in ccRCC and plays a critical role in the malignancy of

ccRCC, EGFR signaling pathway, MFN2, PTPRJ, Rab21

ccRCC [11-14]. Epidermal growth factor (EGF) is essen-
tial for the rapid proliferation of many human RCC cell
lines and can be repressed by inhibiting EGFR [15, 16].
Upon binding of growth factors, EGFR becomes dimer-
ized and autophosphorylated, and subsequently activates
downstream signaling networks [17, 18]. As an attenu-
ating mechanism, ligand binding induces internalization
of EGFR via endocytosis [19]. Endocytosed EGFR tar-
gets various organelles for recycling and degradation [20,
21], which is mediated by multiple Rab GTPases [22, 23].
Recently, EGFR was reported to traffic to mitochondria
and regulate multiple cellular events, such as cellular
ATP production, migration, apoptosis, and drug resis-
tance [24-26]. Compared to other well-studied intracellu-
lar delivery processes, little is known about how EGFR
is delivered to mitochondria. Moreover, current studies
regarding the crosstalk between EGFR and mitochondria
are mainly focused on the effect of EGFR on mitochondria.
Whether mitochondria in turn regulate EGFR signaling
activity remains unknown.

Mitochondria dynamically undergo fission and fusion
[27]. Mitofusin-2 (MFN2), located on the outer mitochon-
drial membrane (OMM), mediates the fusion of OMM.
Aberrant MFN2 function causes neuropathy and car-
diomyopathy [28, 29]. MFN2 is also related with various
malignancies, as recent studies reported that MFN2 was
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down-regulated in tumor samples and served as a tumor
suppressor [30-32]. Although the mitochondrial fusogenic
activity of MFN2 is thought to be important in these events,
the exact mechanism of how MFN2 confers its anti-tumor
function remains to be further understood.

Our group has a long-standing interest in studying the
structure and function of MFN2 [33, 34]. Function of
MFN2 in the initiation and progression of kidney can-
cer remains unclear and warrants further investigation. In
this study, we constructed kidney-specific Mfn2-knockout
mouse models to prove that MFN2 is a key tumor suppres-
sor in ccRCC. By a combination of bioinformatical, bio-
chemical, and imaging approaches, we aimed to uncover
the mechanism of how MFN2 induces ccRCC progression.
Finally, preclinical study on a PDX mouse model was con-
ducted to reveal the therapeutic potential of increasing
MFN2 expression against ccRCC.

2 | MATERIALS AND METHODS

2.1 | Patients and clinical samples

ccRCC tissues and peri-tumor tissues were obtained from
patients who underwent surgery at the First Affiliated
Hospital, Sun Yat-sen University (FAH-SYSU; Guangzhou,
Guangdong, China) in 2021 for RNA or protein analy-
sis. Paraffin-embedded tumor samples obtained from 150
patients pathologically diagnosed with primary ccRCC
between 2013 and 2015 at Sun Yat-sen University Cancer
Center (SYSUCC; Guangzhou, Guangdong, China) were
used for Kaplan-Meier survival analysis. All patients had
provided written consent, and all related experimental
procedures were performed with the approval of the Inter-
nal Review and Ethics Boards of SYSUCC (Approval No.
202201071013000560775z) and of FAH-SYSU (Approval No.
[2021]144). The study complied with all relevant ethical
regulations for research involving human participants.

2.2 | Plamids and siRNA

The recombinant MFN2 overexpression plasmids for
stable transfection were generated by cloning the full-
length open reading frame (ORF) of the human MFN2
gene (NM_001127660.2) into the PLVX-NI1 vector (#632152,
Clontech, Palo Alto, CA, USA). For transient transfection,
MFN2 was cloned into the pcDNA3.1 (+) vector (V79020,
Invitrogen, Carlsbad, CA, USA) with N-terminal 3 X
Flag-tag. The ORFs of EGFR and Rab2l were cloned
into the pSin-EF2-puro vector (a gift from prof. Tiebang
Kang, SYSUCC) with a C-terminal HA tag. The cDNA
of OMM-anchoring form of PTPRJ (mito-PTPRJ) was

generated by fusing a cDNA fragment of the hydrophobic
region (LILAMLAIGVFSLGAFIKIIQLRKNN) from Liste-
ria monocytogenes actin assembly-inducing protein (ActA)
protein [35] with the PTPRJ ORF. All point mutations
were generated by site-directed mutagenesis. Mutant
of MFN2(T105M) was used in our previous study [34].
The short hairpin RNA (shRNA) constructs were cloned
into the PLKO.l-puro vector (#8453, Addgene, Cam-
bridge, MA, USA). The small interfering RNA (siRNA)
oligos against Rab2l and PTPRJ were commercially
synthesized by Gene Pharma (Shanghai, China) and
transfected into cells using Lipofectamine RNAiIMAX
(Invitrogen). The siRNA sequences are as follows: siMFN2
#1, 5-GGAAGACAUUGAGUUCCAUUU-3’; siMFN2 #2,
5-GGUUUAUAAGAAUGAGCUGCA-3’; siRab21 #1, 5-
GGAACUCUUUCUUGACCUUUGUAAA-3’; siRab21 #2,
5-GAUUCCAUGCAUUGGGUCCAAUUUA-3’; siPTPRJ
#1, 5~ACGAGUCGUCAUCUAACUAUA-3’; siPTPRJ #2,
5-CCGAUACAAUGCCACCGUUUA-3.

2.3 | Cell culture

Human renal cancer cell lines (786-0, A-498 and Caki-1),
immortalized renal epithelial cell line (HK-2) and 293T
cells were originally obtained from the American Type
Culture Collection (ATCC; Manassas, VA, USA). 786-O
and A-498 cells were cultured in RPMI-1640 medium
(Gibco, Carlsbad, CA, USA), HK-2 cells were cultured in
keratinocyte serum-free medium (Gibco), 293T cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM;
Gibco), and Caki-1 cells were cultured in McCoy’s 5A
Medium (Gibco). The media were all supplemented with
10% fetal bovine serum (FBS; Gibco). Cells were cultured in
a5% CO, humidified incubator at 37°C. MFN2-knockdown
786-0 or HK-2 cells were transfected with wild-type (WT)
MFN2 or mutant MFN2 (T105M) lentivirus to construct
stable expression cells. The SF9 insect cell line was a
gift from Professor Ping Yin (Huazhong Agricultural Uni-
versity, Wuhan, Hubei, China). SF9 cells were grown
in Sf-900 II SFM medium (Invitrogen) at 28°C. All cell
lines were tested negative for mycoplasma contamina-
tion with MycoBlue Mycoplasma Detector (D101, Vazyme,
Nanjing, Jiangsu, China) according to the manufacturer’s
instructions.

2.4 | Cell proliferation assays

For cell proliferation assay, ccRCC cells were seeded in
96-well plates (1,500 cells/well) in fresh medium. At each
time point, 10 uL of Cell Counting Kit-8 solution (CCK-8;
Dojindo, Tokyo, Japan) was added directly to each well,
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followed by incubation for 3 h at 37°C. For drug treatment,
cells were seeded in 96-well plates (1,500 cells/well) with
100 uL culture medium, then treated with 2 umol/L gefi-
tinib (MedChemExpress, Princeton, NJ, USA), lenvatinib
(MedChemExpress) or cabozantinib (MedChemExpress)
for 72 h, followed by adding CCK-8 solution. The optical
density was measured at 450 nm (ODys,) by Microplate
Reader (BioTek, Vermont, USA). Each experiment was
performed in triplicate.

In the colony formation assay, cells were plated in 6-
well plates (500 cells/well) in 2 mL of fresh medium and
cultured for 10 days. Visible colonies were stained with
0.5% crystal violet, and colonies were counted with ImageJ
software (National Institutes of Health, Bethesda, MD,
USA).

2.5 | Transwell assays

For the transwell migration assay, 4 X 10* cells in 200 uL
serum-free DMEM were placed into the upper chamber
of a 24-well transwell insert (pore size, 8.0 um; Corning
Falcon, New York, NY, USA), and the lower chamber was
filled with 700 uL cell culture medium supplemented with
10% FBS. For the invasion assay, the chamber membrane
was pre-coated with Matrigel at 37°C for 1 h. After incu-
bation for 12 h, the migrated and invaded cells in the
lower filters were fixed in methanol, stained with 0.5%
crystal violet, and counted under a microscope (Nikon,
Tokyo, Japan). For drug treatment, cells were treated with
2 pumol/L gefitinib, lenvatinib, or cabozantinib (all from
MedChemExpress) for 24 h.

2.6 | Immunohistochemical (IHC)
staining

Paraffin-embedded tumor samples and mouse kidney
tissues were processed into 4 um sections, and the slides
were dried at 65°C for 30 min before deparaffinization in
xylene and rehydration in a graded ethanol series. Antigen
retrieval was performed with the high-pressure method
for 3 min in 0.01 mol/L citrate buffer (pH 6.0) and subse-
quently treated with 3% hydrogen peroxide to quench the
endogenous peroxidase activity. The slides were incubated
with specific primary antibodies overnight at 4°C. Primary
antibodies included MFN2 (1:100; ab218162, Abcam, Cam-
bridge, MA, USA), Ki67 (1:200; ab15580, Abcam), Rab21
(1:200; sc-81917, Santa Cruz Biotechnology, Dallas, TX,
USA), p-EGFR (1:200; #3777, Cell Signaling Technology,
Danvers, MA, USA), p-AKT (1:100; #3777, Cell Signaling
Technology), alpha smooth muscle actin (a-SMA; 1:2,000;
ab232784, Abcam), carbonic anhydrase IX (CA9; 1:400,

PA1-16592, Invitrogen) and CD3 (1:200; ab16669, Abcam).
For quantification, the slides were assessed according to
the intensity and area of the staining by two independent
pathologists. The staining intensity was scored as 0 for
no staining, 1 for weak staining, 2 for medium staining,
and 3 for strong staining. The proportion of positive cells
was scored as follows: 0 for <5%, 1 for 5%-25%, 2 for 26%—
50%, 3 for 51%-75%, and grade 4 for >75%. The staining
index (SI) = staining intensity X proportion of positive
cells.

2.7 | RNA isolation and quantitative
real-time polymerase chain reaction
(qRT-PCR)

Total RNA was extracted from cell lines and tissue speci-
mens using Trizol reagent (Invitrogen). First-strand cDNA
was synthesized using the HiScript II 1st Strand cDNA
Synthesis Kit (Vazyme) with 1 ug of total RNA following
the manufacturer’s instructions. The cDNA samples used
for gene expression analysis were diluted by 1:20. qRT-PCR
was performed on a CFX96 real-time PCR detection system
(Bio-Rad, Hercules, CA, USA), and a HiScript II One Step
gRT-PCR SYBR Green Kit (Vazyme) was used for gene
detection. Tubulin was used as an internal control to calcu-
late the relative mRNA levels. Primers for MFN2 were as
follows: forward, 5-CACATGGAGCGTTGTACCAG-
3% reverse, 5-TTGAGCACCTCCTTAGCAGAC-3’.
Primers for Tubulin were as follows: forward,
5-TGGACTCTGTTCGCTCAGGT-3’; reverse, 5-
TGCCTCCTTCCGTACCACAT-3. gqRT-PCR was
performed according to the manufacturer’s instruc-
tions. Breifly, the cycling reaction was as follows: initial
denaturation at 95°C for 30 s, followed by 40 cycles
of denaturation at 95°C for 10 s and annealing at 60°C
for 30s.

2.8 | Subcellular fraction isolation

For mitochondria isolation, cells were harvested and
washed with phosphate-buffered saline (PBS), and
then resuspended in isolation buffer containing 20
mmol/L 4-(2-hydroxyethyl)-1-piperazineethanesulfonicaci
(HEPES, pH 7.5; Sigma, St Louis, MO, USA), 70 mmol/L
sucrose, 210 mmol/L mannitol, 0.5 mmol/L ethylene
diamine tetraacetic acid (EDTA, Sigma), 1 mg/mL
bovine serum albumin (BSA, Sigma), and 1 mmol/L
phenylmethanesulfonylfluoride (PMSF, Sigma). The
cells were lysed on ice using a Dounce homogenizer
(Sigma), and the homogenate was centrifuged twice at
1,000 x g for 10 min at 4°C. The supernatant was further
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centrifuged at 10,000 X g for 20 min at 4°C to obtain the
crude mitochondrial fraction. To prepare pure mitochon-
drial fractions, the isolated crude mitochondrial fractions
were centrifuged at 100,000 X g for 30 min at 4°C with a
30% Percoll gradient in isolation buffer. The mitochondria
were washed and collected for experiments.

Plasma membrane proteins were isolated using the
Plasma Membrane Protein Extraction Kit (ab65400,
Abcam). Briefly, cells were harvested, washed twice with
ice-cold PBS, and resuspended in homogenization buffer.
The cells were lysed using a Dounce homogenizer, and
the homogenate was centrifuged twice at 1,000 X g for 10
min at 4°C. The supernatant was further centrifuged at
10,000 x g for 30 min at 4°C to obtain the cytosolic fraction
and pellets. The pellets were further purified using upper
and lower phase solution according to the manufacturer’s
(Abcam) instructions.

To detect the distribution of PTPRJ on mitochondria,
mitochondria isolated from 786-O cells were treated with
10 pug/mL proteinase K (Gibco) with or without 1% Triton
X-100 (Anatrace, Maumee, OH, USA) for 30 min at 4°C,
and the reaction was terminated by the addition of PMSF.

2.9 | Co-immunoprecipitation (Co-IP)
and Western blotting

Cells were lysed in ice-cold lysis buffer (50 mmol/L Tris-
HCI [pH 7.5],150 mmol/L NaCl, 1% Triton X-100, 1 mmol/L
EDTA) with 1 X protease inhibitor cocktail (C0001, Tar-
getMol, Boston, MA, USA) for 30 min. Heterologously
expressed MFN2-Flag and EGFR-HA were subjected to
anti-Flag G1 affinity resin (L00432, GenScript, Nanjing,
Jiangsu, China) or anti-HA Magnetic Beads (#88836,
Thermo-Fisher Scientific, Waltham, MA, USA). The pre-
cipitated proteins were eluted by 400 ug/mL Flag peptide
(RP10586, GenScript) or 1 mg/mL HA peptide (TP1276, Tar-
getMol). For co-IP of endogenous MFN2, cell lysates were
incubated with anti-MFN2 antibody (1-2 ug) overnight at
4°C. Subsequently, the pre-cleared protein A/G magnetic
beads (#26162, Thermo-Fisher Scientific) were added to
capture the protein complexes. In both cases, the beads
were extensively washed at least five times with lysis buffer
to remove non-specifically associated proteins. Eluted pro-
teins were boiled for 10 min in 1 X sodium dodecyl
sulphate (SDS) loading buffer and then analyzed by West-
ern blotting. Protein samples were loaded and separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a 0.45 um polyvinylidene
difluoride (PVDF) membrane (Merck Millipore, Billerica,
MA, USA). After blocking, proteins were immunoblotted
with the indicated antibodies.

2.10 | Protein expression and
purification

The full-length human MFN2 was cloned into pFastBacl
vector (Invitrogen) with an N-terminal 3 X Flag tag. The
recombinant MFN2 was expressed in SF9 insect cells using
the Bac-to-Bac baculovirus system (Invitrogen). Briefly,
bacmid DNAs were generated in DH10Bac cells (Alpalife,
Shenzhen, Guangdong, China), and the resulting bac-
uloviruses were generated and amplified in SF9 cells.
After baculovirus infection, cells were cultured at 28°C
for 48 h before harvesting. To obtain proteins for bio-layer
interferometry (BLI) assays, the truncated human MFN2
(MFN2p) [34] was cloned into a modified pET28 vector
(pSKB) with an N-terminal 6 X His-tag; full-length human
Rab21 carried a glutathione S-transferase (GST)-tag. Trans-
formed E. coli Rosetta (DE3) cells (Alpalife) were cultured
at 37°C and induced with 0.1 mmol/L isopropyl-1-thio-5-
d-galactopyranoside (IPTG, Sigma) at ODgq. Cells were
cultured for 20 h at 18°C before harvesting.

For purification of full-length MFN2, cells were har-
vested by centrifugation at 800 X g for 20 min at 4°C and
washed with PBS, then resuspended in the buffer contain-
ing 20 mmol/L HEPES (pH 7.5), 70 mmol/L sucrose, 210
mmol/L mannitol, 0.5 mmol/L EDTA, 1 mg/mL BSA, and
1 mmol/L PMSF. The cells were homogenized on ice using
a Dounce homogenizer for 80 cycles, and the homogenate
was centrifuged twice at 1,000 X g for 10 min at 4°C. The
supernatant was further centrifuged at 10,000 X g for 20
min at 4°C to obtain crude mitochondria. MFN2 was sub-
sequently extracted from the crude mitochondria by 1.2%
n-dodecyl-b-D-maltoside (DDM, Anatrace) in lysis buffer
containing 20 mmol/L HEPES (pH 7.5), 500 mmol/L NacCl,
1 mmol/L EDTA, and 1 X protease inhibitor cocktail for 2
h at 4°C. The extraction was centrifuged at 40,000 x g for 1
h at 4°C to remove the insoluble component. The super-
natant was incubated with anti-Flag G1 affinity resin at
4°C for 2 h and then washed three times with 10 column
volumes of lysis buffer plus 0.1% DDM. The protein was
eluted with lysis buffer containing 1 mmol/L dithiothreitol
(DTT; Gibco), 0.1% DDM, and 400 ug/mL Flag peptide. The
Flag-tagged MFN2 was used for further assay.

For the internal truncated version of MFN2 (MFN2ypy,
used in BLI experiment) [34] and Rab21 purification, E. coli
cells were lysed in buffer containing 50 mmol/L HEPES
(pH 7.5), 300 mmol/L NaCl, and 2 mmol/L MgCl, with
a cell disruptor (JNBIO, Guangzhou, Guangdong, China).
The insoluble fractions were removed by centrifugation at
40,000 X g for 1 h at 4°C. His-tagged MFN2p,; was purified
as described previously [34]. For purification of GST-
tagged Rab21, the protein was applied to a GST column (GE
Healthcare, Pittsburgh, PA, USA) pre-equilibrated with
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lysis buffer, and eluted with lysis buffer containing extra
15 mmol/L reduced glutathione (GSH).

2.11 | BLI assay

The BLI assay was conducted on an Octet RED96 (Forte-
Bio, Menlo Park, CA, USA). Anti-His biosensors (ForteBio)
were pre-equilibrated with buffer containing 50 mmol/L
HEPES (pH 7.5), 300 mmol/L NaCl, 2 mmol/L MgCl,, and
2 mmol/L DTT for 10 min before each assay. To determine
the dissociation constant (Kd), at least three concentra-
tions of recombinant MFN2,; were added to obtain the
binding data. The global fitting algorithm of the Octet Data
Analysis software (ForteBio) was used to analyze the data.
The results were presented in Graphpad Prism 8.0 (La
Jolla, CA, USA).

2.12 | Pull-down assay and liquid
chromatography-mass spectrometry
(LC-MS/MS) analysis

293T or 786-0O cells were lysed with radio immunoprecipi-
tation assay (RIPA) buffer containing 1 X protease inhibitor
cocktail. Flag affinity resins with or without Flag-tagged
MFN2 coating (MFN2-beads) were incubated with cell
lysates at 4°C overnight. Beads were washed five times
with RIPA buffer and eluted with 400 ug/mL Flag peptide.
The eluted protein samples were subjected to SDS-PAGE or
MS analysis. For the Rab21 pull-down assay, HA magnetic
beads (Gibco) were used.

2.13 | Immunofluorescence (IF) staining

Paraffin-embedded tumor samples were continuously sec-
tioned at a thickness of 4 um. Antigen retrieval was
performed using 0.01 mol/L citrate buffer (pH 6.0) in a
pressure cooker for 3 min, and subsequently treated with
3% hydrogen peroxide for 5 min. Non-specific binding was
then blocked with 5% BSA for 25 min at room tempera-
ture. Cells (2 x 10*) for IF staining were seeded on cover
slides and fixed with 4% paraformaldehyde for 15 min
at room temperature, permeabilized with 0.1% Triton X-
100, and blocked in PBS with 2% BSA for 1 h at room
temperature. Subsequently, the samples were incubated
with appropriate primary antibodies at 4°C overnight
and subjected to secondary antibodies conjugated with
Alexa Fluor (Invitrogen) for 1 h at room temperature. Pri-
mary antibodies for IF staining included MFN2 (1:200;
#11925, Cell Signaling Technology), Rab21 (1:100; sc-81917,
Santa Cruz Biotechnology), EGFR (1:100; #4267, Cell Sig-

naling Technology) and PTPRJ (1:100; sc-376794, Santa
Cruz Biotechnology). Nuclei were counterstained with 4,6-
diamidino-2-phenylindole (DAPI; D3571, Invitrogen). For
confocal microscopy, confocal images were acquired using
a confocal laser-scanning microscope (FV1000, Olympus,
Tokyo, Japan) with a 100 X 1.45 numerical aperture (NA)
oil immersion objective (Olympus). For structured illumi-
nation microscopy (SIM), super-resolution images were
taken with a Nikon N-SIM system using a 100 X 1.49
NA oil immersion objective (Nikon). Images were cap-
tured with Nikon Imaging Software (NIS)-Elements and
reconstructed using slice reconstruction function. All IF
experiments were performed three times with two replica
and similar results were acquired.

2.14 | Image analysis

The mitochondrial structure was reconstructed using
Imaris 9.0 Microscopy Image Analysis Software (https://
imaris.oxinst.com/). Mitochondrial contact of Rab21 and
EGFR was defined as those with Rab21 or EGFR dots over-
lapping with mitochondria. The percentage of Rab2l or
EGFR in contact with mitochondria was quantified as the
area of Rab21 or EGFR dots that formed contact with mito-
chondria divided by the area of total dots in the view field.
The colocalization of Rab21 and EGFR was calculated as
Mander’s overlap coefficients using the ImageJ software.

2.15 | RNA-sequencing (RNA-seq)

Total RNA was extracted from 786-O cells using a Tri-
zol reagent kit. The mRNA was enriched by removing
ribosomal RNA, digested and reversely transcribed into
second-strand cDNA, and purified using the QiaQuick
PCR extraction kit (QIAGEN, Hilden, Germany). End-
paired segments were subjected to Illumina sequencing
adapters (Illumina, San Diego, CA, USA). Next, products
were selected by size and amplification. The constructed
RNA-seq libraries were sequenced by the Lianchuan Cor-
poration (Hangzhou, Zhejiang, China). The raw sequenc-
ing reads were mapped to the reference genome using
TopHat2 RNASeq alignment software (http://ccb.jhu.edu/
software/tophat) and quantified by HTSeq (https://pypi.
org/project/HTSeq/) to generate read counts for every
gene. DESeq2 was used to estimate gene expression lev-
els and identify differentially expressed genes (DEGs). The
Benjamini-Hochberg method was used to estimate the
false discovery rate (FDR). DEGs were filtered using a
minimum log2-transformed fold change of 1 and a maxi-
mum FDR value of 0.05. Pathway analysis was conducted
using the Wikipathways [36] of the WEB-based Gene
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Set Analysis Toolkit (WebGestalt) (http://www.webgest-
alt.org/).

2.16 | Xenograft mouse model

Male BALB/c nude mice (4 weeks old) were purchased
from GemPharmatech (Nanjing, Jiangsu, China) and
housed under specific pathogen-free (SPF) conditions.
Mice were randomly allocated into the indicated experi-
ment groups (n = 5 per group). All animal experiments
were approved by the Institutional Review Boards and Ani-
mal Care and Use Committees of SYSUCC (Approval No.
L,025501202107050). For the xenograft tumor growth assay,
1 x 107 786-0 or Caki-1 cells in 150 uL PBS were subcuta-
neously injected into the dorsal flank of nude mice. Two
weeks after inoculation, tumor size was measured every
week. Seven weeks later, the mice were euthanized by
CO,, and the tumor weights and volumes were calculated.
The tumor volume was determined by the formula 0.5 X
length x width?. The tumors were excised and fixed for
further analysis. For gelfitinib treatment, when tumor vol-
ume reached about 4 mm in diameter (day 0), mice were
randomly assigned to the following two treatments (n =
5 per group): vehicle and gelfitinib (50 mg/kg daily for 4
weeks with a 2-week interval). For the pulmonary metas-
tasis assays, 5 X 10° cells were injected into the tail veins
of nude mice. Eight weeks later, the mice were euthanized
by CO,, and lung nodules were counted and analyzed by
hematoxylin and eosin (H&E) staining. When the tumor
diameter reached over 20 mm or tumor burden exceeded
10% of the mouse body weight, the mice would be treated
humanely with excessive carbon dioxide inhalation.

217 |
model

Patient-derived xenograft (PDX)

ccRCC specimens were obtained intraoperatively from
patients at the FAH-SYSU. Our study was implemented
with the informed consent of patients and approved by the
Institution Review Board. In addition, all animal experi-
ments were reviewed and approved by the ethics boards
and Animal Care and Use Committees of Sun Yat-sen Uni-
versity (Approval No. L025501202107050). Briefly, freshly
sectioned ccRCC tissues were transported in RPMI-1640
on ice and minced finely into fragments of 1-2 mm?, mixed
with Matrigel, and implanted subcutaneously into the
right flank of 6-week-old male immunocompromised NSG
(NOD/ShiLtJGpt-Prkdcem26Cd52112rgem26Cd22/Gpt)

mice (GemPharmatech). When the tumor volume
reached 50-100 mm?, 5 x 10> MFN2 overexpression or
control lentiviral particles were injected intratumorally for

2 consecutive days. Tumor growth was monitored every
12 days. On the 36th day, mice were euthanized by CO,,
and tumors were collected for further experiments. Tumor
volumes were calculated.

2.18 | Transgenic mouse models

Cdh16-Cre mice were purchased from Cyagen (Suzhou,
Jiangsu, China), Mfn21°/1% mice were generated by
GemPharmatech, and VhIo¥/loX mice were obtained
from Shanghai Model Organisms (Shanghai, China).
All mice were maintained under SPF conditions at the
Laboratory Animal Resource Center of Sun Yat-sen
University. Eight-week-old male Cdhl6-Cre mice were
crossed with 8-week-old female Mfn219/1°% mice to
obtain Cdhi6-Cre/Mfn2fl0¥/fox  mice as homozygous
kidney-specific conditional Mfn2 knockout (Mfn2¢%0)
mice. VhIo¥/fox mice were crossed with Mfn2CKO
mice to generate Cdhl6-Cre/Vhi1o¥/flox (yp]CKOY and
Cdhi6-Cre/Vhiox/ox /ppfp 2flox/flox (ypinfn2CKOY)  mice.
The genotypes of transgenic mice were identified by
PCR amplification of target DNA from mouse tails
and agarose gel electrophoresis using the Animal
Genomic DNA Quick Extraction Kit for PCR Anal-
ysis (D0065S, Beyotime, Shanghai, China). Primers
for Cdhi6-Cre transgenic genotyping were forward
(5-GCAGATCTGGCTCTCCAAAG-3’) and reverse (5-
AGGCAAATTTTGGTGTACGG-3’). Primers for floxed
Mjfn2 knockout allele genotyping were 5loxP forward
(5-GGCAGCTTTTATTCTGGCCTCAGA-3’) and 3’ loxP
reverse (5-TCAGGAGAGAGAGGTAGGAGGGTCTCT-3).
Vhi-flox allele primers were 5loxP forward (5-
TAGTCCCCAGCATAACAAACACC-3’) and 3’ loxP
reverse (5-TGCAACTGCCCAAAATTCTCAAAG-3).

For primary culture of renal tubule cells, the kidney
cortex collected from Mfn2°%° mice were digested with 1
mg/mL Liberase TM (Roche, Indianapolis, IN, USA) and
1 umol/L DNase I (Takara, Tokyo, Japan) for 30 min at
37°C and filtered through the 100-um mesh to isolate cells.
Cells were cultured in RPMI-1640 containing 10% FBS, 20
ng/mL EGF, and 1% penicillin/streptomycin (Gibco) in a
5% CO, humidified incubator at 37°C. Cells were starved
and stimulated with 100 ng/mL EGF for 30 min before
Western blotting analysis.

Blood urea nitrogen (BUN) and creatinine were mea-
sured by the Urea (BUN) Quick Test Strips (MASO008,
Sigma) or the Creatinine Assay Kit (MAKO080, Sigma) as
manufacturer’s suggestions. For flow cytometry, kidney
lesions or cortex from healthy mice were digested and
prepared into single-cell suspension. Cells were incubated
with antibodies for 30 min. Antibodies included CD45
(1:200; #103126, Biolegend, San Diego, CA, USA), CDI11b
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(1:200; #101206, Biolegend), CD11c (1:200; #117308, Biole-
gend), and F4/80 (1:200; #123110, Biolegend). The samples
were determined by the Beckman CytoFLEX Flow cytome-
ter (Beckman Coulter, Brea, CA, USA), and data were
analyzed by FlowJo V10 (FlowJo LLC, Ashland, OR, USA).

2.19 | Identification of apoptosis

Apoptosis of HK-2 and 786-O cells were detected by an
apoptosis detection kit (MultiSciences, Hangzhou, Zhe-
jiang, China). Cells were stained with annexin V and
propidine iodide (PI) and determined by flow cytometry
(Beckman Coulter). Data were analyzed by FlowJo V10
(FlowJo LLC).

2.20 | Analyses of TCGA data

The clinical data and RNA-seq data of the Cancer
Genome Atlas kidney renal clear cell carcinoma (TCGA-
KIRC) cohort were downloaded from Firebrowse (http://
firebrowse.org/). The mRNA expression data of primary
and metastatic ccRCC samples were downloaded from
the Gene Expression Omnibus (GEO) database (GSE73121)
[37]. Normalized protein expression data of TCGA-KIRC
samples were download from the Clinical Proteomic
Tumor Analysis Consortium (CPTAC) data portal (https://
pdc.cancer.gov/pdc/browse). R package DESeq2 (version
1.30.1) was used to calculate the fold change and adjusted P
values for the mRNA expression of MFN2 between ccRCC
samples and adjacent normal tissues. R packages DESeq2
(version 1.30.1) was used to identify the DEGs between
normal and tumor tissues as well as the DEGs between
MFN2-high (>50%) and -low (<50%) expression tumor
tissues. The R packages Seurat (version 4.0.1) was used
to calculate the DEGs between primary and metastatic
ccRCC PDX tissues. R packages pROC (version 1.18.0) was
used for area under curve (AUC) evaluation of the pre-
dictive prognosis value of candidate genes. The heatmap
was plotted by the pheatmap package (version 1.0.12) with
the gene expression values normalized by the rows, and
the chord graph was drawn with ggplot2 package (version
3.0.0).

2.21 | Statistical analysis

Statistical tests were performed as indicated in the figure
legends and text. All data are presented as mean + standard
deviation (SD), with a minimum of three biologically inde-
pendent experiments for significance. Data were analyzed
using GraphPad Prism 8.0 software (GraphPad Software,

San Diego, CA, USA). Unpaired and two-tailed student’s
t-tests were used for the intergroup comparisons and one-
way analysis of variance (ANOVA) for comparisons among
multiple groups unless otherwise stated. Survival analysis
was performed using the Kaplan-Meier method, and the
log-rank test was used for comparisons. OS was defined as
the interval from being diagnosed to death of any cause;
disease-free survival (DFS) was defined as the interval from
being diagnosed to recurrence or death. Tumor cells or
colonies were counted using ImageJ software.

3 | RESULTS

3.1 | Identification of MFN2 as a key
regulator of tumor progression and a
favorable prognosis marker in ccRCC

To screen key regulators of tumorigenesis and metas-
tasis of ccRCC, we analyzed gene expression in two
ccRCC cohorts from TCGA-KIRC and GSE73121 datasets,
respectively. Totally, 3,604 up-regulated and 2,704 down-
regulated genes were found in TCGA-KIRC tumor tissues
(Figure 1A), while 579 up-regulated and 1,341 down-
regulated genes were found in metastatic ccRCC samples
(Supplementary Figure S1A). To identify the tumor sup-
pressors that inhibit the initiation and development of
ccRCC, we overlapped the down-regulated genes between
TCGA-KIRC and GSE73121 datasets, and 354 genes were
noted (Figure 1B). Candidate genes were subjected to
AUC analysis to evaluate their prognostic values using the
TCGA-KIRC database (Figure 1C). Among these genes,
MFN2 was significantly down-regulated in ccRCC tumor
tissues, especially in metastatic ccRCC (Figure 1D, Supple-
mentary Figure S1B). While reported as a tumor suppressor
in various tumors [30, 31], its role in ccRCC has not
yet been illustrated. Subsequent analysis of the CPTAC
database indicated that MFN2 protein level was signifi-
cantly decreased in ccRCC (Supplementary Figure S1C).
The down-regulation of MFN2 in ccRCC samples of
patients from FAH-SYSU was subsequently validated by
Western blotting analysis (Figure 1E), IHC and IF stain-
ing (Figure 1F-G), as well as qPCR (Supplementary Figure
S1D). Further analysis of the TCGA-KIRC data revealed
that MFN2 expression was associated with clinical stage
(Figure 1H), tumor stage (Figure 1I), metastasis status
(Figure 1J) and histological grade (Supplementary Figure
S1E). Next, we examined MFN2 expression levels in a panel
of human ccRCC cells (786-O, A-498, and Caki-1) and
in HK-2 cells. MFN2 expression levels were significantly
lower in tumor cells than in normal cells (Figure 1K-L).
These results suggested that reduced MFN2 expression was
a prominent feature of ccRCC.
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To assess the clinical prognostic value of MFN2 in
ccRCC, we analyzed the corresponding prognosis data in
TCGA-KIRC cohort, which indicated that higher expres-
sion of MFN2 was associated with better patient survival
(Figure 1M). Mitofusin-1 (MFN1), the MFN2 homolog also
possessing mitochondrial fusogenic activity, showed less
degree of down-regulation in tumor tissues and no prog-
nostic potential in TCGA-KIRC cohort (Supplementary
Figure SIF-G). Consistent with TCGA results, we found
that high MFN2 expression was associated with a favor-
able OS and DFS in an independent ccRCC cohort from
SYSUCC (Figure 1N-O, Supplementary Figure S1H). Col-
lectively, these results indicated that MFN2 was a favorable
prognostic marker for patients with ccRCC.

3.2 | MFN2 loss promoted EGFR
signaling and accelerated ccRCC growth
and metastasis

To explore the potential role of MFN2 in ccRCC develop-
ment, we knocked down MFN?2 in cells with high MFN2
expression (HK-2, 786-0 cells) and overexpressed MFN2 in
cells with low MFN2 expression (Caki-1, A-498 cells) (Sup-
plementary Figure S2A). MFN2 depletion promoted the
proliferation, migration and invasion of 786-O and HK-2
cells, whereas exogenous overexpression of MFN2 in Caki-
1 and A-498 cells led to opposite effects (Supplementary
Figure S2B-D). However, MFN2 depletion did not affect the
survival of HK-2 and 786-O cells (Supplementary Figure
S2E). To further elucidate the exact role of MFN2 in sup-
pressing ccRCC initiation and progression, we analyzed
the transcriptome profiles from TCGA-KIRC cohort based
on MFN2 expression levels using WikiPathway. We found
that MFN2 was closely related to EGFR and its down-

stream signaling pathways, including the RAS-mitogen-
activated protein kinase (MAPK), phosphatidylinositol
3-kinase (PI3K)-AKT-mTOR, and Janus-family tyrosine
kinase (JAK)-signal transducer and activator of transcrip-
tion 3 (STAT3) pathways (Figure 2A). To confirm this, we
performed transcriptome profiling in MFN2-knockdown
and control 786-O cells, and observed significant differ-
ence between the two groups (Supplementary Figure S3A).
RNA-seq results showed that depletion of MFN2 in 786-
O cells led to up-regulation of genes functionally enriched
in EGFR and related downstream pathways (Figure 2B),
which is consistent with the TCGA data. These results
were further validated by Western blotting. Knockdown of
MFN2 in 786-0 cells increased the phosphorylation level of
EGFR (p-EGFR), as well as those of the downstream tar-
gets STAT3 (p-STAT3), AKT (p-AKT), and ERK (p-ERK),
while MFN2 overexpression decreased the phosphoryla-
tion levels of these proteins in Caki-1 cells (Figure 2C). We
then found that the protein level of MFN2 was negatively
correlated with that of p-EGFR in human ccRCC samples
(Figure 2D, Supplementary Figure S3B).

We then used a subcutaneous xenograft model of nude
mice to investigate the effect of MFN2 on ccRCC tumor
growth in vivo. Consistent with the in vitro results, knock-
down of MFN2 in 786-O tumors showed accelerated
growth (Figure 2E, Supplementary Figure S3C), while
overexpression of MFN2 in Caki-1 tumors showed decel-
erated growth (Figure 2E, Supplementary Figure S3D).
In line with the differences in tumor growth rate, the
positive ratio of Ki67, a cell division marker, as well as
the p-EGFR level, were increased in 786-O tumors with
MFN2 knockdown, but decreased in Caki-1 tumors with
MFN?2 overexpression (Figure 2F). In addition, pulmonary
metastasis model was employed to explore the role of
MFN?2 in ccRCC tumor metastasis in vivo. Compared to

FIGURE 1 MFN2is down-regulated in human ccRCC and associated with favorable prognosis. (A) Heat map showing differentially
expressed genes between normal and tumor tissues in TCGA-KIRC cohort. (B) Strategy to identify candidate genes involved in tumorigenesis
and metastasis of ccRCC. (C) AUC evaluation of the prognostic value of identified candidate genes based on TCGA-KIRC database.

(D) MFN2 mRNA expression levels in normal and tumor tissues from TCGA-KIRC database. (E) Representative images of MFN2 protein
levels in nine pairs of human ccRCC tumor tissues and adjacent normal tissues. Tubulin was used as a loading control. The statistical analysis
is shown in the right panel. (F) Representative images of IHC staining (left panels) and IF staining (right panels) for MFN2 (green) and DAPI
(blue) in human ccRCC tumor and normal tissues. (G) Quantification of MFN2 protein levels in human ccRCC tumor and normal tissues
from IHC staining of Figure 1F (n = 10). (H-J) MFN2 mRNA expression levels in different grades and stages in TCGA-KIRC database: clinical
stage (H), tumor stage (I) and metastasis status (J) according to the 8" edition of ATCC TNM Staging. (K) Western blotting image (left panel)
and statistical analysis (right panel) of MFN2 protein expression detected in immortalized renal epithelial cell line HK-2 and ccRCC cell lines
(786-0, A-498, Caki-1). Tubulin was used as a loading control. (L) Relative MFN2 mRNA expression of HK-2 and ccRCC cells. Tubulin was
used as a loading control. (M) OS of ccRCC patients with high (n = 134) or low (n = 397) expression of MFN2 in TCGA-KIRC cohort. (N-O)
OS (N) and DFS (O) of ccRCC patients with high (n = 65) or low (n = 85) expression of MFN2 in SYSUCC cohort, determined by MFN2 IHC
staining, Data are presented as means + SD. *P < 0.05, ** P < 0.01, *** P < 0.001, by Student’s t test (D, E, G, H, L, J, K) or log-rank test (M, N, O).
Abbreviations: TCGA-KIRC, the Cancer Genome Atlas kidney renal clear cell carcinoma; MFN2, mitofusin-2; AUC, area under curve; N,
normal; T, tumor; Pri, primary tumor; Met, metastatic tumor; M, metastasis; TPM, transcripts Per Kilobase of exon model per Million mapped
reads; IHC, immunohistochemistry; IF, immunofluorescence; DAPI, 4,6-diamidino-2-phenylindole; Relat., relative; SYSUCC, Sun Yat-sen
University Cancer Center; OS, overall survival; DFS, disease-free survival.
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the control groups, a greater number of metastatic nod-
ules were detected in the group with MFN2 knockdown
(Figure 2G-H, Supplementary Figure S3E), and fewer
metastatic nodules were found in the group with MFN2
overexpression (Figure 2I-J, Supplementary Figure S3F).
Taken together, these results showed that MFN2 inhib-
ited ccRCC cell growth and metastasis in vitro and in
vivo. Collectively, MFN2 was important for both neoplastic
transformation and metastatic progression in renal cancer.

3.3 | MFN2 suppressed ccRCC growth
and metastasis through EGFR signaling
pathway

Multiple receptor tyrosine kinase (RTK) signaling path-
ways, especially vascular endothelial growth factor
receptor (VEGFR), platelet-derived growth factor receptor
(PDGFR) and EGFR pathways, are activated in ccRCC [38].
We sought to identify whether MFN2 regulates ccRCC
growth and metastasis mainly through EGFR signaling.
We screened multiple RTKs and found that compared with
the effect on EGFR (Figure 2C), MFN2 overexpression
only slightly inhibited VEGFR2 phosphorylation and did
not significantly alter the phosphorylation of PDGFRf
and MET (Figure 2K). Gefitinib is a small molecule that
inhibits ATP binding within the tyrosine-kinase domain
of EGFR, thus completely blocking EGF-stimulated EGFR

autophosphorylation on cell surface and subsequent
signal transduction from activated EGFR [39]. Gefitinib,
but not lenvatinib (an inhibitor of VEGFR, fibroblast
growth factor receptor (FGFR), PDGFR, c-kit and RET)
or cabozantinib (an inhibitor of VEGFR, MET, c-kit and
Axl), inhibited the elevated levels of p-AKT, p-ERK and
p-STAT3 as well as the malignant phenotypes induced
by MFN2 knockdown (Figure 2L, Supplementary Figure
S4A-C). MFN2 knockdown-induced differences in in
vivo tumor growth could be largely alleviated by gefitinib
treatment (Figure 2M). Importantly, the effects of MFN2
knockdown on p-EGFR and its downstream targets (p-
STATS3, p-AKT and p-ERK), as well as on the phenotypes of
cell proliferation, migration and invasion, were dependent
on EGF stimulation (Figure 2N, Supplementary Figure
S4D-I). These findings demonstrated that MFN2 restricted
EGF-induced EGFR activation and repressed ccRCC
growth and metastasis in an EGFR signaling-dependent
manner.

3.4 | Mice with kidney-specific
Mfn2-knockout developed malignant
lesions and were characterized by
increased EGFR signaling activity

To test whether MFN2 loss contributes to renal carcinogen-
esis, we generated kidney-specific Mfn2-knockout mice

FIGURE 2 MFN2 inhibits the proliferation and metastasis of ccRCC via EGFR signaling. (A) Chord graph representing 17 differentially
expressed genes between MFN2 high and low expression groups in TCGA-KIRC cohort and the association of these genes to the

corresponding oncogenic pathways. (B) Pathway analysis showed the significantly altered signaling pathways upon knockdown of MFN2 in
786-0 cells. (C) Western blotting analysis of EGFR pathway proteins in MFN2-knockdown 786-0O cells and MFN2-overexpressed Caki-1 cells
using the indicated antibodies. (D) Correlation analysis between MFN2 and p-EGFR protein levels in human ccRCC samples (n = 30). (E)
Growth curves of tumors from BALB/c nude mice subcutaneously implanted with MFN2-knockdown and control 786-0 cells (upper panel)
or MFN2-overexpressing and control Caki-1 cells (lower panel) (5 mice/group). Tumor volumes were measured at the indicated times. (F)
Representative IHC staining images of Ki67 and p-EGFR in MFN2 knockdown 786-O tumors or MFN2 overexpression Caki-1 tumors. IHC
Scores are shown at the bottom. (G-H) Representative images of lungs with metastatic nodules (G) and H&E staining (H) of metastatic lesions
in the lungs of BALB/c nude mice after tail vein injection with MFN2-knockdown and control 786-0 cells (n = 5 per group). Arrows indicate
the metastatic colonies in the lung tissues. (I-J) Representative images of lungs with metastatic nodules (I) and H&E staining (J) of metastatic
lesions in the lungs of BALB/c nude mice after tail vein injection with MFN2-overexpression and control Caki-1 cells (n = 5 per group).
Arrows indicate the metastatic colonies in the lung tissues. (K) Western blotting analysis of indicated RTKs (VEGFR2, PDGFRS, ¢-MET) in
MFN2 knockdown 786-0 cells or MFN2 overexpression Caki-1 cells using the indicated antibodies. (L) Western blotting analysis of indicated
proteins in MFN2 knockdown 786-O cells treated with indicated RTK inhibitors. (M) Growth curves of tumors from BALB/c nude mice
subcutaneously implanted with MFN2 knockdown and control 786-O cells (upper panel) or MFN2 overexpression and control Caki-1 cells
(lower panel) treated with Gefitinib (50 mg/kg, 5 mice per group). Tumor volumes were measured at the indicated times. (N) Western blotting
assay of EGFR pathway proteins in MFN2 knockdown HK-2 cells with or without EGF stimulation (100 ng/mL) using the indicated
antibodies, Data are presented as means + SD. ns, not significant. * P < 0.05, *** P < 0.001, by one-way ANOVA (E, M) or Person’s correlation
analysis (D).

Abbreviations: oeCtrl, empty overexpression control; 0eMFN2, overexpression of MFN2; shCtrl, negative control ShRNA; shRNA, short
hairpin RNA; IHC, immunohistochemistry; SYSUCC, Sun Yat-sen University Cancer Center; VEGFR, vascular endothelial growth factor
receptor; PDGFR, platelet-derived growth factor receptor; MET, mesenchymal epithelial transition factor. p-EGFR, phosphorylated epidermal
growth factor receptor; p-AKT, phosphorylated protein kinase B; p-ERK1/2, phosphorylated extracellular signal-regulated kinase 1/2; H&E,
hematoxylin and eosin; RTK, receptor tyrosine kinase.
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(Cdhi16-Cre/Mfn2M1°%/flox ' hereby denoted as Mfn2CK°) by
crossbreeding Mfn219¥/f° and Cdhi6-Cre transgenic mice
[40] (Figure 3A). The Cdhl6-Cre promoter drove expres-
sion throughout the kidney epithelium, with the highest
expression levels in the collecting ducts and more distal
nephron segments [41]. Homozygous Mfn2°%° mice were
verified by genotyping and IHC staining (Supplementary
Figure S5A-B). Kidney functions, which were indicated
by blood urea nitrogen (BUN) and creatinine levels, were
unaffected in Mfn2°%0 mice (Supplementary Figure S5C).
Mfn2°KO mice were born at expected Mendelian ratios and
did not appear sickly at birth. At 12 weeks of age, Mfn2¢*0
mice had grossly normal kidneys similar to the controls,
but the kidneys of 3 of 8 Mfn2%° mice at the age of 40
weeks developed typical malignant lesions (Figure 3B-C).
Compared with kidneys of control mice which exhibited
organized tubule structures, kidneys of Mfn2X© mice dis-
played significant solid dysplasia, typical clear cytoplasm
and a spectrum of cystic lesions (Figure 3D). Tubular
lesions developed from irregular luminal contour, high
cellularity and multiple layering of the epithelium to
thorough structural abnormality surrounded by fibroblas-
tic cells; dilated tubules, glomerular cysts, and vascular
dysplasia were also observed in malignant regions (Supple-
mentary Figure S5D). IHC analysis with anti-Ki67 antibody
indicated enhanced proliferation of renal tubular epithe-
lial cells upon Mfn2 deletion (Supplementary Figure S5E).
All pathological lesions showed strong immunoreactivity
for pan-cytokeratin (CK) (a marker for RCC) and c-Myc
(a marker for neoplastic lesions), and weak or median
immunostaining for a-SMA (a marker for myofibroblasts),
indicating they were likely neoplastic lesions (Supplemen-
tary Figure S5F). Moreover, the Mfn2°X© kidney lesions
were infiltrated by CD3-positive T lymphocytes (Supple-
mentary Figure S6A) and myeloid cells including CD11b-
positive, F4/80-positive and CD1l1c-positive cells (Supple-
mentary Figure S6B-C), indicating an active inflammatory
response.

We then investigated whether MFN2 deletion in kidney
epithelial cells affected EGFR signaling activity. IHC anal-

ysis of kidney sections showed increased levels of p-EGFR,
p-AKT and p-ERK in Mfn2°%0 mice (Figure 3E). To fur-
ther study the effect of MFN2 on kidney epithelial cells,
we isolated renal tubule cells from kidneys of Mfn2¢X0
and control mice. Western blotting analysis showed that
MFN?2 loss significantly increased EGF-induced p-EGFR,
p-AKT, p-ERK and p-STAT3 levels in cultured renal tubule
cells compared to their counterparts in the control groups
(Figure 3F). These transgenic mouse data demonstrated
that Mfn2 deletion in kidney epithelial cells resulted in
elevated EGFR signaling, which may cause malignancy
of renal epithelium and serve as an oncogenic driver for
kidney cancer.

To determine whether loss of MFN2 in the kidney accel-
erates development of ccRCC, we crossed Vhiflox/flox ijce
with Mfm2%C0 mice to generate Cdhi6-CreVhlflox/fox
(VhICKO) and Cdh16-Cre/Vhilox/Mox /pfip pflox/flox
(VhiMfn2°%0) mice (Supplementary Figure S7A). No
renal abnormality was observed for aged control, VhI“¥O,
or Mfn21ox/flox mice. In contrast, 2 of 8 VAIMfn2°%° mice
developed renal lesions by 20 weeks of age (Figure 3G,
Supplementary Figure S7B). Importantly, all renal lesions
in double-mutant mice showed immunoreactivity to
carbonic anhydrase 9 (CA9, a marker of ccRCC and VHL
inactivation) [42] and increased proliferation (Supple-
mentary Figure S7C), indicating that combined loss of Vhl
and Mfn2 in the kidney accelerated the development of
renal neoplasia resembling ccRCC.

3.5 | MFN2 interacted with Rab21 and
tethered Rab21 to mitochondria

Given the above results, we were curious about whether
the function of MFN2 in regulating EGFR signaling was
dependent on its mitochondrial fusogenic activity. To
verify this, we compared the p-EGFR-regulatory activity
and biological function of a previously reported fusion-
incompetent MFN2 mutant, MFN2(T105M) [34], with
wild-type (WT) MFN2. Overexpression of MFN2(T105M)

FIGURE 3  Cdhi6-Cre/Mfn211% mice develops malignant lesions and exhibits EGFR signaling pathway activation. (A) Experimental
scheme for generating the Mfin2°%° mice. (B) Representative images of kidneys of Mfn2°%© and control Mfn2°¥/fx mice taken at 40 weeks of
age. (C) Representative H&E staining of kidney sections of 40-week-old control and Mfn2%° mice. (D) Representative H&E staining of
kidney sections. (i) H&E staining of control mice display normal kidney morphology. (ii-vi) H&E staining of kidney sections of Mfn2X° mice
shows solid dysplasia (ii), clear cytoplasm (iii), a simple cyst lined by a single epithelial layer (iv), a cyst showing atypical epithelial cell
proliferation (multi-layered) (v) and a cyst showing extensive proliferation of epithelial cells into the cyst lumen (vi). (E) Representative IHC
staining images of p-EGFR, p-AKT and p-ERK in kidney sections of control and Mfn2%° mice (n = 3 per group). ITHC scores are shown. (F)
Western blotting analysis of indicated proteins in EGF-treated primary renal tubular epithelial cells isolated from control and Mfn2%° mice.
(G) Representative H&E staining of kidney sections from Ctrl, VaI“X°, Mfn2%° and VhIMfn2%° mice.

Abbreviations: Mfn2°%0, Cdh16-Cre/Mfn21°%/1°% mice; CKO, conditional knockout; Ctrl, control Mfn21°¥/1°% mice; H&E, hematoxylin and
eosin; EGF, epidermal growth factor; Vhl, Von Hippel-Lindau Tumor Suppressor; VAI®XC, Cdhi6-CreVhi1®/1x mouse; VAIMfn2KO,
Cdhi6-Cre/Vhiflox/lox sy pflox/flox pice,
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in MFN2-knockdown cells reduced the p-EGFR level as
well as cell proliferation, migration and invasion with a
similar efficiency as WT MFN2 upon EGF stimulation
(Supplementary Figure S8A-D), suggesting that the mito-
chondrial fusogenic activity of MFN2 was dispensable for
its regulatory function in the EGFR signaling pathway in
ccRCC cells.

To further elucidate the molecular mechanisms of
MFN2 in regulating the EGFR signaling, Flag-tagged
MFN2 proteins purified from insect cells were sub-
jected to pull-down assays with lysates from 786-O or
293T cells. Silver staining of the resulting SDS-PAGE gel
revealed a prominent band at ~25 kDa (Figure 4A). Subse-
quent LC-MS/MS identified several Rab proteins, among
which Rab5A, Rab21, and Rab5C were the most enriched
(Figure 4B, Supplementary Figure S8E). Co-IP assays con-
firmed the interaction between MFN2 and Rab21 in 786-O
cells (Figure 4C-D), but not Rab5A or Rab5C (Supplemen-
tary Figure S8F). BLI assays showed that purified Rab21
bound with a truncated version of MFN2 containing the
GTPase domain and helical domain 1 (HD1) [34] with
a dissociation constant (K4) of 0.2 umol/L (Figure 4E).
Moreover, the interaction between MFN2 and Rab21 was
not affected by MFN2 mutations that disrupted the GTPase
and mitochondrial fusogenic activities (Supplementary
Figure S8G), which was in agreement with the results
that MFN2(T105M) restored the p-EGFR levels and cell
phenotypes in MFN2-knockdown cells.

Rab21 is a small GTPase involved in endosome traffick-
ing control [43] and has been reported to attenuate EGFR
signaling transduction [44], but the underlying molecu-
lar mechanism remains unclear. Therefore, we focused
on Rab21 to explore whether it was involved in the reg-
ulation of EGFR signaling by MFN2. IF co-staining with
MFN2 and Rab2l antibodies showed that Rab2l exhib-
ited an apparent cytoplasm distribution and co-localized
with MFN2 in ccRCC cells (Figure 4F, Supplementary

Figure S8H). Such co-localization was further confirmed
by 3D-structured SIM analysis (Figure 4G). Further anal-
ysis revealed that a portion of cellular Rab21 was in close
contact with mitochondria, which was diminished upon
MFN2 depletion (Figure 4H, Supplementary Figure S8I).
Moreover, we compared Rab21 levels between the mito-
chondrial and cytoplasmic fractions of 786-O cells and
found that MFN2 depletion led to significantly decreased
levels of mitochondrial-located Rab21 (Figure 4I). Thus,
our results indicated that Rab21 can be driven in close
proximity to mitochondria by physically interacting with
MFN2.

3.6 | Rab21repressed ccRCC cell
proliferation and migration in a
MFN2-dependent manner

By analyzing TCGA data and animal samples, we found
that Rab21 has relatively high expression in ccRCC tumor
tissues compared to other cancer types, and Rab21 also
exhibited higher expression in normal kidney tissues than
in other organs (Supplementary Figure S9A-B), imply-
ing a critical role of Rab2l in ccRCC. Interestingly, high
expression level of Rab21 was related with favorable patient
survival in the TCGA-KIRC cohort (Figure 5A), but with
poor patient survival of many other cancer types (data not
shown) in TCGA database. Consistent with TCGA data,
we found that Rab2l was associated with prolonged OS
and DFS in our independent ccRCC cohort from SYSUCC
(Figure 5B-C, Supplementary Figure S9C). Furthermore,
in both TCGA-KIRC and SYSUCC ccRCC cohort, patients
with simultaneous high expression of MFN2 and Rab21
had optimal survival (Figure 5D-E).

We further investigated the role of Rab2l in ccRCC
tumorigenesis and metastasis. Knockdown of Rab21 signif-
icantly promoted the proliferation, migration and invasion

FIGURE 4 MFN2interacts with Rab21 in ccRCC cells. (A) Silver staining showed that MFN2-Flag was immunoprecipitated with Rab
proteins. (B) Mass spectrometry identified Rab21-unique 14-aa peptide sequences in 786-O cells. (C) Co-IP of endogenous Rab21 with

overexpressed MFN2-Flag. Whole cell lysates were prepared from 786-0O cells stably expressing MFN2-Flag. Co-IP and Western blotting were
performed with the indicated antibodies. (D) Co-IP of endogenous Rab21 with endogenous MFN2. Whole cell lysates were prepared from
786-0 cells. Co-IP and Western blotting were performed with the indicated antibodies and IgG was used as a control. (E) BLI assay showed

that MFN2;y bound to Rab21 in vitro. Three MFN2 ,; concentrations were used. (F) Immunofluorescence staining showing the
co-localization of endogenous MFN2 (green) and Rab21 (red) in 786-O cells. (G) Representative 3D-SIM images of MFN2 colocalization with
Rab21 (yellow arrows) in 786-O cells immunofluorescent stained for Rab21 and MFN2. (H) Representative 3D-SIM images of mitochondrial
localization of Rab21 (yellow arrows) in 786-O cells stably transfected with mito-GFP. Quantification of Rab21 in contact with mitochondria is
shown in the right panel (n = 25 fields). (I) Mitochondrial localization of Rab21 is MFN2-dependent. Whole cell lysates, mitochondria
fractions, and cytoplasm were prepared from 786-O cells treated with MFN2 or control siRNA and subjected to Western blotting, Data are

presented as means + SD. *** P < 0.001, by Student’s ¢ test (H).

Abbreviations: MW, molecular weight; Rabs, Ras related proteins; Co-IP, co-immunoprecipitation; WCL, whole cell lysates; Mito,
mitochondria; Cyto, cytoplasm. BLI, bio-layer interferometry; MFN2;,, truncated human MFN2; GFP, Green fluorescent protein; 3D-SIM,
three-dimensional structured illumination microscopy; COX IV, cytochrome c¢ oxidase subunit IV.
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capacities of 786-0O and HK-2 cells (Supplementary Figure
S9D-F). However, these effects were similar to that of
simultaneous MFN2 and Rab21-knockdown (Supplemen-
tary Figure S9D-F), suggesting that the tumor-suppressive
activity of Rab21 was largely dependent on MFN2.

3.7 | Rab21 docked EGFR to
mitochondria by cooperating with MFN2 to
mediate EGFR signaling

We next sought to elucidate how MFN2-Rab21 interaction
works to suppress the progression of ccRCC. Interactome
analysis revealed that EGFR was a strong candidate for
the binding partner of Rab2l in 786-O cells (Figure 5F,
Supplementary Figure S9G). The association between
endogenous MFN2 and Rab21 was confirmed by IP assays
(Figure 5G). IF staining indicated that the co-localization
of Rab21 with EGFR was promoted upon EGF stimulation
(Figure 5H). Similar to MFN2 (Figure 2C), knockdown of
Rab2l increased p-EGFR, p-STAT3, p-AKT and p-ERK lev-
els in 786-0 cells (Figure 5I). In human ccRCC samples,
Rab21 protein levels were also negatively correlated with
those of p-EGFR (Supplementary Figure S9H). Further-
more, co-IP assays indicated that the interaction between
MFN2 and Rab21 underwent dynamic change during EGF
stimulation, and p-EGFR levels were decreased along with
the enhancement of MFN2-Rab21 interaction (Figure 5J).
Given the potentials of Rab21 in binding with both MFN2
and EGFR, we wondered whether EGFR could be deliv-

ered to mitochondria via MFN2-Rab21 interaction. Using
3D-SIM analysis, we observed that EGFR and mitochon-
dria formed abundant contact sites in 786-O cells, and
the number of these sites were significantly reduced
when MFN2 or Rab21 was knocked down (Figure 5K,
Supplementary Figure S9I), suggesting that MFN2 and
Rab2l were both required for mitochondria juxtaposi-
tion of EGFR. In line with this, Western blotting showed
that EGFR was present in the isolated mitochondrial
fraction, and mitochondrial juxtaposition of EGFR was
dramatically decreased with the silencing of MFN2 or
Rab21 (Figure 5L). Taken together, these findings demon-
strated that Rab21-MFN2 interaction was essential for the
mitochondrial delivery of EGFR.

As a Ras-like GTPase, the activation status of Rab2l
was determined by its binding with different guanine
nucleotides [22]. To understand whether the GTP binding
status of Rab21l affects its interaction with MFN2, we
performed co-IP assays and found that MFN2 prefer-
ably interacted with the constant GTP-loading variant
Rab21(Q78L), but barely the GDP-binding variant
Rab21(T33N) (Figure 5M). Consistent with the weak inter-
action between MFN2 and Rab21(T33N), overexpression
of Rab21(T33N) failed to efficiently reduce p-EGFR level
(Figure 5N), or to inhibit proliferation, migration and
invasion of 786-O cells with depleted endogenous Rab21
(Supplementary Figure S9J-L). Taken together, these
results further supported that Rab2l acted as a bridge
to tether EGFR to mitochondria through interacting
with MFN2.

FIGURE 5 Rab2linteracts with EGFR and delivers EGFR to mitochondria in ccRCC cells. (A) OS of ccRCC patients with high (n = 134)
or low (n = 397) expression of Rab21 in TCGA-KIRC cohort. (B-C) OS (B) and DFS (C) of ccRCC patients with high (n = 70) or low (n = 80)
expression of Rab21 in SYSUCC cohort. (D) OS of ccRCC patients, with regard to the simultaneous high expression of MFN2 and Rab21 (n =
119), in TCGA-KIRC cohort. (E) OS of ccRCC patients, with regard to the simultaneous high expression of MFN2 and Rab21 (n = 42), in
SYSUCC cohort. (F) LC-MS identified an EGFR-unique 17-aa peptide sequences in 786-0 cells. (G) Co-IP of endogenous EGFR from 786-O
cells indicated that EGFR couples with Rab21. IgG was used as a control. (H) Representative immunofluorescence staining showing the
co-localization of EGFR and Rab21 in 786-0 cells upon EGF stimulation (left panel). EGF (-): cells not treated with EGF; EGF (+): cells treated
with 100 ng/mL EGF for 20 min. Statistical quantification of the co-localization between MFN2 and Rab21 is shown in right panel. (I) Western
blotting analysis of EGFR pathway proteins in Rab21-knockdown 786-0O cells using the indicated antibodies. (J) MFN2 dynamically interacts
with Rab21 in 786-O cells. 786-O cells were transfected with MFN2-Flag, treated with EGF (100 ng/mL) for the indicated time points and total
cell lysates were prepared. Co-IP and the Western blotting were performed with the indicated antibodies. The interaction between MFN2 and
Rab21 changed with prolonged EGF stimulation; the strongest interaction was at 30 min before declining over time. (K) Representative
3D-SIM images of mitochondrial (mito-GFP) localization of EGFR in the indicated 786-O cells. (L) Mitochondrial localization of EGFR is
MFN2 and Rab21-dependent. Whole cell lysates and mitochondria were prepared from 786-O cells with MFN2 or Rab21 silencing and then
subjected to Western blotting analysis. (M) Co-IP of MFN2-Flag with WT Rab21, Rab21(Q78L) mutant, or Rab21(T33N) mutant indicated that
MFN2 strongly interacts with the constant GTP-loading variant Rab21(Q78L). (N) Western blotting assay of p-EGFR levels in
Rab21-knockdown 786-O cells with wild-type or Rab21 mutant (T33N) reconstitution. Data are presented as means + SD. *** P < 0.001, by
Student’s t test (H) or log-rank test (A, B, C, D, E).

Abbreviations: OS, overall survival; DFS, disease-free survival; hi, high; ccRCC, clear cell renal cell carcinoma; TCGA-KIRC, the Cancer
Genome Atlas kidney renal clear cell carcinoma; shCtrl, negative control shRNA; siCtrl, negative control siRNA; oeCtrl, empty
overexpression control. LC-MS, liquid chromatography-mass spectrometry; WCL, whole cell lysates; Mito, mitochondria; WT, wild-type; EGF,
epidermal growth factor; IP, immunoprecipitation.
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3.8 | PTPRJ dephosphorylated
mitochondria-juxtaposed EGFR to
inactivate the EGFR signaling pathway

To investigate the underlying mechanism of how the
EGFR signaling pathway was inactivated through MFN2-
Rab2l1 interaction, we performed proteomic analysis on
mitochondria extracted from 786-O cells to look for
potential EGFR-targeting phosphatases, and identified
tyrosine-protein phosphatase receptor type J (PTPRIJ)
(Figure 6A), which was previously reported to be involved
in the dephosphorylation of EGFR [45]. To test whether
PTPRJ was responsible for the dephosphorylation of
mitochondria-juxtaposed EGFR, we first checked the sub-
cellular localization of this phosphatase, which has been
unclear in human cells. IF staining showed that in 786-O
cells, PTPRJ had a pervasive distribution, with apparent
overlapping to mitochondria (Figure 6B). As a further ver-
ification, we isolated plasma membrane, mitochondria,
and cytoplasm fractions from 786-O cells, and PTPRJ was
detected in all three cell fractions (Figure 6C). Further
analysis revealed that the mitochondrial localization of
PTPRJ was independent of EGF stimulation (Supplemen-
tary Figure SI0A). In consistence with our data, a recent
published quantitative human mitochondrial proteomic
data also reported mitochondrial localization of PTPRJ
[46].

To clarify the exact distribution of PTPRJ on mito-
chondria, we extracted mitochondria from 786-O cells.
The extracted mitochondria were treated with proteinase
K in the presence or absence of Triton X-100, a deter-
gent deforming the OMM but not the inner mitochon-
drial membrane. Degradation of PTPRJ was detected
(Figure 6D), suggesting that PTPRJ was localized to the

OMM. Moreover, PTPRJ expression was associated with
better prognosis of ccRCC patients in both TCGA-KIRC
and SYSUCC cohort (Supplementary Figure S10B-C), and
PTPRIJ protein levels were negatively correlated with p-
EGFR levels in human ccRCC samples (Supplementary
Figure S10D). Similar to MFN2 and Rab21, PTPRJ silencing
promoted the malignant phenotypes of 786-O and HK-2
cells (Supplementary Figure SI0E-H).

To verify the contributions of PTPRJ to EGFR signaling,
we knocked down PTPRJ in MFN2-depleted and control
786-0 cells. PTPRJ silencing led to significantly elevated
p-EGFR levels in both groups, and the increase of the p-
EGFR level in MFN2-depleted cells was not as dramatic as
that in control cells (Figure 6E). Additionally, in MFN2-
overexpressing Caki-1 cells, knockdown of Rab21 or PTPRJ
by siRNAs dramatically promoted the p-EGFR level as
well as cell proliferation, migration and invasion capaci-
ties (Figure 6F, Supplementary Figure S101-K). Moreover,
we found that simultaneous high expression of MFN2,
Rab21 and PTPRJ could be a robust biomarker which was
tightly associated with the best outcome of the patients
in TCGA-KIRC and our SYSUCC cohort (Figure 6G, Sup-
plementary Figure S10L). All these results suggested that
PTPRJ may coordinate with MFN2 and Rab21 to attenuate
EGFR signaling.

In cells, protein phosphatases usually have a self-
inhibitory effect until they are activated by certain
events, including translocation to a certain organelle
[47]. To check whether the mitochondrial localiza-
tion of PTPRJ affects its activity on dephosphorylating
endocytosed EGFR, we constructed a mito-PTPRJ [35],
and the mitochondrial localization of this modified
PTPRJ was confirmed by IF (Figure 6H, Supplementary
Figure S10M). Interestingly, 786-O cells overexpressing

FIGURE 6 Mitochondria-located PTPRJ dephosphorylates EGFR and inactivates EGFR signaling transduction. (A) LC-MS analysis of
mitochondria isolated from 786-0 cells identified PTPRJ as a mitochondria-located tyrosine-protein phosphatase. (B) Representative

immunofluorescence staining image showing the co-localization of mitochondria (green) and PTPRJ (red) in 786-0 cells stably transfected
with mito-GFP. (C) Mitochondria, cytosol and plasma membrane fractions of 786-O cells were isolated and PTPRJ were detected by Western
blotting. COX IV, tubulin, and Na, K-ATPase were used as markers for mitochondria, cytoplasm, and plasma membrane, respectively. (D)
Western blotting showing the distribution of PTPRJ on mitochondria. MFN1 and COX IV were used as markers of mitochondrial outer

membrane and mitochondrial inner membrane. (E) Representative western blot image (left panel) and statistical analysis (right panel) of
p-EGFR and total EGFR protein levels using the indicated antibodies in MFN2 knockdown and control 786-O cells transfected with PTPRJ
siRNAs or control siRNA. (F) Western blotting showing p-EGFR levels in MFN2-overexpressing or control Caki-1 cells with Rab21 or PTPRJ
silencing. (G) OS of ccRCC patients, with regard to the simultaneous high expression of MFN2, Rab21 and PTPRJ (n = 95) in TCGA-KIRC
cohort. (H) Representative immunofluorescence staining image showing the co-localization of mitochondria (green) and mito-PTPRJ (red) in
786-0 cells stably transfected with mito-GFP. (I) Western blotting showing p-EGFR levels in 786-O cells with PTPRJ or mito-PTPRJ
overexpression. (J) Western blotting showing p-EGFR levels in MFN2-knockdown or control 786-O cells with mito-PTPRJ overexpression. (K)

Western blotting showing p-EGFR levels in Rab21-knockdown or control 786-0 cells with mito-PTPRJ overexpression. Data are presented as

mean =+ SD. ns, not significant, by Student’s t test (E) or log-rank test (G).

Abbreviations: LC-MS, liquid chromatography-mass spectrometry; PTPRJ, tyrosine-protein phosphatase receptor type J; hi, high; Mito,
mitochondria; GFP, Green fluorescent protein; COX IV, cytochrome c oxidase subunit IV; Cyto, cytoplasm; PM, plasma membrane; WCL,

whole cell lysate; PK, proteinase K; oe-mito-PTPRJ, overexpression of OMM-anchoring form of PTPRJ; siCtrl, negative control siRNA; shCtrl,

negative control shRNA; oeCtrl, empty overexpression control. OS, overall survival; Relat., relative; TCGA, the Cancer Genome Atlas.
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FIGURE 7 Schematic diagram showing the mechanism of EGFR signaling attenuation mediated by Rab21-MFN2-PTPRIJ axis. In

normal kidney epithelial cells, the interaction between MFN2 and Rab21 facilitates the mitochondria juxtaposition of internalized EGFR,
where EGFR is dephosphorylated by PTPRJ, thus, attenuating the downstream signal transduction. In ccRCC cells, MFN2 deficiency leads to
reduced EGFR dephosphorylation by PTPRJ in the OMM, thereby causing enhanced downstream signaling.

Abbreviations: CCRCC, clear cell renal cell carcinoma; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; P,

Phosphorylation; STAT3, signal transducer and activator of transcription; AKT, protein kinase B; ERK, extracellular signal-regulated kinase;

OMM, outer mitochondrial membrane.

mito-PTPRJ exhibited more prominent decrease in
p-EGFR levels than cells overexpressing WT PTPRJ
(Figure 6I), suggesting that mitochondrial localization
promotes dephosphorylation activity of PTPRJ. Moreover,
the effect of mito-PTPRJ on EGFR dephosphorylation
was abolished by the depletion of either MFN2 or Rab21
(Figure 6J-K), reconfirming that MFN2 and Rab21 is
essential for the delivery of EGFR to mitochondria. Taken
together, our data demonstrated a Rab21-MFN2-PTPRJ
axis-mediated EGFR processing pipeline in ccRCC.
Endocytosed, Rab2l-associated EGFR was docked to
mitochondria through Rab21-MFN2 interaction, where
it was dephosphorylated by activated, mitochondria-
localized PTPRJ, eventually resulting in attenuated EGFR
oncogenic signaling transduction (Figure 7).

3.9 | Therapeutic potential of boosting
MFN?2 in preclinical ccRCC PDX mouse
models

The above results uncovered the non-canonical tumor-
suppressor function of MFN2 in ccRCC, raising the

intriguing possibility that restoring MFN2 expression may
be beneficial to ccRCC patients. To better mimic the
histopathologic characteristics of ccRCC, we utilized a
preclinical model, in which immunocompromised NCG
mice were implanted with ccRCC PDX. We injected
MFN?2 overexpression recombinant lentivirus or control
lentivirus into tumors of PDX models (Figure 8A). Com-
pared with the control group, intra-tumoral injection of
MFN?2 overexpression lentivirus significantly suppressed
tumor growth (Figure 8B-D). Ki67 staining indicated that
the proliferation of tumor cells was notably decreased upon
MFN2 overexpression (Figure 8E-F). Western blotting
analysis revealed that restoring MFN2 expression dramat-
ically inhibited the activity of EGFR signaling pathway
(Figure 8G). Collectively, these findings provided convinc-
ing evidence that enhancing MFN2 expression may be a
promising clinical therapeutic strategy against ccRCC.

4 | DISCUSSION

ccRCC is the most common renal malignancy. How-
ever, the molecular events underlying ccRCC progression
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Therapeutic potential of restoring MFN2 expression in ccRCC PDX mouse models. (A) Diagram of MFN2 overexpression

recombinant lentivirus intratumorally injected into tumors of ccRCC PDX mice. (B-D) Tumor image (B), tumor volume (C) and tumor weight

(D) of ccRCC PDX tumors treated with MFN2 overexpression or control lentivirus (n = 4 per group). (E-F) Representative IHC staining

images (E) and statistical analysis (F) of Ki67 in ccRCC PDX tumors treated with MFN2 overexpression or control lentivirus. (G) Western
blotting of EGFR pathway proteins in ccRCC PDX tumors treated with MFN2 overexpression or control lentivirus using the indicated
antibodies. Data are presented as means + SD. * P < 0.05, ** P < 0.01, *** P < 0.001, by one-way ANOVA (C) or Student’s t test (D, F).
Abbreviations: PDX, Patient-derived xenograft; oeCtrl, empty overexpression control; o0eMFN2, overexpression of MFN2; p-EGFR,
phosphorylated epidermal growth factor receptor; p-AKT, phosphorylated protein kinase B; p-ERK1/2, phosphorylated extracellular

signal-regulated kinase 1/2.

remain unclear. It is urgently needed to uncover the
underlying mechanisms and to identify novel therapeutic
targets. In this study, we identified MFN2, which sup-
pressed ccRCC tumor growth and metastasis in vivo and
in vitro, as a critical tumor suppressor in ccRCC. MFN2
attenuated EGFR signaling activity through the Rab2l-
MFN2-PTPRJ axis. By interacting with both MFN2 and
EGFR, Rab21 docked endocytosed EGFR to mitochondrial

outer membrane, where EGFR was dephosphorylated by
PTPRI. Here, we identified a novel non-canonical function
of MFN2 in inhibiting ccRCC progression, which might be
a potential target against ccRCC.

The molecular mechanisms underlying the tumorige-
nesis and metastasis of ccRCC remain elusive. Mutations
in the gene encoding von Hippel-Lindau disease tumor
suppressor (VHL), which present in a large proportion of

85U807 SUOWIWIOD 3AIER.D 3|qeoljdde au Aq pausenob a1e Sajolie VO ‘SN 0 Sa|NJ 104 Akeiq1 8UIIUO AB]IA UO (SUORIPUOD-PU-SWLBH LD A8 |IM"Ale1q 1[BUI|UO//SHRY) SUORIPUOD PUe SWwiie | 8L} 88S *[£202/90/0€] U0 AigiTauliuo A8|IM BulyD8URIL0D A 8Z1ZT 2980/200T OT/I0p/LI0D" 8| 1M Aled 1 BuI|UO//SANY WO paPeo|uMoq ‘0 ‘8SEEZST



LUO ET AL.

ANCER
COMMUNICATIONS

1=

ccRCC patients, is widely considered as a central process
for the pathogenesis of ccRCC [48, 49]. However, given
the fact that VHL mutations are not conclusive for the
tumorigenesis of ccRCC, to identify new driving factors
is still necessary [50]. Here, we identified MFN2 as a key
regulator of tumor initiation and progression in ccRCC.
MFN2 was down-regulated in ccRCC tumor tissues, and
high expression of MFN2 was associated with favorable
prognosis for patients. Defects in MFN2 are closely related
to the onset of many neuropathies and metabolic diseases,
which are characterized by disrupted mitochondrial
fusion and a reduction in the oxidative phosphoryla-
tion (OXPHOS) capacity of energy-consuming-sensitive
cells, such as cardiomyocytes and neurons [51-53]. As
tumor cells are less dependent on OXPHOS and they
actively go on cell division that requires mitochondrial
fragmentation, it is reasonable to conclude that the mito-
chondrial fusogenic activity of MFN2 endows cells with
a common tumor suppressive potential. By introducing
fusion-deficient mutations, however, we showed that
MFN2 also served as a docking molecule that facilitated
the mitochondria juxtaposition of EGFR to suppress
ccRCC in a fusogenic activity-independent manner. Thus,
we uncover a noncanonical tumor-suppressive function
of MFN2 in ccRCC, which is marked by a novel mech-
anism for mitochondria-dependent dephosphorylation
of EGFR.

EGFR signaling is indispensable for cellular renewal and
homeostasis under physiological conditions. Activation of
EGFR signaling has been implicated in acute kidney injury
and the progression of chronic kidney disease [54], as well
as human epithelial malignancies, including RCC [14, 55,
56]. Using in vitro and in vivo functional experiments as
well as transgenic kidney-specific Mfn2-knockout mouse
models, we found that MFN2 suppressed ccRCC initia-
tion and progression by inhibiting EGFR signaling. To
avoid overactivation, EGFR is subjected to ligand-induced
endocytosis for degradation or recycling [19, 20, 57]. The
endocytic trafficking of EGFR is regulated by multiple
Rab proteins, and among them Rab5 is well studied [58].
Rab2l, a member of the Rab5 subfamily [59], is abun-
dant in the kidney. Rab21 is predominantly localized in
the early endocytic pathway and regulates early endosome
dynamics [43, 60]. So far, the role of Rab2l in tumor is
not clearly understood. It was reported that Rab2l par-
ticipates in fl-integrin and FAK signaling, and is a poor
prognostic factor in breast cancer [61, 62]. Here, our study
demonstrated a different role of Rab21 as a favorable prog-
nostic factor in ccRCC. We speculated that the integrin
signaling might play a minor role in ccRCC, as compared
to the over-activated EGFR signaling pathway. Thus, with
significantly altered MFN2 expression level, Rab21 tended
to participate more in mitochondria-dependent inactiva-

tion of EGFR in ccRCC, thereby becoming a favorable
prognosis factor.

Intracellular organelles frequently communicate and
integrate their activities, including signal transduction,
lipid metabolism and biogenesis [63, 64]. In particu-
lar, mitochondria physically and functionally interact
with the endoplasmic reticulum and endosomes [63-65].
Mitochondrion-endosome contact is crucial for lipid/ion
transfer and mitochondria quality control [65]. Upon
EGF stimulation, EGFR is internalized into endosomes,
which are further matured into multivesicular endosomes
and finally destined to lysosomes for degradation [20].
Although the pathway taken by endocytosed EGFR to
other organelles (such as lysosomes and Golgi appara-
tus) has been extensively studied, the mechanism for the
trafficking of EGFR-containing endosomes to mitochon-
drial remains poorly understood. Here, we found that
MFN2-Rab21 interaction is vital for docking EGFR to mito-
chondria. Previous studies mainly focused on the impact
of oncogenic signaling on mitochondrial dynamics [30,
66-68], in which mitochondria are generally considered
downstream effectors of tumor progression. Nevertheless,
our results demonstrated that mitochondria might act as
upstream regulators of oncogenic signaling, and defined
mitochondria as a primordial tumor-suppressing force to
limit EGFR pathway in kidney epithelial cells.

Protein tyrosine phosphatases are critical inhibitors of
tumor initiation and progression [69, 70]. PTPRJ, a phos-
phatase localized mainly on the plasma membrane, has
been reported to decrease EGFR phosphorylation and
downstream signaling [45] and serves as a tumor suppres-
sor [71, 72]. We found that patients with high expression of
PTPRIJ have prolonged survival, especially for those with
simultaneous high expression of MFN2, Rab21 and PTPRJ,
in the TCGA-KIRC cohort. Organelle-localized protein
tyrosine phosphatase has been reported to dephosphory-
late EGFR and down-regulate EGFR signaling [34]. By
careful cell biology and biochemical assays, we pinpointed
the OMM distribution of PTPRJ. PTPRIJ is likely to be acti-
vated by OMM localization, and thus becomes a key hub
for the dephosphorylation of EGFR that was docked to
mitochondria through MFN2-Rab21 interaction. Our study
uncovered a novel mitochondria-localized protein tyro-
sine phosphatase and further elucidated its role in the
tumorigenesis and metastasis of ccRCC. Further studies
are needed to explore the cellular functions and detailed
mechanisms for mitochondria-localized phosphatases in
dephosphorylating signaling molecules of various path-
ways.

There are some limitations in our present study. First
of all, the molecular mechanism contributed to the down-
regulation of MFN2 in ccRCC is still elusive and fur-
ther studies are warranted. Moreover, whether MFN2 is
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involved in the resistance to RTK inhibitors (TKIs), such as
sunitinib, axitinib and cabozantinib, remains unclear. It is
urgently needed to explore the roles of MFN2 in TKI resis-
tance and validate whether boosting MFN2 combined with
TKI treatment will have synergistic effects.

5 | CONCLUSIONS

Our study reveals a mitochondria-dependent Rab21-
MFN2-PTPRJ axis meditating EGFR signal trunsduction
to suppresss ccRCC progression, suggesting MFN2 as a
potential therapeutic molecule for RCC.
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