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ARTICLE INFO ABSTRACT

Keywords: TMEM126A is a mitochondrial transmembrane protein, and its functions in breast cancer progression remain
TMEM126A unclear. In this study, via the iTRAQ assay using primary and metastatic breast cancer cell models, we found that
Metastasis TMEM126A expression decreased in metastatic cells. We further confirmed that low TMEM126A expression
f{g;[ correlated with tumor progression and poor prognosis in patients. The downregulation of TMEM126A in breast

cancer cell lines significantly enhanced the metastatic properties in vitro and in vivo, whereas its overexpression
decreased the metastatic potential of cell lines. Mechanistic studies based on RNA-sequencing indicated that
TMEM126A might regulate cell metastasis via ECM-receptor interaction, focal adhesions, and actin cytoskeleton,
among other processes. Furthermore, the loss of TMEM126A activated extracellular matrix (ECM) remodeling
and promoted epithelial-to-mesenchymal transition (EMT). Moreover, TMEM126A silencing induced reactive
oxygen species (ROS) production and mitochondrial membrane potential depolarization. The ROS scavengers
reversed ECM remodeling and EMT mediated by TMEM126A. Collectively, our findings show that the loss of
TMEM126A induces mitochondrial dysfunction and subsequently metastasis by activating ECM remodeling and
EMT. These findings suggest that TMEM126A is a novel suppressor of metastasis and that it can be a potential
prognostic indicator for patients with breast cancer.

1. Introduction

Breast cancer is the second most common cancer in females and
metastasis is the main cause of death among these patients [1,2]. De-
spite the progress in the treatment of primary breast cancers with sur-
gery, chemotherapy, and radiotherapy, a large proportion of patients
with distant metastasis remain uncured.

During recent years, accumulating data have indicated that mi-
tochondria play a vital role in tumor initiation and progression [3-5].
Mitochondrial dysfunction has also been reported to be associated with

the increase in the metastatic capability of cancer cells [6]. Thus, the
recent progress in the understanding of molecular functions of mi-
tochondria has prompted the development of strategies to treat meta-
static tumors. There are several proteins located in the mitochondria;
however, their functions and associated mechanisms in breast cancer
remain unknown. Therefore, further studies on mitochondrial proteins
involved in cancer metastasis can provide insights into the mechanism
of metastasis.

In our present study, to screen mitochondrial proteins involved in
breast cancer metastasis, we utilized iTRAQ labeling technology
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followed by nanoscale high-performance liquid chromatography (nano-
HPLC)-MS/MS using cell lines with different metastatic potentials. We
identified differential protein expression between a parental cell line
(MDA-MB-231) and its highly metastatic derivative (MDA-MB-231HM).
Several of these proteins were previously validated to affect breast
cancer metastasis or tumorigenesis [7-10]. In this study, TMEM126A,
our candidate gene, was expressed at low levels, specifically 7-fold
lower in MDA-MB-231HM cells compared to that in parental MDA-MB-
231 cells. This result suggested that TMEM126A might be a metastasis
suppressor.

Human TMEM126A (transmembrane protein 126A, also named
OPA?7) is encoded by a gene that is located on chromosome 11. It is a
mitochondrial inner membrane protein consisting of two isoforms that
are encoded by different transcript variants of this gene. Variant 1
consists of 195amino acids and is predicted to contain four trans-
membrane domains with N— and C-terminal sequences on the outside
of the membrane. Variant 2 has a shorter N-terminus than that of iso-
form 1 [11,12]. Further, defects and mutations in TMEM126A cause
autosomal recessive optic atrophy [13,14]. TMEM126A has also been
reported to bind to CD137 ligand (CD137L, 4-1BBL), inducing reverse
signaling in macrophages. The knockdown of TMEM126A abolishes
CD137L-induced tyrosine phosphorylation and cell adherence [15,16].
Based on our preliminary results, the aim of the present study was to
elucidate the role of TEM126A in breast cancer metastasis. To the best
of our knowledge, the present study is the first to show that TMEM126A
can suppress breast cancer metastasis.

2. Material and methods
2.1. Cell culture

The cell lines were obtained from the Shanghai Cell Bank, Type
Culture Collection Committee of Chinese Academy of Science
(Shanghai, China). The highly metastatic cell line MDA-MB-231HM was
developed from parental MDA-MB-231 cells in our laboratory via in vivo
selection by four cycles of tail vein injections; we have a current patent
application for this cell line (patent number: 200910174455.4). MDA-
MB-231Bo, which also exhibits enhanced lung metastasis capacity, was
obtained from Dr. Toshiyuki Yoneda (The University of Texas, Houston,
TX). These cell lines were maintained in our laboratory and subjected to
routine cell line quality examinations (e.g., morphology and
Mycoplasma infection) by HD Biosciences every three months. The cells
for experiments were passaged for less than six months. All cell lines
were maintained under conditions specified by the provider, and were
cultured in a 5% CO,, incubator at 37 °C.

2.2. Study population

We used 241 primary breast cancer samples from patients with
stages I to III invasive ductal carcinoma collected randomly at the
Department of Breast Surgery in Fudan University Shanghai Cancer
Center (FDUSCC, Shanghai, P.R. China) between August 2001 and
March 2006. All cases had complete pathological diagnosis and follow-
up records, and the histological grade was I to III. The clinical data
included age, menstrual status, histological grade, tumor size, lymph
node status, ER, PR, HER2 status, recurrence or metastasis time, and
total survival time. The deadline for follow-up information was August
2013, with a median follow-up of 98 months. The patients were treated
according to the standards used during surgery and those who were not
found to be fit for surgery received adjuvant chemotherapy with dif-
ferent regimens for four to six cycles and/or hormone therapy (if re-
quired), according to the standard therapy during surgery. This study
was approved by the Ethics Committee of FDUSCC, and each partici-
pant provided signed informed consent.

190

Cancer Letters 440-441 (2019) 189-201

2.3. Tissue microarrays, immunohistochemical (IHC) staining, and IHC
variable evaluation

Tissue microarrays (TMAs) were obtained from archived formalin-
fixed, paraffin wax-embedded carcinomas samples from patients, as
described in our previous study [8]. The TMAs composed of duplicate
cores from different areas of the same tumor to compare staining pat-
terns. The immunohistochemical (IHC) analysis was done essentially as
described previously [17]. A total of 250 breast tumor specimens were
included in the IHC analysis. The IHC variables were scored semi-
quantitatively according to a previous study [18]. The details of TMAs
construction, IHC staining, and IHC variable evaluation are presented in
the Supplementary Methods.

2.4. Quantitative real-time PCR

Briefly, the total RNA was extracted using TRIzol reagent
(Invitrogen Corporation) and reverse transcribed using the PrimeScript
RT Reagent Kit (Perfect Real Time; TaKaRa Biotechnology). The real-
time polymerase chain reaction (PCR) was performed with SYBR
Premix Ex Taq (TaKaRa Biotechnology) using ABI Prism 7900 (Applied
Biosystems). The sequence of primers used in this study is listed in
Supplementary Table S1.

2.5. Plasmids and shRNA

Human TMEM126A c¢DNA was subcloned from the breast cancer
cell line MDA-MB-231 into the pCDH-CMV-MCS-EF1-Puro lentiviral
vector with the Flag tag. The cloned primer sequence was as follows:

Forward primer: 5'—CCGgaattc GCCACC ATG GAC TAC AAG GAC
GAT GAT GAC AAG CTC GAT GGA GGA ATGGAAAATCATAAATC
CAA-3’ Reverse primer: 5-CGCggatcc TCAGTGAATTTCTTTGCCAG-3'.

TMEM126A shRNAs and the negative control were purchased from
GeneChem and expressed in the pGIPZ backbone. The target sequences
were as follows:

V3LHS_351007 mature antisense: ATGCTGAAAACATAGTCTG.

V3LHS_351009 mature antisense: TTGTCACATTCAAGATGCG.

V3LHS_351010 mature antisense: TTTAATCCAACATAAACCG.

2.6. Lentivirus packaging and infection

Briefly, 293T cells were co-transfected with the lentiviral vectors
PCDH (or pGIPZ) and the packaging vectors psPAX2 and pMD2G. After
48 h, viral culture supernatants were collected, filtered, and added to
the cells. The cells were incubated with virus and polybrene (Sigma-
Aldrich) added at a working concentration of 8 mg/mL for 12h, and
then medium containing FBS was added. After 24 h, the infected cells
were subjected to selection with 2 mg/mL puromycin for one week.

2.7. Western blot analysis

Whole-cell lysates were obtained using Pierce T-PER (Tissue Protein
Extraction Reagent; Thermo Fisher Scientific Inc.) with protease in-
hibitor cocktail tablets and phosphatase inhibitors (Roche). The con-
centration of proteins was determined using the BCA Protein Assay Kit
(Solarbio). In total, 30 mg of cell lysates was resolved by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred on to polyvinylidene fluoride membranes (Millipore). The
membranes were blocked with 5% milk or 5% BSA, and then incubated
with primary antibodies, followed by HRP-conjugated secondary anti-
bodies. Immunoreactive bands were identified using chemiluminescent
substance, according to the manufacturer's instructions, and quantified
by densitometry. The antibodies used in this study are listed in
Supplementary Table S2.
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2.8. Transwell assays

Cells (5 x 10*cells/well for the migration assay and 1 x 10° cells/
well for the invasion assay) were plated in the top chambers of non-
coated membranes or Matrigel-coated Transwell chambers (BD
Biosciences) in 200 pL of medium without FBS. Medium supplemented
with 20% serum was used as a chemoattractant in the bottom chamber.
After incubation for 15-20 h, the cells were fixed with 40% methanol
and stained with 0.25% crystal violet. The cells that did not migrate
through the pores were removed and the migrating cells were imaged
and counted.

2.9. Kinetic wound-healing assay

Cells were plated on 96-well plates (Essen ImageLock, Essen
Instruments) at a concentration of 3.6 x 10%/100 uL of medium, and a
wound was scratched with a wound scratch maker (Essen Instruments).
Wound confluence was monitored with a Live-Cell Imaging System and
software (Essen Instruments) every 4 h for 48 h by comparing the mean
relative wound density of at least three biological replicates for each
experiment.

2.10. Immunofluorescence

MCF10-Calh (pGIPZ and shT126A) stable cell lines were seeded on
coverslips overnight, fixed with 4% paraformaldehyde for 30 min at
room temperature, permeabilized with 0.5% triton X-100 for 5 min at
4°C, and incubated with FN-1 (Proteintech, 1:200, Rabbit) or N-CAD
(BD, 1:200, Mouse) primary antibodies overnight at 4 °C. The slides
were then incubated with Alexa 594-conjugated (red, Invitrogen) sec-
ondary antibodies for 30 min at room temperature, and then incubated
with 4/,6-diamidino-2-phenylindole (DAPI) for 10 min. Images were
captured with a confocal laser microscope (Leica TCS SP5 II). At least
100 cells were analyzed per group.

2.11. Cell adhesion assay

Cells were harvested with trypsin and washed twice with serum-free
medium, The cells (1 x 10° cells/well) were then seeded onto serum-
depleted medium for the indicated times in 24-well plates precoated
with a uniform substrate layer of a single ECM protein, specifically,
collagen I, collagen 1V, fibrinogen, fibronectin, or laminin (cell adhe-
sion ECM array, Cell BioLabs, INC.). Each well was gently washed 4-5
times with PBS and stained with the Cell Stain Solution; the extraction
solution was added and the OD at 560 nm was measured using a plate
reader.

2.12. Mitochondrial membrane potential assay

Tumor cells plated in phenol red-free growth medium were treated
with 1 mg/mL JC-1 dye for 30 minat 37 °C and analyzed by fluores-
cence-activated cell sorting (FACS). Red or green JC-1 fluorescence
signals were resolved by detection in the FL1 and FL3 channels, re-
spectively. The loss of mitochondrial membrane potential was mea-
sured by a reduction in the red/green fluorescence intensity ratio.

2.13. Mitochondrial reactive oxygen species

Mitochondrial-specific superoxide production was measured by la-
beling live cells with MitoSOX-Red (Invitrogen). The cells were in-
cubated with 5 mmol/L MitoSOX-red for 20 min at 37 °C in serum-free
DMEM, washed twice with Dulbecco PBS, and then immediately ana-
lyzed by FACS.
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2.14. Mice and tumor studies

All animal experiments were performed in accordance with the
guidelines of the Institutional Animal Care and Use Committee of Fudan
University under approved protocols. For cell metastasis analysis,
3 x 10° cells labeled with GFP/luciferase were washed in serum-free
DMEM and injected intravenously into female BALB/c nude mice
(N = 6) to study lung metastasis. After 4-6 weeks, noninvasive biolu-
minescence imaging (BLI) was performed to quantify metastasis using
an in vivo imaging system. For cell growth, 2 x 10° cells/100 uL were
injected into the mammary fat pad of 8-week-old female nude mice.
The tumor volume was measured twice a week for 4-6 weeks with
electronic calipers, and then the tumors were harvested and weighed.

2.15. Statistical analyses

All data are reported as mean = standard deviation (SD) as in-
dicated in the figure legends. The data were analyzed using PRISM 5.0
(GraphPad Software Inc.) and SPSS 18.0 software (SPSS). Comparisons
between two groups were performed by the student's t-test (two-tailed).
The cumulative survival time was calculated by Kaplan-Meier method
(log-rank test). The univariate and multivariate analyses were based on
Cox proportional hazards regression model. The results with P
value < 0.05 were considered statistically significant.

3. Results

3.1. TMEM126A expression is downregulated in highly metastatic breast
cancer cells

In our previous study, we analyzed a large number of candidate
genes that were found to be differentially expressed between the highly
metastatic sub-line MDA-MB-231HM and its parental cell line MDA-MB-
231 (Fig. 1A). The expression of TMEM126A, one of the candidate
genes, was downregulated by 7-fold in MDA-MB-231HM compared
with that in MDA-MB-231 cells (Fig. 1B and C). A panel of breast cancer
cell lines was also evaluated to validate the general expression pattern
of TMEM126A. In accordance with the iTRAQ results, the expression of
TMEM126A mRNA and protein was generally observed in luminal
breast cancer cells (MCF-7, T47D), which are considered weakly me-
tastatic, but was downregulated in basal-like breast cancer cells (Hs-
578T, MDA-MB-468, and MDA-MB-231). In particular, the highly me-
tastatic cell lines (MDA-MB-231HM and MDA-MB-231Bo) exhibited
higher decreases in TMEM126A expression (Fig. 1D and E).

In addition, the Oncomine expression analysis revealed that
TMEM126A was downregulated in metastatic tissue compared with
that in the primary tumor counterpart (Fig. 1F). We also examined the
expression of TMEM126A in 25 pairs of fresh samples including normal
breast tissues, primary tumor tissues, and metastatic lymph nodes. The
results indicated that TMEM126A expression was significantly reduced
in the metastatic lymph nodes compared with that in the primary
cancer, which is consistent with the results of the Oncomine analysis
(Fig. 1G).

Moreover, we evaluated the prognostic value of TMEM126A using
an online Kaplan-Meier plot tool for survival analysis. In the entire
patient cohort, high TMEM126A expression had a positive effect on
distant metastasis-free survival (DMFS) (Fig. 1H). We also evaluated the
correlation between prognosis and TMEM126A expression in other
cancer types, including lung, gastric, and ovarian cancers by online
Kaplan-Meier plotting; however, the disease-free survival (DFS) and
DMEFS data of other cancer type were lacking in the database and
therefore we used overall survival (OS) to a substitute. The results
showed that OS negatively correlated with TMEM126A expression in
lung and ovarian cancers, but positively correlated with that in gastric
cancer (Supplementary Figs. SIA-C).

In addition, we also analyzed the correlation between breast cancer
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Fig. 1. TMEM126A expression is down-regulated in highly metastatic breast cancer cells.

A, Schematic overview of protein quantitative analysis approaches and three biological replicates were conducted per group. B, Relative expression of TMEM126A in
MDA-MB-231 and MDA-MB-231HM.

cells. C, Peptide sequence and spectrum of TMEM126A obtained by mass spectrometry. D, Relative expression of TMEM126A mRNA in breast cancer cell lines based
on real-time PCR. E, Relative expression of TMEMI126A in breast cancer cell lines assessed by western blotting. F, Oncomine-based box plots of TMEM126A
expression in primary tumors and metastasis sites based on TCGA breast (N = 593), TCGA breast 2 (N = 1602), and Loi breast 3 (N = 77) databases. G, TMEM126A
mRNA expression in paired normal breast, breast cancer, and lymph node tissues based on real-time PCR. H, Distant metastasis-free survival (DMFS) analysis of
TMEM126A expression in breast cancer samples using an online Kaplan-Meier plotter. I, Disease-free survival (DFS) analysis, based on TMEM126A expression, in

cBioPortal for Cancer Genomics of breast cancer(METARIC, Nature 2012 & Nat common 2016, 2509 samples).

prognosis and TMEM126A expression using cBioPortal. We found that
the cases with altered TMEM126A expression had a better DFS than
those without gene alternations, and significant deletions in
TMEM126A indicated high risk of breast cancer metastasis (Fig. 1I and
Supplementary Fig. S1D). Overall, these data suggest that TMEM126A
might play different roles in multiple cancer types.

3.2. Low TMEM126A expression correlates with poor prognosis

To determine the clinical relevance of the aforementioned findings
in human breast cancer tissues, we examined the expression of
TMEM126A in TMAs containing 250 breast tumor specimens by the
IHC analysis (Fig. 2A). Notably, low TMEM126A expression correlated
with poor DFS in all datasets. In luminal B and TNBC (Triple-Negative
Breast Cancer) subtypes, low TMEM126A expression was also asso-
ciated with poor DFS, but not in Her2* and luminal A subtypes
(Fig. 2B-F).

We further analyzed the relationship between alterations in
TMEM126A protein expression and clinicopathological characteristics
in patients with breast cancer. The results showed that the ER status
was related to the expression of TMEM126A (ER- 57.1% vs. ER+
42.9%, P = 0.017). An increase in the number of metastasis lymph
nodes was associated with low TMEM126A expression (LN = 0: 61.9%
vs. 59.3%, 1 < LNs <4: 19.8% vs. 32.2%, LNs =5: 18.3% vs. 9.6%;

A B

P = 0.032). Low TMEM126A expression was associated with distant
metastasis (25.4% vs. 14.8%, P = 0.041). TMEM126A expression had
no association with local recurrence (P = 0.651). Moreover, other
clinical characteristics, such as age, histological grade, tumor size, PR,
HER2, and local recurrence, were not related to the expression of
TMEM126A (Table 1).

Moreover, the univariate analysis indicated that low TMEM126A
expression at diagnosis was associated with a higher risk of disease
relapse (Table 2). Additional multivariate COX analysis presented a
similar trend (Table 2). These findings confirmed that TMEM126A
might have a crucial role in breast cancer.

3.3. Loss of TMEM126A promotes breast cancer cell metastasis in vitro and
in vivo

To further investigate the role of TMEM126A in tumor metastasis,
we constructed several TMEM126A overexpressing and knockdown
stable cell lines. The western blot analysis demonstrated that
TMEM126A was successfully overexpressed in cell lines such as Hs-
578T, MDA-MB-231HM, MCF10A, MCF10-Calh, and MCF10-Cala.
Moreover, both shRNA constructs markedly reduced TMEM126A pro-
tein levels in MDA-MB-231, ZR-75-30, and MCF10-Calh cells (Fig. 3A).
Further, we evaluated the effect of TMEM126A on the malignant phe-
notype of breast cancer cells in vitro. The results showed that the
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Table 1
Alteration of TMEM126A protein expression levels in relation to clinicopathological characteristics in breast cancer patients.
Variables TMEM126A total
Low expression High expression
n = 105 n =136 n =241
No. % No. % No. % p
Age(years) 10-49 53 50.5 63 46.3 116 48.1 0.522
50-85 52 49.5 73 53.7 125 51.9
Marital status Married 44 41.9 62 45.6 106 44 0.568
Not married 61 58.1 74 54.4 135 56
Grade I 2 2.3 3 2.5 5 2.4 0.574
I 56 65.1 86 71.7 142 68.9
111 28 32.6 31 25.8 59 28.6
Tumor size (cm) <2 51 48.6 60 45.1 111 46.6 0.181
>2and <5 46 43.8 69 51.9 115 48.3
>5 8 7.6 4 3.1 12 5
No. of metastatic LNs 0 78 61.9 67 59.3 145 60.2 0.032
1-4 25 19.8 37 32.2 62 25.7
=5 23 18.3 11 9.6 34 14.1
Positive 43 41.3 50 37 93 38.9
ER Negative 69 65.7 68 50.4 137 57.1 0.017
Positive 36 34.3 67 49.6 103 42.9
PR Negative 80 76.2 95 71.4 175 73.5 0.408
Positive 25 23.8 38 28.6 63 26.5
HER2 Negative 67 63.8 79 58.5 146 60.8 0.405
Positive 38 36.2 56 41.5 94 39.2
Metastasis Negative 94 74.6 98 85.2 192 79.7 0.041
Positive 32 25.4 17 14.8 49 20.3
Recurrence Negative 114 90.5 102 87.7 216 89.6 0.651
Positive 12 9.5 13 11.3 25 10.4
Notes: LNs: lymph nodes ER: estrogen receptor; PR: progesterone receptor; Her-2: human epidermal growth factor receptor 2; CI: confidence interval.
Table 2
Univariate and multivariate survival analysis of TMEM126A expression in breast cancer patients.
Variables Univariate analysis Multivariate analysis
HR (95% CI) P-Value HR (95% CI) P-Value
Age (years) 0.978 (0.561-1.704) 0.937 1.007 (0.491-2.065) 0.986
menstrual status 1.757 (0.984-3.138) 0.057 1.811 (0.813-4.034) 0.146
Grade 2.553 (1.443-4.516) 0.001 2.728 (1.423-5.231) 0.003
Stage 1.499 (1.013-2.217) 0.043 0.709 (0.358-1.405) 0.97
Tumor size (cm) 1.539 (0.975-2.431) 0.064 1.335 (0.765-2.331) 0.309
LN status 2.150 (1.220-3.789) 0.008 2.515 (1.024-6.175) 0.044
ER 0.903 (0.514-1.587) 0.724 2.375 (0.927-6.083) 0.072
PR 0.452 (0.212-0.964) 0.04 0.195 (0.067-0.572) 0.03
Her2 0.940 (0.531-1.664) 0.833 0.826 (0.405-1.685) 0.6
T126A 0.457 (0.257-0.811) 0.007 0.397(0.202-0.779) 0.007

Notes: ER: estrogen receptor; PR: progesterone receptor; Her-2: human epidermal growth factor receptor 2; CI: confidence interval.

overexpression of TMEM126A significantly suppressed the migration
and invasion of MDA-MB-231HM, MCF10-Cala, and Hs-578T cells, and
that knockdown notably promoted the migration and invasion of ZR-
75-30 and MDA-MB-231 cells (Fig. 3B-E). Moreover, TMEM126A de-
pletion resulted in the migration of MDA-MB-231 and ZR-75-30 cells,
based on the wound-healing assay (Fig. 3F and G). These results suggest
the potential role of TMEM126A in suppressing the metastatic proper-
ties of tumor in vitro.

To examine whether TMEM126A affects metastasis in vivo, we
generated three groups of mouse models. We first labeled TMEM126A-
knockdown MDA-MB-231 cells, and TMEM126A-overexpressing MDA-
MB-231HM and MCF10-Cala cells with a retroviral construct expres-
sing a GFP/luciferase fusion protein [19]. The mice were then mon-
itored by noninvasive BLI 4-6 weeks after the intravenous adminis-
tration of cells into nude mice. Our results demonstrated that the
upregulation of TMEM126A significantly decreased lung metastasis and
that lung metastasis was elevated after TMEM126A downregulation in

MDA-MB-231 cells (Fig. 3H and I). These findings indicated that
TMEM126A expression suppresses breast cell metastasis in vitro and in
vivo.

We also assessed the function of TMEM126A in cell cycle progres-
sion and proliferation. The cell cycle analysis showed that TMEM126A
knockdown did not affect cell cycle distribution in MDA-MB-231 cells
(Supplementary Fig. S2A and S2B). The upregulation of TMEM126A
also did not alter the proliferation of MCF10-Calh and MCF10-Dics
cells (Supplementary Fig. S2C). To further determine whether
TMEM126A regulates the proliferation of breast cancer cell in vivo, cells
(2 x 10° cells/mouse; MCF10-Cala pCDH vs. TMEM126A and MCF10-
Dics pCDH vs. TMEM126A) were seeded into the fat pad of nude mice
by subcutaneous injection, and the tumors were allowed to form for 4-6
weeks (Supplementary Figs. S2D and S2E). The results showed that
TMEM126A had no function in tumor growth in vivo.

194



H.-F. Sun et al. Cancer Letters 440-441 (2019) 189-201

Migration
Migration

MDA-MB-231}

ZR-75-30
- o
S o
g E ,
MDA-MB-231|?
Y sh#2-invasion
MCF10-CA1a | e
2 sh#1-invasion
% MDA-MB-231 shNC-invasion
" @A pCDH-migration sh#2-migration

sh#1-migration
shNC-migration

B33 T126A-migration
B3 pCDH-invasion

MDA-MB-231HM £ @D T126A-invasion ZR-75-30

%
0 200 400 600 0 100 200 300 400 500
Cell Number Cell Number
F ZR-75-30 MDA-MB-231 H MDA-MB-231HM MCF10-Cala MDA-MB-231

shNC sh#1 shNC sh#1

7.2e+003

J
Oh T % -5.0e+003
- &
[ @
2.7e+003
24h
E 3 44872
< Q
o =
48h i <
G _ |
=
@
©100A
@
s
= 8]
g 60-
= ol - ZR-75-30 shNC
€ ZR-75-30 sh#1
5 O A
8 20 -+ MDA-MB-231 shNC 00‘\,\05? K & S
5 ~ MDA-MB-231 sh#1 N N )
= T T 1 \‘2\ ‘g\ v 't;\(b Qzﬂ’ @Q"
8 0 20 40 60 PP NP
o Time (h) ¥ §<§< S &N
@& o A\

(caption on next page)



H.-F. Sun et al.

Cancer Letters 440-441 (2019) 189-201

Fig. 3. Loss of TMEM126A expression promotes breast cancer cell metastatic properties in vitro and in vivo.

A, TMEM126A expression was analyzed after overexpression in Hs-578T, MDA-MB-231HM, MCF10A, MCF10-Calh, and MCF10-Cala cells, as well as after stable
knockdown in MDA-MB-231, ZR-75-30, and MCF10-Calh cells, by western blotting. B-E, Cell migration and invasion in cell lines with TMEM126A overexpression
and knockdown were evaluated by the transwell assay in vitro; B and C, Photos of representative fields (magnification, 100 X ) of invasive cells; D and F, Histograms
depicting the results. Statistical analysis was performed by the student's t-test (N = 3). Error bars, SD. *P < 0.05 compared with control. F and G, Effects of
TMEM126A on the migration of MDA-MB-231 and ZR-75-30 cells based on the wound-healing assay. The red lines indicate the initial scratch wound location and the
yellow area shows the scratch wound mask. Images were captured every 4 h after wounding. H, Bioluminescent images (BLI) of three representative mice in each
group 4-6 weeks after injection with TMEM126A-overexpressing MDA-MB-231, MCF10-Cala, and TMEM126A cells or MDA-MB-231 TMEM126A-knockdown cells.
I, Maximum BLI signals of each group. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.4. Loss of TMEM126A promotes cell adhesion via ECM remodeling and
cytoskeletal reorganization

To identify the mechanism underlying TMEM126A-mediated me-
tastasis, we performed RNA-sequence using TMEM126A-knockdown
MDA-MB-231 cells and TMEM126A-overexpressing MCF10-Cala cells
combining bioinformatic analysis to survey the potential target genes
and pathways. The KEGG pathway enrichment analysis revealed several
pathways that were altered, such as ECM-receptor interaction, cell
adhesion molecules, TGFf signaling, focal adhesion, and regulation of
the actin cytoskeleton (Fig. 4A). The GO enrichment analysis indicated
that the expression of genes involved in cell adhesion, collagen cata-
bolic process, cell-matrix adhesion, extracellular matrix structure
components, and focal adhesion were significantly altered (Fig. 4B-D).

To determine the pathways involved in TMEM126A-mediated me-
tastasis, we examined the expression of candidate genes by real-time
PCR and western blotting. The results showed that the deletion of
TMEM126A significantly increased the expression of mRNA-encoding
ECM molecules, such as LAMA4, DAG1, ITGA1, LAMA3, ITGB1, CSF1,
and CDL6A7. With TMEM126A overexpression, the mRNA expression
of DAGI1, ITGB1, and LAMA5 was downregulated (Fig. 4E). These re-
sults indicate that TMEM126A might play a crucial role in ECM re-
modeling.

The results of GO and KEGG enrichment analyses suggested that
TMEM126A functions in cell adhesion; therefore, we performed ECM
adhesion assays with TMEM126A-knockdown cells. The results showed
that low expression of TMEM126A in MDA-MB-231, MCF10-Calh, and
ZR-75-30 cells enhanced cell adhesion to ECM proteins, such as fi-
bronectin, collagen I, collagen IV, and fibrinogen (Fig. 4F).

We also examined other signaling pathways such as the CD137L
reverse signal and TGF-$ pathways. Through IP-immunoblotting ana-
lysis, we found that TMEM126A is associated and co-localizes with
CD137L; however, the loss of TMEM126A did not alter the phosphor-
ylation of p65 and p105, downstream of the CD137L reverse signal. The
separation of cell membrane and cytoplasmic compartments and acti-
vation of signaling via treatment with CD137-Fc also indicated that
TMEM126A does not alter the subcellular localization or downstream
signaling of CD137L (Supplementary Figs. S2A-E). Our results also
showed that TMEM126A does not regulate the expression or localiza-
tion of p-SMAD3 (Supplementary Figs. S2F and S2G).

3.5. Loss of TMEM126A mediates epithelial-to-mesenchymal transition to
regulate cell migration

Cell invasion is the crucial primary step of cancer cell metastasis; as
cancer cells become more invasive, they develop altered affinity for
their ECM. This phenotypic change is followed by ECM remodeling,
cytoskeletal organization, and cell adhesion to the ECM. The cells es-
caping from the primary cancer site require advanced motility and
migration. Epithelial-to-mesenchymal transition (EMT) might be the
underlying mechanism for this process, which is accompanied by di-
minished cell-cell adhesions and strengthened cell-ECM adhesions.

It is not clear whether TMEM126A regulates the cell cytoskeleton;
therefore, we detected alterations in the cytoskeleton by performing F-
actin staining of MCF10A (shNC vs sh#1 or sh#2), MDA-MB-231HM
(pCDH vs T126A), and MCF10-Cala (pCDH vs T126A) cells. The
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deletion of TMEM126A in MCF10A cells resulted in a significantly
elongated cytoskeleton indicative of EMT. In MDA-MB-231HM and
MCF10-Cala cells, the upregulation of TMEM126A notably suppressed
the length and number of pseudopodia. These results suggest that
TMEM126A might regulate cell migration via cytoskeletal rearrange-
ments (Fig. 5A and B).

Further, F-actin staining indicated that the depletion of TMEM126A
promoted EMT in MCF10A cells. In addition, FN-1, one of the most
important components of the ECM, is also an important marker of EMT.
To further investigate whether the loss of TMEM126A mediates EMT in
breast cancer cells, we examined the level of associated markers after
creating stable overexpression and knockdown cell lines. The results
showed that TMEM126A overexpression significantly decreased the
expression of FN-1 and N-cadherin, and marginally upregulated the
expression of E-cadherin and vimentin. We also validated the results
using ZR-75-30 and MDA-MB-231HM cells. The depletion of
TMEM126A notably elevated FN-1 and N-cadherin expression (Fig. 5C
and D). We further confirmed the expression of FN-1 and N-cadherin by
performing immunofluorescence assays in TMEM126A-depleted
MCF10-Calh, which showed similar results (Fig. 5E).

3.6. ROS scavenger reverses TMEM126A-mediated EMT and ECM
reprogramming

TMEM126A is a mitochondrial protein that resides in the inner
membrane; we thus determined whether TMEM126A affects mi-
tochondrial function. We verified if the loss of TMEM126A potentiates
mitochondrial reactive oxygen species (mtROS) generation and the
disruption of mitochondrial membrane potential (MMP). We also ana-
lyzed the level of mtROS generation and MMP in MCF10-Calh and
MCF10-Dics cells. The results showed a significant loss of MMP and an
increase in ROS production in TMEM126A-downregulated cells com-
pared with those in the control cells (Fig. 6A-D). These results indicated
that the loss of TMEM126A results in mitochondrial metabolic dys-
function, such as the disruption of MMP and the generation of mtROS.

To further confirm that mitochondrial dysfunction affects ECM re-
modeling and cell adhesion and migration, cells were incubated with an
ROS scavenger N-acetyl-i-cysteine (NAC) for 24 h to determine whether
this treatment can restore EMT and ECM remodeling. The results de-
monstrated that the ROS scavenger can significantly reduce the level of
FN-1 and N-cadherin in the cells; however, the knockdown of
TMEM126A upregulated their expression compared with that in control
cells (Fig. 6E and F). In MCF10-Calh cells, we also found that the ROS
scavenger significantly suppressed the expression of ECM molecules,
such as LAMA4, DAG1, ITGA1, LAMA3, ITGB1, CSF1, and CDL6A7
(Fig. 6G).

4. Discussion

TMEM126A has been reported to be related to optic atrophy.
Herein, the present study is the first to demonstrate that it suppresses
breast cancer metastasis, but has negligible effect on cell proliferation in
vivo and in vitro. In this study, we examined the expression of
TMEM126A in a TMA from patients with breast cancer, and the results
showed that the low expression of TMEM126A was related to poor DFS
(Fig. 2B-F). The data analysis using cBioPortal and Kaplan-Meier
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Fig. 4. Loss of TMEM126A increases the expression of extracellular matrix (ECM) molecules and enhances cell adhesion to the ECM.

A, The top 12 signaling pathways enriched based on the KEGG pathway analysis with the RNA sequence data from TMEM126A-knockdown MDA-MB-231 and
TMEM126A-upregulated MCF10-Cala. B-D, The top 30 enriched Biological Processes, Molecular Functions, and Cellular Components based on the gene ontology
analysis with the RNA sequence data from TMEM126A-knockdown MDA-MB-231 and TMEM126A-upregulated MCF10-Cala. E, mRNA expression of ECM molecules
as assessed by real-time PCR. F, ECM adhesion assay in TMEM126A-depleted MDA-MB-231, MCF10-Calh, and ZR-75-30 cell lines.

plotter databases also indicated that TMEM126A expression is related
to breast cancer prognosis (Fig. 1H and I). We also confirmed that the
downregulation of TMEM126A in breast cancer cell lines is associated
with significantly enhanced metastasis and that overexpression de-
creased the metastatic potential of cell lines (Fig. 3). Our results in-
dicated that a better understanding of how TMEM126A regulates tumor
invasion is essential to prevent their spread.

In mouse myeloid cells, TMEM126A has been reported to interact

with CD137L and to be involved in CD137L reverse signal-mediated
cellular responses [15,16]. CD137L, the ligand of CD137, is usually
expressed on antigen presenting cells and a variety of solid tumor tis-
sues and cell lines, including breast, colorectal, and lung cancers
[20-22]. Due to bidirectional signaling of the CD137 receptor/ligand
system [23], the activation of CD137 might not only elevate T and NK
cell activities, but also affect the biological function of CD137L-ex-
pressing cells via reverse signaling [24,25]. In the present study, we
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Fig. 5. Effect of TMEM126A downregulation on epithelial-to-mesenchymal transition.

A and B, F-actin staining of MCF10A (shNC vs. sh#1, sh#2), MDA-MB-231HM (pCDH vs. T126A), and MCF10-Cala (pCDH vs. T126A) cells based on immuno-
fluorescence (IF). C and D, Expression of the EMT markers FN-1, N-cadherin, and vimentin in cell lines (MCF10-Calh, ZR-75-30, MDA-MB-231, and MDA-MB-
231HM) after TMEM126A overexpression or downregulation based on western blotting. E: Expression of FN-1 and N-cadherin in MCF10-Calh TMEM126A-
knockdown cells based on IF.

cytoplasmic components suggested that TMEM126A knockdown did
not change the location of CD137L (Supplementary Figs. S3A-E). These
results indicate that the binding of TMEM126A to CD137L, as in im-
mune cells, might have only a negligible effect on CD137L reverse

found that TMEM126A associates with CD137L in breast cancer.
However, the activation of CD137L reverse signaling via CD137-Fc did
not alter the expression of p-ERK and p-AKT when compared with that
in IgG1-treated control cells. In addition, the isolation of membrane and
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Fig. 6. ROS scavenger reverses TMEM126A-mediated epithelial-to-mesenchymal transition (EMT) and extracellular matrix (ECM) reprogramming.

A and B, Mitochondrial membrane potential (MMP) analysis in MCF10-Calh and MCF10-Dics cells after TMEM126A knockdown and in TMEM126A-overexpressing
MCF10A cells. C and D, Mitochondrial reactive oxygen species (MtROS) analysis in MCF10-Calh and MCF10-Dics cells after TMEM126A knockdown and in
TMEM126A-overexpressing MCF10A cells. E and F, Analysis of the expression of EMT markers after treatment with a ROS scavenger (10 mM NAC) for 24 h. G,
Analysis of expression of ECM molecules after treatment with a ROS scavenger (10 mM NAC) for 24 h.
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signaling.

Cancer cell invasion is the crucial primary step for metastasis. In this
process, cells alter their cell-cell adhesion and attach to the ECM, which
is mainly mediated by integrins [26]. The major constituents of the
ECM are fibrous proteins, such as collagens, fibronectins, laminins, fi-
brinogen, and elastins, among others [27]. Excessive ECM deposition is
associated with invasive carcinoma [28]. In the present study, we found
that the downregulation of TMEM126A promotes the expression of
LAMAA4, DAG1, ITGA1, LAMA3, ITGB1, CSF1, and CDL6A7, thus pro-
moting the adhesion of cells to ECM components, such as fibronectin,
collagen I, collagen IV, and fibrinogen (Fig. 4F).

The initial process of cell invasion requires cells to escape from the
primary tumor site, which depends on cell motility and migration. EMT
might be the mechanism through which single tumor cells escape the
epithelial tumor [29-31]. During EMT, tumor cells suppress the ex-
pression of epithelial-related genes such as E-cadherin and elevate
mesenchymal-associated genes such as FN-1, N-cadherin, and vimentin,
among others [32-34]. In the present study, the loss of TMEM126A
expression significantly elevated the levels of FN-1 and N-cadherin, but
only marginally altered the expression of E-cadherin (Fig. 5C and D). In
addition, TMEM126A knockdown also induced actin cytoskeletal re-
arrangements (Fig. 5A and B).

TMEM126A is a mitochondrial located mRNA (MLR) and the protein
is anchored to the inner membrane, close to the cristae [12]. It has been
reported that MLRs encoded by nuclear genes are localized and trans-
lated to the vicinity of the mitochondrial outer membrane and that the
encoded proteins play vital roles during the early stages of mitochon-
drial complex biogenesis or constitute the core of mitochondrial re-
spiratory complexes [35-37]. Therefore, we tried to understand whe-
ther TMEM126A affects mitochondrial biogenesis or mitochondrial
respiration. We detected ATP production and ROS production after
TMEM126A knockdown, and the results showed that TMEM126A
marginally reduced the production of ATP (data not shown), and sig-
nificantly caused the loss of MMP and increases ROS production in
TMEM126A-downregulated cells. TMEM126A might participate in the
regulation of mitochondrial respiratory complex assembly or the elec-
tron transport chain (ETC), thus suppressing the expression of
TMEM126A resulting in partial ETC inhibition, subsequently leading to
ROS overproduction. Some sporadic results have indicated that ROS
decreases MMP by acting on thiols in the permeability transition pore
complex to facilitate the opening of the complex and shifting the MMP
[38-40].

Recent studies have indicated that mitochondria play a critical role
in tumor metastasis via generation of ROS, decreases in MMP, meta-
bolism disorder in mitochondria, and imbalances in mitochondrial fis-
sion and fusion [41-43]. The effect of ROS on tumor is dose-dependent;
high concentrations induce apoptosis, whereas low concentrations
promote cell proliferation and metastasis [44]. For example, some
chemotherapeutic drugs induce cell death via ROS overproduction,
whereas relatively low doses of ROS lead to mitochondrial dysfunction,
promoting tumor metastasis; therefore, the use of an ROS scavenger can
effectively inhibit metastasis [45]. In addition, ROS, as a secondary
messenger, promote mitochondrial retrograde signaling to the nucleus
by activating downstream effectors [46]. For example, mtROS can ac-
tivate Src and Pyk2 to promote metastasis [45,47]. Raclb-mediated
increase in ROS stimulates the expression of Snail and EMT [48]. ROS
also activate the NF-kB and AKT signaling pathways to promote tumor
progression [49,50]. In the present study, an ROS scavenger sig-
nificantly reduced the level of FN-1 and N-cadherin and suppressed the
expression of ECM molecules, such as LAMA4, DAG1, ITGA1, LAMA3,
ITGB1, CSF1, and CDL6A7 (Fig. 6E-G). These results suggest that ROS
scavenging can significantly restore EMT and ECM remodeling. The
results also indicate that the loss of TMEM126A might promote cell
adhesion and metastasis by activating mitochondrial retrograde sig-
naling. However, transcription factors activated by mtROS and the
downstream processes initiated remain unknown.
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In the present study, we observed that TMEM126A was down-
regulated in metastatic breast cancer and elucidated some of the
downstream signal pathways. However, the upstream regulation me-
chanism of TMEM126A could not be elucidated. After predicting tran-
scription factors that might bind to TMEM126A promoter, we found
that some metastatic suppressors such as p53 [51] and FOXP3 [52,53]
might regulate the transcription of TMEM126A. Further studies to ex-
plore the upstream regulation of TMEM126A, such as p53 and FOXP3,
might help understand the reason why TMEM126A is downregulated in
metastatic breast cancer.

In summary, to the best of our knowledge, the present study is the
first to demonstrate that the mitochondrial inner membrane protein
TMEM126A is a suppressor of breast cancer metastasis. TMEM126A
depletion induces mtROS overproduction, leading to EMT by activating
ECM remodeling. These findings might provide novel insights to iden-
tify prognostic indicators for patients with breast cancer.
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