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Abstract

Triple-negative breast cancer (TNBC) is the most challenging breast cancer subtype

to treat due to its aggressive characteristics and low response to the existing clinical

therapies. Distant metastasis is the main cause of death of TNBC patients. Better

understanding of the mechanisms underlying TNBC metastasis may lead to new

strategies of early diagnosis and more efficient treatment. In our study, we uncov-

ered that the autophagy receptor optineurin (OPTN) plays an unexpected role in

TNBC metastasis. Data mining of publicly available data bases revealed that the

mRNA level of OPTN in TNBC patients positively correlates with relapse free and dis-

tance metastasis free survival. Importantly, in vitro and in vivo models demonstrated

that OPTN suppresses TNBC metastasis. Mechanistically, OPTN inhibited the pro-

oncogenic transforming growth factor-β (TGFβ) signaling in TNBC cells by interacting

with TGFβ type I receptor (TβRI) and promoting its ubiquitination for degradation.

Consistent with our experimental findings, the clinical TNBC samples displayed a

negative correlation between OPTN mRNA expression and TGFβ gene response sig-

nature and expression of proto-typic TGFβ target genes. Altogether, our study dem-

onstrates that OPTN is a negative regulator for TGFβ receptor/SMAD signaling and

suppresses metastasis in TNBC.
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What's new?

Our study revealed an unexpected role for the autophagy receptor optineurin (OPTN) in

triple-negative breast cancer metastasis. Low expression levels of OPTN in triple-negative

breast cancer correlated with higher metastasis incidence. Mechanistically, OPTN was

found to be a negative regulator of TGF-β type I receptor stability and to inhibit TGFβ-

induced protumorigenic responses in triple-negative breast cancer cells. Consistently, clini-

cal sample analysis revealed a negative correlation between OPTN mRNA expression

and TGF-β receptor signaling activity. Low OPTN expression levels may be a potential prog-

nostic indicator to stratify triple-negative breast cancer patients that are prone to

develop metastasis.

1 | INTRODUCTION

Triple-negative breast cancer (TNBC) refers to the breast cancer sub-

type that is deficient in estrogen receptor (ER), progesterone receptor

(PR), and human epidermal growth factor receptor 2 (HER2) expres-

sion.1 Among all breast cancer cases, TNBC is the most aggressive

subtype, accounting for 20% of the total breast cancer incidence.2 As

TNBC does not respond to antihormonal therapies and has relatively

low response to chemo-/radio-/immunotherapy, TNBC remains the

most challenging subtype in breast cancer to treat.3 Distant metasta-

ses are the main reason of death in breast cancer, of which bone

metastasis is the most common site of advanced breast cancer with

an incidence rate of approximately 80%.4 TNBC patients with bone

metastasis have a shorter survival period than other subtypes, and

suffer from pathologic fractures and spinal cord compression, which

severely decrease the quality of life.5 In order to develop new treat-

ments of TNBC, it is crucial to better understand the mechanism of

metastasis and find out clinically prognostic indicators for TNBC pre-

vention, diagnosis and therapy.

The cytokine transforming growth factor β (TGFβ) signaling

plays pivotal roles during cancer progression by triggering

epithelial-mesenchymal transition (EMT), migration and metastasis

of cancer cells.6,7 Moreover, it controls the tumor microenviron-

ment (TME) by acting on TME cells such as cancer-associated

fibroblasts (CAFs), endothelial cells and immune cells to facilitate

cancer cell metastasis.6,7 TGFβ is often expressed at high levels in

TNBC tumors.8,9 It can be produced by cancer cells, tumor-

associated stromal cells or immune cells.8,9 Upon TGFβ binding to

and activation of the TGFβ type I and type II receptor (ie, TβRI and

TβRII) complex on the cell membrane, intracellular signaling is initi-

ated by TβRI-mediated phosphorylation of SMAD2/3 intracellular

effector proteins. Thereafter phosphor-SMAD2/3 interacts with

SMAD4, forming heteromeric complexes, which translocate into

the nucleus and initiate transcriptional activation of target

genes.10 One of the proto-typical TGFβ/SMAD target genes is

plasminogen activator inhibitor-1 (PAI-1), which is potently and

directly induced in a SMAD3/SMAD4 dependent manner.11 Three

other TGFβ target genes that encode for interleukin-11 (IL11),

parathyroid hormone-related protein (PTHrP) and connective tis-

sue growth factor (CTGF) play key roles in the establishment of

breast cancer micro/macro metastases in bone tissue.12-14

Optineurin (OPTN) is a cytosolic coiled-coil containing protein that

was initially identified in individuals with inherited primary open-angle

glaucoma,15 and mutations in OPTN were causally linked to glaucoma,

Paget disease of bone, frontotemporal dementia and amyotrophic lat-

eral sclerosis.16 OPTN is involved in basic cellular functions including

protein trafficking, maintenance of the Golgi apparatus, as well as

nuclear factor (NF)-κB pathway, antiviral, and antibacterial signaling.17

Moreover, OPTN is an autophagy receptor, which contains an ubiquitin

binding domain that mediates interaction with polyubiquitinated

cargoes and functions in autophagosome formation and maturation.17

The function of OPTN in cancer have not been widely and deeply stud-

ied; In lung cancer, the E3 ubiquitin ligase HACE1-OPTN axis was iden-

tified as an cancer-suppressor via in-vitro tumor-colony-formation

assays and an in-vivo xenografted nude mouse model.18

In our study, we found that TNBC patients with higher OPTN

mRNA expression level correlate with a better survival. Moreover,

TNBC patients with an advanced disease and occurrence of metasta-

sis display a lower OPTN mRNA expression level. Mechanistically, we

elucidated that OPTN inhibits TGFβ pro-oncogenic signaling and sup-

presses migration and metastasis of TNBC cells. Finally, consistent

with our experimental finding and analysis of TNBC clinical samples,

we show that increased OPTN expression correlates with lower TGFβ

gene response signature.

2 | MATERIALS AND METHODS

2.1 | Ligands and chemicals

Recombinant TGFβ3 was obtained from Dr. Andrew Hinck (University

of Pittsburgh), cycloheximide, N-ethlmaleimide (NEM) were obtained

from Sigma, SB-43152 was obtained from Tocris. 100 U/mL penicil-

lin/streptomycin (Thermo Fisher Scientific; Cat. No. 15140163), Dul-

becco's modified Eagle medium (DMEM; Thermo Fisher Scientific;

Cat. No. 41965062), MG132 (Sigma-Aldrich; Cat. No. 474787).

2.2 | Cell lines and generation of cell lines

Human HEK293T (RRID:CVCL_0063) and TNBC cell lines MDA-MB-

231 (RRID:CVCL_0062) and SK-BR-7 (RRID:CVCL_5218) were
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originally obtained from American Type Culture Collection (ATCC)

and cultured in Dulbecco's modified Eagles medium (DMEM) supple-

mented with 10% fetal bovine serum (FBS) and 100 U/mL penicillin-

streptomycin (15140122; Gibco).

All cell lines were authenticated using short tandem repeat (STR)

profiling within in the last 3 years. All experiments were performed

with mycoplasma-free cells.

2.3 | Transfections and lentiviral infection

Cells were transfected with polyethylenimine (PEI, Sigma). All the

plasmids are listed in Table S1. Lentiviruses were produced as previ-

ously described.19 OPTN short hairpin (sh)RNAs for lentiviral

infection were obtained from Sigma (MISSION shRNA library).

Two shRNAs were identified and tested, the most effective

shRNAs, sh1-OPTN (TRCN0000083743; Sigma) and sh2-OPTN

(TRCN0000083744; Sigma) were used for experiments. MDA-MB-

231 bone metastasis luciferase (BM-Luc) cells were previously

described.20 MDA-MB-231 (BM-Luc) mCherry cells were made by

infecting MDA-MB-231 BM-Luc cells with PLV-mCherry lentivirus

and a single colony was isolated, and thereafter expanded.21 MDA-

MB-231 (BM Luc/mCherry) cells were infected with PLV-EV, PLV-

OPTN-HA, PLV-OPTN-FLAG, PLKO, sh1-OPTN or sh2-OPTN lentivi-

rus (see for details below) to generate stable cell lines with puromycin

selection.

2.4 | Western blot analysis

Cells were lysed in Laemmli buffer (0.12 M Tris-HCl pH 6.8, 4% SDS,

20% glycerol, 35 mM β-mercaptoethanol and bromophenol blue) and

boiled for 5 minutes. Standard procedures were used for western

blotting.22 Primary antibodies used were listed in Table S2. Secondary

antibodies were conjugated to horseradish peroxidase (Amersham

Biosciences). Chemiluminescence signal was imaged using ChemiDoc

MP Imaging System (Bio-Rad) with Clarity Western Enhanced Chemi-

luminescence (ECL) substrate (1705060; Bio-Rad). All experiments

were repeated at least three times in biologically independent experi-

ments, and representative data are shown.

2.5 | IncuCyte migration assay

Equal numbers of cells were seeded in the IncuCyte 96-well Essen

ImageLock plate (Cat. No. 4379, Essen BioScience), The uniform

scratch wound was generated in each well using the IncuCyte

WoundMaker (Essen BioScience). Floating cells were removed by a

rinse with phosphate buffered saline (PBS) and then incubated with

DMEM medium supplemented with 0.5% fetal bovine serum (FBS).

Cells were incubated and monitored in the IncuCyte live cell imag-

ing system (Essen BioScience). Images were acquired every 2 hours

over a 48-hour period using a 10� objective. Relative wound

density was analyzed by the IncuCyte cell migration software for

each well. All the experiments were repeated at least three times in

biologically independent experiments, and representative results

are shown.

2.6 | Zebrafish extravasation assay of human
breast cancer cells

Transgenic zebrafish lines Tg (fli1: enhanced green fluorescent protein

[EGFP]) were raised and all zebrafish experiments were conducted

according to standard procedures in a licensed establishment for the

breeding and use of experimental animals (LU) and subject to internal

regulations and guidelines, stating that advice is taken from the animal

welfare body to minimize suffering for all experimental animals

housed at the facility.

Zebrafish extravasation assays were prepared as previously

described.21 Zebrafish were fixed with 4% paraformaldehyde

(PFA) 5 days after injection. Imaging and quantification of the

results were carried out on an inverted SP5 STED confocal

microscope (Leica), At least 40 zebrafish were analyzed for each

group and three representative images were taken. All the exper-

iments were repeated at least three times, and representative

results are shown.

2.7 | Breast cancer bone metastasis assay in mice
xenograft model

Mice were purchased from the animal husbandry center of the

Netherlands Cancer Institute. For the intracardial injection, five-

weeks-old female BALB/c nude mice were anesthetized with iso-

flurane and single-cell suspension of MDA-MB-231 BM-Luc

(300.000/100ul PBS) cells were inoculated into the left heart ven-

tricle according to the method described by Arguello et al.23 Ten

mice were injected in each group. Bioluminescent imaging was used

to verify successful injection and to monitor the outgrowth of

metastasis weekly. Mice experiments were approved by the

Netherlands Cancer Institute Animal Welfare Committee.

2.8 | MTS cell proliferation assay

MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-

2-(4-sulfophenyl)-2H-tetrazolium) assay was applied to assess

cell proliferation as instructed by the manufacturer (Promega,

Leiden, Netherlands). Cells were seed at 1000 cells per well in

100 μL/well using 96-well culture plates. The absorbance of the

samples was measured at 490 nm on a scanning multiwell spec-

trophotometer. The samples were tested at 1, 2, 3, 4 and 5 days

after seeding. All the experiments were repeated at least three

times in biologically independent experiments and representative

results are shown.
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2.9 | Real-time quantitative RT-PCR

Total RNA extraction was performed using the NucleoSpin RNA II

kit (MACHEREY-NAGEL) according to instructions from the manu-

facturer. Equal amounts of RNA were retro-transcribed using

RevertAid First Stand cDNA synthesis Kits (Thermo Fisher), and

real-time reverse transcription-PCR experiments were performed

using SYBR Green (Promega) in CFX connect Real-Time PCR

detection system (Bio-Rad). All the values for target gene expres-

sion were normalized to GAPDH. Primers are listed in Table S3.

Numerical data from triplicates are presented as the mean ± SD.

The significance of differences between two independent subjects

was determined using the unpaired Student's t test. Two-way anal-

ysis of variance (ANOVA) has been used to analysis multiple sub-

jects. P value are indicated by asterisks in the figures: “ns”
indicates not significant (P > .05), differences at P = .05 and lower

were considered significant. *P < .05, **P < .01, ***P < .001 and

****P < .0001.

2.10 | Immunoblotting and immunoprecipitation
assay

HEK293T cells were lysed in 1 mL TNE lysis buffer (50 mM Tris-

HCl, pH 7.4, 1 mM EDTA, 150 mM NaCl, 1% NP40) with protease

inhibitor cocktail for 10 minutes on ice. The lysates were centri-

fuged at 16 � 103g for 10 minutes at 4�C, thereafter protein con-

centrations were measured using the DC protein assay (Pierce) and

equal amounts of proteins were used for each condition that was

analyzed by immunoblotting. For the immunoprecipitation assay,

equal amounts of protein were incubated with anti-FLAG agarose

beads (A2220; Sigma) at 4�C for 2 hours or with different anti-

bodies overnight and protein A/G-Sepharose (GE Healthcare Bio-

Sciences AB) for 2 hours at 4�C. Beads were washed five times

with TNE buffer, and thereafter boiled with sample buffer for

5 minutes and subjected to SDS-polyacrylamide gel electrophore-

sis (PAGE) analysis. All the experiments were repeated at least

three times and representative results are shown.

2.11 | Proximity ligation assay

Cells were seeded on cover slips in a 24 well plate and cultured for

24 hours. Cells were serum starved overnight and then treated

with or without 5 ng/mL TGFβ for 1 hour. Cells were fixed with 4%

paraformaldehyde for 20 minutes at room temperature followed

by permeabilization with 0.1% Triton X-100 for 10 minutes. Cells

were blocked in blocking buffer from the kit (DUO92001-100RXN,

DUO92005-100RXN) for 1 hour at 37�C and incubated in primary

antibodies overnight at 4�C. On the next day, cells were washed

with the wash buffer A (DUO82049) for three times and incubated

with the secondary antibodies with proximity ligation assay probes

(DUO92001-100RXN, DUO92005-100RXN) for 1 hour at 37�C

followed by three washes with buffer A. Cells were incubated with

the Duolink in situ detection reagents red (DUO92008) for 2 hours

at 37�C. After three times washing with buffer B, samples were

mounted with VECTASHIELD antifade mounting medium with

DAPI (H-1200; Vector Laboratories) Fluorescence images were

acquired with DMi8 Inverted Fluorescent Microscope (Leica).

All the experiments were repeated at least three times in biologi-

cally independent experiments and representative results are

shown.

2.12 | Ubiquitination and deubiquitination assays

HEK293T cells were transfected with indicated constructs and harvested

48 hours after transfection and washed twice in cold PBS with

10 mM N-ethlmaleimide (NEM) and lysed in 1% SDS-RIPA buffer

(25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP40, 0.5% sodium deoxy-

cholate, and 1% SDS) supplemented with protease inhibitors and 10 mM

NEM. To prevent detection of ubiquitination of coimmunoprecipitating

proteins, the lysates were boiled for 5 minutes, diluted to 0.1% SDS in

RIPA buffer, and incubated with anti-FLAG agarose beads for 2 hours at

4�C. After five washes with RIPA buffer, beads were boiled in loading

buffer for 5 minutes and size-separated by SDS-PAGE for the ubiquitina-

tion detection. All the experiments were repeated at least three times in

biologically independent experiments, and representative results are

shown.

2.13 | Statistical and bioinformatic analysis

Statistical analysis was performed using Prism 8 software (GraphPad, La

Jolla, USA). Numerical data from triplicates are presented as the mean

± SD, except for analysis of Zebrafish experiments where a representative

result is expressed as mean ± SEM. The significance of differences

between two independent subjects was determined using the unpaired

Student's t test. Two-way analysis of variance (ANOVA) has been used to

analysis multiple subjects. The Kaplan-Meier method was used to evalu-

ate metastasis free survival of mice between two groups. P value are indi-

cated by asterisks in the figures: *P < .05, **P < .01, ***P < .001 and

****P < .0001. Differences at P = .05 and lower were considered signifi-

cant. The publicly available gene expression dataset GSE76274 derived

from the R2 Genomics Analysis and Visualization Platform (R2 platform;

http://r2.amc.nl) was applied for the analyses of the correlations between

OPTNmRNA levels and TGF-β response gene signature.

3 | RESULTS AND DISCUSSION

3.1 | Low OPTN mRNA level correlates with high
stage and poor prognosis of TNBC patients

When we analyzed the correlation between OPTN mRNA level

and the survival period of TNBC patients, we found that patients

with a low OPTN level displayed poor prognosis in both relapse-

free survival (RFS) (Figure 1A) and distant metastasis-free
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survival (DFS) (Figure 1B).24 In addition, we also performed a

survival analysis in a TCGA TNBC database and found a similar

trend/signature (Figure S1). Taken together, patients with

advanced disease and occurrence of metastasis displayed lower

OPTN mRNA expression level in TNBC. We also performed

5-year survival curves analysis on the whole breast cancer

patients including all the subtypes, the analysis showed patients

with lower OPTN expression can survive longer (Figure S2). Con-

versely, TNBC patients with higher OPTN expression can survive

longer, which indicates that the favorable role of high OPTN

expression relates to TNBC and not when all the breast cancer

subtypes are examined together.

3.2 | OPTN suppresses cell migration and
extravasation in TNBC zebrafish xenograft model

In order to study the function of OPTN during the TNBC metas-

tasis progress, we generated TNBC MDA-MB-231 OPTN overex-

pressing cell lines (OPTN-HA & OPTN-FLAG) and knock down

cell lines (sh1-OPTN & sh2-OPTN). The misexpression (depletion

or ectopic expression) of OPTN was validated by western blot

(WB) analysis (Figure 2A,B). Next, we used the scratch assay to

dynamically monitor the migration ability of MDA-MB-231 cells

with different OPTN expression. The results showed that ectopic

OPTN expression in MDA-MB-231 cells migrated slower, while

depletion of OPTN in MDA-MB-231 cells increased cell migration

(Figure 2C,D). In order to study the OPTN function on TNBC

metastasis, we first used a TNBC zebrafish xenograft model by

injecting mCherry labeled MDA-MB-231 cells with different

OPTN expression levels into the ducts of Cuvier of zebrafish

embryos,21,25 and thereafter analyzed the extravasation ability of

different cells in the tail fin (Figure 2E). The results demonstrated

that MDA-MB-231 cells with ectopic OPTN expression demon-

strated a strong decrease in cell invasion (Figure 2F). Two OPTN

knock down cell lines displayed significantly more invasive cells

when compared to the empty vector PLKO control cell line

(Figure 2G). Consistent with the cell migration results that deple-

tion of OPTN stimulates extravasation, the ectopic expression

shows opposite responses. Although ectopic expression (using

two independent OPTN expression constructs) is somewhat

more prone to artifact than selective genetic knock down, the

genetic OPTN depletion (using two independent shRNAs) and its

potentiating effect on MDA-MB-231 cell migration and extrava-

sation demonstrate the role of the endogenous protein in this

response.

3.3 | OPTN attenuates bone metastasis in TNBC
mice xenograft model

To further validate and extend our findings in the zebrafish xeno-

graft TNBC model, we injected intracardially the luciferase labeled

bone seeking MDA-MB-231 cells20 with different OPTN expres-

sion levels in the TNBC mice xenograft model, we isolated the

metastasis cells from the bones at the endpoint of experiments to

analyze the OPTN expression levels and compared those to OPTN

levels upon injection (Figure 3A). Consistent with results obtained

zebrafish xenograft models, MDA-MB-231 cells with ectopic

OPTN expression displayed weaker metastasis spread to the bones

as compared to the empty vector control group (Figure 3B,C). The

metastasis cells isolated from the bones of different mice showed

a decreased OPTN level as compared to the parental cells in both

groups. This supports the notion that cells with low OPTN expres-

sion exhibit a stronger metastasis ability in the mice xenograft

model (Figure 3D). Meanwhile, another parallel mice experiments
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showed that the most efficient OPTN knock down cell line dis-

played stronger ability to metastatic size as compared to the PLKO

control group (Figure 3E,F). The OPTN levels in the isolated cells

from the mice also decreased compared to the parental cells in the

PLKO group (Figure 3G). Of note, we found that misexpression of

OPTN (by ectopic expression or shRNA-mediated knockdown)

does not influence the proliferation characteristics of MDA-MB-231

cells (Figure S3A,B). These findings suggest that that OPTN attenuates

metastasis, not proliferation in TNBC xenograft mouse model. While

we examined the effect of OPTN misexpression in a bone seeking

MDA-MDA-231 clonal variant20 on bone metastasis, our results cannot

rule out (lack of) effects by OPTN of MDA MB 231 cells toward other

organs. It will be of interest to repeat OPTN misexpression studies in

MDA-MB-231 cells with different tropism to other organs (eg, lung,

liver, brain).

3.4 | OPTN inhibits EMT-associated transcription
factors and TGFβ signaling transduction in TNBC cells

Most TNBC are basal-like breast cancer, which are mostly charac-

terized by a mesenchymal phenotype and high ability to a metasta-

size.26 We next analyzed the effect of OPTN misexpression on the

expression level of EMT-associated transcription factors. Our

results showed that MDA-MB-231 cells with ectopic OPTN levels

displayed decreased protein expression of EMT-associated tran-

scription factors (SNAIL, SLUG and ZEB2) (Figure 4A). In addition,

OPTN also inhibited the gene expression of SNAIL, ZEB1 and ZEB2

in MDA-MB-231 cells (Figure 4B). To validate and obtain further

insights into the molecular mechanism, we explored the function

of OPTN in controlling TGFβ signal transduction. We found that

overexpression of OPTN in MDA-MB-231 cells inhibited TGFβ/

SMAD signaling as TGFβ-induced phosphorylation of SMAD2

(a proximal marker for TβRI receptor activity), was decreased. In

contrast, knock down of OPTN in MDA-MB-231 cells exhibited an

increased TGFβ induced SMAD2 phosphorylation (Figure 4C,D).

Similar results were obtained in another TNBC cell line SKBR7

(Figure S4). Furthermore, etopic expression of OPTN also sup-

pressed the TGFβ-induced expression of TGFβ target genes (PAI-1,

IL-11 and PTHrP) in MDA-MB-231 cells, while genetic depletion of

OPTN showed opposite responses (Figure 4E,F). Previous studies

showed IL11 and PTHrP are important genes in mediating breast

cancer metastasis to bone,14,27 which is in line with our findings

that OPTN suppresses bone metastasis of bone seeking MDA-MB

231 cells in mice xenograft experiments.

3.5 | OPTN regulates TβRI stability by binding and
inducing the ubiquitination of TβRI

To uncover how OPTN suppresses TGFβ signaling, we tested the

stability of TβRI upon treatment with protein synthesis inhibitor

cycloheximide in MDA-MB-231 cells. The results showed that

cells with OPTN overexpression induced increased degradation of

TβRI (Figure 5A,B), while cells in which OPTN was genetically

depleted, demonstrated an increased induced TβRI stability

(Figure 5C,D). Next, we examined whether TβRI and OPTN can

interact with each other. TβRI and OPTN were found to interact

when coexpressed in HEK293T cells, either when TβRI was immu-

noprecipitated followed by western blotting of OPTN (Figure 5E)

or vice versa (Figure 5F). Besides, we found that OPTN binds to

the constitutively active (CA) TβRI more avidly than wild type

(WT) TβRI (Figure 5G). Importantly, OPTN and TβRI were found to

interact with each other at endogenous level in MDA-MB-231

cells, and this interaction can be further increased by TGFβ stimu-

lation (Figure 5H,I). Previous studies have shown that the degra-

dation of TβRI in controlled by polyubiquitination in HEK293T

cell.28,29 We therefore performed the ubiquitination assay of con-

stitutively active mutant of TβRI (caTβRI) in HEK293T cell with or

without OPTN knock down. Our results showed that genetic

depletion of OPTN can reduce the polyubiquitination of TβRI

(Figure 5J). Previous studies showed that K48 polyubiquitination

F IGURE 2 OPTN inhibits MDA-MB-231 cell migration in-vitro and extravasation in-vivo. (A) MDA-MB-231 cell lines with ectopic expression
of two OPTN variants (ie, OPTN-HA or OPTN-FLAG) or infected with empty vector (EV) control were established and validated by western blot
(WB) analysis. The same blot was used for OPTN and GAPDH (loading control). (B) Two different OPTN shRNA knock down MDA-MB-231 cell
lines and control cell line PLKO were established and validated by WB analysis. The same blot was used for OPTN and GAPDH (loading control).
(C) Real-time scratch assay results of control and OPTN overexpressing MDA-MB-231 cells. Representative scratch wounds with relative wound
density in the right corner are shown at different time point of the experiment (left). The cells are highlighted in orange. Relative wound density
(closure) is plotted at indicate times (right). ***P < .001; ****P < .0001; two-way analysis of variance (ANOVA). (D) Real-time scratch assay results
of control and OPTN knock down cells. Representative scratch wounds with relative wound density in the right corner are shown at different
time point of the experiment (left). The cells are highlighted in orange. Relative wound density (closure) is plotted at indicate times (right).
****P < .0001; two-way analysis of variance (ANOVA). (E), Schematic representation on MDA-MB-231 mCherry-labeled cell injection into

zebrafish embryos: collection of cells, microinjection of MDA-MB-231 cells into duct of Cuvier of zebrafish embryos, and analysis of
extravasation of MDA-MB-231 cells in the avascular tail fin <5 days post fertilization. (F) Statistics of invasive cell number in tail fin of control and
OPTN overexpressing MDA-MB-231 cells in zebrafish xenograft model (above). *P < .05; ****P < .0001; two-way analysis of variance (ANOVA).
Representative images of zebrafish from the control and OPTN overexpressing groups with zoom-in of invasive cells on the right panel (below).
(G) Statistics of invasive cell number in tail fin of control and OPTN knock down MDA-MB-231 cells in zebrafish xenograft model (above).
*P < .05; **P < .01; two-way analysis of variance (ANOVA). Representative images of zebrafish from the control and OPTN knock down groups
with zoom-in of invasive cells on the right panel (below).
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was the main ubiquitin chain to regulate TβRI degradation.30-33

We performed ubiquitin experiments and observed that overex-

pressing OPTN significantly promoted the K48 ubiquitination of

TβRI (Figure 5K). Taken together, our results indicate that OPTN

regulates TβRI stability by binding and inducing K48 polyubiquiti-

nation of TβRI.

3.6 | OPTN mRNA levels negatively correlates with
TGFβ response in TNBC patient samples and OPTN
inhibits TNBC migration in a TβRI dependent manner

Interrogation of publicly available gene expression databases

revealed that a high level of OPTN expression correlated with a
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F IGURE 3 OPTN suppresses bone metastasis of MDA-MB-231 cells in vivo. (A) Experimental flow chart of breast cancer bone metastasis
assay in mice xenograft model. (B) Bioluminescence imaging (BLI) signal of control and OPTN overexpressing MDA-MB-231 cells were measured
at indicated weeks after intracardiac injection. **P < .01; two-way ANOVA. (C) Representative images of three mice with BLI signal on both
ventral and dorsal side from control and OPTN overexpressing groups at 9 weeks after intracardiac injection. (D) OPTN expression levels were
measured by WB analysis of parental cells and metastatic cells isolated from mice bones of control and OPTN overexpressing groups. The same
blot was used for OPTN and GAPDH (loading control). OPTN signals were quantified and normalized with GAPDH signals, relative OPTN signal
values are indicated below the WB. (E) Bioluminescence imaging (BLI) signals of control and OPTN knock down MDA-MB-231 cells were
measured at indicated weeks after intracardiac injection. *P < .05; two-way ANOVA. (F) Representative images of three mice with BLI signals on
both ventral and dorsal side from control and OPTN knock down groups at 7 weeks after intracardiac injection. (G) OPTN expression levels were
measured by WB analysis of parental cells and metastatic cells isolated from mice bones of control and OPTN knock down groups. The same blot
was used for OPTN and GAPDH (loading control). OPTN signals were quantified and normalized with GAPDH signals, relative OPTN signal
values are indicated below the WB.
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F IGURE 4 OPTN suppresses the expression of mesenchymal markers and inhibits TGFβ signaling transduction in MDA-MB-231 cells. (A) WB
analysis of mesenchymal markers in OPTN overexpressing MDA-MB-231 cells. Same blot was used for OPTN, SNAIL and TUBULIN (loading

control). ZEB2 and SLUG blotting results were obtained from another blot using the same corresponding cell lysates. (B) Mesenchymal markers
including SNAIL, ZEB1 and ZEB2 were analyzed by qPCR in control and OPTN overexpressing MDA-MB-231 cells. Experiments were performed
in triplicate biological repeats; one representative result was shown in the figure. (C) WB analysis of TGFβ-induced pSMAD2 in control and OPTN
overexpressing MDA-MB-231 cells. The same blot was used for OPTN, pSMAD2 and GAPDH (loading control). (D) WB analysis of TGFβ-induced
pSMAD2 in control and OPTN knock down MDA-MB-231 cells. The same blot was used for OPTN, pSMAD2 and GAPDH (loading control).
(E) The TGFβ pathway target genes including PAI-1, IL-11 and PTHrP were analyzed by qPCR in control and OPTN overexpressing MDA-MB-231
cells. Experiments were performed in triplicate biological repeats; one representative result was shown in the figure. (F), The TGFβ/SMAD
pathway target genes, including PAI-1, IL-11 and PTHrP, were analyzed by qPCR in control and OPTN knock down MDA-MB-231 cells.
Experiments were performed in triplicate biological repeats; one representative result was shown in the figure.
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decreased TGFβ response signature value and low expression of

TGFβ target genes PAI-1 and CTGF (Figure 6A). CTGF is an

important prometastatic TGFβ target gene, which encode osteo-

lytic and angiogenic factors to promote osteolytic metastasis of

breast cancer.14 Thus, OPTN RNA expression analysis in TNBC

patient derived samples support a suppressor role for OPTN of

prometastatic TGFβ signaling. Consistent with this notion, we

found that the increased MDA-MB-231 cell migration upon

knock down OPTN can be rescued by adding a selective small

molecule TβRI kinase inhibitor SB-431542 (SB) (Figure 6B,C).

Taken together, our results suggest that OPTN functions as a

suppressor of TNBC metastasis (at least in part) through inhibi-

tion of the TGFβ prometastatic signaling. Of note, a recent study

reported that loss of OPTN triggers immune evasion and
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F IGURE 5 OPTN regulates TβRI stability by interacting with TβRI and promoting its K48 polyubiquitination. (A) TβRI stability was analyzed by
WB analysis in control and OPTN overexpressing MDA-MB-231 cells treated with 10 μg/mL cycloheximide for different hours. The same blot was
used for OPTN, TβRI and GAPDH (loading control). TβRI expression level in control and OPTN overexpressing MDA-MB-231 cells were quantified
and statistically analyzed at different time points in (B) ***P < .001; ****P < .0001; two-way analysis of variance (ANOVA). (C) TβRI stability was
analyzed by WB analysis in control and OPTN knock down MDA-MB-231 cells treated with 10 μg/mL cycloheximide for different hours. The same
blot was used for OPTN, TβRI and GAPDH (loading control). TβRI expression level in control and OPTN knock down MDA-MB-231 cells were
quantified and statistically analyzed at different time points in (D) ****P < .0001; two-way analysis of variance (ANOVA). (E) The interaction of OPTN
with TβRI was detected by immunoprecipitation (IP) of FLAG-tagged TβRI and immunoblotting (IB) for OPTN in HEK293T cells. (F) The interaction of
TβRI with OPTN was detected by immunoprecipitation (IP) of HA-tagged OPTN and IB for TβRI in HEK293T cells. (G) The interactions of wild type
(WT) and constitutively active (CA) TβRI with OPTN were analyzed by IP FLAG-tagged TβRI and IB for OPTN in HEK293T cells. IP results were
obtained from same blot. Input results were from another blot using the same corresponding cell lysates as used for IP. (H) Proximity ligation assay
(PLA) of endogenous interaction of OPTN with TβRI in MDA-MB-231 cells treated with or without 5 ng/mL TGFβ for 1 hour. Lower magnification

images are shown in the upper panel; higher magnification images are shown in the lower panel. PLA signals in control and TGFβ treatment groups
were quantified and statistically analyzed in (I). **P < .01; unpaired Student t test. (J) Ubiquitination of TβRI was analyzed by IP of FLAG-tagged
constitutively active TβRI (caTβRI) from HA-Ub transfected HEK293T cells with or without OPTN knock down. IP results were obtained from same
blot. Input results were obtained from another blot using the same corresponding cell lysates. (K) K48 polyubiquitination of TβRI was detected by IP
of FLAG-tagged constitutively active TβRI (caTβRI) from HA-Ub transfected HEK293T cells with or without OPTN overexpression. IP results were
obtained from same blot. Input results were obtained from another blot using the same corresponding cell lysates.
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F IGURE 6 Interplay between OPTN and TGFβ/SMAD signaling in TNBC. (A) Correlation analysis between OPTN and TGFβ gene signature,
PAI-1 or CTGF mRNA expression (two prototypic TGF-β target genes) in TNBC (n = 198). Pearson's correlation coefficient tests were performed
to assess the statistical significance. (B) Real-time scratch assays of control and OPTN knock down MDA-MB-231 cells treated with or without
TβRI inhibitor SB-431542 (SB). Representative scratch wounds are shown at different time point with relative wound density in the right corner
of the experiment. The cells are highlighted in orange. (C) Statistic analysis of migration ability of control and OPTN knock down MDA-MB-231

cells treated with or without SB inhibitor. **P < .01; ***P < 0.001; two-way analysis of variance (ANOVA).
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immunotherapy resistance in colon cancer.34 TNBC frequently

displays low response to immunotherapy, and high TGFβ signal-

ing activity in cancer cells can mediate immunotherapy resis-

tance.8 It will therefore be interesting to explore whether TNBC

with high OPTN suppresses TNBC metastasis by improving

immune response toward TNBC.

4 | CONCLUSION

In the present article, we discovered a role for OPTN in TNBC metas-

tasis. Low OPTN mRNA expression levels in TNBC correlated with

higher metastasis incidence. Mechanistically, we uncovered that

OPTN is a negative regulator of steady levels of TβRI, promoting its

K48 ubiquitination and by increasing its turnover. OPTN inhibits

TGFβ-induced protumorigenic responses in TNBC cells. Consistently,

analysis of TNBC clinical samples revealed that high levels of OPTN

mRNA levels in TNBC patients correlated with decreased TGFβ gene

response signature and decreased expression of TGFβ target genes.

Furthermore, the increased migration of TNBC cells by OPTN knock-

down was rescued by treatment with a TGFβ receptor kinase inhibi-

tor. Our results identify OPTN expression level as a prognostic

indicator for TNBC metastasis.
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