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Breast cancer is the leading cause of cancer-related death 
in women worldwide, despite medical and technological 
advancements. The RhoBTB family consists of three isoforms: 
RhoBTB1, RhoBTB2, and RhoBTB3. RhoBTB1 and RhoBTB2 
have been proposed as tumor suppressors in breast cancer. 
However, the roles of RhoBTB3 proteins are unknown in 
breast cancer. Bioinformatics analysis, including Oncomine, 
cBioportal, was used to evaluate the potential functions 
and prognostic values of RhoBTB3 and Col1a1 in breast 
cancer. qRT-PCR analysis and immunoblotting assay were 
performed to investigate relevant expression. Functional 
experiments including proliferation assay, invasion assay, 
and flow cytometry assay were conducted to determine the 
role of RhoBTB3 and Col1a1 in breast cancer cells. RhoBTB3 
mRNA levels were significantly up-regulated in breast cancer 
tissues as compared to in adjacent normal tissues. Moreover, 
RhoBTB3 expression was found to be associated with Col1a1 
expression. Decreasing RhoBTB3 expression may lead to 
decreases in the proliferative and invasive properties of breast 
cancer cells. Further, Col1a1 knockdown in breast cancer cells 
limited the proliferative and invasive ability of cancer cells. 
Knockdown of RhoBTB3 may exert inhibit the proliferation, 
migration, and metastasis of breast cancer cells by repressing 
the expression of Col1a1, providing a novel therapeutic 
strategy for treating breast cancer.
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INTRODUCTION

Breast cancer is the most common form of cancer and lead-

ing cause of cancer-related death for women worldwide 

(Koh et al., 2020; Waks and Winer, 2019). Previous studies 

revealed that hormones such as estrogen and progestin as 

well as genetic mutation and various other molecules can 

cause malignancy in breast tumors (Anastasiadi et al., 2017; 

Desreux, 2018; Harbeck and Gnant, 2017; Lu and Pfeffer, 

2013). Despite significant advances in cancer prevention and 

targeted chemotherapy, the incidence of breast cancer and 

associated mortality continue to increase (Jafari et al., 2018; 

Odle, 2017; Pucci-Minafra et al., 2008). Therefore, more 

effective therapeutic targets are required to optimize the clin-

ical management of breast cancer.

 The RhoBTB (Rho-related Broad-complex, Tramtrack, 

and Bric-à-brac) proteins constitute a subfamily of atypical 

members within the Rho family of small guanosine triphos-

phatases (GTPases). The RhoBTB family consists of three 

isoforms: RhoBTB1, RhoBTB2, and RhoBTB3 (Berthold et al., 

2008b; Ji and Rivero, 2016). These molecules have a unique 

domain architecture in which a GTPase domain is followed 

by a proline-rich region, tandem of 2 BTB domains, and con-

served C-terminal region. Two of the three RhoBTB proteins, 

RhoBTB1 and RhoBTB2, differ substantially from RhoBTB3 

(Berthold et al., 2008b; Ji and Rivero, 2016; Woldu et al., 

2018). RhoBTB3 is a Golgi- associated protein that is critical 

in keeping structure of Golgi and homeostasis of cells (Lu and 
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Pfeffer, 2013; Zhang et al., 2015). The deficiency of RhoBTB3 

could result in accumulation of cellular substrates which is 

important for cell degradation, causing an instability of cel-

lular homeostasis, thus ultimately leading to cancers (Lu and 

Pfeffer, 2013; Zhang et al., 2015). The correlation between 

RhoBTB3 and cell cycle regulation has been reported recently 

(Lu and Pfeffer, 2013). However, RhoBTB3 precise functions 

and underlying mechanisms in breast cancer are poorly un-

derstood.

 The extracellular matrix is an important component of 

tumor microenvironment and plays critical roles in cancer 

development and metastasis, in which collagen is the major 

structural protein (Chen et al., 2019; Martins Cavaco et al., 

2020; Nissen et al., 2019). Collagen type I alpha 1 (Col1a1) 

is reportedly associated with the development of several 

human cancer. Col1a1 gene encodes the pro-alpha 1 chains 

of type I collagen whose triple helix comprises two alpha 1 

chains and one alpha 2 chain (Ma et al., 2019). Type I colla-

gen is a fibril-forming collagen, and 3D type I collagen-rich 

culture is a common method to investigate the proliferation 

and/or metastasis of cancers (Dudley et al., 2014). Col1a1 

was reported to be associated with a variety of cancers, and 

its overexpression was observed in tissues and cells of breast, 

lung, and renal cancers (Chen et al., 2019; Fang et al., 2019; 

Li et al., 2016; Ma et al., 2019; Nissen et al., 2019; Shi et 

al., 2019; Zhang et al., 2018). Moreover, increased collagen 

deposition is associated with breast cancer cell proliferation 

and invasion (Liu et al., 2018; Slocum and Germain, 2019; 

Zhu et al., 2015). However, the regulatory mechanism of 

Col1a1 in breast cancer remains unclear despite numerous 

recent investigations in human oncology.

 In this study, we examined whether RhoBTB3 regulates 

collagen synthesis and secretion in breast cancer. We show 

that increased mRNA levels of RhoBTB3 and Col1a1 are 

associated with poor prognosis of patients with breast can-

cer. Knockdown of RhoBTB3 regulates breast cancer cell 

proliferation and invasion, accompanied by reduced Col1a1. 

Furthermore, expression of RhoBTB3 and Col1a1 is signifi-

cantly correlated in breast cancer. These results suggest that 

RhoBTB3 regulates breast cancer progression by controlling 

collagen deposition and may serve as a therapeutic target for 

breast cancer.

MATERIALS AND METHODS

Plasmid and siRNA
Col1a1 ORF-containing plasmid pECFP-N2-Col1a1 was 

purchased from Addgene (USA; plasmid 66603). The siGE-

NOME SMART pools siRNA used to target human RhoBTB3 

(M-010224-02), human Col1a1 (M-015890-02), and the 

non-targeting siRNA control (D-001206-13-05) were all 

purchased from Dharmacon (USA). The individual siRNA 

used to target human RhoBTB3 (#1:5’-CUGUGUUAGUA-

CAACUGAA-3’, #2:5’-CUGACAUCAUUGUGAUCAA-3’), 

human Col1a1 (#1:5’-CACCAAUCACCUGCGUACA-3’, 

#2:5’-CUGUUCUGUUCCUUGA-3’) and the non-targeting 

siRNA control (5’-CCUACGCCACCAAUUUCGU-3’) were all 

purchased from Bioneer (Korea).

Cell culture and transfection
Human breast cancer cell line (MDA-MB-231, MDA-MB-468, 

and HCC1143) was purchased from American Type Culture 

Collection (ATCC, USA). Cells were maintained in high-glu-

cose Dulbecco’s modified Eagle medium (DMEM; Hyclone, 

USA) supplemented with 10% fetal bovine serum (FBS; Hy-

Clone) and 1% penicillin–streptomycin at 37°C in a humidi-

fied 5% CO2 incubator. Plasmid DNA and siRNA were trans-

fected using Lipofectamine 2000 (Invitrogen, USA) according 

to the manufacturer’s protocol.

Immunoblotting
For immunoblotting analysis, control and siRhoBTB3 cells 

were trypsinized and counted; equal amounts of conditioned 

medium (normalized to cell number) were precipitated using 

PEG8000 (Promega, USA). Equal amounts of protein were 

electrophoresed on 6%-10% SDS-PAGE, transferred to PVDF 

membranes (Millipore, USA) and probed with Anti-Colla-

gen Alpha-1(I) Chain Carboxy-Telopeptide antibody (LF-68, 

1:3,000; Kerafast, USA).

Immunofluorescence microscopy
Cells were seeded in a 6-well plate with acid-washed glass 

coverslips. After 24 h, the cells were fixed with 4% parafor-

maldehyde in DPBS for 30 min, washed five times with phos-

phate-buffered saline (PBS), and permeabilized with 0.1% 

Triton X-100 in DPBS for 15 min at room temperature (RT) 

or 25°C. Thereafter, the cells were incubated with blocking 

buffer (0.5% bovine serum albumin [BSA] in PBS) for 30 min 

at RT, followed by 1 h incubation at RT with rabbit anti-LF68 

(1:500; prepared in 0.5% BSA in DPBS) and Alexa Fluor 488 

goat anti-rabbit IgG secondary antibody (1:500; Invitrogen). 

The cells were subsequently subjected to five washes with 

PBS. Images were obtained using Axio Observer Z1 fluores-

cence microscope (Carl Zeiss, Germany) and merged using 

the Zeiss Zen 2.3 software.

Real-time polymerase chain reaction (RT-PCR) with re-
verse Transcription
Total RNA was isolated using RNeasy Mini Kit (Qiagen, USA) 

according to the manufacturer’s protocol. Reverse transcrip-

tion was performed using 1 mg of the total RNA as template 

and Super-ScriptTM III Reverse Transcriptase (Invitrogen). 

Quantitative RT-PCR (qRT-PCR) was performed in triplicates 

on a LightCycler 480 (Roche, Switzerland) using LightCy-

cler480 SYBR Green I Master Mix (Roche) and the following 

primers: human Col1a1, 5′-GTGTTGTGCGSTGSCG-3′ and 5

′-TCGGTGGGTGACTCT-3′; human RhoBTB3, 5′-CTGGTG-

TATCTTTAGGTGGTG-3′ and 5′-GTGCTGGTGGGATGTTG-3

′; human GAPDH, 5′-CTCCTCCACCTTTGACGC-3′ and 5′

-CCACCACCCTGTTGCTGT-3′. Expression of the housekeep-

ing geneGAPDH was used to normalize the data.

Cell cycle analysis
Cells were harvested, resuspended, and fixed with 70% (v/

v) ice-cold ethanol overnight. Fixed cells were washed twice 

with ice-cold PBS and centrifuged at 300 × g for 5 min. The 

cells were then incubated for 30 min at RT with staining 

solution (0.1 mg/ml RNase A, 50 μg/ml propidium iodide). 
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Samples were analyzed using an FACS Calibur cytometer (BD 

Biosciences, USA).

Proliferation assay
Cells were transfected with siRhoBTB3, siCol1a1, and/or Co-

l1a1 plasmid DNA for 24 h, trypsinized, and resuspended in 

medium. After 48 h, the cells were seeded in 96-well plates 

at a density of 4 × 103 cells/well. After 72 h of treatment, a 

mixture of CyQUANT NF Cell proliferation dye reagent and 

deliverer (Invitrogen) was added to the wells, and the plates 

were incubated at 37°C for 30 min. Fluorescence intensity 

was measured as the ratio of fluorescence at 530 nm to that 

at 485 nm.

Invasion assay
Transwell chambers (Corning, USA) were coated with Matri-

gel Basement Membrane Matrix (BD Biosciences). Cells 

were suspended in serum-free medium and seeded in the 

upper chamber at a density of 2 × 103 cells/well, whereas 

serum-containing medium was placed in the lower chamber. 

After incubating for 24 h, the cells penetrating through the 

pores were stained with Diff-Quik staining solution (Sysmex, 

Japan) and observed under a microscope.

Statistical analyses
To assess expression levels of RhoBTB3 and Col1a1 in human 

breast cancer, we retrieved data profiles from Oncomine 

(https://www.oncomine.com). We analyzed the expression 

levels in invasive breast carcinoma, invasive ductal breast 

carcinoma, and ductal breast carcinoma in situ epithelia. We 

used cBioPortal (Breast Invasive Carcinoma, TCGA, [Cancer 

Genome Atlas Network, 2012]) to analyze correlation be-

tween the expression levels of RhoBTB3 and Col1a1 (http://

www.cbioportal.org). All experiments were repeated at least 

three times. Results are reported as mean ± SEM. Significance 

of difference was assessed by independent Student’s t-test. 

Value of P < 0.05 was considered statistically significant.

RESULTS

Upregulation of RhoBTB3 in breast cancer tissue
To investigate whether the expression levels of RhoBTB3 are 

associated with breast cancer tissue, we assessed the mRNA 

expression of RhoBTB3 in TCGA human breast cancer using 
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Fig. 1. RhoBTB3 analysis in breast cancer. (A) The box plot comparing specific RhoBTB3 expression in normal (left plot) and cancer tissue 

(right plot) was derived from the Oncomine database. The analysis was shown in invasive breast carcinoma and invasive ductal breast 

carcinoma relative to in normal breast tissue. (B) The survival curve comparing patients with high (red) and low (black) expression of 

RhoBTB3 in breast cancer was plotted from the Kaplan–Meier-plotter (202975_s_at, Split patients by auto select best cutoff).
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the Oncomine database. RhoBTB3 expression was significant-

ly upregulated in invasive breast carcinoma (P < 0.05) and 

invasive ductal breast carcinoma (P < 0.001) as compared to 

in normal breast tissue, indicating that RhoBTB3 is an onco-

gene in breast cancer (Fig. 1A). Furthermore, we examined 

whether RhoBTB3 expression is associated with clinical out-

comes in patients with human breast cancer. Kaplan–Meier 

survival analysis showed that breast cancer patients with high 

RhoBTB3 expression had significant shorter relapse-free sur-

vival (Fig. 1B). Thus, our systematic analysis based on a bioin-

formatics database may help researchers determine the role 

of RhoBTB3 in breast cancer and can be targeted as potential 

oncogenic markers for breast cancer treatment.

RhoBTB3 modulates breast cancer cell growth and inva-
sion
To assess the role of RhoBTB3 in regulating the proliferation 

and invasive ability of breast cancer cells, breast cancer cells, 

MDA-MB-231, MDA-MB-468, and HCC1143 were trans-

fected with sicon and siRhoBTB3 as demonstrated by qPCR 

and Western blot analysis (Fig. 2A, Supplementary Figs. S1A 

and S2A). The cell proliferation assay showed that knocked-

down of RhoBTB3 significantly decreased in breast cancer 

cells as compared to in control cells (Fig. 2B). In addition, we 

examined whether RhoBTB3 affects the invasive ability of 

breast cancer cells. As shown in Fig. 2C, the invasive ability of 

RhoBTB3 knockdown cells was significantly reduced as com-

pared to that of control cells.

 Since RhoBTB3 can effectively inhibit the growth of human 

breast cancer cells, we expected that this inhibitory activity 

was due to its ability to interfere with cell cycle progression. 

Therefore, we investigated the cell cycle phase after trans-

fection with siCon and siRhoBTB3 using flow cytometry. 

Quantitative data revealed that deficient of RhoBTB3 cells 

had reduced distribution in the G0/G1 phase but increased 

their distribution in both S and G2/M phases (Fig. 2D). These 

results suggest that the proliferation-promoting function of 

RhoBTB3 is mediated by promoting S and G2/M phase tran-

sitions in breast cancer cells. We obtained similar results using 

individual siRhoBTB3. (Supplementary Fig. S3).

Col1a1 is high expressed in breast cancer tissue, while 
knockdown of Col1a1 inhibit breast cancer cell growth 
and invasion
Similar to RhoBTB3, we retrieved the expression profiles of 

Col1a1 in human breast cancer (Oncomine database). Co-

l1a1 was found to be upregulated in breast cancer tissues 

compared to in normal tissues. These data are consistent with 

those of previously published studies on Col1a1 expression 

in breast cancer cells (Fig. 3A). Furthermore, Kaplan–Meier 

survival analysis showed that patients with breast cancer with 

high RhoBTB3 expression had significant shorter relapse-free 
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Fig. 2. Loss of RhoBTB3 suppresses growth and invasion of MDA-MB-231cells. (A) qRT-PCR analysis of RhoBTB3 expression after 

RhoBTB3 knockdown (Smart-pool siRNA). (B) Cell proliferation was assessed at the indicated times by CyQUANT NF Cell Proliferation 

Assay Kit. (C) The effects of RhoBTB3 knockdown (Smart-pool siRNA) in breast cancer cells on cell invasion were analyzed by Matrigel-

coated Transwell invasion analyses. Scale bars = 200 μm. (D) Cell cycle progression was measured using flow cytometry after RhoBTB3 

knockdown. Data are representative of three independent experiments. Error bars represent ± SEM. *P < 0.05, **P < 0.01.
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survival (Fig. 3B). These results may help researchers deter-

mine the role of Col1a1 in breast cancer and identify poten-

tial oncogenic markers for breast cancer treatment.

RhoBTB3 reduces breast cancer cell growth and invasion 
by down regulating Col1a1
We investigated whether RhoBTB3 regulates proliferation and 

invasion of breast cancer cells via Col1a1. RhoBTB3 interfer-

ence models were constructed. As shown in Fig. 4A, Col1a1 

expression in breast cancer cells was decreased significantly 

following transfection with siCol1a1. To identify the effects 

of Col1a1 on the proliferation and invasion of breast cancer 

cells, we performed various assays. The proliferation assay 

revealed that knockdown of Col1a1 significantly decreased 

the growth rate of breast cancer cells (Fig. 4B). Additionally, 

reduced invasive ability was observed in Col1a1 knockdown 

cells as compared to in control cells. The number of invad-

ed Col1a1 knockdown cells decreased to 60% of that of 

control cells when MDA-MB-231 cells were used (Fig. 4C). 

Furthermore, we examined the effect of RhoBTB3 depletion 

on collagen synthesis. Interestingly, qPCR and immunoblot-

ting analysis showed that knockdown of RhoBTB3 in breast 

cancer cells reduced mRNA and secreted Col1a1 levels (Figs. 

4D and 4E, Supplementary Figs. S1D-S1E and S2D-S2E). 

In addition, cytoplasmic levels of Col1a1 were reduced in 

RhoBTB3-silenced MDA-MB-231 cells compared to in control 

cells, as indicated via immunofluorescence microscopy (Fig. 

4F). We obtained similar results using individual siRhoBTB3 

and siCol1a1 (Supplementary Fig. S4).

 Indeed, RhoBTB3 inhibition led to decreased cell prolifer-

ation as compared to that of control cells, which was res-

cued upon Col1a1 overexpression (Fig. 5A, Supplementary 

Figs. S1B and S2B). Consistent with the proliferation data, 

RhoBTB3-depleted cells exhibited a reduced invasive ability 

as compared to control cells. This reduction was rescued by 

simultaneous Col1a1 overexpression (Fig. 5B, Supplemen-

tary Figs. S1C and S2C). These results suggest that RhoBTB3 

promotes cancer growth and invasion by regulating collagen 

deposition. Notably, expression of RhoBTB3 correlated posi-

tively with the expression of Col1a1 according to analysis us-

ing cBioPortal (Breast Invasive Carcinoma, TCGA) (Fig. 5C). In 

summary, these data indicate that RhoBTB3 expression plays 

a critical role in human breast cancer, possibly by modulating 

collagen-associated cancer development and progression.
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Fig. 3. RhoBTB3 is associated with Col1a1 expression in MDA-MB-231cells. (A) The boxplot comparing specific Col1a1 expression 
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DISCUSSION

Genes encoding RhoBTB proteins exhibit ubiquitous but 

tissue-differential expression (Berthold et al., 2008b; Ji and 

Rivero, 2016; Nguyen et al., 2020). RhoBTB1 and RhoBTB2 

have been regarded as tumor suppressors. Their expression is 

significantly decreased in breast cancer tissues as compared 

to normal tissues (Choi et al., 2017; McKinnon and Mellor, 

2017; St-Pierre et al., 2004). McKinnon and Mellor (2017) 

reported that loss of RhoBTB1 in developing cancer reduces 

METTL7B expression, thereby promoting the loss of normal 

epithelial polarity through reduced METTL7B expression 

and contributes to the switch to an invasive phenotype. 

RhoBTB2 (also known as deleted in breast cancer, DBC2) 

was proposed as a candidate tumor suppressor gene, as its 

expression in breast cancer cells lacking RhoBTB2 transcripts 

caused growth inhibition (Choi et al., 2017; St-Pierre et al., 

2004). The structural differences between RhoBTB1/2 and 

RhoBTB3 may have led to these contradictory results. The 

RhoBTB family has a common domain architecture. RhoBTB1 

and RhoBTB2 are highly similar, whereas RhoBTB3 is the 

most divergent member (Aspenström et al., 2004; 2007; 

Berthold et al., 2008b; Espinosa et al., 2009). Interestingly, 

the RhoGTPase domain of RhoBTB3 binds and hydrolyses 

ATP, whereas that of RhoBTB1/2 binds GTP (Aspenström et 

al., 2004; 2007; Berthold et al., 2008a; Nguyen et al., 2020). 

Moreover, only RhoBTB3 bears an isoprenylation CAAX mo-

tif that is typical of classical RhoGTPases in the C-terminal 

region (Ji and Rivero, 2016; Junaid et al., 2014; Manolaridis 

et al., 2013). The CAAX motif is widely involved in global 

cellular functions, such as proliferation and differentiation 

(Boudhraa et al., 2020; Burrows et al., 2009; Manolaridis et 

al., 2013). As an important modulator of biological activity, 

signal transduction via protein prenylation is a crucial step for 

most CAAX motif functions, particularly for anchoring these 

motifs to the cellular membrane system (Junaid et al., 2014; 

Manolaridis et al., 2013). There are still not many studies on 

whether RhoBTB3 has a function as oncogene or tumor sup-

pressor on in various cancers. Recently, Zhang et al. (2015) 

reported that RhoBTB3 as a novel scaffolding protein for 

a multi-subunit complex that promotes HIFα degradation 

under both normoxic and hypoxic conditions in human re-

nal carcinomas. In contrast to the tumor suppressive role of 

RhoBTB3 in human renal carcinomas, our findings demon-

Fig. 4. RhoBTB3 is associated with collagen expression in MDA-MB-231cells. (A) qRT-PCR analysis of Col1a1 expression after Col1a1 

knockdown (Smart-pool siRNA). (B) Cell proliferation was assessed at the indicated times by CyQUANT NF Cell Proliferation Assay Kit. (C) The 

effects of Col1a1 knockdown (Smart-pool siRNA) in breast cancer cells on cell invasion were analyzed by Matrigel-coated Transwell invasion 

analyses. Scale bars = 200 μm. (D) qRT-PCR analysis of Col1a1 expression after RhoBTB3 knockdown (Smart-pool siRNA). (E) Immunoblot 

analysis of Col1a1 in conditioned medium after RhoBTB3 knockdown (Smart-pool siRNA). (F) Immunofluorescence staining of Col1a1 (green) 

and DAPI (blue) after RhoBTB3 knock down (Smart-pool siRNA). Error bars represent ± SEM. *P < 0.05, **P < 0.01. Scale bars = 10 μm.
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strated an oncogenic role for RhoBTB3 in breast cancers. The 

function of RhoBTB3 as oncogene or tumor suppressor may 

appear differently depending on the various cancer types and 

under different cellular condition.

 The cell cycle checkpoints arrest or delay cell cycle progres-

sion either in the G1 phase before DNA replication, or in the 

S phase during DNA replication, or in the G2 phase before 

mitosis (Akkari et al., 2000; Reichheld et al., 1999). The 

knockdown of RhoBTB3 cells were arrested in phase S and 

G2/M because of the deregulation of Cyclin E turnover (Lu 

and Pfeffer, 2013; Zhang et al., 2015). RhoBTB3 mediates 

the ubiquitylation of this important cellular cycle regulator, 

regulating its renewal during the S and G2/M phases an 

event essential to the progression of the cell cycle.

 The Col1a1, a major component of the extracellular matrix 

in the tumor microenvironment, plays a major role in cancer 

development and progression (Burns-Cox et al., 2001; Mar-

tins Cavaco et al., 2020; Wolf et al., 2009; Xu et al., 2019). 

It has been reported that Col1a1 is highly expressed in the 

cytoplasm in breast cancer cells compared to in normal cells 

(Liu et al., 2018; 2020; Slocum and Germain, 2019). In ad-

dition, Liu et al. (2018) demonstrated that downregulation 

of Col1a1 reduced breast cancer growth and metastasis, 

whereas its upregulation significantly increased breast cancer 

proliferation, migration, and invasion. These studies indicate 

that increased Col1a1 expression promotes breast cancer 

development and progression by enhancing tumor growth 

and invasion. However, the regulation of Col1a1 expression 

in breast cancer cells is not clear.

 The Golgi complex plays a central role in processing and 

sorting of biosynthetic cargo in all eukaryotic cells (Cao et al., 

2000; Colanzi et al., 2007). Golgi organization have evolved 

in part to sense and transduce specific stress signals to the 

nucleus (Cao et al., 2000; Gurel et al., 2014; Mysior and 

Simpson, 2021). RhoBTB3 is Golgi associated protein (Mysior 

and Simpson, 2021). Interestingly, depletion of RhoBTB3 

induced strong Golgi fragmentation (Lu and Pfeffer, 2013). 

Disruption of Golgi architecture and functions, termed as 

Golgi stress response, alters redox balance and affects cell 

survivals, contributing to many disorders (Li et al., 2016; Ma-

chamer, 2015; Taniguchi and Yoshida, 2017). The synthesis 

of collagen type I is regulated at the transcriptional and post-

translational levels (Laurent, 1987; Siwik et al., 2001). The 

oxidative stress decreased the levels of mRNA for collagen 
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Fig. 5. RhoBTB3 affects proliferation and invasion of MDA-MB-231cells in Col1a1-dependent manner. (A and B) RhoBTB3 knockdown 

rescued the promotion of proliferation and invasion induced by Col1a1 overexpression in MDA-MB-231cells. Scale bars = 200 μm. (C) 

Scatterplot of correlated mRNA levels between RhoBTB3 and Col1a1 in normal and malignant breast tissues. Data are representative of 

three independent experiments. Error bars represent ± SEM. *P < 0.05, **P < 0.01. 
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type I, indicating that the oxidative stress-stimulated decrease 

in collagen synthesis was due, at least in part, to a decrease 

in mRNA transcription or stability (Laurent, 1987; Siwik et 

al., 2001). Therefore, we speculate that the knockdown of 

RhoBTB3 constituting the Golgi apparatus causes Golgi frag-

mentation, which induces oxidative stress and reduces colla-

gen mRNA.

 In summary, this study provides in vitro evidence of the 

oncogenic effects of RhoBTB3 mediated by regulating Co-

l1a1 expression in breast cancer. We observed significant 

upregulation of RhoBTB3 expression in breast cancer tissue 

specimens compared to that in the corresponding normal 

tissue specimens. Furthermore, knockdown of RhoBTB3 re-

duced breast cancer cell proliferative and invasive properties. 

Additionally, knockdown of Col1a1 in breast cancer cells led 

to extremely decreased proliferation and invasion, similar to 

the results obtained for RhoBTB3 downregulation. There-

fore, further studies are needed focus on understanding the 

precise molecular mechanism of RhoBTB3 regulated Col1a1 

gene expression in breast cancer cells to explore the potential 

clinical application of RhoBTB3.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org).

ACKNOWLEDGMENTS
This work was supported by the National Research Founda-

tion of Korea (NRF) grant funded by the Korea government 

(MSIT) (2018R1A6A3A01012525, 2019R1A2C1086258, 

and 2020R1C1C1012977), and by the National Cancer Cen-

ter grant (NCC-2010250 and NCC-2210750).

AUTHOR CONTRIBUTIONS
K.K. and Y.-J.K. designed the experiments. K.K. performed 

the experiments. K.K. and Y.-J.K. wrote the manuscript. All 

authors read and approved the final manuscript.

CONFLICT OF INTEREST
The authors have no potential conflicts of interest to disclose.

ORCID
Kyungho Kim https://orcid.org/0000-0001-6940-9945

Youn-Jae Kim https://orcid.org/0000-0001-8292-3738

REFERENCES

Akkari, Y.M., Bateman, R.L., Reifsteck, C.A., Olson, S.B., and Grompe, M. 
(2000). DNA replication is required to elicit cellular responses to psoralen-
induced DNA interstrand cross-links. Mol. Cell. Biol. 20, 8283-8289.

Anastasiadi, Z., Lianos, G.D., Ignatiadou, E., Harissis, H.V., and Mitsis, M. 
(2017). Breast cancer in young women: an overview. Updates Surg. 69, 
313-317.

Aspenström, P., Fransson, A., and Saras, J. (2004). Rho GTPases have 
diverse effects on the organization of the actin filament system. Biochem. 
J. 377, 327-337.

Aspenström, P., Ruusala, A., and Pacholsky, D. (2007). Taking Rho GTPases 
to the next level: the cellular functions of atypical Rho GTPases. Exp. Cell 
Res. 313, 3673-3679.

Berthold, J., Schenková, K., Ramos, S., Miura, Y., Furukawa, M., Aspenström, 
P., and Rivero, F. (2008a). Characterization of RhoBTB-dependent Cul3 

ubiquitin ligase complexes--evidence for an autoregulatory mechanism. 
Exp. Cell Res. 314, 3453-3465.

Berthold, J., Schenkova, K., and Rivero, F. (2008b). Rho GTPases of the 
RhoBTB subfamily and tumorigenesis. Acta Pharmacol. Sin. 29, 285-295.

Boudhraa, Z., Carmona, E., Provencher, D., and Mes-Masson, A.M. (2020). 
Ran GTPase: a key player in tumor progression and metastasis. Front. Cell 
Dev. Biol. 8, 345.

Burns-Cox, N., Avery, N.C., Gingell, J.C., and Bailey, A.J. (2001). Changes in 
collagen metabolism in prostate cancer: a host response that may alter 
progression. J. Urol. 166, 1698-1701.

Burrows, J.F., Kelvin, A.A., McFarlane, C., Burden, R.E., McGrattan, M.J., De la 
Vega, M., Govender, U., Quinn, D.J., Dib, K., Gadina, M., et al. (2009). USP17 
regulates Ras activation and cell proliferation by blocking RCE1 activity. J. 
Biol. Chem. 284, 9587-9595.

Cancer Genome Atlas Network (2012). Comprehensive molecular portraits 
of human breast tumours. Nature 490, 61-70.

Cao, H., Thompson, H., Krueger, E., and McNiven, M. (2000). Disruption 
of Golgi structure and function in mammalian cells expressing a mutant 
dynamin. J. Cell Sci. 113, 1993-2002.

Chen, D., Chen, G., Jiang, W., Fu, M., Liu, W., Sui, J., Xu, S., Liu, Z., Zheng, 
X., Chi, L., et al. (2019). Association of the collagen signature in the tumor 
microenvironment with lymph node metastasis in early gastric cancer. 
JAMA Surg. 154, e185249.

Choi, Y.M., Kim, K.B., Lee, J.H., Chun, Y.K., An, I.S., An, S., and Bae, S. (2017). 
DBC2/RhoBTB2 functions as a tumor suppressor protein via Musashi-2 
ubiquitination in breast cancer. Oncogene 36, 2802-2812.

Colanzi, A., Carcedo, C.H., Persico, A., Cericola, C., Turacchio, G., Bonazzi, 
M., Luini, A., and Corda, D. (2007). The Golgi mitotic checkpoint is 
controlled by BARS-dependent fission of the Golgi ribbon into separate 
stacks in G2. EMBO J. 26, 2465-2476.

Desreux, J.A.C. (2018). Breast cancer screening in young women. Eur. J. 
Obstet. Gynecol. Reprod. Biol. 230, 208-211.

Dudley, D.T., Li, X.Y., Hu, C.Y., Kleer, C.G., Willis, A.L., and Weiss, S.J. (2014). 
A 3D matrix platform for the rapid generation of therapeutic anti-human 
carcinoma monoclonal antibodies. Proc. Natl. Acad. Sci. U. S. A. 111, 
14882-14887. 

Espinosa, E.J., Calero, M., Sridevi, K., and Pfeffer, S.R. (2009). RhoBTB3: a 
Rho GTPase-family ATPase required for endosome to Golgi transport. Cell 
137, 938-948.

Fang, S., Dai, Y., Mei, Y., Yang, M., Hu, L., Yang, H., Guan, X., and Li, J. (2019). 
Clinical significance and biological role of cancer-derived Type I collagen 
in lung and esophageal cancers. Thorac. Cancer 10, 277-288. 

Gurel, P.S., Hatch, A.L., and Higgs, H.N. (2014). Connecting the 
cytoskeleton to the endoplasmic reticulum and Golgi. Curr. Biol. 24, 
R660-R672.

Harbeck, N. and Gnant, M. (2017). Breast cancer. Lancet 389, 1134-1150.

Jafari, S.H., Saadatpour, Z., Salmaninejad, A., Momeni, F., Mokhtari, M., 
Nahand, J.S., Rahmati, M., Mirzaei, H., and Kianmehr, M. (2018). Breast 
cancer diagnosis: imaging techniques and biochemical markers. J. Cell. 
Physiol. 233, 5200-5213.

Ji, W. and Rivero, F. (2016). Atypical Rho GTPases of the RhoBTB subfamily: 
roles in vesicle trafficking and tumorigenesis. Cells 5, 28.

Junaid, M., Muhseen, Z.T., Ullah, A., Wadood, A., Liu, J., and Zhang, H. 
(2014). Molecular modeling and molecular dynamics simulation study of 
the human Rab9 and RhoBTB3 C-terminus complex. Bioinformation 10, 
757-763.

Koh, E.Y., You, J.E., Jung, S.H., and Kim, P.H. (2020). Biological functions 
and identification of novel biomarker expressed on the surface of breast 
cancer-derived cancer stem cells via proteomic analysis. Mol. Cells 43, 
384-396.

https://orcid.org/0000-0001-6940-9945
https://orcid.org/0000-0001-8292-3738


  Mol. Cells 2022; 45(9): 631-639  639

RhoBTB3 Regulates Col1a1 in Breast Cancer Cells
Kyungho Kim and Youn-Jae Kim

Laurent, G. (1987). Dynamic state of collagen: pathways of collagen 
degradation in vivo and their possible role in regulation of collagen mass. 
Am. J. Physiol. 252 (1 Pt 1), C1-C9.

Li, J., Ding, Y., and Li, A. (2016). Identification of COL1A1 and COL1A2 as 
candidate prognostic factors in gastric cancer. World J Surg Oncol 14, 
297.

Liu, J., Shen, J.X., Wu, H.T., Li, X.L., Wen, X.F., Du, C.W., and Zhang, G.J. 
(2018). Collagen 1A1 (COL1A1) promotes metastasis of breast cancer and 
is a potential therapeutic target. Discov. Med. 25, 211-223.

Liu, T., Ye, P., Ye, Y., Lu, S., and Han, B. (2020). Circular RNA hsa_
circRNA_002178 silencing retards breast cancer progression via 
microRNA-328-3p-mediated inhibition of COL1A1. J. Cell. Mol. Med. 24, 
2189-2201.

Lu, A. and Pfeffer, S.R. (2013). Golgi-associated RhoBTB3 targets cyclin E 
for ubiquitylation and promotes cell cycle progression. J. Cell Biol. 203, 
233-250.

Ma, H.P., Chang, H.L., Bamodu, O.A., Yadav, V.K., Huang, T.Y., Wu, A.T.H., 
Yeh, C.T., Tsai, S.H., and Lee, W.H. (2019). Collagen 1A1 (COL1A1) is a 
reliable biomarker and putative therapeutic target for hepatocellular 
carcinogenesis and metastasis. Cancers (Basel) 11, 786.

Machamer, C.E. (2015). The Golgi complex in stress and death. Front. 
Neurosci. 9, 421.

Manolaridis, I., Kulkarni, K., Dodd, R.B., Ogasawara, S., Zhang, Z., 
Bineva, G., Reilly, N.O., Hanrahan, S.J., Thompson, A.J., Cronin, N., et al. 
(2013). Mechanism of farnesylated CAAX protein processing by the 
intramembrane protease Rce1. Nature 504, 301-305.

Martins Cavaco, A.C., Dâmaso, S., Casimiro, S., and Costa, L. (2020). 
Collagen biology making inroads into prognosis and treatment of cancer 
progression and metastasis. Cancer Metastasis Rev. 39, 603-623.

McKinnon, C.M. and Mellor, H. (2017). The tumor suppressor RhoBTB1 
controls Golgi integrity and breast cancer cell invasion through METTL7B. 
BMC Cancer 17, 145.

Mysior, M.M. and Simpson, J.C. (2021). Emerging roles for Rho GTPases 
operating at the Golgi complex. Small GTPases 12, 311-322.

Nguyen, T.H., Ralbovska, A., and Kugler, J.M. (2020). RhoBTB proteins 
regulate the Hippo pathway by antagonizing ubiquitination of LKB1. G3 
(Bethesda) 10, 1319-1325.

Nissen, N.I., Karsdal, M., and Willumsen, N. (2019). Collagens and Cancer 
associated fibroblasts in the reactive stroma and its relation to Cancer 
biology. J. Exp. Clin. Cancer Res. 38, 115.

Odle, T.G. (2017). Precision medicine in breast cancer. Radiol. Technol. 88, 
401M-421M.

Pucci-Minafra, I., Albanese, N.N., Di Cara, G., Minafra, L., Marabeti, M.R., 
and Cancemi, P. (2008). Breast cancer cells exhibit selective modulation 
induced by different collagen substrates. Connect. Tissue Res. 49, 252-
256.

Reichheld, J.P., Vernoux, T., Lardon, F., Van Montagu, M., and Inzé, D. 
(1999). Specific checkpoints regulate plant cell cycle progression in 
response to oxidative stress. Plant J. 17, 647-656.

Shi, Y., Duan, Z., Zhang, X., Zhang, X., Wang, G., and Li, F. (2019). Down-
regulation of the let-7i facilitates gastric cancer invasion and metastasis 
by targeting COL1A1. Protein Cell 10, 143-148.

Siwik, D.A., Pagano, P.J., and Colucci, W.S. (2001). Oxidative stress 
regulates collagen synthesis and matrix metalloproteinase activity in 
cardiac fibroblasts. Am. J. Physiol. Cell Physiol. 280, C53-C60.

Slocum, E. and Germain, D. (2019). Collagen and PAPP-A in the etiology 
of postpartum breast cancer. Horm. Cancer 10, 137-144.

St-Pierre, B., Jiang, Z., Egan, S.E., and Zacksenhaus, E. (2004). High 
expression during neurogenesis but not mammogenesis of a murine 
homologue of the Deleted in Breast Cancer2/Rhobtb2 tumor suppressor. 
Gene Expr. Patterns 5, 245-251.

Taniguchi, M. and Yoshida, H. (2017). TFE3, HSP47, and CREB3 pathways 
of the mammalian Golgi stress response. Cell Struct. Funct. 42, 27-36.

Waks, A.G. and Winer, E.P. (2019). Breast cancer treatment: a review. JAMA 
321, 288-300.

Woldu, S.L., Hutchinson, R.C., Krabbe, L.M., Sanli, O., and Margulis, V. 
(2018). The Rho GTPase signalling pathway in urothelial carcinoma. Nat. 
Rev. Urol. 15, 83-91. 

Wolf, K., Alexander, S., Schacht, V., Coussens, L.M., von Andrian, U.H., 
van Rheenen, J., Deryugina, E., and Friedl, P. (2009). Collagen-based cell 
migration models in vitro and in vivo. Semin. Cell Dev. Biol. 20, 931-941.

Xu, S., Xu, H., Wang, W., Li, S., Li, H., Li, T., Zhang, W., Yu, X., and Liu, L. 
(2019). The role of collagen in cancer: from bench to bedside. J. Transl. 
Med. 17, 309.

Zhang, C.S., Liu, Q., Li, M., Lin, S.Y., Peng, Y., Wu, D., Li, T.Y., Fu, Q., Jia, W., 
Wang, X., et al. (2015). RHOBTB3 promotes proteasomal degradation 
of HIFα through facilitating hydroxylation and suppresses the Warburg 
effect. Cell Res. 25, 1025-1042.

Zhang, Z., Wang, Y., Zhang, J., Zhong, J., and Yang, R. (2018). COL1A1 
promotes metastasis in colorectal cancer by regulating the WNT/PCP 
pathway. Mol. Med. Rep. 17, 5037-5042.

Zhu, J., Xiong, G., Fu, H., Evers, B.M., Zhou, B.P., and Xu, R. (2015). 
Chaperone Hsp47 drives malignant growth and invasion by modulating 
an ECM gene network. Cancer Res. 75, 1580-1591.


