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Abstract 

Background: Breast cancer is the leading cause of oncological mortality among women. Efficient detection of can-
cer cells in an early stage and potent therapeutic agents targeting metastatic tumors are highly needed to improve 
survival rates. Emerging evidence indicates that lncRNAs (long noncoding RNAs) are critical regulators of fundamental 
cellular processes in a variety of tumors including breast cancer. The functional details of these regulatory elements, 
however, remain largely unexplored.

Methods: In this study, lncRNA ROR (linc-ROR) was examined by real-time PCR in different breast cancer cell lines 
and breast tumor tissues/non-tumor tissues were collected from both breast cancer patients and healthy controls. 
Linc-ROR was knockdown in breast cancer cell lines and the effects on cell proliferation, migration and invasion were 
tested both in vitro and in vivo tumor model. Effects of linc-ROR knockdown on TGF-β signaling pathway were investi-
gated by Western blot.

Results: Our studies have suggested that linc-ROR, a critical factor for embryonic stem cell maintenance, probably 
acts as an oncogenic factor in breast cancer cells, causing poor prognostic outcomes. Overexpression of linc-ROR 
seems to be responsible for promoting proliferation and invasion of cancer cells as well as tumor growth in nude 
mice. The regulatory action of linc-ROR can affect the activity of the TGF-β signaling pathway, which has been proven 
critical for mammary development and breast cancer.

Conclusions: The results have highlighted the potential importance of linc-ROR in the progression of advanced 
breast cancer, and thus will stimulate efforts in the development of novel diagnostic and therapeutic strategies.
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Background
Breast cancer is the most common cancer and the lead-
ing cause of oncologic mortality for women worldwide 
[1]. The primary risk factors of this disease include age, 
high hormone level, race, economic status, and iodine 
deficiency in diet [2]. Early diagnosis is key to success-
ful treatment of breast cancer. Diagnostic procedures 

often include clinical examination, mammography, ultra-
sound, magnetic resonance imaging and biopsy. Stand-
ard treatment often requires complete tissue removal, 
chemotherapy, radiotherapy, and hormone therapy [3]. 
Many studies aimed to demonstrate the gene expression 
profiles of breast cancer have led to the recognition that 
the disease is highly heterogeneous and newly discov-
ered molecular markers have allowed categorization of 
the disease into several biological subtypes, ultimately 
enabling the optimization of clinical practices in many 
aspects, such as prediction of prognosis and treatment 
responses [4–6]. Despite the overall advancement in the 
field, metastatic relapse of the disease at the advanced 
stage remains a major problem.
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The non-protein-coding regions in human genome 
have been well recognized as important regulatory and 
functional units, most of which encode long non-cod-
ing RNAs (lncRNAs) [7]. Like, protein-coding mRNA, 
many lncRNAs are transcribed by RNA polymerase II 
and undergo maturation through 5′ cap modification, 3′ 
polyadenylation and splicing. On the other hand, many 
features of lncRNAs can distinguish them from protein-
coding mRNAs. Generally, lncRNAs lack coding poten-
tial, expressed at relatively lower levels, prone to localize 
in the nucleus and evolve faster [7]. Accumulating evi-
dence has supported involvement of a broad spectrum of 
lncRNAs in a variety of disease states including oncogen-
esis [8]. In breast cancer research, both oncogenic and 
tumor suppressive lncRNAs have been identified. They 
are involved in the regulation of gene expression at vari-
ous levels that ultimately affect cancer cell growth, apop-
tosis, migration, invasion and stemness maintenance [9]. 
Notably, several lncRNAs modulating the TGF-β (trans-
forming growth factor beta) signaling pathway, a central 
function for mammary development, have been found 
aberrantly expressed in breast cancer [10, 11].

Linc-ROR (lncRNA ROR) was initially discovered as a 
modulator for reprogramming of human induced pluri-
potent stem cells and proven to have strong impact on 
self-renewal and differentiation of human embryonic 
stem cells [12, 13]. Since then, dysregulation of linc-ROR 
has been found in a variety of tumors [14]. In many breast 
cancer cell lines and tissues, linc-ROR is dramatically 
upregulated and has been implicated to contribute to 
malignancy and treatment resistance of advanced breast 
cancer [15–19]. The oncogenic function of linc-ROR has 
been linked to the regulation of multiple signaling path-
ways, which are presumably important for the develop-
ment and progression of cancers. However, a complete 
picture of the regulatory network associated with linc-
ROR is still missing. This has hampered the application of 
linc-ROR as a diagnostic biomarker and development of 
new therapeutic approaches.

We found that linc-ROR was overexpressed in both 
breast cancer cell lines and patient tissues. The high 
expression levels of linc-ROR ware associated with poor 
prognostic outcomes. Further characterization suggested 
the role of linc-ROR in enhancing proliferation and inva-
sion of breast cancer cells as well as promoting tumor 
growth in nude mice. We also found that the expression 
levels of linc-ROR affected several factors in the TGF-β 
pathway suggesting that the regulatory link between linc-
ROR and TGF-β is potentially important for progres-
sion of advanced breast cancer. The results provided new 
insights into the signaling networks associated with the 
oncogenic action of linc-ROR and might help develop 
new diagnostic and therapeutic strategies.

Materials and methods
Breast tissue samples
Collection of patient samples was approved by the Eth-
ics Committee of Taihe Hospital affiliated to Hubei Uni-
versity of Medicine. The breast tissues were obtained 
from 94 breast cancer patients who had surgery in the 
Taihe Hospital between 2015 and 2017. The patients 
were 31–59  years old (45 ± 13.5  years old on average) 
without smoking history. Their breast cancer conditions 
were diagnosed by two pathologists following the Ameri-
can Society of Clinical Oncology guidelines. Both tumor 
and the adjacent normal tissues were collected. The nor-
mal tissues were at least 2  cm away from the edges of 
the tumors and contained no obvious tumor cells. All 
the tissue samples were obtained from fresh surgical 
specimens, flash-frozen in liquid nitrogen, and stored at 
− 80 °C.

Cell lines and culture conditions
The human breast cancer cell lines (MDA-MB-231 and 
MCF-7) and the normal mammary fibroblast cell line 
(Hs578Bst) were purchased from Beijing Zhongyuan 
Ltd. and Shanghai Kexing Biotech Ltd. respectively. The 
MDA-MB-231 cells were maintained in L-15 medium, 
while the MCF-7 and Hs578Bst cells were maintained 
in DMEM (Dulbecco’s Modified Eagle’s Medium). All 
culture media were supplemented with 10% FBS (fetal 
bovine serum), 100  U/mL of penicillin, and 100  μg/mL 
of streptomycin, unless otherwise specified. All the cells 
were incubated at 37 °C in 5%  CO2.

Cell transfection
The siRNA specifically targeting  ROR  (si-ROR) and the 
scrambled control (si-nc) were synthesized by Shang-
hai GenePharma Co. Ltd. The RNAs were transfected 
into cells using the Lipofectamine RNAiMAX reagents 
(Thermo Fisher Scientific, USA) according to the manu-
facturer’s protocol. The si-nc and si-ROR sequence are 
below. si-nc: UUCUC CGAAC GUGUC ACGU; si-ROR: 
GGAGA GGAAG CCUGA GAGU.

RNA extraction and qRT‑PCR
RNA was isolated from tissues or cells using the TRIzol 
reagent (Thermo Fisher Scientific) and quantitatively 
analyzed by qRT-PCR (quantitative reverse transcription 
polymerase chain reaction). Briefly, RNA was reverse 
transcribed using the SuperScript First Strand cDNA 
System kit (Thermo Fisher Scientific) and the DNA was 
subjected to quantitative PCR in a Thermo Fisher Sci-
entific 7300 Real-Time PCR System. The RNA level of 
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) 
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was used as an internal control. The delta Ct (thresh-
old cycle) method was used to quantitate gene expres-
sion levels, while the delta–delta Ct method was used to 
determine the relative fold changes in gene expression.

The primers used are listed below. ROR:5′-CTC CAG 
CTA TGC AGA CCA CTC-3′;5′-GTG ACG CCT GAC CTG 
TTG AC-3′. GAPDH:5′-AAT GGA CAA CTG GTC GTG 
GAC-3′,5′-CCC TCC AGG GGA TCT GTT TG-3′.

Western blot analysis
The harvested cells lysed and the supernatants were 
quantitated by BCA assays using a Varioskan multi-
mode microplate spectrophotometer (Thermo Scien-
tific, USA). Equal amounts of proteins were subjected to 
10% sodium dodecyl sulphate–polyacrylamide gel elec-
trophoresis (SDS-PAGE). The separated proteins were 
transferred on to nitrocellulose membranes. The mem-
branes were blocked with 10% no-fat milk in phosphate 
buffered saline (PBS) at 37  °C for 1  h. Specific antibod-
ies against TGF-β (ab31013, abcam), Smad2 (ab40855, 
abcam), α-SMA (#19245, CST) and GAPDH (ab9485, 
abcam) were added for overnight incubation at 4  °C. 
After the antibodies were removed, membranes were 
incubated with secondary antibodies (ab6721, abcam) for 
1 h at 37 °C. Protein bands were detected with the Odys-
sey Infrared Imaging System (LI-COR Inc., USA). Protein 
levels were averaged from triplicates.

MTT assay
Cells were seeded into 96-well plates at a density of 
5 × 103/well. The cells transfected with siRNA were incu-
bated for 48 h before being resuspended and seeded into 
the 96-well plates. The MTT solution (20 μL) was added 
to the plates at 12-, 24-, 48-, and 72-h time points and the 
cells were further incubated for 4 h at 37 °C. The culture 
medium was then replaced by 150 μL DMSO (dimethyl 
sulfoxide) and the cells were oscillated for 15  min. The 
absorbance at 490 nm was determined with an enzyme-
labeled analyzer.

Cell invasion assays
Cell invasion was analyzed using Transwell invasion 
chambers (Corning, USA). Briefly, 3  ×  104 transfected 
cells in serum-free DMEM were added onto the upper 
chambers of 8 μm-diameter Transwell inserts pre-coated 
with Matrigel (R&D Systems, USA), and 0.5 mL DMEM 
with 10% FBS was added to the lower chamber. After 
48 h incubation at 37   °C, cells on the bottom chamber 
were fixed with 70% ethanol, stained with 0.1% crystal 
violet, and photographed under an inverted microscope. 

The numbers of cells in five random fields per well were 
counted and averaged as the invading cell number.

Tumor xenograft model
The MCF-7 and MDA-MB-231 breast cancer cells were 
transfected with lenti-control (sh-nc) or lenti-shRNA-
ROR (sh-ROR) (GeneChem, Shanghai, China) and 
selected for puromycin resistance (10  μg/mL). Female 
nude mice, 4–5 weeks of age, were purchased from Vital 
River Laboratory Animal Technology Ltd. (China). Sta-
ble MCF-7 and MDA-MB-231 cells (2 × 106 cells in 50% 
matrigel, BD Biosciences, USA) with or without shRNA 
transfection were subcutaneously injected into the right 
flank of nude mice. The formation and growth of tumor 
volume in the nude mice were monitored. At day 31, the 
mice were sacrificed and the tumors were isolated and 
weighted.

Tumor volume was calculated by the formula below.

The primer sequences for sh-nc and sh-ROR are listed 
below.

GAT CCC CTT CTC CGA ACG TGT CAC GTT TCA AGA 
GAA CGT GAC ACG TTC GGA GAA TTT TTC .

GAT CCC CCC TGA GAG TTG GCA TGA ATT TCA AGA 
GAA TTC ATG CCA ACT CTC AGG TTT TTC .

Statistical analysis
All statistical analyses were carried out using the SPSS 
17.0 software (SPSS Inc., USA). Most datasets were ana-
lyzed using Independent Samples t Test. The overall sur-
vival was estimated using the Kaplan–Meier method. 
The results with p < 0.05 were considered statistically 
significant.

Results
High expression of linc‑ROR is linked to breast cancer
Dysregulation of linc-ROR has been found in a variety 
of tumors including breast cancer. We compared the 
expression levels of linc-ROR in cells cultured in  vitro 
and found that the expression in two breast cancer cell 
lines (MCF-7 and MDA-MB-231) were higher than that 
in the normal mammary fibroblast cell line (Hs578Bst) 
(Fig. 1a). In order to find clinical relevance, we collected 
tumor tissues and the adjacent normal tissues from 94 
patients and statistically compared the expression levels 
of linc-ROR between these two groups (Fig. 1b). Indeed, 
linc-ROR was upregulated in the tumor tissues. The 
results suggested that high expression of linc-ROR might 
be important in breast cancer.

We tried to further assess the expression of linc-ROR 
in clinical prognosis of breast cancer patients. We first 
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divided the 94 patients into two groups, the low- and 
high-expression groups, according to the linc-ROR levels 
in the tumor tissues. The demarcation was set at a patient 
with 3.2-fold increase in linc-ROR expression (Fig.  2a). 
When the 60-month survival fractions were compared, 
the high-expression groups showed faster decline in sur-
vival (Fig.  2b). This reinforced our hypothesis that linc-
ROR may be an oncogenic factor for the development of 
breast cancer.

Linc‑ROR is required for the enhanced proliferation 
and invasion of breast cancer cells
We examined the importance of linc-ROR in the MCF-7 
and MDA-MB-231 breast cancer cells by analyzing the 
proliferation and invasion of those cells in  vitro. When 
the level of linc-ROR was reduced by introduction of 
interference RNA targeting the linc-ROR transcripts 

(si-ROR) in both types of cancer cells, the proliferation 
and invasion of those cells were partially inhibited, sup-
porting the potential importance of linc-ROR for the 
tumorigenic phenotypes of the cancer cells (Fig. 3).

Knocking down of linc‑ROR renders tumor growth
We also injected both types of cancer cells into nude 
mice and compared the growth of tumors in the animals. 
When si-ROR were transfected into the cancer cells to 
suppress the expression of linc-ROR, the growth of the 
tumors formed from the injected cells was apparently 
slower during the 1-month measurement period. After 
the tumors were isolated from the terminated animals, 
the weights of the tumors were also compared. Indeed, 
knocking down linc-ROR in both types of cancer cells 
rendered formation of smaller tumors (Fig. 4). The results 

Fig. 1 Upregulation of linc-ROR in breast cancer cell lines and tumor tissues. a Bar plot comparing the linc-ROR RNA levels in different cell lines. The 
MCF-7 and MDA-MB-231 cells are breast cancer cells, while the Hs578Bst cells are normal mammary fibroblast cells. The linc-ROR RNA levels were 
quantitated by qRT-PCR. GAPDH RNA was used as an internal control. Data were averaged from triplicate experiments. b Statistical comparison 
of linc-ROR expression levels in patient tissue samples. Linc-ROR RNA levels were quantitated from breast tumor tissues and the adjacent normal 
tissues using the same method described above. **p < 0.01, ***p < 0.001, vs the control

Fig. 2 Comparison of prognostic survival rates between Linc-ROR low- and high-expression groups. a Schematic presentation of two patient 
groups with low- and high-expression levels of linc-ROR. The expression levels of all 94 patients (black bars) were ordered from low to high. The 
control expression level (green bar) was normalized to 1. The demarcation was set to the patient (red bar) with 3.2-fold increase in the level of 
linc-ROR. b Kaplan–Meier overall survival curves of the low- and high-expression groups. Breast cancer patients with high expression of linc-ROR 
showed a poorer prognosis than those with low expression
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Fig. 3 Linc-ROR knockdown reduced cell proliferation and invasion. a Comparison of the linc-ROR levels in the cultured MCF-7 breast cancer 
cells with or without linc-ROR knockdown. Linc-ROR was knocked down by the si-ROR interference RNA. Cells were also untransfected (control) 
or transfected with a scrambled negative-control siRNA (si-nc) for comparison. b Time courses of MCF-7 proliferation. Cell proliferation rates were 
compared between the cells transfected with si-ROR or si-nc. The proliferation rates were quantitated every 12 h over 3 days. Linc-ROR knockdown 
by si-ROR led to slower proliferation. c Comparison of MCF-7 cell invasion. The cells transfected with si-ROR or si-nc were assessed in transwell 
assays. The scale bars are 100 μm. The data points were averaged from triplicates. **p < 0.01 vs the control. d–f Comparison of proliferation and 
invasion for the MDA-MB-231 breast cancer cells transfected with si-ROR or si-nc. The panels are arranged as a–c 

Fig. 4 Linc-ROR knockdown reduced tumor growth in nude mice. a Time-course comparison of tumor growth from the MCF-7 cells. The cells 
were transfected with si-ROR or si-nc and injected into nude mice. After 14 days, tumor sizes were measured twice a week over 3 weeks. b Image 
of tumors harvested at day 31. c Comparison of averaged tumor weights. The tumors grown from the MCF-7 cells transfected with si-ROR were 
smaller. d Relative ROR expression of tumors was confirmed. The expression of ROR of tumors from the MCF cells transfected with si-ROR was 
inhibited. e–h Comparison of tumors derived from the MDA-MB-231 cells, which were transfected with si-ROR or si-nc and injected into nude mice. 
The panels are arranged as a–c. **p < 0.01 vs the control
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suggested that the linc-ROR is potentially critical for the 
development of breast cancer.

Linc‑ROR knockdown inhibits the activation of the TGF‑β 
signaling pathway
In order to understand how linc-ROR may support the 
development of breast cancer, we analyzed its impact 
on TGF-β, a critical signaling factor orchestrating mam-
mary epithelial development and contributing to cancer 
progression in the advanced stages. When linc-ROR was 
knocked down in the MCF-7 and MDA-MB-231 breast 
cancer cells, the expression levels of TGF-β were also 
diminished. As a result, the downstream factors, such 
as Smad2 and α-SMA, were also downregulated (Fig. 5). 
These results indicated that linc-ROR likely modulates 

the TGF-β signaling pathway to trigger the expression of 
a series of factors involved in the progression of breast 
cancer.

Discussion
Our study has confirmed aberrant overexpression of linc-
ROR in both breast cancer cell lines and patient tumors, 
demonstrating its strong correlation with poor prognos-
tic outcomes. The results, together with those from many 
previous studies, have thus reinforced the hypothesis that 
this lncRNA is an oncogenic factor that can promote the 
development and progression of breast cancer [15–19]. 
Our results have further suggested that the TGF-β sign-
aling pathway may be a downstream target of linc-ROR, 
responsible for promoting breast cancer. This is line with 

Fig. 5 Linc-ROR modulates the TGF-β signaling pathway. a Western blot probing TGF-β, Smad2 and α-SMA in the MCF-7 cells. The cells were 
transfected with si-ROR or si-nc. GAPDH was blotted as an internal reference. b Quantitative comparison of the expression levels of TGF-β, Smad2 
and α-SMA. The protein expression levels in the MCF-7 cells transfected with si-nc were normalized to 1. The cells transfected with si-ROR showed 
reduced expression of all three proteins. c, d Comparison of the protein expression levels of TGF-β, Smad2 and α-SMA in the MDA-MB-231 cells. The 
panels were arranged as a, b. Data were Mean ± SD derived from three independent experiments. *p < 0.05 vs the control
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the previous conclusion that TGF-β is a central signaling 
molecule in mammary development as well as tumori-
genesis [10].

Many studies have recognized that the function of 
TGFβ in the progression of breast cancer can be different 
depending on the stage of cancer [10, 20, 21]. In normal 
conditions, TGF-β has been shown to inhibit cell cycle 
and promote apoptosis that together significantly con-
tribute to the suppressive role in the initiation and pro-
gression of tumorigenesis [22]. In the late stages of tumor 
progression, however, TGF-β acts as a tumor promoter 
largely by inducing and promoting epithelial-to-mesen-
chymal transitions [23, 24]. Our study has indicated that 
overexpression of linc-ROR is required to constitutively 
upregulate critical factors in the TGF-β signaling path-
way. This suggests that the oncogenic activity of linc-ROR 
is at least needed for the progression of breast cancer in 
the advanced stages, although it likely regulates a highly 
complex signaling network that can impact many other 
biological processes that ultimately contribute to multi-
ple steps along the progression of the disease.

Although the survival rates have been gradually 
increased in some countries because of remarkable 
improvements in the understanding and management 
of breast cancer, the disease is still a major medical bur-
den worldwide [25]. Major challenges include developing 
cost-effective diagnosis, treating metastatic cancer and 
overcoming drug resistance in targeted therapies.

Conclusion
Our data suggest that linc-ROR, in combination with 
other lncRNAs associated with breast cancer, may serve 
as a clinically beneficial biomarker for detecting neoplas-
tic cells, differentiating the different stages of breast can-
cer and predicting prognostic outcomes. Furthermore, 
blocking the functional impact of linc-ROR may repre-
sent a novel therapeutic strategy that may help overcome 
a plethora of cellular mechanisms exploited to favor drug 
resistance.
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