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ABSTRACT 

 

Long Noncoding RNA Steroid Receptor Activator Induces Tumor 

Proliferation and Invasion through the Notch Pathway in Cervical Cancer 

Cell Lines 

 

Jiheum Paek 

 

Department of Medicine 

The Graduate School, Yonsei University 

 

(Directed by Professor Young Tae Kim) 

 

Background: Recent research has focused on the impact of long noncoding 

RNA (lncRNA) in cervical carcinogenesis. However, whether steroid 

receptor activator (SRA) lncRNA is involved in cervical cancer remains to 

be elucidated.  

Materials and Methods: We investigated the bio-functional consequences of 

SRA knockdown in vitro. To determine the role of SRA in cell proliferation, 

migration, and invasion, RNA interference was used to knockdown SRA 

expression in cervical cancer cells.  
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Results: We found SRA knockdown inhibited cell proliferation, migration, 

and tumor invasion. In vitro experiments using the SRA-knockdown CaSki 

and SiHa cell line revealed that SRA was a strong inducer of tumor growth 

and a modulator of the expression of epithelial mesenchymal transition and 

Notch signaling pathway-related genes.  

Conclusion: Our results suggested that SRA is associated with invasiveness 

and biological aggressiveness in cervical cancer cells. Thus, SRA may be a 

potential therapeutic target and biological marker for cervical cancer. 

− − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − −  
Key words : steroid receptor activator, long noncoding RNA, cervical cancer
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I. INTRODUCTION 

Cervical cancer is the third most common cancer and the fourth leading cause 

of malignancy related mortality in women worldwide.
1
 Although widespread 

implementation of screening programs in recent years has decreased the incidence 

and mortality of this cancer, it continues to be a major public health problem, 

specifically in advanced cases.
2
 Major research efforts have focused on identifying 

tumor-specific markers predicting the biological aggressive behavior of cervical 

cancers, because cell motility and invasion play a crucial role in the progression of 
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cancer.
3
 An increased understanding of the molecular mechanisms underlying 

cervical carcinogenesis and progression is required to identify reliable 

prognosticators of tumor aggressiveness. 

Noncoding RNAs (ncRNAs) may be key factors in gene regulation, influencing 

normal and cancer cell phenotypes.
4,5

 Over 3000 human long intervening coding 

RNAs (lincRNAs), and most long ncRNAs, are associated with DNA-binding 

proteins such as chromatin-modifying complexes
6
 that epigenetically regulate the 

expression of multiple genes.
7
 Transcription of long noncoding RNAs (lncRNAs) 

modulates gene activity in response to external oncogenic stimuli and DNA 

damage.
8
 

The well-characterized lncRNA, steroid receptor activator (SRA) is a 0.87kb 

lncRNA that coactivates several human sex hormone receptors.
9
 Previous studies 

on SRA found a strong association with breast cancer and ovarian cancer.
10,11

 Also, 

SRA has been reported to functionally interact with a larger variety of proteins, 

including other nuclear receptors including RAR, myogenic differentiation, and 

corepressor.
12,13

 Although SRA was observed to correlate in the progression of 

other cancers, little is known about the molecular mechanisms underlying cervical 

cancer. 

The present study investigated the expression and molecular function of SRA in 

cervical cancer cell lines. The findings of this study will be useful in elucidating the 

role of SRA in the metastatic progression of cervical malignancy. 
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II. MATERIALS AND METHODS 

1. Cell lines 

The SiHa (squamous cell cervical carcinoma) and Caski (epidermoid cell 

cervical carcinoma cells, originally derived from a small-bowel mesentery 

metastasis) human cervical cancer cell lines (American Type Culture Collection, 

Rockville, MD, USA) were maintained in medium (Dulbecco’s modified Eagle’s 

medium, GibcoBRL, Gaithersburg, MD, USA) that included 10% (vol/ vol) foetal 

bovine serum and penicillin/streptomycin. The cell line maintenance conditions 

were 37°C, 95% air, and 5% CO2. Only cells that had been passaged < 20 times 

were used in the experiments. 

 

2. Quantitative real-time PCR (qRT-PCR) 

Total RNA was extracted using TRIzol
®
 reagent (Invitrogen Corp., Carlsbad, 

CA, USA) according to the manufacturer’s instructions. Two micrograms of total 

RNA were reverse transcribed into first-strand cDNA using a reverse transcription 

reagent kit (Invitrogen). The cDNA template was amplified by qRT-PCR, using the 

SYBR
®
 Green Real-time PCR Kit (TOYOBO Co. Ltd, Osaka, Japan). qRT-PCR 

was performed on the ABI StepOnePlus Real-Time PCR System (Applied 

Biosystems, Foster City, CA, USA). All quantifications were performed with U6 as 

the internal standard. Relative gene expression was analyzed using the 2–ΔΔCT 

method, and the results were expressed as extent of change with respect to control 

values. qRT-PCR experiments were replicated at least three times. Primers used for 

PCR reactions are shown in Table 1. 
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Table 1. Primer sequences used in this study. 
Gene Primer sequence Product 

Size (bp) Forward (5′-3′) Reverse (5′-3′) 

SRA CTCCCTTCTTACCACCACCA TGCAGATACACAGGGAGCAG 665 

MMP-9 CGCTACCACCTCGAACTTTG GCCATTCACGTCGTCCTTAT 196 

MMP-2 GGATGATGCCTTTGCTCG ATAGGATGTGCCCTGGAA 487 

VEGF TTGCTGCTCTACCTCCAC AAATGCTTTCTCCGCTCT 419 

E-cadherin ATTCTGATTCTGCTGCTCTTG AGTAGTCATAGTCCTGGTCCT 421 

β-catenin TGCAGTTCGCCTTCACTATG ACTAGTCGTGGAATGGCACC 162 

N-cadherin CCCAAGACAAAGAGACCCAG GCCACTGTGCTTACTGAATTG 140 

Vimentin TGGATTCACTCCCTCTGGTT GGTCATCGTGATGCTGAGAA 111 

Snail GAGGCGGTGGCAGACTAG GACACATCGGTCAGACCAG 178 

 

3. Small interfering RNA (siRNA) transfection 

SRA lncRNA siRNA (siSRA) and negative control siRNA (siNC) were 

purchased from Genolution (Genolution Pharmaceuticals Inc., Seoul, Korea). Cells 

(5×10
4
 cells/well) were seeded into 6-well plates and transfected with 10 nM 

siRNA in phosphate-buffered saline (PBS), using the G-Fectin Kit (Genolution 

Pharmaceuticals), according to the manufacturer’s protocol. These siRNA-

transfected cells were used in the in vitro assays 48 h post-transfection. The target 

sequences for SRA siRNAs were as follows: siRNA, 5′-

CTCCCTTCTTACCACCACCA-3′. The experiments were repeated at least three 

times. 

 

4. Plasmid constructs and the generation of stable cell lines 
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Full-length human SRA transcript cDNA was amplified by PCR and inserted 

into the pLenti6/V5-D-TOPO vector, according to the ViraPower™ Lentiviral 

Expression Systems (Invitrogen) protocol. The plasmid was transfected into 293FT 

cells for packaging, and the resultant lentivirus was used to infect the desired cell 

lines. The selection of SRA stably transfected cells was performed in medium 

containing blasticidin (Invitrogen). 

 

5. Cell proliferation assay 

Cell proliferation was evaluated using the Cell Counting Kit-8 (CCK-8) assay 

(Dojindo Laboratories, Kumamoto, Japan). Cells (2×10
3 

cells/well) were seeded 

into 96-well flat-bottomed plates in 100 μL of complete medium. The cells were 

incubated overnight to allow for cell attachment and recovery, and were 

subsequently transfected with siNC or siSRA for 24, 48, 72, or 96 h. An aliquot of 

10 µL of CCK-8 solution was added to each well and incubated for 2 h. The 

absorbance was measured at 450 nm to calculate the number of viable cells in each 

well. Three independent experiments were performed in triplicate. 

 

6. Matrigel invasion assay  

The Matrigel invasion assay was performed using the BD Biocoat Matrigel 

Invasion Chamber (BD Biosciences, Bedford, MA, USA), according to the 

manufacturer's protocol. Briefly, 5×10
4
 cells were plated in the upper chamber on 

serum-free medium, and complete medium was added to the bottom chamber. The 

Matrigel invasion chamber was incubated for 48 h at 37 °C under 5% CO2. Non-
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invading cells were removed from the upper chamber using cotton-tipped swabs. 

Cells that had invaded through the pores onto the lower side of the filter were 

stained (Diff Quik, Sysmes, Kobe, Japan), and these cells were counted using a 

hemocytometer. The assay was replicated at least three times. 

 

7. Wound healing migration assay 

Cell migration was assessed by wound healing assay. In brief, 5×10
5
 cells were 

seeded into 6-well culture plates with serum-containing medium and allowed to 

grow to 90% confluency in complete medium. The serum-containing medium was 

removed, and cells were serum starved for 24 h. When the cell density reached ~ 

100% confluence, an artificial homogenous wound was created by scratching the 

monolayer with a sterile 200-μL pipette tip. After scratching, the cells were washed 

with serum-free medium. Images of cells migrating into the wound were captured at 

0, 24, and 48 h using a microscope. The assay was performed in triplicate. 

 

8. Western blot analysis 

Proteins were extracted with RIPA buffer (Thermo Fisher Scientific Inc. 

Waltham, MA USA). Protein concentrations were measured using the Pierce BCA 

Protein assay kit (Thermo Fisher Scientific). After boiling with 2× sample buffer, 

proteins were resolved on 10% SDS–polyacrylamide gels, and transferred 

electrophoretically to polyvinylidene difluoride membranes (Millipore, Billerica, 

MA, USA). Membranes were blocked with 5% non-fat dried milk in 1× Tris-

buffered saline containing 0.1% Tween 20 (pH 7.6) at room temperature for 1 h, 
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and were subsequently incubated with primary antibody at 4°C overnight under 

constant agitation. The primary antibodies included rabbit anti-human VEGF 

(1:500 dilution; Abcam, Cambridge, MA, USA), rabbit anti-human MMP-2 (1:500 

dilution; Abcam), rabbit anti-human MMP-9 (1:1000 dilution; Cell Signaling, 

Beverly, MA, USA), rabbit anti-human E-cadherin (1:1000 dilution; Cell 

Signaling), rabbit anti-human β-catenin (1:1000 dilution; Cell Signaling), mouse 

anti-human Vimentin (1:1000 dilution; Sigma, St. Louis, MO, USA), mouse anti-

human Snail (1:1000 dilution; Cell Signaling), rabbit anti-human SOX-2 (1:1000 

dilution; Cell Signaling). Proteins were visualized using an enhanced 

chemiluminescence system (ECL™; Amersham, Little Chalfont, UK), and band 

intensities were quantified using the Luminescent Image Analyzer (LAS-4000 mini, 

Fujifilm, Uppsala, Sweden).  

 

9. Statistical analysis 

IBM SPSS version 23 for Windows (SPSS Inc., Chicago, IL, USA) was used 

for the statistical analysis. The Kolmogorov–Smirnov test was used to verify 

standard normal distributional assumptions. Statistical significance was determined 

using Fisher’s exact test, Pearson’s chi square test, and Student’s t test. Mean 

differences were considered significant when P < 0.05. Results are shown as mean 

± SD. 
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III. RESULTS 

1. Elevated expression of SRA in cervical cancer cell lines 

We performed real-time RT-PCR assays on SRA expression levels in five 

different cell lines, one of which was derived from human embryonic kidney cells 

293 (HEK293), and four of which were derived from human cervical cancers. We 

found that SRA expression levels were higher in epitheloid cervical carcinoma 

(HeLa), epidermoid cervical carcinoma established from a metastasis in the small 

bowel mesentery (CaSki), and squamous cervical carcinoma (SiHa) cells than in 

epidermoid cervical carcinoma (ME-180) (Fig. 1).  

 

 

Fig. 1. Relative SRA expression in cervical cancer cells. SRA lncRNA expression 
was evaluated using qRT-PCR with U6 as an internal control. *P < 0.05 vs. non-
tumor control. 
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2. Knockdown of SRA decreases cell proliferation in cervical cancer cells 

To investigate the functional role of SRA in cervical cancer, siRNA was used 

to downregulate SRA expression. CaSki and SiHa cells were used for siRNA-

mediated knockdown of SRA expression. The knockdown efficiency of the SRA-

specific siRNAs (siSRA) was evaluated, and siSRA was found to have a higher 

silencing efficiency than the negative control siRNA (Fig. 2A, 2C). We next 

examined the impact of SRA knockdown on cell proliferation. The results of the 

CCK-8 assay showed that siRNA-mediated knockdown of SRA in SiHa and CaSki 

cells decreased cell proliferation (Fig. 2B, 2D), suggesting that SRA is involved in 

the proliferation of cervical cancer.  

 
Fig. 2. Knockdown of SRA inhibits the proliferation of cervical cancer cells. A & C. 
Cells were transfected with SRA-specific siRNA and negative control siRNA 
(siNC), and knockdown efficiency was determined by qRT-PCR analysis in CaSki 
and SiHa cells. B & D. Knockdown of SRA decreases cell proliferation in CaSki 
and SiHa cells. The proliferation of cervical cancer cells transfected with siSRA 
and siNC was determined using the CCK-8 assay. Bars indicate means ± SD of 
three independent experiments. *P < 0.05 vs. siNC. 
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3. SRA knockdown inhibits the cervical cancer cell migration and invasion 

To determine whether SRA plays a role in migration and invasion in cervical 

cancer cells, we performed wound healing and Matrigel invasion assays. siRNA-

mediated knockdown of SRA inhibited cell migration in CaSki and SiHa cells (Fig. 

3A, 3D). Also, SRA knockdown in CaSki and SiHa cells led to a decrease in cell 

invasion (Fig. 3B, 3E). Finally, using qRT-PCR, siRNA-mediated knockdown of 

SRA in CaSki and SiHa cells were analyzed (Fig. 3C, 3F). 

 

 

Fig. 3. SRA lncRNA promotes cell migration and invasion. A & D. Wound healing 
assay was used to determine migration in siSRA-transfected CaSki and SiHa cells 
(×200). B & E. Matrigel invasion assay was used to determine invasion after 24 h 
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in siSRA-transfected CaSki and SiHa cells. Each assay was performed in triplicate. 
Data are mean ± SD. C & F. siRNA-mediated knockdown of SRA in CaSki and 
SiHa cells, analyzed using qRT-PCR. *P < 0.05 vs. control. 

 

4. Knockdown of SRA inhibits MMP-9, MMP-2, and VEGF expression in cervical 

cancer cells 

 To explore molecular mechanisms underlying SRA promotion of cell migration 

and invasion, we characterized the expression of MMP-9, MMP-2, and VEGF. 

siSRA decreased MMP-9, MMP-2, and VEGF expression levels in CaSki cells (Fig. 

4A). siRNA-mediated knockdown of SRA inhibited MMP-9, MMP-2, and VEGF 

protein expression (Fig. 4B). Our findings suggest that SRA promotes cervical 

cancer cell migration and invasion via upregulation of MMP-9, MMP-2, and VEGF. 

 

Fig. 4. Knockdown of SRA decreases MMP-9, MMP-2, and VEGF expression in 
cervical cancer cells. A. MMP-9, MMP-2, and VEGF expression were analyzed by 
qRT-PCR. B. Protein lysates were obtained from siSRA and siNC-transfected 
CaSki cells 48 h post-transfection. MMP-9, MMP-2, and VEGF expression were 
analyzed by western blotting. *P < 0.05 vs. siNC 
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5. SRA knockdown reversed EMT-related genes and Notch signaling pathways in 

cervical cancer cells 

Because the EMT is important in cell migration and invasion, we tested whether 

SRA is required for EMT. We performed siRNA-mediated knockdown of SRA in 

CaSki cells and monitored EMT using real-time RT-PCR and western blot assays. 

Knockdown of SRA resulted in an increase in E-cadherin expression and decreases 

in β-catenin and vimentin expression (Fig. 5A, 5B). Also, the EMT-mediating 

transcription factor Snail was downregulated in siSRA-transfected cells, relative to 

its level in negative control siRNA (siNC) transfected cells (Fig. 5A, 5B). These 

data suggest that dysregulation of EMT-related genes partially explains the 

involvement of SRA in cervical cancer cell migration and invasion. 

 

Fig. 5. Expression of SRA knockdown on the EMT-related genes in CaSki cells. 
CaSki cells were transfected with SRA-specific siRNA and siNC for 48 h. E-
cadherin, β-catenin, Vimentin, N-cadherin, Snail, and Twist expression were 
analyzed by qRT-PCR (A) and western blotting (B). *P < 0.05 vs. siNC.  
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To determine the mechanism by which SRA promotes a malignant phenotype 

in cervical cells, we assessed the status of important signaling cascades controlled 

by Notch in SRA-knockdown cells. SRA-knockdown in CaSki cells resulted in 

decreased NOTCH1, HES1, and p300 expression in RNA (Fig. 6A) and protein 

(Fig. 6B). These findings suggested that SRA promoted tumor growth in vivo via 

the EMT and Notch signaling pathways. 

 

Fig. 6. SRA regulates the Notch signaling pathway. A. NOTCH1, p300, and HES1 
levels were determined by qRT-PCR in siSRA and siNC-transfected CaSki cells. 
Each assay was performed in triplicate. Data are mean ± SD. *P < 0.05 vs. control. 
B. Protein lysates were obtained in siSRA and siNC-transfected CaSki cells. 
NOTCH1, p300, and HES1 expression levels were analyzed by western blotting.  
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IV. DISCUSSION 

Long noncoding RNAs are protagonists in recent narratives of the complex 

mechanisms underlying malignant processes including tumorigenesis, drug 

resistance, and metastasis.
14-16

 The present study investigated the molecular 

function and biological significance of SRA expression in cervical cancer cell lines. 

Knockdown of SRA expression correlated with decreased cell growth, migration, 

and invasion in cervical cancer cells. The effects of SRA on tumor progression may 

be mediated by genes involved in cell migration, invasion, EMT, and Notch 

signaling pathway. These genes include VEGF, MMP-9, MMP-2, E-cadherin, β-

catenin, Vimentin, Snail, Notch1, p300, and HES1. Our findings indicate that SRA 

may serve as a biomarker and therapeutic target for cervical cancer. 

 Long noncoding RNAs are transcripts of at least 200 nucleotides without protein-

coding capacity. Little is known about the regulatory roles of lncRNAs and their 

relevance to human disease; however, the functional role of small regulatory 

ncRNAs such as miRNAs in human cancers is well established. Many lncRNAs are 

capped, spliced, and polyadenylated, like their protein-coding counterparts.
17

 Long 

noncoding RNAs exhibit tissue-specific expression patterns. The growing list of 

functionally characterized lncRNAs implies that these transcripts are critical to 

various physiological processes,
18

 and therefore, modified expression of lncRNAs 

may affect cancer development and progression.
19

 Long noncoding RNAs are 

essential for the regulation of chromatin structure, gene expression, and 

translational control.
20
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 We discovered that downregulation of SRA expression decreases cervical cancer 

cell proliferation, migration, and invasion. Therefore, SRA may exert oncogenic 

activity in cervical cancer, and promote aggressive and metastatic characteristics. 

MMP-9 degrades basement membrane collagen and accordingly promotes tumor 

cell invasion and metastasis, decreasing survival in many types of cancer.
21,22

 

Moreover, tumor angiogenesis has a decisive role in tumor growth, invasion, and 

metastasis. The angiogenic factor VEGF plays a pivotal role in tumor angiogenesis, 

and accordingly is a major target of many cancer medications.
23

 In our investigation, 

high expression of SRA in cervical cancer cell induced cell migration and invasion 

through the upregulation of EMT-related genes, VEGF, and MMP-9. More 

importantly, downregulation of SRA expression prevented EMT induction. 

 We also investigated whether the Notch signaling pathways was compromised 

upon SRA knockdown. There was an obvious relationship between decreased 

CaSki cell levels of EMT-related genes, NOTCH1, HES1, p300, and knockdown of 

SRA. We hypothesized that SRA acts as a key regulator of different signaling 

mechanisms involved in EMT establishment and Notch signaling pathways. Notch1 

signaling contributes to tumor progression characteristics (e.g., invasion, EMT, 

metastasis, and angiogenesis).
24,25

 In cervical carcinoma cells, induction of anoikis 

resistance, inhibition of p53 activity, and upregulation of Myc are affected by 

Notch 1; during cell growth, it also impedes TGF-β’s growth inhibition effects.
26-28

 

We provided the first evidence that SRA promotes EMT and Notch signaling 

pathway in cervical cancer cells, which may contribute to cervical cancer growth, 

invasion, and recurrence. 
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 The recurrence rate after radical surgery for early-stage cervical cancer is 15–30% 

and the recurrent patients have poor prognoses.
29

 Reliable predictors of recurrence 

and progression are needed to improve the prognoses of cervical cancer patients. 

Pelvic lymph node metastasis is one of the most important postoperative risk 

factors for recurrence or failure to survive. Thus, cervical cancer patients with 

metastasis in the pelvic lymph nodes require adjuvants such as postoperative 

radiotherapy.
2,21

 Notwithstanding the prognostic significance of SRA for tumor 

progression or recurrence, the present study was relatively small sample size 

signals for interpretive caution. Larger prospective studies are necessary to validate 

our findings. 

 

 

V. CONCLUSION 

   Our results suggested that SRA is associated with invasiveness in cervical 

cancer cells. Moreover, SRA promoted cervical cancer progression by inducing cell 

migration and invasion via upregulation of VEGF, MMP-9, EMT-related genes, 

and Notch signaling pathway. Thus, SRA may be a potential therapeutic target and 

biological aggressive marker for cervical cancer. 
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ABSTRACT (IN KOREAN)  

 

긴 비암호화 리보핵산 SRA가 Notch pathway를 통해 자궁경부암의 

침투 및 진행에 미치는 역할 규명 

 

<지도교수 김영태> 

 

연세대학교 대학원 의학과 

백지흠 

  

최근 연구자들은 자궁경부암 발생에 긴 비암호화 리보핵산이 미치는 

영향을 다룬 바 있다. 그러나 steroid receptor activator (SRA)가 

자궁경부암의 진행에 관여한다는 사실은 아직 밝혀진 바가 없다. 본 

연구에서는 in vitro 에서 SRA 억제 상태를 유도한 후 그 결과를 

관찰하였다. SRA 의 억제가 세포의 증식과 이동, 그리고 종양의 침범 

등을 저해하는 현상과 연관되어 있는 것을 관찰하였다. 그리고 이러한 

변화는 상피-간엽전환(epithelial-mesenchymal transition)의 특성 및 

Notch 시그널 전달 경로 관련 유전자 들과 연관되어 있는 것도 

관찰되었다. 결론적으로 SRA 가 자궁경부암 세포의 공격성 및 암의 



24 
 

침윤과 연관되어 있다는 것을 알 수 있으며, 이는 SRA 가 향후 

자궁경부암 치료제 개발에 있어 주요한 대상이 될 수 있다는 것을 

시사해 준다. 

− − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − −  
핵심되는 말 : SRA, 긴 비암호화 리보핵산, 자궁경부암 


