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ABSTRACT

Purpose: Cystic vestibular schwannoma (CVS) is an aggressive form of vestibular 
schwannoma (VS) with rapid growth and poor outcomes. The molecular basis of CVS 
remains unclear. In this study, we aimed to investigate whether microRNAs (miRNAs) 
contribute to the development of CVS.

Methods: We identified miRNAs that were differentially expressed between 
CVS and solid VS (SVS) tissues using high-throughput sequencing and quantitative 
real-time PCR analysis. Gene targets of the identified miRNA were predicted by 
bioinformatics tools and validated by luciferase reporter analysis. The effects of the 
miRNA and its target genes on the proliferation of primary VS cells were examined 
using CCK-8, flow cytometry, colony formation assay, and western-blot.

Results: We identified a novel miRNA, chr19_34670, downregulated in CVS 
compared to SVS. chr19_34670 directly targeted the 3’ untranslated region of 
transforming growth factor α (TGFα) mRNA and suppressed its expression. TGFα 
overexpression motivated VS cell proliferation, while this effect could be attenuated 
by chr19_34670. We also found that chr19_34670 inhibited the function of key 
proteins in the MAPK pathway by suppressing phosphorylation of ERK and MEK.

Conclusions: chr19_34670 suppresses the aggressive proliferation observed 
in CVS by inhibiting TGFα expression and phosphorylated proteins in the MAPK 
pathway.

INTRODUCTION

Vestibular schwannoma (VS) is one of the most 
common intracranial tumors in the lateral skull base 
that arises from Schwann cells of vestibular nerve [1]. 
Although histologically benign, VS can lead to hearing 

loss, tinnitus, vestibular and trigeminal nerve dysfunction, 
which significantly reduces patients’ quality of life. If left 
untreated, VS can eventually become life threatening.

VS can be classified into two subtypes depending 
on their neuroradiological appearance: solid vestibular 
schwannoma (SVS) and cystic vestibular schwannoma 
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(CVS) [2]. CVS is much more formidable than SVS due 
to its aggressive clinical features, such as rapid tumor 
growth, intensive adherence to facial nerve, more severe 
symptoms and unpredictable biological behaviors [3, 4]. 
At present, the most common treatment approaches for 
VS include observation (serial imaging), microsurgical 
resection, and stereotactic radiosurgery [5, 6]. However, 
in case of CVS, treatment becomes more difficult: 
conservative observation may delay the optimal treatment 
time; radiotherapy increases the risk of tumor expansion 
and recurrence; and microsurgical removal could hardly 
achieve satisfactory postoperative functional outcomes [7, 
8].

VS typically results from the genetic disorder of 
neurofibromatosis type 2 (NF2) gene, which encodes 
the tumor suppressor protein “merlin” [9, 10]. Loss/
downregulation of NF2 has also been implicated in 
malignant tumors, including gliomas [11], peripheral nerve 
sheath tumors [12] and mesotheliomas [13]. However, 
despite extensive studies of NF2 mutations in VS, our 
previous work revealed that NF2 dysregulation is not 
directly involved in cystic formation of VS [14]. Indeed, 
we found no significant differences in NF2 mutations 
between CVS and SVS, and the proportion of mutation 
types (i.e., truncating and non-truncating mutations) was 
also similar between the two subgroups [14]. Therefore, 
although NF2 mutation is critical in VS pathogenesis [15], 
and is causative in ~66% of cases [16], it may not directly 
participate in the development of CVS. In consequence, 
there is a pressing need to understand the molecular 
mechanisms of CVS.

Recent studies suggested that microRNAs 
(miRNAs) play an important role in the development and 
progression of VS. miRNAs comprise a class of small 
(approximately 20-22 nucleotides) endogenous non-coding 
RNAs important for many physiological and pathological 
processes, such as cell cycle control, cell proliferation, 
metastasis, apoptosis and drug resistance [17–19]. 
miRNAs inhibit gene expression via binding to the 3’ 
untranslated regions (3’UTR) of target mRNAs, resulting 
in their translational repression or degradation [20]. When 
aberrantly expressed, miRNAs act as tumor suppressors 
or oncogenes in various benign and malignant tumors 
[21]. To date, several miRNAs have been implicated 
by microarray to be dysregulated in VS compared to 
control nerve sheaths. For instance, overexpression of 
miR-21 promotes VS growth by downregulating PTEN 
[22]; miR-7 functions as a tumor suppressor by targeting 
the EGFR, Pak1 and Ack2 oncogenes; and let-7d (a let-
7 family member) is upregulated in both schwannomas 
and meningiomas [23, 24]. Furthermore, recently, 
evidence showed global upregulation of the 14q32 
chromosomal site, which contains miRNAs associated 
with VS formation and/or maintenance [25]. However, no 
evidence of a functional role for miRNAs in CVS has been 
documented to date.

In the present study, we investigated the differences 
in miRNA profiles between CVS and SVS by deep 
sequencing, and identified a novel miRNA, chr19_34670, 
which was decreased in patients with CVS.

RESULTS

chr19_34670 is downregulated in CVS compared 
with SVS

Twelve representative tumor specimens (six CVSs 
and six SVSs) were subjected to differential miRNA 
expression analysis using high-throughput sequencing. 
A hierarchical cluster of significantly upregulated or 
downregulated miRNAs in CVS is presented in Figure 1A. 
Among the nine differentially expressed miRNAs based 
on a fold change ≥2 and p ≤ 0.05, two were downregulated 
and seven were upregulated (Figure 1B).

We validated the two miRNAs downregulated in 
CVS using qRT-PCR in 36 tumor tissue samples of CVS 
compared to 32 SVSs. While chr19_34670 levels were 
significantly decreased in CVS (p<0.001), chr3_8281 
levels had no statistical differences between the two 
groups (Figure 1C). The expression level had a statistical 
significant correlation (R2 = 0.498; p = 0.01) between 
those measured by miRNA high-throughput sequencing 
and qRT-PCR (Figure 1D).

chr19_3467 is correlated with more severe 
clinical characteristics

The relationship between chr19_34670 expression 
level and clinical characteristics of patients diagnosed 
with VS (36 CVSs and 32 SVSs) is shown in Table 1. 
Then multiple linear regressions were conducted. More 
patients were diagnosed with CVS in the group with 
low chr19_34670 expression levels compared with high 
expression levels (β = 0.451, p<0.001). Larger tumor 
size indicated a lower chr19_34670 expression level (β = 
-0.302, p = 0.004). Disease duration (from onset of disease 
to final diagnosis) positively correlated with chr19_34670 
level (β = 0.264, p = 0.012). Gender, age, post-operative 
facial nerve (FN) function, and hearing level had no 
significant relationship with chr19_34670. Collectively, 
these results indicate that patients with lower chr19_34670 
are more likely to be diagnosed with CVS, and thus, 
accompanied by more severe clinical features.

chr19_34670 inhibits proliferation of primary 
VS cells

We established primary VS cell models transiently 
transfected with a chr19_34670 mimic or inhibitor (Figure 
2A) to investigate their functions in VS progression. 
Then we evaluated viability of primary VS cells by 
CCK-8 assay. As shown in Figure 2B, chr19_34670 
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decreased the growth of primary VS cells compared 
with control group (NC mimic). In the colony formation 
assay, chr19_34670 overexpressing cells exhibited fewer 
colonies (Figure 2D). Flow cytometry analysis indicated 
that chr19_34670 overexpression resulted in an elevation 
of cells in G1 phase and a reduction of those in G2/M 
phase (Figure 2F). Conversely, decreased chr19_34670 
promoted cell growth (Figure 2C) and colony formation 
(Figure 2E). Downregulation of chr19_34670 also 
increased the proportion of cells in G2/M phase (Figure 
2G). Untreated primary VS cells are used as blank controls 
(Supplementary Figure 1). These results suggest that 
chr19_34670 inhibits proliferation of primary VS cells.

TGFα is a direct target of chr19_34670

To explore the mechanism of chr19_34670 in 
primary VS cells, we investigated its potential gene targets 
using target prediction programs including TargetScan, 
miRanda, and PicTar. Among all potential target genes, 
TGFα, VEGF, and NOTCH3 were previously found to 
be involved in cell proliferation. However, among those, 
only TGFα was upregulated in CVS compared with SVS 
at both mRNA and protein level (Figure 3E and 3F), and 
was negatively correlated with chr19_34670 levels (Figure 
3G). We further investigated the level of EGFR, the 

epicellular receptor of TGFα. Interestingly, mRNA level 
of EGFR and protein level of p-EGFR were also increased 
in tumor samples of CVS (Figure 3E and 3F).

To verify whether TGFα is a direct target of 
chr19_34670, human TGFα 3’UTR fragments containing 
wild type (wt) or mutant (mut) chr19_34670-binding site 
were inserted downstream of the luciferase open reading 
frame (Figure 3A). These reporter constructs were co-
transfected with chr19_34670 or control miRNA (NC 
mimic). As shown in Figure 3B, the relative luciferase 
activity of reporter containing wt TGFα 3’UTR was 
markedly decreased upon chr19_34670 co-transfection, 
while the luciferase activity of reporter containing mut 
chr19_34670-binding site was unaffected. Additionally, 
we detected mRNA and protein expression level of 
TGFα and EGFR in primary VS cells with the presence 
of chr19_34670 mimic or inhibitor. TGFα and EGFR 
mRNA levels were markedly reduced when chr19_34670 
mimic was co-transfected, while increased with 
chr19_34670 inhibitor (Figure 3C). As shown in Figure 
3D, protein levels of TGFα, EGFR and p-EGFR were also 
significantly decreased with the presence of chr19_34670 
mimic, and increased with chr19_34670 inhibitor. These 
results suggest that TGFα is a direct target of chr19_34670 
in primary VS cells.

Figure 1: The expression of chr19_34670 is decreased in the tissue specimens of cystic vestibular schwannoma (CVS) 
compared with solid vestibular schwannoma (SVS). (A) Heat map of the differentially expressed miRNAs in CVS and SVS. 
(B) Differentially expressed miRNAs in CVS and SVS (adjusted p values are all <0.05). (C) chr19_34670 in CVS tissues is decreased 
compared with SVS using qRT-PCR. (D) The consistency of miRNA sequencing and qRT-PCR is validated by linear regression. *** p < 
0.001.
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TGFα is involved in chr19_34670-mediated cell 
proliferation

To evaluate the role of TGFα, primary VS cells were 
transfected with a plasmid overexpressing TGFα or infected 
with lentivirus that contained plasmid expressing TGFα 
shRNA (LV-shTGFα), and their respective controls. Three 
days after transfection/infection, protein levels of TGFα, 
EGFR, and p-EGFR were significantly increased in cells 
transfected with the TGFα overexpressing plasmid (Figure 

4A), but decreased in cells infected with LV-shTGFα (Figure 
4B). CCK-8 analysis revealed that TGFα overexpression 
significantly promoted cell growth (p<0.001), while 
the empty vector had no effect on cell growth (Figure 
4C). Compared with control group, primary VS cells 
overexpressing TGFα had an increased proportion of cells 
in G2/M phase (Figure 4E), and formed more colonies (p 
= 0.002; Figure 4G). Conversely, cells infected with LV-
shTGFα grew much slower in CCK-8 assay (p<0.001; 
Figure 4D), had smaller proportion of cells in G2/M phase 

Table 1: Relationship between chr19_34670 expression and clinical features of VS patients

Clinical features
Relative chr19_34670 expression

p value
Low (n=35) High (n=33)

Gender      

  Male 17 18 0.622

  Female 18 15  

Age, yr
(Range, yr)

46.77±13.11
(22-68)

43.82±14.39
(11-65) 0.379

Tumor nature      

  CVS 26 10 <0.001*

  SVS 9 23  

Tumor size (cm)      

  ≤3 15 27 0.001*

  >3 20 6  

Duration of symptoms, yr
(Range, yr)

3.21±3.02
(0.33-14)

4.19±3.97
(0.17-20) 0.255

Post-op FN function      

  HB grade I-II 26 29 0.232

  HB grade III-IV 7 4  

  HB grade V-VI 2 0  

Hearing classification      

  Class A 1 3 0.744

  Class B 5 5  

  Class C 22 19  

  Class D 7 6  

For chr19_34670, low and high refer to the value of –ΔT (-(CTchr19_34670-CTU6)) of qRT-PCR that are below and above the 
median intensity.
Values are means ± SD and ranges or numbers with percentages in parentheses.
The facial nerve function was assessed according to the House-Brackmann (HB) grading system 1 year after operation, 
and the hearing level was assessed according to the American Academy of Otolaryngology-Head and Neck surgery (AAO-
HNS) classification.
CVS: cystic vestibular schwannoma; SVS: solid vestibular schwannoma; FN: facial nerve.
*: p<0.05
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(Figure 4F), and formed fewer colonies than control group 
(p = 0.009; Figure 4H). When chr19_34670 mimic was 
co-transfected into primary VS cells with the plasmid 
overexpressing TGFα, these TGFα-mediated effects were 
attenuated (Figure 4C [p = 0.006], Figure 4E and 4G [p = 
0.003]. These findings suggest that chr19_34670 inhibits VS 
cell proliferation by suppressing TGFα expression.

chr19_34670 suppresses phosphorylation of 
ERK/MEK

To reveal possible mechanisms of chr19_34670 and 
TGFα in proliferation of primary VS cells, we detected the 
expression levels of Akt, p-Akt, and the proteins associated 
with MAPK signaling pathway, such as ERK1/2, p-ERK1/2, 
MEK1/2, and p-MEK1/2. chr19_34670 mimic inhibited the 
expression of p-MEK1/2, ERK1/2, and p-ERK1/2 compared 
with NC mimic, whereas levels of these three proteins 
increased with the presence of chr19_34670 inhibitor (Figure 

5A). Western blot analysis also showed that TGFα promoted 
cell proliferation by increasing the expression of p-MEK1/2, 
ERK1/2, and p-ERK1/2 (Figure 5B). The protein levels of 
p-MEK1/2, ERK1/2, and p-ERK1/2 were largely increased 
in primary VS cells transfected with TGFα overexpressing 
plasmid. This effect could be attenuated upon co-transfection 
with chr19_34670 mimic (Figure 5B). On the contrary, 
p-MEK1/2, ERK1/2 and p-ERK1/2 were decreased when 
LV-shTGFα was infected into VS primary cells (Figure 
5C). The expression level of other proteins, including Akt, 
p-Akt and MEK, showed no significant differences. These 
findings suggest that chr19_34670 represses proliferation by 
inhibiting key proteins in MAPK signaling pathway.

DISCUSSION

To our knowledge, this is the first study 
comprehensively investigating the differences in 
miRNA profiles between sporadic CVS and SVS using 

Figure 2: Phenotypes resulting from upregulation and downregulation of chr19_34670. (A) The expression level of 
chr19_34670 in primary vestibular schwannoma (VS) cells 48h after transfection with chr19_34670 mimic and inhibitor compared with 
their respective controls (NC). The effects on proliferation after downregulation or overexpression of chr19_34670 in primary VS cells are 
validated by CCK-8 assay (B, C), colony formation assay (D, E) and flow cytometry (F, G). Proliferation of VS cells with chr19_34670 
overexpression is inhibited compared to control group (B, D & F). chr19_34670 inhibitor induces proliferation of VS cells compared to 
control group (C, E & G). Each bar represents the mean±SD. The results are reproduced in three independent experiments. * p < 0.05; ** p 
< 0.01; *** p < 0.001.
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high-throughput sequencing, which is a powerful tool 
for analyzing the expression of candidate miRNAs or 
siRNAs on a large scale [26]. As chr19_34670 was 
downregulated in CVS (Figure 1), we speculated that 
overexpression of chr19_34670 might suppress VS 
cell proliferation and therefore inhibit cystic change 
of VS. Indeed, restoration of chr19_34670 in primary 

VS cells significantly suppressed cell proliferation 
in vitro (Figure 2). Furthermore, our clinical analysis 
revealed a strong association between low chr19_34670 
levels and more aggressive clinical features, such as 
large tumor size and rapid tumor growth. These results 
suggest chr19_34670 as a tumor suppressor in VS. Other 
candidate miRNAs identified in our study have been 

Figure 3: miRNA target gene prediction and validation. The target gene of chr19_34670 is predicted by bioinformatics tools (A) 
and validated by luciferase reporter analysis (B). The levels of TGFα and its cell surface receptor (EGFR) in primary vestibular schwannoma 
(VS) cells transfected with the chr19_34670 mimic/inhibitor and their respective controls (NC) are determined by qRT-PCR (C) and 
western blot (D). Expression levels of TGFα and EGFR/p-EGFR in VS tissues are determined by qRT-PCR (E) and immunohistochemistry 
(F). The negative correlation of chr19_34670 and TGFα expressed in VS tissues is verified by linear regression (G). Each bar represents 
the mean±SD. * p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 4: The effect of TGFα and chr19_34670 on proliferation of primary VS cells. There are four groups in figure (A, 
C, E and G) primary vestibular schwannoma (VS) cells transfected with TGFα overexpressing plasmid, empty plasmid (TGFα control), 
co-transfected with TGFα overexpressing plasmid and chr19_34670 mimic or miRNA control mimic (NC mimic). In figure (B, D, F 
and H) two groups can be seen: primary VS cells infected with lentivirus expressing shTGFα (LV-shTGFα) or empty lentivirus (LV-
control). Expression levels of TGFα and its receptor EGFR/p-EGFR are examined by western blot 3 days after incubation (A, B). In 
vitro proliferation of primary VS cells is measured by CCK-8 (C, D), flow cytometry (E, F), and colony formation assay (G, H). Each bar 
represents the mean±SD. The experiments are performed at least three times. ** p < 0.01; *** p < 0.001.
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previously documented with the indicated capabilities 
in various tumors. For instance, miR-183 was found 
to be decreased in melanomas and schwannomas 
compared with local normal tissues or normal nerves 
[25, 27]. This indicates the reliability of high-throughput 
sequencing platform for proliferation phenotype analysis 
and the potential important role of miRNAs in VS cell 
proliferation.

We then predicted potential target genes of 
chr19_34670 using bioinformatics tool. To narrow down the 
number of target genes, we compared the candidate genes 
with previous result of mRNA chip for CVS and SVS. 
Briefly speaking, we selected the candidate genes that were 
up-regulated in CVS according to mRNA chip [14]. Among 
these genes, TGFα, VEGF, and NOTCH3 were previously 
found to be involved in cell proliferation. However, only 
TGFα showed statistical difference between CVS and SVS 
at both mRNA and protein levels (Figure 3E and 3F).

Our present study further validated that TGFα was 
a direct target of chr19_34670 and that chr19_34670-
mediated inhibition of TGFα was dependent on a 
conserved motif in the 3’UTR of TGFα (Figure 3). The 
expression and phosphorylation levels of EGFR, the cell-
surface receptor of TGFα, were also decreased with the 
presence of chr19_34670 mimic. Overexpression of TGFα 
stimulated proliferation of primary VS cells, which was 
similar to the effects of chr19_34670 downregulation. 
Furthermore, chr19_34670 could rescue cell proliferation 
induced by TGFα overexpression. Collectively, our data 
reveal that chr19_34670 exerts its tumor-suppressive 
function in CVS, at least in part, through downregulating 
TGFα.

TGFα plays a pivotal part in embryonic 
development through increasing the expression 
of pluripotent markers [28]. Moreover, TGFα 
dysregulation is often associated with various cancers 
[29]. TGFα is not only an autocrine mitogen, but also 
a modulator of tumor microenvironment in a paracrine 
manner, enabling cross-talk between the tumor and 
its surrounding stroma and immune system [30, 31]. 
As TGFα mRNA has disproportionately large 3’UTR 
with multiple potential miRNA binding sites, its 
expression could be modulated post-transcriptionally 
by various miRNAs. Indeed, both miR-376c (which 
exhibits anticancer properties in a number of cancers 
including melanoma and osteosarcoma) [32] and miR-
152 (which functions as a tumor suppressor in prostate 
tissues) [33] have been shown to target TGFα. Previous 
studies comparing the miRNA expression profiles of 
VS to control nerve tissues identified a schwannoma-
typical signature [24]. In addition, they found that miR-7 
inhibited schwannoma cell growth by directly targeting 
EGFR, the cell surface receptor of TGFα. Although this 
study did not compare the differences between CVS 
and SVS, the results together with our present study 
indicate that TGFα/EGFR pathway promotes VS cell 
proliferation.

Because TGFα influences multiple cell functions, 
it is not surprising that the proteins identified in the 
downstream pathway are involved in a variety of 
biological processes. While activation of the TGFα/
EGFR pathway may promote invasive behavior in VS 
through the ERK and Akt signaling pathways [34], the 
physiological significance of TGFα in cystic variant and 

Figure 5: The underlying mechanisms of chr19_34670 and TGFα in the proliferation of primary vestibular schwannoma 
(VS) cells. Phosphorylation of Akt and MAPK signaling pathway-associated proteins (ERK1/2, MEK1/2) are detected by western blot.
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growth of VS remained elusive. Our study demonstrate 
that the chr19_34670/TGFα/EGFR pathway modulates 
the growth of VS through MAPK pathway by suppressing 
phosphorylation of ERK1/2 and MEK1/2, but not Akt 
(Figure 5). It is widely acknowledged that activation of 
ERK and MEK is essential in tumor development and 
progression [35]. Therefore, our results suggest that 
chr19_34670/TGFα/EGFR/MAPK pathway is a novel 
potential therapeutic target for CVS.

As cystic change is difficult to observe at the 
cellular level, thus we monitored the growth rate in vitro 
to distinguish CVS from SVS. In future, we will elucidate 
whether introducing chr19_34670 into VS cells can slow 
down tumorigenesis and inhibit cystic variant of VS in 
appropriate mouse models. Furthermore, this study mainly 
focused on miRNAs that were downregulated in CVS 
compared to SVS. Therefore, the role of any upregulated 
miRNAs in the tumorigenesis and progression of VS 
should also be investigated. Changchun et al [36] pointed 
out that transient transfection of chemically synthesized 
miRNA mimics may not be similar to the endogenous 
miRNA due to accumulation of a few hundred fold increase 
in mature miRNA levels. To avoid potential artifacts, we 
measured the level of miRNA after transfection of miRNA 
mimics using qRT-PCR, and control this level within 10 
fold compared with controls (unrelated miRNA mimics). 
In addition, animal experiments performed with lentivirus-
infected cells are necessary in future.

In summary, we identified a novel miRNA, 
chr19_34670, which inhibited the proliferation of primary 
VS cells by directly targeting on TGFα and inhibiting the 
MAPK signaling pathway. Our findings shed light upon 
the mechanisms behind rapid growth of CVS, and may 
provide new potential therapeutic targets for its prevention 
and treatment.

MATERIALS AND METHODS

Patients and tumor tissue samples

Fresh VS specimens were obtained from patients 
diagnosed with sporadic VS who underwent microsurgical 
resection at a general hospital between 2012 and 2016. 
The patients were classified as CVS or SVS according to 
preoperative neuroradiological appearance.

miRNA sequencing

Six CVS and six SVS tissue samples were cut into 
pieces and dipped in RNAstore Reagent (TIANGEN, 
Beijing, China) immediately after resection and shipped 
on dry ice to Jing Neng Bio-Technology corporation 
(Shanghai, China) for high-throughput sequencing as 
described previously [37]. A miRNA library of VS tissue 
was created by combining the sequencing data from all 
twelve samples. The numbers of transcripts per million 

(TPM) were assessed to compare the sequences in each 
sample with the miRNA library established in this study. 
Differentially expressed miRNAs between CVS and SVS 
were identified using DESeq software [38] on the basis of 
a fold change (FC) ≥2 and p value ≤ 0.05.

In addition, putative miRNA targets were predicted 
and analyzed using three publicly available algorithms: 
TargetScan, miRanda, and PicTar [39]. False-positives 
were reduced by obtaining a similar prediction with at 
least two programs.

Primary cell culture

Primary VS cell cultures were prepared as 
previously described [40]. Briefly, acutely resected 
tumors were cut into 1 mm3 fragments, and digested 
with 0.25% trypsin (Gibco, Waltham, USA) for 100-120 
minutes at 37 °C. Following centrifugation at 800 rpm 
for 5 minutes, the cells were resuspended and dissociated 
by trituration through narrow pipettes. Cell suspensions 
were filtered through a mesh of 75 μm and plated in 
petri dishes. Cultures were maintained in Schwann Cell 
Medium (SCM; ScienCell, CA, USA), and the medium 
was exchanged two days later. More than 90% of the cells 
in the cultures were S100-positive (Supplementary Figure 
2). Cultures were maintained in a humidified incubator 
with 5% CO2 at 37 °C.

RNA isolation and quantitative real-time PCR 
(qRT-PCR)

Forty-eight hours after transfection or after tumor 
tissue collection, total RNA was extracted from cells or 
tissues with TRIzol reagent (TaKaRa, Dalian, China). 
To quantify chr19_34670 expression, total RNA was 
polyadenylated and underwent reverse transcription 
(RT) with miRNA-specific RT primers (TaKaRa, Dalian, 
China). mRNA levels of TGFα and epidermal growth 
factor receptor (EGFR) were measured as previously 
described [41]. qRT-PCR was carried out using an SYBR 
Green PCR kit (TaKaRa, Dalian, China) on an Applied 
Biosystems 7500 Fast Sequence Detection System. ACTB 
or U6 was used as an endogenous control. The results were 
analyzed and shown as relative miRNA or mRNA levels 
of the CT (cycle threshold) value. Primers were purchased 
from Sangon Biotech, Shanghai; the primer sequences are 
provided in Supplementary Table 1.

Construction of the reporter gene system and 
luciferase activity assay

A 543-bp fragment of the TGFα 3’UTR was 
amplified by PCR and cloned downstream of the firefly 
luciferase gene in the pMIR vector (Invitrogen, Waltham, 
USA). This vector was named the wild-type (wt) 3’UTR. 
Site-directed mutagenesis of the chr19_34670 binding site 
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in the 3’UTR of TGFα was carried out to create the mutant 
(mut) 3’UTR. Sequencing was performed by Sangon 
Biotech (Shanghai, China) to verify the constructs. For 
the reporter assays, the wt or mut 3’UTR vector and the 
chr19_34670 or NC mimic were co-transfected. Luciferase 
activity was measured 48 hours after transfection using 
Dual-Glo Luciferase Assay System (Promega, Madison, 
USA) and normalized to respective control.

Immunohistochemistry

Immunohistochemistry of tumor tissue sections 
was performed as described previously. Briefly, the 5-μm 
sections were de-waxed, rehydrated, and rinsed with 
phosphate-buffered saline (PBS). An antigen-demarking 
procedure was carried out following high temperature 
heating, immersion in citrate buffer (10 mmol/L, pH 6.0), 
and rinsing with PBS. Endogenous peroxidases were 
blocked with 3% H2O2 for 8 minutes, and nonspecific 
binding was blocked with 5% normal goat serum for 
30 minutes. Sections were then incubated for 2 hours at 
room temperature with rabbit monoclonal anti-EGFR 
or p-EGFR antibody (1:50; CST, Danvers, USA), and 
mouse monoclonal anti-TGFα antibody (1:50; LifeSpan 
BioSciences, Seattle, USA). After washing with PBS, 
sections were incubated with biotinylated secondary 
antibody, followed by a further incubation with the 
streptavidin-horseradish peroxidase complex. The 
sections were then immersed in 3, 3-diaminobenzidine 
for 10 minutes, counterstained with 10% hematoxylin, 
dehydrated, and photographed under a light microscope 
(×200 magnification).

Western blot

Seventy-two hours after transfection, cells were 
harvested and subjected to RIPA buffer (Beyotime, 
Nantong, China) with the presence of a protease inhibitor 
cocktail (Sigma, St. Louis, USA) and phosphatase 
inhibitor (PhosSTOP, Roche, Basel, Switzerland). After 
centrifugation at 12,000 g for 15 minutes at 4 °C, the 
supernatant fraction was collected. Protein expression 
was quantified by standard western blot procedures with 
the following antibodies: TGFα (2.5:1000; LifeSpan 
BioSciences, Seattle, USA); Akt, p-Akt (Ser308), p-Akt 
(Ser473), β-actin (1:1000; Beyotime, Nantong, China); 
MAPK (ERK1/2), p-p44/42 MAPK (ERK1/2), MEK1/2, 
p-MEK1/2 (1:1000; CST, Danvers, USA). Protein levels 
were normalized to total β-actin levels. Quantitative data 
were obtained using a computing densitometer and Gel-
Pro Analyser 4.0 (Media Cybernetics, Maryland, USA).

miRNA transfection

The cells were cultured in SCM with 5% CO2 
at 37°C. miRNAs were transfected at a working 
concentration of 100 nmol/L using Lipofectamine 3000 

reagent (Lip 3000, Invitrogen, Waltham, USA). The 
chr19_34670 mimic, a non-specific miRNA control 
(NC mimic), chr19_34670 inhibitor (chr19_34670 inhi), 
and a non-specific miRNA inhibitor control (NC inhi) 
were purchased from GenePharma (Shanghai, China). 
The sequences are listed in Supplementary Table 2. 
Transfection was performed using Lip 3000 according to 
the manufacturer’s instructions.

Plasmid construction and stable transfection

The coding sequences of TGFα were cloned into 
pCMV--Puro to generate a TGFα expression vector 
(purchased from Lqbiotech Corporation, Shanghai, China). 
The primers for TGFα were: 5’-CTAGTCTAGAGCCAC
CATGGTCCCCTCGGCTGGAC-3’ (forward) and 5’-TC
CTTCGAAGACCACTGTTTCTGAGTGGC-3’ (reverse). 
For stable knockdown of TGFα, short hairpin RNA 
(shRNA) oligos (5’-GCAGTGGTGTCTCACTTCA-3’; 
Asia-Vector Biotechnology, Shanghai, China) were 
annealed and cloned into the lentiviral expression vector 
pGIPZ-Puro, and the construct was named LV-shTGFα. 
The empty lentiviral expression vector was named LV-
control. The efficacy of transfection was tested by qRT-
PCR and western blot.

Primary VS cells were plated at a density of 1×105 
cells per well in a 6-well plate the day before viral 
infection. Transfection of plasmid overexpressing TGFα 
and the control plasmid (empty vector) was performed 
using Lip 3000 according to the manufacturer’s protocol. 
The virus diluted for infection at an MOI of 20 into 0.5 
ml of SCM medium, and polybrene was added to a final 
concentration of 5 mg/ml. Primary VS cells were infected 
by adding the viral stock dilutions to the wells.

Cell proliferation assay

Primary VS cells transfected with chr19_34670 
mimic, chr19_34670 inhibitor, TGFα overexpression 
plasmid, and the respective controls, or infected with LV-
shTGFα, were seeded at a density of 2×103 cells in 96-well 
plates and incubated for various periods of time (1 to 5 
days). Following incubation, Cell Counter Kit-8 (CCK-
8; 10 μL; Yeasen, Shanghai, China) reagent was added to 
each well and cells were incubated at 37 °C for 3 hours. 
Absorbance was measured with an electroluminescence 
immunosorbent assay reader (Biotek, Vermont, USA) at a 
wavelength of 450 nm.

Flow cytometry

Three days after transfection or infection, floating 
and adherent cells were collected after centrifugation at 
1000 rpm for 10 minutes, washed with PBS, and fixed in 
75% ethanol overnight at 4 °C. Fixed cells were stained 
with propidium iodide in a PBS solution containing RNase 
A, and analyzed using a Calibur fluorescence-activated 
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cell sorter (FACS, Becton Dickinson, Franklin Lake, 
USA) [42].

Colony formation assay

Briefly, cells (0.5×103) were plated into six-well 
plates and incubated at 37 °C in a humidified incubator 
with 5% CO2 for 10 days. Colonies were then fixed for 
20 minutes with 4% formaldehyde and stained with 1% 
crystal violet for 30 minutes. The number of colonies 
containing more than 50 cells was counted using a 
microscope.

Statistical analysis

Data are presented as means ± standard deviation 
(SD) and analyzed with SPSS17.0 software (SPSS Inc., 
Chicago, IL). Analysis of variance (ANOVA) or tow-tailed 
Student t-test was used to compare the differences between 
two groups. Multiple linear regression was performed to 
find out the relationship between chr19_34670 expression 
level and various clinical features of patients diagnosed 
with VS. A p-value <0.05 was considered statistically 
significant. All experiments were performed at least three 
times.
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