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Abstract. Vestibular schwannoma (VS) is a benign, 
slow‑growing cranial tumor that originates from the hyper-
trophy of Schwann cells. The majority of sporadic VS are 
unilateral, and the mechanisms underlying VS tumorigenesis 
are not fully understood. The human neurofibromin 2 (NF2) 
gene encodes the tumor suppressor protein merlin and the 
NF2 transcript can be alternatively spliced to form numerous 
isoforms. The present study investigated human Schwann 
cells (HSCs) at the mRNA and protein level to understand the 
function of the alternative splicing (AS) isoform of NF2. The 
total RNA of HSCs was isolated and the full‑length coding 
sequence of NF2 was amplified. The amplified products were 
excised from agarose gels, purified and sequenced. NF2 at a 
protein level was assayed by immunoprecipitation and western 
blot analysis. The full‑length and spliced NF2 forms were 
amplified by polymerase chain reaction (PCR) from the HSC 
complementary DNA and ligated into eukaryotic expression 
vector pcDNA3.1(+). The plasmids were transfected into the 
HSC HEI‑193 cell line and cell proliferation assays were 
performed using Cell Counting Kit‑8. PCR analysis using 
HSC total RNA as a template revealed the presence of a short-
ened NF2 transcript, which was due to splicing at the 3'‑end 
of the NF2 mRNA. Sequence analysis confirmed that this AS 
isoform omitted exons 11, 12, 13, 14, 15 and 16. Immunopre-
cipitation and western blot analysis demonstrated that the AS 
isoform was highly expressed in the HSCs at 38 kDa, while 
the wild‑type (WT) isoform, which was expected at 66 kDa, 
was undetectable. Transfection and cell proliferation assays 
revealed that the WT isoform exhibited significant growth 
inhibition, while the AS isoform did not suppress cell growth. 
In conclusion, the present study detected AS NF2 isoforms 
in HSC for the first time, and investigated the function of the 
principle AS isoform. The present study suggests that although 

HSCs have an undetectable level of WT isoform of the NF2 
protein merlin, they are not merlin‑null, since they express the 
AS isoform. Although the AS merlin isoform has no suppres-
sive effect on cell growth, certain mechanisms may exist that 
underlie this phenomenon, and this may be associated with the 
genesis and development of VS.

Introduction

Human Schwann cells (HSC) are glial cells located in the 
peripheral nerves. HSCs undergo proliferation and migration, 
and assists in neurotrophic support during the development 
and regeneration of peripheral nerves (1).

Vestibular schwannoma (VS) is a benign, slow‑growing 
cranial tumor. In 1991, the National Institutes of Health 
Consensus Development Conference reached the conclusion 
that the term VS should be used rather than acoustic neuroma, 
since these types of tumor consist of Schwann cells and usually 
involve the vestibular division of the 8th cranial nerve rather 
than the acoustic division (2). VS originates from the hyper-
trophy of Schwann cells, and is divided into two types, namely, 
unilateral and bilateral tumors (3). The development of bilat-
eral VS is the hallmark of neurofibromatosis type 2 (3), which 
is an autosomal‑dominant tumor predisposition syndrome with 
an estimated birth incidence of 1 in 33,000 (4). The disease 
may manifest with deafness, tinnitus and problems with 
balance. (4). The majority of sporadic VS are unilateral, and 
this is the most common type of tumor, accounting for 8% of 
intracranial tumors (3). Treatment is only by surgical removal. 
There are numerous clinical symptoms of VS, including 
sensorineural hearing loss, tinnitus, balance abnormalities, 
vertigo, facial weakness, blindness, hydrocephalus and even 
mortality (5).

Although the mechanisms underlying VS tumorigenesis 
are not fully understood, the human neurofibromin 2 (NF2) 
gene is known to be associated with VS tumorigenesis. Muta-
tions in NF2 have been identified not only in neurofibromatosis 
type 2‑associated schwannoma, but also in sporadic unilateral 
VS (6,7). NF2 is located on chromosome 22q12, and although 
various mutation types, including nonsense, frameshift, 
missense, insertion, deletion and splice site mutations, have 
been detected, no mutational hot spots have been previously 
identified (3).

Biallelic inactivation of NF2 occurs in sporadic and 
neurofibromatosis type 2‑associated schwannoma, indicating 
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that the gene product is a bona fide tumor suppressor  (8). 
NF2 encodes the tumor suppressor protein merlin, and 
neurofibromatosis type  2‑associated schwannoma and 
sporadic VS are associated with a loss of functional merlin in 
Schwann cells (9,10).

The NF2 transcript can be alternatively spliced to form 
numerous isoforms (11) The major isoforms are isoforms I 
and II, comprising ~90% of mature NF2 transcripts. Other 
minor alternatively spliced NF2 cDNA variants reported 
include those missing exons 2, 3, 8, 10 or 15, or multiple 
exons (12). However, only isoform Ⅰ has been demonstrated 
to suppress cell growth  (13). At present, the role of this 
post‑transcriptional regulation of NF2 mRNA is not well 
understood.

To understand the function of the NF2 alternative splicing 
(AS) isoform, the present study investigated HSC at the mRNA 
and protein level. An AS isoform of NF2 was identified in the 
HSCs. To identify its function, plasmids were established and 
the AS isoform was transfected into the VS HEI‑193 cell line.

Materials and methods

Cell culture. This study was approved by the Ethics Committee 
of The First Affiliated Hospital of Bengbu Medical College 
(Bengbu, China). HSCs were purchased from ScienCell 
Research Laboratories (catalog no.,  1700; Carlsbad, CA, 
USA) and maintained in Dulbecco's modified Eagle's medium 
(DMEM; Invitrogen®; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA), supplemented with 10% fetal bovine serum (FBS; 
Invitrogen; Thermo Fisher Scientific, Inc.), 0.1% penicillin 
and streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.), 
and 1% human Schwann cell supplement (ScienCell Research 
Laboratories). Human VS HEI‑193 cells were obtained from 
the House Ear Institute (Los Angeles, CA, USA) and were 
maintained in DMEM supplemented with 10% FBS and 0.1% 
penicillin and streptomycin. All cells were maintained in 
culture at 37˚C in an atmosphere of 5% carbon dioxide. The 
medium was replaced every 2 days.

RNA extraction and reverse transcription‑polymerase reac‑
tion (RT‑PCR). In total, 106 confluent HSCs from 10‑cm Petri 
dishes were washed twice with ice cold phosphate‑buffered 
saline (PBS; Ca2+/Mg2+‑free). Total RNA was isolated using 
TRIzol® Reagent (Takara Bio, Inc., Otsu, Japan) according 
to the manufacturer's protocols, and resuspended in 
diethylpyrocarbonate‑treated water. RT‑PCR was performed 
on 500 ng of total RNA using the PrimeScript® RT Reagent kit 
(Prime Script 1 Step Enzyme Mix; 2x1 Step Buffer; Control 
F-1 Primer; Control R-1 Primer; Positive Control RNA; 
RNase Free dH2O) (Takara Bio, Inc.). Synthesis of cDNA was 
performed at 37˚C for 15 min followed by a denaturation step 
at 85˚C for 5 sec using the MyCycler PCR Amplifier (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA).

PCR and analysis of NF2 splicing variants. The full‑length 
coding sequence of NF2 in HSC was amplified using Pfu DNA 
polymerase (1.25 U/50 µl; Promega Corporation, Madison, WI, 
USA) with the following primers: NF2 forward, 5'‑ATA​AGA​
ATG​CGG​CCG​CGC​CAT​GGC​CG‑3', containing a NotI site 
(in bold), and reverse, 5'‑TGG​GCT​CTT​CAC​TCA​GCT​G‑3'. 

The primers were designed using Primer Premier 5.0 (Premier 
Biosoft, Palo Alto, CA, USA). The amplification program was 
as follows: A denaturation step at 95˚C for 1 min, followed by 
30 cycles of amplification (95˚C for 30 sec, 62˚C for 30 sec 
and 68˚C for 175 sec) and a final elongation step at 68˚C for 
8 min. Amplified products were analyzed on 1% agarose gels 
(Biowest, Nuaillé, France) using a DNA ladder (DL2000 DNA 
Marker; Takara Bio, Inc.) and ethidium bromide (BioVision 
Inc., Milpitas, CA, USA). The expected products were excised 
from the agarose gels, purified using a Takara Agarose Gel 
DNA Fragment Recovery kit (Takara Bio, Inc.) and sequenced 
by Beijing Huada Jierui Biotechnology Co., Ltd. (Beijing, 
China).

Immunoprecipitation. HSCs (1x106  cells) were seeded in 
10‑cm Petri dishes. Medium was aspirated and the cells 
were washed twice with cold PBS, and subsequently scraped 
into lysis buffer [50 mM Tris‑buffered saline (TBS; pH 7.5), 
150 mM sodium chloride, 1 mM ethylenediaminetetraacetic 
acid, 0.05% sodium deoxycholate, 0.1% sodium dodecyl 
sulfate (SDS), 60 mM n‑octyl‑β‑D‑glucopyranoside and 1% 
Triton X‑100] (Takara Bio, Inc.) supplemented with protease 
and phosphatase inhibitors (Protease Inhibitor Cocktail; 
Medchem Express LLC, Monmouth, NJ, USA) for 30 min on 
ice. The lysate was collected by centrifugation at 13,000 x g 
for 30 min at 4˚C, and the supernatant (total cell lysate) was 
stored at ‑80˚C. The protein concentrations were assayed using 
the Micro BCA Pierce™ Protein Assay kit (Thermo Fisher 
Scientific, Inc.). In total, 100 ml total protein lysate was trans-
ferred to a 1.5‑ml microcentrifuge tube, to which 2 µl rabbit 
polyclonal anti‑human NF2 primary antibody (dilution, 1:200; 
catalog no., sc‑331; clone, A‑19; Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA) was added, followed by an incubation 
time of 1 h at 4˚C. A 20‑ml resuspended volume of Protein 
A/G PLUS‑Agarose (Santa Cruz Biotechnology, Inc.) was 
then added, and the tubes were capped and incubated at 4˚C 
on a rotating device overnight. Immunoprecipitates were 
collected using centrifugation at 2,500 rpm (1,000 x g) for 
5 min at 4˚C. The supernatant was carefully aspirated and 
discarded. The pellet was washed 4 times with 1.0 ml lysis 
buffer, each time repeating the centrifugation step. Following 
the final wash, the supernatant was aspirated and discarded, 
and the pellet was resuspended in 40 µl 1X electrophoresis 
sample buffer [1 mM Tris‑HCl (pH 6.8), 50% glycerol, 10% 
SDS, 0.1% bromophenol blue and 0.5 ml β‑mercaptoethanol] 
(Santa Cruz Biotechnology, Inc.). These samples were boiled 
for 3 min and 20‑µl aliquots were subsequently analyzed using 
SDS‑polyacrylamide gel electrophoresis (SDS‑PAGE) and 
autoradiography. Unused samples were stored at ‑20˚C.

Western blot analysis. The protein lysate was resolved using 
8‑12% SDS‑PAGE and transferred to immobilon polyvi-
nylidene difluoride membranes (Bio‑Rad Laboratories, Inc.). 
The membranes were blocked with blocking buffer (5% 
skimmed dried milk and 0.1% Tween 20 in TBS) for 1 h at 
room temperature, and subsequently incubated with primary 
polyclonal rabbit anti-mouse β‑actin (catalog no., sc‑130656; 
dilution, 1:200; Santa Cruz Biotechnology, Inc.) and NF2 
antibodies (catalog no., sc-331; dilution, 1:200; Santa Cruz 
Biotechnology, Inc.) overnight at 4˚C. The membranes were 
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then washed 3 times with washing buffer [1X TBS (0.1%) and 
Tween 20] for 10 min and subsequently incubated with mouse 
anti‑rabbit immunoglobulin G horseradish peroxidase‑conju-
gated secondary antibody (catalog no.,  sc‑2357; dilution, 
1:5,000; Santa Cruz Biotechnology, Inc.) for 2  h at room 
temperature. Following 3 additional washes, the antibody was 
detected using a Clarity™ Enhanced Chemiluminescence 
Western Blot Substrate kit (Bio‑Rad Laboratories, Inc.) and 
autoradiography using X‑ray film. β‑actin was included as a 
loading control.

Plasmid construction and DNA transfection. The full‑length 
and spliced NF2 cDNA from normal HSCs were amplified 
using the aforementioned PCR process. Detection primers 
were as follows: WT isoform forward, 5'‑GCC​CAT​GAA​
CCC​AAT​TCC​AGCAC‑3' and reverse, 5'‑TGA​GCT​GCT​CCT​
GCA​GAT​GCTTG‑3'; and AS isoform forward, 5'ATA​GCT​
CAG​GAC​CTG​GAG​ATG‑3' and reverse, 5'‑TGG​GCT​CTT​
CAC​TCA​GCTG‑3'. The primers were designed using Primer 
Premier 5.0. The eukaryotic expression vector pcDNA3.1(+) 
(Invitrogen; Thermo Fisher Scientific, Inc.) and wild‑type 
(WT) NF2 and AS NF2 purified products were digested using 
NotI and XbaI. The resulting products were ligated with T4 
DNA Ligase (New England BioLabs, Inc., Ipswich, MA, 
USA), and transformed into DH5α strains of Escherichia coli 
(Tiangen Biotech Co., Ltd., Beijing, China). Extracted recom-
binant plasmids were identified and analyzed using a restrictive 
endonuclease digestion map and sequence analysis software 

(Primer Premier 5.0; Premier Biosoft International, Palo Alto, 
CA, USA). The novel recombinant plasmids were termed 
pcDNA3.1‑(WT)‑NF2 and pcDNA3.1‑(AS)‑NF2. These 
plasmids were transiently transfected into HEI‑193  cells 
using Lipofectamine®  2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) in 6‑cm plates and 96‑well plates. The cells 
were harvested at 72 h post‑transfection. Total DNA was 
purified from the cells using DNAiso Reagent (Takara Bio, 
Inc.).

Cell proliferation assay. Cell proliferation assays were 
performed using Cell Counting Kit‑8 (CCK‑8; Dojindo 
Molecular Technologies, Inc., Kumamoto, Japan). HEI‑193 
cells were plated 24 h prior to the assay in 96‑well plates 
at a density of 1x104 cells/well and cultured in the growth 
medium. The recombinant plasmids, pcDNA3.1‑WT‑NF2 
and pcDNA3.1‑AS‑NF2, were applied to the cells at the 
indicated concentrations; 0.2 µg of each plasmid was added 
per well in the 96-well plates, and 4 µg of each plasmid was 
addded to the 6-cm plates. Subsequent to transfection for 24, 
48 and 72 h, WST‑8 was added to the cells and cell numbers 
in triplicate wells were measured at an absorbance of 450 nm.

Statistical analysis. Statistical analysis was performed 
using SPSS version 11.0 (SPSS, Inc., Chicago, IL, USA) and 
one‑way single factor analysis of variance. Data are from 
three experimental repeats in all groups. Fisher's exact test 
was used to analyze categorical data. Student‑Newman‑Keuls 

Figure 1. (A) Lane 1, polymerase chain reaction product of NF2 in human Schwann cells. (B) Partial sequence of AS NF2. The arrow indicates the splicing site. 
(C) The translational consequence of NF2 alternative splicing transcripts. Previously identified COOH‑terminal isoforms I and II resulting from alternative 
splicing of exons 15, 16 and 17. The novel AS isoform contains the first 10 exons and connects to exon 17. The COOH‑terminus of the novel AS isoform differs 
from isoform I and II. The number of residues contained in each polypeptide is indicated. * indicates the Merlin COOH‑terminus. M, DNA marker DL2000; 
AS, alternative splicing.
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test was used to conduct pairwise comparisons among the 
three groups. P<0.05 was used to indicate that total compar-
ison differences were statistically significant, and P<0.01 was 
used to indicate that pair‑wise comparisons among groups 
were statistically significant.

Results

Characterization of NF2 transcripts present in HSCs. In 
order to confirm the presence of NF2 transcript alterations 
in HSCs, the present study examined NF2 gene expression in 
HSCs by PCR analysis using HSC total RNA as a template. 
As shown in Fig. 1A, the upper NF2 transcript from the 
HSCs was 1.8 kb, as predicted, encompassing a full‑length 
open reading frame, whereas the lower transcript was shorter 
at 1.0 kb. The smaller bands reflect other AS transcripts, 
which are commonly observed in numerous cell types (14). 
The two principle fragments underwent sequence analysis 
and a region of the AS isoform sequence is shown in Fig. 1B. 
Sequence analysis revealed that the AS isoform in the HSCs 
omitted exons 11, 12, 13, 14, 15 and 16 during processing of 
the NF2 pre‑mRNA, resulting in a shortened NF2 transcript. 
A sketch map is shown in Fig. 1C.

Taken together, these data suggested that the NF2 AS 
isoform in HSCs results in a shortened NF2 transcript due to 
splicing at the 3'‑end of the NF2 mRNA.

Effect of transfection of HEI‑193 cells with constructed 
plasmids. To investigate the function of the constructed 
plasmids, the present study transfected HEI‑193 cells with 
plasmids encoding WT or AP NF2, or the two in combination. 
Fig. 2A shows that when ectopically expressed in the HEI‑193 
cell line, the AS isoform is as efficiently expressed as the 
WT isoform. The results indicated that the HEI‑193 cells are 
readily amenable to transfection.

Characterization of the NF2 protein merlin in HSCs. 
Nonsense mutations and small base pair insertions/deletions 
may result in truncated proteins (15). To investigate whether a 
truncated merlin protein was present in the HSCs, the present 
study extracted proteins from the HSCs, and the lysates 
were subjected to immunoprecipitation using the polyclonal 
anti‑NF2 antibody. Subsequent immunoblot analysis using 
the same antibody revealed that the AS isoform was highly 
expressed in HSCs at 38 kDa, consistent with the molecular 
weight calculated from the amino acid sequence (Fig. 2B). 
However, the WT isoform, which was expected at 66 kDa, 
was undetectable. This indicates that although HSCs have an 
undetectable level of WT merlin isoform, they are, in fact, not 
merlin‑null, since they express the AS isoform.

Growth inhibition of HEI‑193 cells by recombinant plasmids. 
The AS at the 3'‑end of WT NF2 leads to the replacement of 

Figure 2. (A) Effect of transfection of human vestibular schwannoma HEI‑193 cells. Lane 1, transfected HEI‑193 cells with plasmid encoding AS NF2. Lane 2, 
transfected HEI‑193 cells with plasmid encoding WT NF2. (B) Levels of NF2 protein in HSCs: The AS isoform was highly expressed in HSCs at 38 kDa, while 
the WT isoform, which was expected at 66 kDa, was undetectable. (C) The novel AS NF2 isoform had no suppressive effect on cell proliferation. HEI‑193 cells 
were transfected with recombinant plasmids expressing WT, AS NF2 or the two isoforms. The effect of the expression of these isoforms on cell proliferation 
was measured using a cell counting kit‑8 assay for 3 days. M, DNA marker DL2000; AS, alternative splicing; WT, wild‑type; HSC, human Schwannoma cells; 
Ctrl, control; A450, absorbance at 450 nm; IP, immunoprecipitation.
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the 16 amino acid C‑terminus of isoform I with the 11 amino 
acid C‑terminus of isoform II (Fig. 1C). This difference is 
apparently sufficient to prevent isoform II from being growth 
suppressive  (16). To determine whether the AS isoform 
possesses growth suppressing activity, the HEI‑193 cells were 
transfected with recombinant plasmids expressing the WT or 
AS isoforms, or the two isoforms in combination, and their 
effect on cell proliferation was measured using a CCK‑8 assay. 
As shown in Fig. 2C, the cells transfected with the WT isoform 
demonstrated a significant cell growth inhibitory effect. By 
contrast, the cells transfected with the AS isoform did not 
affect cell growth inhibition (P>0.05). Therefore, the present 
study concluded that unlike the WT isoform, the AS isoform 
does not suppress cell growth.

Discussion

The human VS HEI‑193 cell line was derived from a patient 
with neurofibromatosis type  2 presenting with sponta-
neous bilateral VS and a history of meningioma (17). The 
schwannomas of the patient were resected and the tumor 
cells were immortalized using the human papilloma virus 
E6‑E7 genes (18). NF2‑deficient cells and animal models have 
contributed significantly to the understanding of the function 
of the merlin protein. The significance of merlin in cell growth 
regulation and development has been previously demonstrated 
by targeted knockdown of NF2, which resulted in the mortality 
of embryos at day 6.5 in pregnant mice (19), whereas in NF2 
heterozygous mice the development of a variety of highly 
metastatic types of tumor was observed (20). The first studies 
that used primary cultured NF2‑deficient schwannoma cells 
isolated from human tumors found unique mutant phenotypic 
traits at the cellular level, such as cytoskeletal abnormali-
ties (21) and growth characteristics (22). However, these cells 
grow extremely slowly and it is challenging to transfect them 
with DNA, therefore rendering biochemical and mechanistic 
studies difficult (23). By contrast, the HEI‑193 cell line does 
not have these disadvantages.

By sequencing the AS isoform of the NF2 locus from 
HSCs, the present study confirmed the existence of a novel 
isoform of the NF2 gene sequence. This splicing mutation 
omitted exons 11, 12, 13, 14, 15, 16 and a region of 17. Due to 
novel splicing, the amino acid sequence of this splice variant 
is significantly shorter and differs completely from isoforms I 
or II, which are located near the C‑terminus. Unexpectedly, 
the amino acid sequence is distinct from any merlin isoforms 
described previously (24).

HSCs are normal cells located in the peripheral nerves. 
Using PCR, the present study detected the existence of an AS 
isoform of NF2 in HSCs. Western blot analysis revealed that 
the merlin protein expressed by the HSCs was 38 kDa in size, 
which was consistent with the PCR results. Therefore, the a 
plasmid was constructed with the principle NF2 AS isoform 
and it was transfected into the HEI‑193 cells.

HSCs, which exclusively express the novel truncated 
protein, may provide the opportunity to determine the suppres-
sive effect on cell growth of the novel AS isoform. The present 
cell proliferation studies using HEI‑193 cells transfected 
with plasmids encoding the WT isoform, AS isoform or the 
two isoforms in combination, provided a direct comparison 

between the growth‑suppressive activity of the isoforms, and 
revealed that unlike the WT isoform, the novel AS isoform 
does not suppress cell growth. These results provide experi-
mental validation of the hypothesis that the AS isoform does 
not have a suppressive effect on cell growth. The results also 
suggest that although HSCs lack the WT isoform of merlin, 
they are not merlin‑null, since they express the AS isoforms 
of merlin.

In conclusion, to the best of our knowledge, the present study 
identified the novel AS NF2 isoforms in HSC for the first time, 
and investigated the function of the principle AS isoform iden-
tified. Although it has no effect on cell growth suppression, it is 
notable that such a normal cell line has significant AS isoforms. 
A mechanism may exist that underlies this phenomenon, and 
this may be associated with the genesis and development of VS. 
Further research is required for elucidation.
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