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Mutations In the neurofibromatosis type 2 (NF2) gene
predispose individuals to the development of nervous
system tumors and ocular abnormalities. The NF2 gene
product, schwannomin, is a member of a superfamily
of proteins thought to link cytoskeletal elements to cell
membrane components. These proteins share
significant homologles in the N-terminal and a-hellcal
domains, but diverge in the C-terminus. During our
efforts to characterize mouse NF2 transcripts, we
Identified four different transcripts by cDNA analysis
and reverse-transcribed PCR that contained different
sequences in the 3' end of the coding sequences. In
human cell lines three isoforms encoding two distinct
schwannomins were detected. The mouse and human
transcripts containing 61 and 60 bp inserts, respect-
ively, have not been previously described. The iso-
forms encode schwannomins with significantly altered
C-termini and were expressed at different relative levels
in adult mouse tissues and during mouse embryo-
genesis. These results suggest that schwannomin
isoforms have distinct functional roles and predict the
existence of human mutations Involving the C-terminus
of schwannomin.

INTRODUCTION
Neurofibromatosis type 2 (NF2) is an autosomal dominant
inherited disorder that predisposes to benign tumors of the
nervous system as well as cutaneous neurofibromas and
schwannomas and a variety of ocular abnormalities (1,2).
Bilateral vestibular schwannomas are the hallmark of NF2. The
clinical burden and in many cases, debilitating chronic course,
result from multiple brain and spinal tumors, hearing loss due
to vestibular schwannomas (VSs), and compromised vision due
to cataracts. The human NF2 gene encodes a 595 amino acid
protein—dubbed schwannomin (3) or merlin (4)—with a predicted
molecular weight of 66 kDa. Antibodies raised against different
peptides of the human NF2 protein confirmed the presence of
a 66 kDa protein in normal human sciatic and eighth cranial
nerve (6).

Potential functions for schwannomin were suggested based on
its primary and secondary structural similarity with a family of
membrane-organizing proteins. The primary amino acid sequence

of the NF2 protein is highly similar to meosin (7), ezrin (8), and
radixin (9) with highest homology (62%) observed in the amino
terminal half of the protein (3,4). It also exhibits significant
homology with other cytoskeletal associated proteins such as
protein tyrosine phosphatase (10,11), non-erythroid (12) and
erythroid protein 4.1(13), and talin (14). The predicted secondary
structure of schwannomin is similar to meosin-ezrin-radixin
proteins with a long N-terminal domain (300 aa residues) followed
by a large a-helical center (173 aa residues), and a smaller /3-
turn-helical C-terminal domain (3), suggesting that schwannomin
may link cell membrane components to the cytoskeleton (15,16).

The NF2 protein is highly conserved with 97% amino acid
identity between mouse and human (17,18). During the isolation
of mouse cDNA clones we identified two clones with divergent
sequence at the 3' end of the coding region. Here we report the
characterization of these clones and analysis of schwannomin
isoforms in mouse and human tissues.

RESULTS
Isolation of mouse cDNA clones containing alternative
transcripts
Using probes derived from PCR amplification of mouse RNAs,
we isolated two mouse NF2 cDNA clones in addition to those
previously described (18). Sequence analysis identified two
clones, NF245 and NF261, that contained different nucleotide
sequences in the 3' end (Fig. 1). Clone NF245 contained a 750
bp cDNA fragment with a 16 bp insert (type II transcript, Figure
2). Clone NF261 contained a 4.9 kb insert. This clone was
partially sequenced and contained a 61 bp insert (type IV
transcript, Fig.2). Both inserts occurred at nucleotide 2057 (18).
Clone NF261 contained an 857 bp deletion in the coding region.
This likely represents a cloning artifact since PCR amplifications
of multiple tissues using primer pairs flanking this region did
not detect any PCR product missing the 857 bp segment
(unpublished data).

In order to study the expression of the alternative transcripts,
we designed primers flanking the alternative splicing site (primer
M10A = AACGAGCTCAAGACGGAGATC, corresponding to
nucleotides 1935-1956 specific for the mouse NF2 cDNA
sequence (18), and primer M15B = GCTGGGTCACCTGC-
TAGA, complementary to the human NF2 cDNA nucleotides
1787-1804 (3) or 2104-2121 of the mouse NF2 cDNA (18)),
and performed RT-PCR of adult mouse tissue mRNAs. The
primer pair M10A-M15B amplified four products: a 186 bp
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Figure 1. Schematic map of mouse cDNA clones. The top bar shows the coding region (solid bar) and noncoding regions (thin lines). Arrow head in NF261 cDNA
clone indicates undetermined sequences. PCR1, 2, 3, and 4 fragments were used to screen a cDNA library for NF2 cDNAs Gone NF261 contained the 61 bp
insert (Type IV) and a 857 bp deletion (dashed bar). Clone NF245 contained the 16 bp insert (Type II). Number system is based on the mouse NF2 cDNA sequence (18).

A.
1. Type I:
k k l t l q s i k i r v i f f e e l *
auugxtcictctgcagigcgccugtcccgigtggccttctngaiguctcUg...
2052 • 2108
2. TYPEI1:
k k V P E M *
i i u i g CTIACCTGAAATGTGlAGlctcictctyciMiicacciigtcccMgtgnccttctngmmctcUe..
2052 2124
3. TYPEmA:
k k P Q A Q A R R P I C I *
tiiiigCCrCAAGCCCAAGGCAGAAGACCTATCTGCAnTGAGTCCTCAAActcict .
2052 2108
4. TYPE IV:
k k V P E M •
u i u g ^j^CCTGAAATGTG[^^CTCAAGCCCAAGGCAGAAGACCTATCTGCATTTGAGTCCTCAAAaaict..
2052 2124

B:
5. TYPEmA:
k k P Q A Q A R R P I C I *

MJJigCCTCAAGCCCAAGGC AGAAGACCTATCTGCATTTGAGOCCTCAAActctcc...
2052 2108
6. TYPEniB:
k k P Q A Q A R R P I C I *

UMmCCTCAAGCCCAAGGCAGAAGACCTATCTGCATTTGAGCCCTCAAAlGT l\GGTTGTTCCCtAG I ctcicc...
2052 2123

Figure 2. Mouse and human alternative transcripts. Boxed dinucleotides represents alternatively 5' donor or 3' acceptor sites. Lowercase letters represent the original
NF2 nucleotide sequence in mouse (18) or in human (3), and the uppercase letters indicate nucleotide sequences of the inserts. (A) Partial amino acid sequence
and nucleic acid sequence of mouse alternative transcripts. The insertion of alternatively spliced exons occurs between nucleotides 2057 and 2058 (arrowhead). Type
IV consists of the 16 bp insert of type II (underlined) and the 45 bp insert of type Ola. (B) Partial amino acid and nucleotides sequences of human transcripts. Type
mb consists of the 45 bp insert of type ma and a new 15 bp segment in the immediate 3' untranslated end. The GCG database accession number for the mouse
NF2 isoform is L28838 and for the human isoform is L28839.

PCR product of the original NF2 sequence (type I), a 202 bp
product containing a 16 bp insert (type H), a 231 bp product
containing a 45 bp insert (type HJa), and a 247 bp product
containing a 61 bp insert made up of the 16 bp (type H) and 45
bp inserts (type IV). All four PCR products from adult mouse
brain were sequenced, and the inserts were found to occur at
the same nucleotide position 2057 (18). The four transcripts
encode three schwannomin isoforms with distinct carboxyl ends
due to a shift of the reading frame. Type II and type IV transcripts
both encode the same truncated schwannomin containing 4 amino
acid residues (val-pro-glu-met) due to a premature stop codon
at nucleotide 13' of the alternatively spliced exon. Type ITJa (and
type mb in human, see below) transcript encodes another

schwannomin isoform containing eleven different amino acids
(pro-gln-ala-gln-ala-lys-lys-pro-ile-cys-ile) at the carboxyl end.

Relative expression of isoforms differs in adult mouse tissues
In order to study the expression of different NF2 transcripts, we
performed RT-PCR of mouse tissue mRNAs using the
M10A/M15B primer pair. Figure 3A shows an autoradiograph
of transcripts detected in different mouse tissues. The expression
of NF2 mRNAs occurred widely as previously reported (3,4,19).
Type IV mRNA (61 bp insert) was low in all tissues except the
brain and heart. Type Ilia (45 bp insert) predominated in muscle,
heart, liver, and lung. Both type I and type UJa were equally
expressed in mouse brain. Type II (16 bp insert) was
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Figure 3. Autoradiographs of PCR products obtained by RT-PCR of mouse and human RNAs. Molecular weights show the actual number of base pairs elucidated
by nucleotide sequencing. (A) Expression of NF2 in adult mouse tissues. The relative amounts of transcripts vary greatly between different tissues. (B) Expression
of NF2 transcripts in mouse embryos. Numbers 8-16 correspond to developmental stages from E8 to E16. (Q Expression of NF2 transcripts in human cell lines.
Only type I, type Ilia, and type mb transcripts are seen.

intermediately expressed in brain, intestine, kidney, spleen and
lung, and at low levels in muscle, heart, and liver. Type I (no
insert) was predominately expressed in brain, intestine, kidney,
spleen, and lung. Overall, muscle, heart, and liver expressed the
lowest relative amounts of type I and II mRNAs.

Expression of NF2 isoforms during development
To evaluate the relative level of expression of different NF2
transcripts during mouse development, we used the
M10A-M15B primer pair to perform RT-PCR of total RNA
from mouse embryos at E8 through El6. All isoforms were
detected in embryonic tissues as early as E8 (Fig. 3B). Types
I and Ula were the predominant transcripts at E8 and E9.
Beginning at E9, type H transcript increased and was as abundant
as types I and HI at E10.

Alternative transcripts are also found in human cell lines
To test whether human cell lines expressed alternative transcripts,
we used a human M9A-M15B primer pair (3), which covered
nucleotides 1671 through 1805 of the human NF2 cDNA (3).
This primer pair amplified three PCR products: a PCR product
of 130 bp (type I), of 175 bp product containing a 45 bp insert
(type nia), and of 190 bp product (type nib) containing 60 bp
insert made up of the 45 bp insert of type Ilia and a 15 bp segment
in the immediate 3' untranslated region (Fig. 3C). We detected
both type I and Ilia mRNAs in cells from human astrocytoma
cell line CCF-STTG1 and a lymphoblastoid cell line from a
normal individual (Fig. 3Q. Lymphoblastoid cells expressed very

low levels of type nia mRNA. Neither cell line expressed type
II mRNA whereas astrocytoma cells expressed very low levels
of the type nib transcript. We named the 60 bp insert type Hlb
because its first 45 nucleotides were identical to human type Ilia.
The nucleotide sequence of type nia insert was highly conserved
between mouse and human with only one nucleotide substitution
(T to Q at position 38' of the alternatively spliced exon, resulting
in a human type Ula schwannomin having 100% identity wkh
the mouse type Ula isoform.

DISCUSSION
Using PCR- and hybridization-based methods, we detected three
additional NF2 transcripts in mouse tissues and two more
transcripts in human cell lines. These transcripts are predicted
to encode schwannomins with drastically altered C-terminal
domains. All transcripts arise by the insertion of new DNA
sequences between nucleotides 1737-1738 of the human NF2
cDNA sequence (3) or between nucleotides 2057-2058 of the
mouse NF2 cDNA sequence (18). Recently, an identical
transcript containing a 45 bp insert was described in human tissues
(5), and the two transcripts containing 16 bp and 45 bp inserts
were found in mouse tissues (19,20). In addition to these
transcripts (type n and nia transcripts in this paper), we also
discovered two novel transcripts: the human type mb transcript
which contained a 60 bp insert consisting of the 45 bp insert of
type nia plus an additional 15 bp segment in the immediate 3'
untranslated region; and die mouse type IV transcript (Fig. 3A
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and 3B) which contained a 61 bp insert consisting of the 16 bp
insert of type II and the 45 bp insert of type Ula transcripts.

The type II and IV (like human type Ula and mb) transcripts,
although having different 3' untranslated flanking sequences,
encode identical proteins. It is possible that the different 3'
untranslated regions influence mRNA stability. However, the
flanking sequences in type II and IV (like the human type Ula
and nib) transcripts have no known consensus sequences (21)
to act as either mRNA stabilizing or destabilizing signals under
different cell conditions.

Possible mechanisms for the formation of type II and Ula
transcripts were recently described (19). Sequence analysis of
mouse genomic DNA fragments at the alternative splicing region
revealed that the 16 bp exon was contiguous to the immediate
5' upstream exon, and that a 1.4 kb intron separated the 16 bp
and the 45 bp exons (19). The formation of the human type nib
transcript probably uses similar mechanism. The newly described
type IV transcript is probably formed as a result of the lariat
excision of the 1.4 kb intron and ligation of the 5' end of the
45 bp exon to the 3' end of the 16 bp exon.

Mouse RNA—PCR analyses confirmed the wide tissue
distribution of NF2 transcripts (3,4,19). In brain, type I, n, and
Ilia were the predominant transcripts, whereas type Ilia
predominated in liver, and to a lesser degree in heart, lung, and
skeletal muscles. Significant type IV expression was observed
only in brain and heart. These results may suggest tissue specific
functions for different isoforms.

Previous studies had shown that the NF2 gene is expressed
during mouse development (18). We now demonstrate that the
relative amount of NF2 transcripts change from E8 through El6.
Beginning at E9 and clearly visible at E10, the relative expression
of type II transcript increased. At this stage in mouse
development, telencephalic vesicles and different ganglia are
markedly differentiated. The trigeminal (V), facial (VII), and
acoustic (Vin) ganglia are now identifiable (22). In addition, other
organs such as the heart, primitive gut, and urogenital system
show a significant degree of differentiation at this stage (22).
Thus, different NF2 isoforms may be critical for proper
development of the mouse embryo. For the NF1 gene, differential
regulation and anatomical distribution of neurofibromin isoforms
were recently demonstrated (23). Although major developmental
abnormalities are not part of the human NF2 phenotype, it will
be important to analyze NF2 expression in human embryos
particularly in regard to the presence of a type II transcript.

Little is known about the function of the C-terminal domains
in the family of cytoskeletal associated proteins. This domain
shows greater sequence divergence between mouse and human
schwannomins and between schwannomin and other cytoskeletal
associated proteins compared to the N-terminal and a-helical
domains (17,18). The analysis of human NF2 mutations supports
an important functional role for the C-terminus. In one
schwannoma, a frameshift mutation predicts a schwannomin with
an altered and extended C-terminus (6). Functional significance
of different schwannomin isoforms is further suggested by the
fact that the amino acid sequence has remained identical across
20 million years of evolution. A potential phosphorylation site
in the C-terminus for a serine/threonine kinase is conserved in
mouse and human schwannomin as well as in mouse and human
meosin and ezrin (18). Only type I schwannomin isoform contains
this site. Thus, differential phosphorylation of schwannomin
isoforms may lead to different subcellular compartmentalization
similar to the effects of phosphorylation on ezrin (8,24).

MATERIALS AND METHODS
Isolation of total RNA
Total RNA were isolated from adult mouse tissues, whole mouse embryos, and
CCF-STTG1 and lymphoblastoid cells using the TriReagent kit (Molecular
Research Center, IN) as previously described (18,22). One pg of total RNA was
then used for 1st strand cDNA synthesis in a 20 id reaction volume using a Promega
cDNA synthesis kit. Mouse embryos were purchased from Harlam BioProducts
for Science (Indiana).

Polymerase chain reaction (PCR) and PCR fragment isolation
PCRs were performed as previously described (18,23). Primers A-B included
PCR1 (A = GCCTGTGCAGCAACTCCAGG, 236-255; B = GGCCAAGAA-
GAGAAAGGTGA complementary to 592-611); PCR2 (A = CTCCTC AAA-
GCTTCGTGTTA, 1175-1194; B = TGGCCCTCCTCTCTGACTCC,
complementary to 1643-1662); PCR3 (A = AGAAGGTACTGGAGGCTGA,
1516-1534; B = GATCTACGTCTTGAGC TCTT, complementary to
1936-1955; PCR4 (A = CTTCAACCTCATTGGTGACAG, 1808-1828;
B = TGGTATTGTGCTTGCTGCTG, complementary to 2030-2049); M9A
(TCTGGATATTCTGCACAATGAGA, 1671 -1693; human specific primer [3]);
M10A(AACGAGCTCAAGACGGAGATC, 1618-1638 (ref 3) or 1935-1955
(rcf. 18); M15B (GCTGGGTCACCTGCTAGA, complementary to 1787-1805
(3) or 2104-2121 (18); specific for both mouse and human).

PCR fragments were separated by 1% LMP agarose (GIBCO-BRL) gel
electrophoresis containing 0.5 /jg/ml ethidium bromide. Desired bands (300 y.\
final volume) were cut with a sterile razor blade and incubated at 70°C for 20
minutes to melt the gel. The PCR fragment was then purified from agarose with
the Magic PCR PREPs DNA Purification System (Promega). The purified PCR
fragment was used for PCR reamplification or double stranded DNA sequencing.

Radiolabelled PCR and PCR fragment purification from polyacrylamkie gels
Radiolabelled PCR reactions were performed as previously described (23).The
labelled PCR fragments were separated by a 6% denatured polyacrylamide gel,
exposed to a Kodak X-OMAT AR film for 1 hour at -70°C, and then developed
in an automatic X-ray film developer. The gel was aligned with the developed
film, and desired fragments were cut at 2x6 mm2 gel. Each gel was incubated
with 100 y\ of sterile ddH2O overnight at 4°C. Ten /d of the eluted DNA
fragment was reamplified in a 100 pd PCR reaction volume at standard PCR
conditions for 42 cycles of amplification, separated in a 1 % LMP agarose gel,
and the reamplified PCR band was purified using the Magic PCR PREPs DNA
Purification System (Promega).

To detect alternatively spliced products in mouse tissues, we used the
M10A-M15B primer pair. To detect human transcripts, we used primer M9A
in place of primer M10A. Both primers M10A and M9A were 5'-end labeled
with 32P. The annealing temperature for both primer pairs was 55 °C. The PCR
reaction mixture was incubated in Biometra cycler with standard reaction conditions
with 35 cycles amplification.

Double stranded DNA sequencing was performed using the Circumvent Thermal
Cycle Dideoxy DNA Sequencing Kit with VentR (exo~) DNA Polymerase
(Biolabs).

Hybridization screening of a mouse brain cDNA library
Hybridization screening using different ^P-labeled PCR-generated fragments was
described previously (18).

ACKNOWLEDGMENTS
This work has been supported by the Steven and Lottie Walker Foundation, the
Carmen and Louis Warschaw Endowment Fund, the American Cancer Society,
and grant NSO1428-O1A1 from the National Institutes of Health.

ABBREVIATIONS
PCR, polymerase chain reaction; cDNA, complementary deoxyribonudeic acid.

REFERENCES
1. Martuza, R.L. and Eldridge, R. (1988) N. Engl. J. Med. 318, 684-688.
2. Evans, D.G.R., Huson, S.M., Donnai, D., Neary, W., Blair, V., Teare,

D., Newton, V., Strachan, T., Ramsden, R., and Harris, R. (1992)7. Med,
Genet. 29, 841-846.

3. Rouleau, G.A., Mere), P., Lutchman, M., Sanson, M., Zucman, J.,
Marineau, C , Hoang-Xuan, K., Demczuk, S., Desmaze, C , Plougastel,

 at U
niversity of California, Los A

ngeles on A
pril 19, 2012

http://hm
g.oxfordjournals.org/

D
ow

nloaded from
 

http://hmg.oxfordjournals.org/


Human Molecular Genetics, 1994, Vol. 3, No. 7 1079

B.. Pulst, S.M.. Lenoir. C . Bijlsma, E.. Fashold, R . Dumanski, J., Jong,
P.. Eldrige. R., Aurias. A.. Delanre. 0 . . Thomas. G. (1993) Nature 363,
515-521.

4. Trofatter. J.A.. MacCoUin, M.M.. Rutter. J.L., MurreU, J.R.. Duyao. M.P.,
Parry. D.M.. Buckler. A.J.. and Gusella. J.F. (1993) Cell 72, 791 -800.

5. Bianchi. A.B.. HaraT.. Ramesh. V., Gao. J., Klein-Szanto. A.J.P., Morin,
F.. Menon. A.G.. Trofaner, J.A., Gussella, J.F., Seizinger, B.R., Kley,
N. (1994) Namre Genet. 6. 185-192.

6. Sainz, J., Huynh. D.P., Figueroa. K.. Ragge. N.K.. Baser, M.E., and Pulst,
SM. (1994) Hum. Mol. Genet. 3. 885-891.

7. Lankes. W.T. and Furthmayr. H. (1991) Proc. Nail Acad. Sd. USA 88,
8297-8301.

8. Gould, K.L, Bretscher, A., Esch, F.S., and Hunter, T. (1989) EMBO J.
8, 4233-4242.

9. Funayama, N., Nagafuchi, A., Sato, N., Tsukha, S., and Tsukita, S. (1991)
J. Cell Biol. 115, 1039-1048.

10. Gu, M., York, J.D., Warshawsky. I., and Majerus, P.W. (1991) Proc. Nail
Acad. Sd. USA 88, 5867-5871.

11. Yang, Q. and Tonks, N.K. (1991) Proc. Nail Acad. Sd. USA 88, 5949-5953.
12. Tang, T.K., Leto, T.L., Correas, I., Alonso, M.A., Marchesi, V.T., and

Benz, E.J. Jr. (1988) Proc. Nat! Acad. Sd. USA 85, 3713-3717.
13. Conboy, J , Kan, Y.W., Shohet, S.B., and Mohandas, N. (1986) Proc. Natl

Acad. Sa. USA 83, 9512-9516.
14. Rees, D.J.G., Ades, S.E., Singer, S.J., and Hynes, R.O. (1990) Nature

347, 865-869.
15. Algrain, M., Turunen, O., Vaheri, A., Louvard, D., and Arpin, M. (1993)

J. Cell Biol. 120, 129-139.
16. Luna, E.J., and Hitt, A.L. (1992) Sdence 258, 955-964.
17. Claudio, J.O., Marineau, C and Rouleau, G.A. (1994) Hum. Mol. Genet.

3, 185-190.
18. Pulst, S.M., Nechiporuk, T. and Huynh, D.P. (Submitted) Oncogene.
19. Hara T., Bianchi, A.B., Seizinger, B.R., and Kley, N. (1994) Cancer Res.

54, 330-335.
20. Haase, V.H., Trofaner, J.A., MacCollin, M., Tartelin, E., Gusella, J.F.,

Ramesh, V. (1994) Hum. Mol. Genet. 3, 407-411.
21. Sachs, A.B. (1993) Cell 74, 413-421.
22. Kaufman, M.H. (1992) The Atlas of Mouse Development. Academic Press.
23. Huynh, D.P., Nechiporuk, T., and Pulst, S.M. (1994) Developmental Biol.

61, 538-551.
24. Bretscher, A. (1989)7. Cell Biol. 108, 921-930.

 at U
niversity of California, Los A

ngeles on A
pril 19, 2012

http://hm
g.oxfordjournals.org/

D
ow

nloaded from
 

http://hmg.oxfordjournals.org/

