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INTRODUCTION:

Neurofibromatosis type 2 (NF2) is a hereditary disorder characterized by the development of
bilateral vestibular schwannomas (reviewed in Baser et al., 2003; Chang et al., 2005). NF2 is associated
with a homozygous inactivation of the neurofibromatosis 2 gene (NF2), which encodes a protein named
‘merlin’ for moesin-ezrin-radixin like protein (Trofatter et al., 1993). Despite intense study of the NF2
tumor-suppressor, the mechanism by which merlin acts to prevent tumor formation is not well
understood. The NF2 transcripts undergo alternative splicing, generating a series of mRNA isoforms
lacking one or more exons. Presently, the role of alternative splicing of NF2 mRNAs is not understood.
NF2 isoform 1 (without exon 16) but not isoform 2 (containing all 17 exons) possess growth inhibitory
properties (Gutmann et al., 1999). Also, transgenic mice over-expressing the NF2 isoform with a
deletion of exons 2 and 3 in Schwann cell lineage showed a high prevalence of Schwann cell
hyperplasia and tumors (Giovannini et al., 1999). These results raise the possibility that functional
contribution of the Nf2 tumor suppressor may require a balanced expression of various isoform proteins
in Schwann cells and/or other cell types. In addition, we found that differential usage of multiple
polyadenylation sites also contributes to the complexity of human NF2 transcripts (Chang et al., 2002).
Presently, the role of differential polyadenylation of NF2 transcripts is not known. The goal of the
proposed research is to examine the role of posttranscriptional regulation (alternative splicing and
differentiation polyadenylation) of the NF2 gene. Ultimately we hope to provide a better understanding
of the mechanisms of NF2 tumorigenesis.

BODY:

Aim 1: Analysis of the Expression Pattern of Alternatively Sliced NF2 Transcripts in Schwann
Cells and Vestibular Schwannomas.

Task 1: Three Human Subjects Protocols were prepared according to the Army’s Compliance of Human
Subjects Protocols and were approved by the Institutional Review Boards (IRB) of The Ohio
State University. Vestibular schwannomas and normal vestibular nerves were procured
throughout the entire study period. Written informed consent for tumors and nerves was
obtained from all patients prior to surgical removal of their tumors. RNAs from the vestibular
schwannomas and vestibular nerves were isolated.

Task 2: Schwann cells were also prepared from procured nerves according to Ratner et al. (1986) and
used for RNA isolation.

Task 3: We have conducted reverse transcription-polymerase chain reaction (RT-PCR) analysis on NF2
RNA isoform expression in vestibular schwannomas, vestibular nerves, and several other
normal human tissues. By cloning and sequencing we have examined the complete exon
structures and relative frequency of alternatively spliced Nf2 isoforms.

Task 4: Genomic DNA was isolated from the blood sample of the patient with a sporadic schwannoma
that only expresses NF2 mRNAs lacking at least exon 8. By PCR, cloning and sequencing, we
conducted NF2 mutational analysis on the patient’s DNA.

Research Findings:

This Aim was accomplished, yielding three major reportable outcomes. First, by analyzing NF2
RNAs expressed in vestibular schwannomas, normal vestibular nerves, and various normal human
tissues, we found that the expression pattern and relative frequency of the alternatively spliced NF2
transcripts in vestibular schwannomas were different from those detected in other human tissues or cell
lines. In particular, we found that vestibular schwannomas expressed a high percentage of the NF2
mRNA isoform lacking exons 15 and 16. These findings were published in Otology and Neurotology
(Neff et al., 2005; see Appendices). In addition, we identified a sporadic schwannoma, which
predominantly expressed NF2 transcripts lacking exons 8, 15 and 16. Other cDNAs missing exon 8,
exons 8 and 16, and exons 2, 8, 15, and 16 were also detected. Sequence comparison revealed that all of
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the cDNAs from this schwannoma completely matched the wild-type NF2 sequence with the exception
of the spliced exons. Taken together, these results indicate that vestibular schwannomas express a
distinct pattern of alternatively spliced NF2 transcripts lacking specific exons

Second, utilizing the vestibular schwannoma samples procured from this study, we have established
a quantifiable human vestibular schwannoma xenograft model in severe combined immunodeficiency
(SCID) mice. We implanted vestibular schwannoma specimens near the sciatic nerve in the thigh of
SCID mice. We used a 4.7-tesla MRI to monitor tumor growth over one year period. Three-dimensional
tumor volumes were calculated from MRI images. We found that vestibular schwannoma xenografts
demonstrated variability in their growth rates similar to human vestibular schwannoma in situ. The
majority of vestibular schwannoma xenografts did not grow but persisted throughout the study, while
two of 15 xenografts grew significantly. Histopathological examination and immunohistochemistry
confirmed that vestibular schwannoma xenografts retained their original microscopic and
immunohistochemical characteristics after prolonged implantation. The vestibular schwannoma
xenografts represent a model complimentary to Nf2 transgenic and knockout mice for translational
vestibular schwannoma research. These findings have been accepted for publication in The
Laryngoscope (Chang et al., 2006; see Appendices). We are now examining whether the vestibular
schwannomas that showed growth over time expressed specific NF2 isoforms.

Third, utilizing the vestibular schwannoma samples procured from this study we have also sought
factors that could affect vestibular schwannoma growth. By immunostaining analysis, we found that
while none of the 15 vestibular schwannomas examined showed detectable cyclin D; staining, seven of
them stained positive for the cyclin Ds protein. Cyclin D; staining was taken up in the nucleus of
schwannoma tumor cells in greater proportion than Schwann cells of adjacent vestibular nerve. These
results suggest that the cyclin D protein may have a growth-promoting role in vestibular schwannomas.
The paper described these findings was published in The Laryngoscope (Neff et al., 2006; see
Appendix). An attempt to correlate cyclin D3 expression with the NF2 isoform expression pattern is
presently under investigation.

Aim 2: Functional Analysis of the NF2 Isoforms Commonly Expressed in Vestibular
Schwannomas.

Task 5: We have cloned the NF2 cDNA isoforms commonly expressed in vestibular schwannomas and
placed them under the control of a 2.4-kb human NF2 promoter for in vivo expression. To
better understand NF2 expression in vivo, we generated transgenic mice carrying a 2.4-kb NF2
promoter driving 3-galactosidase (3-gal) with a nuclear localization signal and examined the [3-
gal expression pattern during embryonic development. To confirm that 2.4-kb NF2 promoter
recapitulates the endogenous Nf2 expression pattern, in Situ hybridization and immunostaining
with an anti-merlin antibody were performed.

Task 6: To test the biochemical and biological activities of the NF2 cDNA isoforms in vitro, we
employed the pIND inducible expression system (Invitrogen). Hemagglutinin (HA) epitope-
tagged NF2 cDNA isoforms were constructed and inserted into the pIND vector. These
inducible constructs carrying the HA-tagged NF2 cDNA were co-transfected with the pVgRXR
expression plasmid carrying an insect steroid hormone receptor into human adenovirus-
transformed embryonic kidney 293 cells and rat RT4 schwannoma cells.

Task 7: We first analyzed 293 cells co-transfected with the HA-tagged NF2 cDNA expression vector
and the pVgRXR plasmid. Upon induction with an insect steroid hormone ponasterone,
expression of the HA-tagged NF2 isoform protein was detected using an anti-HA antibody.
However, little or no growth inhibitory or promoting effects on the 293 cells expressing either
one of the two schwannoma-expressed NF2 isoform proteins were detected. We also performed
a similar experiment using rat RT-4 schwannoma cells. RT4 were co-transfected with the NF2
cDNA expression vector and pVgRXR. Upon hormone induction, expression of the
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Task 8:

schwannoma-expressed NF2 isoforms also did not give rise to any effect on the growth
properties of RT4 cells.

To determine the ability of the schwannoma-expressed NF2 isoform proteins to form inter- and
intra-molecular interactions, we fused the carboxyl terminus of the NF2 coding region from
these NF2 cDNA isoforms with the glutathione-S-transferase (GST) protein. Because we did
not detect any biological activities from the two schwannoma-expressed NF2 cDNA isoforms
(lacking exons 15 and 16 and exons 8 and 16, respectively) in both 293 kidney and RT4
schwannoma cells, we reasoned that deletion of exon 15 would result in a frame-shift of the 3’
NF2 coding region, consequently inactivating the function of the encoded protein. This
hypothesis was supported by the previous findings that the C-terminal end of merlin is
important for its intramolecular interaction with the N-terminal region (Gutmann et al., 1999)
and that no mutations have ever been found in exon 16 in vestibular schwannomas (Baser et al.,
2003; Neff et al., 2006). Deletion of exon 8, however, is in-frame, resulting in a protein isoform
missing the amino acid encoded by the exon. Previously, Gutmann et al. (1999) identified two
sites in the N-terminal region required for merlin’s intramolecular interaction; the very N-
terminal site of merlin can interact with the middle N-terminal site, and the C-terminal region
folds back to interact with the N-terminal region (see diagram below). Such interactions result
in a closed conformation of merlin which possesses the growth suppressor function. Since exon
8-encoded amino acid residues are located at the middle N-terminal binding site, deletion of
exon 8 in merlin may abolish its ability to form intramolecular interaction or may only allow
forming a partially closed conformation. Thus, we have focused on the role of the NF2 isoform
with the exon 8 deletion. We have taken the approach of generating a conditional exon 8
deletion. Two loxP sites flanking the exon 8 sequence were successfully introduced into the
germline Nf2 allele by homologous recombination. The embryonic stem (ES) cell clones
carrying the Nf2"*® allele were isolated and used to generate transgenic mice. To conditionally
delete the exon 8 sequence, we have produced transgenic mice carrying the Cre recombinase
expression unit driven under the control of the NF2 promoter. As an alternative, we have also
obtained transgenic mice carrying the Cre recombinase expression unit driven under the control
of the myelin protein PO promoter. The Nf2"™® mice are being mated with the Cre mice. It is
likely that mice with conditional exon 8-deletion mice in Schwann cells will give rise to
interesting phenotype since mice with over-expression of NF2 isoform lacking exon 2 or with
the deletion of exon 2 in Schwann cells displayed schwannoma formation 10 months or later
(Giovannini et al., 1999, 2000).

Will exon 8 deletion affect the conformation and
function of merlin?

Closed Conformation Partially Closed?
Growth Suppressor Functional Property?

Research Findings:

The major accomplishment from this aim is two-fold. First, we have cloned the NF2 cDNA
isoforms commonly expressed in vestibular schwannomas and placed them under the control of a 2.4-kb
human NF2 promoter for in vivo expression. To better understand NF2 expression in vivo, we generated
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transgenic mice carrying a 2.4-kb NF2 promoter driving 3-galactosidase (3-gal) with a nuclear
localization signal. Whole-mount embryo staining revealed that the NF2 promoter directed 3-gal
expression as early as embryonic day E5.5. Strong expression was detected at E6.5 in the embryonic
ectoderm containing many mitotic cells. [-gal staining was also found in parts of embryonic endoderm
and mesoderm. The [-gal staining pattern in the embryonic tissues was corroborated by in situ
hybridization analysis of endogenous Nf2 RNA expression. Importantly, we observed strong NF2
promoter activity in the developing brain and in sites containing migrating cells including the neural
tube closure, branchial arches, dorsal aorta, and paraaortic splanchnopleura. Furthermore, we noted a
transient change of NF2 promoter activity during neural crest cell migration. While little B-gal activity
was detected in premigratory neural crest cells at the dorsal ridge region of the neural fold, significant
activity was seen in the neural crest cells already migrating away from the dorsal neural tube. In
addition, we detected considerable NF2 promoter activity in various NF2-affected tissues such as
acoustic ganglion, trigeminal ganglion, spinal ganglia, optic chiasma, the ependymal cell-containing tela
choroidea, and the pigmented epithelium of the retina. The NF2 promoter expression pattern during
embryogenesis suggests a specific regulation of the NF2 gene during neural crest cell migration and
further support the role of merlin in cell adhesion, motility, and proliferation during development. A
paper describing these findings has been accepted for publication in Developmental Dynamics
(Akhmametyeva et al., 2005; see Appendices). An important implication from our study is that the NF2
promoter will be useful to study NF2 function during embryonic development. It will also be useful for
the expression of schwannoma-expressed NF2 cDNA isoforms in various NF2-affected tissues during
development.

Second, to examine the effect of expression of the schwannoma-expressed NF2 isoforms lacking
exon 8 in vivo, we have used the embryonic stem (ES) cell-gene targeting strategy to delete the exon 8
of the germline Nf2 allele. A conditional gene targeting vector containing the exon 8 sequence flanked
by two loxP recombination sites was generated. The vector also contained a PGK-neo expression
cassette for positive selection of recombinant clones. By screening more than 400 G418 (neo)-resistant
clones, we have successfully introduced two l0XP recombination sites flanking exon 8 into the
endogenous Nf2 allele. We obtained at least three ES clones that contain a flox allele of Nf2 (Nf2ﬂ°X8).
Southern blot analysis of EcoRV-digested genomic DNA using the sequence from the exon 7 region as
the probe confirmed the identity of these recombinant clones. These targeted ES clones have been used
to generate an Nf2"® mouse. In addition, we have produced transgenic mice carrying the Cre
recombinase expression unit driven under the control of the NF2 promoter. As an alternative, the PO-
Cre mice have also been obtained. The Nf2"® mice are being mated with the Cre mice in order to
generate a conditional deletion of exon 8 in Schwann cells. Note that Giovannini et al. (2000)
previously showed that mice with a deletion of exon 2 in Schwann cells displayed schwannoma
formation 10 months or later (Giovannini et al., 1999, 2000). It will be interesting to see whether mice
with a deletion of exon 8 that we are generating will also result in schwannoma formation. Should it be
the case, it would imply that the exon 8-encoded amino acid residues play an important role in merlin’s
conformation and tumor suppressor function.

Aim 3: Examination of the Potential Role of Differential Polyadenylation of NF2 Transcripts.

Task 9: We have constructed expression plasmids for the three human NF2 ¢cDNAs of 6.1, 3.1, and
2.7 kb in length. These cDNAs carrying different polyadenylation signal sequences. We have also
inserted a hemagglutinin (HA) epitope to the N-terminus of the NF2-coding region to facilitate protein
detection. These NF2 cDNA expression plasmids were transfected into various human cell lines and the
half life of the expressed NF2 RNA was compared.

Task 10: A series of 3’ unidirectional deletion derivatives from the 6.1-kb NF2 cDNA expression
plasmid has been generated for the identification of any regulatory sequence.

Task 11: The 6.1-, 3.1- and 2.7-kb NF2 cDNA expression plasmids carrying different lengths of the
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3’ UT sequences were transfected into RT4 schwannoma, SK-N-AS neuroblastoma, and 293 kidney
cells. Western blot analysis was performed to compare the efficiency of protein translation.

Task 12: We have presented our research findings to national and local meetings every year during
the funding period. Also, we have published five papers in peer-reviewed journal.

Research Findings:

This Aim was accomplished. We transfected the 6.1-, 3.1- and 2.7-kb NF2 cDNA expression
plasmids carrying different lengths of the 3° untranslated (UT) region into RT4 schwannoma, SK-N-AS
neuroblastoma, and 293 kidney cells. 48 hrs later, transfected cells were treated with actinomycin D to
block transcription. At various times after actinomycin D treatment, cells were harvested for RNA
isolation. RNase protection experiment using a riboprobe derived from the 5’ region of the NF2
sequence as the probe revealed that the half-life of the NF2 RNA was about 12 hours; however, the NF2
RNA expressed from the 6.1-, 3.1- and 2.7-kb NF2 cDNA expression plasmids did not show any
difference in their half-life. These results indicate that the 3’ UT sequence of the NF2 gene does not
affect the stability of NF2 RNA in vitro.

To examine whether the 3° UT sequence affected the efficiency of protein translation, we
transfected the NF2 cDNA expression plasmids with different lengths of the 3” untranslated (UT) region into RT4
schwannoma cells. At 48 hrs after transfection, cells were harvested and cell lysates prepared for
Western Blot analysis. No difference in the amount of merlin protein expression from the three NF2
cDNA expression plasmids was found. These results indicate that the 3> UT sequence of the NF2 gene
does not play a role in the efficiency of protein translation in vitro.

We have published a paper (Chang et al., 2005; see appendices) summarizing transcriptional and
posttranscriptional regulation of the NF2 gene that we have found. Since the experiments conducted
above utilizing transfected cells, we plan in the future to examine whether the 3’ UT sequence play any
role in transgene expression in transgenic mice.

KEY RESEARCH ACCOMPLISHMENTS:

(1) We have confirmed that vestibular schwannomas express a distinct pattern of alternatively
spliced NF2 transcripts lacking specific exons. The findings were reported in the paper by Neff et al.
(2005)

(2) A key accomplishment during this funding period is the characterization of the NF2 promoter
expression pattern during embryonic development. By a combination of approaches, transgenic
analysis, in situ hybridization, and antibody staining, we show that NF2 is an early expression marker.
Strong NF2 promoter activity was detected in the embryonic ectoderm and continued to be actively
expressed in the neural ectoderm and its derived neural tissues throughout mid-embryogenesis.
Importantly, we observed robust NF2 promoter activity in the developing brain and in sites containing
migrating cells including the neural tube closure. Furthermore, we noted a transient change of NF2
promoter activity during neural crest cell migration. In addition, we detected considerable NF2 promoter
activity in various NF2-affected tissues such as acoustic ganglion, spinal ganglia, and the pigmented
epithelium of the retina. The NF2 promoter expression pattern during embryogenesis suggests a specific
regulation of the NF2 gene during neural crest cell migration and further support the role of merlin in
cell adhesion, motility, and proliferation during development. A manuscript describing these findings
has been prepared for publication (Akhmametyeva et al., 2005).

(3) Another key effort was devoted to the generation of a conditional targeting allele of the mouse
Nf2 gene. By using the Cre:loxP approach, we constructed a conditional gene targeting vector
containing the exon 8 sequence of the Nf2 gene flanked by two l0XP recombination sites. By
homologous recombination in mouse embryonic stem cells, we have successfully identified several ES
clones carrying the Nf21® allele. In addition, we have produced transgenic mice carrying the Cre
recombinase expression unit driven under the control of the NF2 promoter. As an alternative, the PO-
Cre mice have also been obtained. The Nf2"”® mice are being mated with the Cre mice in order to
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generate a conditional deletion of exon 8 in Schwann cells. This experiment should allow us to examine
the functional importance of exon 8 which was alternatively spliced in vestibular schwannoma.

(4) Utilizing the vestibular schwannoma samples procured from this study, we have established a
quantifiable human vestibular schwannoma xenograft model in SCID mice. We found that vestibular
schwannoma xenografts demonstrated variability in their growth rates similar to human vestibular
schwannoma in situ. The majority of vestibular schwannoma xenografts did not grow but persisted
throughout the study, while two of 15 xenografts grew significantly. Histopathological examination and
immunohistochemistry confirmed that vestibular schwannoma xenografts retained their original
characteristics after prolonged implantation. The vestibular schwannoma xenografts represent a model
complimentary to Nf2 transgenic and knockout mice for translational vestibular schwannoma research
(Chang et al., 2006).

(5) Utilizing the vestibular schwannoma samples procured from this study, we have also sought
factors that could affect vestibular schwannoma growth. We have found that while none of the 15
vestibular schwannomas examined showed detectable cyclin D, staining, seven of them stained positive
for the cyclin D3 protein. Cyclin Ds staining was taken up in the nucleus of schwannoma tumor cells in
greater proportion than Schwann cells of adjacent vestibular nerve. These results suggest that the cyclin
D; protein may have a growth-promoting role in vestibular schwannomas. These findings were
published in The Laryngoscope (Neff et al., 2006).

(6) In transfection studies, we found that the 3 UT sequence of the NF2 gene does not affect the
stability of NF2 RNA or the efficiency of protein translation in vitro. A paper a paper summarizing
transcriptional and posttranscriptional regulation of the NF2 gene was reported (Chang et al., 2005).

REPORTABLE OUTCOMES:

12 research abstracts were presented to national meetings and seven research abstracts were
presented at local meetings during the entire funding period. Also, five research papers were published
during the entire funding period. The research abstracts and publications are listed below.

Abstracts Presented to National and Local Meetings

(1) Chang, L.-S., E2M. Akhmametyeva, Y. Wu, and D.B. Welling. 2003. Transcriptional Regulation of the
Human Neurofibromatosis 2 (NF2) Gene. Pediatric Academic Societies’ Meeting, Seattle, WA.

(2) Akhmametyeva, E., S. Yao, Y. Wu, D.B. Welling, and L.-S. Chang. 2003. Novel Alternatively Spliced
NF2 Transcripts In Vestibular Schwannomas. Pediatric Academic Societies’ Meeting, Seattle, WA.

(3) Welling, D.B., J.M. Lasak, E.M. Akhmametyeva, B.A. Neff, and L.-S. Chang. 2003. Analysis of Genes
and Pathways Deregulated in Vestibular Schwannomas. The NNFF International Consortium for Molecular
Biology of NF1 And NF2, Aspen, CO.

(4) Lebedeva, L., S.A. Trunova, N.A. Bulgakova, L.V. Omelyanchuk, E.M. Akhmametyeva, L.-S. Chang.
2003. The Role of Drosophila merlin in the Control of Mitosis Exit and Development. The NNFF
International Consortium for Molecular Biology of NF1 and NF2, Aspen, CO.

(5) Welling, D.B., J.M. Lasak, E.M. Akhmametyeva, B.A. Neff, and L.-S. Chang. 2003. Analysis of Genes
and Pathways Deregulated in Vestibular Schwannomas. 4th International Symposium on Vestibular
Schwannomas and Other Cerebellum Pontine Angle Tumors, Cambridge, England.

(6) Akhmametyeva, E.M., D.B. Welling, and Chang, L.-S. 2004. Expression of the Neurofibromatosis 2 Gene
during Early Development. Pediatric Academic Societies’ Meeting, San Francisco, CA.

(7) Welling, D.B., BA. Neff, Brenda Hall, John M. Lasak, and L.-S. Chang. 2004. Long-Term Hearing
Rehabilitation in NF2 Patients With Cochlear Implants. The NNFF International Consortium for Molecular
Biology of NF1 And NF2, Aspen, CO.

(8) Lorenz, M., B.A. Neff, E.M. Akhmametyeva, J. Rock, J. Shoreman, S. Tae, P. Schmalbrock, D.B. Welling,
and L.-S. Chang. 2004. Vestibular Schwannomas Xenografted in SCID Mice and Expression of Cyclin D1,
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D3, and Telomerase. The NNFF International Consortium for Molecular Biology of NF1 And NF2, Aspen,
CO.

(9) Chang, L.-S., E2M. Akhmametyeva, L. Lebedeva, N.A. Bulgakova, and L.V. Omelyanchuk. 2004.
Developmental Expression of the NF2 Gene and Genetic Analysis of Merlin Function. The NNFF
International Consortium for Molecular Biology of NF1 And NF2, Aspen, CO.

(10) Akhmametyeva, E.M., H. Luo, M. Mihaylova, D.B. Welling, and L.-S. Chang. 2005. The
Neurofibromatosis Type 2 Gene Is Strongly Expressed in Neural Ectoderm and Pigmented Epithelium of
the Retina During Early Development. The CTF International Consortium for Molecular Biology of NF1
And NF2, Aspen, CO.

(11) Akhmametyeva, E.M., H. Luo, M. Mihaylova, and L.-S. Chang. 2005. Developmental Expression of the
Neurofibromatosis 2 Gene Promoter in Transgenic Mice. Pediatric Academic Societies’ Annual Meeting,
Washington, D.C.

(12) Akhmametyeva, E.M., M. Mihaylova, H. Luo, S. Kharzai, D.B. Welling, and L.-S. Chang. 2006.
Regulation of the Neurofibromatosis 2 Gene Promoter Expression during Embryonic Development.

The CTF International Consortium for Molecular Biology of NF1 And NF2, Aspen, CO.

Abstracts Presented at [Local Meetings

(1) Akhmametyeva, E.M., Y. Wu, D.B. Welling, and L.-S. Chang. 2003. Analysis of Novel Alternatively
Spliced NF2 Transcripts in Vestibular Schwannomas. The Annual OSU Comprehensive Cancer Center
Scientific Meeting, Columbus, OH.

(2) Chang, L.-S., E.M. Akhmametyeva, Y. Wu, and D.B. Welling. 2003. Transcriptional Regulation of the
Human Neurofibromatosis 2 (NF2) Gene. Columbus Children’s Research Institute Annual Research
Conference, Columbus, OH.

(3) Akhmametyeva, E., Y. Wu, D.B. Welling, and L.-S. Chang. 2003. Novel Alternatively Spliced NF2
Transcripts In Vestibular Schwannomas. Columbus Children’s Research Institute Annual Research
Conference, Columbus, OH.
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Neurotol. 27:197-208.

In this paper, we reviewed the clinical characteristics of vestibular schwannomas and
neurofibromatosis type 2 (NF2) syndromes and related to alterations in the NF2 gene. Additionally,
we discussed potential functions of the NF2 gene product and its alternatively spliced isoforms in
vestibular schwannomas and other cell types. The discovery of how merlin interacts with other
proteins may lead to a better understanding of NF2 function. Understanding merlin’s interactions
with other proteins, signaling pathways, and regulation of the NF2 gene will lead to the
development of novel treatments for vestibular schwannomas. By using recently developed cDNA
microarray technology, genes or pathways that are deregulated in vestibular schwannomas have
been identified. Ultimately, drug therapies will be designed to stop schwannoma progression. This
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will offer alternatives to the current options of untreated observation of tumor growth, stereotactic
radiation, or surgical removal. Furthermore, it may also be possible to develop targeted therapy
that may shrink or altogether eradicate preexisting tumors.

Chang, L.-S., A. Jacob, M. Lorenz, J. Rock, E.M. Akhmametyeva, G. Mihai, P. Schmalbrock, A.R.
Chaudhury, R. Lopez, J. Yamate, M.R. John, H. Wickert, B.A. Neff, E. Dodson, and D.B. Welling.
2006. Magnetic Resonance Imaging Noninvasively Quantifies Schwannoma Xenografts in SCID
Mice. Laryngoscope 116: In Press.

Models for the development of new treatment options in vestibular schwannoma treatment are
lacking. The purpose of this study is to establish a quantifiable human vestibular schwannoma
xenograft model in severe combined immunodeficiency (SCID) mice. We implanted vestibular
schwannoma specimens near the sciatic nerve in the thigh of SCID mice. We used a 4.7-tesla MRI
to monitor tumor growth over one year period. Three-dimensional tumor volumes were calculated
from MRI images. We found that vestibular schwannoma xenografts demonstrated variability in
their growth rates similar to human vestibular schwannoma in situ. The majority of vestibular
schwannoma xenografts did not grow but persisted throughout the study, while two of 15 xenografts
grew significantly. Histopathological examination and immunohistochemistry confirmed that
vestibular schwannoma xenografts retained their original microscopic and immunohistochemical
characteristics after prolonged implantation. The vestibular schwannoma xenografts represent a
model complimentary to Nf2 transgenic and knockout mice for translational vestibular schwannoma
research.

Neff, B.A., E. Oberstein, M. Lorenz,, A. Chadhury, D.B. Welling, and L.-S. Chang. 2006. Cyclin D,
and D3 Expression in Vestibular Schwannomas. Laryngoscope 116:423-426.

The G; regulators of the cell cycle, cyclin D; and D3, have been implicated in the regulation of
Schwann cell proliferation and differentiation. The purpose of this study is to evaluate cyclin D,
and D3 protein expression and the corresponding clinical characteristics of vestibular
schwannomas. Tissue sections of 15 sporadic vestibular schwannomas were prepared.
Immunohistochemical analysis of the vestibular schwannomas was performed with anti-cyclin Dy
and anti-cyclin D3 antibodies. The immunoreactivity was evaluated in comparison with adjacent
vestibular nerves. Tissue sections of breast carcinoma and prostate carcinoma were used as
positive controls for cyclin D; and Dj3 staining, respectively. Patient demographics, tumor
characteristics, and cyclin D expression were reviewed, and statistical analysis was performed.
While the breast carcinoma control expressed abundant cyclin D; protein, none of the 15 vestibular
schwannomas showed detectable cyclin D; staining. In contrast, seven of 15 vestibular
schwannomas stained positive for the cyclin D3 protein. Cyclin D3 staining was taken up in the
nucleus of schwannoma tumor cells in greater proportion than Schwann cells of adjacent vestibular
nerve. Although sample size was small, no significant difference in the average age of presentation,
tumor size, and male to female ratios for the cyclin D3+ or cyclin Ds- groups was found. In
conclusion, the cyclin D; protein does not appear to play a prominent role in promoting cell cycle
progression in vestibular schwannomas. In contrast, cyclin D3 expression was seen in nearly half of
the tumors examined, suggesting that it may have a growth-promoting role in some schwannomas.

Akhmametyeva, E.M., M. Mihaylova, H. Luo, Sadeq Kharzai, D.B. Welling, and L.-S. Chang.
2006. Regulation of the Neurofibromatosis 2 Gene Promoter Expression during Embryonic
Development. Dev. Dyn. 235, In Press.

To better understand NF2 expression in vivo, we generated transgenic mice carrying a 2.4-kb
NF2 promoter driving S-galactosidase (4-gal) with a nuclear localization signal. Whole-mount
embryo staining revealed that the NF2 promoter directed S-gal expression as early as embryonic
day E5.5. Strong expression was detected at E6.5 in the embryonic ectoderm containing many
mitotic cells. A-gal staining was also found in parts of embryonic endoderm and mesoderm. The S
gal staining pattern in the embryonic tissues was corroborated by in situ hybridization analysis of
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endogenous Nf2 RNA expression. Importantly, we observed strong NF2 promoter activity in the
developing brain and in sites containing migrating cells including the neural tube closure,
branchial arches, dorsal aorta, and paraaortic splanchnopleura. Furthermore, we noted a
transient change of NF2 promoter activity during neural crest cell migration. While little g-gal
activity was detected in premigratory neural crest cells at the dorsal ridge region of the neural fold,
significant activity was seen in the neural crest cells already migrating away from the dorsal neural
tube. In addition, we detected considerable NF2 promoter activity in various NF2-affected tissues
such as acoustic ganglion, trigeminal ganglion, spinal ganglia, optic chiasma, the ependymal cell-
containing tela choroidea, and the pigmented epithelium of the retina. The NF2 promoter
expression pattern during embryogenesis suggests a specific regulation of the NF2 gene during
neural crest cell migration and further support the role of merlin in cell adhesion, motility, and
proliferation during development.

(5) Chang, L.-S., E.M. Akhmametyeva, M. Mihaylova, H. Luo, S. Tae, B. Neff, and D.B. Welling.
2005. Dissecting the Molecular Pathways in Vestibular Schwannoma Tumorigenesis. Recent
Research Development in Genes & Genomes 1: 1-33.

The NF2 tumor suppressor gene is frequently mutated in all three types of vestibular
schwannomas. Analysis of NF2 function and regulation has provided the first step toward the
better understanding of the molecular mechanism of schwannoma tumorigenesis. In this review, we
summarized our findings on the regulation of expression of the NF2 gene at the transcriptional and
post-transcriptional level. We also described our transgenic study to examine NF2 promoter
expression during early embryonic development. The NF2 gene encodes a protein termed
merlin/schwannomin, which shares a high degree of homology with the ezrin, radixin, and moesin
(ERM) proteins. Genetic knockout experiments have shown that the NF2 gene product is a tumor
suppressor for Schwann cell and meningeal cells. By using cDNA microarray analysis, we identified
genes and pathways that were deregulated in vestibular schwannomas. Furthermore, we have
revealed potential underlying molecular differences among the types of vestibular schwannomas. It
is anticipated that further analysis of the information will lead to the development of novel
pharmaco-therapeutics, offering alternatives to the current options of untreated observation of
tumor growth, stereotactic radiation, or surgical removal.
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CONCLUSIONS:

Vestibular schwannomas express a distinct pattern of alternatively spliced NF2 transcripts lacking
specific exons, suggesting that these alternatively spliced exons may be important for NF2 function.
The results from the analysis of the NF2 promoter expression pattern during embryogenesis suggest a
specific regulation of the NF2 gene during neural crest cell migration and further support the role of
merlin in cell adhesion, motility, and proliferation during development. Transgenic and conditional
knockout mice have been generated to address whether the alternative splicing NF2 isoforms
preferentially expressed in schwannomas possess any additional properties conducive to tumor
formation in vivo. Also, we show that the 3’ UT sequence of the NF2 gene does not affect the stability

of NF2 RNA or the efficiency of protein translation in vitro. Utilizing the vestibular schwannoma
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samples procured from this study, we have established a quantifiable human vestibular schwannoma
xenograft model in SCID mice and identified cyclin D3 as a growth-promoting factor for vestibular
schwannomas.
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ABSTRACT

Neurofibromatosis type 2 (NF2) is associated with a homozygous inactivation of the
neurofibromatosis 2 gene (NF2). Despite intense study of the NF2 gene, the mechanism by which the
NF2 tumor suppressor acts to prevent tumor formation is not well understood. The NF2 transcripts
undergo alternative splicing, generating a series of mRNA isoforms lacking one or more exons.
Presently, the role of alternative splicing of NF2 mRNAs is not understood. The NF2 transcripts are also
terminated at different polyadenylation sites. The role of this differential polyadenylation is not known.
The goal of this research is to examine the role of alternative splicing and differentiation
polyadenylation of the NF2 gene. With this grant support, we have confirmed that vestibular
schwannomas express a distinct pattern of alternatively spliced NF2 transcripts lacking specific exons.
Analysis of NF2 expression during embryonic development reveals that NF2 is an early expression
marker. Strong NF2 promoter activity was seen in the embryonic ectoderm and in all NF2-affected
tissues examined. Importantly, we observed strong NF2 promoter activity in the developing brain and in
sites containing migrating cells including the neural tube closure and branchial arches. Furthermore, we
noted a transient change of NF2 promoter activity during neural crest cell migration. The NF2 promoter
expression pattern during embryogenesis suggests a specific regulation of the NF2 gene during neural
crest cell migration and further support the role of merlin in cell adhesion, motility, and proliferation
during development. By using the conditional gene targeting approach, we have also generated an
Nf21%® allele. Transgenic and conditional knockout mice have been generated to address whether the
alternative splicing NF2 isoforms preferentially expressed in schwannomas possess any additional
properties conducive to tumor formation in vivo. Also, we show that the 3° UT sequence of the NF2
gene does not affect the stability of NF2 RNA or the efficiency of protein translation in vitro
Utilizing the vestibular schwannoma samples procured from this study, we have established a
quantifiable human vestibular schwannoma xenograft model in SCID mice and identified cyclin D; as a
growth-promoting factor for vestibular schwannomas. The vestibular schwannoma xenografts represent
a model complimentary to Nf2 transgenic and knockout mice for translational vestibular schwannoma
research.

14



APPENDICES:

Publications and Papers In Press

(1) Neff, B.A., D.B. Welling, E.M. Akhmametyeva, and L.-S. Chang. 2006. The Molecular Biology of
Vestibular Schwannomas: Dissecting the Pathogenic Process at the Molecular Level. Otol. Neurotol.
27:197-208.

(2) Chang, L.-S., A. Jacob, M. Lorenz, J. Rock, E.M. Akhmametyeva, G. Mihai, P. Schmalbrock, A.R.
Chaudhury, R. Lopez, J. Yamate, M.R. John, H. Wickert, B.A. Neff, E. Dodson, and D.B. Welling.
2006. Magnetic Resonance Imaging Noninvasively Quantifies Schwannoma Xenografts in SCID
Mice. Laryngoscope 116: In Press.

(3) Neff, B.A., E. Oberstein, M. Lorenz,, A. Chadhury, D.B. Welling, and L.-S. Chang. 2006. Cyclin D,
and D3 Expression in Vestibular Schwannomas. Laryngoscope 116:423-426.

(4) Akhmametyeva, E.M., M. Mihaylova, H. Luo, D.B. Welling, and L.-S. Chang. 2006. Regulation of
the Neurofibromatosis 2 (NF2) Promoter Expression during Early Embryonic Development. Dev.
Dyn. 235: In Press.

(5) Chang, L.-S., E.M. Akhmametyeva, M. Mihaylova, H. Luo, S. Tae, B. Neff, and D.B. Welling.
2005. Dissecting the Molecular Pathways in Vestibular Schwannoma Tumorigenesis. Recent
Research Development in Genes & Genomes 1: 1-33.

15



Otology & Neurotology
27:197-208 © 2006, Otology & Neurotology, Inc.

The Molecular Biology of Vestibular
Schwannomas: Dissecting the Pathogenic Process
at the Molecular Level

*Brian A. Neff, *D. Bradley Welling, 1Elena Akhmametyeva,
and *11§9qLong-Sheng Chang

Departments of *Otolaryngology, 1 Pathology, iPediatrics, § Molecular Cellular Biochemistry, and
§Veterinary Biosciences, The Ohio State University College of Medicine and Children’s Hospital,
Columbus, Ohio

Objective: The goal of this article was to review concisely
what is currently known about the tumorigenesis of ves-
tibular schwannomas.

Background: Recent advances in molecular biology have
led to a better understanding of the cause of vestibular
schwannomas. Mutations in the neurofibromatosis type 2
tumor suppressor gene (NF2) have been identified in these
tumors. In addition, the interactions of merlin, the protein
product of the NF2 gene, and other cellular proteins are
beginning to give us a better idea of NF2 function and the
pathogenesis of vestibular schwannomas.

Methods: Review of the relevant basic science studies at our
institution as well as the basic science and clinical literature.
Results: The clinical characteristics of vestibular schwan-
nomas and neurofibromatosis type 2 syndromes are

reviewed and related to alterations in the NF2 gene. Stud-
ies demonstrating our current understanding of tumor
developmental pathways are highlighted. In addition,
methods of clinical and genetic screening for neurofibro-
matosis type 2 disease are outlined. Avenues for the
development of potential future research and therapies
are discussed.

Conclusion: Great strides have been made to identify why
vestibular schwannomas develop at the molecular level.
Continued research is needed to find targeted therapies
with which to treat these tumors. Key Words: Acoustic
neuroma—NF2 gene—Merlin—Neurofibromatosis type
2—Vestibular schwannoma.

Otol Neurotol 27:197-208, 2006.

Vestibular schwannomas are histologically benign
tumors of the neural sheath that originate on the sup-
erior or inferior vestibular branches of Cranial Nerve
VIII. The term “‘vestibular schwannoma” is preferred
over the more commonly used term ‘“‘acoustic neu-
roma” because these tumors are not neuromas, nor
do they arise from the acoustic (cochlear) nerve. They
occur either as sporadic unilateral tumors or bilateral
tumors; the development of bilateral vestibular sch-
wannomas is the hallmark of neurofibromatosis type
2 (NF2). Various types of vestibular schwannomas
can be loosely grouped into unilateral sporadic ves-
tibular schwannomas, bilateral or NF2-associated
schwannomas, and cystic schwannomas.

This study was supported by the National Institutes of Health
and the Department of Defense Neurofibromatosis Research
Program.

Address correspondence and reprint requests to Bradley Welling,
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Unilateral schwannomas are the most common
presentation, and they constitute 95% of all vestibu-
lar schwannomas. Sporadic vestibular schwannomas
occur in approximately 10 per 1 million persons per
year (1). However, the true incidence may be higher,
as highlighted by Anderson et al., who demonstrated
an incidence of 7 unsuspected schwannomas per 10,000
brain magnetic resonance imaging (MRI) studies
(0.07%) (2). Sporadic tumors usually occur in the
fourth and fifth decades, with a mean presentation of
50 years of age. Although histologically benign, sch-
wannomas can, if large enough, cause hydrocephalus,
brainstem compression, herniation, and death. Most
commonly, however, they are associated with hearing
loss, tinnitus, imbalance, and other symptoms related
to compression of adjacent cranial nerves.

NF2 is clinically an autosomal dominant disease
that is highly penetrant (3). NF2-associated tumors
account for approximately 5% of all vestibular sch-
wannomas. Patients who inherit an abnormal copy of
the NF2 tumor suppressor gene have a 95% chance of
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developing bilateral vestibular schwannomas. However,
approximately one-half of the cases have no family
history of NF2, and thus they represent new germline
mutations that were not inherited. Other disease fea-
tures of NF2 include intracranial meningiomas, epen-
dymomas, spinal schwannomas, and presenile lens
opacities (4,5). Of the four different sets of diagnostic
criteria for NF2, the Manchester criteria are the most
sensitive, and they are summarized in Table 1 (6). NF2
is now recognized as a disease that is distinctly dif-
ferent from neurofibromatosis type 1 (NF1) or von
Recklinghausen’s disease. NF1, which is associated
with multiple peripheral neuromas, is caused by a
mutation in the NF/ tumor suppressor gene on
chromosome 17.

NF2 is currently subdivided into three groups on
the basis of clinical presentation and severity of dis-
ease (7). The Wishart type has a more severe clinical
presentation. In addition to bilateral vestibular
schwannomas, patients often suffer from associated
spinal tumors, with a typical onset in the late teens or
early 20s (8). The Gardner type has a later onset and
a less severe presentation. Although patients present
with bilateral schwannomas, the incidence of associ-
ated intracranial tumors is less common (9). A more
recently recognized third category of NF2 has been
termed mosaic NF2, where a mutation occurs in
embryogenesis rather than in the germline DNA;
therefore, only a portion of the patients’ cells carry
the mutation (10,11). This is different from those
patients with traditional NF2 who inherit the muta-
tion from their parent. Kluwe et al. recently estimated
that mosaicism may account for 24.8% (58 of 233) of
NF2 cases of any subtype among patients whose
parents did not display the disease (11). Patients with
somatic mosaicism can display bilateral vestibular
schwannomas if the postzygotic mutation occurred
early in embryogenesis. However, they may also dis-
play an atypical presentation, or segmental NF2, in
which the patient has a unilateral vestibular schwan-
noma and an ipsilateral, additional intracranial tumor,

TABLE 1. Manchester criteria for the diagnosis
of NF2*?

. Bilateral vestibular schwannomas
. First-degree relative with NF2 and unilateral vestibular
schwannoma or any two of the following: meningioma,
schwannoma, glioma, neurofibroma, juvenile posterior
subcapsular lens opacity
C. Unilateral vestibular schwannoma and any two of the
following: meningioma, schwannoma, glioma, neurofibroma,
posterior subcapsular lenticular opacities
D. Multiple meningiomas (two or more) and unilateral
vestibular schwannoma or any two of the following:
schwannoma, glioma, neurofibroma, cataract

w >

“Data from Baser et al. (6).

®Note: “any two of” refers to two individual tumors or cataract.
For example, a unilateral schwannoma and two gliomas would
meet the criteria.
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such as a meningioma, if the postzygotic mutation
occurred late in development (10). Unlike the tradi-
tional forms of NF2, the risk of passing NF2 caused
by mosaicism to future offspring is very low (12);
however, in the unlikely event that NF2 is inherited
from a mosaic parent, the offspring will carry the
mutation in all their cells, and the clinical presenta-
tion would be severe and consistent with the con-
ventional form of NF2.

Schwannomatosis, a recently defined form of neu-
rofibromatosis, is characterized by multiple sch-
wannomas without any NF2-associated vestibular
schwannomas. Patients with schwannomatosis fre-
quently present with intractable pain rather than
cranial nerve deficits. They do not develop other in-
tracranial tumors or malignancies. MacCollin et al.
noted that approximately one-third of patients with
schwannomatosis had tumors in an anatomically lim-
ited distribution, such as a single limb, several con-
tiguous segments of the spine, or one side of the body
(13). Sporadic cases of schwannomatosis are as com-
mon as NF2, but few cases of familial schwannoma-
tosis have been identified. This is in contradistinction
to NF1 and NF2, which are autosomal dominant,
highly penetrant syndromes that are frequently found
clustered in families. The underlying molecular dis-
ruption in schwannomatosis is a pattern of somatic
NF2 gene inactivation incompatible with NFI or
NF2, but this has not been completely defined.

Cystic vestibular schwannomas are a particularly
aggressive group of unilateral, sporadic schwanno-
mas that invade the surrounding cranial nerves,
splaying them throughout the tumors. Cystic vestib-
ular schwannomas are associated with either intra-
tumoral or extratumoral cysts that develop in the
loosely organized Antoni B tissues. In addition, a
higher degree of nuclear atypia is seen in cystic tu-
mors (14). Careful distinction must be drawn between
the truly cystic schwannomas and the very common
heterogeneous schwannomas, which are not as
aggressive in their clinical behavior. MRI clearly
distinguishes between the solid and cystic vestibular
schwannomas. Cystic regions of the tumors are
hyperintense on T2-weighted images, and the cysts
do not enhance with gadolinium administration. The
noncystic component of the cystic tumors enhances
with gadolinium in a manner similar to the unilateral
and NF2-associated schwannomas (Fig. 1). Cystic
tumors may grow rapidly, and they are very difficult
to manage because of the high rate of hearing loss
and facial nerve paralysis that occurs after surgical
removal (15). When compared with solid tumors of
a similar size, the rate of complete facial nerve
paralysis (House-Brackmann Grade VI) with surgical
removal of cystic tumors was 41%, as compared with
27% for that of solid unilateral schwannomas (16).
Cystic tumors are also more likely to have continued
growth and facial nerve paralysis even with stereo-
tactic radiation treatments than either the unilateral
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FIG. 1. MRI scans of vestibular schwan-
nomas. (A) Axial T1-weighted MRI scan
with gadolinium contrast. There is an en-
hancing right-sided cerebellopontine angle
tumor with areas of central low intensity that
correspond with cysts within this patholog-
ically confirmed vestibular schwannoma. (B)
Axial T2-weighted MRI scan. The tumor is
more hyperintense than the typical T2 signal
characteristics of a vestibular schwannoma.
In addition, there are focal areas of in-
creased signal intensity that correspond
with the intratumoral cysts.

spontaneous or NF2-associated schwannomas (17,18).
To date, some differences in the gene expression pro-
files of cystic tumors have been identified, compared
with those of sporadic and NF2-associated tumors
(19,20); however, there has not been a clear tumor-
igenic pathway demonstrated to definitively explain
the aggressive growth seen with cystic schwannomas,
and this is an area of current investigation.

Although the effectiveness of treatment with
current surgical and radiation treatments for vestib-
ular schwannomas are generally good, treatment-
related morbidity continues to be problematic. The
field of molecular biology is proposed as the disci-
pline to advance the level of diagnosis and to improve
the treatment of vestibular schwannomas. When ap-
plied to various neurotologic abnormalities, “molec-
ular neurotology” may soon develop as a medical
discipline in a manner similar to the advent of
surgical neurotology in the 1960s. A brief review of
the recent discoveries and advances in the molecular
biology of vestibular schwannomas follows.

THE NF2 GENE

The NF2 gene was localized to chromosome 22
through a genetic linkage analysis (21). Subsequently,
23 patients from a large NF2 kindred were studied,
and the NF2 locus was further mapped close to the
center of the long arm of chromosome 22 (22q12)
(22). After genetic and physical mapping, positional
cloning studies led to the discovery of the NF2 gene.
In 1993, Trofatter et al. and Rouleau et al. inde-
pendently identified the NF2 gene, which is frequently
mutated in NF2-related vestibular schwannomas (23,
24). Since that time, mutations in the NF2 gene have
been found not only in NF2 tumors but also in
sporadic unilateral schwannomas and cystic schwan-
nomas (Table 2) (25-39). In addition, mutations
within the NF2 gene have been frequently identified
in meningiomas and occasionally identified in other
tumor types such as mesotheliomas (26,39-42).

NF2 MUTATIONS AND THEIR CLINICAL
CORRELATION

Several groups have attempted to correlate clinical
expression of tumors with specific NF2 mutations in
vestibular schwannomas and other NF2-associated
tumors. A number of somatic mutations and their
specific clinical behavior in vestibular schwannomas
have been characterized in sporadic unilateral tumors
and NF2 tumors (25-31,38-40,43-47). We previously
studied a series of patients who had vestibular sch-
wannomas and found that the frequency, type, and
distribution of NF2 mutations were shown to be dif-
ferent between the sporadic and familial NF2 tumors
(25). Mutations were identified in 66% of the spo-
radic cases but in only 33% of the NF2 cases; there-
fore, the rate of detection of a mutation in unilateral
schwannomas was significantly higher than that in
familial schwannomas. Point mutations accounted for
the majority of mutations identified in NF2 patients,
whereas small deletions accounted for the majority of
mutations found in the sporadic unilateral tumors
(28,30,43).

Studies were also conducted to determine whether
the genotype could be a predictor of disease severity.
The clinical phenotypes of NF2, Wishart and Gard-
ner, were further examined, as was a potential third
phenotype, mosaic or segmental NF2. Deletion mu-
tations that cause truncation of the NF2 protein have
been reported to cause a more severe phenotype in
NF2 pedigrees (28,30,43), whereas missense muta-
tions or small in-frame insertions in the NF2-coding
region have been reported to associate with a mild
phenotype (25,26,31,39,46). However, this has not
held true in other studies, which showed that some
missense mutations associated with a severe pheno-
type. In addition, missense mutations within the
a-helical domain of the NF2 protein appear to asso-
ciate with a less severe phenotype than those within
the conserved FERM domain (48). This lack of genotype-
phenotype correlation was also seen for large dele-
tions, which could give rise to mild phenotypes and
the previously reported severe disease expression (49).
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TABLE 2. Summary of NF2 mutation detection

Reference No. of NF2 patients No. of non-NF2 patients % Detected Methods*
Jacoby?® 1994 8 30 53 SSCP
MacCollin®’ 1994 33 64 SSCP
Merel*® 1995 91 35 DGGE
Welling® 1996 32 29 54 HA, DS
Ruttledge’! 1996 111 54 SSCP
Mautner®? 1996 9 3 75 SSCP
Parry>® 1996 32 66 SSCp
Kluwe® 1996 59 34 SSCP
Evans®* 1998 125 43 DS
Zucman-Rossi** 1998 19 84 DGGE, DS
Antinheimo®® 2000 8 12 70 CGH
Hung?® 2000 20 80 NIRCA

*HA, heteroduplex analysis; DS, direct sequencing; DGGE, denaturing gradient gel electrophoresis; SSCP, single-stranded conformation
polymorphism analysis; CGH, comparative genomic hybridization; NIRCA, nonisotopic RNAase cleavage assay.

Given the heterogeneity of clinical response to
various types of mutations, no clear genotype-to-
phenotype correlation has been established, and this
is further evidenced by the fact that phenotypic
variability within the NF2 families with the same
mutation has been seen (32). By extensive screening
of the NF2 gene, Zucman-Rossi et al. reported an
84% mutation detection rate in vestibular schwan-
nomas; thus, additional mechanisms for inactivation
of the NF2 gene in some patients may exist (33). The
possibility of a modifier gene has been suggested (50).
Also, mutation or methylation in the regulatory region
of the NF2 gene has been suggested as a possible me-
chanism of gene inactivation (51,52). The complexity
of NF2 transcripts generated by posttranscriptional
alternative splicing and differential polyadenylation
may also be considered as possible means of inacti-
vating the NF2 gene (52).

ALTERNATIVELY SPLICED NF2 MRNA
ISOFORMS IN VESTIBULAR SCHWANNOMAS

DNA consists of regions called exons and introns.
The exons are the segments of DNA that are trans-
cribed and brought together as a mature mRNA product.
The introns represent the sections of DNA that are
transcribed but are spliced out during RNA process-
ing. Alternative splicing is the mechanism by which

NF2 Isoform

different exon combinations are brought together to
produce multiple mRNA transcripts from the same
gene. These alternatively spliced transcripts can in-
clude all of the gene’s exons or can be missing one or
multiple exons. The different RNA transcripts pro-
duced from this process are termed mRNA isoforms.

The coding region of the NF2 gene consists of
17 exons, and the NF2 gene undergoes alternative
splicing of these coding exons. An example of NF2
mRNA isoforms is shown in Figure 2. Multiple
alternatively spliced NF2 transcripts have been
identified in various human cells. The most common
isoforms in these cells were isoforms I1 (containing all
17 exons) and I (without exon 16) (26,52-54).

We have also examined the expression of alterna-
tively spliced NF2 mRNA isoforms in vestibular sch-
wannomas (one NF2 schwannoma, seven sporadic
schwannomas, and two cystic schwannomas). Cloning
and sequencing analysis showed that the expression
pattern and relative frequency of the alternatively
spliced NF2 transcripts appeared to be different from
those detected in other human cell types described
above. Particularly, in addition to isoforms I and II,
these schwannomas expressed a high percentage of
the NF2 mRNA isoform lacking exons 15 and 16
(Fig. 2). These alternatively spliced NF2 transcripts
could encode different protein products (Please
provide name and initials of source of unpublished
dataunpublished data).

FIG. 2. The NF2 gene is transcribed into

mRNA; however, alternative splicing can
produce different mRNA transcripts or iso-
v forms. Different exon combinations can

be brought together to produce multiple

mRNAs from the same gene. Our studies
showed that isoform 1, II, and delE15/16
were the most common isoforms found in

delE15/16 [ 1

vestibular schwannomas examined.
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Presently, the role of alternative splicing of NF2
mRNA is not well understood. It is possible that the
functional contribution of the NF2 tumor suppressor
may require a balanced expression of various isoform
proteins in Schwann cells and/or other cell lineages
(52,55). Alternative splicing may be another mecha-
nism for Schwann cells to inactivate merlin function
and/or to generate isoforms that have additional prop-
erties conducive to tumor formation. We are presently
conducting experiments to test these possibilities.

THE NF2 GENE PROMOTER

The upstream and downstream untranslated re-
gions of the NF2 gene have been characterized so that
these regions could be screened for mutations in both
sporadic and familial tumors in which no mutation
was found in the NF2-coding region. Our laboratory
has mapped the major transcription initiation site of
the NF2 gene and found that multiple regions in the
NF2 promoter are required for full NF2 promoter
activity (52,56). Both positive and negative cis-acting
regulatory elements required for transcription of the
NF2 gene have been found in the 5’ flanking region of
the promoter. A G/C-rich sequence located in the
proximal promoter region, which can be bound by
the Spl transcription factor, serves as a positive reg-
ulatory element. Both the 5 and 3’ flanking regions
of the human NF2 locus are G/C rich and could serve
as targets for gene methylation and inactivation (52).

THE NF2 PROTEIN: STRUCTURE
AND FUNCTION

The NF2-coding region encompasses 90 kb of DNA
on chromosome 22 (23,24,33). It encodes a 595—
amino acid protein product which has been named
merlin (for moesin-ezrin-radixin flike protein) or
schwannomin (derived from schwannoma) (23,24).
For simplicity, the NF2 protein will be referred to as
merlin in this article.

Merlin shares a high degree of homology to the
erythrocyte protein 4.1-related superfamily of proteins,
which act to link the actin cytoskeleton to the plasma
membrane. In particular, three proteins, ezrin, rad-
ixin, and moesin, referred to as the ERM family,
share a great deal of structural similarity with merlin
(24). The proteins belonging to this family all have
a similar N-terminal globular domain, also known as
the FERM domain, followed by an a-helical stretch,
and finally a charged C-terminus (57). The key
functional domains of merlin may lie within the
highly conserved FERM domains and the unique
C-terminus of the protein. The ERM proteins have
been shown to be involved in cellular remodeling
involving the actin cytoskeleton (58). These proteins
bind actin filaments in the cytoskeleton via a con-
served C-terminal domain and possibly via a second

actin-binding site in the N-terminal half of the
protein (59,60).

Like the ERM proteins, merlin is expressed in a
variety of cell types, where it localizes to the areas of
membrane remodeling, particularly membrane ruf-
fles, although its precise distribution may differ from
the ERM proteins expressed in the same cell (61).
Interestingly, schwannoma cells from NF2 tumors
show dramatic alterations in the actin cytoskeleton
and display abnormalities in cell spreading (62). These
results suggest that merlin may play an important
role in regulating both the actin cytoskeleton-mediated
processes and cell proliferation (63). However, it
should be noted that merlin has a growth suppression
role, whereas other ERM-family members seem to
facilitate cell growth.

MERLIN ACTS AS A TUMOR SUPPRESSOR

Overexpression of the NF2 gene in mouse fibro-
blasts or rat schwannoma cells can limit cell growth
(46,64) and suppress cell transformation by the ras
oncogene (65). The growth control of certain
Schwann cells and meningeal cells is lost in the
absence of NF2 function, suggesting that NF2
mutations and merlin deficiency disrupt some aspect
of intracellular signaling that leads to cellular trans-
formation. Together with animals, these findings
demonstrate merlin’s ability to act as a tumor
suppressor.

Mouse Models

Scientists have developed Nf2 knockout mice that
were designed to be missing one or both copies of the
Nf2 gene in the germline. Intriguingly, heterozygous
Nf2 knockout mice go on to develop osteosarcomas
and, less often, fibrosarcomas or hepatocellular
carcinomas (66). Genetic analysis of these tumors
shows that nearly all of them are missing both Nf2
alleles because of a mutation causing a loss of the
second Nf2 allele. The fact that tumor growth occurs
in the absence of both Nf2 alleles indicates that the
Nf2 gene possesses a classical tumor suppressor
function. However, none of the heterozygous Nf2
mice develop tumors or clinical manifestations
associated with human NF2.

Homozygous Nf2 mutant mice, which are designed
to be missing both Nf2 alleles, also do not demon-
strate clinical characteristics of human NF2, and the
mutant embryos die at approximately seven days of
gestation, indicating that a homozygous Nf2 muta-
tion is embryonic lethal (67). Together with our
preliminary data showing that the Nf2 gene is
expressed early in embryogenesis (Akhmametyeva
EM, et al. Data unpublished.), these results indicate
that the Nf2 gene product plays an important role
during early embryonic development.

By engineering mice whose Schwann cells have
exon 2 excised and removed from both Nf2 alleles,
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conditional homozygous Nf2 knockout mice have
been produced that display some characteristics of
NF2 including schwannomas, Schwann cell hyper-
plasia, cataracts, and osseous metaplasia (68). Although
these results argue that loss of merlin is sufficient for
schwannoma formation in vivo, none of the tumors
observed in these conditional knockout mice were
found on the vestibular nerve. This is in contrast to
those vestibular schwannomas commonly found in
patients with NF2. Although these mouse models are
a valuable tool with which to study potential ther-
apeutic interventions for NF2, further work is needed
to develop a mouse model that phenotypically dis-
plays schwannomas originating from the VIIIth
cranial nerve.

MERLIN CELL SIGNALING
AND REGULATION

In addition to the actin cytoskeleton, merlin has
been shown to associate with cell membrane do-
mains, which are highly enriched in signaling
molecules that regulate cellular responses to pro-
liferative and antiproliferative stimuli (69). To date,
several proteins that are likely to interact with mer-
lin have been identified. These include the ERM
proteins, hyalurin receptor CD44, F-actin, paxillin,
microtubules, BII-spectrin, B1-integrin, B-fodrin, the
regulatory cofactor of Na*-H™ exchanger, SCHIP-1,
hepatocyte growth factor-regulated tyrosine kinase
substrate, p2l-activated kinase 1 and 2 (Pakl and
Pak2), Racl, RalGDS, N-WASP, Erbin, and RIB
subunit of protein kinase A (70-83, 112-114).

Presently, how these protein—protein interactions
relate to the tumor suppressor activity of merlin is
largely not understood. The association of merlin
with CD44 and Bl-integrin raises the possibility that
merlin might function as a molecular switch in the
signaling pathways. CD44 is a transmembrane hya-
luronic acid receptor implicated in cell—cell adhesion,
cell-matrix adhesion, cell motility, and metastasis (82,83).
Recent evidence suggests that merlin mediates con-
tact inhibition of cell growth through signals from
the extracellular matrix. At high cell density, merlin
becomes hypophosphorylated and inhibits cell growth
in response to hyaluronate, a mucopolysaccharide that
surrounds cells. Merlin’s growth-inhibitory activity
depends on specific interaction with the cytoplasmic
tail of CD44. At low cell density, merlin is phos-
phorylated; growth permissive; and exists in a com-
plex with ezrin, moesin, and CD44. These data
indicate that merlin and CD44 form a molecular
switch that specifies cell growth arrest or proliferation
(84). Also, merlin colocalizes and interacts with
adherens components in confluent cells. Mouse
fibroblasts lacking Nf2 function do not undergo
contact—dependent growth and can not form stable
cadherin—containing cell:cell junctions. These results
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indicate that merlin functions as a tumor and
metastasis suppressor by controlling cadherin—medi-
ated cell:cell contact (111). Racl, a member of the
RhoGTPase family, has recently been demonstrated
to promote phosphorylation of merlin, thereby inacti-
vating its growth suppressor mechanism. In addition,
among the Rac/Cdc42 effectors, p2l-activated kinase
2 (Pak2) has been shown to phosphorylate merlin at
serine 518 and inactivates its function (69,85,86). Kissil
et al. also recently reported an interaction between
merlin and Pakl. Merlin inhibits the activation
dynamic of Pakl. Loss of merlin expression leads to
the inappropriate activation of Pakl, whereas over-
expression of merlin results in the inhibition of Pakl
activity (72) (Fig. 3).

MERLIN’S GROWTH REGULATORY
FUNCTION IS RELATED TO
ITS CONFORMATION AND
PROTEIN-PROTEIN INTERACTIONS

The activities of the ERM proteins are controlled
by self-association of the proteins’ N-terminal and
C-terminal regions (87). The ERM proteins can exist
in the ‘“closed” conformation, where the N- and
C-terminal regions undergo an intramolecular inter-
action, thus folding the protein to mask the conserved
actin-binding site (Fig. 3). The molecule can be con-
verted to the open conformation in which the intra-
molecular interaction is disrupted by signals such as
phosphorylation or treatment with phosphoinositides
(46,72,86,88).

Merlin’s ability to function as a growth regulator is
also related to its ability to form such intramolecular
associations. Two such interactions have been iden-
tified. The first interaction is between residues that
fold the N-terminal end of the protein onto itself,
whereas the second interaction folds the entire protein
so that there is contact between N- and C-terminal

CD44 Cell
D’ ARRRARARRRRARRRRRERM m)%’%%%ﬁaﬁ%
JUIHOURTOIIRORIEE e
Racl/Pak
X,
Merlin
o (Open)

Merlin
(Closed)

Actin

FIG. 3. Schematic diagram of merlin action. This diagram
shows how Rac1 and Pak help convert the merlin protein from
a closed conformation to an open conformation by phosphory-
lation of the protein. Consequently, merlin, in its open conforma-
tion, can interact with CD44 and facilitate linking the actin
cytoskeleton to the cell membrane.
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ends of the protein (46,89,90) (Fig. 3). In a fashion
similar to the ERM proteins, merlin may cycle
between the open and ‘closed’ conformations that
differentially determine whether it binds with
the ERM proteins or other molecules to transduce
merlin’s growth inhibition signal (91). In addition, the
association between merlin and hepatocyte growth
factor-regulated tyrosine kinase substrate, a substrate
implicated in the signaling pathway initiated by hepa-
tocyte growth factor binding to the c-met receptor
(92), appears to be regulated by merlin folding, sug-
gesting that the ability of merlin to cycle between the
open and closed conformations may integrate CD44
and hepatocyte growth factor signaling pathways
relevant to growth regulation (90).

IMMUNOHISTOCHEMICAL MARKERS OF
GROWTH IN VESTIBULAR SCHWANNOMAS:
CLINICAL CORRELATION

Attempts to correlate clinical parameters with im-
munohistologic evaluation of protein expression in
vestibular schwannomas have been performed. An
increase in Ki-67, which is an index of nuclear pro-
liferation, was shown to correlate with the growth
of solid schwannomas on MRI (93). Higher rates of
tumor recurrence have also been suggested in tumors
with an increased rate of nuclear proliferation and
mitotic indexes, although the supporting data for
this claim are not conclusive (94). Positron emission
tomography scanning has been conducted to assess
the metabolic activity of vestibular schwannomas pre-
operatively and to correlate the metabolic activity
with the proliferation index, Ki-67. No correlation
was found between the large and recurrent tumors
and the uptake of 18-fluorodeoxyglucose as a radio-
nucleotide tracer to measure glucose metabolism by
positron emission tomography scanning. In addi-
tilon, there was no correlation between 18-fluoro-
deoxyglucose uptake and Ki-67 expression measured
by immunostaining (95). A possible reason for this is
that vestibular schwannomas are slow-growing tu-
mors with only a small proportion of the tumor cells
being in S-phase (active division) (96). Cystic schwan-
nomas are associated with a 36-fold decrease in nu-
clear proliferation as measured with Ki-67 staining
when compared with solid tumors. This suggests that
the rapid clinical growth seen in cystic schwannomas
is related to the accumulation of fluid during cyst
formation and not by an actual increase in the growth
rate of tumor cells (97). However, before this can be
stated as fact, the cellular mechanism leading to the
development of cystic schwannomas needs to be bet-
ter understood. Lastly, NF2-associated schwannomas
have been shown to have an increased proliferation
index by Ki-67 and proliferating cell nuclear antigen
immunostaining when compared with unilateral solid
schwannomas (98).

Another possible marker for tumor growth is the
transforming growth factor-B1. Immunostaining for
transforming growth factor-B1 was positive in 96%
of blood vessels within schwannomas and in 84% of
schwannoma tissue samples; however, again, no clin-
ical correlation with tumor types or tumor growth
was found (99). Immunohistochemical association of
Bl-integrin with merlin has been demonstrated but
has not been related directly to tumor phenotypes (77).

Considered together, these studies demonstrate a
degree of correlation between clinical growth as as-
sessed by MRI scans and historical data, and nuclear
growth indexes in solid unilateral and NF2-associated
schwannomas. However, cystic tumor growth ap-
pears to occur via a different mechanism. Although
the defective NF2 gene is the underlying common
denominator in tumor formation of unilateral sporadic,
NF2-associated, and cystic schwannomas, other dif-
ferences at the molecular level likely account for the
variable clinical presentations of these tumors.

CLINICAL SCREENING FOR NF2

Routine clinical and radiographic examinations are
required for at-risk patients including patients with
a first-degree relative with NF2. In addition, patients
younger than 30 years with a unilateral vestibular
schwannoma, or any patient with multiple intracra-
nial or spinal tumors or other stigmata associated
with NF2, should have a surveillance plan initiated.
Any offspring of patients with NF2 should have an-
nual ocular examinations starting soon after birth
and annual neurologic examinations starting at 7
years of age. Biannual audiography and annual MRI
evaluations should be conducted beginning at age 7.
Others have recommended starting a similar screen-
ing process at 10 years of age, with an MRI every
other year and annually if a vestibular schwannoma
is found (100). We do not perform screening spinal
imaging in undiagnosed, at-risk patients because non-
surgical management is usually recommended in
cases of asymptomatic spinal tumors (101). The only
time we would recommend spinal imaging in an at-
risk patient is if they presented with complaints sug-
gesting a symptomatic spinal tumor. Once a diagnosis
of NF2 is made secondary to intracranial schwanno-
mas and/or other tumors, we suggest obtaining a
baseline spinal MRI scan, but the spinal scans should
only be repeated if symptoms or physical examina-
tion findings suggest a new or progressive spinal tu-
mor. The important point in this discussion is to
begin some form of screening at an early age to pick
up tumors while hearing preservation surgery is still
possible.

GENETIC SCREENING FOR NF2

There are three scenarios worth considering in
reference to genetic screening for NF2. Each instance
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deals with an asymptomatic, undiagnosed child that
is at-risk for developing NF2 disecase. The first
scenario pertains to an NF2 parent who has already
had their specific mutation detected in the DNA of
peripheral blood cells and/or a previously excised
vestibular schwannoma. Another possibility is that
the parent has a mosaic form of NF2 in which
a mutation is often not detectable in the peripheral
blood cells because only a portion of their cells carries
the mutation. In these mosaic individuals, the
mutation can often only be found when testing
an excised vestibular schwannoma. In either case, if
a mutation had been previously characterized in
a parent, the sensitivity of genetic testing in this
circumstance is nearly 100%, because the DNA being
screened can be directly compared with the known
mutation in the parent. Therefore, if the screening
test was negative, then the child would not be at any
higher risk for developing NF2 than the normal
population and could avoid annual MRI screenings.

The second scenario is when multiple family
members have been diagnosed with NF2 and none
of them have had mutational analysis performed. In
this case, we feel that it would be prudent to perform
mutational screening on the affected family members
to find a specific mutation that can be used to screen
their children. Again, this would have a sensitivity of
nearly 100%, and frequent testing could thus be
avoided. If a specific mutation cannot be identified
in any of the family members, linkage analysis of
multiple NF2 family members may be used to screen
children for NF2 (102).

The last scenario involves whether to screen
children whose NF2 parent has not previously had
a mutation identified or a previous attempt to find
a mutation was unsuccessful. Several physicians feel
that genetic screening is a useful tool in directing
surveillance in this scenario; however, currently, this
is a controversial position. We do not perform rou-
tine genetic screening in this specific instance, and the
following discussion highlights the reasons why. It is
important to note that this scenario is quite common
because testing has only been available in the last
decade; therefore, it is not uncommon to have 30-
and 40-year-old NF2 patients who have not un-
dergone mutational analysis. Furthermore, it is not
unusual to have only one family member affected
with NF2 because new mutations account for up to
50% of NF2 cases (7). In this instance, when
screening a child whose NF2 mutation is unknown
in their parent, probing the NF2 gene for a specific
known mutation is not possible, but rather a general
probe for an unknown mutation is performed. In
other words, instead of looking at a child’s DNA to
see whether it matches a known parental mutation
that is located in a specific stretch of DNA within the
NF2 coding region, one is searching the entire NF2
coding region for an unknown mutation, and con-
sequently, in this instance, the sensitivity of genetic
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screening drops from nearly 100% to between 34 and
84%. Obviously, this leaves a significant number of
patients whose NF2 mutation is not detected by this
screening process and makes it difficult to predict
those patients who will develop NF2 (25-36). Taking
this fact into consideration, those children who had
a negative screening test would still need annual MRI
scans and biannual audiometric testing. In addition,
if a mutation was detected during DNA sequencing,
we would still recommend annual MRI scans and
biannual audiometric testing to detect the develop-
ment of vestibular schwannomas at the earliest pos-
sible stage. Early detection in NF2 does make a
significant difference in the ability to successfully
treat vestibular schwannomas. Therefore, because a
positive or a negative NF2 mutation screen does not
alter the recommended clinical follow-up of these at-
risk children, when a mutation has not already been
identified in a parent, we do not recommend routine
genetic screening. Our current position may need to
be reconsidered as the sensitivity of screening in-
creases and the cost of mutation detection decreases.

IDENTIFYING DEREGULATED GENES IN
VESTIBULAR SCHWANNOMAS

With 69,227 mRNA sequences representing unique
human genes and more than 3 million expressed
sequence tags in the UniGene database, the success of
the Human Genome Project is evident. However, the
expression, function, and regulation of the majority
of genes are not yet known (103). The study of large-
scale gene expression profiles using cDNA microarrays
allows examination of the so-called transcriptome of
a tissue, and gives a means of exploring a broad view
of the basic biology of tumors (104). Data from the
human genome project makes the expression profiles
more readily searchable, and organization of the
genes into functional groupings allows examination
of distinct pathways. For example, cell cycle control,
DNA damage repair, or signal transduction and trans-
cription factors can be organized and reviewed for
various tumors (105). Biochips that contain thou-
sands of oligonucleotides representing genes from the
human genome have been created and are used to
perform ¢cDNA microarrays.

To evaluate the gene expression profile in a tumor,
RNA is isolated from the tumor and converted into
cDNA or cRNA. This cDNA or cRNA is then labeled
with a fluorescent dye and hybridized to the oligo-
nucleotides on the biochip. The same process can be
used to evaluate RNA expressed in a normal tissue
and then to compare gene expression differences be-
tween the affected and normal tissues. Consequently,
deregulated genes in the affected tissues can be identi-
fied. Microarray gene expression analysis has been
successfully used in recent years to evaluate a number
of solid tumors including breast carcinoma, colon
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carcinoma, prostate carcinoma, ovarian carcinoma,
and vestibular schwannomas (19,20,106-109).

Gene expression analysis has revealed differences
among tumors that are not distinguishable histolog-
ically. Molecular classification, rather than histologic
classification, may also better predict the response of
certain tumor types to specific therapies (110). This
genomic scale approach has helped to identify sub-
classes of colon carcinoma, breast carcinoma, mela-
noma, leukemias, and lymphomas (108,109). In several
instances, cDNA microarray analysis has identified
genes that appear to be useful for predicting clinical
behavior.

Vestibular schwannoma characteristics cannot be
explained by the current understanding of the muta-
tion types alone. Investigating intertumor variability
of gene expression profiles shows promise in helping
to unravel the clinical differences among subtypes of
vestibular schwannomas. To better understand the
pathways leading to schwannoma formation, we have
used cDNA microarray analysis to evaluate gene ex-
pression profiles of vestibular schwannomas (19,20).
Three sporadic vestibular schwannomas, two NF2-
associated schwannomas, and three cystic schwanno-
mas were compared with a normal vestibular nerve
from a patient with a sporadic schwannoma. The goal
was to seek patterns of gene expression consistently
elevated or decreased across all tumors. Of 25,920
genes or expressed sequence tags screened, 42 genes
were significantly upregulated (by a factor of three or
more) consistently across at least six of the eight
tumors examined. In addition, multiple genes were
found to be significantly downregulated in the major-
ity of vestibular schwannomas examined. Of these
genes, eight genes involved with cell signaling and
division were downregulated, including an apoptosis-
related, putative tumor suppressor gene, LUCA-15,
which was downregulated in seven of eight schwan-
nomas studied. Two mediators of angiogenesis, endo-
glin and osteonectin, were highly elevated in most of
the tumors examined. Osteonectin is a secreted gly-
coprotein that interacts with extracellular matrix pro-
teins to decrease adhesion of cells from the matrix,
thereby inducing a biological state conducive to cell
migration, and endoglin is a transforming growth
factor-a receptor that is known to be an endothelial
marker for angiogenesis in solid tumors. Osteonectin
was elevated in all of the tumors studied, and end-
oglin was found to be significantly upregulated in all
of the solid tumors but not in any of the cystic tumors
examined. The difference in endoglin gene expression
may be a future avenue of investigation into why some
schwannomas develop the aggressive cystic pheno-
type (19). An example of a deregulated signaling
pathway suggested by the microarray data is the
retinoblastoma protein-cyclin-dependent kinase (CDK)
pathway. Among genes involved in G; to S pro-
gression, CDK?2 was found to be downregulated in
seven of eight tumors, and every tumor examined had

multiple genes deregulated in this pathway (20). To
further validate the microarray results, quantitative
real-time polymerase chain reaction and immuno-
histochemistry have been used to confirm RNA and
protein expression levels, respectively, but the signif-
icance of these findings in the role of tumorigenesis is
still under investigation (19,20).

CONCLUSION

The discovery of molecular mechanisms underlying
vestibular schwannoma formation is rapidly moving
forward. Understanding merlin’s interactions with
other proteins, signaling pathways, and regulation of
the NF2 gene will possibly lead to the development
of novel drug therapies for vestibular schwannomas.
In the future, it may also be possible to develop a
targeted molecular therapy that will stop tumor pro-
gression or altogether eradicate preexisting tumors. It
is hoped that these new avenues of treatment will
offer improved alternatives to the current options of
untreated observation of tumor growth, stereotactic
radiation, or surgical removal. These are the chal-
lenges facing the ‘“‘molecular neurotologist” of the
future.
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97) cells were implanted near the sciatic nerve in the thigh of severe combined
immunodeficiency (SCID) mice. Additionally, human benign VS specimens were implanted
in another set of SCID mice. Three-dimensional tumor volumes were calculated from MRI
images over the next six months. Results: Mice implanted with malignant schwannoma
cells developed visible tumors within two weeks. Imaging using a 4.7-tesla MRI and
immuno-histopathological examination identified solid tumors in all KE-F11 and HMS-97
xenografts while RT4 xenografts consistently developed cystic schwannomas. VS xenografts
demonstrated variability in their growth rates similar to human VS. The majority of VS
xenografts did not grow but persisted throughout the study, while two of 15 xenografts grew
significantly. Histopathological examination and immunohistochemistry confirmed that VS
xenografts retained their original microscopic and immunohistochemical characteristics after
prolonged implantation. Conclusions: This study describes the first animal model for cystic
schwannomas. Also, we demonstrate the use of high-field MRI to quantify VS xenograft
growth over time. The VS xenografts represent a model complimentary to Nf2 transgenic and

knockout mice for translational VS research.
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Abstract

Obijectives: Models for the development of new treatment options in vestibular
schwannoma (VS) treatment are lacking. The purpose of this study is to establish a
guantifiable human VS xenograft model in mice. Study Design and Methods: Both rat
malignant schwannoma cells (KE-F11 and RT4) and human malignant schwannoma
(HMS-97) cells were implanted near the sciatic nerve in the thigh of severe combined
immunodeficiency (SCID) mice. Additionally, human benign VS specimens were
implanted in another set of SCID mice. Three-dimensional tumor volumes were
calculated from MRI images over the next six months. Results: Mice implanted with
malignant schwannoma cells developed visible tumors within two weeks. Imaging using a
4.7-tesla MRI and immuno-histopathological examination identified solid tumors in all KE-
F11 and HMS-97 xenografts while RT4 xenografts consistently developed cystic
schwannomas. VS xenografts demonstrated variability in their growth rates similar to
human VS. The majority of VS xenografts did not grow but persisted throughout the study,
while two of 15 xenografts grew significantly. Histopathological examination and
immunohistochemistry confirmed that VS xenografts retained their original microscopic and
immunohistochemical characteristics after prolonged implantation. Conclusions: This
study describes the first animal model for cystic schwannomas. Also, we demonstrate the
use of high-field MRI to quantify VS xenograft growth over time. The VS xenografts
represent a model complimentary to Nf2 transgenic and knockout mice for translational VS

research.

Background
Vestibular schwannomas (VS) have no known medical therapies available. However,

significant morbidity including hearing loss and facial weakness remain major concerns. VS



can be divided into four general categories including unilateral sporadic VS,
neurofibromatosis type 2 (NF2)-associated VS, cystic, and malignant schwannomas (1).
Among VS, sporadic unilateral solid tumors are by far the most common, occurring in 10-13
persons per million per year. The development of bilateral VS is the hallmark of NF2, an
autosomal dominant disease caused by mutations in the Neurofibromatosis type 2 (NF2) gene
on chromosome 22912 (2,3). Most of these solid tumors, either sporadic or NF2-associated,
grow at a slow rate of about 1-2 mm per year (1). Cystic schwannomas are a particularly
aggressive group of unilateral schwannomas. They invade the surrounding cranial nerves,
splaying them throughout the tumor (4). Cystic tumors may grow rapidly and are typically
more difficult to manage, often resulting in hearing loss and facial nerve paralysis upon their
removal (5). In addition to NF2-associated tumors, mutations in the NF2 gene have been
detected in sporadic VS and cystic schwannomas (6). The most aggressive and rare variant is
the malignant VS or triton tumor. These malignant tumors occur either sporadically or
following radiation, and are uniformly fatal (7).

MRI distinguishes clearly among the various types of VS. Cystic regions within cystic
schwannomas are signal intense on T2-weighted images, while non-cystic components of
these tumors enhance on T1-weighted images with gadolinium (Gd) in a manner similar to
those seen in sporadic and NF2-associated VS (1). These represent a unique tumor type
clinically and histologically, and should not be confused with degenerative regions of larger
tumors. The irregular appearance of some heterogeneous tumors on contrast enhanced T1-
weighted images may be accounted for by hemosiderin deposits, which correlates with
increasing tumor size (8) but these tumors do not contain fluid as demonstrated on T2
imaging. Although distinct clinically and by MRI, the underlying molecular differences
among the three benign types of VS are not understood. Malignant schwannomas invade

surrounding tissues locally and progress rapidly (7). Most appear solid and enhance on T1-



weighted images but lack the capsule of the more common benign VS. Additionally, the
optimal treatment regimen for each subtype of VS is not known because of a lack of
understanding of fundamental tumor biology and a lack of rigorous clinical outcome studies.

Several studies previously attempted to implant human VS tissues in
immunodeficient mice. Lee et al. (9) implanted human schwannomas in nude mice and
showed that the tumors grew most consistently when placed in the sciatic nerve region.
Charabi et al. (10) and Stidham et al. (11) confirmed that VS tissues could be successfully
implanted and maintained in a subcutaneous pocket of nude mice. Although these studies
demonstrated macroscopic growth in some of the transplanted VS tissues, an effective means
of assessing the survival, growth, and blood supply of tumor xenografts was lacking. In
addition, no study to date has compared the growth potential of various types of schwannoma
tissues in mice.

Herein, we evaluated the growth characteristics of rodent and human malignant
schwannoma cells as well as benign human VS xenografts in severe combined
immunodeficiency (SCID) mice using a 4.7-tesla MRI. Our results demonstrated the
feasibility of using MRI to quantify VS xenografts in mice. Interestingly, MRI also
distinguished two different schwannoma types, which were confirmed by immuno- and

histopathological analysis.

Materials and Methods

Experimental Design. The Institutional Animal Care and Use Committee of The Ohio
State University approved the animal protocols utilized in this study. Healthy female SCID
mice (Harlan Co. Indianapolis, IN) were housed according to approved procedures.
The first series of experiments involved injecting three groups of SCID mice subcutaneously

in the thigh with rat malignant schwannoma cells KE-F11 (12) and RT4 (13) as well as



human malignant schwannoma HMS-97 cells (14). Tumor growth was observed over four
weeks and measured using a 4.7-tesla small-animal MRI scanner (Bruker, Billerica, MA).
After euthanizing the animals, specimens were harvested for histopathological analysis. A
second set of experiments was performed using human VS specimens. SCID mice were
implanted with VS tissues obtained directly from patients undergoing surgical resection. All
VS implants were placed in the proximal thigh of the left leg near the sciatic nerve. Tumor
growth, if any, was accessed serially by MRI over the subsequent months after
xenotransplantation. Histopathological examination and immunohistochemical analysis were
also performed on selected mice in order to confirm the imaged regions contain viable tumor
rather than scar tissues.

Tissue Procurement. A Human Subject protocol for the acquisition and analysis of
human vestibular schwannomas was approved by our Institutional Reviewed Board.
Patient consents were obtained prior to surgery. Each tumor specimen was confirmed
by a pathologist as schwannoma. For implantation of human VS tissues into SCID mice,
freshly removed specimen was placed in a sterile tube containing Dulbecco’s modified
minimum essential (DME) medium (Invitrogen, Carlsbad, CA) and transported immediately
to the animal research facility. Also, a portion of tumor was snap-frozen in liquid nitrogen
for future molecular studies.

Growth of Schwannoma Cells. Rat malignant schwannoma KE-F11 and RT4 cells,
and human malignant schwannoma HMS-97 cells were grown in DME medium
supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA). For inoculation of
rat KE-F11 or RT4 cells into each SCID mouse, 2.5 X 10° cells were washed with phosphate-
buffered saline and suspended in 0.2 ml of Matrigel® (BD Biosciences, San Jose, CA). For
inoculation of human HMS-97 cells into each SCID mouse, 5 X 10° cells were used.

Injection Technique. SCID mice were anesthetized by intraperitoneal injection of



Avertin® (2,2,2-tribromoethanol + tert-amyl alcohol; Sigma-Aldrich, St. Louis, MO) or by
isofluorane inhalation. Under anesthesia, the left flank of mouse was shaved and prepped
using aseptic technique. An 18-gauge needle was used to inject 0.2 ml of schwannoma cells
3 mm inferior to the greater trochanter of femur. The thigh was selected for ease of
implantation and the ability to grossly observe tumor growth. Additionally, previous studies
indicated that proximity to a peripheral nerve might affect growth (9-11). Injected mice
were revived on a warming blanket until recovery and were watched daily for tumor growth.

Surgical Implantation Technique. An incision was made along the long axis of the
proximal thigh. The contralateral leg was not dissected and used as a control for
imaging. Soft tissues were dissected bluntly in order to identify the biceps femoris
muscle and the sciatic nerve. A piece of VS tumor specimen (1 ~5 mm in diameter) was
implanted en bloc near the nerve and the skin was closed using a single layer of
interrupted suture.

MRI. Mice were anesthetized with Avertin®, immobilized on an animal holder, and
placed prone in a 4.7 Tesla/cm MRI system with a 120-mm inner diameter gradient coil
(max. 400 mT/m), a 72-mm inner diameter proton volume RF coil for transmit, and a 4-cm
surface receive coil. For T1-weighted axial and coronal images, a spin echo sequence with
TR of 550-600 ms and TE of 10.5 ms was used. For T2-weighted images, a Rapid
Acquisition with Refocusing Echoes (RARE) sequence with TR of 2500-2600 ms, an
effective TE of 47-54 ms, and a RARE-factor of 4 was employed. In-plane resolution was
156 pum on the axial and 195 um on the coronal images, and the slice thickness was 0.8 mm
with a 0.2-mm gap between slices. Scan time was 5-6 minutes per scan.

In addition, contrast enhanced T1 axial and coronal images were acquired after a bolus
injection with Gadodiamine (Omniscan™, GE Healthcare, Piscataway, NJ; 0.1 ml bolus of 10

mM). The contrast agent was injected through a tail vein catheter using a thin polyethylene



tubing that reached outside the magnet and allowed quick delivery of the contrast agent
without changing the position of the mouse inside the magnet. Mice with rat schwannoma
cell implants were imaged within 2 weeks of implantation and those with human
schwannoma cell implants were imaged about 4 week after inoculation. Mice with human VS
implants were imaged at indicated times over the course of a year post-procedure.
Multi-planar tumor volumes were determined from T1- and T2-weighted images. For
these measurements, tumor areas were manually traced on axial and coronal T1 and T2
images. Post contrast images were also used when available. Tumor volumes were calculated
by adding the traced areas from all slices depicting the tumor and multiplying with the
distance between slice (i.e., 0.8-mm slice thickness + 0.2-mm gap = 1 mm). Tumor volumes
measured from axial and coronal or T1 and T2 images were in fair agreement. All volume
measurements were referenced to the first MR images taken one month after implantation.
Immuno-histopathological analysis. Tumors grown in mice with schwannoma
xenografts were dissected, fixed in 10% buffered formalin, and embedded in paraffin. Five-
micron tissue sections were mounted, deparaffinized and processed for standard
hematoxylin-eosin staining or immunostaining with antibodies against S100 protein (1:200
dilution of anti-S100 from Dako, Carpinteria, CA), myelin basic protein (MBP) (prediluted
anti-MBP from Zymed, San Francisco, CA), and NGF-receptor (p75N°)/neurotrophin
receptor (1:100 dilution of anti- p75"®™® from LabVision/NeoMarker, Fremont, CA)
according to previously described procedures (6). A hematoxylin counterstain was then
applied and the stained tissue visualized by light microscopy. Negative controls were

treated with the same immunostaining procedure except without the primary antibody.

Results

KE-F11 and HMS-97 schwannoma xenografts developed solid tumor phenotypes while



RT4 xenografts produced cystic tumors. SCID mice injected with either the KE-F11 or RT4
rat malignant schwannoma cells produced visible tumors within one week after inoculation.
On the MRI obtained within 2 weeks of xenotransplantation, the two sets of mice
demonstrated significantly different imaging characteristics. All mice implanted with KE-
F11 cells developed solid tumors, and the presence of tumor created significant asymmetry in
the implanted thigh (Figure 1A). Coronal and axial T2-weighted RARE images showed that
the tumor mass appeared homogenous but was hyperintense or brighter to the surrounding
musculature. On T1-weighted images, the tumor-containing region was near isointense to
muscle and enhanced on post-contrast T1 images (arrows) as is characteristics of human VS
tissues in situ. In contrast, all mice injected with RT4 cells demonstrated a distinctive cystic
phenotype (Figure 1B). Within the tumor mass, blood filled cavities appeared darkest on
both T1- and T2-weighted images while the cysts displayed high signal intensity on T2
images but were dark on T1 images. Similar to the KE-F11 xenografts, MR images revealed
that all mice with human malignant schwannoma HMS-97 implants developed large,
homogenous, solid tumors by four weeks post implantation as seen on coronal and axial T1-
and T2-weighted images (Figure 1C). There were no cystic changes.

To confirm that the xenografts retained their schwannoma phenotype, histopathological
examination was performed on tumor-bearing mice. No metastatic lesions were found.
Macroscopic and microscopic analysis confirmed the solid phenotype for both the KE-F11
and HMS-97 tumors and the cystic phenotype for the RT4 xenografts (Figure 2). The KE-
F11 cell line was derived from a spontaneous malignant schwannoma found in an aged male
F344 rat (12). The KE-F11 xenograft was a grayish, creamy globoid mass, which
histologically consisted of actively growing, heterochromatic, oval- or spindle-shaped cells
with large pleomorphic nuclei (Figure 2A). RT4 is a clonal schwannoma cell line derived

from a peripheral nervous system tumor induced by ethylnitrosourea injection in a newborn



BDIX rat (13). The xenograft generated by RT4 cells contained multiple cysts; some of the
cysts contained dark, viscous blood products, while others were filled with serous fluid.
Histologically, the RT-4 tumor contained compact spindle cells with a high nucleus to
cytoplasm ratio and had increased perivascular cellularity (Figure 2B). The HMS-97 cell line
was established from a malignant schwannoma from an adult patient with oncogenic
osteomalacia (14). Similar to KE-F11, the HMS-97 tumor was a large globoid mass
comprised of heterochromatic ovoid cells with multiple mitotic figures (Figure 2C). The
HMS-97 xenograft was transplantable. When a small piece of the tumor was transplanted to
another SCID mouse, tumor growth was readily seen within two weeks (data not shown).

Because Schwann cells originate from the neuroectodermal neural crest, Schwann cell-
derived tumors often show immunoreactions to S-100 protein, MBP, and p75"°"" (15-18).
Immunostaining with an anti-S100 antibody showed that tumor cells from the HMS-97
xenograft strongly and diffusely expressed S-100 protein (Figure 3A). Similarly, HMS-97
tumor cells also stained robustly for MBP expression (Figure 3B). The staining for p75"¢™
expression was weak but detectable (Figure 3C).

Collectively, these results are consistent with previous reports that malignant
schwannomas are transplantable and their Schwann cell characteristics were maintained after
xenotransplantation (12-13). Our study further demonstrates the feasibility of using MRI to
detect the phenotype and growth characteristics of schwannomas in SCID mice. The KE-F11
and HMS-97 xenografts engender malignant solid schwannomas while the RT4 cells produce

distinct cystic tumors.

Human VS xenografts persisted for a long period of time and some showed growth in
SCID mice. To evaluate potential growth characteristics of human VS, freshly removed

tumors were implanted in the thigh of SCID mice. High-field MRI was used to visualize



and quantify all VS xenografts in mice as described above. Analysis of images obtained from
each animal at various times after xenotransplantation revealed that the majority of VS
xenografts persisted but did not show significant growth (Figure 4). Most tumor volumes
were either unchanged or reduced over the study period. The tumor with the most reduction
diminished to about half its original tumor volume over six months. It is important to note
that even without growth the xenograft was detectable by MRI scans (Figure 4A). We were
able to maintain one VS xenograft for 13 months until the animal was sacrificed for
histopathological examination (see below). We also detected an increase in tumor volume in
two of 15 VS xenografts over six months (Figure 4B and 4C). One showed a 60% increase in
tumor volume while the other grew to 14 times its original volume.

Representative MR images from the mouse with the VS xenograft whose tumor volume
diminished by about half over six months are shown in Figure 4A. Although the tumor was
small and its size decreased over the study period, a persistent mass could be found at the
surgical implant site (arrows) in all images obtained. Since this tumor was surrounded by
fatty tissue, both T1 and T2-weighted images depicted the tumor. The post-contrast study at
month six showed only weak marginal enhancement (Figure 4A, right column).

When similar MRI sequences were performed on the VS xenograft showing significant
growth, changes in tumor growth could be easily seen from both the T1- and T2-weighted
images (Figure 4B). Visual comparison of the images obtained at one and two months post
implantation revealed that the xenograft became larger. By six months, the tumor grew so
much that it created an obvious asymmetry in the left implanted thigh. T1-weighted, post-
contrast images most clearly outlined the tumor and its growth into the adjacent muscle
tissue. Together with the T2 scan, these images confirmed the growth of the VS xenograft.

Histopathological analysis was performed on the mouse with significant tumor growth in

order to confirm that the mass seen on the MRI was in fact schwannoma tissue by phenotype.
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Gross examination revealed a large globoid mass in the implanted thigh with no sign of
metastasis. Histologically, the tumor was encapsulated and consisted of spindle-shaped cells.
Alternating compact areas of elongated cells with occasional nuclear palisading (Antoni A
pattern) and less cellular, loosely textured Antoni B areas were seen (Figure 5A). The tumor
cells had relatively abundant cytoplasm with discernible cell margins. All of these
characteristics were consistent with a primary benign human VS. We also detected strong

immunoreactivity to $100, p75"¢™R

, and MBP antigens in the area containing tumor cells
(Figure 6A, B, and C).

Similarly, we performed a histopathological examination on the mouse with a VS implant
present but without any growth for 13 months. The xenograft tissue could still be detected by
MRI (data not shown) and macroscopic analysis confirmed the presence of a small tumor
within the implanted region. Microscopically, the tumor was composed of both ovoid and
spindle-shaped cells with foci of lipid laden tumor cells, characteristic of an aged vestibular
schwannoma (Figure 5B). Similar to those detected in the VS tumor showing significant

growth, strong immuno-reactivity to $100 and p75"¢™®

proteins were found in the area
containing the tumor cells (Figures 6D and E)
Taken together, these results show that VS xenografts can persist or grow in SCID mice

and are readily detectable and quantified by MRI. The tumors retained their original

microscopic and immunohistochemical characteristics after prolonged implantation.

Discussion

Meaningful translational research in chemotherapy requires disease-specific,
reproducible, quantifiable, and cost-effective animal models. Mice have been an attractive
species for such models because they can be bred to have little genetic variability and are

accessible to genetic manipulation. Over the past decade, most of the in vivo research with
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schwannomas has focused on Nf2 transgenic and knockout mice (16,17). While soft tissue,
peripheral nerve, and CNS schwannomas have developed in these animals, no mouse to date
has engendered a primary schwannoma on its 8" cranial nerve. Additionally, the conditional
Nf2 mutant mice with schwannomas were found at low frequency only in older mice. Both
benign and malignant schwannomas have been found in these mice. This is in contrast to the
clearly benign phenotype of VS frequently seen in patients with NF2. Although the reason
for these differences is not known, basic schwannoma histology and perhaps, inter-species
differences in normal vestibulocochlear nerve microanatomy may be considered. It should be
mentioned that human vestibular bipolar ganglion cells are devoid of myelin sheaths while
these cells in rodents are myelinated (16,17,19). Recently, Stemmer-Rachamimov et al. (20)
thoroughly reviewed human and murine schwannomas in order to create a grading system for
these tumors. The WHO describes benign human VS as composed of encapsulated,
noninfiltrative tumors composed of mature Schwann cells in Antoni A and Antoni B patterns
with Verocay bodies, which are rows of palisading Schwann cell nuclei separated from each
other by stroma. The benign schwannomas seen in the Nf2-knockout mice were classified as
murine genetic engineered mouse | or GEM I tumors since they were most closely related to
human VS. Although these benign mouse schwannomas displayed primarily an Antoni A
growth pattern with occasional Verocay bodies, they were not encapsulated and were far
more infiltrative than human VS. The murine GEM Il tumors, which refer to more malignant
murine schwannomas, displayed nuclear pleomorphism, increased cellularity, and scattered
mitotic figures. These histological differences between human and mouse schwannomas may
make it difficult to directly translate research conclusions drawn from these models to the
human disease. For this reason, an alternative model such as the reproducible, quantifiable
VS xenograft model that we reported here will be important for translational VS research.

We have demonstrated the utility of MRI in assessing and quantifying schwannoma
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xenografts in SCID mice. The technique offers investigators the ability to assess an
individual xenograft over time without requiring serial surgery or animal sacrifice. We
showed that MRI reliably visualized both human and rat malignant schwannoma xenografts
and distinguished between the solid and cystic tumor phenotypes. Immuno- and
histopathological analyses confirmed the MRI findings. The RT4 xenograft is the first
description of an animal model for cystic schwannomas in the literature. Human cystic
tumors are clinically aggressive, may grow rapidly, and have poorer outcomes. The unique
RT4 xenograft may allow the investigation of the basic science behind cystic schwannomas.

MRI of human VS xenografts revealed that while most VS implants diminished slightly
and two grew significantly over time, all of the tumors persisted and could be readily imaged.
It is important to note that patients with VS in situ demonstrate a similar pattern of disease.
Most individuals’ tumors persist or grow slowly over time, approximately 5% diminish in
size when imaged serially, and about 10% grow rapidly (1). Interestingly, the non-growing
human VS xenografts persisted in SCID mice for 6 to 13 months. We were able to use the
high-field MRI to monitor a xenograft for 13 months. Histologically, the persistent
xenograft retained characteristics of an aged vestibular schwannoma. In most of the animals
imaged over a six-month period, the variance in tumor volumes was limited. Defining the
variance more precisely would require a larger cohort of animals imaged over a one-year time
period. Once established, deviations from the expected variance could be used for
evaluating growth-inhibiting effects of potential chemotherapeutic interventions.

The gold standard for evaluating human VS in situ is T1-weighted MRI with gadolinium
enhancement (1). This technique provides sharp contrast between the tumor and surrounding
fluid spaces and neural structures. Our MRI analysis of VS xenografts also suggests that T1
post-contrast images best delineate the tumor margins, and contrast can be adequately

delivered to the mouse using tail vein catheter injections. However, this technique is not
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without risk to the animal. The volume of gadolinium along with the flush of saline that
follows can fluid-overload the animal and increase its mortality risk. We have found that T2-
weighted RARE images may adequately delineate the xenografts margins and allow for
volumetric measurements. Thus, the injection of contrast agent is used in those tumors that
are difficult to differentiate from adjacent thigh musculature.

Most human VS tumors are slow growing, while only a few proliferate rapidly (1). Tumor
genetics may play a role in the growth potential of these benign tumors. Mutations in the
NF2 gene have been detected in NF2-associated VS, sporadic VS, and cystic schwannomas
(6). Several attempts have been made to correlate clinical expression and specific NF2
mutations in VS and other NF2-associated tumors. Initially, mutations that cause truncation
of the NF2 protein were reported to cause a more severe phenotype, while missense
mutations or small in-frame insertions correlated with a mild phenotype. However, there
have been reports of severe phenotypes associated with missense mutations in the NF2 gene,
and likewise, large deletions have been reported to give rise to mild phenotypes. In addition,
phenotypic variability within NF2 families carrying the same germline mutation has been
reported. Given this heterogeneity of clinical response to various mutations, it remains vital
to identify key regulatory factors involved in the growth of various types of schwannomas.

Research to better understand VS tumorigenesis has been hampered by the lack of a
spontaneous VS cell line available for in vitro study. VS cells are difficult to culture and
have a very limited life-span in vitro. A previous attempt to immortalize VS cells using the
human papilloma virus E6-E7 oncogenes yielded the HE1193 cell line with altered growth
properties such as morphological changes and independence of Schwann cell growth factors
(21). The fact that some VS xenografts grow in SCID mice and may be transplantable
suggests that they may be used as a means to enhance the growth potential of VS cells in

culture. By transplanting the growing VS tissue repeatedly through mice, VS cells with
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enhanced growth capability may be isolated and used to establish a VS cell line.

In summary, this study established a quantifiable human VS xenograft model in
SCID mice that utilizes MRI to measure tumor volumes. VS xenografts demonstrate
biologic variability in their growth potential, but while individual grafts may grow,
persist, or regress over time, MRI successfully quantifies these tumors non-invasively.
VS xenografts represent a model complimentary to Nf2 transgenic and knockout mice

for translational research and improved drug screening
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Figure Legends

Figure 1. MRI scans of malignant schwannoma xenografts. (A) Coronal (top) and
axial (bottom) images of a rat KE-F11 schwannoma xenograft two weeks after implantation
display the presence of solid tumor mass in the left thigh (arrow). The T2-weighted RARE
images (left) and T1-weighted images without (middle) and with contrast agent (right) were
obtained according to Methods. The tumor is seen hyperintense to muscle on T2 and
isointense on T1 images, and enhances following the injection of contrast agent (arrows). (B)
Coronal (top) and axial (bottom) images of a rat RT4 schwannoma xenograft two weeks after
implantation show the presence of a cystic tumor. Blood appeared hypointense in signal
intensity on both T1 and T2 images while the cyst was hyperintense on T2 images (left) and
dark on T1 images (right). (C) MR images of a human HMS-97 schwannoma xenograft four
weeks after implantation demonstrating a large tumor with solid architecture.

Figure 2. Histological analysis of malignant schwannoma xenografts. Malignant
appearing cells with plump, pleomorphic nuclei and densely stained chromatin were present
in both the KE-F11 (A) and RT4 (B) tumors. Numerous vascular channels in the RT4 tumor
suggest significant tumor angiogenesis. Similarly, malignant appearing cells with multiple
mitotic figures and a high nucleus to cytoplasm ratio were seen in the HMS-97 tumor (C).

Figure 3. Immunohistochemical analysis of the HMS-97 xenograft demonstrating
continued Schwann cell lineage of tumor cells. Tissue sections containing tumor cells were
immunostained with anti-S$100 (A), anti-MBP (B) and anti-p75"° " (C) antibodies. The
positively stained tissue appeared brown. All negative controls did not stain (not shown).

Figure 4. Quantification of human VS xenografts by MRI. (A) T2-weighted (left),
pre- (middle) and post-contrast T1-weighted images (right) of a VS xenograft showed that the
tumor persisted in the SCID mouse over the six-month study period. The first coronal and

axial MRI scans were performed one month after surgery to ensure that the animals had
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healed. Follow-up MR images were obtained at the two- and six-month time points. Note
that the tumor is readily visible in a fatty tissue pocket between the thigh musculature on both
T1 and T2 images (arrows). T1 post-contrast images obtained at six months show some
enhancement at the tumor margins (arrowhead). (B) T2-weighted (left), pre- (middle) and
post-contrast T1-weighted images (right) of a VS xenograft demonstrating significant growth
over a six-month period. Note that the tumor (arrow) appears larger on the two-month
images. T2-weighted imaging at six months showed that the tumor extended into the
surrounding muscles. Post-contrast T1-weighted images verified the presence of tumor
within the thigh musculature. (C) Volumetric measurement of 15 VS xenografts over a
six-month period. Note that most tumors remained stable or regressed slightly, while two
xenografts demonstrated significant growth.

Figure 5. Histological analysis of the human VS xenografts in SCID mice. (A) A
tissue section of a VS xenograft harvested six months after implantation demonstrated
significant tumor growth. The encapsulated tumor mass consisting of spindle cells with no
significant atypia and palisading nuclei in Antoni A and Antoni B configurations, all of
which are histological characteristics of benign human VS. (B) A tissue section of a VS
xenograft 13 months post implantation confirmed the presence of tumor cells within the mass
seen on MRI. Note the cells with bland-appearing homogeneous nuclei and some foci of
lipid laden tumor cells in the specimen, characteristic of an aged schwannoma.

Figure 6. Immunostained human VS xenograft tissue sections. Tissue sections from
the VS xenograft showing significant growth over a six-month period were stained with
antibodies to $100 (A), MBP (B) and p75™°"® (C). Similarly, sections from a V'S xenograft
that did not grow but persisted in the mouse for six months were stained with anti-S100 (D)
and anti- p75"°™ (E) antibodies. These V'S xenografts retained positive immunoreactivity to

these Schwann cell markers, while the adjacent non-tumor cells showed no staining.
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Objectives: The G, regulators of the cell cycle,
cyclin D, and D, have been implicated in the regula-
tion of Schwann cell proliferation and differentiation.
The purpose of this study is to evaluate cyclin D, and
D, protein expression and the corresponding clinical
characteristics of vestibular schwannomas. Study De-
sign and Methods: Tissue sections of 15 sporadic ves-
tibular schwannomas were prepared. Immunohisto-
chemical analysis of the vestibular schwannomas was
performed with anticyclin D, and anticyclin D; anti-
bodies. The immunoreactivity was evaluated in com-
parison with adjacent vestibular nerves. Tissue sec-
tions of breast carcinoma and prostate carcinoma
were used as positive controls for cyclin D, and D,
staining, respectively. Patient demographics, tumor
characteristics, and cyclin D expression were re-
viewed, and statistical analysis was performed. Re-
sults: While the breast carcinoma control expressed
abundant cyclin D, protein, none of the 15 vestibular
schwannomas showed detectable cyclin D, staining.
In contrast, seven of 15 vestibular schwannomas
stained positive for the cyclin D; protein. Cyclin D,
staining was taken up in the nucleus of schwannoma
tumor cells in greater proportion than Schwann cells
of adjacent vestibular nerve. Although sample size
was small, no significant difference in the average age
of presentation, tumor size, and male to female ratios
for the cyclin D+ or cyclin D;— groups was found.
Conclusion: The Cyclin D, protein does not appear to
play a prominent role in promoting cell cycle progres-
sion in vestibular schwannomas. In contrast, cyclin
D, expression was seen in nearly half of the tumors
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examined, suggesting that it may have a growth-
promoting role in some schwannomas. Further stud-
ies are needed to define its cellular mechanism. Key
words: Vestibular schwannoma, cyclin D; and D,,
neurofibromatosis type 2, NF2 gene, and cell cycle.
Laryngoscope, 116:423-426, 2006

INTRODUCTION

Vestibular schwannomas are benign tumors originat-
ing from the vestibular divisions of the eighth cranial
nerve.! Although advances have been made in the clinical
treatment of these tumors, the morbidity associated with
the current treatment modalities continues to be a prob-
lem. For this reason, it is important to find new methods
to eradicate or control these tumors. The most promising
approaches require a fundamental understanding of the
molecular mechanisms underlying vestibular schwan-
noma tumorigenesis.

Although mutations inactivating both alleles of the
neurofibromatosis type 2 gene (INF2) are responsible for
the development of vestibular schwannomas, the muta-
tion type and/or location of the mutation alone is insuffi-
cient to predict the clinical behavior of the tumors. In
particular, predictors of growth rate are not yet known,
but would be important clinically if such could be deter-
mined. Several genes or pathways including the retino-
blastoma protein (pRb)-cyclin dependent kinase (CDK)
pathway have been found to be frequently deregulated in
these tumors.23 Among the genes involved in the pRb-
CDK pathway, which regulates G;-to-S progression dur-
ing the cell cycle,* CDK2 was substantially under ex-
pressed in most vestibular schwannomas examined. In
addition, all schwannomas displayed deregulated expres-
sion of at least one of the genes involved in the pRb-CDK
pathway.2

Recent studies suggest important roles for the D-type
cyclins in the control of Schwann cell proliferation. Mice
lacking cyclin D, display defects in the growth of mature
Schwann cells.5 Schwann cell proliferative responses to
cAMP and platelet-derived growth factor appear to be
mediated by cyclin D,.6 Finally, microarray analysis has
revealed a strong correlation between Schwann cell pro-
liferation and cyclin D5 expression, and synergistic induc-
tion of cyclin D, expression may be critical to the stimu-
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lation of Schwann cell proliferation by heregulin and
forskolin.7-®

Alterations in the expression of the cyclin D family of
proteins have been demonstrated in a variety of benign
and malignant tumors.19-16 The cyclin D; gene is rear-
ranged, amplified, and/or over-expressed in several hu-
man neoplasms. Also, over-expression and/or amplifica-
tion of cyclin D, occur in some malignancies. In addition,
expression of cyclin D; and D; may be of prognostic value
in several of these pathologies.1”-18 However, the role of
cyclin D; and D in vestibular schwannomas has not been
previously examined. Since cyclin D; and D; have been
implicated in the regulation of Schwann cell proliferation
and differentiation, we evaluated the protein expression of
cyclin D; and Dj; in vestibular schwannomas.

METHODS

Tissue Procurement

Vestibular schwannomas were resected with informed pa-
tient consent and utilized per the Human Subjects Protocol for
tissue procurement approved by the Institutional Review Board.
Paraffin-embedded tissue sections were evaluated by a neuropa-
thologist and histologically confirmed as vestibular schwanno-
mas. Fifteen sporadic vestibular schwannoma specimens were
obtained and used in the study. None of the 15 patients included
in the study had undergone previous surgery or irradiation to
treat their tumor.

Immunohistochemistry

Immunostaining of vestibular schwannoma tissue sections
was performed as previously described.23 Sections of cyclin D;-
positive breast carcinomas and cyclin D;-positive prostate carci-
nomas were used as positive controls. Deparaffinized tissue sec-
tions were incubated overnight at 4°C with either the anticyclin
D, (HD11, sc-246) or anticyclin D5 (D-7, sc-6283) monoclonal
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at a
1:40,000 or 1:1000 dilution, respectively. The antibody concentra-
tion was determined by serial dilution and staining of positive
control tissues. The optimal concentration was chosen in which
positive control tissues demonstrated the most discrete immuno-
reactivity with the least amount of background staining. After
extensive washing, slides were sequentially treated with biotin-
ylated secondary antibody for 20 min, conjugated streptovidin for
20 min, and AEC+ High Sensitivity substrate chromogen (Dako
Corp., Carpinteria, CA) for 5 min. A hematoxylin counterstain
was then applied and light microscopy used to visualize the
stained tissues. Tissues expressing the cyclin D; or D, protein
stained brown while the hematoxylin counterstain appeared blue.
Immunostained slides were evaluated by a neuropathologist and
the immunoreactivity was graded as 0 (negative), 1+ (faint), 2+
(distinct), 3+ (strong, focal), 4+ (strong, diffuse) according to a
modification of a previously reported intensity grading scale.l®
The staining intensity in the tumor tissue was compared to the
adjacent vestibular nerve to evaluate whether or not the expres-
sion of the cyclin D, or D4 protein was increased or decreased in
the tumor.

A review of patient demographics was done for the 15 pa-
tients whose tumor was immunostained for cyclin Dg. The aver-
age age at presentation, patient sex, and average tumor size at
presentation were tabulated for the group of patients with cyclin
D;+ and cyclin Dg— tumors. The size of the tumor was measured
as the largest tumor diameter in either the axial, coronal, or
sagittal MRI view. The age and tumor size data for the two groups
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were compared using the Student ¢ test with statistical signifi-
cance being set at P < .05.

RESULTS

Aberrant nuclear overexpression and accumulation
of the cyclin D, protein are frequently detected in breast
carcinomas, and thus, breast carcinoma tissues were used
as a positive control.20 The anticyclin D, antibody gave
rise to abundant, mostly nuclear immunoreactivity in the
breast carcinoma tissue section (Fig. 1a). We detected no
staining signal in either the nucleus or the cytoplasm of all
15 vestibular schwannoma specimens (Fig. 1b, Table I).
Additionally, we also detected no cyclin D,-staining signal
in the adjacent vestibular nerve tissue (data not shown).

For cyclin D, staining, prostate carcinoma tissues
were utilized as a positive control.1421 As expected, strong
immunoreactivity for cyclin D; was detected in the pros-
tate carcinoma tissue (Fig. 2a). Intriguingly, the cyclin Dq
staining signal was found mostly in the cytoplasm. Seven
schwannoma specimens stained positive for cyclin D,.
Five tumors showed a 2+ distinct nuclear staining pat-
tern (Table I), and the other two schwannoma specimens
were graded 3+ with several foci of strong nuclear stain-
ing (Fig. 2b, Table I). Interestingly, when the adjacent
vestibular nerve was examined for cyclin D5 expression,
only a few Schwann cells exhibited faint 1+ nuclear stain-
ing; furthermore, their staining intensity was much
weaker than that seen in the schwannoma cells (compare
Fig. 2b to Fig. 2¢).

A review of patient demographics was done for the
cyclin D;+ and D5;— tumors. There was no significant
difference (P = .44) in the average age at presentation
which was 51 years for the cyclin D;+ group compared to
58 years for the cyclin D;— group. The average tumor size
was 1.3 cm for the cyclin D;+ tumors and 0.9 cm for the
cyclin D;— tumors, and again, the tumor size was not
statistically different between the two groups (P = .42).
Lastly, male to female ratios were the same for both

groups.

Fig. 1. Cyclin D, immunostaining. Tissue sections of a breast car-
cinoma (a) and a vestibular schwannoma (b) were stained with an
anticyclin D, monoclonal antibody.
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TABLE I.

Summary of Cyclin D, and D5 Protein Expression in
Vestibular Schwannomas.

Sample Number Cyclin D4 Cyclin Ds
17796 A1 Negative 2+ nuclear staining
17660 B1 Negative Negative

1030012 Negative 2+ nuclear staining
1030069 Negative Negative

0303C011 Negative Negative
304577208 Negative Negative

17607 Negative 3+ nuclear staining
17613 Negative 2+ nuclear staining
17644 Negative Negative

17638 Negative 3+ nuclear staining
17579 Negative Negative

17666 Negative 2+ nuclear staining
17661 Negative 2+ nuclear staining
17789 Negative Negative

17696 Negative Negative
DISCUSSION

The pRb-CDK pathway is frequently deregulated in
human tumors including vestibular schwannomas.2:3
Within this pathway, over expression of cyclin D; and/or
D, has been detected in a variety of malignant tumors. In
this study we showed that none of the 15 benign vestibu-
lar schwannomas examined displayed any cyclin D, stain-
ing signal, while 7 of 15 (47%) schwannomas over-
expressed the cyclin D5 protein, compared to the adjacent
vestibular nerve.

The cyclin D proteins have been shown to contribute
to oncogenic potential of tissues in a CDK-dependent and
independent manner. In the CDK-dependent pathway,
the D cyclins interact with CDK4 and CDK6, and through
this interaction, phosphorylation of pRb occurs. In addi-
tion, the cyclin D-CDK 4/6 interaction sequesters the CIP/
KIP (p21 and p27) and INK4 (p15, p16, pl8, and pl19)
families of CDK inhibitors. This releases the cyclin
E-CDK2 holoenzyme to further inactivate the pRb protein.

Fig. 2. Cyclin D; immunostaining. Tissue sections of a prostate
carcinoma (a) and a vestibular schwannoma with (b) or without (c)
adjacent vestibular nerve were stained with an anticyclin D; mono-
clonal antibody as described in Materials and Methods. Arrows
indicate nuclear staining of some Schwann cells in the vestibular
nerve (VN), adjacent to the vestibular schwannoma tumor (T).
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Once pRb is hyperphosphorylated and inactivated, pRb
dissociates from its pRb-E2F transcriptional repressor
complex. The free E2F released from pRb inhibition binds
and activates E2F target genes important for the cell to
transit from G, to S phase.22.23

The cyclin D proteins can also affect the activity of
several transcription factors including the cyclin D;-
interacting myb-like protein (DMP-1), the signal trans-
ducer and activator of transcription 3 (STAT 3), and the
B-cell E-box transactivator 2 (BETA2/NeuroD) without
the participation of CDK.23 Furthermore, cyclin D, inter-
acts with the transcription factor C/EBPfS and activating
transcription factor 5 (ATF5) in a CDK-independent man-
ner, and this may be a vital step in tumor formation.22:23
Similar to cyclin D, cyclin D; may function in the CDK-
independent pathway that involves C/EBPS.2

In transgenic mice, cyclin D5 over-expression in
epithelial tissues results in epidermal hyperplasia.24
Deregulated expression of cyclin D; and CDK6 could
predispose cells to malignant transformation.25> These
results are consistent with the oncogenic role of cyclin
D, activation in certain human malignancies. Our ob-
servation that cyclin D5 is over-expressed in about half
of vestibular schwannomas also suggests a role for cy-
clin Dy in schwannoma formation. Given the fact that
cyclin D; is important for Schwann cell proliferation,?-8
vestibular schwannomas over-expressing cyclin D; may
possess growth advantage. Due to the small sample size
of tumors stained for cyclin D; expression, definitive
clinical correlations between Dj+ expressing tumors
and tumor size or age at presentation can not be made.
However, a cursory review of patient data did not show
any significant differences between D;+ and D;— pa-
tients. A larger clinical study will be needed to assess
whether cyclin D, over-expression can act as a marker
for increased vestibular schwannoma growth. This
would require a study of patients who had an initial period
of tumor observation and growth who subsequently un-
derwent tumor resection and protein expression analysis
of their schwannomas.

Similar to those found in human cancer cells,9:26 we
detected nuclear expression of the cyclin D5 protein in
Schwann cells and vestibular schwannomas. Intriguingly,
intense cyclin D; immunoreactivity was detected in the
cytoplasm of prostate carcinoma cells. Although the rea-
son for this observation is presently not understood, it
raises the question that cyclin D5 may function in differ-
ent cellular compartments. The subcellular localization of
the cyclin D protein has been shown to play an important
role in regulating Schwann cell proliferation.2? Schwann
cells in mature myelinating nerves expressed cyclin D; in
the perinuclear region. After axon damage, cyclin D, ex-
pression is elevated in parallel with Schwann cell prolif-
eration and translocates into Schwann cell nuclei. In con-
trast, cyclin D, expression is restricted to the perinuclear
region of proliferating Schwann cells during normal de-
velopment. These data indicate that there are different
mechanisms regulating proliferation of Schwann cells
during development or nerve injury.
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CONCLUSION

The D-type cyclins are involved in cell-cycle progres-

sion from G, to S phase, and have been implicated in the
oncogenesis of several human malignancies. Our study
shows over expression of the cyclin D5 protein in 7 of 15
vestibular schwannomas, and this suggests a role for cy-
clin D; in the growth of schwannoma cells.
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Regulation of the Neurofibromatosis 2 Gene
Promoter Expression During Embryonic
Development

Elena M. Akhmametyeva,”? Maria M. Mihaylova,? Huijun Luo,? Sadeq Kharzai,"
D. Bradley Welling,? and Long-Sheng Chang'**

Mutations in the Neurofibromatosis 2 (NF2) gene are associated with predisposition to vestibular
schwannomas, spinal schwannomas, meningiomas, and ependymomas. Presently, how NF2 is expressed
during embryonic development and in the tissues affected by neurofibromatosis type 2 (NF2) has not been
well defined. To examine NF2 expression in vivo, we generated transgenic mice carrying a 2.4-kb NF2
promoter driving B-galactosidase (B-gal) with a nuclear localization signal. Whole-mount embryo staining
revealed that the NF2 promoter directed B-gal expression as early as embryonic day E5.5. Strong expression
was detected at E6.5 in the embryonic ectoderm containing many mitotic cells. B-gal staining was also found
in parts of embryonic endoderm and mesoderm. The B-gal staining pattern in the embryonic tissues was
corroborated by in situ hybridization analysis of endogenous Nf2 RNA expression. Importantly, we
observed strong NF2 promoter activity in the developing brain and in sites containing migrating cells
including the neural tube closure, branchial arches, dorsal aorta, and paraaortic splanchnopleura.
Furthermore, we noted a transient change of NF2 promoter activity during neural crest cell migration.
While little B-gal activity was detected in premigratory neural crest cells at the dorsal ridge region of the
neural fold, significant activity was seen in the neural crest cells already migrating away from the dorsal
neural tube. In addition, we detected considerable NF2 promoter activity in various NF2-affected tissues
such as acoustic ganglion, trigeminal ganglion, spinal ganglia, optic chiasma, the ependymal cell-containing
tela choroidea, and the pigmented epithelium of the retina. The NF2 promoter expression pattern during
embryogenesis suggests a specific regulation of the NF2 gene during neural crest cell migration and further
supports the role of merlin in cell adhesion, motility, and proliferation during development. Developmental
Dynamics 00:000-000, 2006. o 2006 Wiley-Liss, Inc.

Key words: Neurofibromatosis 2 (NF2) gene promoter; neurofibromatosis type 2 (NF2); neural tube closure; neural crest
cell migration; pigmented epithelium of the retina; transgenic mouse
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eral vestibular schwannomas and the

INTRODUCTION

Neurofibromatosis type 2 (NF2) is an
autosomal dominant disorder that pre-
disposes affected individuals to bilat-

development of multiple meningiomas,
intracranial tumors, ophthalmologic
and skin abnormalities, and spinal
schwannomas (NIH Consens. State-

ment, 1991). By positional cloning, the
gene associated with NF2 has been
identified and termed the Neurofibro-
matosis 2 gene (NF2), which encodes a
protein named “merlin” for moesin-
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ezrin-radixin like protein (Trofatter et
al., 1993), or “schwannomin,” a word
derived from schwannoma, the most
prevalent tumor seen in NF2 (Rouleau
et al., 1993). Mutations in the NF2 gene
have been found in NF2-associated ves-
tibular schwannomas, sporadic vestibu-
lar schwannomas, and cystic schwanno-
mas, as well as meningiomas (reviewed
in Neff et al., 2005).

The NF2 protein shares a high de-
gree of homology to ezrin, radixin, and
moesin (ERM), a family of membrane-
cytoskeleton-associated proteins that
are important for cell adhesion, motil-
ity, regulation of cell shape, and signal
transduction (McClatchey, 2004; Mc-
Clatchey and Giovannini, 2005). Like
the ERM proteins, merlin is expressed
in a variety of cell types where it lo-
calizes to areas of membrane remod-
eling, particularly membrane ruffles,
although its precise distribution may
differ from the ERM proteins ex-
pressed in the same cell (Gonzalez-
Agosti et al.,, 1996). In addition,
schwannoma cells from NF2-associ-
ated tumors have dramatic alter-
ations in the actin cytoskeleton and
display abnormalities in cell spread-
ing (Pelton et al., 1998). These results
suggest that merlin may play an im-
portant role in regulating both actin
cytoskeleton-mediated processes and
cell proliferation. However, unlike the
ERM proteins, merlin exerts a growth
suppression effect. Over-expression of
merlin in mouse fibroblasts or rat
schwannoma cells can limit cell
growth (Lutchman and Rouleau,
1995; Sherman et al., 1997; Gutmann
et al., 1998) and suppress transforma-
tion by a ras oncogene (Tikoo et al.,
1994). Recent studies demonstrate
that cells lacking NF2 function exhibit
characteristics of cells expressing ac-
tivated alleles of the small GTPase
Rac, and the p21-activated kinase 2, a
downstream target of Racl1/Cdc42,
which directly phosphorylates merlin,
affecting merlin’s localization and
function (Shaw et al., 2001; Xiao et al.,
2002; Kissil et al., 2002; Surace et al.,
2004; Rong et al., 2004).

Studies of Nf2 gene knockout in
mice show that merlin function is es-
sential during early embryonic devel-
opment. Homozygous Nf2 mutant
mouse embryos fail in development at
approximately day 7 of gestation and
die immediately prior to gastrulation

(McClatchey et al., 1997). Conditional
homozygous deletion of Nf2 in
Schwann cells or arachnoid cells leads
to hyperplasia and tumor develop-
ment, which are characteristics of
NF2 (Giovannini et al., 2000;
Kalamarides et al., 2002). Although
these results argue that loss of merlin
is sufficient for schwannoma and me-
ningioma formation in vivo, none of
the lesions detected in these mice was
found in the vestibular nerve. This ob-
servation contrasts with the vestibu-
lar schwannomas commonly found in
patients with NF2.

To better understand merlin func-
tion during development, previous
studies examined merlin expression
using Northern blot, in situ hybridiza-
tion, RT-PCR, or immunostaining;
however, these studies have not
yielded consistent results. An earlier
report indicated that the NF2 gene
was only expressed in tissues of ecto-
dermal origin (World Health Org.,
1992). Subsequently, Bianchi et al.
(1994) reported that merlin RNA was
not detected in the adult human heart
and liver, whereas Haase et al. (1994)
noticed abundant merlin RNA expres-
sion in the adult mouse heart. Simi-
larly, no merlin RNA was detected in
the adult mouse lung, whereas abun-
dant expression could be found in the
adult human lung. Northern blot
analysis, however, detected Nf2 tran-
scripts in the adult mouse brain, kid-
ney, cardiac muscle, skin, and lung
(Claudio et al., 1994). By in situ hy-
bridization and reverse transcription-
polymerase chain reaction (RT-PCR)
analyses, Gutmann et al. (1994) re-
ported that rat merlin was widely ex-
pressed during mid to late embryogen-
esis. High levels of merlin expression
were seen in cerebral cortex, brain-
stem, spinal cord, and heart during
embryonic days E12-16. Merlin RNA
expression becomes restricted to the
brainstem, cerebellum, dorsal root
ganglia, spinal cord, adrenal gland,
and testis in adult animals, while no
appreciable levels of merlin RNA
could be detected in kidney, lung, and
skeletal muscle. On the contrary, by in
situ hybridization and immunostain-
ing, Huynh et al. (1996) showed that
merlin was detected in most differen-
tiated tissues but not in undifferenti-
ated tissues. In particular, merlin was
not detectable in mitotic neuroepithe-

lial cells, the perichondrium, the liver,
the neocortex, and the ventricular
zone of the developing cerebral cortex.
Furthermore, in contrast to the phe-
notype of early embryonic lethality in
mice lacking Nf2 function, Gronholm
et al. (2005) did not detect merlin pro-
tein expression until E11 in mouse
embryos. In light of these inconsistent
results, a detailed analysis of NF2 ex-
pression during embryonic develop-
ment is needed.

Previously, we have defined the 5’
flanking sequence of the human NF2
gene and showed that the 2.4-kb NF2
promoter could direct strong expression
in several cell lines including neuronal
cells (Welling et al., 2000; Chang et al.,
2002). However, whether the NF2 pro-
moter is sufficient for expression in a
variety of tissues including Schwann
cells and neurons in vivo has not been
tested. The objective of this study was to
define the NF2 expression pattern dur-
ing embryonic development using two
approaches. First, we generated a con-
struct containing the 2.4-kb NF2 pro-
moter-driven B-galactosidase (B3-gal)
with a nuclear localization signal and
used it to produce transgenic mice.
Whole-mount X-gal staining of trans-
genic embryos at various days post coi-
tus (p.c.) was conducted and tissue sec-
tions were analyzed. Second, we
performed whole-mount in situ hybrid-
ization using various Nf2 cDNA frag-
ments as probes to confirm the expres-
sion pattern. Our results show that the
NF2 promoter could direct 3-gal expres-
sion as early as E5.5. B-gal expression
was first detected in the embryonic ec-
toderm and, to a lesser extent, in some
parts of endoderm and mesoderm. Sub-
sequently, strong B-gal staining was
seen in the developing neural tube, mi-
grating neural crest cells, the heart, the
dorsal aorta, and the paraaortic mesen-
chyme. As the embryos matured, signif-
icant levels of B-gal expression were
found in the cranial ganglia V and VIII,
spinal ganglia, pigmented epithelium of
the retina, and skin.

RESULTS

The NF2 Promoter Directed
Transgene Expression as
Early as E5.5

To examine the NF2 promoter expres-
sion pattern in vivo, we generated the
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pNF2P2.4-nfgal

2.4-kb NF2 Promoter

B-galactosidase

nls
B.
Nf2 cDNA
S——{ Coding Region _} vda An
Nf2coding
N
M
C
su_ 3u1
02
C.

Nf2 Primer Sequence* Position*
Coding-F 5’-ggtaccccgcgccat_ggccggagccatcgct—3’ -13~+18
Coding-R 5’-tcacctgctagagttcttcaaagaag-3’ +1798 ~ +1773
5U-F 5’-acacgtgtgcgctcccaactactg-3’ -406 ~ -383
SU-R 5’-cgatccgcaccgtgaatgtcttgg-3’ +79 ~ +56
3UI-F 5’-ggccttggacgtcctacacageg-3’ +1668 ~ +1690
3UI-R 5’-cggggccctcaactcaagagttcec-3’ +1913 ~ +1890
3U2-F 5’-cagagcgccaagtcccgagtg-3’ +1773 ~+1798
3U2-R 5’-gcccatcccagaageccagttg-3’ +2244 ~ +2223

Fig. 1.

Schematic diagram of the pNF2P2.4-n3-gal construct and various mouse cDNA fragments

used in whole-mount RNA in situ hybridization. A: The pNF2P2.4-nB-gal construct contains the
2.4-kb human NF2 promoter fused with a nuclear localization signal (nls)-containing B-gal expres-
sion cassette. SS, SV40 splicing signal; An, SV40 polyadenylation sequence. B: Various mouse Nf2
cDNA fragments were obtained by RT-PCR as described in the Experimental Procedures section
and cloned into the pCRII-TOPO vector. The relative locations of the Nf2 cDNA fragments are
illustrated. C: Nucleotide sequences and locations of the mouse Nf2-specific primers. *Nucleotide
position +1 is assigned to the A residue of the ATG translation start codon (GenBank accession No.
L27090). *The ATG translation start codon is underlined. The primer sequence in the Nf2 coding
region is shown in bold letters while that in the 5’ or 3’ untranslated region is indicated in small

letters.

pNF2P2.4-nBgal construct containing
the B-gal reporter with a nuclear lo-
calization signal under the control of
the 2.4-kb human NF2 promoter (Fig.
1A), and used it to produce transgenic
mice. Four lines of transgenic
NF2P2.4-ngal mice were generated.
To detect the transgene-encoded
B-gal, embryos were obtained from the
mating of all four lines of transgenic
mice at various days p.c. and whole-
mount X-gal staining was performed.
All four lines of the transgenic

NF2P2.4-nBgal mice showed a similar
B-gal staining pattern, eliminating
the positional effect due to integra-
tion.

As shown in Figure 2A, B-gal stain-
ing could be seen in the transgenic
embryo as early as E5.5. At this stage,
B-gal expression was detected only in
the embryonic tissue but not in the
extraembryonic tissue. At E6.5,
strong B-gal staining was found in the
embryonic ectoderm. Cells in this em-
bryonic tissue divided rapidly with

visible mitotic figures, and were
darkly stained (Fig. 2B). Significant
B-gal expression was also seen in some
parts of the proximal embryonic
endoderm. Weak B-gal staining was
detected in the mesoderm, while no
staining was seen in the extraembry-
onic ectoderm (Fig. 2A). E7.5 is the
stage when a portion of the dorsal em-
bryonic ectoderm begins to specify
into the neural ectoderm, a process
important to the formation and shap-
ing of the neural plate (Hogan et al.,
1994; Rugh, 1994). High levels of 3-gal
expression continued to be observed in
the embryonic ectoderm of the trans-
genic E7.5 embryo (Fig. 2A). Similar
to that observed at E6.5, substantial
B-gal staining was also detected in the
embryonic endoderm. Intriguingly,
the staining was not contiguous in
this endoderm at E7.5; some regions
were extensively labeled while others
were not. In the mesoderm, only a few
cells showed significant B-gal stain-
ing, while in the extraembryonic tis-
sues, the ectoplacental cone and the
chorionic ectoderm remained negative
for B-gal expression.

The Transgene-Encoded
B-gal Staining Pattern
Coincided With the
Endogenous Nf2 RNA
Expression Pattern in the
Embryonic Tissues

As mentioned earlier, previous stud-
ies examining merlin expression, par-
ticularly using in situ hybridization
and immunostaining (Gutmann et al.,
1994, 1996), did not yield consistent
results. To examine whether the
2.4-kb NF2 promoter could recapitu-
late the endogenous Nf2 expression
pattern, we performed whole-mount
RNA in situ hybridization analysis.
Various regions of the Nf2 cDNA were
cloned into the pCRII vector (Fig. 1B).
Both sense and antisense riboprobes
were synthesized from each plasmid
by in vitro transcription and used in
whole-mount embryo hybridization.
We found that the antisense probe
prepared from 3Ul, containing the
Nf2 sequence immediately upstream
of the translation termination codon
to about 300 bp into the 3’ untrans-
lated region (Fig. 1), consistently gave
rise to a lower background when the

F2
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E3.5

sense probe was compared with the
antisense probe. The representative
images of whole-mount RNA in situ
hybridization of E7.5 embryos are
shown in Figure 3. Nf2 RNA expres-
sion was readily detected throughout
the embedded embryo and its sur-
rounding decidua, when the antisense
probe, derived from 3U1, was used. In
contrast, the sense probe yielded little
hybridization (compare Fig. 3A with
3B). To visualize what embryonic tis-
sues expressed Nf2 RNA, dissected
embryos were used in the in situ hy-
bridization experiment. High levels of
Nf2 RNA expression were detected in
the embryonic tissues, particularly in
the developing neural ectoderm (Fig.
3C). For comparison, we performed
whole-mount X-gal staining of trans-
genic E7.5 embryos. As shown in Fig-
ure 3D, the B-gal staining pattern in
the embryonic tissue was similar to
the endogenous Nf2 RNA expression
pattern, exhibiting the strongest
staining in the neural ectoderm.

In addition, we performed whole-
mount RNA in situ hybridization and
B-gal staining of E8.5 and E9.5 em-
bryos. Similar to that observed in the
E7.5 embryo, Nf2 RNA expression
was detected throughout the E8.5 em-
bryo with the strongest expression in
the developing neural tube (compared
Fig. 4A with 4B). Also, Nf2 RNA ex-
pression was detected in the allantois
and the yolk sac (Fig. 4A). Consistent
with the RNA in situ hybridization
result, strong B-gal staining was seen
in the embryonic tissues of transgenic
E8.5 embryo, particularly in the neu-
ral tube (Fig. 4C), while no B-gal
staining was found in the wild-type
E8.5 embryo (Fig. 4D). It should be
noted that at this stage, B-gal expres-
sion was detected in the allantois and
the yolk sac, but was not seen in the
ectoplacental cone (Fig. 4C). As the

Fig. 2. Expression of B-gal in transgenic E5.5-
7.5 embryos. A: Images of whole mount X-gal
stained transgenic embryos at E5.5-7.5. eee,
extraembryonic ectoderm; ee, embryonic ecto-
derm; m, mesoderm; e, endoderm; ec, ectopla-
cental cone; ce, chorionic ectoderm. Bar = 100
pm. B: Tissue section revealed strong -gal
staining in mitotic cells from embryonic ecto-
derm of the E6.5 embryo. Tissue section was
photographed at 400X magnification. Arrows
point to mitotic cells. Bar = 10 pm.

F3

F4
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Fig. 3. Detection of endogenous Nf2 RNA ex-
pression and B-gal staining in E7.5 embryos.
Whole-mount RNA in situ hybridization of wild-
type E7.5 embryos was performed using an
antisense (A,C) or sense (B) Nf2 3U1 probe (Fig.
1) derived from the exon 17 region as described
in the Experimental Procedures section. Com-
pared to the results obtained from the sense
probe control (B), strong Nf2 RNA expression
was detected in the embryo embedded in the
decidua (A) or the dissected embryo (C), partic-
ularly in the developing neural ectoderm (ar-
row). Similarly, whole-mount X-gal staining
showed strong B-gal expression in the devel-
oping neural ectoderm of the transgenic E7.5
embryo (D). The slight difference in the size and
shape of the embryo shown in C and D was due
to the procedures. The embryo processed for in
situ hybridization was dehydrated with metha-
nol, followed by proteinase K digestion and fix-
ation. The embryo processed for B-gal was
fixed in the fixation solution before X-gal stain-
ing. Nevertheless, the B-gal staining pattern in
the embryonic tissue was similar to the endog-
enous Nf2 RNA expression pattern.
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embryo matured to E9.5, Nf2 RNA ex-
pression was consistently detected
throughout the entire embryo with
the strongest expression in the devel-
oping brain and spinal cord (compare
Fig. 5A with 5B). The neural crest cell-
populated branchial arches and the
hematopoietic stem cell-containing
paraaortic  splanchnopleura  also
showed significant Nf2 RNA expres-
sion (Fig. 5A). A similar B-gal staining
pattern was detected in the transgenic
E9.5 embryo (Fig. 5C). The tissues
that gave rise to the strongest B-gal
staining included the brain, spinal
cord, and heart regions, the branchial
arches, and the paraaortic splanchno-
pleura along with the dorsal aorta.
Taken together, these results indicate
that the B-gal staining pattern quali-
tatively matches most of the Nf2 RNA
distribution pattern, particularly in
the embryonic tissues.

Changes in NF2 Promoter
Activity During Neural Crest
Cell Migration

Around E8.5, which is the early stage
of organogenesis, the neural ecto-
derm-derived neural plate folds into
the neural tube. Examination of B-gal-
expressing cells in the E8.5 transgenic
embryo section detected the highest
level of expression in the neural tube,
particularly in the rostral end, and the
intensity of the B-gal staining gradu-
ally decreased toward the caudal ex-
tremity (Fig. 4E). Intriguingly, cells in
the dorsal ridge of the neural folds in
the cranial region and its adjacent
non-neural ectoderm were only mod-
estly stained (arrowheads pointed to
this region in Fig. 4E). Previous stud-
ies have shown that the neural crest
cells arise in the neural folds at the
border between the neural and non-

neural ectoderm (Hogan et al., 1994;
LeDouarin and Kalcheim, 1999). Al-
though initially contained within the
central nervous system, the neural
crest cells depart from the site of ori-
gin, migrate extensively throughout
the embryo, and form many diverse
derivatives including most of the pe-
ripheral nervous system, facial skele-
ton, and melanocytes of the skin. A
detailed analysis of transversal sec-
tions of the anterior neural tube from
transgenic embryos at around E8.5 re-
vealed that while B-gal staining was
detected in the neural folds, little
staining was seen in the round-shaped
neural crest cells that were in the pro-
cess of delaminating from the dorsal
ridge region of the neural fold (Fig.
4F). However, significant B-gal stain-
ing was detected in the neural crest
cells already migrating away from the
dorsal neural tube (Fig. 4G). Blue-
stained cells were detected along the
putative pathways of neural crest cell
migration particularly in the dorsal
trunk mesenchyme beneath the ecto-
derm and between the somite and
neural tube (Fig. 4E and G; also see
below). A number of markers on neu-
ral crest cells have been used to trace
their migration. Among them, the
Sox9 transcription factor is important
for neural crest induction, survival,
and delamination (Cheung and
Briscoe, 2003; Mori-Akiyama et al.,
2003). Interestingly, we observed
abundant Sox9 protein expression in
the migrating neural crest cells (Fig.
6A,B). Substantial B-gal expression
was observed in the endocardium of
the heart (Fig. 4E) and within the wall
of the dorsal aorta (Fig. 4G). B-gal
staining was also found in the yolk sac
and allantois (Fig. 4E). At this embry-
onic stage, the yolk sac consists of an
endodermal epithelium and underly-

ing mesoderm within which blood is-
lands and vessels develop. Significant
B-gal expression was detected in the
endodermal epithelium of the yolk sac
and some labeled cells were seen
within the blood island.

Upon examination of tissue sections
of the transgenic E9.5 embryos, highly
labeled cells continued to be detected
in the neural tube. Within the neural
tube, high levels of B-gal activity were
found in the developing forebrain,
midbrain, and hindbrain (Fig. 5C.D).
As reported previously (LeDouarin
and Kalcheim, 1999), the neural
crest—derived cells from the posterior
midbrain and hindbrain region mi-
grate ventrolaterally and densely pop-
ulate the first, second, and third
branchial arches. Significant B-gal ex-
pression was seen in the cells of the
craniofacial mesenchyme and the first
branchial arch in the pharyngeal re-
gion (Fig. 5D). The entire mesenchy-
mal component of the branchial arch,
which was derived from the neural
crest cells, was highly labeled,
whereas the epithelium covering the
branchial arch and the foregut
endoderm were not labeled. Strong
B-gal staining was also detected in the
paraaortic splanchnopleura, and the
heart region and the dorsal aorta were
also positive for B-gal staining (Fig.
5D).

The Most Intense p-gal
Staining Was Detected Along
the Dorsal Midline of the
Neural Tube

Whole-mount embryo staining showed
that the NF2 promoter-directed p-gal
expression was predominantly ob-
served in the anterior part of the
transgenic embryo at E9.5 (Fig. 7A).
The B-gal staining extended to the

Fig. 4. The Nf2 RNA expression and B-gal staining pattern in E8.5 embryos. A-D:The pattern of strong Nf2 RNA expression in the developing neural
tube of the wild-type E8.5 embryo was confirmed by the B-gal staining of the E8.5 transgenic embryo. Whole-mount RNA in situ hybridization of
wild-type E8.5 embryos was performed using an antisense (A) or sense (B) Nf2 probe as described in Figure 3. Whole-mount X-gal staining was also
performed on transgenic (C) or non-transgenic (D) E8.5 embryos. Note that the developing neural tube (arrow) showed strong Nf2 RNA or 3-gal
expression. In addition, Nf2 expression was also detected in the allantois (arrowhead). The small photograph inset in A and C displays the dissected
embryo from in situ hybridization and B-gal staining analysis, respectively. E-G: Change of NF2 promoter activity during neural crest cell migration.
E: A transverse section of the transgenic E8.5 embryo showed significant B-gal expression in neural fold (nf) of the head region, the developing neural
tube (nt) and heart (h), as well as yolk sac (ys) and allantois (a). Note that the tip (arrows) of the neural fold displayed weak (-gal staining compared
to the rest of the neural fold, which exhibited strong B-gal activity. Bar = 100 um. F,G: Detailed analysis of tissue sections containing the neural fold
region revealed that while little B-gal staining was found in the round-shaped neural crest cells (arrows), which were at the moment of delaminating
from the dorsal ridge region of the neural fold (F), significant B-gal expression was detected in the neural crest cells already migrating away from the

dorsal neural tube (G). da, dorsal aorta.
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posterior extremity as the embryo ma-
tured from E10.5 to E14.5 (Fig. 7B-
D). By E14.5, extensive B-gal expres-
sion was detected throughout the
embryo (Fig. 7D).

Previous studies (Rugh, 1994; Wall-
ingord, 2005) indicate that the neural
tube begins to close at E8.5 from mul-
tiple sites in the middle portion of the
embryo and extends toward the ante-
rior and posterior ends in a zipper-like
fashion. By E9.5, most parts of the
neural tube have already closed, and
only small openings, called neural
pores, are left in both the anterior and
posterior ends of the embryo. We
found that the most intense B-gal
staining was located along the dorsal
midline, the line of the neural tube
closure, in the E9.5 embryo (Fig. 8A).
Deep staining was observed particu-
larly in the area of the anterior neu-
ropore, forming the fourth brain ven-
tricle, also known as myelocoel. By
E10.5, the anterior neuropore is com-
pletely closed (Rugh, 1994; Wall-
ingord, 2005). Intense B-gal staining
was still observed at the site of the
thin roof of the fourth ventricle and
along the dorsal midline of the neural
tube (Fig. 8B). Consistent with those
observed at the earlier stages of devel-
opment, strong B-gal expression was
detected in the branchial arches I-IV
of the E10.5 embryo (Fig. 8C).

Strong B-gal Expression in
the Embryonic Ectoderm-
Derived Tissues

In tissue sections of the E10.5 embryo,
very intense B-gal labeling was noted

in the tela choroidea, which is the thin
roof of the fourth ventricle (Fig. 9A).

This roof plate consists of a single
layer of ependymal cells, which is
later covered by the pia mater, the
inner layer of the meninges (Rugh,
1994). Significant B-gal expression
was detected in the metencephalon
and the myelencephalon. In addition,
strong B-gal staining was found in the
forebrain, including the telencephalon
and the diencephalon, the optic chi-
asma, the tuberculum posterius, and
the infundibulum (Fig. 9B). However,
only some parts of the mesencephalon
were darkly stained while others were
lightly stained. In the head region, the
epidermal layer, which contains pre-
sumptive melanocytes, was also la-
beled (Fig. 9A).

The retina is the innermost layer of
the eye and is derived embryologically
from the outgrowth of the developing
brain (Martinez-Morales et al., 2004).
It is comprised of two major layers,
the inner layer (prospective neural
layer of the retina) and the outer layer
(prospective pigmented epithelium).
In the E10.5 transgenic embryo, in-
tense B-gal staining was readily de-
tected in the pigmented epithelium
layer of the retina, whereas the neural
layer of the retina and the lens show
very little expression (Fig. 9C).

As noted above, strong B-gal activ-
ity was detected in the mesenchyme of
the mandible prominence of the first
branchial arch in the E10.5 transgenic
embryo (Fig. 9D). The adjacent neural
crest cells populating the truncus ar-
teriosus also showed intense labeling.
In addition, significant B-gal expres-
sion was found in the paraaortic mes-
enchyme and the heart region. Fur-
thermore, the dorsal aspect of the
forming spinal cord and its flanking

primordial spinal ganglia were
strongly labeled. Together, these re-
sults indicate that the NF2 promoter
is strongly expressed in various em-
bryonic ectoderm-derived tissues.

NF2 Promoter-Directed B-gal
Expression to the Trigeminal
Ganglion and Acoustic
Ganglion

At E11.5, the forebrain is separated
into a paired telencephalic vesicles
and the diencephalon. We observed
high levels of B-gal activity in both
lobes of the telencephaon and in the
diencephalon of the E11.5 transgenic
embryo (Fig. 10A). However, the mid-
brain mesencephalon was only lightly
stained with the exception of the dor-
sal midline closure, which consis-
tently displayed intense staining sim-
ilar to those seen at earlier stages.
Interestingly, we detected a striped
pattern of B-gal staining in the hind-
brain-derived myelencephalon (Fig.
10B) and the metencephalon (also see
below). B-gal expression can also be
found in the cranial ganglion VIII, de-
rived from the hindbrain and also
known as the acoustic ganglion, and
its extending nerve. The B-gal stain-
ing was particularly notable in the
cells surrounding the acoustic gan-
glion and extending nerve (Fig. 10B).
It should be mentioned that the ex-
tending nerve expressed a higher level
of S100 immunoreactivity than the
ganglion (Fig. 6C). Some of the cells
inside the ganglion also expressed
B-gal (Fig. 10B). In addition, strong
B-gal staining was detected in the cra-
nial ganglion V, which is also called the
trigeminal ganglion; both the trigemi-

Fig. 5. Strong Nf2 RNA expression and B-gal staining were detected in the developing brain, the branchial arches, and the paraaortic splanchnopleura
of E9.5 embryos. In situ hybridization of wild-type E9.5 embryos was performed using an antisense (A) or sense (B) Nf2 probe as described before.
Whole-mount X-gal staining was also performed on transgenic E9.5 embryos (C). Sagittal section of the B-gal stained embryo was obtained (D). Arrows
point to neural crest cell populated branchial arches and the asterisk marks the location of the paraaortic splanchnopleura. fb, forebrain; mb, midbrain;
hb, hindbrain; h, heart; da, dorsal aorta; ps, paraaortic splanchnopleura. Bar = 200 pm.

Fig. 6. Immunohistochemical analysis of tissue sections from E9 (A,B) and E11.5 embryos (C-E). Tissue sections were stained with anti-Sox9 (A,B,D),
anti-S100 (C), and anti-merlin (E) antibodies according to the Experimental Procedures section. A hematoxylin was used as a counterstain. The
positively stained tissue appeared brown. Arrows point to migrating neural crest cells (A,B) or dorsal midline of the neural tube closure (D). nt, neural
tube; sc; spinal cord, ag, acoustic ganglion; ov, otic vesicle; mt, metencephalon; tg, trigeminal ganglion.

Fig. 7. Lateral views of whole-mount X-gal-stained transgenic mouse embryos at various days p.c. (A) E 9.5, (B) E10.5, (C) E12.5, and (D) E14.5. Bar =

400 pm.

Fig. 8. The most intense B-gal expression was detected along the dorsal closure (arrows) of neural tube in E9.5 (A) and E10.5 (B) transgenic embryos.
Strong B-gal expression was also seen in the Branchial arches |-V (arrows) of the E10.5 embryo (C).
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Fig. 10.

Fig. 9. Strong B-gal staining in the neural ectoderm-derived tissues of E10.5 transgenic embryos. A: Intense B-gal staining was detected in the
metencephalon (mt), the tela choroidea (tc), and the myelencephalon (my). mc, myelocoel. Bar = 400 pm. B: Sagittal section of the head region
revealed strong B-gal expression in the telencephalon (te), the diencephalon (de), the optic chiasma (oc), the tuberculum posterius (tp), and the
infundibulum (j). Striped pattern of 3-gal staining was seen in the mesencephalon (me), while little or no expression was detected in the Rathke’s pocket
(rp). Bar = 200 wm. B,D: Parasagittal sections. C: Sagittal section of the eye showed that the prospective pigmented epithelium (pe) of retina displayed
robust B-gal staining, while the neural layer (nl) of the retina and the lens (I) exhibited very little expression. Bar = 100 um. D: Significant B-gal
expression was detected in the mandible prominence of the first branchial arch (m), the paraaortic mesenchyme (pm), the atrium (a) and the ventricle
(v) of the heart, and the dorsal aspect of the spinal cord (sc). Some B-gal expression was seen in the stomach region (s). Bar = 400 pm.

Fig. 10. Significant NF2 promoter activity was detected in various NF2-affected tissues such as the acoustic ganglion, the trigeminal ganglion, the
spinal ganglia, and the pigmented epithelium of the retina in transgenic E11.5 embryos. A,E,F: Transverse sections. B-D,G: Sagittal sections. A: Strong
B-gal expression was detected in the telencephalon (te) and the diencephalon (de). me, mesencephalon. Bar = 500 n.m. B: The myelencephalon (my)
showed a striped pattern of B-gal expression. The peripheral region of the acoustic ganglion (ag; cranial ganglion VIIl) and its extending nerve also
stained positive for B-gal expression. ov, otic vesicle. Bar = 250 um. C: Intense B-gal expression was found in the pigmented epithelium (pe) of the
retina. Also, strong B-gal expression was seen in the trigeminal ganglion (tg; cranial ganglion V) and its nerve branches. Bar = 250 pm. D: Robust -gal
staining continued to be seen along the dorsal midline (arrow) of the spinal cord (sc). Positive 3-gal staining was also detected in the wall of the dorsal
aorta (da). Bar = 200 um. E: Strong B-gal expression was found in the dorsal aspect (arrow) of the spinal cord (sc). Positive 3-gal staining was also
detected along the dorsolateral and late ventral pathways of neural crest cell migration surrounding the spinal ganglion (sg). da, dorsal aorta. Bar =
300 pm. F: The sclerotome of somites showed strong B-gal expression. While the mesonephros (mn) exhibited positive 3-gal staining, the gonad (g)
showed little expression. Bar = 200 um. G: Significant B-gal expression was observed in the paraaotic mesenchyme (pm), the heart, particularly the
endocardium including the valves, the liver (I), and the mesonephros (mn). a, atrium; v, ventricle; pn, pronephros; s, stomach; g, gonad. Bar = 500 pm.

nal ganglion and its three nerve divi- munostaining revealed that merlin was at E10.5, very intense B-gal staining
sions were robustly labeled (Fig. 10C). expressed throughout the trigeminal was seen in the pigmented epithelium
Consistent with the B-gal staining, im- ganglion (Fig. 6D). Similar to that seen of the retina (Fig. 10C).
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As noted before, the dorsal midline
of the spinal cord from the E11.5 em-
bryo was darkly stained for B-gal ex-
pression; however, only a few cells in-
side the spinal cord were labeled (Fig.
10D,E). Interestingly, we noted that
the cells in the dorsal midline of neu-
ral tube closure expressed a high level
of Sox9, a neural crest determinant
marker (Fig. 6E). B-gal staining was
detected in the cells surrounding the
spinal ganglia and in some, but few,
cells inside the spinal ganglia. It ap-
peared that the cells along the ventral
and dorsolateral pathways of neural
crest cell migration were labeled (Fig.
10E). The sclerotome of somites has
been shown to play an essential role in
neural crest migration of the early
ventral pathway (Hogan et al., 1994;
Chen et al., 2004; Hay 2005; Honjo
and Eisen, 2005). Significantly, we
also detected deep B-gal staining in
the sclerotome (Fig. 10F).

In addition to intense B-gal staining
in the dorsal aorta as seen in earlier
stages, the paraaortic mesenchyme
were strongly labeled at E11.5 (Fig.
10G). Within the four-chambered
heart, the endometrial tissue, includ-
ing the valves, showed the highest
B-gal activity. Intervertebral arteries
were also labeled. While some B-gal
was expressed in the liver and meso-
nephros, only weak staining was de-
tected in the gonad (Fig. 10F,G).

Broad p-gal Expression
Pattern in Various Neural
Tissues During Mid-
Embryogenesis

At E12.5, the anterior portion of the
telencephalon continued to express
high levels of B-gal, while the staining
in the posterior part was less satu-
rated (Fig. 11A). Similarly, some por-
tions of the diencephalon expressed
significant levels of B-gal, whereas
other regions were weakly stained
(Fig. 11B). Curiously, the pigmented
epithelium of the retina continued to
be intensely labeled at this stage. The
lens epithelium and some cells in the
lens also expressed moderate levels of
B-gal.

The posterior commissure is the
roof of the brain between the anterior
limit of the mesencephalon and the
posterior portion of the diencephalon.
Saturated B-gal staining was observed

Fig. 11. The B-gal staining pattern in various neural tissue sections from transgenic E12.5
embryos. Whole-mount X-gal stained embryos were prepared and sagittal sections were obtained
as described before. A: Intense B-gal expression was found in the telencephalon (te). B: Deep 3-gal
staining continued to be detected in the pigmented epithelium of the retina (pe). di, diencephalon.
C: Strong B-gal staining was observed in the posterior commissure (pc) compared to that in the
mesencephalon (me), which showed patchy expression. D: The tela choroidea-derived posterior
choroid plexus (pcp) in the 4th ventricle area was deeply labeled. me, mesencephalon; i, isthmus;
mt, metencephalon. E: Only certain areas in the tuberculum posterius (tp) were positive for 3-gal
staining. F: Significant B-gal expression was also observed in the trigeminal ganglion (tg) and its
nerve divisions. mt, metencephalon. G: Cells surrounding the spinal ganglia (sg) and their extending
nerves continued to show B-gal staining. Bar = 300 pum.

in the posterior commissure, while
only patchy staining was seen in the
rest of the mesencephalon (Fig. 11C).
However, it appeared that more la-
beled cells were present in the mesen-
cephalon proximal to the posterior
commissure. The isthmus or mesen-
cephalon-metencephalon junction tis-
sue is an organizing center that plays
an important role in the midbrain-
hindbrain patterning (Wassef and
Joyner, 1997). Intriguingly, intense
B-gal staining was found in the isth-
mic tissue of the mesencephalic part

(Fig. 11D). In contrast, the metence-
phalic portion of this junction tissue
showed a striped B-gal staining pat-
tern, similar to that of the rest of the
metencephalon. Consistent with ro-
bust B-gal expression in the tela cho-
roidea observed at earlier stages, the
tela choroidea-derived posterior cho-
roid plexus was strongly labeled in the
E12.5 embryo. The tuberculum poste-
rius is a thickening in the floor of the
brain at the region of the anterior end
of the notochord. It represents the pos-
terior margin of the diencephalon and
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develops into a part of the hypothala-
mus. We noted that some discrete re-
gions of the tuberculum posterius
showed high levels of B-gal activity,
while some other parts expressed no-
tably smaller amounts of B-gal (Fig.
11E). At this stage, significant B-gal
staining was still seen in the trigemi-
nal ganglion and its nerve divisions;
however, unlike the strong labeling
throughout the entire ganglion ob-
served at E11.5, the central part of the
trigeminal ganglion from the E12.5
embryo appeared to show little B-gal
staining (Fig. 11F). Interestingly, the
synaptic junction area between the
trigeminal ganglion and the hind-
brain remained strongly labeled (Figs.
10C and 11F). In addition, similar to
that noted at E11.5, cells surrounding
spinal ganglia and their extending
nerves continued to show significant
B-gal expression in the E12.5 embryo
(Fig. 11G). Taken together, these re-
sults indicate that the NF2 promoter
is widely expressed in neural tissues
during embryogenesis.

DISCUSSION

The development of schwannomas on or
around the vestibular branch of both
eighth cranial nerves has been consid-
ered as the hallmark of NF2, but other
tumors and ocular abnormalities are
observed as well (Neff et al., 2005). Most
NF2 patients go on to develop multiple
schwannomas that are associated with
other cranial nerves, such as the tri-
geminal nerve and the spinal nerve
roots. In addition, cranial and spinal
meningiomas and, less frequently,
ependymomas occur. Such restricted
symptoms and phenotypes associated
with NF2 are unusual, given the fact
that the NF2 tumor suppressor protein
is widely expressed in many cell types.
In this report, we showed that the NF2
promoter was active at early embryo-
genesis. NF2 promoter—directed B-gal
expression was detected as early as
E5.5 and intense B-gal staining was ob-
served at E6.5 in the embryonic ecto-
derm containing many mitotic cells. In
addition, NF2 promoter activity was de-
tected in parts of the embryonic
endoderm and mesoderm. NF2 pro-
moter continued to be actively ex-
pressed in the neural ectoderm and its
derived neural tissues throughout mid-
embryogenesis. These results are con-

sistent with earlier findings (Gutmann
et al., 1994; McClatchey et al., 1997,
Stemmer-Rachamimov et al., 1997) and
further indicate that NF2 is an early
expression marker.

Currently, limited information is
known about the role of merlin during
embryonic development and tissue
differentiation. In mice, homozygous
Nf2 inactivation is embryonically le-
thal (McClatchey et al., 1997). Al-
though these results suggest an essen-
tial role for NF2 during early
embryogenesis, the function of merlin
in these processes is not understood.
Merlin has been shown to regulate cell
motility and cell adhesion. In cultured
mammalian cells, merlin is concen-
trated in the membrane ruffle and ad-
herens junction (Gonzalez-Agosti et
al., 1996; Shaw et al., 1998; Maeda et
al., 1999; Lallemand et al., 2003). In
cultured polarized neurons, merlin lo-
calizes to synaptic junctions (Gron-
holm et al. 2005). Merlin can associate
with the actin cytoskeleton directly
(Xu and Gutmann, 1998) or indirectly
by interacting with actin-binding pro-
teins (Scoles et al., 1998; Fernandez-
Valle et al.,, 2002). Re-expression of
merlin in Nf2-deficient cells attenu-
ates actin cytoskeleton-associated
processes, including motility (Gut-
mann et al., 1999). In addition, over-
expression of merlin mutants alters
cell adhesion, causing fibroblasts
to detach from the substratum
(Stokowski and Cox, 2000). Also, Nf2
deficiency results in an inability of
mouse fibroblasts or keratinocytes to
undergo contact-dependent growth ar-
rest and to form stable cadherin-con-
taining cell:cell junctions (Lallemand
et al., 2003). Merlin may stabilize ad-
herens junctions by inhibiting Rac/
Pak signaling and stabilizing the ac-
tin cytoskeleton (Shaw et al. 2001;
Kissil et al., 2002; Xiao et al., 2002;
McClatchey and Giovannini, 2005).
Moreover, Nf2-deficient mouse tumor
cells are highly motile and metastatic
in vivo (McClatchey et al., 1998). To-
gether, these results suggest that
merlin may participate in fundamen-
tal processes involving the regulation
of cell migration, cell adhesion, and
cell proliferation during embryonic de-
velopment.

It has been well documented that
during embryogenesis, many cells and
tissues undergo complex morphoge-

netic movements, such as neural crest
and progenitor germ cell migration,
migration of hematopoietic progeni-
tors into the embryonic hematopoietic
rudiments, and neural tube closure
(Graham, 2003; Bertrand et al., 2005;
Wallingford, 2005); however, the un-
derlying cellular and molecular mech-
anisms are poorly understood. Studies
have shown that cell migration is
highly regulated and involves the ex-
tension of leading processes, where
continuous remodeling of actin and
adhesive contacts is required (Li et al.,
2005). Interestingly, we observed
strong NF2 promoter activity in sites
where migrating cells were located in-
cluding the neural tube closure, the
branchial arches, the dorsal aorta,
and the paraaortic splanchnopleura.
The most intense activity was de-
tected along the dorsal midline during
neural tube closure, the location
where the adhesion and fusion of two
opposing neural folds and epithelial
sheets occur. Similarly, high levels of
NF2 promoter activity were seen at
the site of the anterior neuropore clo-
sure in the head region. Notably,
McLaughlin et al. (2004) recently gen-
erated conditional Nf2 knockout mice
in which Nf2 was deleted throughout
the developing central nervous system
by using nestin promoter-driving Cre
recombinase. These mice displayed
defects in neural tube closure and tis-
sue fusion. It is known that cell adhe-
sion during dorsal closure relies on
the activities of the dynamic actin-
based protrusions (Jacinto et al.,
2002; Woolner et al., 2005). Since mer-
lin localizes to membrane ruffles and
adherens junctions (Gonzalez-Agosti
et al., 1996; Shaw et al., 1998; Maeda
et al., 1999) and plays critical roles in
cell motility and cell adhesion (Gut-
mann et al., 1999; Stokowski and Cox,
2000; Lallemand et al., 2003), the
most intense NF2 promoter activity
along the dorsal midline and at the
site of anterior neuropore closure that
we detected suggests that merlin may
be necessary for cytoskeletal machin-
ery driving cell adhesion and move-
ment during neural tube closure.

In addition, it is tempting to specu-
late that merlin may participate in
neural crest cell migration. The neu-
ral crest comprises a group of highly
motile cells, which are the precursors
of peripheral neurons, Schwann cells,
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pigment and facial cartilage cells (Le-
Douarin and Kalcheim, 1999; Jessen
and Mirsky. 2005). Intriguingly, we
detected little NF2 promoter activity
in premigratory neural crest cells and
the round-shaped neural crest cells,
which had just delaminated from the
dorsal ridge region of the neural fold.
On the contrary, significant NF2 pro-
moter activity was found in the neural
crest cells already migrating away
from the dorsal neural tube. Such a
transient change of NF2 promoter ac-
tivity implies a transcriptional regula-
tion during neural crest cell migration
and further corroborates with the role
of merlin in cell motility and cell ad-
hesion (McClatchey, 2004; Mec-
Clatchey and Giovannini, 2005). It is
possible that down-regulation of NF2
promoter expression may allow premi-
gratory neural crest cells to delami-
nate from the dorsal neural tube.
Once migrating away, the neural crest
cells turn on the NF2 gene to ensure
cell migration and cell adhesion in or-
der to colonize different parts of the
embryo. Recently, several develop-
mentally regulated transcription fac-
tors have been implicated in the con-
trol of neural crest induction and
delamination (Cheung et al., 2005).
Thus, it will be important to see
whether these transcription factors
regulate NF2 promoter expression
during neural crest cell migration.

Analogously, the NF2 promoter was
highly expressed in hematopoietic
stem cell-producing tissues such as
the yolk sac and the paraaortic mes-
enchyme. This mesodermally derived
intraembryonic region, known as the
aorta-gonad-mesonephros region or,
at a slightly earlier developmental
stage, the paraaortic splanchno-
pleura, produces, respectively, potent
hematopoietic stem cells and multipo-
tent progenitor cells in addition to the
yolk sac (Bertrand et al., 2005). The
strong NF2 promoter activity in these
hematopoietic stem cell-producing
tissues suggest that merlin may also
play a role in the migration of hema-
topoietic progenitors into these em-
bryonic hematopoietic rudiments in-
cluding fetal liver, thymus, spleen,
and bone marrow during embryonic
development.

As mentioned above, in addition to
vestibular schwannomas, most NF2
patients develop multiple schwanno-

mas that are associated with trigemi-
nal nerve and spinal nerve roots, and
less commonly, meningiomas and
ependymomas (McClatchey, 2004; Mc-
Clatchey and Giovannini, 2005; Neff
et al., 2005). We detected significant
NF2 promoter activity in all these af-
fected tissues during embryonic devel-
opment. In particular, very intense
promoter activity was noted in the
tela choroidea, which consists of a
layer of ependymal cells covered by
the meninges.

Significant NF2 promoter activity
was also seen in the acoustic ganglion,
trigeminal ganglion, spinal ganglia,
and their extending nerves. Further-
more, NF2 patients frequently suffer
from juvenile lens opacities and a va-
riety of retinal and optic nerve lesions
including defects of the pigment epi-
thelium and pigment epithelial reti-
nal hamartomas (Evans et al., 1992;
Parry et al., 1994; Meyers et al., 1995;
Hazim et al., 1998; Levine and Slat-
tery, 2003). Consistent with previous
observations (Claudio et al., 1995;
Huynh et al., 1996), we detected some
NF2 promoter activity in the lens.
Strong promoter activity was also
seen in the optic chiasma. In the ret-
ina, NF2 promoter is highly expressed
in the pigmented epithelium. The fact
that the NF2 promoter is very active
in the tissues affected by NF2 during
embryonic development further sup-
ports the role of merlin in the patho-
genesis of this genetic disorder.

It should be noted that the 2.4-kb
NF2 promoter appeared to be suffi-
cient to recapitulate most of the en-
dogenous Nf2 RNA expression pattern
in the embryonic tissues during em-
bryogenesis, as we compared the B-gal
staining pattern with the results from
the RNA in situ hybridization (Figs.
3-5; McClatchey et al., 1997,
McLaughlin et al., 2004). A detailed
comparison with embryo sections from
in situ hybridization analysis will
strengthen this conclusion. However,
while the 2.4-kb NF2 promoter could
direct B-gal expression to some ex-
traembryonic tissues such as allantois
and yolk sac, no expression was de-
tected in the ectoplacental cone and
chorionic ectoderm in transgenic em-
bryos at E6.5-7.5, the time when Nf2
knockout mice show defects in ex-
traembryonic tissues. We hypothesize
that additional elements located in

the upstream or downstream region of
the NF2 promoter are required for
proper expression in these extraem-
bryonic tissues.

Previously, we (Welling et al., 2000;
Chang et al., 2002) showed that while
multiple elements are required for full
NF2 promoter activity in transfected
cells, a GC-rich sequence, which was
located in the promoter proximal re-
gion and could be bound by transcrip-
tion factor Spl, served as a positive
cis-acting regulatory element. We are
presently conducting experiments to
test whether the GC-rich sequence
and other cis-acting regulatory ele-
ments are important for the spatial
and temporal expression pattern of
the NF2 promoter. Understanding of
the regulation of the NF2 gene in vivo
may provide us new clues regarding
merlin’s participation in cell migra-
tion and cell adhesion during embry-
onic development.

EXPERIMENTAL
PROCEDURES

Transgene Construct and
Transgenic Production

The pNF2P(-2092)-Luc plasmid con-
taining the 2.4-kb human NF2 pro-
moter was described previously
(Chang et al., 2002). The MFG-S-
nlsLacZ retroviral vector was kindly
provided by Dr. Bruce Bunnell (Im-
bert et al.,, 1998). To generate the
pNF2P(-2092)-nlsLacZ construct, the
luciferase expression unit was re-
moved from pNF2P(-2092)-Luc and
substituted with the LacZ gene, which
contained a nuclear localization signal
(nlsLacZ) and was excised from MFG-
S-nlsLacZ vector. Subsequently, the
splicing signal and the polyadenyla-
tion signal sequences isolated from
pSV2-BG (Chang et al., 1989) were in-
serted downstream of the nlsLacZ se-
quence (Fig. 1A).

The NF2 promoter-driven nls-LacZ
expression cassette was excised from
the pNF2P2.4-nls-LacZ plasmid by
double digestions with Not¢I and Sall
enzymes. The NF2 promoter-nls-LacZ
DNA fragment was purified through a
Qiaquick Gel Extraction kit (Qiagen,
Chatsworth, CA) and microinjected
into male pronuclei of fertilized one-
cell mouse eggs obtained from super-
ovulated FVB/N female mice (Hogan
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et al., 1994). Injected embryos were
transferred into the oviduct of pseudo-
pregnant female foster mice to allow
complete development to term.

To identify transgenic mice, mouse-
tail DNA was prepared using the
Puregene kit (Gentra) and used in
Southern blot analysis. High-molecu-
lar-weight mouse-tail DNA was di-
gested with BamHI enzyme, which
cut once between the NF2 promoter
and nls-LacZ DNA of the transgene.
Digested DNA was electrophoresed
onto a 0.7% agarose gel and then
transferred to a GeneScreen Plus® hy-
bridization transfer membrane (NEN
Life Science). For the probe, the LacZ
DNA was labeled with biotinylated
dNTP mixture by the random primed
method using the NEBIlot™ Photo-
tope™ kit (New England Biolabs). Fil-
ter membranes containing mouse-tail
DNAs were prehybridized in hybrid-
ization buffer for one hour, and then
hybridized with the biotin-labeled
LacZ probe overnight. After hybrid-
ization, filters were washed twice in
0.1X SSC and 0.1% SDS at 65°C for 30
min each time. For detecting hybrid-
ization signal, the Phototope™-Star
Detection Kit for Nucleic Acids (New
England Biolabs) was used, and
chemiluminescence was captured by
the ChemiGenius? Image Acquisition
System (Syngene) or by exposure to
X-ray films. Once identified, trans-
genic mice were mated with FVB/N
mice to generate offspring.

Whole-Mount X-Gal Staining

Transgenic mice were mated with each
other. The day when the vaginal plug
was found, the embryo was aged as 0.5
day p.c. (E0.5). On the following day,
the embryo was aged as E1.5 and so on.
Embryos at various days p.c. were har-
vested and fixed in the fixative solution
containing 1% formaldehyde, 0.2% glu-
taraldehyde, and 0.02% NP-40 in phos-
phate-buffered saline (PBS) for 40 min
on ice. After fixation, embryos were in-
cubated overnight in the X-gal staining
solution, containing 5 mM K;Fe(CN)g, 5
mM K,Fe(CN) 4 2 mM MgCl,, and 1
mg/ml of 5-bromo-4-chloro-3-indolyl-3-
galactoside, at 37°C with gentle shak-
ing. Stained embryos were rinsed with
PBS and photographed under a Leica
MZ16FA stereoscope. Embryos were
further fixed overnight in 4% parafor-

maldehyde in PBS at 4°C and then em-
bedded in paraffin. Five-micron tissue
sections were obtained using a rotary
microtome. Sections were deparaf-
finized, counter-stained with nuclear
fast red, mounted with a coverslip,
and then photographed under a Leica
DM4000B microscope.

Cloning of Mouse Nf2 cDNAs

Total RNA was isolated from adult
mouse brain using the TRIzol reagent
(Invitrogen) and used in RT-PCR to
isolate Nf2 c¢cDNAs (Fig. 1B) as de-
scribed previously (Chang et al.,
2002). The mouse Nf2 ¢cDNA contain-
ing the entire coding region was ob-
tained by RT-PCR using the primers
Coding-F and Coding-R (Fig. 1C). The
resulting Nf2 ¢cDNA was cloned into
pCRII-TOPO vector (Invitrogen) to
generate the pCRII-Nf2coding plas-
mid (Fig. 1B). The Nf2 ¢cDNA was di-
gested with HindIII enzyme to yield
the N-terminal 0.9-kb, middle 0.3-kb,
and C-terminal 0.6-kb fragments.
Each ¢cDNA fragment was subcloned
into pCRII-TOPO to generate the pC-
RII-N, pCRII-M, or pCRII-C subclone,
respectively. To obtain the Nf2 cDNA
containing the 5’ untranslated region,
RT-PCR was performed using the
5U-F and 5U-R primers (Fig. 1C). The
resulting ¢cDNA product was cloned
into pCRII-TOPO to generate the pC-
RII-5U construct (Fig. 1B). Similarly,
cDNAs containing the sequences im-
mediately upstream of the translation
termination codon and extending into
the 3’ untranslated region were ob-
tained using the primer pairs 3U1-F
and 3U1-R, or 3U2-F and 3U2-R (Fig.
1C). The resulting ¢cDNAs containing
the 3’ untranslated region were also
cloned into pCRII-TOPO to generate
pCRII-3U1 and pCRII-3U2, respec-
tively (Fig. 1B). All Nf2 cDNA se-
quences obtained were confirmed by
DNA sequencing.

Whole-Mount RNA In Situ
Hybridization

Mouse embryos (E7.5, E8.5, and E9.5)
were harvested and fixed in 4% para-
formaldehyde in PBS overnight at
4°C. Fixed embryos were rinsed with
PBT (PBS plus 0.1% Tween) three
times, placed in 100% methanol, and
then bleached at room temperature

for 5 hr by adding hydrogen peroxide
to 6%. After rinsing with 100% meth-
anol three times, embryos were stored
in 100% methanol at —20°C.

In situ hybridization was performed
as previously described (Wilkinson,
1992) with minor modifications (Cor-
reia and Conlon, 2001). Following hy-
dration through a 75, 50, and 25%
methanol/PBT series, embryos were
treated with 10 mg/ml proteinase K in
PBT at room temperature (5 min for
E7.5 embryos, 7 min for E8.5 embryos,
and 8 min for E9.5 embryos). Treated
embryos were washed twice for 5 min
with 2 mg/ml glycine in PBT, rinsed
three times with PBT, and then re-
fixed with freshly prepared 4% para-
formaldehyde/0.2% glutaraldehyde in
PBT for 20 min at room temperature.

For riboprobe preparation, tran-
scription plasmids carrying a different
portion of the Nf2 ¢cDNA (pCRII-5U,
N, M, C, 3U1, and 3U2) were linear-
ized with an appropriate restriction
enzyme, which cuts at the junction be-
tween the c¢cDNA and vector se-
quences. In vitro transcription that
produced riboprobes, which incorpo-
rate digoxygenin-labeled nucleotides
from each linearized plasmid with T7
or SP6 polymerase, was performed us-
ing the DIG RNA Labeling Kit
(Roche). Both the sense and antisense
riboprobes from each transcription
plasmid were produced.

For hybridization, embryos were
briefly rinsed with hybridization
buffer (56X SSC, pH 5, 1% SDS, 50
pg/ml yeast tRNA, 50 pg/ml heparin,
and 50% formamide) and then incu-
bated in hybridization buffer for 1 hr
at 65°C with gentle shaking. After re-
moving the pre-hybridization buffer,
each riboprobe was diluted in hybrid-
ization buffer to about 1 pg/ml and
then added to the embryos. Hybridiza-
tion was carried out at 65°C with gen-
tle shaking overnight.

Hybridized embryos were sequen-
tially washed with Wash Solution 1, a
1:1 solution of Wash Solutions 1 and 2,
and Wash Solution 2, followed by di-
gestion with 100 pg/ml RNase A and
washing with Wash Solution 2 and 3
(Wilkinson, 1992). To detect the hy-
bridization signal, the DIG Nucleic
Acid Detection Kit (Roche) was used.
Embryos were pre-blocked with 10%
sheep serum and then incubated over-
night at 4°C with alkaline phospha-
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tase-conjugated anti-digoxigenin anti-
body, which had been pre-absorbed
with embryo powder (Wilkinson,
1992). After extensive washing, em-
bryos were incubated in 1 ml of freshly
prepared NTMT (100 mM NaCl, 100
mM Tris-HCl, pH 9.5, 50 mM MgCl2,
and 0.1% Tween 20) containing 4.5
wl/ml NBT stock and 3.5 pl/ml BCIP
stock (Correia and Conlon, 2001). In-
cubation was performed in the dark
with gentle shaking. When color was
developed to the desired extent, em-
bryos were rinsed several times with
PBT, stored in a 50/50 mix of glycerol
and PBT, and photographed under a
Leica MZ16FA stereoscope.

Immunohistochemical
Analysis

Embryos at various days p.c. were
harvested, fixed in 4% paraformalde-
hyde, and then embedded in paraffin.
Tissue sections were obtained, depar-
affinized, and processed for immuno-
staining with antibodies against Sox 9
(sc-20095; Santa Cruz Biotechnology),
S100 (z 0311; Dako), and merlin (sc-
331; Santa Cruz Biotechnology) ac-
cording to previously described proce-
dures (Welling et al., 2002). Negative
controls were treated with the same
immunostaining procedure except
without the primary antibody. Hema-
toxylin was used as a counterstain.
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Abstract

Human vestibular schwannomas, which are
benign Schwann cell tumors originating from the
eighth nerve in the posterior cranial fossa, continue to
cause morhidity associated with hearing loss, balance
dysfunction, facial paralysis and paresthesias, and
occasionally life-threatening brainstem compression.
Vestibular schwannomas can be divided into three
general categories including unilateral spontaneous
vestibular schwannomas, neurofibromatosis type 2
(NF2)-associated vestibular schwannomas, and cystic
type schwannomas. Recent advances in molecular
oncology have led to the discovery of the neurofibro-
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matosis type 2 gene (NF2), whose mutation has been found in all three types of
vestibular schwannomas. Expression of the NF2 gene is regulated at the
transcriptional and post-transcriptional level, and its expression is essential
during early embryonic development. The NF2 gene encodes a protein termed
merlin/schwannomin, which shares a high degree of homology with the ezrin,
radixin, and moesin (ERM) proteins. Genetic knockout experiments have
shown that the NF2 gene product is a tumor suppressor for Schwann cell and
meningeal cells. Analysis of cDNA microarray has revealed potential
underlying molecular differences among the types of vestibular schwannomas.
Avenues for the development of potential future therapies have begun to
emerge.

| ntr oduction

Vestibular schwannomas are histologically benign tumors of the neural
sheath that originate from the superior or inferior vestibular branches of cranial
nerve VIII. The term “vestibular schwannoma” is preferred over the more
commonly used term ‘“acoustic neuroma” because these tumors are neither
neuromas, nor do they arise from the acoustic (cochlear) nerve (170). The
tumors can lead to profound hearing loss, balance dysfunction, facial nerve
paralysis, brainstem compression, hydrocephalus, and if left untreated, death.
In a silent, off-balance world with impaired facial expression, these patients
are directly affected in their ability to communicate and interact with others.
Currently there are no known medical treatments for these tumors. Sensitive
diagnostic techniques such as magnetic resonance imaging (MRI) are
diagnosing these tumors at early stages. Surgical excision through a
craniotomy or stereotactic radiation are the current treatments of choice. This
review aims to address the types of vestibular schwannomas and molecular
mechanisms underlying schwannoma tumorigenesis. Potential sources of
phenotypic variation among schwannoma tumor types have been investigated
and potenial deregulated signaling pathways identified will be discussed with
respect to the future development of novel pharmaco-therapeutics.

Vestibular schwannoma types

Three types of vestibular schwannomas, which have distinct clinical
features, are encountered in clinical practice including unilateral sporadic
vestibular schwannomas, bilateral or NF2-associated schwannomas, and cystic
schwannomas (238). Vestibular schwannomas, typically slow growing and
non-malignant, most commonly occur as sporadic unilateral solid tumors with
an annual incidence of about 1 in 20,000 population. Patients with vestibular
schwannomas usually present with unilateral tinnitus, hearing loss and
imbalance. These tumors can lead to deafness, facial nerve paralysis, brainstem
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compression, hydrocephalus, and death, if left untreated. The mean age at
onset in our series is 49 years of age and there is a slight female predominance
without ethnic predilection (238). NF2-associated vestibular schwannomas
and cystic schwannomas are both distinctly less common, each occurring at
approximately 4% of the rate of unilateral schwannomas (30-32). NF2-
associated and cystic tumors are more likely to be multi-lobulated than
unilateral sporadic tumors.

NF2 is a highly penetrant, autosomal dominant disorder (26). The
hallmark of NF2 is the development of bilateral vestibular schwannomas.
Other disease features include cranial meningiomas, ependymomas, spinal
schwannomas and presenile lens opacities (61,109,111,148). NF2 is an
extremely debilitating disease, leading to a decreased life expectancy in those
afflicted. It has a prevalence estimated at approximately 1 in 40,000 (10,53).
There is no known ethnic predilection. Affected individuals often show eighth-
nerve dysfunction beginning in early adulthood including tinnitus, bilateral
profound hearing loss, and ataxia. Bilateral facial nerve paralysis is an
additional debilitating event. The mean age at presentation for NF2-associated
vestibular schwannomas is 20 to 21 years of age (54,174). Occasionally the
onset will be delayed into the 5th or 6th decade of life, but it may also present
in early childhood (150). Patients who inherit an abnormal copy of the
neurofibromatosis 2 gene (NF2) on chromosome 22ql12 (245) have a 95%
chance of developing bilateral vestibular schwannomas. However, about one
half of the cases have no family history of NF2 and thus represent new
germline mutations. NF2 is now recognized as a disease that is distinctly
different from neurofibromatosis type 1 (NFI1) or von Recklinghausen’s
disease. NF1, which is associated with multiple peripheral neuromas, is
caused by a mutation in the neurofibromatosis 1 gene (NF1) located on the
long arm of chromosome 17 (for recent reviews, see 9,40,142).

Cystic vestibular schwannomas are a particularly aggressive group of
unilateral schwannomas, which invade the surrounding cranial nerves, splaying
them throughout the tumor. Cystic vestibular schwannomas are associated with
either intra-tumoral or extra-tumoral cysts, which develop in the loosely
organized Antoni B tissues. In addition, a higher degree of nuclear atypia is
seen in cystic tumors (33,110). Careful distinction must be drawn between
truly cystic schwannomas and the more common heterogeneous schwannomas,
which are not as aggressive in their clinical behavior. Cystic tumors may grow
rapidly and are very difficult to manage, because of the high rate of hearing
loss and facial nerve paralysis that occurs subsequent to their removal. When
cystic tumors are removed surgically, only 35% of patients maintain a House-
Brackmann grade I or II (normal or mild dysfunction) facial function
postoperatively (30-32). These results are unfavorable when compared to
surgical excision of NF2-associated vestibular schwannomas and sporadic
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unilateral vestibular schwannomas which result in House-Brackmann grade 1
or II facial function in 66% and 90% of patients, respectively (238). In
addition, surgical removal of cystic tumors resulted in a 41% rate of complete
facial nerve paralysis (House-Brackmann grade VI) as compared to solid
unilateral schwannomas of a similar size in which complete paralysis only
occurred 27% of the time (62). The results from stereotactic radiation have
been similarly disappointing for cystic tumors. These tumors are also much
more likely to have continued growth and facial nerve paralysis with
stereotactic radiation treatments than either unilateral spontaneous or NF2-
associated schwannomas (177,200,214).

MRI distinguishes clearly among the three types of vestibular
schwannomas (Figure 1). Cystic regions within cystic schwannomas are signal
intense on T2-weighted images without contrast enhancement, while non-
cystic components of the tumors enhance on T1 images with gadolinium, in a

Figure 1. MRI images of vestibular schwannomas. (A) Coronal T1-weighted image
with gadolinium enhancement demonstrating a right-sided sporadic vestibular
schwannoma. (B) Axial T1-weighted image with gadolinium enhancement illustrating
bilateral NF2-associated vestibular schwannomas. (C) Axial T1-weighted image with
gadolinium enhancement showing a right-sided vestibular schwannoma with areas of
central low intensity corresponding to cysts within the tumor. (D) Axial T2-weighted
image displaying a right-sided cystic vestibular schwannoma with focal areas of
increased signal intensity that correspond to intra-tumoral cysts (arrow).
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similar manner to those seen in unilateral and NF2-associated schwannomas.
The irregular appearance of heterogeneous tumors on contrast enhanced MRI
can be accounted for by hemosiderin deposits, which correlates with increasing
tumor size (169).

Although quite distinct clinically and radiographically, the underlying
molecular differences among the types of vestibular schwannomas are not
understood.  Furthermore, the optimal treatment regimens are not known
because of a lack of understanding of fundamental tumor biology and a lack of
rigorous clinical outcomes studies.

NF2 gene, gene product, and mutation in vestibular
schwannomas

The gene associated with NF2 was cloned by positional cloning and
named the NF2 gene, which encodes a protein named ‘schwannomin’ (a word
derived from schwannoma, the most prevalent tumor seen in NF2) by Rouleau
et al. (190) or ‘merlin’ (for moesin-ezrin-radixin like protein) by Trofatter et al.
(229). To honor both groups, to retain the significance associated with each
name, and to unify the nomenclature in the literature, we recommended that
the Nf2 gene product be called ‘schwannomerlin’ (240). However, for
simplicity, we refer to the NF2 gene product as merlin in this review.

Merlin shares a high degree of homology with the ezrin, radixin, and
moesin (ERM) proteins (190,229). The ERM proteins are members of the
erythrocyte protein 4.1-related superfamily, linking the actin cytoskeleton to
the plasma membrane (2). The proteins belonging to this family all have
similar designs with an N-terminal globular FERM domain (F for 4.1 protein)
(35), followed by an o-helical stretch and then by a charged C-terminus. The
overall structure of merlin is similar to that of the ERM proteins. Biochemical
and biological analysis indicates that the highly conserved FERM domain and
the unique C-terminus of the merlin protein are important for its function.
However, unlike the ERM proteins, which seem to facilitate growth, merlin
exerts a growth suppression effect (78).

The isolation of the NF2 gene facilitates the identification of mutations
within the NF2 gene, the relative frequency of mutations in each exon, and the
specific clinical expression associated with specific NF2 mutations in
vestibular schwannomas and other NF2-associated tumors. NF2 mutations
have been identified in NF2-associated vestibular schwannomas, sporadic
unilateral schwannomas, and cystic schwannomas (6,14,16-19,43-44,55-56,
75,77,82,96,98-103,112,119-122,135-136, 143-145, 155-156,158,165,176,190,
192,194,196-198,220-221,229-230,238,242,243,255). Additionally, mutations
within the NF2 gene have been frequently identified in meningiomas and



6 Long-Sheng Chang et al.

occasionally 1identified in other tumor types such as mesotheliomas
(14,15,41,44,127,136,155,193,207).

Attempts have been made to correlate clinical expression with specific
NF2 mutations in vestibular schwannomas and other NF2-associated tumors.
A number of somatic mutations and their specific clinical expression in
sporadic unilateral tumors and NF2 tumors have been characterized (14, 18,
19,44,55,75, 100-103, 119-122, 140, 143-144, 149, 155,175,192,196-198, 204,
221,230,242). In tumors from NF2 patients, point mutations accounted for the
majority of mutations, whereas small deletions accounted for the majority of
mutations in the unilateral tumors. Initially, mutations, which cause truncation
of the NF2 protein, were reported to cause a more severe phenotype
(99,103,175), while missense mutations or small in-frame insertions had been
reported to associate with a mild phenotype (19,75,156,192,242). However,
phenotypic variability within NF2 families carrying the same germline
mutation has also been reported (149). Although some missense mutations of
the NF2 gene have been associated with a milder phenotype, severe
phenotypes have also been identified. Missense mutations within the o-helical
domain of merlin appear to be associated with a less severe phenotype than
mutations within the conserved FERM domains (75). Likewise, large deletions
may give rise to mild phenotypes as well (24). Given the heterogeneity of
clinical response to various mutations, other yet unknown regulatory factors
likely play a key role in the clinical manifestations in the various types of
schwannomas.

It should be noted that not all vestibular schwannomas examined carry an
identifiable NF2 mutation. By performing an exhaustive alteration screening,
including large deletions for the NF2 gene, Zucman-Rossi et al. (255) reported
the efficiency of mutation detection in NF2 patients to be 84%. Thus,
additional mechanisms for inactivation of the NF2 gene in some NF2 patients
exist. The possibility of a modifier gene has been suggested (22-23). Also, the
possibility of methylation or mutation in the NF2 regulatory region has been
postulated (29,116). In addition, the complexity of NF2 transcripts generated
by post-transcriptional alternative splicing and differential polyadenylation
may be considered as possible means of inactivating the NF2 gene (29).

Of clinical importance is the ability to completely identify a specific
mutation in the NF2 gene in a given family member because it allows the
performance of direct DNA diagnostic testing on other family members,
leading to an early, even presymptomatic diagnosis of affected patients. Early
detection makes a distinct difference in the ability to successfully treat the
patients (67). Decreased morbidity and mortality are associated with early
intervention. Ultimately, facial nerve function and hearing preservation are
directly correlated with smaller tumor size and early detection. NF2 patients
now often suffer profound bilateral deafness (241). Early detection however,
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may allow hearing preservation by early surgical intervention. Additionally
hearing restoration by cochlear implantation is only possible in NF2 patients
diagnosed early enough to allow surgical sparing of the cochlear nerve.
Cochlear implantation, if possible, is likely to achieve superior hearing results
when compared to auditory brainstem implants (75,90). Individuals who have
not inherited the abnormal NF2 gene will be spared repeated medical
evaluations and expensive imaging studies (125). All of these factors suggest
that further refinement in the diagnosis and treatment of NF2 is necessary.

Merlin: A tumor suppressor in schwann cells

Over-expression of the NF2 gene in mouse NIH3T3 fibroblasts or rat RT-4
schwannoma cells can limit cell growth (75,78,141,210) and suppress
transformation by a ras oncogene (228). The growth control of certain
Schwann cells and meningeal cells is abrogated by the loss of NF2 function,
suggesting that NF2 deficiency disrupts some aspect of intracellular signaling
that leads to a signal for cell proliferation. Like the ERM proteins, merlin is
expressed in a variety of cell types where it localizes to areas of membrane
remodeling (21), particularly membrane ruffles (70). Schwannoma cells from
NF2 tumors have dramatic alterations in the actin cytoskeleton and display
abnormalities in cell spreading (178). These results suggest that merlin may
play an important role in regulating both actin cytoskeleton-mediated
processes and cell proliferation.

A few merlin-interacting proteins have been identified. These include the
ERM proteins, F-actin, microtubules, BIl-spectrin, hyalurin receptor CD44,
Bl-integrin, paxillin, B-fodrin, syntenin, the regulatory cofactor of Na'-H'
exchanger (NHE-RF), SCHIP-1, hepatocyte growth factor-regulated tyrosine
kinase substrate (HRS), p21-activated kinase 1 and 2 (Pakland Pak2), Racl,
and RIB subunit of protein kinase A (1,58,70,72,74,86,94,106,117-
118,162,164,167,173,195,205-206,209-211,227,249-250). Presently, how
these protein-protein interactions relate to the tumor suppressor activity of
merlin is largely not understood. The association of merlin with the CD44
hyaluronic acid receptor and 1-integrin raises the possibility that merlin might
function as a molecular switch through signals from the extracellular matrix
(86,162,212). Intriguingly, we have found that several extracellular matrix
proteins are differentially regulated in vestibular schwannomas (243).

Mice carrying a deletion of the Nf2 allele have been produced.
Heterozygous Nf2-knockout mice develop a variety of malignant metastatic
tumors with osteosarcomas at a high frequency, and fibrosarcoma and
hepatocellular carcinoma at an increased, but lower frequency (152). Almost
all of the tumors exhibit loss of the wild-type Nf2 allele, indicating that merlin
has a classical tumor suppressor function. However, none of the heterozygous
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Nf2 mice develop vestibular schwannomas or other non-tumoral manifestations
of human NF2. Homozygous Nf2 mutant mouse embryos fail in development
at day 6.5~7 of gestation and die immediately prior to gastrulation, displaying
poorly organized extra-embryonic ectoderm (153). These results suggest that
merlin is essential during embryonic development. By using Cre-mediated
excision of exon 2 in Schwann cells targeted by a myelin basic protein PO
promoter, conditional Nf2-knockout mice have been produced and display
characteristics of NF2, including schwannomas, Schwann cell hyperplasia,
cataracts, and osseous metaplasia (66). Although these results argue that loss
of merlin is sufficient for schwannoma formation in vivo, none of the lesions
observed in these mice involve the vestibular nerve. This is in contrast to those
vestibular schwannomas commonly found in patients with NF2. In addition,
meningiomas, a frequent manifestation of the human NF2 disease, were not
observed in the conditional homozygous Nf2 knockout mice suggesting that
meningioma progenitor cells may not be permissive to the PO promoter. The
use of the NF2 gene promoter to direct proper temporal and spatial expression
of the Cre recombinase to Schwann cells and other cell lineages to generate
additional conditional knockout mice may allow validation of this hypothesis.

Transcriptional and post-transcriptional regulation of the

NF2 gene

The human NF2 gene spans over 90-kb DNA on chromosome 22
(239,255). To better understand NF2 gene expression and regulation, we
previously mapped the 5’ and 3’ ends of the NF2 transcript (29). The human
NF2 transcripts initiate at multiple positions, with the major transcription
initiation site mapped at position —423, relative to the A residue of the ATG
translation start codon designated as +1. The proximal 5 flanking region of the
human NF2 gene is G+C rich and no consensus TATA sequence is present in
the region 30 bp upstream of the major transcription initiation site. However,
several potential binding sites for transcription factors AP2, CTF, E2F, EKLF,
GCF, HIP1, LEF/TCF-1, NF-S, peroxisome proliferator-activating receptor
(PPAR), c-SS/PDGF, and Sp1 are present in the 5’ flanking region (29).

The NF2 protein is expressed in a variety of cell types
(29,79,97,153,190,229). Consistently, our promoter analysis shows that a 2.4-
kb 5° flanking DNA of the human NF2 gene directs the efficient expression of
a reporter enzyme in several human cell types (29,239). Deletion analysis
reveals a core promoter region extending 400 bp from the major transcription
initiation site. Multiple positive and negative elements within the 5’ flanking
region appear to be important for NF2 promoter expression. In particular, a
G/C-rich sequence located at position —58 to -46, which can be bound by the
Spl transcription factor, serves as a positive regulatory element. Co-
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transfection experiments in Drosophila SL2 cells demonstrate that Spl can
activate the NF2 promoter through the G/C-rich sequence (29).

To examine if the NF2 promoter is sufficient to direct expression to
Schwann cells and other cell types, we have produced transgenic mice carrying
a 2.4-kb NF2 promoter-driven B-galactosidase (B-gal) construct. Whole mount
X-gal staining of transgenic embryos detected [B-gal expression at early
embryonic development (Akhmametyeva, E., M. Mihaylova, and L.-S. Chang,
unpublished data). At 10.5 days post coitus (p.c.), strong B-gal staining was
detected in the developing neural tissues, including those developing into the
brain and the cells surrounding the spinal nerves. A broad [-gal staining
pattern was seen in transgenic embryos at 12.5 days p.c. and older. This early
embryonic expression pattern of the NF2 promoter is consistent with the
phenotype of embryonic lethality seen in Nf2-knockout mice (153). Together,
these results suggest that NF2 may have a broad role during early
development.

We have also found that the promoter region of the human Nf2 gene could
function bi-directionally (Chang, L.-S. and E. Akhmametyeva, unpublished
data). When a NF2 promoter-luciferase construct containing the 600-bp NF2
promoter DNA placed in the antisense orientation with respect to the luciferase
expression cassette, was used in transfection, it gave rise to very strong
promoter activity, which was higher than that of the 600-bp NF2 promoter in
the sense configuration. Further analysis on the bi-directional transcription
architecture of the NF2 locus should allow us to better understand the
regulatory mechanism interplayed between two closely spaced promoters and
possibly transcription units.

The NF2 coding region encompasses 17 exons (190,229,239,255).
Northern blot analysis detects multiple NF2 RNA species of 6.1, 3.9, and 2.7
kb in various human tissues and cell lines (29). We have shown that the
complexity of NF2 transcripts is be attributed to multiple levels of regulation
including multiple transcription initiation sites, alternative splicing, and
differential usage of multiple poly(A) signal sequences (29). Various lengths
of NF2 cDNAs have also been isolated. The longest human NF2 cDNA,
containing all 17 exons, consists of 6,067 nucleotides (nt), which is consistent
with the size of the major RNA species hybridized to the NF2 probe. The
cDNA has a 425-nt 5' untranslated (UT) region upstream from the ATG start
codon, and a long 3' UT region of 3,869 nt.

NF2 transcripts undergo alternative splicing in the coding exons
(7,14,29,88,123,171,182,202) and possibly in the 3’ UT region (Wu, Y., E.
Akhmametyeva, and L.-S. Chang, unpublished data). So far, more than 10
alternatively spliced cDNA isoforms have been identified in various human
cells and tissues. The most common isoforms expressed in these cells are the
so-called “isoform II”, containing all 17 exons, and “isoform I”, which is
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missing exon 16. Isoform I is a 595 amino-acid protein. Isoform II differs
from isoform I only at the C-terminus. Due to the inclusion of exon 16 in the
mRNA providing a new stop codon, isoform II encodes a 590 amino-acid
protein that is identical to isoform I over the first 579 residues. Other
alternatively splice NF2 isoforms include those missing exon 2, 3, 8, 10, or 15,
or multiple exons and those with insertion of sequences from intron 2 or 16
(7,14,29,88,123,171,182,202;  Akhmametyeva, E. and L.-S. Chang,
unpublished data).

We have also examined the expression of alternatively spliced NF2
mRNA isoforms in NF2-associated schwannomas, sporadic unilateral
schwannomas, and cystic schwannomas. While the expression pattern and
relative frequency of alternatively spliced NF2 transcripts were similar among
the three types of schwannoma; however, some differences were found when
the NF2 transcripts from schwannomas were compared to those isolated in
other human cell types. For example, in addition to isoforms I and II, the
schwannomas expressed a high percentage of the NF2 mRNA isoform lacking
exons 15 and 16 (Akhmametyeva, E., D.B. Welling, and L.-S. Chang,
unpublished data).

Presently, the role of alternative splicing of NF2 mRNA is not well
understood. It is important to note that these alternatively spliced NF2 isoforms
could potentially encode different sizes of merlin protein. Intriguingly, among
all isoforms tested, only isoform I possesses growth inhibitory activity when
assayed in vitro (Yao, S., E. Akhmametyeva, and L.-S. Chang, unpublished
data). However, transgenic mice expressing the NF2 isoform lacking exon 2
showed high prevalence of Schwann cell-derived tumors and Schwann cell
hyperplasia (65). Also, it is not known why schwannomas preferentially
express certain NF2 isoforms. It is possible that the functional contribution of
the NF2 tumor suppressor may require a balanced expression of various
isoform proteins in Schwann cells and/or other cell lineages (29,65).
Alternatively, it is tempting to speculate that alternative splicing may be
another mechanism for Schwann cells to inactivate merlin function and/or to
generate isoforms that have additional properties conducive to tumor
formation. We are presently conducting experiments to test these possibilities.

In addition to the longest full-length 6.1-kb NF2 cDNA, we have also
isolated two shorter NF2 cDNAs that were terminated by different
polyadenylation signal sequences within intron 16 (29). These results indicate
that differential usage of multiple polyadenylation sites also contributes to the
complexity of human NF2 transcripts. Presently, the functional significance for
the differential polyadenylation of NF2 transcripts is not understood. The
structural difference among these NF2 transcripts argues that they may play
some role in the regulation of NF2 expression. Nevertheless, in conjunction
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with tissue-specific alternative splicing (29,202), differential polyadenylation
may further provide functional diversity of the NF2 protein.

cDNA microarray analysis of vestibular schwannomas

Carcinogenesis is a multi-stage phenomenon including both genetic and
epigenetic alterations (for recent reviews, see 81,113,219,237). In addition to
mutations in oncogenes and tumor suppressor genes, deregulated expression of
genes involved in specific signaling pathways, damage surveillance, DNA
repair or mitotic apparatus frequently occurs in human cancer. In recent years,
large-scale gene expression analysis using c¢cDNA microarray has been
successfully utilized in evaluating a number of solid tumors and leukemias
(4,5,20,36,39,45,46,48,51,57,59,68,76,80,85,87,89,92,93,95,105,107,114,128,
129,133,134,137,138,146,154,161,165,166,172,179,186,199,201,208,215,216,
222,226,243,244,246). Analysis of gene expression profiles using a variety of
statistical algorithms to arrange tissues according to similarity in pattern of
gene expression (64) has revealed differences among tumors, which are not
distinguishable histologically. Molecular classification, rather than histological
classification, has been shown to predict the response of specific tumor types
to specific therapies (12,25,147,168,189,236,248). This genomic scale
approach has helped to identify sub-classes of colon carcinoma, breast
carcinoma, melanoma, leukemia and lymphomas (3,8,37,49,63,84,139,157,
163,191,203,217,218,225,251). In several instances, microarray analysis has
already identified genes that appear to be useful for predicting clinical
behavior (11,13,27,34,52,69,71,91,108,115,180,185,188,213,232-235,247).

Vestibular schwannoma characteristics cannot be explained by the current
understanding of gene mutation types alone. Investigating inter-tumor
variability of gene expression profiles shows promise to help unravel the
clinical differences among subtypes of vestibular schwannomas. Three
complementary approaches can be used to evaluate the gene expression profile
of vestibular schwannomas. The first is to identify pathways of tumorigenesis
common to schwannomas regardless of clinical variation in tumor
manifestations. The second is to find pathways and/or genes, which are
differentially expressed in tumors of the same type, and the third is to compare
normal tissue expression profiles with tumor tissues’ profiles.

To better understand the pathways leading to schwannoma formation, we
have utilized cDNA microarray analysis to evaluate gene expression profiles of
vestibular schwannomas (129,243). Three sporadic vestibular schwannomas,
two NF2-associated schwannomas, and three cystic schwannomas were
compared to a normal vestibular nerve from a patient with a sporadic
schwannoma. Of 25,920 genes or expressed sequence tags screened, 42 genes
were significantly up-regulated by a factor of three or more in 6 of the 8
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tumors examined. Additionally, multiple genes were found to be significantly
down-regulated in the majority of vestibular schwannomas examined. Of
these genes, eight genes involved with cell signaling and division were down-
regulated. These include an apoptosis-related, putative tumor suppressor gene
LUCA-15, which was down-regulated in seven of eight schwannomas, studied
(243). The LUCA-15 gene maps to the lung cancer tumour suppressor locus
3p21.3 and encodes an RNA binding nuclear protein (47,50). A number of
alternative LUCA-15 RNA splice variants have been isolated and display
different abilities to either enhance or suppress apoptosis (159,160,185,223,
224). The LUCA-15 protein contains zinc fingers and possesses transcription-
activation function (Luo, H. and L.-S. Chang, unpublished data).

Among the up-regulated genes, two mediators of angiogenesis, endoglin
and osteonectin, were highly elevated in most, if not all, vestibular
schwannomas examined (243). Endoglin, also called CDI105, is a cell
membrane glycoprotein, which is frequently over-expressed on tumor-
associated vascular endothelium (60). Endoglin functions as an accessory
component of the transforming growth factor-f receptor complex and has been
suggested to have prognostic significance in selected neoplasia. In addition, the
potential usefulness of endoglin in tumor imaging and anti-angiogenic therapy
has been well documented (60). Endoglin was found to be significantly up-
regulated in all of the solid vestibular schwannomas but not in any of the cystic
schwannomas examined (243). The difference in endoglin gene expression
may be a key to unlocking why some schwannomas develop into the
aggressive cystic phenotype. Osteonectin is a secreted glycoprotein that
interacts with extracellular matrix proteins to decrease adhesion of cells from
the matrix, thereby inducing a biological state conducive to cell migration.
Osteonectin was elevated in all of the tumors studied and may be a target for
potential therapies including angiogenesis inhibitors (243).

An example of a deregulated signaling pathway suggested by the
microarray data is the retinoblastoma protein (pRb)-cyclin dependent kinase
(CDK) pathway, which regulates G;-S progression (129). All schwannomas
examined displayed deregulated expression of at least one of the genes
involved in this pRb-CDK pathway. In addition, CDK2 was found to be down-
regulated in 7 of 8 tumors.

We also found up-regulation of transforming factor RhoB all of the
schwannomas examined (243). The Rho GTPase proteins share about 30%
homology with Ras and are crucial regulators of the actin cytoskeleton, cell
adhesion, and motility (reviewed in 28,38,151,184). Rho-family members play
a critical role in Ras transformation (100,181,183,254), making them potential
anticancer therapeutic targets. Unlike most members of the Rho family, RhoB
is a growth factor- and oncogenic-induced immediate early gene product that is
regulated during the cell cycle (104,252). RhoB, by itself, is weakly
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oncogenic, but is required for the initiation and maintenance of
transformation by the oncogenic Ras protein (131,181). In addition, RhoB
is a critical target of farnesyltransferase inhibitors, a novel class of anti-
tumor chemotherapeutics (124,131-132,253). The fact that RhoB
expression is elevated in all schwannomas examined suggests that RhoB
may be a downstream target of merlin in Schwann cells (243).

One important consideration in our cDNA microarray analysis is the
use of the paired normal vestibular nerve as the control (129,243).
Experiments using cultured Schwann cells may yield data for direct
comparison with schwannoma tissue. However, the drawback of using a
cell culture is that culture conditions could alter gene expression patterns.
Also, limited division has been commonly observed with cultured Schwann
cells and vestibular schwannoma cells. Nevertheless, a direct comparison
of protein expression for CDK2, RhoB, osteonectin, and merlin in tissue
sections together with quantitative real-time PCR analysis for CDK2 and
LUCA-15 yielded results consistent with our cDNA microarray data when
schwannoma tumors were compared with the normal vestibular nerve
(129,243). For confirmation, we are presently conducting additional cDNA
microarray analysis comparing multiple pairs of vestibular nerves,
vestibular schwannomas, and cultured Schwann cells.

Microarray analysis of vestibular schwannomas has opened many new
potential avenues of investigation. A more complete understanding of why
NF2 mutations lead to tumor formation is dependent upon understanding
other interacting genes whose expression are deregulated during
tumorigenesis. Investigating inter-tumor variability and comparing normal
Schwann cells to schwannoma cells via gene expression profiles shows
promise to help unravel the clinical differences among the types of
vestibular schwannomas.

Summary

Recent advances in molecular oncology have identified the NF2 tumor
suppressor gene, which is frequently mutated in all three types of
vestibular schwannomas. Analysis of NF2 function and regulation has
provided the first step toward the better understanding of the molecular
mechanism of schwnnoma tumorigenesis. Functional genomics and
proteonomics studies have generated vast amounts of information for
translational approaches. It is anticipated that further analysis of the
information will lead to the development of novel pharmaco-therapeutics,
offering alternatives to the current options of untreated observation of
tumor growth, stereotactic radiation, or surgical removal.
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