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Introduction

Neurofibromatosis type I and IT (NF1 and NF2) are human genetic diseases affecting the
nervous system. The approach of our laboratory to the study of the NF1 and NF2 genes
and their associated diseases has been to construct mouse strains with targeted mutations
in the murine homologues of NF1 and NF2. Mouse models of both NF1 and NF2 have
been generated and used for the characterization of the diseases. Cells derived from
mutant animals have been utilized to assess the biochemical role of Nfl and Nf2 in
growth control, tumor suppression, and cell survival.




Body

This final report has been divided into sections corresponding to the Technical
Objectives/specific Aims of the original grant, which was initiated on 30 September
1997.

1. Characterization and manipulation of the murine model of NF1. Murine models
for neurofibroma and MPNST development have been successfully generated and
characterized as described in the 1998-1999 progress report. These data have also been
published (1) and therefore will not be discussed further here.

A genetic modifier screen using the Nf1/p53 strain was conducted. The resulting
astryocytoma/glioblastoma model was recently published (2) and will not be discussed
further here.

Although the Nf1-/- chimera model provides an important model for addressing the
differences in phenotype between NF1/NfI mutant humans and mice as well as an avenue
for tumor analysis, it is a difficult model with which to work. The main difficulty is the
percentage of chimeric embryos that survive to term, even following injection of 1-2 Nfl-
/- cells. Therefore, we do not plan to pursue this model further at this time. Instead, we
have contacted Luis Parada (UT, Dallas), who has made a conditional loss-of-function
allele of NfI. In 2001, we plan to initiate experiments to develop mouse models of
neurofibroma formation using the Parada, conditional NfI mouse.

Finally, over the past several months, we have begun a differential cDNA-cloning project
to isolate genes differentially expressed in Nf1-/- cells. A subtractive hybridization was
performed to isolate genes that are upregulated in

Nfl-/- mouse embryonic fibroblasts (MEFs) that survive in the absence of growth
factors. The “driver” population was composed of a mixture of cDNA derived from
wild-type MEFs grown in 0.1% serum (these cells are alive but quiescent) and cDNA
derived from serum-starved wild-type MEFs (at a time when a significant portion of the
cells were undergoing apoptosis) and a “tester” population of cDNA derived from Nf1 -
/- cells in serum-starved conditions (which survive inappropriately). Numerous cDNAs
were found to be significantly upregulated in the Nf1 -/- cells, but identification of these
cDNAs has proven difficult. For this reason, we have initiated microarray analysis to
compare these cDNA populations. The use of Affymetrix Genechip arrays will allow us
to readily identify cDNAs that are both upregulated and downregulated in the Nf1 -/-
cells, because all of the oligos on the array represent known genes and ESTs.




2. Structure/function analysis of neurofibromin. As described in the 1999 progress
report, we have been examining the mechanisms that normally regulate neurofibromin
protein levels as well as the effects of this regulation on the Ras pathway. We have found
that neurofibromin is dynamically regulated by the proteasome in a protein kinase C
(PKC) dependent manner. This regulation correlated precisely with the proper regulation
and attenuation of the Ras/MAP kinase pathway in mouse embryonic fibroblasts (MEFs)
under specific growth conditions (see 1999 report). In the 1999 report, we speculated
that a specific PKC phosphorylation event might be involved in triggering neurofibromin
degradation. However, by examining neurofibromin deletion mutants an in vitro
degradation assay, we found that a ten amino acid region, N-terminal to the GAP-related
domain, is responsible for this degradation. Thus, we have identified the mechanism by
which neurofibromin is regulated, the sequences responsible for this regulation and the
role neurofibromin plays in attenuating the Ras/MAP kinase pathway in MEFs. A
manuscript describing this work will be submitted shortly.

3. Screen for genes modifying NFI or NF2 in mice. In the previous year,

the generation of NfI;p53 cis heterozygous mice (NPcis) inbred into both B6 and
BALB/c (backcross generation 10 or greater) has been completed. In addition, we have
completed the generation of NPcis mice on the 129/Sv background and are in the process
of analyzing the tumor phenotype. We have generated Nf2;p53 cis heterozygous mice on
the B6 background and well as the Nf2;p53;NfI triple cis heterozygous mice on the B6
background for comparison to NPcis mice on B6. The generation of NfI;Nf2 cis
heterozygous mice on the B6 background is currently in progress. The comparison of the
3 double heterozygous strains and the 1 triple heterozygous strains should give us insight
into the genetic relationship between these 3 genes in suppressing tumor development.

In the past year, we have completed survival curves for NPcis mice on two inbred
strains (B6 and BALB/c) and on 6 F1 strains (AXB6, CBAXB6, C3HXB6, DBA/2XB6,
SJLXB6, and CASTXB6). In addition, the tumor spectrum analysis has been completed
for all but the DBA/2XB6 strain. All F1 strain combinations show significant differences
in tumor latency and/or tumor spectra when compared to the B6 parental strain. The
most striking effects seen are 1) a large increase in histiocytic sarcoma in the CASTXB6
strain, 2) a reduction in soft-tissue sarcomas in the AXB6 strain and a commensurate
increase in brain tumors, 3) a reduction of lymphoma in the SJLXB®6 strain, and 4) the
occurrence of leukemia in the CASTXB6 strain, which was never seen in the B6 strain.

To identify the modifier genes acting in these strains, we have focused on aging
the NPcis mice on different backcrossed strains in order to map dominantly-acting
modifiers. NPcis mice on a (CASTXB6)XB6 background are being used to identify




modifier genes affecting histiocytic sarcoma and leukemia. NPcis mice on a
(AXB6)XB6 background are being used to identify modifier genes affecting soft tissue
sarcomas. Because thymic lymphoma is seen in roughly 12% of NPcis mice in B6,we
have switched to the p53 homozygous null mouse to look for modifier genes affecting
lymphoma. Seventy-one percent of p53 null mice on a mixed background develop
lymphoma. p53 null mice in a (SJLXB6)XB6 backcross, by crossing p53 mutant mice on
SJLXB6 to p53 mutant mice on B6 are currently being generated. All of these backcross
studies are ongoing. Data from the backcross studies will give us an indication of how
many genes are involved in each of these strain effects, and will be used to map the
modifier gene(s) if a small number of strongly-acting genes are involved.

A mouse model for glioblastoma. The NPcis mice inbred onto B6 provide a
genetically well-defined system to study human cancer models. In the past year, we have
characterized the formation of astrocytomas and glioblastomas in NPcis mice (2). This is
one of the first spontaneous astrocytoma models in mice to be generated by mutation of
tumor suppressor genes, rather than by transgenic overexpression of oncogenes. We are
currently collaborating with researchers at Massachussetts General Hospital to inject cell
lines from these tumors intracranially into nude mice to develop a model for the diffuse
infiltration seen in human astrocytoma. The diffuse infiltration of astrocytoma cells in
human brains makes this cancer essentially incurable, and we hope to better understand
the biology of these cells using the mouse model.

To further develop our mouse model of astrocytoma, we have crossed the NPcis
mice to other mouse mutants involved in either glioblastoma or neurofibromatosis type 1.
PTEN is a tumor suppressor mutated in the highest grade of astrocytoma in humans. In
the past year we have begun crosses to generate NPcis;Pten-/+ mice to examine whether
astrocytomas are accelerated to higher grades in these mice. MSH2 is a member of a
family of mismatch repair genes that have been implicated in neurofibromatosis type 1.
We have initiated crosses to generate NPcis;MSH2-/- mice to examine whether increasing
mutation rates in these mice change the tumor phenotype.

This past year we have identified several interesting modifying effects in inbred
strains of mice and have begun generating backcross progeny in order to map these
effects. We have also developed a mouse model of an incurable human cancer,
astrocytoma, and are continuing studies to address the behavior of these tumor cells in
vivo and in vitro.

4. Characterizing NF2 deficiency in adult chimeras and MEFs. As we have

described previously, we have observed an induction of phosphorylation of the Nf2 gene
product, merlin, following activation of the Rac-1 signaling pathway (3). In addition,
Nf2-/- MEFs have been shown to have increased motility when compared to wild-type




MEFs. This observed increase in motility is consistent with an upregulation of Rac-1
signaling in the cells. Over the last several years, we have examined the interaction of
Rac-1 and merlin. In collaboration with a former postdoctoral fellow, Andrea
McClatchey (MGH) we have found increased Rac-1 signaling in Nf2-/- cells. We have
left further characterization of the Rac-1/merlin signal transduction pathway to Dr.
McClatchey and have ourselves focused on the isolation of the merlin kinase, which will
be discussed below.

5. Continued investigation of merlin function.

Isolation of the Merlin Kinase. Based on observations described in previous annual
reports, it would appear that phosphorylation of merlin may be critical to its regulation.
To facilitate the understanding of merlin regulation, we have set out to isolate the Rac-
dependent kinase that phosphorylates merlin on Serine 518. Two different approaches
have been taken to address this question in parallel. The first is an unbiased approach of
biochemical purification of a kinase activity. The second approach is testing various
known candidates, either directly activated by Rac/cdc42 or in the downstream signaling
pathways, for the ability to phosphorylate merlin.

For both approaches, it was necessary to establish an in-vitro kinase assay to
follow merlin phosphorylation. Such an assay requires abundant amounts of substrate
protein. As merlin is poorly expressed in bacterial cells, due to insolubility and
degradation of the full-length protein, we created a pseudo-substrate. This substrate is
composed of a fragment of merlin, flanking the site of phosphorylation, fused to GST.
The substrate is easily expressed and purified from bacterial cells and was in 3 different
forms: wild-type (Ser518), 518A (Ser518 to Ala) and 518T (Ser518 to Thr). An in-vitro
kinase assay has been set up to follow the kinase activity, with the wild-type substrate. To
test the validity of this approach all three substrates were tested in a kinase assay with
extracts from NIH3T3 cells that were serum treated as described (3).

We have observed that the S518 form of the substrate is phosphorylated. This
phosphorylation is specific as the negative control, 5184, is not phosphorylated under
these conditions. The fact that 518T is phosphorylated as well serves as an additional
indication of specificity. Once specificity had been established, we fine-tuned the assay
conditions including levels of substrate and extract, reaction buffer composition, etc.
Furthermore, we then applied these conditions to a reaction in which the substrate was
substituted with the full-length wild-type or 518 A merlin, immunoprecipitated from
NIH3T3 cells, and demonstrated the specificity of the in-vitro kinase reaction. In




addition, we showed that the kinase activity towards the pseudo-substrate behaves
similarly to the activity of the kinase towards merlin.

Several standard approaches have been assessed for the purification of the merlin

kinase. The following steps have been utilized, Ion-exchange chromatography,
hydrophobic interaction chromatography, affinity chromatography, and gel-filtration.
Various columns and media have been assessed for each purification step in order to
work out optimal purification conditions. In addition we have investigated sources of
crude protein extracts and determined that the most abundant sources for the kinase
activity are tumors generated from NIH3T3 cell transformed with an activated allele of
Rac and FO99 fibrosarcoma cell line.
Many serine/threonine kinases are known to be directly or indirectly activated by Rac
and/or cdc42. In an initial screen, activated alleles of PAK1, Mkk4, LIM-kinase and
PRK2 were co-transfected into NIH3T3 cells with a merlin expression construct.
Analysis of merlin hyper-phosphorylation by Western blot demonstrated that these
kinases do not mediate the Rac/cdc42-induced phosphorylation of merlin. Other effectors
are currently being tested, employing the in-vitro kinase assay.

Using kinase inhibitors, we studied the inhibition of the merlin kinase. Several
types of inhibitors have been employed including staurosporine. Only Staurosporine
inhibited the activity. Although this inhibitor is broad ranged, the fact that the other
inhibitors partially overlap in their action, allows eliminating some kinase groups. By this
process of elimination the PKA, PKG, MLCK, and CaMKII groups are excluded from
containing the merlin kinase.

Conditional Alleles of NF2. We have previously attempted to overexpress Nf2 in
NIH3T3 cells and Nf2-/- tumor-derived cell lines without success, presumably because
unregulated expression of the protein is toxic or leads to growth arrest. Therefore, in
order to study the effects of forced expression of merlin, it was necessary to develop a
conditional expression system. For our Nf2 re-introduction studies, we have chosen to
use the ecdysone-inducible expression system. Developed for mammalian cells in the
laboratory of Ronald Evans, this system allows for dose-dependent, regulated expression
of the introduced construct (4). We have inserted full-length wild-type Nf2 cDNAs of the
two major isoforms (I and II), versions of these carrying N-terminal epitope tags (HA or
FLAG), epitope tagged fragments representing N- and C- terminal halves of the protein,
and phosphomutants of serine 518. LLC PK1 epithelial cell lines have been established
that can inducibly express different merlin constructs. These lines will be used to assess
Nf1 function in growth control, tumor suppression, and cell survival.




We have been interested in examining the growth regulatory pathways in which
merlin operates and the consequences of Nf2 mutation in tumorigenesis. To examine
merlin’s function in these pathways we have begun by using Nf2-deficient fibrosarcoma
and osteosarcoma cell lines derived from tumors in Nf2 +/- mice that have undergone an
LOH event at the Nf2 locus. Another source of Nf2 deficient cell lines that we are
planning to utilize is MEFs. Previous work from our laboratory and the laboratory of
Andrea McClatchey (MGH) has allowed for the generation of Nf2-/- MEFs from Nf2-/-
chimeric embryos. Generation of these MEFs requires selection of the harvested cells to
ensure a pure population of Nf2-/- cells, and the process has proven to be difficult and
often yield few cells for experimentation. Therefore, the MEFs we are planning to use
for our studies will be derived from Nf212fx2 and Nf2*%°*> mice (5). We have obtained
these conditional mice from Marco Giovannini (INSERM, CEPH) and will be preparing
MEFs from these lines in the near future.

6. Therapeutic evaluation of farnesyltransferase inhibitors. Our lab has
been interested in the use of mouse disease models to evaluate potential drug therapies .
The farnesyltransferase inhibitors, directed against the Ras signaling pathway, are logical
candidates for the treatment of tumors with mutations in NF1.

As we have discussed in past reports, we have had an ongoing discussion with
Merck Pharmaceuticals to supply us with the farnesyltranferase inhibitor L.-744,832,
which has been used to treat RAS dependent tumors in the past (6,7). Because of the
uncertainty concerning the amount of the compound needed to complete such studies,
there has been great consideration concerning the mouse models we will test. Ultimately,
we have chosen the Nfl/p53 cis model for astrocytoma and glioblastoma and have been
generating B6 congenic mice in order to carefully control our experiments. Mice to be
tested have been generated and drug treatment is expected to begin in December 2000.

10




Key Research accomplishments:

e Mapping of the domains of merlin responsible for subcellular localization (3).

e Generation and characterization of a chimeric model of NF1 which develops benign
neurofibromas (1).

e Generation and characterization of a combined germline NF1/p53 mutant model that
develops MPNSTs (1).

e Generation and characterization of a combined NF1/p53 mutant model that develops
astrocytomas and glioblastomas (2).

e Establishment of assays for the purification of merlin kinase. (manuscript in
preparation).

e Demonstration that neurofibromin is regulated by proteolysis in a proteasome
dependent manner.. (manuscript in preparation).
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Reportable Outcomes:
Manuscripts:

K. Reilly, D.A. Loisel, R.T. Bronson, M.E. McLaughlin, & T. J acks, Nature Genetics 26,
109-113 (2000).

K. Cichowski, T. S. Shih, E. Schmitt, S. Santiago, K. Reilly, M. McLaughlin, R.T.
Bronson, & T. Jacks, Science 286, 2172-2176 (1999).

K.M. R.J. Shaw, A.I. McClatchley, & T. Jacks, Cell Growth and Differentiation 9, 287-
296 (1998)

Personnel supported by this grant:

Karen Cichowski, Ph.D. Postdoctoral fellow

Karlyne Reilly, Ph.D. Postdoctoral fellow

Reuben Shaw, Ph.D. Graduate Research Assistant
Shane Shih, Ph.D. Graduate Research Assistant
Sabrina Santiago Research Technician

Degrees Received:
Reuben Shaw Ph.D.
Shane Shih Ph.D.
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Conclusion

In the past three years we have made great progress towards the goals outlined in our
grant proposal. We are quite pleased with the success we have had with the Nfl mouse
models. Examination of the Nf1-/-:Nf1+/+ chimeras has indicated an obligate role of
Nf1-/- loss in neurofibromin formation. In addition, we have demonstrated a cooperation
between Nf1 and p53 in the formation of MPNSts. In order to provide a framework for
understanding the consequences of Nfl mutation in disease we have performed
biochemical analysis. We have found that neurofibromin regulation correlates precisely
with the regulation of the Ras/MAP kinase pathway in MEFs. We have recently
identified the sequences and mechanism by which this regulation occurs. By combining
biochemical analysis and the use of mouse models we have come far in elucidating the
function of Nf1. Continued study utilizing these two approaches will be crucial to further
characterize the tumorigenic mechanisms involved in tumor formation and in the
evaluation of potential therapies, such as compounds designed to inhibit Ras signaling,
such as farnesyltransferase inhibitors.

The generation of Nfl and Nf2 mutant mice of different strains has allowed us to perform
an in depth tumor spectrum analysis. We have found there to be significant strain effects
in the tumor spectrum of F1 mice. This analysis in combination with data collected
during aging studies will be crucial to identifying genes that act as dominant modifiers of
Nf1 and Nf2. Recently our laboratory discovered a mouse model for astrocytoma.
Characterization of the astrocytoma mouse model has revealed the presence of a range of
astrocytoma stages and may accurately model human secondary glioblastoma. This
mouse model represents the first reported mouse model of astrocytoma initiated by loss
of tumor suppressors, rather than overexpression of transgenic oncogenes.

We have taken a variety of biochemical approaches to our characterization of merlin.
Purification of a Rac-1 dependent kinase that phosphorylates merlin and the generation
of conditional expression systems in cells deficient in Nf2 have been performed. Cell
lines that conditionally express merlin will be used to assess Nf2 function in growth
control, tumor suppression, and cell survival. After a great deal of testing for optimal
conditions, we have designed an in vitro kinase assay that will allow us to purify the
protein responsible for merlin regulation. Our data in conjunction with the work of
Andrea McClatchey, characterizing the Rac-1/merlin signal transduction pathway, will
allow us to better understand the function of Nf2 in human disease.
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The neurofibromatosis type 2 tumor suppressor gene
is inactivated in the development of familial and spo-
radic schwannomas and meningiomas. The encoded
protein, Merlin, is closely related to the Ezrin, Radixin,
and Moesin family of membrane/cytoskeletal linker pro-
teins. Examination of Merlin in several cell lines re-
vealed that the protein migrates as two distinct species
near 70 kDa. Phosphatase treatment and orthophos-
phate labeling demonstrated that the species with de-
creased mobility is phosphorylated. Given Merlin’s lo-
calization to cortical actin structures, we examined the
effect of cell-cell contact or other forms of growth arrest
on Merlin expression and post-translational modifica-
tion. Under conditions of confluency or serum depriva-
tion, the levels of phosphorylated and unphosphoryl-
ated Merlin species increased significantly. Cells
arrested in G, by other methods or other phases of the
cell cycle did not show changes in Merlin levels. Fur-
thermore, loss of adhesion resulted in a nearly complete
dephosphorylation of Merlin, which was reversed upon
re-plating of cells, suggesting Merlin phosphorylation
may be responsive to cell spreading or changes in cell
shape. Thus, the tumor suppressor function of Merlin
may involve the regulation of cellular responses to cues
such as cell-cell contact, growth factor microenviron-
ment, or changes in cell shape.

Neurofibromatosis type II (NF2)! is an autosomal dominant
cancer disorder characterized by the development of bilateral
schwannomas of the eighth (auditory) cranial nerve. Other
features of the disease are spinal nerve root schwannomas and
cranial meningiomas (1). Genetic mapping and positional clon-
ing led to the identification of the NF2 tumor suppressor gene,
which was shown to be mutated in the germ line of NF2
patients and in sporadically occurring tumors of the type asso-
ciated with the disease (2—4).

The NF2 gene encodes a 595-amino acid protein belonging to

* This work was supported in part by a grant from the Department of
Defense. The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
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1The abbreviations used are: NF2, neurofibromatosis type II;
DMEM, Dulbecco’s minimum essential medium; PBS, phosphate-buff-
ered saline; ES, embryonic stem; CCD, cytochalasin D; CIP, calf intes-
tinal phosphatase; NRK, normal rat kidney.

the band 4.1 protein superfamily (3, 4). The NF2-encoded pro-
tein is most similar to three closely related genes in this family,
Ezrin, Radixin, and Moesin (the “ERMs”) and was hence
dubbed Merlin for moesin, ezrin, radixin-like protein. Merlin is
most similar to the ERMs in its N-terminal half (e.g. 61%
identity to Ezrin), whereas the C-terminal half of the protein
shares only 24% identity with the other members of this sub-
family. NF2 is transcribed at moderate levels in most human
and mouse tissues and is highly expressed in the mouse fetal
brain (3-6).2

Several members of the band 4.1 superfamily, including the
ERM proteins, are thought to serve as membrane-cytoskeletal
linkers. Band 4.1 itself is a major component of the erythrocyte
undercoat and binds to the integral membrane protein glyco-
phorin C through its N-terminal domain and to actin via spec-
trin with the C-terminal domain (7). All three of the ERM
proteins localize similarly to cortical actin structures near the
plasma membrane such as microvilli, membrane ruffles, and
lamellipodia (8—12), and each can bind to the integral mem-
brane protein CD44 via their N terminus (13, 14) and to F-actin
via their C terminus (15, 16). The proposed actin-binding do-
main is highly conserved among the ERM proteins, but, impor-
tantly, it is not apparent in Merlin. Furthermore, it not known
whether Merlin can bind any of the known ERM interactors
nor have any novel Merlin binding partners been identified yet.

Depletion of ERM proteins by antisense oligonucleotide
treatment, as well as experiments overexpressing Ezrin in
insect cells, suggests a role for ERM proteins in regulating
cell-substratum and cell-cell adhesion (17, 18); a possible func-
tion for Merlin in regulating adhesion has also been reported
(19). Additionally, studies of ERM proteins suggest they may
serve to reorganize the actin cytoskeleton in response to growth
factors (20). Because loss of NF2 function is associated with
tumorigenesis and its localization to cortical actin (21-23),% we
were interested in whether Merlin may be involved in respond-
ing to cell-cell contact, loss of substrate attachment, and other
growth suppressive signals. Here, we examine the expression
of Merlin under such conditions and find the protein is regu-
lated in multiple ways during cellular response to microenvi-
ronmental changes.

EXPERIMENTAL PROCEDURES

Cell Culture and Arrest Treatment—NIH3T3 cells (American Type
Culture Collection, Rockville, MD) were maintained in Dulbecco’s min-
imum essential medium (DMEM) supplemented with 10% calf serum
(Hyclone, Logan, UT). U20S celis (a gift of J. Lees, Massachusetts
Institute of Technology, Cambridge, MA) and NRK cells (a gift of R.
Hynes, Massachusetts Institute of Technology, Cambridge, MA) were
maintained in DMEM with 10% fetal bovine serum (Hyclone). For
serum starvation of cells, subconfluent cells were placed in 0.5% fetal

2 A. 1. McClatchey, unpublished observations
3R. J. Shaw, A. 1. McClatchey, and T. Jacks, submitted for
publication.
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bovine serum (0.2% calf serum for NIH3T3 cells) for 24 h except where
indicated otherwise. For other growth arrest treatments, subconfluent
cells in 10% serum were treated with 20 nM staurosporine, 750 uM
hydroxyurea (Sigma) for 24 h, 500 ng/ml nocodazole (Sigma) for 24 h, or
500 centigrays y-irradiation and then placed at 37 °C for 18 h. For
confluency experiments, exponentially growing cells were plated at
various densities (as noted in figure legends) in fresh medium 24 h
before Western lysates were prepared. All cells were cultured in 10-cm
tissue culture dishes, and we determined that the saturation density of
the NIH3T3 cells used on these dishes was 6 X 10° cells per dish. All
cells were incubated at 37 °C under 5% CO, in a humidified chamber.

Antibodies—Anti-Merlin polyclonal antibodies s¢331 and sc332 were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Ellen
Zwartoff (Erasmus University, Rotterdam, Netherlands) kindly sup-
plied the 1398 Merlin polyclonal antibody (den Bakker et al. (21)). All
three of these Merlin antisera are anti-peptide polyclonal antibodies
directed against unique peptide antigens. sc331, sc332, and 1398 were
directed against residues 2-21, 579579, and 508-533, respectively, of
human Merlin. Affinity-purified polyclonal antibody to Radixin (poly-
clonal antibody 457) was a generous gift of F. Solomon (Massachusetts
Institute of Technology, Cambridge, MA) Anti-src MAb (LA074) was a gift
of E. Clark (Massachusetts Institute of Technology, Cambridge, MA).

Immunoblotting—Total cell lysates were obtained by two different
methods with the same results observed with each methodology. Cul-
tured cells were washed once with PBS and lysed in PBS containing 2%
SDS, 0.5 mM phenylmethylsulfonyl fluoride, and 1 ug/ml each aproti-
nin, leupeptinin, and pepstatin (51); or lysed in boiling 10 mMm Tris, pH
7.5, 1% SDS, 50 mM NaF, 1 mM sodium orthovanadate. Cells were then
scraped with a rubber policeman, boiled for 5 min, and then sheared
with a 26-gauge needle three times, and an aliquot was taken for
protein concentration determination using the Bio-Rad DC-Kit
(Melville, NY) or using the BCA protein determination kit (Pierce) with
identical results. Sample buffer (5 X) was added to the remainder of the
sample.

For immunoblotting, total cell extracts were separated on a 6%
SDS-polyacrylamide gel with a 4% stack and electrophoretically trans-
ferred to polyvinylidene difluoride membranes (Schleicher & Schuell).
For blotting with anti-Merlin s¢331, membranes were blocked for 2 h at
room temperature with 5% nonfat dry milk in TBST (10 mm Tris, pH
7.5, 150 mM NaCl, 0.05% Tween 20). sc331 was diluted to a final
concentration of 1 ug/ml in blocking buffer and incubated overnight at
4 °C. Polyclonal antibody 457 was used as described previously (12).
Each was washed extensively in TBST followed by probing with horse-
radish peroxidase-conjugated anti-mouse or anti-rabbit secondary an-
tibodies (Amersham Corp.) and visualized by enhanced chemilumines-
cence (Amersham Corp.).

Immunoprecipitation—For methionine labeling, 1 X 10° cells were
plated in a 100-mm dish, and the next day the cells were serum-starved
(as described above) for 42 h. Cells were then preincubated with 5 ml of
methionine-free DMEM (Life Technologies, Inc.) for 40 min and then
labeled for 6 h with 500 uCi of [**Slmethionine (NEN Life Science
Products). For orthophosphate labeling, serum-starved cells were pre-
incubated with phosphate-free DMEM (Life Technologies, Inc.) and
then incubated for 5 h with 1 mCi of [*?Plorthophosphate (HCl-free,
NEN Life Science Products). Cells were rinsed in PBS and then lysed in
a modified RIPA buffer (10 mm Tris, pH 7.5, 0.5% sodium deoxycholate,
0.5% Nonidet P-40, 5 mm sodium orthovanadate, 50 mm NaF, 150 mMm
NaCl, 2 mm EDTA, 0.1% SDS, 1 mm phenylmethylsulfonyl fluoride, 5
pg/ml each of aprotinin, pepstatin, and leupeptin). Lysed cells were
rocked at 4 °C for 30 min, then scraped and cleared by centrifugation at
top speed in an Eppendorf centrifuge for 15 min. Supernatants were
preincubated with irrelevant rabbit IgG in 50% protein A-Sepharose
beads (Pierce) at 4 °C for 2 h and then centrifuged for 1 min in an
Eppendorf microcentrifuge. The resulting supernatant was used for
immunoprecipitation with 0.5 pg of s¢331 or sc332 antibody (per sam-
ple) overnight at 4 °C. 50 ul of protein A-Sepharose was added and
rocked 2 h further at 4 °C. Immunocomplexes were recovered by cen-
tifugation and washed three times in RIPA buffer; sample buffer was
added, and samples were boiled 5 min. Equal number of trichloroacetic
acid-precipitable counts were immunoprecipitated for each sample
within a given experiment. Samples were electrophoresed on SDS-
polyacrylamide gel electrophoresis as described above.

Flow Cytometry—Flow cytometry analysis was performed using a
FACScan (Becton Dickinson). Cells were trypsinized, washed in media,
rinsed in PBS, and fixed with cold 95% ethanol. Cells were pelleted and
resuspended in 20 pg/ml propidium iodide and 200 ug/ml RNase A in
PBS and then incubated at 37 °C for 30 min and placed at 4 °C over-
night. A total of 10,000 cells were analyzed for each arrest sample per
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FiG. 1. Merlin migrates as a doublet near 70 kDa due to differ-
ential phosphorylation. A, characterization of sc331 polyclonal anti-
body to Merlin by immunoblotting. Total cell lysates were made from
various cells and immunoblotted as described under “Experimental
Procedures.” Lane 1, wild-type ES cells; lane 2, Nf2-deficient (—/—) ES
cells; lanes 3 and 4, two different tumor cell lines derived from tumors
of an Nf2+/— mouse that has lost the wild-type Nf2 allele; lane 5,
NIH3T3 cells transiently overexpressing full-length Merlin ¢cDNA. B,
characterization of Merlin by immunoprecipitation using three anti-
Merlin antibodies. Near-confluent plates of U20S cells or an Nf2-
deficient tumor cell line (7".C.) was lysed in a modified RIPA buffer and
subjected to immunoprecipitation using the sc331, sc332, or 1398 poly-
clonal antibodies. Note that all three detect a doublet of approximately
70 kDa that is not detected in the Merlin-deficient tumor cells. Equal
numbers of trichloroacetic acid-precipitable counts were immunopre-
cipitated from each sample. C, examination of the phosphorylation
status of Merlin. Serum-starved U20S cells were [**SImethionine-la-
beled and lysates immunoprecipitated with anti-Merlin sc331 poly-
clonal antibody. Immunoprecipitates were divided into equal fractions
for CIP treatment. Lane 1, No treatment; lane 2, 0 units of CIP added
in CIP buffer and incubated at 30 °C for 1 h; lane 3, 1 unit of CIP added
and incubated at 30°C for 1 h; lane 4, immunoprecipitate from
[lgsb]®*2P]orthophosphate-labeled 48-h serum-starved U20S cells. Note
that when resolved on the same gel as in lanes 1-3, the 32P-labeled
Merlin migrates as a single band at the position of the upper species in
the 35S-labeled samples. Results shown are representative of four inde-
pendent experiments.

experiment.

Phosphoamino Acid Analysis—The phosphoamino acid composition
was analyzed essentially as described (52). Briefly, [*2Plorthophos-
phate-labeled immunoprecipitates were separated on a 6% SDS-poly-
acrylamide electrophoresis gel and transferred to polyvinylidene diflu-
oride as described. Bands containing *?P-labeled Merlin were located by
autoradiography, excised, and subjected to direct hydrolysis in 100 ul of
6 N HCl at 100 °C for 1 h. Supernatants were lyophilized and resus-
pended in distilled H,0 and spotted onto plastic-backed cellulose thin
layer chromatography plates (EM Sciences, Gibbstown, NJ). A mixture
of 3 mg/ml phosphoserine, phosphothreonine, and phosphotyrosine
(Sigma) containing a trace of phenol red was spotted on top of each
sample. Two-dimensional high voltage TLC electrophoresis was per-
formed at 1000 V for 20 min each on a Multiphor II (Pharmacia)
electrophoretic apparatus. Buffers and visualization of standards were
as described (50).

Adhesion Assays—For adhesion assays, confluent NIH3T3 cells were
serum-starved in DMEM (0% calf serum) for 18 h, washed with PBS,
and trypsinized. Cells were then washed twice in DMEM containing
0.5% soybean trypsin inhibitor and 0.1% bovine serum albumin (essen-
tially fatty acid-free, Sigma) and suspended in DMEM for 30 min at
37 °C. Samples were plated on fibronectin (Biocoat dishes, Becton Dick-
inson) or tissue culture plastic plates for 15-60 min, except where
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Fic. 2. Increased confluency and
serum deprivation lead to up-regula-
tion of both phosphorylated and un-
phosphorylated Merlin, with the un-
phosphorylated form most tightly
associated with the arrest. A, phase
contrast images of NTH3TS3 cells plated at
various states of confluency and used for
immunoblotting in lanes 1-5 of B. Densi-
ties plated are as follows: Ist panel,
0.25 X 10%10-cm dish; 2nd panel, 0.5 X
10%; 3rd panel, 1 X 10%; 4th panel, 2 X 10%;
5th panel, 4 X 108. B, s¢331 immunoblot
of total cell lysates from NIH3T3 cells
plated at densities shown in A (lanes 1-5),
lysate from Nf2-deficient tumor cells
(lane 6); 48-h serum-starved NIH3T3 cells
(lane 7); 48-h serum-starved NIH3T3 cells
5 min following readdition of 10% serum
(lane 8); 48-h serum-starved NIH3T3 cells
15 min following serum readdition (lane
9). Lanes 7-9 were from plates seeded
with 0.5 X 10° cells. Merlin is indicated at
left. Note the cross-reacting background
band (*¥) demonstrating equivalent load-
ing of protein. Molecular size standards
are shown at the right. Results shown
are representative of five independent
experiments.

otherwise indicated. For cytochalasin D (CCD) experiment, CCD was
added to 1 uM in DMEM at the time of plating. Similarly for experi-
ments in presence of serum, calf serum was added to 10% in DMEM at
time of plating. All plates were washed with PBS prior to making
protein extracts to ensure that only adherent cells were examined.

RESULTS

Endogenous Merlin Is Differentially Phosphorylated—To be-
gin to investigate the expression and post-translational modi-
fication of Merlin, we characterized the ability of multiple
antisera to recognize endogenous Merlin by immunoprecipita-
tion and immunoblotting of total cell lysates. As shown in Fig.
1A, Western blot analysis revealed that in mouse embryonic
stem (ES) cells the endogenous protein migrated as a distinct
doublet around 70 kDa. The identity of these species as Merlin
was confirmed by using multiple antisera, cells overexpressing
hemagglutinin-tagged Merlin, Nf2-deficient cells derived from
tumors from Nf2-heterozygous mutant mice, and ES cells bear-
ing a homozygous disruption of the Nf2 gene (Fig. 14; Ref. 24).

As Merlin had been previously reported to be a phosphopro-
tein (25), we were interested in whether the nature of the two
migrating species was due to phosphorylation. We first char-
acterized the ability of three polyclonal antisera (directed at
three distinct peptide epitopes; see “Experimental Procedures”)
to immunoprecipitate Merlin. Because preliminary experi-
ments indicated that these antisera were more efficient in
immunoprecipitating Merlin from human as opposed to mouse
cells, human osteosarcoma U20S cells were employed. As
shown in Fig. 1B, Merlin was immunoprecipitated as a doublet
around 70 kDa in [3*S]methionine metabolically labeled U20S
cell lysates by all three antibodies. We also detected two species
in immunoprecipitates from mouse, although the two species of
human Merlin migrate more closely together (also observed in
immunoblot analysis, not shown). Importantly, no immunore-
activity was observed in Merlin-deficient tumor cells (Fig. 1B),
confirming the specificity of these antibodies.

To address directly the nature of the difference between the
two Merlin isoforms, lysates from U20S cells were immuno-
precipitated with the sc331 antibody, and aliquots were treated
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with calf intestinal phosphatase (CIP). As shown in Fig. 1C,
CIP treatment eliminated the slower migrating species (lane
3), whereas CIP buffer alone had no effect (lane 2). More sig-
nificantly, immunoprecipitation of Merlin from parallel dishes
of [3?Plorthophosphate-labeled cells yielded a single species,
which migrated with the same mobility as the slower form in
the 35S-labeled immunoprecipitates (Fig. 1C, lane 4). A faster
migrating species was never observed in any 32P-labeled im-
munoprecipitates, even upon exposure times 200 times that
shown in lane 4 of Fig. 1C. These data demonstrate that the
two Merlin species are differentially phosphorylated, with the
slower migrating form representing a phosphorylated species
and the faster migrating form most likely a fully unphospho-
rylated form.

Up-regulation of Merlin by Serum Starvation and Conflu-
ency—Given Merlin’s localization to the cell periphery and its
status as tumor suppressor, we were interested in whether the
regulation of the protein might be affected by cell-cell contact,
which can result in growth inhibition of untransformed cells, as
first described in NTH3T3 cells (26). NTH3T3 cells were plated
at increasing degrees of confluency (Fig. 24), and Merlin levels
were examined by immunoblotting of total cell lysates normal-
ized for total protein levels. As shown in Fig. 2B, lanes 1-5,
with increasing confluency, the levels of both the phosphoryl-
ated and unphosphorylated Merlin species increased, with the
faster migrating, unphosphorylated form of the protein being
most prominent when the majority of the cells in the population
had established cell-cell contact (Fig. 24). To examine the spec-
ificity of the response, we then determined whether other cell
cycle arrest-inducing agents might up-regulate Merlin levels.
We first utilized serum starvation to induce quiescence in sub-
confluent NIH3T3 cells (same density as in Fig. 24, 2nd panel)
and, once again, observed the up-regulation of both phospho-
rylated and unphosphorylated Merlin species to approximately
equimolar amounts (lane 7). Strikingly, restimulation of the
serum-starved cells resulted in a rapid disappearance of the
unphosphorylated form of the protein as follows: within 5-15
min following serum readdition, only a fraction of the faster
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migrating form remained (Fig. 2B, lanes 8 and 9). The level of
the phosphorylated, slower migratory species also appeared to
decrease modestly following restimulation with 10% serum
(Fig. 2B, lanes 7-9). These results were confirmed using a
second polyclonal antibody (1398) (data not shown).

Given that both serum starvation and confluency cause an
arrest in the Gy/G; phase of the cell cycle, we were interested in
whether Merlin levels or phosphorylation status might be af-
fected by growth arrest stimuli generally, or only G,-specific
arrests, or if this response was specific to serum deprivation
and confluency. To address this question, duplicate sets of

sparsely plated NIH3T3 cells were treated with a variety of
growth-suppressive agents or were left untreated for 24 h. One
set was then subjected to cell cycle characterization utilizing
propidium iodide labeling and fluorescent activated cell sorter
analysis (Fig. 3A). Total cell extracts were made from the other
set of plates, equilibrated for total protein, and immunoblotted
as before (Fig. 3B). While serum deprivation for 24 h led to a
significant increase in protein levels, no up-regulation of phos-
phorylated or unphosphorylated Merlin was observed in cells
treated with another G, arresting agent, staurosporine (Fig.
3B, 3rd lane) (27). Furthermore, no up-regulation of Merlin was
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Fic. 4. Up-regulation of Merlin is not specific to NIH3T3 cells;
Radixin is also regulated by confluency. A, sc331 immunoblot of
total cell lysates from NRK cells plated at the following densities in a
10-cm dish with any treatment indicated: lane 1, 1 X 10 cells serum-
starved for 48 h; lane 2, 1 X 10° cells starved 48 h and 15 min following
10% serum readdition; lane 3, 0.5 X 10° cells; lane 4, 2 X 10° cells; lane
5,4 X 108 cells. B, immunoblot of total cell lysates from NIHSTS3 cells at
various densities using anti-Merlin (sc331), anti-Radixin, and anti-src
antibodies. Lane 1, 0.5 X 108 cells; lane 2, 2.5 X 10° cells; lane 3, 4 X 108
cells.

observed in cells treated with y-irradiation, nocodazole, or hy-
droxyurea (Fig. 3B, 4th and 5th lanes; data not shown). As
shown in Fig. 84, hydroxyurea and nocodazole led to early S
phase and G,/M arrest, respectively. Similar results were ob-
tained with U208 cells (data not shown). Thus, the changes in
Merlin expression associated with confluency and serum dep-
rivation appear to be specific and not a secondary consequence
of a G, phase or more general cell cycle arrest.

To investigate whether this was a general property of Merlin
regulation or a phenomenon specific to NIH3T3 cells, we ex-
amined many cell types from different species, including mu-
rine embryonic and Rat1 fibroblasts, normal rat kidney (NRK),
and human osteosarcoma (MG63 and U208S) cells (Fig. 44 and
data not shown). In all cell types examined, both confluency
and serum starvation were associated with the presence of the
two migrating forms of Merlin, of which the faster species was
diminished upon addition of serum or in low density cells. To
examine whether this form of regulation was specific to Merlin,
we stripped and reprobed the anti-Merlin immunoblot from
Fig. 4B (of NIH3TS total cell lysates) with an anti-Radixin
polyclonal antibody (12). Radixin was also up-regulated by
confluency but did not migrate as two distinct species (Fig. 4B).
We determined that there was no cross-reactivity of the Ra-
dixin antibody for Merlin. Serum starvation/restimulation did
not affect Radixin levels or mobility (data not shown). These
same lysates were run in parallel and probed with an anti-c-src
antibody, which confirmed that equivalent amounts of protein
were loaded in each lane (Fig. 4B).

To determine whether the increase in Merlin levels at higher
cell confluency might just be due to exhaustion of critical serum
factors in the media, we examined whether treating cells plated
at high density with fresh serum might reduce Merlin levels.
As shown in Fig. 5, cells plated at near-saturation density
showed a preferential loss of the unphosphorylated form of
Merlin when treated with serum (compare lanes 3 and 4 of Fig.
5). Importantly, however, the levels of Merlin after serum
treatment were still significantly higher than the level in more
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Fic. 5. Serum deprivation synergizes with the effects of con-
fluency. sc331 immunoblot of total cell lysates from NIH3T3 cells
plated at indicated densities with noted treatments: lane 1, 0.25 X 108
cells; lane 2, 1 X 10° cells; lane 3, 4 X 10° cells; lane 4, 4 X 10° cells
stimulated for 15 min with 10% serum; lane 5, 4 X 10° cells serum-
starved; lane 6, 6 X 10° cells; lane 7, 6 X 106 cells stimulated for 15 min
with 10% serum.

sparsely plated cells (compare lane 4 to lanes 1 and 2 of Fig. 5).
These results suggest that confluency and serum deprivation
synergize in their up-regulation of Merlin. Consistent with this
idea, serum-starvation of the densely plated cells resulted in
even further up-regulation of Merlin levels (compare lanes 3
and 5, Fig. 5). On the contrary, however, cells plated at satu-
ration density (6 X 10° for our NIH3T3 cells on a 10-cm dish)
did not show a loss of Merlin levels when treated with serum,
arguing that at the highest cell densities, these cells were no
longer responsive to the serum factors that induce down-regu-
lation of Merlin (Fig. 5, lanes 6 and 7).

Merlin Is Phosphorylated on Serine and Threonine—To iden-
tify which residues are phosphorylated in these cells and to
determine if the loss of the unphgsphorylated form of Merlin
following serum treatment results in the appearance of a novel
phosphorylated form, we performed phosphoamino acid analy-
sis on serum-starved and serum-treated U20S cells. As shown
in Fig. 6, Merlin is phosphorylated on both serine and threo-
nine residues but apparently not on tyrosine residues; more-
over, the ratio of serine to threonine phosphorylation was not
affected by serum treatment.

Merlin Phosphorylation Is Also Regulated by Loss of Adhe-
sion and Cell Spreading—Antisense oligonucleotide experi-
ments have suggested a role for Merlin and the other ERM
proteins in regulating cell adhesion (17, 19). Given our results
with serum deprivation and confluency, we were interested in
whether loss of adhesion might also modulate Merlin protein
levels or phosphorylation. To test this idea, total cell lysates
were made from serum-starved, confluent NITH3T3 cells before
or after trypsinization and placement in suspension in the
absence of serum for 30 min (28). As shown in Fig. 74, place-
ment of the cells in suspension resulted in a rapid loss of the
phosphorylated form of Merlin and a concomitant increase in
the level of unphosphorylated Merlin. Parallel cultures kept in
suspension for 30 min were then replated on tissue culture

plastic plates in the absence of serum to address whether

adhesion might be capable of re-inducing Merlin phosphoryla-
tion. Indeed, upon replating, the slower migrating species of
Merlin returned, with the ratio of phosphorylated to unphos-
phorylated reaching nearly one to one at 1 h post-plating (Fig.
7A). It should be noted for all of these experiments that the
plates were washed prior to preparing total cell lysates, so only
adherent cells were collected.

To examine further a possible connection between Merlin
regulation and cell shape, cells in suspension were plated on
fibronectin in the absence or presence of CCD, which disrupts
the actin cytoskeleton. CCD treatment allows for cell attach-
ment but prevents cell spreading (29). Plating of cells on fi-
bronectin resulted in clear phosphorylation of Merlin when
compared with suspended cells, but this was prevented when
cells were plated in the presence of 1 um CCD (Fig. 7B). Micro-
scopic analysis revealed that the CCD-treated cells were well
attached but not spread, as described previously (29).
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Fic. 6. Merlin is constitutively phosphorylated on serine and
threonine residues. Phosphoamino acid analysis from serum-starved
and serum-stimulated U208 cells, performed as described under “Ex-
perimental Procedures,” is shown. Positions of phosphoserine (P-SER),
phosphothreonine (P-THR), and phosphotyrosine (P-TYR) standards
are indicated.
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Fic. 7. Merlin phosphorylation is regulated by cell spreading,
which synergizes with growth factor-induced phosphorylation.
A, sc331 immunoblot of confluent NTH3T3 cells, serum-starved for 18 h,
placed in suspension for 30 min, and then replated on tissue culture
plastic plates. Total cell lysates were made prior to suspension (ss +
confl), after 30 min of suspension (sus), or from cells 15, 30, or 60 min
after replating. Replated cells were washed with PBS to remove non-
adherent cells, and then total cell lysates were prepared. Note: 2nd lane
is overloaded. B, sc331 immunoblot of confluent, starved NTH3TS cells
kept in suspension or plated on fibronectin (FN) or tissue culture plastic
plates (plast) in the absence or presence of 10% calf serum (+ ser) or 1
uM cytochalasin D (+ CCD).

Given the ability of cell spreading to induce Merlin phospho-
rylation in the absence of serum, we were interested in whether
serum factors could have this effect alone on cells in suspension
and whether they might synergize with cell spreading to induce
Merlin phosphorylation. As shown in Fig. 7B, treatment of
suspended cells with serum did not result in a significant
phosphorylation of Merlin. However, when combined with plat-
ing (on fibronectin or tissue culture plastic plates), serum ad-
dition led to an enhancement of the phosphorylation of Merlin
(Fig. 7B). These results suggest that serum factors and cell
spreading synergize in regulating the ratio of phosphorylated
to unphosphorylated Merlin but that a cell spreading or shape-
specific signal is needed in order for Merlin to be responsive to
growth factor-mediated phosphorylation.

DISCUSSION

Neurofibromatosis type 2 is a severe inherited cancer disor-
der that predisposes individuals to bilateral vestibular schw-
annomas, as well as meningiomas and spinal schwannomas. In
1993, two groups used positional cloning to isolate the NF2
gene, which has since been found to be mutated in sporadically
occurring schwannomas, meningiomas, and malignant me-
sotheliomas (2). Further supporting a broad role for NF2 in
tumor suppression, mice heterozygous for a targeted mutation
at the Nf2 locus are predisposed to a wide range of tumor
types.t

The NF2-encoded protein, Merlin, is structurally related to a
group of proposed membrane/cytoskeletal linker proteins, par-
ticularly the ERM proteins. However, Merlin has not been
shown to be functionally related to these proteins. Moreover, it
remains unclear how such a protein may serve to regulate
proliferation or how its loss might contribute to tumorigenesis.
Key in the early understanding of other important tumor sup-
pressors were studies that examined the expression and post-
translational modification of these proteins (e.g. cell cycle-de-
pendent phosphorylation of the retinoblastoma protein (30-32)
and up-regulation of p53 by DNA damaging agents (33)), which
ultimately proved instrumental in pointing the way toward
understanding the function of those genes. We and others (21,
23)® have demonstrated that Merlin localizes similarly to the
ERM proteins at the membrane/actin interface, with Merlin
being particularly enriched in membrane ruffles. Given the
localization of Merlin to regions of dynamic actin at the cell
periphery, and its role as a tumor suppressor, we were inter-
ested in whether growth inhibition associated with cell-cell
contact might cause a change in the pattern of Merlin expres-
sion. We observed that the level of endogenous Merlin protein
is increased by confluency as well as by serum deprivation and
that the two stimuli can synergize in their up-regulation of
Merlin levels. Furthermore, we have discovered that these
stimuli are tightly associated with the appearance of a novel,
unphosphorylated species of Merlin. This unphosphorylated
form disappears rapidly (<5 min) following serum addition to
serum-starved cells, suggesting a tight post-translational reg-
ulation of this species leading to its rapid degradation by
growth factor-activated pathways. The up-regulation of Merlin
was not observed in cells arrested in G, by staurosporine or in
cells arrested in S or Go/M induced by hydroxyurea or nocoda-
zole, respectively, suggesting that the effects of cell-cell contact
and serum deprivation stimuli are specific.

Merlin appears to be constitutively phosphorylated on both
serine and threonine residues, and no obvious changes in pat-
terns of phosphorylation were discerned following serum treat-
ment or in confluent versus subconfluent conditions (data not
shown). The protein was previously reported to be phosphoryl-
ated specifically on serine in human U251-MG glioblastoma
cells (25). Given the abundant threonine phosphorylation ob-
served in our experiments, it is not clear whether there may be
a cell type-specific difference or that the threonine phosphoryl-
ation was below the level of detection in the previous experi-
ments. The fact that we detect threonine phosphorylation is of
particular interest as a germ line missense mutation of Thr-352
of Merlin has been detected in a severely affected NF2 patient
(34), and this residue bears a possible consensus recognition
sequence for protein kinase C (3, 35). All three ERM proteins
have been shown to be serine/threonine, as well as tyrosine,
phosphorylated in response to specific growth factors in various
cellular contexts (20, 36, 37), although Merlin lacks almost all

* A. 1. McClatchey, I. Saotome, K. Mercer, D. Crowley, J. Gusella, R.
Bronson, and T. Jacks, submitted for publication.
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of the previously described phosphorylation sites found in the
other family members. Furthermore, there was no increase in
the level of phosphorylation on Merlin following serum treat-
ment (data not shown); it remains to be determined whether
individual growth factors might induce phosphorylation of
Merlin.

In addition to the regulation of Merlin levels and phospho-
rylation by serum and confluency, we found that loss of adhe-
sion leads to a rapid, nearly complete dephosphorylation of
Merlin. This effect was reversed by replating the cells which led
to rephosphorylation of Merlin to control levels. The phospho-
rylation of Merlin upon replating showed a close correlation
with degree of cell spreading, and, in fact, blocking cell spread-
ing by cytochalasin D treatment prevented the phosphorylation
effect. Interestingly, experiments using antisense oligonucleo-
tides have demonstrated that loss of ERM proteins leads to a
loss of cell-cell and cell-substratum attachment (17), and a
similar approach has suggested a role for Merlin in cell-sub-
stratum attachment (19). Furthermore, overexpression of
Ezrin has been shown to increase the adhesion of insect cells to
their substratum and to override contact inhibition of confluent
NIHS3TS3 cells (18, 38). Whether Merlin directly modulates the
activity of the ERM proteins in these processes or responds to
the same cues that stimulate ERM-mediated cytoskeletal reor-
ganization, but performs a distinct function in regulating pro-
liferation, remains to be determined.

The responsiveness of Merlin to confluency, serum depriva-
tion, and loss of substratum attachment may be due to a com-
mon upstream signal regulating the organization of the actin
cytoskeleton. It is interesting that other microfilament-associ-
ated proteins such as Vinculin, ZO-1, Gas2, and the MARCKS
protein are all up-regulated upon confluency and/or serum
starvation-induced arrest (39—42), and in fact, Vinculin is reg-
ulated by cell shape as well (39). One possible component of the
upstream signal could be members of the Rho subfamily of
small GTPases. These proteins are known to regulate the actin
cytoskeleton as well as mitogenic signaling and cell cycle pro-
gression in Gy/G, in fibroblasts in response to extracellular
signals (43, 44). Intriguingly, the activity of RhoA in Swiss 3T3
cells is reduced by serum deprivation, confluency, and place-
ment of cells into suspension (45-47). The ERM proteins (48)
as well as Merlin (49) have been reported to colocalize with
RhoA in various cellular contexts, and Rho modulates the af-
finity of ERM proteins for their membrane targets (14). More-
over, we have recently demonstrated that RhoA activity is
necessary and sufficient for the phosphorylation and relocal-
ization of the ERM proteins (50). Perhaps the phosphorylation
and/or levels of Merlin are responsive to changes in RhoA
activity as well, or alternatively, Merlin may serve to down-
modulate the activity of RhoA or a related GTPase in response
to these environmental signals.

Although the function of Merlin is still largely unknown, the
data presented here represent a first step toward understand-
ing what stimuli may regulate its activity. Taken together, our
results suggest Merlin may serve its tumor suppressor role in
the response of cells to loss of cell-substratum attachment,
increased cell-cell contact, or poor growth factor microenviron-
ment, perhaps preventing inappropriate cell-cycle entry under
these circamstances. Furthermore, the unphosphorylated form
of the protein may represent the active tumor suppressor con-
formation. Given that the protein is up-regulated by some
growth arrest stimuli, it is possible that Merlin participates in
these arrest responses and that loss of Merlin function might
lead to loss of growth arrest capacity under certain conditions
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and, ultimately, to tumor formation. An interesting test of
these ideas would be to examine the ability of cells deficient for
Merlin to arrest under conditions of confluency, serum depri-
vation, or growth in suspension.
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Neurofibromatosis type 1 (NF1) is a prevalent familial cancer syndrome re-
sulting from germ line mutations in the NF7 tumor suppressor gene. Hallmark
features of the disease are the development of benign peripheral nerve sheath
tumors (neurofibromas), which can progress to malignancy. Unlike humans,
mice that are heterozygous for a mutation in Nf7 do not develop neurofibromas.
However, as described here, chimeric mice composed in part of Nf1—/~ cells
do, which demonstrates that loss of the wild-type Nf7 allele is rate-limiting in
tumor formation. In addition, mice that carry linked germ line mutations in Nf7
and p53 develop malignant peripheral nerve sheath tumors (MPNSTSs), which
supports a cooperative and causal role for p53 mutations in MPNST develop-
ment. These two mouse models provide the means to address fundamental
aspects of disease development and to test therapeutic strategies.

Neurofibromatosis type I (NF1) affects about  development of multiple benign neurofibro-

1 in 3500 individuals worldwide (/). The mas, which can be debilitating, severely dis-
hallmark clinical feature of the disease is  figuring, and, in some patients, progress to
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malignancy (2). NF1 patients are also predis-
posed to developing optic pathway gliomas,
pheochromocytomas, and myeloid leukemia
as well as several symptoms unrelated to
cancer (3).

The NFI-encoded protein neurofibromin
is a member of the GTPase-activating protein
(GAP) family that includes mammalian
p120S4P and the yeast IRA proteins (4). Like
p120SAP, neurofibromin can stimulate the
GTPase activity of Ras in vitro and in vivo
(5). Because most mutations in the NF] gene
in patients are predicted to result in loss of
function, deregulation of Ras-mediated sig-
naling is likely to contribute to the pathology
of NF1 (6).

Although NFI appears to be a classic
tumor suppressor gene, the molecular mech-
anism underlying tumor development in NF1
has been obscure. Although second hit muta-
tions affecting the inherited wild-type NFI
allele have been clearly identified in the my-
eloid leukemias and pheochromocytomas in
NF1 patients (7), such mutations have been
reported for only a small number of neurofi-
bromas (8). The difficulty in detecting muta-
tions may be due in part to the complex
nature of these lesions, which are composed
of multiple cell types, not all of which are
expected to develop a second mutation (2).
However, it also has been suggested that NF/
heterozygosity may be sufficient for develop-
ment of benign neurofibromas (haplo-insuf-
ficiency), with full loss of NFI function be-
ing restricted to the progression to MPNSTs
9.

Heterozygous mutant (NfI*/~) animals
are predisposed to a number of tumor types;
however, they do not develop peripheral
nerve sheath tumors or other characteristic
symptoms of human NF1 (70, 11). To test the
possibility that a mutation in the wild-type
NfI allele is required and rate-limiting in the
formation of neurofibromas in NfI*/~ mice,
we generated chimeric mice that were partial-
ly composed of NfI '~ cells. Germ line ho-
mozygosity for a NfI mutation (NfI /™) re-
sults in embryonic lethality at about day 14 of
gestation (10, 11). We also developed a mod-
el of MPNST formation by generating mice
with combined mutations in NfI and p353.
These two models are described below.

We created two Nfi-deficient embryonic
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stem cell (ES) lines by successive rounds of
gene targeting and injected the cells into
C57BL/6 blastocysts to generate chimeric
mice (12). We analyzed 18 chimeric adults,
which fell into three phenotypic classes, in
this study (/3). The subset of chimeras (n =
4) that exhibited the highest degree of chi-
merism died by 1 month of age of unknown
causes. The two animals that exhibited the
lowest degree of chimerism (less than 15%

N S AN

by coat color) lived a typical life span and no
unusual pathology was observed upon nec-
ropsy. Most animals (12/18) fell into the third
phenotypic class: they exhibited a moderate
degree of chimerism, frequent myelodyspla-
sia, and progressive neuromotor defects. The
life span of these animals varied from 2 to 26
months. Histological analysis of this subset
of mice revealed the presence of neurofibro-
mas in every animal (/4). We detected mul-

Fig. 1. Histological analysis of neurofibromas from Nf7~/7:Nf1*/* chimeras. (A and B) Sections

through the spinal cord (SC) and dorsal root (DR) or limb muscle (C) from different Nf7 ~/—:Nf1+/*
chimeric mice were stained with H+E. (B) Higher magnification of (A). Arrows in (A) and (B)
indicate the neoplastic region. The entire field is composed of neoplastic tissue in (C). (D) Tissues
from NfTH/*:Nf1~/~; ROSA-26*/~ mice were stained with X-Gal as described in (37). Sections of
muscle (E) and tongue (F) were stained with H+E. A nerve (N) is seen in the center of the
neurofibroma in (E). The neurofibroma in the tongue shown in (F) is multinodular and a portion of
it identified by the arrow is also shown in (H). (G and H) Sections adjacent to (E) and (F) (higher
magnification) were stained with an antibody recognizing the S100 protein.
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tiple tumors (10 to 100 per mouse), which
usually emanated from the dorsal root ganglia
(Fig. 1, A and B) or peripheral nerves in the
limbs (Fig. 1C). Notably, only plexiform neu-
rofibromas (those growing along the plexus
of internal peripheral nerves) were observed;
dermal neurofibromas, which are more com-
mon in NF1 patients, were not detected. His-
tologically, the lesions exhibited the classic
features of human neurofibromas (15). Most
tumors were not visible macroscopically;
thus, the number of tumors per animal was
probably underestimated. In two chimeras,
however, tumors on the trigeminal nerve and
in the tongue were visible upon dissection.
The contribution of NfI~/~ cells in the
neurofibromas in these mice was assessed by
using NfI~'~ ES cells containing a B-galac-
tosidase (B-gal) expressing transgene (I6).
Five chimeras were produced with these
cells. Two of the three highly chimeric ani-
mals developed multiple neurofibromas. In
all cases, near uniform B-gal expression was
observed in the tumors, demonstrating exten-
sive contribution of Nf7~/~ cells (Fig. 1D).
‘We have not detected significant recruitment
of wild-type cells into these lesions as might
have been expected given the multicellular
nature of human neurofibromas (see below).
However, the sensitivity of 5-bromo-4-

chloro-3-indolyl B-D-galactopyranoside (X-
Gal) staining is not sufficient to rule out a
low-leve!l contribution of wild-type cells in
this model.

Human neurofibromas contain a variety of
cell types found in normal peripheral nerve
including Schwann cells, perineurial cells,
fibroblasts, and neurons (/5). We used elec-
tron microscopy (EM) to determine the cel-
lular constituents of the lesions in this mouse
model. Figure 2A illustrates the overall ultra-
structural appearance of a neurofibroma in this
model. As in human neurofibromas Schwann
cells were the most common cell type present
(Fig. 2, B and C). Importantly, Schwamn cells
(or their precursors) are believed to be the ini-
tiating cell type [the cell type that undergoes
loss of heterozygosity (LOH)] in human tu-
mors. Cells exhibiting features of perineurial
cells were also observed by EM (Fig. 2D).
Taken together with the histological analysis,
these data demonstrate a close similarity be-
tween the lesions in NfI~/~: NfI*'* chimeras
and human neurofibromas.

These lesions were further characterized by
immunohistochemistry with an antibody recog-
nizing S100, a protein expressed in mature
Schwann cells and in most human neurofibro-
mas and MPNSTs (/7). As illustrated by the
tumor shown in Fig. 1, E and G, S100-positive

Fig. 2. Electron micrographs of murine neurofibromas. EM was performed on fixed tissue stained
with lead citrate. (A} Low-power magnification of a neurofibroma containing myelinated axons (N},
collagen bundles (C), and dissociated Schwann cells identified by arrows. Bar = 10 m. Dissociated
Schwann cells exhibit branching cytoplasmic processes (B} and surround collagen bundles (C). Note
the continuous basal lamina (arrow) characteristic of Schwann cells. Bars = 1 um. (D) Perineurial
cells aligned in parallel arrays containing multiple pinocytotic vesicles and a basal lamina were also
observed in murine neurofibromas. Cells exhibiting either discontinuous or continuous basal lamina
(arrows) were observed in these tumors. Bar = 1 um.

Schwann cells were observed exclusively asso-
ciated with entrapped nerves (center) and were
not found in the surrounding neoplastic tissue.
In larger tumors in which the original nerve was
disrupted (for example, Fig. 1, F and H), sparse
S100 staining, associated with nerve remnants
in the center of the lesion, were occasionally
observed (Fig. 1H, right). In all cases (n = 25),
only minimal S100 staining was observed in the
lesion itself. The presence of S100-negative
Schwann cells in the neurofibromas may be
explained by their development within this
model system, in which NfI =/~ cells are intro-
duced at an early developmental stage (equiv-
alent to E3.5). It is possible that the absence of
S100 expression in these neurofibromas reflects
a requirement for Nf function in the differen-
tiation of neural crest—derived precursors to
S100-expressing Schwann cells in vivo. Indeed,
neurofibromin is expressed early in Schwann
cell differentiation in the mouse, 2 to 3 days
before the onset of S100 expression (/8). In
contrast, in NF1 patients, neurofibromas arise
from cells that are initially heterozygous for an
NFI mutation. Cells within the human neurofi-
bromas would be expected to become NFI~/~,
but in many cases this might occur after the
onset of S100 expression, accounting for the
high percentage of S100-positive neurofibro-
mas in humans.

We next addressed the development of
MPNSTs. Because these malignant tumors
are often found emanating from primary
plexiform benign lesions (2, 15), it is thought
that additional (probably genetic) events are
involved in the progression to malignancy. In
fact, mutations in the p53 tumor suppressor
gene have been detected in human MPNSTs
and therefore have been implicated in this
progression step (/9). As a means of creating
a model for MPNST formation and establish-
ing a causal role for p53 mutations in the
malignant lesions, mice with germ line mu-
tations in NfI and p53 were generated on a
mixed (129/sv X C57BL/6) genetic back-
ground. Because NfI and p53 are linked on
chromosome 11 in mice (20), we initially
generated animals carrying the NfI and p53
mutations on opposite chromosomes (NP
trans) by crossing NI+~ and p53*/~ mice.
We also crossed these NP trans animals to
wild-type animals to generate mice with both
mutations on chromosome 11 (NP cis), which
arise after meiotic recombination. Because
complete chromosomal loss is the most com-
mon mutational mechanism by which sec-
ond-hit mutations occur in mice (21), we
expected most of these NP trans mice to
undergo LOH at either the NfI or the p53
locus (but not both); we also thought this
population of mice would exhibit a tumor
phenotype reminiscent of the NfI*/~ and
p53™/~ parental animals (10, 22). In the NP
cis mice, however, a chromosomal loss
would be expected to result in LOH at both
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tumor suppressor loci simultaneously (a phe-
nomenon we term co-LOH), resulting in cells
deficient for both NfI and p53.

As expected, NP trans animals succumbed
to tumors more rapidly than mice heterozy-
gous for a single mutation; they survived an
average of 10 months and developed tumors
similar to those found in mice with either
single mutation (Fig. 3A). Southern blot anal-
ysis of tumor DNA (n = 6) revealed LOH of
either the wild-type NfI locus or the wild-
type p53 locus (23). In contrast, mice carry-
ing NfI and p53 mutations in cis survived an
average of only 5 months and exhibited a
significant increase in the percentage of soft
tissue sarcomas compared with mice of other
genotypes (Nf1™/~, 5%; p53, 57%; NP trans,
36%; NP cis, 81%). Furthermore, although
NP trans animals exclusively develop osteo-,
fibro-, rhabdomyo-, and hemangiosarcomas,
about 30% of tumors from the NP cis animals
stained positively for S100 and exhibited
classic histological features of MPNSTs (n =
28) (Fig. 3B). The percentage of MPNSTs
identified by these criteria is likely to be an
underestimate because only 50% of human
MPNSTs are S100-positive and due to the
characteristic heterogeneity of this tumor
type (13, 24). Importantly, loss of both wild-
type alleles in tumors from the NP cis mice
was consistently observed (n = 12) (23),
which suggests that the loss of both genes
cooperates in formation of these lesions in
mice and supports a causal role for p53 mu-
tations in development of MPNSTs in NF1
patients. The presence of S100-positive cells
in the tumors from the NP cis mice contrasts
with the analysis of neurofibromas in the
model described above, where the lesions
were universally S100™. Although this pat-
tern was unexpected, it supports the hypoth-
esis that the timing of NfI deficiency may be
critical for expression of the S100 marker.
Specifically, in contrast to the neurofibroma
model, in the MPNSTs NfI ™/~ cells arise
from Nf1*/~ cells, most likely at a later stage
of gestation or in the adult mouse.

In summary, our data on the NfI~'~:
NfI*'* chimeras indicate that complete loss
of NfI is an obligate step in neurofibroma
development and suggest that the prevalence
of neurofibromin-deficient cells in the devel-
oping nerve is the rate-limiting factor in for-
mation of this tumor in the mouse. It remains
unclear why fewer of these cells arise in
NfI™'~ mice than in human NF1 patients.
Possible explanations include interspecies
differences in lifespan, target cell number, or
proliferative properties or interspecies differ-
ences in the mutability of the NF/ locus. We
have also demonstrated that mutations in Nf7
and p53 cooperate in the development of
MPNSTs, which supports a causal role for
p53 mutations in their formation. The devel-
opment of these lesions might call into ques-
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tion the conclusion that a low rate of NfI
LOH limits the development of neurofibro-
mas in NfI*'~ mice (see above). We hypoth-
esize that the concomitant loss of p53 and NfY
function that occurs in development of
MPNSTs in the NP cis mice allows for the
outgrowth of cells that otherwise would have
undergone growth arrest or apoptosis were
NfI mutated alone. Previous work has shown
that dysregulation of the. Ras pathway in rat
Schwann cells leads to growth arrest that can

A

be overcome by inhibition of p53 function
(23); oncogenic ras alleles can also induce
p53-dependent growth arrest or apoptosis in
human and mouse fibroblasts (26).

The simultaneous homozygosing of
linked mutations by the process described
here as co-LOH could have more general
importance in tumor development, which
could be strongly influenced either positively
or negatively by the arrangement of linked
germ line or somatically acquired mutations.

100
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Fig. 3. Analysis of Nf1*/~.p53%/~ mice. (A} Survival curve of mice carrying Nf7 and p53 mutations

30

on the same (NP cis) or opposing {NP trans) chromosomes. The Nf7*/~ and p53*/~ curves are
identical to those published previously. We studied 51 NP trans animals, 34 NP cis animals, 19
wild-type animals, 37 Nfi*/~ animals, and 41 p53*/~ animals. (B) Sections of an MPNST arising
in the rear flank of this animal were stained with H+E {upper) or 5100 antibodies (lower). The
nuclear S100 staining observed is also a characteristic of human MPNSTs and neurofibromas.
MPNSTs were typically observed invading muscle (M) and were associated with nerves {NJ. Right

panels are magnified views of left panels.
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This effect may be more pronounced in mice
than in humans, where LOH events are typ-
ically subchromosomal. Still, closely linked
mutations that act synergistically or antago-
nistically could strongly affect the process of
human tumor development through this
mechanism.

Finally, we anticipate that both models
will be critical in further characterization of
tumorigenic mechanisms in NF1 and in the
evaluation of potential therapies, such as
compounds designed to inhibit Ras signaling,
such as famesyl! transferase inhibitors (27).
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Nf1;Trp53 mutant mice develop glioblastoma with
evidence of strain-specific effects

Karlyne M. Reilly!, Dagan A. Loisel'%, Roderick T. Bronson?, Margaret E. McLaughlin"* & Tyler Jacks'*

Astrocytomas are the leading cause of brain cancer in humans.
Because these tumours are highly infiltrative, current treatments
that rely on targeting the tumour mass are often ineffective. A
mouse model for astrocytoma would be a powerful tool for dis-
secting tumour progression and testing therapeutics. Mouse
models of astrocytoma have been designed to express oncogenic
proteins in astrocytes, but have had limited success due to low
tumour penetrance or limited tumour progression'-3, We present
here a mouse model of astrocytomas involving mutation of two
tumour-suppressor genes, Nff and Trp53. Humans with muta-
tions in NF1 develop neurofibromatosis type | (NF1) and have
increased risk of optic gliomas, astrocytomas and glioblas-
tomas?*5. The TP53 tumour suppressor is often mutated in a sub-
set of astrocytomas that develop at a young age and progress

mouse model of astrocytoma. Because NfI and Trp53 are located
within 7 cM of each other on mouse chromosome 11, we gener-
ated mice carrying mutations in NfI and Trp53 on the same chro-
mosome (NPcis mice!!). These mutations are rarely separated by
recombination events and can be treated as a single mutation in
genetic crosses. Because the tumour phenotype in NfI heterozy-
gotes has shown some strain-specific effects!>, we also crossed
these NPcis mice on an enriched inbred background (C57BL/6
(B6)) to several inbred mouse strains to generate F1 progeny
(C3H/HeJxB6 (HxB6), CAST/EijxB6 (CAxB6), CBA/JxB6
(CBxB6) and SJL/JxB6 (SxB6)) for analysis.

We aged NPcis mice on the B6 and different FI backgrounds until
they developed various tumours (K.M.R. and T.J., unpublished data;
see also Table 1, http://genetics.nature.com/supplementary_info/).

slowly to glioblastoma (termed secondary glioblastomas, in con- _Brain lesiops were the most frequent tumour type seen on both

trast to primary glioblastomas that develop rapidly de novo®19),
This mouse model shows a range of astrocytoma stages, from
low-grade astrocytoma to glioblastoma multiforme, and may
accurately model human secondary glioblastoma involving 7P53
loss. This is the first reported mouse model of astrocytoma initi-
ated by loss of tumour suppressors, rather than overexpression
of transgenic oncogenes.

Although NfI*/~ mutant mice do not develop the benign lesions
commonly seen in human NF1, such as neurofibromas and optic
gliomas, NfI and Trp53 compound heterozygotes on a mixed
C57BL/6x12954/Sv]ae (B6,129) genetic background have been
used to model malignant peripheral nerve sheath tumours!"!12
(MPNSTs). NfI*/~ mice show increased gliosis'*!* and TP53 is
mutated in human astrocytoma®®; thus, NfI and Trp53 com-
pound heterozygotes were good candidates for developing a

Fig. 1 Histology of astrocytomas in NPcis mice. The brain tumours in NPcis mice
show histological hallmarks of human astrocytomas and glioblastomas. Sec-
tions are stained with haematoxylin and eosin. Glioblastoma multiforme in
humans is characterized by the presence of either vascular proliferation or
necrosis. Advanced tumours in NPcis mice show evidence of new blood vessel
formation (afthough multilayering of endothelial cells is not detected) (a) and
of necrosis (b). We observed multinucleated giant cells (¢) in 22-36% of all
brain lesions depending on the genetic background (27% overall), characteris-
tic of glioblastoma in humans. Because astrocytic tumour cells are very migra-
tory, leading to highly infiltrative tumours, they tend to cluster around
structures in the brain, forming ‘secondary structures’. Among the types of sec-
ondary structures formed are perineurial structures around neurons, also
known as ‘satellitosis’ (neurons indicated by an asterisk and tumour cells indi-
cated by arrowheads) (d), perivascular structures around blood vessels (vesse!
indicated by arrows and tumour cells indicated by arrowheads) (e), and accu-
mulation of cells in the subpial zone of the cortex (pial surface marked by
arrows, arrowhead indicates mitosis amid the tumour cells) (f). Although we
generally did not find tumours in the cerebellum, they occurred in the olfac-
tory bulb, throughout the cortex (including the corpus callosum), in the brain-
stem and down into the spine, similar to human astrocytomas. They often
exited the olfactory bulb or cortex into the nasal cavity or leptomeninges (see
also Fig. 3g). ¢,d, Taken from the same tumour specimen.

the B6 and HxB6 backgrounds and the second most frequent
tumour type seen on the CAXB6 and SxB6 backgrounds. These
brain lesions range from the presence of diffuse cells with atypical
nuclei to large, aggressive tumours bearing the hallmarks of
glioblastoma multiforme. At the time of sacrifice, mice with
more advanced tumours displayed ataxia and paralysis. After
approximately 6 months of age, penetrance of the brain tumour
phenotype approached 100% (92% on a B6 background), sug-
gesting that if NPcis mice did not die of other shorter-latency
tumours, they would all develop brain tumours.
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Tufts University Schools of Medicine and Veterinary Medicine, Boston, Massachusetts, USA. *Department of Pathology, Brigham and Women’s Hospital,
Boston, Massachusetts, USA. *Howard Hughes Medical Institute, Massachusetts Institute of Technology, Cambridge, Massachusetts, USA. Correspondence
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Fig. 2 Glioblastoma multiforme in an NPcis mouse on a (HxB6)F1 background.
This figure shows a tumour in the thalamus of an NPcis mouse with the criteria
of a human glioblastoma multiforme. a, A low-power magnification of the
haematoxylin and eosin stained sagittal section. Anterior is to the left and dor-
sal is up. The pituitary (P) and cerebellum (C) are shown for reference. The
tumour shows accumulation of cells dorsally and diffuse, infiltrative growth
(1G) ventrally and posteriorly. In addition to atypical nuclei and mitotic figures
(arrows) (b,c), this tumour also shows microscopic foci of necrosis (shown in
Fig. 1b). The tumour stains very strongly for GFAP (b), but not for synapto-
physin (c), indicating it is glial, not neural, in origin.

In humans, astrocytomas are graded according to defined histo-
logical criteria, as determined by the World Health Organization!617
(WHO). We did not see any well-circumscribed benign lesions sim-
ilar to pilocytic astrocytomas (WHO 1) in NPcis mice. All NPcis
mice lesions contained elongated astrocytic nuclei with irregular
contours, similar to low-grade diffuse astrocytomas (WHO II). Sim-
ilar to human anaplastic astrocytomas (WHO III) that are defined
by increased mitotic activity, NPcis mouse brains often exhibited
mitotic figures, with a subset exhibiting focal tumour masses.
Although rare, we observed necrosis in four tumours (from a total of
100 animals analysed; Fig. 1b), indicating that these tumours can
progress to glioblastoma multiforme (WHO 1V; Fig. 2), as well as
atypical or excessive blood vessels in four tumours (Fig. 1a). NPcis
tumours also contained multinucleated giant cells (Fig. 1c and Fig.
3d) and formed ‘secondary structures’ within the brain!® (Fig. 1d-f),
characteristic of glioblastoma'®.

Fig. 3 Immunohistochemistry of astrocytomas in NPcis mice. Tumours were
stained with an astrocytic marker, GFAP (b,e,h), or a neural marker, synapto-
physin (c,f,§) (antibody stain shown in brown and nuclei counterstained blue).
Normal astrocytes or neurons on the brain sections are internal controls for
immunohistochemistry. Haematoxylin and eosin stained sections are shown for
comparison (a,d,g). a-¢, A tumour in the olfactory bulb that has exited into the
nasal cavity and stains strongly for GFAP (b), but not synaptophysin (c). d-f, A
tumour with many multinucleated giant cells (arrowheads) in the frontal lobe
of the cortex that shows staining of astrocytes by GFAP (arrows) within the
tumour {e), but not widespread staining. These astrocytes (indicated by arrows
in e) appear abnormal and possibly tumorigenic, but we cannot rule out the
possibility that they may be reactive astrocytes trapped within the tumour.
These tumour cells did not stain with synaptophysin (f), although neuronal
processes extending through the region of the tumour show faint synapto-
physin staining. g,h, A low-power magnification of a tumour (T) in the frontal
lobe (anterior to the left, ventral is up) that has exited the cortex into the lep-
tomeninges (arrows). GFAP staining was highly variable in the tumour tissue
and was much stronger in the leptomeningeal part of the tumour (arrows)
than in the cortical part (T) (h). None of the tumours tested showed positive
staining for synaptophysin, although in four tumours of the olfactory bulb or
pons, neurons trapped within the tumour stained for synaptophysin. i, An
example of synaptophysin staining in the retina, as an internal control.
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To confirm that these brain tumours were glial in origin (as
opposed to neural), we stained 40 focal tumours with both astro-
cytic and neural markers (see Table 1, http://genetics.nature.
com/supplementary_info/). Glial fibrillary acidic protein (GFAP)
is a marker of glial cells and astrocytoma in humans!®. Of the 40
tumours tested, 28 showed positive GFAP staining of tumour cells
(Fig. 2b and Fig. 3b,h). The remaining 12 showed astrocyte stain-
ing within the tumour that could not be distinguished from a
reactive astrocyte pattern (Fig. 3e). These tumours may contain
GFAP-positive tumour cells, but the morphology of the positive
cells did not allow us to identify them conclusively as tumour cells.
The possible lack of GFAP staining in these tumours may result
from dedifferentiation of tumour cells as the tumour progresses,
consistent with the finding in humans that more anaplastic astro-
cytomas do not show GFAP immunoreactivity'®, or may indicate
that the tumour arose from a neural stem cell before differentia-
tion (although these tumours were negative for the marker nestin;
see Table 1, http://genetics.nature.com/supplementary_info/). Of
the 40 tumours stained for GFAP, we stained 34 with anti-synap-
tophysin antibodies (a marker of neural cells and neuroectoder-
mal tumours?’) and found no staining of tumour cells (Fig. 2¢
and Fig. 3¢).

We analysed tumour tissue for loss of the wild-type alleles of Nf
and Trp53. To obtain pure tumour DNA samples from these highly
infiltrative tumours, we used laser capture microdissection?!
focal tumours. Of the five tumours analysed, three showed loss of
wild-type NfI and Trp53 (Fig. 4). The remaining two tumours may
carry point mutations or small deletions that are not detected by
PCR, or the presence of the wild-type allele may be due to contam-
inating normal cells trapped within the tumour sample.

We cultured tumour cells from NPcis mice showing paralysis
or ataxia. Cloned cell lines show stellate morphology and loss of
wild-type NfI and Trp53 (Fig. 5). All cell lines formed tumours
when injected subcutaneously into the flanks of nude mice.
These tumours showed a more spindle-cell morphology than the
original tumours, but stained with the $100 marker, consistent
with glial origin (Fig. 5).

A study on variable expressivity within families with NF1 has
demonstrated the importance of modifier genes in the benign
aspects of the disease??. To test whether modifier genes similarily
affect malignancies associated with NF1, we analysed (HXB6),
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Fig. 4 Astrocytomas show loss of the wild-type alleles of Nf7 and Trp53. We
microdissected tumour tissue and amplified the wild-type and mutant alleles
of Nf1 and Trp53 by PCR. Because we generally did not see these tumours form-
ing in the cerebellum, and because the cerebellum is densely nuclear and
therefore a good source of DNA, we microdissected the granule cel! layer of
the cerebellum as a control for the presence of the wild-type allele. The figure
shows loss of the wild-type chromosome in the region of Nf1 and Trp53 in
three of five samples. Tumour 1 is a multifocal tumour with mitotic figures and
multinucleated giant cells that stained strongly for GFAP. Tumour 2 is a diffuse
tumour mass in the brainstem that showed sparse staining for GFAP. Tumour 3
is a highly infiltrative tumour with mitotic figures and leptomeningeal spread
that showed sparse staining for GFAP. Tumour 4 is a dense tumour with mitotic
figures and giant cells that stained strongly for GFAP. Tumour 5 is a dense,
highly pleomorphic tumour with mitotic figures, giant cells and satellitosis
around trapped neurons. it stained strongly for GFAP.

(CAxB6), (CBxB6) and (SxB6) F1 progeny for changes in tumour
phenotype relative to the B6 parental strain (Fig. 6). The cross to
the SJL/J strain caused a significant reduction in focal brain
tumours (2, P=0.0035), and the cross to the CAST/Ei] strain
showed a reduction in focal brain tumours that was suggestive, but
not statistically significant ()2, P=0.17). NPcis (SxB6)F1 progeny
did not live longer in the absence of brain tumours (Fig. 6b), but
instead died of other, early forming tumours, precluding the devel-
opment of brain tumours. NPcis (SxB6)F1 progeny showed an
increase in soft-tissue sarcomas that is suggestive, but not statisti-
cally significant (2, P=0.18; KM.R. and T.J., unpublished data).
These soft-tissue sarcomas tended to occur at younger ages than
brain lesions in NPcis mice and may account for the reduction in
brain tumours in the (SxB6)F1 background.

We classified the brain tumours into four grades on the basis of
histological criteria. This classification is related to, but not iden-
tical to, the WHO classification (Fig. 64, see legend). Mice dying
at older ages tended to have higher-grade lesions, suggesting that
this model may be useful for studying progression of astrocy-
tomas. Although we did not see any grade 4 lesions in NPcis mice
on the parental B6 background, we did observe grade 4 tumours
in all three strains of F1 progeny (Fig. 6a), suggesting an effect of
genetic background on the extent of tumour progression. The
effect of background on the development of these tumours and
their progression may allow us to optimize this model system
using different mouse strains.

Fig. 5 Tissue culture of astrocytomas. We killed mice displaying cbvious signs
of brain tumours (ataxia, paralysis and so on) and put a parasagittal half of the
brain into culture, with the other half of the brain fixed for histology (n=5).
This figure shows the histology and cell morphology of three of the tumours
and their corresponding cloned cell lines, as well as immunohistochemistry for
$100 on sections of tumours grown subcutaneously from injected cell lines in
nude mice. All cell lines showed a stellate morphology. a,d,g, A tumour from a
(SxB6)F1 background with giant cells (arrowheads) and mitotic figures (arrows)
(@), the corresponding cell line (d) and the xenograft stained with S100 (g).
b.e,h, A tumour from a (CBxBB)F1 background with accumulation of tumour
cells into secondary structures around blood vessels (arrowheads) and a mitotic
figure (arrow) (b), the corresponding cell line (e) and S100 staining of the
xenograft (h). ¢,f,i, A tumour from a B6 background with a high mitotic index
(arrows) (c), the corresponding cell line (f) and the $100 staining of the
xenograft (). Multiple single-cell clones of each cell line showed loss of the
wild-type alleles of Nf7 and Trp53 (j). KR130 corresponds to the tumour shown
in (a,d), KR129 corresponds to the tumour shown in (b,e), and KR158 corre-
sponds to the tumour shown in (¢, f).

nature genetics * volume 26 ¢ september 2000

We have presented here a mouse model for secondary glioblas-
toma involving loss of TP53 in humans. In addition to modelling
spontaneous glioblastomas, these NPcis mice extend our previ-
ous model of the malignancies associated with human NF1 (refs
11,12). Although NfI*/~ mice do not develop the benign lesions
of peripheral nervous system glia (neurofibromas) or central ner-
vous system glia (optic gliomas) seen in NF1 patients®, the com-
bination of NfI and Trp53 mutations leads to malignant tumours
of glia in both the peripheral and central nervous system (MPN-
STs (ref. 24) and astrocytomas, respectively). We hypothesize that
dysregulation of Ras signalling through loss of the rasGAP func-
tion of Nfl gives Schwann cells and astrocytes a growth advan-
tage, as evidenced by the formation of neurofibromas in NfI-null
chimaeras and increased gliosis in NfI heterozygotes. The NfI
mutation may mimic the mitogenic stimulus provided by ampli-
fication and/or mutation of EGFR and PDGFR in human astro-
cytomas. As in human astrocytomas, the loss of Trp53 function
may facilitate the progression to malignancy in this model. We
have further extended the NF1 model by demonstrating the role
of modifier genes in different strains of mice. Previous character-
izations of NPcis mice on a (B6,129) mixed background!>!2 did
not identify brain tumours as a significant cause of death in these
mice, and we are currently investigating whether the 129 strain
carries resistance genes for these tumours. Comparison of NPcis
mice on a B6 background with (SxB6)F1 or (CAXB6)F1 mice
revealed the role of modifier genes in both tumour initiation and
progression. We are currently investigating backcross progeny to
identify modifier genes by quantitative trait mapping
approaches. We believe these NPcis mice are a good model for
secondary glioblastomas that in humans progress from lower
grades of astrocytoma and involve loss of TP53.

Methods

Construction of NfL;Trp53 cis mice. We bred NfI*/~ mice on a mixed
C57BL/6, 12954/Sv]ae background to wild-type C57BL/6 (B6) mice for five
generations and then crossed to Trp53*/~ mice inbred on B6 (Jackson Labo-
ratory). We bred the resulting double heterozygotes in ‘trans’ to wild-type
B6 mice and progeny were scored by PCR genotyping?>?® for the presence
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Fig. 6 Incidence of brain tumours in NPcis mice. a, We graded tumours according to histological criteria.
Grade 0 (cyan) indicates no brain lesion was identified in the sections analysed; grade 1 {(green) lesions
have diffuse cells with atypical nuctear morphology; grade 2 (magenta) lesions have diffuse atypical cells
and mitotic figures; grade 3 (blue) lesions are focal tumours with varying degrees of celluarity; and
grade 4 (red) tumours show evidence of excessive or aberrant blood vessels and/or necrosis. The his-
togram shows the distribution of tumour grade for NPcis mice of four different genetic backgrounds,
the parental B6 strain and three F1 strains (HxB6, SxB6 and CAxB6). In the B6 background, 77% of mice
developed a brain lesion (n=2). in the (HxB6)F1 background, 75% of mice developed a brain lesion (n=
24). In the (SxB6)F1 background, 55% of mice developed a brain lesion (n=33). In the (CAxB6)F1 back-
ground, 58% of mice developed a brain lesion (n=21). The distribution shows that the C3H strain does
not modify the grade distribution of the B6 strain, whereas SIL and CAST backgrounds reduce the pro-
portion of focal tumours (grades 3 and 4) in the population. The reduction of focal tumours in {SxB6)F1
is statistically significant (32, P=0.0035), whereas the reduction in (CAxB6)F1 may be suggestive of an
effect, but is not significant (2, P=0.17). Both the SIL and CAST backgrounds may also cause a change in
tumour progression as evidenced by changes in the proportion of the different tumour grades. b, Grade
3 (blue) and 4 (red) tumours in the (SxB6)F1 and B6 strains are graphed on top of the survival curve for
each strain ((SxB6)F1 in green and B6 in blue), showing that the two strains develop focal tumours at
similar ages. This suggests that the reduction in the number of brain tumours observed in the (SxB6)F1
mice is not due to resistance to developing brain tumours, but rather to an increased susceptibility to
early forming tumour types. The mice that do not develop brain tumours are dying earlier of other
tumours (K.M.R. and T.J., unpublished data). We have not yet identified a background showing reduced
tumours in the later part of the survival curve, suggesting true resistance to the development of brain
lesions. The difference in the survival of B6 mice and (SxB6)F1 mice in the later part of the curve is signif-
icant (log-rank test, P=0.0043), and may be linked to the lack of grade 4 tumours in B6 mice. This sug-
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gests that tumours in B6 mice may progress more slowly than those in other strains.

of both mutations, indicating the germline recombination had placed the
two mutations on the same chromosome in ‘cis’! 112, The resulting founder
NfLiTrp53 cis mice (NPcis) are inbred the equivalent of seven generations,
and mice used here were from further backcrosses of these mice to B6 (back-
cross generations 8 to 11). We crossed NPcis mice on B6 to four strains
(C3H/He], CAST/Ei], CBA/] and SJL/J; Jackson Laboratory) to generate F1
progeny for analysis.

Histological analysis of tumours. We aged NPcis sibling sets over a peri-
od of 13 months until all mice developed tumours. We observed the
NPcis mice several times weekly for signs of tumours or morbidity and
killed them by CO, asphyxiation. We killed mice that were sick due to
tumour burden and examined all major organs both grossly and histo-
logically. We fixed soft tissues in 10% neutral buffered formalin and
heads along with other bony tissues in Bouin’s fixative. We embedded
tissue in paraffin, sectioned, and stained with haematoxylin and eosin.
Brains were scored for the presence of atypical nuclei, mitotic figures,
tumour masses, multinucleated giant cells, excessive or atypical blood
vessels and necrosis independently by K.M.R. and a veterinary patholo-
gist (R.T.B.), and compared with human brain lesions by a neuropathol-
ogist (M.E.M.). These histological characteristics were never seen in
wild-type B6 mouse brains (n=8). In determining whether the brain
tumours were primary tumours or metastases from other tumours, we
analysed the entire animal and compared cell morphology between the
different tumour types. Only primary brain tumours are being included
in this analysis.

Laser capture microdissection and analysis of wild-type copies of NfI and
Trp53. To examine loss of wild-type copies of NfI and Trp53, we removed
half of the brain from the skull and fixed in 10% neutral buffered formalin
for 16 to 24 h, whereas the remainder of the skull was fixed in Bouin’s for one
week. We stained sections of formalin-fixed tissue with haematoxylin/eosin
and isolated tumour tissue by laser capture microdissection®!. We digested
dissected material overnight with proteinaseK, heat inactivated it and used it
directly in PCR reactions. We amplified the wild-type allele of NfI with the
primers Nflcom (5-TGTCGTTTGGCATCATCATT-3") and Nflx31
(5-GCAAATCTAGTATTGAATTGAAGCA-3"), and the mutant allele of
Nf1 with the primers Nficom and Nfineo3” (5-CTTGCAAAACCACACT
GCTC-3"). We amplified the wild-type allele of Trp53 with the primers X7
(5-TATACTCAGAGCCGGCC-3") and 16.2073 (5-TGCCGAACAGGTG-
GAATATC-3’), and the mutant allele of Trp53 with the primers: X7 and
Trp53neo03” (5'~-GCCTGAAGAACGAGATCAGC-3"). We ran PCR reactions
on a 3% Metaphor agarose (FMC), 1XTBE gel at 5 V/cm and visualized the
products by ethidium bromide staining. Because the tumours analysed orig-
inally were not suitable for PCR after microdissection due to fixation in
Bouin’s, the microdissected tumours represent additional tumours not
included in the survival analysis and initial characterization (see Table 1,
http://genetics.nature.com/supplementary_info/).
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Immunohistochemistry of brain tumours. We stained Bouin’s-fixed, paraf-
fin-embedded samples for GFAP (Dako), synaptophysin (Dako) and nestin
(Developmental Hybridoma Studies Bank). We stained formalin-fixed,
paraffin-embedded nude mouse xenografts with $100 (Dako). We blocked
endogenous peroxidases using 0.3% hydrogen peroxide in methanol. We
pretreated samples stained for synaptophysin and nestin in citrate buffer for
2 h at 80 °C to unmask antigens. We detected all antibodies by biotin-conju-
gated secondary antibodies (Dako) and ABC (Vector), using DAB (Vector)
as a substrate for peroxidase, and counterstained with haematoxylin.

Generation of tumour cell lines. We killed mice with clear behavioural mani-
festations suggesting the presence of a brain tumour and cultured half of their
brain. We fixed the remaining half of the brain in the skull in Bouin’s for
pathology. We subdivided brain tissue into four pieces along the dorsal-ventral
axis and minced it in trypsin. After digestion in trypsin and DNasel for 30 min,
we passed the cells through a 70-pm filter and plated on 10-cm tissue culture
plates in DME/10% IFS/glutamine/penicillin/streptomycin. We grew cells to 5
confluent 10-cm plates and single-cell cloned by limiting dilution in 96-well
plates. We froze down the cells when single-cell clones reached 5 confluent 10-
cm plates (n=>5 brains, 4-8 clones per brain). At this stage we collected DNA
and assayed for the wild-type copies of NfI and Trp53 by PCR (refs 23,25).

Injection of cell lines into nude mice. We injected 1x106 cells subcuta-
neously into the flanks of nude mice (The Jackson Laboratory) in dupli-
cate. We used E1A- and H-ras-transformed Trp53-null mouse embryonic
fibroblasts?6 (MEFs) as a positive control for tumour growth, and Rb
null;p21 null MEFs (ref. 27) as a negative control. We analysed tumours at
6-7 weeks when tumours were at least 1 cm in diameter.

Statistical analysis of NPcis tumours on different strain backgrounds. We
compared tumour latency and survival curves between the F1 strain and the
parental strain by Kaplan-Meier survival analysis using the log-rank test in
STATA. We analysed differences in the numbers of tumours seen in the F1
strain compared with the parental strain by a %2 test in Microsoft Excel 98.
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