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ABSTRACT

The neurofibromatosis-2 (NF2) tumor suppressor protein, merlin or schwannomin,
inhibits cell proliferation by modulating the growth activities of its binding partners,
including the cell surface glycoprotein CD44, membrane-cytoskeleton linker protein
ezrin and PIKE (Pl 3-kinase enhancer) GTPase, etc. Merlin exerts its growth suppressive
activity through a folded conformation that is tightly controlled through phosphorylation
by numerous protein kinases including PAK, PKA and Akt. Merlin inhibits PI 3-kinase
activity through binding to PIKE-L. Now, we show that merlin is a physiological substrate
of Akt, which phosphorylates merlin on both T230 and S315 residues. This phosphory-
lation abolishes the folded conformation of merlin and inhibits its association with
PIKE-L, provoking merlin polyubiquitination and proteasome-mediated degradation. This
finding demonstrates a negative feed-back loop from merlin/PIKE-L/PI 3-kinase to Akt in
tumors. The proliferation repressive activity of merlin is also partially regulated by $518
phosphorylation. Thus, Akt-mediated merlin T230/S315 phosphorylation, combined with
S518 phosphorylation by PAK and PKA, provides new insight into abrogating merlin
function in the absence of merlin mutational inactivation.

Neurofibromatosis 2 (NF2) is a dominantly inherited disorder characterized by bilateral
occurrence of vestibular schwannomas and other brain tumors, including meningiomas
and ependymomas.! The NF2 tumor suppressor protein merlin belongs to the band
4.1 family of cytoskeleton-associated proteins.>> Merlin isoform I possesses a “closed”
conformation via an NTD (N-terminal domain)/CTD (Carboxy terminal domain) intra-
molecular interaction. In contrast, the alternatively spliced merlin isoform II exists in an
“open” conformation that cannot function as a negative growth regulator.* Merlin with
NEF2 patient missense mutations in the NTD or CTD exhibit an “open” conformation
and do not suppress cell growth.> Merlin plays a key role in regulating cell proliferation
and cell migration. Merlin exerts its growth suppressive activity through intramolecular
folding that dictates its binding affinities to various cellular partners including HRS
(hepatocyte growth factor regulated tyrosine kinase substrate), CD44 cell surface glyco-
protein, schwannomin interacting protein-1 (SCHIP1), BIl-spectrin or fodrin, PIKE-L
GTPase and other ERM proteins.®!* For instance, CD44 preferentially associates with
hypophosphorylated merlin, and relatively little phosphorylated merlin binds CD44.
Interference with merlin binding to CD44 impairs merlin growth suppression in RT4 rat
schwannoma cells.!!

We have previously shown that the PIKE/PI 3-kinase signaling pathway is negatively
regulated by protein 4.1N, a neuronal selective isoform of band 4.1 superfamily.!?
Recently, we show that PIKE-L is an important mediator of merlin growth suppression.
We show that merlin blocks cell proliferation by inhibiting PI 3-kinase through binding
to PIKE-L. Interestingly, wild-type merlin, but not patient-derived mutant (L64P), binds
PIKE-L and inhibits PI 3-kinase activity. This suppression of PI 3-kinase activity results
from merlin disrupting the binding of PIKE-L to PI 3-kinase. Mutation of PIKE-L with
Proline 187 into Leucine disrupts its interaction with merlin. Accordingly, merlin suppres-
sion of PI 3-kinase activity as well as schwannoma cell growth is abrogated by a single
PIKE-L point mutation (P187L).1°

Merlin is phosphorylated on S518 by members of the PAK family of kinases, including
PAK1 and PAK2,'%!> which mislocates merlin from the plasma membrane to the
cytoplasm. A merlin mutant that mimics S518 phosphorylation (§518D) cannot suppress
cell growth or motility in RT4 rat schwannoma cells, and leads to dramatic changes in
cell morphology and actin cytoskeleton organization.'® S518 phosphorylation results
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in impaired merlin NTD/CTD folding as well as altered interactions
with critical merlin associated proteins, including CD44 and HRS.!”
Recently, Alfthan and colleagues demonstrated that Protein Kinase-A
(PKA) induces merlin phosphorylation on both N-and C-terminal
residues.'® In addition to S518 phosphorylation, PKA can phosphor-
ylate merlin at S66 in the N-terminal domain (Fig. 1). When PAK
activity is suppressed, merlin can still be phosphorylated by PKA in
cells, indicating that these two kinases function independently. The
N-terminus of ezrin strongly binds to a PKA-phosphorylated, but
not unphosphorylated, merlin CTD. In contrast, PAK2-induced
S518 phosphorylation has a minimal effect on the interaction
between full-length merlin and full-length ezrin.!” Besides regula-
tion of cell growth, merlin also mediates cell motility presumably
through directly binding to actin cytoskeleton.!? Depletion of merlin
in normal fibroblast results in enhanced cell invasion. Nevertheless,
expression of merlin attenuates Y397 phosphorylation on FAK,
an essential player in cell migration and invasion. This observa-
tion might provide a molecular mechanism accounting for merlin
inhibitory activity in cell motility.?°

In addition to PAK and PKA, we show that Akt potently phos-
phorylates merlin at both T230 and S315 residues. Blocking one
site. phosphorylation abolishes the other site phosphorylation by
Akt, indicating that these two phosphorylation sites are mutually
regulated.?! The physiological significance of the tight control on
merlin phosphorylation by Akt remains incompletely understood.
Presumably, only when mitogenic signal or oncogenic stress is
strongly enough to provoke cell proliferation or migration, does
Akt simultaneously phosphorylate both sites. Akt phosphorylation
of merlin attenuates the NTD/CTD interaction and inhibits its
binding activity to PIKE-L, CD44 and ezrin. Further, phosphory-
lation mediates the biological activities of merlin, as expression
of a phosphomimetic merlin mutant (T230DS315D) increases
cell motility and proliferation in a rat schwannoma cell line
(Fig. 2). By contrast, expression of a mutant (T230A/S315A) that
was unable to undergo phosphorylation inhibited cell growth and
motility. The F1 motif in FERM proteins including merlin exhibits
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Figure 1. Merlin phosphorylation sites by various kinases.

an ubiquitin-like structure. This domain facilitates MDM2 degrada-
tion and stimulates the ubiquitination and degradation of TRBP,
a double-stranded RNA binding protein. Surprisingly, inhibition of
the proteasome does not affect total merlin protein levels in human
glioblastoma cells, but leads to a marked increase of phospho-S315
merlin. Simultaneous treatment with MG132, which blocks
proteasome-mediated degradation and PI 3-kinase inhibitor, wort-
mannin, which inhibits Akt phosphorylation of merlin, substantially
enhances merlin levels. Coimmunoprecipitation studies demon-
strate that Ake-phosphorylated merlin is rapidly ubiquitinated,
presumably by spectrin, which binds to merlin and possesses ubig-
uitin-conjugating and ubiquitin E3 ligase function. However, S518
phosphorylation fails to trigger merlin ubiquitination, suggesting that
Akt, but not PAK or PKA, phosphorylation selectively elicits merlin
ubiquitination. Using a panel of human primary nervous system
tumors, we found that merlin phosphorylation by Akt also mediates
its degradation in primary tumors. Accordingly, tumors that possess
high levels of phospho-Akt exhibited low levels of merlin. Therefore,
our data suggest a novel role for Akt in promoting phosphorylation
and subsequent degradation of merlin. Loss of merlin has been linked
to schwannomas and other nervous system tumors, and these results
indicate that inhibitors for PI 3-kinase/Akt pathway might restore
merlin function in tumors.
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Figure 2. The model for Akt interaction with merlin and its phosphorylation.
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