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Activation of oligodendroglial Fyn kinase
enhances translation of mRNAs transported

in hnRNP A2-dependent RNA granules
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entral nervous system myelination requires the

synthesis of large amounts of myelin basic protein

(MBP) at the axon—glia contact site. MBP messen-
ger RNA (mRNA\) is transported in RNA granules to oligo-
dendroglial processes in a translationally silenced state.
This process is regulated by the trans-acting factor hetero-
geneous nuclear ribonucleoprotein (hnRNP) A2 binding
to the cis-acting A2 response element (A2RE). Release of
this repression of MBP mRNA translation is thus essential
for myelination. Mice deficient in the Src family tyrosine

Introduction

During central nervous system (CNS) myelination, oligoden-
drocytes extend membrane processes toward an axonal con-
tact site followed by ensheathment, resulting in a compacted
multilamellar myelin sheath (Hartline and Colman, 2007).
This axon—glia unit facilitates rapid saltatory propagation of
action potentials along the axon. The protein content of mye-
lin is dominated by proteolipid protein and myelin basic pro-
tein (MBP). The establishment and maintenance of myelin
thus requires the specific delivery of large amounts of proteo-
lipid protein and MBP to the axon-glia contact site, which is
precisely regulated in time and space (Simons and Trotter,
2007). MBP protein is involved in compaction of the myelin
sheath: the importance of MBP is exemplified by the naturally
occurring mouse mutant shiverer, in which a large part of the
MBP gene is deleted, resulting in a failure to synthesize MBP
protein. This culminates in an inability to myelinate the CNS,
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kinase Fyn are hypomyelinated and contain reduced lev-
els of MBP. Here, we identify hnRNP A2 as a target of ac-
tivated Fyn in oligodendrocytes. We show that active Fyn
phosphorylates hnRNP A2 and stimulates translation of
an MBP A2RE-containing reporter construct. Neuronal
adhesion molecule L1 binding to oligodendrocytes results
in Fyn activation, which leads to an increase in hnRNP A2
phosphorylation. These results suggest that Fyn kinase
activation results in the localized translation of MBP mRNA
at sites of axon—glia contact and myelin deposition.

although oligodendrocyte processes contact and start to wrap
axons. The mutant phenotype can be rescued by introduction
of transgenic MBP (Popko et al., 1987). Interestingly, the level
of MBP expression correlates with the amount of myelin syn-
thesized. Similarly, the Long Evans shaker (les) rat is severely
dysmyelinated in the CNS, which results from a lack of MBP
expression due to a large insertion in the MBP gene causing
aberrant MBP mRNA processing (O’Connor et al., 1999).
Glial signals initiating myelination are still largely unknown,
but mice deficient in the Src family nonreceptor tyrosine kinase
Fyn also exhibit severe hypomyelination in the forebrain (Sperber
et al., 2001). Fyn kinase is up-regulated in oligodendrocytes
concomitantly with active myelination (Krdamer et al., 1999)
and is involved in the regulation of process outgrowth in cul-
tured oligodendrocytes by binding to microtubules and the
microtubule-associated protein tau (Osterhout et al., 1999;
Klein et al., 2002).

Ribosomal subunits and MBP mRNA were isolated from
purified myelin (Colman et al., 1982), which suggests the lo-
calized translation of MBP mRNA in the myelin compartment.
It was later shown that MBP mRNA is transported in a transla-
tionally silenced state in RNA granules to the distal processes
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Figure 1. hnRNP A2 is phosphorylated by and A P-Tyr Antibodies precipitate hnRNP A2 B Fyn phosphorylates

immunoprecipitates with Fyn kinase. (A) Oli-neu after overexpression of active fyn hnRNP A2 in vitro

cells were transfected with control EGFP or a - | + | + hnRNPA2 (IP)
constitutively active Fyn (Fyn*) construct. Tyro- -

sine-phosphorylated proteins were immunopre- lysate p-Tyr IP 5 + | | + recomb. Fyn
cipitated (P-Tyr IP) from cell lysates (lysate) and Se 20 Fyn—

analyzed for hnRNP A2 and hnRNP E1/E2. ’Oiz; QQQ ﬁ(‘x C,f(q ﬁ(\x ’0:00 o a .55

HnRNP A2 immunoprecipitates from cells trans- > (9 e <

fected with active Fyn, whereas hnRNP E1/E2 is -

absent. Mouse brain lysate and antibody beads ~“HCc A2 - - 36

alone served as blotting controls. Note that the hnRNP A2 = 36 V'VBT
hnRNP A2 antibody also recognizes the splice n I w e — LC— R — anti p-Tyr
variants hnRNP B1 and BOa. HC and LC, heavy ” ' )
and light chain of mouse anti-phosphotyrosine —24 a2 - S w36 anti-
antibody used in the immunopreciptiation. Black e — hnRNPA2
lines indicate that intervening lines have been

spliced out. (B) Endogenous hnRNP A2 was

immunoprecipitated from Oli-neu cells and sub-

jected to an in vitro kinase assay using purified  hnRNP E2 — RN
recombinant Fyn kinase. The top shows a phos- e
photyrosine blot and a band at 36 kD only in the hnRNP E1- —_—
presence of recombinant Fyn. This was identified

as hnRNP A2 by reblotting with an hnRNP A2

antibody (bottom). Numbers to the right of the gel

blots indicate molecular mass in kD. (C) HnRNP

A2 coimmunoprecipitates with Fyn from Oli-neu

cells transfected with wildtype Fyn, whereas a

control protein (a-tubulin) does not.

of cultured oligodendrocytes. These granules contain RNA-
binding proteins including heterogeneous nuclear ribonucleo-
protein A2 (hnRNP A2). HnRNP A2 binds to a cis-acting element
in the MBP mRNA 3’ untranslated region (UTR) termed the
A2 response element (A2RE; Ainger et al., 1997; Munro et al.,
1999). HnRNP A2 is thought to bind to MBP mRNA in the
nucleus, and the complex is then exported to the cytoplasm,
where granules are formed and transported in a microtubule-
dependent manner along the oligodendrocyte processes (Carson
and Barbarese, 2005). The formation of MBP-RNA—containing
polysomes is prevented, resulting in translational inhibition
that must be relieved when the granule reaches its destination
(Kosturko et al., 2006). The signals that result in the induction
of localized translation of MBP mRNA are unknown, but be-
cause the timing of myelination is precisely regulated concor-
dant with axonal maturation, it is likely that a signaling cascade
originating from the neuronal compartment of the axon—glia
unit initiates the termination of translational repression of
MBP mRNA.

Antibody-induced cross-linking of F3 expressed by oligo-
dendrocytes results in an activation of Fyn kinase in lipid rafts
(Krimer et al., 1999). We proposed that in vivo, a neuronal in-
teraction partner binds to oligodendroglial F3, activating Fyn
and initiating the myelination process at this axon—glial contact
site. Here, we show that activated Fyn in oligodendrocytes leads
to tyrosine phosphorylation of hnRNP A2 and translation of an
A2RE-containing reporter. We show that L1 binding to oligo-
dendrocytes results in activation of Fyn kinase and the Fyn-
dependent phosphorylation of hnRNP A2. We demonstrate that
oligodendroglial F3 is a binding partner for neuronal L1.
Fyn activation may thus be a critical regulatory element of the
myelination process by triggering hnRNP A2 phosphorylation
and local activation of MBP mRNA translation at sites of glia—
neuronal contact.
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Results and discussion

hnRNP A2 is phosphorylated by

activated Fyn

To identify downstream targets of F3-triggered signaling events
mediated by Fyn activation, we activated Fyn kinase by antibody-
mediated cross-linking of oligodendroglial F3 (Krdmer et al.,
1999) followed by purification of tyrosine-phosphorylated pro-
teins by immunoaffinity chromatography and their identification
by mass spectrometry. HnRNP A2 was one of these proteins
(Fig. S1, available at http://www.jcb.org/cgi/content/full/jcb
.200706164/DC1).

We generated expression vectors coding for the wild type
(FynWT) and a constitutively active Fyn mutant (Fyn*; Sette et al.,
2002) by site-directed mutagenesis. The oligodendroglial pro-
genitor cell line Oli-neu (Jung et al., 1995; Trajkovic et al.,
2006) was transfected with control EGFP or Fyn* constructs,
and tyrosine-phosphorylated proteins were purified from cell
lysates by immunoprecipitation with phosphotyrosine-specific
antibody-coupled beads. HnRNP A2 was immunoprecipitated
in the presence of Fyn" (Fig. 1 A), which suggests that hnRNP
A2 is either phosphorylated directly by Fyn or binds to another
protein that is tyrosine phosphorylated in response to activated
Fyn. In contrast, hnRNP El, a binding partner of hnRNP A2
(Kosturko et al., 2006), which is not a target of Src family
kinases (Ostareck-Lederer et al., 2002), was not coimmuno-
precipitated. To demonstrate that hnRNP A2 is a direct target of
Fyn kinase, we performed in vitro kinase assays with purified
proteins. Incubation of endogenous hnRNP A2 immunoprecipi-
tated from Oli-neu cells with purified recombinant Fyn kinase
in vitro resulted in tyrosine phosphorylation of hnRNP A2
(Fig. 1 B). HnRNP A2 is not phosphorylated in the absence of
recombinant Fyn, excluding the possibility that a copurifying
tyrosine kinase phosphorylates hnRNP A2.
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A A2RE firefly luciferase reporter Figure 2. Fyn kinase enhances translation
A2RE of A2RE conluinfinﬁ mRNA. (A;) An AiRE-con-

e ———— - taining region of the 3" UTR of MBP14 mRNA

MBP14 mRNA 12 iz, was cloned downstream of the firefly luciferase

* * coding sequence (CDS) and used as a trans-

A2RE firefl i lational reporter in the DualGlo luciferase as-

: oLy lucifi D 3'UTR say. (B) Oli-neu cells were nucleofected with

luciferase reporter an A2RE containing firefly luciferase reporter,

B Fyn & C Fyn & mRNA stability a renilla luciferase control, and either wild-

type Fyn (Fyn WT), constitutively active Fyn

luciferase activity ns (Fyn*), or EGFP. Firefly was normalized to re-
140- I ns 1 nilla luciferase activity for every measurement
i < —— in all experiments (n = 3). (C) Total RNA was
> T * L o T . . .
= " —_— ~ 120- isolated from the cells used in the luciferase
= 18 - — o < assay shown in B. qRT-PCR was performed to
S ...-% 100- compare A2RE firefly luciferase mRNA from
o) 16 - = c Fyn (WT and Fyn*)4ransfected cells with EGFP-
o 14 - Qo 80- transfected cells (renilla was used for normal-
o 12 - % g ization). Error bars indicate SEM. Significance
'-"5 10 - O 60- was assessed with ttests: *, P < 0.05; **, P <
S == 0.01; ns, not significant.
= g- =0 i ns,
o T oS 40-
3 6- N
% 4 T “6 20_
E 2- =
2 o0- 0-
eGFP Fyn WT Fyn+ eGFP Fyn WT Fyn+

We then analyzed whether hnRNP A2 and Fyn interact in
oligodendrocytes. Oli-neu cells were transfected with a FynWT
plasmid and Fyn was immunoprecipitated with polyclonal anti-
bodies. Western blots with monoclonal antibodies recognizing
Fyn or hnRNP A2 showed that hnRNP A2 coimmunoprecipi-
tates with Fyn (Fig. 1 C). These results demonstrate that Fyn
binds and phosphorylates hnRNP A2 directly.

Activated Fyn enhances translation of an
A2RE-containing luciferase reporter in the
oligodendroglial cell line Oli-neu

In a variety of cells, including oligodendrocytes, distinct mRNAs
are transported in a translationally silenced state in RNA—protein
complexes termed RNA granules until they reach their destina-
tion, where a specific signal triggers local translation (Czaplinski
and Singer, 2006; Kiebler and Bassell, 2006). Src family kinases
have been shown to phosphorylate RNA-binding proteins in
these granules, leading to the liberation of the mRNA and trig-
gering local protein synthesis (Ostareck-Lederer et al., 2002;
Huttelmaier et al., 2005). HnRNP A2 has been shown to bind to
an 11-nucleotide—containing region in the 3" UTR of distinct
mRNAs including MBP (Munro et al., 1999). This cis-acting ele-
ment is termed A2RE, and in oligodendrocytes, the binding of
the trans-acting factor hnRNP A2 to the A2RE of MBP mediates
localization of MBP mRNA to the distal tips of oligodendroglial
processes. It has been further suggested that translational repres-
sion is dependent on the recruitment of hnRNP E1 by hnRNP A2
to A2RE-containing mRNAs in granules (Kosturko et al., 2006).
To assess if Fyn affects translation of MBP mRNA, a region of
the 3" UTR of MBP including the A2RE was cloned downstream
of a firefly luciferase reporter (Fig. 2 A; Huttelmaier et al., 2005).
This translational reporter was cotransfected with EGFP (con-
trol), FynWT, or Fyn* into Oli-neu cells, and a DualGlo lucifer-
ase assay was performed to quantify the amount of translated

luciferase reporter. The activities of the A2RE firefly reporter and
renilla luciferase were normalized to compensate for potential
effects of Fyn on general cellular translation processes or trans-
fection variations. Compared with EGFP-transfected control cells,
the overexpression of FynWT significantly increases the amount of
normalized A2RE luciferase reporter activity. Furthermore, over-
expression of Fyn* further augments reporter activity (Fig. 2 B).
To verity that Fyn overexpression does not affect the mRNA sta-
blility of the A2RE luciferase reporter, total RNA was isolated
from the transfected Oli-neu cells used in the luciferase assays
and analyzed by quantitative RT-PCR (qRT-PCR). As illustrated
in Fig. 2 C, the amount of normalized firefly luciferase A2RE
reporter mRNA does not differ significantly in FynWT- and Fyn*-
transfected cells compared with EGFP control cells. These ex-
periments thus show that Fyn activity stimulates translation of
the A2RE-containing region of MBP mRNA. Intriguingly, it has
been reported that Fyn activity leads to enhanced MBP gene tran-
scription, which is mediated by a distinct region in the MBP pro-
moter that was not included in our construct (Umemori et al.,
1999). As Fyn kinase activation is crucial for myelination, it is
likely that Fyn activity affects both synthesis and translation of
MBP mRNA. The observed reduction of MBP protein levels in
the Fyn knockout mouse (Umemori et al., 1999; Sperber et al.,
2001) can be explained by the observed effect on MBP transcrip-
tion and, furthermore, by the role of Fyn activation in stimulating
MBP mRNA translation reported here.

L1 binds to oligodendroglial F3/contactin

F3 is expressed by neurons (Ranscht, 1988; Gennarini et al.,
1989) and, additionally, by oligodendrocytes (Einheber et al.,
1997; Koch et al., 1997). Stimulation of Fyn kinase activity by
antibody-mediated cross-linking of oligodendroglial F3 may
mimic the binding of a neuronal ligand such as L1 cell adhesion
molecule (L1-CAM; Kridmer et al., 1999), and L1-F3 binding in
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Figure 3. L1-Fc binds to oligodendroglial A
F3. (A) L1-Fc was bound to Oli-neu cells in the
presence of control or F3 siRNA and detected
with an anti-human Fc Cy2 antibody (left). F3
knockdown was analyzed by Western blotting
of the cells used for L1-Fc binding. Mouse brain
lysate was used as control and GAPDH served
as a loading control (right). Bars, 10 pm.
(B) Differentiated Oli-neu cells were incubated
with 75 nM of control Fc (human IgG, C-Fc)
or L1-Fc and 75 nM L1-Fc in the presence of
monoclonal F3 or O4 (control) antibodies.
Binding was quantified by cell ELISA (see
Materials and methods; n = 6). (C) Oli-neu
cells were treated with O or 25 nM L1-Fc after 0.25

control siRNA

L1-Fc binding

L1-Fc Cell ELISA & C
F3 antibody competition

F3 knock down

control F3
brain SiRNA siRNA

e — — F3 (140kD)

% s« - GAPDH
(36kD)

F3 siRNA

L1-Fc Cell ELISA &
F3 siRNA

* %

treatment with control or F3 siRNA. Binding T
was quantified by cell ELISA and the ratio of 020

25 nM Li-Fc—treated cells/O nM L1-Fc-treated P L

cells was plotted to express the relative amount
of bound L1-Fc in control and F3 siRNA-reated
cells. Note that because of a different experi-
mental setup, the reduction of F3 protein levels
was not as efficient as in the experiment shown 0,05
in A (n = 9). Error bars indicate SEM. Signifi-

cance was assessed by f tests: *, P < 0.02; 0,00
** P<0.01.

0,15

OD 450

0,10 -

C-Fc

trans has been demonstrated previously (Briimmendorf et al.,
1993; Perrin et al., 2001). We expressed a recombinant L1-Fc
fusion protein (the extracellular domain of mouse L1-CAM
fused to the Fc region of human IgG (Oleszewski et al., 1999)
in Cos 7 cells and purified L1-Fc by affinity chromatography
(Fig. S2, available at http://www.jcb.org/cgi/content/full/jcb
.200706164/DC1). Living Oli-neu cells were incubated with
L1-Fc, and bound L1-Fc was visualized with Cy2-coupled anti—
human antibodies. The binding to Oli-neu cells was considerably
reduced by suppressing expression of F3 protein with siRNA
(Fig. 3 A). Binding of L1-Fc measured by cell enzyme-linked
immunosorbent assay (ELISA) is significantly reduced in the
presence of monoclonal F3 antibodies or F3 siRNA (Fig. 3,
B and C), providing evidence that the interaction with F3 contrib-
utes significantly to the L1 binding. However, it is likely that L1
binds additional surface molecules on oligodendrocytes such as
B1 integrins (Oleszewski et al., 1999), which are expressed by
these cells (ffrench-Constant and Colognato, 2004).

L1 binding activates Fyn kinase and leads
to Fyn-dependent phosphorylation of
hnRNP A2

Diftferentiated Oli-neu cells or primary oligodendrocytes were
incubated with L1-Fc, and total cell lysates were analyzed by
Western blotting using antibodies recognizing either activated
Src family kinases, including Fyn, or total Fyn protein. L1-Fc
binding stimulated oligodendroglial Fyn (Fig. 4 A). Binding of
a control human immunoglobulin did not induce such enhanced
activation of Fyn (Fig. S3 A, available at http://www.jcb.org/
cgi/content/full/jcb.200706164/DC1). Furthermore, L1-Fc bind-
ing stimulated phosphorylation of hnRNP A2 in primary oligo-
dendrocytes (Fig. S3 B) and Oli-neu cells (Fig. 4 B). This
increase in phosphorylation of hnRNP A2 was strongly reduced
by Fyn siRNA (Fig. 4 B), validating the fact that Fyn mediates
the L1-Fc—triggered A2 phosphorylation.
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L1-Fc

2,0 T
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1,0
05
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bound L1-Fc
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L1-Fc
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We thus demonstrated that L1-Fc binds to oligodendro-
cytes; F3 is one of the partners and L1-Fc binding leads to an
activation of Fyn kinase in a similar fashion to antibody-mediated
ligation of oligodendroglial F3. Moreover, L.1-Fc binding stimu-
lates Fyn-dependent phosphorylation of the hnRNP A2 protein.
However, Fyn activation may additionally occur by alternative
pathways as shown in Fig. 5 C, including ligation of integrins
(Colognato et al., 2004; Liang et al., 2004) or immunoglobulin
vFc receptors (Nakahara et al., 2003). Fyn activity is increased
in oligodendrocytes grown on laminin 2, a ligand for a6f31
integrins (Colognato et al., 2004); however, 31 integrin knock-
out mice and L1 knockout mice myelinate normally (Benninger
et al., 2006). In contrast, F3 knockout mice show myelination
abnormalities in the CNS (Fernandes, F., U. Bergstrom, and
B. Ranscht. 2007. Society for Neuroscience, Neuroscience Meet-
ing. Abstr. 459). The cis association of F3 in oligodendrocytes with
another transmembrane molecule such as Caspr or protein tyro-
sine phosphatase «, as shown in neurons, may aid in F3-mediated
signal transduction (Peles et al., 1997; Zeng et al., 1999).

L1-Fc binding triggers the release of
hnRNP E1 and hnRNP A2 from

RNA granules

HnRNP A2-containing RNA granules can be detected in pro-
cesses of Oli-neu cells as well as in primary mouse oligoden-
drocytes (Fig. 5 A). In oligodendrocytes, hnRNP E1 has been
shown to be associated with granules, and it has been suggested
that release of this protein from the granules may be critical for
releasing translational repression of MBP mRNA (Carson et al.,
2006). This release of hnRNP E1 would result in an increase of
soluble hnRNP E1 in the cytoplasm. We treated a postnuclear
supernatant of an Oli-neu cell lysate with RNase A to degrade
the RNA and dismantle these ribonucleoprotein complexes.
High-speed ultracentrifugation was used to pellet the remaining
RNA granules and other cellular organelles, yielding a granule-free
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A L1-Fc binding increases fyn activity Figure 4. L1-Fc binding activates Fyn kinase and
leads to Fyn-dependent hnRNP A2 phosphorylation.
I 0 7 14 nM L1-Fc 0 4 (A) Differentiated Oli-neu cells or primary oligo-

(59KD)

— -’— active Fyn — s s

dendrocytes were treated with the indicated con-
centrations of L1-Fc. Equal amounts of cell lysates
were analyzed by Western blotting using the indi-

st S —  total Fyn — s s—m

cated antibodies. Numbers on top indicate L1-Fc
concentration in nM. (B, left) Oli-neu cells were in-

(59kD)
Oli-neu

w

in a fyn dependent manner

Primary
Oligodendrocytes

L1-Fc binding increases hnRNP A2 Phosphorylation

cubated with control Fc (C-Fc, human IgG) or L1-Fc
in the presence of control or Fyn siRNA. Tyrosine-
phosphorylated proteins were immunoprecipitated
(P-Tyr IP) and analyzed by Western blotting for
hnRNP A2 (P-Tyr A2). Levels of tyrosine-phosphor-
ylated A2 are strongly increased in L1-Fc—treated
cells compared with control Fc-treated cells, and
this effect is reduced in cells treated with Fyn
siRNA. Total lysates (before IP) were analyzed by
Western blotting with hnRNP A2, Fyn, and GAPDH
antibodies and demonstrated unchanged levels of
total hnRNP A2 and a reduction of Fyn protein by
Fyn siRNA. GAPDH served as a loading control.
(B, right) The diagram represents the data from
three such experiments. Protein bands of tyrosine-
phosphorylated hnRNP A2 were densitometrically
quantified and the values of control Fc-treated
cells were set to 1. The relative increase of tyro-

sine-phosphorylated hnRNP A2 in L1-Fc-treated
cells in the presence of control and Fyn siRNA was
plotted. Error bars indicate SEM; n = 3.

C-Fc L1-Fc L1-Fc 457
s Q 41
Ao P-TyrA2 T35
i — ) 535
a 3 4
Total A2 ©25.
% e — o — 35k0) 2]
2 F 815
] yn =k
= . e e D) S ;]
- =

|2 — s | GAPDH 3 051
(36kD) o

control Fyn

siRNA siRNA

cytosolic fraction containing soluble proteins. RNase A treat-
ment followed by high-speed ultracentrifugation leads to in-
creased levels of hnRNP A2 and E1 in the supernatant (Fig. 5 B).
Furthermore, an increase of hnRNP E1 and hnRNP A2 could be
detected in the granule-free supernatants of Oli-neu cells in re-
sponse to L1-Fc binding, which was not seen after incubation
with human IgG (Fig. 5 B).

As depicted (Fig. 5 C), we propose that oligodendroglial
Fyn is activated by the binding of neuronal L1 to glial receptors
including F3. L1 is down-regulated on myelinated axons in cul-
ture (Coman et al., 2005), which suggests that there is a func-
tional role of L1 in the early phases of myelination. Activated
Fyn phosphorylates hnRNP A2 in granules that have reached the
axon—glia contact site. HnRNP E1 and hnRNP A2 are then re-
leased from the transport granules, resulting in termination of
repression of MBP mRNA, which is then translated locally at
the site of axon—glia contact. Synthesis of MBP protein at the
site of myelin formation is thus ensured. Because of the basic
nature of MBP and the large amounts required for myelin bio-
genesis, MBP translation at other locations could result in the
association and compaction of intracellular membranes and dys-
function. We proposed that Fyn stabilizes and recruits micro-
tubules toward the axon—glia contact site by binding tau and
tubulin (Klein et al., 2002). RNA granules are transported on
microtubules, and thus local activation of Fyn at sites of axon—
glia contact could recruit microtubules that direct MBP mRNA
in RNA granules to this location. Localized MBP synthesis
could then be initiated by phosphorylation of hnRNP A2. This is
in agreement with the proposed role of Fyn in early myelinogen-
esis (Kriamer et al., 1999; Osterhout et al., 1999; Sperber et al.,
2001) and the interplay of L1 and Fyn we report here. Our find-

C-Fc L1-Fc L1-Fc

control Fyn

siRNA siRNA

ings present a functional link between axon—glia signaling and
myelinogenesis and suggest the involvement of translational con-
trol of myelin proteins in site-specific myelin deposition.

Materials and methods

Antibodies

Polyclonal antibodies against Fyn, hnRNP E1 (Santa Cruz Biotechnology,
Inc.), and Src-pY418, which recognizes activated Fyn (Invitrogen), were
used. Monoclonal antibodies against hnRNP A2 (EF67; provided by
W. Rigby, Dartmouth Medical School, Lebanon, NH), a-tubulin DMTA (Sigma-
Aldrich), Fyn (BD Biosciences), F3 (clone 11-111), and L1 (clone 555; pro-
vided by F. Rathjen, Max Delbriick Center for Molecular Medicine, Berlin,
Germany) were used. Anti-phosphotyrosine (clone 4G10) antibody and
4G10-conjugated agarose beads (Millipore) were also used.

Plasmid construction and RNAi

Wild-type Fyn cDNA (provided by B. Schraven, University of Magdeburg,
Magdeburg, Germany) was cloned into the Nhel-EcoR| site of pEGFP-C3
(Clontech Laboratories, Inc.), thereby replacing EGFP. Constitutively active
Fyn (Fyn*) was obtained by site-directed mutagenesis (Quikchange II; Strat-
agene) by changing tyrosine 528 to phenylalanine (Sette et al., 2002).
Fulllength hnRNP A2 cDNA was obtained by RT-PCR from total Oli-neu cell
RNA and cloned downstream of a FLAG tag in pcDNA3.1 (Invitrogen) as
described previously (Huttelmaier et al., 2005). A 378-nucleotide-long por-
tion of the 3" UTR of MBP mRNA containing the A2RE was amplified
by PCR from MBP14 3’ UTR containing template cDNA (provided by
M. Simons, Max-Planck Institute of Experimental Medicine, Géttingen, Ger-
many) using two primers (5-CGAATTCCTCAGCCTTCCCGAATCC-3’ and
5'-GGCTCGAGATGCTCTCTGGCTCCTT-3'), and we fused the 3’ end of
the coding sequence of firefly luciferase into the EcoRl and Xhol sites of the
pcDNA 3.1 vector (Huttelmaier et al., 2005). Plasmids were transfected ei-
ther by electroporation (Genepulser; Bio-Rad Laboratories) or by nucleofec-
tion (Amaxa Biosystems).

F3- and Fyn-directed synthetic siRNA (target sequences: 5'-CAGG-
TCTTTCATAGTACTCAA-3' and 5'-CTCGTTGTTTCTGGAGAAGAA-3', re-
spectively) and nonsilencing control siRNA (target sequence 5’-AATTCTC-
CGAACGTGTCACGT-3') were obtained from QIAGEN and transfected

using Amaxa Biosystems technology.
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A hnRNP A2 in cytoplasmic granules in Oli-neu and Primary Oligodendrocytes

_ Al

Oli-neu cells Primary oligodendrocytes
B L1-Fc binding leads to increased amounts of
hnRNP E1 and hnRNP A2 in granule-free supernatants
hnRNP E1 hnRNP A2 hnRNP E1 hnRNP A2
N 2,5 " "
2,0 —E— 2,0 T
1,5 1,5
1,0 1,0
0,5 0,5
0,0 0.0
RNAseA: = + - + C-Fc L1-Fc  C-Fc L1-Fc
RNAse treatment L1-Fc binding

oligodendrocyte

Figure 5. HnRNP E1 and A2 are released from granules. (A) Oli-neu cells and primary oligodendrocytes were transfected with fulllength hnRNP A2 and
immunostained for hnRNP A2 or MBP. Images were acquired by confocal microscopy, and either a single slice (Oli-neu) or the complete stack (primary
oligodendrocytes) is depicted. HNRRNP A2—containing granules are present in the processes of Oli-neu cells as well as primary oligodendrocytes. Insets
show an enlarged view of the boxed sections. Bars, 10 pm. (B) A granulefree supernatant was analyzed by Western blotting for hnRNP E1 and A2 pro-
teins after RNase A treatment or L1-Fc binding. Western blot bands were analyzed densitometrically from 8 and 15 experiments for RNase treatment and
L1-Fc binding, respectively. The control values (RNase A and C-Fc) were set to 1 and the mean relative increase of hnRNP E1 and A2 in the granule-free
fraction was plotted in response to RNase A treatment or L1-Fc binding. Error bars indicate SEM; significance was tested with ttests: *, P < 0.05; **, P <
0.01. n =8 (RNase A) and n = 15 (L1-Fc). (C) The model illustrates the proposed events: During initial axon—glial contacts, neuronal L1 binds glial F3 (1),
leading to an activation of Fyn (2), which phosphorylates hnRNP A2 (3). This leads to a release of hnRNP A2 and ET from the granule and liberation of
MBP mRNA (4) at the axon-glial contact site, allowing localized synthesis of the MBP protein (5) required for generation of the myelin sheath. The dotted
lines illustrate potential alternative activation pathways of Fyn kinase mediated by L1 binding.
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Expression and purification of L1-Fc

L1-Fc (provided by P. Altevogt, German Cancer Center, Heidelberg, Ger-
many; Oleszewski et al., 1999) was expressed in Cos 7 cells. The secreted
fusion protein was purified from the medium using a HighTrap protein A
column (GE Healthcare) and dialyzed in PBS.

L1-Fc binding

Oli-neu cells were transfected with F3 or nonsilencing control siRNA and
plated into culture dishes containing coverslips. Coverslips were incu-
bated with L1-Fc (150 pg/ml in PBS containing 0.3% [vol/vol] normal
goat serum [NGS]) on ice for 60 min, washed, fixed with PFA, and
blocked with 10% (vol/vol) NGS in PBS. L1-Fc was detected with a goat
anti-human secondary antibody coupled to Cy2. The remaining cells in
the dish were lysed and proteins were analyzed by SDS-PAGE and
Western blotting.

L1-Fc cell ELISA
Oli-neu cells were transfected with siRNA and grown in the presence of
1 mM dibutyryl-cAMP to induce differentiation. Cells were incubated in Sato
medium containing 1% horse serum with 75 nM C-Fc (human IgG, control)
or L1-Fc for 1 h at 4°C, washed, and fixed with 4% PFA. After blocking
(30 min with PBS and 10% FCS at RT), HRP-coupled anti~human Fc antibody
was incubated for 60 min and the cells were washed. Tetramethylbenzi-
dine (Thermo Fisher Scientific) was used to detect bound HRP according to
the manufacturer’s instructions. Color development was measured in an
ELISA reader and the ratio of L1-Fc treated and untreated control cells was
plotted for control siRNA- and F3 siRNA-treated cells.

For antibody blocking experiments, untransfected differentiated Oli-
neu cells were treated as stated above, but F3 or O4 (control) antibodies
were added during the incubation with 75 nM L1-Fc.

Luciferase assay and RNA stability

Oli-neu cells (10%) were nucleofected with 250 ng A2RE firefly luciferase
reporter construct, 100 ng renilla luciferase, 650 ng pEGFP C3 (Clontech
Laboratories, Inc.), and 1 pg of either wild-type Fyn (FynWT), constitutively
active Fyn (Fyn*), or pEGFP-C3 plasmids. After 2 d, cells were scraped off
in PBS and a luciferase assay was performed according the manufacturer’s
instructions (Dualglo; Promega). Firefly luciferase activities were normal-
ized with renilla luciferase activities. Total RNA was isolated from remain-
ing cells and analyzed by gqRT-PCR for firefly and renilla luciferase mRNA.
The amount of normalized firefly luciferase in FynWT- and Fyn*transfected
cells was related to EGFP-transfected cells.

Kinase assay

Immunoprecipitated hnRNP A2 from Oli-neu cells was incubated on pro-
tein G beads in kinase buffer (40 mM Pipes, pH 7.02, 10 mM MgCl,,
and 50 pM ATP) either with or without 40 ng of recombinant human FynT
kinase (Invitrogen) for 20 min at 30°C. The reaction was stopped and pro-
teins were eluted by boiling the beads in sample buffer.

Cell culture, immunofluorescence, and immunoprecipitation
Primary oligodendrocytes were obtained from E14-16 mice as described
previously (Kramer et al., 1999). Oli-neu cells (Jung et al., 1995) were
cultured in Sato medium containing 1% horse serum and differentiated by
the addition of T mM dibutyryl-cAMP if applicable. Cells were fixed with
4% PFA and immunofluorescence staining was performed as described
previously (Kramer-Albers et al., 2006). Cells were mounted in moviol and
confocal images were acquired with a microscope (TCS SP5) using a
63x 1.4 NA oil lens and LAS AF software (all from Leica). Nonconfocal
images were acquired with a microscope (DMLB) with a 100x 1.3 NA
oil objective lens connected to a digital camera (DFC 350F) using Applica-
tion Suite 2.5.0 software (all from Leica). Images were adjusted using
Photoshop (Adobe).

Tyrosine-phosphorylated proteins were purified by immunoprecipita-
tion using 4G10 antibody-coupled agarose according to the manufac-
turer’s instructions (Millipore).

Fyn activation by L1-Fc

Differentiated Oli-neu cells were treated with different concentrations of
L1-Fc in 3% (wt/vol) BSA for T h at 4°C, washed with PBS, and incubated for
5 min at 37°C with anti-human Fc antibody (1:100 in 3% [wt/vol] BSA).
Control cells were treated with anti-human Fc antibody alone or human
IgG control Fc and anti-human Fc (Fig. S3). Cells were washed twice with
PBS and lysed, and equal amounts of postnuclear supernatants were ana-
lyzed by Western blotting.

Online supplemental material

Fig. S1 shows the purification of tyrosine-phosphorylated proteins after
antibody-mediated F3 stimulation, and hnRNP A2 peptides identified by
mass spectrometry. Fig. S2 demonstrates the quality of purified recombinant
L1-Fc protein by Coomassie staining and Western blot analysis. Fig. S3 shows
that the L1 portion of the L1-Fc fusion protein leads to Fyn activation and in-
creased hnRNP A2 phosphorylation. Online supplemental material is avail-

able at http://www.jcb.org/cgi/content/full /jcb.200706164/DC1.
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