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Smn, the spinal muscular atrophy—determining gene
product, modulates axon growth and localization
of 3-actin mRNA in growth cones of motoneurons
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recessive form of motoneuron disease in infants and

young adults, is caused by mutations in the survival
motoneuron 1 (SMNT) gene. The corresponding gene
product is part of a multiprotein complex involved in the
assembly of spliceosomal small nuclear ribonucleoprotein
complexes. It is still not understood why reduced levels of
the ubiquitously expressed SMN protein specifically cause
motoneuron degeneration. Here, we show that motoneurons
isolated from an SMA mouse model exhibit normal survival,

Spinal muscular atrophy (SMA), a common autosomal

but reduced axon growth. Overexpression of Smn or its
binding partner, heterogeneous nuclear ribonucleoprotein
(hnRNP) R, promotes neurite growth in differentiating PC12
cells. Reduced axon growth in Smn-deficient motoneurons
correlates with reduced B-actin protein and mRNA staining
in distal axons and growth cones. We also show that
hnRNP R associates with the 3’ UTR of B-actin mRNA.
Together, these data suggest that a complex of Smn with its
binding partner hnRNP R interacts with B-actin mRNA and
translocates to axons and growth cones of motoneurons.

Introduction

Spinal muscular atrophy (SMA) represents one of the most
common genetic diseases leading to death in childhood. It is
caused by homozygous mutations or loss of the telomeric
copy of the survival motoneuron (SMN) gene on human
chromosome 5q13 (Lefebvre et al., 1995). The human SMN
gene is located within a duplicated chromosomal region, and
both SMN genes are expressed. They differ in that the telomeric
copy (SMNI) expresses primarily a full-length transcript,
whereas the centromeric SMN gene (SMN2) expresses pri-
marily a truncated isoform (Lorson et al., 1999; Monani et
al., 1999). The truncated transcript lacks exon 7, which encodes
the most COOH-terminal 16 residues, and this protein
appears unable to compensate for SMNI deficiency in SMA.
Mice contain only one copy of Smn, and its homozygous
disruption leads to massive cell death during early embry-
onic development (Schrank et al., 1997). In mouse models
with reduced Smn gene dose (Frugier et al., 2000; Hsieh-Li
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et al.,, 2000; Jablonka et al., 2000) or in which human
SMN2 is expressed at low levels on an Sm#n-null background
(Monani et al., 2000, 2003), motoneuron degeneration and
an SMA-like phenotype are observed.

SMN plays an essential role in assembly and regeneration
of spliceosomal small nuclear ribonucleoproteins (snRNPs)
in all cell types (Fischer et al., 1997; Meister et al., 2002;
Paushkin et al., 2002). Despite progress in the understanding
of the function of SMN in these processes, very little is
known about the cause of the mainly motoneuron-specific
pathology in SMA. There is no evidence that abnormalities
of spliceosomal snRNP biogenesis and metabolism cause
defects in mRNA splicing in motoneurons from mouse
models (Jablonka et al., 2000) or SMA patients (for review
see Sendtner, 2001).

Several lines of evidence support additional neuron-
specific functions of SMN. Mice in which the Smn gene is
specifically deleted in neurons show postnatal cell death
(Frugier et al., 2000) associated with accumulation of neuro-
filament in motoneuron cell bodies and at the motor endplate

Abbreviations used in this paper: hnRNP, heterogeneous nuclear ri-
bonucleoprotein; phospho-tau, phosphorylated tau protein; RRM, RNA
recognition motif; SMA, spinal muscular atrophy; SMN, survival moto-
neuron; snRNPs, small nuclear ribonucleoproteins.
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Figure 1.  Survival and neurite outgrowth of

primary cultured motoneurons from Smn*'*; motoneuron survival

SMN2 and Smn™'~; SMN2 mice. (A) Survival
(percentage of originally plated cells) of Smn™*;
SMN2 (blue) and Smn™'~; SMN2 (orange) moto-
neurons in the presence (squares) or absence
(triangles/circles) of ciliary neurotrophic factor and
brain-derived neurotrophic factor. Motoneurons
were cultured for 7 d, and survival was scored
every 2 d (n = 3). Average length of longest axonal
branches (B) and dendritic processes (C) of moto-
neurons after 5 d in culture is shown. Motoneurons
from Smn™'~; SMN2 mice exhibit a significant
reduction in axon length (224.7 £ 20.5 wm vs.
307.6 * 23.1 um), whereas dendrite length was
not affected. Asterisk denotes significant differences
(P < 0.05; n = 4). (D and E) Immunostaining of
fixed cells with antibodies against MAP-2 protein
(green processes) and axon-specific phospho-tau
protein (red processes). Typical examples are
shown for Smn™*; SMN2 (D) and Smn™"'~;
SMN2 (E) motoneurons. Bar, 20 wm.
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(Cifuentes-Diaz et al., 2002). The Smn protein is localized
in axons and growth cones of motoneurons, both in cell
culture and in vivo (Jablonka et al., 2001; Fan and Simard,
2002). Interestingly, Smn is not colocalized with Gemin2
in axons (Jablonka et al., 2001). Because Gemin2 is an es-
sential component of complexes that assemble snRNPs,
this finding suggests that Smn might serve additional func-
tions in axons of motoneurons. Two novel interaction
partners for Smn, the highly related RNA-binding hetero-
geneous nuclear ribonucleoproteins R and Q (hnRNP R
and hnRNP Q, respectively; Mourelatos et al., 2001), have
been found to colocalize with Smn in motor axons (Rossoll
et al., 2002).

Here, we report that Smn and its binding partner
hnRNP R modulate axon growth. We measured survival
and neurite length in isolated motoneurons from a mouse
model of SMA and found a specific reduction in axon
growth, but no alterations in survival or dendrite length.
Moreover, neurite outgrowth is enhanced in PC12 cells
overexpressing Smn and/or hnRNP R. We also show that
deficiency of Smn protein leads to alterations of B-actin
protein and mRNA localization in axons and growth
cones. hnRNP R associates with B-actin mRNA, and bind-
ing of Smn to hnRNP R appears necessary for this interac-
tion. These data indicate that Smn and hnRNP R are in-
volved in processing and localization of B-actin mRNA to
growth cones of developing motoneurons. A defect in this

function could explain the relatively high specificity of the
disease for motoneurons.

Results
Reduced axon growth in Smn-deficient motoneurons
Primary motoneurons were isolated from the lumbar spinal
cord of control and Smn~'~; SMN2 mouse embryos that
carry two copies of the SMN2 transgene (Monani et al.,
2000). These mice die shortly after birth by muscle paralysis
and motoneuron degeneration, and thus serve as a mouse
model for the most severe form of SMA. Ciliary neu-
rotrophic factor and brain-derived neurotrophic factor were
added as survival factors during culture periods of at least
5 d. The number of surviving motoneurons was determined
every second day. No differences were observed between
Smn™'*; SMN2 and Smn™'"; SMIN2 motoneurons at any
time point investigated (Fig. 1 A).

To measure neurite length, motoneurons were fixed after
5 d in culture and immunostained with antibodies against
the microtubule-associated proteins MAP-2 and phos-
phorylated tau protein (phospho-tau) for identification of
dendritic and axonal processes. Phospho-tau—stained axo-
nal processes were significantly shorter (27%) in Smn~'~;
SMN2 motoneurons (224.7 £ 20.5 wm vs. 307.6 = 23.1
pm), whereas dendrite outgrowth was not altered (Fig. 1,
B-E). These results indicate that axon growth (but not sur-
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Figure 2. hnRNP R overexpression increases neurite outgrowth. (A) Schematic representation of the domain structure of wild-type hnRNP R
and mutants used to transfect PC12 cells. Either the Smn-binding domain (hnRNP R ASmn) or the RNA recognition motifs 1 and 2
(hnRNP R ARRMT,2) were deleted. Acidic, protein domain rich in acidic amino acids; RRM, RNA recognition motif; RGG, arginine-
glycine-glycine-rich domain. The dashed box indicates a potential additional RRM. Numbers refer to amino acids. (B) PC12 cells were
allowed to differentiate for 3 d with NGF, and were then stained with anti-hnRNP R. Intense labeling of growth cones (arrow) and a punctuate
nuclear and cytoplasmic staining was observed. (C) anti-Smn staining shows a strong nuclear signal in gem-like structures and a diffuse signal
in the cytoplasm and neural processes, including growth cones (arrow). (D) A merge of B and C shows partial colocalization of hnRNP R and
Smn in the cell body and colocalization at the growth cones. Bar, 10 um. In contrast to the endogenous protein (cytoplasmic staining in E and
G), most of the HA-tagged protein lacking the Smn-binding domain is localized to the nucleus (nuclear staining in E-G; arrow in G). Bar, 10
pwm. After differentiation for 3 d with NGF (H), cells transfected with wild-type hnRNP R show a 25% increase in neurite length (measured as
described in the Materials and methods section), whereas overexpression of mutant constructs had no effect on neurite length. (I) Overexpression
of wild-type Smn also leads to an increase in neurite extension (~30%), but cotransfection of wild-type Smn and hnRNP R had no additive
effect on neurite extension. Overexpression of mutant hnRNP R with wild-type Smn (I) or mutant SmnY272C with wild-type hnRNP R (J) suppressed
the stimulation of neurite outgrowth. Results represent the mean = SEM of pooled data from four independent transient transfection
experiments (H-J). *, P < 0.05 compared with control cells by t test. Only transfected cells as identified by staining with the HA antibody
(hnRNP R constructs) or FLAG antibody (Smn constructs) were scored.
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vival) is specifically reduced in motoneurons from an ani-

mal model of SMA.

Smn and hnRNP R promote neurite growth in PC12 cells
Because reduced Smn protein levels lead to reduced axonal
growth, we examined whether overexpression of Smn or its
binding partner hnRNP R affects neurite outgrowth in dif-
ferentiating neuronal cells. For this purpose, we transiently
transfected PC12 cells with expression constructs for wild-
type and mutant Smn as well as the Smn-interacting protein
hnRNP R. We also tested hnRNP R mutants lacking the
Smn interaction domain, which has been identified between

aa 522 and 556 (hnRNP R ASmn; Mourelatos et al., 2001).
Because hnRNP R, in contrast to Smn, contains RNA-bind-
ing domains, we also tested mutants lacking the RNA recog-
nition motifs (RRM) 1 and 2 between aa 166 and 331 (Fig.
2 A; hnRNP R ARRM1,2). RRM1 and RRM2 appear to be
the primary RNA-binding sites (Rossoll et al., 2002). The
Smn interaction domain is highly homologous between
hnRNP R and the closely related hanRNP Q (Mourelatos et
al., 2001). Endogenous protein was detected with anti-
hnRNP R antibody, whereas overexpressed wild-type or
truncated hnRNP R forms were identified with an mAb
against the NH,-terminal HA tag, but also with hanRNP R
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Figure 3.  hnRNP R-overexpressing cell lines exhibit increased
neurite outgrowth, whereas hnRNP R ARRM1,2 expression leads
to reduced B-actin in growth cones. (A) PC12 cell lines over-
expressing the indicated constructs were treated for 7 d with NGF.
In hnRNP R—overexpressing cell lines, neurite length was increased
2.4-fold (measured as described in the Materials and methods section).
(B) The number of neurites was not significantly altered. (C-E) -Actin
immunostaining shows a distinct signal in growth cones of control
cell lines (C). hnRNP R-overexpressing cell lines exhibit strong
staining in growth cones, which correlates with enhanced neurite
growth (D). In hnRNP R ARRM1,2-expressing clones (E), B-actin
staining was reduced in growth cones and apparently concentrated
within cell bodies. In these cells, neurite growth was low. Bar, 10
pwm. Results represent the mean + SEM of pooled data from three
different stable cell lines (A and B). *, P < 0.05 between over-
expressing cell lines and controls.

antibodies as a control. As observed previously with primary
cultured motoneurons, wild-type hnRNP R colocalized with
Smn in cell bodies and neuritic processes of differentiating
PC12 cells (Fig. 2, B-D). In contrast, HA-tagged hnRNP R
ASmn was present mainly in the nucleus (Fig. 2, E-G). This
finding suggests that interaction with Smn influences the
subcellular distribution of hnRNP R. No gross mislocaliza-
tion of Smn was detectable in cell lines overexpressing
hnRNP R constructs (Fig. S1, available at http://www.jcb.
org/cgi/content/full/jcb.200304128/DC1).

Next, we examined whether Smn or its binding partner
hnRNP R modulate neurite outgrowth in PC12 cells. Tran-
siently transfected cells overexpressing full-length hnRNP R
show a 25-30% increase in neurite length after differentia-
tion for 3 d in the presence of NGF, whereas hnRNP R mu-
tants lacking either the RRMs (hnRNP R ARRM1,2) or the
putative Smn interaction domain (hnRNP R ASmn) have
no effect (Fig. 2 H). Overexpression of full-length Smn has
a similar effect on neurite outgrowth, as does hnRNP R.
This effect is not enhanced by co-overexpression of hnRNP
R, but it is suppressed by co-overexpression of the truncated
hnRNP R constructs (Fig. 2 I). Similarly, co-overexpression
of a mutant Smn (SmnY272C) that is associated with severe
motoneuron disease (Rochette et al., 1997) suppresses the

positive effect of full-length hnRNP R (Fig. 2 J). These dif-
ferences in neurite growth were even more pronounced in
stably transfected PC12 cell lines overexpressing either wild-
type hnRNP R or hnRNP R ARRM1,2. Wild-type hnRNP
R (but not the truncated form) enhanced neurite length
more than three times after 7 d of treatment with NGF
(Fig. 3 A). As a control, we determined whether hnRNP R
overexpression alters the number of neurites, but did not
observe significant effects (Fig. 3 B). Similar results were ob-
served with cell lines overexpressing full-length hnRNP Q
(unpublished data).

hnRNP R modulates B-actin content in growth cones
Reduced axon growth is observed in a variety of motoneuron
disorders, and defects in a guanine nucleotide exchange fac-
tor (ALS2; Hadano et al,, 2001; Yang et al., 2001), defective
microtubule assembly (Tbce; Bommel et al., 2002; Martin et
al., 2002), and disturbances in axonal transport (KIF1A;
Yonekawa et al., 1998) have been identified as the cellular ba-
sis underlying the various forms of the disease. Actin is pre-
dominantly localized in growth cones and plays a major role
in growth cone movements and neurite growth. Morphologi-
cal inspection of cultured motoneurons from Smn~'~; SMIN2
mice suggested a specific atrophy of growth cones when com-
pared with control motoneurons. Therefore, we investigated
the distribution of B-actin in PC12 cells and primary moto-
neurons. NGF-treated PC12 cell lines were immunostained
with a B-actin mAb. B-Actin staining was highly concen-
trated in growth cones of mock-transfected and wild-type
hnRNP R-overexpressing cell lines, but not in hnRNP R
ARRM]1,2-overexpressing PC12 cells (Fig. 3, C-E). This
dominant-negative effect suggests that functional hnRNP R
is required for localization of B-actin in growth cones.

Reduced hnRNP R and B-actin in Smn-deficient
motor axons
Previous EM analyses showed that Smn protein is associated
with axonal microtubules (Bechade et al., 1999; Pagliardini et
al., 2000). We have found that Smn protein is colocalized
with the RNA-binding protein hnRNP R (Rossoll et al.,
2002), but not with Gemin2 in motor axons (Jablonka et al.,
2001), indicating that a complex of Smn and hnRNP R
might be involved in axonal RNA transport or processing
(Rossoll et al., 2002). Therefore, we investigated whether dis-
tribution of B-actin is disturbed in motoneurons from Smn~'";
SMNZ2 mice. In wild-type motoneurons, B-actin staining
was concentrated in distal parts of the axon (Fig. 4 A). In ax-
ons of Smn~'"; SMIN2 motoneurons, B-actin staining was
very faint in growth cones and distal parts of the axon (Fig. 4
B). The isoform-specific antibody used for visualization of
B-actin recognizes the NH, terminus (aa 2-15), and this
epitope could be masked by posttranslational modification or ac-
tin-binding proteins. Therefore, we also performed immuno-
staining with anti-actin antibodies that recognize a more
COOH-terminal epitope (aa 50-70). Again, disturbed distribu-
tion of actin was found in the distal axon and growth cone of
motoneurons isolated from Syn ™'~ ; SMIN2 embryos (Fig. 4 D).
To examine the distribution of hnRNP R, we stained
isolated motoneurons from Smn*'"; SMN2 and Smn™'~;
SMN2 mice with anti-hnRNP R antibodies. Punctuate
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Figure 4. Actin distribution in axons of primary cultured motoneurons from Smn™'~; SMN2 and Smn*'*; SMN2 mice. (A and B) Motoneurons

from Smn™"*; SMN2 and Smn™"~

; SMN2 kept in culture for 5 d were immunostained with B-actin antibody. Motoneurons isolated from Smn

+/+

SMN2 mice, but not their 5mn’/’ SMN_2 littermates, show strong accumulation of B-actin in distal axons and growth cones. (C and D) Immuno—
staining with pan-actin antibodies. Smn*’*; SMN2 motoneurons exhibit a distinct gradient from the shaft to the growth cone and an accumulation

of actin in the growth cone, whereas in cells from Smn™'~;

; SMNZ2 littermates, actin staining is predominantly concentrated in cell bodies.

(E and F) Immunostaining with anti-hnRNP R antiserum. Control motoneurons show strong staining in the nucleus and a distinct gradient
from the shaft to the growth cone, which appears weaker in Smn~""; SMN2 cells. (G and H) Immunostaining with anti-tubulin (B-tubulin 111)
and anti-neurofilament (NF-M) antibodies. There is no difference in the distribution of both cytoskeletal proteins in axons of Smn-deficient
and control motoneurons. Bars, 20 um. (I) Western blot analysis of Smn and hnRNP R in brain extracts from Smn™'~; SMN2 and control
embryonic day 14 embryos. Smn protein is strongly reduced in Smn™~; SMN2, whereas hnRNP-R levels are not affected. The blot was
subsequently stained for actin, and tubulin was used as a loading control.

staining along the neurites with an accumulation in the
growth cone was reduced in Smn mutant motoneurons (Fig.
4, E and F). These results suggest that the localization of
hnRNP R to axons depends on the presence of Smn. This
observation correlates with our finding that hnRNP R
ASmn is not translocated to neurites in PC12 cells, and thus
accumulates within the nucleus (Fig. 2, F and G). To find
out whether the total amount of hnRNP R or actin is af-
fected, we performed Western blot analysis of Smn, hnRNP
R, and actin in brain extracts from embryonic day 14 Smn-
deficient and control embryos. Although Smn is severely re-
duced in Smn~'"; SMN2 mice, no difference was found for
hnRNP R and actin (Fig. 4 I). It could be that Smn and
hnRNP R are only necessary in motoneurons (and not in
other neurons) for enhanced levels of B-actin in growth
cones. Alternatively, the levels of B-actin and hnRNP R pro-
tein in growth cones might be so low in comparison to the

levels in the cell bodies and dendrites that a specific reduc-
tion cannot be detected by Western blots of whole-brain
protein extracts.

To investigate whether the distribution of other cytoskele-
tal proteins is also affected, we immunostained cultured
motoneurons from Smn~'~; SMN2 and control mice with
antibodies against tubulin (Fig. 4 G, B-tubulin IIT) and neu-
rofilament (Fig. 4 H, NF-M). Both proteins were present at
normal levels and distribution in the axons of cultured
Smn~'"; SMIN2 motoneurons.

Reduced growth cone area in Smn-deficient motor axons
High power magnification of the distal axons stained with
antibodies against B-actin, tubulin (B-tubulin III), and neu-
rofilament (NF-M) showed a distinct reduction of growth
cone size by all antibodies used (Fig. 5, A, C, and D). Stain-
ing with B-actin, which is enriched in growth cones includ-
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Figure 5. Reduced growth cone size in primary
cultured motoneurons from Smn~'~; SMN2 mice.
(A) High power magnification of B-actin—stained
axonal growth cones in cultured Smn*"*; SMN2
motoneurons. Bar, 5 wm. (B) Motoneurons from
Smn™*; SMN2 (n = 35) and Smn™""; SMN2 (n = 31)
mice were cultured for 5 d, stained with B-actin,
and the area covered by the axonal growth cone
was measured. Smn™'~; SMN2 mice show a sig-
nificant reduction of the average growth cone
area (14.36 = 2.07 um? vs. 46.73 *+ 6.9 pm?).

(C) B-Tubulin staining and (D) neurofilament (NF-M)
staining of axonal growth cones in cultured moto-
neurons from Smn~""; SMN2 and control mice.
Bars, 5 pm.
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ing the filopodia, was used for morphometric analysis. The
results show a more than threefold reduction of the area cov-
ered by the axonal growth cones in Smn~'~; SMN2 moto-
neurons (Fig. 5 B).

hnRNP R and Smn modulate localization of actin
mRNA in neurites

It has been shown that B-actin protein accumulation in the
growth cone depends to a large extent on axonal transport of
B-actin mRNA (Kislauskis et al., 1997). Because hnRNP R
is an RNA-binding protein (Rossoll et al., 2002), we investi-
gated whether hnRNP R and Smn participate in this func-
tion. To localize actin mRNA, we performed in situ hybrid-
ization with an antisense probe for the coding region of
B-actin. Stable PCI2 cell lines overexpressing cither wild-
type hnRNP R, hnRNP R ARRM, or hnRNP R ASmn were
differentiated with NGF for 7 d. Actin mRNA was detected
with biotin-labeled actin-specific oligo probes and visualized
by HRP-coupled streptavidin and DAB staining. Actin
mRNA accumulates in the growth cones of full-length
hnRNP R-overexpressing PC12 cells, but is hardly visible in
PC12 cells overexpressing mutated hnRNP R (Fig. 6 A). A
sense probe was used as a specificity control (Fig. 6 B). It is
possible that the probe also detects y-actin transcripts. How-
ever, previous works have shown that only the 3 isoform ac-
cumulates in distal parts of axons and in growth cones (Bas-
sell et al., 1998). Therefore, we conclude that most of the
reduction of the signal observed by in situ hybridization is
due to a reduction of B-actin mRNA levels in distal motor
axons. Our results suggest that hnRNP R plays a role in the
translocation of (B-actin transcripts to neurites, and that in-
teraction with Smn is required for this function.

Furthermore, we analyzed the localization of B-actin
mRNA in the axons of cultured Smn*'"; SMIN2 and Smn™'~;
SMN2 motoneurons. In situ hybridization shows reduced
distal axonal localization of B-actin mRNA in Smn-deficient
cells in comparison to control cells (Fig. 6 C). Quantitative
analysis by visual scoring shows a significant reduction in the
number of actin mRNA—positive growth cones in Smn™'~;
SMN2 motoneurons (Fig. 6 E). No specific signal was ob-
tained with the sense probe (Fig. 6 D). Our results indicate
that Smn deficiency leads to reduced axonal actin mRNA
levels in motoneurons.

hnRNP R associates with the 3’ UTR of B-actin mRNA
It has been shown that the 3" UTR of B-actin is important
for the transport of the transcript (Kislauskis et al., 1993). A
54-bp domain called zipcode (Kislauskis et al., 1994) is
bound by specific proteins that are involved in this process
(Ross et al., 1997; Zhang et al., 2001; Gu et al., 2002).
Therefore, we investigated whether hnRNP R or Smn can
interact with the 3’ UTR of B-actin mRNA in vitro.
Full-length HA-tagged hnRNP R, hnRNP R ARRM1,2,
and the hnRNP R ASmn mutants, as well as HA-tagged
Smn and the transcription factor c-Jun (as a negative con-
trol), were immunopurified from transfecced HEK 293
cells and incubated with either the full-length 3" UTR of
B-actin mRNA or the fragment corresponding to the zip-
code region (Kislauskis et al., 1994). Both in vitro—tran-
scribed RNAs contained a poly(A)™ tail of 30 nucleotides.
A full-length cDNA clone of IkBa including the 3" UTR
and the poly(A)* tail was used as a specificity control. The
3" UTR of B-actin mRNA and also the truncated RNA,

which consisted of only the zipcode region, was specifically
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Figure 6. Localization of actin mRNA in neurites of differen-
tiated PC12 cells and motoneurons. (A) In situ hybridization
with an antisense probe against actin mRNA in differentiated
stably transfected PC12 cell lines. Actin mRNA in growth
cones is visible as a brown precipitate in cell lines overexpressing
wild-type hnRNP R (inset), but not in those overexpressing
hnRNP R ARRM or hnRNP R ASmn. (B) In situ hybridization
with an actin sense control in differentiated PC12 cells. (C) In
situ hybridization with an antisense probe against actin mRNA
in motoneurons derived from Smn*'*; SMN2 and Smn™"~;
SMN2 mice shows a reduced accumulation of B-actin mRNA
in the distal part of the axons in Smn-deficient cells. (D) An actin
sense probe was used as a control and did not reveal a detectable
signal in the same experiment. (E) Quantification of the actin

mRNA levels in the growth cones by visual scoring. Growth cones from Smn**; SMN2 (n = 403) and Smn™~; SMN2 (n = 368) motoneurons
were compared. Smn-deficient motoneurons show a significant reduction in the percentage of actin mRNA-positive growth cones (56.25 %
1.493 vs. 29.50 = 1.709). Results represent the mean + SEM of pooled data from four independent experiments. *, P < 0.05 between control

and Smn-deficient motoneurons. Bars, 20 pm.

bound by full-length hnRNP R, but neither by the trun-
cated hnRNP R mutants nor by Smn alone or c¢-Jun (Fig. 7
A). No interaction was observed between hnRNP R and
IkBa mRNA (Fig. 7 A). To rule out that hnRNP R inter-
action specifically involves the poly(A)* tail of B-actin
mRNA, we performed similar experiments using the full-
length 3" UTR of B-actin mRNA with or without a 30-
mer poly(A) " tail. A 500-bp fragment of lysozyme mRNA,
containing the COOH terminus of the ORF and part of
the 3" UTR, was used as a specificity control. Specific asso-
ciation was observed for both constructs of B-actin mRNA
(Fig. 7 B). These data strongly indicate that hnRNP R in-
teracts with the 3" UTR of B-actin.

We also investigated whether Smn binding to hnRNP R is
necessary for this effect. When hnRNP R ASmn was tested
for interaction with B-actin mRNA, no specific association
was observed (Fig. 7, A and B), although this truncated form
of hnRNP R still contains the RRM:s.

To show association of B-actin transcripts with hnRNP R
in vivo, we performed RT-PCR of mRNA coimmunoprecip-
itated with hnRNP R. HA-tagged wild-type hnRNP R or the
ARRM and ASmn mutants were immunopurified from dif-
ferentiated PC12 cell lines. Bound mRNA was isolated from
immunoprecipitates, was reverse transcribed into cDNA, and
RT-PCR was performed with B-actin—specific primers. A
209-bp DNA fragment can be amplified from RNA bound
to wild-type hnRNP R, but is barely visible when using RNA
bound by mutant hnRNP R (Fig. 7 C). c-Jun—specific prim-
ers used as a specificity control do not amplify a DNA frag-
ment (expected size of 213 bp). Although we can clearly
show association of B-actin mRNA and hnRNP R, future
work is needed to demonstrate whether this interaction is di-
rect, or whether it involves additional proteins like ZBP1
(Zhang et al., 2001) or ZBP2 (Gu et al., 2002).

In summary, our results show that a complex of Smn and
hnRNP R associates with 3-actin mRNA and translocates to
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& Figure 7.  Full-length hnRNP R associates with the
3’ UTR of B-actin mRNA. HEK 293 cells were trans-
fected with expression vectors as indicated, and
HA-tagged proteins were immunoprecipitated 48 h
after transfection. (A) Radioactively labeled RNA
transcribed from the full-length 3" UTR of B-actin,
the zipcode region of the 3" UTR, and the IkBa
gene was incubated with the immune complexes in
solution. After several washes, immunoprecipitates
of proteins and bound RNA were spotted on filters
for quantification by autoradiography as shown at
the bottom. The bar graph indicates the relative
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amounts of bound radioactive RNA measured by phosphorimaging. Signal intensity for full-length B-actin 3" UTR bound to full-length hnRNP R
was set as 100%. Values are given as relative signal intensities. The full-length 3" UTR of B-actin and also the zipcode region are bound by
full-length hnRNP R, but not by mutant hnRNP R or Smn alone. (B) Radioactively labeled RNA transcribed from the full-length 3" UTR of
B-actin either with or without a poly(A)™ tail and the lysozyme mRNA was incubated with the immune complexes. The graph indicates the
amounts of bound radioactively labeled RNA. The 3" UTR of B-actin both with or without a poly(A)™ tail are bound by full-length hnRNP R.
(C) RT-PCR of B-actin coimmunoprecipitated with hnRNP R. HA-tagged wild-type and mutant hnRNP R was immunopurified from differentiated
PC12 cell lines with HA-antibody. RNA was isolated from immunoprecipitates, reverse transcribed into cDNA, and RT-PCR was performed
with B-actin-specific primers (35 cycles). A clear band of 209 bp can be amplified from RNA bound to wild-type hnRNP R (contamination
with genomic DNA would yield a larger fragment including an intron of 123 bp). c-Jun-specific primers were used as a specificity control

(expected size of 213 bp).

axons in motoneurons. Disturbances in this process could
lead to reduced B-actin levels in growth cones, and thus to
reduced axon growth in SMA.

Discussion

Despite recent progress in the understanding of the role of
SMN in snRNP assembly, there is no evidence so far that
disturbance of this function is responsible for the develop-
ment of motoneuron disease in SMA. We define a role of
Smn and its binding partner hnRNP R in axonal growth in

motoneurons. Furthermore, we show that dendrite growth
is not disturbed in motoneurons from Smn mutant mice.
We also found that Smn deficiency had no effect on moto-
neuron survival in cell culture. These data suggest that dis-
turbances in axon growth and maintenance are the primary
cellular defects that ultimately may lead to loss of motoneu-
rons in SMA. Recently, it has been shown that reduction of
Smn levels in zebrafish embryos causes axon-specific path-
finding defects in motoneuron development (McWhorter et
al., 2003). These data support our finding of specific axonal

defects in Smn-deficient murine motoneurons.



In differentiating PC12 cells, overexpression of Smn as
well as hnRNP R leads to enhanced neurite outgrowth. This
effect depends on the interaction of these two proteins. They
are colocalized in axons of cultured motoneurons and also in
axons of motor nerves in adult mice (Rossoll et al., 2002).
SMN protein has been shown to be present in a stable com-
plex with Gemin2-7 (for review see Meister et al., 2002;
Paushkin et al., 2002) in the nucleus within specific struc-
tures called gemini of Cajal (coiled) bodies (“gems”). Inter-
estingly, hnRNP R has not been identified as part of this
complex. Gems seem to play an important role for snRNP
assembly and RNA processing (Carvalho et al., 1999; Young
et al., 2000; Sleeman et al., 2001). In motoneurons, Smn is
also localized in axons (Pagliardini et al., 2000; Jablonka et
al., 2001; Fan and Simard, 2002), but it does not colocalize
with Gemin2 (Jablonka et al., 2001), and instead colocalizes
with hnRNP R in this part of the cell (Rossoll et al., 2002).
Others have observed Smn in association with cytoskeletal
elements in spinal dendrites and axons (Bechade et al., 1999;
Pagliardini et al., 2000). Recently, cytoskeletal-based active
transport of SMN containing granules in neuronal processes
and growth cones has been demonstrated in transfected cul-
tured neurons (Zhang et al., 2003). Binding of Smn to
hnRNP R and localization of these proteins in motor axons
(Rossoll et al., 2002) suggest that Smn could be involved in
the transport of specific mRNAs in motor axons.

Increasing evidence points to the importance of RNA lo-
calization and transport within polarized cells. Sorting of de-
fined mRNA species to distinct subcellular regions is ob-
served in many cell types, in particular in neurons (for
review see Mohr and Richter, 2001). The actin cytoskeleton
plays an important role in axon initiation, growth, guidance,
branching, and retraction, and also in synapse formation
and stability (for review see Luo, 2002). B-Actin protein is
highly enriched in distal parts of axons and growth cones.
Specific transport of B-actin mRNA to axons contributes to
this distribution (Bassell et al., 1998; Zhang et al., 1999,
2001). Our observation that axon growth is significantly im-
paired in Smn~'"; SMIN2 motoneurons (and that B-actin
protein distribution and growth cone morphology is dis-
turbed in these cells) points to an essential role of Smn and
hnRNP R in this function. To investigate a possible direct
effect on the transport of B-actin mRNA, we performed in
situ hybridization experiments to localize actin transcripts in
neurites of developing PC12 cells and primary motoneurons
(Fig. 6). Our results suggest that wild-type Smn levels are re-
quired for accumulation of actin mRNA in growth cones of
motoneurons. Furthermore, we show that hnRNP R mu-
tants that cannot bind RNA or Smn exert a dominant-nega-
tive effect on mRNA translocation. This corresponds to re-
duced neurite growth in PC12 cell lines that express hnRNP
R ARRM (Fig. 3 A). Our data show that the observed re-
duced distal B-actin protein localization is caused, at least to
some extent, by a direct effect of Smn and hnRNP R on dis-
tal actin mRNA accumulation.

It has been shown that the localization of B-actin mRNA
involves a 54-nt sequence within the 3" UTR (termed zip-
code) that is both sufficient and necessary for peripheral lo-
calization (Kislauskis et al., 1994). Our findings indicate
that hnRNP R can associate with full-length B-actin mRNA
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as well as the zipcode region, and that this interaction does
not depend on a poly(A)" tail. Because neither the lysozyme
nor the IkBa control mRNAs are bound, specificity for this
interaction can be anticipated. Two proteins, ZBP1 and
ZBP2, which interact with the same zipcode domain of
B-actin mRNA and seem to be involved in axonal transport
of B-actin mRNA in chick forebrain (Zhang et al., 2001; Gu
et al., 2002) or rat cortical neurons (Bassell et al., 1998), have
been identified. However, it is not clear so far whether these
proteins need the hnRNP R—-Smn complex for this effect, or
whether motoneurons specifically require this complex ei-
ther in concert or independently from ZBP1 and ZBP2.
Many attempts have been made to identify Smn-interacting
proteins (for review see Meister et al., 2002; Paushkin et al.,
2002), but interaction with ZBP1 and ZBP2 has not been
found by such efforts. Further experiments with mouse gene
knockout models will need to show the specific requirement
of ZBP1, ZBP2, and/or the hnRNP R/Q-Smn complex for
axonal B-actin mRNA transport in motoneurons and other
types of neurons.

It is possible that the role of hanRNP R-Smn in motoneu-
rons goes beyond transport of B-actin mRNA. hnRNP Q has
been implicated in regulation of mRNA stability (Grosset et
al., 2000), editing (Blanc et al., 2001; Lau et al., 2001), and
splicing (Mourelatos et al., 2001). Therefore, the precise
function of these RNA-binding proteins in axons remains to
be determined. For example, it could be that the interaction
of B-actin mRNA and hnRNP R-Smn also controls stability
of B-actin mRNA in motor growth cones. It could also be
that this complex is part of a regulatory machinery that con-
trols local actin protein translation in response to extracellu-
lar stimuli, which control growth cone migration, presynap-
tic differentiation, and functions at the motor endplate. This
scenario appears as a tempting model to interpret the patho-
physiology of SMA. Recently, it has been proposed that the
primary function of actin in the growth cone is not propul-
sion, but is to act as a scaffold for regulatory molecules in the
presynapse (Sankaranarayanan et al., 2003). Specific defects
in neurofilament distribution in motor axons, as well as de-
fects of axonal sprouting and axonal growth, were observed
in another mouse model (Cifuentes-Diaz et al., 2002). Al-
though we did not find a direct effect on the distribution of
neurofilaments in axons, a relative accumulation in growth
cones was observed. However, this appears as a consequence
to reduced B-actin content in growth cones and reduced size
of the axon terminals. In this scenario, proteins that normally
are not present in presynaptic structures, such as neurofila-
ments and microtubules, appear more distal in growth cones.
The reduced levels of actin suggest that functions such as
growth cone movement and the release of synaptic vesicles
(Doussau and Augustine, 2000; Bloom et al., 2003), which
also require actin, might be disturbed in SMA, and thus con-
tribute to the specific pathology of this disease. Defects in dy-
namic processes that are necessary for further maturation and
function of the presynaptic part of the motor endplate could
thus constitute a major part of the pathophysiology of SMA.
Future experiments will have to show whether the hnRNP
R-Smn complex also modulates synaptic excitability, and
thus plays a role that goes beyond the observed effect on axon
growth in motoneurons.



810 The Journal of Cell Biology | Volume 163, Number 4, 2003

Materials and methods

DNA cloning

3HA-tagged hnRNP R and FLAG-tagged Smn were cloned as described
previously (Rossoll et al., 2002). 2HA-tagged Smn was created by inserting
the FLAG-tagged Smn into pcDNA3 containing two HA-tags. The trun-
cated versions of hnRNP R were generated by a PCR-based method using
PCR primers as follows: hnRNP R-HA forward, 5'-AGAGGTACCAC-
CATGGGCTACCCCTACGACGTGCCC-3'; hnRNP R reverse, 5'-ATATCT-
AGACTACTTCCACTGCCCATAAGTATC-3’; hnRNP R del RRM forward,
5'-CGGGTGTGCAGCCTGGGATTGGGACAGAGTGGGCTGACCCCGT-
GGAGGAG-3’; hnRNP R del RRM reverse, 5-CTGGATCCGGCT-
CCTCCACGGGGTCAGCCCACTCTGTCCCAATCCCAGGCT-3’; hnRNP R
del Smn forward, 5'-CCACCACCACCAAGGGGGCGGGGAGCACCACC-
TCCATCTCGTGGAGCTCGGGGCAATCG-3'; and hnRNP R del Smn re-
verse 5'-GCCCCCTCGATTGCCCCGAGCTCCACGAGATGGAGGTGGT-
GCTCCCCGCCCCCTTG-3'. HA-tagged c-Jun was cloned by PCR from
genomic DNA, and primers were as follows: HA—c-Jun forward, 5'-TATA-
GGTACCATGGGCTACCCCTACGACGTGCCCGACTACGCCGGCATGA-
CTGCAAAGATGGAAACGAC-3’; c-Jun reverse, 5'-TGAGCAGCCCGAC-
GTCGGGCGCCGTGAGAAGGTCCGAGTTC-3'.

The entire 3" UTR of murine B-actin cDNA as well as a fragment con-
taining the putative zipcode region (Kislauskis et al., 1994) including a
poly(A)* tail of 30 nucleotides were cloned by RT-PCR into pTZ19, and
primers were as follows: actinUTR forward, 5'-ATGAAAGCTTAGGCGG-
ACTGTTACTGAGCTGC-3'; actinUTRpolyAfull reverse, 5'-ATGAGAA-
TTC-T(0)-GTGTAAGGTAAGGTGTGCAC-3'; actinUTRpolyAzip reverse,
5'-ATGAGAATTC-T(30)-CTGCGCAAGTTAGGTTTTGTC-3’; and actin
UTRfull reverse, 5'-ATGAGGATCCGTGTAAGGTAAGGTGTGCAC-3'. For
RT-PCR of rat B-actin and c-Jun from PC12 cells, primers were used as fol-
lows: Rn actinup, 5'-AAGACCTCTATGCCAACACAG-3'; Rn actinlow, 5'-
CTGCTTGCTGATCCACATCTG-3'; Rncjunup, 5'-AGCGCATGAGAAAC-
CGCATCG-3’; and Rncjunlow, 5'-TGCAACTGCTGCGTTAGCATG-3'.
PCR reactions were performed under standard conditions using Bio-
Therm™ polymerase (GeneCraft, Ltd.) in the presence of 1 M betaine
(Sigma-Aldrich).

PC12 culture and transfections

PC12 cells were routinely maintained in DME plus 10% horse serum, 5%
FCS, and antibiotics (Invitrogen). For transfection experiments, the cells
were plated at high density in 24-well plates and transfected with 1 pg
plasmid DNA (empty vector and/or hnRNP R constructs and/or Smn con-
structs, to keep the total DNA amount constant) using LipofectAMINE™
2000 (Invitrogen) according to the manufacturer’s instructions. The day af-
ter transfection, cells were replated in 35-mm dishes containing poly-pt-
ornithine-coated glass coverslips at a 1,000-cells/cm? density in DME plus
2% horse serum, 1% FCS, antibiotics, and 50 ng/ml NGF to stimulate neu-
rite outgrowth. After 3 d of NGF treatment, the cells were fixed and stained
as described below.

To establish stable cell lines, transfected PC12 cells were selected for
resistance to G418, and individual clones were tested for stable expression
by Western blot analysis with anti-HA antibody. To assess neurite length,
cells were plated as described above and treated with 50 ng/ml NGF for
7 d. Three independent cell lines for each expression vector were used.

Motoneuron culture

Isolation and culture of embryonic motoneurons and genotyping of the in-
dividual embryos were performed as described previously (Wiese et al.,
1999, 2001; Monani et al., 2000).

Immunocytochemistry

Motoneurons grown for 5 d on glass coverslips were fixed with PFA and
subsequently with acetone. After blocking with 10% BSA, the cells were
incubated overnight at 4°C with primary antibodies as follows: rabbit anti-
bodies against 1 pg/ml phospho-tau (1 pg/ml; Sigma-Aldrich) and NF-M
(1:500; Abcam), a mouse mAb against MAP-2 antibody (1:1,000; CHEMI-
CON International), actin (1:200; Roche), B-actin (1:1,000; Abcam), B-tubu-
lin 1 (1:200; Research Diagnostics, Inc.), and Smn (1:1,000; Transduction
Laboratories). Cells were then washed three times with TBS-T (20 mM Tris-
HCI, pH 7.6, 137 mM NaCl, and 0.1% Tween 20) and incubated for 1 h at
RT with Cy2- and Cy3-conjugated secondary antibodies (1:200; Dianova).
After washing with TBS-T, coverslips were embedded in Mowiol.

PC12 cells were fixed with 4% PFA and blocked with 15% normal goat
serum plus 0.3% Triton X-100 in PBS, and were incubated overnight at
4°C with antibodies as follows: anti-neurofilament H (1:400; Sigma-
Aldrich), rabbit antibodies against hnRNP R (1:100; Rossoll et al., 2002),

monoclonal anti-HA (HA.11, 1:250; Covance), monoclonal anti-FLAG M2
(1:500; Sigma-Aldrich), and monoclonal anti-Smn (1:500; BD Biosci-
ences). Cells were then washed, incubated with secondary antibodies, and
embedded as described in the previous paragraph. Immunoreactivity was
visualized with a confocal microscope (Leica), with identical settings for
pinhole and voltage for any panel of analysis.

In situ hybridization
Cells grown on glass coverslips were fixed with 4% PFA in PBS for 15 min
at RT, and were then washed with PBS containing 0.1% active diethyl py-
rocarbonate for 10 min at RT. Cells were then permeabilized with 0.3%
vol/vol Triton X-100 in PBS for 20 min at RT, and endogenous peroxidase
activity was quenched through incubation in 0.3% vol/vol H,O, in metha-
nol for 40 min at RT. Prehybridization, hybridization, and washes were
performed according to the manufacturer’s instructions (GeneDetect). Oli-
gonucleotide probes (3" biotinylated) were applied to the coverslips at 200
ng/ml (antisense, 5'-GCCGATCCACACGGAGTACTTGCGCTCAGGAG-
GAGCAATGATCTTGAT-3’; sense control, 5'-CGGCTAGGTGTGCCT-
CATGAACGCGAGTCCTCCTCGTTACTAGAACTA-3'; GeneDetect).
Hybridized probe was detected through a tyramide signal amplification
system (GenPoint; DakoCytomation) according to the manufacturer’s in-
structions. Finally, coverslips were counterstained with hematoxylin, dehy-
drated, and mounted with VitroClud (Legenbrick). Images were acquired
with a microscope (Axiophot; Leica) equipped with a CCD camera using
Axioplan 2 software (Leica). Growth cones were visually scored for the ab-
sence or presence of actin mRNA signal. Multiple scoring of the same
growth cones was avoided by recording the position of the cells.

Western blot analysis

Western blot analysis was performed as described previously (Rossoll et
al., 2002). The primary antibodies were used at a dilution of 1:1,000 each:
hnRNP R (Rossoll et al., 2002), Smn (Transduction Laboratories), actin
(Roche), and B-tubulin (CHEMICON International).

Data analysis

For the quantification of neurite length and growth cone area, only moto-
neurons that allowed a clear distinction between axons and dendrites were
scored. Axons were identified as phospho-tau—positive processes that are
at least two times longer than the phospho-tau-negative dendrites. Both
the longest axonal branches and the total length of all axonal branches
were measured. Cultures obtained from four mutant and control embryos
(n = 4) from different litters were scored.

In NGF-treated PC12 cells, axons and dendrites cannot be distin-
guished. Therefore, all neurites were measured and the average of the
three longest processes was calculated. For transient transfection of PC12
cells, at least 30 cells were analyzed per treatment group and four inde-
pendent experiments were performed. Only transfected cells as shown by
staining with the HA antibody (hnRNP R constructs) or FLAG antibody
(Smn constructs) were scored. For the stable cell lines, the average length
of all neurites was calculated and data were collected from three indepen-
dent cell lines for each group. Images recorded at the confocal microscope
were analyzed using the Scion Image software package (Scion Corpora-
tion). Data were analyzed using the ¢ test.

mRNA binding assay

B-Actin clones were linearized at the 3" end with EcoRl, purified, and 0.2
ug was used for in vitro transcription with T7 RNA polymerase (T7 Tran-
scription Kit; MBI Fermentas) in the presence of «[*’P]CTP. A 500-bp frag-
ment of the chicken lysozyme gene (included in the kit) and a full-length
clone of IkBa cDNA were used as specificity controls. Labeled RNA was
purified on G-25 columns (Amersham Biosciences) and radioactive counts
were measured for standardization. HEK293 cells were transfected with
HA-tagged constructs of hnRNP R, Smn, and c-Jun (LipofectAMINE™
2000; Invitrogen). DNA concentration was kept constant by adding empty
vector. 48 h after transfection, cells were lysed in IP buffer (25 mM Tris-
HCI, pH 8.0, 137 mM NaCl, 2 mM EGTA, 2 mM EDTA, 10% glycerol, 1%
Triton X-100, 0.05% 2-mercaptoethanol, and protease inhibitors; Roche),
and HA-tagged proteins were immunopurified by overnight incubation
with HA beads (HA.11; Covance). The immunoprecipitate was washed 5Xx
with IP-buffer and 1X with RNA-binding buffer (RBB; 10 mM Tris, pH 7.5,
1.5 mM MgCl,, 250 mM KCI, 2 mM DTT, and 0.25% Triton X-100). Immu-
noprecipitates were incubated with labeled RNA probes in RBB for 30 min
at RT. The RNA-bound immune complexes were washed three times with
RBB and RBB plus 5 mg/ml heparin (Sigma-Aldrich). For quantifications,
the pellets were resuspended in 20 wl RBB, spotted on nitrocellulose mem-
branes, and exposed to image plates (BAS 2500; Fuji). Bound radioactivity



was quantified as photostimulated luminescence/spot area with the AIDA
software package (Raytest). Experiments were repeated at least three times,
and typical results are shown. Signal intensity for full-length B-actin 3’
UTR bound to full-length hnRNP R was defined as 100% in each experi-
ment. All values were calculated as relative signal intensities.

For RT-PCR of hnRNP R-associated B-actin, HA-tagged wild-type and
mutant hnRNP R were immunoprecipitated from differentiated PC12 cell
lines with HA antibody. Cells were lysed in RBB containing 100 U/ml
RNase inhibitor (Superasin; Ambion) and protease inhibitor (Roche), and
were incubated with HA beads (HA.11; Covance) for 30 min at 4°C. Beads
were washed 5X with RBB, the pellet was resuspended in 500 ul TRIzol®
(Invitrogen), and 100 pg glycogen (Roche) was added. RNA was isolated
from immunoprecipitates according to the manufacturer’s instructions and
was reverse transcribed into cDNA using oligo dT primers (SuperScript™
first strand synthesis system; Invitrogen). RT-PCR was performed with
B-actin—specific primers with 25-35 cycles (15 s at 94°C; 15 s at 57°C;
30 s at 72°C). These primers amplify a DNA fragment of 209 bp. Contami-
nation with rat genomic DNA would yield a larger fragment, including an
intron of 123 bp. c-Jun-specific primers that were able to amplify a 213-bp
fragment from rat cDNA were used as a specificity control.

Online supplemental material

Fig. S1 shows immunolocalization of Smn in PC12 cell lines. The online
supplemental material is available at http://www.jcb.org/cgi/content/full/
jcb.200304128/DC1.
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