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The Transcription Factor Serum Response Factor Stimulates
Axon Regeneration through Cytoplasmic Localization and
Cofilin Interaction
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Axonal injury generates growth inert retraction bulbs with dynamic cytoskeletal properties that are severely compromised. Conversion
of “frozen” retraction bulbs into actively progressing growth cones is a major aim in axon regeneration. Here we report that murine serum
response factor (SRF), a gene regulator linked to the actin cytoskeleton, modulates growth cone actin dynamics during axon regeneration.
In regeneration-competent facial motoneurons, Srf deletion inhibited axonal regeneration. In wild-type mice after nerve injury, SRF
translocated from the nucleus to the cytoplasm, suggesting a cytoplasmic SRF function in axonal regeneration. Indeed, adenoviral
overexpression of cytoplasmic SRF (SRE-ANLS-GFP) stimulated axonal sprouting and facial nerve regeneration in vivo. In primary
central and peripheral neurons, SRF-ANLS-GFP stimulated neurite outgrowth, branch formation, and growth cone morphology. Fur-
thermore, we uncovered alink between SRF and the actin-severing factor cofilin during axonal regeneration in vivo. Facial nerve axotomy
increased the total cofilin abundance and also nuclear localization of phosphorylated cofilin in a subpopulation of lesioned motoneurons.
This cytoplasmic-to-nucleus translocation of P-cofilin upon axotomy was reduced in motoneurons expressing SRF-ANLS-GFP. Finally,
we demonstrate that cytoplasmic SRF and cofilin formed a reciprocal regulatory unit. Overexpression of cytoplasmic SRF reduced cofilin
phosphorylation and vice versa: overexpression of cofilin inhibited SRF phosphorylation. Therefore, a regulatory loop consisting of SRF

and cofilin might take part in reactivating actin dynamics in growth-inert retraction bulbs and facilitating axon regeneration.

Introduction

Growth cone cytoskeletal dynamics are severely impaired in ax-
onal injury, resulting in growth inert axon termini named retrac-
tion bulbs. Switching on actin growth cone dynamics in injured
axon tips, thereby inducing de novo axon growth, is a current
research effort in axon regeneration (Bradke et al., 2012). The
transcription factor serum response factor (SRF) modulates
physiological growth cone actin dynamics (Knoll and Nordheim,
2009). Upon Srf deletion, axon growth, branch formation,
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growth cone shape, and axon guidance are compromised in pe-
ripheral and central neurons (Alberti et al., 2005; Knoll et al.,
2006; Wickramasinghe et al., 2008; Knoll and Nordheim, 2009;
Stritt and Knoll, 2010; Lu and Ramanan, 2011; Meier et al., 2011).
Growth cones derived from SRF-deficient neurons lack filopodia
(Knoll et al., 2006; Stern et al., 2009; Meier et al.), thus resembling
“frozen” retraction bulbs of transected CNS axons (Ertiirk et al.,
2007).

SRF exerts neuronal functions through interaction with the
F-actin-severing factor cofilin. In SRF-deficient neurons, phos-
phorylated (i.e., inactive) cofilin is upregulated, suggesting that
in wild-type cells, SRF is involved in cofilin activation (Alberti et
al., 2005; Beck et al., 2012). SRF adjusts cofilin activity and re-
sponds to changes in the actin equilibrium by interacting with
the cofactors myocardin-related transcription factors (MRTFs;
Mokalled et al., 2010; Olson and Nordheim, 2010). Polymeriza-
tion of G-actin to F-actin activates the MRTF-SRF circuit and
enhances mRNA abundance of actin isoforms (Acta, Actc) and
actin-binding proteins (e.g., actinin and calponin). SRF activity is
regulated in part via phosphorylation at serine 103. In neurons,
SRF phosphorylation and DNA binding is enhanced through co-
caine administration (Vialou et al., 2012). Given its gene regula-
tory function, SRF localization was mainly considered to be
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Figure 1.  Virally delivered Cre recombinase depletes SRF in the facial nerve lesion model. 4,
A7, Scheme of the facial nerve outlined in blue. A2, Position of virus injection and axotomy is
depicted by an arrow. Viral particles are retrogradely transported (green). A%, Tracer (red) is
injected in the whisker pad and retrogradely transported to the cell bodies if nerve trajectories
have regenerated or formed sprouts. A%, Efficiency of virus transduction in the nucleus facialis
and facial nerve of an Ad-GFP-infected animal visualized with an anti-GFP antibody. B, Viral
particles expressing either GFP (Ad-GFP) or Cre recombinase (Ad-Cre) were injected into the
facial nerve of mice carrying two loxP-flanked Srf alleles. Two days later, genomic DNA of
the facial nerve and facial nucleus was subjected to PCR. The recombined Srflocus s indicated by
the arrow. The asterisk indicates un-recombined loci. Ad-Cre virus, but not Ad-GFP infection,
resulted in Srf recombination in the facial nerve that was weaker in the facial nucleus. The
positive control depicts Srf recombination driven by a Camk2c-iCre mouse strain. ¢, Western
blot using an anti-SRF antiserum and lysates of facial nerves infected with the indicated viral
particles and harvested 7 d after infection. In both Cre-infected animals, SRF levels are reduced
compared with GFP controls. D—F, Sections through the disconnected facial nucleus of
Srfo®/o® animals infected with Ad-GFP (D) and Ad-Cre (E) and stained for SRF expression.
Ad-Cre (E) results in strong downregulation of SRF-positive facial motoneurons compared with
Ad-GFP (D). F, Quantification revealed a 3-fold reduction of SRF-positive neuronsin Ad-Cre compared
with Ad-GFP animals. Numbers () of animals are indicated in figure bars. Scale bars: D, E, 100 um.

nucleus restricted with a few exceptions (Stringer et al., 2002).
This suggested the existence of thus far unidentified extranuclear
SRF functions, which we addressed in this study.

Given its impact on neuronal motility, we investigated SRF’s
role during regrowth of injured axons. We used facial nerve axo-
tomy (Fig. 1A), a well established model system of PNS axon
regeneration (Moran and Graeber, 2004). In mice, facial mo-
toneurons are localized in either of two brainstem nuclei. These
motoneurons give rise to axons controlling, for example, whisker
and eyelid muscle movement (Moran and Graeber, 2004; Raivich
et al., 2004; Raivich, 2008). Neurons of transected PNS axons
have a higher regeneration potential than CNS axons. This dif-
ference is in part due to the potential of PNS neurons to initiate
robust axonal sprout formation. In axon sprouting, growth inert
retraction bulbs are converted into dynamic, growth-competent
growth cones. During facial nerve regeneration, extensive pro-
duction of galanin-positive sprouts was reported after nerve in-
jury (Makwana et al., 2010). Such molecules reactivating growth
cone dynamics and axonal sprouting identified in PNS model
systems as envisaged in this study might likewise stimulate CNS
axon sprouting.
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Materials and Methods

Facial nerve transection. Facial nerve transection was performed
as described previously (Raivich et al., 2004). Adult mice of either
sex (>2 months of age) were anesthetized, a skin incision was
made behind the left ear, and the facial nerve was exposed. Then,
1 ul of Ad-vector (see below) was injected before lesion into the
facial nerve using a Hamilton syringe (34 g). Afterward, the nerve
was transected with microscissors ~2 mm posterior to the fora-
men stylomastoideum and another 1 ul of Ad-vector was injected
into the proximal nerve stump. Absence of eye lid closure and
whisker movement proved successful nerve transection. Regen-
eration of the facial nerve was quantified by retrograde axonal
tracing with Choleratoxin B-conjugated Alexa Fluor 555 (Ctx-
Alexa 555; Invitrogen) or Fluorogold (FG; fluorochrome). For
this, 4 X 1 ul of Ctx-Alexa 555 (0.03% in PBS) or FG (4% in H,O)
was injected with a Hamilton syringe at multiple positions in each
whisker pad. After 4 d, brains were dissected. Ctx- or FG-positive
neurons of all sections of both facial nuclei per each animal were
evaluated before immunohistological staining. All experiments
are in accordance with institutional regulations by the local ani-
mal ethical committee (Regierungsprasidium Tiibingen).

Histology. Brains or facial nerves were fixed in 4% PFA or FA
followed by preparation of 60 wm Vibratome or 5 um paraffin
microtome slices. Immunohistochemistry was performed us-
ing Biotin (1:500; Vector Laboratories)- or Alexa Fluor (1:500;
Invitrogen)-conjugated secondary antibodies and peroxidase-based
detection systems using the ABC complex (Vector Laboratories) and
DAB as substrate. Primary antibodies included anti-SRF (rabbit,
1:500; Santa Cruz Biotechnology), anti-P-SRF (serine 103, rabbit,
1:500; Bioss), anti-MRTF-A (rabbit, 1:500; a kind gift from R. Tre-
isman, Cancer Research Institute, London), anti-GFP (rabbit,
1:2500, Invitrogen), anti-P-cofilin (rabbit, 1:500, catalog #sc-21867;
Santa Cruz Biotechnology), anti-galanin (rabbit; 1:1500, Bachem),
anti-cofilin (rabbit; 1:500, catalog #5175; Cell Signaling Technol-
ogy), and anti-FG (rabbit, 1:5000, catalog #AB153; Millipore).

Cell biology. Primary postnatal day 1 (P1) mouse hippocam-
pal, embryonic day 17.5 (E17.5) cortical, P3—5 mouse cerebellar,
E16.5 rat, or adult mouse dorsal root ganglia (DRG) neurons of
wild-type or SRF-deficient mice (Wiebel et al., 2002; Alberti et al.,
2005) were prepared as described previously (Knoll et al., 2006).
Neurons were electroporated with 3 ug of the plasmids using
Mirus mouse neuron nucleofector solution. Cofilin-S3E-GFP
was a kind gift from Kevin Flynn (DZNE, Bonn, Germany). Al-
ternatively, neurons were infected with viral particles 3 h after
plating at a final concentration of 107 particles/ul. After 24—48 h
in the incubator, immunocytochemistry was performed.

Neurons were stained with antibodies recognizing BIII tubu-
lin (mouse, 1:1000; Covance) and anti-GFP (rabbit, 1:2500; In-
vitrogen) using Alexa Fluor-conjugated secondary antibodies (1:
1500; Invitrogen). F-actin was labeled with Texas Red phalloidin
(1:100; Molecular Probes).

Molecular biology. SRE-GFP and SRE-ANLS-GFP expression
vectors were kindly provided by J. Solway (Camoretti-Mercado et
al., 2000). Cofilin constructs were used as described previously
(Beck et al., 2012). The following Ad-vectors were used: Ad-Cre
(1.5 X 10'° PFU/ml, catalog #1045; Vector Laboratories) and
Ad-GFP (1 X 10'° PFU/ml, catalog #1060; Vector Laboratories),
propagated, and CsCl purified. Production of an Ad-SRF-ANLS
expressing Ad-vector was based on the SRF-ANLS-GFP plasmid
received from J. Solway. The resulting AE1 Ad vector was ampli-
fied, purified by step and continuous CsCl gradients, and particle
titers (10'%/ml) and infectious titers (7.4 '°/ml) were determined.
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A AE1 Ad vector only expressing EGFP from the hCMV pro-
moter served as a control.

qPCR. Facial nuclei were dissected from 300 wm brainstem
sections prepared with a tissue chopper using tungsten needles.
Facial nuclei of 4 mice for each condition were pooled and re-
sulted on average in 0.5-0.75 g of RNA. Total RNA was isolated
with the RNeasy kit (Qiagen). Reverse transcription was per-
formed with 0.5-0.75 ug of RNA using reverse transcriptase
(Promega) and random hexamers. qQPCR was performed on ABI
PRISM 7700 Sequence Detector with the Power PCR SYBR Green
PCR Master Mix (Applied Biosystems). Expression was deter-
mined in relation to Gapdh RNA levels. Primer sequences will be
provided upon request.

Biochemistry. Cerebellar neurons plated in 10 cm dishes were
infected with Ad-GFP or Ad-SRF-ANLS-GFP 3 h after plating at
a final concentration of 107 particles/ul. Alternatively, HEK293
cells plated in 10 cm dishes were transfected with constructs in-
dicated using lipofectamine (Life Technologies). Twenty-four
hours later, protein lysates were prepared as described previously
(Stern et al., 2009).

Actin fractionation was performed essentially as described
previously (Posern et al., 2002). Medium was removed and
cells were collected in 1.5 ml of actin lysis buffer (20 mm
HEPES, pH 7.9, 50 mm NaCl, 1 mm EDTA, 0.5% Triton X-100,
and complete protease inhibitors from Roche); 0.5 ml samples
of medium were removed for input samples. Remaining ly-
sates were centrifuged for 2 h at 4 degrees at 100,000 X g.
Supernatants were transferred to a new tube (the G-actin frac-
tion). The pellet (the F-actin fraction) was resuspended in 1 ml
of actin lysis buffer and sonified (Branson sonifier; 5 X 10 s,
duty cycle constant, output control 3). Samples were resolved
on 10% SDS-PAGE. Western blotting involved the following
antibodies: mouse anti-GFP (1:1000; see above), rabbit anti-
MRTEF-A (1:500; a kind gift from R. Treisman, London),
mouse anti-actin (1:1000, catalog # LCK9001; Linaris), rabbit
anti-cofilin, rabbit anti P-cofilin, and rabbit anti P-SRF Ser-
103 (all at 1:1000; Cell Signaling Technology).

Statistical analysis. Numbers (1) of independent cell cultures
or animals are indicated in figure bars or text. For cell culture
experiments, at least three independent experiments were per-
formed and at least 30 neurons were analyzed in each experiment.
Statistical significance was calculated using two tailed ¢ tests with
*, %%, and *** indicating p = 0.05, 0.01, and 0.001, respectively.
SD is provided if not mentioned otherwise.

Results

SRF deletion reduces facial nerve regeneration in vivo
Reactivation of neuronal motility is a central aim in improving
axon regeneration. Therefore, we investigated whether SRF’s well
documented impact on neurite and growth cone motility con-
tributes to axon regeneration in vivo.

To address a potential role of SRF in axon regeneration, we
performed SRF loss-of-function experiments after facial nerve
transection (Figs. 1, 2). SRF depletion from facial motoneurons
was achieved with adenoviral-mediated delivery of Cre recombi-
nase (Ad-Cre) into mice harboring loxP flanked Srf alleles
(Wiebel et al., 2002; Alberti et al., 2005). Virally delivered Ad-Cre
resulted in recombination of the Srf (flex1-neo) allele (Fig. 1B)
and reduction of SRF protein levels in the facial nerve and nucleus
(Fig. 1C—F). As a control, adenoviruses expressing GFP (Ad-GFP)
were used (Fig. 1B—F). The facial nerve was unilaterally lesioned,
followed by virus injection into the lesioned nerve stump (Fig. 14%).
The unlesioned contralateral facial nerve served as control and was
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Figure 2.  SRF depletion reduces facial nerve regeneration. A-D, The facial nerve of

Srffe /e animals was unilaterally lesioned. Seventeen days after axotomy, a fluorescently
labeled tracer (Ctx Alexa 555) was injected and allowed to retrogradely label facial motoneu-
rons for 4 d. After a total of 21 d, tracer-positive facial motoneurons were quantified in unle-
sioned (A, B) and lesioned (C, D) facial nuclei. On the unlesioned side, numbers of facial
motoneurons in Ad-GFP- (4) and Ad-Cre (B)-injected animals were similar. On the lesioned side
of control animals injected with Ad-GFP, robust axon regeneration was observed (). In con-
trast, SRF ablation upon Ad-Cre injection decreased numbers of Ctx-positive neurons on the
lesioned side (D). E, F, Galanin was found on the lesioned side of Ad-GFP (E), but only sparselyin
Ad-Cre (F)-infected animals. G, Quantification of average Ctx-positive neuron number/section
for the unlesioned and lesioned facial nucleus. The number of tracer-positive neurons on the
lesioned side was ~3-fold reduced upon Ad-Cre injection compared with Ad-GFP. H, The per-
centage of regenerating neurons is depicted by the ratio of neurons present on lesioned and
control side. In Ad-GFP-injected animals, 50% of neurons regenerated. In contrast, only 15% of
SRF-deleted neurons incorporated the tracer. Individual squares reflect independent animals
analyzed. Facial nuclei are delineated by dashed lines. Scale bars in A-F, 100 p.m.

not infected because virus injection per se induces a lesion. Ad-Cre
and Ad-GFP viral particles infected facial nerve axons (Fig. 1A*) and
surrounding cells such as Schwann and supporting cells (data not
shown). Importantly, viral particles were retrogradely transported
along the facial nerve to the facial nucleus, resulting in transduction
of 40-70% of all motoneurons (Fig. 1A*). Viral protein expression
commenced 1 d after transduction and persisted for up to 30 d (data
not shown).

To quantify the regeneration outcome, a fluorescent tracer
was injected in both whisker pads 17 d after nerve injury (Fig.
1A%). Axons successfully reconnected to whisker muscles allow
for retrograde tracer transport to the motoneuron cell bodies,
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tracer-positive motoneurons in the axoto-
mized facial nucleus of Ad-GFP- (Fig. 2C)
and Ad-Cre (Fig. 2D)-infected animals. The
number of motoneurons present on the un-
injured side was set to 100%. In Ad-GFP
injected control animals, 50% (= 10%) of
motoneurons were tracer positive after axo-
tomy (Fig. 2C; quantified in G,H). In con-
trast, upon SRF depletion in motoneurons,
axon regeneration was reduced (Fig. 2D).
Now, only ~15% of all motoneurons re-
generated (Fig. 2D; quantified in G,H). In
addition to tracer incorporation, we quanti-
fied galanin expression, a marker of success-
ful axonal sprout formation (Raivich et al.,
2004). On the lesioned side of Ad-GFP in-
jected animals, galanin-positive motoneu-
rons and protrusions were observed (Fig.
2E). However, inspection of lesioned mo-
toneurons of SRF-depleted facial nuclei re-
vealed a reduction of galanin-positive axon
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and 21 (E-H) days after lesion, control and lesioned facial nuclei were analyzed for SRF (A—H), P-SRF (I-L), or MRTF-A (M—P)

expression. A-D, SRF was confined to nuclei of unlesioned motoneurons (4, €). In contrast, SRF was redistributed on the lesioned
(B, D) facial nucleus compared with the control side at 7 d after facial nerve injury (4, €). Now, SRF localized to the cytoplasm of cell
bodies and neurites (B and see arrows in D). Inserts in Cand D are higher magpnifications of individual motoneurons labeled by
dotted areas. Black arrow depicts a neuron with nuclear and cytoplasmic staining; white arrow shows a neuron with cytoplasmic
staining. E—H, At 21 d after injury, SRF was localized to the nucleus of motoneurons of both the control (E, G) and lesioned (F, H)
side. I-L, P-SRF was upregulated in lesioned (J, L) compared with unlesioned (/, K) motoneurons. P-SRF was mainly found in the
cytoplasm. M—P, Numbers of MRTF-A-positive cells were strongly increased upon facial nerve axotomy (N, P) compared with
control (M, 0). MRTF-A was confined to the cytoplasm on both sides. @, Quantification of cells/section staining positive for SRF,
P-SRF, or MRTF-A. R, Quantification of subcellular localization of SRF, P-SRF, or MRTF-A in percentage of cells, as indicated by the

label. Scale bars: 4, B, E, F, 1,J, M, N, 100 wm; C, D, G, H, K, L, 0, P, 20 um.

which were then counted (Fig. 1A%). These tracer signals in the
motoneuron cell bodies might reflect canonical axon regenera-
tion (i.e., new axon extension occurring at the tip of a transected
axon in the lesion site). In addition, the formation of new axon
sprouts (i.e., branches originating at axon regions that are more
remote from the injury site) may contribute to tracer incorpora-
tion in facial motoneuron cell bodies.

Having established SRF depletion with this experimental sys-
tem (Fig. 1), we assessed numbers of tracer-positive facial mo-
toneurons 21 d after injury (n = 8 animals each condition; Fig. 2).
The total number of facial motoneurons present on the unle-
sioned control side of Ad-GFP- (Fig. 2A) or Ad-Cre (Fig. 2B)-
infected animals was expectedly similar (quantified in Fig. 2G).
For the quantification (Fig. 2G,H), all animals tested were
depicted by individual squares to reflect the variation of regeneration
outcome between different animals. Variations in the regeneration
success in these in vivo surgery experiments were caused by suscep-

Axon injury modulates SRF, P-SRF and

MRTF-A expression and localization

To investigate mechanisms by which SRF
modulates axon regeneration, we ana-
lyzed whether SRF, P-SRF and MRTF-A
expressions were modulated by axon in-
jury (Fig. 3). For this, SRF, P-SRF and
MRTF-A expression was monitored in
motoneurons 1, seven and twenty-one
days post facial nerve lesion (; n = 4 mice
for each time-point; Fig. 3 and data not shown).

In noninjured motoneurons, SRF was confined to the cell
nucleus at all time-points (Fig. 3 A, C, E, G; quantified in Fig. 3R).
In contrast, when analyzing lesioned motoneurons, a nuclear-to-
cytoplasmic SRF relocalization was observed (Fig. 3 B, D,R). This
cytoplasmic SRF localization commenced already 1 d after injury
(data not shown). At 7 d post injury, SRF was present in both the
nucleus and the cytoplasm in the majority (70 = 10%) of cells
(Fig. 3D, arrows; quantified in Fig. 3R). SRF even entered neurites
of lesioned motoneurons pointing at a novel cytoplasmic SRF
function (Fig. 3D). Therefore, in addition to nuclear SRF, a cyto-
plasmic resident SRF protein might be involved in axon regener-
ation (Fig. 4). This cytoplasmic SRF localization was reverted to a
primarily nuclear position 21 d after axotomy (Fig. 3F,H). The
number of SRF-positive motoneurons was slightly upregulated
upon injury (Fig. 3Q). Our observation differs from another study
where SRF relocalization was not observed using a different anti-SRF
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antiserum (Herdegen et al., 1997). We used
a second SRF-specific antiserum to corrob-
orate our findings (data not shown). Also,
cytoplasmic transcription factor localiza-
tion is not a general mechanism inflicted by
motoneuron injury as c-Jun and ATF3 re-
mained nuclear upon facial nerve injury
(Raivich et al., 2004).

SRF phosphorylation is enhanced by
neuronal activation (Vialou et al., 2012).
Therefore, we inspected whether SRF
phosphorylation is also induced during
axonal injury (Fig. 3I-L). For this, we used
a Phospho-SRF (P-SRF) specific antise-
rum recognizing serine 103 phosphory-
lated SRF. P-SRF was barely present in
intact motoneurons (Fig. 31,K). In con-
trast, P-SRF was upregulated in lesioned
motoneurons (Fig. 3/,L,Q). Moreover,
similar to total SRF (Fig. 3D), P-SRF was
mainly confined to the cytoplasm and
only weakly observed in the nucleus (Fig.
3L,R). Therefore, phosphorylated SRF
was present in the cytoplasm of motoneu-
rons during an early phase of axon regen-
eration in vivo.

In addition to SRF, we inspected the
SRF cofactor MRTEF-A (Fig. 3M-P). The
number of cells expressing MRTF-A in-
creased at 1 d (data not shown) and 7 d
post injury (Fig. 3 N, P; quantified in Fig.
3Q). MRTF-A localization was mainly re-
stricted to the cytoplasm of control and
lesioned neurons (Fig. 3P, R).

Together, we here report a nuclear-to-
cytoplasmic redistribution of SRF in-
duced by physical (i.e., nerve transection)
cellular insult.

Cytoplasmic SRF enhances facial

nerve regeneration

SRF accumulated in the cytoplasm upon
axotomy of facial motoneurons (Fig. 3)
suggesting SRF’s potential to modulate
facial nerve regeneration by a novel cyto-
plasmic function. To address this possibility
in vivo, we overexpressed a cytoplasmically
localized SRF mutant protein (SRF-ANLS-
GFP) in facial motoneurons (Fig. 4). SRF-
ANLS-GFP harbors mutations in the
nuclear localization signal thereby localiz-
ing to the cytoplasm (Camoretti-Mercado
et al., 2006). Overexpression of cytoplas-
mic SRF was accomplished by unilateral
facial nerve infection of animals with ad-
enoviral particles driving SRF-ANLS-GFP
(Ad-SRF-ANLS-GFP) expression. Indeed,
overexpression of SRE-ANLS-GFP resulted

in cytoplasmic SRF localization in axotomized motoneurons (Fig.
4A*,A°) and thus appears suitable to address functional conse-
quences of cytoplasmic SRF localization. As control, we unilaterally
overexpressed GFP by Ad-GFP infection (n = 10 animals each virus;
Fig. 4A). After 17 d of regeneration, a fluorescent tracer (Fluorogold,
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Figure4.  Cytoplasmic SRF facilitates facial nerve regeneration in vivo. A, A’ The facial nerve is outlined in blue. A2, Ad-GFP or
Ad-SRF-ANLS-GFP virus (green) was injected. The injection and axotomy position is depicted by an arrow. A, Tracer (FG, red) is
injected in the whisker pad and retrogradely transported to cell bodies of regeneration or sprout forming neurons. A%, Lesioned
facial nucleus of an Ad-SRF-ANLS-GFP-injected animal. Overexpression of SRF- ANLS-GFP resulted in cytoplasmic SRF localization.
A°, Higher magnification of neuron labeled by asterisk in A%, B~E, Inspection of axon regeneration of GFP expressing neurons only.
The number of FG-positive neurons on the unlesioned side was comparable between both virus types (B, D). In Ad-GFP-infected
animals, ~30% of all neurons expressing GFP were also tracer positive (labeled with an arrow in €). In contrast, >70% of
SRF-ANLS-GFP-expressing motoneurons were positive for the regeneration, indicating tracer (labeled with arrows in E). F-I,
Visualization of the total population of FG-positive motoneurons in control (F, H) or lesioned (G, /) facial nuclei of GFP- (F, G) or
SRF-ANLS-GFP (H, I)-expressing animals. SRF-ANLS-GFP enhanced the number of tracer-positive neurons in lesioned facial
nucleus (/) compared with GFP (G). J—M, Niss| staining labels all facial motoneurons. In Ad-GFP-infected animals, the number of
motoneurons was decreased upon lesion (J, K). In contrast, SRF-ANLS-GFP prevented motoneuron loss upon facial nerve injury (L,
M). N-Q, In Ad-GFP-expressing facial nuclei, galanin-positive neurons were downregulated upon lesion (N, 0). In contrast, more
galanin-positive neurons were present upon lesion in animals expressing SRF-ANLS-GFP (P, Q). R, Quantification of axonal
regeneration counting all FG tracer-positive cells (each square depicts one animal). The average number of FG-positive neurons/
section upon lesion is increased by SRF-ANLS-GFP. S, Percentage of tracer-positive neurons in the total motoneuron population
depicted by the ratio of neurons present on the control and lesioned side. T, U, SRF-ANLS-GFP increased the number of Nissl- (T)
and galanin-positive (U) neurons upon facial nerve injury. Scale bars: A* F-Q, 100 um; B-E, 10 ;u,m;A’, =5pum.

FG) was injected in both whisker pads followed by histological anal-
ysis 4 d later (Fig. 4A°). In these gain-of-function experiments, re-
generation of transected facial motoneurons was quantified by
focusing on GFP-positive neurons (Fig. 4B-E) or all motoneurons
regardless of GFP expression (Fig. 4F-1,R,S).
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Figure5. Impact of cytoplasmic SRF on gene expression. A—F, Facial motoneurons were-infected with Ad-GFP, Ad-SRF-ANLS-

GFP, or Ad-SRF-VP16. Three days later, cDNA of the unlesioned and lesioned sides was subjected to qPCR; primer pairs are
indicated. SRF-VP16induced mRNA levels of £gr1 (B), Egr2 (C), Acta (D), Actinin 3 (E), and Chn2 (F ). In contrast, SRF-ANLS-GFP had
almost no effect on mRNA abundance of genes depicted. G, Cortical neurons were infected with Ad-GFP or Ad-SRF-ANLS-GFP.
Three days later, mRNAs were isolated and (DNA was subjected to qPCR; primer pairs are indicated. SRF-ANLS-GFP only affected
mRNA abundance of £gr2 and Acta and had almost no effect on mRNA abundance of all other genes depicted.

First of all, regeneration was quantified by comparing GFP
versus SRF-ANLS-GFP expressing neurons (Fig. 4B-E). The
number of tracer-positive neurons on the noninfected and unle-
sioned control side was expectedly comparable between Ad-GFP
(Fig. 4B, F) and Ad-SRF-ANLS-GFP (Fig. 4 D, H) animals (quan-
tified in Fig. 4R, S). To quantify the regeneration on the lesioned
facial nucleus, the ratio of GFP and FG tracer double-positive
neurons in relation to the total number of GFP-positive neurons
was quantified. Of the motoneurons expressing GFP only (Fig.

and in vivo
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4C, arrow), ~30% were double-positive
indicating their successful regeneration
(30 = 16%). In contrast, >70% (71 =
15%; p = 0.00031) of motoneurons ex-
pressing SRF-ANLS-GFP  were also
tracer-positive (Fig. 4E, arrows). There-
fore, cytoplasmic SRF enhanced facial
nerve regeneration more than twofold
(Fig. 4R,S).

SREF affects neighboring cells via para-
crine mechanisms (Stritt et al., 2009; Paul et
al., 2010). Hence, we quantified the total
number of tracer-positive motoneurons re-
gardless of SRF-ANLS-GFP expression (Fig.
4F-1,R,S). The number of FG-positive mo-
toneurons on the uninjured sides was com-
parable between both virus transductions
(compare Fig. 4 F, H; quantified in Fig. 4R).
On the lesioned side of Ad-GFP expressing
animals, ~40% of all motoneurons regen-
erated (Fig. 4G,R,S). In contrast, transduc-
tion with Ad-SRF-ANLS-GFP resulted in a
1.5-fold increase in the number of all re-
generating neurons (Fig. 4L, R,S). This
suggests that SRF-ANLS-GFP enhanced
the regeneration capacity of neighboring
GFP-negative cells.

Upon facial nerve injury, neuron loss is
well documented (Moran and Graeber,
2004). We also noted loss of Nissl-positive
motoneurons at 21 d after lesion compar-
ing uninjured (Fig. 4]) with lesioned (Fig.
4K; quantified in Fig. 4T') facial nuclei of
Ad-GFP infected animals. This motoneu-
ron loss was not as pronounced when
inspecting animals injected with Ad-SRF-
ANLS-GFP (Fig. 4L,M,T).

Next we analyzed axonal sprouting,
which was decreased in SRF depleted fa-
cial motoneurons (Fig. 2). In line with a
putative sprout inducing potential of cy-
toplasmic SRF, we observed more
galanin-positive axonal sprouts in Ad-
SRF-ANLS-GFP (Fig. 4Q) compared with
Ad-GFP (Fig. 40; quantified in Fig. 4U)-
infected animals.

In addition, we investigated apoptosis,
infiltration of the nucleus facialis by im-
mune cells (microglia) and proliferation
and did not observe major changes be-
tween Ad-GFP and Ad-SRF-ANLS-GFP
infected animals (data not shown).

In summary, our results reveal an in-
crease of facial nerve regeneration upon

expression of cytoplasmic SRF.
Mechanisms of cytoplasmic SRF function in primary neurons

Data obtained so far revealed that SRF loss-of-function (Figs. 1,
2) impaired axon regeneration. Conversely, overexpression of
cytoplasmic SRF enhanced facial nerve regeneration (Fig. 4), in-
dicating the importance of SRF’s cytoplasmic localization in the
regeneration response. In a next step, molecular and cellular
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mechanisms stimulated by cytoplasmic SRF including gene tran-
scription (Fig. 5) and neuronal motility (Fig. 6) were investigated.

The cytoplasmic localization of SRF-ANLS-GFP suggests that
this SRF protein modulates gene expression not directly and per-
haps only via nuclear SRF interaction. To address this, we ana-
lyzed cytoplasmic SRF’s impact on target gene expression in vivo
(Fig. 5A-F) and in vitro (Fig. 5G).

In vivo, facial motoneurons were infected with Ad-GFP or
Ad-SRF-ANLS-GFP (Fig. 5A—F). Three days later, mRNA was
subjected to qPCR analysis (n = 4 animals pooled). Data ob-
tained were compared with animals infected with Ad-SRF-VP16,
a potent inducer of SRF target genes including immediate early
(IEG; c-Fos, Egrl, Egr2, Arc) and actin cytoskeleton related genes
(Stritt et al., 2009). SRF-VP16 upregulated mRNA levels of the
SRF target genes Egrl (Fig. 5B), Egr2 (Fig. 5C), Acta (Fig. 5D),
actinin (Actn3; Fig. 5E) and calponin (Cnn2; Fig. 5F). In contrast
to SRF-VP16, SRE-ANLS-GFP achieved no or only mild induc-
tion of these SRF target genes (Fig. 5B—F).

Similarly, cytoplasmic SRF had only little impact on gene ex-
pression in primary cortical neurons (n = 4 cultures; Fig. 5G)
with one exception. Acta was induced by SRF-ANLS-GFP in pri-
mary neurons (Fig. 5G), however not in motoneurons in vivo
(Fig. 5D).

In summary, SRE-ANLS-GFP had negligible influence on SRF
target gene expression.

Next, we turned toward potential functional consequences of
cytoplasmic SRF expression on neuronal motility (Fig. 6). For
this, SRE-ANLS-GFP overexpression in primary CNS (i.e., hip-
pocampal; Fig. 6A—H ) and peripheral (i.e., DRG; Fig. 61,]) neu-
rons was used.

Similar to previous in vivo experiments (Fig. 4), SRF-ANLS-
GFP was predominantly localized to the cytoplasm (Fig. 6B).
Closer inspection revealed that SRF-ANLS-GFP localized to neu-
rites and growth cones (Fig. 6B). In growth cones, SRF-ANLS-
GFP partially colocalized with F-actin-positive filopodia (insert,
Fig. 6B). In opposite to SRF-ANLS-GFP, wild-type SRF-GFP re-
sided in the nucleus (Fig. 6A).

To start with, we investigated the impact of cytoplasmic SRF
on overall abundance of BIII tubulin-positive neurons in this
mixed primary culture system (n = 5 cultures/condition; Fig.
6C,D). SRF-ANLS-GFP expression (Fig. 6D) doubled the abun-
dance of BIII tubulin-positive neurons in culture compared with
GFP alone (GFP: 17 * 6 neurons/area; SRF-ANLS-GFP: 35 * 7
neurons/area; p = 0.00035; Fig. 6C). This implies a-positive in-
fluence of cytoplasmic SRF on neuronal differentiation in gen-
eral. Comparing SRF-ANLS-GFP expressing cultures (Fig. 6D)
with GFP control cultures (Fig. 6C), we noted an increase in
F-actin staining suggesting an impact of cytoplasmic SRF on
F-actin rich growth cones. Indeed, quantification of individual
growth cones revealed an increase of F-actin rich structures such

<«

(SRF-GFP) localized to the nucleus (4). SRF-ANLS-GFP was mainly found in the cytoplasm and
also entered neurites and growth cones (B). Cytoplasmic SRF colocalized with F-actin in growth
cones (see insert in B). C, D, In wild-type neurons, overexpression of SRF-ANLS-GFP (D), in
contrast to GFP (C), resulted in increased numbers of BlII tubulin-positive neurons. E-H, SRF-
ANLS-GFP (F, H) enhanced growth cone area, filopodia number, neurite length, and overall
F-actin contentin wild-type (F) and SRF-deficient (H) neurons compared with GFP (E, G). Inserts
in E and F show individual growth cones. Number of secondary branches (arrows in F, H) was
also increased by SRF-ANLS-GFP. 1, J, SRF-ANLS-GFP (J) enhanced neurite length in DRG neu-
rons compared with control (/). K, L, Quantification of the average neurite length (K) and
distribution of neurite length ranging from 0 to >150 wum (L). Scale bars: 4, B, E-J, 10 um; C,
D, 100 wm; insertsin B, E, F, 1 um.
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Figure 7.  Expression of cofilin and P-cofilin upon facial nerve injury. A1, Unlesioned (4, D, G) and lesioned (B, C, E, F, H, I) facial
motoneurons were stained for cofilin expression 3 d after facial nerve injury and infection with either Ad-GFP (B, E, H) or Ad-SRF-ANLS-GFP
(C,F,1).Inunlesioned motoneurons, cofilin (4, G) was mainly localized to the cell bodies and proximal nerve fibers. Upon facial nerve injury,
cofilin was localized between cell bodies in structures reminiscent of axonal sprouts (H, /, arrows). No difference in this cofilin staining was
observed when virus types were compared. J—R, In control motoneurons (J, M, P), P-cofilin was mainly associated with cell bodies (P,
arrows). Upon lesion in Ad-GFP-infected animals (K, N, Q), P-cofilin was found in the nuclei in a subpopulation of motoneurons (Q,
arrowheads, and see quantification in T, U). In contrast, this nuclear P-cofilin staining was reduced in motoneuronsexpressing SRF-ANLS-
GFP(L,0,R).S, Quantification of cofilin signalsin the region in between cell bodies in the different conditions. T, U, Quantification of nuclear
P-cofilin localization in all (T) or GFP-positive (U) cells only. Scale bars: A-R, 10 um.
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We further analyzed the influence of
SRF-ANLS-GFP on neurite growth of
wild-type neurons (Fig. 6E,F). SRF-
ANLS-GFP (Fig. 6F) increased primary
neurite length in wild-type neurons by
~30% compared with GFP expressing
neurons (Fig. 6E; quantified in Fig. 6 K, L).
To exclude that cytoplasmic SRF stimu-
lated neurite outgrowth by interacting
with endogenous nuclear SRF, we used
SRF-deficient neurons (Fig. 6G, H). In-
deed, compared with GFP alone (Fig. 6G),
SRF-ANLS-GFP (Fig. 6H ) increased neu-
rite length in SRF-deficient neurons on
average by 40% and doubled the percent-
age of neurons bearing longest neurites
(i.e., > 100 and 150 um; Fig. 6K,L).
Therefore, similar to wild-type SRF-GFP
(Beck et al., 2012), SRE-ANLS-GFP res-
cued neurite growth inhibition inflicted
by SREF deficiency.

Further, SRF-ANLS-GFP enhanced
secondary neurite branching in wild-type
(GFP: 1.5 *= 0.3 branches; SRF-ANLS-
GFP: 2.5 = 0.6 branches; p < 0.01) and
SRF-deficient (GFP: 1.1 * 0.2 branches;
SRF-ANLS-GFP: 1.6 * 0.3 branches; p <
0.1) neurons (arrows in Fig. 6F,H). In-
duction of secondary neurite formation in
vitro may reflect a molecule’s potential to
increase axon sprouting during regenera-
tion in vivo. Therefore, cytoplasmic SRF
might stimulate sprout protrusion of
transected neurons in vivo (Fig. 4).

We also investigated embryonic (Fig.
61,J) and adult DRG neurons (data not
shown) reflecting more closely regenera-
tion models of PNS lesion. In line with
results on CNS neurons (Fig. 6C-H),
SRF-ANLS-GFP (Fig. 6]) increased neu-
rite growth also of embryonic (Fig. 6I;
quantified in Fig. 6K,L) and adult (data
not shown) DRG neurons compared with
GFP control.

Therefore, cytoplasmic SRF stimu-
lated neuron number, neurite growth,
neurite branching, F-actin abundance
and affected growth cone shape of CNS
and PNS neurons. These in vitro find-
ings suggest that cytoplasmic SRF may
contribute to nerve fiber regrowth dur-
ing axon regeneration by modulation of
neuronal motility and morphology.

Modulation of cofilin abundance and
subcellular localization during axon
regeneration in vivo

Cytoplasmic SRF modulates neuronal
motility and the structure of F-actin-rich

as growth cone area (GFP: 26 = 5 um? SRF-ANLS-GFP: 40 + 7  growth cones (Fig. 6) indicating that cytoplasmic SRF might in-
wm? p = 0.01) and filopodia number (GFP: 5.6 = 0.9; SRF-  teract with the actin cytoskeleton. In SRF-deficient neurons, co-
ANLS-GFP: 8 = 1.6; p = 0.017) in wild-type neurons express-  filin phosphorylation but not total cofilin expression levels are
ing SRE-ANLS-GFP (Fig. 6 E, F, inserts). upregulated. (Alberti et al., 2005). Notably, cofilin is targeted by
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Figure8.  Analysis of SRF and cofilin expression in the axotomized facial nerve. Facial nerves
were analyzed 1d (A-D, G—P) or 4 d (E—F) after axotomy of uninfected animals (4-D, G—P) or
of animals infected with Ad-SRF-ANLS-GFP (E, F). A-D, SRF (A, B) or P-SRF (C, D) were re-
stricted to nuclei of cells surrounding the unlesioned facial nerve (4, €). Upon axotomy, SRF (B)
and P-SRF (D) were also present in the facial nerve (see arrowheads in B, D). E, F, SRF-ANLS-
GFP labeled via its GFP tag in green was present in the infected and axotomized facial nerve (F),
but not in the unlesioned control nerve (E). G—L, Upon lesion, Smi32 (J) and cofilin (L) abun-
dance in facial nerve axons was upregulated compared with intact nerves (/, K). G and H are
merged images of of I-L. M—P, P-cofilin was present in unlesioned facial nerve axons and nuclei
of surrounding cells (M and arrowheads in 0). Upon axotomy, P-cofilin was reduced in the
nerve, whereas P-cofilin abundance in nuclei persisted (N, P). Scale bars: A—P, 20 um.

myelin-associated regeneration inhibitors in vitro (Hsieh et al.,
2006). However so far, cofilin expression and phosphorylation
was to the best of our knowledge not analyzed after axon injury in
vivo. Herein, we analyzed whether cytoplasmic SRF might mod-
ulate cofilin’s phosphorylation, expression and localization upon
facial nerve injury (Fig. 7). For this, we performed immunobhis-
tochemistry of cofilin and inactivated phosphorylated cofilin (P-
cofilin) three days after injury in both Ad-GFP and Ad-SREF-
ANLS-GFP infected animals (n = 4 animals/condition; Fig. 7).
First of all, we analyzed expression and localization of total
cofilin (Fig. 7A-1,S). In unlesioned facial motoneurons, cofilin
was predominantly found in cell bodies and proximal nerve fi-
bers regardless of virus type (Fig. 7A,G). Notably, facial nerve
injury induced strong cofilin signals in areas between motoneu-
ron cell bodies, occupied by nerve fibers. This suggests a potential
cofilin staining on axonal sprouts (Fig. 7 H, I, arrows; quantified
in Fig. 7S). This cofilin expression pattern upon facial nerve le-
sion was comparable between Ad-GFP- (Fig. 7B,H) and Ad-
SRF-ANLS-GFP (Fig. 7C,I)-infected animals (see also Fig. 7S). In
these stainings, we could not discern whether total cofilin levels

Stern et al.  SRF Modulates Axonal Regeneration

were rising after facial nerve injury or if a constant cofilin abun-
dance was relocalized from cell bodies to the periphery after le-
sion. However, cofilin immunoblotting of facial nucleus protein
lysates or cofilin staining in the facial nerve (see below and note;
Fig. 8) supports induction of cofilin upon lesion.

Next, we inspected P-cofilin (phosphorylated at Ser-3) abun-
dance upon facial nerve injury (Fig. 7J-R, T,U). In unlesioned
facial motoneurons (Fig. 7], P), P-cofilin was found in the cyto-
plasm regardless of virus type (Fig. 7P, arrows). Upon lesion,
P-cofilin entered the nucleus of a subpopulation of Ad-GFP-
infected motoneurons (Fig. 7K and Fig. 7Q, arrowheads). This
cytoplasm-to-nucleus translocation of P-cofilin was reduced in
motoneurons expressing SRE-ANLS-GFP (Fig. 7L, O,R), as well
as in the total motoneuron population (quantified in Fig. 7T,U).
Therefore, P-cofilin was retained in the cytoplasm of many mo-
toneurons of Ad-SRF-ANLS-GFP-infected animals (Fig. 7R, ar-
rowheads). In addition to P-cofilin subcellular localization, we
also tried to investigate differences in P-cofilin expression levels
between GFP- and SRF-ANLS-GFP-expressing neurons. How-
ever, in part due to the subcellular P-cofilin relocalization, it was
difficult to quantify changes in P-cofilin levels by immunofluo-
rescence (but see Figs. 8, 9).

In summary, we observed strong cofilin presence in areas oc-
cupied by nerve fibers upon facial nerve injury. Further, we dem-
onstrate nuclear entry of P-cofilin upon nerve lesion, a process
reduced upon expression of cytoplasmic SRF.

Analysis of SRF and cofilin in the axotomized facial nerve

Above we observed SRF, P-SRF, and cofilin localization in the
cytoplasm of transected motoneurons in the facial nucleus (Figs.
3, 7). These findings suggest the presence of SRF, P-SRF, and
cofilin also in the facial nerve. To determine to what extent these
molecules might enter the facial nerve upon axotomy, we per-
formed staining of longitudinal facial nerve sections at 1 d (Fig.
8A-D,G-P) or 4 d (Fig. 8, F) after lesion (n = 5 animals).

In unlesioned facial nerves, SRF (Fig. 8A) or P-SRF (Fig.
8C) was restricted to nuclei of cells surrounding the facial
nerve (e.g., Schwann cells). Upon facial nerve axotomy, SRF
(Fig. 8B) and P-SRF (Fig. 8D) were also found in stretches of
the facial nerve (labeled by arrowheads). Therefore, SRF and
P-SRF were also present in the lesioned facial nerve, although
expression levels in the nerve appeared overall weaker than in
the facial nucleus (Fig. 3).

In addition to endogenous SRF, we confirmed the presence of
SRF-ANLS-GFP in the lesioned (Fig. 8F, green), but not intact
(Fig. 8E), facial nerve of an Ad-SRF-ANLS-infected animal.

In the facial nucleus, we observed a potential cofilin signal on
axonal sprouts after axotomy (Fig. 7H,I). Inspection of the facial
nerve revealed upregulation of cofilin in Smi32-positive facial nerves
upon lesion (Fig. 8 H,J,L) compared with unlesioned nerves (Fig.
8G,I,K). Interestingly, a corresponding P-cofilin staining showed
reduction of P-cofilin levels in the facial nerve upon axotomy (Fig.
8N, P) compared with unlesioned nerves (Fig. 8 M, O). Similar to
observations made in facial motoneurons (Fig. 7), P-cofilin was also
present in the nuclei of cells surrounding the facial nerve axons (Fig.
80,P, arrowheads).

In summary, these findings suggest upregulation of cofilin—
most likely in its unphosphorylated active form—in the axoto-
mized facial nerve.

Cytoplasmic SRF reciprocally interacts with cofilin
Thus far, we had observed modulation of P-cofilin subcellular
localization by cytoplasmic SRF (Fig. 7). Because regulation of
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gated both endogenous cofilin (Fig. 9C)
and overexpressed cofilin-GFP (Fig. 9D).
Endogenous cofilin and P-cofilin were
mainly present in the G-actin fraction and
were barely detectable in the F-actin frac-
tion of HEK293 cells (Fig. 9C) and pri-
mary neurons (data not shown). Due to
this absence of endogenous cofilin and
P-cofilin from F-actin (Fig. 9C), we per-
formed overexpression of wild-type
cofilin-GFP (Fig. 9D). Now, cofilin and
P-cofilin were detectable in the F-actin frac-
tion, albeit still at a lower level than in the
G-actin fraction (Fig. 9D). Next, the impact
of SRF-ANLS-GFP overexpression on co-
filin phosphorylation was analyzed. In
samples  coexpressing SRF-ANLS-GFP
along with cofilin-GFP, cytoplasmic SRF
decreased P-cofilin levels (representing in-
active cofilin) in the input, G-actin, and
F-actin fractions compared with samples
expressing cofilin-GFP alone (Fig. 9D). This
suggests that overexpression of cytoplasmic
SRF activates cofilin. Coexpression of the
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cofilin phosphorylation is impaired in SRF-deficient mice (Al-
berti et al., 2005), we addressed whether a cytoplasmic SRF local-
ization might contribute to cofilin phosphorylation. To test this
possibility, HEK293 cells were subjected to biochemical analysis
(n = 4 experiments; Fig. 9). Similar to neurons (Fig. 6), SRF-
ANLS-GFP was confined to the cytoplasm of HEK293 cells (Fig.
9B). Because cofilin associates with the actin cytoskeleton, we
performed actin fractionation into G- and F-actin. We investi-

- W O

Cytoplasmic SRF and cofilin mutually regulate their phosphorylation and interact in neurite growth in vitro. A, B, In
HEK293 cells, SRF-GFP (4) was nucleus restricted, whereas SRF-ANLS-GFP showed cytoplasmic localization (B). ¢, SRF-ANLS-GFP
was localized to G-actin and F-actin in HEK293 cells. However, serine 103 phosphorylation of SRF-ANLS-GFP (P-SRF) was only
found in F-actin. Endogenous cofilin and P-cofilin were restricted to the G-actin fraction. D, HEK293 cells overexpressing SRF-
ANLS-GFP, wild-type cofilin-GFP, or MRTF-A individually or in combination were subjected to fractionation into G-actin and
F-actin. Coexpression of cofilin and SRF-ANLS-GFP reduced P-cofilin levels in input, G-actin, and F-actin samples compared with
P-cofilin levels in samples expressing cofilin alone. MRTF-A counteracted the reduction of P-cofilin levels induced by cytoplasmic
SRF.P-SRFis only presentininput and the F-actin samples, but not the G-actin fraction. Cofilin reduced P-SRF levels compared with
P-SRF levels in samples expressing SRF-ANLS-GFP alone. MRTF-A elevated P-SRF levels suppressed by cofilin. Total actin levels
served as a loading control. E-H, In primary neurons, SRF-ANLS-GFP (F) increased neurite length compared with control (E).
Coexpression of cofilinS3E-GFP with SRF-ANLS-GFP (H) reduced neurite length to control levels. CofilinS3E-GFP (G) alone did not
obviously alter neurite length. (/) Quantification of neurite length in the different conditions. Scale bars: 4, B, 5 um; E-H, 20 um.

SRF cofactor MRTF-A counteracted down-
regulation of P-cofilin levels by cytoplasmic
SRE. Now, P-cofilin levels in input and
F-actin samples, but not so much in the
G-actin sample, were increased (Fig.
MRTE-A D).

In contrast to the preferential localiza-
tion of cofilin with G-actin (Fig. 9C,D),
total SRF levels were reproducibly ele-
vated in the F-actin fraction of HEK293
cells (Fig. 9C,D) and primary neurons
(data not shown). This result corresponds

actin

J i % B

& « E : 5 250 with the colocalization of cytoplasmic
E | cofilinS3E-GFP | COf-S3E+SRF>ANLS| _g 50 SRF and F-actin in growth cones (Fig. 6).
= y 3 ctr. SRF- cof SRF- Nuclear SRF is phosphorylated at Ser-
b = ANLS- S3E ANLS 103 (Janknecht et al., 1992; Rivera et al.,
% GFP cof§3E 1993; Heidenreich et al., 1999), whereas

phosphorylation of cytoplasmic SRF has
not been reported so far. We now provide
the first data also showing phosphoryla-
tion of cytoplasmic SRF (Fig. 9C,D). In-
terestingly, in both HEK293 cells (Fig.
9C,D) and primary neurons (data not
shown), cytoplasmic SRF was phosphory-
lated, but only when present in the
F-actin, not in the G-actin, fraction.
Therefore, cofilin and P-SRF were largely
complementarily localized to G-actin and
F-actin, respectively (Fig. 9C). This indi-
cates that mainly dephosphorylated SRF,
but not P-SRF, has access to cofilin regu-
lation in the G-actin fraction (see summary in Fig. 10B).

Above, we observed suppression of P-cofilin by cytoplasmic
SREF (Fig. 9D). The reverse scenario, regulation of P-SRF levels by
cofilin, also holds true. In samples expressing cofilin-GFP to-
gether with SRF-ANLS-GFP, P-SRF levels in the input and
F-actin fraction were strongly reduced compared with samples
expressing SRF-ANLS-GFP alone (Fig. 9D). This downregulation
of cytoplasmic P-SRF by cofilin was prevented upon coexpres-
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Figure 10.  Summary of the role of SRF in axon regeneration. 4, In intact neurons (left), SRF

is present in the nucleus, whereas cofilin and P-cofilin are found in the cytoplasm. Upon neuro-
nal injury (right), SRF is present in the nucleus and cytoplasm. P-SRF is mainly localized to the
cytoplasm. Cofilin localizes to distal neurite parts, suggesting its presence in axonal sprouts.
P-cofilin enters the nucleus of a subpopulation of injured motoneurons. B, Table depicting
localization of SRF, cofilin, and MRTF-A in G-actin versus F-actin fractions of HEK293 cells.
+++, strongest localization levels; +, weaker localization levels; -, complete absence. C,
Mechanisms for the impact of cytoplasmic SRF on axon regeneration. For mechanism A, cyto-
plasmic SRF is involved in dephosphorylation and thereby activation of cofilin. This subse-
quently alters actin dynamics and thereby neuronal motility processes relevant for stimulating
axon regeneration. Cofilin in turn also adjusts the SRF phosphorylation status. MRTF-A en-
hances P-SRF levels. For mechanism B, cytoplasmic SRF reduces cytoplasm-to-nucleus translo-
cation of P-cofilin.

sion of MRTF-A (Fig. 9D). This result suggests that cofilin and
MRTF-A modulate the phosphorylation status and perhaps
thereby the function of cytoplasmic SRF. For this, cytoplasmic
SRF might form a complex with MRTF-A, actin, and cofilin to
fulfill its functions. Indeed, such complex formation appeared
possible because MRTE-A, actin, and cofilin were present in im-
munoprecipitates directed against cytoplasmic SRF (data not
shown).

Finally, we analyzed whether this biochemical interaction of
cytoplasmic SRF with cofilin affects cell function (Fig. 9E-I).
Cytoplasmic SRF suppressed cofilin phosphorylation, likely re-
sulting in cofilin activation (Fig. 9D). To address whether such
potential activation of cofilin by cytoplasmic SRF has an impact
on neurite growth, we investigated whether cytoplasmic SRF
stimulates neurite outgrowth in the presence of a phosphomi-
metic inactive cofilin mutant, cofilinS3E-GFP (Beck et al., 2012).
As before (Fig. 6), SRE-ANLS-GFP (Fig. 9F) stimulated neurite
length of primary cerebellar neurons compared with control (Fig.
9E) or cofilin-S3E-GFP-expressing neurons (Fig. 9G; quantified
in Fig. 9I). Coexpression of SRF-ANLS-GFP with cofilinS3E-
GFP (Fig. 9H) decreased neurite outgrowth to control levels.
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This result suggests the formation of a functional unit consist-
ing of cytoplasmic SRF and cofilin relevant to neurite growth in
vitro.

Discussion

In this study, we uncovered impaired axon regeneration upon
SRF ablation from facial motoneurons (Figs. 1, 2). In addition, in
wild-type mice, our histological analysis revealed both nuclear
and cytoplasmic SRF localization in the majority of injured mo-
toneurons (Fig. 3) and the facial nerve (Fig. 8 and see summary in
Fig. 10A). Therefore, SRF might contribute to axon regeneration
via both nuclear gene expression and a novel cytoplasmic func-
tion. So far, SRF has primarily been considered to be a nucleus-
resident gene regulator. However, consistent with our findings
here, a few studies already indicated extranuclear SRF localiza-
tions in neurons (Stringer et al., 2002) and other cells (Gauthier-
Rouviere et al., 1995; Camoretti-Mercado et al., 2000; Phiel et al.,
2001; Beqaj et al., 2002; Kaplan-Albuquerque et al., 2003; Liu et
al., 2003; Yang et al., 2003; Sarkar et al., 2011).

What is the contribution of such cytoplasmic SRF in relation
to nuclear SRF in axon regeneration? Previously, we reported that
nucleus-restricted, constitutively active SRF enhanced motoneu-
ron survival but not axon regeneration (Stern et al., 2012). This
suggests that nuclear SRF is not sufficient as sole regeneration
stimulating factor. In contrast, the current results favor an im-
portant role of cytoplasmic SRF in axon regeneration. This is
supported by overexpression of cytoplasmic SRF enhancing facial
nerve regeneration in vivo (Fig. 4). Cytoplasmic SRF had compa-
rably little influence on SRF target gene abundance (Fig. 5), ar-
guing against cytoplasmic SRF-stimulating axon regeneration by
a transcriptional control mechanism. Instead, our data favor a
mechanism by which cytoplasmic SRF can directly impinge on
cytoskeletal dynamics related to neuronal motility. Using pri-
mary neurons, we observed stimulation of various parameters of
neuronal morphology and motility by cytoplasmic SRF, includ-
ing neurite growth and growth cone dynamics (Fig. 6). In addi-
tion, cytoplasmic SRF rescued neurite growth inhibition inflicted
by SRF deficiency, as also reported previously for wild-type SRF-
GFP (Beck et al., 2012). Mechanistically, both nuclear and cyto-
plasmic SRF appear to modulate cofilin activity to modulate
neurite outgrowth. For this, nuclear SRF exerts a transcriptional
mechanism to adjust cofilin activity via regulation of CDK5-
PAK-Lim kinase signaling (Mokalled et al., 2010). In contrast, as
suggested by our data, cytoplasmic SRF might adjust cofilin
phosphorylation by complex formation with cofilin in the cyto-
plasm. However, the complete mechanism of cytoplasmic SRF’s
interaction with cofilin remains to be further elucidated.

Cytoplasmic SRF’s potential to increase branch formation
(Fig. 6), an actin dynamics-controlled process connected to ax-
onal sprouting, might immediately apply to facial nerve regener-
ation in vivo. So far, an interaction of SRF with actin dynamics in
the cytoplasm has not been reported, whereas this is well docu-
mented in the nucleus (Vartiainen et al., 2007). In this study, we
have started to elucidate two mechanisms by which cytoplasmic
SRF might impinge on cytoskeletal dynamics (see mechanism A
and B summary in Fig. 10C).

Mechanism A relates to the downregulation of P-cofilin levels
by cytoplasmic SRF (Fig. 9D). Cofilin is essential for neuronal
actin dynamics, as uncovered recently in cofilin mouse mutants
suffering from neuronal motility and morphology defects (Flynn
et al., 2012). Therefore, cytoplasmic SRF might stimulate cofilin
dephosphorylation (and thereby activation) and enhance cofilin-
mediated actin severing in growth cones. Therefore, remodeling
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of microfilaments in growth cones, particularly filopodia, might
be stimulated and the cellular growth machinery for axon elon-
gation and branching might be reinstalled. Such successful stim-
ulation of neuronal motility processes, including axon elongation
and sprout formation, might facilitate axon regeneration (Fig.
10C). Consistent with this model, here we provide in vitro data
demonstrating that cytoplasmic SRF’s potential to stimulate neu-
ronal motility depends on cofilin (Fig. 9E-I).

Mechanism B encompasses the finding that cytoplasmic SRF
adjusts cofilin function by regulation of cofilin’s subcellular
localization (Fig. 10C). Cofilin is involved in a stress response
including cytoplasm to nuclear relocalization during neurode-
generation (Bamburg et al., 2010; Munsie et al., 2011; Munsie et
al., 2012). Consistent with these findings, we observed a nuclear
entry of P-cofilin in injured motoneurons prone to degeneration
to some extent (Moran and Graeber, 2004; Fig. 7). Overexpres-
sion of cytoplasmic SRF reduced the number of motoneurons
with nuclear P-cofilin abundance and might thereby counteract
such a nuclear cofilin stress response associated with neurode-
generation. Consistent with such a scenario is the finding that
cytoplasmic SRF also prevented loss of facial motoneurons upon
injury (Fig. 4). In addition to P-cofilin, we observed induction of
total cofilin protein abundance in axonal sprouts of axotomized
facial motoneurons (Fig. 7) and in the lesioned facial nerve (Fig.
8). Because this cofilin abundance was not phosphorylated (Figs.
7, 8), it is tempting to speculate that this cofilin is present in an
active form in axonal sprouts during facial nerve regeneration.
Such activated cofilin present in the facial nerve (Fig. 8) might
enhance actin dynamics through its severing activity and thereby
modulate F-actin turnover during facial nerve regeneration.

Finally, in this study, we uncovered a novel aspect of SRF’s
interaction with cofilin. Previous research had focused on the
impact of SRF on cofilin function. Now, we present data arguing
that the reverse scenario, cofilin modulating SRF function, also
holds true. Overexpression of wild-type cofilin (Fig. 9), but not
an inactive cofilin mutant (cofilin S3E; data not shown), sup-
pressed SRF phosphorylation. SRF phosphorylation was so far
almost exclusively associated with nuclear SRF, for example, by
regulating SRF’s DNA affinity (Janknecht et al., 1992; Rivera et
al., 1993; Heidenreich et al., 1999). However, our data suggest
further functions of SRF phosphorylation taking place in the cy-
toplasm, including modulation of cofilin activity. Notably, re-
duction of cofilin phosphorylation induced by cytoplasmic SRF
corresponded with an almost complete absence of SRF phos-
phorylation (Fig. 9D). This suggests that dephosphoylated SRF
might be a main regulator of cofilin phosphorylation (Figs. 9, 10).
Opverall, cytoplasmic SRF and cofilin appear to build a mutual
regulatory unit. The activity of this SRF-cofilin regulatory loop is
further modulated by MRTF-A, the expression of which is altered
by axon injury in vivo (Fig. 3).

In summary, we provide data ascribing to SRF an axon-
protective and pro-regenerative function upon entering the
cytoplasm. It will be interesting to explore whether such cyto-
plasmic SRF is not only beneficial for PNS but also for CNS
regeneration.

Notes

Supplemental material for thisarticle is available at https://www.uni-ulm.
de/fileadmin/website_uni_ulm/med.inst.100/website/ AGKnoell/Supp_
material_Stern_et_al.pdf. The supplement includes immunoblotting
data from isolated control and lesioned facial nuclei infected with Ad-
GFP or infected with Ad-SRF-?NLS-GFP. This biochemical analysis con-
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firms upregulation of total cofilin levels upon lesion. This material has
not been peer reviewed.
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