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Profilin 1 delivery tunes cytoskeletal dynamics toward
CNS axon regeneration
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After trauma, regeneration of adult CNS axons is abortive, causing devastating neurologic deficits. Despite progress in
rehabilitative care, there is no effective treatment that stimulates axonal growth following injury. Using models with different
regenerative capacities, followed by gain- and loss-of-function analysis, we identified profilin 1 (Pfn1) as a coordinator of
actin and microtubules (MTs), powering axonal growth and regeneration. In growth cones, Pfn1 increased actin retrograde
flow, MT growth speed, and invasion of filopodia by MTs, orchestrating cytoskeletal dynamics toward axonal growth. In vitro,
active Pfn1 promoted MT growth in a formin-dependent manner, whereas localization of MTs to growth cone filopodia was
facilitated by direct MT binding and interaction with formins. In vivo, Pfn1 ablation limited regeneration of growth-competent
axons after sciatic nerve and spinal cord injury. Adeno-associated viral (AAV) delivery of constitutively active Pfn1to rodents
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Introduction

In the adult CNS, developmental axonal growth capacity declines
such that regeneration after injury is abortive. This derives from
the highly inhibitory environment formed at the injury site, and
the inability of CNS neurons to activate a cell-intrinsic pro-re-
generative program (1). However, it is possible to stimulate the
intrinsic growth capacity of specific CNS axons. In sensory dorsal
root ganglia (DRG) neurons, which bear 2 axonal branches with
different structure and function (2), upon injury of the peripher-
al axon (conditioning lesion, CL), the central axon gains growth
competence and regenerates within the inhibitory CNS milieu (3).
Using this model, several regeneration-associated genes and tran-
scription factors that promote axonal regrowth were unveiled (1).
In recent years, cytoskeletal organization and dynamics, especial-
ly involving actin and microtubules (MTs), have emerged as key
players in axonal growth and regeneration (4). In particular, cyto-
skeleton modulation at the axonal tip can power the formation of
a competent growth cone from a dystrophic growth-incompetent
retraction bulb, promoting regeneration of CNS axons (4).
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promoted axonal regeneration, neuromuscular junction maturation, and functional recovery of injured sciatic nerves, and
increased the ability of regenerating axons to penetrate the inhibitory spinal cord glial scar. Thus, we identify Pfn1as an
important regulator of axonal regeneration and suggest that AAV-mediated delivery of constitutively active Pfn1, together
with the identification of modulators of Pfn1 activity, should be considered to treat the injured nervous system.

The peripheral domain of the growth cone is highly enriched
in actin (5), a multifunctional cytoskeletal component regulated by
numerous actin-binding proteins. Actin is present as either a free
globular monomer — G-actin — or as part of a filament — F-actin —
both of which are essential for its various functions. Cyclic polymer-
ization and depolymerization of actin filaments in the growth cone
is needed to generate the mechanical force that prompts axonal
elongation (6, 7). Local actin instability specifies neuronal polariza-
tion and axon formation. Consistently, actin-depolymerizing drugs
and Rho inactivators that act on the actin cytoskeleton generate
neurons with multiple axons (6). RhoA signaling is a central medi-
ator of inhibitory cascades that hinder axonal regeneration (8-10).
In this context, RhoA inhibitors improve axonal regeneration (11,
12) and are currently used in clinical trials aimed at treating spinal
cord injury (SCI) (13). Nevertheless, the interplay between differ-
ent actin-binding proteins controlling actin dynamics in the growth
cone is still not well understood. The actin-binding and -sever-
ing protein cofilin 1 (Cfl1) (14), for example, is essential for actin
remodeling during neurite formation (15). Cfl synergizes with the
G-actin-binding and actin polymerization-promoting protein pro-
filin (Pfn) to further enhance the rate of actin filament treadmilling
(16). Although Cfl has been shown to be involved in powering axo-
nal extension (17), growth cone turning during axonal pathfinding
(18), and axonal regeneration (19), the role of Pfn in mammalian
axonal growth has been less explored.
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In mammals, the Pfn family consists of the ubiquitously
expressed Pfnl, the brain-specific Pfn2, and the testis-specific
Pfn3 and Pfn4. Globally, Pfns act as nucleation/polymerization-
inhibiting G-actin-sequestering molecules (20), which turn into
elongators through interaction with either Ena/VASP or formins
(21, 22). Although Pfnl and Pfn2 are expressed in the brain, their
specific role in neurons needs to be further explored. Where-
as actin polymerization in neurons may be mainly regulated by
Pfnl, neuronal Pfn2 seems to be specifically associated with syn-
aptic plasticity (23). In addition to their role as regulators of actin
dynamics, Pfns may also influence MT organization (24-26).
Mutations in Pfnl have been associated with neurodegenerative
diseases, including amyotrophic lateral sclerosis (ALS), support-
ing Pfnl relevance in neuron architectural biology. Apart from
binding actin, Pfns also interact with poly-proline stretches in
proteins (which are present in a vast majority of actin-binding pro-
teins) (27), and with phosphatidylinositol 4,5-bisphosphate (PIP)
(28), which links Pfn to the plasma membrane. Given the hetero-
geneous nature of Pfn ligands, Pfns participate in several biolog-
ical processes, acting as intracellular multifunctional platforms.

Here we unveil Pfn1 as a pro-regenerative molecule that pro-
motes actin and MT cytoskeleton crosstalk in actively growing
axon terminals. Our results identify Pfnl as a central regulator
of axonal growth and regeneration and suggest new therapeutic
strategies to promote axonal regrowth, specifically by interfering
with Pfn1 levels and activity.

Results

Pful activityincreases after CL. Giventhe robustnessofa CLinaxonal
growth and regeneration (3), and the importance of actin dynam-
ics in the growth cone for axonal elongation (6), we determined
how CL influences actin dynamics. For this purpose, we analyzed
adult DRG neurons under 2 distinct growth modes (29): naive and
regenerative growth (i.e., the growth mode resulting from a previ-
ous CL). The sciatic nerve (containing peripheral branches of DRG
neurons) was lesioned in vivo (Figure 1A), and DRG neurons were
collected 1 week later for in vitro culture. In cultured DRG neurons,
CL increased actin dynamics in the growth cone, promoting actin
retrograde flow (Figure 1, B-D), similarly to recent observations
(19). In addition, CL growth cones showed increased area (Fig-
ure 1, B and E) and displayed a substantial accumulation of Pfnl
(Figure 1, F and G), raising the possibility that this protein might
be important for actin dynamics in the axonal tip, and for growth
competence. Next, we investigated the regulation of Pfnl in vivo
by comparing its levels following both SCI (a nonregenerative con-
dition) and CL (a highly regenerative condition) (Figure 1A). The
levels of Pfnl were increased in DRG after CL, supporting a global
increase in expression (Figure 1, H and I). Moreover, the total levels
of Pfnl increased 7-fold at the injury site of rats with CL versus SCI,
suggesting that it accumulates distally in growth cones (Figure 1,
J and K). Given that glial or myeloid cells might contribute to the
effect observed in spinal cord extracts, the specific upregulation
of Pfnl in axons was assessed by immunofluorescence. In animals
with CL, Pfnl was specifically detected in the spinal cord in growth
cones labeled with SCG10, a stathmin preferentially expressed in
regenerating sensory axons (ref. 30 and Figure 1L), in accordance
with our in vitro findings in growth cones of conditioned neurons
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(Figure 1, F and G). Nonphosphorylated Pfnl is the active form of
the protein; its activity can be downregulated by RhoA/ROCK-
mediated phosphorylation at serine 138 (31). Importantly, in addi-
tion to increased Pfnl levels, CL induced an 8.6-fold downregula-
tion of the serine 138 phosphorylation of Pfn1 (Figure 1, J and K),
thus increasing levels of the Pfn1 active form. In line with this find-
ing, ROCK1, a central axon growth inhibitory molecule (32), was
also 2.5-fold decreased following CL (Figure 1, ] and K). Important-
ly, the levels of Pfn2 were not altered by CL (Figure 1, ] and K), sug-
gesting a Pfnl-specific effect. Collectively, these data support the
idea that Pfnl is an important pro-regenerative regulator of actin
dynamics in the growth cone.

Pful downregulation impairs axonal growth in different neu-
ronal types and developmental stages. To test the hypothesis that
Pfn1 levels promote axonal growth, we silenced Pfn1 in cultured
adult DRG neurons under naive (Figure 2, A and B) and regener-
ative growth (i.e., following a previous CL) conditions (Figure 2,
C and D). In naive DRG neurons, Pfnl knockdown (>80% effi-
ciency both in DRG and hippocampal neuron cultures) led to a
30% reduction in neurite length and to reduced branching when
compared with DRG neurons nucleofected with an empty control
plasmid (Ctrl) (Figure 2, E and F). The specificity of these effects
was confirmed by expressing a human shRNA-resistant version of
WT hPfnl (WT hPfn1*), which reverted the analyzed parameters
to normal levels (Figure 2, E and F). Downregulation of Pfnl had
an even more pronounced effect in conditioned DRG neurons,
i.e., after activating the regenerative growth mode (CL), reducing
neurite elongation by 44% (Figure 2, C-F). Together, our results
suggest that Pfnl is a key mediator of growth after CL. To extend
our findings to additional neuronal types, we silenced Pfn1 in hip-
pocampal neurons. When lentivirus-mediated delivery of shRNA
against Pfnl was performed, the majority of hippocampal neurons
were arrested in stage 1, lacking neurite-like processes (Figure 2,
G and H). When shRNA plasmids were delivered through nucleo-
fection to DIVO hippocampal neurons, neuronal polarization was
delayed, resulting in an increase of 2.3- and 1.4-fold of stage 1 and
stage 2 neurons, respectively (Figure 2, I and J). Similarly to naive
DRG neurons, hippocampal neurons that were able to polarize had
an approximately 24% reduction in axonal length (Figure 2K) and
dendritic growth was reduced by over 27% (Figure 2L).

Invivo depletion of Pful curbs axonal regeneration in the peripher-
al and central nervous systems. To determine if our in vitro findings
can be extended to an in vivo system, we developed an inducible
neuron-specific Pfnl-knockout mouse model using Cre-loxP tech-
nology. In this model, the yellow fluorescent protein (YFP) is coex-
pressed with inducible-CreER™ (Figure 3A) and a high percentage
of DRG axons in cre*Pfnl sciatic nerves are YFP positive (Supple-
mental Figure 1A; supplemental material available online with this
article; https://doi.org/10.1172/JCI1125771DS1). Pfnl levels were
severely decreased in brain samples of cre Pfn1% mice when com-
pared with cre*Pfnl"¥** controls, whereas levels of Pfn2 remained
normal (Supplemental Figure 1, B-D). Importantly, and in line with
the in vitro acute shRNA-mediated knockdown, the permanent
absence of Pfn1 from naive DRG neurons of adult cre*Pfn1%% mice
significantly impaired neurite length (55% reduction) and branch-
ing (Figure 3, B-D). Given the structural and possible functional
similarities between the ubiquitous Pfnl and brain-specific Pfn2,
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Figure 1. Active Pfn1is increased after conditioning lesion (CL). (A) Representation of SCl and of the CL paradigm (left and right to dashed line, respec-
tively). In CL, a sciatic nerve injury (1) is performed 1 week prior to SCI (2), potentiating regeneration of central DRG axons (right green line, rostral to SCl).
Western blot analyses of the dorsal SCl site and of DRG (blue rectangles) were performed. (B) Live-cell imaging of LifeAct-GFP in growth cones of naive
and conditioned adult DRG neurons. Scale bars: 4 um. (C) Kymographs related to B. (D) Quantification of actin retrograde flow and (E) growth cone area
related to B. Data represent mean + SEM (n = 12-13 growth cones/condition). **P < 0.01 by Student’s t test. (F) Pfn1 staining in growth cones of cultured
naive and conditioned DRG neurons. Scale bars: 5 um. (G) Quantification of line scans of Pfn1 fluorescence in relation to distance from growth cone leading
edge related to F. Data represent mean = SEM (n = 48-57 neurons/condition). ***P < 0.001 by 2-way ANOVA with Sidak’s post hoc test. (H) Western

blot and (1) respective quantification showing Pfn1 levels in DRG of rats with SCl or CL. Vinculin was used as control. Data represent mean + SEM (n=4
animals/condition). *P < 0.05 by Student’s t test. () Western blot and (K) respective quantification showing Pfn1, Pfn1p-5138, ROCK1, and Pfn2 levels in
samples from the dorsal SCl site (horizontal blue rectangle in A), 1week after SCl or CL. HPRT and vinculin were used as controls. Data represent mean +
SEM (n = 4-7 animals/condition). *P < 0.05, **P < 0.01 by Student’s t test. NS, not significant. (L) Pfn1immunofluorescence (red) in sensory SCG10-posi-

tive axons (green) in a CL spinal cord. Arrowheads highlight growth cones. Scale bars: 20 pm.
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Figure 2. Pfn1 downregulation impairs axonal growth in vitro in different neuronal types and developmental stages. (A) Timeline of naive DRG neuron
cultures. (B) GFP-expressing naive adult DRG neurons transfected with control empty (Ctrl) or Pfn1 shRNA plasmid. (C) Timeline of conditioned DRG neuron
cultures. (D) GFP-expressing conditioned DRG neurons transfected with Ctrl or Pfn1 shRNA plasmid. Scale bars in B and D: 70 um. (E) Total neurite length
related to B and D. Data represent mean + SEM (n = 3-6 independent samples/condition; 6-36 neurons/sample). *P < 0.05; ****P < 0.0001; by Student’s t
test. NS, not significant. (F) Branching analysis related to E. Data represent mean + SEM. *P < 0.05, **P < 0.01 refers to Ctrl versus Pfn1 shRNA of naive DRG
neurons; ¥¥#P < 0.0001 refers to Ctrl versus Pfn1 shRNA of CL DRG neurons; 2-way ANOVA with Tukey's post hoc test. (G) Timeline for Pfn1 downregulation
in DIV3 hippocampal neurons using lentiviral infection. (H) BllI-tubulin in hippocampal neurons after lentiviral expression of control empty (Ctrl) or Pfn1
shRNA plasmid. Scale bars: 10 um. (1) Timeline for Pfn1 downregulation in DIVO hippocampal neurons. (J) BllI-tubulin in DIV4 hippocampal neurons express-
ing a control empty (Ctrl) or a Pfn1 shRNA plasmid. Middle panels (Pfn1 shRNA) show representative images of stage 1to 3 hippocampal neurons. Scale
bars: 30 um (Ctrl and Pfn1 shRNA + WT hPfn1*) and 20 um (Pfn1 shRNA). (K) Axonal length related to J. Data represent mean + SEM (n = 3-5 independent
samples/condition; 11-26 neurons/sample). *P < 0.05 by 1-way ANOVA Tukey's post hoc test. NS, not significant. (L) Dendritic length of DIV7 hippocampal
neurons expressing control empty (Ctrl) or Pfn1 shRNA plasmid. Data represent mean + SEM (n = 4-5 independent samples/condition; 3-25 neurons/sam-
ple). *P < 0.05 by Student’s t test. All rescue experiments were performed using shRNA-resistant WT Pfn1 (WT hPfn1*).
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Figure 3. Pfn1depletion in vivo decreases axonal regeneration and func-
tional recovery. (A) Neuronal Thy1 promoter drives Cre recombinase and
YFP expression in cre*Pfn1 mice after tamoxifen administration, leading to
Pfn1exon1 excision. (B) BllI-tubulin staining of cre*Pfn1 adult DRG neurons
in the presence or absence of a Pfn2 shRNA-expressing plasmid. Scale
bars: 50 um. (C) Total neurite length and (D) branching analysis related to
B. Only YFP* (Pfn1-KO) neurons were quantified. Data represent mean +
SEM (n = 4-5 independent samples/condition; 5-35 neurons/sample). **P
< 0.07; ***P < 0.007; ****P < 0.0001 by 1-way ANOVA with Tukey's post
hoc test (C) or 2-way ANOVA with Tukey’s post hoc test (D). (E) Strategy
to assess PNS regeneration. (F) PPD-stained sciatic nerves from cre*Pfn1
mice, 7 and 15 days postinjury (P1). Scale bars: 20 pm. (G) Myelinated

axon density related to F. Data represent mean + SEM (n = 3-8 animals/
condition). **P < 0.01 by Student’s t test. MFs, myelinated fibers. (H)

3D surface-rendered reconstructions of NMJs fluorescently labeled with
a-bungarotoxin (BTX). Scale bars: 50 um. (1) Zoom-ins of H. Scale bars: 10
um. (J) Volume quantification of NMJs (28 days PI). Data represent mean
+ SEM (n = 3 animals/condition). **P < 0.01 by Student’s t test. (K) Motor
nerve conduction velocity (28 days PI). Data represent mean + SEM (n =
4-6 animals/condition). **P < 0.01 by Student’s t test. (L) Strategy to
assess CNS regeneration. (M) YFP* (green)/CT-B* (red) axons (arrowheads)
in spinal cord following SCl in cre*Pfn1***t and CL in either cre*Pfn1"/*t or
cre*Pfn1"" mice. Scale bars: 50 um. Dashed line, lesion border; r, rostral;

¢, caudal; d, dorsal; v, ventral. (N) Quantification of mean growth distance
of YFP* (Pfn1-K0) and YFP- ascending sensory axons (CT-B* axons) from the
rostral end of the injured dorsal column tract. Data represent mean + SEM
(n = 4-5 animals/condition). *P < 0.05; **P < 0.01; ***P < 0.001; ****P <
0.0001 by 1-way ANOVA with Tukey’s post hoc test. NS, not significant.

we investigated if Pfn2 would also regulate neurite outgrowth in
DRG neurons. Interestingly, downregulation of Pfn2 levels (Sup-
plemental Figure 1, E and F) decreased neuronal growth cone
area, although to a lower extent than that of Pfnl (Supplemental
Figure 1, G and H). However, Pfn2 downregulation did not change
the elongation competence or branching of either cre Pfn1"/* or
cre'Pfn1¥% naive DRG neurons (Figure 3, B-D). These observations
suggest that brain-specific Pfn2 might play alternative functions in
DRG neurons, unrelated to neurite growth.

Next, we determined whether the lack of Pfnl is sufficient to
impair axonal regeneration in vivo in 2 well-described paradigms
leading to robust axonal regeneration: the sciatic nerve injury mod-
el and the CL model. Following sciatic nerve injury, axons success-
fully regenerate and remyelination occurs soon after injury. Upon
crushing the sciatic nerve we counted myelinated axons distally to
the lesion site at different time points (Figure 3E). At 7 days after
injury, the density of myelinated fibers in cre"Pfn1%% mice showed
an over 40% decrease in comparison with cre*Pfnl"¥*, mice,
and at 15 days after injury the absence of Pfnl led to a significant
decrease in the number of myelinated axons (Figure 3, F and G).
These results indicate an impaired axonal regenerative capacity
in the absence of Pfnl in vivo. Of note, no differences in remye-
lination were detected in cre*Pfn1%% mice, as assessed by g-ratio
measurements at 15 and 28 days after injury (data not shown). At
28 days after injury, functional synaptic contacts — neuromuscu-
lar junctions (NM]Js) — in the gastrocnemius muscle were evaluat-
ed through the analysis of acetylcholine receptor (AChR) clusters,
using the postsynaptic marker a-bungarotoxin. Analysis of 3D
surface-reconstructed AChR clusters revealed that the structural
volume and complexity were largely reduced in cre*Pfn1% mice
(Figure 3, H-J), pointing toward a delayed NM] maturation in the
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absence of Pfnl. At the functional level, motor nerve conduction
velocity showed a clear deficit in cre'Pfn1%% mice compared with
cre*Pfn1"¥*t mice (Figure 3K), supporting a decreased number of
functional myelinated axons. Together, these results support the
notion that the lack of Pfnl results in defective axonal regenera-
tion and functional recovery of damaged peripheral axons.

We also used the CL paradigm as an alternative in vivo model.
In this experimental model, the enhanced regenerative capacity of
the ascending dorsal column tract was assessed in mice, in which
a sciatic nerve transection preceded an acute spinal cord lesion
(dorsal hemisection) (Figure 3L). Cholera toxin B (CT-B) subunit, a
tracer previously injected in the sciatic nerve, was used to visualize
regenerating dorsal column ascending sensory axons (Figure 3M).
The injured dorsal column tract was clearly identified by the accu-
mulation of YFP-expressing axons in the dorsal region of the tho-
racic spinal cord (Figure 3M). Whereas dorsal column tract axons
(vellow, highlighted with white arrowheads) accumulated in the
lesion border of cre*Pfnl*"*t mice with SCI (Figure 3M), long-dis-
tance regeneration (4.4-fold increase) was observed in cre*Pfn1*/*
mice with CL (Figure 3M). In sharp contrast, cre Pfn1%% mice with
CL showed over 50% reduction in the mean regenerating distance
(Figure 3M), with most axons already aborting their regenera-
tion close to the injury border (Figure 3, M and N). As an internal
control, CT-B*YFP~ axons were measured, further supporting a
Pfnl-specific effect (Figure 3N) in regulating axonal regeneration.
These observations support the idea that Pfnl is an important play-
er for optimal axonal extension after injury in vivo.

Pful regulates actin and MT dynamics in the growth cone, increas-
ing axonal growth in vitro. Because the force required to power
axonal growth and regeneration is regulated by cytoskeletal com-
ponents at the distal tip of a growing neurite, we compared cyto-
skeletal dynamics in growth cones of adult DRG neurons from
cre'Pfn1"/*t and cre*Pfnl®? mice. Phalloidin staining revealed
that cre’Pfn1% sensory neurons extended smaller growth cones
(Figure 4, A and B), in support of our data using shRNA-mediat-
ed downregulation of Pfnl in hippocampal neurons (Supplemen-
tal Figure 1, G and H). Although we observed a similar number
of filopodia in cre*Pfnl?f and cre*Pfn1"V* animals (Figure 4, A
and C), the existing filopodia in cre*Pfn1% growth cones were
significantly shorter compared with controls (Figure 4, A and D).
Furthermore, actin dynamics assessed by measuring the velocity
of actin retrograde flow was reduced by 30% in growth cones of
adult cre’Pfn1%% DRG neurons (Figure 4, E-G) and was reverted
upon reexpression of WT hPfnl (Figure 4, E-G). Interestingly, in
addition to actin dynamics, MT growth speed, measured in growth
cone filopodia, was also affected by Pfnl deletion. In cre*Pfn1/4
DRG neurons, the end-binding protein 3 (EB3) comet speed was
50% diminished (Figure 4, H-]), with growing MTs presenting a
decreased growth length (Supplemental Figure 2A), without a sig-
nificant difference in the duration of growth (Supplemental Fig-
ure 2B). The defect in MT dynamics in cre*Pfn1?! DRG neurons
was completely reversed by the expression of WT hPfn1 (Figure 4,
H-]). Of note, when similar analyses were performed in the axonal
shaft, Pfnl deletion did not significantly affect EB3 comet speed
(Figure 4]), supporting a possible compartment-specific function
of Pfnl in the growth cone. Combined, these data suggest that in
the absence of Pfnl, MTs polymerize at lower rates, likely leading
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Figure 4. Pfn1 regulates actin and MT dynamics in growth cones. (A)
BllI-tubulin (cyan) and actin (red) in cre*Pfn1 DRG growth cones. Scale bars:
3 um. Dashed line, cone area; arrowheads, filopodia. (B) Growth cone area,
(C) filopodia number, and (D) length related to A. Data represent mean
SEM (n = 32-40 neurons/animal, 3-4 animals/condition). **P < 0.01 by
Student’s t test. (E) LifeAct-RFP in cre*Pfn1 DRG growth cones. Scale bars:
3 um. (F) Kymographs and (G) actin flow quantification related to E. Data
represent mean + SEM (n = 5-12 filopodia/condition; representative of 3
to 4 growth cones/condition. *P < 0.05; **P < 0.01 by 1-way ANOVA with
Tukey's post hoc test. (H) EB3-mCherry in cre*Pfn1 DRG growth cones. (1)
Kymographs and (J) EB3 speed quantification related to H in growth cones
and shaft. Data represent mean + SEM (n = 3-7 growth cones/condition).
**P < 0.01 by 1-way ANOVA with Tukey's post hoc test. (K) Blll-tubulin

in WT and S138A hPfn1 DRG neurons. Scale bar: 80 um. (L) Total neurite
length and (M) branching related to K. For L and M, data represent mean #
SEM. (L) *P < 0.05 and ***P < 0.001, n = 3-4 independent samples/condi-
tion; 13-31 neurons/sample. (M) *P < 0.05, **P < 0.01, ***P < 0.001 refers
to Ctrl versus WT hPfn1; ####P < 0.0001 refers to Ctrl versus S138A hPfn1;
2-way ANOVA with Tukey’s post hoc test. n = 100-113 neurons/condition.
(N) BllI-tubulin in S138A hPfn1 DRG neurons cultured on aggrecan. Scale
bars: 50 um. (0) LifeAct-GFP, (P) kymographs, and (Q) actin flow quantifi-
cation in growth cones related to K. (R) EB3-GFP, (S) kymographs, and (T)
EB3 speed quantification in growth cones related to K. Scale bars (0 and
R): 3 um. (Q and T) Data represent mean + SEM (n = 8-12 growth cones/
condition). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by 1-way
ANOVA with Tukey’s post hoc test. NS, not significant.

to shorter MTs. Similar results were obtained in growth cones of
embryonic hippocampal neurons, which also showed over 25%
decreased actin retrograde flow upon shRNA-mediated knock-
down of Pfnl (Supplemental Figure 2, C-E), and significantly
reduced growth speed and length of polymerizing MTs onto the
peripheral membrane edge (Supplemental Figure 2, F-I). Of note,
in these live-cell experiments, fluorescently tagged LifeAct and
EB3 were imaged in growth cones of stage 3 hippocampal neu-
rons. However, a considerable number of stage 1 neurons was
consistently observed in the Pfnl-shRNA condition (Supplemen-
tal Figure 2, C and F, middle). Thus, acute Pfnl depletion induced
defective actin and MT dynamics, which in many neurons led to
an arrest of axonal outgrowth.

The CL model suggests that an increased activity of Pfnl
is necessary to achieve a high regenerative capacity (Figure 1).
Therefore, we hypothesized that the delivery of active Pfnl might
persistently accelerate cytoskeletal dynamics in the growth cone,
ultimately leading to axonal elongation. To test this hypothesis,
we generated a constitutively active nonphosphorylatable Pfnl
mutant (S138A hPfnl). In adult sensory DRG neurons, overex-
pression of S138A hPfn1 elicited a 2.6-fold increase in total neu-
rite length (Figure 4, K and L) and a substantial rise in the mean
number of branches (Figure 4M), whereas only a small increase in
both parameters was observed upon overexpression of WT hPfn1.
Of note, overexpression efficiency was similar for both WT hPfn1
and S138A hPfnl (Supplemental Figure 2, ] and K). Important-
ly, S138A hPfn1 was also effective in promoting growth (1.4-fold
increase) of adult DRG neurons cultured on inhibitory substrates
such as aggrecan (Figure 4N). These data demonstrate that active
Pfnlis an important enhancer of axonal growth under permissive
as well as inhibitory conditions. Because Pfnl-depleted neurons
show abnormal cytoskeletal dynamics in their growth cones, we
hypothesized that increased Pfnl activity may promote not only
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actin but also MT dynamics. In support of our hypothesis, overex-
pression of both WT and S138A hPfn1 significantly increased actin
retrograde flow (Figure 4, O-Q) and EB3 comet speed (Figure 4,
R-T) at the growing tip, with S138A hPfnl presenting a signifi-
cantly higher effect. Importantly, similar results were obtained in
hippocampal neuron cultures, suggesting that SI38A hPfnl affects
these parameters in different neuronal populations. Specifically,
S138A hPfnl-expressing DIV4 hippocampal neurons presented
longer axons (Supplemental Figure 2, L and M) and increased
actin (Supplemental Figure 2N) and MT dynamics (Supplemental
Figure 2, O and P). Together, our data suggest that S138AhPfnlisa
robust activator of actin and MT dynamics in the growth cone, and
of axonal growth capacity.

Regulation of the MT cytoskeleton in growth cones and promo-
tion of axonal elongation by SI38A hPful are facilitated by direct MT
binding and interaction with formins. Pfnl has a plethora of ligands,
including actin, poly-proline-containing proteins, and PIP, at the
plasma membrane (ref. 28 and Figure 5A). In addition to the above
ligands, Pfnl is able to bind directly to MTs in vitro (25), through
residues found mutated in ALS patients, including G118 (Figure
5A and ref. 33). Given this evidence, we explored the possibility
that in neurons, S138A hPfnl might increase MT growth speed
through direct binding to MTs. For this purpose, we expressed in
hippocampal neurons the MT binding-deficient G118V hPfn1 (25,
33) in a constitutively active S138A hPfn1 backbone (G118V/S138A
hPfnl). Of note, the speed of actin retrograde flow in growth cones
is still powered by the expression of G118V hPfnl (Supplemental
Figure 2, Q-S), allowing the uncoupling of the effect of this mutant
on MT growth from a possible effect on actin dynamics. Inter-
estingly, expression of the double mutant, G118V/S138A hPfnl,
increased MT growth speed to a comparable extent as the single
mutant S138A hPfn1 (Figure 5, B-D). Thus, S138A hPfn1 increas-
es MT growth through a mechanism that does not involve direct
MT binding. To understand if Pfnl molecular partners participate
in the effect of constitutively active Pfnl on MT dynamics, we
explored the relevance of the Pfnl poly-proline binding domain.
Overexpression of the double mutant H134S/S138A hPfnl, i.e.,
poly-proline-binding-deficient hPfnl, decreased S138A hPfnl’s
ability to promote MT growth speed (Figure 5, B-D). These data
support the notion that in growth cones, S138A hPfnl increases
MT dynamics through a poly-proline-containing partner. Pfnl
works closely with formins that bear a proline-rich formin homolo-
gy domain 1 (FH1) and function as actin assembly factors assisting
the formation of unbranched actin filaments (34). Whereas FH1
speeds up actin assembly by recruiting Pfn-bound actin mono-
mers to the vicinity of the barbed end through its proline-rich
motifs, formin homology domain 2 (FH2), after nucleating actin
dimers, remains attached to the actin filament to assist its elonga-
tion (35). In addition to regulating actin filament growth, formins
also bind MTs and influence their stability independently of actin
binding (36, 37). We analyzed if formins might mediate the effect
of S138A hPfnl in promoting MT growth speed in neuronal growth
cones. Inhibition of formins with a small-molecule inhibitor of the
FH2 domain (SMIFH?2) (38) was sufficient to prevent constitutive-
ly active S138A hPfn1 from powering MT growth speed (Figure 5,
B-D). Thus, our data show that S138A hPfnl increases MT dynam-
ics through a formin-dependent mechanism.
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Figure 5. S138A Pfn1 enhances MT dynamics via direct MT binding and formins. (A) Crystal structure of hPfn1 (PDB code: 1cf0). Residues G118 (MT-bind-
ing), H134 (poly-proline-binding), and $138 (ROCK phosphorylation site, mediating inactivation of Pfn1-related functions) are highlighted. Actin-,
poly-proline-, and PI(4,5)P_-binding regions of Pfn1 are shadowed in light yellow, gray, and red, respectively (adapted from ref. 66). (B) Live-cell imaging
of EB3-GFP in hippocampal neurons transfected with EB3-GFP and either a control empty vector (Ctrl) or plasmids expressing S138A hPfn1 or S138A Pfn1
mutants (G118V/S138A or H1345/5138A hPfn1); Ctrl and S138A hPfn1 treated with SMIFH2 are also shown. Scale bars: 2 um. (€) Kymographs related to B.
(D) Analysis of MT growth speed and (E) EB3 comet invasion frequency per filopodia. In D and E, data represent mean + SEM (n = 7-11 [D] and n= 3-7 [E]
growth cones/condition). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; NS, not significant in relation to Ctrl. *P < 0.05, #P < 0.01, *#**P < 0.0001;
#NS, not significant in relation to S138A hPfn1. (F) GFP* hippocampal neurons transfected with either a control empty vector (Ctrl) or plasmids expressing
different hPfn1 mutants, either untreated or treated with SMIFH2, whenever indicated. Scale bars: 30 um. (G) Quantification of axonal length related to F.
Data represent mean + SEM (n =18-33 neurons/condition; representative of 3-5 independent experiments/condition). *P < 0.05, ****P < 0.0001; NS, not
significant in relation to Ctrl. **#P < 0.001 and **##P < 0.0001 in relation to S138A hPfn1; both by 1-way ANOVA with Tukey's post hoc test.
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In the central domain of the growth cone, axonal MT bundles
terminate and few explorative MTs enter within filopodia of the
growth cone peripheral domain. These MTs can lead the advance
of the shaft MT bundles, culminating in axonal growth (7, 39-41).
Given this evidence, to further dissect the effect of Pfnl in the
growth cone, we assessed filopodia invasion by MTs. Constitu-
tively active S138A hPfnl strongly enhanced the localization of
growing MTs to growth cone filopodia (Figure 5E). This effect was
sharply diminished when direct Pfnl binding to MTs was abol-
ished through the use of the double mutant G118V/S138A hPfnl
and was totally reverted by a poly-proline-binding-deficient
mutant (H134S/S138A hPfn1) or inhibition of formins (Figure 5E).
Taken together, our data show that S138A hPfnl increases MT
growth speed through a formin-dependent mechanism, whereas
localization of growing MTs to filopodia is promoted both through
direct MT binding and interaction with formins. In line with the
above findings, the ability of constitutively active Pfnl to pro-
mote axonal growth was severely impaired by a mutation either
in the MT-binding region (G118V/S138A hPfn1) or in the poly-pro-
line-binding region of S138A hPfnl (H134S/S138A hPfnl), and
by formin inhibition (Figure 5, F and G). Interestingly, abolishing
both direct MT binding and formin interaction (G118V/S138A
hPfnl + SMIFH2 treatment) showed a tendency for a cumulative
negative effect on axonal growth (Figure 5, F and G). In summary,
our data show that the capacity of specific Pfnl residues to medi-
ate MT invasion of growth cone filopodia (even more than their
ability to enhance MT growth speed) correlates with their effect in
the regulation of axonal growth.

In vivo delivery of S138A hPful efficiently promotes regeneration
of peripheral and CNS axons. In the adult CNS, following the estab-
lishment of connections, axons mostly fail to regenerate after inju-
ry or disease. Our data demonstrate that S138A hPfn1 is a potent
pro-regenerative molecule, capable of enhancing axonal growth in
vitro both under permissive and inhibitory conditions. As a proof
of concept, to further reveal its regenerative potential, we deliv-
ered S138A hPfnl and the poly-proline-binding-deficient mutant
H134S/S138A hPfnl in mice before either sciatic nerve injury or
SCI. In order to easily trace Pfnl-expressing axons in vivo, we
generated bicistronic expression vectors encoding enhanced
GFP linked to S138A hPfnl via the 2A self-cleaving small peptide
(P24), and packaged them into adeno-associated viral (AAV) par-
ticles containing the PHP.eB capsid, which allow noninvasive gene
delivery to the nervous system (42). CAD cell extracts show that
cells transfected with pAAV.GFP.P2A.S138A hPfnl and pAAV.GFP.
P2A.H134S/S138A hPfnl plasmids present similar levels of over-
expressed mutant Pfnl (Supplemental Figure 3, A and B). In vivo,
2 weeks following viral administration through the tail vein, GFP
expression was clearly detected throughout mouse brain, DRG,
and spinal cord neurons (Supplemental Figure 3, C-E). To evalu-
ate the in vivo regenerative capacity of peripheral axons express-
ing S138A hPfnl or H134S/S138A hPfnl, AAVs were injected in the
tail vein and 15 days later, sciatic nerves were crushed at the thigh
level, allowing us to persistently define the crush site (Figure 6A).
Three days after injury, in mice where pAAV.GFP.P2A.S138A hPfnl
was delivered, peripheral sensory axons regenerated over signifi-
cantly longer distances than those of controls, as assessed both
by SCG10 staining (Figure 6, B and C) and by measuring the dis-
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tance of GFP* axons from the lesion border, in which case almost
2-fold longer axons were found (Figure 6D). In contrast, when
H134S/S138A hPfnl, i.e., the constitutively active Pfnl mutant
lacking the ability to bind poly-proline-containing proteins was
delivered, the robust regenerative effect of SI38A hPfnl was sub-
stantially reduced (Figure 6, B-D) and the distance of GFP* axons
to the lesion border was indistinguishable from that of control
AAV-GFP-expressing axons (Figure 6D). At 28 days after injury,
increased levels of active Pfnl improved NMJ maturation; NM]Js
from S138A hPfnl-expressing animals presented a structural vol-
ume and complexity similar to that of the uninjured control group
(Figure 6, E-G). In contrast, in AAV-GFP-injected animals, NM]Js
were not yet fully matured (Figure 6, E-G). Accordingly, nerve
conduction velocity was improved by the increased levels of active
Pfnl (Figure 6H). The most striking effect of S138A hPfn1 delivery
after sciatic nerve injury was restoration of mechanical nocicep-
tion as it became indistinguishable from uninjured controls, while
it was still severely impaired in AAV-GFP-expressing animals
(Figure 61). Altogether, our data place constitutively active Pfnl as
an attractive target for therapeutic strategies to induce peripheral
nerve regeneration and functional recovery.

To further emphasize the action of active Pfnl as a pro-regen-
erative molecule promoting axonal regeneration in vivo, AAV-
mediated delivery of S138A hPfnl was conducted using a severe
model of CNS trauma, complete spinal cord transection. Two
weeks following viral administration through the tail vein (day -14,
Figure 6]), injury was performed (day O, Figure 6]). Six weeks fol-
lowing SCI, GFP-expressing axons were traced within the lesion
site (Figure 6K and Supplemental Figure 3F). In comparison with
animalsinjected with control AAV-GFP, animals treated with AAVs
carrying GFP.P2A.S138A hPfn1 showed a 2.4-fold increased num-
ber of GFP* axons with the ability to penetrate the glial scar (Fig-
ure 6, L and M) that displayed a 1.6-fold increased mean distance
of regrowth from the rostral lesion border (Figure 6N). Where-
as in control AAV-GFP-injected animals only 3% of the axons
regenerated over distances above 450 pm, in GFP.P2A.S138A
hPfnl-treated mice nearly 25% of the axons were able to regrow
long distances from the rostral lesion border (Figure 60). These
observations support the notion that in vivo delivery of active Pfnl
enhances the ability of regenerating axons to penetrate and grow
within the inhibitory glial scar environment, in accordance with in
vitro neurite outgrowth experiments in a nonpermissive substrate
(Figure 4N). Combined, our findings indicate that increasing Pfn1l
levels and activity enhance axonal regeneration both in high- and
low-regenerative contexts, and hence identify Pfnl as a therapeu-
tic target to promote axonal regeneration upon injury.

Discussion

CNS regeneration is largely abortive in higher vertebrates because
the plastic embryonic mechanisms underlying axonal growth
are not reactivated following injury or disease. Damaged axons
must assemble motile growth cones to restore functional deficits
after trauma. This is likely dictated by the coordinated interplay
between cytoskeletal components (43). The mechanical forces
resulting from actin polymerization beneath the protruding mem-
brane of the growth cone assign actin dynamics a fundamental role
for growth cone motility, extension rate, and direction of axonal
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Figure 6. In vivo delivery of S138A hPfn1 elicits regeneration of peripher-
al and CNS axons. (A) Strategy to assess peripheral regeneration following
viral delivery of S138A hPfn1. (B) SCG10 staining of longitudinal sciatic
nerve sections at 3 days postinjury (Pl); red dashed lines indicate the lesion
epicenter, red arrowheads highlight regenerating axons. Scale bars: 200
um. (€) SCG10 fluorescence versus distance to lesion epicenter. (D) Mean
distance of GFP* sciatic nerve axons regenerating distally to the lesion
edge 3 days PI. Data represent mean + SEM (n = 5-9 animals/condition).
*P < 0.05 by 1-way ANOVA with Tukey's post hoc test. (E) 3D surface-ren-
dered reconstructions, (F) zoom-in of E, and (G) volume quantification of
NM|s fluorescently labeled with o-bungarotoxin (BTX), 28 days PI. Scale
bars: 50 um (E) and 10 pm (F). (H) Motor nerve conduction velocity, 28 days
Pl. In G and H, data represent mean = SEM (n = 4-8 animals/condition).
*P < 0.05 by Student’s t test. NS, not significant. (I) von Frey hair test, 21
and 28 days PI. Data represent mean + SEM (n = 5-10 animals/condition).
**P < 0.07; NS, not significant related to AAV-GFP uninjured condition.

#P < 0.01, ¥#¥P < 0.0001 refers to AAV-GFP versus AAV-GFP.P2A.S138A
hPfn1animals; both by 2-way ANOVA with Sidak’s post hoc test. (J) Strate-
gy to assess CNS regeneration following delivery of AAV-GFP and AAV-GFP.
P2A.5138A hPfn1. (K) Injured spinal cords 6 weeks following transection.
Scale bars: 100 pm. Red dashed line, lesion border; arrowheads, GFP* axons
within the lesion core; 1, rostral; ¢, caudal; d, dorsal; v, ventral. (L) Zoom-ins
of K. Scale bars: 40 um. (M) Number of GFP* axons regenerating within

the glial scar. (N) Distance (rostral to caudal) of regenerating axons and

(0) percentage of GFP* axons at different distance ranges from the injury
border. Data represent mean + SEM (n = 5-7 animals/condition). *P < 0.05
by Student’s t test. NS, not significant.

growth (44). Of note, actin and MT dynamics are intimately asso-
ciated through cross-linkers, which help guide M Ts toward prefer-
ential locations at peripheral growth cone edges (45). Interesting-
ly, early in development, when neuronal symmetry is broken due
to local protrusive events against the membrane, Cfl directs neur-
ite formation by controlling actin retrograde dynamics and gener-
ating space for MT protrusion (15). Similarly, additional proteins
regulating actin dynamics at the growth cone may play important
roles for the cross-talk between actin and MTs, thereby strength-
ening the axon (re)growth potential. Here we identify Pfnl as one
such protein. In addition to the actin polymerization-promoting
activity in growth cones, we show that neuronal Pfn1 profoundly
modulates MT dynamics by supporting accelerated growth rates
in axonal tips and by localizing growing MTs to growth cone filo-
podia. Enhanced non-muscle myosin II-based actin retrograde
flow is generally viewed to slow down the rate of growth cone
advance (46-48). Here, similarly to the results of Tedeschi et al.
(19), we show that in conditions of optimal axonal regrowth such
as those generated by CL, actin retrograde is increased. Of note,
actin retrograde flow can sweep MTs backwards in growth cones
(49-51). In contrast, we show that increased actin retrograde
flow can occur concomitantly with increased MT protrusion into
growth cone filopodia. Interestingly, dynein is capable of enabling
MTs to overcome non-muscle myosin II-driven forces, allowing
their advance into growth cone filopodia, opposing axonal retrac-
tion (52). Putative molecular players allowing fast MT advance
powered by Pfnl in growth cones, in conditions of increased actin
retrograde flow, should be further investigated.

Despite their similarities, Pfnl and Pfn2 have different bind-
ing partners (53). This different ligand specificity can underlie
distinct molecular functions. In fact, Pfn2 hinders neuritogene-
sis (54), supporting the specific effect of Pfnl described here. Of
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note, whereas tubulin can be captured from a brain tissue extract
on a Pfnl column (53), it is absent when using Pfn2 affinity chro-
matography (53). In fact, our data support the idea that Pfnl,
but probably not Pfn2, is a molecular linker of the actin and MT
cytoskeletons. Additional in vitro assays using isolated proteins
showed that tubulin and Pfnl could be coimmunoprecipitated
(26). More recently, using TIRF analysis in in vitro systems Pfnl
was shown to bind directly to MTs (25). Here we demonstrate that
in the growth cone of cultured primary neurons, Pfnl interferes
both with MT growth speed and with MT invasion of filopodia.
Whereas the effect of Pfnl on MT growth speed is not secured by
direct tubulin binding but by a positive cooperation with formins,
its effect on localizing MTs to growth cone filopodia requires both
direct MT binding and formins. Formins bind directly to MTs
generally through the actin-related FH2 domain (36). Alterna-
tively, formins can also associate with the MT plus-tip protein EB1
and thereby accumulate at MT plus ends, from where they nucle-
ate and accelerate actin polymerization (55). Given that formins
are only capable of potentiating actin elongation in the presence
of Pfn, formin-Pfn complexes are probably important players in
mediating the communication of the MT and actin cytoskeletons
in growth cones. Indeed, peripheral dynamic MTs are deeply
influenced by actin movements, as MTs are physically coupled
to actin retrograde flow in the vertebrate growth cone periphery
and exhibit similar rates of backward transport (56). Pfnl is there-
fore perfectly suited to act as a molecular sensor coordinating the
distribution of actin and MTs from a finite pool of basic units to
distinct cytoskeletal networks.

In summary, we show that Pfnl acts as a key coordinator of
both actin and MT cytoskeletons in growth cones and thereby pro-
motes axonal growth and regenerative capacity. Most importantly,
we demonstrate that in vivo viral delivery of active Pfnl promotes
axonal regeneration and functional recovery of the injured sciatic
nerve, and increases axonal regeneration through the inhibitory
glial scar after SCI. Our results indicate that modulation of Pfnl
levels and activity is instrumental to successfully produce a pos-
itive regeneration outcome. Of note, AAVs are emerging as very
attractive vehicles for clinical gene therapy of human nervous sys-
tem disorders, given their low immunogenicity and toxicity and
the ability of specific serotypes to cross the blood-brain barrier
after intravenous delivery (42). In the future, AAV-mediated deliv-
ery of constitutively active Pfnl, together with the identification of
modulators of Pfn1 activity with therapeutic potential, should be
considered for the treatment of the injured nervous system.

Methods

Animals. Pfnl neuron-specific conditional knockout mice (cre*Pfn1/?)
were generated by crossing homozygous Pfnl-floxed mice (Pfnl?/f
ref. 57) and single-neuron labeling with inducible Cre-mediated
knockout (SLICK)-H mice (58). SLICK-H coexpress tamoxifen-induc-
ible CreER™ recombinase and YFP under the neuron-specific Thyl
promoter. Cre*Pfnl?/* mice were crossed with Pfn1%*t mice such that
cre’Pfn1"" and cre"Pfn1"/** mice were generated. Genotyping was as
described previously (57). Cre recombinase was induced by tamoxi-
fen injection (75 mg/kg; Sigma-Aldrich) at weaning for 5 days. Given
tamoxifen’s neuroprotective effects, controls were tamoxifen-treated
cre*Pfn1""* mice. Mice of either sex were used in all crePfnl pro-
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cedures. For AAV-mediated delivery of hPfnl, C57BL/6 mice (12-15
weeks old) were used; for SCI experiments, only females were used,
whereas both sexes were used for sciatic nerve crush. Experimental
conditions were randomized and surgeries were performed blinded
to experimental conditions.

Primary cultures. DRG neuron cultures were performed as
described previously (59). DRG from 7- to 8-week-old cre*Pfnl mice
or 6- to 8-week-old Wistar rats were used. For experiments in which
DRG were conditioned, sciatic nerve transection was done 1 week
prior to culture. Electroporation of DRG neurons was performed
with a 4D-Nucleofector System (mouse DRG neurons, program
CM-137; rat DRG neurons, program CM-138) at a cell density of at
least 200,000 cells/condition and left in suspension for 24 hours at
37°Cin5% CO,. Subsequently, cells were grown on 13-mm coverslips
(for neurite outgrowth assays) or 8-well p-dishes (IBIDI-80827, for
live imaging assays) coated with poly-L-lysine (PLL) (20 pug/mL, Sig-
ma-Aldrich, P2636) and laminin (5 pg/mL, Sigma-Aldrich, L2020)
for 12 to 14 hours until fixing or imaging. For experiments using
aggrecan (Sigma-Aldrich, A1960-1MG), DRG neurons were plated in
either PLL/laminin (20:5 pg/mL) or PLL/laminin/aggrecan (20:5:20
pg/mL). Culture medium was DMEM/F12 (Sigma-Aldrich, D8437)
supplemented with 1x B27 (Gibco), 1% penicillin/streptomycin
(Gibco), 2 mM L-glutamine (Gibco), and 50 ng/mL NGF (Millipore,
01-125). Hippocampal neurons were cultured as described previously
(60). Electroporation was performed at a density of at least 750,000
cells/condition (program CU110). Cells were plated either in 13-mm
coverslips or 8-well p-dishes coated with PLL (20 pg/mL) grown in
Neurobasal medium supplemented with 1% penicillin-streptomi-
cin, 1x B27, 2 mM L-glutamine, and maintained at 37°C in 5% CO,.
Hippocampal neurons at DIV4 (for axonal growth analysis) or DIV7
(for dendritic growth analysis) and DRG neurons (12 to 14 hours after
plating) were fixed for immunostaining or imaged for live-cell exper-
iments, as detailed below.

Plasmids and viral vectors. The full-length human Pfnl open read-
ing frame (WT hPfnl, cloned in the pCMV-SPORT6 vector, Addgene,
clone IRATp970C034D) and different hPfnl mutants were used. Spe-
cific WT hPfn1 residues were mutated to generate an shRNA-resistant
WT hPfnl (WT hPfn1*), phosphorylation-resistant constitutively active
hPfnl (S138A hPfnl), poly-proline-binding-deficient hPfnl (H134S
hPfn1), and MT binding-deficient hPfnl (G118V hPfnl). Mutants were
obtained using the QuickChange II XL kit (Agilent Technologies) and
mismatched primers introducing 1- or 2-bp substitutions. Pfnl (target
sequence: CGGTGGTTTGATCAACAAGAA, TRCNOO000011969,
Sigma-Aldrich) and Pfn2 (target sequence: ACGTTGATGGTGACTG-
CACAA, TRCNO0000071642, Sigma-Aldrich) shRNA constructs
were used in hippocampal and DRG neuron cultures and in CAD cells
(European Collection of Authenticated Cell Cultures, 08100805) to
downregulate Pfnl and Pfn2 protein levels, respectively. For the in vivo
delivery of S138A hPfnl and H134S/S138A hPfnl, AAVs were used. In
detail, GFP linked to S138A hPfnl by the 2A self-cleaving small peptide
P2A was subcloned into an AAV-PHP.eB plasmid to obtain the con-
structs pAAV-GFP.P2A.S138A hPfnl and pAAV-GFP.P2A.H134S/S138A
hPfnl. Control AAV vectors, in which Pfnl was replaced by a 5-glycine
sequence (pAAV-GFP), were also generated. The viral vectors are here-
in referred to as AAV-GFP, AAV-GFP.P2A.S138A hPfnl, or AAV-GFP.
P2A.H134S/S138A hPfnl. Expression was driven by the neuronal syn-
apsin promoter. AAV-PHP.eB particles were produced by Vector Builder
Volume 130 Number 4
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and enabled neuronal-specific targeting of the nervous system follow-
ing systemic delivery (42).

Neurite outgrowth and growth cone morphology. Neurite outgrowth
was assessed following immunofluorescence with antibodies against
BIII-tubulin. DRG neuron cultures of cre'Pfn1"" and cre Pfnl*¥*t mice
were fixed 12 to 14 hours after plating with 4% paraformaldehyde
(PFA). Incubation with mouse anti-BIII-tubulin (1:1,000; Promega,
G7121) was done overnight at 4°C. The secondary antibody was don-
key anti-mouse-Alexa Fluor 594 (1:1,000; Jackson ImmunoResearch
Labs, 715-585-150). Images were acquired by epifluorescence in a
Zeiss Axio Imager Z1 microscope with an Axiocam MR3.0 camera and
Axiovision 4.7 software. Neurite tracing and branching analyses were
performed in Matlab with Synapse Detector software (61) to quanti-
fy neurites crossing concentric circles centered at the cell body with
radiuses of consecutive multiples of 25 um. In experiments in which
WT hPfn1 or S138A hPfn1 overexpression was performed, dissociated
adult rat DRG neurons were electroporated (as detailed above) with
a mixture of plasmids encoding GFP (0.2 pg, pmaxGFP, Lonza) and
hPfnl (0.6 pg), plated at a density of 7,500 cells/well, fixed 12 to 14
hours after plating, and stained for BIII-tubulin as described above.
Image acquisition was performed using a Leica DMI 6000B with an
ORCA-Flash4.0 V2 C11440-22CU digital camera and Leica Applica-
tion Suite Advanced Fluorescence (LAS AF) software. Experiments
using shRNA constructs followed similar procedures. Specifically,
mixtures of pmaxGFP/Pfnl shRNA (0.2:1.2 ug) or Discosoma sp. red
fluorescent protein (DsRed, Clontech)/shRNA Pfn2-encoding plas-
mids (0.5:1.5 pg) were used; control experimental conditions were
nucleofected with the empty plasmid pLKO.1 (CTR, Addgene). E18
rat hippocampal neurons were electroporated following the same
strategy and fixed on DIV4 or DIV7. For Pfnl-depleted hippocampal
neurons, axonal and dendritic lengths were traced manually with the
Neuron] plugin for Image] (Fiji). Axonal tracing was also performed in
DIV4 hippocampal neurons cotransfected with pmaxGFP (0.2 ug) and
S138A hPfnl, G118V/S138A hPfnl, or H134S/S138A hPfnl (0.6 ng).
Polarization analysis of hippocampal neurons was assessed as detailed
previously (15). Morphometric evaluation of growth cones was per-
formed in both cre*Pfn1"" and cre*Pfn1*/* adult DRG neurons and
hippocampal neurons expressing shRNA Pfn2 plasmid. Neurons were
stained with mouse anti-pIII-tubulin (1:5,000) overnight at 4°C and
incubated for 1 hour at room temperature with donkey anti-mouse-
Alexa Fluor 647 (1:500; Jackson ImmunoResearch Labs, 715-605-150)
secondary antibody and with rhodamine-conjugated phalloidin (1:50;
Thermo Fisher Scientific, R415) diluted 1:10 in blocking buffer. Imag-
es were acquired by epifluorescence on a Zeiss Axio Imager Z1 micro-
scope with an Axiocam MR3.0 camera and Axiovision 4.7 software.
Only growth cones of YFP*/BIII-tubulin® (in the case of DRG neurons
from cre*Pfnl mice) and GFP* neurons (in the case of hippocampal
neurons conucleofected with pmaxGFP) were analyzed by measuring
the total area of the growth cone, and the filopodia number and size
using Image] software. To quantify endogenous Pfnl fluorescence in
naive and conditioned DRG growth cones, neurons were fixed 12 to 14
hours after plating with 2% PFA, stained with rabbit anti-Pfn1 (1:400;
Abcam, ab50667) overnight at 4°C, and incubated for 1 hour at room
temperature with donkey anti-mouse Alexa Fluor 594 (1:1,000) and
goat anti-rabbit Alexa Fluor 488 (1:1,000; Jackson ImmunoResearch
Labs, 111-545-003) secondary antibodies in blocking buffer. Imag-
es were acquired by epifluorescence as described above. A line scan


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/4

The Journal of Clinical Investigation

across growth cones was drawn, a plot of gray values was done in
relation to the distance from the growth cone leading edge, and cor-
responding values were extracted and compared (for each image the
highest gray value was considered 100%).

Live-cell imaging. For the analysis of actin and MT dynamics in the
growth cone, adult DRG neurons from 7- to 8-week-old cre*Pfn1?1and
cre*Pfnl1*/* mice were isolated as described above and nucleofected
with plasmids encoding LifeAct-RFP (62) (0.75 pg) or EB3-mCherry
(0.5 pg; ref. 63), respectively. Twelve hours after plating, time-lapse
recordings were performed in phenol-free DMEM/F12 supplemented
as mentioned above, at 37°C and 5% CO,, on a Spinning Disk Confocal
System Andor Revolution XD with an iXonEM+ DU-897 camera and a
1Q1.10.1software (ANDOR Technology). Only transfected REP*/YFP*
or mCherry*/YFP* neurons were considered for analysis. For both the
quantification of actin retrograde flow and of EB3 comet growth speed,
kymographs were performed using the Fiji KymoResliceWide plugin
(distance, x axis; time, y axis). Starting and end positions of the traces
were defined using the Fiji Cell Counter plugin. In live imaging exper-
iments using hippocampal or DRG neurons from Wistar rats, plasmids
expressing either LifeAct-GFP (0.75 pg) (62) or EB3-GFP (0.5 pg) (64)
were conucleofected alongside plasmids of interest. Actin retrograde
flow and EB3 comet speed were quantified in these neurons, as well
as the EB3 comet invasion per filopodia. The invasion frequency of
dynamic MTs was quantified by counting the number of EB3 comet
invasions (using the Fiji plugin Cell Counter) divided by the number
of filopodia. A similar approach was used in SMIFH2-treated (5 puM,
Sigma-Aldrich, S4826) cells. SMIFH2 is a general formin inhibitor that
targets diverse formin isoforms (38), decreasing their affinity for the
barbed end of actin filaments, preventing both actin nucleation and
processive barbed-end elongation. In SMIFH2 experiments, hippo-
campal neurons underwent 2 drug treatments, on DIV3 and at DIV4,
1 hour before fixing.

Immunoblotting. Protein lysates of rat SCI sites (collected 2.5 mm
rostral and 2.5 mm caudal to the lesion site of animals with either SCI
or CL 1 week following injury), DRG, brain (from cre*Pfn1"" and cre*
Pfn1*""*mice), or CAD cell extracts were prepared in ice-cold lysis buf-
fer containing 0.3% Triton X-100 (MilliporeSigma), protease inhibitors
(cOmplete, Mini; Roche), and 2 mM orthovanadate, separated under
denaturing conditions, transferred to Amersham Protran Premium
0.45-um nitrocellulose membranes (GE Healthcare Life Sciences), and
probed with primary antibodies (in 5% BSA or 5% milk in TBS-T) over-
night at 4°C. Primary antibodies used were rabbit anti-Pfn1 (1:1,000;
either Thermo Fisher Scientific, PA5-17444 or Abcam, ab50667), rab-
bit anti-Pfn1 p-S138 (1:1,000, provided by Jieya Shao, UCSF, San Fran-
cisco, California, USA), rabbit anti-Pfn2 (1:1,000, provided by Pietro
Pilo Boyl, Institute of Genetics University of Bonn, Germany), mouse
anti-B-actin (1:5,000; Sigma-Aldrich, A5441), mouse anti-o-tubulin
(1:1,000; Sigma-Aldrich, T6199), rabbit anti-HPRT (1:1,000; Santa
Cruz Biotechnology, sc-20975), rabbit anti-ROCK1 (1:1,000, Abcam,
ab134181, clone EPR638Y), and rabbit anti-vinculin (1:1,000; Abcam,
ab129002). Secondary antibodies were used in 5% nonfat dried milkin
TBS-T for 1 hour at room temperature: donkey anti-mouse IgG conju-
gated with horseradish peroxidase (HRP) (1:5,000; Jackson Immuno-
Research Labs, 715-035-151) and donkey anti-rabbit IgG conjugated
with HRP (1:5,000; Jackson ImmunoResearch Labs, 711-035-152).
Membranes were incubated with Luminata Crescendo Western HRP
substrate (Millipore), exposed to Fuji Medical X-Ray Film (Fujifilm),
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scanned on a Molecular Imager GS800, and quantified using Quantity
One 1-D Analysis Software version 4.6 (Bio-Rad).

Analysis of peripheral axon regeneration and functional recovery.
Adult 12-week-old mice were deeply anesthetized with isoflurane. Sci-
atic nerves were crushed at the mid-thigh level for 15 seconds, 2 con-
secutive times, using hemostatic forceps (13010-12, FST), producing a
well-defined lesion area. For histological analysis of axonal regenera-
tion, remyelination, and NM]J establishment in crePfnl mice, animals
were sacrificed at 7, 15, or 28 days after injury. To analyze regenerated
myelinated sciatic nerve axons and g-ratio, nerves were collected at
the same anatomical position distal to the crush site, just above the
bifurcation of the sciatic nerve, fixed in 4% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.4) for 1 week, postfixed with 1% OsO, in 0.1
M sodium cacodylate buffer (pH 7.4) for 2 hours, and dehydrated and
embedded in Epon (Electron Microscopy Sciences). Sections (1 pm
thickness) were stained for 10 minutes with 1% p-phenylenediamine
(PPD) in absolute methanol, dried, and mounted on DPX (Merck).
Images of the lesion area were acquired using an Olympus optical
microscope with an Olympus DP 25 camera and analyzed in Photo-
shop (Adobe). The total number of myelinated axons was determined
in each cross section and divided by its area. Analysis of unmyelin-
ated axons was not performed in cre*Pfnl mice, as Cre expression
only occurs in a small percentage of small, unmyelinated neurons.
The g-ratio was calculated by dividing the diameter of each axon by
its myelin-including diameter in over 50 axons per animal. For the
morphometric evaluation of NMJs, the lateral gastrocnemius was dis-
sected in PBS under a stereomicroscope, and fixed for 24 hour with
4% PFA at 4°C. Isolated muscles were permeabilized for 30 minutes
with 1% Triton X-100 at room temperature, and the autofluorescence
quenched with 0.2 M NH,Cl (Merck) and 0.1% sodium borohydride
(MilliporeSigma). After 1 hour of blocking (1 mg/mL BSA, 0.2% Tri-
ton X-100), tissues were incubated 1 hour with rhodamine-conjugated
a-bungarotoxin (1:250, Thermo Fischer Scientific, T1175) in blocking
buffer at room temperature. NMJ morphometric analysis was carried
out in Z-stack images taken with a Leica TCS SP8 microscope, 3D-ren-
dered using Huygens Professional software (Scientific Volume Imag-
ing, SVI), and analyzed for volume. Analysis of motor nerve conduction
velocity was performed as described previously (65) with a PowerLab
4/25T (AD Instruments) using Chart5 software. Conduction veloci-
ties were calculated as (proximal distance — distal distance) / (proximal
latency — distal latency). To assess regeneration of sciatic nerve axons
following AAV-PHP.eB-mediated delivery of S138A hPfn1 or H134S/
S138A hPfnl, the sciatic nerve was crushed 2 weeks after systemical-
ly injecting AAV-GFP, AAV-GFP.P2A.S138A hPfnl, or AAV-GFP.P2A.
H134S/S138A hPfnl (6 x 10" vg/mouse) through the tail vein, using
the AAV-PHP.eB capsid that allows noninvasive gene delivery to the
nervous system (42). Mice recovered for 3 or 28 days before sacrifice.
Nerves were collected after 4% PFA perfusion, postfixed for 3 days at
4°C, and cryoprotected in 30% sucrose. Tissues were embedded in
optimum cutting temperature compound (Thermo Fisher Scientif-
ic), frozen, and sectioned longitudinally (Leica) at 15 um thickness.
In these nerves, SCG10 expression was detected by immunofluores-
cence using rabbit anti-SCG10/stathmin-2 (1:10,000; Novus, NBP1-
49461). Image acquisition was performed using an IN Cell Analyzer
2000 (GE Healthcare) and analyzed using Fiji software. Quantifica-
tion of SCG10 fluorescence was performed in longitudinal sections
by scanning a thickness similar to that of the nerve sample. A plot of
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mean gray values was done in relation to the distance of the lesion
epicenter. Axonal regeneration was additionally quantified distally to
the injury site by measuring the distance from the distal tip of GFP*
regenerating axons to the lesion border (up to 4 sections per animal
were analyzed). Data represent the mean distance for each condition,
considering all regenerating axons. Accumulation of nuclei of inflam-
matory cells within the crush site was visualized after DAPI counter-
staining and used to define the lesion area. Regenerating axons were
seen as continuous structures that could be clearly separated from
degenerating swollen axonal fragments under high magnification.
Analysis of NMJs and motor nerve conduction velocity was conducted
as described above. For von Frey hair testing, animals were acclima-
tized for 20 minutes in a chamber with a wire-mesh bottom allowing
access to hind paws. Retractable monofilaments (Aesthesio, Precise
Tactile Sensory Evaluator, 37450-275) were used to apply a force to
the mid-plantar surface on hind paws. Clear paw withdrawal or abrupt
moving were considered positive responses. Withdrawal threshold
equaled the weakest force to elicit paw withdrawal on 50% or more
of the trials (n = 5 trials). The percentage of the withdrawal threshold
shown is an averaged value of right and left hind paws relative to base-
line recordings done in uninjured AAV-GFP-injected animals.

Analysis of axonal regeneration following SCI. Adult 8-week-old
cre*Pfnl mice and 15-week-old female C57BL/6 mice were deeply
anesthetized with isoflurane. Laminectomy was performed at the tho-
racic T8 to T9 level and the spinal cord was cut using a micro feather
ophthalmic scalpel (Feather, Safety Razor Co). For CL experiments,
animals were subjected to a sciatic nerve transection 1 week prior to
SCIL In cre*Pfnl mice, analysis of dorsal column axon regeneration
after either SCI or CL was performed 4 weeks after injury. Dorsal
column axons were traced by injecting 2 pL of 1% CT-B (List Biolog-
icals, 103B) with a 10-uL syringe (Hamilton) into the left sciatic nerve
4 days prior to euthanasia (day 24 after injury). On day 28, mice were
perfused with 4% PFA and the spinal cords were postfixed for 1 week
at 4°C and later cryoprotected in 30% sucrose. Serial tissue sagittal
cryosections (50 pm thickness) were collected for free-floating immu-
nohistochemistry. Sections were incubated overnight at 4°C with goat
anti-CT-B primary antibody (1:30,000; List Biologicals, 703). Antigen
detection was amplified by incubating samples with biotinylated horse
anti-goat antibody (1:200; Vector) for 2 hours at room temperature
and subsequently with Alexa Fluor 568-streptavidin (1:1,000, Invitro-
gen) for 1 hour at room temperature. Dorsal column fiber images were
acquired by confocal microscopy on a Leica TCS SP5 II with LAS AF
software and analyzed using Fiji software. Regeneration of dorsal col-
umn axons was quantified by measuring the distance from the rostral
tip of all regenerating YFP*/CT-B* axons to a vertical line placed at the
rostral end of the dorsal column tract (up to 6 sections per animal).
Data presented are the mean distance for each condition, considering
all regenerating axons.

To assess axonal regeneration of spinal cord axons following
AAV-PHP.eB-mediated delivery of Pfnl, spinal cord transection was
performed 2 weeks after systemically injecting AAV-GFP, AAV-GFP.
P2A.S138A hPfnl, or AAV-GFP.P2A.H134S/S138A hPfnl (4 x 10" vg/
mouse) through the tail vein, using the AAV-PHP.eB capsid that allows
noninvasive gene delivery to the nervous system (42). Injured spinal
cord tissue was collected 6 weeks after SCI and processed as described
above; image acquisition was performed using the IN Cell Analyzer
2000 microscope and analyzed using Fiji software. The total number
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of GFP* axons within the glial scar were counted in up to 12 sections
per animal. Regenerating rostral to caudal distances were measured
from the tip of GFP* axons to a vertical line placed perpendicularly to
the sagittal axis of the spinal cord at the rostral border of the lesion.
Regenerating distances are presented as the mean value considering
all regenerating GFP* axons, and as a percentage of GFP* axons found
within different growth distance windows (0-150 pm, 150-300 um,
300-450, and >450 pm).

Statistics. All statistical tests were performed with GraphPad
Prism 6. Unless otherwise stated, the following statistical tests were
used: 2-tailed Student’s ¢ test, 1-way ANOVA with Tukey’s post hoc
test, and 2-way ANOVA with Sidak’s and Tukey’s post hoc test. A Pval-
ue less than 0.05 was considered significant. Statistical tests and sam-
ple sizes are indicated in figure legends and significance was defined
as * or *P < 0.05; ** or **P < 0.01; ***P < 0.001; **** or ****P < 0.0001;
NS or “NS, not significant.

Study approval. Experiments were carried out in accordance with
the European Union Directive 2010/63/EU and national Decreto-lei
n°113-2013. The protocols described were approved by the IBMC Ethi-
cal Committee and by the Portuguese Veterinarian Board.
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