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Targeting 14-3-3 adaptor protein-protein interactions 
to stimulate central nervous system repair

Introduction
Central nervous system (CNS) axons have a poor capacity 
for re-growth after injury. This leads to permanent disrup-
tion of neuronal communication and directly underlies 
paralysis and sensory loss in spinal cord injuries. Therapies 
that induce regrowth of damaged axons or sprouting from 
intact axons are needed to restore functional connectivity. 
While genetic manipulations such as phosphatase and ten-
sin homolog (PTEN) knockout have demonstrated that it is 
possible to elicit substantial axon regeneration and sprouting 
(Sun et al., 2011), there is now a need for drugs that can be 
used to repair CNS injuries. Recently, several small mole-
cule drugs including taxol, epothilones, gabapentinoids and 
statins are raising significant interest in the field for their 
ability to stimulate axon growth and regeneration (Hellal 
et al., 2011; Ruschel et al., 2015; Li et al., 2016; Tedeschi 
et al., 2016). These drugs have well defined safety profiles 
and could eventually be re-purposed for treatment of CNS 
injury. The continued discovery and development of drugs 
with axon growth activity will enhance the potential for the 
eventual success of a new therapy for spinal cord injury. 
We recently identified a new pharmacological strategy for 
enhancing axon growth and regeneration. We discovered 
that a family of adaptor proteins called 14-3-3s can be tar-
geted with a small molecule called fusicoccin-A to enhance 
axon regeneration. Here we outline the functions of 14-3-
3 proteins and discuss the potential use of fusicoccin-A and 
related compounds as therapeutic agents to target 14-3-3s to 
induce CNS repair.

14-3-3 Adaptor Proteins
14-3-3s are a family of regulatory adaptor proteins with 

highly conserved structure and function from yeast to hu-
mans. They are soluble cytoplasmic proteins that are distin-
guished by a groove which serves as the canonical binding 
site for ‘client proteins.’ There are hundreds of 14-3-3 client 
proteins with diverse functions. 14-3-3s typically bind in 
a stereotyped fashion at phosphorylated serine/threonine 
motifs. Binding can have a wide array of consequences 
including alteration of stability, subcellular localization, 
activity, and protein-protein-interactions. In humans, there 
are seven isoforms encoded by unique genes. The residues 
lining the groove that bind the phospho-peptide of the cli-
ent protein are identical between isoforms (Kaplan et al., 
2017a). The strict conservation of the groove between iso-
forms means that there is major overlap in client proteins. 
However, variations in binding affinities for a particular 
client and differing expression levels of each isoform can 
result in certain functions that are primarily carried out by 
specific isoforms.

14-3-3 proteins are ubiquitous, but are most highly ex-
pressed in the CNS. 14-3-3s are critical mediators of nervous 
system development and axon guidance (Kent et al., 2010; 
Yam et al., 2012). The roles of 14-3-3s in the adult nervous 
system are not as well characterized. Interestingly, 14-3-3s 
are transported into the central axonal process of dorsal root 
ganglion neurons after conditioning lesions to the peripheral 
process (Mar et al., 2014). This suggests that 14-3-3s may 
be involved in promoting central axon regeneration after a 
peripheral lesion. Supporting this idea, inhibition of 14-3-3s 
with a peptide that blocks interactions with client proteins 
impairs axon growth in multiple neuronal types (Mar et al., 
2014; Lavalley et al., 2016; Kaplan et al., 2017b). Moreover, 
we found that 14-3-3 knockdown impairs, whereas over-
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this activity is conserved from rodent to human. Suggesting 
that 14-3-3s are required for this effect, knockdown of 14-3-
3s or inhibition of 14-3-3 PPIs with a small molecule inhib-
itor attenuates FC-A-induced growth (Kaplan et al., 2017b). 
To test whether FC-A could enhance axon regeneration after 
in vivo injury we used the optic nerve crush model and ex-
amined the effect of local intravitreal injections of FC-A on 
retinal ganglion cell axon regeneration. We found that two 
injections of FC-A, one immediately after injury and one 7 
days later, stimulated axon regeneration up to 0.5-1 mm past 
the lesion. Optic nerve crush results in massive retinal gangli-
on cell death in the retina and it is possible that FC-A could 
influence cell survival. However, we found no difference in 
retinal ganglion cell density between control and FC-A-treat-
ed mice. This suggests that FC-A promotes axon regeneration 
without improving cell survival. It is interesting to speculate 
that the effects of FC-A on regeneration in this model could 
be greatly enhanced by combining the treatment with a phar-
macological or genetic blockade of apoptosis.

We also examined whether FC-A can promote axonal re-
pair in the spinal cord using the dorsal hemisection model 
and assessing the corticospinal axon tract. Immediately after 
injury, we locally applied FC-A in a rapidly-polymerizing 
fibrin adhesive onto the injury site. C3 transferase, a protein 
inhibitor of RhoA in clinical trials under the trade-name 
Cethrin, has been applied in the hemisection model using a 
similar method of administration, resulting in axon regen-
eration distal to the lesion (Dergham et al., 2002). We found 
that FC-A reduced axonal die-back, but not regeneration 
past the lesion. Because FC-A is a small molecule, it is likely 
that it readily diffused from the fibrin gel and that the dura-
tion of exposure directly at the injury site was quite short-
lived. Future studies could utilize osmotic mini-pumps to 
continuously deliver the compound intrathecally or it could 
be administered by repeated injections via a systemic route. 
In xenograft tumor models in mice, FC-A derivatives have 
been administered systemically at doses that were effective 
in reducing tumor burden without adverse events or renal or 
hepatic toxicity (Kawakami et al., 2012). This suggests that 
systemic treatment with FC-A might be a safe and effective 
approach to repair axonal damage. However, it is currently 

expression enhances, axon regrowth after in vitro injury of 
cortical neurons in a scratch assay. Based on these studies, 
we aimed to develop a pharmacological approach to harness 
the pro-growth activity of 14-3-3s in neurons. This led to the 
discovery that stabilization of 14-3-3 adaptor protein-protein 
interactions with a natural small molecule called fusicoc-
cin-A promotes axon growth and regeneration (Kaplan et al., 
2017b).

Fusicoccin-A: Stabilizer of 14-3-3 Protein-
Protein Interactions (PPIs)
Fusicoccin-A (FC-A) is a small molecule produced by Pho-
mopsis amygdali fungi that is known to stabilize 14-3-3 
interactions with client proteins. FC-A binds to a solvent-ex-
posed hydrophobic pocket created by the docking of a client 
motif within the 14-3-3 binding groove, simultaneously 
binding both proteins (Figure 1). Structural and biochemi-
cal analyses indicate that FC-A can stabilize a growing rep-
ertoire of 14-3-3: client interactions. Many of these include 
disease-relevant molecules. For instance, FC-A stabilizes 14-
3-3 binding to cystic fibrosis transmembrane conductance 
regulator (CFTR) and promotes its trafficking to the plasma 
membrane, a key therapeutic strategy for the treatment of 
cystic fibrosis (Stevers et al., 2016). FC-A derivatives are also 
known to potentiate the effects of multiple anti-tumor drugs 
in cancer models (Miyake et al., 2015). Stabilization of 14-3-
3 PPIs with FC-A and derivatives is an innovative approach 
for the development of drugs that may have applications in 
many indications.

Fusicoccin-A Stimulates Axon Growth and 
Regeneration
Inhibition of 14-3-3 PPIs impairs neurite outgrowth in cul-
tured neurons (Mar et al., 2014; Lavalley et al., 2016; Kaplan 
et al., 2017b). We therefore reasoned that stabilization of 14-
3-3 PPIs with FC-A might enhance axon growth. We found 
that FC-A markedly stimulates neurite outgrowth from 
rodent cortical neurons at the time of plating as well as after 
scratch injury in mature cultures. FC-A also stimulated out-
growth from primary human fetal neurons, indicating that 

Figure 1 Fusicoccin-A (FC-A) binds to interface of 14-3-3 and a client motif docked within groove. 
When a client motif binds within the 14-3-3 groove, a druggable pocket is formed (highlighted in yellow). FC-A binds to this pocket and stabilizes 
the 14-3-3:client complex (generated with PDB: 1O9F).
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unknown whether these compounds can cross the blood-
brain barrier. Further analysis of the pharmacokinetics of 
these compounds will be required to answer these questions. 
Because these compounds target 14-3-3, a fundamental reg-
ulator of axonal outgrowth, it is possible that they could be 
effective in stimulating repair in the context of other injuries 
and diseases of the CNS, including stroke and neurodegen-
eration.

An important question that remains is how FC-A might 
affect other cell types involved in response to CNS injury. 
For instance, FC-A has been shown to induce cytoskeletal 
reorganization in an astrocytoma cell line (Bury et al., 2013). 
Cotylenin-A, a closely related compound, has been shown 
to induce differentiation in myeloid leukemia cell lines 
(Asahi et al., 1997). This suggests the possibility that FC-A 
could affect the astrocytic and inflammatory responses to 
injury. Our results with isolated cortical neurons indicate 
that the effect on axon outgrowth is cell autonomous, how-
ever it is also possible that the compound could influence 
axon regeneration by affecting other cell types in the lesion 
environment. The effect of FC-A on secondary events after 
injury including astrocytic scar formation, inflammation 
and re-myelination remains to be examined. It is interesting 
to speculate that targeting 14-3-3, a master regulator of cell 
signaling, could yield beneficial effects through actions on 
multiple cell types.

FC-A Stimulates Axon Growth through a 
Mechanism Involving GCN1 Downregulation
The mechanisms underlying the effects of FC-A on axon 
growth remain unclear, as the extent and identity of 14-3-
3 PPIs that are acted on by FC-A are unknown. In an effort 
to identify 14-3-3:client complexes that might be targeted 
by FC-A to induce axon growth, we identified a regulator of 
translation called GCN1. In yeast, GCN1 has a well-charac-
terized role in shutting down global translation in response 
to multiple sources of stress by inducing eukaryotic initiation 
factor 2 (eIF2) phosphorylation via activation of its kinase 
GCN2. Although a similar mechanism is thought to occur 
in mammalian cells, the role of GCN1 is less clear (Castilho 
et al., 2014). We found that GCN1 binding to 14-3-3 is stabi-
lized by FC-A and that this induces GCN1 turnover in neu-
rons. Suggesting a role in FC-A-induced neurite outgrowth, 
loss of GCN1 enhanced basal growth and occluded a further 
increase by a low dose of FC-A. However, a higher dose of 
FC-A persisted in stimulating growth from GCN1-depleted 
neurons, suggesting the involvement of additional mecha-
nisms. Intriguingly, previous work has shown that a protein 
called IMPACT which competes with GCN2 to bind GCN1, 
promotes neurite outgrowth (Roffe et al., 2013). Together this 
supports the idea that antagonism of GCN1 may trigger axon 
regeneration. Previously it has been shown that axonal injury 
in the CNS induces a global downregulation of pro-growth 
signaling molecules. It has been suggested that this accounts 
for failed regeneration in the CNS (Belin et al., 2015). Stress 
response pathways such as GCN1-GCN2 could be manipu-
lated with drugs to counteract this downregulation of growth 

molecules. Further characterization of the molecular players 
in these stress pathways and their effects on axon regeneration 
will be required to validate this approach.

14-3-3 PPIs as Druggable Targets
There is no indication that systemic targeting of 14-3-3s 
with FC-A-related compounds has any toxicity in rodents 
at efficacious doses in tumor models (Kawakami et al., 
2012). However, because 14-3-3 proteins are ubiquitous-
ly expressed, it is desirable to identify which 14-3-3 PPIs 
are specifically involved in axon regeneration and develop 
compounds that can selectively target these PPIs. Individual 
14-3-3:client complexes like 14-3-3:GCN1 may play more 
tissue-restricted roles, reducing the potential for side effects. 
Extensive structural and biochemical analyses with FC-A 
have provided strong proof-of-concept for the druggabil-
ity of the pocket formed by 14-3-3:client complexes and 
compounds can be tailored to target specific clients. FC-A 
is a starting point for such therapeutics. For instance, a 
semi-synthetic derivative of FC-A has been developed that is 
specific for a pocket created when 14-3-3 binds to client pro-
tein only at C-terminal motifs (Anders et al., 2013). Because 
a total synthesis of FC-A has not been completed, efforts 
have also been made to identify synthetic 14-3-3:client stabi-
lizers. A high-throughput screen to identify compounds that 
could stabilize a 14-3-3:peptide interaction resulted in the 
identification of two structurally distinct molecules, epibesta-
tin and pyrrolidone 1. Crystal structures of these compounds 
bound to the pocket created by 14-3-3 and the client peptide 
showed unique modes of interaction that underlie their abil-
ity to enhance the stability of the complex (Rose et al., 2010). 
These studies provided proof-of-concept that 14-3-3:client in-
terfaces are druggable with synthetic small molecules. Further 
optimization of FC-A or the development of client-specific 
small molecules could provide new leads for the development 
of drugs to repair damaged CNS axons.

Conclusion
14-3-3 adaptor proteins play critical roles in axon outgrowth. 
These multi-functional proteins are key regulators of many 
client proteins. FC-A stabilizes multiple 14-3-3 complexes 
and stimulates axon regeneration. The stereotyped fashion 
in which 14-3-3s bind to their client proteins in a conserved 
groove offers the opportunity to develop drugs that can 
target specific 14-3-3:client complexes. We have identified 
GCN1 as one client protein that is important for the axon 
outgrowth activity of FC-A, suggesting that this could serve 
as a more specific target. Further study into the mecha-
nisms underlying the effect of FC-A on axon growth could 
yield additional molecular players involved in this process. 
Subsequent chemical modification of FC-A could result in 
client-specific drugs. Such drugs could be used to target 14-
3-3 PPIs with specific roles in axon growth and could be the 
basis of a new approach to treat CNS injury.
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