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Abstract Profilins were discovered in the 1970s and were

extensively studied for their significant physiological roles.

Profilin1 is the most prominent isoform and has drawn

special attention due to its role in the cytoskeleton, cell

signaling, and its link to conditions such as cancer and

vascular hypertrophy. Recently, multiple mutations in the

profilin1 gene were linked to amyotrophic lateral sclerosis

(ALS). In this review, we will discuss the physiological

and pathological roles of profilin1. We will further high-

light the cytoskeletal function and dysfunction caused by

profilin1 dysregulation. Finally, we will discuss the

implications of mutant profilin1 in various diseases with an

emphasis on its contribution to the pathogenesis of ALS.
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Introduction

Profilin is a ubiquitous cytosolic protein and was one of the

first identified actin-binding proteins. Initial studies sug-

gested that its main function was to sequester actin

monomers in a 1:1 complex and then release actin in

response to downstream cellular signals such as an increase

in phosphatidylinositol (4,5)-bisphosphate (PIP2) [1, 2].

However, subsequent studies revealed that the basal cel-

lular levels of profilin are rather insufficient to sequester

abundant actin monomers. These studies showed that in

addition to its sequestering function, profilin promotes the

assembly of globular-actin monomers (G-actin) into fila-

mentous-actin (F-actin) [3]. Profilin catalyzes actin

polymerization in a concentration-dependent manner. It

serves as a catalyst at lower concentrations and an inhibitor

at higher levels [4]. Furthermore, profilin interacts with

multiple ligands and binding partners implicating it in

signaling processes beyond its actin-binding function.

Four isoforms of profilin have been discovered to date.

The first mammalian profilin gene that was isolated, named

PFN1, corresponds to the profilin protein isolated from the

thymus, profilin1 [1, 2]. Profilin1 is a small (15,054 Da),

highly conserved protein composed of 139 amino acid

residues in humans and 140 amino acid residues in rodents.

Expression studies in mice have shown that mammalian

profilin1 is expressed during all embryonic stages, and

additional studies suggest that it is present in nearly all cell

and tissue types, including platelets, glia and glioma, and

lymphoid cells [1, 2, 5]. In contrast, profilin2 (15,046 Da)

is expressed primarily in the developing nervous system

and in differentiated neurons, and profilin3 and profilin4

(15,594 and 14,319 Da, respectively) are exclusively

expressed in testes [2]. This review focuses on the most

prominent isoform, profilin1, due to a plethora of
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interesting data which have emerged in the last decade

linking it to various diseases (Table 1).

In this review, we will discuss profilin1’s biology and its

role in actin dynamics in addition to its non-actin-related

cellular roles. We will further discuss the cytoskeletal

function and dysfunction due to profilin1 dysregulation.

Finally, this review discusses the implications of mutant

profilin1 in disease with an emphasis on its highly relevant

role in amyotrophic lateral sclerosis (ALS).

Profilin1 structure and expression

Human profilin1 tertiary structure was defined using NMR

and X-ray crystallography [6] and shows an anti-parallel,

7-stranded b-sheet packed between four a-helices (Fig. 1)
[6]. Profilin1 has a complex molecular structure: two of the

helices are located at the termini and contribute side chains

to a common hydrophobic core involving the b-sheet.
Residues on the opposing face of the sheet give rise to a

more extensive hydrophobic region juxtaposed by the other

two helices [7]. Profilin1’s amino acid sequences are evo-

lutionarily highly conserved across vertebrates and lower

organisms [8]. This fact suggests that the profilin1 structure

is fundamentally essential to life and must be conserved to

maintain its vital actin-regulating function. Profilin1 has an

actin-binding domain located on helix 3, which has some

contact with helix 4 and strands 4, 5, and 6 in the C-ter-

minal (Fig. 1b). In addition, a poly-L-proline (PLP) binding

domain is located at the N-terminal [7, 9].

Amino acid residues in the actin-binding domain form

2250 Å of combined interfacial surface area in profilin1. This

arrangement indicates that the profilin1-actin bond is very

strong, hydrophobic, and functionally essential [7, 10]. A

surface area of this magnitude is reminiscent of functionally

important protein–protein interactions seen in antibody-anti-

gen and phosphatase-substrate interactions [7]. In addition,

profilin1 contains two PIP2 binding sites, one of which is

located in the PLP binding domain, while the other is located

in the actin-binding domain. These dual sites suggest that PIP2

Table 1 Summary of profilin1-affiliated diseases

Diseases affiliated with

profilin1

Profilin1-linked mechanism References

Amyotrophic lateral

sclerosis (ALS)

Profilin1 (C71G, M114T, G118V) mutations can negatively affect actin polymerization rate by

impairing both profilin1’s affinity for actin and its ability to accelerate nucleotide exchange. Recent

studies also suggest that profilin-dependent TDP43 aggregation may play a significant role

[43, 58]

Fragile X syndrome

(FXS)

Neuronal actin cytoskeleton development is disrupted in mice in which the profilin1 gene is deleted. The

mutant mice show dendritic spine instabilities and Fragile X syndrome-like symptoms. In addition,

Fragile X mental retardation protein (FMRP), a key protein in FXS, was shown to bind profilin1

during development

[64]

Glioblastoma Profilin1 phosphorylation at the Tyr129 residue causes it to bind to the von Hippel–Lindau tumor

suppressor protein, preventing it from degrading hypoxia-inducible factor-1a (HIF-1a). The resulting
buildup of HIF-1a promotes tumor progression

[70]

Breast cancer Profilin1 expression causes fast but unstable lamellipodial projections, which slows cancer cell motility.

Profilin1 may also prevent a buildup of VASP and Ena at the leading edge, both of which are

associated with a hypermotile phenotype in cancer cells

[71, 72]

Renal cell carcinoma

(RCC)

Profilin1 overexpression correlated with both lower disease free survival and lower overall survival

rates. A mechanism has not been discovered

[73]

Bladder cancer Higher levels of profilin1 corresponded with more aggressive bladder cancer tumors. Knockdown

resulted in reduced T24 cell motility

[74]

Pancreatic cancer Profilin1 upregulates SIRT3 in pancreatic tumors, leading to destabilization of HIF1a and decreased

tumor progression

[75]

Vascular

hyperpermeability

Profilin1 regulates the actin cytoskeleton in endothelial cells, which controls the extent to which they

contract. Advanced glycation end products cause an increase in profilin1 levels, resulting in

restructuring of the cytoskeleton. The resulting endothelial cell contractions cause vascular

hyperpermeability

[76]

Hypertension/vascular

hypertrophy

Profilin1 overexpression increases blood vessel size, wall thickness, and collagen content. It is

hypothesized that this effect is mediated by the p38 mitogen-activated protein kinase-inducible nitric

oxide synthase pathway to effect hypertension-dependent arterial remodeling

[77, 78]

Adipose tissue

inflammation

Profilin1 contributes to high fat diet-induced glucose intolerance and inflammation of white adipose

tissues. A mechanism has not been fully described, but it is possible that it disrupts adipose tissue

homeostasis

[79]

Atherosclerosis Profilin1 expression antagonizes eNOS activation and NO-dependent signaling. It may also enable

endothelial dysfunction by promoting internalization of oxidized, low-density lipoproteins

[80]
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may act as a multi-faceted regulator of profilin1 function as it

can prevent both actin and PLP binding [11]. Studies pub-

lished by Pei et al. [12] and Krishnamoorthy et al. [12, 13]

appear to confirm a model in which phosphoinositides bind

profilin1 in a complex with actin, forcing the complex to

dissociate and release G-actin. Profilin1 domains, amino acid

residues, and binding sites dictate its function and interactions

with ligands and binding partners. Thus, mutations in these

structural components could affect profilin1 functions by

radically changing the 3-D structure. These changes have

been found to alter profilin1’s binding profile, as discovered

by Bosco and colleagues [14], and are discussed later in the

ALS section (Fig. 1b).

Studies of profilin1’s spatial expression and tissue-

specific abundance show that it comprises 0.2–0.4 % of

total protein in non-neuronal tissues, whereas it accounts

for only 0.05 % of total protein in the brain. Interestingly,

the expression levels of profilin1 and profilin2 seem to

inversely complement each other. Profilin2 accounts for

0.01 and 0.02 % of total protein in all tissues sampled

except the brain; in this organ, profilin2 content is 15-fold

higher [15]. Despite profilin1’s low expression in the brain,

it is heavily expressed in activated microglia, likely

because these microglia must be highly motile to reach

damaged areas of the brain for repair [16]. In accordance

with profilin1’s role in cell motility, it is frequently found

near the leading edge of the cell membrane, where it aids in

lamellipodium formation [15]. It is also found in the

nucleus, where it colocalizes with nuclear subcompart-

ments, splicing speckles, and Cajal bodies. This distinct

nuclear distribution suggests other cell signaling roles for

profilin1 independent of actin polymerization.

Profilin1 protein–protein interactions

Profilin1 interactions with survival of motor neuron protein

(SMN) and p42POP (partner of profilin) provide evidence

that profilin1 plays a role in RNA processing and neuronal

transcription. These putative roles are further supported by

the fact that the profilin-actin complex is rapidly removed

from the nucleus by exportin-6, but unbound profilin1 is not

[2]. A few studies have documented the regulation of pro-

filin1 gene expression, but its ubiquitous presence suggests

the possibility of post-translational regulation, which is

discussed in the next section. However, although profilin1

expression apparently is not highly dynamic, its level of

activation is regulated by the Rho/ROCK pathway and post-

translational protein modification. Integrin linked kinase

(Ilk)-mediated downregulation of Rho/ROCK leads to a

decrease in phosphorylation of profilin1 at the S137 residue,

and this event occurs in a Rac1-independent manner despite

the initial hypothesis that Rac1 was involved in the process

due to its interactions with Rho (Fig. 1a). Upregulation of

insulin-like growth factor-1 (IGF-1) has the same effect as

that of Ilk, namely, negatively regulating Rho/ROCK levels

N C

E117G
C71G

M114T

Y129-Ph

S137-Ph

a

b

T109M

T109-Ph

G118V

E117G

M114T
A20T T109M Q139L

C71G

R136W

A20T Q139L
G118V

R136W

Fig. 1 Profilin1 protein structure and ALS-linked mutations.

a Schematic presentation of profilin1, including the five a-helices
(tan) and seven b-sheets (green). Eight of the ALS-linked mutations

are indicated by black arrows. Three amino acids residues with

notable phosphorylation sites on the C-terminal are highlighted (S137

and Y129) and one is at position of T109 that is mutated in ALS.

b Three-dimensional structure of human profilin1 (PDB: 1fik) in

cartoon representation. The ALS-linked mutations are labeled. Crystal

structure data of bovine profilin-1 were downloaded from protein data

base (PDB) to show predicted human profilin1 3-D structure: 4X1L

and ALS-linked mutation were added using PyMOL (The PyMol

Molecular Graphics System, Version 1.5.0.4, Schrodinger, LLC)
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and consequently raising levels of activated profilin1. The

converse is also true. Downregulation of IGF-1 or Ilk leads

to an increase in Rho/ROCK, resulting in an increase in

phosphorylated profilin1 [17, 18]. Furthermore, profilin1

binds to WAVE [Wiskott–Aldrich syndrome protein

(WASP) family verprolin-homologous protein], heat-shock

protein (HSP) C300, Nap1, and POP-130, all of which are

involved in the Rho/ROCK cascade. The Rho/ROCK cas-

cade is one of the most important regulators of the actin

cytoskeleton, further supporting profilin1’s significant

contribution to cytoskeletal dynamics. In addition, profilin1

binds to mDia1, mDia2, and mDia3 (mammalian homolog

of the Drosophila gene diaphanous), all of which are potent

nucleation molecules in actin polymerization [19]. How-

ever, the interaction between profilin1 and mDia proteins

was found using truncated mDia; therefore, this needs to be

replicated using full length mDia proteins [20–22]. Hence,

it is likely that an interaction also occurs between profilin1

and the unmodified mDia. Profilin1 also interacts with

vascular endothelial growth factor (VEGF), a small protein,

and a known neurotropic factor involved in angiogenesis,

which was also implicated recently in cell signaling and

tumorigenesis [23]. Specifically, VEGF-A binding to VEGF

receptor 2 (VEGFR2) triggers phosphorylation of profilin1

Y129, increasing profilin1’s affinity for actin, thereby

enhancing actin polymerization at the edge of the cell—the

filopodium effect (Fig. 1a). This mechanism has been

suggested as a physiological strategy for VEGF-A to initiate

cytoskeletal remodeling. However, VEGFR1 can have the

same effect as the VEGFR2 activated kinase, so it is likely

that some combination of these molecules work together for

proper phosphorylation. Interestingly, the VEGFR2-in-

duced phosphorylation of profilin1 Y129 does not appear to

be necessary in developmental angiogenesis, as a synthetic

Y129F mutation in profilin1 failed to affect normal angio-

genesis and arteriogenesis during development, but

prevented proper wound healing and arteriogenesis later in

life [24].

Profilins1 and 2 also bind to a variety of structural

proteins in neurons. These proteins include gephyrin,

drebrin, piccolo (was also referred to as aczonin), and

delphilin, all of which regulate the actin cytoskeleton

implicated in synapse dynamics. Piccolo is a major coor-

dinating factor in the dynamic assembly of F-actin in

association with its binding partners, Abp1, profiling, and

GITI [25–28]. This association recently was confirmed by

knockdown of both Piccolo and profilin2 [29]. These

studies provide light on the importance of piccolo and

F-actin roles in presynaptic dynamics and regulation of

neurotransmitter release. The two profilins bind with

roughly equal affinities to all of the structural proteins

evaluated to date except for piccolo, which has a higher

affinity for profilin2 than for profilin1 [22]. Despite the fact

that these interactions between the profilins and structural

proteins in neurons have been known for at least 10 years,

little is known about their exact functional role. It seems

possible that the interactions could provide a molecular

mechanism for profilin-regulated remodeling of the struc-

ture of the synaptic cleft, with profilin serving as a link to

one of the signaling pathways discussed earlier.

Profilin1 post-translational modifications

Profilin1 activity and interactions with other proteins and the

corresponding signaling cascades are regulated, in part, by

post-translational modifications. Recent studies revealed the

biological significance of two of these modifications: phos-

phorylation of profilin1 at residues S137 and Y129 (Fig. 1a).

These phosphorylations increase the affinity of profilin1 for

G-actin, which alters actin polymerization dynamics and,

thereby, impacts the cell in different ways. For instance,

phosphorylation of profilin1 at S137 enhances the migration

and invasion of breast cancer cells (MCF7), whereas the

phosphorylation at Y129 (which is induced by VEGF-A, as

discussed above) at the leading edge of endothelial cells

plays a role in endothelial cell migration and angiogenesis

[30]. In addition, phosphorylation at Y129 promotes

glioblastoma progression by a mechanism that involves

accumulation of hypoxia-inducible factor (HIF)-1a in nor-

moxic conditions, which drives aberrant vascularization and

glioblastoma progression (Table 1) [31].

Profilin’s role in actin polymerization
and depolymerization

The process by which profilin1 increases actin polymer-

ization is complex and it relies on a variety of different

factors. One hypothesis is that profilin1 can promote net

polymerization by facilitating exchange diffusion.

Exchange diffusion describes a process by which ATP-

actin or ADP-Pi-actin pairs are added to the filament end,

but then dissociate in accordance with random thermal

fluctuations (Fig. 2a). Following dissociation, the actin

monomers dissociate the ADP or ADP-Pi and exchange it

for ATP before binding to F-actin, thus resulting in net

polymerization. In this process, profilin1 serves to increase

the dissociation rate and accelerate the rate of nucleotide

exchange, both of which contribute to an elevated rate of

polymerization [4]. Profilin1 may also lower the critical

concentration of actin (the necessary amount for poly-

merization to occur), thus allowing polymerization to begin

earlier and last longer [4]. Another current hypothesis is

that profilin1 only promotes actin polymerization when

either additional actin sequestering molecules or formins
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are present. The effect of profilin1 on formin-associated

strands is concentration-dependent; high profilin1 concen-

trations inhibit polymerization, whereas lower

concentrations of profilin1 in the range 2–5 lM promote

faster filament growth. Formins bind to the barbed end of

actin filaments and are known to increase polymerization

rate independent of profilin1, but the polymerization rate is

further increased by the addition of profilin1 [10]. In the

presence of other actin sequestering molecules, profilin1

competes for the actin-binding site and serves to shuttle

bound actin to the barbed end of the growing polymer [32].

Neither of these proposed mechanisms directly contradict

the idea that profilin1 promotes polymerization through

enabling faster exchange diffusion, so it is possible that all

three mechanisms occur concurrently.

Profilin1 in early brain development

Profilin1 is required for normal mouse brain development,

which relies on profilin1 regulation of actin. Recent studies

by Rust and colleagues [33, 34] showed that profilin1 is

Mutant profilin can no 
longer accelerate 
nucleotide exchange

Impaired profilin-actin 
binding may negatively 
impact polymerization rate

Actin is added to the 
barbed end at a much 
slower rate

ATP hydrolyzes to form ADP-Pi

After a set amount of time, 
the Pi group dissociates

Depolymerizing pointed (-) end
ADP-actin

Unbound  ADP-Pi actin

Unbound Pfn1

Profilin1 binding 
accelerates exchange 
diffusion 

Pfn1 chaperones ATP-actin
monomers to the barbed (+) 
end of the filament

ATP hydrolyzes to form ADP-Pi

Depolymerizing pointed (-) end
ADP-actin

Unbound  ADP-Pi actin

a

b

Fig. 2 a Diagrammatic

scheme depicting profilin1

regulation of actin

polymerization.

b Diagrammatic

scheme depicting the events by

which mutations in profilin1

disrupt actin polymerization,

thereby potentially causing

motor neuron degeneration
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required for the radial migration of cerebellar granule

neurons (CGN) and for their adhesion with glia cells.

Because systemic profilin1 deletion leads to embryonic

lethality, the authors chose to develop conditional profilin1

knockout mice. The mice with profilin1 knockout in

specific regions of the brain were developed by crossing a

conditional profilin1 mouse model with a nestin-cre

transgenic line that expresses cre in all brain cells during

development. This conditional profilin1 deletion led to a

reduced brain size [33]. In addition, the radial migration of

CGNs was impaired after profilin1 deletion, as Brdu?-la-

beled neurons showed shorter mean migration distances in

the mutant mice compared to wild type. Due to the actin-

binding function of profilin1, it is reasonable to hypothe-

size that the slowed migration following profilin1 deletion

may be explained by impaired CGN binding to glial cells

(GCs). Indeed, the authors showed that profilin1 is neces-

sary for normal CGN–GC adhesion. This finding

emphasizes the significance of profilin1 in neuronal adhe-

sion, and the importance of the proper cytoskeleton

dynamics in the CNS for development and physiological

function. Therefore, profilin1 deficiency could have detri-

mental effects on neuronal development.

A potential mechanism to explain the aberrant radial

CGN migration is that impaired glial cell adhesion to

CGNs in profilin1 deficient mice severely hampered proper

radial migration. Glial cell binding assays using isolated

CGNs revealed impaired adhesion, further supporting this

explanation [33]. Hence, it is important to explore whether

profilin1 mutations are responsible for other developmental

neuropathies. Could profilin1 deficiency be directly

responsible for the autosomal dominant disorder of Miller–

Dieker lissencephaly syndrome and hereditary cerebellar

hypoplasia as suggested by recent studies [35, 36]? If

profilin1 expression, dysregulation, deficiency, or mutation

leads to disease, then the mechanisms and extent of pro-

filin1 involvement in these pathologies should be

investigated in detail. The study and discoveries by Kull-

mann et al. [33, 34, 37] are of historical importance, since

they are the first reports to link profilin1 to actin dynamics

in neurons, whereas the profilin1 role in actin dynam-

ics/cell motility in endothelial cells is well established [38].

Profilin1 and ALS

The advancement of a new sequencing technology called

exome sequencing allows sequencing of all expressed

genes (exons). Exome sequencing has resulted in the dis-

covery of a new genetic link between profilin1 and ALS.

ALS is a late-onset neurodegenerative disease, which leads

to death usually within 3–5 years of diagnosis. Also

referred to as Lou Gehrig’s disease, ALS is caused by the

progressive death of motor neurons in the brain and spinal

cord. The loss of motor neurons impairs motor coordina-

tion, which progresses to paralysis and eventually

respiratory failure. It is well documented that motor neuron

death begins well before the appearance of symptoms or

diagnosis of the disease [39]. ALS cases are divided into

two primary groups: sporadic (sALS) and familial (fALS).

Cases caused by profilin1 mutations fall into the familial

category, which accounts for roughly 10 % of total ALS

cases [39]. One non-synonymous mutation (R136W) found

in sALS category as described below (Chen et al., 2013).

Riluzole is the only FDA-approved drug available for ALS

treatment, and it confers only a moderate increase in sur-

vival [40]. A new drug emerging for the treatment of ALS

is Edaravone or RADICUT, which is a free radical scav-

enger. It is approved as an ALS therapeutic in Japan, and in

May 2016, the United States’ FDA approved it as an

orphan drug for the treatment of ALS.

Exome sequencing has revealed eight mutations in the

profilin1 gene in familial and sporadic ALS cases in the

United States, Europe, and China; (A20T, C71G, G118V,

M114T, E117G, T109M, R136W, Q139L) (Fig. 1b)

[41–44]. A study of 10 fALS and 540 sALS patients in

China reported one non-synonymous mutation (R136W) in

one early onset sporadic ALS patient [44]. They also found

a synonymous mutation (L88L) in a late-onset sALS

patient, which would not have caused a mutation of the

profilin1 protein, but may affected its expression since its

RNA sequence changed by one nucleotide base. Although

research teams outside of the United States and Europe

have searched for profilin1 mutations in their local fALS

patients, these studies did not identify any abnormalities,

suggesting that profilin1 mutations may not be uniformly

distributed across ALS patient populations in different

geographical areas [41, 43–51, 54].

It is crucial to note that some mutations in profilin1

associated with fALS are in residues composing the pro-

filin1 actin-binding domain (Fig. 3). This important

observation has been a guide to subsequent research as

investigators hypothesized that profilin1 mutations cause

ALS as a result of altered actin binding (Fig. 2b). There are

other fALS-linked profilin1 mutations (e.g., T109M and

Q139L) that are located on PLP domain (Fig. 3)

[41, 52, 53]. Therefore, the hypothesis that an actin-binding

impairment resulting from profilin1 mutations causes tox-

icity in ALS may not be the only mechanism of

neurodegeneration. Elegant studies by two independent

research teams provide support for the concept that pro-

filin1 mutations contribute to ALS pathogenesis by diverse

mechanisms [52–54]. These recent studies provide new

evidence that the mechanism of profilin1 toxicity is more

complex than first thought and may involve the PLP

binding domain as well as the actin-binding domain. The
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finding of mutations in the PLP domain of profilin1 does

not dispute the toxicity caused by actin-binding domain

mutations, and hence, actin dynamics and cytoskeletal

dysfunction cannot be ruled out but may be part of a bigger

picture of neuronal dysfunction. The mechanism(s) by

which mutations in profilin1 induce ALS is a hot topic that

is being intensively pursued to search for novel mecha-

nisms involved in the pathogenesis of ALS and to identify

new therapeutic targets to slow its progression. The next

section will detail the seminal papers attempting to

understand these elusive mechanisms.

Profilin1 mutations cause ALS by inducing protein
aggregation

Neuronal cultures (Neuro-2A cells) transfected with mutant

profilin1 variants C71G, M114T, and G118V contain pro-

tein aggregates as evidenced by the presence of profilin1 in

the insoluble fractions of cell lysates [43]. This finding

indicates that mutant profilin1 accumulates in neurons,

possibly in the form of inclusions and aggregates. There-

fore, the authors probed for expression patterns of wild

type (WT) and mutant profilin1 (C71G, G118V, and

M114T) in N2A cells and primary motor neurons trans-

fected with the profilin1 variants. They found that WT

profilin1 is diffuse across the cytoplasm, whereas the

mutant profilin1 variants assembled in cytoplasmic ubiq-

uitinated aggregates. These findings are significant as the

formation of aggregates is one of the hallmarks of ALS,

and proving that mutant profilin1 forms aggregates in

neurons further strengthens its causal link to ALS. These

findings also offer a window into the mechanism of how

mutations in profilin1 may lead to ALS. It is worth noting

that the E117G variant was found in both controls and ALS

patients; it did not form aggregates in vitro, unlike the other

mutants. Therefore, E117G behaves similarly to WT,

indicating that this profilin1 mutation may be a benign

mutation or could be a risk factor.

A recent study by Boopathy et al. [14] showed that the

mutant profilin1 proteins C71G, M114T, and G118V were

destabilized in vitro under conditions, in which the WT and

E117G forms were unaffected. The authors measured shifts

in the fluorescence signal of the proteins when adding an

increasing concentration of urea. Chemical and thermal

denaturation studies provided evidence for severe destabi-

lization of mutant profilin1. In addition, all three of the

stated mutants that were susceptible to destabilization had

lower melting temperatures than the WT. Both of these

findings indicate that the C71G, M114T, and G118V

mutants are unstable compared to WT. This instability

conferred by the mutations is a probable factor in their

ALS-causing mechanism. The authors then analyzed

crystal structures of the WT, E117G, and M114T [14]. The

structures of the WT and E117G were similar as they had a

small cleft on their surfaces putatively associated with

protein instability, further confirming that the E117G is

merely a risk factor for ALS. Interestingly, the M114T

mutation caused this cleft to expand and appear as a large

cavity near the protein core. Computer analyses also pre-

dicted that the C71G form would have a cavity larger than

that observed in WT. It is possible that these cavities

a

Profilin1

Actin

G118V
E117G

M114T

A20T
T109M Q139L

C71G

R136W

b

Fig. 3 a Schematic demonstration of profilin1 actin binding. Pre-

dicted structure of human profilin1 PDB: 4X1L (yellow) and b-actin
PDB: 2BTF (green) complex based on a bovine structure (2BTF)

represented in cartoon. The mutated profilin1 residues involved in

ALS are colored and shown in space fill. All these images were

generated using PyMOL. Residues in profilin1 that makes contact

with beta actin [7] are shown in cyan in dots on the top of actin

(shown in green). b Crystal structure of human profilin-1 showing

ALS-linked mutations. Three-dimensional structure of profilin1 was

downloaded from PDB: 4X1L and mutated using PyMOL. Actin-

binding domain is shown in cyan in dots
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contribute to the instability of the ALS-mutant profilin1

proteins. These cavities lead to destabilization of profilin1,

which may encourage profilin1 aggregation. The aggrega-

tion of profilin1, in turn, may lead to a fibril-like transition

intermediate and act as a ‘‘seed’’ for progressive aggrega-

tion. If proven, the aggregates formed by profilin1 may

accumulate in motor neurons and lead to neurodegenera-

tion, suggesting a possible mechanism for ALS caused by

profilin1 mutations, neurotoxicity, and progressive neu-

ronal death. At least four of the profilin1 mutations are in

the actin-binding domain, and two are in the PLP domain

of the protein. One may hypothesize that these mutations

may destabilize profilin1 and trigger aggregation, thereby

leading to a toxic ‘‘gain of function,’’ ‘‘loss of function’’ or

other pathogenic disruptions in the homeostasis of actin

dynamics, ultimately interrupting critical cellular functions

associated with profilin1. This scenario would explain the

impact of mutant profilin1 on primary motor neurons [43]

and now confirmed in transgenic mice overexpressing the

G118V mutation (Kiaei et al., SfN abstract 2015). Col-

lectively, growing evidence supports the hypothesis that

mutations in profilin1 contribute to ALS via a cytoskeletal

destabilization mechanism. However, the discovery of

other mechanisms is expected, since profilin1 interacts with

a large pool of ligands and binding partners that may also

be disrupted by mutations of profilin1. Following this logic,

exploring the following questions becomes critical to

defining the impact of profilin1 on neuronal function and

designing interventions to restore homeostasis. Is it possi-

ble to restore the native profilin1 3-D structure? Could

novel molecules that enhance the stability of profilin1 by

correcting its folding (such as chaperones or small

molecular stabilizers) be effective therapies? If so, will

restoration of profilin1’s normal structure prevent the

pathogenesis of ALS and/or stop its progression? If it is

confirmed that ‘‘loss of function’’ of profilin1 is a major

contributing factor to ALS progression, then gene therapy

using a neuron-specific promoter to drive expression of WT

profilin1 may hold some promise. Since all profilin1

mutations are autosomal dominant, and all the patients

already have one wild-type copy of the PFN1 gene,

therefore, loss of function may manifest itself at later

stages of life when there is higher demand for profilin1

function.

Increased aggregation propensity was examined with

purified pathogenic mutants (C71G, M114T, G118V,

T109M, and A20T) using biophysical techniques [51, 54].

A significant increase in aggregation propensity was found

in mutant profilin1 as compared to WT profilin1 and the

less pathogenic mutant forms of profilin1 (E117G and

Q139L) [53, 54]. Analysis of T109M mutants indicated a

conformational stability similar to WT profilin1, despite

the fact that this mutant exhibited the highest aggregation

propensity compared to other forms. This suggests that the

increased aggregation in the mutant forms is independent

of the changes in conformational stability [51, 53, 54].

Structural studies of the intrinsic fluorescence and far-

UV CD spectra showed differences between the pathogenic

mutant forms and WT profilin1 which correlated with the

differences in aggregation propensity. These differences in

tertiary structures (i.e., folding) are significant, because the

differences correlate with the aggregation propensity pro-

files of mutant profilin1 proteins. This supports the

hypothesis that increased aggregation propensity of the

ALS-linked profilin1 mutants is promoted by changes in

protein folding, i.e., secondary and tertiary structures.

This strengthens the theory that ALS-causing mutations

in profilin1 induced pathogenicity by causing increased

aggregation of mutant profilin1.

These authors also conducted circular dichroism (CD)

analyses, which revealed a transient, partially folded,

transition state between the folded and unfolded states of

profilin1. Kinetic analyses suggest that this state is ther-

modynamically comparable to the fully unfolded state, i.e.,

it is unstable, indicating that there is an intermediate state

for WT profilin1 during folding, but it does not accumulate

as it is highly transient. It can be speculated that mutations

in profilin1 could transform the transitional intermediate to

an atypical intermediate state and consequently slow its

degradation, which may result in its aggregation. If con-

firmed, this concept would be a significant finding as it

could offer more insight into the mechanism by which

mutant profilin1 contributes to neurotoxicity during ALS.

Notably, the hypothesis that profilin1 mutations lead to

ALS by promoting the formation of protein aggregates is

gaining support based on functional studies in primary

motor neurons and yeast cells [43, 55]. In other words,

these findings support the hypothesis that mutations in

profilin1 disrupt the de novo conformation of profilin1 in a

manner that leads to the accumulation of an intermediate

form (fibril-like), which becomes toxic for neurons leading

to ALS.

Profilin 1 with ALS-linked mutations causes
TDP-43 aggregation

TAR-DNA binding protein-43 (TDP-43) has been shown

to play a pivotal role in the pathogenesis of neurodegen-

erative diseases, such as ALS and frontotemporal lobe

degenerations (FTLD). TDP-43 accumulates in ubiquitin-

positive inclusions in affected regions of the postmortem

spinal cord and brain sections of ALS and FTLD patients

[56, 57]. Recent studies show that ALS-causing mutant

profilin1 forms cytoplasmic aggregates (as discussed ear-

lier), which are positive for ubiquitin and p62 in human
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neuroblastoma cells; these aggregates sequester endoge-

nous TDP-43 [58]. The transient overexpression of C71G

mutant profilin1 protein formed more aggregates than

overexpressed WT. E117G and WT transient overexpres-

sion in cell cultures exhibited similar aggregation profiles

confirming the suggestion that the E117G mutation is a risk

factor rather than a cause of ALS [58]. As discussed above,

mutations in profilin1 render it prone to aggregation, which

may trigger a series of events that promote toxicity in

motor neurons. Postmortem tissue analysis from mutant

profilin1 cases of ALS show that TDP-43 is immunoreac-

tive with skein-like neuronal cytoplasmic inclusions in

cranial nerve XII [42]. These tissues exhibited p62 and

TDP-43 positive inclusions in glial cells but not in spinal

cord neurons. These findings raise the possibility that

mutant profilin1 may lead to a conformational change in

TDP-43, which, in turn, may lead to aggregation. Thus,

profilin1 with ALS-linked mutations may act as a ‘‘seed’’

to induce accumulation of TDP-43 as aggregates [58].

In recent studies, TDP-43 and mutant profilin1 were

found to coaggregate in vitro [58]. The pathways involved

in recruiting TDP-43 to aggregates are unknown and

whether a conformational change in TDP-43 following its

interaction with mutant profilin1 could be a basis for a

‘‘gain-of-toxic function’’ is yet to be determined. Interest-

ingly, Woerner et al. [59] showed that cytoplasmic

aggregates enhanced toxicity by sequestration and mislo-

calization of proteins containing disordered and low-

complexity sequences in HEK293T cells [59]. Although

this study was conducted in a single cell line, elegant

approaches (using artificial beta sheet proteins) were used

to show that the location of aggregates (whether in the

cytoplasm or the nucleus) is important as the toxicity of the

aggregates depends on their intracellular location. This

finding further implies that cytoplasmic TDP-43 aggregates

in ALS are likely toxic and may constitute a mechanism of

neuronal death. Therefore, it is of great interest to confirm

whether TDP-43 and profilin1 coaggregate in vivo, since

aggregation of profilin1 is implicated in motor neuron

degeneration. Indeed, if profilin1 and TDP-43 coaggregate

in vivo, it is possible that the aggregation of mutant pro-

filin1 serves as a ‘‘seed’’ for TDP-43 recruitment in

aggregate inclusions.

Mutant profilin1 and stress granule dynamics

In addition to destabilizing profilin1 and inducing aggre-

gate formation, how else do proflin1 mutations impact the

cell? A recent study by Gitler and colleagues [55] inves-

tigated the effects of mutant profilin1 on stress granules

using a yeast-based system and primary neurons. Stress

granules, also called ribonucleoprotein granules, are small

RNA–protein assemblies which form in the cytoplasm in

response to cellular stress. Stress granules were investi-

gated as potential factors in ALS pathogenesis [60]. The

authors used a yeast stress-granule reporter cell line to

show that WT profilin1 localizes to stress granules fol-

lowing arsenite treatment; whereas the three ALS-linked

mutations (C71G, G118V, and M114T) showed impaired

targeting to stress granules under the same conditions [55].

Thus, ALS-linked mutations alter the ability of profilin1 to

be recruited to stress granules, raising the possibility that

the subsequent accumulation of mutant profilin1 is a

mechanism of neuronal degeneration in ALS. If confirmed

in other models, this hypothesis is of great importance,

since it links mutant profilin1 and stress granules to ALS

pathogenesis. In addition, cytoplasmic aggregates distinct

from stress granules were observed in yeast cells trans-

fected with C71G, and to a lesser extent, the M114T

mutation. Taken together, these observations provide evi-

dence for a possible novel model of ALS pathogenesis in

which profilin1 mutations alter stress granule dynamics,

although further research is necessary to shed more light on

the topic.

Profilin1 mutations in ALS and structural
instability

Profilin1 mutations are believed to cause ALS by impairing

the ability of profilin1 to bind actin, but the specifics of this

dysregulation are unknown. Many of ALS-linked profilin1

mutations are located in the actin-binding domain of pro-

filin1, supporting the hypothesis that changes in the affinity

of profilin1 for actin may be responsible for ALS. Fur-

thermore, tissue culture models expressing the C71G,

M114T, and G118V mutations have lower levels of bound

actin when compared to WT. Mutants expressing the

E117G mutation did not demonstrate a significantly

decreased affinity for actin [43, 51, 53].

A more recent study in ALS patients by Smith et al. [42]

discovered the ALS-linked mutations: A20T and Q139L.

Structural modeling revealed that the A20T mutation cre-

ates internal mismatches at several residues and

theoretically alters the conformation of the beta sheet.

Additional studies are needed to determine the effects of

the Q139L mutation [42]. Another missense mutation,

T109M, has also been implicated in ALS patients (Fig. 1b).

This mutation occurs at a phosphorylation site, and it

remains to be determined whether any functional changes

related to ALS pathogenesis may result from this mutation,

or if it will affect only the phosphorylation status [41]. A

recent study showed that a profilin1 mutation in the posi-

tion T109M does not affect actin binding as the location of

this mutation is outside the actin-binding domain [52]. This
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mutation indicated that the PLP domain, as well as the

actin-binding domain, actin polymerization, and other

functions of profilin1 may play important roles in the

pathogenesis of ALS. Interestingly, the authors also

showed that the T109M mutant-induced stress granules

were at a level comparable to other ALS-linked mutations

C71G, M114T, and G118V [52].

Altogether, the impact on the tertiary structure, phos-

phorylation, loss or gain of new function, stress granules,

and aggregation due to profilin1 mutations could contribute

to the demise of motor neurons in ALS (Fig. 4).

Profilin1 in neuronal migration

Profilin1’s interactions with a variety of cytoskeletal and

cellular signaling molecules (actin and ligands, such as

N-WASP, Mena, VASP, dynamin1, Arp2/3 complex) pro-

vide a link between actin polymerization and other cellular

processes. Profilin1 is essential to early embryogenesis [5].

Embryos from profilin1-null mice die as early as the two cell

stage [5]. This finding implies a role for profilin1 in early

cell cleavage [15]. Profilin1 is also involved in cellular

motility and migration [15, 61]. Profilin1’s interaction with

actin provides a necessary mechanism for lamellipodium

formation in migrating cells by recruiting actin to the lead-

ing edge and accelerating actin polymerization at the

lamellipodium [62]. Recent studies have suggested that

profilin1 plays an additional actin-independent role in cell

migration by blocking PIP2, which regulates recruitment of

other motility-enhancing complexes to the leading edge of

the cell membrane. While this process takes place in all

migrating cells, profilin1 plays a particularly important role

in the migration of cerebellar granule neurons (CGNs) as

described in the previous section [33].

Profilin1 is vital for proper myelination of the peripheral

nervous system, and its expression is indispensable for proper

Schwann cell (SC) development. SCs produced in the

absence of profilin1 are either underdeveloped or unable to

migrate properly, which results in axon hypomyelination

[63]. Profilin1 knockdown has also been shown to lead to

defects in the Purkinje cell layer (PCL), specifically resulting

in large gaps caused by aberrant purkinje cell (PC) migration

as described above [33]. These abnormalities, however,

originate from mechanisms other than cell-autonomous

defects, as PC-specific knockdown of profilin1 resulted in no

damage to the PCL. This finding may indicate that the

impaired migration of PCs is linked to that of CGNs when

profilin1 is removed. Despite the compromised PCL, the

function of the parallel fiber–Purkinje cell (PF–PC) synapses

was preserved after profilin1 knockdown, suggesting that

profilin1 is important for synapse dynamics. Despite proper

PF–PC synapse formation, profilin1 knockout mice demon-

strate compromised motor coordination, as would be

expected given the role of the PCL in muscular control [33].

Profilin1 and synaptic plasticity

Profilin1 is an important regulator of synaptic plasticity that

may relate to its contribution to actin dynamics and

cytoskeletal integrity. The necessity of profilin1 in

Profilin1 
mutation

Profilin1 
overexpression

Chromosomal 
deletion with  
Profilin1 Loci

Cancer

Fragile X 
syndrome; 

Miller-Dieker
syndrome

ALS

Fig. 4 Diseases caused by

dysregulation or mutations of

profilin1
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synaptogenesis is evident in the neuronal disorder fragile X

syndrome [64]. In this developmental neurological disorder,

profilin1 levels were implicated, since it is the only profilin

isoform required for development. In contrast, profilin2 is

required for spine stability and plasticity in mature neurons

[65, 66]. Fragile X syndrome presents primarily with

impaired spinematuration. Therefore, these findings establish

a reasonable link between profilin1 and spine formation, i.e.,

neurodevelopment. Mutations in the gene fragile X mental

retardation 1 (fmr1) lead to fragile X syndrome. The fmr1KO

mouse, a model for fragile X syndrome, exhibits immature

dendritic spines, a phenotype of fragile X syndrome. Inter-

estingly, this phenotype is rescued in neurons of the fmr1KO

model when profilin1 is overexpressed indicating the signif-

icance of profilin1’s role in synaptogenesis (Fig. 4) [64].

Profilin1 in vascular hypotension

Given profilin1’s many roles, it is anticipated that dys-

regulation of mutant profilin1 could result in a wide variety

of diseases and medical conditions (Table 1). One such

condition is vascular inflammation. Profilin1 is proposed to

be a player in hypertrophic signaling pathway activation

via the actin cytoskeleton, inducing stress via excessive

remodeling of the vasculature via vasoconstriction. The

Rho/ROCK pathway has been implicated in the process, as

well as the mitogen-activated protein (MAP) kinase cas-

cade, which translates signals from growth factors and

mechanical strain into regulation and synthesis of proteins.

In murine mesenteric arteries overexpressing profilin1,

increased numbers of stress fibers were observed, leading

to an increase in a-1 and b-1 integrins, which are impli-

cated in arterial stiffness [67]. The exact link between

profilin1 and arterial stiffness is unknown, but it seems

likely that overly high profilin1 levels cause extensive

remodeling of the vasculature and the appearance of stress

fibers, triggering signaling cascades that release additional

integrins, which, in turn, lead to arterial rigidity. The model

used in the study by Hassona et al. [67] overexpressed

profilin1 in the mesenteric arteries, which was associated

with an accelerated onset of hypertension, increased stress

fiber formation, and activation of both Rho/ROCK and

hypertrophic signaling pathways. Increased levels of

endothelial nitric oxide synthase were also reported [67].

Profilin gene locus deletion and Miller–Dieker
syndrome (MDS)

Miller–Dieker syndrome is a rare condition characterized

by classical type 1 lissencephaly and facial abnormali-

ties. Most cases of MDS are thought to be caused by a

cytogenetically detectable deletion of chromosome 17p,

involving substrand 13.3. However, some cases differ by

having no abnormality detected using cytogenetic anal-

ysis. Profilin1 has been localized to the 17p13.3

chromosome, and whether any DNA sequences of PFN1

gene deleted must be verified [36]. If proven, then this

will be the only recognized functional gene to be deleted

in this syndrome. Patients in whom the MDS deletion

does not encompass the profilin1 gene still display the

disease phenotype, however, indicating that the profilin1

deletion does not play a major role in its primary pre-

sentation. Further studies will be necessary to define the

exact contribution of profilin1 deletion to MDS devel-

opment [36].

Profilin1 in breast cancer and metastasis

Choi et al. [68] showed in 2014 that profilin1 interacts

with C-terminus of Hsc-70 interacting protein (CHIP), a

molecule involved in metastasis. Profilin1 downregula-

tion also correlates with breast cancer metastasis

(Table 1; Fig. 4). The two molecules interact, resulting

in ubiquitination and subsequent degradation of profil-

in1. In this case, CHIP serves as a regulator of profilin1

and is likely the cause for its observed downregulation

in breast cancer cells. Interestingly, despite profilin1’s

involvement in lamellipodium formation and cell

motility in healthy cells, CHIP-mediated knockdown of

profilin1 in breast cancer cells resulted in a promigra-

tory phenotype characterized by abundance of F-actin

structure. This event contributed to the ability of the

cancer to metastasize in response to lowering of pro-

filin1 levels [68]. Profilin1 also interacts with estrogen

receptor alpha (ERa), which is known to mediate

apoptosis in certain cell lines, in addition to contributing

to metastasis. In these cells, tamoxifen (Tam) has been

shown to upregulate profilin1, which subsequently

colocalizes in the nucleus with ERa. Profilin1 was

observed to dramatically decrease ERa-mediated trans-

activation of the estrogen response element (ERE)

promoter in the presence of both 17a-estradiol (E2) and
Tam, but had no effect without the other two molecules.

These findings suggest that all three (profilin1-Tam-E2)

form a series of corepressors for ERa. Thus, the pro-

filin1-Tam-E2 set of corepressors inhibits ERa-mediated

metastasis. In addition, profilin1’s inhibition of ERa
activity leads to an increased expression of cleaved

caspase 9 and caspase 3, both of which are associated

with caspase-dependent apoptosis. Therefore, profilin1

upregulation in cancer cells provides a potential path-

way for destruction of cells expressing the tumorigenic

phenotype [69].
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Conclusion and discussion

Since its discovery, profilin1 has been implicated in a

number of diseases. This fact is not surprising as profilin1

plays a crucial role in regulating the cytoskeleton in

addition to other cellular functions. In this review, we

focused on profilin1’s involvement in fALS due to a sig-

nificant interest by the scientific community in the link

between profilin1 variants and fALS. As presented in this

review, select mutations in profilin1 are found in a sub-

population of fALS patients. Whereas the link between

mutant profilin1 and ALS is widely accepted, details of the

mechanisms by which mutant profilin1 leads to ALS are

unclear. This review assembles recent findings that point

toward possible mechanisms by which mutant profilin1

may contribute to the pathogenesis of ALS. Reports show

that profilin1 containing ALS-linked mutations forms

aggregates in neuronal cultures, primary motor neurons,

and yeast cells. Further structural studies by Bosco and

colleagues [14] show that ALS-linked mutations lead to the

formation of cavities in the profilin1 protein core. These

cavities likely cause instability of mutant profilin1 and lead

to conformational changes that contribute to abnormal

function. These unstable mutants may be misfolded and

targeted for degradation. These findings raise the question

of how profilin1 instability affects motor neuron status in

ALS, a complex issue that is unresolved.

Another important finding is the link between stress

granules and profilin1. Wild-type profilin1 localizes to

stress granules in yeast cells and in mammalian cells

including primary mouse cortical neurons. ALS-linked

profilin1 mutants alter the ability of profilin1 to be

recruited to or cleared from stress granules, i.e., the

mutations in profilin1 alter cellular stress granule dynam-

ics. This discovery may offer additional insight into

mechanisms of ALS as the connection between stress

granules and ALS has not been fully described.

Another interesting finding is the involvement of pro-

filin1 in the neurodevelopmental disorder fragile X

syndrome (FXS). This link implies that profilin1 is crucial

for synaptogenesis. Therefore, it is possible that profilin1

mutations initiate events that predispose to ALS as early as

the embryonic stage. If confirmed, this finding would pose

a paradigm shift in how we view the mechanisms of ALS,

since it infers that ALS pathology may be initiated decades

earlier than the onset of symptoms.

It is interesting that there appears to be no compensatory

mechanism to overcome the loss of profilin1, for instance,

in FXS, which argues for a ‘‘loss-of-function’’ toxicity. In

MDS cases, microdeletions of distal 17p region, where the

profilin1 gene is located, are linked to some cases of MDS

[36]. On the other hand, the toxicity of mutant profilin1

may be due to a ‘‘toxic gain of function,’’ which can be

inferred from its role as a ‘‘seed’’ for TDP-43 aggregation.

In addition, the fact that the profilin1 mutation is autosomal

dominant argues against the ‘‘loss-of-function’’ hypothesis,

although reduction of F-actin may represent a conceptual

loss of function for mutant profilin1.

In our effort to understand the toxicity of profilin1 in ALS

in vivo,we generated a novelmousemodel that expresses the

G118V mutant form of profilin1. This new mouse model

appears to recapitulate the phenotypes and pathogenic cel-

lular abnormalities of ALS, and thus serves as a much-

needed, novel animal model for this disease. Additional

studies are needed to determine the exact pathway(s) by

which themutations contribute to the axonal and cytoskeletal

disruptions that are characteristic of the disease.
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