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Amyotrophic lateral sclerosis (ALS) is an incurable disease, caused by the loss of the 
upper and lower motor neurons. The lack of therapeutic progress is mainly due to 
the insufficient understanding of complexity and heterogeneity underlying the 
pathogenic mechanisms of ALS. Recently, we analyzed whole-genome expression 
profiles of motor cortex of sporadic ALS patients, classifying them into two subgroups 
characterized by differentially expressed genes and pathways. Some of the deregulated 
genes encode proteins, which are primary targets of drugs currently in preclinical or 
clinical studies for several clinical conditions, including neurodegenerative diseases. In 
this review, we discuss in-depth the potential role of these candidate targets in ALS 
pathogenesis, highlighting their possible relevance for personalized ALS treatments.

Amyotrophic lateral sclerosis (ALS), 
also known as Lou Gehrig’s disease, is a dev-
astating, progressive and fatal neurodegen-
erative disease, characterized by the selective 
and gradual degeneration of both upper and 
lower motor neurons. Approximately 10% of 
cases has a known genetic cause that follow 
a familial, autosomal dominant inheritance 
(FALS) while the remaining cases (90%) are 
sporadic (SALS).

Important clues to mechanisms under-
lying ALS have been obtained through 
the identification of genes associated with 
FALS, such as copper/zinc SOD1, SETX, 
VAMPB, ALS2, SPG11, ANG, OPTN, VCP, 
C9ORF72, DCTN1 and TARDBP [1]. How-
ever, despite intensive efforts, the pathogenic 
processes and precise genetic causes of ALS 
are not fully determined.

The lack of adequate knowledge about 
molecular and cellular players involved in the 
neurodegenerative progression of ALS made 
the development of effective treatments par-
ticularly difficult. In fact, to date, Riluzole 
is the only US FDA-approved drug for ALS 
that has been found to improve survival in 
patients but only to a modest extent [2]. The 
failure of this and other putative therapies 
necessitates the development of new strate-

gies for drug discovery targeting ALS patho-
genesis as a system rather than on the level of 
the single protein molecule.

In the last few years, the advent of high-
throughput technologies in sequencing of 
human genome and DNA microarray, have 
brought a deeper understanding of patho-
physiological aspects of complex diseases, 
such as ALS, making possible to extend 
analysis to a great number of genes and path-
ways underlying disease pathogenesis  [3]. 
This ‘system biology’ approach is enabling 
us to overcome limitations arising from 
single-molecule analysis, offering notewor-
thy advantages for the discovery of several 
molecular mechanisms that, interacting with 
each other, may contribute to ALS patho-
genesis  [4]. In addition, the advent of the 
systems biology and advances in genome 
research are opening the door to a more pre-
cise and accurate classification of disease, at 
the molecular level, that could revolutionize 
disease diagnosis, allowing for better clinical 
trial design and ultimately more individual-
ized treatments for patients. The concept of 
personalized medicine is now undergo-
ing a revolutionary change. While oncology 
offers multiple examples of how genomic 
medicine has changed disease understand-
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ing and therapy  [5], progresses in genomics of neuro-
logical diseases has been slow, mostly because of the 
poor availability and complex architecture of nervous 
tissue [6].

During the last 10 years, our research group has 
made the most extensive database of whole genome 
expression profiles in the motor cortex of sporadic 
ALS patients. Although the use of postmortem brain 
tissues does not allow us to clarify whether investigated 
signaling cascades are a cause or a consequence of the 
disease process, their use provides essential features 
that cannot be obtained by using other approaches on 
a living patient.

In our previous work, the limited number of sam-
ple size has not enabled to differentiate patients in 
subgroups  [3]. Therefore, recently, we performed an 
unsupervised hierarchical clustering on a much larger 
sample size that allowed us to obtain a good separa-
tion of controls and SALS patients, segregating these 
latter into two greatly divergent groups (Figure 1)  [7]. 
This new molecular subclassification of SALS patients 
revealed etio-pathogenic mechanisms that were not 
put in evidence by considering SALS pathology as a 
single entity, providing a powerful means for defin-
ing molecular signatures for this disease. Moreover, 
the analysis of altered biological pathways in SALS 
provided a number of potential therapeutic targets for 
drugs currently in preclinical or clinical studies for sev-
eral clinical conditions, including neurodegenerative 
diseases.

In the following sections, we rediscuss pathways 
emerged in our previous work, in light of the main tar-
gets within them, together with pharmacological com-
pounds used for their regulation, highlighting their 
possible relevance to the development of more effica-
cious and individualized therapeutic interventions for 
ALS patients  [7]. In particular, proposed targets were 
selected taking into account encoded-proteins that are 
primary targets of drugs currently used in preclinical 
or clinical stages for treating several clinical diseases, 
with a particular focus on those that showed encour-
aging results for the treatment of neurodegenerative 
disorders.

Apoptosis & cell survival
A shift in the delicate balance between apoptosis- and 
survival-inducing genes plays a role in most neurode-
generative diseases, including ALS. Among genes asso-
ciated with apoptosis and survival that were deregu-
lated in cortex of SALS patients (Figure 2), some encode 
for potential drug targets (Supplementary Table 1). 
Below, we describe in more details some of these targets 
(BCL-2; FasL; NF-κB) together with their possible 
pharmacological modulators.

BCL-2
BCL-2 is an antiapoptotic protein whose altered 
expression has been associated with neurodegenera-
tive processes  [8]. In this regard, we observed down-
regulated expression of BCL-2 in SALS2 patients 
(Figure 2), suggesting that the loss of this neuropro-
tective agent may contribute to trigger motor neurons 
degeneration.

Among drugs able to regulate BCL-2 activities, 
sodium phenylbutyrate has already been tested in 
Phase II clinical trials for ALS, showing promising 
results [9]. This compound is a programmed cell death 
inhibitor and exerts its neuroprotective effects by 
pharmacological induction of BCL-2 with subsequent 
block both of cytochrome c release and caspase activa-
tion, contributing to slowing the motor neuron death 
in ALS mice and patients [10].

Although the role of BCL-2 in ALS pathogenesis 
should be further investigated, the promising results 
obtained from its pharmacological modulation make 
this target a potential candidate for ALS therapy 
(Supplementary Table 1).

FasL
FasL or CD95L is a mediator of neuroinflam-
mation and extrinsic apoptosis whose deregula-
tion contributes to motor neuron degeneration in 
ALS  [11]. In accordance with these observations, 
we found increased expression of FasL in SALS2 

Key terms

Amyotrophic lateral sclerosis: Devastating, progressive 
neurodegenerative disease, caused by the loss of motor 
neurons in the brain and spinal cord. ALS is divided into 
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patients  (Figure 2). Taken together, these studies sup-
port the role of FasL as a possible target for treating 
ALS (Supplementary Table 1).

Lenalidomide is a potent immunomodulatory 
agent that, by reducing the FasL expression, inacti-
vates downstream effector caspases, extending sur-
vival in transgenic mouse models of ALS  [12]. These 
data encourage further clinical evaluation of lenalido-
mide as a therapeutic strategy to block or slow disease 
progression in human ALS patients.

NF-κB
NF-κB is a protein complex involved in various cel-
lular mechanisms, including immune response and 
transcription regulation, cytokine production, cellu-
lar responses to oxidative stress as well as processes of 
synaptic plasticity and memory. The role of NF-κB on 
neuron survival is still controversial: while low levels 
of NF-κB have been related to loss of neuroprotection, 
high levels could be the result of its microglial induction 
occurring during neuroinflammatory processes  [13]. 
This apparent discrepancy may explain the opposite 
NF-κB expression found in SALS patients (decreased 
in SALS1 and increased in SALS2) (Figure 2).

Despite the failure of some preclinical studies, 
NF-κB pharmacological inhibitors, like DL-3-n-
butylphthalide (DL-NBP), seem to exert a neuropro-
tective role in ALS mainly by inhibiting programmed 
cell death and inflammation, reducing oxidative dam-
age and improving mitochondrial function [14]. Further 
studies aimed at defining the role of NF-κB in ALS 
pathogenesis are needed to elucidate its potentiality as 
a pharmacological target for personalized treatments of 
ALS patients (Supplementary Table 1).

Cell cycle
Alterations in gene expression and cellular distribution 
of cell-cycle regulating proteins have been characterized 
in several human neurodegenerative diseases, including 
ALS [15], suggesting that the pharmacological modula-
tion of this pathophysiological pathway could be ben-
eficial in delaying the onset of ALS neurodegeneration 
(Supplementary Table 2).

In our recent work [7], we observed the upregulation 
of some genes encoding proteins involved in G1 and 
G2 phases of cell cycle (Figure 3) and, among these, we 
identified some potential drug targets (CDK4; CHK2; 
cyclin D3) that will be discussed below in more details.

CDK4
SALS patients showed increased expression of CDK4 
(Figure 3), according to previous literature data [16].

It is of interest to note that the pharmacological 
treatment with the CDK4 inhibitor minocycline atten-

uates microgliosis and slows down the motoneuronal 
degeneration in SOD1(G37R) mice  [17]. Additionally, 
other CDK4 inhibitor drugs (AT7519M, Alvocidib, 
R547, P276–00, Palbociclib), currently studied for 
cancer treatment, increase neuronal survival in a series 
of CNS disease models  [18]. Given this, CDK4 proves 
to be an interesting candidate therapeutic target for 
ALS (Supplementary Table 2) and future clinical trial 
should be undertaken truly to measure the efficacy of 
its inhibitors in ALS patients.

CHK2
Upregulation of CHK2 is found in SALS2 patients 
(Figure 3). Although the role of CHK2 in ALS pathol-
ogy remains to be elucidated, our results may support 
the hypothesis that increased CHK2 activity occurs 
after DNA damage induced by a variety of stress, 
leading to altered neuronal apoptosis  [19]. If so, phar-
macological inhibition of CHK2 (e.g., by Rabusertib) 
may represent a potential therapeutic strategy to slow 
the progressive degeneration of motor neurons in ALS 
(Supplementary Table 2).

Cyclin D3
G1/S-specific cyclin-D3 is a protein that forms a com-
plex with and functions as a regulatory subunit of 
CDK4. In SALS1 patients, we observed the upregula-
tion of CCND3 (Figure 3), supporting the theory that 
dysregulation of the cyclin system may contribute to 
ALS neurodegeneration [20].

Drugs inhibiting cyclin D3 signaling, including 
the natural flavonoid silibinin, indirectly also decrease 
CDK4 activity, with a consequent reduction of oxida-
tive stress and inflammation [21]. Based on this, cyclin 
D3 inhibitors may thus be a new promising avenue for 
ALS therapy (Supplementary Table 2).

Cell adhesion
Alterations of the cell-adhesion system result in incor-
rect multicellular structure and cell–cell communica-
tions that, in some cases, may lead to the development 
of neurodegenerative processes, such as ALS [22]. In sup-
port of this hypothesis, our analysis revealed differential 
expression of numerous genes involved in cell adhesion, 
mainly in SALS2 patients (Figure 4). Among these, we 
discuss some potential candidates (MMPs; FAK-1) that 
may be attractive therapeutic intervention targets for 
the treatment of ALS (Supplementary Table 3).

MMP-1/ MMP-2/ MMP-13
Extracellular matrix metalloproteinases exert impor-
tant functions in several neuroinflammatory pro-
cesses as well as in synaptic remodeling and neuronal 
regeneration.
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Figure 1. Unsupervised hierarchical clustering of control and sporadic amyotrophic lateral sclerosis patients 
(see facing page). The figure shows as, by an unsupervised hierarchical clustering (similarity measure: Pearson 
centered; linkage rule: average), we were able to separate control (ten fresh-frozen motor cortex samples from 
individuals who had died from a non-neurological disease) from SALS patients (31 fresh-frozen motor cortex 
samples) on the basis of similarity in their expression patterns in motor cortex (considering the 9646 most 
informative genes, with an SD >1.5). In addition, this clustering allowed us to segregate sproadic amyotrophic 
lateral sclerosis (SALS) patients in two greatly divergent groups (SALS1 and SALS2). In the 2D presentation, each 
row represents a single gene and each column a motor cortex from control or SALS patients. Highly expressed 
genes are shown in red, downregulated genes in blue, no change in white. In the dendrograms shown (left 
and top), the length and the subdivision of the branches display the relatedness of the expression of the genes 
(left) and the motor cortex (top). The disease state is marked as follows: controls patients are indicated by blue 
rectangles and SALS patients by red rectangles. In the cluster panel, blue rectangle refers to control patients, 
yellow to SALS1 and orange to SALS2 patients. For further details, the reader is referred to [7]. 
For color images please see www.future-science.com/doi/full/10.4155/fmc.15.60
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Upregulated expression of MMP-1, MMP-2 and 
MMP-13 has been observed in SALS2 patients 
(Figure 4), in agreement with recent data  [23], sup-
porting MMPs signaling cascade as a prominent 
therapeutic target for ALS (Supplementary Table 3).

Compounds inhibiting MMPs expression, synthesis 
and activity, exhibit beneficial effects in various neu-
rodegenerative conditions  [24]. Particularly, thalido-
mide, a potent anti-inflammatory drug able to reduce 
MMP-2 levels, increases the lifespan of ALS trans-
genic mice  [25]. However, despite promising results 
obtained in ALS patients, the clinical use of this drug 
is limited by its side effects  [26]. Nonetheless, other 
MMPI inhibitors (marimastat, tanomastat, batimas-
tat, ONO4817, doxycycline, rebimastat, pravastatin, 
S3304, halofuginone, melphalan), currently tested in 
preclinical or clinical trials as anticancer agents, have 
also gained interest for their therapeutic effects in neu-
rodegenerative diseases, like Alzheimer’s [27,28]. These 
encouraging results make MMP inhibitors attractive 
candidates for ALS therapy (Supplementary Table 3).

FAK-1
Upregulation of FAK-1 was found in SALS patients 
(Figure 4) and in other neurological diseases, such 
as Alzheimer’s  [29], supporting its potential use as 
pharmacological target for neurological conditions, 
including ALS (Supplementary Table 3). Consistent 
with this hypothesis, oral administration of sulindac, 
a nonselective COX-inhibitor that also inhibits FAK-1 
signaling cascade  [30], extends the survival of G93A 
SOD1 mice  [31]. Further studies are sorely needed 
to evaluate the potential use of sulindac and other 
FAK-1 inhibitors (such as PF562271) in ALS therapy 
(Supplementary Table 3).

Cytoskeleton remodeling & axonal 
transport
Our analysis uncovered differential expression of 
major components of the cytoskeleton in SALS 
patients (Figure 5), in agreement with previous 
preclinical data [32].

Below we discuss some potential drug targets 
(SEMA3A; CDK5; TUBBs) whose pharmacologi-
cal modulation may be helpful in the recovery of the 
correct cytoskeleton remodeling and axonal transport 
might be of value in ALS.

SEMA3A
In SALS1 patients, we observed the upregulation of 
SEMA3A, a gene encoding a protein involved in the 
regulation of axon and dendrite growth guidance and 
neural system development (Figure 5). Our findings 
support the hypothesis that increased expression of 
SEMA3A in ALS suppresses nerve terminal plastic-
ity at specific neuromuscular synapses, contributing to 
early and selective motor neuronal loss [33].

Although the role of SEMA3A in ALS pathology 
remains to be clarified, vinaxanthone and xanthoful-
vin, two selective SEMA3A inhibitors, have shown 
to promote neuronal regeneration  [34], suggesting a 
potential role of SEMA3A modulatory drugs as pro-
tective agents against neurodegenerative conditions, 
including ALS (Supplementary Table 4).

CDK5
Upregulated expression of CDK5 has been found 
in SALS1 patients (Figure 5), according to previous 
data [35].

Recent preclinical studies demonstrated that the 
pharmacological treatment with CDK5 inhibitors, 
such as olomoucine and roscovitine, attenuates neuro-
nal cell death, reverses defective axonal transport and 
decreases microglial-dependent neurotoxicity, contrib-
uting to reduced ALS pathogenesis [36,37]. The robust 
effect of these and other CDK5 inhibitors (such as 
alvocidib) on the neuron survival spurs on future stud-
ies to evaluate the potentiality of this drug class in ALS 
therapy (Supplementary Table 4).

Tubulin proteins (TUBB1/ TUBB3)
TUBB1 and TUBB3 belong to a protein family that, 
together with alpha-tubulin, makes up microtubules. 
TUBBs are expressed in neurons which are involved 



Figure 2. Apoptosis and cell survival. Apoptosis is a programmed cells death regulated through a variety of different pathways which 
interact and eventually lead to controlled cell death. The activation of the apoptotic response occurs through either the intrinsic 
or the extrinsic pathway, depending on the origin of the death stimuli. The extrinsic apoptosis is triggered by the interaction of an 
extracellular death ligand (e.g., FasL) to its cell-surface death receptor FasR (CD95), triggering movement of cytosolic adaptor proteins 
(e.g., FADD) to the intracellular portion of the receptor and, together with protein kinase p38 MAPK, transducing cell-death signals 
to downstream effector caspases that are responsible for the biochemical aspects of apoptosis. The intrinsic pathway is associated 
with mitochondrial membrane permeabilization and release of cytochrome c into the cytoplasm. The release of cytochrome c into 
the cytosol, in response to mitochondrial injury, triggers the recruitment of procaspase-9 to form a mitochondrial apoptosome and 
subsequent caspase activation. Sequential activation of caspases by the intrinsic or extrinsic signaling pathways plays a central role in 
the execution-phase of apoptosis. Bcl-2 family comprises a group of structurally related proteins (Bcl-2, Bcl-X, Bax, Bad, Bid) that play 
a fundamental role in the regulation of the intrinsic pathway by controlling mitochondrial membrane permeability and the release 
of the pro-apoptotic factor, cytochrome c. Caspase cascade is also involved in the autophagy, a catabolic process involved in cell 
death and in cell protective mechanism. Caspase-mediated cleavage of Beclin-1 inactivates Beclin-1-induced autophagy and enhances 
apoptosis by promoting the release of proapoptotic factors from mitochondria. Activation of transcription factor NF-κB, a key 
mediator of genes involved in the control of the cellular proliferation and apoptosis, can promote neuronal survival by inducing the 
expression of genes encoding antiapoptotic proteins (e.g., XIAP). Activated JNK (MAPK8–10) induces cell apoptotic process (e.g., by 
phosphorylating mitochondrial proteins, such as the antiapoptotic proteins Bcl-XL and Bcl-2), or can mediate cell proliferation, 
regulation of apoptotic process and inflammatory response (mainly by phosphorylating transcription factors of the AP-1 family such 
as c-Jun, and c-Fos). Thermometers represent expression ratio in motor neuron among following conditions: (SALS1/control) and 
(SALS2/control). Upward thermometers have red color and indicate upregulated signals in SALS patients, downward (blue) ones 
indicate downregulated signals. Pathway objects and links are described separately in the Supplementary Figure 1.
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Figure 3. Cell cycle. All somatic eukaryotic cells proceed through four phases in cell cycle: G1 (gap phase 1) in which the cell prepares 
for the upcoming events of S-phase; S (synthesis phase), in which DNA is replicated; G2 (gap phase 2) in which the cell prepares 
for the upcoming events of M-phase; and M (mitosis), in which chromosomes are separated over two new nuclei. Regulation 
of the cell cycle involves several protein kinases (such as the Checkpoint homologs Chk1, Chk2) that, activated by ATM, inhibit 
CDC25 phosphatase, preventing entry into mitosis and stabilize the tumor suppressor protein p53, leading to cell cycle arrest in 
G1. Progression through the cell-division cycle is driven by activation and inactivation of CDKs, which are controlled by periodic 
synthesis and degradation of cyclins and require association with a cyclin subunit for their activation. Cyclin/CDK complexes trigger 
the transition to next stage of the cell cycle: Cyclin D/CDK4 (or CDK6) for G1 progression, Cyclin E/CDK2 for the G1-S transition, 
Cyclin A/CDK2 for S-phase progression and Cyclin A/CDK1 and Cyclin B/CDK1 for entry into M-phase. Cyclin D, the first cyclin 
produced in the cell cycle in response to extracellular signals (e.g., growth factors), binds to existing CDK4, forming the active 
cyclin D-CDK4 complex that, in turn, phosphorylates the retinoblastoma family of tumor suppressor proteins (Rb family) liberating 
and activating the E2F transcription factors. These factors are associated with DP1 and their activation results in transcription 
of various genes like Cyclin E, Cyclin A, CDK1 and products that are necessary for the replication of DNA and beginning of the 
S phase. The activity of a Cyclin/CDK complex can be inhibited by phosphorylation at a pair of amino acids in the roof of the 
active site, while dephosphorylation of these sites by a phosphatase known as CDC25 (CDC25A, CDC25B and CDC25C) increases 
CDK activity. Events controlling cell division are governed by the degradation of different regulatory proteins by the ubiquitin-
dependent pathway. Phosphorylated CDC25A may be exposed to ubiquitination by APC, one of ubiquitin ligases, which is known 
to be essential in maintaining normal cell cycle. Thermometers represent expression ratio in motor neuron among following 
conditions: 1 (SALS1/control) and 2 (SALS2/control). Upward thermometrs have red color and indicate expression ratios less than 1 
while downward thermometers have blue color and indicate expression ratio less than 1. Pathway objects and links are described 
separately in the Supplementary Figure 1.
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Figure 4. Cell adhesion. ECM remodeling is involved in normal physiological processes, such as cell motility and adhesion. MMPs are 
a family of proteolytic enzymes that degrade various components of the ECM in these processes. Endogenous TIMPs, such as TIMP1, 
reduce excessive proteolytic ECM degradation by MMPs. Integrins are heterodimeric cell surface adhesion receptors formed by two 
noncovalently associated subunits, alpha and beta. Most integrins recognize several ECM proteins, such as Laminin 1, Fibronectin and 
Collagen IV, whereas alpha-5/beta-1 integrin recognizes only Fibronectin. The ECM, integrins and the cell cytoskeleton interact at sites 
called focal contacts. The integrin-binding proteins Paxillin and Talin recruit FAK1 to focal contacts. Activated Talin binds to PI(4,5)
P2 producing enzyme PIPKI gamma and activates it. PIPKI gamma also can be stimulated by tyrosine-protein kinase c-Src and FAK1 
phosphorylation. Integrin clustering promotes FAK1 autophosphorylation, thereby creating a binding site for c-Src. Phosphorylation 
of FAK1 by c-Src maximizes catalytic activity of FAK1 and creates a binding site for GRB2, thereby leading to the activation of ERK1/2. 
ERK2 phosphorylates FAK1 and decreases Paxillin binding to FAK1. Within focal contacts, FAK1-c-Src-mediated phosphorylation of 
Paxillin promotes ERK2 binding. ERK2-mediated phosphorylation of Paxillin can facilitate FAK1 binding to Paxillin and enhance FAK1 
activation. ERK2-mediated phosphorylation and activation of MYLK1 contributes to cell-matrix adhesion dynamics. Alpha-actinin is a 
cytoskeletal protein that crosslinks Actin in actomyosin stress fibers and tethers them to focal contacts.
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Figure 4. Cell adhesion (cont.). Phosphorylation of Alpha-actinin by FAK1 reduces the crosslinking of stress 
fibers and prevents maturation of the focal contacts. The Arp2/3 nucleates new Actin filaments from the sides of 
pre-existing filaments. Activation of LIMK2 leads to phosphorylation and inactivation of actin depolymerizing 
factor Cofilin, resulting in net increase in the cellular filamentous Actin cytoskeletal. Zyxin is an Alpha-actinin and 
stress-fiber-binding protein found in mature contacts. Inactivation of the MLCP attenuates phosphorylation of 
the MELC, MLCK and MRLC, inhibiting the formation of actomyosin stress fibers. CRK facilitates activation of Rac1 
by DOCK1. Rac1 leads to activation of MRLC and the Arp2/3 complex. Thermometers represent expression ratio 
in motor neuron among following conditions: (SALS1/control) and (SALS2/control). Upward thermometrs have 
red color and indicate expression ratios less than 1 while downward thermometers have blue color and indicate 
expression ratio less than 1. Pathway objects and links are described separately in the Supplementary Figure 1.
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in neurogenesis as well as in axon guidance and 
maintenance.

In accordance with previous data  [3], the differen-
tial expression of genes encoding TUBB1/TUBB3 was 
observed in SALS patients (Figure 5), suggesting that 
the tubulin system recovery might contribute to restore 
the altered nerve signal in ALS (Supplementary Table 4). 
In this regard, it is known that taxanes (paclitaxel, 
docetaxel) and other microtubule-targeting drugs 
(batabulin, vinorelbine, ABT751), widely used in can-
cer treatment, restore lost nerve signals in neurode-
generative diseases like Alzheimer’s [38]. Although the 
clinical use of this drug class is limited by their poten-
tial neurotoxicity, several novel compounds have been 
developed to prevent this side effect. Among these, 
olesoxime, a potent trophic factor stimulating neuro-
nal survival and axonal sprouting, has demonstrated 
remarkable neuroprotective properties for motor 
neurons both in cell culture and in rodents [39].

Immune response
Similar to what observed in both animal models and 
patients with ALS [40], we found differential expression 
of an extensive number of immune-related genes in 
the cortex of SALS patients (Figure 6). While further 
explorations are needed to clarify whether this system 
contributes to the disease pathogenesis or represents a 
response to damage, its potential as drug target is being 
explored [41].

In the following subparagraphs, we describe some 
potential targets (TLR4; IL8R; MHC class I; ILs; 
JAK-2/JAK-3) whose pharmacological restoration may 
be useful for combating neuroinflammation in ALS 
patients (Supplementary Table 5).

TLR4
Similar to what is observed in reactive glial cells of 
ALS spinal cords [42], SALS patients showed increased 
expression of TLR4 that encodes a protein involved in 
innate immunity response and microglial activation. 
(Figure 6). In accordance with the hypothesis that the 
inhibition of TLR4 signaling could be helpful in reduc-
ing neuroinflammatory processes observed in ALS, 
several studies have demonstrated that the admin-
istration of TLR4 inhibitors (resatorvid, reparixin, 

E5531) improves the neurological functionality recov-
ery after brain injury and neuroinflammation  [43–45] 
(Supplementary Table 5).

IL8R
SALS2 patients showed increased expression of IL8R 
(also known as CXCR2) encoding a chemokine recep-
tor involved in neuroinflammatory cascade (Figure 6). 
Our data are corroborated by previous findings show-
ing a significant contribution to IL8R activation to 
motor neuron degeneration  [46]. Given this, drugs 
that inhibit IL-8R (reparixin, navarixin, elubrixin, 
SB332235) and suppress its pathogenic cascade, may 
reduce inflammation and provide neuroprotection in 
ALS (Supplementary Table 5).

MHC class I
Increased expression of genes encoding MHC class I 
molecules were found in SALS patients (Figure 6) and 
a similar expression was observed in the affected tis-
sues in ALS  [47]. These data suggest that MHC anti-
gens could promote susceptibility to ALS and, thus, 
represent potential drug targets for ALS treatment 
(Supplementary Table 5).

Among drugs that decrease MHC I expression, 
glatiramer acetate (GA) is an immunomodulator drug 
clinically used to treat multiple sclerosis that exerts 
a neuroprotective role in several neurological condi-
tions [48]. Phase II clinical trials of GA in patients with 
ALS are currently in progress (Supplementary Table 5).

IL-10
Downregulation of the gene encoding the potent anti-
inflammatory cytokine IL-10 was observed in SALS2 
patients (Figure 6), sustaining the neuroprotective role 
of this factor against motor neuron injury in ALS [49]. 
These studies suggest that the modulation of IL-10 
activity may provide an avenue for new therapeutic 
approaches in ALS (Supplementary Table 5).

It is of interest to note that glatiramer acetate, 
in addition to its activity as MHC regulator (dis-
cussed above), also increases IL-10 levels  [50]. The 
multi-target action of this drug makes it a promis-
ing candidate for the treatment of ALS patients 
(Supplementary Table 5).



Figure 5. Cytoskeleton and axonal transport. Cytoskeleton consists of three distinct, yet interconnected filament 
systems: microfilaments (actin filaments), intermediate filaments and microtubules. Microfilaments are the thinnest filaments of the 
cytoskeleton and are composed of linear polymers of actin subunits. They act as tracks for the movement of myosin molecules and are 
controlled by the Rho family of small GTP-binding proteins such as Rho, Rac and Cdc42. The activation of RhoA downstream effector 
Rho-associated kinase ROCK phosphorylates and inactivates the actin-associated protein cofilin, leading to reorganization of the actin 
cytoskeleton. Intermediate filaments (vimentin, desmusin, gfap, peripherin, NEFL, NEFM, NEFH) organize the internal tridimensional 
structure of the cell, anchoring organelles and serving as structural components of the nuclear lamina and sarcomeres. Intermediate 
filament binding protein Plectin 1 interacts with the Actin cytoskeleton to promote the formation of actin-rich structures that 
are important for cell motility. Neurofilaments are important protein cargoes for actin-associated motors, such as myosin, and 
microtubule-associated motor, such as kinesin in a complex with Dynactin. Microtubules are polymers of alpha and beta tubulin and, 
in association to other proteins such as Dynein and Dynactin, are important for axonal transport. Semaphorins act as axonal guidance 
factors. Semaphorin 3A binds to Plexin A2 and induces repulsive responses. Ephrins and their receptor protein-tyrosine kinases 
activate several factors (e.g., VAV-2) and regulate a variety of biological processes including the guidance of axon growth. 
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Figure 5. Cytoskeleton and axonal transport (cont). Thermometers represent expression ratio in motor neuron 
among following conditions: (SALS1/control) and (SALS2/control). Upward thermometrs have red color and 
indicate expression ratios less than 1 while downward thermometers have blue color and indicate expression ratio 
less than 1. Pathway objects and links are described separately in the Supplementary Figure 1.
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IL-5/IL-6R/IL-12/IL-23
Although the pathogenic role of cytokines in ALS is 
still unknown, recent studies have associated their 
abnormal expression to the clinical status  [51–53]. In 
line with these observations, we found upregulated 
expression of genes encoding some inflammatory 
mediators (IL-5, IL-6R, IL-12, IL-23) in SALS2 
patients (Figure 6), supporting their role as potential 
targets for the pharmacological treatment of ALS 
patients (Supplementary Table 5).

Among different IL inhibitors, tocilizumab, an 
anti-IL6R monoclonal antibody, showed an excel-
lent activity in vitro against inflammatory activation 
in SALS patients [54]. In addition, ustekinumab, an 
anti-IL-12/IL-23 monoclonal antibody, has reversed 
cognitive decline related to Alzheimer’s disease  [55]. 
Further studies are needed to elucidate the poten-
tial clinical benefits of these and other inflammatory 
cytokine inhibitors (such as JTP-27536) in the clini-
cal treatment of ALS (Supplementary Table 5).

JAK-2/JAK-3
SALS patients showed differential expression 
of genes encoding Janus kinase (JAK-1, KAK-
2, JAK-3 and Tyk-2), a family of tyrosine kinases 
mainly involved in the regulation of gene expres-
sion (Figure 6). These findings are in agreement with 
previous studies showing that the dysregulation of 
the JAK-STAT pathway occurs in inflammation and 
neurodegenerative diseases, including ALS [56].

It is of interest to note that the pharmacological 
blockade of JAK-STAT pathway with JAK inhibi-
tors has neuroprotective effects  [57]. Among mem-
bers of this drug class, WHI-P131 has slowed dis-
ease progression and increased survival in an animal 
model of ALS  [58]. Further studies may clarify 
the therapeutic potential of this and other JAK 
inhibitors (AG490, AZD1480) in ALS treatment 
(Supplementary Table 5).

Signal transduction
Neurosignaling involves the largest class of proteins 
and receptors that transmit chemical signals from 
the cell surface to their intracellular targets. This 
section, for the multitude of drug targets identified, 
will be divided into two subsections (see ‘Neuro-
trophic factors and receptors’ and ‘Neuromodula-
tion and ion homeostasis’ sections), each of which 
will list their targets and relative pharmacological 
compounds.

Neurotrophic factors & receptors
Neurotrophin family includes proteins that influence 
the proliferation, differentiation, survival and death 
of neuronal and non-neuronal cells. One pathologic 
characteristic of neurodegenerative disorders, includ-
ing ALS, is the loss of neurotrophins and their recep-
tors, putting at risk the neuron health and stability [59]. 
This notion is supported by our findings showing dif-
ferential expression of several trophic factors and their 
receptors in SALS cortex (Figure 7).

Despite the promising preclinical data, no neuro-
trophic factors succeeded yet in a clinical Phase III 
trial for ALS  [60]. This failure may be attributed to 
an incomplete knowledge of neurotrophin signaling 
cascades rather than to their limited value as poten-
tial targets for ALS therapy. In an effort to provide 
additional information about these signaling cascades 
and their potential for ALS therapy development, 
below we describe in details some neurotrophic fac-
tors (EGFR; TRHR; IGFR-1; FGFRs; TrkB; VEGF-
A) together with their pharmacological modulators 
(Supplementary Table 6).

EGFR/ERBB2
SALS patients showed increased expression of genes 
encoding EGF and its receptors EGFR/ERBB2 
(Figure 7), consistently with the view that activation of 
this signaling pathway may trigger quiescent astro-
cytes into reactive astrocytes and, consequently, acti-
vate the neurodegenerative process  [61]. These results 
present EGF signaling cascade as a potential target to 
slow progression of ALS (Supplementary Table 6).

EGFR/ErbB2 inhibitors, clinically used in cancer 
treatment, have recently gained interest for their neu-
roprotective activities  [62]. Particularly, some of these 
drugs (erlotinib, genistein, masoprocol) significantly 
delay disease onset in ALS animal models  [63,64]. 
Moreover, suramin, another important exponent of 
this drug class, is currently undergoing preclinical 

Key term

Signaling pathways: Represent the way in which the 
combined effect of gene activity elicits cell-level responses 
by activating/deactivating specific functionalities in 
response to a particular stimulus through a chain of 
intermediate molecules. Different software tools, such 
as Metacore, have been developed to help visualizing, 
editing and superimposing gene expression values over 
the pathway, in order to transform expression data, of 
often difficult interpretation into meaningful functional 
information.



Figure 6. Immune response. The function of the immune system depends on a large part on ILs, a group of cytokines involved 
in either immunologic or inflammatory response. ILs are mainly secreted by mononuclear cells that induce the growth and 
differentiation of lymphocytes and pluripotential stem cells. IL-5 is produced by Th2 cells and mast cells after activation by mitogens 
or antigens and is capable to induce the survival, growth and differentiation of eosinophils and B-cells. IL-10 is a pleiotropic cytokine 
with important immunoregulatory functions and potent anti-inflammatory properties. Binding of IL-10 to the extracellular domain 
of IL-10 receptor, together with the activation of IL6 receptor, activates phosphorylation of the receptor-associated JAK and STAT. 
Activation of JAK/STAT cascades is involved in the transcriptional regulation of several genes that regulate chemotaxis, inflammation, 
cell proliferation and migration (such as IL-8, Eotaxin, IFN-γ, TNF-α, Perforin and IL-6). IL-12 is a key immunoregulatory cytokine 
that coordinates innate and adaptive immune response. IL-13 plays a critical role in the regulation of immune responses and is 
also implicated in pathological conditions, such as asthma and allergy. IL-15 is a pleiotropic cytokine involved in several cellular 
process, such as proliferation, differentiation, immune response and cell survival. IL-23 plays an important role in differentiation 
and maintaining the Th17 cell population, a novel T-cell subset involved in antimicrobial immune response and establishment of 
many autoimmune diseases. IL-8 or CXCL8 is a chemokine produced by macrophages and other cell types that, through its binding 
to IL8 receptors (also known as CXCR1 and CXCR2), mediates several cellular functions, including neutrophil migration to sites of 
inflammation. IL-8 promotes NF-κB binding to DNA and transcriptionally regulates the expression of several factors involved in 
immune and inflammatory response. MHC class I molecules are specialized for presentation of endogenously synthesized proteins, 
bind ER chaperone calreticulin and then antigenic peptides. MHC class II molecules are found on antigen-presenting cells and present 
antigen derived from extracellular proteins (not cytosolic as in class I). TLR4, FCRL1 and FCRL2 are monocyte/macrophage-specific 
genes. Thermometers represent expression ratio in motor neuron among following conditions: (SALS1/control) and (SALS2/control). 
Upward thermometrs have red color and indicate expression ratios less than 1 while downward thermometers have blue color and 
indicate expression ratio less than 1. Pathway objects and links are described separately in the Supplementary Figure 1.
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testing for neurological conditions, like Alzheimer’s 
and Parkinson’s  [65,66]. In addition to its activity as 
EGF signaling inhibitor, suramin also inhibits the 
activity of HDAC, NOS and P2Y2  [67,68], three pro-

teins which have been already extensively implicated 
in ALS [69,70].

Further developments and clinical validations 
of the above mentioned and other pharmacologi-



Figure 7. Signal transduction. Several genes encoding ligands and receptors involved in signal transduction were differentially 
expressed in SALS patients. Signaling pathways are separated into two subsections (‘Neurotrophic factors and receptors’ and 
‘Neuromodulation and ion homeostasis’), including primary (such as aAdenylate cyclase, phospholipase C or tyrosine kinase 
receptors) and secondary (such as Ca2+ release, PKC or protein kinase cascades) effectors that are regulated at multiple levels with 
different mechanisms (such as binding or phosphorylation). Thermometers represent expression ratio in motor neuron among 
following conditions: (SALS1/control) and (SALS2/control). Upward thermometers have red color and indicate expression ratios 
less than 1 while downward thermometers have blue color and indicate expression ratio less than 1. Pathway objects and links are 
described separately in the Supplementary Figure 1.

Neuromodulation and 
ion homeostasis

Neurotrophic factors 
and receptors

www.future-science.com 1347future science group

Transcriptional analysis reveals distinct subtypes in amyotrophic lateral sclerosis    Review



Figure 8. Mitochondrial dysfunctions and energy metabolism. Glycolysis (upper level) converts glucose into pyruvate. During 
oxidative phosphorylation (lower level) electrons are transferred from electron donors to electron acceptors such as oxygen, in redox 
reactions. These redox reactions, carried out by five main protein complexes, release energy that is used to form ATP. The energy 
released by electrons flowing through this electron transport chain is used to transport protons across the inner mitochondrial 
membrane, in a process called chemiosmosis. This generates potential energy in the form of a pH gradient and an electrical potential 
across this membrane. Protons flow back across the membrane and down this gradient through ATP synthase, an enzyme that 
generates ATP from ADP, in a phosphorylation reaction.

Complex II of the mitochondrial respiratory chain,
succindate dehydrogenase (EC 1.3.5.1), consists
of 4 nuclear-encoded polypeptides: SDHA, SDHB,

SDHC and SDHD

Complex I is composed of 46 different
subunits

Complex III also known as cytochrome c reductase,
cytochrome bc1 complex, contains 11 submits:

3 respiratory subunits (cytochrome b, cytochrome c1,
Rieske protein), 2 core proteins and 6 low-molecular

weight proteins

Complex IV, also known as cytochrome c oxidase,
is the final protein complex in the electron
transport chain and contains 13 subunits

ATP synthase, also called complex V, is the
final enzyme in the oxidative phosphorylation
pathways have 2 components, CF(1) – the 
catalytic core – and CF(0) – the membrane 

proton channel. CF(1) have fiv subunits: 
alpha(3), beta (3),gamma(1), delta(1),

epsilon(1). CF(0) seems to have nine subunits:
a, b, c, d, e, f, g, F6 and 8 (or A6L)

Glycolysis

Oxidative phosphorylation
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Figure 8. Mitochondrial dysfunctions and energy metabolism (cont.). Thermometers represent expression ratio 
in motor neuron among following conditions: (SALS1/control) and (SALS2/control). Upward thermometrs have 
red color and indicate expression ratios less than 1 while downward thermometers have blue color and indicate 
expression ratio less than 1. Pathway objects and links are described separately in the Supplementary Figure 1.
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cal agents belonging to EGFR/ErbB2 inhibitors 
class (PKI166; BMS690514; Canertinib; Gefitinib; 
PD153035) are needed to corroborate preclinical data, 
in the hope of translating them into clinical practice 
(Supplementary Table 6).

TRH receptor
Decreased expression of TRHR in SALS2 patients 
(Figure 7) is supported by similar findings in the spinal 
cord of ALS patients  [71]. These observations provide 
the rationale for future evaluations of TRHR signal-
ing pathway as a potential target for ALS treatment 
(Supplementary Table 6). In this regard, masoprocol, 
besides its EGFR inhibitor activity, is also a TRHR 
agonist that exerts its neuroprotective effects through 
its anti-inflammatory and antioxidant properties as 
well as by reducing the glutamate neurotoxicity  [72]. 
Another TRH analogue, taltirelin, has shown neuro-
protective effects in neurodegenerative disorders  [73]. 
Taken together, these observations contribute to make 
TRH agonists attractive candidates for restore dam-
aged or maladaptive neural systems in ALS patients 
(Supplementary Table 6).

IGF1 receptor
Increased expression of IGFR-1 was found in SALS2 
patients (Figure 7), supporting the hypothesis that dys-
regulation of this signaling cascade may be critical for 
ALS pathogenesis [74].

It has been observed that inhibition of the IGF sig-
naling pathway increases lifespan and protects against 
neurodegeneration in model organisms  [75]. In this 
regard, simvastatin, an IGF receptor inhibitor, has 
been reported to reduce the excitotoxicity and neuronal 
apoptosis occurring in neurodegenerative diseases, like 
Alzheimer’s and Parkinson’s  [76,77]. These data suggest 
that treatment with this or other IGF receptor inhibi-
tors (such as masoprocol, BMS-754807 and linsitinib) 
may represent a potential strategy for the treatment of 
ALS (Supplementary Table 6).

FGF1/ FGFR1/FGFR2/FGFR3
In SALS cortex samples, we observed the altered expres-
sion of genes encoding FGF1 and some of its recep-
tors (FGFR1, FGFR2, FGFR3) (Figure 7). According 
to our data, FGF-1 was believed to be released from 
motor neurons in response to oxidative stress, induc-
ing FGFR1 accumulation and activating astrocytes 
that, in turn, could initiate motor neuron apoptosis 
in ALS  [78]. In support of this hypothesis, the FGFR 

inhibitor PD166866 has shown to prevent motor 
neuron apoptosis in ALS mouse model  [78]. Further 
studies are required to investigate the role of this and 
other inhibitors of FGF signal transduction (orantinib, 
brivanib, dovitinib, suramin, pentosan polysulfate) in 
ALS therapy (Supplementary Table 6).

TrkB
Increased expression of genes encoding BDNF and its 
receptor TrkB was found in SALS patients, in accor-
dance with the observation that a prolonged TrkB acti-
vation may render motor neurons vulnerable to excito-
toxic insult, contributing to developing ALS [79]. These 
results suggest that inhibition of TrkB signaling could 
be considered a valid therapeutic strategy for treating 
ALS (Supplementary Table 6).

Although, due to the central role of BDNF in cog-
nitive functions, the development of therapeutic com-
pounds that interact with TrkB receptor has been dif-
ficult, some selective TrkB inhibitors (cyclotraxin-B 
and Ana-12) decrease neurotoxicity without affecting 
neuronal survival [80,81].

VEGF-A
Decreased expression of VEGF-A in SALS2 patients 
(Figure 7) is coherent with the view that reduced VEGF 
signaling may play a role in the pathogenesis of ALS [82]. 
In support of this thesis, VEGF administration, in dif-
ferent models of ALS, has shown to strongly protect 
motor neurons from excitotoxicity  [83,84]. In addition, 
some drugs activating VEGF (SB-509, celecoxib) have 
been tested in Phase II clinical trials for ALS, showing 
encouraging results  [85,86]. All together, these observa-
tions propose VEGF-A signaling pathway as a promising 
new therapeutic target in ALS (Supplementary Table 6).

Neuromodulation & ion homeostasis
Deregulated expression of genes encoding proteins 
and/or their receptors involved in neuromodulation 
was observed in the motor cortex of SALS patients 
(Figure 7). Among these, we discuss some potential 
candidates (GABRs; CACNA1C; GRIAs; ACMs; 
AGTR1; EDNR-B) that may be taken into account as 
targets in ALS therapy (Supplementary Table 7).

GABA-A receptor
SALS2 patients showed downregulated expression of 
gene encoding GABA-A (Figure 7), coherently with 
several studies that highlight the presence of reduced 
GABA levels in the motor cortex of ALS patients [87]. 



Figure 9. Genes altered in sporadic and familial amyotrophic lateral sclerosis. In order to highlight a possible common pathogenic 
mechanism between familiar and sporadic ALS, we built up a pathway with 41 genes, some of which (37/41), besides being previously 
linked to FALS, were significantly deregulated in the cortex of SALS patients. Thermometers represent expression ratio in motor 
neuron among following conditions: (SALS1/control) and (SALS2/control). Upward thermometrs have red color and indicate 
expression ratios less than 1 while downward thermometers have blue color and indicate expression ratio less than 1. Pathway objects 
and links are described separately in the Supplementary Figure 1.
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Drugs enhancing GABA-A signaling may thus rep-
resent potential strategies to treat or prevent the pro-
gressive motorneuron degeneration in ALS patients 
(Supplementary Table 7). In this regard, some GABA-
A agonists (ganaxolone, clomethiazole, GT 1061, 
clorazepate, zolpidem, eszopiclone, pentobarbital, 
GT 1061) have shown to prevent excitotoxicity and 
neuronal loss, exerting neuroprotective effects in sev-
eral neurological disorders, such as Alzheimer’s and 
Parkinson’s [88–91].

CACNA1C & GRIA-1/GRIA-2
Decreased expression of CACNA1C and differential 
expression of genes encoding AMPA glutamate recep-
tors subunits (GRIA-1, GRIA-2) were found in SALS 
patients (Figure 7). Our findings support the hypothe-
sis that toxic glutamate challenges, together with per-

turbation of neuronal Ca2+ homeostasis, may induce 
pathological changes in motor neuron circuitry, con-
tributing to ALS pathogenesis  [92]. If so, appropriate 
pharmacological strategies that minimize glutamater-
gic neurotoxicity and restore Ca2+ homeostasis could 
be helpful in ALS treatment (Supplementary Table 7). 
In this regard, FPL 64176 and Bay K 8644, two 
CACNA1C agonists, have shown neuroprotective 
proprieties in preclinical studies for ALS [93].

An alternative approach to re-establish Ca2+ 
homeostasis and reduce glutamate excitotoxic-
ity is represented by the administration of AMPA 
receptor antagonists. Some of them (ZK 187638, 
NBQX, GYKI-52,466) have already been tested in 
ALS animal models, showing to protect motor neu-
rons, improve motor function and prolong the sur-
vival [94–96]. Another AMPA antagonist, talampanel, 
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has shown promising preclinical data for ALS [97], but 
only a limited effectiveness has been observed in clini-
cal trial [98]. The differential expression of GRIA1 and 
GRIA2 observed in SALS patients (GRIA1 upregu-
lated in SALS1 and GRIA2 reduced in SALS2) may 
contribute to explain this clinical failure. In the light 
of this, further studies are needed to re-evaluate the 
potential therapeutic benefits of talampanel for the 
personalized treatment of ALS patients.

ACM2/ACM3/ACM4
SALS patients showed a differential expression of 
genes encoding muscarinic acetylcholine recep-
tors (ACM2, ACM3, ACM4) (Figure 7), according 
to previous studies  [99]. Therefore, pharmacological 
approaches aimed to repair the defective muscarinic 
signaling may contribute to reduce motor neuron 
death and ALS progression (Supplementary Table 7). 
In support of this hypothesis, several preclinical and 
clinical studies have shown that muscarinic agonists 
(such as cevimeline, xanomeline, bethanechol and 
clozapine) trigger the restoration of specific neuro-
nal populations lost to a variety of CNS disorders, 
including ALS [100,101].

AGTR1
Consistent with previous studies that link dysregula-
tion of angiotensin II system to ALS pathology [102], 
we found increased expression of genes encoding 
angiotensin II and its receptor AGTR1 in SALS2 
patients (Figure 7).

Among AGTR1 blockers (ARBs), olmesartan has 
manifested neurotrophic properties on spinal motor 
neurons in vitro and in vivo  [103]. In addition, also 
other AGTR1 blockers (ARBs; telmisartan, olmesar-
tan, candesartan), clinically used as antihypertensive 
agents, show neuroprotective effects in Alzheimer’s 
and other neuronal diseases  [104–106]. These drugs 
exert their neuroprotective actions also by signifi-
cantly enhancing GLT-1 expression  [107], whose loss 
of function has been implicated in the pathogenesis 
of ALS [108].

All the above observations highlight a potential 
role of angiotensin signaling pathway as a new target 
in ALS therapy (Supplementary Table 7).

EDNR-B
Increased expression of genes encoding EDN-1 and 
its receptor EDNR-B was found in SALS2 patients 
(Figure 7), coherently with previous studies that show a 
correlation between endothelin signal alterations and 
ALS pathology [3]. If so, the pharmacological modu-
lation of this signal pathway might represent a new 
therapeutic strategy for ALS (Supplementary Table 7). 

In favor of this hypothesis, several studies showed that 
EDNR-B antagonists (such as BQ-788, bosentan, 
IRL-2500) exert neuroprotective properties besides 
being able to reduce neuroinflammation [109–111].

Mitochondrial functions & energy 
metabolism
Energy metabolism is an extremely complicated series 
of chemical reactions that break down organic matter 
to harvest energy. Mitochondrial dysfunctions, as well 
as disruption of energy metabolism, were reported to 
play an important role in ALS pathology  [112]. Dys-
functional mitochondria, in fact, exhibit a reduction 
in bioenergetics efficiency, putting neurons at risk of 
death when energy demands exceed cellular energy 
production. In accordance with these observations, 
we found a coordinated decrease of some genes encod-
ing proteins involved in the mitochondrial oxidative 
phosphorylation pathway in SALS2 patients (Figure 8).

Some drugs that are able to reverse mitochondrial 
dysfunction (acetyl-l-carnitine, creatine, minocy-
cline, olesoxime, dexpramipexole, cyclosporine A) 
are currently in clinical trials for ALS, showing to 
be effective and well tolerated  [113–116]. In addition, 
other members of this drug class (uridine, pyruvate, 
dichloroacetate) have shown promising data in pre-
clinical testing for ALS [117–119]. The success of these 
studies supports the idea that mitochondria-targeted 
therapies may be helpful for the management of 
bioenergetics defects observed in SALS2 patients 
(Supplementary Table 8).

Genes altered in sporadic & familial ALS
SALS patients showed differential expression of 
a large number of genes, whose mutation has been 
previously associated to FALS (Figure 9). This asso-
ciation provides a potential common pathogenic link 
between familiar and sporadic ALS that may affect 
the development of new strategies to treat both forms 
of ALS (Supplementary Table 9).

In the following subparagraphs will be discussed 
in details some candidate targets (VEGF, SRBP1, 
SCN7, ATXN1, SPAST, VCP, DAAO, PONs) with 
their respective pharmacological compounds.

VEGF
As already mentioned, VEGF exerts a protective role 
on motor neurons and decreased expression of VEGF 
was found in SALS2 patients (Figure 9).

Low levels of VEGF have also been observed in 
individuals homozygous for a variety of mutations in 
the VEGF promotor region, suggesting that the lack 
of this neuroprotective factor may also contribute to 
FALS  [120]. Based on these assumptions, the pharma-
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cological activation of the VEGF signaling pathway 
could be a promising therapeutic strategy to treat both 
forms of ALS (Supplementary Table 9).

SRBP1
Mutations in SRBP1 gene have been associated with 
juvenile ALS [121]. In addition, our analysis has revealed 
a reduced expression of SRBP1 in SALS2 patients 
(Figure 9), supporting the neuroprotective role of this 
protein in maintaining physiological motor neuron 
functions, including proliferation, survival and death.

SRBP1 pharmacological ligands (such as igmesine, 
dextromethorphan, PRE-084) exert neuroprotective 
effects in a variety of neurodegenerative diseases, includ-
ing ALS  [122,123], suggesting SRBP1 signal pathway as 
promising target for ALS therapy (Supplementary Table 9).

SCN7
In SALS2 patients, we found upregulated expression of 
SCN7 (Figure 9). In addition, an abnormal increase in 
the persistent Na+ currents has been observed in a mouse 
model of a familial form of ALS  [124]. If so, drugs that 
restore physiological Na+ currents and reduce the con-
sequent hyperexcitability may be helpful to treat both 
forms of ALS (Supplementary Table 9). In support of 
this hypothesis, it has been seen that riluzole, the only 
FDA-approved drug for ALS, is able to block sodium 
currents reducing the firing frequency and hyperexcit-
ability observed in ALS  [125]. Moreover, other sodium 
channel blockers (topiramate, mexiletine, lamotrigine, 
valproic acid, zonisamide, riluzole, tetrodotoxin) have 
shown promising preclinical and clinical results against 
several neurodegenerative diseases  [126–128], including 
ALS [129,130] (Supplementary Table 9).

ATXN1
ATXN1 is mainly implicated in mRNA processing by 
forming an RNA-dependent complex with PQBP-1. 
ATXN1 normally contains a polyglutamine (polyQ) 
tract with 22–23 repeats and evidences suggest that 
an augmented number of polyQ repeats (23–34) may 
increase genetic risk for ALS  [131]. In addition to these 
observations, SALS2 patients showed decreased expres-
sion of ATXN-1 (Figure 9), suggesting that alterations of 
ATXN-1 functions may be involved in the development 
of both sporadic and familial ALS.

Among agents able to prevent mutant ATXN-1 aggre-
gation and the consequent neurotoxicity, bromocriptine, 
an FDA-approved drug for the treatment of Parkinson’s 
disease, has also shown promising results in preclinical 
stages for ALS [132].

All together, these results propose ATXN-1 and its 
pharmacological modulators as potential therapeutic 
strategies against ALS (Supplementary Table 9).

SPAST
Spastin is an ATPase microtubules binding necessary 
for normal neurite outgrowth. Recent evidences sug-
gest that mutations in SPAST (also known as SPG4) 
are responsible for a loss of spastin function and may 
represent a genetic risk factor in ALS [133]. In addition, 
we found decreased expression of SPAST in SALS2 
patients (Figure 9). These observations highlight how 
spastin may be a valid new therapeutic target in both 
forms of ALS (Supplementary Table 9). Consistent 
with this hypothesis, some microtubule-targeting-
drugs (noscapine, vinblastine) have shown to increase 
motor neuron survival, delay symptoms and life exten-
sion in symptomatic SOD1G93A mice  [134]. Further 
clinical studies are required to verify if this drug class 
may represent a pharmacological strategy for ALS 
(Supplementary Table 9).

VCP
VCP is a member of an ATP-binding protein family, 
implicated in a number of cellular events, including 
vesicle transport and protein degradation.

VCP mutations were identified as the genetic cause 
of the frontotemporal dementia but, recently, a specific 
mutation (p.R191Q) was also observed in approximately 
1–2% of familial ALS cases [135]. In addition to its poten-
tial role as genetic risk factor in FALS patients, the differ-
ential expression of VCP was observed in SALS patients 
(Figure 9), consistently with the view that altered VCP 
functionality is linked with the toxic gain of function of 
TDP-43 protein [136].

TDP-43 is a DNA/RNA binding protein that exerts 
an important role for transcription, pre-mRNA splicing, 
mRNA stability and mRNA transport  [137]. Different 
insult damage, such as calcium dysregulation and oxi-
dative stress, can cause migration of TDP-43 from the 
nucleus to the cytoplasm where it sequesters cytoplasmic 
RNAs stress granule, producing loss and gain of splic-
ing functions. These aberrant nuclear or cytoplasmic 
TDP-43 inclusions have been also observed in nervous 
tissue of ALS patients [138]. Despite several studies have 
investigated the role of TDP-43 in ALS pathogenesis, 
its complex involvement deserves additional investiga-
tions. Meanwhile, the pharmacological modulation of 
VCP may reduce motorneuron-toxicity TDP-43-medi-
ate and thus represents a therapeutic strategy for ALS 
(Supplementary Table 9). In this regard, some VCP inhib-
itors (Vesnarinone, Xanthohumol) [139,140] have demon-
strated to prevent neuroinflammation and apoptosis 
associated with several neurological diseases [141,142].

DAAO
DAAO is a flavoenzyme localized in motor neurons 
that metabolize D-serine.
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A mutation in DAAO (R199W) has been associated 
with classical adult-onset FALS  [143]. In addition to 
this, we found the upregulated expression of DAAO 
in SALS2 patients (Figure 9), in agreement with the 
observation that altered DAAO activity may lead to 
increased accumulation of D-serine observed in ALS 
mouse models and patients [144]. It is, therefore, plausi-
ble that drugs reducing D-serine or controlling DAAO 
activity may be helpful in treating both forms of ALS 
(Supplementary Table 9). In this respect, recent studies 
demonstrate that DAO inhibitors (AS057278, sodium 
benzoate, chlorpromazine) are helpful in treatment of 
several neuronal conditions, like Alzheimer’s [145–148].

PON2/PON3
Mutations in PON2 and PON3 two genes encod-
ing enzymes involved in the prevention of oxidative 
damage  [149], have been associated with familial and 
sporadic ALS  [150]. Moreover, decreased expression 
of PON2 and PON3 was observed in SALS2 patients 
(Figure 9), supporting the neuroprotective role exerted 
by these factors. Among drugs that are able to improve 
PON-2/PON-3 activity, genistein (previously men-
tioned for its activity as EGFR/ErbB2 inhibitor) has 
been tested in preclinical studies for ALS, showing 
promising results  [64]. Other drugs PONs-activating 
(montelukast, berberine) manifest neuroprotective 
effects in animal models of various neuronal dis-
eases  [151,152]. Taken together, these findings suggest 
that PON-activating drugs might to be evaluated as 
potential therapeutic strategies to prevent or reduce 
neurodegeneration in ALS (Supplementary Table 9).

Conclusion
ALS is a fatal motor neuron disease where different 
mechanisms interact to promote the disease progres-
sion. Despite intensive research and dozens of pre-
clinical and clinical strategies, ALS remains incurable 
and the only available treatment, Riluzole, has showed 
only modest benefit to patients. This lack of progress 
may be mainly because the current classification of 
ALS diseases does not take into account the com-
plexity and heterogeneity of molecular pathogenetic 
mechanisms in different patients.

In our previous work, we used unsupervised hier-
archical clustering to identify two SALS patient sub-
groups, characterized by their gene expression pattern, 
and revealed new clues to pathogenesis and potential 
therapeutic targets.

As it is already happening in the cancer genomics 
field, the emerging molecular taxonomy of SALS 
patients may open new avenues toward genotype-spe-
cific therapeutic interventions, providing opportuni-
ties for developing more effective and individualized 

diagnosis and treatments for SALS patients, with 
consequent reduced toxicity and increased treatment 
efficacy. Moreover, some drugs that were abandoned 
at clinical stages because of their low efficacy and/or 
toxicity, may be re-evaluated for their potential thera-
peutic role (an approach known as ‘drug reposition-
ing’), with the consequent possibility to reduce both 
the time and costs associated with drug discovery and 
development. At last, the identification of a possible 
common pathogenic mechanism between familiar 
and sporadic ALS might open a new vista for a therapy 
helpful for both forms of this disease.

The purpose of this review is to provide a useful 
guide for the rational selection of the most promising 
drug targets whose pharmacological modulation may 
be helpful in the development of efficacious therapeu-
tic interventions based on molecular subclassification 
of ALS disease.

Future perspective
Future preclinical or clinical validation of the most 
promising targets investigated in this paper will be 
crucial to provide useful information for the devel-
opment of an effective and personalized therapeutic 
plan. Unfortunately, a disconnection exists between 
preclinical target validation and their translation 
into clinical practice. This is mainly due to the use 
of monogenic animal models (e.g.,  SOD1G93A, 
TDP-43, TAUP301L and Wobbler mice) that do not 
fully reproduce the complex, multifactorial nature of 
SALS. However, their use in the preclinical stage of 
pharmacological research is inevitable. Therefore, it 
becomes evident the need to use several strategies, 
such as meta-analysis on gene expression data from 
human and ALS animal models, in order to identify 
common genomic changes and, consequently, permit 
the prioritization and strategy selection of targets 
in view of their subsequent preclinical and clinical 
validation.
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Executive summary

•	 Amyotrophic lateral sclerosis (ALS) is a devastating, progressive neurodegenerative disease, caused by the loss 
of motor neurons in the brain and spinal cord. Although the identification of disease-linked mutations has 
played an important role in understanding ALS pathology, the development of an effective therapy remains 
an elusive goal.

•	 With the advent of high-throughput technologies, such as genome sequencing and DNA microarray, the 
transcriptional cascades and networks regulating ALS neurodegeneration are being elucidated, providing a 
genome portrait of the disease.

•	 In view of the better understanding of molecular and cellular players in ALS, it became necessary to 
reformulate strategies for drug development, moving pharmacological research toward treatments targeting 
the ALS pathogenesis as a system rather than at the level of the single protein molecules.

•	 Our research group has, recently, analyzed whole-genome expression profiles of motor cortex samples 
from SALS patients and identified two SALS subtypes, each associated with deregulation of different genes 
and pathways. The analysis of altered biological pathways in SALS also provided a number of potential 
therapeutic targets for drugs currently in preclinical or clinical studies for several clinical conditions, including 
neurodegenerative diseases.

•	 As it is already happening in the cancer genomics field, the molecular taxonomy of SALS patients, emerged in 
our work, may open the avenue toward genotype-specific therapeutic interventions, providing opportunities 
for determining treatment selection and directing patients to clinical trials, with consequent reduced toxicity 
and increased treatment efficacy.

•	 In this review, we rediscuss pathways identified in our previous work, in light of the main targets contained in 
them, together with pharmacological compounds used for their regulation.

•	 This ‘system biology/pharmacology’ approach may reveal new therapeutic indications for existing drugs that, 
alone or in a ‘cocktail’ therapy, may be re-evaluated for their potential therapeutic role in ALS, opening the 
way toward developing of genotype-specific and more efficient therapeutic interventions.

•	 Future preclinical or clinical validation of the most promising targets investigated in this paper, will be crucial 
to provide useful information for the development of an effective and personalized therapeutic plan, offering 
a new hope of a more optimistic future for ALS patients.
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