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Abstract: Neurodegenerative proteinopathies are complex diseases that share some pathogenetic
processes. One of these is the failure of the proteostasis network (PN), which includes all components
involved in the synthesis, folding, and degradation of proteins, thus leading to the aberrant
accumulation of toxic protein aggregates in neurons. The single components that belong to the three
main modules of the PN are highly interconnected and can be considered as part of a single giant
network. Several pharmacological strategies have been proposed to ameliorate neurodegeneration
by targeting PN components. Nevertheless, effective disease-modifying therapies are still lacking.
In this review article, after a general description of the PN and its failure in proteinopathies, we will
focus on the available pharmacological tools to target proteostasis. In this context, we will discuss
the main advantages of systems-based pharmacology in contrast to the classical targeted approach,
by focusing on network pharmacology as a strategy to innovate rational drug design.
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1. Introduction

Proteins are major players in the maintenance of cellular homeostasis and display an almost
endless variety of functions. Protein function is tightly dependent on the ability of a protein to acquire
and maintain a specific structure, which results from the folding of the polypeptide chain in a process
mainly guided by its primary aminoacidic sequence [1]. However, the vast majority of proteins display
a complex structure and need assistance to obtain the final correct conformation. Thus, in physiologic
conditions, several proteins (i.e., the molecular chaperones) assist the folding process in order to avoid
inappropriate interactions leading to misfolded states [2]. Their activity is even more crucial when
facing cellular stress conditions, which favour protein misfolding and aggregation. Mistakes in protein
folding can indeed result in protein loss-of-function and/or aberrant aggregation, with detrimental
consequences for the whole cell homeostasis.

The continual maintenance of an active pool of functional proteins in a cellular system is called
“proteostasis” [3]. Cellular proteostasis involves many pathways: (i) protein synthesis, (ii) protein
folding, (iii) refolding of partially unfolded proteins, and (iv) sequestration and disposal of irreversibly
unfolded/unneeded proteins. These pathways include hundreds of enzymes and specialized proteins.

Failures in the correct proteostasis dramatically affect cellular functions, leading to the development
of many diseases. In this frame, post-mitotic cells, such as neurons, are particularly vulnerable to
improper cellular proteostasis. The accumulation of toxic protein aggregates in the form of extra-
and/or intra-neuronal inclusions, indeed, represents a pathogenetic hallmark in neurodegenerative
diseases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) [4].

The proteostasis network can be therapeutically targeted in different ways in order to partially
restore the correct protein homeostasis and to reduce cell death; for instance, molecular chaperone
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activity can be directly modulated by small molecules [5]. This targeted pharmacological approach
represents one of the possible strategies to ameliorate and slow down neurodegeneration. However,
the reductionist view of this classical “magic bullet” approach, in which the drug represents the key
and the target is the lock, entails many limitations that became evident during the last two decades
and were mirrored by a low number of newly approved drugs [6]. Opposite to this view is the
network-centric approach in pharmacology, which is based on the fact that both diseases and organisms
are complex systems made up of thousands of interacting components, so that one drug usually
displays multiple targets [7]. In this frame, an alternative possibility is the use of a systems biology
approach to identify novel candidate pathways to be further investigated and targeted. The use of
untargeted “omics” discovery strategies and their integration through the tools of systems biology
represent crucial concepts in the field of modern network medicine and an important step towards the
application of a “personalized medicine” approach to diseases [8,9].

In this review article, after a general overview of the main components of the proteostasis network
and its failure in neurodegenerative proteinopathies, we will discuss the available tools to target
proteostasis and focus on the role of systems biology in unveiling novel candidate therapeutic targets.

2. The Proteostasis Network

It has been estimated that human ribosomes synthesize the bulk of the cellular proteome at a
rate of five to six amino acids per second, producing more than a billion proteins per single human
cell [10]. This process is not error-free, and approximately one in twenty newly translated proteins
contain a sequence error, which can cause misfolding and/or reduced stability [11]. Aberrant protein
products can also result from posttranscriptional errors (e.g., splicing) and from the production of
defective mRNAs, which elude the RNA surveillance quality control pathways [12]. Moreover, the
rate of protein synthesis, which can be regulated in response to a variety of stimuli (e.g., stress
conditions), is also a crucial aspect, and the ribosome is emerging as a central quality control organelle
by checking the conformation of the nascent protein and recruiting protein folding and translocation
machineries. During protein translation, the so-called “optimal codons” are recognized by highly
available tRNAs, which speeds up the translation process. By contrast, “non-optimal” codons are
recognized by less abundant tRNAs, thus slowing down translation at key structural motifs in order to
facilitate proper protein folding [13]. Moreover, reduced tRNAs availability may lower the translation
rate, thus favouring protein aggregation [14]. The protein folding process, which is both co- and
post-translational, is also crucial in determining protein fate, such as the maintenance of the correct
conformational state and the disposal of unwanted protein products.

The proteostasis network (PN) comprises three major modules (Figure 1), which govern the
three main processes involved in protein homeostasis: synthesis, folding, and degradation. Indeed,
protein products must be translated from their corresponding mRNAs, reach their final conformation
(linked to their function), and eventually be degraded, based on their programmed lifespan. A central
mechanism, which encompasses all steps in proteostasis, is the ability of proteins to create either stable
or transient interactions, thus forming specific complex structures (e.g., cytoskeleton proteins) and/or
multi-protein complexes with specific activities (e.g., enzymes). Thus, proteins are physiologically
prone to aggregate with one another in a controlled way, while their aberrant aggregation leads to the
accumulation of toxic products.
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Figure 1. The proteostasis network (PN). The PN includes three modules, namely protein synthesis, 
folding, and degradation. The three modules are tightly connected to one another, and all components 
work together to maintain the correct protein homeostasis. ALP: autophagy-lysosome pathway. UPS: 
ubiquitin-proteasome system. 

Virtually all molecules involved in the three major modules can be considered as members of 
the PN. The PN components belonging to the three modules work in a coordinated way to maintain 
a healthy cellular proteome. Some components are generally required, such as ribosomes and the 
proteasome, while some others are more specific, depending on the type of proteins and/or the 
cellular compartment involved. For instance, some organelles (e.g., the endoplasmic reticulum and 
mitochondria) need specialized chaperone molecules for protein folding and trafficking [15,16]. 
Overall, due to this complexity, the exact composition of the human PN is difficult to define, even 
though an estimate of about 2000 components has been recently proposed [17]. 

To give a representation of all proteins participating in the PN and their respective interactions, 
we generated a protein–protein interaction (PPI) network (Figure 2) using Cytoscape [18] and by 
retrieving information of interactions in the International Molecular Exchange Consortium (IMEx) 
database [19]. To this end, we merged four protein lists (Table S1) downloaded from the Reactome 
Pathway database [20], representing four pathways: “protein translation”, “protein folding”, 
“ubiquitin-proteasome degradation”, and “chaperone-mediated autophagy”. As shown in Figure 2, 
most proteins belonging to the four modules are highly interconnected with one another, thus 
forming a big network. Some proteins also participated in more than one pathway. This supports the 
idea that the PN modules cannot be considered as standalone modules and further underlines the 
highly interconnected nature of the PN. 

Figure 1. The proteostasis network (PN). The PN includes three modules, namely protein synthesis,
folding, and degradation. The three modules are tightly connected to one another, and all components
work together to maintain the correct protein homeostasis. ALP: autophagy-lysosome pathway.
UPS: ubiquitin-proteasome system.

Virtually all molecules involved in the three major modules can be considered as members of
the PN. The PN components belonging to the three modules work in a coordinated way to maintain
a healthy cellular proteome. Some components are generally required, such as ribosomes and the
proteasome, while some others are more specific, depending on the type of proteins and/or the
cellular compartment involved. For instance, some organelles (e.g., the endoplasmic reticulum
and mitochondria) need specialized chaperone molecules for protein folding and trafficking [15,16].
Overall, due to this complexity, the exact composition of the human PN is difficult to define, even
though an estimate of about 2000 components has been recently proposed [17].

To give a representation of all proteins participating in the PN and their respective interactions,
we generated a protein–protein interaction (PPI) network (Figure 2) using Cytoscape [18] and
by retrieving information of interactions in the International Molecular Exchange Consortium
(IMEx) database [19]. To this end, we merged four protein lists (Table S1) downloaded from the
Reactome Pathway database [20], representing four pathways: “protein translation”, “protein folding”,
“ubiquitin-proteasome degradation”, and “chaperone-mediated autophagy”. As shown in Figure 2,
most proteins belonging to the four modules are highly interconnected with one another, thus forming
a big network. Some proteins also participated in more than one pathway. This supports the idea
that the PN modules cannot be considered as standalone modules and further underlines the highly
interconnected nature of the PN.
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Figure 2. Protein–protein interaction (PPI) network of proteins participating in the PN. The network 
comprises 410 proteins. It was generated starting from four protein lists, encompassing all modules 
of the PN: protein translation (Reactome ID: R-HSA-72766.4; n = 294), protein folding (Reactome ID: 
R-HSA-391251.1; n = 102), ubiquitin-proteasome degradation (Reactome ID: R-HSA-8852135.2; n = 80), 
and chaperone-mediated autophagy (Reactome ID: R-HSA-9613829.3; n = 22). Information about 
interactions (edges) was retrieved in the IMEX database. Unconnected nodes are displayed at the 
bottom. UPS: ubiquitin-proteasome system. CMA: chaperone-mediated autophagy. 

2.1. Molecular Chaperones 

The human genome encodes more than 300 chaperone molecules, which collectively constitute 
the “chaperome” [21]. 

Chaperones are roughly grouped based on their molecular weights and the majority of them are 
generally termed as “heat shock proteins” (HSPs). The main classes of chaperones in human cells are 
as follows: (i) HSP70s, (ii) HSP90s, (iii) HSP60s (or chaperonins), (iv) HSP100s, and (v) small ATP-
independent HSPs (sHSPs). Their activity is assisted by additional co-chaperone molecules, namely the 
HSP40s as regulators of HSP70s and the tetratricopeptide repeat proteins (TPRs) as regulators of 
HSP90s. 

The function and structure of both chaperones and their regulators have been extensively 
characterized and revised elsewhere [22–24]. Briefly, HSP70s assist protein folding by binding 
hydrophobic regions of client proteins in an ATP-dependent process. They constitutively have low 
ATPase activity and low substrate turnover rates, but this activity can be increased by the HSP40s co-
chaperones, which also confer them substrate specificity. The HSP70 interacting protein (HIP) can 
also modulate the ATPase activity by delaying the release of ADP. HSP90s are homodimers which 
assist protein folding in endoplasmic reticulum, mitochondria, and cytoplasm. ATP hydrolysis 
mediates, in this case, the release of the client protein from the HSP90. HSP60s (usually termed 
chaperonins) contain a central cavity which shields the client protein from other proteins and 
prevents intra-molecule interactions. The opening/closing of the lid of the cavity is dependent on ATP 

Figure 2. Protein–protein interaction (PPI) network of proteins participating in the PN. The network
comprises 410 proteins. It was generated starting from four protein lists, encompassing all modules
of the PN: protein translation (Reactome ID: R-HSA-72766.4; n = 294), protein folding (Reactome ID:
R-HSA-391251.1; n = 102), ubiquitin-proteasome degradation (Reactome ID: R-HSA-8852135.2; n = 80),
and chaperone-mediated autophagy (Reactome ID: R-HSA-9613829.3; n = 22). Information about
interactions (edges) was retrieved in the IMEX database. Unconnected nodes are displayed at the
bottom. UPS: ubiquitin-proteasome system. CMA: chaperone-mediated autophagy.

2.1. Molecular Chaperones

The human genome encodes more than 300 chaperone molecules, which collectively constitute
the “chaperome” [21].

Chaperones are roughly grouped based on their molecular weights and the majority of them are
generally termed as “heat shock proteins” (HSPs). The main classes of chaperones in human cells
are as follows: (i) HSP70s, (ii) HSP90s, (iii) HSP60s (or chaperonins), (iv) HSP100s, and (v) small
ATP-independent HSPs (sHSPs). Their activity is assisted by additional co-chaperone molecules,
namely the HSP40s as regulators of HSP70s and the tetratricopeptide repeat proteins (TPRs) as
regulators of HSP90s.

The function and structure of both chaperones and their regulators have been extensively
characterized and revised elsewhere [22–24]. Briefly, HSP70s assist protein folding by binding
hydrophobic regions of client proteins in an ATP-dependent process. They constitutively have low
ATPase activity and low substrate turnover rates, but this activity can be increased by the HSP40s
co-chaperones, which also confer them substrate specificity. The HSP70 interacting protein (HIP)
can also modulate the ATPase activity by delaying the release of ADP. HSP90s are homodimers
which assist protein folding in endoplasmic reticulum, mitochondria, and cytoplasm. ATP hydrolysis
mediates, in this case, the release of the client protein from the HSP90. HSP60s (usually termed
chaperonins) contain a central cavity which shields the client protein from other proteins and prevents
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intra-molecule interactions. The opening/closing of the lid of the cavity is dependent on ATP binding
and hydrolysis. HSP100s play a major role in resolubilizing and reactivating aggregated proteins.
sHSPs prevent protein aggregation by binding to hydrophobic regions of misfolded proteins, but in an
ATP-independent process.

One important aspect of chaperones function is that they interact to form modules and functional
complexes, which work in cascades [25]. Indeed, specific chaperone pathways are involved depending
on the protein clients. Some proteins can achieve their final folding after interaction with upstream
chaperone molecules, such as HSP70s, while others would require more specialized downstream
chaperones, such as HSP90s and/or chaperonins. In this frame, different chaperone systems cooperate
as parts of a unique big network, and even a single malfunction in this network can alter the correct
flux of protein folding.

2.2. Protein Degradation

Of the estimated 2000 components of the PN, the largest group (around 850 components) is
represented by the ubiquitin–proteasome system (UPS), which is responsible for 80% of protein turnover
in human cells [17,26]. The second main degradation machinery, the autophagy–lysosome pathway
(ALP), also comprises around 500 components [27]. In addition to these two general mechanisms,
specific proteases are involved in the fine tuning of the level of proteins which play highly regulated
functions in cellular pathways (e.g., biosignalling, transcription, enzymatic cascades, cell cycle) [28].

Central to the UPS are the ubiquitylation of target proteins and the proteolysis within the
proteasome complex. On the other hand, autophagosome formation and fusion with the lysosome are
central to the ALP. Both processes are finely regulated within cells in order to maintain the correct protein
homeostasis as a balance between synthesis and degradation. The two processes display a certain
degree of specificity in terms of substrates. One of the main differences between the UPS and ALP is
that the latter can directly remove insoluble protein aggregates and larger inclusions by the engulfment
in the autophagosome. Nevertheless, the UPS and ALP are strictly interconnected, and it has been
demonstrated that they can compensate one another when overwhelmed or dysfunctional [29,30].
This further highlights the network character of the PN.

3. The Failure of the PN in Neurodegeneration

Age represents the most important risk factor for the development of many neurodegenerative
disorders. One of the reasons for this is the unavoidable decline in the ability of human cells to
maintain the correct proteostasis. Why the PN deteriorates with aging is still not completely clear,
however, the lack of evolutionary pressure for proteome maintenance beyond the reproductive age
surely contributes.

Independently of the causative mechanisms, a hallmark of the aging proteome is decreased
protein solubility, accompanied by the accumulation of aggregates. This process has been extensively
studied in Caenorhabditis elegans, where it has been demonstrated that low abundant proteins display
higher aggregation propensities than the highly abundant ones. However, even though highly
abundant proteins have greater intrinsic solubility, they actually contribute the most to the total
aggregates [31]. Reasonably, their solubility is not sufficient to protect them from aggregation when
the PN is deregulated and proteins exceed their critical concentration within the cells.

PN deregulation and decline dramatically affect neurons. Indeed, misfolded and/or oxidized
proteins mainly accumulate in non-dividing, long-lived cells [32]. Moreover, in the human brain,
the expression of ATP-dependent chaperones is reduced with age, thus promoting misfolding and
aggregation [21]. When the efficiency of the PN falls below a critical level, the aggregation-prone
proteins cannot be maintained in a soluble state. This threshold level can also be lowered by additional
stress conditions or in the presence of mutations that affect specific proteins, thus further promoting
aggregation in a positive feedback loop.
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Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and amyotrophic
lateral sclerosis (ALS) are examples of neurodegenerative proteinopathies [33,34]. During disease
progression, the accumulation of toxic protein aggregates is favoured by PN malfunction, and the
activity of PN components, in turn, is affected at several levels by the presence of the aggregates.
This triggers a vicious cycle that leads to proteostasis disruption and eventually cell death.

Even though different pathogenetic mechanisms underlie the progression of different
neurodegenerative proteinopathies, some shared features linked to PN failure can be identified.
Indeed, chaperone molecules and degradation machineries can be sequestered into the pathological
aggregates [35–37], the UPS is usually overwhelmed [38,39], and the general cellular ability to cope
with stress conditions is hampered [40,41]. These mechanisms could be targeted in an attempt to
ameliorate and to lower proteinopathies progression.

4. Targeting the PN in Neurodegeneration: “Classical” Pharmacological Approaches

Due to the role of PN in maintaining the correct proteostasis, the easiest pharmacological approach
that can be explored in neurodegenerative proteinopathies is to boost the system. This can be achieved
by either modulating the activity of individual components or acting broadly on the master regulators
of the PN. These targeted pharmacological approaches proved to be effective in ameliorating some
proteinopathies, as extensively revisedelsewhere [42]. Here, we discuss some of these strategies,
with the aim of also highlighting the limitations of such approaches.

The upregulation of HSP40s represents a viable strategy, since mutations in some of these proteins
have been linked to neurodegeneration [43]. Three HSP40 family members are of particular interest,
namely DNAJB2, DNAJB6, and DNAJB9, which bind polyQ-containing proteins, α-synuclein, and
β-amyloid, respectively. One small compound has been described which increases HSP40s activity,
thus improving the function of the HSP70s system [44]. Also, the enhancement of HIP function, thus
increasing HSP70s activity, seems to inhibit the aggregation of misfolded proteins [45,46].

By contrast, the inhibition of HSP90s has been proposed as a therapeutic strategy in neurodegeneration.
Indeed, when the activity of HSP90s is reduced, HSP70s levels are increased in turn, thus enhancing
the degradation of toxic protein aggregates (e.g., tau and polyQ-containing proteins) [47]. Moreover,
both α-synuclein and tau are HSP90s client proteins, and it has been proposed that HSP90s contribute
to the stabilization of the toxic intermediates [48]. However, the systemic inhibition of HSP90s is
toxic and the use of brain penetrant inhibitors, originally developed as antineoplastic drugs, is also
neurotoxic [49,50].

The activity of chaperonins can also be targeted as a therapeutic strategy in neurodegeneration.
As an example, the mHtt protein, which forms toxic fibrils in Huntington’s disease, is a known client
protein of TRiC, a cytoplasmic 1 MDa complex composed of members of the HSP60 family [51].
Also, in this case, an indirect approach to increase the levels of TRiC has been proposed, namely, the use
of small molecules for the inhibition of the VRK2 kinase, which normally inhibits the activity of the
USP25 deubiquitinase, which deubiquitinates TRiC. Thus, the inhibition of VRK2 results in increased
levels of TRiC, which is no longer degraded via the UPS. It has been demonstrated that such inhibitors
are effective in reducing the aggregation of mHtt [52].

Since a general upregulation of the chaperone system is expected to ameliorate neurodegeneration,
some efforts have focused on the HSF1 protein, which is recognised as the master transcription factor
that regulates the activity of the PN [53]. HSF1 is normally responsive to stress; thus, small molecules
that induce HSF1 act through non-specific stressful mechanisms, which makes them of little use as
therapeutics. A small molecule has been recently identified, namely HSF1A, which activates HSF1
without causing cellular stress and increases the levels of HSP70s, thus reducing protein aggregates in
various mammalian cells and fruit fly models [54,55].

Even though molecular chaperones seem to be promising targets, the tuning of the other modules
of the PN (i.e., protein synthesis and degradation) also represents a good strategy. For instance, the use
of small molecules which boost the UPS and/or ALP system has been proposed [56–58] in order to
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improve protein clearance, thus ameliorating neuron cells viability. On the other hand, reducing
the translational activity represents an equally promising strategy. Indeed, reducing the levels of
newly synthesized proteins results in the unburdening of the downstream PN modules. A general
reduction of protein translation is always observed in response to stress when the cellular energy
needs to be saved to cope with the adverse conditions. In this frame, the pharmacological lengthening
of stress-induced translational attenuation has been proved to be effective in proteinopathies [59,60],
even though it cannot be envisioned as an actual therapeutic strategy.

5. Novel Strategies to Ameliorate Proteinopathies: The “Network Medicine” Approach

As already described, the PN comprises around 2000 components functionally grouped into three
main modules. These modules are deeply interconnected, and all components work together and
compensate one another to maintain proper protein homeostasis. The malfunction of even a single or a
small group of components unavoidably impacts the whole PN, with consequences that are difficult to
predict if every single component is considered as a standalone.

5.1. Complex Systems and Diseases

Biological organisms are complex systems made of individual components which interact at
different levels, thus creating a complex network. In this frame, any possible alterations which impact
the function of a single component (e.g., a specific gene mutation) will introduce a perturbation in
the entire network. Typically, complex systems are capable of reacting to both internal and external
changes by the reorganization of their individual components, which results in the acquisition of
novel properties. These properties of the system can be explained only in the frame of the systems
theory [61,62]. Indeed, an “emergent property” is a characteristic of the system that is not present in its
individual components but arises from the collaboration among the elements of the system.

The concept of “emergence” is perfectly suitable to multifactorial diseases, in which multiple
factors can be associated with the pathogenetic process. Neurodegenerative diseases belong to
this category, since the diseased state is usually the result of multiple genetic and environmental
causes. Even in familiar forms (e.g., PARK2-mutated PD patients), where a clear genetic alteration is
recognized as the main etiological driver, the clinical phenotype can vary, based on the co-occurrence
of additional factors. Moreover, complex diseases always display nonlinear correlation between
genotype and phenotype, which means that the same genotype can result in different phenotypes
and also that the same disease phenotype can arise from different genotypes. One example is the
GGGGCC hexanucleotide repeat expansion in the C9orf72 gene, which is associated with both ALS
and frontotemporal dementia (FTD) [63]. On the other hand, several gene mutations (i.e., the so-called
PARK PD-associated loci) are associated with familiar PD as a clearly defined clinical phenotype [64].

Complex biological systems are efficiently represented by networks. Graphically, a network
is made of nodes, which usually represent genes or proteins, connected to one another by edges,
which represent relations between nodes (e.g., physical interaction, functional link, co-expression).
Some nodes, called “hubs”, display a high number of connections, while others are located at the
periphery and have a few connections. Networks can be classified as either random or scale-free [65].
In random networks, the connections among the nodes are, by definition, “random”, which means that
each node has the same probability of being connected to any other node. By contrast, in scale-free
networks, the probability distribution of the number of links per each node follows a power-law
distribution: the network will include some (a few) highly connected nodes (i.e., hubs) and many nodes
with few connections. Biological networks are scale-free; this minimizes the detrimental consequences
of most biochemical/genetic errors (which more likely affect a few connected nodes), unless the target
of perturbations are hubs. Indeed, it has been demonstrated that hubs match to “essential” genes,
whose mutation often leads to embryonic lethality [66]. On the other hand, human disease genes,
independently of the type of disease, usually match with highly connected nodes, but not with hubs.
By analysis of the connections among all known disease genes, it emerged that genes involved in similar



Int. J. Mol. Sci. 2020, 21, 6405 8 of 13

diseases are frequently connected to one another. From this evidence, a “human disease network” was
generated [67], where nodes represent diseases and edges represent the existence of shared disease
genes. The shape of this network supports the idea that disease-specific functional modules exist.

As an example in the context of neurodegenerative diseases, Lim and colleagues applied systems
analysis to identify disease-modifying proteins that are in common in neurodegenerative diseases
which cause ataxia [68]. They generated a PPI network and demonstrated that a panel of genes
associated with inherited ataxia, seemingly unrelated to one another, actually shared some interactors,
which could act as disease-modifying genes in animal models.

On these bases, it is clear that studying the function of a single (or a few) disease-gene(s)/protein(s)
will never give a comprehensive view of the pathogenetic process. Furthermore, from a pharmacological
point of view, targeting a single disease-associated protein might not represent an effective strategy or
may even be misleading.

5.2. Network Medicine

The “network medicine” approach has been proposed to overcome the main limitations of the
classical targeted approach in medicine [69]. This novel approach is founded on the observation that a
disease is almost never the result of a single protein dysregulation but usually reflects alterations of a
complex intracellular network. Thus, targeting a single component of a complex network based on
its involvement in a disease can represent an effective therapeutic strategy, but also entails several
limitations. First, the outcomes are not completely predictable. For instance, the inhibition/boosting of
a chaperone molecule can trigger downstream events, such as compensation mechanisms from other
chaperones. Second, there is never only one real target. Every single component of the PN displays
at least a small group of direct interactors (either physical or functional), whose activity is obviously
also affected. Targeting a single component that plays a central role in the network can disrupt the
entire network. For instance, the inhibition of HSP90s, which are able to increase the levels of HSP70s,
resulting in beneficial effects on protein aggregation, is actually not feasible due to the fact that HSP90s
are central highly connected nodes (so-called “hubs”) in the PN.

The classical reductionist view of the “one-target” pharmacology usually fails to identify novel
therapeutics for complex diseases. In this frame, “network pharmacology” represents a way to innovate
drug discovery. It takes advantage of the networks generated from the integration of “omics” data
through the tools of systems biology. This network-centric approach is able to (i) suggest novel targets,
(ii) identify hidden pathways involved in the disease, (iii) predict the effects of a treatment considering
the entire system, (iv) suggest the dosing of a drug, based, for instance, on metabolic profiling,
and (v) identify the causes of drug resistance and/or toxicity based on the “shape” (e.g., robustness,
connectivity, fragility) of the network.

As stated before, disease genes can harbour many connections, and this implies that targeting the
products of known disease genes can dramatically impact on the whole network. Strikingly, it has been
demonstrated that most approved drugs are actually “palliative” drugs; in other words, they do not
target disease-associated proteins but proteins in their neighbourhood [70]. However, the degree of
connectivity of disease genes within disease networks is still debated, since it has been demonstrated
that some disease genes are restricted to the periphery of the interactome [69]. Whatever the location
of disease genes, knowledge about the composition of the disease network is the only tool available
to identify candidate disease-modifying products to be targeted by drugs (Figure 3). Yildirim and
co-workers generated a “drug-target” network [70], in which FDA-approved drugs are linked with
their target proteins. In this network the majority of drugs were highly connected to each other,
thus forming a giant component. Notably, it also emerged that many “old” drugs targeted already
targeted proteins; by contrast, new effective drugs used in combined therapeutic treatments showed a
trend toward more functionally different targets. This clearly suggests that the failure of the classical
“one target” pharmacological approach resides in the fact that new drugs were still designed to target
already well-known proteins.
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Figure 3. Druggable targets in the context of a disease network. (A) Disease genes usually represent 
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connected node (hub) is targeted by a drug, the entire structure of the network is affected with 
consequences that cannot be predicted if connections are not known. This explains why hubs usually 
match with the so-called “essential genes”. 
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Figure 3. Druggable targets in the context of a disease network. (A) Disease genes usually represent
nodes with an intermediate number of connections. If such genes are targeted by a drug, the treatment
can be effective, with small impacts on the general structure of the network. (B) When a highly connected
node (hub) is targeted by a drug, the entire structure of the network is affected with consequences that
cannot be predicted if connections are not known. This explains why hubs usually match with the
so-called “essential genes”.

Network pharmacology has not yet been applied extensively to proteinopathies. Recently, in
the frame of novel network-based approaches, the opportunity to use autophagy enhancement as a
strategy against α-synuclein aggregation in PD has raised considerable interest [71]. It is well known
that ALP is an important pathway in α-synuclein degradation. Since rapamycin and other early
macroautophagy enhancers display limited selectivity, some novel molecules have been proposed
which target this module of the PN in an indirect way, acting mainly at the lysosome level. Currently,
ambroxol is in phase II clinical trials for the treatment of PD and PD with dementia as a repositioned
drug, based on its ability to solubilize protein aggregates [72].

Less than one year ago, a network-based methodology appeared to be able to identify efficacious
drug combinations for specific diseases [73]. The authors developed a strategy to quantify
the relationship between disease proteins and drug targets in the human interactome network.
They demonstrated that a drug combination is effective only when it follows a specific network
topological relationship to the respective disease module. Specifically, to obtain a synergic effect,
the two drug-target modules must overlap with the disease module but must also be separated
(low network proximity) in the human interactome network. This tool represents a unique
opportunity to develop novel drug-combination therapies for several complex diseases, including
neurodegenerative proteinopathies.

6. Conclusions

Neurodegenerative proteinopathies represent a class of complex diseases whose pathogenetic
mechanisms are still being thoroughly investigated. The failure of the PN clearly represents a main
trigger in the onset and progression of such diseases. Even though several etiopathological mechanisms
have been unveiled, and many of them represent common altered pathways in different diseases,
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disease-modifying treatments are still lacking, and patients suffering from these disorders can only rely
on palliative drugs. In this frame, network medicine represents an opportunity to overcome the main
limitations of the classical “one target/one drug” pharmacological approach. Network pharmacology
will indeed help in the development of new strategies for rational drug design, taking into account
that each cellular component cannot be considered as a standalone. Moreover, the combination of
different omics analyses performed in the same patient will allow for the generation of patient-specific
networks at different levels, which will guide clinical decisions in the frame of personalized medicine.

Some network-based approaches that are able to predict the effectiveness of some drug
combinations based on the “quantitative” analysis of the drug–target network in the context of
the protein interactome have already been developed. Still, they deserve to be implemented and
generalized in order to become useful tools for all complex diseases.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/17/6405/s1,
Table S1. Protein lists used to generate the PPI network of the PN.

Author Contributions: Conceptualization: M.F.; Writing—original draft preparation: M.L.; Writing—review and
editing: M.L., T.A., and M.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Anfinsen, C.B. Principles that govern the folding of protein chains. Science 1973, 181, 223–230. [CrossRef]
[PubMed]

2. Ellis, R.J. Roles of molecular chaperones in protein folding. Curr. Opin. Struct. Biol. 1994, 4, 117–122.
[CrossRef]

3. Sontag, E.M.; Samant, R.S.; Frydman, J. Mechanisms and functions of spatial protein quality control. Annu.
Rev. Biochem. 2017, 86, 97–122. [CrossRef] [PubMed]

4. Schulz, J.B.; Dichgans, J. Molecular pathogenesis of movement disorders: Are protein aggregates a common
link in neuronal degeneration? Curr. Opin. Neurol. 1999, 12, 433–439. [CrossRef] [PubMed]

5. Newton, T.M.; Duce, J.A.; Bayle, E.D. The proteostasis network provides targets for neurodegeneration.
Br. J. Pharm. 2019, 176, 3508–3514. [CrossRef]

6. Batta, A.; Kalra, B.S.; Khirasaria, R. Trends in FDA drug approvals over last 2 decades: An observational
study. J. Fam. Med. Prim. Care 2020, 9, 105–114. [CrossRef]

7. Hopkins, A.L. Network pharmacology: The next paradigm in drug discovery. Nat. Chem. Biol. 2008, 4, 682–690.
[CrossRef]

8. Mathur, S.; Sutton, J. Personalized medicine could transform healthcare. Biomed. Rep. 2017, 7, 3–5. [CrossRef]
9. Ginsburg, G.S.; Phillips, K.A. Precision medicine: From science to value. Health Aff. Proj. Hope 2018,

37, 694–701. [CrossRef]
10. Milo, R. What is the total number of protein molecules per cell volume? A call to rethink some published

values. BioEssays News Rev. Mol. Cell. Dev. Biol. 2013, 35, 1050–1055. [CrossRef]
11. Zaher, H.S.; Green, R. Fidelity at the molecular level: Lessons from protein synthesis. Cell 2009, 136, 746–762.

[CrossRef] [PubMed]
12. Isken, O.; Maquat, L.E. Quality control of eukaryotic mRNA: Safeguarding cells from abnormal mRNA

function. Genes Dev. 2007, 21, 1833–1856. [CrossRef]
13. Pechmann, S.; Willmund, F.; Frydman, J. The ribosome as a hub for protein quality control. Mol. Cell 2013,

49, 411–421. [CrossRef] [PubMed]
14. Nedialkova, D.D.; Leidel, S.A. Optimization of codon translation rates via tRNA modifications maintains

proteome integrity. Cell 2015, 161, 1606–1618. [CrossRef] [PubMed]
15. Hetz, C.; Chevet, E.; Oakes, S.A. Proteostasis control by the unfolded protein response. Nat. Cell Biol. 2015,

17, 829–838. [CrossRef]
16. Moehle, E.A.; Shen, K.; Dillin, A. Mitochondrial proteostasis in the context of cellular and organismal health

and aging. J. Biol. Chem. 2019, 294, 5396–5407. [CrossRef]

http://www.mdpi.com/1422-0067/21/17/6405/s1
http://dx.doi.org/10.1126/science.181.4096.223
http://www.ncbi.nlm.nih.gov/pubmed/4124164
http://dx.doi.org/10.1016/S0959-440X(94)90069-8
http://dx.doi.org/10.1146/annurev-biochem-060815-014616
http://www.ncbi.nlm.nih.gov/pubmed/28489421
http://dx.doi.org/10.1097/00019052-199908000-00010
http://www.ncbi.nlm.nih.gov/pubmed/10555832
http://dx.doi.org/10.1111/bph.14643
http://dx.doi.org/10.4103/jfmpc.jfmpc_578_19
http://dx.doi.org/10.1038/nchembio.118
http://dx.doi.org/10.3892/br.2017.922
http://dx.doi.org/10.1377/hlthaff.2017.1624
http://dx.doi.org/10.1002/bies.201300066
http://dx.doi.org/10.1016/j.cell.2009.01.036
http://www.ncbi.nlm.nih.gov/pubmed/19239893
http://dx.doi.org/10.1101/gad.1566807
http://dx.doi.org/10.1016/j.molcel.2013.01.020
http://www.ncbi.nlm.nih.gov/pubmed/23395271
http://dx.doi.org/10.1016/j.cell.2015.05.022
http://www.ncbi.nlm.nih.gov/pubmed/26052047
http://dx.doi.org/10.1038/ncb3184
http://dx.doi.org/10.1074/jbc.TM117.000893


Int. J. Mol. Sci. 2020, 21, 6405 11 of 13

17. Klaips, C.L.; Jayaraj, G.G.; Hartl, F.U. Pathways of cellular proteostasis in aging and disease. J. Cell Biol. 2018,
217, 51–63. [CrossRef]

18. Cline, M.S.; Smoot, M.; Cerami, E.; Kuchinsky, A.; Landys, N.; Workman, C.; Christmas, R.; Avila-Campilo, I.;
Creech, M.; Gross, B.; et al. Integration of biological networks and gene expression data using cytoscape.
Nat. Protoc. 2007, 2, 2366–2382. [CrossRef]

19. Orchard, S.; Kerrien, S.; Abbani, S.; Aranda, B.; Bhate, J.; Bidwell, S.; Bridge, A.; Briganti, L.; Brinkman, F.S.L.;
Brinkman, F.; et al. Protein interaction data curation: The international molecular exchange (IMEx)
consortium. Nat. Methods 2012, 9, 345–350. [CrossRef]

20. Jassal, B.; Matthews, L.; Viteri, G.; Gong, C.; Lorente, P.; Fabregat, A.; Sidiropoulos, K.; Cook, J.; Gillespie, M.;
Haw, R.; et al. The reactome pathway knowledgebase. Nucleic Acids Res. 2020, 48, D498–D503. [CrossRef]

21. Brehme, M.; Voisine, C.; Rolland, T.; Wachi, S.; Soper, J.H.; Zhu, Y.; Orton, K.; Villella, A.; Garza, D.; Vidal, M.;
et al. A chaperome sub-network safeguards proteostasis in aging and neurodegenerative disease. Cell Rep.
2014, 9, 1135–1150. [CrossRef] [PubMed]

22. De Maio, A. Heat shock proteins: Facts, thoughts, and dreams. Shock 1999, 11, 1–12. [CrossRef] [PubMed]
23. Jee, H. Size dependent classification of heat shock proteins: A mini-review. J. Exerc. Rehabil. 2016, 12, 255–259.

[CrossRef] [PubMed]
24. Whitley, D.; Goldberg, S.P.; Jordan, W.D. Heat shock proteins: A review of the molecular chaperones. J. Vasc.

Surg. 1999, 29, 748–751. [CrossRef]
25. Rizzolo, K.; Huen, J.; Kumar, A.; Phanse, S.; Vlasblom, J.; Kakihara, Y.; Zeineddine, H.A.; Minic, Z.; Snider, J.;

Wang, W.; et al. Features of the chaperone cellular network revealed through systematic interaction mapp.
Cell Rep. 2017, 20, 2735–2748. [CrossRef]

26. Collins, G.A.; Goldberg, A.L. The logic of the 26S proteasome. Cell 2017, 169, 792–806. [CrossRef]
27. García-Prat, L.; Martínez-Vicente, M.; Perdiguero, E.; Ortet, L.; Rodríguez-Ubreva, J.; Rebollo, E.;

Ruiz-Bonilla, V.; Gutarra, S.; Ballestar, E.; Serrano, A.L.; et al. Autophagy maintains stemness by preventing
senescence. Nature 2016, 529, 37–42. [CrossRef]

28. López-Otín, C.; Bond, J.S. Proteases: Multifunctional enzymes in life and disease. J. Biol. Chem. 2008,
283, 30433–30437. [CrossRef]

29. Dikic, I. Proteasomal and autophagic degradation systems. Annu. Rev. Biochem. 2017, 86, 193–224. [CrossRef]
30. Zhang, T.; Shen, S.; Qu, J.; Ghaemmaghami, S. Global analysis of cellular protein flux quantifies the selectivity

of basal autophagy. Cell Rep. 2016, 14, 2426–2439. [CrossRef]
31. Walther, D.M.; Kasturi, P.; Zheng, M.; Pinkert, S.; Vecchi, G.; Ciryam, P.; Morimoto, R.I.; Dobson, C.M.;

Vendruscolo, M.; Mann, M.; et al. Widespread proteome remodeling and aggregation in aging C. elegans.
Cell 2015, 161, 919–932. [CrossRef] [PubMed]

32. Sala, A.J.; Bott, L.C.; Morimoto, R.I. Shaping proteostasis at the cellular, tissue, and organismal level.
J. Cell Biol. 2017, 216, 1231–1241. [CrossRef] [PubMed]

33. Chiti, F.; Dobson, C.M. Protein misfolding, amyloid formation, and human disease: A summary of progress
over the last decade. Annu. Rev. Biochem. 2017, 86, 27–68. [CrossRef] [PubMed]

34. Iadanza, M.G.; Jackson, M.P.; Hewitt, E.W.; Ranson, N.A.; Radford, S.E. A new era for understanding amyloid
structures and disease. Nat. Rev. Mol. Cell Biol. 2018, 19, 755–773. [CrossRef]

35. Rubinsztein, D.C. The roles of intracellular protein-degradation pathways in neurodegeneration. Nature
2006, 443, 780–786. [CrossRef]

36. Thibaudeau, T.A.; Anderson, R.T.; Smith, D.M. A common mechanism of proteasome impairment by
neurodegenerative disease-associated oligomers. Nat. Commun. 2018, 9, 1097. [CrossRef]

37. Yu, A.; Shibata, Y.; Shah, B.; Calamini, B.; Lo, D.C.; Morimoto, R.I. Protein aggregation can inhibit
clathrin-mediated endocytosis by chaperone competition. Proc. Natl. Acad. Sci. USA 2014, 111, E1481–E1490.
[CrossRef]

38. Bence, N.F.; Sampat, R.M.; Kopito, R.R. Impairment of the ubiquitin-proteasome system by protein
aggregation. Science 2001, 292, 1552–1555. [CrossRef]

39. Hipp, M.S.; Park, S.-H.; Hartl, F.U. Proteostasis impairment in protein-misfolding and -aggregation diseases.
Trends Cell Biol. 2014, 24, 506–514. [CrossRef]

40. Olzscha, H.; Schermann, S.M.; Woerner, A.C.; Pinkert, S.; Hecht, M.H.; Tartaglia, G.G.; Vendruscolo, M.;
Hayer-Hartl, M.; Hartl, F.U.; Vabulas, R.M. Amyloid-like aggregates sequester numerous metastable proteins
with essential cellular functions. Cell 2011, 144, 67–78. [CrossRef]

http://dx.doi.org/10.1083/jcb.201709072
http://dx.doi.org/10.1038/nprot.2007.324
http://dx.doi.org/10.1038/nmeth.1931
http://dx.doi.org/10.1093/nar/gkz1031
http://dx.doi.org/10.1016/j.celrep.2014.09.042
http://www.ncbi.nlm.nih.gov/pubmed/25437566
http://dx.doi.org/10.1097/00024382-199901000-00001
http://www.ncbi.nlm.nih.gov/pubmed/9921710
http://dx.doi.org/10.12965/jer.1632642.321
http://www.ncbi.nlm.nih.gov/pubmed/27656620
http://dx.doi.org/10.1016/S0741-5214(99)70329-0
http://dx.doi.org/10.1016/j.celrep.2017.08.074
http://dx.doi.org/10.1016/j.cell.2017.04.023
http://dx.doi.org/10.1038/nature16187
http://dx.doi.org/10.1074/jbc.R800035200
http://dx.doi.org/10.1146/annurev-biochem-061516-044908
http://dx.doi.org/10.1016/j.celrep.2016.02.040
http://dx.doi.org/10.1016/j.cell.2015.03.032
http://www.ncbi.nlm.nih.gov/pubmed/25957690
http://dx.doi.org/10.1083/jcb.201612111
http://www.ncbi.nlm.nih.gov/pubmed/28400444
http://dx.doi.org/10.1146/annurev-biochem-061516-045115
http://www.ncbi.nlm.nih.gov/pubmed/28498720
http://dx.doi.org/10.1038/s41580-018-0060-8
http://dx.doi.org/10.1038/nature05291
http://dx.doi.org/10.1038/s41467-018-03509-0
http://dx.doi.org/10.1073/pnas.1321811111
http://dx.doi.org/10.1126/science.292.5521.1552
http://dx.doi.org/10.1016/j.tcb.2014.05.003
http://dx.doi.org/10.1016/j.cell.2010.11.050


Int. J. Mol. Sci. 2020, 21, 6405 12 of 13

41. Roth, D.M.; Hutt, D.M.; Tong, J.; Bouchecareilh, M.; Wang, N.; Seeley, T.; Dekkers, J.F.; Beekman, J.M.;
Garza, D.; Drew, L.; et al. Modulation of the maladaptive stress response to manage diseases of protein
folding. PLoS Biol. 2014, 12, e1001998. [CrossRef] [PubMed]

42. Eisele, Y.S.; Monteiro, C.; Fearns, C.; Encalada, S.E.; Wiseman, R.L.; Powers, E.T.; Kelly, J.W. Targeting protein
aggregation for the treatment of degenerative diseases. Nat. Rev. Drug Discov. 2015, 14, 759–780. [CrossRef]
[PubMed]

43. Zarouchlioti, C.; Parfitt, D.A.; Li, W.; Gittings, L.M.; Cheetham, M.E. DNAJ Proteins in neurodegeneration:
Essential and protective factors. Philos. Trans. R. Soc. B Biol. Sci. 2018, 373. [CrossRef] [PubMed]

44. Wisén, S.; Bertelsen, E.B.; Thompson, A.D.; Patury, S.; Ung, P.; Chang, L.; Evans, C.G.; Walter, G.M.; Wipf, P.;
Carlson, H.A.; et al. Binding of a small molecule at a protein-protein interface regulates the chaperone
activity of Hsp70–Hsp40. ACS Chem. Biol. 2010, 5, 611–622. [CrossRef]

45. Wang, A.M.; Miyata, Y.; Klinedinst, S.; Peng, H.-M.; Chua, J.P.; Komiyama, T.; Li, X.; Morishima, Y.;
Merry, D.E.; Pratt, W.B.; et al. Activation of Hsp70 reduces neurotoxicity by promoting polyglutamine
protein degradation. Nat. Chem. Biol. 2013, 9, 112–118. [CrossRef]

46. Miyata, Y.; Li, X.; Lee, H.-F.; Jinwal, U.K.; Srinivasan, S.R.; Seguin, S.P.; Young, Z.T.; Brodsky, J.L.; Dickey, C.A.;
Sun, D.; et al. Synthesis and initial evaluation of YM-08, a blood-brain barrier permeable derivative of the
heat shock protein 70 (Hsp70) inhibitor MKT-077, which reduces tau levels. ACS Chem. Neurosci. 2013,
4, 930–939. [CrossRef]

47. Luo, W.; Sun, W.; Taldone, T.; Rodina, A.; Chiosis, G. Heat shock protein 90 in neurodegenerative diseases.
Mol. Neurodegener. 2010, 5, 24. [CrossRef]

48. Luo, W.; Dou, F.; Rodina, A.; Chip, S.; Kim, J.; Zhao, Q.; Moulick, K.; Aguirre, J.; Wu, N.; Greengard, P.;
et al. Roles of heat-shock protein 90 in maintaining and facilitating the neurodegenerative phenotype in
tauopathies. Proc. Natl. Acad. Sci. USA 2007, 104, 9511–9516. [CrossRef]

49. Blair, L.J.; Sabbagh, J.J.; Dickey, C.A. Targeting Hsp90 and its co-chaperones to treat Alzheimer’s disease.
Expert Opin. Ther. Targets 2014, 18, 1219–1232. [CrossRef]

50. Spreafico, A.; Delord, J.-P.; De Mattos-Arruda, L.; Berge, Y.; Rodon, J.; Cottura, E.; Bedard, P.L.; Akimov, M.;
Lu, H.; Pain, S.; et al. A first-in-human phase I, dose-escalation, multicentre study of HSP990 administered
orally in adult patients with advanced solid malignancies. Br. J. Cancer 2015, 112, 650–659. [CrossRef]

51. Kitamura, A.; Kubota, H.; Pack, C.-G.; Matsumoto, G.; Hirayama, S.; Takahashi, Y.; Kimura, H.; Kinjo, M.;
Morimoto, R.I.; Nagata, K. Cytosolic chaperonin prevents polyglutamine toxicity with altering the aggregation
state. Nat. Cell Biol. 2006, 8, 1163–1170. [CrossRef] [PubMed]

52. Kim, S.; Lee, D.; Lee, J.; Song, H.; Kim, H.-J.; Kim, K.-T. Vaccinia-related kinase 2 controls the stability of the
eukaryotic chaperonin TRiC/CCT by inhibiting the deubiquitinating enzyme USP25. Mol. Cell Biol. 2015,
35, 1754–1762. [CrossRef] [PubMed]

53. Neef, D.W.; Jaeger, A.M.; Thiele, D.J. Heat shock transcription factor 1 as a therapeutic target in
neurodegenerative diseases. Nat. Rev. Drug Discov. 2011, 10, 930–944. [CrossRef] [PubMed]

54. Neef, D.W.; Turski, M.L.; Thiele, D.J. Modulation of heat shock transcription factor 1 as a therapeutic target
for small molecule intervention in neurodegenerative disease. PLoS Biol. 2010, 8, e1000291. [CrossRef]
[PubMed]

55. Neef, D.W.; Jaeger, A.; Gomez-Pastor, R.; Willmund, F.; Frydman, J.; Thiele, D.J. A direct regulatory
interaction between chaperonin TRiC and stress responsive transcription factor HSF1. Cell Rep. 2014,
9, 955–966. [CrossRef] [PubMed]

56. Leestemaker, Y.; de Jong, A.; Witting, K.F.; Penning, R.; Schuurman, K.; Rodenko, B.; Zaal, E.A.; van de
Kooij, B.; Laufer, S.; Heck, A.J.R.; et al. Proteasome activation by small molecules. Cell Chem. Biol. 2017,
24, 725–736.e7. [CrossRef]

57. Barmada, S.J.; Serio, A.; Arjun, A.; Bilican, B.; Daub, A.; Ando, D.M.; Tsvetkov, A.; Pleiss, M.; Li, X.; Peisach, D.;
et al. Autophagy induction enhances TDP43 turnover and survival in neuronal ALS models. Nat. Chem. Biol.
2014, 10, 677–685. [CrossRef]

58. Kuo, S.-Y.; Castoreno, A.B.; Aldrich, L.N.; Lassen, K.G.; Goel, G.; Dančík, V.; Kuballa, P.; Latorre, I.;
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