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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.
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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 . 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” &,
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.
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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 activity can be directly modulated
by small molecules &, This targeted pharmacological approach represents one of the possible strategies to

ameliorate and slow down neurodegeneration.

| 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 8. 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 [Z!. 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
8. 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 2. Moreover, reduced tRNAs
availability may lower the translation rate, thus favouring protein aggregation 9. 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.

| 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 11, 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 12, Moreover, in the human brain, the expression of ATP-dependent
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chaperones is reduced with age, thus promoting misfolding and aggregation 23!, 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.

Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and amyotrophic lateral sclerosis
(ALS) are examples of neurodegenerative proteinopathies 14131 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 181718l the UPS is usually
overwhelmed 1929 and the general cellular ability to cope with stress conditions is hampered 2122 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 23], Here, the researchers 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 24, Three HSP40 family members are of particular interest, namely DNAJB2,
DNAJB6, and DNAJBY, which bind polyQ-containing proteins, a-synuclein, and (-amyloid, respectively. One small
compound has been described which increases HSP40s activity, thus improving the function of the HSP70s
system [22 Also, the enhancement of HIP function, thus increasing HSP70s activity, seems to inhibit the

aggregation of misfolded proteins [28127],

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) [28. Moreover, both a-synuclein and tau are
HSP90s client proteins, and it has been proposed that HSP90s contribute to the stabilization of the toxic
intermediates (22, However, the systemic inhibition of HSP90s is toxic and the use of brain penetrant inhibitors,

originally developed as antineoplastic drugs, is also neurotoxic B2E11,
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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 TRIiC, a cytoplasmic 1
MDa complex composed of members of the HSP60 family 2. 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 TRIiC, which is no longer degraded via the UPS. It has been demonstrated that

such inhibitors are effective in reducing the aggregation of mHitt (3.

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 B4, 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 221361,

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 [BZ28I39 in order to 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 “941]

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,
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which results in the acquisition of novel properties. These properties of the system can be explained only in the
frame of the systems theory 2243l |ndeed, 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) 4. 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 421,

5.2. Network Medicine

The “network medicine” approach has been proposed to overcome the main limitations of the classical targeted
approach in medicine 8. 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,
(i) 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.
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