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Traditional pharmacology is defined as the science that deals with drugs and their actions. While small molecule drugs have
clear advantages, there are many cases where they have proved to be ineffective, prone to unacceptable side effects, or
where due to a particular disease aetiology they cannot possibly be effective. A dominant feature of the small molecule drugs
is their single mindedness: they provide either continuous inhibition or continuous activation of the target. Because of that,
these drugs tend to engage compensatory mechanisms leading to drug tolerance, drug resistance or, in some cases,
sensitization and consequent loss of therapeutic efficacy over time and/or unwanted side effects. Here we discuss new and
emerging therapeutic tools and approaches that have potential for treating the majority of disorders for which small
molecules are either failing or cannot be developed. These new tools include biologics, such as recombinant hormones and
antibodies, as well as approaches involving gene transfer (gene therapy and genome editing) and the introduction of specially
designed self-replicating cells. It is clear that no single method is going to be a ‘silver bullet’, but collectively, these novel
approaches hold promise for curing practically every disorder.
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CRISPR, clustered regularly interspaced short palindromic repeats; GRK, GPCR kinase; iPSCs, induced pluripotent stem
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Introduction

Most (>90%) currently used therapeutic agents are small
molecules (Hopkins and Groom, 2002). The most common

drug targets are GPCRs and enzymes (Rask-Andersen et al.,
2011). Kinases have become major drug discovery targets,
particularly for cancer therapy (Eglen and Reisine, 2011;
Rask-Andersen et al., 2011; Cohen and Alessi, 2013). Recent
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estimates suggest that out of >20 000 human proteins, only
∼3000 are ‘druggable’ (can be regulated by small molecules)
(Hopkins and Groom, 2002). At least 3000 disease-modifying
genes have been identified, out of which 600–1500 were
estimated to be druggable (Hopkins and Groom, 2002). Target
‘druggability’, or the probability of successful modulation of
the target with small molecule drugs, is usually estimated
based on previous experience, that is, on other genes from
the same family successfully targeted by drugs. Conventional
wisdom considers the protein targets designed to bind small
molecules such as a ligand (i.e. receptors) or substrate (i.e.
enzymes) as druggable, since synthetic mimics of such mol-
ecules with the desired properties can be engineered. Existing
drugs target only 435 human proteins, and the rate of intro-
duction of drugs engaging previously unexploited human
targets has remained stable at approximately 4 per year for
∼30 years, despite massive investment in drug discovery
(Rask-Andersen et al., 2011). Does this mean that nothing can
be done about the majority of disease-associated proteins and
that most diseases cannot be treated? Luckily, this is not the
case. Here we discuss new developments that expand the
horizons of medical research and have the potential to
correct disease-associated molecular errors that cannot be
addressed by small molecules (Figure 1).

Small molecules will probably remain the best agents
against bacteria, fungi and viruses. Small molecule inhibitors
targeting enzymes performing functions that mammals do
not have, such as building cell walls, or something bacteria-
specific, like prokaryotic ribosomes, are good antimicrobials.
Inhibitors of reverse transcriptases successfully work against
RNA viruses; telomerase, the only eukaryotic reverse tran-
scriptase, is quite different.

The use of small molecule drugs to treat disorders that
involve signalling deregulation has one serious drawback:
small molecules continuously activate or inhibit signalling
proteins, but lack sensitivity to fine regulatory influences. As
a result, they are prone to ‘on-target’ side effects (unwanted
effects produced by the drug acting on the intended thera-
peutic target) and compensatory changes, such as drug toler-
ance, resistance and, in some cases, sensitization. These
changes are caused by drug-induced alterations in the signal-
ling pathways that modify the response of the system to the
drug. Good examples are tolerance to opioid antinociceptive
drugs (Christie, 2008; Dacher and Nugent, 2011), drug-
resistant epilepsy (Remy and Beck, 2006) and L-DOPA-
induced motor fluctuations in Parkinson’s disease (Gurevich
and Gurevich, 2008). To circumvent these problems, the drug
discovery field is moving away from the ‘small molecule’
mentality of searching for small molecules with broader capa-
bilities. There is a shift to drugs that ‘sense’ the status of the
system, providing fine condition-dependent regulation
rather than a crude on-off switch. This trend is reflected in
the use of partial agonists instead of antagonists and in the
effort to develop allosteric modulators for GPCRs (Nickols
and Conn, 2014) and enzymes such as kinases (Eglen and
Reisine, 2011; Fang et al., 2013). Partial agonists inhibit recep-
tor activity in the presence of a high concentration of the
endogenous agonist, but increase the activity when the
endogenous agonist is absent or low. Similarly, the action of
positive or negative allosteric modulators of GPCRs depends
on the presence of the endogenous agonist, thus providing

context-dependent regulation. The nascent trend is to
develop pathway-biased agonists for GPCRs that engage
selective pathways activated by agonist binding (Kenakin and
Christopoulos, 2013). Specifically, biased GPCR agonists are
being actively developed that activate either G protein-
dependent or arrestin-dependent downstream signalling
(DeWire and Violin, 2011).

Big molecules – biologics
One limitation of small molecules is inherent in their size:
they have few chemical moieties, and therefore can bind with
high affinity only to targets with deep pockets, which
envelop the small molecule, maximizing interaction energy
(Gurevich and Gurevich, 2014). Small molecules cannot
effectively target relatively flat protein surfaces and elements
lacking a rigid structure. Evolution created antibodies to bind
this type of target, so monoclonal antibodies became the next
therapeutic agents (Imming et al., 2006; Figure 1). These tools
appeared in the late 1980s, with the development of
advanced methods of protein engineering and purification
(Fischbach et al., 2013). Since the Food and Drug Administra-
tion approved the first monoclonal antibody in 1986, the
number of antibody drugs and their sales has outpaced the
growth of the global drug market (Rask-Andersen et al.,
2011). Two issues limit the therapeutic use of antibodies.
First, they are proteins, which excludes oral delivery. Second,
by their nature, antibodies are extracellular agents, suitable
for targeting circulating antibodies, hormones and growth
factors, or cell surface receptors, integrins or antigens
(Imming et al., 2006). Antibodies are inherently unsuitable
for targeting the great majority of disease-associated proteins,
which are intracellular.

Another class of biologics, injected hormones and soluble
proteins, are not amenable to fine regulation, just like small
molecules. In some diseases, they are doing a good job of
substituting for a lost hormone (insulin in diabetes type I).
Since these are proteins, there is considerable room for
improvement. Mutagenesis has been extensively used to
increase the stability and pharmacokinetic properties of these
biologics, change the duration of action, enhance affinity and
selectivity, or reduce toxicity and other unwanted properties
(Schmitz et al., 2004; Grunberger, 2013; Parkes et al., 2013).

A special issue with biologics is assessing their pharma-
cokinetic parameters. Many biologics have been optimized by
mutagenesis to achieve better pharmacokinetics, such as a
longer half-life. Yet many issues remain unresolved simply
because of our limited knowledge of the chemical modifica-
tions, disposition and metabolites of biologics in the body
(Ezan, 2013; Ezan et al., 2014). The continuous application of
novel methods to the pharmacokinetic studies of biologics,
such as the use of mass spectrometry to detect the biologic
drug, its modified forms, metabolites and targets, will
undoubtedly improve our understanding of the pharmacoki-
netic properties of biologics. One specific issue relates to the
use of biologics to treat brain diseases. Since the brain is
protected by the blood–brain barrier, most peripherally
administered proteins do not reach it. The blood–brain
barrier presents an obstacle for small molecule drugs, but
some small molecules cross it passively or utilize various
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transporters on the luminal side, as do some larger molecules,
such as hormones, whereas it is essentially impenetrable to
other proteins. To introduce biologics into the brain, the
‘Trojan horse’ technology utilizing the receptor-mediated
transfer across the blood–brain barrier is employed. This tech-
nology relies on the conjugation of the protein drug to
monoclonal antibodies that bind transferrin or insulin recep-
tors to cross the barrier (Boado et al., 2010a,b; Pardridge and
Boado, 2012).

Gene therapy and genome editing

Many diseases are caused by mutations. Some inactivate
encoded proteins, resulting in loss of function. In such cases,
the natural approach is to replace the missing protein, restor-
ing the function and curing the disease. Other mutations yield
hyperactive proteins: mutations in GPCRs producing consti-
tutively active receptors underlie many disorders including
several forms of cancer (Schöneberg et al., 2004). Mutant
proteins may become toxic due to misfolding or aggregation.

Such mutations are considered gain-of-function, although it is
often unclear which function is actually gained. Examples of
genetic diseases caused by gain of poorly understood functions
include α-synuclein-dependent familial Parkinson’s disease
and other synucleopathies (Lee and Trojanowski, 2006;
Marques and Outeiro, 2012) or leucine-rich repeat kinase
2-dependent familial Parkinson’s disease (Esteves et al., 2014).
In these cases, providing the good protein without removal of
the offending gene or correction of the mutation cannot cure
the disease. Historically, the first approach aimed at supplying
a functional protein to diseased cells was gene transfer with
viral vectors, or gene therapy. Recently, new techniques have
been developed to change the genomic sequence, collectively
referred to as genome editing (Figure 2).

Gene therapy
Gene therapy relies on the expression of the protein encoded
by the delivered DNA. In clinical trials conducted so far,
adenoviral and retroviral vectors have been used most often
(Sheridan, 2011). In the experimental work, the most popular
vectors are lentiviruses (based on human HIV-1), adenovi-

Figure 1
Therapeutic tools and approaches. Schematic illustration of currently used (small molecule drugs and biologics) and emerging novel therapeutic
tools by category. Gene therapy includes the delivery of WT and modified genes, as well as constructs designed to reduce the expression of a
particular gene (DNA sequences coding for shRNA and miRNA, as well as siRNA that are delivered directly). All constructs can be delivered using
the most common virus-based, as well as non-viral, methods. Genome editing changes the actual DNA sequence in the genome. Three types of
molecular tools were developed to achieve genome editing: zinc finger nucleases, TALENs, and the CRISPR-Cas system. Cell-based therapies
involve the use of living cells for therapeutic purposes. The objective can be either to replace the cells that have degenerated or are missing, such
as dopaminergic substantia nigra neurons in Parkinson’s disease, or insulin-producing pancreatic beta cells in type I diabetes, or to introduce
mammalian or bacterial cells performing a therapeutic task (e.g. producing a necessary compound).
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ruses, adeno-associated viruses (AAVs) or retroviruses (infect
only dividing cells). All viruses were rendered self-inactivating
and replication-deficient by extensive engineering, reducing
the probability of viral infection to virtually zero. Since com-
mercial helper-free systems for AAV production were devel-
oped, AAVs became the vectors of choice for gene therapy due
to safety: AAVs are not associated with any human disease.
Another advantage is that AAVs have many varieties (sero-
types) with the ability to preferentially infect different tissues
or cell types while bypassing others (tissue tropism). Mutant

serotypes with desired tropisms were created (Kwon and
Schaffer, 2008; Bartel et al., 2012a), so that even systemic AAV
administration can achieve tissue-specific infection.

Treatment of Leber’s congenital amaurosis is the best-
known gene therapy success story. This blinding disorder is
caused by loss-of-function mutations in retinal pigment
epithelium-specific 65 kDa protein (RPE65), which lead to a
deficit of the 11-cis-retinal necessary for photopigment regen-
eration. Recently, three clinical trials involving delivery of the
functional RPE65 gene to the patient’s pigment epithelium

Figure 2
Principles and applications of genome-editing techniques. (A) Genome-editing techniques utilize nucleases guided to specific sites by DNA-
binding proteins that recognize specific DNA sequences or by RNA to cleave genomic DNA. ZFNs utilize nucleases such as Fok I coupled to zinc
finger DNA-binding protein domains, which are used to create ZFNs. The TALEN-based approaches uses TALE domains linked to nucleases to
create TALENs. Both systems are effective but require the design of new DNA-binding proteins for each DNA sequence to be targeted. Predicting
the structure of zinc finger-binding protein domains specific for target genomic sequences remains challenging, and constructing TALENs is also
demanding due to multiple repeat sequences. The newer system based on CRISPR utilizes the prokaryotic immune defense mechanisms. The main
advantage of this technique is that the Cas9 nuclease is guided to the DNA locus by RNA, which is much easier to design and produce than a
protein. (B) Nucleases introduce a double-stranded break in the target genomic sequence, which is repaired by the cell’s DNA repair mechanism.
The repair could be done via non-homologous end joining (NHEJ) creating a mismatch in the gene and thus inactivating it. Alternatively, the DNA
break could be repaired using an endogenous or exogenous DNA template. In this case, a portion of a defective gene could be replaced via
homology-directed repair (HDR) or a new gene could be inserted. (C) The CRISPR system could be employed to regulate the expression of
endogenous genes. Deactivated Cas9, lacking nuclease activity, conjugated with a transcription activator could bring the activator to a specific
gene locus. Alternatively, a transcription inhibitor could be delivered to a gene via nuclease-dead Cas9 that would block transcription initiation
or elongation. For experimental purposes, deactivated Cas9 conjugated with fluorescent proteins such as GFP could be employed to visualize
specific gene loci.
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were successful, demonstrating the power of gene replace-
ment and the suitability of existing gene delivery methods for
clinical use (Bainbridge et al., 2008; Cideciyan et al., 2008;
Hauswirth et al., 2008; Maguire et al., 2008). Retinal disorders
are the perfect testing ground for gene therapy because the
eye is accessible and many ophthalmologists can perform
subretinal injections (Colella and Auricchio, 2012; Day et al.,
2014; Lopes et al., 2014; Petrs-Silva and Linden, 2014).
Attempts are made to use gene therapy to treat various dis-
orders in tissues accessible to circulating viral vectors or injec-
tions (Sheridan, 2011; Asokan and Samulski, 2013; Wang
et al., 2014). The appeal of gene therapy is so strong that its
application is considered for disorders afflicting the most
inaccessible organ – the brain (Ramaswamy and Kordower,
2012; Bartus et al., 2013; Gelfand and Kaplitt, 2013; Gray,
2013; Bourdenx et al., 2014).

Recently, the gene therapy toolbox was enriched by
virally delivered shRNAs and microRNAs to knockdown
disease-associated proteins (Deng et al., 2014; Gurevich et al.,
2014). Non-viral methods of delivery of therapeutic siRNAs
and microRNAs are actively being developed (Yuan et al.,
2011; Gherardini et al., 2014). Despite multiple challenges
(off-target effects, immune response, delivery problems),
siRNAs are considered very attractive for treatment of such
deadly diseases as cancer (Petrocca and Lieberman, 2011) and
HIV/AIDS (Zeller and Kumar, 2011), with several clinical trials
already underway (Castanotto and Rossi, 2009; Burnett et al.,
2011; Petrocca and Lieberman, 2011).

Gene therapy can also increase the expression of normal
protein when its function needs to be augmented to compen-
sate for pathological changes elsewhere. Even for enzymes
that can potentially be regulated by small molecules, the
tools to enhance their activity are often nonexistent or
limited. For example, degeneration of neurons in the substan-
tia nigra and the resulting loss of dopamine input to the
striatum causes Parkinson’s disease (Guigoni et al., 2005).
Super-sensitivity of striatal dopamine receptors is believed to
underlie dyskinesia, a devastating side effect of the most
effective symptomatic therapy, dopamine replacement with
its precursor L-DOPA (Guigoni et al., 2005). Since all dopa-
mine receptors are GPCRs, their signalling is regulated via
GPCR kinase (GRK)-arrestin-mediated desensitization and via
facilitation of signal shutoff at the G protein level by RGS
proteins. The ability of wild-type (WT) GRK6 and RGS9-2 to
reduce dyskinesia was tested in animals by virus-mediated
over-expression. Although GRKs are potentially druggable,
few selective inhibitors have been developed so far (Thal
et al., 2011), and these target only two isoforms, GRK2 and
GRK3, out of the seven we have (Gurevich et al., 2011). The
only feasible way to increase the activity of GRKs or RGS
proteins is over-expression. Increased expression of both
RGS9-2 and GRK6 in the striatum alleviated L-DOPA-induced
dyskinesia (Gold et al., 2007; Ahmed et al., 2010). GRK6 was
particularly interesting, because it surprisingly preserved and
even prolonged the ‘good’ therapeutic effect of L-DOPA in
parkinsonian monkeys, while reducing the ‘bad’ dyskinetic
effect (Ahmed et al., 2010). This ‘dual’ effect of GRK6 can be
explained by its mechanism of action (Carman and Benovic,
1998; Gurevich and Gurevich, 2006). At the beginning, the
agonist-activated receptor is not phosphorylated, so that sig-
nalling proceeds unimpeded because G protein has an advan-

tage over arrestins. This apparently allows the amount of
signalling necessary for the therapeutic effect to go through
before the extra GRK6 comes into play. With higher GRK6,
receptors are phosphorylated and desensitized faster, cutting
off G protein-mediated signalling just when it could become
excessive. In contrast, RGS9-2, facilitating self-inactivation of
GTP-liganded G protein α-subunit, probably acts from the
very beginning, indiscriminately reducing both ‘good’ and
‘bad’ signalling.

This example highlights the advantage of using a protein
with its natural fine regulations intact, as opposed to a small
molecule activator that would have simply stimulated GRK6
activity. The GRK6 protein used as a therapeutic agent was
able to simultaneously combat both dyskinesia caused by
sensitization and the loss of L-DOPA therapeutic activity (tol-
erance) that unite to render the L-DOPA therapy ineffective in
late Parkinson’s disease (Gurevich and Gurevich, 2008). The
danger of using WT proteins for therapy is that virtually every
protein is multifunctional. According to the mass action law,
increased concentration enhances all interactions the protein
is involved in, so over-expression augments all of its func-
tions. For example, GRK6 is not specific for dopamine recep-
tors and can phosphorylate multiple GPCRs and regulate
signalling via direct protein–protein interactions (Gurevich
et al., 2011). Therefore, if the enhancement of a specific func-
tion is needed, the best choice might be a mutant with
selected functions disabled or enhanced, rather than WT
protein. One example, where an arrestin-1 mutant that binds
activated rhodopsin regardless of its phosphorylation was
used, is discussed below. The principles of this approach (and
its limitations due to our insufficient knowledge) are illus-
trated in Figure 3.

Genome editing
Until recently, there were no methods for correcting the
mutations underlying congenital disorders. Three approaches
for targeted genome editing have recently emerged (Figure 2).
Zinc finger nucleases (ZFNs) were developed first (Bibikova
et al., 2003). ZFNs consist of several zinc finger domains, each
recognizing a particular three-nucleotide sequence, and the
nuclease domain from the Fok I restrictase. Since the Fok I
nuclease must dimerize to cleave DNA, monomeric ZFNs bind
two adjacent half-sites separated by 5–7 bp, where the Fok I
dimer cleaves (Figure 2A). Since WT Fok I can dimerize and
cleave DNA when only one ZFN is bound, leading to off-
target activity, the dimeric interface of Fok I was modified to
make heterodimers obligatory, greatly increasing ZFN speci-
ficity (Miller et al., 2007; Szczepek et al., 2007). However, not
every sequence can be targeted by ZFNs, and many ZFNs are
cytotoxic, probably due to off-target activity (Kim and Kim,
2014).

Transcription activator-like effector nucleases (TALENs)
also target DNA and were successfully used to modify genes in
many species, including mammals (Joung and Sander, 2013;
Sun and Zhao, 2013). Structurally, TALENs are similar to
ZFNs: a series of nucleotide-binding domains followed by the
Fok I nuclease. Each 33–35 amino acid transcription
activator-like effector (TALE) recognizes a single base pair in
the major groove. Since TALEs that bind each of the four
bases are known, TALENs can target virtually any DNA
sequence. The only known limitation is the requirement of
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thymine at the 5′-end of the target sequence (recognized by
the amino-terminal cryptic repeat in TALENs). Since the Fok
I nuclease is used, two TALENs recognizing adjacent half-sites
are necessary for DNA cleavage (Figure 2A).

The third genome-editing tool is based on the RNA-
guided DNA cleavage system that bacteria and archaea use

against foreign DNA: clustered regularly interspaced short
palindromic repeats (CRISPR) and associated proteins (Cas).
The active endonuclease in the CRISPR-Cas system consists of
target-specific RNA, target-independent trans-activating RNA
and the Cas9 protein (Jiang et al., 2013; Figure 2A). The two
RNAs can be combined into a single-chain guide. This endo-

Figure 3
Phosphorylation-independent arrestin-1: expected compensation and unexpected side effects. (A) Mouse arrestin-1 was ‘pre-activated’ by triple
alanine substitution of the hydrophobic residues in the C-tail (3A mutation; highlighted in magenta). (B) This mutation detaches the C-tail and
dramatically enhances arrestin-1 binding to light-activated unphosphorylated rhodopsin (Rh*). (C) WT arrestin-1 cannot shut off rhodopsin
signalling in the absence of rhodopsin kinase (RK−/−), so the time of half-recovery changes from ∼0.4 to ∼19 s. The expression of the arrestin-1-3A
mutant instead of WT arrestin-1 in the absence of rhodopsin kinase (3A-50arr−/−rk−/−) accelerates the recovery, reducing the time of half-recovery
to ∼6 s (data from Song et al., 2009). (D) However, the 3A mutation also reduced the ability of arrestin-1 to oligomerize, greatly increasing the
concentration of free monomer in the animals expressing the arrestin-1-3A mutant. This caused rapid photoreceptor degeneration, which is
shown as a reduction in the outer nuclear layer (ONL) containing photoreceptor nuclei (data from Song et al., 2013). OS, outer segments, where
rhodopsin and all components of the signalling cascade are localized; IS, inner segments, where photoreceptors rich in mitochondria are localized;
ONL, outer nuclear layer, where the nuclei of photoreceptors reside; OPL, outer plexiform layer, where photoreceptor synapses are localized; INL,
inner nuclear layer, where the post-photoreceptor neurons are localized. (E) Another source of problems is likely to be the release of the C-tail,
which contains the AP2-binding site (shown as red oval in A). Arrestin-1 binds AP2 with ∼30-fold lower affinity than non-visual subtypes. Due to
its very high expression in rods, even this low affinity matters: the association of full-length arrestin-1 with the constitutively active rhodopsin-
K296E mutant causes photoreceptor death, whereas the replacement of the WT protein with arrestin-1 lacking the C-tail (this deletion
pre-activates it similar to the 3A mutation) prevents photoreceptor loss (as reflected in the preservation of ONL thickness) and supports the
functionality of photoreceptors expressing rhodopsin-K296E (data from Moaven et al., 2013).
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nuclease recognizes a 23 bp target, where 20 bp represent the
guide sequence, whereas Cas9 itself recognizes the
3′-trinucleotide. Cas9 proteins from different bacteria have
distinct specificities for this three-base motif, which is the
only limitation for targeting DNA sequences. CRISPR-Cas9
does not require dimerization, so it can target any 20 bp DNA
element (when Cas9 recognizes the downstream three-bp
sequence). The key advantage of the CRISPR-Cas9 system is
the simplicity of targeting desired sites: Cas9 remains the
same, so only the 20 bp guide DNA needs to be cloned into
the vector that encodes the single-chain guide (Cho et al.,
2013). Thus, the CRISPR-Cas9 system is as versatile as
TALENs, easier to construct, but it is potentially less selective
because it uses a single targeting DNA sequence, whereas
TALENs and ZFNs use two.

Each system has its advantages and problems, and all
three have the potential to be further developed and adapted
for mammalian in vivo genome editing. They produce double-
strand breaks in DNA, but nucleases can be re-engineered to
generate single-strand breaks. Genome editing can achieve
gene knockout, gene or tag insertion, and gene correction
using donor DNA or single-strand oligonucleotides
(Figure 2B). Thus, these tools open the possibility of correct-
ing genetic errors. One obvious therapeutic application is
genome editing of human pluripotent stem cells for stem
cell-based therapy (Hockemeyer et al., 2011; Yusa et al., 2011;
Park et al., 2014; Smith et al., 2014). These technologies
enable the production of patient-specific ‘designer’ cells with
a corrected genome (Soldner et al., 2011; Yusa et al., 2011) for
replacement in neurodegenerative and other diseases. Fur-
thermore, ZFNs, TALENs or CRISPR can be employed for in
vivo genomic editing in somatic or stem/progenitor cells. One
example is anti-HIV therapy, where genome editing was used
to excise viral DNA integrated into the genome of latently
infected cells (Hu et al., 2014) or disable HIV co-receptor
CCR5 (Perez et al., 2008; Holt et al., 2010). Correction of
mutations in genetic disorders (Li et al., 2011) and therapeu-
tically beneficial genetic modifications (Ding et al., 2014) are
also possible. The problem with in vivo targeting of somatic
cells is that it would require efficient gene transfer and
genome editing in a large number of cells. Virus-mediated
delivery of ZFNs, Cas9/guiding RNAs or TALENs can accom-
plish that (Li et al., 2011; Ellis et al., 2013; Ding et al., 2014).
Sometimes, therapeutic benefits are achieved with a relatively
small proportion of cells within the targeted area undergoing
genomic rearrangement. One example is when the objective
of genetic editing was to reduce the concentration in the
blood of a secreted protein by introducing a loss-of-function
mutation into a fraction of the cells that secrete it (Ding et al.,
2014). In neurodegenerative disorders, the introduction of
neuroprotective mutations into a fraction of vulnerable
neurons can conceivably also produce a positive functional
outcome due to the high compensatory potential of the
neural networks.

Although gene therapy and genome editing are designed
to achieve similar objectives, they are not entirely inter-
changeable. When loss-of-function is associated with the loss
of protein (deletion, certain nonsense mutations), both
methods are likely to be successful. Genome editing with
CRISPR can also enhance the activity of endogenous genes
using inactive mutant Cas9 and guide RNA for targeting

transcription activation elements to specific promoters (Qi
et al., 2013; Sander and Joung, 2014). Similarly, catalytically
inactive Cas9 targeted to promoter sites represses transcrip-
tion by blocking transcription initiation or elongation
(Maeder et al., 2013; Perez-Pinera et al., 2013; Qi et al., 2013;
Sander and Joung, 2014; Figure 2C), which can substitute for
siRNA-mediated gene therapy. When the mutant protein is
more active than normal, genome editing has an advantage
over classic gene therapy. If the mutant protein misfolds, like
rhodopsin Pro23His (Olsson et al., 1992), or numerous parkin
mutants causing Parkinson’s disease (Sriram et al., 2005; Lim
et al., 2006), its synthesis must be stopped. Correction or
silencing of the damaged gene via genome editing can
achieve this, but not gene replacement. Safety is another
issue. The expression of WT protein is usually harmless, with
the exception of special cases like rod photoreceptors, where
the level of over-expression of perfectly normal rhodopsin
correlates with cell death (Tan et al., 2001). Thus, the delivery
of a normal gene is highly unlikely to cause problems, and its
continuous expression after genome integration is desirable.
In contrast, DNA editing enzymes cause off-target damage
with a certain probability. To minimize unwanted side effects,
it is imperative to express these enzymes transiently. This is
easy to achieve in proliferating cells, where non-genomic
DNA is lost after a few cell divisions. However, in non-
dividing neurons, episomes would remain in the cell, driving
the expression of gene editing enzymes after their job is
already done, thereby increasing the chances of their off-
target activity. In these cases, termination of the expression of
gene editing proteins must be assured.

Rebalancing signalling with
re-engineered proteins

With the exception of infectious diseases and very few others,
virtually all human ailments are caused by signalling imbal-
ances (Gurevich and Gurevich, 2012). Signal transduction
controlling every aspect of cell behaviour involves numerous
protein–protein interactions (Elowitz and Lim, 2010).
Disease-associated signalling deregulations could be multifac-
eted, dynamic, occurring in many cells throughout the body,
and often not traceable to specific genetic defects, making
straightforward genetic approaches impractical or impossible.
Disorders with a genetic component are often caused by an
unfortunate combination of polymorphisms in many genes,
producing predisposition rather than causing the disease.
Furthermore, signalling proteins are not necessarily missing
or defective, but certain aspects of their activity in the disease
context are either too strong or insufficient. To achieve thera-
peutic benefits, it is often necessary to dampen the signalling
or rebalance it, rather than completely shut down a pathway.
So far, signalling abnormalities have been treated with small
molecules or biologics with limited success: these tools tem-
porarily alleviate symptoms, rather than treat the disease.

Extracellular and internal signals act by binding specific
receptors and changing their interactions with downstream
partners. GPCRs are versatile signalling proteins. Humans
have more than 1000 different GPCRs (SEVENS database,
http://sevens.cbrc.jp/), more than all other types of receptors
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combined, and GPCRs are targeted by >30% of clinically used
drugs (Hopkins and Groom, 2002). GPCR activation by ago-
nists increases their affinity for cognate hetero-trimeric G
proteins (Samama et al., 1993). GPCRs facilitate the release of
bound GDP and subsequent binding of GTP. This triggers the
dissociation of G protein α- and βγ-subunits, whereupon both
bind various effectors (Dessauer et al., 1996). GTP-liganded
α-subunits of most G proteins bind cognate RGS proteins,
which speed up G protein self-inactivation via GTPase activ-
ity of their α-subunits (Berman and Gilman, 1998). GRKs
preferentially phosphorylate active GPCRs (Gurevich et al.,
2011). Arrestins selectively bind active, phosphorylated
GPCRs (Gurevich and Gurevich, 2004). The formation of the
arrestin-receptor complex stops G protein-activation, facili-
tates GPCR internalization (Carman and Benovic, 1998), and
initiates G protein-independent signalling (Gurevich and
Gurevich, 2003; DeWire et al., 2007). This example shows
that every step in activation and inactivation of these signal-
ling cascades involves specific protein–protein interactions.
GPCR allosteric modulators are actively developed as ‘the
next generation’ of GPCR-targeting drugs (Rask-Andersen
et al., 2011; Nickols and Conn, 2014). Other potentially drug-
gable proteins in this cascade include enzymes, such as GRKs
and G proteins, although at present, there are no marketed
drugs engaging these targets. The proteins that act exclusively
through protein–protein interactions, like arrestins (Gurevich
and Gurevich, 2010), are not considered druggable even theo-
retically. Yet targeted disruption or enhancement of particular
protein–protein interactions is the most straightforward
method of compensating for genetic or acquired imbalances
in cell signalling. Many proteins, such as GRKs, that have a
‘day job’ as enzymes often ‘moonlight’ as scaffolds (Gurevich
et al., 2011). Attempts are being made to modulate GRK/
arrestin functions indirectly by designing biased agonists that
engage G proteins or arrestins, but not both (DeWire and
Violin, 2011; Kenakin, 2012; Wisler et al., 2014).

Protein–protein interactions are fundamental in all sig-
nalling processes. When protein complexes are assembled
following a specific signalling event, such as receptor activa-
tion, their formation can be modulated by small molecules
acting at the receptor. The most obvious example is the GPCR
signalling cascade, where the formation of multiple signal-
ling protein complexes (active G protein effectors; GPCR –
arrestin, etc.) is modulated by orthosteric or allosteric recep-
tor ligands. Allosteric activators of receptor tyrosine kinases
seem to be able to induce the receptor dimerization required
for full activation (Massa et al., 2010). Many protein–protein
interactions involved in cell signalling are not triggered by
any specific stimuli, but are governed by the concentrations
of the interacting partners. Such protein–protein interactions
are virtually never targeted by small molecules for many
reasons (Gurevich and Gurevich, 2014), which leaves the
proteins involved as the only tools to regulate these interac-
tions. Unfortunately, most proteins have multiple functions.
In many pathological conditions, some functions are benefi-
cial, whereas others are harmful. If the elements fulfilling
individual functions are known, the protein can be
re-engineered by targeted mutations to suppress or enhance
certain functions without affecting others. Proteins with spe-
cific modifications can serve as therapeutic tools, channeling
cell signalling in the desired direction (Gurevich and

Gurevich, 2010; 2012). Unfortunately, the knowledge of the
inner workings of the proteins required for their targeted
re-engineering is rarely available. This approach has not yet
been used in human patients. Because of its huge therapeutic
potential, we discuss proof-of-concept experiments per-
formed in vivo in animals.

Mutations in GPCRs underlie numerous congenital disor-
ders (Schöneberg et al., 2004). While loss-of-function muta-
tions can be corrected by gene replacement, there are no
generally accepted strategies for gain-of-functions mutations
causing excessive signalling. When genome editing progresses
from experimental science to therapy, such problems could be
solved using genomic tools. An alternative idea is compensa-
tional gene therapy: push the system closer to normal by
reducing the signalling by an overactive GPCR using
‘enhanced’ arrestin that suppresses it more than WT (Song
et al., 2009). This approach was tested in rod photoreceptors
where rhodopsin and cognate visual arrestin-1 are expressed at
very high levels (Pugh and Lamb, 2000; Song et al., 2011).
Structure-function studies yielded many ‘pre-activated’ forms
of arrestin-1 that bind unphosphorylated light-activated rho-
dopsin (Gray-Keller et al., 1997; Gurevich, 1998; Vishnivetskiy
et al., 1999; 2013a,b). The ability of one of these mutants to
compensate for the defect of rhodopsin phosphorylation was
tested. The good news is that, in principle, the compensational
approach works: the phosphorylation-independent arrestin-1
mutant improved photoreceptor survival and morphology
and facilitated shutoff of unphosphorylated light-activated
rhodopsin (Song et al., 2009; Figure 3). However, the rate of
signalling shutoff in ‘compensated’ rods was much slower
than in WT rods with normal rhodopsin phosphorylation,
suggesting that more powerful mutants are needed (Song
et al., 2009; Vishnivetskiy et al., 2013b). In addition, two unex-
pected side effects were uncovered. First, WT arrestin-1
robustly self-associates, forming dimers and tetramers
(Hanson et al., 2007; 2008a,b), whereas the activating muta-
tion used in this study significantly impeded its self-
association (Song et al., 2013; Figure 3). This turned out to be
important: high expression of oligomerization-deficient
arrestin-1 caused photoreceptor death (Song et al., 2013).
Second, arrestin-1 possesses a functional binding site for clath-
rin adaptor AP2 (Moaven et al., 2013), despite significant
divergence between arrestin-1 and non-visual subtypes
(Hanson et al., 2006) that bind AP2 with high affinity (Laporte
et al., 1999). Even this low-affinity site was biologically rel-
evant: WT arrestin-1 did not prevent degeneration of rods
expressing the constitutively active rhodopsin mutant,
whereas truncated arrestin-1 lacking the AP2 site protected
these rods (Moaven et al., 2013; Figure 3). These findings show
that to engineer a therapeutically usable mutant, we need to
know every function of the WT protein and modify just the
right combination of those.

An obvious disadvantage of proteins as therapeutic tools
is their complexity and multifunctionality. We need to know
a lot about each protein to re-engineer it for our purposes.
However, small molecules have the same problem: a search of
the Psychoactive Drug Screening Program Ki database (http://
pdsp.med.unc.edu/pdsp.php) with virtually any ‘selective’
small molecule ligand reveals sub-micromolar affinities for
several targets. Importantly, these compounds were only
tested for competition with known orthosteric ligands of
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some, but not all GPCRs, and no other proteins. Thus, there
is no such thing as a small molecule targeting only one
protein. Improved mechanistic understanding of proteins
enables re-engineering to retain or enhance certain functions,
while reducing or eliminating others. On the positive side,
proteins respond to complex regulation, in contrast to small
molecules that do not have an on-off switch and act regard-
less of the state of the body. This makes it less likely that an
over-expressed protein, WT or engineered, would cause side
effects via excessive interaction with its intended target (on-
target side effects). Proteins also offer the option of control-
ling their target selectivity via specific subcellular localization
that could also be artificially controlled by mutagenesis.

Thus, novel protein-based tools that can be used to rebal-
ance cell signalling would be beneficial in many disorders.
Re-engineered signalling proteins are also necessary to create
special cells with therapeutic capacity.

Cell-based therapies

The idea of supplying lost cells or replacing damaged or
diseased ones is not new. Some diseases appear perfect for cell
replacement therapy. A good example is Parkinson’s disease,
where degeneration of a defined group of neurons causes the
trouble. Attempts to replace lost nigral neurons with fetal
dopaminergic neurons culminated in several clinical studies.
The results of two NIH-funded clinical trials in late 1990s
were disappointing: in both trials, the patients with grafts did
not significantly improve in comparison with sham-operated
patients, and some developed dyskinesia (Barker et al., 2013).
Later analysis of the results suggested that many potentially
confounding variables had been overlooked in the original
conclusions, and that some patients actually received long-
lasting benefits from the graft (Buttery and Barker, 2014). At
that time, there were huge ethical and practical problems
associated with the availability of fetal dopaminergic neurons
for transplantation. Now dopaminergic neurons can be
derived from induced pluripotent stem cells (iPSCs;
Ambasudhan et al., 2014). Although there is great enthusiasm
for this approach, serious conceptual problems remain: pos-
sible uncontrolled proliferation of iPSC-derived neurons, the
necessity of tightly controlling their differentiation, and the
possibility that the patient-derived cells contain the patho-
genic factors that would affect the transplanted cells (Barker
et al., 2013). A combination of protein engineering and gene
transfer may allow the production of dopaminergic neurons
controlled remotely via an expressed ‘designer’ receptor
exclusively activated by a ‘designer’ drug (Dell’Anno et al.,
2014).

Genetic modifications in patient-derived cells in culture,
which are then introduced back into the patient, is often
called ex vivo gene therapy, as opposed to in vivo gene therapy
when gene transfer is carried out in the living organism. It
has been successfully applied to a number of diseases (Hanna
et al., 2007; Wang et al., 2012; Filareto et al., 2013). The
obvious advantages are the relative ease of genetic manipu-
lations in cultured cells and the use of the patient’s own cells
to avoid immunological reaction. The disadvantage is that
iPSCs are used, which are differentiated and introduced back

where they need to integrate for the therapy to succeed. The
latter is easier in some tissues than in others.

Another emerging idea is to use specifically engineered
microbial or human cells for therapeutic purposes. Cells have
obvious advantages: they are much more complex then pro-
teins, respond to numerous inputs, and are capable of sophis-
ticated behaviour (Fischbach et al., 2013). The body uses
immune cells to fight invaders and clean up after damage, so
it appears natural to use cells for therapy. Moreover, cells
self-replicate, so the therapeutic agent can self-perpetuate.
However, the ability to reproduce is a double-edged sword.
Uncontrolled proliferation of implanted mammalian cells
could lead to cancer. Therefore, the life span of therapeutic
cells needs to be carefully controlled by limiting cell divisions
or inducing cell death after a certain number of divisions,
which could be done via engineered signalling mechanisms
(Di Stasi et al., 2011). It remains unclear, however, how to
achieve effective control over retention of such mechanisms
in implanted cells. There is always a probability that some
cells would lose these mechanisms and proliferate. The
microbiota-based therapies using a culture-derived mixture of
bacterial strains introduced via faecal transplants have been
successfully employed to treat gastrointestinal infectious dis-
eases (van Nood et al., 2013; Petrof et al., 2013). Future
attempts to use engineered bacterial cells to treat a wider
range of human diseases probably associated with the micro-
biota functions (obesity, diabetes type II; Holmes et al., 2012;
Kootte et al., 2012), while opening up enormous possibilities,
will face the same problem of retention of transformed cells
in the implanted cell population.

Future prospects

Each approach has its advantages and limitations. Small mol-
ecules are relatively easy to design, screen and optimize for
selectivity, favourable pharmacokinetics and bioavailability.
Many small molecule drugs can be taken orally, simplifying
delivery. Small molecules targeting invader-specific enzymes
or ribosomes are likely to remain the best tools against patho-
genic microorganisms. Traditionally, GPCRs were targeted by
orthosteric agonists and antagonists, which bind in the same
site as endogenous ligands. Two new functional modalities of
small molecules targeting GPCRs hold promise: allosteric
modulators and biased agonists (Kenakin and Miller, 2010;
Kenakin, 2010; 2012; Kenakin and Christopoulos, 2013). The
action of positive or negative allosteric modulators is contin-
gent on the presence of endogenous ligands, the effects of
which they enhance or suppress (Kenakin and Miller, 2010;
Kenakin, 2010). These are the only small molecule drugs that
‘listen’ to the body. GPCRs activated by endogenous agonists
signal via G proteins and arrestins (DeWire et al., 2007;
Kenakin, 2012; Kenakin and Christopoulos, 2013). One of
these branches is desirable and the other harmful. Recent
findings that some synthetic agonists preferentially activate
one of these two branches of signalling (Wisler et al., 2014)
pave the way to designing agonists with minimal or no ‘on-
target’ side effects. While these new avenues should certainly
be explored, small molecules will always remain fairly simple
tools suitable for simple tasks. Antibodies, other extracellular
proteins and peptides (insulin, other hormones, growth
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factors) can perform certain tasks that small molecules
cannot, but they are essentially just as simple, receiving no
feedback from the body.

The delivery of genome-editing enzymes and signalling
proteins requires transfection or infection of targeted cells
with plasmids or viruses encoding them. Gene delivery
methods are being perfected (Bartel et al., 2012b; Nguyen and
Szoka, 2012). These methods are more sophisticated than the
delivery of small molecules or biologics, but the difficulties
are not insurmountable (Bainbridge et al., 2008; Cideciyan
et al., 2008; Hauswirth et al., 2008; Maguire et al., 2008).
Genome editing has the potential to correct original errors in
congenital disorders, whereas gene therapy only compensates
for them. Both approaches have the same limitation: the
magnitude of the correction will probably depend on the
fraction of cells that received the delivered gene. Experiments
in animals suggest that correction even in a relatively small
fraction of these cells can significantly alleviate the conse-
quences of molecular errors, although more studies are
needed to address this issue. It is also important to determine
the temporal window of opportunity: to use the retina as an
example: after the photoreceptors have disappeared, it is too
late to correct their signalling. Hence, this temporal window
needs to be elucidated for each disorder.

The delivery of cells engineered for therapeutic purposes
appears attractive: these tools are even more sophisticated
than proteins and can self-replicate. This is likely to be the
greatest problem: there is a non-zero probability of muta-
tion in every cell, and mutations that eliminate the
intended beneficial functions will certainly create a selective
advantage.

We do not know to what extent each of these new direc-
tions will lead to the development of therapeutic tools. It is
safe to predict that the combination of several approaches
will be necessary for curing various diseases. New tools will
not replace old ones, but will be added to the toolbox to
increase our therapeutic prowess.
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