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Abstract

cessful in vivo.

The interaction between proteins is a fundamental event for cellular life that is generally mediated by specialized pro-
tein domains or modules. PDZ domains are the largest class of protein—protein interaction modules, involved in sev-
eral cellular pathways such as signal transduction, cell-cell junctions, cell polarity and adhesion, and protein traffick-
ing. Because of that, dysregulation of PDZ domain function often causes the onset of pathologies, thus making this
family of domains an interesting pharmaceutical target. In this review article we provide an overview of the structural
and functional features of PDZ domains and their involvement in the cellular and molecular pathways at the basis of
different human pathologies. We also discuss some of the strategies that have been developed with the final goal to
hijack or inhibit the interaction of PDZ domains with their ligands. Because of the generally low binding selectivity

of PDZ domain and the scarce efficiency of small molecules in inhibiting PDZ binding, this task resulted particularly
difficult to pursue and still demands increasing experimental efforts in order to become completely feasible and suc-
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Introduction

Proteins take part in almost all biological processes, and
exert their functions in different ways, ranging from
enzyme catalysis to mediating the recognition of other
molecules, such as small ligands, or binding nucleic acids
or other proteins. Protein—protein interactions (PPIs)
represent a key event for several physiological cellular
pathways of living organisms including gene expression,
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cell growth, proliferation, nutrient uptake, metabolism,
morphology, motility, intercellular communication and
apoptosis.

PPIs are mediated by structural domains with the
function to recognize and bind specific sequences on
other proteins. These interaction domains are grouped
into families and classes, based on structural fea-
tures, sequence homology and the ability to recognize
and interact with specific motifs and sequences [1, 2].
For example, phosphotyrosine containing motifs are
mainly recognized by SH2 and PTB domains [3-5],
while phosphoserine/threonine containing sequences
by 14-3-3 proteins, FHA domains, WW domains and
WD40 domains [6]. Acetylated or methylated lysine resi-
dues are specifically recognized by Bromo and Chromo
domains, respectively [7—9]. Other domains that do not
bind post-translationally modified sequences, recognize
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peptide motifs carrying other features. For instance, SH3,
WW, EWH1 domains recognize proline-rich sequences
[10-12]. Furthermore, other interaction domains so far
known mediate specific cellular physiological functions,
such as apoptosis (DD, DED, CARD, BH 1-4 domains)
[13-16], vesicle trafficking (GYF, Snare, VHS domains)
[17-19] and dimerization (SAM domain) [20].

Among PPIs modules, PDZ domains are the larg-
est class in the human proteome, with around 274 PDZ
domains identified in 155 proteins [21]. PDZ domains are
often present in multidomain scaffold and anchoring pro-
teins, involved in the formation of transient complexes
that support several cellular processes such as protein
trafficking, signal transduction, cell-cell junctions, and
cell polarity and adhesion. Hence, due to their relevant
physiological role, whether interactions mediated by
PDZ domains are dysregulated, a pathological state often
occurs in the cell.

Given these premises, the modulation and inhibition of
PDZ domains-mediated protein interactions are attrac-
tive targets in the field of drug discovery. Overall, the
knowledge about different PPIs and domains involved
in protein interaction is essential not only to understand
molecular mechanisms at the basis of the cellular pro-
cesses, but it is also important to clarify the development
of disease states in which PPIs are implicated. Notewor-
thy, different strategies are applied to develop inhibi-
tors directed against certain PPIs whose function can be
altered in certain pathological conditions. In this review
work, we recapitulate the implication of PDZ domains
in diseases such as cancer, cystic fibrosis, neurological
disorders and viral infections. In particular, the atten-
tion will be focused on those PDZ domains identified as
potential therapeutic targets and on the strategies con-
ceived to hijack their dysregulated interactions.

PDZ domains structure and function

PDZ domains are small protein modules containing
approximately 80—-110 amino acids folded in a compact
tertiary arrangement, typically consisting of six antiparal-
lel B-strands and two a-helices, with few exceptions. They
take their name from Postsynaptic density-95, Disks-
large and Zonula occludens-1 proteins, in which they
were identified for the first time in the early 1990s [22—
24]. Usually, PDZ domains bind the C-terminal sequence
of their cognate partners. Ligand binding occurs in a
groove formed by the a2 helix and the 2 strand, and
the chain of the C-terminal residue of the ligand engages
into a hydrophobic pocket on the surface of the domain
[25, 26] (as shown in Fig. 1). The binding groove is char-
acterized by the presence of a highly conserved lysine or
arginine residue that interacts with the carboxylate group
at the end of the peptide. In addition to this electrostatic
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interaction, three main-chain amide protons of the Gly-
Leu-Gly-Phe motif form hydrogen bonds with the C-ter-
minal region of the peptide leading to the more general
binding signature R/K-XXX-GLGEFE.

Conventionally, the C-terminal amino acid of the
ligand is numbered as position 0 and the rest of the
residues are named in reverse order as position -1, -2,
-3 etc. Based on the PDZ binding motif (PBM) of the
ligand, three major binding classes have been identified,
although lately it has been further expanded into a total
of 16. Even if PDZ domains recognize more than 5 resi-
dues upstream of the C-terminal residue, the PO and P-2
positions are particularly significant for specificity. Posi-
tion 0 is frequently a hydrophobic residue, according to
differences in shape and size of the PDZ binding pocket,
as in the case of PDZ1 and the PDZ2 of PSD-95, able to
recognize sequences ending with valine, leucine and iso-
leucine [25, 27]. Position -2 is crucial for binding speci-
ficity and determines the basis of the entire classification.
Class I is characterized by the presence of a serine or a
threonine at position -2, with the formation of a hydro-
gen bond with the N3 of an histidine residue which is
highly conserved in the PDZ a2 helix. Class II presents
hydrophobic residues at the position -2. Class III recog-
nizes a tyrosine in the PDZ binding groove, establishing
a hydrogen bond with the aspartate carboxylic group of
the ligand. PBMs can also occur in internal sequences,
and membrane phospholipids can be recognized by PDZ
domains [28, 29]. As for example, neuronal nitric oxide
synthase (nNOS) and the PDZ domain of syntrophin [30]
interact through a nonterminal hairpin turn of nNOS in
an unusual head-to-tail arrangement.

Role of PDZ-containing proteins in human diseases
PPIs mediated by PDZ domains have a critical role in
the regulation of a broad variety of biological processes.
PDZ domains are crucial in the assembly of the molecu-
lar machinery of different transduction pathways being
often found in multidomain scaffold proteins implicated
in the regulation of pre- and post-synaptic signalling in
neuronal cells, maintenance of cell-cell junction commu-
nication and ion-channel trafficking regulation. Dysregu-
lation of such processes is at the basis of several disorders
and diseases highlighting PDZ domains as promising
drug targets.

Cancer

PDZ domains are present in proteins involved in for-
mation of cellular polarity and signalling complexes as
well as in the binding to receptors and in localization of
channels and enzymes. Thereby they are mainly located
at level of the cellular membranes and cytoskeleton and
play a central role in processes requiring cell-cell or
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Fig. 1 Structure of a PDZ domain (in grey) in complex with a generic C-terminus of a ligand (in orange). The ligand is embedded between the a2
and the (32 of the PDZ binding groove. PDZ Binding Motif positions are highlighted as 0, -1, -2, -3 and -4. The conventional three binding classes are
shown in the table in which X corresponds to an unspecified amino acid and O to a hydrophobic residue

protein—protein contacts [31], thus orchestrating para-
and intra-cellular pathways. As a consequence, dysfunc-
tional PDZ-containing proteins influence development
and progression of cancer diseases by determining loss
of cell polarity, cell-cell contacts signaling pathways and
controlling proliferation, differentiation and apoptosis
[32, 33]. Several tumours such as breast, cervical, colon,
prostate, liver cancers and glioblastoma often see the
involvement of PDZ domains [34].

PDZ domains involved in cell polarity

Cell polarity is a key feature of specialized cells, finely
regulated and tuned, both spatially and temporarily, by
several PDZ-containing proteins. In general, it relies on
the asymmetric distribution of macromolecules, like pro-
teins, lipids and RNA of the plasma membranes of epi-
thelial and endothelial cells and neurons, pinpointing
defined regions (namely basal, apical, basolateral) with
specific structural and functional features [33].

Cell polarity and communications between adjacent
cells are ensured by specific structures named adherent
junctions (AJs) and tight junctions (TJs). AJs are preva-
lently found at the basolateral region and regulate cell-
cell adhesion through transmembrane proteins named

nectins and cadherins. Tight junctions (TJs) determine
the membrane polarity by the action of membrane pro-
teins named occludin and claudin [35], localizing com-
ponents across the different sides of the membranes
and regulating ions and solutes transport among cells.
TJs and AJs play a key role in the maintenance of tissue
integrity and regulate essential cellular functions, such as
proliferation, apoptosis, metabolism, differentiation, and
motility.

The link between cell polarity and tumor proliferation
processes has been identified for the first time in Dros-
ophila [36]. Most polarity complexes forming TJs and
AJs are composed by several PDZ-containing proteins: (i)
PAR (partitioning-defective) complex generating TJs are
formed by interaction between Par3 and Par6 with the
atypical protein kinase C (aPKC) and cell division con-
trol protein (CDC42); (ii) CRUMBS polarity complex is
composed by the transmembrane protein CRUMBS and
the scaffolding PDZ-containing proteins PALS1 e PATJ;
(iii) SCRIBBLE complex generating AJs are composed of
e-cadherin and Scrib, interacting with DISCS large pro-
teins (Dlg) and Lethal-2-giant larvae proteins (Lgl) [33].
Furthermore, the AJs and TJs are physically linked by
the zonula occludens proteins (ZO), and include other
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PDZ domain-containing proteins as signaling molecules
and actin cytoskeletal modifiers [37]. Several of these
PDZ proteins belong to the MAGUK family, scaffold-
ing proteins recruiting cellular receptors and signaling
molecules.

Since AJ and TT are distinctive of specialized differen-
tiated cells, disturbances of these complexes were found
to be strongly correlated to cancer [33]. In particular, loss
of tissue integrity and subsequent increased tendency to
invasion and metastasis of cancer cells [38] have been
ascribed to dysfunction of Scrib [39], Magi [40, 41], Dlg-5
[42, 43], Patj, Lin7, Par3 and Par6 [44], ZO1 [45], ZO2
[34, 46, 47], and Dlgl [48]. The latter, being part of the
Scribble polarity complex, leads to uncontrolled epithe-
lial cell proliferation and neoplastic transformation.

PDZ domains mediate signalling complexes formation

The role played by PDZ domains in recruiting proteins
involved in molecular signal transduction complexes
implied in cell survival, apoptosis, proliferation and dif-
ferentiation makes them important pharmacological tar-
gets in cancer. The oncosuppressor Pten is able to bind
the PDZ domains of the Par3, NHERF and Magi-1 pro-
teins. In particular, the binding of Magi-1 to Pten pro-
tects it from degradation [40, 49, 50], down-regulates of
the PI3K/Akt pathway [51] and exerts an oncosuppressor
activity. Interestingly, in acute lymphoblastic leukemia
[52] and in colon cancer the expression of Magi-1 is com-
monly found downregulated.

Another important example is represented by the
PDZ-containing protein Syntenin, also named melanoma
differentiation-associated gene-9 (MDA-9). Syntenin
expression is increased in metastatic and invasive cells
[53, 54]. Numerous studies have shown that syntenin is
involved in the formation of metastasis, cell migration
and cytoskeletal rearrangement through the activation of
the nuclear factor-kappa B (NF-kB) pathway (Fig. 2) [55,
56] which regulates the expression of genes involved in
cell motility and invasion [57]. From a structural perspec-
tive, Syntenin comprises a tandem of two PDZ domains
mediating its activity. Liu and coauthors designed a
dimeric ligand binding both PDZ1 and PDZ2 domains
with high affinity [58], preventing the interaction with
cellular targets. The dimeric inhibitor is based on two
sequences naturally interacting with Sytentin PDZ
domains, connected each other through a PEG3 (trieth-
ylene glycol) linker and modified at positions -2 and -1
with the amino acid naphthyl-alanine. In vitro experi-
ments conducted by Liu and co-workers reported high
affinity (K, =0.2140.01 uM), together with the ability to
reduce cellular migration by downregulating ERK/MAPK
pathway in cellula (58).
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A recent work by Haugaard-Kedstrom and co-workers
reported the design of new monomeric peptides (KLS-
128018, KSL-128114) able to bind PDZ1 of Syntenin in
a non-canonical way with high affinity. These Peptides
showed a promising effect against highly aggressive can-
cer forms, such as glioblastoma (GBM) [59].

PDZ domains bind G protein coupled receptors

G protein coupled receptors (GPCR) are a family of
receptors that regulate numerous physiological functions.
Several GPCRs are reported as binders of PDZ domains
through their PDZ binding motifs (PBMs) [60]. Since the
main pathways triggered by GPCRs, PKA and PLC sign-
aling pathways, regulate cell survival, growth, migration
and differentiation [61, 62], alterations of the binding
between PDZs and GPCRs are often tumorigenic.

A typical example is represented by the Frizzled recep-
tor (Frz). It is involved in the activation of the Wnt signal
pathway through the interaction of its C-terminal PBM
with the PDZ-containing protein Disheveled (Dvl) [63].
Dvl triggers the activation of two signaling pathways:
the canonical pathway activating the p-catenin depend-
ent cell proliferation [64] and the non-canonical pathway
regulating cytoskeletal remodeling and cell migration
[65]. Both pathways are involved in tumorigenesis [66,
67]. Given the importance of this signalling pathway in
the onset of cancer, targeting the PDZ domain of Dvl
protein represents a promising antitumor strategy, espe-
cially by inhibiting the interaction with Frizzled proteins.

In particular, Frizzled 7 (Frz7) is a receptor subtype
highly expressed in a broad range of tumours, exerting its
oncogenic activity through Wnt pathway activation. The
disruption of this interaction can be selectively addressed
by designing inhibitors with peculiar characteristics. Fujii
and coworkers [68] proposed a small molecule, called
FJ9, which was reported to inhibit the binding between
Frz7 and the PDZ domain of Dvl. This inhibition lowered
cytosolic level of B-catenin in a dose-dependent manner,
downregulating the canonical Wnt pathway in cells and
inducing apoptosis in human lung cancer and melanoma
cells.

In another work from Mahindroo et al. [69] a small
molecule was successfully designed to disrupt the inter-
action between Frz7 and PDZ of Dvl. The molecule, an
indole-2-amide compound, was able to bind the PDZ
domain by mimicking the side chains of the second and
fourth amino acid residues of the endogenous ligand
through the substituents at positions 2 and 3 of the
indole. The compound was found to interact with Frz7
and exert an apoptotic effect by down-regulating Dvl-
driven Tcf activation of transcription.

Zhang and coauthors have elegantly designed, through
phage-display, short peptides mimicking internal ligands



Nardella et al. Biol Direct (2021) 16:15 Page 5 of 21

Wnt/b-catenin
signalling

HPV interacting
with host cell

Differentiation

- ©  Propagation KSL-128018
\\z Metastasis ,Xﬁ
- AMe

CANCER CIQ

CELL

Src-dependent

Scribble polarity e
signaling

complex

Fig. 2 General representation of the cellular localization of the PDZ domains controlling signaling pathways involved in cancer development and
progression. (1) Tight junction and Scribble polarity complex. In epithelial cells this complex negatively regulates cell proliferation by inhibiting the
expression of the key cell cycle regulator, Cyclin E, and it promotes apoptosis by blocking expression of the apoptosis inhibitor DIAP1. (2) In detail:
the Frizzled receptor binds the PDZ domain of Dvl promoting the activation of Wnt signalling, with consequent activation of 3-catenin dependent
cell proliferation regulating cytoskeletal remodeling and cell migration. As detailed in the text, different inhibitors of Frz-7 and PDZ domain of

Dvl interaction were identified and tested. (3) The principal event in tumorigenic activity of E6 protein from High-Risk Human Papillomaviruses
derives from its ability to inactivate tumor suppressor p53 protein. The carcinogenic activity of high-risk HPVs is achieved through the interaction
between E6 and PDZ domain of SAP-97 and Scribble proteins (4) Syntenin is a PDZ containing protein comprising a tandem of two PDZ domains,
involved in cell migration, cytoskeletal rearrangement and metastasis formation. It activates the nuclear factor-kappa B (NF-kB) pathway regulating
the expression of genes involved in cell motility and invasion. Monomeric peptide named KSL-128018 is reported as example of inhibitor of PDZ
domains of syntenin (see details in the text). (Figure designed through BioRender.com online tool)

binding the isoform 2 of Dvl (Dvl2) able to inhibit the
Wnt/B-catenin pathway. Among these peptides (called
pepN1, pepN2 and pepN3), pepN3 inhibited the Wnt/
b-catenin pathway in a dose-dependent manner with
potency (IC;, of 11 +4 uM) superior to FJ9 (see above in
the paragraph) and was atoxic for the cells at active con-
centrations [70].

Several other proteins, such as LARG-Rho [34], CAR11
[71], GIPC1 [72], NHERF1-2 [73], PREX1 [74], TIAM1
[34], show interaction with GPCRs and are associated to

cancer, an aspect reinforcing the view that targeting PDZ
mediated protein—protein interactions may be a powerful
strategy aimed to develop effective antitumor pharmaco-
logical strategies.

Cystic fibrosis

Cystic fibrosis is a genetic disorder caused by mutations
in the CFTR gene encoding Cystic Fibrosis Transmem-
brane Conductance Regulator (CFTR). CFTR protein
is a chloride channel activated by local cAMP that is
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located in the apical membrane of epithelial cells. The
activity of CFTR contributes to maintaining the correct
state of hydration on the epithelial surface by regulating
the flux of ions and fluid through the plasma membrane
[75-77]. CFTR is expressed in different organs including
lung, intestine, pancreas and kidney. Given its impor-
tant physiological role, dysregulation of CFTR signaling
causes severe defects in these organs. The impairment in
the transport of ions through the epithelial membrane
leads to an accumulation of thick mucus in the lung that
obstructs the airways [78-80].

Several PDZ proteins are involved in the regulation of
CFTR. In particular, CAL (CFTR associated ligand) has
been identified as an important regulator of CFTR endo-
cytic trafficking and lysosomal degradation [81]. CAL is
a protein of 461 residues that is ubiquitously expressed.
Its structure consists of unstructured (unfolded) N- and
C-terminal regions, a coiled-coil domain and a PDZ
domain (Fig. 3). The PDZ domain of CAL contains a His
residue at the N-terminal of a2 helix which allows it to
bind preferentially PBMs of class I. The recognition of a
PBM in CFTR and the PDZ domain of CAL promotes
the degradation of CFTR in lysosomes, with consequent
reduction of the levels of CFTR on the plasma mem-
brane surface [82—-84]. Other two PDZ-domain proteins,

Page 6 of 21

the two isoforms of Na*/H" exchanger regulatory fac-
tor (NHERF 1 and 2), have been identified as positive
regulators of CFTR. NHERF 1 and NHERF 2 recognize
the cytoplasmic tail of CFTR through their two PDZ
domains, stabilizing its localization at the plasma mem-
brane and thus regulating its activity [85].

The most common mutation occurring on CFTR gene
and causing CF is the deletion of the Phe508 residue
(AF508) [79]. This mutation causes an inefficient fold-
ing of the protein and a decreased channel activity, as
well as a rapid degradation mediated by the interaction
between CFTR PBM and the PDZ domain of CAL [82,
86, 87]. Examples of molecules identified as inhibitors of
PDZ-domain mediated interactions involved in the cystic
fibrosis will be discussed.

Inhibitors of PDZ-domains mediated interactions

for the treatment of cystic fibrosis

Small molecules have been designed to induce correct
folding and channel activity of AF508 CFTR [88, 89].
However, due to the rapid degradation in the cell of the
protein mediated by CAL, this approach could be applied
only in in vitro experiments. In a different work [90], by
knocking down CAL in a bronchial epithelial cell line
derived from a CF patient AF508, CFTR expression and
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Fig. 3 A Airway epithelial cells in normal conditions (red) and cystic fibrosis (light blue). Interaction of NHERF and CAL with CFTR mediated by
the PDZ domains is shown. In normal condition, NHERF stabilizes CFTR to the plasma membrane, while CAL promotes the CFTR degradation in
lysosomes. In cistic fibrosis the AF508A mutation in CFTR causes its rapid degradation mediated by CAL, with consequent absence of the CFTR at
the plasma membrane. Inhibitors of the interaction of CAL with CFTR could restore the presence of CFTR at the plasma membrane. B 3D structure
of the complex formed by iCAL36 10 (in orange) and PDZ CAL (in green). The box shows the hydrogen bonds between the main chain functional
groups of the peptide with the 32 strand of PDZ CAL. (Figure designed through BioRender.com online tool)
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channel activity has been restored. This result suggested
that the inhibition of the interaction between the PDZ
domain of CAL and CFTR could represent a potential
treatment for cystic fibrosis.

Since both CAL and NHEREF proteins recognize CFTR,
a specific inhibitor of CAL PDZ — CFTR interaction
was designed [91]. Through a combination of library
screening and different steps of optimization, a deca-
meric peptidyl inhibitor called iCAL3610 was produced
(Fig. 3). This molecule showed high affinity for CAL
PDZ (K;=17.3+4.3 pM) and low affinity for the PDZ-
domains of NHERF proteins (K;>5000 pM for the PDZ1
and PDZ2 of NHERF]I; K, > 5000 uM and K; > 3000 uM for
PDZ1 and PDZ2 of NHERF2, respectively). Experiments
conducted in airway epithelial cell lines from CF patients
demonstrated that iCAL3610 was able to increase the
half-time of CFTR at the plasma membrane and to
enhance the activity of the channel [92].

The use of peptides targeting the PDZ domain of CAL
to inhibit its interaction with CFTR resulted as an effec-
tive strategy, with some limitations due to low cell-per-
meability and metabolic stability. In a recent study [93]
a peptide called PGD97 was designed to overcome these
difficulties. It presents two distinctive regions, a cell-
penetrating peptide (CPP) and a binding sequence for
CAL PDZ, which forms as a disulfide-cyclized macrocy-
cle and becomes linear in the intracellular environment.
In cellula experiments demonstrated that PGD97 is able
to stabilize AF508 CFTR and improve CFTR functions
[93], representing a potential novel treatment for cystic
fibrosis.

Nervous system disorders

Neuronal network is finely regulated during synaptic
transmission. In the synapses, neurotransmitter trans-
porters and receptor complexes are localized in the pre-
synaptic and postsynaptic region respectively, and a fine
regulated control is necessary to guarantee the correct
propagation of the signal [94]. Abnormal synaptic trans-
missions are at the origin of a plethora of different patho-
logical conditions. In this scenario, receptor complexes
represent the site of action of almost 40% approved
drugs, highlighting the importance of these proteins as
pharmacological targets [95, 96].

Among the others, PDZ-containing proteins are par-
ticularly important for the formation, function and local-
ization of postsynaptic receptor complexes [97, 98]. PDZ
proteins can interact not only with membrane proteins
but also with cytoplasmic proteins producing a large vari-
ety of signalling complexes [99, 100]. Remarkably, PDZ-
containing proteins are also involved in the regulation of
synaptic adhesion and maturation of excitatory synapses,
as exemplified by the case of PSD-95 [97, 101, 102]. Their

Page 7 of 21

abundance and crucial role in the regulation of different
neurological processes, establish a close link between
PDZ dysfunction and the onset of different pathological
conditions. In this paragraph we will focus our attention
on the role of PDZ domains in the onset of different neu-
rological pathologies [103].

Autism spectrum disorder (ASD)

ASD is a neurodevelopmental condition that affects
childhood population on average 1 in 68 [104]. Autistic
patients are characterized by behavioural abnormali-
ties such as reduced vocal communication, aberrant
social interactions and repetition [104, 105], caused
mainly by impairments in synaptic plasticity and synaptic
processing.

Synaptic plasticity is mainly controlled at the level of
the postsynaptic density (PSD) region [106]. PSD-95
is one of the major components of PSD and it is com-
posed of three N-terminal PDZ domains and an SH3-
GK module [107-109]. It is able to interact, through its
PDZ domains, with NMDA receptor subunits, NR2A
and NR2B, and with AMPA receptor accessory proteins
[107], and it plays a key role in regulating plasticity of
glutamatergic synapses (schematized in Fig. 4) during
neurodevelopment [105]. As a prevalent component of
the postsynaptic density region, the disruption of PSD-
95 physiological interactions has been correlated with the
onset of ASD [105, 110-112].

Additional evidence of aberrant interactions between
PSD-95 and PDZ-containing SHANK family proteins
corroborates the link between PSD-95 and ASD [105,
113]. SHANK proteins are scaffolding proteins involved
in the formation of large complexes crucial for synap-
tic development and function. An increasing amount of
data indicate that mutations in the genes that encode for
SHANK proteins may be correlated with several behav-
ioural abnormalities in mice models, some of which are
considered ASD-like behaviours [113-118]. This evi-
dence points the attention on PDZ-containing proteins
as targets to develop pharmacological strategies against
ASD.

Alzheimer’s disease (AD)

AD is a neurodegenerative condition that is becoming
dramatically relevant in terms of health care and welfare
in the modern world [119, 120]. A peculiar characteris-
tic of AD is the accumulation of protein aggregates (or
plaques) in the brain tissue [120-122]. Principal com-
ponents of AD plaques are the Amyloid beta (AP) pep-
tides, natural products of amyloid precursor protein
(APP) metabolism [121]. APP is a transmembrane pro-
tein of 695-770 amino acids, cleaved by the action of -
and y-secretases that generate AP fragments of various
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lengths. The AP, 4, variant displays a high propensity to
form insoluble aggregates.

One of the major interactors of APP is Muncl8-inter-
acting proteins (Mints or X11s) [123-125]. Mint proteins
present a variable N-terminal region, and a conserved
C-terminal region that contains a phosphotyrosine bind-
ing (PTB) domain and two PDZ domains. Interestingly,
PDZ domains of Mint are regulated by an intramolecular
mechanism, in which the highly conserved C-terminal
tail of Mint is able to inhibit the binding of the construct
[126]. The PTB domain binds the conserved YENPTY
motif of APP controlling its trafficking and regulating A
fragments production [127, 128]. Additional evidence
about the involvement of Mint in the onset of AD derives

from the description of the interaction between its PDZ
domains and Presenilin-1 [129-131], the catalytic subu-
nit of the y-secretase complex. The interaction between
the PDZ domains of Mint with Presenilin-1 promotes
APP/Presenilin-1 colocalization regulating AP fragments
formation. Altogether, these findings indicate that APP/
Mint/Presilin-1 interaction is of great interest for poten-
tial treatment of AD, with PDZ modulation as a feasible
therapeutic target.

Parkinson’s disease (PD)

PD is a neurodegenerative disorder affecting 2-3%
of the population over 65 years old. PD is the most
common neurodegenerative movement disease,
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characterized by a loss of dopaminergic neurons in the
substantia nigra and the accumulation of protein aggre-
gates called Lewy bodies [132, 133]. The main constitu-
ent of Lewy bodies is a-synuclein protein, which tends
to form aggregate as a consequence of misfolding [120,
134].

The molecular mechanism of «-synuclein misfold-
ing has been extensively investigated, but still poorly
understood. One of the prevalent causes of protein mis-
folding is the exposure of cells to internal and exter-
nal stress which cells tend to contrast through different
strategies. An example is represented by the oligomeric
HtrA protease family [135]. HtrA protease contains one
or two C-terminal PDZ domains, which bind misfolded
proteins, triggering the activation of the trypsin-like
protease domain for degradation [135-137]. A direct
correlation between the mammalian HtrA2 inactivation
and the onset of PD has been established in different
studies [138-140], and PD patients have been identified
through missense mutations in the gene encoding for
HtrA [138, 139]. Interestingly, one of these mutations,
p-G399S, affects one of the PDZ domains of HtrA2 [139].
Other studies performed on HtrA2 deficient mice exhib-
iting neurodegeneration and a parkisonian phenotype
[140, 141] report additional evidence of the correlation
between HtrA2 inactivation and the onset of PD.

Hearing and vision diseases

Hearing and vision mechanisms control is mainly
achieved by clustering signaling proteins in large molec-
ular complexes, the organization of which foresees the
action of many PDZ-containing proteins.

Usher syndrome (USH) is a syndrome affecting hear-
ing, vision and body balance, and represents the most
common form of hearing and vision loss [142]. PDZ
domains play a pivotal role in the onset of this pathol-
ogy. Two pioneering works by Verpy and colleagues and
Bitner-Glindzicz and colleagues described mutations in
a gene encoding the PDZ-containing protein Harmonin
[143] that lead to Usher type 1C (USH1C) disease [144].

Usher syndrome can occur in three distinct forms
with USH type 2 (USH2) as the most common. Among
the others there are three genes that are recognized
to cause USH2 named USH2A, GPR98, and WHRN,
whereas a fourth gene, PDZD?7, is a modifier gene found
in USH2 patients [145, 146]. Two of these genes, WHRN
and PDZD7, codify for PDZ-containing proteins able to
mediate the formation of a quaternary complex with the
other two proteins codified by USH2A and GPR98 [145].
Inactivation and mutations in the PDZ domains of Whir-
lin and PDZD7 proteins have been associated directly to
the manifestation of USH2 [143, 145, 147].
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Ischemic stroke

Ischemic stroke represents the leading cause of dis-
ability and the second cause of death worldwide, with an
urgent need for pharmacological therapies able to relieve
neuronal damages [148]. The interaction between the
PDZ domains of PSD-95 and the N-methyl-D-aspartate
(NMDA) receptor is a key step in the onset of stroke. In
particular, this interaction causes an overproduction of
nitric oxide and consequent neuronal death [149]. On
these bases, a suitable candidate for the treatment of
neuronal damage after stroke is represented by hijacking
the interaction between the PDZ domains of PSD-95 and
NMDA.

Targeting PDZ domains as potential neurological treatment
PDZ domains represent an extremely interesting candi-
date for novel neurological treatments. A peculiar fea-
ture of PDZ domains is their presence as tandem repeats
[150-152]. Interfering with multiple PDZ domains simul-
taneously can enhance both affinity and selectivity of a
putative inhibitor and the design of multivalent ligands to
target protein—protein interactions is a promising strat-
egy for the treatment of neurological disorders.

An important example is NA-1 (now in phase 3 of the
clinical trial NCT04462536) which targets PDZ domains
of MAGUK family proteins (PSD-95, PSD-93, SAP-97
and SAP-102) [153]. The MAGUK structural architec-
ture is generally composed by a tandem repeat of PDZ
domains followed by a SH3 and a GK domain. MAGUK
proteins are responsible for the formation of post-syn-
aptic protein complexes and are potential drug targets
for the treatment of different neurological pathologies.
Since the interaction between PSD-95 and N-methyl-
D-aspartate receptor (NMDA) and neuronal NO syn-
thase (nNOS) is mediated by PSD-95 PDZ domains,
Nissen et al. designed and produced a trimeric ligand
able to bind simultaneously PDZ1-2-3 domains of PSD-
95. NA-1 showed high binding affinity towards these
MAGUK proteins, confirming the therapeutic impor-
tance of this PDZ-protein interaction.

Another example of a potential treatment of dysfunc-
tional neurological conditions obtained by inhibiting
PDZ domain-mediated interaction is the Tat-P4-(C5)2
peptide, studied in vivo by Christensen and coworkers
[154]. To avoid direct targeting and inhibition of NMDA
and AMPA receptors, which could lead to significant side
effects, a peptide with the ability to interfere with synap-
tic PDZ domain-scaffold protein PICK1 was developed.
PICK1 regulates the expression and activity of AMPA
receptors and mediates important membrane protein
interactions, including those with the GluA2 subunit of
AMPA. Tat-P4-(C5)2 resulted in being able to block two
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different regions of the PICK1 PDZ domain, leading to
the disruption of the interaction with AMPARs, and con-
sequently, limiting the dysfunctional synaptic plasticity
associated with correlated neurological disorders, such as
neuropathic pain.

Viral proteins targeting PDZ domains

A large number of PDZ-containing proteins possess a
fundamental role in maintaining the correct physiology
of the cell and in determining key aspects of specialized
cells, as for example cell polarity in epithelial and neu-
ronal cells. Under this light, it is not surprising that sev-
eral viral pathogens have evolved PDZ-binding motifs in
their proteins to target host cell PDZ domains and dis-
rupt physiological interactions to favor viral replication
and disease progression.

At the end of 1990s, the first PBMs in viral proteins
were identified in HTLV-1 Tax protein [155], high-risk
HPV E6 oncoproteins [156], and adenovirus E4 onco-
protein [157]. Since then, many other viral proteins
were found to present PBMs in their sequence and the
evolutionary strategy of viral pathogens to target these
protein—protein interactions became clearer. In fact, a
wide range of pathologies may arise from viruses that
developed the ability to target PDZ protein functions
and many well-established PDZ targeting viral proteins
have been pinpointed and characterized [155, 158—163]
reinforcing the evidence on how PDZ domains represent
fundamental pharmacological targets in the struggle to
prevent and cure several viral diseases.

PBM of Coronaviruses Envelope protein

A typical example of viral protein targeting PDZ domains
upon infection is represented by coronaviruses MERS-
CoV, SARS-CoV, and SARS-CoV-2 Envelope (E) mem-
brane proteins. The genome of coronaviruses typically
encodes for four major structural proteins, including
spike (S), nucleocapsid (N), membrane (M), and envelope
(E) proteins. The E protein is a tiny integral membrane
protein that is poorly present in the mature virus, while
being highly expressed in the host cell, where it forms,
through interaction of their transmembrane domain,
pentameric ion channels mainly involved in virion matu-
ration and trafficking [164].

E proteins from SARS-CoV and SARS-CoV-2 pos-
sess a PBM at their C-terminus which allows them to
interact with PDZ-containing proteins in the host cell.
Their primary structures have 98% sequence identity.
The few variations appreciable between the two protein
sequences occur at their C-terminal domain and do not
affect the PBM. Although the exact role of these inter-
actions is not well established, there is evidence about
SARS-CoV E protein PBM as virulence factor [165].
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In cellula experiments reported that the removal of the
PBM from SARS-CoV E protein resulted in attenuated
virulence. Furthermore, the acquisition of new alterna-
tive PBMs after a number of cell passages confirmed the
key importance of the binding with PDZ proteins for the
virus activity. Interaction occurring between SARS-CoV
E protein and PDZ domains of PALS1 and syntenin [166]
as well as with other PDZ-containing proteins such as
TJP1-2, PTPN13, HTRA1, MLLT4, PARD3, LNX2, rec-
ognizing the PBM of SARS-CoV E protein, and NHERF]I,
MAST?2, RADIL, SNX27 as specific interactors of SARS-
CoV-2 E protein [167] has been reported.

The interaction of E protein with PALSI is of particular
importance. PALS1 is a member of MAGUK superfam-
ily and it is the human homologue of D. melanogaster
Stardust protein. It is composed of two N-terminal 127
domains, followed by a PDZ domain, a SH3 domain
and a guanylate kinase domain (GUK). PALS1 pos-
sesses a central role in determining the Crumbs polarity
complex, which, in its entirety, is composed of a trans-
membrane protein (Crumbs) and two cytoplasmic scaf-
folding proteins, PAT] and PALS1. The association of
PALS1 with Crumbs is mediated by PDZ, SH3 and GUK
domain supramodular structure [168], determining the
apical portion of epithelial cells, together with the inter-
action with PAT] and MUPP1 [169, 170]. The interac-
tion between PALS1 PDZ domain and the E protein of
SARS-CoV (and SARS-CoV-2) is suggested to be at the
basis of lung epithelial damage [163, 165], retaining the
protein in Golgi vesicles after synthesis, and preventing
the correct formation of tight junctions. As a result, a dif-
fuse damage of lung epithelial tissue occurs, representing
one of the most dramatic and fatal outcomes of corona-
virus infections. Given these premises, reinforced by the
global health emergency due to SARS-CoV-2 spread and
the severity of COVID-19 pandemic, the PDZ domain of
PALSI represents a strategic site to be pharmacologically
targeted.

The three dimensional structure of the PALSI:E
protein complex has been recently resolved [171]
and outlined a synergistic mechanism of ligand rec-
ognition exerted by PDZ and SH3 domains. Recent
studies showed a higher affinity of E protein from
SARS-CoV-2 compared to SARS-CoV for the isolated
PDZ domain of PALS1 [172, 173]. Molecular Dynam-
ics simulations highlighted the SARS-CoV-2 Arginine
69 as key residue responsible of the improved affin-
ity to PALS1 compared to the SARS-CoV homologue,
in particular by enhancing polar interactions with
negatively charged pockets of PALS1 PDZ domain,
resulting in significantly reduced mobility of the viral
protein. These data supported the hypothesis that
the typical virulence of SARS-CoV-2 may rely on the
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improved binding of E protein with PALS1 and rep-
resent a first step in understanding the mechanistic
details of this important interaction, which should be
further investigated to develop potential SARS-CoV-2
antiviral strategies.

Oncogenic viral PDZ domain interacting proteins

As detailed in paragraph 2.1, a large number of PDZ-
containing proteins possess key roles in the mainte-
nance of the correct physiology of the cell at different
levels, ranging from transcription factors to scaffold-
ing proteins and to polarity determination of special-
ized cells. Consequently, viruses expressing proteins
able to target PDZ domains are often correlated with
the onset of cancer pathologies.

There are several examples of viruses exerting their
oncogenic activity by targeting PDZ containing pro-
teins, as for example Hepatitis C virus [158], Hepatitis
B virus [159, 160] and Human T Cell Leukemia Virus
1 [155, 161]. However, one of the most studied and
characterized PDZ interacting viral proteins is the E6
protein from HPV (Human Papillomavirus) (Fig. 2).
Despite over 200 different strains of Papillomaviruses
being identified, only a small subset (around 30) of
them are reported as carcinogenic, denoted as high-
risk HPVs. Interestingly, only high-risk HPVs contain
a PDZ-binding motif at the C-terminus of their E6
protein, highlighting the importance of PDZ medi-
ated interaction in the tumorigenic progress of these
viruses infection.

The principal event in tumorigenic activity of E6 is
its ability to inactivate tumor suppressor p53 protein
[174, 175]. Furthermore, many PDZ proteins with key
roles in cell proliferation, cell growth, cell polarity
and protein degradation are reported as interactors of
E6 high-risk HPVs [176]. For such reasons, a number
of studies have focused on understanding the bind-
ing process of E6 proteins with PDZ domains and the
molecular details of this interaction [176]. In general,
carcinogenic activity of high-risk HPVs is achieved
through the interaction between E6 and PDZ domain
of SAP-97 and Scribble proteins. Recently, the ability
of high-risk HPV-16 and HPV-18 E6 proteins to target
the PDZ domain of NHERF2 has been reported [177].
NHERF?2 is a tumor suppressor protein which, among
other functions in the cell, regulates endothelial pro-
liferation. Since in transformed cells apoptosis is pre-
vented only as long as the expression of E6 and E7 are
sustained in the host cell, PDZ domains interacting
with E6 proteins represent promising drug targets to
contrast the tumorigenic activity of high-risk HPVs.
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Protein-Engineering optimized PDZ domain

as pharmacological strategy

With the final goal to bind and sequester E6 protein from
high-risk HPV18 and prevent it to interact with host cell
targets, a recombinant optimized PDZ domain was con-
ceived and produced (named "PDZbody") by designing
a chimeric domain composed of a strategically mutated
PDZ domain fused with an extra alpha helix from E6AP
(E6-associated protein), a different interactor of E6 pro-
tein in the host cell [178]. This engineered PDZbody
allowed to target two different sites of the E6 proteins,
with an increased affinity compared to its natural inter-
actors [178]. This strategy reported promising results
both in in vitro and in cellula experiments, confirming
the ability of PDZbody to trap E6 protein from interact-
ing with host cell proteins. By following an analogous
approach, a protein chimera composed of the PDZ2
domain of the tight-junction protein MAGI1 and the
LxxLL motif of E6GAP was designed to disrupt E6 inter-
actions in the host cells [179]. Although these strategies
represent an important starting point in the attempt
to hijack the oncogenic activity of high-risk HPVs, the
diversity of sequences of E6 proteins among the high-
risk HPVs family and the several PDZ domains involved
in the pathogenic pathways makes an arduous effort to
develop focused pharmacological therapies and further
experimental efforts are demanded in order to step for-
ward to this goal.

PDZ Inhibitors

The crucial role played by PDZ domain in the spread-
ing of cellular signals and their aberrant activations in
many human diseases makes the PDZ domains very
attractive targets for drug discovery (a summarizing list
of PDZ-containing proteins involved in human patholo-
gies is reported in Table 1). Thus, the discovery of small
molecules able to impar the protein—protein interactions
in which PDZs are involved, proved to be very profit-
able, rather than targeting entire signaling cascades, as
typically achieved by receptor antagonists. Efforts in
the identification of modulators of the PDZ signals has
widely increased in the last years. Since 1996, when it
was reported the first peptide able to bind a PDZ domain
[180] more than 600 papers about PDZ inhibitors were
published (source SciFinder). Among them, many
remarkable results were reported such as the PDZ inhibi-
tors of PSD-95 [181], Synthenin [59] and Dvl [69, 70].
More than 600 crystal structures of human PDZ domains
available at the protein data bank (ww.rcsb.org) have
brought significant insight into the rational design of
PDZ modulators. This structural information encouraged
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Table 1 A list of major PDZ-containing proteins involved in human cancer diseases (light red), cystic fibrosis (yellow), nervous system
disorders (light violet), viral infections and cancer induced by viruses (light green)

PDZ-containing protein Disease-related function References
CAR11 binding to G protein coupled receptor [71]
Disheveled (Dvl) activation of Wnt signal pathway [63]

DIg proteins member of SCRIBBLE polarity complex [33]
GIPC1 binding to G protein coupled receptor [72]
LARG-Rho binding to G protein coupled receptor [34]

Magi proteins scaffolding protein involved in cell polarity [40,41]
NHERF1-2 binding to G protein coupled receptor [73]
PALS1 (MPP5) member of CRUMBS polarity complex [33]

Par3 (PARD3) member of PAR polarity complex [33,44]
Par6 (PARDG) member of PAR polarity complex [33,44]
PATJ (INADL) member of CRUMBS polarity complex [33]
PREX1 binding to G protein coupled receptor [74]
Scrib member of SCRIBBLE polarity complex [33,39]
Synthenin (SDCB) activation of NF-kB pathway [65,56]
TIAM1 binding to G protein coupled receptor [34]
201, 202 scaffolding proteins at the cell-cell junctions [34,45-47]
CAL regulation of CFTR trafficking and degradation [81]
NHERF1-2 positive regulation of CFTR activity [85]
Harmonin (USH1C) 222:33;2Lnr?a;i)rr(;te(?:rLLnr:/;Ie\/:d in development and maintenance of [143]
HtrA protease family binding to misfolded proteins, activation of protein degradation [135]
Mints (APBA1, X11) major interactor of amyloid precursor protein (APP) [123,125]
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Table 1 (continued)

PDzZD7 member of the USH2 complex in hair cells of the inner ear [145-147]
PICK1 synaptic scaffolding protein, regulation of AMPA receptors [198]
PSD-95 (Dlg4) postsynaptic scaffolding protein [107,109]
(SSHHAANNﬁ pgol_t&rlllsz SHAN3) scaffolding proteins involved in synaptic development and function |[105,113]
WHRN member of USH2 complex involved in hearing and vision [145—-147]
Htra1 interaction with SARS-CoV E protein [166]
LNX2 interaction with SARS-CoV E protein [166]
MAST2 specific interaction with SARS-CoV-2 E protein [167]
MLLT4 (AFAD) interaction with SARS-CoV E protein [166]
NHERF-1 specific interaction with SARS-CoV-2 E protein [167]
NHERF-2 interaction with E6 protein from high-risk HPV-16 and HPV-18 [177]
PALS1 (MPP5) interaction with SARS-CoV E protein [166]
PARD3 interaction with SARS-CoV E protein [166]
PTPN13 (PTEN13) interaction with SARS-CoV E protein [166]
RADIL specific interaction with SARS-CoV-2 E protein [167]
Sap97 (DIg-1) interaction with E6 protein from HPVs [176]
Scribble proteins interactions with E6 protein from HPVs [176]
SNX27 specific interaction with SARS-CoV-2 E protein [167]
Syntenin (SDCB) interaction with SARS-CoV E protein [166]

TJP1-2 (ZO1-2)

interaction with SARS-CoV E protein

[166]
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the use of molecular modelling studies. Virtual screen-
ing is highly used to identify PDZ inhibitors; indeed, it is
possible to use the cognate substrate of the targeted PDZ
to design a pharmacophore model by which selecting the
studied compounds [182—184].

Despite the promising results, at the state of the art,
no small molecules are in clinical or preclinical phase.
It may be due to: (i) the wider surface of the binding
pocket, making difficult to reach with high affinity the
binding site by a small molecule [71, 185]; (ii) the prom-
iscuity of the PDZ domains making selectivity a big
concern [186]; and (iii) the post translational modifica-
tions, such as phosphorylation, which have shown to be
potent modifiers of binding affinities to PDZ domains
and can either decrease or enhance affinity [186]. On
the other hand, a large number of peptides and pepti-
domimetics have been evaluated as PDZ modulators.
The most successful story is about NA-1. It is a peptide
inhibitor of the PDS-95 PDZ2 with Ki of 4.4 uM. [149].
NA-1 (NH,-YGRKKRRQRRRKLSSIESDV-COOH) was
designed as a fusion peptide bearing a PDZ binding
sequence obtained from the cognate substrate GluN2B
NMDAR and a Tat peptide to increase the cell perme-
ability. In phase II clinical studies, NA-1 reduced the
number of heart attacks in patients at risk of embolic
stroke [187]. Worthy of note, the studies about PSD-95
led to a new paradigm in the design of PDZ inhibitors.
The very similar structures of PDZ1 and PDZ2 suggested
the development of a tandem binder. Starting from the
cognate substrate GluN2B, a pentapeptide (IETAV) was
identified which dimerized through a PEG linker leading
to derivative AVLX-125, with 145-fold improved binding
affinity compared with the monomer. and a Ki of 10 nM
[188]. Later, the same authors reported a trimeric pep-
tide by adding another branch to AVLX-125. The added
peptide (YKQTSV) was different from the previous one,
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because the PSD-95 PDZ3 had a lower homology with
the other PDZ domains. The tripeptide showed a higher
affinity compared to the dimer with a Ki close to 3 nM
[153] (Fig. 5).

The crucial role played by DVL in the cancer devel-
opment, progression, metastasis and chemotherapy
resistance [189] prompted great effort in the develop-
ment of small molecules able to impair this aberrant
PDZ dependent activity. As a result, a large number of
DVL small molecule inhibitors were synthesized. The
first one, NSC6680036 reported in 2005 [190], was dis-
covered by a structure based virtual screening and the
mechanism of action was confirmed by NMR studies
[190]. NSC6680036 derivatives were not further devel-
oped because of their peptidomimetic rather than small
molecule strcuture. Later, the same authors reported
derivative J01-017a, identified by virtual screening and
3D QSAR methods, with improved binding affinity (K
1.5 uM) [191] and FJ9 (DVL3 K, 26 uM) [68]. The latter
derivative had an indole/indene-carboxylic acid scaffold
which was conserved, with minor modification, in many
DVL PDZ inhibitors, such as the non steroidal antinflam-
matory drug sulindac (Ky 11 uM) and KY02061 (ICg,
24 uM) [192]. In general, nonsteroidal anti-inflammatory
compounds showed the ability to suppress the Wnt path-
way in breast, colon and lung cancers [192]. KY02061
identified by virtual screening approach, impaired the
Dvl-CXXC5 interaction by binding the PDZ domain, and
increased of the B-catenin nuclear concentration favoring
the bone anabolic activity [193]. Mahindroo et al. [69]
reported an indole based DVL PDZ inhibitor designed
by mimicking the peptide sequence of the substrate. The
most active compound, 6e, an indole-2-carboxamide-
5-carboxylic acid derivative, showed ICj, values of 23 and
49 uM for DVL3 and DVL1, respectively (Fig. 6).
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Fig. 5 Chemical structures of AVLX-125 inhibitor molecule and its trimeric peptide derivative targeting PSD-95 PDZ domains
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NSC668036;
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Fig. 6 Chemical structures of different DVL proteins inhibitors

DVLI Kq 1.5 uM [191]

6e; DVLI 1Csy 49uM

FI9; DVLI1 K; 63 uM

DVL3 K, 26 uM BMD4702;
ey H DVLI K4 11uM
[68] [194]

Kandem et al; DVL1 K4 8 uM
DVL3 K;421.8 uM
[195]

[69]

Benzofused heterocycles were reported as privileged
scaffolds for the inhibition of PDZ of the DVL: indole
and indazole with K, in the one-digit micromolar range
for DVL1 by Kandem (https://doi.org/10.5194/mr-2-
355-2021), and benzothiophenone derivatives (i.e.
BMD4602 with Kd of 11 uM) by Choi [182]. The indole
ring seems to fit well in the binding pocket of the PDZ.
Generally speaking, the benzofused scaffold (benzene
plus a 5-menber heterocyclic ring) allows to generate
a variety of diverse compound libraries with potential

high binding affinity and selectivity towards the PDZ
family. Indole derivatives were also reported as inhibi-
tors of some other PDZ domains [183]. Representa-
tive examples are reported in a series of papers by Fujii
et al. By docking analysis the authors identified an irre-
versible inhibitor of membrane-associated guanylate
kinase 3 (MAGI3) PDZ2. The biological activity of this
inhibitor assayed in HTC116 cells and the binding was
confirmed by mass spectrometry experiments [196].
Introduction of appropriate substituents at position(s)

(@] 6]
NaO OH Ho OH
\ \
N N
MAGI3 PDZ2 DVL PDZ1 ICs 49 pM; NHERF1 PDZ1 ICs 15 puM;
irreversible inhibitors PDZ2 1Cs, 23 uM PDZ2 1Cs5, 170 uM
[196] [69] [194]
Fig. 7 Chemical structures of chemical compounds targeting MAGI3, DVL and NHERF1
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1, 2 and 3 of the indole ring shifted the targeted PDZ
from MAGI3 to DVLs (6e) [69] (for examples, see
Figs. 6 and 7). A derivative with different substituent at
the indole showed high binding affinity for both PDZ
domain of NHERF1 in the micromolar range [194]. This
example well illustrates the possibility to modulate the
desired biological activity by changing substituents of
the core skeleton. At the same time, it rises a not neg-
ligible problem of selectivity among the PDZ domains.

The growing interest for PDZ modulators over the
past years is due to their vast therapeutic potential
(Table 2). However, despite several hit-compounds
have been discovered, none of them entered the clinic
stages, suggesting that the optimization of initial hit-
compounds is not trivial. Overall, the drug discovery
community have the opportunity to step up to the chal-
lenge posed by the development of PDZ inhibitors as
new treatments for still unsolved diseases.

Table2 A summarizing list of inhibitors designed and
developed in order to inhibit the binding of PDZ-containing
proteins involved in different human pathologies (light red,
yellow, and light violet respectively for cancer, cystic fibrosis, and
nervous system disorders)

Inhibitor PDZ-containing protein target | References
R9-13-13 peptide Syntenin PDZ1-2 [58]
KLS-128018 Syntenin PDZ1-2 [199]
NSC668036 Dvi1 PDZ [190]
J01-017a Dvi1 PDZ [191]
FJ9 DvI1-3 PDZ [68]
BMD4702 Dvi1 PDZ [194]
Sulindac Dvi1 PDZ [192]
KY02061 Dvl1 PDZ [192]

6e Dvl1-3 PDZ [69]
i Dui1-3 PDZ (195}
irreversible inhibitor MAGI3 PDZ2 [196]
derivative of 6e NHERF1 PDZ1-2 [194]
iCAL3610 CAL PDZ [91-93]
NA-1lT PSD-95 PDZ2 [149,153]
AVLX-125 PSD-95 PDZ1-2 [188]
trimeric peptide PSD-95 PDZ1-2-3 [153]
Tat-P4-(C5)2 peptide PICK1 PDZ [154]

*Inhibitor in phase Il trial
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Conclusions

PDZ domains are the most diffused structural and
functional protein modules mediating protein—protein
interactions, and they serve as fundamental elements
in the construction of the cellular molecular machin-
ery. Because of their importance in several molecu-
lar and physiological pathways, misregulation of
PDZ-mediated interactions causes the onset of many
pathologies. Thus, PDZ domains represent interesting
drug targets and the inhibition of their interactions is
an important pharmacological strategy to treat those
pathologies.

A continuously increasing effort from the scien-
tific community allowed the development of brilliant
experimental strategies aimed to target PDZ domains.
However, difficulties arose during the years to achieve
this goal, ranging from the generally low binding selec-
tivity of PDZ domains, which prevented the targeting
of a specific PDZ domain, to the scarce efficiency of
small molecules in inhibiting PDZ binding. As already
described in paragraph 1.1 PDZ domains can be gen-
erally classified in three classes based on their bind-
ing specificity, depending on the sequence of the
recognized protein. However, a proteomic analysis con-
ducted on mouse PDZ domains demonstrated this clas-
sification to be superficial, specificity of PDZ domains
being particularly broad [197], multiple residues, prob-
ably arranged in the binding pocket, driving selectivity.
In particular, residues 0 and -2 were shown to possess
key role in determining affinity, while residues -4, -3,
-2 and -1 seem to orchestrate the selectivity of the rec-
ognition [197] with overlapping consensus sequences
among the domain family. As an illustrative exam-
ple of the complexity of successful inhibition of PDZ
domains, in order to improve affinity and selectivity in
targeting PDZ domain of CAL and avoid cross-reac-
tivity, the design of a selective inhibitor of CFTR-CAL
binding (showed in Fig. 3), required not just a “C-ter-
minal core” (-4, -3, -2, -1, 0) to be taken into account,
but also residues upstream (-9,-8,-7,-6,-5) were found
to be fundamental [91].

Under this light, it appears clear that achieving a con-
trolled selectivity in targeting of PDZ domain appears
to be a difficult but crucial task, in order to decrease
cross-reactivity and improve efficacy in therapies
based on the inhibition of PDZ-containing proteins.
Nevertheless, given the importance of PDZ domains
in several human pathologies, further theoretical and
experimental investigations are required in order to
develop feasible and efficient drugs able to regulate and
inhibit PDZ mediated interactions.

Acknowledgements
Not applicable.



Nardella et al. Biol Direct (2021) 16:15

Authors’ contributions
This review results from the collaborative effort of all the authors, under the
coordination of S.G. All authors read and approved the final manuscript.

Funding

Work partly supported by grants from the Italian Ministero dell'lstruzione
dell'Universita“ e della Ricerca (Progetto di Interesse 'Invecchiamento'to S.G)),
Sapienza University of Rome (RP11715C34AEAC9B and RM1181641C2C24B9,
RM11916B414C897E to S.G.), the Associazione Italiana per la Ricerca sul Cancro
(Individual Grant - 1G 24551 to S.G.) the Istituto Pasteur Italia (Teresa Ariaudo
Research Project 2018, to A.T.). EM. was supported by a fellowship from the
FIRC—Associazione Italiana per la Ricerca sul Cancro (Filomena Todini fellow-
ship). RS. is grateful to AIRC, IG 2020, code n. 24703, and Sapienza University
of Rome (RM120172A7EADO07C), and G.L.R. to Istituto Pasteur Italia—Fondazi-
one Cenci Bolognetti (Call 2019, under 45) and Sapienza University of Rome
(RP11715C7D1CFOD1 and RM11916B5598E3C4) for financial support.

Availability of data and materials
Not applicable.

Declarations

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 21 July 2021 Accepted: 24 September 2021
Published online: 12 October 2021

References

1. Copley RR, Doerks T, Letunic |, Bork P. Protein domain analysis in the era
of complete genomes. FEBS Lett. 2002;513:129-34.

2. Jadwin JA, Ogiue-lkeda M, Machida K. The application of modular
protein domains in proteomics. FEBS Lett. 2012;586:2586-96.

3. Songyang Z, Shoelson SE, Chaudhuri M, Gish G, Pawson T, Haser WG,
et al. SH2 domains recognize specific phosphopeptide sequences. Cell.
1993,72:767-78.

4. Kavanaugh WM, Williams LT. An alternative to SH2 domains for binding
tyrosine-phosphorylated proteins. Science. 1994,266:1862-5.

5. Blaikie P, Immanuel D, Wu J, Li N, Yajnik V, Margolis B. A region in Shc dis-
tinct from the SH2 domain can bind tyrosine-phosphorylated growth
factor receptors. J Biol Chem. 1994;269:32031-4.

6. Yaffe MB, Elia AE. Phosphoserine/threonine-binding domains. Curr Opin
Cell Biol. 2001;13:131-8.

7. Zeng L, Zhou MM. Bromodomain: an acetyl-lysine binding domain.
FEBS Lett. 2002;513:124-8.

8. Yap KL, Zhou M-M. Structure and mechanisms of lysine methylation
recognition by the chromodomain in gene transcription. Biochemistry.
2011;50:1966-80.

9. Marmorstein R. Protein modules that manipulate histone tails for chro-
matin regulation. Nat Rev Mol Cell Biol. 2001;2:422-32.

10. Ren R, Mayer BJ, Cicchetti P, Baltimore D. Identification of a ten-amino
acid proline-rich SH3 binding site. Science. 1993,259:1157-61.

11. Macias MJ, Wiesner S, Sudol M. WW and SH3 domains, two different
scaffolds to recognize proline-rich ligands. FEBS Lett. 2002;513:30-7.

12, Sudol M. From Src Homology domains to other signaling modules:
proposal of the “protein recognition code! Oncogene. 1998;17:1469-74.

13. Park HH, Lo Y-C, Lin S-C,Wang L, Yang JK, Wu H.The death domain
superfamily in intracellular signaling of apoptosis and inflammation.
Annu Rev Immunol. 2007;25:561-86.

14. Barnhart BC, Lee JC, Alappat EC, Peter ME. The death effector domain
protein family. Oncogene. 2003;22:8634-44.

17.
18.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

Page 17 of 21

Hofmann K, Bucher P, Tschopp J. The CARD domain: a new apoptotic
signalling motif. Trends Biochem Sci. 1997,22:155-6.

Reed JC, Zha H, Aime-Sempe C, Takayama S, Wang HG. Structure-
function analysis of Bcl-2 family proteins. Regulators of programmed
cell death. Adv Exp Med Biol. 1996,406:99-112.

Kofler MM, Freund C. The GYF domain. FEBS J. 2006;273:245-56.
Weimbs T, Low SH, Chapin SJ, Mostov KE, Bucher P, Hofmann K. A
conserved domain is present in different families of vesicular fusion
proteins: a new superfamily. Proc Natl Acad Sci U S A. 1997,94:3046-51.
Lohi O, Poussu A, Mao Y, Quiocho F, Lehto VP, VHS domain — a long-
shoreman of vesicle lines. FEBS Lett. 2002;513:19-23.

Kim CA, Bowie JU. SAM domains: uniform structure, diversity of func-
tion. Trends Biochem Sci. 2003;28:625-8.

Amacher JF, Brooks L, Hampton TH, Madden DR. Specificity in PDZ-
peptide interaction networks: computational analysis and review. J
Struct Biol X. 2020;4:100022.

Kennedy MB. Origin of PDZ (DHR, GLGF) domains. Trends Biochem Sci.
1995;20:350.

Kennedy MB. The postsynaptic density at glutamatergic synapses.
Trends Neurosci. 1997;20:264-8.

Cho KO, Hunt CA, Kennedy MB. The rat brain postsynaptic density
fraction contains a homolog of the Drosophila discs-large tumor sup-
pressor protein. Neuron. 1992;9:929-42.

Songyang Z, Fanning AS, Fu C, Xu J, Marfatia SM, Chishti AH, et al. Rec-
ognition of unique carboxyl-terminal motifs by distinct PDZ domains.
Science. 1997;275:73-7.

Liu X, Fuentes EJ. Emerging themes in PDZ domain signaling: structure,
function, and inhibition. Int Rev Cell Mol Biol. 2019;343:129-218.
Cohen NA, Brenman JE, Snyder SH, Bredt DS. Binding of the inward
rectifier K+ channel Kir 2.3 to PSD-95 is regulated by protein kinase A
phosphorylation. Neuron. 1996;17:759-67.

Zimmermann P, Meerschaert K, Reekmans G, Leenaerts |, Small JV, Van-
dekerckhove J, et al. PIP(2)-PDZ domain binding controls the associa-
tion of syntenin with the plasma membrane. Mol Cell. 2002;9:1215-25.
Penkert RR, DiVittorio HM, Prehoda KE. Internal recognition through
PDZ domain plasticity in the Par-6-Pals1 complex. Nat Struct Mol Biol.
2004;11:1122-7.

Hillier BJ, Christopherson KS, Prehoda KE, Bredt DS, Lim WA. Unexpected
modes of PDZ domain scaffolding revealed by structure of nNOS-
syntrophin complex. Science. 1999;284:812-5.

Craven SE, Bredt DS. PDZ proteins organize synaptic signaling path-
ways. Cell. 1998;93:495-8.

Labouesse M. The yeast mitochondrial leucyl-tRNA synthetase is a
splicing factor for the excision of several group I introns. Mol Gen Genet
MGG. 1990,224:209-21.

Halaoui R, McCaffrey L. Rewiring cell polarity signaling in cancer. Onco-
gene. 2015;34:939-50.

Subbaiah VK, Kranjec C, Thomas M, Banks L. PDZ domains: the building
blocks regulating tumorigenesis. Biochem J. 2011,439:195-205.
Hartsock A, Nelson WJ. Adherens and tight junctions: structure, func-
tion and connections to the actin cytoskeleton. Biochim Biophys Acta.
2008;1778:660-9.

Bilder D. Epithelial polarity and proliferation control: links from the
Drosophila neoplastic tumor suppressors. Genes Dev. 2004;18:1909-25.
Campbell HK, Maiers JL, DeMali KA. Interplay between tight junctions &
adherens junctions. Exp Cell Res. 2017;358:39-44.

Martin TA, Jiang WG. Loss of tight junction barrier function and its role
in cancer metastasis. Biochim Biophys Acta. 2009;1788:872-91.

Kapil S, Sharma BK, Patil M, Elattar S, Yuan J, Hou SX, et al. The cell
polarity protein Scrib functions as a tumor suppressor in liver cancer.
Oncotarget. 2017;8:26515-31.

Feng X, Jia S, Martin TA, Jiang WG. Regulation and involvement in
cancer and pathological conditions of MAGI1, a tight junction protein.
Anticancer Res. 2014;34:3251-6.

Zaric J, Joseph J-M, Tercier S, Sengstag T, Ponsonnet L, Delorenzi M,

et al. Identification of MAGIT as a tumor-suppressor protein induced
by cyclooxygenase-2 inhibitors in colorectal cancer cells. Oncogene.
2012;31:48-59.

Kwan J, Sczaniecka A, Heidary Arash E, Nguyen L, Chen C-C, Ratkovic S,
et al. DLG5 connects cell polarity and Hippo signaling protein networks
by linking PAR-1 with MST1/2. Genes Dev. 2016;30:2696-709.



Nardella et al. Biol Direct

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

(2021) 16:15

LiuJ, Li J, Li R Wang Y, Liang Z, Jiang Y, et al. Loss of DLG5 promotes
breast cancer malignancy by inhibiting the Hippo signaling pathway.
Sci Rep. 2017;7:42125.

Santoni M-J, Kashyap R, Camoin L, Borg J-P. The Scribble family in can-
cer: twentieth anniversary. Oncogene. 2020;39:7019-33.

Zhang X, Wang L, Zhang H, Tu F, Qiang Y, Nie C. Decreased expression
of ZO-1 is associated with tumor metastases in liver cancer. Oncol Lett.
2019;17:1859-64.

Gonzélez-Mariscal L, Gallego-Gutiérrez H, Gonzalez-Gonzélez L, Hernan-
dez-Guzman C. ZO-2 is a master regulator of gene expression, cell
proliferation, cytoarchitecture, and cell size. Int J Mol Sci. 2019;20:4128.
Facciuto F, Cavatorta AL, Valdano MB, Marziali F, Gardiol D. Differential
expression of PDZ domain-containing proteins in human diseases -
challenging topics and novel issues. FEBS J. 2012;279:3538-48.
Roberts S, Delury C, Marsh E. The PDZ protein discs-large (DLG):

the "Jekyll and Hyde" of the epithelial polarity proteins. FEBS J.
2012;279:3549-58.

Valiente M, Andrés-Pons A, Gomar B, Torres J, Gil A, Tapparel C, et al.
Binding of PTEN to specific PDZ domains contributes to PTEN protein
stability and phosphorylation by microtubule-associated serine/threo-
nine kinases. J Biol Chem. 2005;280:28936-43.

Takahashi Y, Morales FC, Kreimann EL, Georgescu M-M. PTEN tumor
suppressor associates with NHERF proteins to attenuate PDGF receptor
signaling. EMBO J. 2006,25:910-20.

Kotelevets L, Scott MGH, Chastre E. Targeting PTEN in colorectal can-
cers. Adv Exp Med Biol. 2018;1110:55-73.

Kuang S-Q, Tong W-G, Yang H, Lin W, Lee MK, Fang ZH, et al. Genome-
wide identification of aberrantly methylated promoter associated CpG
islands in acute lymphocytic leukemia. Leukemia. 2008;22:1529-38.
Kegelman TP, Das SK, Hu B, Bacolod MD, Fuller CE, Menezes ME, et al.
MDA-9/syntenin is a key regulator of glioma pathogenesis. Neuro-
Oncol. 2014;16:50-61.

Kegelman TP, Das SK, Emdad L, Hu B, Menezes ME, Bhoopathi P, et al.
Targeting tumor invasion: the roles of MDA-9/Syntenin. Expert Opin
Ther Targets. 2015;19:97-112.

Boukerche H, Aissaoui H, Prévost C, Hirbec H, Das SK, Su Z-Z, et al. Src
kinase activation is mandatory for MDA-9/syntenin-mediated activation
of nuclear factor-kappaB. Oncogene. 2010;29:3054-66.

Storz P, Toker A. Protein kinase D mediates a stress-induced NF-kappaB
activation and survival pathway. EMBO J. 2003;22:109-20.

Menezes ME, Shen X-N, Das SK, Emdad L, Sarkar D, Fisher PB. MDA-9/
Syntenin (SDCBP) modulates small GTPases RhoA and Cdc42 via
transforming growth factor 31 to enhance epithelial-mesenchymal
transition in breast cancer. Oncotarget. 2016;7:80175-89.

Liu J,Qu J, Zhou W, Huang Y, Jia L, Huang X, et al. Syntenin-targeted
peptide blocker inhibits progression of cancer cells. Eur J Med Chem.
2018;154:354-66.

Haugaard-Kedstrom LM, Clemmensen LS, Sereikaite V, Jin Z, Fernandes
EFA, Wind B, et al. A high-affinity peptide ligand targeting syntenin
inhibits glioblastoma. J Med Chem. 2021;64:1423-34.

Romero G, von Zastrow M, Friedman PA. Role of PDZ proteins in regu-
lating trafficking, signaling, and function of GPCRs: means, motif, and
opportunity. Adv Pharmacol San Diego Calif. 2011;62:279-314.

Caretta A, Mucignat-Caretta C. Protein kinase a in cancer. Cancers.
2011;3:913-26.

Owusu Obeng E, Rusciano |, Marvi MV, Fazio A, Ratti S, Follo MY, et al.
Phosphoinositide-dependent signaling in cancer: a focus on phospho-
lipase Cisozymes. Int J Mol Sci. 2020;21:2581.

Wong H-C, Bourdelas A, Krauss A, Lee H-J, Shao Y, Wu D, et al.

Direct binding of the PDZ domain of Dishevelled to a conserved
internal sequence in the C-terminal region of Frizzled. Mol Cell.
2003;12:1251-60.

Clevers H, Nusse R. Wnt/B-catenin signaling and disease. Cell.
2012;149:1192-205.

Veeman MT, Axelrod JD, Moon RT. A second canon Functions and
mechanisms of beta-catenin-independent Wnt signaling. Dev Cell.
2003;5:367-77.

Weeraratna AT, Jiang Y, Hostetter G, Rosenblatt K, Duray P, Bittner M,

et al. Wnt5a signaling directly affects cell motility and invasion of meta-
static melanoma. Cancer Cell. 2002;1:279-88.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Page 18 of 21

Yuzugullu H, Benhaj K, Ozturk N, Senturk S, Celik E, Toylu A, et al.
Canonical Wnt signaling is antagonized by noncanonical Wnt5a in
hepatocellular carcinoma cells. Mol Cancer. 2009;8:90.

Fujii N, You L, Xu Z, Uematsu K, Shan J, He B, et al. An antagonist of
dishevelled protein-protein interaction suppresses beta-catenin-
dependent tumor cell growth. Cancer Res. 2007,67:573-9.

Mahindroo N, Punchihewa C, Bail AM, Fujii N. Indole-2-amide based
biochemical antagonist of Dishevelled PDZ domain interaction down-
regulates Dishevelled-driven Tcf transcriptional activity. Bioorg Med
Chem Lett. 2008;18:946-9.

Zhang Y, Appleton BA, Wiesmann C, Lau T, Costa M, Hannoush RN, et al.
Inhibition of Wnt signaling by Dishevelled PDZ peptides. Nat Chem
Biol. 2009;5:217-9.

Christensen NR, Calyeva J, Fernandes EFA, Liichow S, Clemmensen LS,
Haugaard-Kedstrom LM, et al. PDZ domains as drug targets. Adv Ther.
2019;2:1800143.

Chittenden TW, Pak J, Rubio R, Cheng H, Holton K, Prendergast N,

et al. Therapeutic implications of GIPC1 silencing in cancer. PLoS ONE.
2010;5:e15581.

Centonze M, Saponaro C, Mangia A. NHERF1 between promises and
hopes: overview on cancer and prospective openings. Transl Oncol.
2018;11:374-90.

Srijakotre N, Liu H-J, Nobis M, Man J, Yip HYK, Papa A, et al. PtdIns(3,4,5)
P3-dependent Rac exchanger 1 (P-Rex1) promotes mammary tumor
initiation and metastasis. Proc Natl Acad Sci USA. 2020;117:28056-67.
Riordan JR, Rommens JM, Kerem B, Alon N, Rozmahel R, Grzelczak Z,
et al. Identification of the cystic fibrosis gene: cloning and characteriza-
tion of complementary DNA. Science. 1989;245:1066-73.

Sheppard DN, Welsh MJ. Structure and function of the CFTR chloride
channel. Physiol Rev. 1999,79:523-45.

Saint-Criq V, Gray MA. Role of CFTR in epithelial physiology. Cell Mol Life
Sci CMLS. 2017;74:93-115.

Guggino WB. Cystic fibrosis and the salt controversy. Cell.
1999;96:607-10.

Riordan JR. CFTR function and prospects for therapy. Annu Rev Bio-
chem. 2008;77:701-26.

Boucher RC. Airway surface dehydration in cystic fibrosis: pathogenesis
and therapy. Annu Rev Med. 2007;58:157-70.

Cheng J, Moyer BD, Milewski M, Loffing J, Ikeda M, Mickle JE, et al.

A Golgi-associated PDZ domain protein modulates cystic fibrosis
transmembrane regulator plasma membrane expression. J Biol Chem.
2002;277:3520-9.

Guggino WB. The cystic fibrosis transmembrane regulator forms mac-
romolecular complexes with PDZ domain scaffold proteins. Proc Am
Thorac Soc. 2004;1:28-32.

Cheng J, Wang H, Guggino WB. Modulation of mature cystic fibrosis
transmembrane regulator protein by the PDZ domain protein CAL. J
Biol Chem. 2004;279:1892-8.

Cheng J, Cebotaru V, Cebotaru L, Guggino WB. Syntaxin 6 and CAL
mediate the degradation of the cystic fibrosis transmembrane con-
ductance regulator. Mol Biol Cell. 2010;21:1178-87.

Raghuram V, Mak DO, Foskett JK. Regulation of cystic fibrosis
transmembrane conductance regulator single-channel gating by
bivalent PDZ-domain-mediated interaction. Proc Natl Acad Sci USA.
2001;98:1300-5.

Guggino WB, Stanton BA. New insights into cystic fibrosis: molecular
switches that regulate CFTR. Nat Rev Mol Cell Biol. 2006;7:426-36.
Lukacs GL, Verkman AS. CFTR: folding, misfolding and correcting the
AF508 conformational defect. Trends Mol Med. 2012;18:81-91.
Pedemonte N, Lukacs GL, Du K, Caci E, Zegarra-Moran O, Galietta LJV,
et al. Small-molecule correctors of defective DeltaF508-CFTR cellular
processing identified by high-throughput screening. J Clin Invest.
2005;115:2564-71.

Van Goor F, Straley KS, Cao D, Gonzélez J, Hadida S, Hazlewood A, et al.
Rescue of DeltaF508-CFTR trafficking and gating in human cystic
fibrosis airway primary cultures by small molecules. Am J Physiol Lung
Cell Mol Physiol. 2006;290:L1117-1130.

Wolde M, Fellows A, Cheng J, Kivenson A, Coutermarsh B, Talebian L,
et al. Targeting CAL as a negative regulator of DeltaF508-CFTR cell-sur-
face expression: an RNA interference and structure-based mutagenetic
approach. J Biol Chem. 2007;282:8099-109.



Nardella et al. Biol Direct

on

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

107.

108.

109.

110.

112.

113.

114.

(2021) 16:15

Vouilleme L, Cushing PR, Volkmer R, Madden DR, Boisguerin P. Engi-
neering peptide inhibitors to overcome PDZ binding promiscuity.
Angew Chem Int Ed Engl. 2010;49:9912-6.

Cushing PR, Vouilleme L, Pellegrini M, Boisguerin P, Madden DR.

A stabilizing influence: CAL PDZ inhibition extends the half-life of
AF508-CFTR. Angew Chem Int Ed Engl. 2010;49:9907-11.
Dougherty PG, Wellmerling JH, Koley A, Lukowski JK, Hummon

AB, Cormet-Boyaka E, et al. Cyclic peptidyl inhibitors against CAL/
CFTR interaction for treatment of cystic fibrosis. J Med Chem.
2020;63:15773-84.

Sheng M, Kim MJ. Postsynaptic signaling and plasticity mechanisms.
Science. 2002,298:776-80.

Santos R, Ursu O, Gaulton A, Bento AP, Donadi RS, Bologa CG, et al. A
comprehensive map of molecular drug targets. Nat Rev Drug Discov.
2017;16:19-34.

Rosenbaum MI, Clemmensen LS, Bredt DS, Bettler B, Stramgaard K.
Targeting receptor complexes: a new dimension in drug discovery.
Nat Rev Drug Discov. 2020;19:884-901.

Kim E, Sheng M. PDZ domain proteins of synapses. Nat Rev Neurosci.
2004;5:771-81.

Garner CC, Nash J, Huganir RL. PDZ domains in synapse assembly
and signalling. Trends Cell Biol. 2000;10:274-80.

McGee AW, Bredt DS. Assembly and plasticity of the glutamatergic
postsynaptic specialization. Curr Opin Neurobiol. 2003;13:111-8.
Brenman JE, Chao DS, Gee SH, McGee AW, Craven SE, Santillano

DR, et al. Interaction of nitric oxide synthase with the postsynaptic
density protein PSD-95 and alpha1-syntrophin mediated by PDZ
domains. Cell. 1996,84:757-67.

Han K, Kim E. Synaptic adhesion molecules and PSD-95. Prog Neuro-
biol. 2008;84:263-83.

El-Husseini AE, Schnell E, Chetkovich DM, Nicoll RA, Bredt DS.
PSD-95 involvement in maturation of excitatory synapses. Science.
2000,290:1364-8.

Dev KK. Making protein interactions druggable: targeting PDZ
domains. Nat Rev Drug Discov. 2004;3:1047-56.

Toro R, Konyukh M, Delorme R, Leblond C, Chaste P, Fauchereau F,
et al. Key role for gene dosage and synaptic homeostasis in autism
spectrum disorders. Trends Genet TIG. 2010;26:363-72.

Coley AA, Gao W-J. PSD95: a synaptic protein implicated in schizo-
phrenia or autism? Prog Neuropsychopharmacol Biol Psychiatry.
2018;82:187-94.

Feng W, Zhang M. Organization and dynamics of PDZ-domain-
related supramodules in the postsynaptic density. Nat Rev Neurosci.
2009;10:87-99.

Zhang J, Lewis SM, Kuhlman B, Lee AL. Supertertiary structure of the
MAGUK core from PSD-95. Struct Lond Engl. 1993;2013(21):402-13.
McGee AW, Dakoji SR, Olsen O, Bredt DS, Lim WA, Prehoda KE.
Structure of the SH3-guanylate kinase module from PSD-95 suggests
a mechanism for regulated assembly of MAGUK scaffolding proteins.
Mol Cell. 2001;8:1291-301.

Funke L, Dakoji S, Bredt DS. Membrane-associated guanylate kinases

regulate adhesion and plasticity at cell junctions. Annu Rev Biochem.

2005;74:219-45.

Tsai N-P. Wilkerson JR, Guo W, Maksimova MA, DeMartino GN, Cowan
CW, et al. Multiple autism-linked genes mediate synapse elimina-
tion via proteasomal degradation of a synaptic scaffold PSD-95. Cell.
2012;151:1581-94.

De Rubeis S, He X, Goldberg AP, Poultney CS, Samocha K, Cicek AE,
et al. Synaptic, transcriptional and chromatin genes disrupted in
autism. Nature. 2014;515:209-15.

Gilman SR, lossifov |, Levy D, Ronemus M, Wigler M, Vitkup D. Rare
de novo variants associated with autism implicate a large functional
network of genes involved in formation and function of synapses.
Neuron. 2011;70:898-907.

Monteiro P, Feng G. SHANK proteins: roles at the synapse and in
autism spectrum disorder. Nat Rev Neurosci. 2017;18:147-57.

Peca J, Feliciano C, Ting JT, Wang W, Wells MF, Venkatraman TN, et al.
Shank3 mutant mice display autistic-like behaviours and striatal
dysfunction. Nature. 2011;472:437-42.

115.

117.

118.

119.

120.

121.

123.

125.

127.

130.

132

133.

134.

137.

138.

Page 19 of 21

Schmeisser MJ, Ey E, Wegener S, Bockmann J, Stempel AV, Kuebler

A, et al. Autistic-like behaviours and hyperactivity in mice lacking
ProSAP1/Shank2. Nature. 2012;486:256-60.

Boccuto L, Lauri M, Sarasua SM, Skinner CD, Buccella D, Dwivedi A, et al.
Prevalence of SHANK3 variants in patients with different subtypes of
autism spectrum disorders. Eur J Hum Genet EJHG. 2013;21:310-6.
Yang M, Bozdagi O, Scattoni ML, Wohr M, Roullet Fl, Katz AM, et al.
Reduced excitatory neurotransmission and mild autism-relevant phe-
notypes in adolescent Shank3 null mutant mice. J Neurosci Off J Soc
Neurosci. 2012;32:6525-41.

Hung AY, Futai K, Sala C, Valtschanoff JG, Ryu J, Woodworth MA, et al.
Smaller dendritic spines, weaker synaptic transmission, but enhanced
spatial learning in mice lacking Shank1. J Neurosci Off J Soc Neurosci.
2008;28:1697-708.

Dobson CM, Knowles TP, Vendruscolo M. The amyloid phenomenon
and its significance in biology and medicine. Cold Spring Harb Perspect
Biol. 2019. https://doi.org/10.1101/cshperspect.a033878.

Chiti F, Dobson CM. Protein misfolding, amyloid formation, and human
disease: a summary of progress over the last decade. Annu Rev Bio-
chem. 2017,86:27-68.

Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer’s dis-

ease: progress and problems on the road to therapeutics. Science.
2002;297:353-6.

Knowles TP, Vendruscolo M, Dobson CM. The amyloid state and its
association with protein misfolding diseases. Nat Rev Mol Cell Biol.
2014;15:384-96.

Sastre M, Turner RS, Levy E. X11 interaction with beta-amyloid precursor
protein modulates its cellular stabilization and reduces amyloid beta-
protein secretion. J Biol Chem. 1998,273:22351-7.

Tomita S, Ozaki T, Taru H, Oguchi S, Takeda S, Yagi Y, et al. Interaction of
a neuron-specific protein containing PDZ domains with Alzheimer’s
amyloid precursor protein. J Biol Chem. 1999;274:2243-54.

Miller CCJ, McLoughlin DM, Lau K-F, Tennant ME, Rogelj B. The X11
proteins, Abeta production and Alzheimer’s disease. Trends Neurosci.
2006;29:280-5.

Long J-F, Feng W, Wang R, Chan L-N, Ip FCF, Xia J, et al. Autoinhibition of
X11/Mint scaffold proteins revealed by the closed conformation of the
PDZ tandem. Nat Struct Mol Biol. 2005;12:722-8.

Borg JP, Ooi J, Levy E, Margolis B. The phosphotyrosine interaction
domains of X11 and FE65 bind to distinct sites on the YENPTY motif of
amyloid precursor protein. Mol Cell Biol. 1996;16:6229-41.

King GD, Perez RG, Steinhilb ML, Gaut JR, Turner RS. X11alpha modu-
lates secretory and endocytic trafficking and metabolism of amyloid
precursor protein: mutational analysis of the YENPTY sequence. Neuro-
science. 2003;120:143-54.

Lau KF, McLoughlin DM, Standen C, Miller CC. X11 alpha and x11 beta
interact with presenilin-1 via their PDZ domains. Mol Cell Neurosci.
2000;16:557-65.

Biederer T, Cao X, Sudhof TC, Liu X. Regulation of APP-dependent
transcription complexes by Mint/X11s: differential functions of Mint
isoforms. J Neurosci Off J Soc Neurosci. 2002;22:7340-51.

Sullivan SE, Dillon GM, Sullivan JM, Ho A. Mint proteins are required for
synaptic activity-dependent amyloid precursor protein (APP) trafficking
and amyloid 3 generation. J Biol Chem. 2014,289:15374-83.

Poewe W, Seppi K, Tanner CM, Halliday GM, Brundin P, Volkmann J, et al.
Parkinson disease. Nat Rev Dis Primer. 2017;3:17013.

Balestrino R, Schapira AHV. Parkinson disease. Eur J Neurol.
2020;27:27-42.

Fusco G, Chen SW, Williamson PTF, Cascella R, Perni M, Jarvis JA, et al.
Structural basis of membrane disruption and cellular toxicity by
a-synuclein oligomers. Science. 2017;358:1440-3.

Alnemri ES. HtrA2 and Parkinson’s disease: think PINK? Nat Cell Biol.
2007,9:1227-9.

. ToyamaY, Harkness RW, Lee TYT, Maynes JT, Kay LE. Oligomeric assem-

bly regulating mitochondrial HtrA2 function as examined by methyl-
TROSY NMR. Proc Natl Acad Sci USA. 2021;118:¢2025022118.

Schlieker C, Mogk A, Bukau B. A PDZ switch for a cellular stress
response. Cell. 2004;117:417-9.

Strauss KM, Martins LM, Plun-Favreau H, Marx FP, Kautzmann S, Berg D,
et al. Loss of function mutations in the gene encoding Omi/HtrA2 in
Parkinson’s disease. Hum Mol Genet. 2005;14:2099-111.


https://doi.org/10.1101/cshperspect.a033878

Nardella et al. Biol Direct

139.

140.

142.

143.

144.

147.

148.

149.

150.

155.

158.

159.

160.

(2021) 16:15

Unal Gulsuner H, Gulsuner S, Mercan FN, Onat OE, Walsh T, Shahin

H, et al. Mitochondrial serine protease HTRA2 p.G399S in a kindred
with essential tremor and Parkinson disease. Proc Natl Acad Sci USA.
2014;111:18285-90.

Jones JM, Datta P, Srinivasula SM, JiW, Gupta S, Zhang Z, et al. Loss of
Omi mitochondrial protease activity causes the neuromuscular disorder
of mnd2 mutant mice. Nature. 2003;425:721-7.

Martins LM, Morrison A, Klupsch K, Fedele V, Moisoi N, Teismann P, et al.
Neuroprotective role of the Reaper-related serine protease HtrA2/Omi
revealed by targeted deletion in mice. Mol Cell Biol. 2004;24:9848-62.
Géléoc GGS, El-Amraoui A. Disease mechanisms and gene therapy for
Usher syndrome. Hear Res. 2020;394:107932.

Yang J, Liu X, Zhao Y, Adamian M, Pawlyk B, Sun X, et al. Ablation of
whirlin long isoform disrupts the USH2 protein complex and causes
vision and hearing loss. PLoS Genet. 2010;6:¢1000955.

Verpy E, Leibovici M, Zwaenepoel |, Liu XZ, Gal A, Salem N, et al. A
defect in harmonin, a PDZ domain-containing protein expressed in
the inner ear sensory hair cells, underlies Usher syndrome type 1C. Nat
Genet. 2000;26:51-5.

Chen Q, Zou J, Shen Z, Zhang W, Yang J. Whirlin and PDZ domain-con-
taining 7 (PDZD7) proteins are both required to form the quaternary
protein complex associated with Usher syndrome type 2. J Biol Chem.
2014,289:36070-88.

Yan J, Pan L, Chen X, Wu L, Zhang M. The structure of the harmonin/
sans complex reveals an unexpected interaction mode of the two
Usher syndrome proteins. Proc Natl Acad Sci USA. 2010;107:4040-5.
Zou J, Zheng T, Ren C, Askew C, Liu X-P, Pan B, et al. Deletion of

PDZD7 disrupts the Usher syndrome type 2 protein complex in
cochlear hair cells and causes hearing loss in mice. Hum Mol Genet.
2014;23:2374-90.

Kristensen M, Kucharz K, Felipe Alves Fernandes E, Stromgaard K,
Schallburg Nielsen M, Cederberg Helms HC, et al. Conjugation of
therapeutic PSD-95 inhibitors to the cell-penetrating peptide tat affects
blood-brain barrier adherence, uptake, and permeation. Pharmaceutics.
2020;12:661.

Ballarin B, Tymianski M. Discovery and development of NA-1 for the
treatment of acute ischemic stroke. Acta Pharmacol Sin. 2018;39:661-8.
Ullmer C, Schmuck K, Figge A, Lubbert H. Cloning and characterization
of MUPP1, a novel PDZ domain protein. FEBS Lett. 1998;424:63-8.
Jemth P, Gianni S. PDZ domains: folding and binding. Biochemistry.
2007;46:8701-8.

Hung AY, Sheng M. PDZ domains: structural modules for protein com-
plex assembly. J Biol Chem. 2002;277:5699-702.

Nissen KB, Haugaard-Kedstrom LM, Wilbek TS, Nielsen LS, Aberg E,
Kristensen AS, et al. Targeting protein-protein interactions with trimeric
ligands: high affinity inhibitors of the MAGUK protein family. PLoS ONE.
2015;10:e0117668.

Christensen NR, De Luca M, Lever MB, Richner M, Hansen AB, Noes-Holt
G, et al. A high-affinity, bivalent PDZ domain inhibitor complexes PICK1
to alleviate neuropathic pain. EMBO Mol Med. 2020;12:211248.

Rousset R, Fabre S, Desbois C, Bantignies F, Jalinot P. The C-terminus of
the HTLV-1 Tax oncoprotein mediates interaction with the PDZ domain
of cellular proteins. Oncogene. 1998;16:643-54.

Kiyono T, Hiraiwa A, Fujita M, Hayashi Y, Akiyama T, Ishibashi M. Binding
of high-risk human papillomavirus E6 oncoproteins to the human
homologue of the Drosophila discs large tumor suppressor protein.
Proc Natl Acad Sci USA. 1997;94:11612-6.

Lee SS, Weiss RS, Javier RT. Binding of human virus oncoproteins to
hDIg/SAP97, a mammalian homolog of the Drosophila discs large
tumor suppressor protein. Proc Natl Acad Sci USA. 1997;94:6670-5.
Awad A, Sar S, Barré R, Cariven C, Marin M, Salles JP, et al. SHIP2 regu-
lates epithelial cell polarity through its lipid product, which binds to
DIg1, a pathway subverted by hepatitis C virus core protein. Mol Biol
Cell. 2013;24:2171-85.

Razanskas R, Sasnauskas K. Interaction of hepatitis B virus core protein
with human GIPC1. Arch Virol. 2010;155:247-50.

Hsu E-C, Lin Y-C, Hung C-S, Huang C-J, Lee M-Y, Yang S-C, et al. Suppres-
sion of hepatitis B viral gene expression by protein-tyrosine phos-
phatase PTPN3. J Biomed Sci. 2007;14:731-44.

Blot V, Delamarre L, Perugi F, Pham D, Bénichou S, Benarous R, et al.
Human Dlg protein binds to the envelope glycoproteins of human

162.

163.

164.

165.

166.

167.

168.

170.

171.

173.

174.

176.

177.

179.

180.

181.

Page 20 of 21

T-cell leukemia virus type 1 and regulates envelope mediated cell-cell
fusion in T lymphocytes. J Cell Sci. 2004;117:3983-93.

Sun F, XiaoY, Qu Z. Oncovirus Kaposi sarcoma herpesvirus (KSHV)
represses tumor suppressor PDLIM2 to persistently activate nuclear
factor kB (NF-kB) and STAT3 transcription factors for tumorigenesis and
tumor maintenance. J Biol Chem. 2015;290:7362-8.

Teoh K-T, Siu Y-L, Chan W-L, Schltter MA, Liu C-J, Peiris JSM, et al.

The SARS coronavirus E protein interacts with PALST and alters tight
junction formation and epithelial morphogenesis. Mol Biol Cell.
2010;21:3838-52.

Ruch TR, Machamer CE. The coronavirus E protein: assembly and
beyond. Viruses. 2012;4:363-82.

Jimenez-Guardefo JM, Nieto-Torres JL, DeDiego ML, Regla-Nava JA, Fer-
nandez-Delgado R, Castafio-Rodriguez C, et al. The PDZ-binding motif
of severe acute respiratory syndrome coronavirus envelope protein is a
determinant of viral pathogenesis. PLoS Pathog. 2014;10:21004320.
Schoeman D, Fielding BC. Coronavirus envelope protein: current knowl-
edge. Virol J. 2019;16:69.

Caillet-Saguy C, Durbesson F, Rezelj VV, Gogl G, Tran QD, Twizere J-C,

et al. Host PDZ-containing proteins targeted by SARS-CoV-2. FEBS J.
2021,;288:5148-62.

LiY,Wei Z,Yan Y,Wan Q, Du Q, Zhang M. Structure of Crumbs tail in
complex with the PALST PDZ-SH3-GK tandem reveals a highly specific
assembly mechanism for the apical Crumbs complex. Proc Natl Acad
Sci USA. 2014;111:17444-9.

Roh MH, Fan'S, Liu C-J, Margolis B. The Crumbs3-Pals1 complex partici-
pates in the establishment of polarity in mammalian epithelial cells. J
Cell Sci. 2003;116:2895-906.

Assémat E, Crost E, Ponserre M, Wijnholds J, Le Bivic A, Massey-Harroche
D. The multi-PDZ domain protein-1 (MUPP-1) expression regulates
cellular levels of the PALS-1/PATJ polarity complex. Exp Cell Res.
2013;319:2514-25.

Chai J, Cai Y, Pang C, Wang L, McSweeney S, Shanklin J, et al. Structural
basis for SARS-CoV-2 envelope protein recognition of human cell junc-
tion protein PALST. Nat Commun. 2021;12:3433.

Toto A, Ma S, Malagrino F, Visconti L, Pagano L, Stromgaard K, et al.
Comparing the binding properties of peptides mimicking the Envelope
protein of SARS-CoV and SARS-CoV-2 to the PDZ domain of the

tight junction-associated PALS1 protein. Protein Sci Publ Protein Soc.
2020;29:2038-42.

Lo Cascio E, Toto A, Babini G, De Maio F, Sanguinetti M, Mordente A,

et al. Structural determinants driving the binding process between
PDZ domain of wild type human PALS1 protein and SLiM sequences of
SARS-CoV E proteins. Comput Struct Biotechnol J. 2021;19:1838-47.
Massimi P, Shai A, Lambert P, Banks L. HPV E6 degradation of p53 and
PDZ containing substrates in an E6AP null background. Oncogene.
2008;27:1800-4.

Brimer N, Vande Pol SB. Papillomavirus E6 PDZ interactions can be
replaced by repression of p53 to promote episomal human papilloma-
virus genome maintenance. J Virol. 2014;88:3027-30.

James C, Roberts S. Viral interactions with PDZ domain-containing
proteins—an oncogenic trait? Pathogens. 2016;5:8.

Saidu NEB, Fili¢ V, Thomas M, Sarabia-Vega V, Buki¢ A, Miljkovic F, et al.
PDZ Domain-Containing Protein NHERF-2 Is a Novel Target of Human
Papillomavirus 16 (HPV-16) and HPV-18. J Virol. 2019,94:e00663.
Karlsson OA, Ramirez J, Oberg D, Malmavist T, Engstrém A, Friberg M,
et al. Design of a PDZbody, a bivalent binder of the E6 protein from
human papillomavirus. Sci Rep. 2015;5:9382.

Ramirez J, Poirson J, Foltz C, Chebaro Y, Schrapp M, Meyer A, et al.
Targeting the two oncogenic functional sites of the HPV E6 onco-
protein with a high-affinity bivalent ligand. Angew Chem Int Ed Engl.
2015;54:7958-62.

Doyle DA, Lee A, Lewis J, Kim E, Sheng M, MacKinnon R. Crystal
structures of a complexed and peptide-free membrane protein-
binding domain: molecular basis of peptide recognition by PDZ. Cell.
1996;85:1067-76.

Hill MD, Goyal M, Menon BK, Nogueira RG, McTaggart RA, Demchuk
AM, et al. Efficacy and safety of nerinetide for the treatment of acute
ischaemic stroke (ESCAPE-NA1): a multicentre, double-blind, ran-
domised controlled trial. Lancet. 2020;395:878-87.



Nardella et al. Biol Direct

182.

183.

184.

185.

186.

187.

188.

(2021) 16:15

Choi J, Ma S, Kim H-Y, Yun J-H, Heo J-N, Lee W, et al. Identifica-

tion of small-molecule compounds targeting the dishevelled PDZ
domain by virtual screening and binding studies. Bioorg Med Chem.
2016;24:3259-66.

Coluccia A, La Regina G, Naccarato V, Nalli M, Orlando V, Biagioni S,

et al. Drug design and synthesis of first in class PDZ1 targeting NHERF1
inhibitors as anticancer agents. ACS Med Chem Lett. 2019;10:499-503.
Hori K, Ajioka K, Goda N, Shindo A, Takagishi M, Tenno T, et al. Discovery
of potent disheveled/Dvl inhibitors using virtual screening optimized
with NMR-based docking performance index. Front Pharmacol.
2018;9:983.

Chen X, Longgood JC, Michnoff C, Wei S, Frantz DE, Bezprozvanny L.
High-throughput screen for small molecule inhibitors of Mint1-PDZ
domains. ASSAY Drug Dev Technol. 2007;5:769-84.

Muinz M, Hein J, Biggin PC. The role of flexibility and conformational
selection in the binding promiscuity of PDZ domains. PLoS Comput
Biol. 2012,8:21002749.

Hill MD, Martin RH, Mikulis D, Wong JH, Silver FL, terBrugge KG, et al.
Safety and efficacy of NA-1 in patients with iatrogenic stroke after
endovascular aneurysm repair (ENACT): a phase 2, randomised,
double-blind, placebo-controlled trial. Lancet Neurol. 2012;11:942-50.
Bach A, Chi CN, Pang GF, Olsen L, Kristensen AS, Jemth P, et al. Design
and synthesis of highly potent and plasma-stable dimeric inhibi-

tors of the PSD-95-NMDA receptor interaction. Angew Chem Int Ed.
2009;48:9685-9.

Yang L, Shi P, Zhao G, Xu J, Peng W, Zhang J, et al. Targeting cancer stem
cell pathways for cancer therapy. Signal Transduct Target Ther. 2020;5:8.
Shan J, Shi D-L, Wang J, Zheng J. Identification of a specific inhibitor of
the dishevelled PDZ domain *. Biochemistry. 2005;44:15495-503.
Shan J, Zhang X, Bao J, Cassell R, Zheng JJ. Synthesis of potent dishev-
elled PDZ domain inhibitors guided by virtual screening and NMR

192.

194.

196.

198.

199.

Page 21 of 21

studies: inhibitors of the dishevelled PDZ domain. Chem Biol Drug Des.
2012;79:376-83.

Lee H-J, Wang NX, Shi D-L, Zheng JJ. Sulindac inhibits canonical Wnt
signaling by blocking the PDZ domain of the protein dishevelled.
Angew Chem Int Ed. 2009;48:6448-52.

Kim H, Choi S, Yoon J, Lim HJ, Lee H, Choi J, et al. Small molecule inhibi-
tors of the Dishevelled- CXXC 5 interaction are new drug candidates for
bone anabolic osteoporosis therapy. EMBO Mol Med. 2016;8:375-87.
Mayasundari A, Ferreira AM, He L, Mahindroo N, Bashford D, Fujii N.
Rational design of the first small-molecule antagonists of NHERF1/
EBP50 PDZ domains. Bioorg Med Chem Lett. 2008;18:942-5.

Kamdem N, Roske Y, Kovalskyy D, Platonov MO, Balinskyi O, Kreuchwig
A, et al. Small-molecule inhibitors of the PDZ domain of Dishevelled
proteins interrupt Wnt signalling. Magn Reson. 2021;2:355-74.

Fujii N, Haresco JJ, Novak KAP, Stokoe D, Kuntz ID, Guy RK. A selective
irreversible inhibitor targeting a PDZ protein interaction domain. J Am
Chem Soc. 2003;125:12074-5.

Stiffler MA, Chen JR, Grantcharova VP, Lei Y, Fuchs D, Allen JE, et al. PDZ
domain binding selectivity is optimized across the mouse proteome.
Science. 2007;317:364-9.

Shao X, Zhu L, Wang Y, Lu Y, Wang W, Zhu J, et al. Threonine 82 at the
PDZ domain of PICK1 is critical for AMPA receptor interaction and
localization. Neurochem Int. 2010;56:962-70.

Haugaard-Kedstrom LM, Clemmensen LS, Sereikaite V, Jin Z, Fernandes
EFA, Wind B, et al. A high-affinity peptide ligand targeting syntenin
inhibits glioblastoma. J Med Chem. 2021;64:1423-34.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Targeting PDZ domains as potential treatment for viral infections, neurodegeneration and cancer
	Abstract 
	Introduction
	PDZ domains structure and function

	Role of PDZ-containing proteins in human diseases
	Cancer
	PDZ domains involved in cell polarity
	PDZ domains mediate signalling complexes formation
	PDZ domains bind G protein coupled receptors

	Cystic fibrosis
	Inhibitors of PDZ-domains mediated interactions for the treatment of cystic fibrosis

	Nervous system disorders
	Autism spectrum disorder (ASD)
	Alzheimer’s disease (AD)
	Parkinson’s disease (PD)
	Hearing and vision diseases
	Ischemic stroke
	Targeting PDZ domains as potential neurological treatment

	Viral proteins targeting PDZ domains
	PBM of Coronaviruses Envelope protein
	Oncogenic viral PDZ domain interacting proteins
	Protein-Engineering optimized PDZ domain as pharmacological strategy


	PDZ Inhibitors
	Conclusions
	Acknowledgements
	References


