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A B S T R A C T

Protein-protein interactions (PPIs) form complex cellular networks fundamental to many key biological pro
cesses, including signal transduction, cell proliferation and DNA repair. In consequence, their perturbation is 
often associated with many human diseases. Targeting PPIs offers a promising approach in drug discovery and 
ongoing advancements in this field hold the potential to provide highly specific therapies for a wide range of 
complex diseases. Despite the development of PPI modulators is challenging, advances in the genetic, proteomic 
and computational level have facilitated their discovery and optimization. Focusing on anticancer drugs, in the 
last years several PPI modulators have entered clinical trials and venetoclax, which targets Bcl-2 family proteins, 
has been approved for treating different types of leukemia. This review discusses the clinical development status 
of drugs modulating several PPIs, such as MDM2–4/p53, Hsp90/Hsp90, Hsp90/CDC37, c-Myc/Max, KRAS/ 
SOS1, CCR5/CCL5, CCR2/CCL2 or Smac/XIAP, in cancer drug discovery.

Abbreviations: ADT, androgen deprivation therapy; AML, acute myeloid leukemia; Bak, Bcl-2 homologous antagonist/killer; Bcl-2, B-cell lymphoma; Bcl-XL, B-cell 
lymphoma extra-large; BiFC, bimolecular fluorescence complementation; BIR, baculovirus IAP repeat domain; BLI, bio-layer interferometry; BRET, bioluminescence 
resonance energy transfer; CLL, chronic lymphocytic leukemia; CTD, C-terminal homodimerization domain; CRC, colorectal cancer; DH, Dbl homology; ECLs, 
extracellular loops; EGFR, epidermal grow factor receptor; EMA, European Medicines Agency; ERK1-2, extracellular signal-regulated kinases 1 and 2; FBDD, frag
ment-based drug discovery; FDA, Food and Drug Administration; FP, fluorescent polarization; FRET, fluorescence resonance energy transfer; FSH, follicle-stimulating 
hormone; γc, gamma chain; GEF, guanine nucleotide exchange factor; GIST, gastrointestinal stromal tumor; GLP-1, glucagon-like peptide of type 1; GLP-2, glucagon- 
like peptide of type 2; GnRH, gonadotropin-releasing hormone; GnRHR, GnRH receptors; GUCY2C, receptor guanylyl cyclase C; HCC, hepatocellular carcinoma; HFs, 
histone folds; HNSCC, head and neck squamous cell carcinoma; HAS, human serum albumin; Hsp90, heat shock protein 90; HSR, heat shock response; HTRF, 
homogeneous time-resolved fluorescence; HTS, high throughput screening; HTLV-1, human T-lymphotropic virus 1; IAPs, inhibitors of apoptosis proteins; ICLs, 
intracellular loops; ITC, isothermal titration calorimetry; LBVS, ligand-based virtual screening; LDLR, low-density lipoprotein receptor; LH, luteinizing hormone; 
LHRH, luteinizing hormone-releasing hormone; Max, Myc-associated factor X; MDM2-4, murine double minute 2-4; MS, mass spectrometry; MSS, microsatellite 
stable; NMR, nuclear magnetic resonance; NSCLC, non-small cell lung cancer; NTD, N-terminal ATP-binding domain; P53, tumor protein p53; PAINS, pan-assay 
interference compounds; PCSK9, proprotein convertase subtilisin/kexin type 9; PDAC, pancreatic ductal adenocarcinoma; PH, pleckstrin homology; PMMR, 
mismatch repair proficient; PPI, protein-protein interaction; PR, proline-rich; PROTAC, proteolysis targeting chimera; REM, RAS exchanger motif; SBDD, structure- 
based drug design; SBVS, structure-based virtual screening; SCLC, small cell lung cancer; SOS, son of sevenless; SPR, surface plasmon resonance; T-LGLL, T-cell large 
granular lymphocyte leukemia; TME, tumor microenvironment; TNBC, triple-negative breast cancer; VS, virtual screening.
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1. Introduction

Protein-protein interactions (PPIs) can be defined as stable or tran
sient physical contacts established between two or more proteins as a 
result of biomolecular forces. PPIs in cells form a complex network that 
has been called the ‘interactome’, which is estimated to include between 
130,000 and 650,000 types of PPIs [1–3]. This high amount of PPIs 
contrasts with the presence of only around 20,000 protein coding genes, 
representing about 1.5 % of the genome [4]. PPIs are essential to protein 
functions and play a central role in a multitude of key biological pro
cesses, including signal transduction, cell proliferation, differentiation, 
DNA repair and apoptosis. In consequence, their perturbation can be 
associated to many human diseases, such as cancer or neurodegenera
tive disorders [5,6]. The identification and characterization of critical 
hubs and nodes in PPI networks related to certain diseases may reveal 
unique opportunities for novel therapeutic intervention [7,8].

Several types of modulators targeting PPIs are currently either being 
studied in the clinical setting or already approved. Firstly, many 
monoclonal antibodies are being used to treat various diseases, 
including cancer (e.g., PD-1/PDL1 inhibitors pembrolizumab, nivolu
mab, atezolizumab, etc.) and autoimmune disorders. These antibodies 
selectively target cell surface antigens in cancer cells, inhibiting down
stream signaling and leading to cancer cell death [9]. The main concerns 
related to these drugs include their potential for immunotoxicity, high 
production costs and the appearance of resistance [10]. Small molecules 
are also being used to disrupt PPIs. These compounds often target 
pockets within the protein interface, avoiding its interaction with 
another protein [11]. Several small-molecule inhibitors are being stud
ied in clinical trials and the Bcl-2 inhibitor venetoclax has been 
approved for different types of leukemia. Peptidomimetics are synthetic 
molecules designed to mimic the structural and functional properties of 
natural peptides or proteins. These compounds are able to disrupt PPIs 
by binding to the protein interface and blocking the interaction to its 
protein partner. Several peptidomimetics have been approved for 
different diseases and some others are being evaluated in clinical trials, 
such as the c-Myc/Max inhibitor OmoMyc, that is being studied for 
cancer treatment (NCT04808362). Another type of peptide that can 
inhibit PPIs are stapled peptides. These are a type of synthetic 
mini-proteins that are stabilized by chemical cross-linking to adopt and 
maintain specific secondary structures, typically α-helical. They disrupt 
PPIs by mimicking native peptides in complex with their target protein 
interfaces. Some stapled peptides have progressed into clinical trials for 
cancer treatment (e.g., the dual MDM4/MDM2 inhibitor ALRN-6924, 
NCT02264613). Some of the limitations that both peptidomimetics 
and stapled peptides can face are that they often exhibit low stability in 
vivo and that they tend to be sensitive to proteolysis by peptidases, what 
reduces their half-life and makes them poor drug candidates [12,13]. 
Proteolysis Targeting Chimeras (PROTACs) are small molecules 
composed of two ligands joined by a linker that act as a bridge that 
engages an E3 ubiquitin ligase with the protein of interest, leading to its 
ubiquitination and subsequent proteasomal degradation. Molecular 
glues (e.g., thalidomide and its analogues [14]) are another type of 
targeted protein degraders that act by enhancing the formation of the 
PPI complex between an E3 ligase and the target protein [15]. Several 
PROTACs and molecular glues, such as ARV-471 (Phase III clinical trial, 
NCT05909397) and avadomide (Phase II clinical trial, NCT03834623 
and Phase I clinical trial NCT01421524), are in preclinical or clinical 
development for various diseases, including cancer [15]. However, 
off-target effects resulting from their degradation of other targets need 
to be carefully studied, as they could cause long-term side effects [16]. 
Finally, RNA interference (RNAi)-based therapies are another type of 
technology that can indirectly target PPIs. This technique employs small 
RNA molecules to silence the expression of specific genes, including 
those encoding proteins involved in PPIs. RNAi approaches are being 
studied for different diseases and a few of them have been approved. An 
example of an RNAi targeting a PPI is the small interfering RNA (siRNA) 

inclisiran, that is approved for the treatment of hypercholesterolemia, 
by causing PCSK9 gene silencing and therefore preventing the 
PCSK9/LDLR interaction to take place [17]. Challenges related to this 
therapy include efficient systemic delivery of RNAi molecules, off-target 
effects, and the need to achieve sustained knockdown [18,19].

2. Targeting PPIs with small molecules

Classically, drug discovery using small synthetic molecules generally 
focused on interactions between ligands and individual proteins such as 
receptors, ion channels or enzymes, since they contain well-defined 
binding sites (around 300–500 Å2) [11,20–23]. However, this model 
has strong limitations, including unexpected side effects related to other 
functions of the protein or reduced efficacy due to the homeostatic 
compensation through other pathways. To avoid this, drug discovery 
approaches should be directed not only to the targeting of individual 
proteins but also to the consideration of their interaction network [3, 
24].

As PPIs are essential for many cellular functions and their dysregu
lation leads to several diseases, the modulation of PPIs offers a great 
opportunity to directly target entire signaling networks involved in 
these diseases. This modulation includes both the classic approach of 
inhibiting the interaction between both proteins and the less common 
tactic of stabilizing the PPI. PPIs were in the past regarded as ‘undrug
gable’ due to many reasons. For instance, numerous protein crystal 
structures, specially from globular proteins, show flat interaction in
terfaces reaching 1500–3000 Å2, what is larger than the traditional 
receptor-ligand contact area, such as enzyme binding sites [23–25]. 
Moreover, the interface of PPIs usually contains highly hydrophobic 
residues [26] and a few grooves or pockets, hence making it difficult to 
identify suitable cavities that could be targeted with small molecules 
[24,25]. Besides, many of these PPI modulators exhibit higher molecular 
weight (>400 Da) than traditional small molecule inhibitors 
(200–500 Da), and therefore often violate traditional drug-likeness 
criteria such as Lipinski’s Rule of five [27,28].

The long-sought goal of modulating PPIs was achieved with several 
monoclonal antibodies and peptidomimetics, but their generally low cell 
permeability and oral bioavailability did not make them very attractive 
for therapeutic purposes. Contrarily, targeting PPIs with small molecules 
showed many more advantages over large protein competitors, espe
cially from a kinetic perspective, even if their discovery was considered 
challenging [29]. The development of small molecules targeting PPIs 
was made possible by the discovery of specific amino acids, the so-called 
hotspots, within the large binding interfaces of PPIs. These residues 
contribute to the binding free energy, tend to distribute mainly in the 
center of the PPI interface, are often located nearby sub-pockets and are 
complementary on both sides of the interface [23,24,30]. Additionally, 
when small molecules interact with the binding site, small conforma
tional changes may make the pocket deeper [31]. These hotspots are 
identified through point mutation experiments. More concretely, the 
amino acid residues involved on PPIs are mutated into alanine, and the 
resulting change of the binding free energy is analyzed to identify the 
residues that are mainly responsible for this binding free energy [30,32]. 
Indeed, the term “hotspot” has been defined as a key residue that con
tributes significantly to the binding of two proteins and its substitution 
with an alanine leads to a remarkable increase in the binding free energy 
of the complex of more than 2 kcal/mol. The most frequently repre
sented amino acids in hotspots are tryptophan, arginine and tyrosine 
[11,23].

Targeting hotspot residues at PPIs with small molecules seems to be a 
reasonable strategy to disrupt PPIs. Although the interface of PPIs is 
relatively large, by targeting hotspots a small molecule could break 
critical interactions and disrupt the PPI. Moreover, changes in protein 
conformations may create transient pockets in the protein surface that 
could be targeted with small molecules [24]. To this must be added that 
apart from binding the protein-protein interface (orthosteric 
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modulation), these compounds could also interact with sites outside the 
contact surface area between the two proteins, resulting in an allosteric 
modulation. Orthosteric approaches are useful for those PPIs with hot
spots gathering together forming pockets, whereas allosteric methods 
may help on those cases where hotspots do not form pockets or in those 
PPIs without hotspots [11,33]. Approaches that target both types of 
modulation should also be considered. Finally, a myth that has been 
associated with small molecules is that native protein complexes have 
higher affinity than protein–small molecule complexes and cannot be 
competed away. This has been refuted by the fact that in many cases 
small molecules bind with affinity values comparable to those of native 
protein-protein complexes [29].

3. PPI characterization

There is high demand for techniques that allow to identify, monitor 
or better characterize PPIs. Many genetic, proteomic, biochemical, 
biophysical, structural biology and computational technologies have 
been developed to contribute to gain knowledge about protein interfaces 
(Fig. 1). Genetic approaches comprise the yeast two-hybrid system [34], 
phage display [35] and synthetic lethality analysis using RNAi [36]. 
Proteomic assays may use protein microarrays [37] or mass 
spectrometry-based methods coupled with several biochemical tech
niques, such as co-immunoprecipitation, pull-down, co-elution, cross-
linking and affinity purification [38,39]. Biophysical techniques include 
isothermal titration calorimetry (ITC), which allows to directly measure 
the amount of heat released or absorbed during protein association; 
fluorescent polarization (FP), where a change on the rotation of a pro
tein attached to a fluorophore upon protein-protein binding is detected 
[40]; Bio-layer Interferometry (BLI), which allows to detect biomole
cular interactions by analyzing the shifts in the wavelength of white 

light reflected from the surface of a biosensor tip [41]; and surface 
plasmon resonance (SPR), a real-time label-free optical technique that 
measures changes in the refractive index upon binding of the analyte 
with the immobilized ligand at the surface of a sensor chip [42]. Other 
biophysical methods include dual polarization interferometry [43], light 
scattering [44] and circular dichroism methods [45]. Also employed for 
PPI characterization are the proximity-based assays fluorescence reso
nance energy transfer (FRET), that uses the non-radiative (dipole-di
pole) energy transfer from an excited donor fluorophore to an acceptor 
when both of them are in close proximity; homogeneous time-resolved 
fluorescence (HTRF), which combines standard FRET with 
time-resolved measurement of fluorescence; bioluminescence resonance 
energy transfer (BRET), which is similar to FRET, but is based on a 
luciferase reaction that requires the fusion of the donor (luciferase) and 
the acceptor (fluorescent) to the proteins of interest; amplified lumi
nescent proximity homogeneous assay screen (Alpha Screen), a 
bead-based technology that detects in a microplate format the energy 
transfer between two beads that are bound to the proteins of interest 
when these last interact with each other [46,47]; and bimolecular 
fluorescence complementation (BiFC), based on the formation of a 
fluorescent complex upon interaction between the non-fluorescent 
N-terminal and C-terminal fragments of a fluorescent protein fused to 
the two proteins of study [48]. Some other experimental methods such 
as NMR, cryo-electron microscopy (cryo-EM) and X-ray crystallography 
are useful to determine the three-dimensional structures of 
protein-protein complexes, and together with mutational analysis can 
also be employed to identify and study the so-called hotspots in PPIs [30, 
49,50].

Thanks to the results provided by these experimental techniques 
massive PPI data on different organisms has been compiled in several 
online databases. Some of the most popular repositories including 

Fig. 1. Approaches for PPI characterization. Amongst the approaches that have been employed recently for PPI characterization are numerous genetic, proteomic, 
biochemical, computational, biophysical and structural biology methods. Figure created in BioRender.
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massive protein-protein interaction data of various organisms are the 
General Repository for Interaction Database (BioGrid), the Biomolecular 
Relations in Information and Transmission and Expression (KEGG 
BRITE) database, the Mammalian Protein-Protein Interaction (MPPI) 
database, the PRotein Interaction and Molecular Information database 
(PRIME), the Database of Interacting Proteins (DIP), the Molecular 
Interaction Database (MINT), UniProt and the Search Tool for the 
Retrieval of Interacting Genes/proteins (STRING) [51,52]. This infor
mation is being used by different computational methods such as ho
mology modelling, protein-protein docking, molecular dynamics and 
artificial intelligence, that can be based on genomic context and struc
tural information, network topology, text mining and literature mining 
(or database mining) and machine learning algorithms employing het
erogeneous genomic or proteomic features [49,53]. Some of the servers 
and software tools for visualizing and analyzing PPI networks are 
AlphaFold 3, SWISS-MODEL, RoseTTAfold, PRISM, HDOCK and Inter
actome3D, amongst others [53]. These tools can help for instance to 
predict the structure of a protein only from its amino acid sequence or to 
model both homo- and heteromeric complexes by utilizing the amino 
acid sequences of the interacting partners [54]. However, these methods 
still harbor a lot of limitations, as biases exist in these databases towards 
well-studied genes and proteins, and they may not be fully up to date. 
One of the reasons for these biases may be the fact that some homolo
gous structures have not yet been fully experimentally resolved. 
Collaboration between databases to improve data heterogeneity, the 
advancement of experimental technologies such as cryo-EM, X-ray 
crystallography and NMR, the deposition of other characterized protein 
complexes in the ProteinData Bank (PDB), the improvement of protein 
structure prediction tools and the incorporation of new technologies 
based for instance on deep learning may help to better predict and 
characterize PPIs [54,55]. Additionally, the druggability of PPI in
terfaces can be assessed using different computational tools, such as 
SiteMap [56], PocketQuery [57] and TACTICS [58], amongst others.

Finally, data obtained from all these experimental and computa
tional techniques may be used for the genome-wide inference of PPIs 
[59].

4. Approaches for the identification of PPI modulators

The above-mentioned characteristics of PPIs have hindered the dis
covery of modulators of these targets through conventional medicinal 
chemistry methods used for classical drug targets. Consequently, the 
design of new efficient drug discovery approaches that take into account 
the nature of PPIs is required. Numerous strategies have been employed 
recently to screen and identify PPI modulators in the initial stages of 
drug discovery processes (Fig. 2).

Firstly, high throughput screening (HTS), a method often used for 
traditional drug targets, has been broadly applied to the discovery of 
modulators of different PPIs. However, because of the nature of PPI 
interfaces typical compound libraries used for conventional HTS may 
not be appropriate for the screening of PPI modulators, as they do not 
contain enough chemical diversity. In fact, the success of this technique 
depends on screening large compound libraries that include high di
versity, complexity and biological relevance [46]. For instance, HTS has 
been proven useful at the initial state of the discovery of inhibitors of the 
MDM2/p53 interaction [60].

Another approach that has been employed recently for the discovery 
of PPI modulators is structure-based drug design (SBDD), sometimes 
referred to as rational drug design or more simply rational design. SBDD 
uses the binding site of either one of the two protein partners to ratio
nally design the associate PPI modulator. This method relies on the 
knowledge of the 3D structure of the target obtained through methods 
such as X-ray crystallography, nuclear magnetic resonance (NMR), cryo- 
electron microscopy or homology modelling. SBDD may be divided into 
different strategies. One of them is based on the structure of hotspots and 
uses bioisosterism and de novo design to obtain novel modulators [11]. 

Another one is peptidomimetic design and mainly relies on computer 
modelling and the optimization of the amino acid sequence of a peptide 
derived from the natural binding epitope or a phage-derived peptide 
[11,46]. Other strategies may be related to the design of mimetics of 
protein secondary structures or the use of conformationally constrained 
peptides and miniproteins [46]. Several PPI modulators have been 
successfully identified using this method, including Bcl-XL/Bak [61] and 
MDM2/p53 [62] inhibitors. The ERK1/2 inhibitor AZD0364, which is 
currently being tested in a Phase I clinical trial (NCT04305249), was 
also discovered using this approach [63].

Fragment-based drug discovery (FBDD) has also been applied for the 
discovery of PPI modulators. This method aims to identify small frag
ment molecules binding to targets. Compared to HTS, FBDD is consid
ered a better approach to design PPI modulators because the PPI 
interface often consists of discontinuous hotspots and the binding of a 
fragment may reveal a new chemical space that may be explored to 
obtain a drug lead [11,33]. The initial fragment hits typically exhibit a 

Fig. 2. Initial stages of the drug discovery process. The drug discovery process 
includes different steps: target identification, target characterization, hit iden
tification by, for instance, high throughput screening and hit validation and 
characterization. Figure created in BioRender.
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weak binding affinity to the target, but it may be enhanced after hit 
identification through introducing several chemical modifications. The 
overall chemical diversity of the library may also be improved by using a 
pharmacophore-based selection. Promising lead compounds have also 
been found when combining FBDD with SBDD, including the dual 
ROCK-AKT inhibitor AT13148 [64], which was investigated in a Phase I 
clinical trial against solid tumors (NCT01585701). However, it did not 
progress further due to its narrow therapeutic index and an unfavorable 
pharmacokinetic profile [65]. Another classic example of FBDD that was 
improved by SBDD is the development of the Bcl-XL inhibitor ABT-737 
[66].

These three approaches though face another challenge specific to 
PPIs. There are several protein-protein complexes that have not yet been 
properly experimentally defined. Recent developments to overcome this 
include new computational tools, such as protein docking and homology 
modelling, that are combined with the available low-resolution experi
mental approaches to, for instance, better predict and characterize 
hotspots [46,67]. Computer-based virtual screening (VS) is a powerful 
approach that allows to identify binding compounds using very large 
compound libraries with an appealing cost-effectiveness, compared to 
the massive working burden related to experimental screening ap
proaches [68]. VS uses professional application software with filters to 
exclude pan-assay interference compounds (PAINS), which are com
pounds that often cause false-positive assay results and should be 
eliminated before applying biophysical screening methods [69]. Several 
compound databases of experimentally validated PPI inhibitors have 
become available, such as the TIMBAL [70], the iPPI-DB [71], the 
2P2IDB [72] and the Fr-PPIChem [73] database. These databases allow 
not only to store these PPI inhibitors, but also to determine their phys
icochemical properties. These characteristics can be used to build sta
tistical models based on different training sets, molecular descriptors 
and machine learning in order to select putative PPI inhibitors from 
large commercial compound collections. Medicinal chemistry filters can 
also be applied to remove PAINS and improve drug likeness. The 
Fr-PPIChem library, for instance, can be then plated in 384-well plates in 
order to be validated by the scientific community willing to discover and 
develop new therapeutic drugs [73,74]. In fact, the validation of the 
most promising candidates may be then performed using several bio
physical and biochemical techniques such as SPR, thermal shift, ITC, 
MST NMR, X-ray crystallography and mass spectrometry (MS) [11,69]. 
As described in Section 3., when seeking for PPI inhibitors, the drugg
ability of PPI interfaces can be also analyzed using different computa
tional tools, such as SiteMap [56]. Molecular descriptors may also be 
used by applying machine-learning approaches to discriminate between 
compounds that prefer to bind to deep binding pockets (buried com
pounds) from molecules that remain solvent-exposed at the surface of a 
target [75].

VS approach may be divided into 2 categories: structure-based vir
tual screening (SBVS) and ligand-based virtual screening (LBVS). SBVS 
docks the molecules to a well-defined 3D structure of the target and then 
ranks them according to their predicted binding affinity or comple
mentarity to the binding site. Therefore, this strategy requires the 
availability of high-resolution structural information of the biological 
target. In the absence of high-resolution structure and/or homology 
model data, the LBVS strategy uses a native small molecule chemical 
scaffold or a functional ligand as a reference and seeks for compounds 
with chemical or conformational similarity within compound databases. 
In summary, one of the main advantages of using VS as a pre-screen is 
that it may limit the number of possible compounds in a manageable 
number for more efficient synthesis and further experimental validation 
[68]. Several examples of the successful application of this approach for 
drug discovery of PPI modulators include inhibitors of Ubc13/Uev1 
[76], Hsp90/CDC37 [77] and MDM2/p53 [78].

5. PPI modulators approved or in clinical trials for cancer 
treatment

Focusing on anticancer drugs, several PPI modulators have entered 
clinical trials in the last years, and a few of them have been recently 
approved by regulatory agencies. A selection of small molecule PPI 
modulators FDA-approved or in more advanced clinical phases for 
cancer treatment has been listed on Table 1. A more thorough register of 
clinically developed PPI modulators can be found on Table S1.

5.1. Inhibitors of MDM2–4/p53 interactions

The tumor suppressor gene TP53 is the most frequently mutated gene 
in cancer (~50 % of human cancers), what results in the inactivation of 
p53 protein [79]. P53 protein functions as a transcription factor that is 
activated upon multiple stress stimuli, including oncogenic and oxida
tive stress, DNA damage or metabolic dysfunction, and induces the 
transcription of a large number of protein-coding genes directed to 
suppress tumor development [80]. In unstressed cells under normal 
conditions, p53 protein levels are low through a negative feedback loop 
caused by the E3 ubiquitin-protein ligase MDM2, which targets p53 for 
proteasome-mediated degradation [81] (Fig. 3A). Direct gene alter
ations in TP53 can also result in the inactivation of p53 function [82]. 
Cellular stress caused by DNA damage or hypoxia, amongst other fac
tors, disrupts this binding leading to p53 accumulation and activation 
[81]. Therefore, recovery of the p53 function as tumor suppressor 
through the inhibition of MDM2/p53 interaction represents a potential 
approach for cancer treatment.

Deeper knowledge of the MDM2/p53 PPI has been obtained thanks 
to X-ray crystallography data (Fig. 3B). This PPI involves 4 key hydro
phobic hotspots (Phe 19, Leu 22, Trp 23 and Leu 26) in a short amphi
pathic helix formed by p53 and a small but deep hydrophobic pocket in 
MDM2 [82]. An effective strategy to block this interaction would be to 
design a small molecule targeting the identified hotspots in p53, what 
would result in the competition to bind to MDM2. Different screening 
strategies have been employed to achieve this goal, such as peptide-like 
design, HTS and SBDD [62,83,84]. Remarkably, a series of 
cis-imidazoline analogues called nutlins were identified by HTS [60]. 
Nutlins, as it was seen in the crystal structure of the binding, were able to 
bind to the deep hydrophobic pocket in MDM2, and therefore, displace 
recombinant p53 protein from its complex with MDM2. Nutlin-1, − 2 
and − 3 displayed in vitro IC50 on MDM2/p53 interaction of 260, 140 
and 90 nM, respectively, hence being nutlin-3 the one selected as lead 
compound. Roche posteriorly optimized nutlin-3 applying several 
structural modifications obtaining the compound RG7112. HTRF studies 
revealed that RG7112 had an IC50 of 18 nM, being 5 times more potent 
than nutlin-3 [85]. RG7112 was the first MDM2 inhibitor to enter 
clinical trials for the treatment of advanced solid tumors 
(NCT00559533) and hematologic malignancies (NCT00623870). Later 
on, some other MDM2 antagonists were developed. Idasanutlin 
(RG7388) is another small-molecule inhibitor of MDM2 that progressed 
to a Phase III clinical trial for the treatment of AML but was terminated 
due to lack of efficacy at the interim analysis (NCT02545283). Multiple 
Phase I or II clinical trials are ongoing with this compound (e.g., 
NCT03662126, NCT05797831, NCT04029688, etc.). The oral MDM2 
antagonist navtemadlin (AMG232 or KRT-232) is being studied in Phase 
II/III clinical trials for patients with myelofibrosis who no longer benefit 
from treatment with a JAK inhibitor (NCT03662126) and as mainte
nance therapy for TP53 WT advanced or recurrent endometrial cancer 
(NCT05797831). This drug is also undergoing several other Phase I or II 
trials for different cancers alone or associated with radiotherapy 
(NCT03217266), chemotherapy (NCT04190550), chemotherapy and 
the Bcl-2 inhibitor venetoclax (NCT03041688), the BTK inhibitor 
TL-895 (NCT02825836) or immunotherapy (NCT03787602). Anoter 
Phase Ib/II study of navtemadlin combined with pembrolizumab as 
maintenance therapy in locally advanced and metastatic NSCLC has 

C. Camps-Fajol et al.                                                                                                                                                                                                                           Pharmacological Research 211 (2025) 107544 

5 



Table 1 
Selection of small molecule PPI modulators approved and in clinical trials for cancer treatment.

PPI Drug Related condition Phase Sponsor Status Clinical trial identifier

MDM2/ p53 Idasanutlin (RG7388) MDM2-amplified TP53 WT solid 
tumors

II Hoffmann-La Roche R NCT04589845 (TAPISTRY)

Navtemadlin (AMG232/ 
KRT¡232)

Myelofibrosis II/III Kartos Therapeutics R NCT03662126 (BOREAS)
​ TP53 WT endometrial cancer II/III Kartos Therapeutics R NCT05797831
​ Myelofibrosis II Kartos Therapeutics R NCT04878003
​ Alrizomadlin (APG¡115) Leukaemia IIa Ascentage Pharma Group R NCT04496349
Bcl¡2/ Bax Venetoclax (ABT¡199) Leukaemia A AbbVie A –
​ Navitoclax (ABT¡263) Myelofibrosis III AbbVie ANR NCT04472598 

(TRANSFORM− 1)
​ Myelofibrosis III AbbVie ANR NCT04468984 

(TRANSFORM− 2)
​ Myelofibrosis II AbbVie ANR NCT03222609 (REFINE)
​ Leukaemia II AbbVie C NCT01557777
​ Ovarian cancer II Centre Francois Baclesse C NCT02591095 

(MONAVI− 1)
​ Leukaemia II Genentech C NCT01087151
​ Lisaftoclax (APG¡2575) Leukaemia II Ascentage Pharma Group R NCT05147467
​ Leukaemia IIa Ascentage Pharma Group R NCT04496349
XIAP/ 

caspase¡9
LCL¡161 Multiple myeloma II Mayo Clinic C NCT01955434

Myelofibrosis II M.D. Anderson Cancer Center C NCT02098161
TNBC II Novartis C NCT01617668

Debio1143 (xevinapant/ 
AT¡406)

HNSCC III EMD Serono Research and 
Development Institute

R NCT05386550

HNSCC III EMD Serono Research and 
Development Institute

ANR NCT04459715

Hsp90/ ATP Tanespimycin (17-AAG/ 
KOS¡953)

Thyroid cancer II NCI C NCT00118248
Advanced malignancies II Bristol-Myers Squibb C NCT00779428
Kidney Cancer II Memorial Sloan Cancer Center C NCT00093405
Kidney Cancer II NCI C NCT00088374
Lymphoma II NCI C NCT00117988

​ Multiple myeloma II/III Bristol-Myers Squibb C NCT00514371
​ Multiple myeloma III Bristol-Myers Squibb C NCT00546780

Systemic mastocytosis II National Institutes of Health Clinical 
Center

C NCT00132015

Melanoma II Cancer Research UK C NCT00104897
Pancreatic cancer II NCI C NCT00577889
Ovarian cancer II NCI C NCT00093496
Prostate cancer II NCI C NCT00118092

Retaspimycin (IPI¡504) Hormone-resistant prostate 
cancer

II Infinity Pharmaceuticals C NCT00564928

​ NSCLC II Infinity Pharmaceuticals C NCT01362400
Luminespib (AUY922) Gastrointestinal stromal tumor II SCRI Development Innovations C NCT01404650

NSCLC with exon 20 EGFR 
mutations

II Massachusetts General Hospital C NCT01854034

NSCLC II National Taiwan University Hospital C NCT01922583
ALK+ NSCLC II Massachusetts General Hospital C NCT01752400
NSCLC II Novartis C NCT01124864
Gastric cancer II Novartis C NCT01084330

Ganetespib (STA¡9090) Gastrointestinal stromal tumor II Synta Pharmaceuticals C NCT01039519
Breast cancer II Synta Pharmaceuticals C NCT01677455
ALK+ NSCLC II Synta Pharmaceuticals C NCT01562015
NSCLC II Synta Pharmaceuticals C NCT01031225
Ocular melanoma II Dana-Farber Cancer Institute C NCT01200238
SCLC II David M. Jackman C NCT01173523
HR+ breast cancer II Dana-Farber Cancer Institute C NCT01560416
CRC II Memorial Sloan Cancer Center C NCT01111838
Breast cancer II Memorial Sloan Cancer Center C NCT01273896
Esophagogastric cancer II Massachusetts General Hospital C NCT01167114
HR+ prostate cancer II Barbara Ann Karmanos Cancer 

Institute
C NCT01270880

Breast cancer II QuantumLeap Healthcare 
Collaborative

R NCT01042379 (I-SPY)

BIIB021 HR+ breast cancer II Biogen C NCT01004081
​ Gastrointestinal stromal tumor II Biogen C NCT00618319

Hsp90/ Hsp90 Sulforaphane Prostate cancer II OHSU Knight Cancer Institute C NCT01228084
Breast cancer II Evgen Pharma C NCT02970682

CCR5/ CCL5 Maraviroc HIV-related Kaposi’s Sarcoma II University of California C NCT01276236
Vicriviroc (MK¡7690) MSS/pMMR CRC II Merck Sharp & Dohme LLC C NCT03631407

CCR2–5/ 
CCL2–5

BMS¡813160 NSCLC, HCC II Icahn School of Medicine at Mount 
Sinai

C NCT04123379

Renal cell carcinoma II Bristol-Myers Squibb C NCT02996110

Data extracted from clinicaltrials.gov. Clinical trial status: C, completed; R, recruiting; ANR, active not recruiting; A, approved.
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been recently withdrawn (NCT05705466). Milademetan is another 
MDM2 inhibitor that was being investigated for liposarcomas in a Phase 
III clinical trial compared to trabectedin but has been terminated due to 
a sponsor’s decision (NCT04979442). A Phase II clinical trial of this drug 
in patients with solid tumors characterized by MDM2 dependence and 
wildtype TP53 has been also recently terminated for the same reason 
(NCT05012397). Some other MDM2 antagonists, such as SAR405838, 
are still in Phase I clinical trials (NCT01985191 and NCT01636479), but 
the SAR405838 small-molecule analogue alrizomadlin (APG-115) has 
already progressed to Phase I/II and II clinical trials (e.g., 
NCT04496349, NCT04358393, NCT03611868). This compound is an 
orally active MDM2 antagonist that restores p53 tumor suppressive 
function via induction of apoptosis in WT TP53 tumor cells [86]. Pre
liminary results from the Phase I/II trial (NCT03611868) have shown 
that alrizomadlin, combined with pembrolizumab, is well tolerated and 
exhibits antitumor activity in patients with highly refractory unresect
able or metastatic cutaneous melanoma that had progressed on 
PD-1/PD-L1 immunotherapy [87]. Siremadlin (NVP-HDM201), devel
oped by Novartis, is another MDM2 small molecule inhibitor that has 
just completed a Phase II clinical trial for the treatment of AML 
(NCT05155709). This drug is also currently undergoing Phase II clinical 
trials for other human cancers (e.g., NCT05180695, NCT04097821, 
etc.). Novartis has also developed NVP-CGM097, an orally bioavailable 
MDM2 inhibitor that was tested in a Phase I clinical trial in solid tumors 
and showed manageable tolerability (NCT01760525).

Another closely related protein to MDM2 that binds to the same p53 
epitope is MDM4 (MDMX) [88]. MDM2 and MDM4 cooperate in the 
negative regulation of the p53 tumor suppressor [89]. In spite of the 
high structural similarity between both proteins, all previous compound 
scaffolds that had been published were proven highly specific for MDM2 
and exhibited no or very low MDM4 binding [90]. MDM4 antagonists 
were also developed using different approaches, including FBDD [90]
and SBDD [91]. The majority of them were peptides or peptidomimetics 
and after improving their cell permeability several candidates with 
different potency and selectivity against MDM4 and MDM2 were iden
tified [92–94]. Another reported compound is sulanemadlin 
(ALRN-6924), a dual MDM4/MDM2 stapled peptide inhibitor that has 
progressed to a Phase II clinical trial (NCT02264613) in patients with 
advanced solid tumors or lymphomas with WT TP53 [95]. This 

p53-based peptidomimetic exhibited remarkably better activity than the 
MDM2 inhibitor idasanutlin in different cell lines. Moreover, results 
from the clinical trial also showed a potential synergistic effect between 
sulanemadlin and immunotherapy [96]. In view of the promising anti
tumor activities observed by peptide-based dual MDM4/MDM2 antag
onists, efforts have been made in the discovery of dual small molecule 
inhibitors of this target. Multiple compounds have been identified with 
variable potency and selectivity against MDM2 and MDM4 [97]. None of 
these compounds has yet undergone clinical trials, although some of the 
anti-MDM2 small molecules that are being tested in clinical trials exhibit 
moderate-low activity against MDM4, such as NVP-CGM097 [98].

5.2. Inhibitors of Bcl-2/Bax or Bak interaction

The Bcl family consists of different proteins that are involved in the 
regulation of apoptotic cell death. They can be subclassified into 
different groups based on their primary function: anti-apoptotic proteins 
(Bcl-2, Bcl-w, Bcl-XL, Mcl-1, Bfl-1/A1, etc.) and pro-apoptotic proteins 
(Bax, Bok, Bak, Bid, Bad, Bmf, Noxa, Puma, Hrk, etc.). These two types of 
members of the Bcl family usually operate in the form of dimers to exert 
their role as an apoptotic switch. Specifically, the function of these pro- 
apoptotic proteins is blocked when they interact with the anti-apoptotic 
proteins and, therefore, inhibition of the PPI between both types of 
proteins may prevent tumor cells from escaping apoptosis [11]. 
Pro-apoptotic proteins can be further divided into effectors (Bak, Bax, 
Bok), direct activators (Bid, Bim and PUMA) and 
de-repressors/sensitizers (Bad, Bik, Bmf, Hrk and Noxa) [99,100]. Ac
tivators and de-repressors/sensitizers share only the Bcl-2 homology 
region 3 (BH3), while effectors and anti-apoptotic proteins share 4 Bcl-2 
homology regions, BH1–BH4 (Fig. 4A). In general, the members of the 
BH3-only subfamily regulate the other two classes by directly activating 
the pro-apoptotic effectors or by blocking the activity of the 
anti-apoptotic proteins without directly engaging the pro-apoptotic ef
fectors [99] (Fig. 4B). Taking as an example the Bcl-XL/Bak interaction, 
two central hydrophobic ɑ-helices in Bcl-2 (anti-apoptotic) are sur
rounded by six amphipathic ɑ-helices, forming a hydrophobic BH3 
groove that binds to Bak (pro-apoptotic effector) (Fig. 4C). Structural 
studies have shown that four conserved hydrophobic amino acids on Bak 
insert into 4 hydrophobic pockets named P1–P4 within the hydrophobic 

Fig. 3. MDM2–4/p53 PPI. A. The p53 protein functions as a transcription factor that activates different tumor suppressor genes in response to multiple stress stimuli 
(i.e., oncogenic and oxidative stress, DNA damage or metabolic dysfunction). In normal conditions, p53 protein levels are low through a negative feedback loop 
caused by the E3 ubiquitin-protein ligase MDM2, which in cooperation with MDM4 targets p53 for proteasome-mediated degradation. Cellular stress disrupts this 
binding leading to p53 accumulation and activation via ATM-Chk2 or ATR-Chk1-dependent phosphorylation. MDM2–4 inhibitors result in the inhibition of the 
proteasome-mediated degradation of p53 and, therefore, cause the activation of tumor suppression genes. B. The PPI between MDM2 and P53 (PDB: 4HFZ) involves 4 
key hydrophobic hotspots (Phe 19, Leu 22, Trp 23 and Leu 26) in a short amphipathic helix formed by p53 (in orange) and a small but deep hydrophobic pocket in 
MDM2 (in green). Figure created in BioRender.

C. Camps-Fajol et al.                                                                                                                                                                                                                           Pharmacological Research 211 (2025) 107544 

7 



groove, while an aspartate interacts with an arginine residue on Bcl-XL 
[101] (Fig. 4C). Once activated, a BH3-only protein inserts its α-helical 
BH3 domain into the hydrophobic groove of the proapoptotic protein. 
The design of small-molecule mimetics of the BH3 domain of proapo
ptotic proteins thus enables these proteins to be targeted directly, 
neutralizing their functional activity [102].

Abbott researchers used a high-throughput NMR-based screening 
method for lead compound discovery called ‘SAR by NMR’ and a frag
ments library to identify small molecules that bind to the hydrophobic 
BH3-binding groove of Bcl-XL. They obtained two small molecules, 4-flu
oro-biphenyl-4-carboxylic acid and 5,6,7,8-tetrahydro-naphtalen-1-ol, 
that interacted with two small relatively independent hydrophobic 
pockets within the Bcl-XL protein. Several modifications of the first small 
molecule led to a 3-nitro-4-(2-phenylthioethyl)aminophenyl group that 
was named compound 1. Compound 1 bound with high affinity to Bcl-XL 
(Ki of 36 ± 1.6 nM), occupying both hydrophobic pockets. This affinity 
was though reduced in the presence of 1 % human serum albumin 
(HSA). To reduce binding to HSA they then applied a SBDD approach 
and added polar substituents. Additionally, they improved the binding 
to Bcl-2 by including a lipophilic group that allowed access to a deep, 
well-defined pocket in Bcl-2, identified in 3D structures of Bcl-2/ 
inhibitor complexes. The resultant compound, ABT-737 binds with 
high affinity (Ki ≤ 1 nM) to Bcl-XL Bcl-2 and Bcl-w and nanomolar ac
tivity was retained in the presence of 10 % HSA [66]. The ABT-737 has 
been widely used in biological studies associated with apoptosis and also 
in preclinical studies for the treatment of lymphoma, small cell lung 
cancer (SCLC) and chronic lymphocytic leukemia (CLL). However, its 
clinical application is limited by its poor oral bioavailability [103].

The ABT-263 (navitoclax) is a second generation orally bioavailable 
inhibitor of Bcl-2 based on the structure of ABT-737. It targets and binds 
with high affinity (Ki ≤1 nM) to multiple antiapoptotic Bcl-2 family 
proteins including Bcl-XL, Bcl-2, Bcl-w and Bcl-B. Preclinical studies 
have demonstrated potent cytotoxic activity of navitoclax in human 
tumor cell lines derived from T- and B-cell lymphoid malignancies that 
overexpress Bcl-2. It also showed rapid and complete tumor regression 

in xenograft models [1,103]. Several Phase I clinical studies have shown 
anti-tumor activity of navitoclax in lymphoid malignancies and solid 
tumors alone and in combination with other antineoplastic agents 
(NCT00887757, NCT00891605). Thrombocytopenia was the main 
dose-limiting toxicity and was due to inhibition of Bcl-XL [104–107]. 
This was confirmed in Phase II clinical trials (NCT01087151, 
NCT00406809) [108,109]. Two Phase III clinical trials of oral navito
clax in combination with oral ruxolitinib to assess change in spleen 
volume in adult myelofibrosis patients are ongoing (NCT04468984; 
NCT04472598).

Researchers then focused on obtaining a more selective Bcl-2 in
hibitor that avoided the thrombocytopenia induced by ABT-263. Navi
toclax and related structures were modified through the systematic 
removal or replacement of key binding elements and the complex of 
these compounds with Bcl-2 was studied. The introduction of an indole 
group enhanced the binding to the P4 hotspot in Bcl-2 through a hy
drophobic interaction. Adding an azaindole as a new P4-binding moiety, 
along with a structural change in the P2-binding portion of the com
pound, produced the highly potent and Bcl-2-selective (not affecting Bcl- 
XL) ABT-199, also known as venetoclax. Venetoclax showed an excellent 
inhibitory effect on CLL cells with high expression of Bcl-2 (EC50 =

8 nM). Compared with navitoclax, venetoclax significantly reduced the 
antiplatelet activity [110]. Based on significant activity as monotherapy 
in a Phase III trial in CLL (NCT02242942), the FDA approved venetoclax 
for CLL with 17p deletion in April 2016, becoming the first small 
molecule PPI inhibitor approved for marketing. Posteriorly, the FDA and 
the EMA approved several other indications for venetoclax alone or in 
combination for the treatment of different types of leukemia [11,109].

Recently, lisaftoclax (APG-2575), an orally bioavailable Bcl-2 se
lective inhibitor (Ki < 0.1 nM), was developed through computational 
modeling and showed strong antitumor activity in preclinical models of 
hematologic malignancies [111]. This compound is currently undergo
ing several clinical trials as a single agent or in combination for different 
hematologic neoplasms (e.g., NCT04215809, NCT04260217, 
NCT05147467, NCT04501120, NCT04964518, NCT04942067, 

Fig. 4. Bcl-2/Bax or Bak PPI. A. The Bcl family consists of different proteins involved in apoptosis regulation. These proteins operate in the form of dimers to exert 
their role as an apoptotic switch. More concretely, the function of these pro-apoptotic proteins (Bax, Bok, Bak, Bid, etc.) is blocked when they bind to the anti- 
apoptotic proteins (Bcl-2, Bcl-w, Bcl-XL, etc.). Pro-apoptotic proteins can be further divided into direct activators (Bid, Bim and PUMA), de-repressors/sensitizers 
(Bad, Bik, Bmf, Hrk and Noxa) and effectors (Bak, Bax, Bok). Activators and de-repressors/sensitizers share only the Bcl-2 homology region 3 (BH3), while effec
tors and anti-apoptotic proteins share 4 Bcl-2 homology regions, BH1–BH4. B. When intrinsic lethal stimuli occur in cells, members of the BH3-only subfamily 
directly activate pro-apoptotic effectors and block anti-apoptotic proteins. This results in cytochrome c and Smac (/Diablo) release from the inner membrane space of 
the mitochondria into the cytosol, what activates caspases that ultimately lead to apoptotic cell death. Several inhibitors of the Bcl-2/Bax or Bak interaction, such as 
navitoclax, venetoclax or lisaftoclax, have been discovered. This inhibition of the PPI between Bcl-2 (anti-apoptotic) and Bax or Bak (pro-apoptotic) may prevent 
tumor cells from escaping apoptosis by directly blocking the anti-apoptotic effect that Bcl-2 exhibits over the pro-apoptotic effectors Bax and Bak. Green lines 
represent pro-apoptotic reactions and red lines anti-apoptotic reactions. C. Taking the published structure of the BCL-XL/Bak PPI (PDB: 1BXL) as an example, the Bak 
peptide interacts with BCL-XL through the BH3 region. This region forms an amphipathic α-helix that establishes high affinity hydrophobic and electrostatic in
teractions with a hydrophobic groove in BCL-XL. Figure created in BioRender.
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NCT04496349) and ER-positive breast cancer and advanced solid tu
mors (NCT04946864).

5.3. Stimulators of Smac/XIAP interaction

Inhibitors of apoptosis proteins (IAPs), such as XIAP, represent an 
important class of endogenous negative regulators of apoptosis that are 
characterized by the presence of at least one baculovirus IAP repeat 
(BIR) domain [112,113]. The binding of IAP to caspase or other 
pro-apoptotic proteins causes the inhibition of these proteins, leading to 
their degradation. Caspases implement apoptosis through two path
ways, the extrinsic, mediated by caspase-8, and the intrinsic, which is 
mediated by cytochrome c/caspase-9 (Fig. 5A). The BIR3 domain of the 
metalloprotein XIAP is responsible for binding to pro-apoptotic cas
pase-9, thereby inhibiting it and suppressing apoptosis. Smac (also 
known as DIABLO) is an endogenous inhibitor of the XIAP-caspase-9 PPI 
that binds with its N-terminal amino acids, 
alanine-valine-proline-isoleucine (AVPI), to the BIR3 domain of XIAP so 
that it can no longer interact with caspase-9 [114] (Fig. 5B).

The crystal structure of the interaction between Smac and XIAP-BIR3 
domain was deeply analyzed identifying potential targets for drug 
screening [115]. This knowledge led to the discovery of the first Smac 
simulator GDC-0152, through the combination of a peptidomimetic 
approach and several HTS campaigns [116]. This compound progressed 
to Phase I clinical trials in solid tumors but was terminated for reasons 
unrelated to patients’ safety or anti-cancer activity (NCT00977067). 
GDC-0917 (CUDC-427) is another Smac mimetic that entered Phase I 
clinical trials for patients with advanced solid tumors and lymphomas 
and did not show severe toxicities [117]. Another Smac mimetic, 
TL32711 (birinapant), showed good pharmacokinetics and tolerability 
alone and in combination with multiple chemotherapeutic drugs in 
Phase I/II clinical trials (e.g., NCT01188499, NCT00993239, etc.). 
Clinical benefit from this compound was notably better when combined 
with irinotecan, what may be related to irinotecan as a TNFα-inducing 
agent [118]. Some other Smac mimetics that have reached Phase I/II 
clinical trials are LCL-161 and HGS1029 (e.g., NCT01955434, 

NCT00708006, etc.). Finally, the Smac mimetic Debio1143 (xevinapant 
or AT-406) was discovered employing a SBDD strategy using the crystal 
structure of Smac in complex with XIAP BIR3 protein [119]. Xevinapant 
plus cisplatin showed superior efficacy benefits, including markedly 
improved 5-year survival in a Phase II clinical trial (NCT02022098) 
enrolling patients with unresected locally advanced head and neck 
squamous cell carcinoma (HNSCC) [120]. For this reason, this com
pound is currently being tested in two Phase III clinical trials with 
HNSCC patients (NCT05386550, NCT04459715).

In a different approach, Astex Pharmaceuticals discovered using 
FBDD ASTX-660 (tolinapant), which is a dual small molecule antagonist 
of both XIAP and cIAP1/2 [121–123], that is currently being tested in 
different clinical trials. In the Phase I/II study (NCT02503423) it 
demonstrated a manageable safety profile and exhibited evidence of 
preliminary clinical activity at the 180 mg/day recommended Phase II 
dose [124]. The Phase II part of this study in advanced solid tumors and 
lymphomas is ongoing. Another Phase I trial (NCT05082259) of this 
compound in combination with pembrolizumab in patients with 
immune-refractory solid tumors is enrolling. Another Phase I/II study of 
tolinapant in combination with oral decitabine/cedazuridine in partic
ipants with peripheral T-cell lymphoma is also ongoing 
(NCT05403450).

5.4. Inhibitors of Hsp90/Hsp90 or Hsp90/CDC37 interactions

Molecular chaperones include different families of proteins that are 
crucial for maintaining the integrity of the proteome. One of them, the 
heat shock protein 90 (Hsp90) is a widely conserved molecular chap
erone that is considered essential in eukaryotes and in some bacteria 
under stress conditions [125–127]. This protein contains four isoforms: 
Hsp90α and β, which can be found at the cytoplasm and nucleus, TRAP1 
in the mitochondria, and GRP94 in the endoplasmic reticulum [128]. 
Hsp90 has many protein substrates (or ’clients’) involved in different 
cellular processes, including cell proliferation and viability [129]. In 
particular, Hsp90 has been found highly expressed in cancer, indicating 
a relevant role of this protein in tumor growth and survival [130,131]. 

Fig. 5. Smac/XIAP PPI. A. The intrinsic mitochondrial pathway is initiated by ARTS forming a complex with XIAP and Bcl-2, what stimulates their proteasome- 
mediated degradation. Moreover, the BH3-only proteins directly activate pro-apoptotic effectors (Bak, Bax, etc.) and block anti-apoptotic proteins (eg., Bcl-2), 
resulting in the cytochrome c and Smac (/Diablo) release from the inner membrane space of the mitochondria into the cytosol. Once in the cytoplasm, Smac 
binds to XIAP resulting in the blocking of its cellular function of caspase inhibition, and cytochrome c interacts with Apaf-1 and forms the apoptosome which further 
activates caspase 9 to initiate apoptosis. Smac also participates in the extrinsic pathway by blocking the inhibitory effect that exhibit cIAPs over caspase 8. This 
further results in a cascade of caspases that ultimately lead to apoptosis. XIAP inhibitors and Smac stimulators therefore allow caspase activation and therefore result 
in apoptosis. Green lines represent pro-apoptotic reactions and red lines anti-apoptotic reactions. B. Considering the published structure of the PPI between Smac and 
XIAP-BIR3 domain (PDB: 1G73), Smac (also known as DIABLO) binds with its N-terminal amino acids, alanine-valine-proline-isoleucine (AVPI), to the BIR3 domain 
of XIAP so that it can no longer interact with caspase-9. Figure created in BioRender.
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Amongst Hsp90’s protein substrates several key protein kinases and 
transcription factors involved in cancer cell growth and apoptosis, such 
as HER2, VEGF, mutant p53, CDK4, HIF-1α, Raf-1 and AKT, are 
included. Hsp90 prevents their ubiquitinated-mediated degradation, 
resulting in the stabilization in the active form and the consequent 
promotion of tumor growth and metastasis [11,132–134]. Hsp90 is also 
regulated by a group of co-chaperones and accessory proteins [133]. 
Further, Hsp90 acts as a dimer where each protomer is formed by three 
conserved domains, including the N-terminal ATP-binding domain 
(NTD), the middle domain (MD), that consists of a large hydrophobic 
surface that serves as both nuclear localization sequences and client 
protein-binding site, and the C-terminal homodimerization domain 
(CTD), that contains the main dimerization interface [134,135]. It has 
been proposed that co-chaperones first interact with clients, followed by 
association with the Hsp90 dimer in an opened state [136]. Subsequent 
binding and hydrolysis of ATP and other substrates induce large distinct 
conformational rearrangements in the structure of Hsp90 dimers that 
may form different dynamic pockets [137–139] (Fig. 6A and B).

One of the main functions of Hsp90 is to regulate the use of ATP by its 
client proteins. This is such a crucial function for many normal proteins 
that the inhibition of the ATP binding to the Hsp90 N-terminal domain, 
using for instance the natural product geldanamycin, results in high 
toxicity [140]. Hsp90 inhibitors that block the binding of ATP to the 
Hsp90 N-terminal domain are classified as type 1 inhibitors and include 
geldanamycin analogs (e.g., tanespimycin, retaspimycin hydrocloride, 
IPI-493, etc.), radicicol, luminespib (AUY922), ganetespib (STA-9090), 
onalespib (AT13387) and other resorcinol-type compounds [139,141, 
142]. Some of these inhibitors targeting the N-terminal ATP pocket, 
apart from some initial promising results, have shown clinical hurdles 
such as induction of the heat-shock response, retinopathy, and gastro
intestinal tract toxicity, raising concerns about their future development 
[143]. Tanespimycin (also called 17-AAG), a synthetic derivative of the 
antibiotic geldanamycin, is a first generation selective inhibitor of 
Hsp90 that reached Phase III clinical trials for the treatment of multiple 
myeloma in association with bortezomib (NCT00546780, 
NCT00514371). Unfortunately, its clinical development did not further 

progress due to non-clinical reasons. A second pocket is formed in the 
Hsp90 structure when the ATP binding site adopts a helical form [135]. 
Purine analogs, such as BIIB021 and SNX-5422 (pro-drug of SNX-2112), 
interact with both the N-terminal ATP pocket and this second pocket 
[139,144,145]. These compounds that bind to both pockets, and also 
moderately inhibit GRP94 and TRAP-1, have been classified as type 2 
inhibitors. These purine-based compounds have reached Phase II clinical 
trials (NCT00618319, NCT01004081), but some of them have been 
terminated due to business reasons (NCT02612285). Despite this high 
amount of effort and progress made in the discovery of N-terminal in
hibitors of Hsp90, none of them have yet reached the market. One of the 
reasons of that is in terms of toxicity, as these compounds induce a 
strong cellular heat shock response (HSR), which includes the over
expression of other Hsp proteins, requiring dose escalation [146–148]. 
TAS-116 (pimitespib) is a second generation Hsp90α/β inhibitor that 
binds to the ATP-binding domain and the second pocket, and also to a 
novel hydrophobic pocket (third pocket). This compound was generated 
by FBDD [149] and is highly specific for Hsp90α/β without causing the 
inhibition of other Hsp90 family proteins such as GRP94 in the endo
plasmic reticulum or TRAP-1 in the mitochondria. In consequence, it 
shows higher efficacy and better safety margins than previous Hsp90 
inhibitors [150,151]. This compound, discovered and developed by 
Taiho Pharmaceutical Co., received approval in June 2022 in Japan for 
gastrointestinal stromal tumors (GISTs) refractory to standard treat
ments (https://www.taiho.co.jp/en/release/2022/20220620.html). 
This approval was based on results of a Phase III trial that evaluated its 
efficacy and safety for this unmet medical need (JapicCTI-184094) 
[152]. Pimitespib is currently undergoing Phase I clinical trials for the 
treatment of GISTs in the USA (NCT05245968).

In contrast to classic Hsp90 inhibitors, the coumarin antibiotic 
novobiocin and its derivatives bind to the C-terminus interfering with 
Hsp90 dimerization without triggering the undesired HSR [147,148, 
153,154]. Apart from this effect over Hsp90, novobiocin was identified 
through an HTS as a specific POLθ inhibitor that selectively kills ho
mologous recombination repair deficient tumor cells both in vitro and in 
vivo [155]. Thanks to these results, novobiocin is currently being 

Fig. 6. Hsp90/Hsp90 or CDC37 PPI. A. Hsp90 is a molecular chaperone that acts as a dimer where each protomer is formed by three conserved domains: the N- 
terminal domain (NTD), that includes the nucleotide binding site (ATP/ADP), the middle domain (MD), that consists of a large hydrophobic surface that serves as 
both nuclear localization sequences and client and co-chaperones binding site, and the C-terminal domain (CTD), that contains the main dimerization interface. In the 
absence of ATP and client, Hsp90 exists as a protomer in an open conformation bound by the CTD. Co-chaperones that regulate Hsp90 firstly interact with clients, 
followed by association with the Hsp90 dimer. Subsequent binding of ATP to the CTD causes Hsp90’s transition from an open to a closed state. Upon ATP hydrolysis 
and client phosphorylation, client is released and Hsp90 returns to its open ‘V-shaped’ state. Inhibitors of the Hsp90 /ATP or Hsp90/co-chaperones interaction have 
been identified. Geldanamycin and its derivatives, resorcinol, radicicol and NVP-AUY922 bind to the so-called 1st pocket domain, while purins to the 2nd pocket in 
the NTD, resulting in blocking ATP binding. Novobiocin and its derivatives bind to the CTD of Hsp90. B. Focusing in the described PPI structure between Hsp90 and 
CDC37 and RAF1 in a closed state (PDB: 5FWK), the co-chaperone CDC37 (in purple) first interacts with clients, such as the kinase RAF1 (also known as C-RAF, in 
green), followed by association with the MD of both Hsp90 protomers (in yellow). The Hsp90-CDC37 complex promotes RAF1 phosphorylation preventing its 
degradation. Subsequent binding of ATP (in red) to the CTD induces large conformational rearrangements in Hsp90 dimers transitioning from an open to a closed 
state that may form different dynamic pockets. Upon ATP hydrolysis and RAF1 phosphorylation, RAF1 is released and Hsp90 returns to its open ‘V-shaped’ state. 
Once phosphorylated RAF1 participates as a direct KRAS effector in the activation of the MAPK signaling pathway. Figure created in BioRender.
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studied in a Phase I trial in patients with tumors with alterations in DNA 
repair genes (NCT05687110). Another reported inhibitor of the CTD 
domain is the natural product silibinin, obtained from the milk thistle 
(Silybum marianum). This compound, that has been widely used in 
several pharmacological formulations for its anti-hepatotoxic effects, 
has also shown activity as anti-cancer agent [156,157].

Researchers believe that a more challenging, but potentially far more 
specific, approach is to develop agents that block the interaction be
tween Hsp90 and its client or accessory proteins [133]. Considering the 
co-chaperones of Hsp90, CDC37 plays a significant role in loading ki
nases like EGFR, CDK and AKT to Hsp90 [158,159], and thus, disrupting 
this interaction may deactivate the kinase clients and result in the in
hibition of tumor proliferation and growth. The resolving of the crystal 
structure of the Hsp90/CDC37 core complex provided a solid structural 
basis for the development of inhibitors of this target [160]. A screening 
was then performed by SPR assays to find inhibitors of Hsp90 protein 
using triazine derivatives, and DCZ3112 was selected, which exhibited a 
KD of 4.98 μM and did not inhibit ATPase activity [161]. By molecular 
docking researchers observed that the compound competitively bound 
to the N-terminal domain of Hsp90 and disrupted its binding to CDC37. 
Moreover, DCZ3112 inhibited the proliferation of HER2-positive breast 
cancer cells and xenografts and exhibited enhanced anti-tumor activity 
when combined with the anti-HER2 antibody trastuzumab. It also pro
duced synergistic in vitro activity in inhibiting cell proliferation, 
inducing G1-phase arrest and apoptosis, and reducing AKT and ERK 
phosphorylation. Posteriorly, a SBVS was performed using four small 
molecule libraries to identify potential disruptors of the Hsp90/CDC37 
interaction [77]. After successive molecular docking through high 
throughput virtual screening, standard precision and extra precision 
considering the free binding energy of the standard compound 
(DCZ3112) as cut-off, followed by in silico pharmacokinetics and 
binding interaction analyses, four molecules were proposed as crucial to 
inhibit this PPI. In another screening, cascade docking was employed to 
identify within a commercial database compounds that disrupted the 
Hsp90/CDC37 PPI, followed by experimental validation using HTRF. 
After several chemical modifications of the selected compounds, they 
obtained DDO-5936. This compound remarkably decreased CDK4 
expression and caused the consequent inhibition of cell proliferation 
through CDC37-dependent cell cycle arrest [162]. Several compounds 
extracted from plants, such as celastrol (extracted from Tripterygium 
wilfordii), sulforaphane (dietary component from broccoli sprouts) or 
withaferin A (extracted from Withania somnifera), also inhibit the 
Hsp90/CDC37 PPI reducing the proliferation of cancer cells [163–165]. 
Withaferin A is being studied in a Phase I/II clinical trial in combination 
with doxorubicin for the treatment of recurrent ovarian cancer 
(NCT05610735). The chemopreventive effect of sulforaphane has also 
been tested in the clinical setting (NCT00982319, NCT03232138).

5.5. Inhibitors of c-Myc/Max interaction

MYC is a proto-oncogene that plays a critical role in cancer devel
opment and maintenance [166]. The c-Myc transcription factor, enco
ded by MYC, is the prototype member of the Myc family of proteins that 
also include n-Myc and l-Myc in mammalian cells, all of which are highly 
homologous but exhibit different expression patterns. Most functional 
studies of the Myc family of proteins to date have focused on the c-Myc 
product [167]. c-Myc is a highly conserved protein with helix structure, 
that is found largely overexpressed in the majority of human cancers and 
has therefore become a focus of attention to design new therapeutic 
strategies in oncology [166,168,169]. The activity of c-Myc depends on 
the formation of the c-Myc/Max dimer, via an interaction between their 
basic-helix-loop-helix zipper (bHLH-Zip) domains. This dimer recog
nizes a CACGTG enhancer box (E-box) in the target DNA and enhances 
the transcription of genes involved in cell growth and proliferation. The 
transactivation activity of c-Myc/Max is counteracted by Mad, which 
also dimerizes with Max to repress transcription and induces cell growth 

arrest and differentiation. The function of Max homodimers is still un
clear, although it seems that they passively repress transcription by 
competing for DNA-binding elements with the heterodimers [170–172]. 
Therefore, the balance between the expression of c-Myc/Max or Mad/
Max determines whether the cell will divide and proliferate (c-Myc/
Max) or differentiate and become quiescent (Mad/Max) [173–175]
(Fig. 7A and B). In fact, it has been hypothesized that interfering with 
c-Myc dimerization by inhibiting the c-Myc/Max PPI may block the 
activation or transcription of oncogenes, leading to an anti-tumoral ef
fect [11]. Several small molecules that interfere with c-Myc/Max 
dimerization and show interesting in vivo effects have been discovered.

10074-G5, a small molecule inhibitor of the c-Myc/Max PPI, was 
reported [176]. It binds and stabilizes c-Myc in its monomeric form with 
an IC50 of 146 μM. After determining the pharmacophore, it was opti
mized leading to JY-3–094, which was almost 5 times as potent (IC50 =

33 μM) but could not enter the cell due to a charged carboxylic acid 
group. This was remedied by esterifying the carboxylic acid to generate 
a series of ester pro-drugs with low micromolar IC50 values, that were 
converted by intracellular esterases to JY-3–094. However, its activity 
was still limited by the carboxylic acid metabolite. To solve this, they 
combined 10074-G5 and JY-3–094, leading to 3jc48–3, that exhibited 
an IC50 value of 34.8 μM and was active cellularly. Further optimizations 
will be needed to increase its resistance to cellular hydrolysis and in
crease its short plasma half-life (t1/2 = 37 min). Mycro3 is another small 
molecule inhibitor of c-Myc/Max dimerization that showed efficacy in 
increasing the survival of mice with pancreatic cancer upon oral 
administration [177]. A series of small molecule c-Myc inhibitors were 
also developed by coupling the in silico screening of a large chemical 
library to an in vivo screen in mice. An improved analogue with better 
tolerability, MYCi975, was finally identified [178]. This compound 
showed IC50 between 2.49 and 7.73 µM in a panel of 14 breast cancer 
cell lines and when combined with either paclitaxel or doxorubicin in 
preclinical investigations enhanced cell growth inhibition was observed 
[179]. KJ-Pyr-9 is another inhibitor of c-Myc that was identified from a 
Kröhnke pyridine library. This compound decreased survival of primary 
human colorectal cancer (CRC) [180], non-small cell lung cancer 
(NSCLC) [181] and endometrial cancer [182] cell lines.

MYCMI-6, a compound that exhibited strong selective inhibition of c- 
Myc/Max interaction both biochemically and in cell-based experiments, 
was identified through a cell-based protein interaction screen [183]. 
SPR results showed that MYCMI-6 bound selectively to the c-Myc 
bHLH-Zip domain with a KD of 1.6 ± 0.5 μM. It also inhibited tumor cell 
growth in a c-Myc-dependent manner with IC50 concentrations of 
0.5 μM and reduced proliferation and induced massive apoptosis in 
tumor tissue from a c-Myc-driven xenograft model. MYCMI-6 was also 
found to inhibit cell growth (IC50 values: 0.3–10 μM) and induce 
apoptosis in breast cancer cell lines [184].

Last but not least, the contribution of single amino acids to the c- 
Myc/Max PPI was analyzed by molecular modelling and mutagenesis 
and a mutant c-Myc with altered dimerization properties, OmoMYC, was 
constructed [173]. This mini-protein interacts with both c-Myc and Max 
but it preferentially binds to the latter. Due to its small size, it can easily 
enter the nucleus and function like a Mad1/Max heterodimer or a Max 
homodimer to inhibit Myc-mediated transcription. Moreover, OmoMYC 
has been found to compete with the 3 Myc family members (c-Myc, 
n-Myc and l-Myc) for binding to their target promoters [169,185–187]
and has shown efficacy in various experimental models of SCLC and 
NSCLC harboring different oncogenic mutation profiles [188,189]. 
OmoMYC (OMO-103) has been tested in a Phase I/IIa clinical trial 
(NCT04808362) for the treatment of advanced solid tumors that has 
been recently terminated as sponsor decided to change strategy to a 
combination study. Results from this trial have shown that OmoMYC 
administered intravenously once a week has few side effects, is tolerable 
and stabilizes disease in some patients. The recommended Phase II dose 
was determined [190]. Another Phase Ib clinical trial to evaluate the 
safety, pharmacokinetics, and efficacy of OmoMYC administered 
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intravenously in combination with the standard regimen 
gemcitabine/nab-paclitaxel in patients with pancreatic ductal adeno
carcinoma (PDAC) is recruiting (NCT06059001).

5.6. Inhibitors of KRAS/SOS1 interaction

RAS proteins (KRAS, NRAS and HRAS) act as binary on-off switches 
that cycle between active GTP-bound and inactive GDP-bound states. 
Oncogenic RAS is found mutated in approximately 19 % of human 

Fig. 7. c-Myc/Max PPI. A. Several growth signaling pathways including Wnt, receptor tyrosine kinases (RTKs) and TGF-β activate c-Myc expression. The activity of c- 
Myc depends on the formation of the c-Myc/Max dimer. This dimer recognizes a CACGTG enhancer box (E-box) in the target DNA and enhances the transcription of 
genes involved in cell growth and proliferation. The transactivation activity of c-Myc/Max is counteracted by Mad or Mnt, which also dimerize with Max to repress 
transcription and induce cell cycle arrest, differentiation and anti-proliferation. The function of Max homodimers is still unclear, although it seems that they passively 
repress transcription by competing for DNA-binding elements with the heterodimers. Therefore, the balance between the expression of c-Myc/Max or Mad/Max or 
Mnt/Max determines whether the cell will divide and proliferate (c-Myc/Max) or differentiate and become quiescent (Mad/Max or Mnt/Max). Several inhibitors of 
the c-Myc/Max interaction have been reported, what results in cell cycle arrest, differentiation and anti-proliferation. B. Using the Myc and Max PPI (PDB: 1NKP), 
Myc is a highly conserved protein with helix structure whose activity depends on the formation of the c-Myc/Max dimer, via an interaction between their basic-helix- 
loop-helix zipper (bHLH-Zip) domains. This dimer recognizes a 5’-CACGTG-3’ E-box in the target DNA and enhances the transcription of genes involved in cell 
growth and proliferation. Figure created in BioRender.

Fig. 8. KRAS/SOS1 PPI. A. KRAS acts as a binary on-off switch that cycles between active GTP-bound and inactive GDP-bound states. Upon EGFR stimulation, GRB2 
adaptor protein associates with EGFR and recruits cytosolic SOS1 to the cell membrane, through binding of its SH3 domains to the C-terminal PR domain of SOS1. 
Inactive KRAS binds then to the CDC25 domain of SOS1 that catalyzes GDP-to-GTP exchange. GTP-bound KRAS can further activate SOS1 through binding at the 
exposed allosteric site resulting in increased Ras nucleotide exchange activity. Activated RAS stimulates downstream signaling pathways, such as RAL-GDS/RAL/ 
PLD, RAF/MEK/ERK and PI3K/AKT/mTOR signaling, leading to cell proliferation, differentiation and survival. Several inhibitors of the KRAS/SOS1 PPI have 
been discovered and some of them have entered clinical trials for cancer. B. Taking the published HRAS/SOS1 PPI (PDB: 1NVW) as an example, SOS1 is a large 
multidomain protein composed by: an N-terminal region, which contains two tandem histone folds (HFs), a Dbl homology (DH) domain and a pleckstrin homology 
(PH) domain, and joined by a helical linker, the C-terminal domain, that includes a RAS exchanger motif (REM) domain (in light green), a CDC25 domain (in dark 
green), and a proline-rich (PR) region containing SH3-binding motifs. Inactive HRAS interacts with the CDC25 domain of SOS1, resulting in GTP (in red) binding and 
conversion of inactive GDP-bound state of HRAS to active GTP-bound. This GTP-bound HRAS further activates SOS1 through interaction with the exposed allosteric 
site found between REM and CDC25. Oncogenic mutations in RAS disrupt the guanine exchange cycle, typically by ‘locking’ RAS in the active GTP-bound state. 
Figure created in BioRender.
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cancers [191]. These mutations result in the disruption of the guanine 
exchange cycle, typically by ‘locking’ RAS in the active GTP-bound state. 
Activated RAS consequently activates downstream signaling pathways, 
such as RAL-GDS/RAL/PLD, RAF/MEK/ERK and PI3K/AKT/mTOR 
signaling, leading to cell proliferation, differentiation and survival 
[192–194] (Fig. 8A). These pathways are frequently found over
activated in carcinogenesis [195,196]. The RAS pathway is also acti
vated by mutations in genes encoding RAS regulatory proteins (NF1, 
SOS1 and the SHP2-encoding PTPN11 gene) [197–199] and downstream 
mediators (BRAF, RAF1) [200,201]. Investigators have sought an 
effective RAS inhibitor for more than three decades, but due to the 
challenging biochemical properties of RAS itself and redundancies in 
downstream signalling, RAS has been thought to be ‘undruggable’ 
[193]. Among the different RAS proteins, KRAS is often mutated in 
different cancers, especially in a large proportion of pancreatic cancers 
[202]. Targeting KRAS signaling has become an important field in 
anticancer drug discovery. Mainly two strategies can be followed to 
inhibit KRAS: the direct targeting of the signaling pathway of KRAS or 
the inhibition of its association to the plasma membrane [11,203,204]. 
However, only the first approach has obtained compounds that are 
already in clinical trials.

As for the signaling activity of KRAS, an approach that has been 
suggested is related to the inhibition of KRAS regulatory proteins. Son of 
Sevenless (SOS) is a guanine nucleotide exchange factor (GEF) that ac
tivates KRAS by promoting conversion of inactive GDP-bound state of 
KRAS to active GTP-bound (Fig. 8B). Two homologs of SOS exist, SOS1 
and SOS2, being SOS1 functionally prevalent in different cellular pro
cesses [205,206]. Moreover, SOS1 has been reported to participate in a 
negative feedback loop within the KRAS pathway [207]. SOS1 is a large 
multidomain protein whose structure is composed of an N-terminal re
gion, which contains two tandem histone folds (HFs), a Dbl homology 
(DH) domain and a pleckstrin homology (PH) domain, and joined by a 
helical linker, the C-terminal domain, that includes a RAS exchanger 
motif (REM) domain, a CDC25 domain, and a proline-rich (PR) region 
containing SH3-binding motifs. SOS1 can accommodate two Ras mole
cules: one at the allosteric site between REM and CDC25 domains, and 
the other one at the catalytic site (active site) in the CDC25 domain [198, 
208,209]. Upon EGFR stimulation by EGF, GRB2 adaptor protein asso
ciates with EGFR and recruits cytosolic SOS1 to the cell membrane, 
through binding of its SH3 domains to the C-terminal PR domain of 
SOS1 [210,211]. Concerning RAS activation, inactive KRAS binds to the 
CDC25 domain of SOS1 that catalyzes GDP-to-GTP exchange. 
GTP-bound KRAS can further activate SOS1 through binding at the 
exposed allosteric site resulting in increased Ras nucleotide exchange 
activity [212,213].

Several attempts have been made to inhibit the KRAS/SOS1 inter
action by using peptidomimetics of the RAS-interacting α-helix of SOS1 
[214,215] or small molecule inhibitors discovered by NMR-based frag
ment screens [216,217]. However, none of these compounds have 
advanced to the clinical setting to date. Interestingly, some of these 
researchers also tried to identify compounds that activated the 
SOS1-mediated nucleotide exchange, what resulted in biphasic modu
lation of RAS signaling through negative feedback on SOS1 [218–223].

Further research has been performed to discover compounds that 
cause a reduction in KRAS activity via SOS1. Small molecule inhibitors 
of SOS1 were reported [224], focusing on its interaction with the 
oncogenic mutant KRASG12C due to its clinical importance in lung cancer 
related to tobacco smoke exposure [225,226]. In this case, they took an 
HTS approach combining results from FBDD and crystallization of the 
structures of the KRASG12C–SOS1 complex and of SOS1 in complex with 
inhibitors, amongst others. They finally obtained compound 23 
(BAY-293), which selectively inhibits KRAS–SOS1 interaction with an 
IC50 of 21 nM [224]. This compound showed synergy with drugs tar
geting specific vulnerabilities of KRAS-mutated pancreatic cancer cell 
lines [227]. With a similar structure as BAY-293, another orally 
bioavailable small molecule SOS1 inhibitor, BI-3406, was discovered by 

SBDD [228]. This compound binds to the catalytic domain of SOS1 with 
low nanomolar affinity, avoiding its interaction with KRAS and sup
pressing tumor growth in xenograft models of KRAS-driven cancers. 
Moreover, BI-3406 was able to attenuate adaptive resistance to MEK 
inhibitors induced by feedback reactivation, suggesting that combined 
SOS1 and MEK inhibition may represent a novel therapeutic approach to 
manage KRAS-driven tumors [229]. Interestingly, both BAY-293 and 
BI-3406 contain the same quinazoline scaffold as many EGFR inhibitors, 
such as erlotinib. In order to avoid binding to EGFR and achieve selec
tivity for SOS1 a 2-methyl substituent was included in their structure.

The small molecule BI-1701963 developed by Boehringer Ingelheim 
was the first SOS1 inhibitor reported to have entered clinical trials. 
Binding of this compound to the catalytic site of SOS1 blocks its inter
action with RAS–GDP, thereby avoiding RAS activation. Treatment with 
BI-1701963 has shown cytostasis of cancer cells addicted to KRAS 
signaling in preclinical studies. The first Phase I trial testing BI-1701963 
either alone or in combination with trametinib (MEK inhibitor) is 
ongoing for KRAS-mutated solid tumors (NCT04111458) [230]. Two 
other Phase I clinical trials studied BI-1701963 combined with irinote
can (NCT04627142) or the MEK inhibitor BI-3011441 (NCT04835714) 
for the treatment of solid tumors but were prematurely terminated due 
to non-clinical reasons. Moreover, another Phase I trial that evaluated 
BI-1701963 in combination with the irreversible KRASG12C inhibitor 
MRTX849 (adagrasib) in patients with KRASG12C-mutated advanced 
solid tumors has been completed but results have not yet been published 
(NCT04975256). BI-1701963 is also being tested in a Phase I clinical 
trial combined with the KRASG12C inhibitor BI-1823911 
(NCT04973163). Finally, Boehringer Ingelheim established clinical 
collaboration with Amgen to perform a Phase Ib/II clinical trial of 
BI-1701963 in combination with the KRASG12C inhibitor sotorasib in 
patients with KRASG12C-mutated advanced solid tumors 
(NCT04185883). MRTX0902 is another inhibitor of the SOS1/KRAS PPI 
that is currently being tested in a Phase I/II clinical trial alone or in 
combination with adagrasib in patients with advanced solid tumor 
malignancy with mutations in the KRAS or MAPK pathways 
(NCT05578092). This brain-penetrant and orally bioavailable com
pound exhibited almost complete tumor regression in xenografts models 
of pancreatic cancer when administered in combination with 
sub-maximal doses of adagrasib [207].

5.7. Inhibitors of CCR5/CCL5 and/or CCR2/CCL2

Emerging resistance to classical antiretroviral agents for HIV has led 
to the need to develop drugs with novel mechanisms of action. Mar
aviroc (UK-427857) is an orally bioavailable CCR5 antagonist approved 
for the treatment of HIV infection in combination with other antiretro
viral drugs. This small molecule acts by blocking the binding of the gp- 
120 glycoprotein from the viral envelope to CCR5 chemokine receptor 
on the surface of certain immune cells, thereby preventing fusion of the 
viral membrane with the membrane of these cells and the consequent 
viral entry. By blocking this entry point, maraviroc helps reduce viral 
load in individuals with HIV and slows down disease progression [231]
(Fig. 9A). Several others CCR5 antagonists are undergoing clinical trials 
(e.g., leronlimab, cenicriviroc, vicriviroc, etc.). Based on reported rele
vance of CCR5 activation in cancer initiation and progression, several of 
these antagonists that were initially developed for HIV therapy, are now 
being studied in the oncology field.

The CCR5 receptor, also known as C-C chemokine receptor type 5, is 
a chemokine receptor belonging to the family of G protein-coupled re
ceptors. As a member of this family, it is composed of seven trans
membrane helical domains linked by three extracellular loops (ECLs) 
and three intracellular loops (ICLs). The ECLs together with the N-ter
minus of CCR5 participate in chemokine (e.g., CCL5, CCL3, CCL4 and 
CCL8) binding, whereas the ICLs and the C-terminal domain play an 
important role in G protein-mediated signal transduction [232,233]
(Fig. 9B). As described before, CCR5 is mainly found in immune cells and 
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plays a fundamental role in the inflammatory response by directing cells 
to sites of inflammation [234]. This receptor has been found overex
pressed in different cancer types [235–237] in a mechanism that seems 
to be induced by oncogenic transformation [220]. Among CCR5 ligands, 
the chemokine CCL5 (also called RANTES) has also been found over
expressed in different tumor types and together with CCR5 seems to be 
associated with cancer progression and metastasis [235,238–241] and 
the building of an immunosuppressive tumor-promoting tumor micro
environment (TME) [242,243]. Treatment with maraviroc or other 
CCR5 small molecule (vicriviroc, TAK-779, etc.) or monoclonal antibody 
(leronlimab) antagonists inhibited CCL5 activation reducing the inva
siveness and metastatic potential of different cancer cell types [236,237, 
244,245]. In fact, maraviroc has shown to be particularly effective for 
treating CRC and pancreatic liver metastases [242,246] and mammary 
lung metastases [236,247]. In the molecular level, CCR5 blockade 
induced apoptosis and arrest in the G1 phase of the cell cycle [242,245, 
246,248]. Maraviroc and vicriviroc also enhanced DNA damage induced 
by different chemotherapeutic agents exerting synergistic effects [249, 
250]. High levels of both CCR5 and its ligand, CCL5, have been detected 
in patients with chronic liver disease and fibrosis [251], and maraviroc 
seemed to reduce the development of hepatocellular carcinoma (HCC) in 
a murine chronic liver disease model [252]. Thanks to all these pre
clinical data showing involvement of the CCL5/CCR5 axis in cancer 
progression and metastasis, CCR5 inhibitors progressed to clinical trials 
for cancer treatment.

Several clinical trials with the CCR5 antagonists maraviroc, ler
onlimab (PRO 140) and vicriviroc alone or in combination with 
chemotherapy, in Kaposi’s sarcoma (maraviroc, Phase II, 
NCT01276236), CRC with liver metastases (maraviroc, Phase I, MAR
ACON trial, NCT01736813), CCR5 + locally advanced or metastatic 
solid tumors (leronlimab, Basket study, NCT04504942) and triple- 
negative breast cancer (TNBC) (leronlimab, Phase Ib/II, 
NCT03838367) are completed, ongoing or recruiting. More concretely, 
in the MARACON trial no significant side effects for maraviroc treatment 
were observed in previously treated metastatic CRC patients and partial 
responses were achieved in patients with previously refractory disease 

[253]. Leronlimab in combination with carboplatin seems to be also well 
tolerated and has demonstrated promising preliminary results in the 
Phase Ib/II clinical trial (NCT03838367) for patients with CCR5 + me
tastatic TNBC [254]. Some of these compounds are being or have been 
clinically investigated in association with immunotherapy (anti-PD-1) 
for metastatic CRC (maraviroc, Phase I, PICASSO trial, NCT03274804; 
maraviroc, Phase I, LUMINESCENCE trial, NCT04721301; vicriviroc, 
Phase II, NCT03631407) and pancreatic cancer (maraviroc, Phase I, 
NCT03274804). In the PICASSO trial (NCT03274804), therapy with 
maraviroc combined with pembrolizumab exhibited a beneficial toxicity 
pattern but did not show relevant clinical activity in patients with re
fractory mismatch repair proficient CRC. However, the high response 
rates or disease stabilizations observed to poststudy exposure to cyto
toxic treatment require further investigation [255]. The combination of 
vicriviroc plus pembrolizumab employed in the Phase II trial 
(NCT03631407) for treating advanced or metastatic microsatellite sta
ble (MSS)/mismatch repair proficient (pMMR) CRC also showed limited 
antitumor activity with manageable toxicity [256].

CCR2 is another chemokine receptor structurally related to CCR5. 
Genes codifying for CCR2 and CCR5 share significant sequence homol
ogy [257], probably indicating that they arose from a gene duplication 
[258]. While CCR5 is expressed on a broad range of immune cells, 
neurons, fibroblasts and other cell types, normal CCR2 expression is 
almost restricted to monocytes, NK and T lymphocytes. CCR2 also binds 
to some of the same chemokines as CCR5, being CCL2 the most potent 
and only selective ligand [259]. The CCL2/CCR2 signaling axis has been 
related to the pathogenesis of many inflammatory and neurodegenera
tive diseases such as atherosclerosis, autoimmune diseases and cancer 
[258–262]. In the case of cancer, this axis has been shown to be espe
cially relevant for the metastatic process. CCL2 can be synthesized by 
both stromal and tumor cells in the TME, where it recruits immune cells 
and modulates angiogenesis and tumor extravasation, growth and pro
gression [260,263–265]. Since both CCR5 and CCR2 seem to intervene 
in the pathogenesis of cancer and other diseases, dual inhibitors of these 
two receptors have been developed. On the one hand, cenicriviroc 
(TAK-652), which was first developed for the treatment of HIV infection 

Fig. 9. CCR5/CCL5 and CCR2/CCL2 PPI. A. CCR5 and CCR2 are chemokine receptors expressed in immune cells, fibroblasts and neurons. Their respective ligands, 
CCL5 and CCR2 trigger signaling cascades associated with inflammation. Elevated expression of these receptors is observed in various cancer types, promoting 
oncogenic transformation, cancer progression and metastasis. Antagonists targeting these receptors are crucial in HIV treatment, inhibiting viral membrane inter
action with CCR. Additionally, they play a pivotal role in mitigating inflammatory responses and restraining cancer progression. B. As for the CCR5/CCL5 PPI (PDB: 
7F1R), the CCR5 receptor is a chemokine receptor belonging to the family of G protein-coupled receptors composed of seven transmembrane helical domains linked 
by three extracellular loops (ECLs) and three intracellular loops (ICLs). The ECLs together with the N-terminus of CCR5 participate in chemokine (e.g., CCL5 or 
RANTES) binding, whereas the ICLs and the C-terminal domain play an important role in G protein-mediated signal transduction. Thanks to preclinical data showing 
an involvement of the CCL5/CCR5 axis in cancer progression and metastasis, CCR5 inhibitors are being studied at the clinical setting for cancer treatment. Con
cerning the CCR2/CCL2 PPI (PDB: 7XA3), CCR2 is another chemokine receptor structurally related to CCR5. CCR2 also binds to some of the same chemokines as 
CCR5, being CCL2 the most potent and only selective ligand. The CCL2/CCR2 signaling axis has also been related to the metastatic process. Since both CCR5 and 
CCR2 seem to intervene in cancer pathogenesis, dual inhibitors of these two receptors have been developed and have progressed to clinical trials. Figure created 
in BioRender.
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[266], is a first-in-class dual CCR2/CCR5 antagonist that has been 
studied in clinical trials for different indications but specially to treat 
liver fibrosis in adults with nonalcoholic steatohepatitis (CENTAUR 
trial, NCT02217475; AURORA trial, NCT030287400), which is a 
high-risk condition for developing hepatocellular carcinoma. However, 
the Phase III AURORA trial did not demonstrate the efficacy of cen
icriviroc for treating liver fibrosis [267]. On the other hand, 
BMS-813160 is another dual CCR2 and CCR5 antagonist that exhibited 
good preclinical results [268] and entered clinical trials for different 
types of cancer. This compound was tested in a Phase II trial in combi
nation with nivolumab for advanced renal cell carcinoma (FRAC
TION-RCC trial, NCT02996110). Soon afterwards another Phase Ib/II 
study studied BMS-813160 in combination with chemotherapy or 
nivolumab in patients with advanced solid tumors (NCT03184870). 
BMS-813160 is also being tested in two Phase I/II trials for the treatment 
of PDAC associated with nivolumab, gemcitabine and paclitaxel 
(NCT03496662) and with neoadjuvant and adjuvant nivolumab with or 
without the cancer vaccine GVAX (NCT03767582). Preliminary results 
from this second clinical trial associating 300 mg of BMS-813160 orally 
twice a day with neoadjuvant and adjuvant nivolumab with or without 
GVAX (NCT03767582), have shown that this combination is safe, and 
neoadjuvant use does not lead to a delay in surgery [269]. Moreover, a 
Phase II study analyzing neoadjuvant nivolumab combined with 
BMS-813160 for NSCLC or HCC has just been completed 
(NCT04123379).

5.8. Other peptide drugs modulating PPIs for cancer treatment or 
prevention

Peptides were once almost discarded as potential lead compounds 
because of their generally low half-life, poor physicochemical stability 
and challenging oral administration due to proteolytic degradation, 
amongst other reasons. The improvement in, for instance, peptide syn
thesis and purification techniques, as well as the incorporation of non- 
native amino acids has ameliorated their pharmaceutical profiles and 
has led to the gaining attention of peptides as promising new drugs. In 
fact, more than 70 therapeutic peptides have been to date approved and 
marketed and more than 140 are currently being tested in clinical trials 
[270,271]. Recently, one of the most successful examples of these types 
of drugs are the glucagon-like peptide of type 1 (GLP-1) analogues, lir
aglutide and semaglutide, approved for the treatment of type 2 diabetes 
and obesity, that exceeded 23 B$ net sales in 2023 [272]. Moreover, 
according to several market studies the peptide therapeutic segment is 
expected to suffer important growth in the following years, from an 
estimated 43 B$ market size in 2024 to reaching 60 B$ by 2029. This 
significant growth is mostly due to new developments of peptide drugs 
for cancer treatment. However, market growth will probably be 
restrained by instability issues, high costs of development and rigorous 
regulatory requirements [273].

Related to Section 5.7., balixafortide is a synthetic cyclic peptide that 
acts as a potent and selective antagonist of the chemokine receptor 
CXCR4, which also belongs to the superfamily of the seven- 
transmembrane G-protein coupled receptors. This receptor is 
expressed by numerous tissues, including hematopoietic and endothelial 
cells. The natural ligand of CXCR4 is the chemokine SDF-1 (also named 
CXCL12), that regulates multiple physiological processes, including 
embryonic development and organ homeostasis [274]. CXCR4 has been 
found overexpressed in several cancer cell lines [275–277], and this 
overexpression has been related to poor prognosis [278]. SDF-1 has also 
been highly expressed in cancer-associated fibroblasts, suggesting a role 
in cell survival, metastasis and chemoresistance via activation CXCR4 
receptor [277,279]. In this context, balixafortide was studied in a Phase 
III clinical trial, which was early terminated due to failure to meet the 
primary endpoint, in combination with eribulin versus eribulin alone in 
HER2-negative patients with locally recurrent or metastatic breast 
cancer (NCT03786094). It was also analyzed in a more recent 

dose-escalation Phase I trial also in associated with eribulin for 
HER2-negative metastatic breast cancer (NCT01837095) [280].

Cancer progression and tumorigenesis can be also brought on by 
dysregulation of interleukin signaling or production [281]. In fact, the 
upregulation of several interleukins has been associated with many tu
mors [282–284]. BNZ-1 (also known as BNZ132–1–40) is a pegylated 
helical peptide that selectively inhibits interleukins IL-2, IL-9, and IL-15 
by blocking their binding to their cellular receptor complex involving 
the gamma chain (γc) [285]. IL-15 and IL-2 have been shown to drive 
T-cell-mediated malignancies including T-cell large granular lympho
cyte leukemia (T-LGLL) and HTLV-1 driven adult T-cell leukemia [286]. 
This peptide was studied in a Phase I/II dose-ranging trial to charac
terize the safety, tolerability, preliminary efficacy, and pharmacokine
tics/pharmacodynamics of up to four dose levels of BNZ-1 in patients 
with T-LGLL or refractory cutaneous T-cell lymphoma (NCT03239392). 
Results from this study showed that BNZ-1 demonstrated clinical partial 
responses in 20 % of patients with T-LGLL with minimal toxicity and 
that T-LGL leukemic cells were dependent on IL-15 [287].

VT1021 is a first-in-class cyclic peptide that has been shown to 
inhibit tumor growth via stimulation of thrombospondin-1 (Tsp-1) and 
reprogramming the TME in preclinical models [288]. Tsp-1 is a secreted 
protein that acts by inhibiting angiogenesis, stimulating tumor cell 
migration, and regulating antitumor immunity and the activity of 
extracellular proteases and growth factors within the TME [289]. An 
open-label Phase I trial of VT1021 in patients with advanced solid tu
mors is ongoing (NCT03364400). Preliminary results have shown that 
this peptide is safe and well-tolerated and partial response and stable 
disease with tumor shrinkage has been observed in multiple patients 
[290]. Another Phase II/III trial to evaluate multiple regimens in newly 
diagnosed and recurrent glioblastoma is currently recruiting 
(NCT03970447).

ALM201 is a therapeutic peptide derived from FKBPL, which is a 
protein involved in many cellular processes like cell cycle progression, 
signaling and differentiation and angiogenesis. At the cellular level 
FKBPL interacts with Hsp90, resulting in p21 stabilization and the 
regulation of estrogen receptor, androgen receptor and glucocorticoid 
receptor signaling [291–293]. Additionally, it has a critical extracellular 
role in angiogenesis by a mechanism that seems to be CD44-dependent 
[294,295]. ALM201 was the resultant peptide of improving the structure 
of AD-01, which was unstable [296]. AD-01 had demonstrated anti
angiogenic effects and reduced cancer stem cells using breast cancer cell 
lines, primary patient samples, and xenografts [297]. The second gen
eration peptide, ALM201, exhibited promising antiangiogenic effects 
with potency in the low picomolar range in in vitro and ex vivo assays 
[298]. ALM201 was studied in a Phase I dose-escalation study in patients 
with advanced ovarian cancer and other solid tumors (EudraCT number: 
2014–001175–31; NCT03427073), that showed that doses up to 300 mg 
of ALM201 subcutaneously were feasible and well-tolerated [296]. 
Furthermore, ALM201 was designated orphan drug status in 2017 by the 
FDA in ovarian cancer.

Tyroserleutide is a tripeptide compound with inhibitory effects on 
hepatocellular carcinoma, by downregulating calmodulin and protein 
expression of PI3K subunits p85 and p110, intervening in the signal 
transduction pathway in tumor cells and overcoming the dysfunctional 
PI3K activity in tumors [299]. This peptide is being tested in two Phase 
III trials in hepatocellular carcinoma patients (NCT01489566 and 
NCT03516448).

Foxy-5 is a formylated Wnt-5a-derived hexapeptide that triggers 
cytosolic free calcium signaling without affecting β-catenin activation 
and impairs epithelial cancer cells migration and invasion [300]. Dys
regulation of the non-canonical member of the Wnt family Wnt-5a has 
been associated with cancer progression, but differences in its function 
have been observed in different types of cancer. In fact, the axis formed 
by Wnt5a and its receptor Ror2 has been found constitutively activated 
in some cancer cells, conferring invasive properties, but it also exhibits a 
tumor-suppressive function in other cancers [301]. Foxy-5 is currently 
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being tested in a Phase II study as neo-adjuvant therapy in subjects with 
Wnt-5a low colon cancer (NCT03883802).

Several peptides are also being developed to treat cancer types 
associated with the endocrine system. Gonadotropin-releasing hormone 
(GnRH), also called luteinizing hormone-releasing hormone (LHRH), is 
a decapeptide that is secreted in pulses by hypothalamic neurons and 
then binds and stimulates the G-protein coupled receptors, GnRH re
ceptors (GnRHR), on pituitary gonadotrophs so that they synthesize and 
secrete the gonadotropin hormones, luteinizing hormone (LH) and 
follicle-stimulating hormone (FSH). LH and FSH are secreted into the 
systemic circulation and exert their effect on the ovaries and testes to 
control gonadal production of gametes and the sex steroids testosterone 
in the testes and estradiol and progesterone in the ovaries [302]. 
Androgen deprivation therapy (ADT) is a critical treatment for prostate 
cancer that can be performed as surgical castration or medical castration 
using GnRH agonists or antagonists. Agonists, which are the most 
commonly used medications for ADT, act by downregulating GnRHR in 
the pituitary gland, and in consequence, testosterone. Some disadvan
tages related to their mechanism of action have appeared, such as 
long-term cardiovascular risks, the development of diabetes, the 
appearance of tumor flares, a potential increase in non-cancer mortality, 
an initial testosterone surge and testosterone microsurges on repeated 
administration. Antagonists, conversely, directly inhibit the androgen 
receptor in the pituitary gland, avoiding testosterone surges [303,304]. 
Ozarelix is a novel fourth generation antagonist of the GnRH, that 
showed an immediate and complete suppression of testosterone in vivo. 
It also significantly sensitized androgen-independent prostate cancer 
cell lines to TRAIL or anti-CD95-mediated apoptosis resulting in a syn
ergistic effect [305]. Ozarelix was tested in a Phase II trial to assess the 
safety and efficacy of a monthly regimen of subcutaneous ozarelix versus 
goserelin depot also administered subcutaneously in men with prostate 
cancer (NCT01252693).

EP-100 is a synthetic lytic peptide that targets the GnRHR on cancer 
cells. This receptor has been found to be overexpressed in many human 
tumors (e.g., breast, ovarian, endometrial, prostate, bladder and colo
rectal cancers), but not highly expressed or only at low levels in adjacent 
normal tissues [306–308]. The mechanism of action of EP-100 seems to 
be related with its interaction with a negatively charged tumor cell 
membrane, causing cell death through membrane lysis within a few 
minutes. A synergistic effect between olaparib and EP-100 was also 
observed, indicating a promising therapeutic strategy for ovarian cancer 
[308,309]. EP-100 was studied in a Phase II clinical trial in combination 
with paclitaxel versus paclitaxel alone in patients with ovarian cancer 
(NCT01485848).

Some other peptide drugs have been tested in the clinical setting for 
cancer prevention. Some examples are fexapotide triflutate, dolcanatide, 
BBT-401 and elsiglutide. Fexapotide triflutate (also referred to as NX- 
1207) is a first-in-class peptide that stimulates caspase pathways, 
tumor necrosis factor pathways and BCL pathways in prostate glandular 
epithelial cells [310] that has been studied in several Phase III clinical 
trials for managing benign prostatic hyperplasia (e.g., NCT01438775, 
NCT01846793). Dolcanatide (also named SP-333) is an oral uroguanylin 
analog structurally modified for enhanced stability and extended 
persistence to activate the tumor-suppressing receptor guanylyl cyclase 
C (GUCY2C) in small and large intestine. This compound was tested in a 
Phase II trial to assess its safety and efficacy for the treatment of 
opioid-induced constipation (NCT01983306) and in a Phase I study for 
preventing colorectal cancer in healthy volunteers (NCT03300570). 
BBT-401 is an orally available tetra-peptide that specifically binds to 
Pellino-1, an E3 ubiquitin ligase involved in innate immune response, 
and that has been tested in Phase II clinical trials for ulcerative colitis 
treatment (NCT04596293) [311]. Finally, elsiglutide is a selective 
glucagon-like peptide of type 2 (GLP-2) derivative that was developed as 
adjuvant to chemotherapy to reduce chemotherapy-induced diarrhea 
[312]. This peptide has completed two Phase II clinical trials for pre
venting chemotherapy-induced diarrhea (NCT02383810, 

NCT01543451).

6. Conclusions

Classical drug discovery approaches usually focused on the devel
opment of compounds that targeted interactions between ligands and 
individual proteins such as receptors, ion channels or enzymes, since 
they contained well-defined binding sites. However, these approaches 
often lacked the perspective on the target landscape, what lead to the 
appearance of undesired side effects derived from other functions of the 
target or to the homeostatic compensation of the effect of these drugs 
through other pathways and the resultant reduction in their efficacy. For 
this reason, current drug discovery approaches consider not only the 
targeting of individual proteins but also information on their interaction 
network. Although PPIs were in the past considered ‘undruggable’, 
recent advances in the genetic, proteomic and computational level 
amongst others, have improved the available knowledge about protein 
interfaces, leading to an increasing number of clinical trials that include 
PPI modulators for the treatment of different diseases. Nevertheless, PPI 
networks are highly dynamic, and further studies should be performed 
for better understanding of the evolution of these systems. Moreover, 
there is an urgent need for the resolution of additional PPI interfaces that 
can be targeted by PPI modulators and for the improvement of the 
computational tools assessing the druggability of these PPIs and the 
identification of novel hotspots or druggable sites. Related to the 
available databases collaborative efforts should be taken to overcome 
challenges, such as data heterogeneity and the lack of data standardi
zation, multi-omics data should be integrated, and new tools related to 
deep learning and artificial intelligence should be incorporated in these 
databases to ameliorate the predictions.

When screening for PPI modulators, several authors have employed 
the HTS approach. However, the success of this technique has been 
shown to depend on the use of large compound libraries that contain 
enough chemical diversity, complexity and biological relevance. SBDD, 
another approach that uses one of the target proteins to rationally design 
the PPI modulator, has also been commonly used and has led to the 
discovery of promising compounds, such as the Smac mimetic 
Debio1143 or the SOS1 inhibitor BAY-293. Another approach that uses 
the knowledge on the PPI interface is the FBDD approach. In this case, 
after the identification of a specific small fragment that exhibits weak 
target binding, several chemical modifications can be introduced to 
enhance this binding. All these methods can also be combined altogether 
in order to improve the screening design, such as in the discovery of the 
dual ROCK-AKT inhibitor AT13148. However, several limitations can be 
faced when trying to employ these three methods for drug screening, 
such as the fact that several protein complexes lack experimental data on 
their 3D structure. Recent developments to overcome these limitations 
include the use of new computational tools, including protein docking 
and homology modelling, combined with low-resolution experimental 
techniques. These tools have the potential to help on the identification of 
suitable cavities in protein-protein interfaces through molecular dy
namic simulations that may serve as starting points for further docking 
or VS studies, and also as a pre-screen to prioritize compounds for their 
experimental evaluation. Moreover, the discovery of hotspot residues 
within PPI interfaces has revolutionized the discovery of PPI inhibitors 
using small molecules, as the targeting of these hotspots often induce the 
breakage of critical interactions or small conformational changes that 
make the pocket deeper. The study of hotspots within PPIs has helped as 
a starting point, for instance, on the discovery of the MDM2/p53 in
hibitors nutlins or the BCL-2-inhibitor approved for treating leukemia, 
venetoclax. All these methods should also be improved by incorporating 
machine-learning and artificial intelligence tools to maximize the po
tential of identifying interesting candidates for PPI modulation. Finally, 
as for the experimental analysis of the most promising candidates, the 
biophysical and biochemical techniques employed to date should also be 
optimized and additional validating techniques should be developed 
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and implemented for the successful discovery of PPI modulators.
In summary, several challenges can be faced when seeking for PPI 

inhibitors for cancer treatment. However, the approval of venetoclax 
and the presence of an expanding-amount on clinical trials and in pre- 
clinical phases, offers hope that a better knowledge of PPI interfaces 
and PPI networks, and the improvement of the existing methods added 
with new emerging approaches, will lead to the development of novel 
specific PPI inhibitors for a wide range of diseases, including cancer, 
neurodegenerative disorders, and autoimmune conditions.
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J. Blanco, A.R. Ortiz, À. Messeguer, T.M. Thomson, Protein-protein interaction 
antagonists as novel inhibitors of non-canonical polyubiquitylation, PLoS One 5 
(2010), https://doi.org/10.1371/journal.pone.0011403.

[77] P.P. Dike, S. Bhowmick, G.E. Eldesoky, S.M. Wabaidur, P.C. Patil, M.A. Islam, In 
silico identification of small molecule modulators for disruption of Hsp90–Cdc37 
protein–protein interaction interface for cancer therapeutic application, 
J. Biomol. Struct. Dyn. 40 (2022), https://doi.org/10.1080/ 
07391102.2020.1835714.

[78] H.R. Lawrence, Z. Li, M.L. Richard Yip, S.S. Sung, N.J. Lawrence, M. 
L. McLaughlin, G.J. McManus, M.J. Zaworotko, S.M. Sebti, J. Chen, W.C. Guida, 
Identification of a disruptor of the MDM2-p53 protein-protein interaction 
facilitated by high-throughput in silico docking, Bioorg. Med Chem. Lett. 19 
(2009), https://doi.org/10.1016/j.bmcl.2009.04.124.

[79] B.J. Aubrey, G.L. Kelly, A. Janic, M.J. Herold, A. Strasser, How does p53 induce 
apoptosis and how does this relate to p53-mediated tumour suppression? Cell 
Death Differ. 25 (2018) https://doi.org/10.1038/cdd.2017.169.

[80] B.J. Aubrey, A. Strasser, G.L. Kelly, Tumor-suppressor functions of the TP53 
pathway, Cold Spring Harb. Perspect. Med 6 (2016), https://doi.org/10.1101/ 
cshperspect.a026062.

[81] V.J.N. Bykov, S.E. Eriksson, J. Bianchi, K.G. Wiman, Targeting mutant p53 for 
efficient cancer therapy, Nat. Rev. Cancer 18 (2018), https://doi.org/10.1038/ 
nrc.2017.109.

[82] S. Shangary, S. Wang, Small-molecule inhibitors of the MDM2-p53 protein- 
protein interaction to reactivate p53 function: A novel approach for cancer 
therapy, Annu Rev. Pharm. Toxicol. 49 (2009) 223–241, https://doi.org/ 
10.1146/annurev.pharmtox.48.113006.094723.

[83] Q. Ding, Z. Zhang, J.J. Liu, N. Jiang, J. Zhang, T.M. Ross, X.J. Chu, D. Bartkovitz, 
F. Podlaski, C. Janson, C. Tovar, Z.M. Filipovic, B. Higgins, K. Glenn, K. Packman, 
L.T. Vassilev, B. Graves, Discovery of RG7388, a potent and selective p53-MDM2 
inhibitor in clinical development, J. Med. Chem. 56 (2013), https://doi.org/ 
10.1021/jm400487c.

[84] N. Atatreh, M.A. Ghattas, S.K. Bardaweel, S. Al Rawashdeh, M. Al Sorkhy, 
Identification of new inhibitors of Mdm2-p53 interaction via pharmacophore and 
structure-based virtual screening, Drug Des. Devel Ther. 12 (2018), https://doi. 
org/10.2147/DDDT.S182444.

[85] B. Vu, P. Wovkulich, G. Pizzolato, A. Lovey, Q. Ding, N. Jiang, J.J. Liu, C. Zhao, 
K. Glenn, Y. Wen, C. Tovar, K. Packman, L. Vassilev, B. Graves, Discovery of 
RG7112: a small-molecule MDM2 inhibitor in clinical development, ACS Med. 
Chem. Lett. 4 (2013) 466–469, https://doi.org/10.1021/ml4000657.

[86] H. Chen, D. Luo, L. Zhang, X. Lin, Q. Luo, H. Yi, J. Wang, X. Yan, B. Li, Y. Chen, 
X. Liu, H. Zhang, S. Liu, M. Qiu, D. Yang, N. Jiang, Restoration of p53 using the 
novel MDM2-p53 antagonist APG115 suppresses dedifferentiated papillary 
thyroid cancer cells, Oncotarget 8 (2017), https://doi.org/10.18632/ 
oncotarget.17398.

[87] M.F. Shaheen, J.M. Segar, B. Chmielowski, J.J. Drabick, M. McKean, J.A. Reeves, 
C.S. Karapetis, M.M. Orloff, A.W. Tolcher, J.T.T. Beck, B. Gastman, A. De, 
B. Paudyal, R.E. Winkler, M. Li, M. Ahmad, D. Yang, Y. Zhai, A phase 2 study of 
alrizomadlin (APG-115) in combination with pembrolizumab in patients with 
unresectable or metastatic cutaneous melanoma that has failed immuno- 
oncologic (IO) drugs, J. Clin. Oncol. 41 (2023), https://doi.org/10.1200/ 
jco.2023.41.16_suppl.9559.

[88] A. Czarna, G.M. Popowicz, A. Pecak, S. Wolf, G. Dubin, T.A. Holak, High affinity 
interaction of the p53 peptide-analogue with human Mdm2 and Mdmx, Cell Cycle 
8 (2009), https://doi.org/10.4161/cc.8.8.8185.

[89] S. Francoz, P. Froment, S. Bogaerts, S. De Clercq, M. Maetens, G. Doumont, 
E. Bellefroid, J.C. Marine, Mdm4 and Mdm2 cooperate to inhibit p53 activity in 
proliferating and quiescent cells in vivo, Proc. Natl. Acad. Sci. USA 103 (2006), 
https://doi.org/10.1073/pnas.0508476103.

[90] A. Boltjes, Y. Huang, R. Van De Velde, L. Rijkee, S. Wolf, J. Gaugler, K. Lesniak, 
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[188] F.P. Fiorentino, E. Tokgün, S. Solé-Sánchez, S. Giampaolo, O. Tokgün, T. Jauset, 
T. Kohno, M. Perucho, L. Soucek, J. Yokota, Growth suppression by MYC 
inhibition in small cell lung cancer cells with TP53 and RB1 inactivation, 
Oncotarget 7 (2016), https://doi.org/10.18632/oncotarget.8826.
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