
Targeting steroid receptor
coactivators in cancer via small
molecule agents

Yosi Gilad1,2*, Ortal Shimon1,2, David M. Lonard1,2,3* and
Bert W. O’Malley1,2,3*
1Department of Molecular and Cellular Biology, Baylor College of Medicine, Houston, TX, United States,
2CoRegen, Inc., Baylor College of Medicine, Houston, TX, United States, 3Nuclear Receptor,
Transcription and Chromatin Biology Program, Dan L. Duncan Cancer Center, Baylor College of
Medicine, Houston, TX, United States

Steroid receptor coactivators (SRCs) are a family of nuclear receptor (NR)
coregulators comprised of three evolutionarily related, yet distinct proteins
SRC-1, SRC-2 and SRC-3. The SRCs interact with NRs and other transcription
factors to regulate their transcriptional activity, impacting a wide variety of
physiological and pathological processes. Abnormal expression or dysfunction
of SRCs is associated with a diverse range of pathological conditions, including
metabolic disorders, genetic and reproductive malfunctioning, impaired
embryogenesis and most notably cancer which is the focus of this review. As
key integrators of NR and growth factor signaling pathways, SRCs regulate
multiple oncogenic programs, particularly in hormone-related malignancies,
and thus represent attractive biological targets for cancer treatment. Here we
review the evolution of the discovery process for small molecule targeting agents
of SRCs and the opportunities they present for cancer therapy.
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Introduction

Nuclear receptors (NRs) are a large family of transcription factors (TFs), that is
comprised of 48 members in humans. NRs exert their gene-expression regulatory role
by directly binding to cis regulatory elements on DNA (De Bosscher et al., 2020; Perissi and
Rosenfeld, 2005). Most human NRs transduce their signaling into physiological responses
in a hormone-dependent manner. However, several NRs are classified as “orphans”, since
they either have no cognate ligand or their ligands have not been identified. To drive
transcription, all NRs are dependent on interaction with another family of proteins - nuclear
coactivators (Johnson and O’Malley, 2012). Binding of a coactivator to a NR promotes the
recruitment of other regulatory proteins and assembly of the transcriptional machinery.
SRCs are a family of three paralogous nuclear coactivators that regulate multiple NRs, as
well as other TFs that are not dependent on ligand binding, thus having an impact on a wide
variety of major physiological processes, including reproduction, development, metabolism
and immunity (Xu et al., 1998; Puigserver et al., 1999; Stashi et al., 2014; O’Malley, 2020;
Gehin et al., 2002; Mukherjee et al., 2006; Gilad et al., 2022; Gilad et al., 2024). In addition to
their importance in maintaining normal physiological functions, all three SRCs are
considered oncoproteins, since their overexpression and abnormal functioning are
strongly linked to a wide range of malignant diseases, particularly hormone-related
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cancers. Among the three SRCs, SRC-3 is the most established
coactivator in breast cancer (BC); it is usually overexpressed in
this disease (Anzick et al., 1997), and its overexpression is
strongly associated with poor outcomes (Hudelist et al., 2003;
Zhao et al., 2003; Osborne et al., 2003). Beyond BC, SRC-3 has
been also associated with multiple other types of cancer,
including ovarian (Bautista et al., 1998), endometrial (Kershah
et al., 2004), prostate (Gnanapragasam et al., 2001), liver (Wang
et al., 2002), pancreatic (Henke et al., 2004), colorectal (Xie et al.,
2005), and lung (Cai et al., 2010). Like SRC-3, SRC-1 is also a
significant factor in BC, playing key roles in cell migration and
metastasis (Qin et al., 2009; Wang et al., 2009) and its increased
expression is correlated with poor prognosis and recurrent
disease (Fleming et al., 2004). Beyond its role in BC, SRC-1
activity is also associated with prostate, thyroid and endometrial
cancers (Walsh et al., 2012). SRC-2 is the most associated
member of the SRC family with prostate cancer. It is amplified
in close to 10% of primary and 40% of metastatic prostate cancers
(Taylor et al., 2010) and its gain of function is correlated with
high recurrence of the disease and poor outcomes (Agoulnik
et al., 2006; Dasgupta et al., 2015).

Traditional treatment of hormone-related cancers primarily
relies on a direct targeting of NRs, to which cancer cells
frequently develop resistance. As multifaceted regulatory
oncoproteins that orchestrate the activity of NRs, SRCs are
considered attractive alternatives to NRs as targets in the
treatment of hormone-related cancers. However, SRCs have
historically been considered undruggable due to the nature of
their biological activity, which relies on protein-protein
interactions, their large size and flexible structure, and the lack of
a defined ligand activation domain. To circumvent the
‘undruggability’ of the SRCs, early efforts were focused on
identifying substances that disrupt the protein-protein
interactions between SRCs and NRs, rather than by directly
targeting the SRCs themselves (Rodriguez et al., 2004; Mettu
et al., 2007; Gunther et al., 2009).

The challenge of directly targeting SRCs has been met by
harnessing high throughput (HTP) screening technology as well
as specific luciferase-reporter assays designed to detect alterations in
SRC transcriptional activity and protein levels. This approach led to
the discovery and identification of several groups of small molecules
capable of perturbing the biological activity of SRCs. Initially, three
naturally occurring small molecule inhibitors (SMIs) were identified,
demonstrating that SRCs could be directly inhibited by small-
molecule substances (Yan et al., 2014; Wang et al., 2014; Wang
et al., 2011). Subsequently, a first-in-class synthetic SRC SMI with
improved drug-like properties was discovered (Song et al., 2016).
Moreover, this discovery platform, originally designed to identify
substances that inhibit SRC activity, also led to the discovery of a
group of molecules that stimulate an SRC-driven luciferase signal,
classified as SRC small molecule stimulators (SMSs) (Wang et al.,
2015). Overall, the discovery of SRC SMIs and SMSs presents a
versatile tool-box for targeting these master oncogenes that
traditionally were considered elusive biological drug targets. The
expanding repertoire of small molecules that can manipulate the
activity of the SRCs presents an opportunity to explore new
strategies in cancer treatment. In this review we describe the
evolution of the discovery process for small molecules that

directly target and modulate the activity of SRCs and the
potential implications that this presents for cancer treatment.

SRC structure

The SRC family is comprised of three proteins with a molecular
weight of ~160 kDa each that share a high degree of sequence
homology and modular similarity (Figure 1). All SRCs contain three
conserved structural domains; a basic helix-loop-helix (bHLH)/Per/
Arnt/Sim (bHLH-PAS) activation domain at the N-terminus is the
most conserved domain among the SRCs that contains a bipartite
nuclear localization signal (NLS) and is involved in several protein-
protein interactions (Li et al., 2007). The central region contains a
NR interaction domain (NRID) comprised of three LXXLL α-helical
motifs and flanking sequences around them. The LXXLL motifs
(where X represents any amino acid) are required for the ability of
the SRCs to interact with NRs (Heery et al., 1997), while the flanking
sequences determine NR binding affinity and selectivity (Darimont
et al., 1998; Coulthard et al., 2003). The C-terminus of the SRCs
contains two activation domains (ADs), AD1 and AD2, which
mediate the interactions of the SRCs with other key components
of the transcriptional machinery; AD1 recruits the histone
acetyltransferases (HATs) p300 and CREB-binding protein
(CBP), while AD2 recruits the histone methyltransferases (HMT)
coactivator-associated arginine methyltransferase 1 (CARM1) and
protein arginine N-methyl transferase 1 (PRMT1) (Johnson and
O’Malley, 2012; Lonard et al., 2023). According to their functions,
AD1 and AD2 are often referred to as the CBP interacting domain
(CID) and the HMT domain respectively. Interestingly, in addition
to recruiting HATs through their AD1, there are indications that
associate SRC ADs with weak intrinsic HAT activity, although the
cellular substrates and the overall impact of this enzymatic activity is
not clear (Spencer et al., 1997). Overall, the molecular structure and
functional domains of the SRCs allow them to bind to hormone-
activated NRs or other TFs, recruit various regulatory proteins,
including mediators and RNA polymerase II, and thus promote the
formation of an active, multiprotein transcriptional complex.

The discovery of naturally occurring
SRC inhibitors

Within the broader NR superfamily, steroid hormone receptors
(SHRs) represent one of the most important subgroup of NRs to
human health and disease, which includes estrogen receptors (ERs),
androgen receptor (AR) and progesterone receptor (PR) (Nuclear
Receptors Nomenclature Committee, 1999). The transcriptional
activity of SHRs under normal physiological conditions is
regulated by their hydrophobic small-molecule binding
ligands–the steroid hormones. Since SHRs rely on small molecule
binding to exert their biological functions and the significance of
their activity to human health and disease, they represent important
targets for small molecule drug development (Santos et al., 2017).
Indeed, many natural and synthetic small molecules that target the
ligand binding pocket of SHRs have found their way into the clinic,
particularly within the context of hormone-dependent cancers (Ulm
et al., 2019). However, despite a substantial contribution of
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endocrine therapy to cancer treatment, resistance to SHR
antagonists in hormone-dependent cancers remains an unmet
medical challenge (Musgrove and Sutherland, 2009; Osborne and
Schiff, 2011; Watson et al., 2015; Crawford et al., 2018), which
provides a strong impetus to develop alternative approaches. Since
the SRCs are essential components of SHRs function, manipulating
their biological activity represents one such approach. Therefore, the
evolving field of SRC small molecule modulators presents an
opportunity to implement this strategy. Given that the SRCs are
challenging drug targets, early attempts in this direction were
focused on targeting the protein-protein interactions of SRCs
with SHRs, rather than by direct targeting of the SRCs
themselves (Rodriguez et al., 2004; Mettu et al., 2007; Skowron
et al., 2019). One such attempt employed a fluorescence resonance
energy transfer (FRET)-based assay, which was aimed at identifying
small molecules that can disrupt the protein-protein interaction of
ERα with an SRC LXXLL NR box motif, resulting in a depository
resource of “hit” molecules that are capable of disrupting NR-SRC
interactions (PubChem databases AID 629; AID 713). Since this
screen was not designed to distinguish between molecules that target
the coactivator or SHR, a separate effort was made to
unambiguously explore SRC targeting agents. For this purpose a
two-steps mini-scale secondary screen of active molecules was
performed; 1- The fusion proteins SRC-1A-LUC and SRC-3-LUC
(Lonard et al., 2004) were transiently expressed in Hela cells which
were then subjected to a screen with hit molecules in order to
identify their capability to decrease the steady state levels of
exogenous SRCs in a selective manner. 2 - GAL4-responsive
luciferase reporter gene (pG5-luc) and expression vectors for
GAL4 DBD-SRC-1A (pBIND-SRC-1) or GAL4 DBD-SRC-3

(pBIND-SRC-3) fusion proteins (Lonard et al., 2000) were
employed to evaluate the impact of the hit molecules on the
intrinsic transcriptional activity of SRC-1 and SRC-3. Using this
evaluation method on a cohort of identified SHR-SRC interaction
inhibitors, a group of selective SRC SMI compounds was discovered,
including gossypol - a naturally occurring polyphenol found in
cotton seeds. Since gossypol has been recognized as an anticancer
compound with Bcl2 inhibitory activity (Gilbert et al., 1995; Wolter
et al., 2006; Huang et al., 2006; Meng et al., 2008), it was selected to
demonstrate the concept that SRCs can be targeted directly with
small-molecules for therapeutic intervention in cancer. Indeed,
gossypol was able to inhibit the proliferation of various cancer
cell lines and sensitize them to treatment with other anti-cancer
agents (Wang et al., 2011). Co-targeting of SRC family members
with other oncogenic proteins/pathways is a valuable tool for
overcoming acquired resistance of cancer cells to chemotherapy.
Importantly, the anti-proliferative activity of gossypol was selective
towards cancer cells and did not alter the levels of other coactivators
such as p300 and CARM1. Mechanistically, the anti-cancer activity
of gossypol was associated with its binding to the SRC-3 NRID
domain and selective reduction of endogenous levels of SRC-1 and
SRC-3. Since gossypol is a known inhibitor of Bcl2 on both mRNA
and protein levels, and since SRC-3 has several binding sites within
Bcl-2 and Bcl-Xl genes (Lanz et al., 2010), it has been suggested that
gossypol-mediated disruption of SRC-3 is an upstream event in
Bcl2 inhibition. This working model is supported by an observation
that depletion of SRC-3 by RNAi brings about decrease in mRNA
and protein levels of Bcl2 (Zhou et al., 2005). Overall, identification
of gossypol as the first ever direct SRC SMI catalyzed a large-scale
discovery campaign to identify additional molecules with such

FIGURE 1
Molecular structure of SRCs and their functional roles in steroid hormone-induced gene expression. (A)Molecular structure of SRC family members.
All three SRCs contain five conserved structural domains including a basic helix-loop-helix/period aryl hydrocarbon/simple-minded (bHLH/PAS) domain,
a serine/threonine rich (S/T) domain, a nuclear receptor interaction domain (NRID), a CBP interacting domain (CID), and a histone acetyltransferase
domain (HAT). (B) The SRCs form a complex with nuclear receptors (NR) in the presence of hormone. The SRCs then directly interact with NRs and
subsequently recruit co-coactivator proteins such as CBP/p300 and CARM1 localizing histone acetyltransferase and arginine methyltransferase activity,
respectively, to gene promoters and enhancers.
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activity. To achieve this, a similar discovery approach was employed:
HeLa cells were co-transfected with pG5-luc along with one of the
expression vectors encoding the GAL4 DNA binding domain fusion
proteins pBIND-SRC-1, pBIND-SRC-2, or pBIND-SRC-3. The
transfected cells were then utilized in a HTP screening assay to
evaluate the SRC-inhibitory activity of compounds from a chemical
library containing 359,484 distinct substances. This enabled the
identification of 428, 620 and 621 inhibitors of intrinsic
transcriptional activity of SRC-1 [PubChem AID:588,354], SRC-2
[PubChem AID:651,957] and SRC-3 [PubChem AID:588,352]
respectively, with gossypol serving as a positive control
(Figure 2A). These screens laid the foundation for two separate
studies, that were dedicated to a deeper investigation of the primary
screen results, which led to the characterization of two distinct
naturally-occurring SRC SMIs; In one study, the focus was made on
a cluster of molecules that the primary HTP screen identified as
potent inhibitors of the intrinsic transcriptional activity of SRCs. All
the molecules in this cluster shared a core structure resembling
cardiac glycosides, which are known for their anti-cancer potential
(Prassas and Diamandis, 2008). Therefore, a secondary evaluation
round was performed using MCF-7 cells that were subjected to
treatment with a panel of cardiac glycosides, including bufalin -
which is originally isolated from Chinese toad parietal glands and
has been extensively studied as a potential anti-cancer agent (Ye
et al., 2023). Among the tested cardiac glycosides, bufalin most
effectively reduced the amount of SRC-3 and SRC-1, and to a lower
extent SRC-2, protein levels in MCF-7 cells. Additionally, bufalin
significantly inhibited SRC-3 and SRC-1 intrinsic transcriptional
activity in HeLa cells at a nanomolar concentration (Wang et al.,
2014). The anti-SRC activity of bufalin is reflected in its ability to
inhibit cancer cell proliferation and to sensitize cancer cells to other
targeted therapies. Moreover, in a xenograft model of an aggressive
triple negative breast cancer (TNBC) metastatic tumor, treatment

with PEG-PLGA-based bufalin nanoparticles resulted in partial
inhibition of tumor progression (Wang et al., 2014).
Mechanistically, bufalin does not reduce the mRNA levels of
SCR-3 or SRC-1 – it rather brings about a slight increase in
them, which classifies it as a post-translational SRC-inhibitor.
Bufalin-mediated inhibition of SRCs is associated with its
physical interaction with the NRID domain which subjects these
proteins to a proteosomal degradation. Interestingly, in contrast to
its effect on the protein levels of SRC-1, treatment of mice with
bufalin results in increased levels of a lower molecular weight SRC-1
isoform in endometrial lesions (Cho et al., 2018). Intriguingly,
upregulation of this SRC-1 isoform–which is a known regulator
of endometriosis progression (Cho et al., 2018) - was associated with
suppressed growth of endometrial lesions. This phenomenon was
attributed to the fact that bufalin-induced SRC-1 isoform
overexpression coincided with proteosomal degradation of ERβ.
This event led to disruption of the ERβ/SRC-1 isoform axis, which is
critical for endometriosis progression. Moreover, overexpression of
the SRC-1 isoform and subsequent overstimulation of its
transcriptional activity, is associated with cell stress that
contributes to restrained endometriotic growth (Han et al., 2012).

In another study verrucarin A, which is structurally distinct
from the polyphenol gossypol and cardiac glycosides in general, was
characterized as a third class of SRC inhibitors. Verrucarin A is
derived from the pathogen fungus Myrothecium and it is
structurally related to the trichothecene family of mycotoxins.
Like other trichothecenes, Verrucarin A is a cytotoxic molecule
with a primary mechanism of action that is associated with protein
synthesis inhibition (Jimenez and Vazquez, 1975), albeit other
possible mechanisms of action were reported as well (Palanivel
et al., 2013; Moon et al., 2013; Jayasooriya et al., 2013). The primary
HTP screen indicated that verrucarin A inhibits the intrinsic
transcriptional activity of SRCs, leading to a secondary validation

FIGURE 2
(A) Selection funnel - SRC SMIs discovery HTP screening design. (B) Molecular structures of SRC SMIs and SMS.
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which showed that verrucarin A can selectively reduce cellular
protein levels of all SRCs, with the most effective inhibitory effect
towards SRC-3 (Yan et al., 2014). Like with gossypol and bufalin,
verrucarin A-associated inhibition of SRCs results in selective
toxicity towards various cancer cell lines, as well as sensitization
of cancer cells to treatment with other chemotherapeutic molecules.
Unlike gossypol and bufalin, there is no evidence that verrucarin A
physically interacts with the SRCs. Therefore, it has been suggested
that verrucarin A is an indirect inhibitor of SRCs, that impacts
upstream factors which eventually results in destabilization of the
SRCs. Overall, luciferase reporter-based HTP screens revealed three
distinct classes of naturally occurring SMIs of SRCs (Figure 2B), two
of which, gossypol and bufalin, directly bind to SRCs.

The discovery of synthetic molecules
that modulate SRC activity

The discoveries of gossypol, bufalin and verrucarin A established
the proof-of-principal that the SRCs can be targeted by small-
molecules to inhibit cancer cell growth. Moreover, nanoparticle-
based formulations and pro-drugs of bufalin improved its
bioavailability and effectively inhibited the growth of an
aggressive TNBC in vivo (Wang et al., 2014; Song et al., 2015).
Encouraged by these findings and by leveraging the data
accumulated during the discovery of bufalin and verrucarin A, a
new candidate, SI-1, was identified as a potent synthetic SRC SMI. In
a search of an optimized version of SI-1, various chemical
modifications were performed, while preserving the core
structure of the archetype molecule, resulting in a series of SI-1
derivatives. SI-2 (Figure 2B) was identified as the most potent
derivative, exhibiting toxicity of 60-fold greater towards cancer
cells relative to SI-1 and only requiring nanomolar
concentrations to reduce SRC protein levels, whereas SI-1
requires high nanomolar concentrations for the same effect (Song
et al., 2016). Furthermore, SI-2 significantly inhibited tumor growth
in an in vivo BC tumor model, which was associated with reduced
SRC-3 protein levels in the tumor tissue. Interestingly, SI-2-
associated reduction in protein levels of SRC-3 did not correlate
with SRC-3 mRNA levels, which defines SI-2 as a post-
transcriptional inhibitor of SRC-3. Mechanistically, it has been
shown that SI-2 inhibits SRC-3 through physical interaction with
its NRID domain. Importantly, SI-2 did not possess observable
toxicity towards normal cells in vitro or on major organs in vivo.
Moreover, cancer cells lacking SRC-3 expression showed much
lower sensitivity to treatment with SI-2 compared to their wild
type (WT) counterparts. However, a correlation between the
expression levels of the other two SRCs and sensitivity to SI-2
has not been evaluated. Nonetheless, the observations mentioned
above suggest that SI-2 is a selective SRC SMI with potential
applications in cancer therapy.

The introduction of SI-2 as an effective synthetic SRC SMI, with
a mechanism of action that involves direct interaction with the SRC
NRID domain laid the foundation for the development of other
synthetic SMIs with improved drug-like properties. To increase the
bio-stability and potency of SI-2, a series of chemical modifications
and structure-activity relationship (SAR) exploration, led to the
discovery of two analog compounds, SI-10 and SI-12 (Figure 2B),

with better metabolic stability and bioavailability compared to SI-2
(Lu et al., 2024). SI-10 and SI-12 both have the core structure of SI-2,
that is comprised of a 6-ring heterocycle and benzimidazole-imine
moieties. SAR studies revealed that the benzimidazole-imine portion
of SI-2 is critical for the preservation of its bioactivity. Therefore, the
benzimidazole-imine scaffold was preserved, while introducing two
fluorines on the benzene side enhanced metabolic half-life. In the
case of SI-12 additional fluorination was introduced into the
pyridine ring, while in the case of SI-10 the pyridine heterocycle
was substituted with pyrimidine. It has been demonstrated, that like
SI-2, the mechanism of action of SI-12 also involves direct binding to
SCR-3 (Qin et al., 2021). To shed more light on the mechanism of
action of SRC SMIs an in vitro pull-down experiment was performed
demonstrating that SI-12 interferes with the formation of the ER-
SRC-3/p300 DNA complex (Lu et al., 2024). The disruption of the
p300 acetyltransferase recruitment to an active DNA-binding ER
complex by SI-12 was associated with significant epigenetic changes
in cancer cells as well as a persistent cytotoxic effect of the SI
molecules (SI-2 and SI-12) (Lu et al., 2024). These observations
suggest that SRC SMIs that bind directly to SRCs prevent the
recruitment of other TFs and secondary coregulators, such as
p300, that consequently impose cytotoxic epigenetic alterations
whose impact on cancer cell survival persists long after the
pharmacological pressure of SRC SMI is removed. Overall, SRC
SMIs are structurally related molecules with similar impact on SRC
activity. SI-1 and its improved version, SI-2, represent the first
generation of these synthetic inhibitors of SRCs, while their close
structural derivatives, SI-10 and SI-12, represent the second
generation with improved drug-like properties, which is reflected
in their longer plasma stability and bioavailability.

Like SI-2, SI-10 and SI-12 are selectively toxic towards a variety
of cancer cell lines and both are potent tumor growth repressors in
vivo, including an ability to repress bone metastases (Lu et al., 2024;
Qin et al., 2021). Notably, in vivo treatments with SI-10 and SI-12
required less frequent dosing compared to SI-2, which is attributed
to their improvedmetabolic stability and represents additional drug-
like optimization. To expand the therapeutic window and thus
enhance the therapeutic applications of the synthetic SRC SMIs,
a whole genome screen was performed in an ER + MCF7 cell line to
identify drug targets whose inhibition results in an increased
sensitivity to SI-12. This screen identified several small-molecule
targeted therapies that synergistically enhanced the killing of cancer
cells when combined with SI-12. This included DNMT and RhoA
inhibitors, which sensitized multiple types of cancer cell lines -
beyond MCF-7 cells - to SI-12, demonstrating broad, pan-cancer
like efficacy of these drug combinations (Gilad et al., 2021). Overall,
the identification of SI-1 and SI-2 as first-generation synthetic SRC
SMIs followed by the development of optimized analogs, represent
an evolution in the development of small molecule drugs for direct
targeting of SRCs, which opens new venues in cancer therapy.

Smallmolecule-mediated over-stimulation of an oncogene from the
SRC family - as a strategy for cancer therapy - represents an alternative
approach to small molecule-mediated SRC inhibition. Though it might
appear counterintuitive, the underlying hypothesis of such an approach
is to put cancer cells out of their homeostatic balance by excessively
manipulating the activity of a key transcriptional co-regulator. A few
compounds that induce SRC-driven luciferase signal were revealed
from the HTP screens that were originally designed to identify SRC
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inhibitors. Eventually, this led to a detailed characterization of a first-in-
class pan-SRC stimulatormolecule -MCB-613 (Wang et al., 2015). Like
SRC SMIs, MCB-613 directly binds to the SRCs NRID domain,
resulting in an enhanced ability of SRCs to interact with other
transcriptional activators. Elevated interactions between SRCs and
other transcriptional activators result in an overall excess in
transcriptional activity. Eventually, an overwhelming MCB-613-
induced SRC-hyperactivation converges into a selective toxicity
towards cancer cells in vitro and the SRC stimulator’s ability to
suppress tumor growth in vivo, through a mechanism that involves
excessive generation of reactive oxygen species (ROS) associated with
endoplasmic reticulum (ER) stress. Paraptosis was identified as the
primary form of cellular death that is induced by MCB-613. Paraptosis
is a non-apoptotic form of cell death characterized by lack of DNA
fragmentation and presence of massive cytoplasmic vacuoles associated
with excessive protein synthesis that ultimately results in elevated levels
of ROS, unfolded protein response (UPR) and ER malfunctioning.
Hyper-stimulation of an oncogene for killing cancer cells introduces an
alternative to the traditional approach of oncogene inhibition, and
therefore opens an opportunity for implementing it as a new strategy in
cancer treatment (Figure 3).

Interestingly, in addition to its direct anti-tumor toxicity, SI-2-
mediated SRC-3 inhibition brings about immuno-modulatory effects
within the tumor microenvironment (TME). This results in enhanced
infiltration of cytotoxic immune cells into the tumor, contributing to
overall tumor suppression in immune-intact, but not immune-deficient
mice (Han et al., 2022). This observation was further supported by a
separate study that showed that a conditional knock out (cKO) of SRC-
3 in T regulatory cell (Tregs) results in long-lasting tumor clearance and
a vaccine-like tumor rejection effect (Han et al., 2023). Intriguingly,
while a SRC SMI exerts immunostimulatory effects, the SRC SMS

MCB-613 and its analogs exert an immunosuppressive activity that
manifests in post-ischemic tissue protection and repair. This has been
exemplified by the establishment of an anti-inflammatory environment
and tissue repair in post-myocardial infarction (Mullany et al., 2020),
resistance to oxidative stress in cardiac fibroblasts (CFs) (McClendon
et al., 2024) and tissue protection following ischemic injury of the brain
(McClendon et al., 2022), through mechanisms that involve an
activation of anti-inflammatory macrophages, moderation of
inflammatory and apoptotic processes such as IL-1b signaling and
oxidative stress and induction of antioxidant transcriptional networks.
The pro-reparative immuno-suppressive activity of SRC SMSs and anti-
tumor immuno-stimulatory activity of SRC SMIs can be regarded as
mirror reflections of each other that represent a fascinating theme for
expanded investigation. However, the immunomodulatory effects of
SRCs and SRC-targeting small molecules constitute a vast topic on their
own and are beyond the scope of this review. Readers are encouraged to
refer to the references cited above and to our recent reviews on this
subject (Gilad et al., 2022; Gilad et al., 2024; Mullany et al., 2021).

Summary and future directions

SRCs regulate the transcriptional activity of NRs and mediate their
oncogenic programs. Therefore, since the discovery of the first SRC
protein, SRC-1 (Oñate et al., 1995), direct inhibition of SRCs with small
molecules was desired, however for a long period of time this was
considered unachievable. Thus, strategies designed to effect indirect
inhibition of SRCs, such as interference of their interactions with their
partner proteins, were developed. The generation of large publicly
available depositories of small molecule libraries and the introduction
of HTP screening techniques enabled the leveraging of formerly
established luciferase-based reporter assays for the discovery of SMIs
that directly target the SRCs. Relying on data generated by large-scale
HTP screens for the discovery of small molecules that could effectively
disrupt SRC-SHR interactions, gossypol was identified as a specific and
direct SRC SMI. This discovery provided proof-of-principle that direct
inhibition of SRCs with SMIs was possible, thus leading to the design of
HTP screens for the identification of additional SRC SMIs. These screens
resulted in the discovery and characterization of two additional naturally
occurring SRC SMIs, bufalin and verrucarin A, the first synthetic SRC
SMI - SI-1 and the SMS–MCB-613. While both naturally occurring
substances, bufalin and verrucarinA, inhibit the transcriptional activity of
the SRCs and reduce their protein levels, only bufalin was identified as a
direct SRC inhibitor that acts through binding to the SRCNRID domain.
The structural information received from the discovery of SI-1 served as a
starting point and enabled the development of first-generation drug-like
synthetic SRC SMI SI-2. Further optimizations of SI-2 led to the discovery
of second generation synthetic SRC SMIs SI-10 and SI-12, with improved
drug-like characteristics. The first-in-class SRC SMS - MCB-613 was
discovered as a ‘byproduct’ of the HTP screens, which were originally
designed to discover SRC SMIs. Nonetheless, MCB-613 exhibited
effective anti-tumor activity and thus presents an alternative approach
for targeting the SRC oncogenes in cancer treatment.

The fact that the SRCs are paralogous proteins with a high degree of
structural similarity, likely presents the primary challenge in identifying
small molecules that can differentiate between the three family members.
Additionally, the SRC small molecule modulators discovered so far, all
interact with the NRID domain of SRCs. Consequently, identifying new

FIGURE 3
Inhibition or hyperactivation of SRCs with small molecule
substances result in cancer cell death. SRC proteins can be targeted by
small molecule compounds. Targeting SRC with SMIs results in
degradation of SRC proteins, leading to decreased proliferation
and increased apoptosis. Targeting SRC with SMSs brings about
hyper-activation of SRC transcriptional activities which causes cancer
cell-specific cytotoxic stress.
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SRC-small-molecule targeting agents is essential for achieving more
specific targeting of each family member. Nonetheless, the discovery
of these small-molecule modulators of SRCs represents a major
breakthrough and provides a toolkit to overcome the challenge of
selectively targeting individual SRC members. Since the SRCs are
multifunctional coregulators with a broad impact on human
physiology, including roles in systemic physiological processes such as
development, metabolism and immunity, interference with their normal
functioning is anticipated to result in drug toxicities. Like for other
targeted therapies, this presents a significant challenge when considering
targeting the SRCs with either SMIs or SMSs for therapeutic purposes.

The introduction of CRISPR-Cas9-based whole-genome screens
that includes feasible methods for identifying synthetically lethal
anti-cancer drug combinations has significantly accelerated cancer
drug discovery (Bock et al., 2022). This is particularly important for
understanding and expanding the therapeutic window for
pleiotropic drug targets like the SRCs. We have demonstrated
that a CRISPR-Cas9 whole-genome screen can be used to
identify synergistic anti-cancer effects between SRC SMIs and
other anti-cancer agents, allowing for reduced dosages of SRC
SMIs which potentiates their utilization with fewer side effects
(Gilad et al., 2021). Overall, the discovery of small-molecular
modulators that interfere with the biological activity of SRCs
through direct interaction with their NRID domain represents a
turning point in the therapeutic targeting of this family of
coregulators. However, the challenges of selectively targeting
specific family members and the risk of major side effects remain
as significant barriers that must be overcome for successful clinical
applications. With the availability of small molecules that can either
stimulate or inhibit SRC activity, alongside the development of
CRISPR-Cas9-based high-throughput screens, these challenges
are now more readily addressable.

Beyond their potential as anti-cancer therapies, SRC SMIs
and SMSs can mediate immunomodulatory effects. This has been
demonstrated with SI-2 that can produce an anti-tumor immune
response in an immunocompetent mouse tumor model and by
SRC SMSs that can promote a reparative environment in tissues
subjected to ischemic injury. The surprising ability of SRC small
molecule modulators to exert immunomodulatory effects opens
new avenues for exploring SRCs as drug targets, beyond the
context of their oncogenicity. This is particularly valuable in
cancer treatment, where SRC SMIs can act both as direct
suppressors of SRC oncogenes and as anti-cancer
immunomodulators.
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