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Abstract: Diffuse intrinsic pontine glioma (DIPG) mainly affects children with a median age
of 6-7 years old. It accounts for 10% of all pediatric tumors. Unfortunately, DIPG has a poor
prognosis, and the median survival is generally less than 16-24 months independently from
the treatment received. Up to now, children with DIPG are treated with focal radiotherapy
alone or in combination with antitumor agents.

In the last decade, ONC201 known as dopamine receptor antagonist was uncovered, by a high
throughput screening of public libraries of compounds, to be endowed with cytotoxic activity
against several cancer cell lines. Efforts were made to identify the real ONC201 target, re-
sponsible for its antiproliferative effect. The hypothesized targets were the Tumor necrosis
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Received: March 13, 2020 factor-Related Apoptosis-Inducing Ligand stimulation (TRAIL), two oncogenic kinases
e 95 3090 (ERK/AKT system) that target the same tumor-suppressor gene (FOXO3a), dopamine recep-

tors (DRD2 and DRD3 subtypes) and finally the mitochondrial Caseynolitic Protease P
(ClpP). ONC201 structure-activity relationship is extensively discussed in this review, to-
gether with other two classes of compounds, namely ADEPs and D9, already known for their
@ CieaNEik antibiotic activity but noteworthy to be discussed and studied as potential “leads” for the de-
velopment of new drugs to be used in the treatment of DIPG.

1(} 21 74/0929867327666200806110206

In this review, a detailed and critical description of ONC201, ADEPs, and D9 pro-apoptotic
activity is made, with particular attention to the specific interactions established with its tar-
gets that also are intimately described. Pubmed published patents and clinical trial reports of
the last ten years were used as the bibliographic source.
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1. INTRODUCTION cranial nerve palsy, ataxia, and pyramidal tract abnor-
malities. Following diagnosis, the median progression-
free survival is approximately 7 months with a mean
survival time beyond the progression of 3 months irre-
spective of the treatment received [3]. Despite the
adoption of aggressive therapeutic approaches, DIPG
remains the leading cause of cancer-related mortality in

Children with DIPG typically present a 1-3 months  childhood and DIPG prognosis is still poor with more
history of classic clinical symptoms characterized by than 90% of affected children dying within 18-24
months from diagnosis [2, 4].

Diffuse intrinsic pontine glioma (DIPG) is a tumor
first described in 1926 by Wilfred Harris [1]. It ac-
counts for 10% of all pediatric brain tumors and is al-
most exclusively reported in children with a median
age at diagnosis of 6-7 years old [2].

*Address correspondence to these authors at the Department of

Pharmacy and Pharmaceutical Sciences, University of Bari, Via E. Taking into account the tumor location within the
Orabona 4, 70125 Bari, Italy; Tel/Fax: +390805442753/ brainstem and their infiltrative pattern, diagnosis is
+390805442050, E-mail: antonio.scilimati@uniba.it (AS), generally based on the Clinical hlstory and magnetic

Tel/Fax: +390805442747/+390805442050;

E-mail: mariagrazia. perrone@uniba.it (M.G.P.) resonance imaging. Surgical partial removal or biopsy

1875-533X/21 $65.00+.00 © 2021 Bentham Science Publishers


http://crossmark.crossref.org/dialog/?doi=10.2174/0929867327666200806110206&domain=pdf

3288 Current Medicinal Chemistry, 2021, Vol. 28, No. 17

of the tumor are not routinely performed as the results
do not impact on treatment choice and survival [5].

However, in the last decade, biological features of
DIPG provided new additional molecular data helpful
to better classify this fatal tumor. In 2012, Schwartzen-
truber et al. identified a pathognomic and negative
prognostic H3 K27M mutation present in approxima-
tively 80% of DIPG [6]. The same mutation has been
reported to be present in many thalamic and spinal cord
gliomas. The last 2016 WHO central nervous system
tumor classification has incorporated these histopa-
thological findings and reclassification has defined a
new entity “diffuse midline glioma H3 K27M mutant”
which is histologically related to a grade IV glioma [7].

Decades of clinical attempts involving more than
200 trials evaluating different conventional cytotoxic
drugs, myeloablative regimens with stem cell trans-
plantation, targeted drugs, and studies with escalating
radiation dose or using new radio-sensitizing agents,
have failed to improve the overall survival of children
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with DIPG [8, 9]. The current standard treatment is still
based on the non-curative focal radiotherapy often re-
sulting only in a transient stabilization of the disease
with a marginal influence on the fatal clinical course
[10].

The scientific interest in DIPG surged in recent
years (Fig. 1A and 1B). In the timeframe 1989-2020,
560 papers were published, most of them appeared
since 2010 (more than 10 papers/year) [11].

By using approximately 2000 small molecules of
the Diversity Set II of the National Cancer Institute
chemical library, in a phenotypic screening for p53-
independent inducers of TRAIL-mediated apoptosis,
the compound ONC201 (previously named TIC10)
was identified [12]. Then, several studies investigated
its mechanism of action to ascertain the corresponding
biological target (Fig. 1C). Soon after, ONC201 was
proposed as a treatment of high-grade gliomas, includ-
ing DIPG for its ability to cross the brain-blood barrier
[13,14].
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Fig. (1). A. Papers dealing with DIPG published in PubMed in years 1989-2020 (the year 2020 paper number is partial because
references were checked within March 2020); B. Papers dealing with ONC201 for the treatment of DIPG in years 2013-2020;
C. ONC201/TIC10 hypothesized mechanism of action: TRAIL (Tumor necrosis factor-Related Apoptosis-Inducing Ligand
stimulation) upregulation, ERK/AKT system inactivation, dopamine receptors (DRD2 and DRD3 subtypes) antagonism, ClpP
(Caseynolitic Protease P). (4 higher resolution / colour version of this figure is available in the electronic copy of the article).



Diffuse Intrinsic Pontine Glioma (DIPG)

2. DEATH RECEPTORS AND TUMOR NECRO-
SIS FACTOR-RELATED APOPTOSIS-INDUCING
LIGAND STIMULATION (TRAIL)

Since ONC201 was been identified from TRAIL-
mediated apoptosis inducer screening, the first proven
mechanism of its action was the stimulation of TRAIL
production in tumor cells [15]. TRAIL (Apo-2 ligand,
CD253, or TNF-SF10), belonging to the TNF superfa-
mily cytokines, induces apoptosis/survival according
to the receptor to which it binds [16].

Five TRAIL receptors are known: two membrane-
bound decoy receptors DcR1and DcR2, two death re-
ceptors DR4 and DRS, and one osteoprotegerin (OPG)
receptor [16, 17].

e DcR1 (TNFRSF10c, TRAILR3) and DcR2
(TNFRSF10d, TRAILR4) are unable to activate
apoptotic signaling and inhibit TRAIL signaling.
DcR1 functions as a TRAIL-neutralizing decoy re-
ceptor and is devoid of signaling capabilities. DcR2
contains a cytoplasmic domain that lacks a func-
tional death domain; therefore, TRAIL binding to
DcR2 activates NF-kB and leads to the transcription
of genes that promote cell survival and resistance to
apoptosis.

e DR4 (TNFRSF10a, TRAILR1) and DRS
(TNFRSF10b, TRAILR2) are both involved in
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apoptotic pathways. TRAIL typically binds to DR4
or DR5 and induces caspase-8-dependent apoptosis
through a functional cytoplasmic death domain.
TRAIL signaling leads to cell death by both extrin-
sic (damage caused by external signal: TNF and
FAS-ligand) and intrinsic (intracellular damages:
oxidative stress, DNA-damage p53 mediated) path-
ways. The intrinsic pathway passes through mito-
chondrial permeabilization and releasing of pro-
apoptotic factors as caspase cascade activation in-
ducers. TRAIL binding to DR4 or DRS5 causes re-
ceptor clustering and trimerization. Intracellular
adaptor protein Fas-associated protein with death
domain (FADD) is recruited to the death domain of
the TRAIL receptor. Initiator caspase-8 is recruited
to the death-inducing signaling complex (DISC) and
interacts with FADD through their death effector
domains. DISC activation of caspase-8 leads to
caspase cascade activation where downstream effec-
tor caspase-3 is activated and cleaves protein targets
that culminate in cell death. Additionally, caspase-8
can cleave the Bcl-2 related protein Bid. Truncated
Bid (tBid) translocates into the mitochondria, where
it causes the release of cytochrome ¢ and the forma-
tion of the Apaf-1 containing apoptosome, and sub-
sequent caspase-9 activation. Activated caspase-9
can then activate effector caspase-3 resulting in cell
death (Fig. 2) [18].
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Fig. (2). Summary of apoptotic events induced by TRAIL. (4 higher resolution / colour version of this figure is available in

the electronic copy of the article).
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e The fifth TRAIL-binding receptor is osteoprote-
gerin (TNFRSF11b), a soluble protein that likely is
a decoy/inhibitor by sequestering TRAIL extracel-
lularly [17].

Hence, TRAIL seems a crucial target endowed with
anti-tumor activity, and specifically, its up-regulation
could be a reasonable strategy to induce apoptosis of
tumor cells.

ONC201 powerfully and selectively induces cell
growth block and apoptosis in several tumors, with
limited or no toxicity in normal cells [19]. ONC201
also causes an "integrated stress response” (ISR), a eu-
karyotic cell adaptive pathway due to different stimuli,
which is decisive for ONC201 pro-apoptotic effects.
Indeed, ISR activates Activating transcription factor 4
(ATF4) and C/EBP homologous protein (CHOP) tran-
scription factors, involved in the TRAIL DRS receptor
up-regulation that promotes apoptosis [20].

As mentioned above, ONC201 induces TRAIL in
some but not in all cell types [21]. Specifically, TRAIL
was not increased in breast cancer cell lines even
though ONC201 strongly reduced cell viability [22].
ONC201 was also effective against TRAIL-resistant
breast cancer cells and hematological malignancies in-
dependently of TRAIL [23, 24].

These findings led to look for alternative ONC201
mechanisms of action to justify its antitumoral activity
also in those cell lines in which apoptotic effects were
observed without the TRAIL induction [20].

3. AKtYERK SYSTEM

Afterward, the ONC201 antitumoral effect was
linked to the inhibition of Akt/ERK activity, two onco-
genic kinases that target the same tumor-suppressor
gene, FOXO03a [25, 26].

Forkhead box proteins (FOX) are a family of highly
conserved transcription factors, characterized by a "he-
lix-turn-helix" DNA-binding (FKH) formed by a
winged fork-shaped structure composed of three a heli-
ces and two-ring or "wing" domains. The bifurcated
domain is also known as a winged-helix due to the ap-
parent butterfly shape of the loops in the protein struc-
ture of the domain [27].

Based on the homology of the amino acid sequence,
more than 2000 members belonging to this family of
transcription factors are currently known. Various
FOXs differ in all domains except for forked domain
that binds DNA, and consists of about 100 amino acid
residues. For that reason, FOXs have very different
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binding specificities and consequently, different cellu-
lar effects. They are classified in different sub-families:
FOXM, FOXK, FOXA, and FOXO [28].

FOXO 1is an ubiquitary transcription factor that
regulates different developmental processes, energy
metabolism, and carcinogenesis in many tissues. De-
regulation of the FOXO functions causes an uncon-
trolled cellular proliferation and an accumulation of
DNA damage, which causes carcinogenesis. In mam-
mals, four isoforms are recognizable: FOXOI,
FOXO03a, FOX04, and FOXO06, known to be regulated
by phosphoinositol-3-kinase (PI3K). Particularly,
FOXO3a phosphorylation by PI3K/Akt (phosphoinosi-
tide 3-kinase/Akt) is the most studied one (Fig. 3) [29].

FOXO3a is approximately a 71 kDa protein and its
structure is conserved across different species.
FOXO3a gene is located on chromosome 6q21 and
plays a vital role in regulating different cellular proc-
esses targeting both the expression and effects of effec-
tor genes. It has five domains (Fig. 3). The forked do-
main is mainly responsible for direct interaction be-
tween FOXO3a and DNA and favors its interaction
with the estrogen receptor a (ERa) and p53. NLS do-
main is necessary for FOXO3a translocation from the
cytoplasm to the nucleus and mediates the FOXO3a
release from the nucleus. The C-terminal TAD domain
is wvital for the transactivation of genes encoding
FOXO3a [27]. FOXO3a is a transcription factor in-
volved in different physiological and pathological
events. It promotes the transcription of target genes
involved in apoptosis, proliferation, cell cycle progres-
sion, DNA survival, and damage. FOXO3a responds to
various cellular stimuli, such as UV radiation and oxi-
dative stress [30]. It is also associated with longevity
and regulation of auto-phage processes in muscle and
cancer cells [27]. FOX0O3a Akt-dependent phosphory-
lation improves the interaction of FOXO3a with the 14-
3-3 protein and promotes FOXO3a translocation nu-
cleus-cytoplasm, thereby blocking FOXO3a transcrip-
tional activity [31]. FOXO3a phosphorylation by ERK
induces a conformational modification and promotes
the interaction between FOXO3a and ubiquitin E3 li-
gase MDM?2, thereby leading to ubiquitination of
FOXO3a and proteasomal degradation [32]. In the nu-
cleus, FOXO0O3a is acetylated by p300 and CREB-
binding protein (CBP) and is deacetylated by SIRTI.
SIRT1-mediated deacetylation changes FOXO3a bind-
ing affinity for DNA, while deacetylation by SIRT2
increases its binding activity for DNA [33].

FOXO3a methylation, by arginine methyltrans-
ferase 1 (CARMI1) associated with its co-activator, is
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Fig. (3). FOXO3a has five domains: a winged fork domain (FKH), DNA helix-helix-binding, two nuclear localization se-
quences (NLS), a nuclear export sequence (NES) and a C-terminal transactivation domain (TAD). (4 higher resolution / colour

version of this figure is available in the electronic copy of the article).

necessary for FOXO3a activation in the nucleus. Par-
ticularly, FOXO3a Lys270 methylation reduces the
ability to bind DNA and also reduces FOXO3a-
mediated apoptosis (Fig. 4) [27]. By inhibiting kinases
Akt or ERK, FOXO3a remains in the nucleus and this
determines the progression of the apoptotic process of
the tumor cells. In fact, by binding to DNA, the expres-
sion of pro-apoptotic genes, including TRAIL is in-
duced. Only if the kinases are inhibited, FOXO3a is not
phosphorylated and therefore cannot move into the cy-
toplasm (inactive FOXO3a) but is forced to remain in
the nucleus (active FOXO03a) [34].

4. DOPAMINE RECEPTOR (DR)D2, (DR)D3 AND
ONC201

Although TRAIL and Akt/ERK can certainly ex-
plain the pro-apoptotic activity of ONC201, they did
not seem its direct target. A novel paradigm (BANDIT)
combining big-data from clinical, genomic, chemical,
and structural datasets within a Bayesian machine-
learning framework to predict the targets of small
molecules was developed [35]. It was found that the
most likely targets of ONC201 were two G-protein
coupled receptors (GPCRs), specifically dopamine re-
ceptors - mainly DRD2 - and alpha-adrenergic recep-
tors [36]. DRD2 is overexpressed in many types of
cancers, including high-grade gliomas, and its expres-
sion is associated with a poor prognosis [9, 37]. The
use of dopaminergic drugs for the treatment of schizo-
phrenia and Parkinson’s disease is associated with re-
duced cancer risk [38]. As a GPCR, DRD2 controls
mitogenic and other signaling pathways that are related
to tumorigenesis, cell proliferation, and metastatic dis-
semination. Selective DRD2 antagonism causes inacti-
vation of MAPK signaling and induces tumor cell
death in preclinical models of high-grade gliomas and
other malignancies [35, 39]. The dopamine receptor
family consists of 5 members, categorized as D1-like
and D2-like subfamilies based on their coupling to dif-
ferent GPCR-alpha proteins that cause opposing down-
stream signalings [37].

ONC201 was found to be a selective antagonist of
DRD2 and DRD3 [9, 35] with a K; of 3 uM [36].

The hypothesis that DRD2 ligands may be used as
cancer chemotherapy had a big appeal due to a large

number of known, approved, and under investigation
drugs of this class that could be repurposed.

Preclinical data have shown that H3 K27M-mutant
gliomas are characterized by an elevated DRD2 ex-
pression and enhanced sensitivity to ONC201 (Figs. 5
and 6) [40].

In particular, 625 mg every 3 weeks was the rec-
ommended phase Il dose of ONC201 for H3 K27M—
mutant glioma patients [41]. Further studies demon-
strated that a weekly administration of ONC201 is
equivalent in terms of safety and enhanced immu-
nostimulatory activity [42]. Furthermore, phase I
e phase II clinical trials adopting ONC201 as a single
agent in children and adults with high-grade gliomas
and H3 K27M-mutant gliomas suggest favorable activ-
ity and tolerability profile [43-45].

DRD2 antagonists play their anticancer activity as
cell cytotoxic agents when used in large doses since
their receptor affinity is very low (all tested drugs have
an affinity of 0.12-430 nM for DRD2 and 0.3-340 nM
for DRD3) and this should be taken into account, also
for CNS adverse effects [46].

It is noteworthy, that a compound with low activity
and/or selectivity in cell culture, may not achieve
meaningful concentration levels in circulating blood,
and hence to be an anticancer agent. In other words,
additional studies are needed to further clarify the use
of ligands targeting D2-like dopamine receptors in can-
cer chemotherapy.

ONC201 exerts its antagonism by orthosteric inter-
actions with the binding pocket defined by the side
chains of helices III, V, and VI interacting with
Cys118, Thr119, Ser197, Phel98, Phe382, Phe390, and
Trp386 forming a subpocket below the orthosteric site
(Fig. 6) [47]. Specifically, ONC201 shows a relatively
slow association and rapid dissociation with DRD?2,
behavior that is not generally associated with ex-
trapyramidal side effects [48].

5. CASEYNOLITIC PROTEASE P (ClpP)

To the best of our knowledge, the anticancer activ-
ity of ONC201 can not be attributed to the only dopa-
minergic antagonism that has to be still explored and
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Fig. (5). ONC201 antagonism of dopamine receptors D2 and D3. (4 higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).

verified. ONC201 would have another direct target. In type C serin-proteases (ClpP) caseinolytic and
fact, in May 2019, the diffractometric characterization ONC201 (PDB ID 6DL7) led to identifying ClpP as its

(X-rays) of the complex between human mitochondria true biological target [49, 50].
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Fig. (6). Representation of the transmembrane region of
DRD?2. Residues comprising the orthosteric binding site are
depicted in dots. (4 higher resolution / colour version of this
figure is available in the electronic copy of the article).

Caseynolitic Protease P (ClpP) is a serine protease
located in the mitochondrial matrix. It is involved in
the maintenance of mitochondrial proteome, in turn,
obtained through different molecular mechanisms. One
of these mechanisms employs molecular chaperones
and proteases. The former plays an important role in
the correct folding of mitochondrial proteins, the latter
is involved in the elimination of damaged and/or mis-
folded proteins. Specifically, ClpP catalyzes substrate
peptide bond hydrolysis through Ser-His-Asp catalytic
triad. In mitochondria ClpP intimately interacts with
ClpX, an AAA+ proteins unfoldase, responsible for
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proteins unfolding. AAA+ is an ATPase associated
with different cellular activities, which use highly con-
served AAA+ domain to bind ATP and induce hy-
drolysis (Fig. 7). The complex ClpP:ClpX is ClpXP
(Fig. 8) [51].

ClpX and ClpP are differently expressed in different
tissues. ClpX is strongly expressed in the skeletal and
heart muscles, but less in liver, brain, placenta, lungs,
kidneys, and pancreas. ClpP is found to a high extent in
skeletal muscles, at intermediate levels in the heart,
liver, and pancreas, and low levels in brain, placenta,
lungs, and kidney.

ClpXP complex is constituted by 14 ClpP subunits,
organized in two heptameric rings forming a cylinder,
which are closed at each end by six ClpX subunits
forming the hexameric ring (Fig. 8).

The catalytic triad (Ser153, His178, and Asp227) is
located inside the ClpP cylinder to prevent unspecific
proteolytic activities, while ClpX serves as the gate-
keeper recognizing only specific proteins and targets to
be degraded. The interactions between ClpX and ClpP
are stabilized by strong dynamic interactions between
the ATPase IGF loops with the hydrophobic pockets
formed by neighboring ClpP subunits at the ClpX-ClpP
interface. IGF-motif loops project from the hexameric
ring of ClpX and are required for docking with the self-
compartmentalized ClpP peptidase, which consists of
heptameric rings stacked back-to-back [52].

The degradation of a substrate protein by ClpXP oc-
curs in a coordinated and gradual manner. Firstly, the
protein substrate is recognized and bound by ClpX,
then it is unfolded by ClpX in an ATP-dependent man-
ner to be threaded through the axial pore of ClpX. The
unfolded substrate translocates through ClpP lumen
and is degraded into small peptides after CIpP’s prote-
olytic residues exposition. Degraded peptides are ex-
pelled through the side pores of ClpP. At this point,

A
HsClpP (277 aa) NHz—m

| |-cooH

2 HsClpX (633 aa) NH,

AAA+ ATPase domain . COOH

Fig. (7). ClpX and ClIpP are encoded by two different nuclear genes, ClpX on chromosome 15 and ClpP on chromosome 19.
A. HsClpP (human ClpP) is 277 amino acid residues in length and consists almost entirely of the serine protease domain. An
MTS is positioned at the N-terminus of HsClpP for mitochondrial translocation. B. HsClpX (human ClpX) is 633 amino acid
residues in length and consists primarily of the AAA+ domain preceded by a zinc-binding domain (ZBD) for substrate protein
recognition. At its N-terminus, there is a mitochondrial targeting sequence (MTS), required for its translocation into the mito-
chondrial matrix [51]. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).
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Fig. (8). Structure of the ClpXP complex. (4 higher resolution / colour version of this figure is available in the electronic copy
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ClpXP is regenerated and can start a new cycle (Fig. 9)
[51].

The primary function of ClpXP is to facilitate the
turnover of specific misfolded proteins, thus preventing
their accumulation that can cause impairment of nor-
mal cellular function. The ClpXP expression, in fact,
increases during a mitochondrial unfolded protein re-
sponse (UPR™) upon the accumulation of misfolded
mitochondrial proteins, and the respiratory deficiency
caused by mitochondrial DNA (mtDNA) mutations.

Besides protein quality control, ClpXP also regu-
lates multiple biological pathways, such as heme bio-
synthesis, mitophagy, and mitochondrial translation.
The exact function of ClpP in cancer pathology is not
well understood, although it has been observed that its
expression is generally upregulated in solid tumors of
multiple organs or tissues, such as lung, stomach, liver,
thyroid, bladder, breast, ovary, prostate, testis and
CNS. ClpP expression also increases significantly in
acute myeloid leukemia [51, 53].
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Recent studies suggest the involvement of ClpP in
the proliferation and metastasis of specific types of
cancer [54]. For example, levels of proliferation and
colony formation of prostate cancer cells PC3 decrease
significantly when ClpP expression is inhibited. In con-
trast, depleted ClpP expression has minimal effects on
breast cancer cell MCF7 proliferation. This means that
ClpP involvement in cancer depends on the cellular
type. Based on current experimental evidence and
clinical data, the CIpP expression increase does not
seem to directly contribute to oncogenesis but is essen-
tial for the proliferation and metastasis of some cancer
types [55].

Chemical modulators of ClpP activity are com-
pounds originally designed as potential antibiotics
against various bacterial species and other pathogenic
organisms (e.g., Plasmodium falciparum, the causative
agent of malaria) were found to be chemical modula-
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tors (inhibitors and activators) of ClpP activity. They
are potential antitumoral compounds as they modulate
ClpP proteolytic activity [56].

6. INHIBITORS OF ClpP ACTIVITY

The inhibitors of ClpP activity are used in those tu-
mors where proliferation depends on the protease.
Generally, they covalently modify the 14 catalytic
Ser153 residues located within its lumen then disabling
tetradecamer ClpP activity [51].

ClpP inhibitors can be grouped into two chemical
classes:

e [-lactones, such as A2-32-01. They were devel-
oped as potential antibiotics to treat Staphylococcus
aureus infection [57]. They covalently modify the
catalytic Ser153 via one of the two possible reac-
tions a or b in Fig. (10);

Catalytic

.. Ser residue /

Fig. (10). ClpP Ser153 hydroxyl group-mediated reactions (a, b) by ClpP inhibitors.
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e substituted phenyl esters (AV-167, TG42, TG43,
TG53). Their mechanism of action is based on the
nucleophilic attack on drug ester carbonyl with the
assistance of the catalytic Ser hydroxyl group of
ClpP, with consequent esterification of serine and
formation of phenol (Fig. 10). AV-167 is also active
against bacterial ClpP, unlike its analogs (TG42,
TG43, TGS3) which are selective for human ClpP
(Fig. 10) [59].

7. ACTIVATORS OF ClpP ACTIVITY

The mechanism of action of ClpP activators is based
on disruption of the ClpXP complex, by physically dis-
placing ClpX from ClpP while keeping ClpP in its acti-
vated state (Fig. 11). ClpP activators comprise acyldep-
sipeptides (i.e., ADEP4), oxadiazoncarboxyamides (i.e.,
D9) and imipridones (i.e., ONC201).

7.1. Acyldepsipeptides (ADEPS) and Structure-
activity Relationships (SAR) Studies

ADEPs are antibiotics discovered in 2005 (Table 1)
[58]. They bind the hydrophobic pockets of ClpP,
which normally dock the IGF loop of ClpX. This bind-
ing disrupts the interaction between ClpP and ClpX,
leading to the rapid dissociation of the ClpXP complex.
Furthermore, the binding of an ADEP induces struc-
tural effects in ClpP that simulate the ClpX-ClpP inter-
action and forces the protease to maintain its activated
state, which is characterized by structuring its axial
loop and widening its axial pore that allows unre-
stricted access of peptides, molten globules, and loops
in folded proteins to ClpP proteolytic chamber, result-

Perrone et al.

ing in their dysregulated degradation. ADEP-28 and
ADEP-41 are known to induce cytotoxicity in T-REx
HEK293 cells with sub-micromolar values of ICsy.
These compounds show cytotoxic activity on both bac-
terial and human cells.

ADEDPs are natural products proven to be ClpP acti-
vator. Indeed, ClpP plays an essential role in the viru-
lence of pathogenic bacteria during host infection.
ADEPs dysregulate the function of bacterial ClpXP
complexes by physically displacing ClpX from ClpP
but keeping ClpP in its activated state. The representa-
tive members of ADEP antibiotics are A54556A (also
denoted as ADEP1) and A54556B (Table 1) [59].

The structure-activity relationship (SAR) studies
showed that replacement of N-methylalanine residue in
the macrocycle core with a rigid pipecolate moiety
lowers the entropic cost of ClpP binding. Therefore, the
chemical stability and bioavailability of the compounds
could be further enhanced by substituting the polyun-
saturated side chain with a heptenoyl moiety and by
replacement of phenylalanine in its side chain with 3,5-
difluorophenylalanine. Consequently, the optimized
derivative ADEP4 exhibited more chemical stability.

Hence, conformational flexibility of the core struc-
ture of ADEP-peptidolactone strongly affects ClpP
binding. Replacing amino acids in the ADEP macrocy-
cle with conformationally constrained residues, such as
4-methylpipecolate [60] and allo-threonine (ADEP
B315), could further improve their antibacterial activ-
ity. N-Acylphenylalanine moiety is both necessary and

Normal degradation by ClpXP

[ ] =
® o ofs
@ @

Disregulation of ClpXP

Fig. (11). Mechanism of action of ClpP activators. (4 higher resolution / colour version of this figure is available in the elec-

tronic copy of the article).
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Table 1. ADEP structures.
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Structure Compound R R R R
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O ADEP 41 H CH; F H
NH O
HNW
)
A54556A (ADEP1) CH; - - -
A54556B H - - -
O
N
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sufficient for ClpP over-activation and ensures antibac-
terial activity. Analogs of ADEPs that specifically tar-
get human ClpP have been recently identified [55]. No-
tably, these compounds induce apoptotic cell death in
immortalized human cancer cell lines with high po-
tency. At first, ADEPs bind noncovalently hydrophobic
pockets between neighboring ClpP subunits that nor-
mally accommodate the docking of ClpX IGF loops.
ADEPs outcompetes the IGF loops of ClpX for binding
to ClpP because they have a higher affinity for ClpP
than ClpX. Thus, the binding of ADEPs disrupts the
binding of ClpX, leading to the rapid dissociation of
the ClpXP complex and hence to its inactivity. Re-
cently, two ADEPs analogs (ADEP-28 and ADEP-41)
were reported [55]. They show high specificity for
HsClpP and activate both the peptidase and protease
activities of HsClpP with great potency.

7.2. Oxadiazoncarboxyamides and Structure-
Activity Relationships (SAR) Studies

D9, as ADEPs induce dysregulated activation of
ClpP, belongs to this class (Fig. 12, Table 2). The non-
covalent binding of these compounds induces ClpP
activation by the expansion of the protease axial pore,

while axial loop formation was not observed [61]. They
find space into the hydrophobic pockets. Importantly,
D9 showed species specificity as it preferentially acti-
vates the proteolytic activity of HsClpP, while having
minimal effects on ClpP of bacterial origin.

cl
0 (0]

e
. N-y  HN

-0

Fig. (12). Chemical structure of D9.

D9 is a potent and selective activator of human
ClpP (HsClpP). It binds the hydrophobic pockets
formed between neighboring HsClpP subunits, as for
the ADEPs. These pockets are crucial for the interac-
tion between HsClpP and HsClpX so that D9 is consid-
ered as a chaperone ClpX mimic, in a similar way to
ADEPs. Binding of D9 stabilizes the active oligomeric
state of HsClpP by widening of the protease axial pore.
The selectivity of D9 for HsClpP is due to its unique
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Table 2. Examples of oxadiazoncarboxyamides.
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/R
Compound R R
D9 2-chloro-4-fluoro
1 2,4-dichloro
2 2,4-difluoro
3 2-chloro
4 o 3,5-difluoro
5 < 3-chloro
o
6 H
7 2-chloro-5-fluoro
8 3-fluoro
9 4-chloro
10 3,5-dioxane
11 - 4-methyl
12 - 3,4-dimethoxy
13 - 3,4,5-trimethoxy
14 X 2-chloro-4-fluoro
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structural composition. D9 SAR suggests that both the
halogenated benzyl and benzodioxole moiety are nec-
essary for productive binding.

As for the benzyl moiety, the exchange of fluorine
with a chlorine atom (or vice versa) (1 and 2) leads to a
slightly reduced peptidase activation, while switching
the two fluorine atoms to a 3,5-position (4) further de-
creased the activity 2,5-Positions occupied by chlorine
and fluorine produced 7 with no activity. Derivatives
with only one halogen atom reduced the activation.
Both an unsubstituted benzyl group and a benzyl group
bearing electron-donating methoxy (12, 13), methyle-
nedioxy (10), and methyl (11) groups showed no acti-
vating effect. From these results, it is possible to de-
duce that halogen substitutions at the benzyl moiety are
essential to boost HsCIpP activity. By changing the
benzodioxole moiety, it was observed that a change to
a methoxy-substituted benzyl (14) and extension of the
carbon-based linker (15) was tolerated, however, the
introduction of hydroxy (16), alkyl chain (17), di-
methoxy (18), alkyne (19), or imidazole (20) groups
either reduced or abolished the activity.

The benzyl moiety is localized in the same hydro-
phobic pocket as exploited by the phenylalanine moiety
of ADEPs. The hydrophobic pocket of wild-type
HsClpP consists of a set of aromatic residues (Tyrl18,
Tyr138, Trpl46), which coordinate the substituted
benzyl, probably via m-stacking interactions triggered
by electronic effects of the halogens.

Furthermore, Trp146 is a residue characteristic of
HsClpP, which likely serves as a selectivity filter.

7.3. Imipridones

Imipridones including ONC201 and its analogs
(Fig. 13) disrupt the ClpXP complex through the same
mechanism of ADEP and D9: binding the hydrophobic
pockets formed between neighboring ClpP subunits
induces widening of its axial pore with consequent de-
struction of both mitochondrial proteins and mitochon-
drial respiratory chain complexes I and II subunits, in
turn, determining the loss of cellular respiratory func-
tion [50].

(0]

X N N X
LI o1
RQAK/:f‘\*\/\@R

N N
S
R2

Fig. (13). Chemical structure of ONC201(R = R' = R* = H)
and its analogs.
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8. ONC201 PHARMACOKINETICS

ONC201 pharmacokinetics profile was determined
in mice, rats, dogs, and is currently being determined in
children and adults [19]. Its exposure in beagle dogs
following oral gavage dosing at 4.2-120 mg/kg, was
dose-dependent and increased with greater ONC201
dose levels [21]. Exposure to ONC201 was slightly
higher in the female dogs relative to the male dogs. The
terminal half-life ranged from 4.6 to 7.8 hours. In rats,
exposure to ONC201 was dose-dependent and ap-
proximately dose-proportional [21], slightly greater in
female rats after a single oral gavage dose. The termi-
nal half-life ranged from 2.3 to 8.4 hours. The volume
of distribution was large, ranging from ~49 to ~103
L/kg, suggesting that ONC201 is widely distributed.
The half-life of ONC201 in mice is ~6 hours with in-
travenous administration as measured by the HPLCUV
assay [62]. The pharmacokinetics of the single agent
ONC201, in phase I clinical trial in advanced solid tu-
mors, was evaluated in plasma collected in the first cy-
cle of therapy within 21 days of the first administration
of ONC201 [12].

9. ONC201 STRUCTURE-ACTIVITY RELA-
TIONSHIPS (SAR) STUDIES

ONC201 (also known as TIC10) was originally
identified from the National Cancer Institute (NCI)
chemical library for its ability to induce TRAIL (tumor
necrosis  factor-alpha-related apoptosis- inducing
ligand) gene transcription in a human colon cancer cell
line (HCT116).

The SAR of the ONC201 chemical series was inves-
tigated through an iterative process of chemical struc-
ture optimization and subsequent testing in cell viabil-
ity assays [63, 64]. Importantly, the initial chemical
structure for the compound was determined to be incor-
rect by Jacob ef al. [65], spurring a series of synthetic
efforts leading to the identification of novel chemical
entities based on this newly discovered pharmacophore
[66]. Madera Therapeutics created a series of novel
highly potent analogs of ONC201 and defined a new
chemical series collectively known as TR compounds
[67-69]. In particular, ONC201 aromatic rings (A and
B) were extensively modified (Fig. 13) by also apply-
ing a structure simplification approach.

ONC201 cytotoxicity was tested on different solid
tumor cell lines and its activity did not exceed the order
of the micromolar (Table 3) [66]. The cytotoxic effect
(with some exceptions) of ONC201 and its analogs on
the human colon (HCT216) and breast (MDA231) can-
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cer cell lines was of the same order of magnitude

(Table 4) [63, 64, 67, 68, 70].

Table 3. ONC201 toxicity in some tumor cell lines.

Cell Line ONC201 ICsy (nM)
Colo205 151+£33
KYSE140 58.1+159

PC3 89+32
MDA-MB-468 89+1.6
H3122 8.7+£23
THP1 144+45
RS4;11 314+ 14.8
MV4;11 30+1.3
Molm13 75+1.9
Molm14 63+£22

As far as the compounds listed in Table 4 are con-
cerned, when ring A has no substituent (R = H), 2
(ONC212) and 9 (ONC211) are obtained. They are the
most potent derivatives and specifically have on the B-
ring, a 4-CF; (ICso = 0.03/0.05 uM), or a 3,4-dichloro
(ICs0 =0.08/0.12 pM), respectively.

It is noteworthy, that the CF; position on the B-ring
affects the potency of the corresponding compounds. In
fact, when it is in ortho-position (6), the ICsy in the
HCT116 cell line is 0.03 uM, in meta-position (7), the
ICso is 0.24 uM, and lately in para-position (2), the
ICsp is 1.4 uM (in the MDA231 cell line the I1Cs values
are 0.05, 0.40 and 1.20 puM, respectively).

The presence of a 3-CH; on the B-ring associated
with the condensation of the imidazole ring with cyclo-
hexane lead to compound 5 which has a cytotoxic ac-
tivity of 0.069 uM in the MDA231 cell line. The sub-
stitution of 4-CF; of ONC212 (2) with 4-OCF; (20)
decreased its potency. 20 has an ICsy of 0.37 and 0.82
uM in the two cell lines, respectively.

The subsequent substitutions also concern the ring
A, providing several novel compounds (4, 14-19 and
24) endowed with a higher potency of at least two or-
ders of magnitude than ONC201. All of them are char-
acterized by the presence of a halogen like chloride or
bromide or isostere CF; in the para-position of the B-
ring.

Another set of ONC201 analogs were synthesized
and tested to evaluate their antiproliferative activity in
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both human colon and breast cancer cell lines. In this
series, the best result was obtained by substituting 2-
CH; of ONC201 on the benzyl B, with a 4-Cl (I3), a
potency increase of two orders of magnitude was ob-
served. Instead, the introduction in the A ring of
ONC201 a 2-F (I15), 3-Br (129), or 3-CF; (19) or a 3-
CH; (I34) led to gain one more order of magnitude of
cytotoxic effects. Keeping the 3-CHj in the phenyl A
but substituting the 2-CHj in the phenyl B with a 2-CF;
(I33) 2-Br (I34), compounds of very similar cytotoxic
potency were obtained.

The substitution of 2-Cl with bromine (I15, 114,
119, 126, 133, 137, 152, IS5) in ring B always deter-
mines a decrease of the potency, maybe to the higher
size of the bromine atom. Definitely, with this skeleton,
the only replacement that determines a remarkable gain
in potency is that of I3.

Cytotoxicity of ONC217, ONC223, ONC220,
ONC218, ONC210, ONC213, ONC203, ONC22,
ONC224, ONC226 was also evaluated in human lung
fibroblast cell line (MRC-5) showing an ICsy ranging
between <10 and <50 pM. On the other hand,
ONC2012, I4 (TR65), TR42, I5 (TR66), and 4 (TR27)
were tested on human triple-negative breast cancer cell
line (SUM159) and were found to be cytotoxic with
ICso = 0.0014, 0.074, 0.14, 0.011 and 0.010 puM, re-
spectively.

A new set of compounds obtained modifying the
two benzyls present in ONC201 (rings A and B) allow-
ing the preparation of derivatives listed in Table 5.
Their cytotoxicity was evaluated on HCT116, MDA
231, and MRCS5 cell lines.

The tentative to reduce the size of the piperidine of
ONC201 led to compounds I55-I58 of comparable po-
tency to ONC201 (Table 6).

A structural simplification approach to study the
structure-activity relationships of ONC201 was then
applied, obtaining a new series of compounds in which
the dihydroimidazo-pyrimidinone core ring was substi-
tuted by a pyrimidine-2,4(1H,3H)-dione [69]. Their
anticancer activity was measured by the CCKS8 cell
proliferation test (Table 7).

The best results were obtained in the N-methyl and
N-ethyl substituted derivatives, while opportune sub-
stituents in the B ring led to sub-micromolar cytotoxic
compounds (3, 6, and 11) for both cell lines. No re-
markable activity was observed with unsubstituted and
isopropyl substituted derivatives.
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Table 4. Anticancer activity measured by CCKS assay.

o)
A N A
N N
\»|‘/

R2
Compound® R R' R HCT116" MDA231¢
ICsp (uM) ICsp (uM)
ONC217 H 2-fluoro <10 NF
ONC202 2-chloro H NF NF
I5 2-bromo 5.96 6.81
6 2-trifluoromethyl 14 1.2
ONC201 2-methyl 2.8 3.0
I 3-chloro 0.23 0.24
7 3-trifluoromethyl 0.24 0.40
2 3-methyl 0.23 0.24
I3 4-chloro 0.06 0.07
2 (TR31- 4-trifluoromethyl 0.03 0.05
ONC212)*
ONC223 4-methyl <1 NF
20 4-trifluoromethoxy 0.37 0.82
ONC220 4-trifluoromethoxy <0.5 NF
ONC206 2,4-difluoro <0.5 NF
141 2,4-dichloro 1.73 2.01
(ONC219)
ONC225 2-fluoro-4- <1 NF
trifluoromethyl
143 2-trifluoromethyl-4- 4.29 2.85
chloro
ONC218 2-methyl-4-fluoro <0.5 NF
ONC 210 3,5-difluoro <1 NF
9 3,4-dichloro 0.08 0.120
(ONC 211)
ONC213 3,4-difluoro <1 NF
142 3-trifluoromethyl- 4- 0.73 1.07
chloro
ONC203 2-thienyl® <10 NF
ONC222 3-isoxazolidinyl® <10 NF
ONC224 methylen-(4- <1 NF
morpholinyl)®
ONC226 3-pyridinyl® <1 NF
116 2-bromo 2-fluoro 2.16 3.07

(Table 4) contd....
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Compound® R R' R HCT116" MDA231¢
ICsp (uM) ICsp (uM)

118 H 2-chloro H 2.15 221
119 2-bromo 2.22 3.67
117 2- trifluoromethyl 2.02 2.14
10 2-methyl >25 >25
111 2-fluoro 2-fluoro 1.99 2.18
113 2-chloro 1.77 1.94
114 2-bromo 1.45 2.08
12 2-trifluoromethyl 2.04 2.07
115 2-methyl 0.68 0.73
123 2-chloro 2-fluoro 2.00 2.14
125 2-chloro 1.95 1.31
126 2-bromo 1.50 2.08
124 2-trifluoromethyl 2.09 1.99
127 2-methylen 2.13 2.26
121 2-methyl 2-fluoro 2.12 2.15
145 2-chloro ND ND
146 2-bromo ND ND
122 2-trifluoromethyl 2.03 2.13

ONC229 4-trifluoromethyl NF NF
147 2-methyl ND ND
153 3-bromo 2-fluoro 0.70 0.73
128 2-chloro 2.20 222
148 2-bromo ND ND
154 2-trifluoromethyl 21.41 24.78
11 2-methyl 0.72 0.74
149 3-fluoro 2-fluoro 0.58 0.93
I51 2-chloro 0.70 0.73
16 4-chloro 0.028 0.070
152 2-bromo 1.18 2.07
17 4-bromo 0.023 0.064
150 2-trifluoromethyl 0.77 1.77
18 4-trifluoromethyl 0.022 0.078
136 3-chloro 2-chloro 0.72 0.74
137 2-bromo 231 233
27 4-trifluoromethyl 0.016 0.016
130 3-methyl 2-fluoro 2.07 2.13
132 2-chloro 0.77 0.74
133 2-bromo 0.72 0.86

(Table 4) contd....
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Compound® R R' R HCT116" MDA231¢
ICsp (uM) ICsp (uM)

131 H 2-trifluoromethyl H 1.25 1.65
134 2-methyl 0.73 0.73
I35 3-chloro 2-trifluoromethyl 6.21 4.21

14 (TR65) 3-nitrile 4-chloro 0.011 0.024
TR42* 4-bromo ND NF

15 (TR66) 4-trifluoromethyl 0.007 0.024
3=21 3- trifluoromethoxy 4-trifluoromethyl 0.36 0.27
9 3-trifluoromethyl 2-methyl 0.71 0.74

24 4-trifluoromethyl 0.087 0.22

13 3-methylidyne 4-bromo 0.28 0.28

4 (TR27)" 4-chloro 0.082 0.069
12 4-trifluoromethyl 0.22 0.22

8 4-trifluoromethoxy 1.8 0.88

22 4- methylidyne 4-chloro 1.8 34

23 4-fluoro 4-bromo 0.36 0.61
ONC228 4-trifluoromethyl NF NF
ONC227 4-trifluoromethyl 4-trifluoromethyl NF NF
ONC235 4-chloro 4-trifluoromethyl NF NF
ONC234 3,4-dichloro 4-trifluoromethyl NF NF
19 3—perdeuteriobenzylf 0.089 ND

25 thiophene-2-ylmethyl® 4-chloro 1.7 0.71

26 thiophene-3-ylmethyl" 4-chloro 0.57 0.31
110 4-(4-methylpiperazine) 2-methyl 2.09 2.19
144 4-t-butyl 2-methyl H ND ND

5 H 3-methyl CeHy 8 1.3 0.069

All the compounds are named as in the original documents [51, 64, 68, 70]; * NF: non found, ND: nondetermined, ® HCT116: human colon cancer cell line;
°MDA-231: human triple-negative breast cancer cell line;  [67]; ¢ hetero ring substitutes phenyl B; "hetero ring substitutes the phenyl A; £ C ring condensed

with cyclohexyl.

Thus, new compounds were synthesized by adding
to the A ring in the N-methyl and N-ethyl series a ni-
trile in meta-position. Compounds 26 and 28 became
more potent than the corresponding benzyl derivatives
9 and 11 specifically towards the breast cancer cell
line. A sub-micromolar activity was obtained also
when, in the N-methyl series, a methyl substituted the
methylidyne (30) reverting the preferential activity to-
wards the hepatic cell line.

Chemical changes to the R' group produced com-
pounds with a wide range of potency, many of which
were much more potent than ONC201. Halogens
within the benzyl R' group replacing the 2-
methylbenzyl provide ONC212 (4-trifluoro-

methylbenzyl group at R') more potent than ONC201,
resulting in some cases in up to a 1000-fold reduction
in GI50 on tumor cells without increased cytotoxicity
toward normal cells. Other analogs with halide sub-
stituents in the R' group such as in ONC206 (2,4-
difluorobenzyl) and ONC219 (2,4-dichlorobenzyl)
were also potent in colorectal cancer (CRC) cell line
and had a large in vitro therapeutic window. This sug-
gests that replacing the R' group with halide benzyl
groups increases potency. The widest separation be-
tween toxicity toward tumor cells versus normal cells
was observed for compounds in which a group at the 2-
position of the benzyl substituent was absent, such as
ONC212, ONC213 (3,4-difluorobenzyl) and ONC211
(3,4-dichlorobenzyl). Variants at R’ were also pre-
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Table 5. Cytotoxic activity of a new set of synthesized ONC201 derivatives.
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_/
ONC207 H 2-methylbenzyl <1 NF <10
ONC221 4-methylbenzyl <1 NF <10
ONC208 methyl 2-methylbenzyl NF NF NF
ONC204 methylbenzene phenetyl NF NF NF
ONC205 ethy(4-N-benzyl-piperazine) NF NF NF
ONC209 ethylbenzene 2-methylbenzyl NF NF NF
ONC215 t-butylethylcarbamate 2-methylbenzyl NF NF NF
ONC216 aminopropyl 2-methylbenzyl NF NF NF
ONC230 (4-fluorophenyl)- 4-trifluoromethylbenyl NF NF NF
-4-oxobutyl
ONC231 methylen-3-pyridinyl 4-trifluoromethylbenzyl NF NF NF
ONC232 methylen-4-methyl-2- 4-trifluoromethylbenziy NF NF NF
tiazolyl
ONC233 methylen-2-pyrazinyl 4-trifluoromethylbenzyl NF NF NF
ONC236 methylen-3-thienyl 4-trifluoromethylbenzyl NF NF NF
ONC237 phenylethanol 4-trifluoromethylbenzyl NF NF NF

* Compounds are named as in the original documents [51, 64, 68-70]; "HCT116: human colon cancer cell line; MDA-231: human triple-negative breast cancer
cell line; * MRC-5: human lung fibroblast. Abbreviations: NF: not found in patents and/or published articles.

Table 6. Anticancer activity measured of I55-158 by MTS cell proliferation test.

O
N
L B
T i
Compound® R R' HCT116" MDA 231¢
ICsp (uM) ICsp (uM)
155 H 2-bromo 2.14 2.19
156 2,4-dichloro 2.05 2.05
157 3-trifluoromehyl, 4-chloro 2.08 2.10
158 2-methyl not determined not determined

* Compounds are named as in the original documents [51, 64, 68-70]; "HCT116: human colon cancer cell line; *MDA-231: human triple-negative breast cancer

cell line.
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Table 7. Anticancer activity measured by the MTS cell proliferation test.

o) CH, o)
N N D0 X N N X )
SASSAGIESaSORSE
(S R

Compd® R R' R HCT116" MDA 231¢ SUM159¢
1C50 (nM) 1C50 (nM) 1C50 (nM)

2 3-methyl 3.0 3.6 NF
5 H H 4-chloro 2.7 10 NF
8 4-trifluiomethyl 2.6 1.3 NF
1 H ND >100 NF
3 methyl H 3-methyl 0.18 0.24 NF

6 (TR57) 4-chloro 0.26 0.29 0.014
9 4-trifluoromethyl 0.31 1.1 NF
13 3-trifluoromethyl 14 1.1 NF
15 3-chloro 3.0 2.1 NF
17 3-chloro 1.1 0.86 NF
23 [1,3]dioxole 2.5 2.6 NF
18 3-nitrile 4-trifluoromethyl 14 0.68 NF
19 2-methyl 1.5 1.1 NF
20 3-methyl 1.0 0.55 NF
21 4-chloro 1.4 0.63 NF
24 4-bromo 0.022 0.11 NF
25 4-chloro 0.74 0.19 NF
26 4-trifluoromethyl 0.50 0.085 NF
30 3-chloro 4-trifluoromethyl 0.098 0.29 NF
22 4-trifluoromethyl 0.1 0.29 NF
29 3-methyl 4-trifluoromethyl ND 14 NF
11 4-trifluoromethyl 0.75 0.23 NF
12 ethyl H 4-chloro 0.81 1.1 NF
14 3-trifluoromethyl 2.5 1.0 NF
16 3-chloro 1.8 33 NF
27 3-nitrile 4-trifluoromethyl 1.9 0.22 NF
28 4-chloro 0.21 0.022 NF
4 isopropyl H 3-methyl 2.0 4.1 NF
7 4-chloro 6.6 14 NF
10 4-trifluoromethyl 7.1 4.0 NF

TR79 aminopropyl 3-nitrile 4-trifluoromethyl NF ND 0.057
TR80 aminobutyl 3-nitrile 4-trifluoromethyl NF ND 0.23
TR81 aminobutyl 3-nitrile 4-chloro ND ND NF

* Compounds are named as in the original documents [51, 64, 68-70]; "HCT116: human colon cancer cell line; *“MDA-231: human triple-negative breast cancer

cell line;  SUM159: mesenchymal triple-negative breast cancer cell line.
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pared, with ONC207 (H) having no anticancer activity,
while the potency was restored with manipulation of
the R' group in ONC221 (R*-H; R'-4- CF;-benzyl
group).

ONC212, a trifluoromethylbenzyl imipridone, and
ONC206, a difluorobenzyl imipridone, were initially
selected based on their GI5S0 in HCT116 cells com-
pared to their effects on normal cells (an approximation
of in vitro therapeutic window). The potencies of both
analogs were evaluated in cancer cell lines across 10
tissue types and in an additional four normal cell lines.
These experiments demonstrated that ONC212 and
ONC206 have a nanomolar activity that is consistently
more potent than ONC201 across several tumor types.
Both compounds also demonstrated the ability to in-
hibit colony growth of both colorectal and melanoma
cancer cell lines. The results prompted further investi-
gation of these analogs.

Interestingly, ONC206 and ONC201 both inhibited
invasion and migration of tumor cells, while ONC212
inhibited the only invasion. These observations on ki-
netics of response and invasion suggest that ONC212
possesses distinct anticancer properties relative to other
imipridones. ONC212 was selected for in vivo evalua-
tion considering the strong potency and differentiated
kinetics of signaling.

10. STRUCTURAL STUDIES OF HUMAN
(Hs)ClpP AND ITS BINDERS

New insights into the structural features and the pro-
teolytic process mediated by the ClpP are gained from
enough experimental data since the three-dimensional
scaffold of the human isoform of this protein was de-
termined in two diverse conditions. Firstly, the molecu-
lar assembly in the apo state was unraveled by X-ray
crystallography in 2005 [71], and later on, in 2018, the
first holo form in complex with the acyldepsipeptide
ADEP-28 (Table 1) was solved [72], followed by the
Y118A active mutant in complex with the oxadiazon-
carboxyamide D9 (Fig. 12) [61]. In 2019, the crystals
of the HsClpP/ONC201 complex were obtained [49],
and indeed a direct comparison between the apo and
this latest #olo form highlighted the most salient differ-
ences between the two states and furnished a percep-
tion on a plausible mechanism of action of HsClIpP.

Both structures are organized as a heptameric chan-
nel-like pore (Fig. 14), most likely representing the
moiety where peptide products are expelled, but the
ONC201 binding to the active site region cause a slight
modification of the entire molecular bundle, as proved

Perrone et al.

by lower (1425 vs. 1505 A% average contact surface
area between each monomer, and a larger (17 vs 12 A)
distance between aspartate residues of each catalytic
triad governing the proteolytic activity of HsClpP.

It must be pointed out that this evidence is not due
to direct contact between ONC201 and the aforemen-
tioned triad (Serl52, His178, and Asp227), but it is
rather modulated by diverse interactions (i.e., extensive
hydrophobic contacts, m-mt stacking and hydrogen
bonds) gained with other residues defining a most
likely allosteric, or at least secondary, binding site.

Additional clues revealing the chemical clichés,
critical for the activity, are also gained by a comparison
of the binding mode ONC201 and D9 as achieved by
docking of these ligands to the HsClpP wild type. Both
binders can largely fulfill the cavity formed by the o-
helix and B-sheet motifs of two adjacent monomers of
the heptameric bundle with similar chemical patterns:
the three rings core of imipridone engages an exten-
sive, water-mediated, network of hydrogen bonds with
GIn107 and Tyr118, and further stabilizes the binding
with additional hydrophobic contacts comprising its
aromatic benzyl pendent and sidechains of Tyr138 and
Leul04 (Fig. 15).

A comparable pharmacophoric organization is also
observed in the docking of D9, whose pose extremely
resembles the ONC201 binding mode, as assessed by a
Tanimoto shape-based similarity coefficient equal to
0.848, with the oxazole overlapping the alicyclic moi-
ety of the imipridone, and both the two aromatic termi-
nals sharing the same hindrance suggest an analogous
pharmacological profile for these binders (Fig. 16).

11. OUTLINE OF CLINICAL TRIALS

The overall prognosis for children affected by DIPG
remains poor. In the last decades, many reports have
demonstrated that both radiotherapy and chemotherapy
do not impact on the fatal course of the disease.

Early retrospective analysis showed that whole-
brain irradiation has similar outcomes in comparison to
the conservative approach of focal radiotherapy [73,
74]. Therefore, the standard of care of children with
DIPG remains conventional focal radiotherapy with a
treatment dose of 54-60 Gy in 1.8-Gy daily fractions
over 6 weeks.

Following radiotherapy, most children obtain im-
provement in clinical symptoms and signs, although the
benefit is transient with a marginal impact on progres-
sion-free survival. Radiotherapy appears to increase the
overall survival of a few months with a mean progres-
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ONC201

Fig. (14). Heptameric assembly of HsCIpP. (4 higher resolution / colour version of this figure is available in the electronic

copy of the article).
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Fig. (15). Horizontal view of the docking relative to ONC201 (left) and D9 (right) into the HsClpP (pdb code: 6DL7). The
estimated free energies of binding, measured according to the AutoDock scoring function, are 8.92 and -8,23 kcal/mol, respec-
tively. Water molecules are represented as a single cross. (4 higher resolution / colour version of this figure is available in the

electronic copy of the article).

sion-free survival of only 5-6 months compared with 5
months for children with DIPG without focal irradia-
tion [2].

In the 1980s and 1990s, attempts were made to en-
hance the potential efficacy of radiotherapy by using
hyperfractionated schedules with twice-daily doses of
110-120 cGy. The Children’s Cancer Group (CCG) and
Pediatric Oncology Group (POG) tested hyperfraction-
ated radiotherapy up to a total dose of 78 and 75.6 Gy,
respectively. Both groups concluded that no clinical
benefit was observed adopting hyperfractionated
schedules over conventional radiotherapy at 54 Gy
[75].

More recently, to improve the life quality of chil-
dren with DIPG, hypofractionated delivery was evalu-
ated. Zaghloul et al. randomized DIPG patients to re-
ceive 3 Gy daily for a total of 39 Gy over 3 weeks ver-
sus conventional 54 Gy in 30 fractions over 6 weeks.
Limiting radiotherapy to 39 Gy over 3 weeks had a
similar impact on overall survival but reduced toxicity
with a shorter time that children spent in the hospital
for the care delivery [76].

In recent years, a growing interest has emerged
about the possibility of a re-irradiation of children with
refractory or recurrent DIPG taking into account the
lacking efficacy of other treatments. In a retrospective
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review of the European Pediatric Oncology Interna-
tional Society (SIOP-E) 32 patients with DIPG re-
ceived re-irradiation with a dose ranging from 18
to 30 Gy (fractions, 1.8-3 Gy) starting 3 or more
months since the previous radiotherapy. Following
re-irradiation, most patients had a clinical improvement
[77]. Similar results were obtained on 16 patients with
progressive DIPG who received further focal irradia-
tion. Interestingly, the use of steroids was avoided
and/or discontinued in many patients by the end of the
re-irradiation [78].

Fig. (16). Molecular superposition of the docking poses of
ONC201 (magenta carbons) and D9 (green carbons). (4
higher resolution / colour version of this figure is available
in the electronic copy of the article).

The comparison with the historical cohorts of pa-
tients with DIPG receiving initial radiotherapy without
re-irradiation suggests a potential neurological im-
provement and a benefit in overall survival following
re-irradiation. However, several aspects of the DIPG
re-irradiation option remain to be addressed, including
the total radiation dose, fractioning, the interval from
the previous radiotherapeutic treatment, risks of severe
toxicities, and combination with antineoplastic agents.

Many small studies have attempted to use different
antineoplastic agents as radiosensitizing with concomi-
tant irradiation. Cisplatin concurrently administered
with radiotherapy shown similar outcomes in children
with DIPG when compared with radiation alone [79].
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The Pediatric Brain Tumor Consortium (PBTC)
phase II trial has used capecitabine during radiotherapy
for children with newly diagnosed DIPG based on the
evidence that glioma tumor cells express high levels of
thymidine phosphorylase able to generate high concen-
trations of 5-fluorouracil in tumor tissue. Both capecit-
abine and 5-fluorouracil are radiation sensitizers and
may enhance the therapeutic effect of radiotherapy.
The use of capecitabine and concurrent radiotherapy
also failed to provide an improvement in the overall
survival of children with DIPG [80].

In adults with glioblastoma, temozolomide, an alky-
lating agent especially effective in O6-methylguanine
DNA methyltransferase (MGMT) promoter methylated
tumors, showed interesting activity when administered
in combination with radiotherapy. Based on these data,
a similar protocol was adopted in the challenging sce-
nario of treating children with DIPG. However, no sig-
nificant improvement in the outcome of children with
DIPG receiving concomitant temozolomide and irra-
diation, followed by adjuvant temozolomide up to 10
cycles was obtained. The mean 1-year event-free sur-
vival and the mean 1-year overall survival were found
to be 14% and 40%, respectively [81].

Similar conclusions emerged from other studies. In
the trial performed by Chassot et al., 21 patients re-
ceived radiotherapy with concomitant and adjuvant
temozolomide: the median progression-free survival
and overall survival were 7.5 and 11.7 months, respec-
tively [82]. Rizzo et al. treated 15 children with focal
radiotherapy along with concurrent daily temozolomide
followed by adjuvant temozolomide; the median pro-
gression-free survival was 7.15 months (range, 3.4—
15.3 months), while the median overall survival was
15.6 months (range, 3.4-25.9 months) [83].

Similarly, attempts to improve the efficacy of focal
radiotherapy in patients with DIPG adopting concurrent
molecularly targeted agents such as imatinib and tipi-
farnib offered no clinical advantage over historical con-
trols with radiation alone [84, 85].

The chemotherapy role as a standard treatment in
the management of children with DIPG has yet to be
established. Although some activity of several single
and multiple agent chemotherapy regimens were re-
ported, responses are generally short-lived and at pre-
sent no regimen seems to be superior to others.

In 1977, the Children’s Cancer Study Group evalu-
ated, in a randomized prospective study involving 74
patients with DIPG, the efficacy of irradiation with and
without adjuvant lomustine, vincristine, and predni-
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sone. They concluded that the survival rate was irre-
spective of the adjuvant chemotherapy received for 1
year and was similar to treatment with irradiation
alone; besides, the chemotherapeutic regimen was not
able to delay the relapses [86].

The role of the pre-irradiation chemotherapy was
also studied by the Children’s Cancer Group (phase II
trial CCG-994) adopting several possible combinations
of alkylating and platin-based agents, and topoi-
somerase inhibitors. The 63 participants were random-
ized to receive two regimens of chemotherapeutic
agents: carboplatin-etoposide-vincristine versus cis-
platin-etoposide-cyclophosphamide-vincristine. ~ Both
groups of patients were then proceeded to hyperfrac-
tionated radiotherapy of 72 Gy. The results showed no
significant difference in event-free survival and overall
survival despite the relatively greater chemotherapy
intensity of the second regimen with a similar 1-year
event-free survival of 17% (95% CI 7.2-26.8%) [87].

The poor outcome of children with DIPG led to tri-
als with other different drugs such as carboplatin, nitro-
surea compounds, cyclophosphamide, ifosphamide,
oral etoposide, and tamoxifene [88, 89]. Objective re-
sponses were rare and limited with no consistent effect
on survival or outcome.

Due to this uniformly poor outcome for patients
with newly diagnosed DIPG, a high dose chemotherapy
regimen has been investigated by some authors with
anecdotal reports or small series. In a Societe Fran-
caise d’Oncologie Pediatrique (SFOP) pilot study, 24
consecutive children with a newly diagnosed DIPG
received systematically high-dose chemotherapy with
busulfan-thiotepa after irradiation. The busulfan-
thiotepa combination was based on pharmacological
data showing that both drugs can cross the blood-brain
barrier (BBB). All enrolled patients died, 3 of toxic
complications, and 21 of disease progression. The me-
dian survival time for non-transplanted patients (most
of them because of early disease progression) was
8+1.5 months versus 10+2.6 months for the arm of
transplanted patients.

In recent years, other different approaches were at-
tempted in children with refractory DIPG such as intra-
arterial or intra-nasal chemotherapy, and convection-
enhanced drug delivery (CED). All these approaches
were developed to bypass the BBB as DIPGs have a
relatively intact blood-brain barrier. CED is based on a
surgical technique utilizing a catheter to deliver the
drug directly into the tumor through a pump. By this
system, macromolecules, such as monoclonal antibod-
ies (i.e. 8H9), irinotecan liposome, and nanoparticle
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formulation of panobinostat MTX110 have been deliv-
ered to the tumor [90-92]. Recent trials have evaluated
the addition of various targeted agents such as tyrosine
kinase inhibitors (i.e. dasatinib, ponatinib, imatinib,
pazopanib, sunitinib), PI3K/mTOR pathway inhibitors
(i.e. LY3023414, everolimus) or antiangiogenetic
agents (i.e. thalidomide) but all have failed to signifi-
cantly prolong the survival of children with DIPG [93,
94]. Novel therapeutic approaches including multi-
modal therapy consisting of Newcastle disease virus,
hyperthermia, and autologous dendritic cell vaccines
[95], inhibitors of ALK2 (K02288, LDN-213844, and
LDN-214117) [96], and selective LSD1 inhibition have
been proposed as part of an individualized treatment
approach for DIPG patients [97]. All clinical trials re-
garding DIPG are reported in Table 8.

CONCLUSION

DIPG remains a tumor with a dismal prognosis. De-
spite advances in neurosurgical techniques and radio-
therapy delivery, little improvement in prognosis has
been achieved with limited influence on the natural
course of the disease. Several clinical studies with
novel agents have been performed or are underway to
find a more active medical treatment.

At present, ONC 201 represents the only drug for
the treatment of DIPG on which there are many hopes.
The great interest is derived from signs of efficacy
obtained in adults and children affected by high-grade
gliomas. Phase II clinical studies at the Massachusetts
General Hospital Cancer Center on 17 patients with
recurrent bevacizumab-naive glioblastoma treated with
the oral capsule of ONC201, once every 3 weeks (21-
day cycle), showed promising results. The progression-
free survival at 6 months was 11.8%, and two patients
remained on therapy for greater than 11 months. The
median overall survival (OS) of patients enrolled in the
trial was 41.6 weeks, with the OS at 6 months being
71% [98]. In the USA, the Network Radiation Oncol-
ogy/Children’s Oncology Group (NRG/COG) coopera-
tive group phase II trial is undergoing to test the effi-
cacy of the ONC201 in newly diagnosed DIPG, as well
as newly diagnosed non-DIPG H3 K27M glioma.
ONC201 will be administered with irradiation and fol-
lowed by maintenance ONC201. In Europe, the new
BIOMEDE trial will include ONC201 for children di-
agnosed with H3 K27M-mutant and/or H3K27me3-
negative DIPG. Nevertheless, these trails will support
further clinical development of the ONC201 drug in
children with DIPG but more effective drugs are re-
quired for this uniformly lethal tumor.
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Table 8. Published and ongoing clinical trials in DIPG.
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NCT NUMBER TREATMENTS PART.? PHASE STARTING RECRUIT-
DATE MENT STATUS
NCT04250064 Bevacizumab/Ultra-low-dose radiation therapy 40 II 2020 Recruiting
NCT01688401 Melphalan hidrocloride 3 I 2013 Active, not
recruiting
NCT01952769 MDV9300 50 I 2014 Enrolling by
invitation
NCT02274987 Standard radiation therapy 38 NA® 2014 Completed
NCT02233049 Erlotinib/Everolimus/Dasatinib 250 1I 2014 Active, not
recruiting
NCT02644460 Abemaciclib 60 I 2015 Recruiting
NCT02840123 Autologous dendritic cells 10 I 2016 Active, not
recruiting
NCT03355794 Ribociclib/Everolimus 24 1 2017 Active, not
recruiting
NCT03086616 Nanoliposomal Irinotecan 19 I 2017 Terminate*
NCTO01777633 Palliative re-irradiation 15 1I 2013 Active, not
recruiting
NCT03841435 Hypofractionated radiation therapy 6 NA® 2018 Recruiting
NCTO01644773 Crizotinib/Dasatinib 36 I 2012 Not yet recruiting
NCT02960230 K27M peptide/ Nivolumab 49 II 2016 Unknown
NCT02992015 Gemcitabine 10 1 2016 Completed
NCT03566199 Panobinostat Nanoparticle Formulation 24 II 2018 Completed
MTX110
NCTO02758366 Doxorubicin 20 II 2016 Unknown
NCTO01182350 Bevacizumab/ Erlotinib/ Temozolomide/ 53 II 2011 Completed
radiation therapy
NCT02420613 Laboratory Biomarker / Radiation Therapy/ 6 I 2015 Recruiting
Temsirolimus/ Vorinostat
NCT00996723 Vandetanib and Dasatinib 25 I 2009 Recruiting
NCTO03126266 Re-irradiation 25 NA® 2017 Recruiting
NCT04049669 Indoximod/ Partial Radiation/ Full-dose 140 I 2019 Recruiting
Radiation/ Temozolomide/ Cyclophosphamide/
Etoposide/ Lomustine
NCT02359565 Pembrolizumab 110 I 2015 Recruiting
NCT04185038 SCRI-CARB7H3(s); B7H3-specific chimeric 70 I 2019 Recruiting
antigen receptor (CAR) T cell
NCT03605550 PTC596/ radiation therapy 54 I 2018 Active, not
recruiting
NCT02717455 LBHS589 40 I 2016 Recruiting
NCT03178032 DNX-2401 12 I 2017 Completed
NCT01922076 Radiation Therapy 77 I 2013 Active, not
recruiting
NCT03620032 Nimotuzumab/Vinorelbine/ radiation therapy 54 II 2018 Recruiting

(Table 8) contd....
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NCT NUMBER TREATMENTS PART.? PHASE STARTING RECRUIT-
DATE MENT STATUS
NCT03893487 Fimepinostat 30 I 2019 Recruiting
NCT02750891 DSP-7888 18 VI 2016 Completed
NCT00036569 Pegylated interferon alfa 32 II 2002 Completed
NCTO03696355 Drug: GDC-0084/radiation therapy 41 I 2018 Active, not
recruiting
NCTO01517776 Cilengitide/Temozolomide 28 II 2012 Terminated
NCT00600054 Nimotuzumab 44 II 2008 Completed
NCT01058850 Rindopepimut 3 I 2010 Terminated
NCT04099797 (C7R)-GD2.CART 34 I 2019 Recruiting
cells/Cyclophosphamide/Fludarabine
NCT04264143 Infusate with MTX110 and Gadolinium 9 I 2020 Recruiting
NCT00879437 Valproic acid/Bevacizumab/radiation therapy 38 II 2009 Activc?,.not
recruiting
NCT00028795 Temozolomide/radiation therapy 170 II 2003 Completed
NCT01445288 Radiation therapy 76 NR® 2011 Completed
NCT03598244 Savolitinib 36 I 2018 Recruiting
NCT02444546 Sargramostim/Wild-type Reovirus 6 II 2015 Active, not re-
cruiting

“Partecipants; "NA=Not applicable; “NR=Not reported. ‘Treatment ineffective; Extreme toxicity;

An extensive ONC201 structure-activity relation-
ship was performed, and new compounds were devel-
oped. Several of these compounds showed cytotoxic
activity at a different extent on the colon cancer cell
lines, and a few more were deeply investigated. The
identification of ClpP as a direct biological target of
ONC201 provides fertile ground to scientists’ work in
searching new molecules that can be used for the
treatment of DIPG and may lead to performing a neo-
natal or even better prenatal screening for the early di-
agnosis of this disease.

As children and adults with DIPG, and general
gliomas, are waiting for a drug to treat their disease,
such pediatric cancer should be considered a hot topic,
and direct great scientific efforts should be imple-

mented on priority.

LIST OF ABBREVIATIONS

ADEPs = Acyldepsipeptides

BBB = Blood-brain Barrier

CAR-T = Chimeric Antigen Receptor

CBP = Creb-binding Protein

CCG = Children’s Cancer Group

CED = Convectionenhanced Drug Delivery
CIPP = Caseynolitic Protease P

DCR
DIPG
DISC
DR
DR
ERa
FADD

FKH
FOX
GPCRs
HCTI116
HsClpP
HsClpX
ISR
MGMT

MTDNA
MTS
NCI
NES

Decoy Receptors
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Death-Inducing Signaling Complex
Dopamine Receptors

Death Receptors

Estrogen Receptor o

Fas-Associated Protein With Death
Domain

Forkhead

Forkhead Box Proteins

G-protein Coupled Receptors
Human Colorectal Carcinoma 116
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Integrated Stress Response

06-Methylguanine Dna Methyltrans-
ferase

Mitochondrial Dna
Mitochondrial Targeting Sequence
National Cancer Institute

Nuclear Export Sequence
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NLS = Nuclear Localization Sequences
NRG/COG = Network Radiation Oncology/ Chil-
dren’s Oncology Group

OPG = Osteoprotegerin

(ON = Overall Survival

PBTC = Pediatric Brain Tumor Consortium

PI3K = Phosphoinositol-3-Kinase

POG = Pediatric Oncology Group

SAR = Structure-Activity Relationship

SFOP = Sgcieté Francaise d’oncologie Pedia-
trique

SIOP-E = European Pediatric Oncology Interna-
tional Society

TAD = Transactivation Domain

TBID = Truncated Bid

TRAIL = Tumor  Necrosis Factor-Related
Apoptosis-Inducing Ligand

UPR™ = Mitochondrial Unfolded Protein Re-
sponse

ZBD = Zinc-Binding Domain
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