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The mitochondrial protease called ClpP plays a central role in mitochondrial protein quality control. ClpP agonists

have emerged as a novel class of mitochondria-targeting drugs. Hyperactivating ClpP induces uncontrolled, but

selective, degradation of ClpP substrates and disrupts mitochondrial functions, leading to growth inhibition of

breast cancer cells, without adverse effect in non-malignant cells. 
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1. ClpP—The Structure and Functions

In humans, mitochondria contain over ~1000 proteins that fulfil multiple functions . According to the latest

version of MitoCarta 3.0, an inventory of mammalian mitochondrial proteins, a total of 1136 human genes, encode

mitochondrial proteins . Among them, 99% proteins are encoded by nuclear DNA, and 13 proteins are encoded

by mtDNA. The sub-mitochondrial localizations of these proteins are the mitochondria matrix (46%), the

mitochondrial inner membrane (IMM, 32%), the mitochondrial outer membrane (OMM, 10%), the mitochondrial

intermembrane space (IMS, 5%), the mitochondrial membrane (3%), and unknown (5%). These proteins

participate in multiple mitochondrial pathways including metabolism (40.6%), mtDNA maintenance, mtRNA

metabolism and translation (20%), OxPhos (14.9%), protein import, sorting and homeostasis (7.6%), mitochondrial

dynamics (9.1%), small-molecule transport (7.5%), and signaling (4.2%) .

Mitochondrial proteins undergo processing events, form functional assemblies, and localize to correct locations.

During this process, unfolded and misfolded proteins are cleared to maintain mitochondrial protein homeostasis,

which is critical for mitochondrial function . Misregulation of mitochondrial proteostasis leads to human diseases,

including cancers , and specialized molecular chaperones and proteases conduct this maintenance . At

least 45 proteases are present in the different compartments of a mitochondrion . Among these proteases, the

evolutionally conserved ATP-dependent proteases (AAA+ [ATPases Associated with various cellular Activities]

superfamily) represent core components of the mitochondrial proteolytic system performing mitochondrial protein

quality control in a mammalian cell. The members of this AAA+ proteases family are the Lon protease 1 and the

ClpXP complex in the mitochondria matrix, and the i-AAA and m-AAA proteases in the inner membrane 

(Figure 1). Among the four AAA+ proteases, ClpXP is most extensively studied in terms of its biochemical and

genetic features, crystal structures, and the molecular basis of protein substrate recognition .
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Figure 1. The member of AAA+ protease family in human mitochondria. ClpXP and LONP1 are located in the

mitochondrial matrix, the i-AAA and m-AAA are located in the inner mitochondrial membrane. OMM: Outer

mitochondrial membrane; IMS: intermembrane space; IMM: inner mitochondrial membrane. This figure was

generated by BioRender.com (19 January 2023).

ClpXP consists of the caseinolytic mitochondrial matrix peptidase chaperone subunit X (ClpX; AAA+ ATPase) and

ClpP (a tetradecameric peptidase). ClpX is a hexametric ATP-dependent protein unfoldase and translocase .

ClpP is a barrel-like peptidase assembled from two stacked heptameric rings, which enclose a roughly spherical

proteolytic chamber  (Figure 2A). The proteolytic activity of ClpP is usually tightly regulated by ClpX . ClpX

recognizes degrons on proteins to be degraded and provides energy to unfold and translocate linearized protein

into the barrel of ClpP . Substrate specificity is not defined by the amino acid sequence, rather ClpX recognizes

specific degradation signals and interacts with certain adaptor proteins . ClpX then feeds the unfolded substrate

through the axial pore to the proteolytic chamber of ClpP, and the substrate is cleaved into small peptide fragments

 (Figure 2B). ClpX binds to one or both ends of ClpP and this allows for both single- and double-capped

ClpXP complexes . As with bacterial ClpP, human ClpP cylinders switches dynamically between extended and

compact forms (Figure 2C). The active, extended form is required for substrate degradation, while an inactive

compact state allows peptide product release from the ClpP inner chamber .
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Figure 2. ClpXP structure and function as a mitochondrial protease. (A) ClpXP consists of ClpX (ATPase) and

ClpP. (B) ClpX recognizes degrons of target protein, unfolds the proteins and threads them into ClpP for

degradation. (C) Extended (active) and compact structure (inactive) of Staphylococcus aureus ClpP . This figure

was generated by BioRender.com (19 January 2023).

The role of ClpP as a master regulator of mitochondrial protein quality control and homeostasis is well established.

Many mitochondrial proteins are identified as substrates of ClpXP, including proteins involved in ETC, the TCA

cycle, mitochondrial ribosome, mitochondrial gene transcription and translation, glutamine metabolism, and folate

metabolism . By degrading misfolded or damaged proteins, ClpXP maintains the integrity of

mitochondrial functions.

ClpP also serves as a central mediator of the mitochondrial unfolded protein response (UPR ) , a conserved

transcriptional response activated by multiple forms of mitochondrial dysfunction and regulated by mitochondrial-

nuclear communication. The UPR  supports the recovery of mitochondria from damage, restores ETC function,

eliminates excess amounts of ROS, and promotes cell survival . Recent studies indicated the prolonged

UPR  contributes to organismal deterioration including cancer . In breast cancers, elevated expression of

UPR -related genes is significantly associated with poor overall and metastasis-free survival . Activated UPR

was observed in HER2 amplified breast cancer tissues .

ClpP is predominantly expressed in non-malignant tissues with high mitochondrial content such as skeletal muscle,

liver, and heart, suggesting its critical role in normal tissue . Despite the expression in such critical organs, mice

with homozygous deletion of the CLPP gene are viable, but infertile, and exhibit hearing loss and growth

retardation with accumulation of ClpX and mtDNA . Similarly, recessive CLPP mutations in the human CLPP

genes are linked to a rare genetic disease Perrault syndrome, which shows infertility and hearing loss .

2. ClpP Activation Impairs Breast Cancer Cell Viability

While the exact roles of ClpP in tumorigenesis are not clearly established, emerging evidence demonstrate that

ClpP is overexpressed in multiple malignancies including breast cancers . Recent analysis of TCGA

database also confirmed that ClpP is overexpressed in breast and other cancers . In addition, a high level of
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ClpP expression is associated with the disease stage, metastasis, poor prognosis and is proposed as a prognostic

marker in breast cancers . Thus, ClpP is considered an emerging target for breast cancer.

Interestingly, both inhibition and hyperactivation of ClpP can lead to impaired OxPhos, resulting in cancer cell death

. Inhibition of ClpP induces the accumulation of damaged and misfolded mitochondrial proteins, whereas

hyperactivation of ClpP leads to unregulated degradation of ClpP substrates, and both mechanisms can elicit

defective cellular respiration and eventual cell death . Importantly, whether inhibition or activation of ClpP induces

cell death appears to be context dependent. CLPP is an essential gene for cell survival in leukemia cells and ClpP

inhibition is lethal in acute myelogenous leukemia (AML), chronic myelogenous leukemia, and osteosarcoma . In

contrast, ClpP activators show anti-tumor effect in breast, ovary, colorectal, glioblastoma, and other cancers 

. In breast cancer cells, transient knockdown of CLPP by siRNA induced apoptosis and inhibited cell

viability, migration, invasion in breast cancer cells , while CRISPR/Cas9-mediated deletion of CLPP gene did not

affect cell viability presumably due to cellular adaptation . In contrast, activation of ClpP by ClpP agonists

exerts an anti-tumor effect in breast cancer cells . This suggests that ClpP activation, but not ClpP inhibition,

is the better targeting approach in breast cancers.

3. ClpP Activating Drugs

Since ClpP activators, but not ClpP inhibitors, show cytotoxicity in breast cancers, the research will focus on ClpP

activators in this entry (for ClpP inhibitors, the researchers refer readers to other excellent reviews . There

are three classes of ClpP agonists: acyldepsipeptide antibiotics (ADEPs), ONC201 and its analogs (imipridones),

and TR compounds. The representative ClpP agonists and structures are illustrated in Figure 3.
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Figure 3. Representative ClpP agonists and structures. (A) Acyldepsipeptide antibiotics (ADEPs), (B) ONC201 and

its analogs (imipridones), and (C) TR compounds.

ADEPs: ClpP has emerged as an anti-bacterial target during the mechanism of action studies on acyldepsipeptide

antibiotics (ADEPs) in last two decades. ADEPs were first reported as antibiotics . Identification of the

resistance-mediating mutation within an ADEP-resistant Escherichia coli mutant and affinity chromatography with

an immobilized ADEP analog led to identification of ClpP as the direct target of ADEPs . ADEPs increase the

activity of the bacterial ClpP, leading to bacterial cell death. As ClpP plays important roles in the bacterial virulence

due to the broad range of substrates, extensive effort has been made to develop ADEPs as novel therapeutics for

drug-resistant bacteria . Medicinal chemistry studies revealed the structure–activity relationship and

yielded many derivatives with enhanced in vitro potency and stability . The anti-bacterial efficacy of

ADEPs has been demonstrated in lethal bacterial infections in rodent models . Wong et al. were the first to

demonstrate that ADEPs binds to human ClpP (HsClpP) using crystallographic structural analysis . ADEPs

induce caspase-dependent apoptosis, mitochondrial fragmentation, and OxPhos inhibition in HEK293 cells. At

present, ADEP analogues are being tested in preclinical models in breast cancers, but the findings are limited.

ONC201 and its analogs (Imipridones): ONC201 (a.k.a., TIC10) is the first-in-class small molecule of the

imipridone family . ONC201 was identified in a chemical library screen to find a small molecule that

transcriptionally induces tumor necrosis factor-alpha related apoptosis-inducing ligand (TRAIL), leading to an

autocrine induction of apoptosis in the cancer cell. The proposed mechanism of action of ONC201 was that it

inhibits extracellular signal-regulated kinase (ERK) and AKT, leading to the translocation of Foxo3a into the

nucleus, where it activates transcription of the TRAIL gene . Subsequent studies evaluated ONC201 as an

antagonist of dopamine receptors (DRD)2/3 . There were some preclinical data supportive of DRD2

antagonistic activity , and the clinical activity seen in diffuse intrinsic pontine gliomas (DIPG) has been

suggested to be mediated through DRD2 inhibition . However, this remains controversial. No direct evidence

of ONC201 binding to DRD2/3 has been shown, gene suppression or deletion of DRD2/3 did not abrogate the

ONC201’s cytotoxic effect , and DRD2 transcript is not detectable in many breast cancer cell lines that are

sensitive to ONC201 . This requires further evaluation to determine if any activity of ONC201 or other ClpP

agonists is due to DRD2 antagonism.

While ONC201 was shown to increase Poly (ADP-ribose) polymerase 1 (PARP) cleavage and apoptosis in some

cancer models , apoptosis was not observed in breast cancers . The researcher's group was the first to

report that the cytotoxicity of ONC201 is due to targeting mitochondria and is independent of TRAIL-mediated

apoptosis . The researchers found that ONC201 inhibits OxPhos, depletes ATP, mtDNA, multiple mitochondrial

proteins, such as mitochondrial transcription factor A (TFAM), ETC proteins, accompanied with mitochondrial

structural damage and an integrated stress response (ISR) indicated by ATF4 and CHOP induction . The

researchers also found that breast cancer cells that lack functional mitochondria (e.g., rho0 cells) were ONC201-

resistant. The researcher's finding was confirmed and extended by two studies which demonstrated that ONC201

binds to and activates ClpP using crystallography structural analysis, mass-spectrometry, and affinity

chromatography/drug competition assays . Another group identified ClpP as the target of ONC201 using a
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genome wide CRISPR KO library screen . Later, ONC206 and ONC212 were developed by Chimerix, Inc.

(https://www.chimerix.com/, accessed on 2 January 2023) as more potent imipridones compared with ONC201.

Studies confirmed that these imipridones impair OxPhos, induce mitochondrial damage, ROS, and ISR .

ONC201 has been shown to penetrate the brain-blood barrier .

TR compounds: TR compounds are a novel series of imipridone-derived compounds and related chemicals being

developed by Madera Therapeutics, LLC (https://maderat.com/, accessed on 2 January 2023). Multiple TR

compounds, including TR-57, TR-31 (=ONC212), were found to be ∼50–100-fold more potent compared with

ONC201 in cytotoxicity in breast cancer cells. TR compounds induced an ISR at nanomolar concentrations,

significantly lower compared with those induced by ONC201 at micromolar concentrations . Affinity

chromatography/drug competition assays demonstrated that the TR compounds bind to ClpP with ∼10-fold higher

affinity compared to ONC201 . Similar to ONC201, TR compounds reduce target protein levels (e.g., TFAM) and

impair OxPhos .

The unique feature of all ClpP agonists described above is that they activate ClpP in the absence of ClpX (Figure

4 and Figure 5). The X-ray crystallography structure demonstrated that ADEP binds to the hydrophobic pockets of

ClpP and dissociates the ClpXP complex at substoichiometric concentrations, leading to ClpP activation

independent of regulatory subunit ClpX  (Figure 4A). Similar to ADEPs, imipridones directly binds to ClpP, and

displace ClpX, and the bindings triggers the opening of channel-like pore of ClpP, and thereby increase its protease

activity without the ClpX  (Figure 4B). Recently, X-ray crystallography demonstrated that TR compounds

bind to ClpP, with enhanced binding affinities due to their greater shape and charge complementarity with the

surface hydrophobic pockets of ClpP  (Figure 5C). Moreover, N-terminome profiling of MDA-MB-231 cell line

upon treatment with one of TR compounds revealed the global proteomic changes and characterized the sequence

and structural properties for protein cleavage generated upon TR compound-induced ClpP-dependent proteolysis

of cellular proteins .

Figure 4. Controlled and uncontrolled proteolysis by ClpP. (A) In controlled proteolysis, target substrates are

specifically recognized and unfolded by ClpX. The unfolded substrate is transferred into the barrel-like chamber of
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the ClpP, and proteolysis is carried out by active proteases at the inner surface of the chamber. (B) Uncontrolled

proteolysis triggered by binding of ClpP agonists to ClpP. Binding of ClpP agonists (yellow spheres) to ClpP

subunits displaces ClpX and triggers an opening of the entrance pore of the ClpP barrel, leading to unregulated

degradation of nascent polypeptides and unfolded proteins. This uncontrolled ClpP activation does not require

ClpX. This figure was generated by BioRender.com (20 January 2023).

Figure 5. Crystal structures of human mitochondrial ClpP complex with ClpP ligands. (A) ADEP-28-hClpP binding

 (PDB DOI: 10.2210/pdb6BBA/pdb), (B) ONC201-hClpP  (PDB DOI: 10.2210/pdb6DL7/pdb), (C) TR-107-

hClpP . (PDB DOI: 10.2210/pdb7UVU/pdb). Top panels show that each ClpP ligand (bright green) bound to

ClpP. One heptamer ring for ADEP-28 and ONC201, or two heptamer rings for TR-107 are shown. Each subunit of

ClpP is shown in a different color. Bottom panels show a magnified view of ligands (bright green) bound to the

pocket between two ClpP subunits.
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